


Ernst Schering Research Foundation Workshop 
Supplement 3 
Testicular Function: 
From Gene Expression to Genetic Manipulation 



Springer-Verlag Berlin Heidelberg GmbH 



Ernst Schering Research Foundation Workshop 
Supplement 3 

Testicular Function: 
From Gene Expression 
to Genetic Manipulation 
M. Stefanini, C. Boitani, M. Galdieri, R. Geremia, 
F. Palombi 
Editors 

With 59 Figures and 8 Tables 

Springer 



Series Editors : G. Stock and D.-F. Habenicht

CIP data applied for

Die Deutsche Bibli othek - CIP-Einheitsa ufnahme
Test icular function : from gene expressio n to genetic manip ulation ; with 8 tables / M. Stefanini ... ed.
- Ber lin; Heidelberg ; New York ; Barcelona ; Bud apest ; Hongko ng ; London ; Milan ; Paris ; Santa
Clara; Singapore ; Tokyo : Springer 1998
(Erns t Schering Research Foundation Workshop : Supplement ; 3)

Schering-Forsch ungsgesellschaft <Berlin>: [Ernst Schering Research Foundation Workshop / Supple
ment] Ernst Scherin g Research Foundation Workshop. Supplement. - Ber lin ; Heidelberg ; New
York; Barce lona ; Budapest; Hongkong ; London; Milan; Paris ; Santa Clara; Singapore; Tokyo:

Springer
Reih e Supplemnt zu: Scheri ng-Forschungsge sellscha ft <Berli n> : Ernst Schering Research Foundation
Workshop
3. Tes ticular funct ion. - 1998

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
co ncerned. speci fically the right s of translation, reprinting, reuse of illustrations, recitation, broadcast
ing, reproduction on microfilms or in any other way , and storage in data banks. Duplication of this
publi cation or parts thereof is permitted only unde r the provisions of the German Copyrig ht Law of
September 9, 1965, in its current version, and permission for usc must always be obtained from Spri n
ger- Verlag. Violations are liable for prosecution under the Germa n Copyright Law.

ISBN978-3-662-03673-0 ISBN978-3-662-03671-6 (eBook)
DOl 10.1007/978-3-662-03671-6

© Springer-Verlag Berlin Heidelberg 1998
Originally publishedby Springer-Verlag BerlinHeidelbergNew York in 1998
Softcoverreprintof the hardcover 1st edition 1998

The usc of general descripti ve names, reg istered names, trademarks, etc. in this publica tion does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant pro
tective laws and regula tions and therefore free for general use. Product liability : The publishers can
not guarantee the accuracy of any information about dosage and applica tion cont ained in this book. In
every individual case the user must check such information by consul ting the relevant literature.

Production: PROEDIT GmbH, 0-69126 Heidelberg
Typesetting: Data Con version by Springer -Verlag

SPIN: 10665852 13/3135- 5 43 2 I 0 - Printed on acid-free paper

ISBN 978-3-662-03673-0          ISBN 978-3-662-03671-6 (eBook)
DOI 10.1007/978-3-662-03671-6



Preface 

This volume contains the text of the main lectures given by interna
tionally recognized scientists at the Tenth European Workshop on Mo
lecular and Cellular Endocrinology of the Testis, held in Capri, Italy, 
from 28 March to 1 April 1998. 

Topics include spermatogonial transplantation, germ stem cell biol
ogy, regulation of meiosis and spermiogenesis, growth factors, cell sig
naling and transduction, steroidogenesis, androgen-regulated genes, 
sperm activation and sperm factors active at fertilization and the mo
lecular basis of specific pathologies of the testis. Looking back at the 
previous "Capri edition" (1986), the lectures of which were published 
by Elsevier, it is perhaps not surprising to notice that many of the top
ics addressed at that time are basically the same now. On the other 
hand, it appears evident that the search for experimental models of sig
nificant physiological value to study testicular function has advanced 
greatly. In this connection, the use of genetically manipulated animal 
models in the study of the regulation of spermatogenesis and of the en
docrine role of the testis represents a core part of the present volume. 

The authors deserve our special thanks not only for delivering ex
cellent state-of-the-art lectures, but also for providing their manuscripts 
well before the meeting. 

The Workshop was supported by funds from the Ares Serono Foun
dation, the Ernst Schering Research Foundation, the European Acad
emy of Andrology, the Merck Sharp & Dohme Company, the Univer
sity of Rome "La Sapienza," and the University of Rome "Tor 
Vergata." We acknowledge the support and assistance provided by the 
members of the Permanent Scientific Committee of the European 
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Study Group for Molecular and Cellular Endocrinology of the Testis, 
as well as by the members of the local organizing committee as listed 
below. Finally, we are grateful to the Ernst Schering Research Founda
tion for publishing the present volume in its workshop series. 

The book will be of great interest to biologists, endocrinologists, 
urologists, and medical students who want to improve their knowledge 
in male reproduction. 

M. Stefanini, C. Boitani, M. Galdieri, R. Geremia, F. Palombi 

Permanent Scientific Committee of the European Study Group for Molecular and 
Cellular Endocrinology of the Testis 
Brian A. Cooke, London; Vidar Hansson, Oslo, Ilpo Huhtaniemi, Turku; Eberhard Nie
schlag, Miinster; Focko P.G. Rommerts, Rotterdam; Jose Saez, Lyon; Olle SOder, Stock
holm; Mario Stefanini, Rome; Guido Verhoeven, Leuven. 
Local Organizing Committee of the 10th European Workshop on Molecular and 
Cellular Endocrinology of the Testis 
Mario Stefanini; Carla Boitani; Angela D'Agostino; Paolo De Cesaris; Michaela 
Galdieri; Antonio Filippini; Andrea Fabbri; Gianni Forti; Raffaele Geremia; Andrea 
Lenzi; Fioretta Palombi; Pellegrino Rossi; Mario A. Russo; Claudio Sette; Elena Vicini; 
Elio Ziparo. 
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1.1 Introduction 

Gap junctional communication between cells via gap junctions is a 
fundamental mechanism that is used to regulate the activities of mul
ticellular systems in virtually all animal organisms. Although cells in 
higher plants also communicate with one another, this occurs via struc
tures termed plasmadesmata (McLean et al. 1997). 

Our present appreciation for the relationship between gap junctional 
structures and communication pathways was established 30 years ago 
by studies that integrated electron microscopy with electrophysiological 
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observations, and the use of mammalian genetics to study the metabolic 
cooperation properties between cells (Loewenstein 1981). One of these 
studies provided evidence for a direct relationship between the expres
sion of gap junction structures between cells and the acquisition of 
pathways for both electrical coupling and metabolic cooperation be
tween cells (Gilula et al. 1972). Since that time the appearance of gap 
junction structures between cells and the detection of low-resistance 
pathways between cells have been used as the criteria to document the 
presence of this property between almost all cell types in mammalian 
organisms. There are still a few cell types, such as erythroid cells, 
lymphoid cells, skeletal muscle fibers, and most neurons where it has 
been difficult to document the existence of communication pathways. 
Once the structure/function relationship was established for the gap 
junction structures and communication pathways, numerous studies 
were published documenting the widespread distribution and expression 
of this property between cells in mammalian organisms (Loewenstein 
1981). A number of more comprehensive reviews have been published 
that contain an extensive discussion of the progress in the gap junction 
field (Paul 1995; Bruzzone et al. 1996; Kumar and Gilula 1996; Munari
Silem and Rousset 1996). 

1.2 Gap Junction Multigene Family 

In 1986 the first sequence for a gap junction protein was deduced from 
the cDNA analysis of transcripts obtained from mammalian liver (Ku
mar and Gilula 1986; Paul 1986). The product was predicted to be 
32 kDa in size, and this protein product was not found exclusively in 
liver. After the first gap junction gene product was identified, it was 
referred to as a connexin. Subsequently an entire multigene family of 
connexins was described (Bruzzone et al. 1996; Kumar and Gilula 
1996). In this multigene family there are two broad classes, one termed 
a and the other termed ~ (Kumar and Gilula 1992). Currently in mam
mals l3 connexin genes have been reported. Of these there are 7 mem
bers of the a class and 6 members of the ~ class. The members of the 
multi gene family are described either with Greek (a and ~) designations 
or by the deduced molecular size of the gene product (Table 1). 
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Table 1. Connexin multigene family 

Nomenclature Chromosome location 
Greek Molecular Species Predicted Human Mouse Examples 
letter mass molecular of organs 

mass (kDa) with expression 

al Cx43 Human 43 6q21-q23.2 
Cx43 Bovine 43.2 
Cx43 Rodent 43 10 Heart 
Cx43 Chicken 43.2 
Cx43 Xenopus 43 

az Cx38 Xenopus 37.8 Embryo 
a3 Cx44 Bovine 44.4 13qll-q12 

Cx46 Rodent 46 l4Dl-El Lens 
Cx56 Chicken 55.9 

U4 Cx37 Human 37.2 Ip35.1 
Cx37 Rodent 37.6 4 Endothelium 
Cx41 Xenopus 40.6 

as Cx40 Human 40.6 lq21.1 
Cx40 Canine 39.9 
Cx40 Rodent 40.4 3 Lung 
Cx42 Chicken 41.7 

a6 Cx45 Human 45.5 
Cx45 Canine 45.5 
Cx45 Rodent 45.7 II Heart 
Cx45 Chicken 45.4 

a7 Cx33 Rodent 32.9 X Testes 
as Cx50 Human 48.2 1q21.1 

Cx49 Ovine 49.2 
Cx50 Rodent 49.6 3 Lens 
Cx45.6 Chicken 45.6 

~I Cx32 Human 32 Xq13.1 
Cx32 Rodent 32 X Pancreas 
Cx30 Xenopus 30.1 

~2 Cx26 Human 26.2 13q II-q 12 
Cx26 Rodent 26.5 14DI-El Placenta 

~3 Cx31 Rodent 31 4 Skin 
~4 Cx31.1 Rodent 31.1 4 Skin 
~s Cx30.3 Rodent 30.3 4 Skin 
~6 Cx30 Rodent 30.4 Skin 
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All members of this family contain a basic structural motif consisting 
of four transmembrane domains. The linear sequence of the products in 
this multigene family has been modeled topologically into the mem
brane and studied using site-specific antibodies, protease digestions, and 
structural analyses (Milks et al. 1988; Tibbitts et al. 1990; Yeager and 
Gilula 1992). The topological analysis has provided direct evidence that 
the members of this family contain both amino and carboxyl termini on 
the cytoplasmic surface with two external loops, referred to as El and 
E2, that are directed towards the extracellular space or gap. There is a 
high degree of similarity between the extracellular domains of different 
connexins. The two extracellular loops, based on perturbation and mu
tagenesis studies, have been suggested to participate in the formation 
process that is associated with the establishment of gap junctional con
tact between two adjacent membranes (Dahl et al. 1992; Meyer et al. 
1992; White et al. 1994). Further, it has been determined using heterolo
gous expression systems that there is specificity as to which connexin 
can interact to form a functional gap junction channel (Bruzzone et al. 
1993; Elfgang et al. 1995; White et al. 1995). Using chimeric connexins, 
it has been suggested that the specificity domain resides in the second 
extracellular domain (Bruzzone et al. 1994a; White et al. 1994, 1995). 
These studies have been extended to indicate that both extracellular 
domains and intracellular domains must be derived from one type of 
connexin to ensure formation of a functional channel (Haubrich et al. 
1996). 

In the transmembrane regions, one of the four transmembrane do
mains, transmembrane domain 3 (M3), has an organization of amino 
acid residues that, if present in an a helical arrangement, can provide a 
natural "face" for the polar or hydrophilic property that is required for 
the movement of ions between cells (Milks et al. 1988). These features 
of the gap junction channel have been recently supported by high-reso
lution electron microscopic analysis of a truncated, recombinant al 

(Cx43) connexin (Unger et al. 1997). Using the relative permeability to 
various cations and chloride, it has been determined that the pore has a 
radius of 6.3 A (Wang and Veenstra 1997). 
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1.3 Gap Junction Channel Properties 

The diversity in protein sequence among the members of this family 
reflects the diversity of channel function that may be required to regulate 
the different types of cell-specific channel events that occur in vivo. In 
this context, studies in model systems have provided evidence that the 
various members of this family can produce channel activities with 
different conductance properties (Spray 1994). 

Biophysical studies have provided evidence that gap junction chan
nel permeabi1ities can vary in different cell types (Brissette et al. 1994; 
Steinberg et al. 1994). Distinct ionic and dye permeabilities of the 
different connexin isoforms has been experimentally determined in cells 
in culture (Brissette et al. 1994; Elfgang et al. 1995; Veenstra et al. 
1995). In general, the channels are permeable to molecules that are on 
the order of cyclic nucleotides in size or smaller. Of course, this would 
include a whole host of inorganic ions such as sodium, potassium, and 
calcium. However, larger molecules such as enzymes, nucleic acids, and 
carbohydrates do not appear to pass readily through these gap junction 
channels. Consequently, it is felt that the molecular information that 
moves through these gap junction channels can be important for regulat
ing and synchronizing the activities that occur between cells in multicel
lular systems, without directly determining the differentiation state of 
different cell types. The permeability of the channels is regulated by 
many different cellular and environmental factors. For example, channel 
permeability can be affected by production of ATP, by changes in 
calcium, by changes in pH, and by treatment with a whole host of 
different substances, many of which are toxic. The influence of various 
hormones on gap junctional communication has been described also 
(Meda et al. 1993; Munari-Silem and Rousset 1996). 

One of the most interesting avenues for understanding the regulation of 
gap junction channels has been with changes in second messenger systems, 
particularly those systems that might influence the phosphorylation state of 
the gap junction proteins. There are a number of rigorous reports demon
strating that several of the gap junction proteins have residues which are the 
potential sites of phosphorylation by different kinases (Darrow et aI. 1995; 
Lau et al. 1996). Further, the kinase activities are reported to have a direct 
consequence on the permeability of gap junction channels in certain cell 
types (Moreno et al. 1994; Kwak et al. 1995). 
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The extent of junctional coupling is dependent on both the number 
and the functional state of the channels. Effects that are rapid and short 
term result from channel gating and/or from mobilization of a preexist
ing pool of gap junction channel precursors. Thus changes in Ca2+ and 
H+ ions, as well as second messengers, have been implicated in the 
regulation of gap junctional coupling. At least some of these effects are 
likely to be mediated via protein kinases that can phosphorylate connex
ins (Stagg and Fletcher 1990). 

The same agent may have multiple effects on gap junctions. For 
example, cAMP has been demonstrated to gate, via protein kinases, gap 
junctional channels (Saez et al. 1989), influence their assembly into gap 
junction plaques (Wang and Rose 1995), and have an effect on the 
connexin gene transcription rate (Mehta et al. 1992; Civitelli et al. 
1998). Furthermore, cAMP can pass through gap junctions, and it has 
been implicated in the transmission of hormone signals between adja
cent cells via gap junctions (Lawrence et al. 1978). 

Long-term effects on communication can result from alterations in 
the number and size of gap junctions as well as the connexin isoform 
that is expressed. For example, in the mammary gland the gap junction 
plaques, consisting of Ul connexin, increase in size and number during 
pregnancy and lactation (Pozzi et al. 1995; Yamanaka et al. 1997). 
Another example is provided by the uterus, in which during labor the 
contractile activity of smooth muscle fibers is coordinated by gap junc
tions (Garfield et al. 1989). Just prior to parturition there is a dramatic 
increase in the number of gap junctions in the uterine myometrium. 
Analysis of Uj connexin transcript levels during partition are consistent 
with the observed changes in the number of gap junctions reflecting an 
increased transcriptional rate of the Uj connexin gene in this tissue 
(Risek et al. 1990). Furthermore, it has been demonstrated that Ul 

connexin expression in the uterine myometrium is regulated by estrogen 
and progesterone (Petrocelli and Lye 1993). This is consistent with the 
presence of a putative estrogen responsive element in the promoter 
region of the UI connexin gene (Yu et al. 1994; Lefebvre et al. 1995) as 
well as other regulatory elements (Chen et al. 1995). The rapid disap
pearance of gap junctions in the uterine myometrium after delivery may 
be due to connexin degradation that may involve a ubiquitin-dependent 
proteolysis mechanism (Laing and Beyer 1995). 
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1.4 Assembly of Gap Junction Channels 

Recent studies have indicated that individual cell types can utilize mul
tiple connexins simultaneously, and that multiple connexins can be 
organized into channel oligomers to form hetero-oligomeric channel 
structures (Stauffer 1995; Jiang and Goodenough 1996). A heteromeric 
gap junction in which each hemichannel (connexon) contained two 
different connexins, (Xl and (X4' has been demonstrated to have different 
electrophysiological properties to those composed of the homotypic or 
heterotypic forms of these channels (Brink et al. 1997). The potential 
formation of heteromeric, homomeric, homotypic, and heterotypic 
channels may play an important role in the formation of communication 
compartments as well as providing a mechanism for creating channels 
that are selectively permeable to different signaling molecules. Cur
rently there is a great deal of emphasis on trying to understand the rules 
that determine which of the connexin subunits can be associated with 
each other. 

The gap junction channels are assembled by the synthesis of gap 
junction protein in the endoplasmic reticulum. Subsequently the gap 
junction protein is assembled into oligomers and then transported to the 
plasma membrane. Currently there is one published study indicating in 
NRK cells that the assembly of the oligomers takes place after the 
protein has moved through the Golgi. In contrast, another study indi
cated the potential for formation of gap junctions in the endoplasmic 
reticulum of cells overexpressing connexin (Kumar et al. 1995). Other 
studies that have been published using cell-free systems indicate that the 
oligomerization of gap junction proteins can take place in the endoplas
mic reticulum (Falk et al. 1997). Clearly, more information concerning 
assembly and transport in different cell types will be necessary to 
develop a more definitive appreciation for the gap junction assembly 
process. 

1.5 Gap Junctional Communication in Embryonic Systems 

Gap junctional communication starts very early in vertebrate embryos, 
shortly after fertilization. A study on early frog embryos demonstrated 
that the perturbation of gap junctional communication pathways in the 
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early embryo results in developmental defects that are consistent with a 
contribution of gap junctional communication to the patterning process 
that takes place to generate proper symmetries in Xenopus frog embryos 
(Warner et al. 1984). Similar patterning influences of gap junctional 
communication have also been observed in the coelenterate Hydra 
(Fraser et al. 1987). In mouse embryos the perturbation of gap junctional 
communication in early stages results in elimination of the communica
tion-defective cells from the embryo proper by a process of decompac
tion (Lee et al. 1987). All of the early studies on gap junctional commu
nication in development were based on perturbations using an antibody 
that blocks the communication pathways. The antibody presumably 
recognized multiple connexin isoforms, and hence it was able to affect 
gap junction pathways in a wide range of cells from diverse organisms. 
More recently, specific peptide antibodies have been used to determine 
the role of different connexin domains in their functional and biological 
properties (Becker et al. 1995; Bastide et al. 1996). Currently, antibody
independent selective perturbations can be carried out in embryonic 
systems using genetic approaches as discussed below. 

1.6 Gap Junctional Communication in the Testis 

There is a complex network of intercellular communication pathways in 
the testes that is mediated by growth factors. Contact-dependent com
munication events that are mediated by gap junctions have received less 
attention in defining their role in testis function. 

Gap junctional communication was reported in the testis a number of 
years ago. Gap junctions are quite numerous between Leydig cells and 
also between Sertoli cells (Gilula et al. 1976; McGinley et al. 1979). 
Communication between the Sertoli cells has been thought to have a 
very important consequence on the synchronization of events that take 
place in the seminiferous tubule. The existence of electrical and dye 
coupling between Sertoli cells and between Leydig cells has been well 
documented (Eusebi et al. 1983; Grassi et al. 1986; Kawa et al. 1987; 
Risley et al. 1992; Varanda and Campos de Carvalho 1994). Gap junc
tional communication between Sertoli cells in culture can be influenced 
by many agents, including cAMP and diacylglycerol (Grassi et al. 
1986). Recently it has been demonstrated that a lipophilic substance, 
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oleamide, inhibits gap junctional communication between cells in cul
ture (Guan et al. 1997). Other lipophilic compounds such as gossypol 
(Herve et al. 1996a) and steroids, such as testosterone (Pluciennik et al. 
1996) have also been reported to uncouple Sertoli cells in culture. These 
uncoupling effects could result from the insertion of the lipophilic 
substances into the membrane, which in tum promote conformational 
changes in gap junction channels (Herve et al. 1996b). This selectivity 
in action of these different lipophilic compounds may rely on the asso
ciation of cholesterol with gap junctions (Herve et al. 1996a; Pluciennik 
et al. 1996; Lerner 1997). 

The utilization of gap junction gene products in the testis has proved 
to be quite interesting. No less than three members of the connexin 
multigene family have been identified in the mammalian testis. Con
nexin al has been identified with the gap junctions that are formed 
between Leydig cells and also with the gap junctions that connect 
Sertoli cells (Risley et al. 1992; Pelletier and Byers 1992; Perez-Armen
dariz et al. 1994). In addition to aI, a novel connexin, a7 (Cx33), also is 
utilized in the gap junctional regions between Sertoli cells (Tan et al 
1996). The role of a7 connexin in these cells has not been established, 
but it has been proposed to have some inhibitory function that would be 
beneficial for the Sertoli cell/germ cell involvement in the testis (Chang 
et al. 1996). This proposal, which is based on studies in a model system 
(paired frog oocytes), must wait further clarity from studies examining 
this connexin in other model systems, as well as in vivo. These analyses 
must also take into account the possibility of heteromeric and hetero
typic channels, containing both al and a7 connexin, and how this may 
influence the properties of the gap junctions. A third connexin, a4, 
(Cx37) is used also in the testis, principally in the endothelium that is 
associated with the blood vessels (Tan et al. 1996). 

Northern blot analysis has indicated the presence of low levels of PI 
(Cx32) and P2 (Cx26) connexins in rat testes (Zhang and Nicholson 
1989). Immunofluorescence analysis indicated that PI and P2 connexins 
may exist in the apical regions of the seminiferous epithelium although 
their precise location has not been defined (Risley et al. 1992). The 
connexin composition of Sertoli-germ cell gap junctions. remains unde
fined, and this may be due to the small size of germ cell gap junctions or 
the occurrence of unidentified connexin in these junctions. 
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The abundance and composition of gap junctions between Sertoli 
cells is regulated during testis maturation and the cycle of the seminifer
ous epithelium (Tan et al. 1996). Additionally, the al and a7 connexin 
are modulated independently of each other (Tan et al. 1996). This 
suggests that these two connexins have a functionally unique and differ
ent role in the various stages of the seminiferous epithelium. 

In the adult testis Sertoli cells have unique tight junction complexes 
that are responsible for the formation of the blood-testis barrier (Gilula 
et al. 1976; Pelletier and Byers 1992). Furthermore, they divide the 
seminiferous epithelium into several compartments, each of which con
tains spermatocytes at different stages of development (Russell and 
Malone 1980). In the immature testis typical gap junctions are common, 
and there is an absence of tight junctions (Gilula et al. 1976). As 
development proceeds, these gap junctions become less numerous and 
the tight junctions become more prevalent. The correlation in appear
ance of tight junctions and disappearance of gap junctions suggests that 
these two structures have mutually exclusive roles in the function of the 
testis. In addition, the observation of gap junction particles interspersed 
between rows of tight junction fibrils suggests a potential interaction 
between the components of these two junctions. Recently the protein 
component of tight junctions, occludin (Ando-Akatsuka et al. 1996), has 
been identified. The availability of probes to both connexin and occludin 
and their application to study the development of junctions in the testis 
is likely to provide some fruitful insight into the assembly and disassem
bly of both gap and tight junctions. 

1.7 Contribution of Gap Junctional Communication 
to Multicellular Function 
Using Gene Disruption Procedures in Mice 

The targeted disruption of connexin genes, a procedure which is com
monly called gene "knockout," has been carried out with several con
nexin genes in mice. Thus far ~l' ~2' aI' a3' a4' and as connexin genes 
have been disrupted by homologous recombination in mice to provide 
some appreciation for their function in multicellular organs in vivo. The 
al gene was the first connexin gene to be disrupted in mice (Reaume et 
al. 1995). In these organisms there is a cardiac defect that contributes to 
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lethality. Further analysis of the (Xl knockout animals, particularly in the 
embryonic stages, has led to an appreciation for a number of defects in 
several organs, in addition to the heart, which indicate a significant 
influence of (Xl in the development and function of multiple organs in 
the mouse. Thus it remains possible that the lethality in these (XI knock
out mice is due to problems in other organs that ultimately are mani
fested in the heart. Due to the lethality of these knockout mice shortly 
after birth it has not been possible to utilize these mice for studying the 
role of (Xl connexin in the adult mouse. 

The (XI connexin is expressed early on in mouse development prior to 
the compaction stage (Nishi et al. 1991). Thus it was surprising that the 
(Xl connexin knockout mice developed normally, at least to the time of 
implantation. One possibility is that embryos with the disrupted (Xl 

connexin utilize other connexin isoforms to support development. The 
recent report of the expression of other connexins and the retention of 
coupling in preimplantation embryos of the (Xl knockout mice supports 
this possibility (Davies et al. 1996; De Sousa et al. 1997). 

One very interesting study in this regard has been the sequence of the 
(X I connexin, which in a human genetic disease contains mutations in the 
coding sequence where phosphorylation normally takes place to the 
wild-type protein (Britz-Cunningham et al. 1995). It is very interesting 
from that analysis to consider the possibility that the mutated residues 
create a defect in the heart since the gap junction protein cannot be 
phosphorylated normally. However, another analysis has questioned the 
occurrence of these mutations in patients with visceroatrial heterotaxia 
(Splitt et al. 1997). 

~l Connexin is widely expressed in many tissues, including the liver. 
When the ~l connexin gene was knocked out in the mouse, there was no 
dramatic effect or phenotype in these animals (Nelles et al. 1996). 
However, there was a detectable change in the glucose metabolism in 
the liver of those animals. The X-linked neurodegenerative disease 
called Charcot-Marie-Tooth (CMTX) has been linked to mutations 
within the ~l connexin locus (Bergoffen et al. 1993). Further analysis of 
the ~l knockout mouse indicated detectable effects on the peripheral 
nervous system with features similar to those of CMTX patients (Anzini 
et al. 1997). The ~I gene product is currently thought to be important for 
an interaction in the myelin region of Schwann cells, such that reflexive 
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gap junction channels are formed between incisures and paranodal 
membranes (Paul 1995). 

In an effort to directly determine the effect of mutations on ~1 

connexin function, mutants of ~1 connexin have been expressed in 
heterologous expression systems and the resulting consequences on 
formation of a functional channel determined. These studies have indi
cated that, depending on the mutation, there are effects on trafficking 
(Deschenes et al. 1997), gating or assembly (Bruzzone et al. 1994b), and 
permeability (Oh et al. 1997) of the ~1 connexin. 

Recently mutations in the ~2 connexin gene have been implicated in 
one form of hereditary deafness in humans (Kelsell et al. 1997; Zelante 
et al. 1997). Consistent with this is the immunohistochemical and ultras
tructural localization of ~2 connexin in the rat cochlea (Kikuchi et al. 
1995). By contrast, a knockout of 8b2 results in embryonic lethality in 
mice. A subsequent analysis of these embryos indicates that the lethality 
is related to an essential use for the ~2 channels in maternal/fetal inter
actions that take place across the placental barrier. In the absence of ~2 
the proper interactions cannot take place, and the embryos subsequently 
die. It should be noted that gene disruptions may not have the same 
consequences as point mutations. Furthermore, the distribution and 
function of connexins may differ between the mouse and other organ
isms. 

During follicular development gap junctions enable ovarian follicu
lar and luteal cells to communicate with each other and with the oocyte 
(Anderson and Albertini 1976; Gilula et al. 1978; Grazul-Bilska et al. 
1997). This extensive communication results in a structural and func
tional syncytium that is involved in regulation of meiotic differentiation 
and maturation of the cumulus-oocyte complex (Epping 1991). In addi
tion, the gap junctions may be necessary for transfer of nutrients and 
metabolites to the poorly vascularized granulosa layer and developing 
corpora lutea. 

At least five different connexin products have been identified in the 
ovary, ai, a4, as, ~1, and ~2, and they have been demonstrated to exist 
in the different cell types of the ovary (Grazul-Bilska et al. 1997). The 
pattern of expression of these connexins change in the ovary throughout 
the estrous cycle and following steroid hormone administration (Risek 
et al. 1995; Grazul-Bilska et al. 1997). 
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The role of gap junctions in follicular development has been assessed 
by disrupting the a4 connexin gene (Simon et al. 1997). In these mice 
there was a lack of mature follicles as well as a failure to ovulate, 
resulting in female sterility. Immunocytochemistry indicates that al 
connexin is found in the cumulus oophorus cells of the granulosa layer, 
and a4 connexin is the predominant oocyte connexin. It appears that in 
the absence of this connexin the interactions between the oocyte and the 
cumulus cells cannot take place properly, and the oocyte subsequently 
fails to undergo proper meiotic maturation. Thus the sterility appears to 
result from an improper follicular maturation and ovulation. Disruption 
of communication pathways by gap junctional inhibitors, such as lin
dane, also support a role for gap junctions in morphogenesis of ovarian 
follicles (Li and Mather 1997). 

The lens provides a unique system for studying metabolic coopera
tion between cells through gap junctions in vivo. In this tissue the cells 
in the lens interior do not have access to a blood supply, and hence they 
are able to survive only by diffusion of metabolites from the aqueous 
humor into the lens. This suggests a model in which fiber cells are 
coupled to epithelial cells (Benedetti et al. 1981; Goodenough 1992). 
The existence of electrical and dye communication between lens fiber 
cells is now well established (reviewed in Mathias et al. 1997). In 
addition to their role in communication, gap junctions may make an 
important contribution to cell-cell adhesion in the lens which is impor
tant for the transmission of light (Kuszak et al. 1980). Three connexin 
isoforms have been reported in the lens. The lens epithelial cells appear 
to express only al connexin (Beyer et al. 1989). The a3 (Cx 46) and as 
(Cx50) connexins are most abundantly expressed in the lens fiber cells 
(Paul et al. 1991; White et al. 1992). 

To determine the specific role of a3 connexin in vivo the a3 connexin 
gene was disrupted in mice (Gong et al. 1997). Although the absence of 
the a3 connexin had no obvious influence on the early stages of lens 
formation and the differentiation of lens fibers, mice homozygous for 
the disrupted a3 gene developed nuclear cataracts at the age of 2-3 
weeks. The cataract phenotype in these mice was quite similar to the 
age-dependent or senile cataracts that appear in humans. Gap junctions 
containing as connexin were found in the homozygous mice, but they 
could not compensate for the functional loss of a3 connexin in the lens 
nucleus. The nuclear cataracts resulted from light scattering of high 
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molecular weight aggregates formed by the lens proteins linked together 
via disulfide bonds. A significant amount of degraded crystallins, in 
particular a unique fragmentation of y crystallin, was detected in the ex} 

homozygote lenses, suggesting that proteolysis in the lens plays a criti
cal role in the cataractogenesis of the ex} (-/-) mice. Preliminary results 
indicate that it is a loss of cell coupling in the central fiber cells that is 
correlated to the loss of the ex} connexin. 

This study uniquely established the importance of gap junctions in 
maintaining the function of a normal lens. Specifically the results indi
cated that the ex} connexin gene is essential for providing a cell-cell 
signaling pathway or structural component for maintaining the organi
zation of lens membrane and cytoplasmic proteins that is required for 
normal lens transparency. Further, the results suggest that a loss of ex3 

connexin initiates a process in the lens that may involve an apoptosis 
pathway. 

1.8 Summary 

Recent progress in the field of gap junctional biology has benefited from 
the use of selective targeted gene disruption of members of the mul
tigene family of connexins to define the contributions that individual 
connexin genes make to the function of multicellular systems in the 
mammal. This approach has provided us with an understanding of the 
way in which the members of the multigene connexin family are utilized 
in vivo to provide a diversity of functions that are required for the 
diversity of cellular functions in vivo. A great challenge for research in 
this area has been raised by recent results which indicate that multiple 
connexins can be expressed by individual cells simultaneously, and 
these multiple connexins can associate to form individual connexin 
oligomers which will predictably have unique gap junctional properties. 
These recent factors must be applied to develop an appreciation for the 
utilization of multiple connexin genes to regulate the diverse multicellu
lar functions in the testis. 
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2.1 Introduction 

Primordial germ cells (POCs) are the founder cells of germ line. In all 
mammalian species studied, including humans, they originate extrago
nadally during early embryogenesis before moving toward and coloniz
ing the gonadal ridges. Upon entering the gonads, POCs differentiate 
into meiotic oocytes in the fetal ovary and pro spermatogonia in the fetal 
testis. 

Since there are several recent reviews about the biology of mouse 
POCs (see, for instance, De Felici et 1992; Wylie and Heasman 1993; 
McLaren 1994; Donovan 1994; De Felici and Pesce 1994; Buehr 1997), 
this chapter focuses especially on the information about the mechanisms 
of POC migration and the control of their proliferation and meiotic 
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division that have been obtained in our laboratory using a variety of in 
vitro experimental approaches. 

POCs developing in their normal environment are largely inaccessi
ble to experimental investigation. We therefore have devised various 
methods for POC isolation and in vitro culture systems to approach the 
study of the cellular and molecular mechanisms underlying their devel
opment. Detailed technical information about these methods is pre
sented by De Felici (1997). 

Progress in such methods has been quite slow and difficult owing to 
inherent problems of the cellular system. For example, in the early 
mouse embryo germ cells are present only in small numbers, change 
position quickly, never exist as an independent tissue, and are always 
associated with somatic cells. 

Although the methods currently available for purification and in vitro 
culture of POCs are imperfect and need to be improved, much of the 
current information on the biology of mammalian POCs has been de
rived over the past decade from the use of such techniques. 

2.2 Isolation and Purification of Migratory 
and Postmigratory PGCs 

To enable POCs to be studied in vitro, the regions in which they are 
present (allantois and posterior primitive streak, dorsal mesentery and 
urogenital ridges, urogenital ridges from 8.5-, 10.5-, and 11.5- to 12.5-
dpc embryos, respectively) must be dissected from the embryo and a cell 
suspension made from them before transfer to the appropriate culture 
conditions. At all stages of their development POCs can be identified in 
three ways: by their morphological characteristics, by expression of the 
enzyme alkaline phosphatase (AP), and with antibodies that recognize 
antigens specific to POCs (i.e. SSEA-I, Forssman antigen). Using a 
monoclonal antibody called TO-l directed against a surface antigen of 
POCs (Wylie et al. 1986), we have recently devised methods for rapid 
and efficient purification of POCs from 1O.5-dpc embryos onward (De 
Felici and Pesce 1995; Pesce and De Felici 1995). A schematic repre
sentation of the MiniMACS magnetic separation system is shown in 
Fig. 1. Figure 2 compares various POC purification methods devised 
over the years in our laboratory. 



Primordial Germ Cell Culture 

a 

primary 
labeling .. 
TG-l 

b 

magnetic 
labeling .. 

c 

magnetic 
separation .. 

25 

d 

elution .. 
. 
~ 

Fig. la-d. Schematic representation of the magnetic cell sorting of mouse 
PGCs using MiniMACS. The method consists of four main steps: (a) cells are 
labeled with the primary monoclonal antibody TG-l, (b) magnetic labeling is 
performed with anti-immunoglobulin coated microbeads, (c) cells are passed 
over a separation column placed in a magnetic field, and (d) the column is re
moved from the magnetic field, and the retained cells (PGCs) are eluted. (For 
details, see Pesce and De Felici 1995) 

The ability to isolate PGCs and gonadal somatic cells in reasonable 
numbers and purity provides the opportunity to pursue molecular and 
biochemical analyses of such cells. For instance, we have used reverse
transcriptase polymerase chain reaction (RT-PCR) and immunoblotting 
to study the expression of genes by PGCs of various ages following their 
purification by the MiniMACS method (Pesce et a1. 1996a, 1997). 
Moreover, cDNA libraries from PGCs and gonadal somatic cells of 
different ages and sex are currently in preparation. 
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Fig. 2. Four methods devised in our laboratory for PGC purification, compared 
for yield and purity (in parentheses, percentage of PGC), and the embryonic 
stages in which can be used. P, Percoll. (For details, see De Felici and 
McLaren 1982; De Felici and Pesce 1995; Pesce and De Felici 1995) 

Unfortunately, as shown in the next section, isolated poes have a 
limited ability to survive in the absence of suitable somatic cell support. 
However, they survive and proliferate on certain cell feeder layers and 
have been successfully used in many in vitro studies analyzing growth 
factor regulation of poe development. 

2.3 Culture of Isolated PGCs 
Without Somatic Cell Feeder Layers 

poes can be cultured in a variety of conditions, including organ culture, 
feeder cell independent, and feeder cell dependent culture. Each tech
nique has its uses and problems. A system for the culture of isolated 
poes is useful, for example, in revealing the extent to which processes 
such as migration, proliferation, and differentiation are autonomous 
properties of germ cells themselves, rather than being dependent on 
interactions with somatic cells. Unfortunately, our early studies have 
established that isolated poes in migratory and early gonadal phases 
cultured on glass, plastic, agar, or gelatin-coated substrates survive for 
only a few hours (De Felici and McLaren 1983). The addition of ex
tracellular matrix components such as fibronectin (FN), laminin (LM), 
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Fig. 3. Adhesiveness of PGCs of different ages to FN and LM substrata in vi
tro. (Values for 8.5-dpc PGCs from ffrench-Constant et al. 1991; for details see 
De Felici and Dolci 1989) 

and type I collagen scarcely improves PGC survival (De Felici and 
Dolci 1989). These initial studies clearly indicated that the survival of 
PGCs is strictly dependent On factors produced by the surrounding 
somatic environment. Moreover, they yielded valuable information on 
certain aspects of their migration and survival. The simple approach to 
seed purified PGCs obtained from embryos of various ages On substrates 
of glycoproteins of the extracellular matrix provided the first indirect 
indications that PGCs possess integrin receptors and suggested a possi
ble role of FN and LM in PGC migration. In this regard, we observed 
that PGCs adhere to FN and LM with different affinity, and that their 
adhesiveness changes over the migratory period with distinct profiles 
(Fig. 3; De Felici and Dolci 1989). 

Subsequently the presence of some integrins such as a3~1, a5~1, and 
a6~1 on the PGC surface was confirmed by immunohistochemical and 
immunoprecipitation experiments (Fig. 4), and the involvement of FN 
and LM in PGC migration was proved by other works (French-Constant 
et al. 1991; Garcia-Castro et al. 1997). Interaction with FN and/or LM is 
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Fig. 4. Identification of integrin receptor in mouse PGCs: 12.5-dpc were iso
lated and labeled for 4-5 h in vitro with [35S]methionine. Cells were then 
lysed and the protein immunoprecipitated with a polyclonal antibody against 
~l; with ~l also a6, a3, and as integrins were coprecipitated 

certainly only one of the factors involved in the complex process ofPGC 
migration. In fact, PGCs which attach to FN or LM substrates do not 
show a motility behavior (Fig. SA; De Felici and Dolci 1989). This is 
shown when they are seeded onto some but not all cell monolayers. For 
example, a significant number (about 20%) of PGCs show an elongated 
morphology typical of motile cells after S-6 h of culture on STO (an 
embryo-derived fibroblast cell line) or TM4 (a mouse Sertoli cell-de
rived cell line) cells (Fig. SB-D), whereas they remain round and sta
tionary when attached to F9 cell monolayers. This suggests that interac
tion with somatic cells may exert both positive and negative control on 
PGC migration. Such control mechanisms are not known, but in princi
ple they can be investigated in culture systems of PGCs seeded onto 
somatic cell feeder layers. As seen in the next section, these systems 
have proven useful in studying several aspects of PGC biology. 
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Fig. S. Scanning electron micrographs of 11.5-dpc PGCs seeded on LM sub
stratum (A) or TM4 cell feeder layers (B-D). Note the elongated morphologies 
typical of motile cells in PGCs cultured on TM4 cells 

Lastly, the culture of isolated PGCs has also been helpful in elucidat
ing the reason of the rapid loss of viability by isolated PGCs in culture 
and consequently in identifying one probably of the most important 
mechanisms that control PGC survival in the embryo. We discovered 
that purified PGCs undergo apoptosis after 4-5 h in culture, as demon
strated by several morphological and biochemical criteria (Pesce at al 
1993; Pesce and De Felici 1994). Most importantly, we found that the 
addition of stem cell factor (SCF) or leukemia inhibitory factor (UF) to 
the culture medium, two cytokines known to favor the survival and/or 
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proliferation of PGCs on cell feeder layers (see below), markedly re
duces apoptosis in PGCs during the first hours of culture (Pesce et al. 
1993). Since it is known that SCF is produced by the somatic cells 
surrounding migratory and postmigratory PGCs, and that its receptor 
c-kit is expressed on the surface of PGCs (Matsui et al. 1990), our 
results suggest an elegant mechanism for controlling both PGC survival 
and migration. Thus PGCs that stray from their migratory pathway 
might be eliminated through apoptosis. Moreover, the antiapoptotic 
effect of SCF on PGCs can explain the germ cell deficiency that charac
terize the Sl and W mutations in the mouse. Several groups have recently 
shown that the product of the W gene is the transmembrane tyrosine 
kinase receptor c-kit, and that its ligand is SCF encoded by the Sllocus 
(for references, see De Felici and Pesce 1994). 

2.4 Culture of PGCs on Somatic Cell Feeder Layers 

Two experimental approaches allow PGCs to survive in culture for 
reasonable periods of time. PGCs cocultured on feeder layers of their 
own embryonic somatic cells or of established cell lines. PGCs can be 
easily identified and counted in such cultures by AP histochemistry 
(Fig. 6) or by reactivity with antibodies directed against cell surface 
antigens. 

In the first method, the tissue-containing PGCs are dispersed with 
EDTA-trypsin and seeded in tissue culture wells. After 1 and 3 days of 
culture, despite somatic cells formed a nearly complete cell monolayer, 
the number of PGCs from all ages undergoes a large decrease (Dolci et 
al. 1993). Although these cultures do not allow long term culture of 
PGCs, the method is useful for a rapid screening of the effects of 
compounds on the survival and proliferation of PGCs and to compare 
the results obtained with those found employing preformed feeder lay
ers of cell lines. 

The use of preformed feeder layers of TM4 or STO, allows culture of 
PGC-containing tissues or purified PGCs in conditions in which they 
survive and proliferate for up to 5-6 days. When isolated into culture, 
PGCs are initially identified as single cells growing on top of feeder 
layers. After a few days of culture small groups of PGCs form either by 
clonal division or by aggregation (Fig. 6). These groups enlarge over the 
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Fig. 6. Colonies of AP-positive PGCs on TM4 cell monolayers after 3 days of 
culture 

next 3-4 days of culture, but they eventually disappear. Interestingly, we 
found that the proliferative behavior of PGCs cultured on TM4 or STO 
cell feeder layers resembles their growth pattern in vivo. For example, 
PGCs obtained from embryos at 8.5 dpc proliferate for 4 days before 
ending growth, while PGCs at 10.5 dpc proliferate for 2 days, and those 
at 11.5 dpc proliferate for 1 day only. There is no significant prolifera
tion of PGCs obtained at 12.5 dpc (Fig. 7). These results suggest that in 
vitro as in vivo PGCs have a finite proliferative time and cease prolifer
ating around 12.5 dpc. Comparing in vivo (Tam and Snow 1981) and in 
vitro (Fig. 7) PGC proliferation rates between 8.5 and 12.5 dpc shows, 
however, that the latter is still only a fraction of that in vivo. 
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Fig. 7. Changes in the numbers of PGCs after 1-3 days of culture on TM4 cell 
feeder layers 

The use of feeder layer culture for PGCs gradually led to improve
ments in PGC culture and to the identification of growth factors that 
increase survival and/or stimulate their proliferation (Table 1). LIF was 
the first growth factor identified by us to increase significantly the PGC 
survival (De Felici and Do1ci 1991). Other authors (Cheng et al. 1994; 
Koshimizu et al. 1996) have since shown then that the receptor complex 
for LIF (LIF-binding subunit, LIF receptor, and nonbinding signal 
transducer, gp130), is present on the PGC surface, thus strongly sug
gesting a direct action of LIF on PGCs in culture. It has still not been 
determined, however, whether LIF or other related cytokines (e.g., on
costatin M, ciliary neurotrophic factor) have a role in the normal devel
opment of PGCs. In this regard, it has been reported that mice deficient 
in LIF are fertile (Stewart et al. 1992), and that a targeted mutation of the 
LIF receptor does not result in a reduced number of PGCs (Ware et al. 
1995). 

A second growth factor which exert a very important action directly 
on PGCs is the already mentioned SCE Using feeder layers culture for 
PGCs, we and other groups have confirmed that SCF is essential for 
PGC growth in vitro, and that the PGC life-supporting effect of feeder 
cells is partly attributable to the production of such growth factor (Do1ci 
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Table 1. Growth factors and compounds reported to regulate positively or 
negatively the survival and/or proliferation of mouse PGCs in culture 

Growth factor/compound Effect Reference 

Survival factors 
Stem cell factor 
Pesce et al. 1993 
Leukemia inhibitory factor 
Oncostatin M 
Ciliary neurotrophic factor 
GAS-I 
Proliferation factors 
cAMP 

Retinoic acid 

Tumor necrosis factor-a 
Stem cell factor 
Basic fibroblast growth factor 
Interleukin-3 

+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 
+ 

Interleukin-4 + 
Pituitary adenylate cyclase activating peptides + 
Transforming growth factor-13 
GAS-l + 

Dolci et al. 1991; 

De Felici and Dolci 1991 
Cheng et al. 1994 
Cheng et al. 1994 
Matsubara et al. 1996 

Dolci et a. 1993; 
De Felici et al. 1993 
Koshirnizu et al. 1995, 
Pesce et al. 1996b 
Kawase et al. 1994 
Matsui et al. 1991 
Resnick et al. 1992 
Rich 1995 
Cooke et al. 1996 
Pesce et al. 1996a 
Godin and Wylie 1991 
Mastubara et al. 1996 

et al. 1991 and 1993; Matsui et al. 1991; Godin et al. 1991). In particu
lar, experiments performed in our laboratory have shown that: (a) a 
soluble form of recombinant mouse SCF added to PGCs grown on their 
own embryonic somatic cells significantly increases the number of 
PGCs without directly stimulating their proliferation (Dolci et al. 1993), 
and (b) the addition of anti-c-kit antibody (ACK-2) inhibits PGC sur
vival on STO cell feeder layers (our unpublished observations). More
over, our data about the temporary antiapoptotic effect of soluble SCF 
on isolated PGCs reported above and several other sources of experi
mental evidence widely discussed in Donovan (1994) indicate that the 
soluble form of SCF is less efficient than membrane-bound SCF at 
supporting PGC survival. The membrane forms of SCF is probably also 
involved in promoting PGC adhesion to somatic cells, as recently re
ported by Pesce et al. (1997). 
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Another important observation from PGC feeder layer culture is that 
dbcAMP or cAMP agonists such as forskolin and cholera toxin stimu
late markedly PGC proliferation (De Felici et aI. 1993). More recently 
we have found that, among many peptides known to increase intracellu
lar cAMP via specific receptors, pituitary adenyl ate cyclase activating 
peptides (PACAPs) are able to stimulate PGC proliferation by activating 
adenylate cyclase. In addition, evidence about the presence of these 
peptides in the fetal gonads has also been found (Pesce et aI. 1996a). 

Finally, we have discovered that retinoic acid promotes proliferation of 
PGCs both on feeder layers of their own embryonic somatic cells and of 
TM4 or STO cells (Pesce et al. 1996b), a result reported simultaneously by 
Koshimizu et al. (1995). Whether PGCs come into contact with retinoic 
acid in vivo, and whether they have RA receptors are not known yet. 

An important question about the feeder-dependent PGC culture sys
tems is whether they allow the normal differentiation of PGCs in 00-

cytes and pro spermatogonia. As we have previously reported, PGCs in 
culture, identifiable as AP-positive cells or for some surface antigens, 
progressively disappear after 6-7 days of culture. This suggests that 
PGCs die after ending proliferation. However, these markers are also 
lost when PGCs differentiate in vivo. Therefore, given the impossibility 
to follow differentiating PGCs in culture and the absence of markers for 
fetal oocytes and prospermatogonia, no definitive conclusion can be 
reached about this. 

Although we do not know about normal differentiation of PGCs in 
long-term culture, an intriguing transformation occurs in such cells 
when certain combinations of growth factors are employed. Two groups 
(Matsui et aI. 1992; Resnick et aI. 1992), reported that in the presence of 
a combination of LIF and basic fibroblast growth factor (bFGF) or the 
two of these with SCF some PGCs continue to proliferate beyond the 
time at which they would normally stop dividing. Eventually they form 
colonies of densely packed cells that continue to growth and proliferate. 
The resultant cell lines, which have been termed embryonic germ (EG) 
cells, closely resemble embryonic stem (ES) cells. EG cells can give rise 
to multiple differentiated cell phenotypes in culture and to teratocarci
nomas when injected into nude mice and contribute to chimeras and 
populate the germ line (Matsui et aI. 1992; Stewart et aI. 1994). Recently 
it has been reported that EG cells can also be derived with a combination 
of LIF and either forskolin or retinoic acid (Koshimizu et al. 1995). 
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Taken together, the results of these in vitro studies suggest that the 
maintenance and proliferation of germ cell populations depends on a 
combination of several polypeptides, some of which probably have yet 
to be defined. Moreover, PGCs in culture seem responsive to a variety of 
compounds whose physiological relevance in vivo remain to be con
firmed. In vitro, under the influence of a mixture of some growth factors 
and compounds, PGCs can certainly be reprogrammed in undifferenti
ated, pluripotent, and potentially tumorigenic cells. It will be important 
to verify whether such event can occur in vivo under normal or patho
logical conditions and its relevance for teratocarcinogenesis. 

2.S Reaggregation of Gonadal Tissues 
and Formation of Chimeric Gonad in Culture 

What determines the phenotypic sex of germ cells, i.e., whether they 
undergo oogenesis or spermatogenesis? 

Until the time that mouse germ cells enter the gonadal ridges their 
appearance and behavior seems identical regardless of whether they are 
in a female or a male embryo. However, around 13.5 dpc in the female, 
germ cells enter the prophase of meiosis; in the male they undergo 
mitotic arrest and differentiate as prospermatogonia in the Gl stage of 
the cell cycle. Since many studies show that PGCs can differentiate into 
oocytes or prospermatogonia in organ culture, we devised a method to 
make and culture chimeric gonads in vitro in order to study the effect of 
the somatic environment on this process (Dolci and De Felici 1990). In 
particular, three-dimensional reaggregates of gonad tissues of different 
ages and sex was made to investigate whether entering into meiosis in 
oocytes and the arrest in Gl in prospermatogonia are under the control 
of positive and/or negative signals from the gonadal somatic cells, as 
suggested by some authors (i.e., Byskov and Saxen 1976). The results 
showed that 12.5-dpc germ cells from female embryos enter and pro
gress through meiotic prophase in reaggregates made with somatic cells 
from ovaries but not those made from testis. Male germ cells of the same 
age were unable to enter into meiosis in either types of reaggregates. 
These results strongly support the existence of a meiosis-preventing 
substance in the fetal testis, but not of a meiosis inducing substance in 
the fetal ovary. Using an approach similar to ours, McLaren and Southee 



36 M. De Felici 

(1997) recently reached the same conclusions. In addition, they showed 
that poes isolated from early stages (10.5 and 11.5 dpc) can enter 
meiosis in vitro irrespective of sex when reaggregated with somatic cell 
from ovaries, and even when reaggregated with somatic cells from lung. 

2.6 Conclusions and Future Prospects 

The availability of methods to isolate, purify, and culture mouse poes 
has yielded valuable information about mechanisms and factors control
ling many aspects of their biology. However, it should be pointed out 
that the importance of some of these factors in the intact embryo must 
yet be confirmed. Because poes cannot be cultured successfully in the 
absence of feeder layers, is sometimes impossible to distinguish the 
direct effects of experimental treatments on them from the indirect effect 
on feeder cells. Other, undefined factors produced by the feeders or 
present in the serum added to the culture medium make the interpreta
tion of some results difficult. 

The derivation of EO cells from poes may represent a way to study 
some aspects of poe development and offer the possibility of obtaining 
ES cells in other species. However, since it is likely that EO cells are 
poes that have dedifferentiated to become ES cells, they are of little use 
in studying processes proper of the poe development, such as their 
migration or differentiation. 

An important contribution to elucidating many aspects of the poe 
biology would be the establishment of immortalized poe lines. Somatic 
cell lines of gonadal origin may also be an important source of poe 
growth factors. Further information about growth factors and other 
molecules involved in poe development is also likely to come in the 
future from newly derived "knockout" and transgenic mice. 
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3.1 Introduction 

Germ cells are unique in that they are the only cell line able to transmit 
heritable characteristics. The germ cells and certain cells of the early 
developing embryo are pluripotent and thus are targeted as the only 
plausible sites to modify the genome to produce heritable transgenesis. 
Male and female germ cell lines are developmentally very different. The 
male continues to produce gametes after puberty while the female germ 
cells arrest in meiosis prior to birth and complete meiosis only at 
fertilization. Thus any approach to genetically manipulate germ cells 
must be quite different in the male and female. 

Transgenesis may be defined as the introduction of foreign DNA into 
the germ cell population. Usually transgenic technology has allowed 
only one or a few genes to be introduced into the heritable, germ cell 
population. More recently Brinster and colleagues have substituted the 
entire heritable male genome from One animal into another through the 
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technique of germ cell transplantation (Brinster and Avarbock 1994; 
Brinster and Zimmerman 1994; Clouthier et al. 1996). This technique 
shows great promise for future basic and applied research. This review 
describes briefly the technique of spermatogonial transplantation and 
emphasizes some of the directions for basic research important to the 
future of this technology. 

3.2 Spermatogonial Transplantation Technique 

The technique of spermatogonial transplantation is described in detail 
by Ogawa et al. (1997). To summarize, procedural details are separated 
into (a) preparation of donor cells, (b) preparation of the recipient testis, 
and (c) transplantation of cells. 

3.2.1 Preparation of Donor Cells 

Briefly, donor germ cells can be isolated in animals ranging in develop
ment from the late neonatal period through adulthood. Enzymatic dis
persion of donor cells is accomplished by first removing the tunica 
albuginea and subsequently incubating the parenchyma in calcium-free 
Hanks' balanced salt solution containing collagenase. Tubules are freed 
of Leydig cells by mechanical dissection and the Leydig cell strands 
removed. Subsequently cells are dispersed after incubation with EDTA, 
DNase, and trypsin while gently pipetting and agitating the isolated 
tubules. Fetal bovine serum is added to terminate trypsin activity. Large 
tissue aggregates are removed by filtration through a nylon mesh screen. 
The filtrate is gently centrifuged and the supernatant discarded. Germ 
cells are resuspended in sperm media (Brinster and Avarbock 1994; 
Brinster and Zimmerman 1994) or Eagle's medium containing fetal 
bovine serum. The concentration is adjusted to about 100-200x106 cells 
and cooled to 5°C where the temperature is held constant until injection 
(1-4 h later). The range of injection volume required for a mouse recipi
ent is 50-100 Ill, of which about 10 III enter the tubules. 

The initial reports of spermatogonial transplantation utilized freshly 
harvested (Brinster and Avarbock 1994; Brinster and Zimmerman 1994; 
Clouthier et al. 1996) or frozen (Avarbock et al. 1996) donor cells. More 



Spermatogonial Transplantation 43 

recently mouse donor cells have been cultured for a period of almost 4 
months prior to their introduction into a recipient animal (Nagano and 
Brinster 1998). The culture medium used was a modified Eagle's me
dium with and without pyruvate and lactate. In some experiments STO 
feeder layers similar to those employed for embryonic stem cell culture 
were used with the donor germ cells. Cultures were maintained for up to 
132 days and cells transplanted thereafter. 

3.2.2 Preparation of the Recipient Testis 

Recipient mice that produce spermatogenesis from donor animals must 
first be largely deprived of endogenous spermatogenesis so that intro
duced stem cells do not compete with endogenous cells. Although there 
are a number of chemical and physical means to deplete spermatogene
sis, most have not been tested and compared. Brinster and colleagues 
used the alkylating agent busulfan. In high concentration busulfan is 
known to kill all but the most resistant type A spermatogonial cells 
(Bucci and Meistrich 1987). At least I month is necessary to realize the 
full extent of germ cell depletion produced by busulfan. Testes of busul
fan-treated mice are small due to massive germ cell death and depletion. 
The seminiferous tubules contain Sertoli cells and occasional spermato
gonia. Depending on the dose, mice treated with busulfan may demon
strate reinitiation of spermatogenesis several months after busulfan 
treatment. 

One way in which mouse-to-mouse transplants can be shown to be 
unequivocally successful is if a donor cell marker is used for histological 
identification of cells. Brinster's laboratory has utilized donor cells from 
a transgenic strain in which most of the germ cells express the LacZ 
gene. The histochemical demonstration of the gene product, p-galactosi
dase, is evidence of the presence of donor cells in a recipient testis. 
Using the substrate X-gal, the histochemical procedure stains any cells 
expressing LacZ a deep blue color. 

In addition, animals possessing a genetically related block to sperma
togenesis have been used as recipients. This animal model, used by 
Brinster and colleagues, takes advantage of the sterility produced by 
mutations at the W-Iocus. The sterility in W-Iocus mice is due to a 
mutation affecting the c-kit receptor on spematogonia. The few sperma-
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togonia that are present do not develop to advanced spermatogonial 
types but undergo apoptosis early and are eliminated. Most seminiferous 
tubules of the W-Iocus mice appear to be Sertoli cell-only although 
some tubules possess a few spermatogonia. 

If there are indications that histocompatibility may be a factor in 
transplantation success, "nude" (lacking B cells) or "SCID" (lacking B 
and T cells) mice treated with busulfan may be utilized as recipients. 
These mice are fragile, given their defective immune system, and must 
receive special care to ensure their survival. 

3.2.3 Transplantation of Cells 

The original reports of spermatogonial transplantation utilized a mi
croinjection technique whereby cells were introduced directly into 
seminiferous tubules (Brinster and Avarbock 1994; Brinster and Zim
merman 1994; Clouthier et al. 1996). Subsequently other techniques 
have been shown effective. Filling of seminiferous tubules may also be 
obtained by microinjection of germ cells into the rete or the efferent 
ductules (Ogawa et al. 1997; Fig. 1). A knowledge of the anatomy of the 
male duct system in the testis is essential to understanding fluid flow in 
the testis. Whether injected into seminiferous tubules, the rete, or the 
efferent ducts, the flow of the injection fluid is retrograde to fill the 
majority of seminiferous tubules. Since liquid is virtually incompress
ible, there must be a temporary expansion of the duct system and 
seminiferous tubules to accommodate both the endogenous secreted 
fluid and the injected material. Injection volumes or injection pressures 
in excess of a certain critical limit cause rupture of the rete or seminifer
ous tubules, and the cell suspension leaks into the interstitial space. A 
small amount of leakage of germ cell suspensions is apparently not 
detrimental to filling of seminiferous tubules and establishment of donor 
spermatogenesis. 

A micromanipulator with a movable platform to adjust the position 
of the animal is used to visualize and position a micropipette for mi
croinjection. An abdominal incision is made and the testes exteriorized. 
Micropipettes, made with a pipette puller with a diameter of about 
50 J..lm and angled tips, are used to inject cell suspensions. For seminif
erous tubule injections the tunica albuginea is cut and the micropipette 
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Fig. 1. Sites of introduction of donor cells into the testis of recipient mice. 
Germ cells may be introduced into seminiferous tubules by microinjection di
rectly into the seminiferous tubule lumen (A), the efferent ductules (B), or the 
rete (C). (With permission of the publisher from Ogawa et al. 1997) 

needle aligned in parallel with one of the protruding seminiferous tu
bules. To inject efferent ductules the investigator must carefully dissect 
them in the fat-filled space between the head of the epididymis and the 
testis. Rete testis injections first require that the vein draining the testis 
be located as it leaves the testis. The rete lies under this region, and the 
rete may be entered by puncturing the tunica albuginea just cephalad to 
the site where the vein enters the testis. After the micropipette is inserted 
into a seminiferous tubule, ductuli efferentes, or the rete, the fluid 
pressure is gradually increased with a pressure injector to start the flow 
of the cell suspension. Adding a small amount of trypan blue to the 
injection medium allows monitoring of the filling of tubules. Generally, 
5-30 min is required to fill from 70%-100% of surface seminiferous 
tubules. After injection the testes are restored to their abdominal posi
tion and the abdominal wall sutured. 

Active donor spermatogenesis in a recipient mouse testis has been 
observed over 18 months posttransplantation and is presumed to remain 
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active during the life of the animal. A variety of techniques may be 
utilized to demonstrate the presence of donor spermatogenesis. Donor 
cells with the LacZ gene may be demonstrated histochemically by 
staining for enzymatic activity of the gene product ~-galactosidase. This 
enzyme is present in donor germ cells from whole or sectioned tubules 
as well as sperm found within the lumen of the epididymis. Donor 
spermatogenesis in W-locus animals has been demonstrated by light and 
electron microscopy (Russell and Brinster 1996; Russell et al. 1996). 
Microscopy can also be used to determine species-related characteristics 
of germ cells in xenogenic transplants (Russell and Brinster 1996). 
Finally, donor spermatogenesis can be demonstrated in breeding studies 
when the LacZ gene is propagated to and identified in cells of the 
progeny (Brinster and Brinster 1994). 

3.3 Significant Findings Utilizing 
the Transplantation Technique 

Donor spennatogenesis can be initiated and maintained in mammals by 
microinjection of donor germ cell suspensions into recipient seminifer
ous tubules. Transplantation between histocompatible mice (Brinster 
and Avarbock 1994; Brinster and Zimmerman 1994) as well as nonhis-

Fig. 2A-D. Example of mouse testes before transplantation (A, B) and after ~ 
transplantation (C, D) with donor cells from a histocompatible mouse. A,B the 
testis of a sterile adult mouse recipient. The mouse (WVfWV) used as a recipi-
ent is from the line carrying the W-Iocus mutation (WVfWV). A Numerous tu
bules are shown that prominently display vacuolations within the epithelium. B 
The tubules are shown at higher magnification to contain only Sertoli cells 
(isolated arrow) and occasional spermatogonia (isolated arrowhead). What 
have been termed "balls" (b) of Sertoli cells are frequently central within tu
bules (Russell and Brinster 1996; Russell et al. 1996). C Some tubules that are 
spermatogenic ally active and some that are inactive after approximately 3 
months of transplantation. Tubules with spermatogenesis are considerably 
larger than those that lack spermatogenesis. D At higher magnification a small 
number of seminiferous tubules are shown with active spermatogenesis. All 
major classes of germ cells can be seen in tubules that appear slightly disor
ganized. In addition, several degenerating germ cells including elongated sper
matids are noted (isolated arrowheads) 
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Fig.2A-D 



• : . Fig.3A-C 
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tocompatible species (xenogenic transplantation; Clouthier et al. 1996) 
from rat donors into immunodeficient mice has been successful in 
establishing spermatogenesis. This is the first demonstration of trans
plantation of isolated germ cells from one mammalian species to a 
recipient followed by complete and continuing spermatogenesis 
(Figs. 2, 3). 

In mouse-to-mouse transplants, breeding studies show that up to 80% 
of progeny are from donor cells (Brinster and Brinster 1994), demon
strating heritable transmission of the donor germ cell line. In xenogenic 
transplants (rat to mouse) up to one in 50 sperm in the mouse epididymis 
is morphologically characteristic of the rat (Clouthier et al. 1996). 

Subsequent to the reports of the initial transplantations success from 
Brinster's laboratory, Jiang and Short (1995) reported intraluminal sper
matogenesis in busulfan-treated rats after intraluminal injection of iso
lated (90% pure) rat primordial germ cells. Since intraluminal spermato
genesis occurred only in busulfan-treated animals receiving germ cell 
injections and not in sham-injected rats, the authors concluded that the 
presence of intraluminal spermatogenesis was due solely to the trans
planted tissue. Tissue markers to identify transplanted cells were not 
utilized. 

Germ cells can be frozen for extended periods prior to transplanta
tion. Donor germ cells that have been frozen for periods of up to 5 

.... Fig. 3A-C. Electron micrographs of the seminiferous epithelium of germ cell 
transplants. A The transplanted cells were from a mouse into a histocompatible 
W-Iocus sterile recipient. B,C The transplant was from a Sprague-Dawley rat 
into a immunodeficient "nude" mouse rendered sterile with busulfan. After ap
proximately 3-4 months the testes were examined, with the result that active 
spermatogenesis was found in both groups. The germ cell types shown are 
spermatocytes (sc), round spermatids (rs), elongate spermatids (es), and all ap
pear normal and present in recognized cell associations (stages). The Sertoli 
cell (S) processes are seen extending between germ cells in a relationship typi
cal of that seen in normal animals. B,C Both rat and mouse spermatogenesis 
are present, respectively, in the same testis. The rat cells are from the transplant 
and the mouse cells are from recovery of endogenous spermatogenesis after 
busulfan treatment. Mouse spermatids and rat spermatids can be distinguished 
by the location of the mitochondria in round cells. In the mouse mitochondria 
are randomly scattered along within the cytoplasm (short arrows in C) 
whereas in the rat they become aligned along the plasma membrane (short ar
rows in B) 
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Fig. 4. A Seminiferous tubule showing donor spermatogenesis in a mouse re
cipient in which adult donor cells were cultured for 19 days prior to transplan
tation. Deep blue color, histochemical demonstration of ~-galactosidase activ
ity (using X-gal as substrate), the product of the LacZ gene which is expressed 
only in germ cells from the donor. B Establishment of donor spermatogenesis 
from IO-day-old neonate cells cultured III days prior to transplantation. Do
nor spermatogenesis is evidenced in this testis 108 days after transplantation 
by the deep blue colored portions of tubules, indicating the presence of ~
galactosidase activity expressed by donor cells. (Figures used with permission 
of Nagano and Brinsterl998) 
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months are capable of establishing successful spermatogenesis after 
transplantation (Avarbock et al. 1996). Freezing of donor cells demon
strates our ability to stabilize a germ cell line indefinitely such that it can 
be utilized at a later time. Freezing can preserve the germ line of rare or 
endangered species as well as preserve the genome of males considered 
valuable for agricultural purposes. 

Cultured donor cells produce spermatogenesis in a recipient male. 
Mouse cells cultured for periods up to about 4 months produce sperma
togenesis in mouse recipients (Fig. 4). Our ability to culture stem cells 
represents an important step toward the goal of transfecting stem cells. 
Stable transfection of stem cell spermatogonia occurs when DNA is 
incorporated into the cell genome during cell division. 

Spermatogenesis must be initiated from stem cell spermatogonia. 
Since spermatogenesis resulting from germ cell transplantation is a 
continuous process lasting many months postinjection (Russell and 
Brinster 1996; Russell et al. 1996; Brinster and Avarbock 1994; Brinster 
and Zimmerman 1994), the process must be generated anew by stem 
cells. Stem cells are the only cell type capable of continually producing 
spermatogenesis and, at the same time, capable of self-renewal. Given 
that spermatogenesis was active for at least 18 months in recipient testis, 
it is assumed to be a continuous process and to result from the cell 
division in stem cell line. If spermatogenesis were initiated by non-stem 
cell elements, the germ cell population would be depleted from the 
seminiferous epithelium after about 1 month due to failure of self-re
newal of germ cell elements. 

Stem cells relocate from the tubule lumen to the basal compartment 
of the seminiferous tubule after injection. The normal position for sper
matogonia is at the periphery of the seminiferous tubule, lying along the 
basal lamina (Russell and Brinster 1996; Russell et al. 1996). Although 
spermatogonia are injected with a variety of other cell types, they 
relocate to their normal position along the basal lamina. Relocation 
involves selective movement of stem cell spermatogonia between ad
joining Sertoli cells through Sertoli-Sertoli junctions. Specific recogni
tion factors must be operative in the recipient Sertolicells to recognize 
stem cell spermatogonia injected into the lumen of seminiferous tubules 
and to transport them radially through the Sertoli cell barrier to reside on 
the basal lamina of the seminiferous tubule. These recognition factors 
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must be operative in mouse Sertoli cells such that they can identify and 
reposition stem cells of both mouse and rat. 

Although donor Sertoli cells are injected with germ cells, spermato
genesis takes place in an environment in which recipient Sertoli cells are 
in association with donor germ cells. Both LacZ markers and electron 
microscopy confirm that donor Sertoli cells rarely take up residence in 
the testis of the recipient animal (Brinster and Avarbock 1994; Brinster 
and Zimmerman 1994; Russell et al. 1996). Electron microscopy has 
never revealed rat Sertoli cells among rat germ cells within a mouse 
seminiferous tubule. This observation becomes especially significant in 
xenogenic transplants where rat spermatogenesis is occurring within the 
mouse testis. The mouse Sertoli cell is thus capable of supporting rat 
spermatogenesis, indicating that although 10-11 million years of evolu
tion have transpired since rat and mouse diverged on the evolutionary 
scale, there is considerable capability in the Sertoli cells of one species 
to support germ cells of another species. 

Spermatogenesis with morphological characteristics of two species 
can take place simultaneously within the testis of a mouse. Both rat and 
mouse spermatogenesis occur simultaneously in the mouse testis after 
rat cells are transplanted into the busulfan-treated mouse testes. Estab
lishment of rat spermatogenesis occurs simultaneously with the recov
ery of endogenous mouse spermatogenesis; however, there appears to be 
no admixture of rat and mouse cells in the same cross-sectioned tubule. 

The testis can support spermatogenesis of differing cycle lengths. 
Although the rat and mouse are closely related species, their spermato
genic cycle lengths differ by approximately 50%. The cycle length 
difference is not prohibitory to the development of rat spermatogenesis 
in a mouse. It is also possible that the cycle length of rat germ cells in the 
mouse testis is altered by the milieu of the recipient Sertoli cells. 

Spermatogenesis is not as efficient in the recipient animals as in the 
normal, untransplanted animal. Germ cell degeneration, phagocytosis 
of released sperm, and malformed sperm are seen more frequently in 
transplanted spermatogenesis than in the untransplanted, normal, con
trol animal (Russell and Brinster 1996; Russell et al. 1996). The reason 
for these abnormalities found in apparently histocompatible donors and 
recipients is not known but may be related to damage to Sertoli cells 
resulting from chemical treatment or prolonged inactivity. One might 
suggest that the environment provided by the Sertoli cell in xenogenic 
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transplants into immunodeficient recipients is less than optimal to sup
port qualitatively normal spermatogenesis. Macrophages are present in 
the tubular lumen of all recipients and may be a reflection of the 
increased need to scavenge and eliminate abnormal germ cells. Sertoli 
cell-only areas of seminiferous tubules phagocytose released sperm 
from another part of a tubule. 

Spermatogenesis resulting from germ cell transplantation demon
strates normal cell associations. Moreover, these cell associations are 
characteristic of the donor species. In mouse-to-mouse transplants the 
cell associations, or stages, are those characteristic of the mouse 
(Russell et al. 1990). In rat-to-mouse transplants the cell associations in 
which rat cells are seen are characteristic of the rat (Leblond and Cler
mont 1952; Russell et al. 1990). The ability to form cell associations 
characteristic of the donor species therefore is an endogenous property 
of germ cells. 

3.4 Applications of Transplant Technology to Basic Research 

Shortly after the initial publication of the technique of spermatogonial 
transplantation the popular media focused on potential clinical and 
"futuristic" applications of spermatogonial transplant technology. Here 
we put forward some of the questions related primarily to basic applica
tion of spermatogonial technology that can be answered. 

There is great need to study and improve the transplantation technol
ogy itself to increase the efficiency of seminiferous tubule germ cell 
colonization. Five months after injection of the germ cell suspension the 
transplanted testes showed less than half of the seminiferous tubules 
colonized by transplanted cells. It is important to determine the factors 
that would improve transplantation success. Currently a variety of cell 
types are injected. Would procedures for isolation and purification of 
stem cells or even isolation and purification of type A spermatogonia 
enhance transplantation colonization? Is it necessary to microinject cell 
types other than type A spermatogonia to achieve transplantation suc
cess? Are there growth factors that can be supplied to the testis that 
would enhance the spreading and development of stem cells? What is 
the developmental progression of transplanted cells? Does spermato
genesis in the transplanted animal result from a few or many seeding 
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sites? Assuming more than one seeding site, how are seeding sites 
distributed throughout the testis? Do stem cells colonize the testis and 
can studying transplants after injection give us insights into the kinetics 
of spermatogenesis? Do injected germ cells more advanced than type A 
spermatogonia seed the testis and develop into sperm? Does the timing 
of spermatogenesis reflect which cell is the stem cell (Ao, A4, or As), 
suggesting which model of spermatogonial renewal is the best (Cler
mont and Bustos-Obregon 1968; Huckins and Oakberg 1978a,b)? When 
does spermatogenesis first reach completion in transplanted testes? 
Does a wave of spermatogenesis form in transplanted testes? Is the 
profile of hormones (testosterone and gonadotropins) similar in trans
planted and nontransplanted testes? How do xenogenic transplants af
fect the hormonal status and secretory products of the testis compared 
with a normal animal? Can stem cell spermatogonia be stably trans
fected in culture prior to transplantation? Can cryopreservation tech
niques be utilized in conjunction with in vitro methods to stably trans
fect the germ cell line? 

Transplantation protocols are especially useful in discriminating the 
role of the Sertoli cell from that of the germ cell in the spermatogenic 
process. As an example, assume that a transgenic animal is produced 
that shows some abnormality of spermatogenesis. The question might 
be asked: "Is the abnormality a direct consequence of a germ cell defect 
or a Sertoli cell defect?" The latter can often be suspected in some 
situations on the grounds that the Sertoli cell is well known to support 
spermatogenesis (Russell and Griswold 1993), and that defective Sertoli 
cells often lead to a secondary loss in germ cells (Russell et al. 1990). 
Transplantation of stem cell spermatogonia from the transgenic animal 
to a histocompatible recipient should discriminate which cell, the Sertoli 
cell or the germ cell, is the primary target of the transgene. Normal 
growth and development of the transplanted transgenic cells in a wild 
type highly suggest that the somatic cell population (most likely the 
Sertoli cell) is in some way defective in the mutant animal. 

The transplant model should prove useful in understanding the dura
tion and timing of spermatogenesis. Xenogenic transplants in which rat 
germ cells are transplanted into mice testes show spermatogenesis mor
phologically characteristic of both species. The duration of the cycle of 
the seminiferous epithelium in the rat and mouse differ by about 50%. 
The question may be asked: "Do rat cells developing within a seminifer-



Spermatogonial Transplantation 55 

ous tubule speed up their development when transplanted into a mouse 
to a rate characteristic of mouse cells, or does the mouse testes maintain 
two separate cycle lengths, one for mouse and one for rat?" The answer 
to this question has implications for determining which cells - the germ 
cells or the surrounding somatic cells - control germ cell cell-cycle 
length. 

Xenogenic transplants may also prove useful in determining how 
cell-to-cell junctions work in the testis. There is an abundance of junc
tional types in the testis that physically connect the germ cells and 
Sertoli cells and serve functions that support spermatogenesis (Russell 
1993). Our observations (unpublished) suggest some of these junctions 
do not form normally in mouse testes transplanted with rat cells. The 
consequence of abnormal junctions might provide useful information 
about the role of specific junctional types. Given that donor spermato
genesis is not completely normal in transplanted animals, junctional 
formation may be responsible for a quantitative deficit in normal sperm. 
Thus further study along these lines is needed. 

Little is known about the immunology of the testis. The testis is 
thought to be an immunoprivileged site due to the locally high steroid 
levels, the secretion of immunosuppressant substances (Bellgrau et al. 
1995) by Sertoli cells and by the presence of a Sertoli cell barrier. 
Transplantation from one mouse strain to another (allogenic transplants) 
or from one species to another (xenogenic transplants) makes it possible 
to study the immune system. Can the immune system in the testis can be 
suppressed to improve transplantation success as well as improve the 
quality of spermatogenesis without the necessity of having to use ge
netically immunodeficient mice? 
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4.1 Introduction 

Male gametogenesis constitutes one of the most dramatic examples of 
cellular differentiation in the body. During spermiogenesis male germ 
cells change from round to long and streamlined and almost every 
subcellular organelle is remodeled. In addition, male germ cells undergo 
three different types of cell division program in the course of spermato
genesis: stem cell divisions, mitotic amplification divisions, and meio
sis. During the specialized cell division of meiosis, regulation of cell 
cycle progression is drastically altered by the differentiation program. 
Work in our laboratory seeks to discover the genes and genetic circuitry 
that drive the dramatic cellular differentiation of spermatogenesis and 
coordinate it with the meiotic cell cycle program. To facilitate this 
genetic approach we study spermatogenesis in Drosophila as a model 
system. 

4.2 Overview of Spermatogenesis in Drosophila 

The overall program of spermatogenesis in Drosophila greatly resem
bles spermatogenesis in mammals (Fig. 1; for an extensive review of 
spermatogenesis in Drosophila, see Fuller 1993; Lindsley and Tokuyasu 
1980). Sperm are produced continuously throughout reproductive life 
from a relatively small number of dedicated male germ line stem cells. 
In Drosophila the male germ line stem cells are located at the apical tip 
of the testes, where they lie clustered around a specialized set of somatic 
cells termed the apical hub (Hardy et al. 1979). The germ line stem cells 
are each flanked by a pair of somatic stem cells, the cyst progenitor cells 
(Gonczy and DiNardo 1996; Hardy et al. 1979). When a germ line stem 
cell divides, one daughter remains in contact with the apical hub and 
retains stem cell identity, while the other daughter is displaced away 
from the hub and initiates differentiation as a founder gonial cell. Simi
larly, when the cyst progenitor cells divide, the daughters that remain in 
contact with the hub retain stem cell identity, while the daughters 
displaced away from the hub differentiate as cyst cells. Two cyst cells 
enclose each founder gonial cell to form a cyst, the major differentiation 
unit of spermatogenesis in Drosophila. The two cyst cells never divide 
again, but enclose the descendants of the founder gonial cell throughout 
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the entire differentiation process. Although little is known about the 
somatic cyst cells, they may be the functional equivalent of Sertoli cells 
in mammals. 

The founder gonial cell initiates four rounds of mitotic amplification 
division, resulting in a cluster of 16 cells. Cytokinesis is incomplete 
during the gonial amplification divisions, and therefore the germ cells 
descended from a founder gonial cell remain connected by cytoplasmic 
bridges (Hardy et al. 1979; Hime et al. 1996) and divide in synchrony. 
After the fourth gonial division the 16 germ cells in the developing cyst 
initiate the meiotic program and together enter premeiotic DNA synthe
sis. Premeiotic S phase is followed by an extended, specialized G2 phase 
of the cell cycle, meiotic prophase. Drosophila males differ from male 
mammals in that homologous chromosomes do not undergo recombina
tion. There is no synaptonemal complex, and the landmark cytological 
stages of meiotic prophase, which are based on chromosome morphol
ogy, are not visible. 

4.2.1 The Primary Spermatocyte Period of Growth 
and Gene Expression 

The primary spermatocyte period in Drosophila, as in mammals, is 
characterized by extensive cell growth and new transcription. A large 
number of different mRNAs are expressed in male germ cells during the 
primary spermatocyte stage, including transcripts from novel genes 
expressed only in the testis, for example the CGP repeat family of 
male-specific transcripts thought to encode sperm tail components 
(Kuhn et al. 1991; Schafer et al. 1993), or genes encoding testis-specific 
isoforms of proteins involved in general cellular function, for example 
p-tubulin (Kemphues et al. 1979). In many cases genes expressed in 
other tissues utilize testis-specific promoters to produce novel tran
scripts in primary spermatocytes; for example, the dhod gene utilizes a 
different transcription start site for expression of a male-specific tran
script in primary spermatocytes (Yang et al. 1995) and the gonadal gene 
is transcribed as a novel bicistronic message in the male germ line 
(Schulz et al. 1990). As in mammals (Geremia et al. 1977; Monesi 
1964), many genes required for subsequent spermatid differentiation are 
transcribed in primary spermatocytes, and bulk transcription decreases 
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sharply at around the onset of the first meiotic division. Unlike in 
mammals, however, in Drosophila no transcription has been detected in 
haploid spermatids by bulk autoradiographic studies (Olivieri and 
Olivieri 1965), and few genes transcribed in the haploid stages have 
been identified to date (Bendena et al. 1991) 

4.2.2 Spermatid Differentiation 

Following meiosis the haploid round spermatids undergo the extensive 
cellular and subcellular differentiation of spermiogenesis. The mito
chondria in each spermatid fuse into two giant mitochondria, which 
wrap around each other to form a specialized mitochondrial derivative 
called the Nebenkern (Tates 1971; Tokuyasu 1975). The centriole inserts 
into the base of the nucleus and is converted into a basal body (Tates 
1971). A microtubule-based axoneme grows out from the basal body 
and, along with the mitochondrial derivative, elongates to extend the full 
length of the spermatid flagellum (a distance of 1.8 mm in Drosophila 
melanogaster; Lindsley and Tokuyasu 1980). Nuclear DNA condenses, 
and the spermatid nucleus is converted from round to a long, thin, 
hooked shape (Tokuyasu 1974). The dramatic cellular and subcellular 
morphogenesis of spermatid differentiation in Drosophila is mediated 
by transcripts expressed prior to the meiotic divisions, probably most if 
not all during the primary spermatocyte growth and gene expression 
phase. As in mammals, translational control plays a prominent role in 
regulating the timing of gene product expression during male germ cell 
differentiation in Drosophila (Schafer et al. 1995). 

4.2.3 Genetic Analysis of Spermatogenesis in Drosophila 

Drosophila offers a superb model system in which to investigate the 
genetic mechanisms that regulate and mediate the differentiation pro
gram of male gametogenesis. The landmark stages of spermatogenesis 
(Fig. 1) in Drosophila are easily visible by phase-contrast light micros
copy in unfixed, squashed preparations that take only a few minutes to 
make and examine. The ability to rapidly gain an overview of the 
process of spermatogenesis greatly facilitates genetic screens for male 
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sterile mutations that cause defects at specific stages. The dramatic 
changes in cellular and subcellular morphology throughout spermato
genesis provide a wealth of cytological markers for analysis of mutant 
phenotypes, allowing identification of defects in many different specific 
morphogenetic events (for an overview of mutations affecting spermato
genesis in Drosophila see Fuller 1993). Several large-scale screens for 
male sterile mutations in Drosophila have been or are currently being 
carried out (Hackstein 1991; Castrillon et al. 1993; references cited in 
Fuller 1993; P.O. Wilson and M.T. Fuller, unpublished; B.T. Wakimoto, 
D. Lindsley, and C. Zucker, work in progress), providing raw material 
for identification of genes of interest by examination of mutant pheno
types. 

4.3 Coordinate Control of Meiosis 
and Spermatid Differentiation 

The central goal of our work is to understand the genetic circuitry that 
regulates and coordinates the meiotic divisions with onset of the sper
matid differentiation program. In this review we summarize our work on 
a set of key regulatory genes required for both meiotic cell cycle pro
gression and onset of spermatid differentiation in Drosophila. We have 
identified a set of three genes, cannonball (can), meiosis I arrest (mia), 
and spermatocyte arrest (sa), that act together or in a pathway to activate 
tissue and stage-specific transcription in primary spermatocytes of a 
suite of target genes that act during postmeiotic spermatid differentia
tion. Wild type function of these three regulatory genes is also required 
for meiotic cell cycle progression, suggesting a cross-regulatory control 
to ensure that spermatocytes arrest at the 02/M transition of meiosis I 
until genes required for postmeiotic differentiation have been tran
scribed. Finally, we have identified a gene, always early (aly), as a 
candidate to act earlier in the pathway to regulate both meiotic cell cycle 
progression and the transcription program for spermatid differentiation. 
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4.3.1 Spermatid Differentiation Is Independent of Completion 
of Meiosis 

During normal spermatogenesis in wild type, meiotic division always 
precedes onset of spermatid differentiation. The simplest way to specify 
this order of events would be to make the onset of spermatid differentia
tion dependent on completion of the meiotic cell cycle. Genetic analysis 
of spermatogenesis in Drosophila, however, indicates that spermatid 
differentiation can proceed independently of completion of meiosis. The 
G2/M transition of mitosis in eukaryotes is regulated by the function of 
cell cycle phosphatase cdc25 which removes inhibitory phosphate 
groups from the cell cycle kinase cdc2, allowing activation of the 
cdc2/Cyclin B complex (Dunphy and Kumagai 1991; Gautier et al. 
1991). There are two Drosophila homologs of the S. pombe cdc25 gene, 
string and twine. Wild type function of string is required for mitosis 
(Edgar and O'Farrell 1989), while wild type function of twine is re
quired for meiosis (Alphey et al. 1992; Courtot et al. 1992). 

In the testis string is expressed in the mitotically dividing spermato
gonial cells, while transcription of twine initiates in early primary sper
matocytes in preparation for meiotic division. In males mutant for twine 
the mitotic spermatogonial divisions proceed, and mature primary sper
matocytes are produced. However, the male germ cells skip the major 
events of meiosis (Alphey et al. 1992; Courtot et al. 1992). The chromo
somes initiate but do not complete condensation, no spindle is assem
bled, and there is no chromosome segregation or cytokinesis. Neverthe
less, extensive spermatid differentiation proceeds, and the sixteen 4xN 
spermatids resulting from the failure in meiotic division form mitochon
drial derivatives and undergo flagellar elongation and nuclear shaping 
(White-Cooper et al. 1993; Lin et al. 1996). Similar results were ob
served in mutant males carrying a temperature sensitive allele of the cell 
cycle kinase cdc2. When cdc2ts males were raised at permissive tem
perature and then shifted to nonpermissive temperature, spermatocytes 
failed to undergo the meiotic divisions, but spermatid differentiation 
proceeded (Sigrist et al. 1995). 
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Spermiogenesis in the absence of meiotic division as observed in twine 
and cdc2ts mutant males indicates that the pathway that regulates sper
matid differentiation is independent of the pathway controlling meiotic 
cell cycle progression. However, the phenotype of certain other male 
sterile mutations in Drosophila indicates that spermatogenesis proceeds 
by a branched pathway rather than by two independent pathways. We 
have identified at least eight genes, the meiotic arrest class, that are 
required for both completion of the meiotic cell cycle and onset of 
spermatid differentiation (Lin et al. 1996; White-Cooper et al. 1998; A. 
MacQueen, B.T, Wakimoto, and H. White-Cooper, unpublished data). 
Our detailed analysis of the cytological and molecular phenotype of four 
of these genes, described below, indicates that spermatid differentiation 
and meiotic cell cycle progression are coordinated at least two points. 
First, the aly gene acts in primary spermatocytes to directly or indirectly 
allow transcription of genes in both the meiotic cell cycle program and 
the spermatid differentiation program. Second, the can, mia, and sa 
genes act in primary spermatocytes both to turn on transcription of 
spermatid differentiation genes and to activate the G2/M transition of 
meiosis I through post-transcriptional control of twine protein accumu
lation. 

Wild type function of the aly, can, mia, and sa genes of Drosophila 
is required for male germ cells to complete meiosis and initiate sperma
tid differentiation. The requirement for function of these genes appears 
to be specific to male gametogenesis, as mutant flies are viable and 
female fertile (Lin et al. 1996). Males mutant for anyone of the four loci 
are sterile. The early stages of spermatogenesis appear normal and 
primary spermatocytes form and grow to mature size. However, cells in 
meiotic division and spermatid differentiation stages are completely 
absent, and mature primary spermatocytes with partially condensed 
chromosomes accumulate to fill the testis (Figs. 1, 2; Lin et al. 1996). 
Primary spermatocytes appear to arrest at or within the Gz/M transition 
of meiosis I in the mutant testes. In wild type young adult males, a cyst 
of 16 cells entering the first meiotic division is seen on average roughly 
once in every two testes squashes examined. However, in testes from 
flies mutant for aly, can, mia, or sa each testis contains many mature 
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Fig. IA,B. Diagram of male germ cell differentiation in wild type and meiotic 
arrest mutant Drosophila. A Spermatogenesis in wild type. For simplicity, only 
one of the 16 primary spermatocytes in a cyst is shown. In actuality, all 16 pri
mary spermatocytes grow and undergo meiosis, resulting in a bundle of 64 in
terconnected haploid spermatids that proceed through spermiogenesis in syn
chrony. Brackets, the GyM transition of meiosis I. In wild type this stage 
proceeds so rapidly that there is an average of only one cyst of 16 spermato
cytes undergoing the G:z/MI transition per two young adult testes examined by 
phase contrast light microscopy (Lin et al. 1996). B Spermatogenesis in males 
mutant for anyone of the meiotic arrest mutants aly, can, mia, or sa. Male 
germ cell differentiation proceeds through the spermatocyte growth phase, but 
cells arrest at the G2/M transition of meiosis I and cells with partially con
densed chromosomes accumulate to fill the testis (Lin et al. 1996). Cells also 
fail to undergo spermatid differentiation. Diagram adapted from (Lin et at. 
1996) 
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Fig. 2A,B. Whole wild type and meiotic arrest mutant Drosophila testes. 
A Whole wild type testis viewed by phase-contrast microscopy. Male germ 
line stem cells reside in the germinal proliferation center at the apical tip of the 
testis (white arrow). After four rounds of mitotic amplification divisions at the 
testis apical tip, germ cells enter the primary spermatocyte phase of growth 
and gene expression (brackets). Spermatocyte cysts are displaced away from 
the apical tip as they grow, and cells thus enter meiotic divisions near the start 
of the coiled part of the testis (large arrowhead). Cysts of haploid early round 
spermatids at the "onion stage" are easily identified by their regular array of 
phase light spherical nuclei paired with phase dark mitochondrial derivatives 
(black arrow). Ropelike bundles each containing 64 elongating spermatids 
stretch up the testis lumen (small arrowheads). (From Fuller 1998). B Whole 
testis from aly mutant male. Early stages of germ cell differentiation at the api
cal tip of the testis are present and appear normal. Mature primary spermato
cytes fill the testis, and no cells in meiotic division or the spermatid differentia
tion stages are visible. The arrested spermatocytes eventually degenerate in the 
basal part of the testis. Note that the mutant testis is shorter than wild type, 
probably due to lack of the elongating spermatid stages 

primary spermatocytes with partially condensed chromosomes, indicat
ing arrest at onset of the G2/M transition (Lin et al. 1996). 

The phenotype of Drosophila males mutant for aly, can, mia, or sa 
bears uncanny resemblance to the clinical description of meiosis I 
maturation arrest azoospermia in humans. Meiosis I maturation arrest is 
one of the more common forms of azoospermia (Colgan et al. 1980; 
Meyer et al. 1992; Wong et al. 1973) and is characterized by lack of cells 
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in meiotic division or the spermatid differentiation stages, and accumu
lation of what appear to be mature primary spermatocytes with partially 
condensed chromosomes (Soderstrom and Suominen 1980). The simi
larities between the meiotic arrest phenotype of the Drosophila mutants 
and the clinical description of meiosis I maturation arrest in humans 
raises the intriguing possibility that the genetic circuitry that regulates 
and coordinates meiosis and spermatid differentiation in Drosophila 
might be conserved to mammals. 

To elucidate the molecular mechanisms by which the aly, can, mia, 
and sa genes of Drosophila act to regulate spermatogenesis, we have 
investigated the effect of mutations in each of the four genes on the 
expression of two sets of potential targets. To explore the mechanism of 
action of the genes in controlling cell cycle progression, we have exam
ined the expression of mRNA and protein for the core cell cycle regula
tors cyclin A, cyclin B, and twine during male meiosis. To understand the 
role of the meiotic arrest genes in controlling onset of spermatid differ
entiation, we have examined the expression in primary spermatocytes of 
a suite of genes involved in spermatid differentiation. 

4.4 Expression of Cell Cycle Control Genes in Male Meiosis 

The G2/M transition of meiosis I in wild type Drosophila males is 
regulated by many of the same core cell cycle genes that regulate the 
G2/M transition of mitosis. As discussed above, when adult males carry
ing a ts allele of cdc2 are shifted to non-permissive temperature, sperma
tocytes failed to undergo the meiotic divisions (Sigrist et al. 1995). The 
cyclin A and cyclin B genes are also expressed in primary spermatocytes 
and are likely to play similar roles in regulating the G2/M transition of 
meiosis I as in the G2/M transition of mitosis. Both cyclin A and cyclin 
B mRNAs are present at the tip of the testis, where the gonial cells are 
undergoing mitotic proliferation. cyclin A but not cyclin B message 
remains present during premeiotic S phase (White-Cooper et al. 1998). 
Both cyclin A and cyclin B mRNAs are expressed at high levels in 
primary spermatocytes, starting early in the primary spermatocyte 
growth period (Table 1, Fig. 3). 

The mRNA for twine, the cdc25 homolog required for the Gz/M 
transition of male meiosis, is first expressed in the testis early in the 
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Table 1. Expression of cell cycle control genes in wild type meiosis 

Growing Late Meiotic Postmeiotic 
primary primary division spermatids 
spermatocytes spermatocytes 

cyclin A mRNA + + + Degraded dnring divisions 
cyclin B mRNA + + + Degraded during divisions 
twinemRNA + + + Degraded during divisions 
Cyclin A protein + (Cytoplasmic) + (Cytoplasmic) Enters nucleus at GyMl 

Degraded by metaphase I 
Cyclin B protein - + (Cytoplasmic) Enters nucleus after cycIin A +/- (low 

Degraded at metaphase I Lewels) 
Reappears for meiosis II 

twine-LacZ + + N/A 
fusion protein 

primary spermatocyte growth period (Alphey et al. 1992; Courtot et al. 
1992). In wild type the cyclin A, cyclin B, and twine mRNAs remain 
present in late primary spermatocytes, but decrease greatly or disappear 
by the early haploid spermatid stage (Table 1, Fig. 3; White-Cooper et 
al. 1998). Message for the Drosophila gene boule, which is required for 
progression of meiosis through the Gz/MI transition (Eberhart et al. 
1996), also first accumulates in early primary spermatocytes, but per
sists into the early elongation stages of spermiogenesis (Fig. 3). boule 
encodes a predicted RNA binding protein homolog of the mammalian 
gene Dazla, which has been shown to be required for spermatogenesis 
(Ruggiu et al. 1997). 

The expression and subcellular location of cell cycle control proteins 
in primary spermatocytes (Table 1) suggests a mechanism for regulation 
of the timing of the Gz/M transition of meiosis I. Cyclin A protein is 
expressed throughout the early stages of spermatogenesis. It is nuclear 
in cells near the apical tip of the testes, in the region where early germ 
cells are undergoing mitosis and or premeiotic DNA replication. Cyclin 
A protein is cytoplasmic in early primary spermatocytes and remains 
there until the onset of the G2/M transition, when it enters the nucleus 
(Gonczy et al. 1994; Lin et al. 1996). In wild type testes, Cyclin A 
protein is degraded by metaphase I. This degradation is dependent on 
the activity of twine (Lin et al. 1996) and thus, by inference, active cdc2 
kinase. Although expression of cyclin B message begins early in the 
primary spermatocyte growth phase, the level of cyclin B protein in 
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Fig. 3. Transcription of cell cycle control and spermatid differentiation genes 
in wild type (WI) and meiotic arrest mutant testes. Whole-mount Drosophila 
testes probed by in situ hybridization for expression of specific transcripts. 
Wild type function of aly is required for transcription in primary spermato
cytes of the meiotic cell cycle control genes eye/in B (shown) and twine 
(White-Cooper et al. 1998) and many spermatid differentiation genes (White
Cooper et al. 1998; janB is shown). Wild type function of aly is also required 
for transcription of boule (shown) a gene required for both meiotic cell cycle 
progression and certain aspects of spermatid differentiation (Eberhart et al. 
1996). eye/in A (shown) and many other mRNAs are expressed in aly mutant 
spermatocytes (White-Cooper et al. 1998), indicating that wild type function 
of aly is not required for all transcription at this stage. Note that expression of 
eye/in B mRNA in the mitotic cells at the apical tip of the testis does not re
quire wild type aly function (arrow). mRNAs for the cell cycle genes cye/in B, 
boule, eye/in A (shown), and twine (White-Cooper et al. 1998) are expressed in 
spermatocytes from mia (shown), can, and sa mutant testes (White-Cooper et 
al. 1998). However, wild type function of can, mia, and sa is required for tran
scription of many spermatid differentiation genes (White-Cooper et al. 1998) 
including janB (shown for mia). In wild type, transcription of these spermatid 
differentiation genes begins early in the primary spermatocyte growth period, 
days before the arrest point of the mutants 
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primary spermatocytes remains low until just before cells enter the 
G:u'MI transition. Cyclin B protein begins to accumulate in the cyto
plasm of primary spermatocytes as chromatin condensation initiates, is 
present at high levels at prometaphase, then enters the nucleus and is 
almost immediately degraded at metaphase (White-Cooper et al. 1998). 

Analysis of the expression of a twine-lacZ reporter fusion protein 
suggests that expression of twine protein, like cyclin B, is delayed for 
days after the first appearance of the message in primary spermatocytes. 
Although mRNA for the twine-lacZ fusion, as with the endogenous 
twine message, is expressed starting early in the primary spermatocyte 
stage, the ~-galactosidase activity of the reporter construct is not de
tected until just before the onset of the first meiotic division (White
Cooper et al. 1998). The delay in accumulation of cyclin B protein and 
the twine-lacZ reporter fusion protein suggests that timing of the G;u'M 
transition of meiosis I in wild type males is regulated by post-transcrip
tional control mechanisms, possibly developmentally regulated transla
tional control or changes in protein stability of cyclin B and the twine 
cdc25 cell cycle phosphatase. 

Accumulation of the twine protein cannot be the sole rate limiting 
step regulating timing of the G2IMI cell cycle transition, as expression 
of the twine homolog string under a heterologous promoter is able to 
partially rescue meiotic cell cycle progression in a twine mutant back
ground but does not cause primary spermatocytes to enter the first 
meiotic division prematurely (Sigrist et al. 1995). Requirement for 
accumulation of cyclin B protein or another unidentified cell cycle 
control factor might limit the capacity of younger spermatocytes to enter 
the G2IMI transition under these conditions. 

4.4.1 aly Regulates Transcription of Meiotic Cell Cycle Genes 

Wild type function of aly is required for transcription in primary sper
matocytes of at least three genes required for the G21M transition of 
meiosis I: cyclin B, twine, and boule (Table 2; White-Cooper et al. 
1998). twine and boule are not required for mitosis and are first ex
pressed in the testis in primary spermatocytes, where their expression 
requires aly (White-Cooper et al. 1998). Regulation of cyclin B mRNA 
expression appears to be more complex. cyclin B mRNA is present in 
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Table 2. Expression of cell cycle control genes in meiotic arrest (aly, can, mia, sa) and 
meiotic control (twine) mutants 

Wildtype aly can, mia, sa twine 

cyclin A mRNA + + Persists + Persists + Gone after meiosis 
Cyelin A protein + + Persists + Persists + Nuclear in early spermatids 

Gradually turns over 
cyclin B mRNA + + Persists + Gone after meiosis 
Cyelin B protein + + Persists + Does not enter nucleus 

Gone after meiosis 
twinemRNA + + + 
twine-IacZ fusion protein + N/A 

gonial cells undergoing mitotic division in aly mutant males (Fig. 3, 
arrow). However expression of cyclin B mRNA in primary spermato
cytes is aly dependent (Fig. 3, Table 2). Wild type function of aly is not 
required for expression of all cell cycle control genes utilized during 
meiosis. Transcripts for cyclin A, pelota, roughex, and polo are all 
expressed in aly mutant testes (White-Cooper et al. 1998). 

The aly gene appears to sit at the head of a pathway regulating 
meiotic cell cycle progression in primary spermatocytes. However, aly 
is not likely to encode a global regulator of the primary spermatocyte 
growth and gene expression program, as mature primary spermatocytes 
with relatively normal size and morphology are present in aly mutant 
testes (Lin et al. 1996). 

4.5 Expression of Spermatid Differentiation Genes 
in Primary Spermatocytes 

Many genes required for spermatid differentiation are first transcribed 
during the primary spermatocyte growth and gene expression period. A 
number of genes identified by male specific transcripts have been stud
ied as model systems for translational control. Mst87F, Mst84D, and 
Mst98C are members of the CGP family of related genes thought to 
encode sperm tail components (Schafer et al. 1993). Members of this 
family are transcribed in primary spermatocytes, but the mRNAs are not 
translated until days after completion of the meiotic divisions (Kuhn et 
al. 1988, 1991; Schafer et al. 1993, 1995). The dhod,janB, and don juan 
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(dj) genes are also transcribed in primary spermatocytes but the mRNAs 
are not translated until after meiosis (Santel et al. 1997; Yang et al. 1995; 
Yanicostas and Lepesant 1990). The fuzzy onions (fzo) gene of Droso
phila encodes a mitofusin protein required for the developmentally 
regulated fusion of mitochondria that takes place in early haploid sper
matids (Hales and Fuller 1997). Although the fzo gene is transcribed 
starting in early spermatocytes, the protein product is not detected on 
mitochondria until late anaphase II. These are no doubt only a few of the 
many genes required for spermatid differentiation that are expressed 
during the primary spermatocyte stage, as in Drosophila there is little 
new transcription during the haploid stages of spermatogenesis (Olivieri 
and Olivieri 1965). 

4.5.1 can, mia, and sa Regulate Transcription 
of Spermatid Differentiation Genes 

Wild type function of can, mia, and sa is required for transcription in 
primary spermatocytes of several genes that act during spermatid differ
entiation. Transcripts for Mst87F, Mst84D, Mst98C, janB, dj, and flO 
are greatly reduced compared to wild type in primary spermatocytes 
from can, mia, or sa mutant testes (Fig. 3; White-Cooper et al. 1998). To 
date we have tested 18 different genes normally transcribed in wild type 
spermatocytes for expression in can, mia, and sa mutant testes. Eight 
required wild type function of can, mia, and sa for normal expression. 
For the six of these where the stage of action of the gene product is 
known, the genes function during postmeiotic spermatid differentiation. 
The ten genes transcribed at normal levels in can, mia, and sa spermato
cytes are all known to function either in meiotic or premeiotic stages. 
The striking correlation between stage of action and requirement for 
can, mia, and sa suggests that the can, mia, and sa genes may activate a 
transcription program specific for spermiogenesis. 

The same set of spermatid differentiation genes that require can, mia, 
and sa for expression are also not transcribed in testes from males 
mutant for aly (White-Cooper et al. 1998). Failure to activate the sper
miogenesis transcription program may explain the lack of spermatid 
differentiation seen in aly as well as in can, mia, and sa mutant testes. 
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4.6 can, mia, and sa May Regulate the G2IMI Cell Cycle 
Transition by a Post-Transcriptional Control Mechanism 

Transcripts encoding cyclin B, twine and the twine-lacZ reporter fusion 
are all expressed in early primary spermatocytes and persist through the 
arrested spermatocyte stage in can, mia, or sa males (White-Cooper et 
al. 1998). Cyclin B protein is expressed in can, mia, and sa spermato
cytes as the cells approach the G2IMI transition. However, the twine
lacZ reporter fusion protein is not expressed in can, mia, or sa mutant 
testes (Table 2; White-Cooper et al. 1998). 

Spermatocytes from males mutant for either aly, can, mia, or sa all 
arrest at the same point in spermatogenesis - the G2/M transition of 
meiosis I (Lin et al. 1996). We hypothesize that the mutants cause arrest 
at the G2IMI transition due to failure to produce active cdc2/cyclin B 
complex. However, the meiotic arrest mutants appear to affect formation 
of an active cdc2/cyclin B complex by different biochemical mecha
nisms (Fig. 4). Wild type function of aly is required for transcription in 
primary spermatocytes of key cell cycle control genes, including cyclin 
B, twine, and boule (White-Cooper et al. 1998). In contrast, wild type 
function of can, mia, and sa appear to be required for expression of 
twine protein (White-Cooper et al. 1998), the critical cell cycle phos
phatase required to activate the cdc2!cyclin B complex (Sigrist et al. 
1995). 

Accumulation of twine and Cyclin B protein at the end of the primary 
spermatocyte growth period appears to be under different genetic con
trol. The former requires wild type function of can, mia, and sa while 
the latter does not. It may be that accumulation of twine protein in 
primary spermatocytes is the cell cycle readout of the can mia, and sa 
pathway, while accumulation of Cyclin B protein just before onset of the 
meiotic divisions is the cell cycle readout of a different genetic pathway. 
Progression through the Gz/MI cell cycle transition at the end of the 
primary spermatocyte extended G2 phase would thus require activation 
of both pathways. 
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Fig. 4. Mutations in aly, can, mia, and sa block meiotic cell cycle progression 
at the same point, but by different molecular mechanisms. Model for the 
mechanism of cell cycle arrest in the meiotic arrest mutants aly, can, mia, and 
sa. All four mutants cause arrest at the Gz/M transition of meiosis I, presum
ably due to failure to produce active cdc2/Cyclin B complex (** **) required 
for this cell cycle transition. Mutations in aly cause arrest due to failure to ex
press transcripts for certain cell cycle control genes, for example cye/in Band 
the activating cell cycle phosphatase twine. Mutations in can, mia, and sa ap
pear to causc failure to accumulate twine protein (White-Cooper et al. 1998), 
thus affecting cell cycle progression via a post-transcriptional mechanism. The 
effect of can, mia, and sa on twine protein expression may be indirect, through 
action of another gene or genes 

4.7 Model for Coordinate Control of Spermiogenesis 
and Meiotic Cell Cycle Progression 

We propose that the wild type products of can, mia, and sa act together 
or in a pathway in primary spermatocytes to turn on transcription of a 
number of genes required for spermatid differentiation (Fig. 5; White
Cooper et al. 1998). Failure to turn on this stage- and tissue-specific 
transcription program in can, mia, or sa mutant males results in the 
global lack of spermatid differentiation observed in the mutant testes. 
We hypothesize that the arrest of meiosis at the G2IMI transition in can, 



76 

? , ., 
I 

Spermatid 
differentiation 

x 

M.T. Fuller and H. White-Cooper 

cyclin B 
twine mRNA 
mRNA boule 

Meiotic 
division 

mRNA 

Fig. 5. Model for the genetic circuitry that coordinately regulates meiotic cell 
cycle progression and spermatid differentiation in Drosophila. The wild type 
aly gene product directly or indirectly activates transcription of cyclin B, twine, 
and boule in primary spermatocytes to regulate the specialized cell cycle of 
meiosis. Wild type aly also controls onset of spermatid differentiation, possibly 
by activating can, mia, and/or sa. The wild type products of the can, mia, and 
sa genes act together or in a pathway to tum on tissue and stage specific tran
scription in primary spermatocytes of a suite of genes required for post-meiotic 
spermatid differentiation. Mutations in can, mia, and sa cause meiotic cell cy
cle arrest because a hypothetical gene or genes (X) expressed as part of the 
can, mia, and sa dependent spermatid differentiation program is required to al
low accumulation of twine protein, either by alleviating translational repres
sion on the twine mRNA or by stabilizing the twine protein in mature primary 
spermatocytes. (Adapted from White-Cooper et al. 1998) 
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mia, and sa mutant testes stems from a cross-regulatory control mecha
nism where a gene or genes (X in Fig. 5) expressed as part of the 
spermatid differentiation program act(s) to allow expression of twine 
protein in mature primary spermatocytes, either by relieving transla
tional repression or by inhibiting protein turnover. In wild type sperma
tocytes this cross-regulatory mechanism ensures that the cells do not 
begin meiotic division until genes required for spermatid differentiation 
have been transcribed. 

We also propose that aly acts upstream of can, mia, and sa to regulate 
onset of the transcription program for spermatid differentiation (White
Cooper et al. 1998). We place aly in the can, mia, and sa pathway 
because testes from aly mutant males have the same phenotype and lack 
the same spermatid differentiation transcripts as testes from can, mia, 
and sa mutant males. We suggest that aly acts upstream in the pathway 
because aly mutants affect expression of other transcripts not dependent 
on can, mia, or sa. 

4.8 Future Directions 

Our work to date has identified the outlines of the genetic circuitry that 
regulates the onset of spermiogenesis and coordinates meiotic cell cycle 
progression with the differentiation program in Drosophila. We now 
stand in an excellent position to elucidate the molecular mechanisms 
that underlie this genetic control. To determine how can, mia, and sa act 
to turn on the stage- and tissue-specific expression of spermatid differ
entiation genes during the primary spermatocyte period, we are cloning 
the genes to learn the molecular nature of their products. We are also 
using reporter constructs to identify the cis-acting sequences that bring 
transcription of several target genes under control of can, mia, and sa. 
To learn how the can, mia, and sa transcription program is activated we 
are cloning aly and investigating its mode of action and regulation. To 
uncover the mechanism of the cross-regulatory control that makes the 
G2/M transition of meiosis I dependent on the transcription program 
governed by can, mia, and sa, we are identifying the cis-acting se
quences that delay accumulation of twine protein and searching for the 
trans-acting factor(s) that allow twine protein accumulation at the end of 
meiotic prophase. Finally, we are screening a new, large-scale collection 
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of male sterile mutations (B.T. Wakimoto and C. Zucker) to identify 
additional genes required for both meiotic cell cycle progression and 
onset of spermiogenesis. This screen has already yielded four new genes 
of the meiotic arrest class. 

One intriguing long range goal of our studies is to test whether the 
genetic regulatory circuitry that we have identified in Drosophila is 
conserved and functions similarly during spermatogenesis in mammals. 
To do so, we plan to identify mouse homologs of aly, can, mia, and sa 
expressed in the testis and determine whether mutations in these genes 
cause defects in spermatogenesis. The demonstration that the Droso
phila gene boule and its mouse homolog Daz-like (Dazla) are both 
required for normal spermatogenesis (Eberhart et al. 1996; Ruggiu et al. 
1997) supports the possibility that the genetic regulatory circuitry of 
spermatogenesis might be conserved from flies to mammals. If so, it 
will be interesting to test whether mammalian homologs of aly, can, 
mia, and sa are mutated in cases of meiosis I maturation arrest in 
humans. 
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5.1 Introduction 

The developmental series of events during spermatogenesis that leads to 
the enclosure of a haploid genome in the head of the highly specialized 
spermatozoon requires strict control of gene expression (Grootegoed 
1996). This control of gene expression shows different properties during 
the mitotic, meiotic, and postmeiotic phases of spermatogenesis. How
ever, these phases form a continuum. This is most evident for the 
transition of meiotic spermatocytes into postmeiotic spermatids, since 
spermatocytes already express a number of genes which encode proteins 
that are essential for sperm function rather than for meiotic events. 
Spermatogonia may have a similar foresight. The mitotic step from B 
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spermatogonia to pre leptotene primary spermatocytes is often consid
ered as the point of entry into meiosis, but it should be noted that Al 
spermatogonia already have embarked on a one-way pathway leading to 
the meiotic prophase. 

The meiotic prophase in spermatocytes and in oocytes shows many 
common features, including sex-specific gene expression. Consequently 
the end products of male and female meiosis are remarkably different: 
one primary spermatocyte gives rise to four haploid spermatids that can 
develop into spermatozoa capable of specific binding to the zona pellu
cida and fusion with the oocyte, whereas the oocyte which is arrested in 
the late prophasic dictyate stage first grows and forms a zona pellucida, 
and then is able to generate one haploid ovum and two polar bodies at 
ovulation and at the first steps of fertilization. 

The description presented in this chapter of chromatin structure and 
gene expression during spermatogenesis is not comprehensive but rather 
provides a number of examples to illustrate some of the principles 
involved. Focused is principally upon the mouse. Many important and 
classical articles cannot be acknowledged within the limits of the pre
sent chapter. The list of references gives selected key articles and recent 
reviews, and the reader is also referred to references therein. 

5.2 The Route to Meiosis 

Embryonic primordial germ cells reach the undifferentiated anlagen of the 
gonads through a migration process which depends on interaction of stem 
cell factor (SCF) with the Kit receptor. The germ cells encounter soluble 
and membrane-bound SCF along their migration route, and interaction of 
this factor with the Kit receptor at the surface of the germ cells stimulates 
their proliferation and survival (Fleischman 1993). After arrival of the germ 
cells in the undifferentiated gonads, the first differences between spermato
genesis and oogenesis are determined by the absence or presence of embry
onic expression of Sry (the sex determining region of the Y-chromosome 
gene). The product of this gene, a DNA-binding factor that regulates the 
expression of other genes, stands at the basis of the differentiation of the 
indifferent gonad into a testis (Koopman et al. 1991). Upon formation of 
a testis the primordial germ cells are enclosed in testicular tubules 
together with the precursor Sertoli cells. 



Chromatin Structure and Gene Expression During Spermatogenesis 85 

The onset of meiosis is stiII far away, awaiting gonadotropic stimula
tion of the testis around puberty. This gonadotropic stimulation induces 
maturation of Sertoli cells and the onset of spermatogenesis, starting 
with differentiation of undifferentiated A spermatogonia into differenti
ating A spermatogonia, followed by mitotic divisions leading from 
A1-A4 spermatogonia to intermediate and B spermatogonia, and then 
into the meiotic prophase. We are still far from understanding the 
control of this long route to meiosis, which is very different from the 
relatively short and rapid embryonic pathway leading oogonia into the 
meiotic prophase. It is clear, however, that the surrounding precursor 
Sertoli cells play an active role. This is indicated by the fact that XY 
germ cells which go astray during embryonic migration and arrive in an 
ectopic location such as the adrenal gland, start meiosis following a 
female schedule (for review, see Handel and Hunt 1992). 

5.3 X and Y Chromosomes During Spermatogenesis 

In oocytes the two X chromosomes are transcriptionally active during 
the meiotic prophase. In marked contrast, the X and Y chromosomes in 
primary spermatocytes are heterochromatic, forming the so-called sex 
body, which is first visible at the early pachytene stage of the meiotic 
prophase. Autoradiographic incorporation studies using radiolabeled 
uridine have indicated the very low, if any, transcriptional activity of the 
sex body chromatin (Monesi et al. 1978). Very little is known about the 
molecular mechanism of sex chromosome inactivation during spermato
genesis, although recent data suggest the presence of the XY-associated 
proteins XY40 and XY77 (Alsheimer et al. 1997; Kralewski and 
Benavente 1997; Kralewski et al. 1997). Our own recent data (Baarends 
et al. 1998) show marked ubiquitination of histone H2A in the sex body 
(see Sect. 5.8), although it is not yet clear whether this ubiquitination 
plays an active role in XY inactivation. 

Interestingly, extratesticular spermatocytes that enter meiosis during 
fetal development do not form a sex body, and this suggests a testicular 
cell-to-cell signal for sex chromatin inactivation in spermatocytes (Han
del and Hunt 1992). When spermatocytes do not contain a Y chromo
some but yet go through spermatogenesis, such as can occur in XO 
female mice, the single X chromosome shows an inactive chromatin 
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configuration (Handel and Hunt 1992), which indicates that the inacti
vation signal is not generated by the Y chromosome. This is supported 
by the observation that there is no stable pairing between the X and Y 
chromosomes in oocytes in ovaries of XY female mice, where the two 
sex chromosomes segregate at random (Lovell-Badge and Robertson 
1990). Hence there is indeed a testicular signal acting on spermatocytes 
to induce sex body formation, or, alternatively, it is the specific series of 
mitotic spermatogonial divisions which leads to expression of cellular 
factors resulting in XY inactivation in the ensuing meiotic prophase. 

A known participant in X chromosome inactivation in female so
matic cells is RNA transcribed from the Xist gene. This RNA does not 
encode a protein but rather exerts a direct inhibitory effect on gene 
transcription of the X chromosome from which it is transcribed (Kay et 
al. 1993; Kuroda and Meller 1997). When Xist RNA expression was 
found in spermatocytes, this led to the suggestion that the female so
matic mechanism of X-chromosome inactivation might also be involved 
in X inactivation in spermatocytes (McCarrey and Dilworth 1992). 
However, Xist RNA is present in spermatogenic cells from type A 
spermatogonia up to and including spermatids (McCarrey and Dilworth 
1992), whereas X-chromosome inactivation is probably confined to 
primary spermatocytes. In spite of the presence of Xist RNA in sperma
tids, we have observed postmeiotic transcriptional activity of the X 
chromosome (Hendriksen et al. 1995; see Sect. 5.4). Moreover, the level 
of Xist RNA in testis is far lower than in female somatic tissues (Kay et 
al. 1993). Finally, it has now been shown that Xist-deficient mice are 
defective in female X-chromosomal dosage compensation, but not in 
spermatogenesis (Marahrens et al. 1997). Taken together, it is clear that 
Xist RNA expression in the testis does not playa crucial role in sex body 
formation. It is possible that Xist RNA expression in spermatogenic 
cells is related to changes in methylation of the Xist gene, in relation to 
paternal imprinting of the X chromosome (Norris et al. 1994). 

5.4 Postmeiotic Expression of the X and Y Chromosomes 

Postmeiotic expression of the X and Y chromosomes, or for that matter 
all haploid gene expression, might lead to inequality between spermato
zoa. However, it is now well established that the haploid spermatids are 
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functionally diploid, by sharing mRNAs and proteins through the cyto
plasmic bridges which interconnect the spermatogenic cells also after 
completion of the meiotic divisions (Braun et al. 1989). It is not certain 
that all gene products are being shared, as indicated by observations on 
transmission of t-complex mutations (Lyon 1986), but there seems to be 
no decisive biological reason against transcription of the X and Y 
chromosomes in spermatids. Indeed, several years ago postmeiotic tran
scription was reported for two Y-chromosomal genes; Zfy (Nagamine et 
al. 1990) and Sry (Capel et al. 1993; Rossi et al. 1993). We have also 
obtained evidence for postmeiotic transcription of Y-chromosomal 
genes, Sry and Ubely, and in addition transcription of the X chromo
some in spermatids was discovered for the genes Ubelx and mHR6A 
(Hendriksen et al. 1995). 

From the available data it seems that most if not all genes on the Y 
chromosome are expressed in spermatids. Some of this expression is 
probably nonfunctional. This is clearest for Sry expression because the 
main transcript in the testis is circular, prohibiting its translation (Capel 
et al. 1993; Dolci et al. 1997), although it remains to be shown that this 
circular RNA does not have a function by itself. 

Postmeiotic transcription of the X chromosome certainly is much 
more selective than that of the Y chromosome. Several X-chromosomal 
genes that are silenced in spermatocytes (Pgk-l, Pdha-l, G6Pd) are not 
reactivated in spermatids (Eddy 1995; Hendriksen et al. 1995, 1997). 

Intriguingly, the products of the X- and Y-chromosomal genes 
Ubelx, Ubely, and mHR6A, which are expressed in spermatids, are all 
involved in the ubiquitin system. This system seems to playa prominent 
role in spermatogenesis (see below). 

5.5 The Ubiquitin System in Spermatogenesis 

Ubiquitin is a ubiquitous, highly conserved protein of 76 amino acid 
residues that can be covalently attached to cellular acceptor proteins 
through a multistep enzymatic process that involves activities of 
ubiquitin-activating El enzymes (such as Ubelx and Ubely), ubiquitin
conjugating E2 enzymes (such as mHR6A), and ligating E3 enzymes 
(Fig. 1). Polyubiquitination often marks proteins for selective destruc
tion by the 26-S proteasome, a large multisubunit ATP-dependent pro-
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Fig. 1. Ubiquitin-dependent protein degradation. Ubiquitination of protein 
substrates generally requires the successive actions of three different enzymes, 
El, E2, and E3 (see Sect. 5.5). The enzymes are depicted as a single complex, 
but this is hypothetical. These activities join the C-terminal carboxyl group of 
ubiquitin via isopeptide linkage to a lysine £-amino group of the substrate. 
Polyubiquitinated proteins are recognized by the 26-S proteasome and de
graded, and intact ubiquitin is released from the peptide fragments. Note: 
mono- and polyubiquitination may have consequences other than proteolysis, 
such as functional alteration of the substrate and ligand-mediated endocytosis 
of integral membrane proteins (for review, see Hochstrasser 1996a,b; Var
shavsky 1997) 

tease. In addition, the ubiquitin system has other functions, such as a 
role in endocytosis of integral membrane proteins and a chaperone 
function in protein (re )folding (for review, see Varshavsky 1997). 

The observation that enzymes from the ubiquitin system are present 
in spermatogenic cells is not at all surprising in view of the fact that the 
entire pathway is highly ubiquitous indeed. However, the ubiquitin 
system in spermatogenic cells seems to have become specialized to meet 
particular requirements of spermatogenesis. 

Whereas Ubelx is expressed in many tissues in the mouse, Ubely is 
expressed only in the testis, and it has been designated a candidate 
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spermatogenesis gene (Kay et al. 1991; Mitchell et al. 1991). Other and 
recent observations on peculiar aspects of the ubiquitin system in testis 
from different species, include the following. The level of a ubiquitin
like protein (UBLl) is elevated in human testis (Shen et al. 1996). 
Expression of ubiquitin itself is high in chicken (Agell and Mezquita 
1988) and mammalian (Lanneau and Loir 1982) testis, and testis-spe
cific mRNAs are produced through alternative splicing of a heat shock 
inducible polyubiquitin gene in chicken (Mezquita et al. 1997). Several 
ubiquitin-conjugating enzymes show increased or exclusive expression 
in testis of rat [HR6A and HR6B (Koken et al. 1996), E217 kb (Wing 
and Jain 1995) and the isoform 8A (Wing et al. 1996)] and human 
[hUBC9 (Kovalenko et al. 1996; Yasugi et al. 1996), and UbcH-ben 
(Yamaguchi et al. 1996)]. The same has been reported for a ubiquitin 
protease in rat (Kajimoto et al. 1992); these proteases release ubiquitin 
from proteins or peptides. 

The findings in this list may be related to the fact that a high turnover 
of proteins occurs during spermatogenesis, such as the turnover of 
nuclear proteins during the postmeiotic histone-to-protamine transition 
(Agell and Mezquita 1988; Oliva and Dixon 1991). This requirement for 
rapid and massive downregulation of the cellular concentration of pro
teins could pose a high demand on ubiquitin-dependent proteolysis, 
carried out by the 26-S proteasome. In Drosophila and Xenopus the 
proteasome contains testis-specific subunits that are highly expressed 
(Fuji et al. 1993; Yuan et al. 1996). An additional possible function of 
the ubiquitin system in spermatogenesis is related to several recent 
findings that show involvement of RAD6 (see Sect. 5.7) and the 
ubiquitin system in aspects of gene silencing (Henchoz et al. 1996; 
Moazed and Johnson 1996; Huang et al. 1997). Thus ubiquitination of 
nuclear proteins during spermatogenesis could also play an important 
role in the regulation of chromatin structure and gene expression. 

Recently we have reported that homozygous inactivation of the gene 
encoding the ubiquitin-conjugating enzyme mHR6B (an autosomally 
encoded isoenzyme of mHR6A) results in male infertility in mice 
(Roest et al. 1996). To try to explain these observations we first intro
duce chromatin reorganization during spermatogenesis (see Sect. 5.6) 
and mHR6A and mHR6B (see Sect. 5.7) in more detail. 
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Extensive activities related to germ cell specific changes in chromatin 
structure occur during spermatogenesis. First, genomic imprints are 
erased, and a paternal mode of genomic imprinting is imposed, most 
likely during the premeiotic phase (Kafri et al. 1992). Second, during 
the meiotic prophase, homology search of the autosomes, synapsis, and 
homologous recombination take place (Heyting 1996). In this context, 
an exciting new area of research in mammals concerns the functions of 
several proteins of the DNA repair machanisms in meiotic homologous 
recombination, as revealed by specific infertility phenotypes of knock
out mouse models of the DNA mismatch repair genes Pms2 and Mlhl 
(Baker et al. 1995, 1996). Also, complex protein-protein interactions 
detected by immunocytochemistry have visualized meiosis-specific 
functions of certain proteins involved in DNA repair (Baker et al. 1996; 
Plug et al. 1996; Barlow et al. 1997; Moens et al. 1997; Scully et al. 
1997). 

Third, the composition of chromatin in germ cells changes dramati
cally while they develop from mitotic spermatogonia into meiotic sper
matocytes and subsequently into postmeiotic haploid spermatids. In 
general there are two waves of histone synthesis during the meiotic 
prophase of male mouse germ cells, first during preleptotene and then 
during pachytene (Bhatnagar et al. 1985). A number of histone genes are 
expressed exclusively in male germ cells, and the encoded proteins 
partially replace their somatic isotypes (Fig. 2). In rat testis, a testis-spe
cific H3 protein is expressed already in spermatogonia. Subsequently, 
testis-specific tH2A and tH2B start to accumulate in pre leptotene sper
matocytes, and testis-specific HIt is synthesized in pachytene spermato
cytes (Meistrich et al. 1985; Unni et al. 1995a; Drabent et al. 1996). In 
mouse and rat a second testis-specific H2B gene (ssH2B) is expressed 
exclusively in postmeiotic spermatids (Moss and Orth 1993; Unni et al. 
1995b). Finally, during spermatid development the nucleus elongates 
and subsequently condenses. This process requires the replacement of 
nucleosomal histones by transition proteins and subsequently by pro
tamines (Oliva and Dixon 1991; Kistler et al. 1996). 
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Fig. 2. Histone-to-protamine transition during mouse spermatogenesis. From 
left to right, subsequent stages of germ cell development schematically repre
sent the last step of entry into meiosis and the subsequent meiotic and post
meiotic development. Bars, the presence or absence of specific proteins in
volved in chromatin structure; upper bar, the presence of histones, packaged in 
nucleosomes during spermatogenesis. The onset of expression of various tes
tis-specific histones is shown. Histones remain present until spermatid nuclei 
have elongated. Then they are efficiently removed (in the mouse; see Sect. 5.9) 
and replaced by transition proteins and subsequently by protamines (bars). 
The removal of histones is preceded by a marked increase in the immunohisto
chemical detection of tH2B (patterned region of the histone bar). The testis
specific tsHMG DNA-binding protein may contribute to changes in chromatin 
structure through modulation of topoisomerase I activity. Open bar, histone 
H4 hyperacetylation during nuclear elongation indicating that this has been re
ported for rat germ cells; this has not been studied in the mouse. Ubiquitinated 
H2A was detected in pachytene spermatocytes, associated with the sex body 
and the autosomes, and in steps 8-12 spermatids (see Sect. 5.8). B, spermato
gonium B; PL, preleptotene spermatocyte; MI, MIl, meiotic divisions I and II 

In the mouse and the human there are two transition proteins, TPI 
and TP2, and two protamines, PI and P2 (Fig. 2). This drastic histone 
removal is preceded by a number of posttranslational modifications of 
histones, such as H4 acetylation, most thoroughly investigated in rat 
testis (Meistrich et al. 1992). Also, tH2B immunoexpression is en
hanced in elongating spermatids of rat and mouse (Unni et al. 1995a; 
Roest et al. 1996). Furthermore, a testis-specific member of the high 
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mobility group (tsHMG) family of proteins is expressed exclusively 
during nuclear elongation (Boissonneault and Lau 1993; Alami -Oua
habi et al. 1996). This DNA-binding protein may contribute to changes 
in chromatin structure through modulation of topoisomerase I activity 
(Alami-Ouahabi et al. 1996). 

The association of protamines with DNA forms linear side-by-side 
arrays of chromatin. This results in the formation of a nucleus contain
ing tightly compacted DNA, at least s.ix times as compacted as the DNA 
in mitotic chromosomes (Balhorn 1982; Ward and Coffey 1991). The 
condensation, and thereby transcriptional inactivation, of the genome in 
spermatids precedes the shutoff of protein synthesis, and many mRNAs 
in spermatids are stored and subjected to translational regulation (Hecht 
1995; Kleene 1996; Schmidt and Schibler 1997). 

5.7 From Yeast to Mouse and Human 

The mouse gene mHR6A is a highly conserved homologue, structural 
and functional, of the Saccharomyces cerevisiae RAD6 gene. In addition 
to the X-chromosomal mHR6A gene, the mouse genome contains an 
autosomal homologue, the mHR6B gene. The mHR6A and mHR6B 
proteins are almost identical (96% identical amino acid residues). The 
human genome also contains two genes, X-chromosomal hHR6A and 
autosomal hHR6B, and the encoded proteins are 100% identical with the 
mouse proteins (Koken et al. 1991). In the yeast Saccharomyces cere
visiae, RAD6 is required for a variety of cellular functions, including 
postreplication DNA repair, DNA damage-induced mutagenesis, and 
sporulation (for review, see Lawrence 1994). Both human genes can 
complement part of the DNA repair and mutagenesis defect in a yeast 
rad6 mutant (Koken et al. 1991). In view of the very strong evolutionary 
conservation of RAD6IHR6B from yeast to mouse and human it is to be 
expected that the mammalian homologues are involved in cellular proc
esses that require similar molecular mechanisms. 

The mHR6B knockout mouse obtained by gene targeting (Roest et al. 
1996) is the first mouse model for inactivation of a gene that takes part 
in the ubiquitin system (Ciechanover 1996). In these mice the impair
ment of spermatogenesis becomes overt during the postmeiotic conden
sation of chromatin in spermatids, which involves histone-to-protamine 
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transition (see Sect. 5.6). Also other signs of impainnent of the normal 
function of the spermatogenic epithelium are apparent, such as forma
tion of vacuoles in Sertoli cells, increased apoptosis of spennatocytes, 
and premature release of immature round genn cells from the epithe
lium (Roest et al. 1996). It cannot be excluded that these are secondary 
effects following derailment of nuclear condensation in spermatids. 
Surprisingly, the effect on spermatogenesis was the only observed phe
notypic expression of the gene knockout. Growth and development of 
male and female knockout mice was found to be normal, and the 
females show normal ovarian function and fertility. 

A role of the mammalian RAD6 homologues in postreplication DNA 
repair has not yet been found, most likely because mHR6A can compen
sate for lack of mHR6B in virtually all cell types of the mHR6B knock
out mice, assuming that the two enzymes have similar specificity. How
ever, spennatogenic cells form an exception in view of the impairment 
of spermatogenesis in the mHR6B knockout mice. This may be ex
plained by the fact that, although the mRNA expression levels of 
mHR6A and mHR6B are elevated in testis, the amount of mHR6B 
protein in spermatids is relatively high compared to the amount of 
mHR6A protein (Koken et al. 1996). The relative abundance of the B 
protein occurs in spite of the postmeiotic expression of the X -chromoso
mal mHR6A gene (see Sect. 5.4). 

An obvious question at this point is whether the molecular mecha
nism for impairment of spennatogenesis in mHR6B knockout mice is in 
some way related to the activities of RAD6 in yeast. The RAD6 epistasis 
group is involved in what has been called the "pathway for restoration of 
replication competence" (Lawrence 1994). This system arose early in 
evolution to overcome the problems associated with replicating a dam
aged DNA template. Within the process of postreplication repair two 
subpathways can be discerned. First, an error-prone translesion synthe
sis mechanism has been described in which replication continues over 
the damage, taking the risk of making a mistake. This subpathway is 
responsible for most of the damage-induced mutagenesis. Second, an 
error-free daughter-strand repair system has been postulated, involving 
reinitiation of DNA replication downstream of the lesion, followed by 
filling of the resulting gap by recombination with the duplicated, intact 
complementary DNA strand. Both subpathways are in fact damage-to 1-
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erance mechanisms because the original lesion is not removed, and the 
RAD6 protein appears to be implicated in both mechanisms. 

Since RAD6 can mono- and polyubiquitinate histones in vitro (see 
Sect. 5.8), one option is that the ubiquitin-conjugating activity of the 
protein is required for inducing local changes in chromatin structure, in 
the context of the events described above. Another possibility is that 
RAD6 functions in assembly and/or disassembly of the replication or 
recombination machineries at the site of the lesion. The pleiotropic 
phenotype of rad6 mutants indicates that the protein is engaged in other 
processes as well. In particular, the sporulation defect in yeast provides 
an intriguing parallel with the spermatogenesis abnormalities registered 
in the mHR6B knockout mice. 

In view of the high functional conservation the RAD6 homologues 
mHR6A and mHR6B are probably also involved in postreplication 
DNA repair. Hence the primary cause of the derailment of spermato
genesis, as is observed in the mHR6B knockout mice, may be found in 
mitotic spermatogonia and/or in the preleptotene spermatocytes in 
which the last DNA replication of spermatogenesis takes place. How
ever, it is also possible that the role of the mammalian RAD6 homo
logues in the ubiquitin system in spermatogenesis concerns some other 
aspect(s) of chromatin restructuring. 

As a working hypothesis we have postulated that mHR6B plays an 
important role in particular in postmeiotic chromatin reorganization in 
condensing spermatids. As a first step in trying to provide evidence for 
this hypothesis we have studied histone ubiquitination during mouse 
spermatogenesis. 

5.8 Histone Ubiquitination in Spermatocytes and Spermatids 

It has been shown that the yeast and rabbit RAD6 proteins can ubiquiti
nate histone H2A and, to a lesser extent, H2B in vitro (Haas et al. 1991). 
Two prominent types of histone modifications have been documented 
during spermatogenesis. In rat spermatids the occurrence of highly 
acetylated H4 is associated with histone displacement (Meistrich et al. 
1992). Furthermore, during chicken and trout spermatogenesis the pres
ence of ubiquitinated histones has been detected at late stages when 
nucleosomes are disassembled (Agell et al. 1983; Oliva and Dixon 
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1991). To investigate the role of histone ubiquitination during mouse 
spermatogenesis and the possible function of mHR6A and/or mHR6B 
therein we have started a study on histone ubiquitination in mouse testis. 

It was observed that ubiquitinated histone H2A (uH2A) represents 
the major ubiquitinated histone species in mouse testis (Baarends et al. 
1998). This conclusion is based on sodium dodecyl sulfate polyacry
lamide gel electrophoresis/western blot analysis of basic nuclear pro
teins isolated from total testis of 30-day-old mice using a polyclonal 
antibody directed against ubiquitin and a monoclonal antibody that 
specifically recognizes uH2A. 

The cellular localization of testicular uH2A was studied by immuno
histochemistry, using the monoclonal anti-uH2A on formaldehyde
fixed testis tissue sections. A marked and distinct staining pattern was 
observed during the meiotic prophase. In early pachytene spermatocytes 
uH2A was first observed in a specific subregion located at the nuclear 
periphery. This region most likely represents the sex body, containing 
the heterochromatic X and Y chromosomes (see Sect. 5.3), which was 
confirmed using cytological preparations of the spermatocytes. In addi
tion, during midpachytene, a granular pattern of anti-uH2A staining 
covering the auto somes became visible. Late pachytene spermatocytes 
lost most of the signal, and finally also the sex body became uH2A 
negative. No staining was apparent during diplotene and the subsequent 
meiotic divisions. Postmeiotically uH2A was observed only in nuclei of 
steps 8-12 elongating spermatids (Baarends et al. 1998; Fig. 2). 

In somatic cells of many species approximately 10% of histone H2A 
and not more than 2% of H2B are ubiquitinated (West and Bonner 
1980). The function of histone ubiquitination in somatic cells is not 
clear. There are some indications that histone ubiquitination results in 
destabilization of the H2A-H2B dimer, which may facilitate replace
ment by newly synthesized histones and/or potentiate DNA transcrip
tion (Li et al. 1993). Similarly, histone ubiquitination in steps 8-12 
spermatids may be involved in replacement of his tones by transition 
proteins (Fig. 2). As yet it is unknown whether there is a mqior defect in 
histone ubiquitination in spermatogenic cells in the testis of the mHR6B 
knockout mice. In view of the severe impairment of spermatogenesis, in 
particular spermiogenesis, in the mHR6B knockout mice, this is difficult 
to study. Moreover, it is important to note that mHR6A and mHR6B 
may not be the only ubiquitin-conjugating E2 enzymes involved in 
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histone ubiquitination during spennatogenesis (see Sect. 5.5). Eventu
ally the ubiquitin system will prove to be involved in many different 
aspects of posttranslational regulation of protein function during sper
matogenesis. 

5.9 Concluding Remarks 

Readers may ask: what is the relevance of data on the mouse for our 
understanding of human male fertility and infertility? There is no short 
answer to that question, but we can indicate the following. As discussed 
above, many of the genes involved in the spermatogenic machinery are 
highly conserved in evolution. The mouse and human HR6A and HR6B 
genes are a special example, by encoding proteins showing 100% 
mouselhuman identity. The mHR6B knockout mice still produce a small 
number of spermatozoa which show a wide range of morphological 
abnormalities (Roest et al. 1996), resembling oligo-astheno-terato
zoosperrnia as is often observed in infertile human males. Furthennore, 
male fertility is not compromised in mHR6B heterozygote -/+ male 
mice, and also not in female -/- mice, which implies that an inactivating 
mutation of the mHR6B gene can be easily transmitted. Taken together, 
it is worthwhile to evaluate whether some male infertility patients carry 
homozygous mutations in the hHR6B gene. 

Another point related to chromatin reorganization during spermato
genesis in human is that chromatin packaging in human spermatozoa 
shows marked interspenn and interindividual variation, with persistence 
of variable amounts of histones in the protaminelDNA complex (Gate
wood et al. 1987, 1990; Manicardi et al. 1995; Bianchi et al. 1996; 
Roijen et al. 1998). It seems that overall the histone-to-protamine re
placement process in human spennatids is less complete than what is 
observed in experimental animals such as rat and mouse. The partial 
persistence of histones in human spermatozoa might play a functional 
role, for example, in reactivation of the male haploid genome in the male 
pronucleus upon fertilization of the ovum. However, it can also be 
suggested that persistence of his tones in spennatozoa is a negative 
hallmark of sperm quality because it may result in poor chromatin 
packaging and enhanced genome instability. For mouse and human 
spermatozoa a correlation has been reported between chromatin packag-
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ing and the occurrence of DNA nicks (Manicardi et al. 1995; Sakkas et 
al. 1995). 

Hence gene expression and chromatin structure during spermato
genesis offer an exciting area for basic research, and the outcome of this 
research is relevant in the context of our understanding of human male 
fertility and infertility. 
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6.1 Introduction 

The renin-angiotensin system was first discovered by Tigerstedt and 
Bergman in 1898. These experiments, and the work of Goldblatt et aI. in 
1934, investigated the role of the renin-angiotensin system in blood 
pressure control. Since then many laboratories have described the bio
chemistry by which the protein angiotensinogen is converted into the 
eight amino acid peptide angiotensin II. The final step in this process, 
the conversion of the decapeptide precursor angiotensin I into angioten
sin II, is catalyzed by angiotensin-converting enzyme (ACE), a dipep
tidyl carboxypeptidase (Corvol et al. 1995). 

The important role of angiotensin II in blood pressure controlled to 
the development of orally active pharmaceutical inhibitors of ACE. 
These drugs are now used throughout the world to treat human hyper
tension, heart failure, and progressive renal disease. Indeed, a variety of 
data support the idea that the physiological actions of the renin
angiotensin system are more complex than simple blood pressure con
trol. In particular, a unique isozyme of ACE which is made by develop-
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ing male germ cells appears to playa critical role in male fertility. This 
isozyme, termed testis ACE, has been studied in ACE-deficient mice; 
male ACE-deficient animals produce far smaller litters than wild-type 
mice. 

6.2 Somatic ACE 

ACE is made by a number of different tissues, including vascular endo
thelium, renal proximal tubular epithelium, ciliated gut epithelium, and 
in areas of the brain (Corvol et al. 1995). The ACE isozyme produced by 
these tissues is identical and is referred to as somatic ACE. ACE is 
enzymatically promiscuous, and many small peptides in addition to 
angiotensin I can be cleaved. Other known ACE substrates include 
bradykinin, enkephalins, neurotensin, substance P, and gonadotropin-re
leasing hormone. 

The cloning of somatic ACE showed that it is a single polypeptide 
chain containing two homologous domains and two distinct catalytic 
regions (Soubrier et al. 1988; Bernstein et al. 1989). Both catalytic sites 
of ACE use zinc, and both catalyze the conversion of angiotensin I to 
angiotensin II with roughly equal affinities. Other natural substrates, 
however, are cleaved preferentially by one of the catalytic centers. In the 
mouse, somatic ACE is synthesized as a 1312 amino acid precursor 
protein containing a 34 amino acid signal sequence at the amino-termi
nus. Somatic ACE is an ectoenzyme in which the majority of the protein 
is extracellular, but ACE remains bound to the cell membrane by a 
carboxyl-terminal hydrophobic anchor sequence. 

6.3 Testis ACE 

In 1971 Cushman and Cheung identified a unique form of ACE found 
within the testis of the rat. While this enzyme is catalytic and able to 
convert angiotensin I into angiotensin II, it is only about half the size of 
the somatic ACE protein found in the lung or the kidney. Testis ACE is 
expressed by postmeiotic male germ cells; high-level expression is 
found in round and elongating spermatids at step 10 and beyond (Lang
ford et al. 1993). Purification of the enzyme showed it to be approxi-
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mately 90-110 kDa. cDNA encoding testis ACE was first isolated in 
1989 (Ehlers et al. 1989; Kumar et al. 1989; Lattion et al. 1989). These 
studies showed that testis ACE is identical to the carboxyl domain of 
somatic ACE with the exception that the amino-terminal 66 amino acids 
are unique to the testis isozyme. Thus, testis ACE contains only a single 
catalytic domain and binds a single molecule of zinc. 

Southern blot analysis established that both testis ACE and somatic 
ACE arise from a single genetic locus. In 1990, Howard et ai. demon
strated that transcription of testis ACE begins in the 12th intron of the 
somatic ACE gene. The first exon of testis ACE is treated as intronic 
DNA by somatic tissues. The remainder of the testis ACE protein 
corresponds to exons 13 through 25 of somatic ACE. Thus it is the 
unique transcriptional start site that gives rise to a germ cell isozyme 
containing only the carboxyl-terminal half of the somatic protein. The 
start of testis ACE 7 kb downstream from the transcription start site of 
somatic ACE led to the hypothesis that the ACE gene contains a testis
specific promoter. To investigate this, Langford et al. (1991) used a 
transgenic mouse approach in which a 700-bp region of genomic DNA 
immediately upstream of the start of testis ACE transcription was placed 
5' of a LacZ reporter construct. Transgenic mice were made with the 
construct, and the capacity of different tissues to recognize the putative 
promoter region was tested by measuring ~-galactosidase activity. The 
mice bearing the transgenic construct produced elevated levels of ~
galactosidase uniquely in the testis. Histochemical analysis in these 
animals showed reporter gene expression in the identical cells that 
express testis ACE, namely round and elongating spermatids. Sub
sequent work showed that as little as 91 bp genomic DNA taken from 
the region immediately upstream of the start of testis ACE transcription 
is sufficient to target reporter gene expression to male germ cells in 
transgenic mice (Howard et ai. 1992). The testis ACE promoter is highly 
active, and male germ cells produce an abundant amount of testis ACE 
mRNA and protein. No other tissue has been described as making even 
small amounts of this gene product. Thus, the testis ACE promoter is a 
relatively small portion of DNA that directs high-level gene expression 
in a highly tissue-specific fashion. 

A number of in vivo and in vitro studies suggest that the testis ACE 
promoter contains two important protein-binding DNA motifs (Zhou et 
al. 1995). One motif is at position -32 relative to the start of testis ACE 
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transcription. This sequence, TCTTAT, while not bearing a great deal of 
homology to a consensus TATA sequence, appears nevertheless to bind 
the transcription factor TFIID (Zhou et al. 1996a). A second critical 
motif is found at position -55. Here the 8-bp motifTGAGGTCA is quite 
similar to a consensus cAMP response element (CRE) binding site 
(TGACGTCA). Analysis of these two transcriptional motifs using the 
technique of in vitro transcription suggested that both DNA motifs are 
necessary for full testis ACE expression; promoter constructs containing 
only one of the two motifs were approximately one-third as active as the 
parent construct in the transcriptional assay (Zhou et al. 1995). Our 
group has studied mice transgenic for a testis ACE promoter construct in 
which the endogenous TATA box (TCTTAT) was replaced with a con
sensus TATA sequence TATAAA (Zhou et al. 1996a). In these animals 
the pattern of reporter gene expression was identical to that observed in 
transgenic mice bearing the wild-type testis ACE promoter. Thus the 
precise sequence of the -32 motif does not appear to specify tissue-spe
cific expression. 

We have also used transgenic mice to examine the in vivo role of the 
-55 motif (Esther et al. 1997a). In vitro analysis had suggested that a 
single A to G point mutation at position -48, made the element less 
similar to the consensus CRE-binding site and markedly reduced the 
transcriptional activity of the testis ACE promoter. When tested in 
transgenic mice, this same change totally abolished the activity of the 
testis ACE promoter. Surprisingly, when transgenic mice were prepared 
with a testis ACE promoter construct in which the testis ACE -55 motif 
was mutated to the consensus CRE sequence TGACGTCA, we ob
served a pattern of expression identical to that of the wild-type testis 
ACE promoter. Thus, at present, the exact biochemical signals specify
ing germ cell specific utilization of the testis ACE promoter are not fully 
understood. 

In 1993, Delmas et al. described a cAMP response element modifier 
(CREM) family of transcription factors. One isoform in this family, 
CREM"t, is expressed at high levels only in developing male germ cells. 
In contrast to many CREM isoforms, CREM't is a transcriptional activa
tor, and gel shift studies show that CREM't is capable of binding to the 
CRE-Iike sequence at position -55 of the testis ACE promoter (Zhou et 
al. 1996b). We have also observed that adding anti-CREM antibody to a 
testis nuclear extract inhibits the in vitro transcription of the testis ACE 
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promoter in a dose-dependent fashion. Further, transfection experiments 
using JEG-3 cells have shown that maximal transcriptional efficiency of 
the testis ACE promoter is achieved when this promoter is cotransfected 
with the genes encoding CREM't and protein kinase A. Thus several 
different approaches suggest an important role of the testis specific 
transcription factor CREM't in testis ACE expression. 

6.4 Knockout Mice 

While progress was made rapidly in understanding the molecular biol
ogy of testis ACE transcription, the question remained as to whether the 
testis specific ACE isozyme plays any physiological role. To investigate 
this we collaborated with Dr. Mario Capecchi, Howard Hughes Medical 
Institute at the University of Utah, to create mice with defined changes 
in the ACE gene. These animals were prepared using the technique of 
targeted homologous recombination in embryonic stem cells. Our group 
has reported on two separate lines of mice termed ACE. I and ACE.2. 
The ACE. 1 animals are null for ACE expression; they lack the expres
sion of both somatic and testis ACE (Esther et al. 1996). In contrast, 
ACE.2 animals have ACE activity circulating in the plasma (Esther et aI. 
1997b). These animals are unique in that they neither express the tissue 
bound form of somatic ACE nor do they produce the testis ACE 
isozyme. Both strains of mice present with the similar phenotype of low 
blood pressure and an inability to concentrate urine. ACE.! mice also 
present with a kidney lesion characterized by marked underdevelopment 
of the renal medulla and papillae. While the ACE.2 animals have subtle 
abnormalities in renal structure, they demonstrate a normal development 
of the renal medulla and papillae. 

Both the ACE. 1 and ACE.2 strains of mice were created such that 
they lack the 91-bp testis ACE promoter. This results in the absolute lack 
of testis ACE expression as measured by both western blot analysis and 
tissue ACE enzyme activity. Surprisingly, histological study of the testis 
showed a normal pattern of male germ cell development. Study of sperm 
motility from ACE knockout mice also showed no differences from 
wild-type controls. However, male knockout animals from both the 
ACE. 1 and ACE.2 strains have a marked reproductive defect. This was 
found by mating homozygous mutant male mice with superovulated, 
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Fig.!. Decreased fertility of male mice lacking ACE. The fertility of male 
mice homozygous for the ACE. I and ACE.2 mutations was tested by mating 
these animals with wild-type superovulated female mice. The females were 
killed, and the litter size was determined 18 days after plugging (-/-). As a 
control we performed the same experiment with littermate wild-type male 
mice (+1+). While wild-type male mice sire litters in excess of 12 pups, ACE 
knockout males produce litters that average three pups 

wild-type female mice. In this situation a wild-type male mouse sires 
litters in excess of ten pups. In contrast, the homozygous mutant male 
animals produce far smaller litters, often containing one or two pups 
(Fig. 1). In summary, male mice lacking testis ACE can plug females 
and produce some offspring, but their fertility is markedly lower than 
wild-type mice. Interestingly, female mice lacking all ACE appear to 
reproduce in normal fashion when mated to wild-type males. 

Several groups have now created and studied angiotensinogen 
knockout mice (Tanimoto et a1. 1994; Kim et a1. 1995; Niimura et a1. 
1996). These animals, which lack all angiotensin II, are similar to the 
ACE knockout animals in that they present with very low systolic blood 
pressures and a renal lesion. While the overall health of the angiotensi
nogen knockout animals appears more compromised than that of the 
ACE knockout mice, it seems that these animals are capable of repro
ducing in an uncompromised fashion. This divergence in phenotypes 
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between the angiotensinogen and ACE knockout animals suggests that 
testis ACE operates on a peptide different from angiotensin I. 

In addition to the lack of testis ACE, the knockout mice studied by 
our group have defects in somatic ACE expression. This phenotype 
complicates the precise assignment of the fertility defect. We predict 
that animals lacking only the somatic form of ACE will have normal 
male reproductive fertility. Tatei et al. (1995) have reported the isolation 
and characterization of an ACE gene from Drosophilia that they call 
Race. The Race protein is 615 amino acids, approximately half the size 
of somatic ACE, and is thus similar to the mammalian testis ACE 
isozyme in containing a single catalytic domain. Transheterozygotes for 
two different lethal alleles of the Race gene exhibit male sterility. This 
finding correlates with results from our studies of knockout mice. 

6.S Conclusion 

The study of testis ACE demonstrates that this protein is found only in 
developing male germ cells. It is the result of a germ cell specific 
promoter located within the 12th intron of the ACE gene. This promoter 
is very small; yet in the proper biochemical milieu it is capable of 
marked transcriptional activity. These features suggest that an under
standing of testis ACE expression by phenotypically differentiated cells 
may yield great insight into the control of gene expression in a tissue
specific fashion. 

The study of ACE knockout mice suggests that testis ACE plays a 
crucial role in male fertility. The lack of the enzyme is associated with a 
marked reduction in litter size. This does not appear to be the result of a 
motility deficit. Further investigations are necessary to define the pre
cise physiological role of the testis ACE isoform in reproduction. 
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7.1 GHRH Overview 

Growth hormone releasing hormone (GHRH) is a peptide synthesized in 
the cell bodies of neurosecretory neurons in the ventromedial and arcu
ate nuclei of the hypothalamus. When stimulated, GHRH travels down 
the axons of these neurons and is released into the hypophyseal portal 
circulation. GHRH binds to receptors on somatotrophs in the anterior 
pituitary, resulting in growth hormone (GH) gene expression and the 
secretion of GH. This positive regulation of GH by GHRH is opposed 
by somatostatin, which is synthesized in neurosecretory cell bodies 
located in the anterior paraventricular region of the hypothalamus. 
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Fig. 1. Evolution of the GHRH peptide family. It is thought that GHRH arose 
from a single gene 1250 million years ago. GLP, Glucagon-like peptide; PA
CAP, pituitary adenylate cyclase activating polypeptide; PRP, PACAP-related 
peptide; PHI, peptide histidine isoleucine; VIP, vasoactive intestinal peptide; 
GHRH, growth hormone-releasing hormone; GHRH-RP, growth hormone re
leasing hormone-related peptide 

In 1982, GHRH was isolated from pancreatic tumors obtained from 
patients who presented with acromegaly (Guillemin et al. 1982; Rivier 
et al. 1982). Two years later, Ling et al. (1984) isolated GHRH from the 
hypothalamus. During the past decade the characterization of various 
peptide hormones led to the recognition that the GHRH gene belongs to 
a "superfamily" of gut-brain peptides. These peptides include glucagon, 
glucagon-like peptides 1 and 2 (GLP-l and GLP-2), secretin, gastric 
inhibitory protein, vasoactive intestinal polypeptide (VIP), pituitary 
adenylate cyclase activating polypeptide (PACAP), peptide histidine 
isoleucine (PHI), and PACAP-related peptide (PRP). The sequence of 
GHRH shares the greatest homology to other family members with 
peptide histidine isoleucine (37%-63%) and PRP (35%-55%). To a 
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Fig. 2. Schematic representation of the GHRH mRNA. The GHRH mRNA 
consists of five or six exons. Exons 2-5 are common to testis (T), placenta (P), 
and hypothalamus (H). Exon 1 is tissue specific. Placenta exon 1 is 10 kbp 5' 
to hypothalamus ex on 1, and testis exon 1 is 0.7 kbp 5' to exon 1 of placenta 

lesser degree GHRH is homologous with VIP (25%-43%), glucagon 
(21 %-35%), secretin (22%-37%), PACAP (24%-32%), and GIP 
(5%-19%) (Campbell and Scanes 1992). It is thought that GHRH arose 
1250 million years ago from an ancestral gene that contained a single 
ex on (Fig. 1). This primitive exon, which encoded a 27 amino acid 
peptide, first underwent gene duplication followed by ex on duplication 
resulting in ancestral GHRH (Campbell and Scanes 1992). A single 
copy of the GHRH gene has been identified in human, mouse, and rat. 
The GHRH gene is located on human chromosome 20 (Mayo et al. 
1985) and on mouse chromosome 2 (Godfrey et al. 1993). 

Since its discovery in 1984, GHRH mRNA transcripts have been 
identified in many other tissues in addition to the hypothalamus. GHRH 
mRNA transcripts and GHRH-like peptides have been isolated in hu
man testis (Berry et al. 1992), placenta (Berry et al. 1992; Gonzalez
Crespo and Boronat 1991; Margioris et al. 1990), and leukocytes 
(Weigent et al. 1990). In rodents GHRH mRNA transcripts and GHRH
like peptides have been identified in several tissues. Similar to humans, 
transcripts have been isolated in both rat placenta (Baird et al. 1985) and 
rat testis (Berry et al. 1988). Using reverse transcribed polymerase chain 
reaction (RT-PCR) and Southern blot analysis, Matsubara et al. (J 995), 
identified GHRH mRNA transcripts in spleen, small intestine, pancreas, 
kidney, adrenal gland, skeletal muscle, and ovary. These data suggest 
that GHRH is involved in extrahypothalamic paracrine or autocrine 
systems. 

The GHRH mRNA transcript consists of five or possibly six exons. 
Hypothalamus, testis, and placenta each share the common exons 2-5 
(Fig. 2). Exon 1, however, is probably tissue specific. The GHRH 
mRNA in hypothalamus and placenta is 750 nucleotides, in contrast to 
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the rat GHRH mRNA in testis which is 1700 nucleotides in length. This 
difference is most likely due to tissue-specific promoter sequences and 
alternative splicing of exon 1. The placenta exon 1 is 10 kilobasepairs 
(kbp) 5' to the exon 1 of hypothalamus (Gonzalez-Crespo and Boronat 
1991), and testis exon 1 is 0.7 kbp 5' to exon 1 of placenta (Srivastava et 
al. 1995). 

The GHRH receptor has been cloned from rat, mouse, and human 
(Mayo et al. 1985) and is similar in all three species. The GHRH 
receptor has seven hydrophobic domains that span the membrane. The 
amino-terminus is thought to be extracellular. The GHRH receptor has 
been localized to chromosome 6 in mouse (Godfrey et al. 1993) and 
chromosome 7p15 in humans (Wajnrajch et al. 1994). Similar to GHRH, 
its receptor also belongs to a large distinct family of receptors. When it 
was first cloned it was thought to include only calcitonin, secretin, and 
parathyroid hormone receptors. Recently, however, the VIP, GIP, and 
GLP-l receptors have been shown to also be included in this family. All 
the members of this receptor family are coupled to Gs and activate 
adenylate cyclase resulting in an increase in the second messenger 
cAMP. In addition to increasing cAMP, each of these receptors is also 
coupled to pathways that result in an increase in other second messen
gers (Segre and Goldring 1993). 

7.2 GHRH-RP Overview 

In addition to the bioactive GHRH peptide produced from the GHRH 
gene, we hypothesized that a second biologically active peptide is de
rived from proteolytic processing of the pro-GHRH precursor. We have 
called this carboxyl-terminal cleavage product of the precursor peptide, 
growth hormone releasing hormone-related peptide (GHRH-RP; 
Breyer et al. 1996). Similarly, VIP and PACAP pro-proteins each pro
duce at least two peptides (Fig. 3). The homology that GHRH-RP pep
tide shares with other members of the GHRH superfamily, especially 
VIP and PACAP, and its action in Sertoli cells suggest that it may play 
an important role in autocrine or paracrine signaling. 
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GHRH-RP: HLDR VW AEDKQMALES IL 

PACAP: HSD ............ KQMAL ..... L 

VIP: H S D ... V ...... D K Q MAL .. S I L 

Fig. 3. Comparison of GHRH-RP (1-18) amino acid sequence with those of 
PACAP and VIP 

7.3 GHRH and GHRH-RP in Testis 

The testis consists of the seminiferous tubules, which contain Sertoli 
cells, germ cells, peritubular myoid cells, and an interstitium composed 
of Leydig cells, macrophages, fibroblasts, and blood vessels (Gnessi et 
al. 1997). Interactions between autocrine and paracrine factors of these 
cellular compartments are essential for normal spermatogenesis. Nu
merous hypothalamic neuropeptides were identified in testis prior to the 
discovery of GHRH in rat and human testis (Berry and Pescovitz 1988; 
Berry et al. 1992; Ciampani et al. 1992; Gnessi et al. 1997). The exact 
role of neuropeptides such as pro-opiomelonocortin, corticotropin-re
leasing hormone, gonadotropin-releasing hormone, and thyrotropin-re
leasing hormone in the testis is still unknown. 

7.4 GHRH mRNA in Testis 

Northern blot analysis of testis mRNA indicates that the hypothalamic 
GHRH mRNA is approximately 750 nucleotides while the testis GHRH 
mRNA is 1750 nucleotides (Berry and Pescovitz 1988). Variations in 
GHRH mRNA transcripts explain the differences in GHRH mRNA size. 
The exon 1 sequence of testis GHRH differs from that of either hypo
thalamus or placenta (Srivastava et al. 1995). The testicular GHRH 
mRNA transcript contains a sixth ex on in contrast with the five exons 
present in the placental or hypothalamic transcripts. Moreover, GHRH 
transcription initiation in testis begins 10.7 kbp 5' to that in the hypo
thalamus. The tissue-specific expression of GHRH is probably related to 
distinct promoter and transcription initiation sites (Fig. 4). In contrast 
with the rodent, the GHRH mRNA in human testis is the same size as 
that in hypothalamus (Berry et al. 1992). However, since the transcript 
has not been sequenced, it is unknown whether they are identical. 
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Fig. 4. Comparison of GHRH mRNA transcripts in the hypothalamus, pla
centa, and testis. The GHRH mRNA from the hypothalamus, placenta, and tes
tis all share exons 2-5. Two different transcripts are found in the testis, with 
one containing the placental exon 1. Each tissue has a unique first exon 
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Fig. s. Ontogeny of testicular GHRH mRNA. Testes from four separate ani
mals were analyzed at each time point, except at 2 days, where 32 individuals 
were pooled into two individual samples (l6/sample). The mean plus or minus 
SD are shown. (Reproduced with permission from Berry and Pescovitz 1990) 

Testicular GHRH mRNA levels increase with age. GHRH mRNA 
levels are first detectable in testis by 2 days of life in the rat (Berry and 
Pescovitz 1990). mRNA levels increase at day 21 and reach adult levels 
by day 30 (Berry and Pescovitz 1990) (Fig. 5). The predominant mRNA 
species at all ages is approximately 1700 bp by Northern analysis (Berry 
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Fig. 6. Effects of hypophysectomy on expression of testicular GHRH mRNA. 
Total RNA from testes of hypophysectomized or normal rats was analyzed by 
dot blot. Values were normalized to the mean of day 63 normal values (ex
pressed as a percentage of the day 63 mean). Shown are changes in the testicu
lar levels of hypophysectomized and normal animals for GHRH mRNAs. Pa
renthesis above each data bar, number of animals analyzed in each state. 
(Reproduced with permission from Berry and Pescovitz 1990) 

and Pescovitz 1990). A faint 3350 bp band was also noted in post 
pubertal animals (Berry and Pescovitz 1990). Testicular GHRH may be 
regulated by the hypothalamic-pituitary axis (Pescovitz et al. 1990). 
Hypophysectomy of prepubertal and peri pubertal rats results in a large 
decrease in GHRH mRNA levels while hypophysectomy has little im
pact on testicular GHRH mRNA levels in postpubertal rats (Berry and 
Pescovitz 1990) (Fig. 6). When human growth hormone was adminis
tered to hypophysectomized prepubertal rats, a small decrease in testicu
lar GHRH mRNA was observed (Berry and Pescovitz 1990). It is still 
unknown how GH affects testicular GHRH. 

A study using ethylene dimethane sulfonate (EDS), a Leydig cell 
toxin, on prepubertal and postpubertal rats showed a major decrease in 
testosterone production; however, there was no change in the levels of 
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GHRH in the testis by northern blot analysis and enzyme-linked immu
nosorbent assay (ELISA) (Srivastava et al. 1993a). Methoxyacetic acid 
(MAA), a pachytene spermatocyte toxin, was used to assess whether 
GHRH is expressed in pachytene spermatocytes (Srivastava et al. 
1993a). No effect was observed in the GHRH mRNA levels, probably 
because of the existence of spermatocytes at various maturation stages 
in the seminiferous tubules, and because most GHRH mRNA is ex
pressed before the pachytene spermatocyte stage. This explanation is 
further supported by in situ hybridization analysis (Srivastava et al. 
1993a). 

In situ hybridization studies and northern gel analysis of mRNA from 
specific regions of the male reproductive tract and individual testicular 
cell types have been used to determine the localization of GHRH 
mRNA. No GHRH mRNA signal was detected in any region of the 
epididymis or vas deferens (Srivastava et al. 1993a). Even within the 
testis not all cells produce the GHRH mRNA. Most of the hybridization 
signal is present at the perimeter of the tubules in early spermatogenic 
cells and primary spermatocytes (Srivastava et al. 1993a). Some signal 
is observed in more mature spermatogenic cells; however, no signal is 
seen in the interstitial cells (Srivastava et al. 1993a). The detection of a 
GHRH mRNA signal in Leydig cells using RT-PCR may suggest that by 
using more sensitive techniques, a small amount of message is produced 
in the interstitium (Srivastava et al. 1994). By isolating specific testicu
lar cell types and extracting the respective RNA, GHRH was detected 
mostly in spermatocytes and round spermatids with low levels detected 
in Sertoli cells (Srivastava et al. 1993a). However, no GHRH mRNA 
signal was detected in elongating spermatids, peritubular myoid cells 
and Leydig cells (Srivastava et al. 1993a). 

7.S GHRH Immunoactivity in Testis 

A GHRH peptide has been localized in testis to mature germ cells and 
early sperm forms (Pescovitz et al. 1990). However, no GHRH im
munoreactivity was detected in Sertoli, interstitial, or endothelial cells 
by our laboratory (Pescovitz et al. 1990). Others, however, have detected 
a GHRH-like material in Leydig cells (Ciampani et al. 1992; Moretti et 
al. 1990). Although these investigators have shown that the peptide 
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possesses similar HPLC elution characteristics as that of hypothalamic 
rat GHRH release, and that its release is also acutely stimulated by hCG 
(Ciampani et al. 1992), we do not believe that the GHRH purified from 
rat testes is identical to synthetic hypothalamic GHRH (Pescovitz et al. 
1990). In our studies synthetic GHRH and testicular GHRH have differ
ent elution properties on a reverse-phase HPLC column (Pescovitz et al. 
1990). However, both synthetic GHRH and GHRH purified from rat 
testes have comparable biological activity in their ability to stimulate 
GH release from dispersed anterior pituitary cells in culture (Pescovitz 
et al. 1990). This indicates that testicular GHRH is bioactive in pituitary 
cells (Berry and Pescovitz 1990). 

7.6 GHRH-RP Immunoactivity in Testis 

We hypothesized that the pro-GHRH precursor also produces a second 
biologically active peptide. To test this hypothesis we synthesized 
GHRH-RP from the deduced amino acid sequence of the precursor 
peptide and used this synthetic peptide to generate antisera against it. 
These antisera were used in immunohistochemical studies to localize 
GHRH-RP in both hypothalamus and testis (Breyer et al. 1996). In the 
rat testis GHRH-RP immunoreactivity was seen in the acrosomes of 
nearly all stages of germ cell development. Specifically, intense staining 
was evident in stage IV seminiferous tubules in pachytene primary 
spermatocytes, step 4 secondary spermatocytes, and step 17 elongating 
spermatids. Incubation of these tissues with an excess of GHRH-RP 
prior to antisera treatment abolished staining, thus demonstrating the 
immunospecificity of the findings. 

Although a function for GHRH-RP has not yet been found in hypo
thalamus, results of preliminary studies support a potential role for 
GHRH-RP in spermatocyte differentiation. In vitro GHRH-RP stimu
lates stem cell factor (also known as "steel" factor or c-kit ligand; Huang 
et al. 1990) mRNA expression in primary rat Sertoli cell cultures 
(Breyer et al. 1996). GHRH also has this effect, but it is less potent by 
approximately a log factor. Unlike GHRH, however, GHRH-RP does 
not increase intracellular cAMP (Breyer et al. 1996). 
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GHRH-R -- -- 283 bp 

GHRH- -- 163 bp 

H3.3 -- -- 213 bp 

Fig. 7. RT-PCR analysis of testis cell RNAs. RT-PCR products were subjected 
to electrophoresis on 1.8% agarose gels, transferred to nylon membranes, and 
hybridized to the indicated probes. Top, GHRH receptor mRNA; center, 
GHRH mRNA; bottom, histone 3.3 mRNA. (Reproduced with permission 
from Srivastava et al. 1994) 

7.7 GHRH Receptor in Testis 

Evidence for GHRH mRNA and peptide expression in testis supports 
the likelihood of testicular action for the products of pro-GHRH proc
essing. By northern blot analysis, no GHRH receptor could be found in 
testis (Srivastava et al. 1994). To improve sensitivity RT-PCR was per
formed on cDNA from whole testis, germ, Sertoli, and Leydig cells 
(Srivastava et al. 1994). A GHRH receptor mRNA was detected in all 
cell types with the highest levels of expression in Sertoli and germ cells 
(Srivastava et al. 1994) (Fig. 7). Sequence analysis demonstrated that 
the receptor mRNA was identical to pituitary GHRH receptor mRNA 
(Srivastava et al. 1994). Further, GHRH receptor mRNA expression in 
Sertoli cells was regulated in a dose-dependent fashion following rat 
GHRH treatment (Srivastava et al. 1994). Treatment with 10 and 
100 nM GHRH for 6 h resulted in lA-fold and 2.3-fold increases, re-
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spectively, in GHRH receptor mRNA (Srivastava et al. 1994). Interest
ingly, some studies have reported a downregulation of pituitary GHRH 
receptors following prolonged treatment with GHRH (Bilezikjian et al. 
1986; Wehrenberg et al. 1986). In addition to a GHRH receptor, other 
investigators have suggested that testicular GHRH functions through a 
VIP receptor (Ciampani et al. 1992). 

7.8 Action of Testicular GHRH and GHRH-RP 

GHRH and a GHRH analog stimulated increases in intracellular cAMP, 
c-fos, and SCF mRNAs in cultured Sertoli cells (Srivastava et al. 1993b). 
GHRH treatment of Sertoli cells resulted in a twofold increase in cAMP 
levels (Srivastava et al. 1993b) (Fig. 8). GHRH combined with follicle
stimulating hormone (FSH) increased FSH-induced cAMP production in 
Sertoli cells (Fabbri et al. 1995). Also, cAMP levels in Leydig cells 
increase in a dose-dependent fashion with GHRH treatment (Ciampani et 
al. 1992). This increase is accompanied by an increase in sensitivity to the 
luteinizing hormonelhCG stimulus for cAMP (Ciampani et al. 1992). 

SCF (the product of the Steel gene, also called mast cell growth 
factor, or c-kit ligand) and c-fos are essential for normal spermatogene
sis in vivo (Rossi et al. 1991; Tajima et al. 1991; Nakayama et al. 1988) 
and proliferation of embryonic germ cells in vitro (Matsui et al. 1991; 
Godin et al. 1991). Therefore we sought to determine whether either 
GHRH or GHRH-RP regulates SCF expression. A GHRH analog, [Hisl, 
Nle27]GHRH(l-32)-NH2, with greater receptor affinity and potency 
than native GHRH was used to treat cultured Sertoli cells. Stimulation 
of SCF mRNA was observed at 20 min and 16 h while c-fos mRNA was 
increased at 20 min (Srivastava et al. 1993b). From 30 min to 4 h of 
treatment, 100 nM GHRH analog increased SCF mRNA levels at a 
greater rate than at the 10 nM level (Srivastava et al. 1993b). The same 
trends were seen with rat GHRH. 

Increases in cAMP are abolished when the cells are allowed to 
preincubate with a GHRH antagonist, (N-Ac-Tyrl, d-Arg2)
GRF( J-29)NH2 suggesting that the effect is specific for GHRH (Srivas
tava et al. 1993b; Fabbri et al. 1995). The increase in SCF mRNA was 
abolished when the GHRH antagonist was added to the cells 60 min 
prior to addition of GHRH (Srivastava et al. 1993b). 
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Fig. 8. GHRH and GHRH-RP effects on intracellular cAMP levels. Stimula
tion of adenylate cyclase in cultured Sertoli cells. Cells were incubated with 
GHRH-RP, GHRH, FSH or control media and adenyl ate cyclase stimulation 
measured (fold stimulation over control). Each bar is representative of five 
separate experiments. (Reproduced with permission from Breyer et al. 1996) 

GHRH-RP treatment resulted in an even greater increase in SCF 
expression than with GHRH treatment (Breyer et al. 1996) (Fig. 9). At 
concentrations of 10 nM and 100 nM, GHRH-RP stimulated SCF ex
pression 12-fold and 16-fold, respectively in isolated Sertoli cells 
(Breyer et al. 1996). 

GHRH-RP treatment, however, did not result in an increase in intra
cellular cAMP (Breyer et al. 1996). Since GHRH-RP does not increase 
cAMP as GHRH does, GHRH-RP may function via a unique Sertoli cell 
receptor (Breyer et al. 1996) 
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Fig. 9. GHRH-RP action in rat Sertoli cells. Rat Sertoli cells were treated with 
rat GHRH-RP (10 nM and 100 nM), rat GHRH (10 nM) or control media for 
16 h. Northern gel analysis of 10 Ilg of total Sertoli cell RNA. Blots were 
probed for SCF, transferrin, ABP, a-inhibin, and y-actin, as control. (Repro
duced with permission from Breyer et al. 1996) 

7.9 Conclusion 

The functional roles of many neuropeptides isolated in testis have yet to 
be discovered; however, preliminary data suggest that GHRH and 
GHRH-RP contribute to the process of spermatogenesis. The GHRH 
mRNA is expressed in an age-dependent fashion in association with the 
onset of spermatogenesis. The GHRH mRNA is expressed in spermato
cytes and round spermatids but not in elongating spermatids, peri tubular 
myoid cells, interstitial cells, epididymis, or vas deferens. A mature 
GHRH peptide is present in testicular germ cells and may also be 
present in Leydig cells. A novel product of the GHRH gene, GHRH -RP, 
is detected in stage IV seminiferous tubules in pachytene primary sper
matocytes, step 4 secondary spermatocytes and step 17 elongating sper-
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matids. A GHRH receptor mRNA identical in sequence to that of the 
pituitary is detected in Sertoli and germ cells. Both GHRH and GHRH
RP stimulate an increase in stem cell factor expression in Sertoli cells. 
This effect of GHRH may be mediated by intracellular increases in 
cAMP and c-fos, but the mechanism by which GHRH-RP acts is still 
unknown. Further work is intended to further characterize the role of 
testicular GHRH in autocrine or paracrine actions. 
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8.1 Introduction 

It is over 100 years since calcium was first implied as an intracellular 
regulator in heart by Ringer (1882). Since then its universal role as a 
regulator has become a cornerstone of cell physiology (Campbell 1983), 
and much progress has been made in our understanding of cellular 
calcium homeostasis and the way in which cellular stimuli are 
transduced into transient elevations in intracellular free calcium, here 
defined as calcium signals. 

A major source of calcium for signalling are intracellular stores, 
predominantly the endoplasmic reticulum. A landmark in calcium sig
nalling research was the finding that inositol 1,4,5-trisphosphate (IP3) 

coupled receptor-mediated events at the plasma membrane to the open
ing of calcium release channels present on internal stores (Berridge 
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1993). Although IP3 appears to operate as a ubiquitous intracellular 
messenger for calcium mobilization, recent studies indicate that multi
ple calcium release mechanisms operate in many cells and are regulated 
by a family of pyridine nucleotide metabolites. The first indication of 
this concept came from the pioneering work of Lee and his colleagues 
who showed that ~-NAD+ and ~-NADP+ can trigger calcium release 
from sea urchin egg microsomal fractions by a mechanism apparently 
independent of IP3 (Clapper et al. 1987). Subsequently the structures of 
the active metabolites have been determined (Lee et al. 1989), and one 
of them, cyclic adenosine diphosphate ribose (cADPR), has been shown 
to mobilize calcium in some thirty or so different cell types in a wide 
range of organisms including plants, invertebrates and mammals (Lee 
1997). The enzymes responsible for the synthesis and degradation of 
cADPR have been shown to be widely distributed, and current work is 
focusing on the way in which cellular stimuli regulate the production of 
cADPR. 

The mechanism whereby cADPR release and related metabolites 
stimulate calcium release is of considerable interest, with accumulating 
evidence suggesting that the major target for cADPR is ryanodine recep
tors (RyRs; Galione and Summerhill 1996). RyRs are large homotetra
meric calcium release channels that were first described as the major 
calcium release pathways from the sarcoplasmic reticulum during exci
tation-contraction coupling in skeletal and cardiac muscle (Meissner 
1994). However, RyRs have now been shown to be more widespread in 
cells than originally thought (Sorrentino and Volpe 1993). 

Recent research suggests that cADPR is only one of several pyridine 
nucleotide metabolites regulating calcium signalling, possibly all pro
duced by the same multifunctional enzymes. Other metabolites include 
2-phospho-cADPR (cADPRP) which may have a similar action to 
cADPR, and nicotinic acid adenine dinucleotide phosphate (NAADP) 
which may regulate a completely new class of calcium release channel. 

8.2 Discovery of cADPR and Related Metabolites 

In experiments using cuvette-based fluorimetry to measure calcium 
fluxes across microsomal membranes in sea urchin egg homogenates 
Lee and colleagues found that in addition to IP3 the pyridine nucleotides 
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Fig. 1. Cyclic ADP-ribose is a cyclic P-NAD+ metabolite. The structure of cy
clic ADP-ribose was determined by mass spectroscopy and magnetic reso
nance imaging and confirmed by crystallography. cADPR is produced by the 
cyclization of P-NAD+ by ADP-ribosyl cyclases. cADPR is hydrolysed to the 
non-calcium mobilizing metabolite ADP-ribose by cADPR hydrolases. CD38 
is an example of a bifunctional protein expressing both cyclase and hydrolase 
activities thus catalysing the same overall reaction P-NAD+ to ADP-ribose as 
NAD+ glycohydrolases but with cADPR as a stable intermediate 

P-NAD+ and P-NADP+ are also activators of calcium efflux from ves
icles previously loaded by Ca2+-ATPases in the presence of an ATP 
regenerating system (Clapper et al. 1987). While the calcium releasing 
effects of P-NADP+ were rapid, calcium mobilization by p-NAD+ oc
curred only after an appreciable delay, perhaps indicating an indirect 
action on calcium release. Furthermore, in contrast to the effect of 
P-NADP+, the effect of p-NAD+ did not persist in Percoll-purified 
microsomal fractions but could be restored if P-NAD+ was previously 
incubated with supernatant or cytosol fractions from the same Percoll 
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gradients, but only in the presence of additional supernatant added to the 
microsomes. 

Two cytosolic factors were required for f3-NAD+-induced calcium 
release. One of these was later shown to be a novel enzyme termed 
ADP-ribosyl cyclase, which cyclizes f3-NAD+ to a novel metabolite 
identified by mass spectroscopy as cADPR (Lee et al. 1989; Fig. 1). 
cADPR was shown to be a potent calcium mobilizing agent, with an 
EC50 of 17 nM in sea urchin egg homogenates (Dargie et al. 1990). The 
second cytosolic factor necessary for cADPR-induced calcium release 
was later identified as calmodulin, which confers cADPR sensitivity on 
its microsomal release mechanism (Tanaka and Tashjian 1995; Lee et al. 
1994). 

The calcium mobilizing effect of f3-NADP+ has been shown to be due 
to a contaminant of commercially available f3-NADP+ identified as 
NAADP (Lee and Aarhus 1995). Calcium release by both f3-NAD+ and 
f3-NADP+ appears to operate via separate calcium release mechanisms 
which are distinct from that gated by IP3 since each agent shows ho
mologous desensitization without affecting release by activators of the 
other two mechanisms (Clapper et al. 1987). 

8.3 Mechanism of Cyclic ADP-Ribose 
Induced Calcium Release 

The first indication that the f3-NAD+ metabolite cADPR mobilizes 
calcium via a mechanism distinct from IP3-gated calcium release chan
nel came from studies in sea urchin egg homogenates whereby calcium 
release by f3-NAD+ or IP3 made the calcium release mechanism refrac
tory to a second application of the same agent but not to the other. Once 
cADPR was identified as the active calcium mobilizing metabolite of 
f3-NAD+, similar results were obtained for cADPR and IP3 (Dargie et al. 
1990; Fig. 2). Pharmacological analysis has confirmed that cADPR 
does not activate IP3 receptors (lP3Rs) since the competitive IP3R an
tagonist heparin blocks IPTinduced calcium release but not that trig
gered by cADPR. 

The identity of the calcium release mechanism activated by cADPR 
was determined in studies which demonstrated the presence of a RyR 
mechanism in the sea urchin egg (Galione et al. 1991). Two pharma-
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Fig. 2. Homologous desensitization of calcium release mechanisms in sea ur
chin egg homogenates. Traces are shown of Fluo-3 fluorescence (Ex 
490 nmlEm 535 nm) measuring extravesicular calcium during cuvette-based 
fluorimetry of sea urchin egg homogenates. The homogenates sequester cal
cium in the presence of an ATP-regenerating system and release calcium in re
sponse to calcium mobilizing agents. At least three distinct calcium release 
mechanisms are present, activated by NAADP, cADPR, or IP3. A feature of 
calcium release systems in this preparation is that each mechanism undergoes 
a homologous desensitization, as indicated by the failure of a second admini
stration of each calcium mobilizing agent to produce a second calcium release 
even after full resequestration of calcium 

cological activators of RyRs, caffeine and ryanodine, induced calcium 
release in both intact eggs and in sea urchin egg homogenates, but 
precluded a subsequent release of calcium by cADPR but not IP3. Sea 
urchin egg microsomes which had discharged their calcium contents in 
response to cADPR were rendered insensitive to caffeine and ryanodine 
also but not to IP3 (Galione et al. 1991). Furthermore, blockers of RyRs 
such as ruthenium red and procaine selectively inhibited cADPR-in
duced calcium release. These later experiments led to the hypothesis that 
cADPR is an important regulator of RyRs, and hence calcium-induced 
calcium release (CICR) an important property of RyRs whereby a small 
rise in cytoplasmic calcium triggers a larger calcium release from inter-



138 A. Galione and H.L. Wilson 

nal stores by activating RyRs (Galione 1992). Consistent with this 
hypothesis was the finding that in sea urchin egg homogenates and in 
intact cells cADPR potentiates calcium release by the divalent cations 
Ca2+ and Sr2+, and by caffeine (Lee 1993; Guo and Becker 1997), and 
that cADPR-induced calcium release is inhibited by magnesium ions 
(Graeff et al. 1995). 

Since the RyR hypothesis for cADPR action was formulated, 
cADPR has been shown to mobilize calcium in many cell types. The 
majority of studies examining the pharmacology of release have shown 
similarities to RyRs (Galione and Summerhill 1996). The development 
of highly selective cADPR analogues, including caged compounds 
(Aarhus et al. I 995a), competitive antagonists (Walseth and Lee 1993), 
metabolically resistant agonists and antagonists (Bailey et al. 1996, 
1997) and membrane permeable analogues (Sethi et al. 1997) have led 
to important advances in cADPR research and have been of great benefit 
in probing the fundamental mechanisms governing cADPR-mediated 
signalling mechanisms and pathways. 

It is probably useful at this point to review briefly the characteristics 
of RyRs. RyRs are very large structures consisting of homotetramers, 
with each subunit of around 560 kDa (Sorrentino and Volpe 1993). 
There are three mammalian isoforms, termed RyR1 (skeletal), RyR2 
(cardiac) and RyR3 (brain) denoted by a numerical suffix or by the name 
of the tissue in which they were first thought to be found predominantly. 
However, this terminology may be confusing since, for example it 
seems that the RyR2 or cardiac form is the most widely distributed form 
in the mammalian CNS. The bulk of the structure is cytoplasmic, which 
permits multiple sites for interactions with potential regulators. The way 
in which cADPR modulates RyRs is unknown since its binding site is as 
yet undefined, nor is it clear whether all RyRs are equally sensitive to 
regulation by cADPR. Although RyR2 in lipid bilayers have been dem
onstrated under some circumstances to be activated by cADPR 
(Meszaros et al. 1993), and expression of RyR2 receptors in PC 12 cells 
have been shown to confer sensitivity of calcium stores to cADPR 
(Clementi et al. 1996), it is not clear whether cADPR activates RyRs 
directly, or whether accessory proteins are required. Indeed candidates 
for cADPR-binding sites include 100- and 140-kDa soluble proteins 
indicated by photoaffinity labelling of sea urchin egg homogenates with 
8-azido-cADPR (Walseth et al. 1993), the ryanodine receptor associated 
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protein FKBP12.6 in pancreatic ~-cells (Noguchi et al. 1997) and RyR 
adenine nucleotide binding sites (Sitsapasen et al. 1995). Recently 
IP3RS have been shown to express a novel cADPR-binding site which 
on binding cADPR leads to inhibition of IP3-induced calcium release 
(Missiaen et al. 1997). 

In addition, other modulatory factors have been shown to regulate the 
sensitivity of the cADPR-induced calcium release, including cal
modulin and calcium (see above) and the enzymes calmodulin-depend
ent protein kinase II (Noguchi et al. 1997) and cAMP-dependent protein 
kinase (Morita et al. 1997). 

8.4 Enzymology of cADPR Metabolism 

The finding that sea urchin egg homogenates contain enzymatic activi
ties to synthesize cADPR from ~-NAD+ has been extended to many 
other animal tissues. The synthetic enzymes, known as ADP-ribosyl 
cyclases, are widespread in tissues (Rusinko and Lee 1989). Enzymes 
that hydrolyse cADPR to ADP-ribose are equally widespread (Lee et al. 
1993). The first molecularly characterized form was found in Aplysia 
ovotestis granules (Hellmich and Strumwassser 1991; Lee and Aarhus 
1991), which on account of its high cyclase activity, monofunctional 
activity, and loose substrate specificity has been used for the chemoen
zymatic synthesis of many cADPR analogues (Ashamu et al. 1995) used 
to probe cADPR signalling (see Sect. 8.3). The Aplysia cyclase has been 
crystallized and its three-dimensional structure solved, which should 
help to shed light on its enzymatic functions and mechanisms (Prasad et 
al. 1996). An intriguing finding is that in many tissues both cyclase and 
hydrolase activities are expressed on the same bifunctional polypeptide 
(Kim et al. 1993). The best characterized example of such a protein is 
the cell surface antigen CD38 (Howard et al. 1993). This transmem
brane protein is involved in the regulation of proliferation and differen
tiation of lymphocytes and other cells, but is an ectoenzyme. The way in 
which extracellular production of cADPR leads to calcium mobilization 
from internal stores remains a mystery but influence of extracellular 
cADPR and ~-NAD+ on calcium mobilization in cerebellar granule cells 
has recently been reported (De Flora et al. 1996). ADP-ribosyl cyclase 
activities have been reported in cytoplasmic compartments in sea urchin 
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eggs (Sethi et al. 1996) and mammalian brain (Yamauchi and Tanuma 
1994) and to be associated with cardiac sarcoplasmic reticulum 
(Meszaros et al. 1997) and mitochondria (Ziegler et al. 1997). 

8.5 cADPR in Stimulus-Response Coupling 

The role of cADPR in cell regulation has been elucidated by use of 
selective cADPR analogues to probe cADPR-mediated signalling and 
by measurement of ADP-ribosyl cyclase activities and endogenous 
cADPR levels in response to cellular stimuli. 

The finding that cADPR modulates CICR via RyRs in sea urchin 
eggs (Galione et al. 1991; Lee 1993) has been extended to several 
mammalian excitable cells. In the NG-108-1S neuroblastoma cell line 
cytosolic application of cADPR through a patch pipette enhances and 
globalizes the calcium signals elicited by calcium influx through plasma 
membrane voltage-sensitive calcium channels (Empson and Galione 
1997). RyR2 plays a pivotal role in cardiac excitation-contraction cou
pling, whereby a small sarcolemma calcium influx is amplified by a 
larger calcium release from the sarcoplasmic reticulum leading to con
traction. An important role for cADPR in regulating contractility has 
been demonstrated in guinea pig isolated ventricular myocytes. Intracel
lular administration of the competitive cADPR antagonist 8-amino
cADPR depresses sarcoplasmic reticular calcium release and contractil
ity (Rakovic et al. 1996), whereas exogenous cADPR potentiates both 
calcium release and cell shortening (Iino et al. 1997). A model has been 
presented by which too little cADPR leads to failure of excitation 
contraction coupling whereas too much leads to spontaneous cycles of 
CICR, which may lead to arrhythmias (Galione et al. 1998). 

A key question in cADPR research is how cellular stimuli are trans
lated into changes in ADP-ribosyl cyclase activities and intracellular 
cADPR levels to allow it to function as an intracellular messenger. This 
has required the development of sensitive assays for ADP-ribosyl cy
clase activities, for example, using NGD+ as a substrate generating the 
fluorescent product cGDPR (Graeff et al. 1996), and for determining 
cADPR levels by thin-layer chromatography (Galione et al. 1993a; 
Higashida et al. 1997), HPLC (Walseth et al. 1991), sea urchin egg 
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microsome bioassay (Horton et al. 1995) and radioimmunoassay (Taka
hashi et al. 1995). 

The first clue as to how ADP-ribosyl cyclase activities can be regu
lated came from studies in the sea urchin egg which examined the 
mechanism of cGMP-induced calcium release in these cells. During 
fertilization in many different eggs, both IP3 and cADPR have been 
implicated as mediators of sperm-induced calcium release, but to differ
ent degrees depending on the species. In sea urchin eggs, calcium 
mobilization may be under dual control (Galione et al. 1993b; Lee et al. 
1993), but in mouse and ascidian eggs IP3 is the major calcium mobiliz
ing messenger, with cADPR regulating membrane-associated phenom
ena (Ayabe et al. 1995; Albrieux et al. 1997), w.bile in Xenopus eggs 
IP3Rs may operate alone (Galione et al. 1993b). When microinjected 
into sea urchin eggs, cGMP induces a large, prolonged calcium transient 
after a considerable latency (Whalley et al. 1992; Sethi et al. 1996), 
reminiscent of the calcium transient seen in the fertilizing egg. Pharma
cological studies indicate that RyRs are likely to be involved since this 
effect of cGMP is blocked by the RyR inhibitor ruthenium red (Galione 
et al. 1993a) but not by the IP3R antagonist heparin (Whalley et al. 
1992). Using sea urchin egg homogenates to dissect the cGMP pathway, 
it was found that cGMP-induced calcium release can be reconstituted 
only if homogenates are supplemented with the cADPR precursor ~
NAD+. In this system it was also found that calcium release by cGMP is 
blocked by 8-amino-cADPR, a selective competitive antagonist ana
logue of cADPR (Walseth and Lee 1993) but not by heparin, suggesting 
that cADPR mediates the effect, and thin-layer chromatography analy
sis has shown that cGMP stimulates cADPR production from ~-NAD+ 
(Galione et al. 1993a). A role for ADP-ribosyl cyclase activity is sug
gested by the finding that the sea urchin egg ADP-ribosyl cyclase 
inhibitor nicotinamide blocks cGMP-induced calcium transients in both 
sea urchin egg homogenates and in intact cells (Sethi et al. 1996). 
Furthermore, agents such as nitric oxide (NO) which activate cGMP
synthesizing guanylyl cyclases induce calcium waves in sea urchin eggs 
via the cADPR-signalling pathway (Willmott et al. 1996). Since cGMP
dependent protein kinase inhibitors block calcium release by both NO 
and cGMP, a role for this kinase enzyme in stimulating ADP-ribosyl 
cyclase seems likely. A similar pathway activated by NO has also been 
described in neurosecretory PC 12 cells (Clementi et al. 1996). 



142 A. Galione and H.L. Wilson 

8\ J 
® _______ ~ ~ e I.) ~::, 

ADP-ribosyl .~ r.:p V 
cyclase ~ ~ 

Ca2+ 

P-NAD' 3~ 

ADPR ~ 
ATP ...... 1=-1"""""~."i glucose 

Fig. 3. Possible mechanisms for coupling cell surface receptor activation to 
ADP-ribosyl cyclase activity. Several mechanisms have been proposed in dif
ferent cells for regulating cADPR levels by modulating its synthesis or hy
drolysis. In sea urchin eggs and PC12 cells, NO and cGMP acting through a 
cGMP-dependent protein kinase (G-kinase) activates cADPR production 
(Galione at al. 1993a; Willmot et al. 1996; Clementi et al. 1996). In addition, 
other receptors coupled to cGMP production including (X]-adrenoceptors in rat 
lacrimal gland may be coupled to cADPR signalling pathways (Jorgensen et 
al. 1996). In chromaffin cells acetylcholine-induced increase in cAMP leads to 
cAMP-dependent protein kinase activation which stimulates cADPR produc
tion (Morita et al. 1997). In longitudinal smooth muscle it has been suggested 
that cholecystokinin receptors stimulate arachidonic acid production, which 
leads to the opening of dihydropyridine-sensitive plasma membrane calcium 
channels. ADP-ribosyl cyclase activity is raised by the calcium influx (Kum
merle and Maklouf 1995). In NG-108 cells ADP-ribosyl cyclase may be under 
dual control by stimulatory and inhibitory G proteins coupled to M]1M3AChR 
or M2/M4 AChR, respectively (Higashida et al. 1997). Glucose may elevate 
cADPR levels in pancreatic ~-cells by increasing ATP levels. ATP then inhibits 
cADPR hydrolases, leading to accumulation of cADPR due to basal activity of 
the ADP-ribosyl cyclase enzyme (Okamoto et al. 1997) 
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An important role for cADPR has been suggested by Okamoto and 
his colleagues in stimulus-secretion coupling in pancreatic ~-cells 

(Takasawa et al. 1993). They have postulated that glucose-induced insu
lin secretion is mediated by cADPR which accumulates due to the 
inhibition of the cADPR hydrolase activity of a CD38-like enzyme 
(Fig. 3), leading to the activation of RyR2 receptors and hence calcium 
release and exocytosis. Interestingly, using a bioassay to measure 
cADPR production, these authors have shown that glucose-induced 
increases in cADPR levels occur in normal but not in diabetic pancreatic 
islets, and that this and other defects in cADPR signalling may playa 
crucial role in the aetiology of this disease (Okamoto et al. 1997). The 
origin of pancreatic material may be important and account for the 
failure of other groups to see glucose-induced cADPR changes by 
radioimmunoassay for cADPR (Malaisse et al. 1997). 

Using the NGD+ fluorescence assay for ADP-ribosyl cyclase activity, 
it has been shown in bovine chromaffin cell membranes that acetyl
choline stimulates cADPR synthesis (Morita et al. 1997). The proposed 
mechanism is that cholinergic receptor activation promotes calcium 
influx which stimulates adenylyl cyclase, and the cAMP formed acti
vates a cAMP-dependent protein kinase which in tum promotes synthe
sis of cADPR via stimulation of ADP-ribosyl cyclase. A role for calcium 
influx in the stimulation of cADPR production has also been proposed 
for cholecystokinin receptor induced calcium release from ryanodine
sensitive stores and contraction in rabbit longitudinal smooth muscle 
(Kummerle and Maklouf 1995). 

As previously described, cADPR promotes CICR in NG 108-15 cells 
(Empson and Galione 1997). In a recent study ADP-ribosyl cyclase has 
been shown to be under dual control of different muscarinic acetyl
choline receptors (AChR), with M] and M3 AChR stimulating the en
zyme while M2 and M4 AChR inhibit cADPR synthesis (Higashida et al. 
1997). Thin-layer chromatography of the products of the enzymatic 
reaction also indicates that direct stimulation of G proteins by guanine 
nucleotides leads to the activation or inhibition of the ADP-ribosyl 
cyclase enzymes in these cells. 

Purinergic receptors in macrophages (Ebihara et al. 1997) and ex ]-ad
renoceptors in rat exocrine glands (Jorgensen et al. 1996) have also been 
suggested to couple to cADPR-signalling pathways. Other important 
candidates for receptors coupled to cADPR signalling pathways include 
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those linked to calcium mobilization in the apparent absence of IP3 
production. An example of such a receptor is the endothelin B receptor 
in testicular myoid cells (Tripiciano et al. 1997). Preliminary investiga
tions indicate that these cells express functional ryanodine receptors, 
and, in contrast to adjacent Sertoli and germ cells, exhibit high ADP-ri
bosyl cyclase and hydrolase activities (A. Filippini, A. Genazzani, R.M. 
Empson and A. Galione, unpublished observations). Most recently, 
cADPR but not IP3 has been proposed as a second messenger for 
calcium mobilization in plant cells in response to the plant stress hor
mone abscisic acid (Wu et al. 1997; Pennisi 1997). 

In addition to the acute regulation of cADPR levels by the modula
tion of ADP-ribosyl cyclase activities, modulation of the levels of ADP
ribosyl cyclase enzymes can influence cADPR concentrations in cells. 
Retinoic acid enhances the expression of CD38 in HL60 cells and leads 
to increases in cellular cADPR levels as measured by radioimmunoas
say (Takahashi et al. 1995). In uterine muscle oestrogens increase the 
levels of ADP-ribosyl cyclases (Chini et al. 1997), while in smooth 
muscle thyroid hormones and retinoic acid similarly upregulate ADP-ri
bosyl cyclase expression (de Toledo et al. 1997). 

8.6 NAADP-Gated Calcium Release Channels 

ADP-ribosyl cyclases such as CD38 can catalyse two types of reaction, 
cyclization and base exchange (Fig. 4), and use ~-NAD+ and ~-NADP+ 
as alternative substrates (Aarhus et al. 1995b). If ~-NADP+ is cyclized, 
the product is 2-phospho-cADPR (cADPRP). cADPRP appears more 
potent than cADPR in activating RyRs in brain microsomes (Vu et al. 
1996) and has been shown to release calcium in lurkat cells (Guse et al. 
1997) but is ineffective in sea urchin egg homogenates. This raises the 
intriguing possibility that subtypes of cADPR receptor exist. In the base 
exchange mode, nicotinamide is exchanged for nicotinic acid, yielding 
nicotinic acid adenine dinucleotide and NAADP, respectively, depend
ing on whether ~-NAD+ or ~-NADP+ is used as substrate. NAADP has 
also been shown to be the calcium mobilizing contaminant of commer
cially available ~-NADP+ first described over 10 years ago in sea urchin 
egg homogenates (Clapper et al. 1987). It is at least as potent as cADPR, 
but its mechanism of calcium release is independent of both IP3Rs and 
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nicotinic acid 

NADP cADPR 
+ nicotinamide 

NADP cADPR-P 

NAD 
NAADP 

cyclization---... base exchange 

Fig. 4. ADP-ribosyl cyclases can produce several calcium mobilizing agents. 
ADP-ribosyl cyclases may use different substrates and catalyse two types of 
reaction to produce several calcium mobilizing messengers. These enzymes 
can cyclize NAD and NADP to cADPR and cADPRP, respectively (solid ar
rows) In the presence of nicotinic acid it catalyses base exchange (open ar
rows), swapping nicotinamide for nicotinic acid. If NADP is the substrate, 
NAADP is the product 

RyRs and represents a new class of calcium release channel (Genazzani 
and Galione 1997). 

NAADP-gated calcium channels do not appear to be regulated by 
calcium, and have a remarkable pharmacology for a putative calcium 
release channel in that they are selectively blocked by potassium and 
L-type calcium channel blockers (Genazzani et al. 1997). Furthermore, 
in contrast to calcium stores expressing IP3Rs and RyRs, those sensitive 
to NAADP are thapsigargin insensitive, suggesting that they are ex
pressed on a different part of the endoplasmic reticulum or even a 
separate organelle (Genazzani et al. 1996). Perhaps the most unusual 
feature of the NAADP-gated calcium release mechanism is in its inacti
vation properties. Unlike the mechanisms regulated by IP3 and cADPR 
in sea urchin eggs, which after induction of calcium release appear to 
become refractory to subsequent activation, very low concentrations of 
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Fig. 5. Multiple mechanisms for calcium mobilization. At least three separate 
calcium release mechanisms are present on the internal stores of the sea urchin 
egg. The IP3R is gated by IP3 and blocked by the competitive antagonist hepa
rin. RyRs are modulated by cADPR which is antagonized by 8-amino-cADPR, 
ryanodine and ruthenium red. Both IP3Rs and RyRs can be activated by cal
cium, resulting in CICR which is modulated by IP3 and cADPR, respectively. 
The NAADP-gated calcium release mechanism is distinct, and its pharmacol
ogy has not been fully investigated. The mechanism is activated by NAADP 
but blocked by certain potassium and L-type calcium channel blockers and by 
non-stimulating concentrations of NAADP itself 

NAADP are able to inactivate NAADP-induced calcium release fully at 
concentrations well below those required to activate calcium release 
(Genazzani et al. 1996; Aarhus et al. 1996). The mechanism and physi
ological significance of this most unusual desensitization phenomenon 
are unclear. 

8.7 Summary and Future Prospects 

The past decade has seen the emergence of a family of pyridine nucleo
tides which function as calcium mobilizing agents. cADPR has been 
shown to be an important regulator of RyR-based CICR in many cells, 
and the use of selective pharmacological tools to study cADPR-medi
ated signalling has suggested that cADPR has an important role in many 
physiological and pathological processes. With the advent of techniques 
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to measure cellular levels of cADPR, information about the way in 
which receptor activation is coupled to cADPR synthesis is emerging, 
which suggests that cADPR and IP3 act as dual calcium mobilizing 
intracellular messengers. The discovery of the calcium releasing proper
ties of NAADP in sea urchin eggs has defined a novel calcium release 
mechanism with remarkable properties quite distinct from IP3Rs and 
RyRs. 

Over the next few years our understanding will improve of the 
molecular details of both cADPR- and NAADP-induced calcium release 
and of the cellular responses that these molecules regulate. The discov
ery of multiple calcium release mechanisms controlled by multiple 
messengers (Fig. 5) may help in understanding the complexities of 
intracellular calcium signals widely observed, and how calcium ions can 
differentially regulate the myriad of calcium-dependent processes that 
occur in cells. 
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9.1 Gonadotropin and TSH Receptors as Unique Members 
of the G Protein Coupled Receptor Family 

The gonadotropins follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) are necessary for the growth and differentiation of mam
malian gonads in both sexes. The LH receptor is found in testicular 
Leydig cells and ovarian theca, granulosa, luteal, and interstitial cells. 
The FSH receptor is localized on granulosa cells of the ovary and Sertoli 
cells of the testis. Both types of receptors playa pivotal role in reproduc
tion. 
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The gonadotropin receptors belong to the large family of G protein 
coupled receptors characterized functionally by their interaction with 
guanine nucleotide-binding proteins and structurally by their seven hy
drophobic, a-helical transmembrane (TM) domains. The seven-TM, G 
protein coupled receptors probably represent one of the largest gene 
families in eukaryotic organisms. Members of this superfamily are 
functionally diverse and include receptors ranging from the cAMP 
receptor in slime mold to mammalian neurotransmitter and glycoprotein 
hormone receptors (Lefkowitz and Caron 1988). Agonist occupancy of 
these plasma membrane proteins is believed to result in conformational 
changes of the receptors, leading to the activation of various G proteins 
which in tum modulate the activity of a number of effector enzymes and 
ion channels (Gilman 1987). The glycoprotein hormone receptor sub
family, including receptors for LHlchoriogonadotropin (CG), FSH, and 
thyrotropin (TSH), diverges structurally from other G protein coupled 
receptors in having large extracellular (EC) domains required for inter
action with the large glycoprotein hormones (McFarland et al. 1989; 
Loosfelt et al. 1989; Nagayama and Rapoport 1992). The amino-termi
nus domains of these glycoprotein hormone receptors confer ligand 
specificity and are homologous to those of the leucine-rich repeat pro
tein family, including the ribonuclease inhibitor (Kobe and Deisenhofer 
1993). 

9.2 Gain-of-Function Mutations in the LH Receptor 
as a Model to Study the Activation 
of G Protein Coupled Receptors 

Although much is known about ligand binding to the G protein coupled 
receptors (Wess 1997) and the activation of G proteins by activated 
receptors, the mechanism underlying ligand activation of the receptors 
is still unclear. Recently, several constitutive activating mutations of 
these membrane proteins have been found: in rhodopsin (Rao et al. 
1994; Robinson et al. 1992) leading to retinitis pigmentosa and congeni
tal night blindness, in melanocyte-stimulating hormone receptor leading 
to different color coats (Robbins et al. 1993), in parathyroid hormone 
(PTH)-PTH-related protein receptor leading to Jansen-type 
metaphyseal chondrodysplasia (Schipani et al. 1995), and in Ca2+-sens-
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ing receptor leading to familial hypocalciuric hypercalcemia and neona
tal severe hyperparathyroidism (Pollak et al. 1993, 1994). Gain-of-func
tion mutations have also been found for genes in the subfamily of 
gonadotropin and TSH receptors. 

Because these point mutations of the receptors lead to ligand-inde
pendent activation of G proteins, they are potentially useful to elucidate 
the mechanism of receptor activation. In the TSH receptor, mutations in 
several TM regions, intracellular loop 3 (i3), and the EC loops 2 and 3 
are associated with hyperfunctioning thyroid adenoma and congenital 
hyperthyroidism (Cetani et al. 1996; Parma et al. 1993, 1994; Van Sande 
et al. 1995), whereas mutations in the TM V and VI and i3 of the LH 
receptor lead to familial male precocious puberty, which is inherited in 
an autosomal dominant, male-limited manner (Kosugi et al. 1995; Kre
mer et al. 1993; Latronico et al. 1995; Laue et al. 1995a, 1996; Shenker 
et al. 1993; Yano et al. 1994, 1995). Although the FSH receptor shows 
high homology to LH and TSH receptors, none of the mutations at 
several conserved amino acids (D567G, D581G, D581Y, and C584R) 
whose substitution lead to constitutive activation of LH or TSH recep
tors significantly increases the basal activity of the FSH receptor. 

Taking advantage of this difference between the homologous recep
tors, we designed chimeric FSHILH receptors with or without a point 
mutation in i3 to identify the region of the LH receptor that is important 
for its constitutive activation and to elucidate differences between do
mains of LH and FSH receptors responsible for constitutive activation 
(Kudo et al. 1996). We constructed a chimeric receptor containing only 
the TM V-VI (including i3) from the LH receptor [(FL(V-VI)F; 
Fig. 1A]. As shown in Fig. 1B, the chimeric receptor retained ligand
binding ability with similar Kd values to that of the wild type (WT) FSH 
receptor, whereas incorporation of the D567G mutation further in
creased its ligand-binding affinity. The expression levels of FL(V-VI)F 
were comparable to those of the WT FSH receptor, but the mutated 
receptor had lower expression [WT FSH receptor, 100%; FL(V-VI)F, 
90±8%; FL(V-VI)FD567G, 27±4%; n=3]. As shown in Fig. lA, both 
FL(V-VI)F and its D567G mutant responded to FSH treatment with 
increases in cAMP production. Of interest, the D567G mutant receptor 
showed constitutive activation, as demonstrated by 1O.5±0.7-fold higher 
basal cAMP production than that ofFL(V-VI)F (p <0.01, n=6). 
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We further tested the hypothesis that a point mutation in i3 of the 
FSH receptor alters interactions between TM V and TM VI of the LH 
receptor. We constructed a chimeric receptor, FL(V NI)F, in which TM 
V and TM VI regions are from the LH receptor but i3 and the remaining 
regions from the FSH receptor (Fig. 2A). A point mutation D567G was 
also introduced into i3 of the FSH receptor sequence. As shown in 
Fig. 2B, chimeric receptors with and those without the point mutation 
were expressed on the cell surface at similar levels comparable to that of 
WT FSH receptor (100% for WT FSH receptor; 100%±1O% for 
FL(VNI)F; 1l0%±1O% for FL(VNI)FD567G; mean±SD, n=3). How
ever, the D567G mutant showed higher affinity to FSH than FL(V NI)F. 
As shown in Fig. 2A, FSH treatment stimulated cAMP production in 
both FL(VNI)F and its D567G mutant. Of interest, basal cAMP pro
duction showed an increase after the introduction of the point mutation 
(3.6±0.2 times that of FL(VNI)F; n=3). These results indicate that the 
EC region of gonadotropin receptors is important for ligand-binding but 
is not involved in receptor activation, whereas the TM V-VI region of 
the LH receptor is essential for constitutive activation. 

Although i3 of adrenergic receptors has been shown to interact di
rectly with the Gs protein (Cheung et al. 1991; Luttrell et al. 1993; 
O'Dowd et al. 1988), a chimeric gonadotropin receptor with the mutated 
i3 derived from the LH receptor and the remaining sequences derived 
from FSH receptor did not show constitutive activation. Instead, FSH 

---~-.-----.---~- -~- -----

.... Fig. IA,B. Constitutive activation of the mutant receptor, FL(V-VI)FD567G, 
with the TM V, i3, and TM VI regions of the FSH receptor replaced by the LH 
receptor. A Mutagenesis and gene transfer experiments were performed to 
construct chimeric receptor FL(V-VI)F and its D567G mutant. WT and mu
tant receptor cDNAs were transfected into 293 cells. After 48 h of incubation 
the cells were incubated in fresh medium with or without a saturating dose 
(300 ng/ml) of FSH for 1 h in the presence of 0.25 mM 3-isobutyl-l-methyl 
xanthine. Total cAMP production by transfected cells was measured by spe
cific radioimmunoassay. Some cells were used for FSH receptor binding 
analysis to determine Kd and total receptor number. To correct for changes in 
receptor expression, cAMP production is expressed as pmol cAMPIng FSH 
bound. means±SD of three independent transfections with triplicate cultures 
per experiments are shown. B Scatchard plot analysis of chimeric receptor 
FL(V-VI)F and its mutant, showing an increase in binding affinity after intro
duction of the point mutation 
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receptor with the flanking TM V and VI regions replaced by the homolo
gous sequences from the LH receptor, when combined with a mutation 
in i3, showed ligand-independent increases in basal cAMP production. 
These data suggest that interactions between specific TM domains and 
not only the specific site of the point mutation in i3 are responsible for 
constitutive activation of the LH receptor. The observation that muta
tions at multiple sites within the region extending from TM V through 
TM VI of the LH receptor can lead to constitutive activation suggests 
that these mutations alter interactions between i3 of the receptor and G 
protein by changing the position of TM V and TM VI relative to each 
other or to other TM domains. In the FSH receptor, the movement ofTM 
V and TM VI may be more tightly constrained by stronger intramolecu
lar interactions. 

A model explaining our findings is shown in Fig. 3. We propose that 
movement of TM V and TM VI relative to each other would likely alter 
the conformation of i3. As shown in Fig. 3A, interactions between TM 
V and TM VI as well as interactions between the amino and carboxyl
terminal ends of i3 maintain the LH receptor in an inactive state. These 
interactions can be overcome by agonist binding or by mutation of 
critical amino acids (Fig. 3B). In the FSH receptor the number of stabi
lizing interactions between TM V and TM VI is greater such that 
mutation of the amino acids in i3 (or TM VI) is not sufficient to alter the 
position of TM V relative to TM VI (Fig. 3C,D). Thus one might expect 
that a chimeric receptor consisting of TM V and TM VI from the LH 
receptor and the remaining sequence from the FSH receptor would be 
more susceptible to a mutation in the i3 loop of the FSH receptor 
(Fig.3E,F). 

.... Fig. 2A,B. Constitutive activation of the mutant receptor FL(VNI)FD567G 
with only TM V and TM VI from the LH receptor but the i3 and the remaining 
parts from the FSH receptor. A Mutagenesis and gene transfer experiments 
were performed to construct a chimeric receptor, FL(V NI)F, and its D567G 
mutant with only the TM V and VI from the LH receptor but the flanking i3 
and remaining parts from the FSH receptor. Basal and FSH-stimulated cAMP 
production by transfected 293 cells was determined as described in the legend 
to Fig. I. B Scatchard plot analysis of chimeric FL(V NI)F receptor and its 
D567G mutant, showing an increase in binding affinity after introduction of 
the point mutation 
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Fig. 3A-F. Models depicting differences between LH and FSH receptors in 
their susceptibility to constitutive activation. We hypothesize that differences 
in interactions between TM V and VI of gonadotropin receptors lead to their 
different susceptibility to constitutive activation by a point mutation in i3. 
Stronger interactions (three pairs of black bars) between TM V and VI of the 
FSH receptor restrain it in an inactive state, whereas weaker interactions (one 
pair of black bars) between TM V and VI of the LH receptor allow easy acti
vation of the receptor following the i3 mutation. For the chimeric receptor 
FL(VNI)F, with TM V and VI from the LH receptor but the remaining parts 
(including i3) from the FSH receptor, a point mutation in i3 disrupts the weak 
interactions between the two TM domains of LH receptor 
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9.3 Loss-of-Function Mutations in LH Receptor 
and the Use of Complementary Receptor Mutants 
to Reconstitute Ligand Signaling 

161 

Earlier studies showed that the function of truncated ~-adrenergic, vaso
pressin V 2' and muscarinic M3 receptors can be reconstituted when 
cotransfected with the missing TM folding domains (Gudermann et al. 
1997). These results indicate that the TM regions of these heptahelical 
molecules are composed of independent functional units. For receptors 
used in these studies, the TM regions are important for both ligand 
binding and signal transduction, thus rendering it difficult to separate 
the two important functions of these proteins. 

We have recently found a mutant LH receptor truncated at TM5 in a 
patient with Leydig cell hypoplasia. The defective receptor retained 
limited ligand-binding ability but was incapable of mediating cAMP 
responses (Laue et al. 1995b). Taking advantage of the unique separa
tion of ligand binding and signal transduction domains of gonadotropin 
receptors, we have studied the interactions between this binding plus 
signaling minus mutant receptor and several receptor mutants defective 
in ligand binding but retaining their C-terminal TM endodomain (Osuga 
et al. 1997a). 

An earlier study demonstrated that a mutant rat LH receptor with the 
EC ligand-binding region deleted can be expressed in transfected cells 
but requires pharmacological concentrations of hCG for signal transduc
tion (Ji and Ji 1991). Based on this finding we generated a similar 
mutant LH receptor containing exons I and 10 of the human receptor 
and named it L(TMl-7). As shown in Fig. 4, treatment with up to 
1 mg/ml of hCG did not stimulate cAMP production in cells transfected 
with the plasmid encoding L(TMl-7). However, hCG treatment of cells 
coexpressing L(TMl-7) and L(EC-TMI-5) led to dose-dependent in
creases in cAMP production to levels that were 20% of those found in 
cells expressing WT LH receptors, indicating restoration of ligand sig
naling. Stimulation of cAMP in cells expressing L(TMl-7) requires 
high doses (10 mg/ml) of hCG (Ji and Ji 1991). However, cells coex
pressing L(TMl-7) and L(EC-TMl-5) respond to 10 ng/ml hCG with 
significant increases in cAMP production (p <0.01). We further investi
gated the minimal TM region required for interactions with L(TMl-7). 
As shown in Fig. 4, hCG treatment induced dose-dependent increases of 



162 

ill 
ll(TM1-7) 

.-
'0 
E 
Co 

150 

100 

._ 50 

f3 
L(EC-TM1) 

hCG (ng I ml) 

D O 
• 30 
~ 300 

y. Osuga et al. 

, I 
L(EC-TM1-3) TM1-5) 

Fig. 4. Coexpression of LH receptors truncated at different TM domains, to
gether with a mutant LH receptor containing only the endodomain L(TMI-7), 
partially restores ligand signaling. Stimulation of cAMP production by hCG in 
cells coexpressing different truncated LH receptor mutants together with 
L(TMI-7) 

cAMP production in cells coexpressing L(TMI-7) together with L(EC
TM1) or L(EC-TMl-3). These data suggest that the presence ofTMI is 
sufficient partially to restore ligand signaling. 

Because an earlier report suggested that coexpression of the EC 
region and endodomain of the porcine LH receptor allows hCG stimula
tion of cAMP production (Remy et al. 1993), we constructed the plas
mid L(EC) encoding the EC region of the human LH receptor but 
lacking the endodomain. As shown in Fig. 4, treatment with l3/4 Ilg/ml 
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hCG did not stimulate cAMP production in cells cotransfected with 
L(EC) together with L(TMI-7), compared with a major stimulation of 
cAMP by hCG (1003/4 ng/ml) in cells coexpressing L(TMI-7) and 
L(EC-TM1). Ligand cross-linking experiments were performed to de
termine whether L(EC) can still bind hCG. As shown in Fig. 4 (left 
panel), the formation of high molecular mass complexes (873/4 kDa) 
between labeled hCG and L(EC) was found in the total cell extract from 
cells cotransfected with plasmids encoding L(EC) and L(TMI-7), and 
the complex formation was competed by nonlabeled hCG. However, 
cross-linking of labeled hCG to plasma membrane proteins in the same 
cells did not lead to complex formation, in direct contrast to the forma
tion of high molecular mass, competable complexes (1303/4 kDa) be
tween labeled hCG and WT LH receptor (Fig. 4, right panel). These data 
suggest minimal restoration of receptor function when cells are cotrans
fected with plasmids encoding L(TM 1-7) and L(EC) under the present 
experimental conditions and the importance ofTMl in ligand signaling. 

Earlier studies demonstrated that the ligand-binding EC region of the 
thrombin receptor, anchored on the cell surface through the single TM 
region of CD8, interacts efficiently with the TM segments (endodomain) 
of the thrombin receptor to restore ligand signaling (Chen et al. 1994). 
We also tested whether the anchored receptor approach used for the 
related thrombin receptor allows restoration of ligand signaling for 
anchored LH receptors. Our findings suggest that ligand signaling can 
be partially restored, but no stimulation of cAMP production by hCG is 
detected in cells coexpressing L(EC)CD8 and L(TMl-7). These data 

tindicate that the LH receptor may differ from the related thrombin 
receptor in that coexpression of its TM endodomain together with its 
anchored EC region fused to a foreign TM domain cannot restore ligand 
signaling. 

TM helices of G protein coupled receptors are believed to represent 
independent folding units and form a tightly packed channel-like struc
ture (Baldwin 1993). Our study shows that cotransfection of cells with 
LH receptor fragments or chimeric gonadotropin receptors defective in 
either ligand binding or signal transduction leads to functional comple
mentation and ligand-activated signal generation (Fig. 5). Studies using 
the EC region of the LH receptor alone, the EC region anchored through 
the heterologous single TM domain of CD8 to the cell surface or as 
soluble complexes with its ligand, further suggest that the TMI region 
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Fig. 5. Coexpression of gonadotropin receptors lacking ligand-binding or sig
nal transduction capability partially restores ligand signaling: diagrammatic 
summary of interactions between different mutant receptors. Binding of la
beled hCG and hCG-induced cAMP production in cells transfected with vari
ous mutant receptors is indicated. Dashed lines, FSH receptor sequences. 
L(EC-TMI-5) shows low binding to hCG, whereas L(EC)CDS shows moder
ate binding. In cells cotransfected with the endodomain L(TMI-7) together 
with L(EC-TMl), L(EC-TMI-3), or L(EC-TMI-5), ligand signaling to hCG 
was partially restored. Likewise, ligand signaling was found in cells coexpress
ing FLR and L(EC-TMI), L(EC-TMI-3), or L(EC-TMI-5). Although high 
hCG binding was found for the soluble EC region of the LH receptor (LBP), 
incubation of the hCG-LBP complexes did not activate the endodomain of the 
receptor. Likewise, expression of the cell-associated EC region of the LH re
ceptor [L(EC)] together with the endodomain L(TMI-7) did not allow ligand 
signaling. Furthermore, no cAMP stimulation by hCG was found in cells coex
pressing anchored EC region [L(EC)CD8] and the endodomain [L(TMl-7)] of 
the receptor. The requirement of TM I for interactions between defective recep
tors suggests the importance of TMI and/or the ECITMI junction in ligand 
signaling 
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of the LH receptor is important for receptor function. The large EC 
region of the LH receptor, when connected to one or several of the TM 
domains, can be reconstituted into functional proteins after coexpres
sion with its own endodomain. The observed interactions between re
ceptor fragments took place with TM I connected to the EC region in 
cells coexpressing L(EC-TM1) together with L(TMI-7) or with FLR. 
This interaction is receptor-specific, because coexpression of L(EC
TMI-5), together with the WT FSH receptor, was ineffective in restor
ing ligand signaling. It is likely that the interaction between the endodo
main and the ligand-bound EC region is too weak to allow receptor 
activation without a covalent linkage between the EC and TM I. The 
present finding that L(EC-TMI) complements L(TMI-7) in functional 
restoration suggests that conformational changes in the ECfTM junction 
induced by ligand binding are essential for ligand signaling. Alterna
tively, these two mutant receptors may interact such that TMI ofL(EC
TM 1) displaces TM 1 of L(TM 1-7) and folds into a functional complex 
in which the EC region of L(EC-TM1) is in direct contact with the TM 
domains ofL(TMI-7). 

Leydig cell hypoplasia is a fonn of male pseudohennaphroditism, in 
which affected 463/4XY males show a female phenotype associated 
with low androgen production by Leydig cells (Laue et al. 1995b). The 
present findings that cotransfection of L(EC-TMI-5) and L(TMI-7) 
partially restores ligand signaling suggest that overexpression of 
L(TM 1-7) in testis cells could form the basis of gene therapies to rescue 
genetic defects found in these patients. A similar approach has allowed 
the restoration of the function of defective vasopressin V 2 receptors 
found in patients with nephrogenic diabetes insipidus (Schoneberg et al. 
1996). The present finding extends the coexpression strategy in the 
treatment of diseases caused by inactivating mutations in the seven-TM 
receptor family. 
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9.4 The Derivation of Soluble Ectodomain of Gonadotropin 
and TSH Receptors as Functional Antagonists 

Many receptors for hormones of the hematopoietin family have soluble 
isoforms derived either from alternative mRNA splicing (receptors for 
granulocyte colony stimulating factor, interleukin-4, leukemia inhibit
ing factor, etc.) or from proteolytic cleavage of the EC region of the 
receptor (receptors for interleukin-1, tumor necrosis factor, etc.; Heaney 
and Golde 1993). Furthermore, the isolation of circulating growth hor
mone (GH) binding proteins indicated that they are truncated forms of 
tissue receptors with deletion of the TM region (Leung et al. 1987). 
Some of these truncated receptors may act as functional antagonists. 
Although the large EC regions of gonadotropin receptors confer ligand 
binding, truncated gonadotropin receptors are trapped intracellularly 
(Tsai-Morris et al. 1990; Xie et al. 1990). 

Using an anchored fusion receptor approach followed by proteolytic 
cleavage, we have generated ligand-binding regions of gonadotropin 
and TSH receptors as soluble binding proteins to neutralize the action of 
specific glycoprotein hormones (Osuga et al. 1997b). We fused the EC 
domains of human FSH and LH receptors to the single TM domain of 
CD8 through a thrombin cleavage site and termed them FtCD8 and 
LtCD8, respectively. Human 293 cells transfected with FtCD8 or 
LtCD8 showed a high-affinity cell surface binding to their specific 
ligand, with expression levels comparable to those of the WT receptors. 
For anchored FtCD8, the binding affinity to radiolabeled FSH was three 
times that of the WT receptor whereas anchored LtCD8 showed a 
binding affinity comparable to that of the WT receptor (Kd values: 
FtCD8: 0.31 nM; WT FSH receptor: 1.03 nM; LtCD8: 0.61 nM; WT LH 
receptor: 0.28 nM). 

To solubilize ligand-binding EC regions of these anchored receptors, 
the cells expressing FtCD8 or LtCD8 were treated with thrombin. The 
soluble receptor fragments were termed FSH-binding protein (FBP) and 
LHlhCG-binding protein (LBP), respectively. The addition of FBP pre
vented binding of labeled FSH to the WT receptors in a dose-dependent 
manner, reaching a level comparable to nonspecific binding (Fig. 6A). 
In contrast, inclusion of LBP was ineffective. Furthermore, inclusion of 
the same preparations of receptor fragments in the hCG-binding assay 
using WT LH receptors led to a dose-dependent inhibition of binding by 
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Fig. 6A-D. Competition for receptor binding and neutralization of gonadot
ropin actions in vitro by solubilized EC regions of FSH and LH receptors. A 
Competition of labeled FSH binding to FSH receptors by solubilized EC re
gions of FSH receptor (FBP) but not LH receptor (LBP). Cells expressing hu
man FSH receptors were incubated with labeled FSH with or without increas
ing amounts of FBP or LBP. B Competition of labeled hCG binding to LH 
receptors by LBP but not FBP. Cells expressing LH receptors were incubated 
with labeled hCG with or without LBP or FBP. C Antagonism of FSH stimula
tion of cAMP production by FBP but not LBP. Cells expressing FSH receptors 
were incubated with increasing amounts of FSH in the presence or absence of 
FBP or LBP (107 cells equivalent/well) for 3 h at 37°C before cAMP determi
nation by radioimmunoassay. Concentration of binding proteins was deter
mined based on their ability to inhibit the binding of respective labeled ligands 
to WT receptors. D Antagonism of hCG stimulation of cAMP production by 
LBP but not FBP. Cells expressing human LH receptors were incubated with 
hCG with or without LBP or FBP 
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Fig. 7. Induction of testis cell apoptosis following FBP administration in vivo. 
For expression of FtCD8 in insect cells, recombinant baculovirus was prepared 
using the Bac-to-Bac baculovirus expression system, and SF9 cells were in
fected with the recombinant viruses. After a 72-h culture at 27°C in media con
taining 5% serum and thrombin cells were centrifuged and conditioned media 
concentrated before filtration with 0.2-J..lm filters. Immature male rats (21 days 
of age) were injected (subcutaneously every 6 h) with conditioned media of 
SF9 cells (108 cells equivalent/injection) containing solubilized FBP. Two days 
later testis weight was determined and testis cell apoptosis quantitated using a 
3' end labeling method. Some animals were treated with a potent GnRH an
tagonist (ANT; 50 J..lg/rat) to suppress pituitary release of LH and FSH whereas 
others were treated with conditioned media of SF9 cells infected with WT 
baculovirus. Pattern of apoptotic DNA fragmentation (two samples/group) 

LBP but not by FBP (Fig. 6B). Thus, FBP and LBP specifically pre
vented the binding of their respective ligands. We further evaluated the 
ability of binding proteins to interfere with signal transduction induced 
by gonadotropins. We incubated 293 cells expressing WT FSH or LH 
receptors with increasing concentrations ofFSH or hCG for 3 h at 37°C 
to stimulate cAMP production. As shown in Fig. 6C, the addition of 
FBP completely blocked cAMP production induced by FSH in FSH 
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receptor expressing cells whereas LBP was ineffective. Conversely, the 
addition ofLBP inhibited cAMP stimulation by hCG in LH receptor-ex
pressing cells whereas FBP was ineffective (Fig. 6D). Thus these bind
ing proteins are capable of selective blockage of gonadotropin-induced 
signal transduction in vitro. 

To test whether FBP can be used as a functional antagonist in vivo, 
we scaled up the production of FBP using a baculovirus expression 
system. Experimental data indicate that FBP produced by FtCD8-ex
pressing insect cells retains its ability to inhibit the binding of labeled 
FSH to WT FSH receptors in vitro. We administered conditioned media 
from insect cells containing FBP into immature male rats. Treatment 
with FBP every 6 h for 2 days attenuated testis growth by 33% (un
treated: 192±28 mg; FBP-treated: 128±30 mg; n=l4). Analysis of testis 
DNA fragmentation using a 3' end-labeling method followed by gel 
electrophoresis further indicated major increases in testis cell apoptosis 
in the FBP-treated group, as evidenced by the appearance of internu
c1eosomal DNA fragmentation (Fig. 7). In rats treated with a gonadot
ropin-releasing hormone (GnRH) antagonist to suppress both LH and 
FSH secretion we found comparable decreases in testis weight 
(l40±18 mg) and increases in apoptotic DNA fragmentation. In con
trast, no retardation of testis growth (20l±26 mg) or alteration of testis 
cell apoptosis was seen in rats treated with conditioned media of insect 
cells infected with the WT baculovirus. In situ apoptosis analysis further 
indicated that DNA fragmentation was restricted to primary spermato
cytes in rats treated with FBP or the GnRH antagonist and was not found 
in untreated rats. These results suggest that FBP is capable of neutraliz
ing the action of endogenous FSH, which is essential for testis germ cell 
survival (Billig et al. 1995; Tapanainen et al. 1993). 

This study demonstrated that an anchored fusion receptor approach 
can be used to generate soluble ligand-binding regions of glycoprotein 
hormone receptors of the seven-TM protein family. The soluble receptor 
fragments are capable of binding specific ligands and blocking signal 
transduction induced by FSH and LHlhCG, thus serving as potent 
functional antagonists. These receptor antagonists are unlikely to show 
agonistic activity, in direct contrast to hormone antagonists that interact 
with target organ receptors and usually exhibit agonistic activity at high 
concentrations. Furthermore, receptor antagonists do not have to be 
delivered to the target tissues and, due to their similarity to WT recep-



170 

Fig. SA-C 

y. Osuga et al. 

A 
~ 400 ,.-- -----,,...---------------, 

E 

~ 300 
a. 

c: 
~ 200 
::J 
"0 o 
Ci 100 
Il. 
::2; 

"5 
o Basal TSH 

(50 nglml) 0.1 

B 

+mTBP 

+TBP 

1 10 30 
( /1g I ml ) 

= 600 ~----------------------~ 
E ., 
(5 

§. 400 
c 
o 
n 
-6 200 e 
a. 

Q.. 

~ 

'5 o r1 
Basal Graves' 

c 

E 800 
(5 

§. 600 

c 
o 400 
U 
::J 

"'0 e 200 
a. 

0... 
:2: 0 

IgG 
(O.5mglml) 

0(-) 

o TBP 
• mTBP 

0.1 1 10 
(fl9 I ml) 

1326 

11 

« Basal VM RE BE cs eM OJ AA MA W 
u I 

Graves' IgGs 



Human Gonadotropin Receptors 171 

tors, probably have low antigenicity. If the delivery system is optimized, 
the present gonadotropin-binding proteins could serve as reversible and 
reliable contraceptives in both sexes. 

We have also constructed TtCD8 and mTtCD8, a mutant of TtCD8 in 
which nine amino acids (368-376: YTICGDSED; Libert et al. 1989) of 
the TSH receptor were deleted. The soluble TSH receptor ectodomain 
(TBP) and its deletion mutant (mTBP) were derived after thrombin 
cleavage of anchored hybrid receptors (Osuga et al. 1998). Because Flag 
epitope for monoclonal antibody Ml followed by six histidine residues 
was fused to the N-tenninus of these constructs, two-step affinity chro
matography allowed derivation of large quantities of purified TSH-bind
ing proteins and the related mutant for the first time. To study the ability 
of TBP and mTBP to block signal transduction induced by-TSH or 
Graves' IgGs, 293 cells expressing WT TSH receptors were incubated 
with 50 ng/ml TSH or 0.5 mg/ml Graves' IgG with or without increas
ing concentrations of purified TBP or mTBP. As shown in Fig. 8A, 
treatment with TBP dose-dependently prevented cAMP production in
duced by TSH with an EDso of 150 ng/ml. At 1 /-Lg/ml TBP the stimula
tory effect of TSH was completely blocked. In contrast, treatment with 
up to 20 /-Lg/ml mTBP did not interfere with TSH action. 

Consistent with previous findings using mutant TSH receptors (Kohn 
et al. 1995; Kosugi and Mori 1995), this study indicated that amino acid 
residues 368-376 in TBP are important for TSH binding. Graves' dis
ease is a form of hyperthyroidism caused by autoimmune antibodies 
capable of binding to the ectodomain of TSH receptors and mimicking 
TSH action in the stimulation of thyroid gland growth and thyroid 

-------------------------

<II1II Fig. SA-C. Differential ability of TBP and mTBP to block signal transduction 
induced by TSH and Graves' IgGs. A Cotreatment with TBP but not mTBP in
hibited cAMP production induced by TSH. Cells expressing the WT TSH re
ceptor were treated with TSH with or without premixing with TBP or mTBP. 
After 3 h at 37°C total cAMP production was determined by radioimmunoas
say. B Cotreatment with either TBP or mTBP dose-dependently suppressed 
cAMP production induced by Graves' IgG. Cells expressing the WT TSH re
ceptor were treated with IgGs with or without premixing with TBP or mTBP. 
C TBP and mTBP blocked cAMP production induced by IgGs from nine dif
ferent patients with Graves' disease. Cells expressing the WT TSH receptors 
were treated with Graves' IgGs from individual patients with or without pre
mixing with TBP or mTBP (1 flg/ml) 
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hormone synthesis. The ability of TBP and mTBP to interfere with the 
action of Graves' IgGs was also tested in a bioassay. As shown in 
Fig. 8B, treatment with increasing doses of either TBP or mTBP inhib
ited, with similar potency, cAMP production induced by Graves' JgG. 
At 1 mg/ml of either TBP or mTBP complete suppression of IgG action 
was observed. Because IgGs from Graves' patients might show individ
ual variability in their interaction with mTBP, IgGs obtained from nine 
additional patients were tested. As shown in Fig. 8C, treatment with 
either TBP or mTBP blocked cAMP production induced by all of the 
patient IgGs tested. 

The present soluble ectodomain approach could be useful for further 
elucidation of TSH-binding epitopes. In addition, the soluble mTBP 
may also be of therapeutic value because it lost TSH-binding ability but 
still blocked signal transduction induced by Graves' IgGs. Because 
mTBP could, in theory, rapidly block the stimulatory effects of Graves' 
IgGs without disturbing the normal response to TSH, it might provide 
rapid alleviation of Graves' symptoms and maintain euthyroidism. Fol
lowing optimization of its delivery, mTBP could provide an alternative 
approach to surgery in pregnant patients allergic to antithyroid medica
tions. 

Our findings demonstrate the feasibility of generating ligand-binding 
regions of glycoprotein hormone receptors to selectively neutralize ac
tions of gonadotropins and TSH, thus allowing future design of novel 
contraceptives and management of various gonadal and thyroid dys
functions. The present study represents the first successful derivation of 
soluble, ligand-binding domains from glycoprotein hormone receptors 
as functional antagonists. Similar approaches could allow generation of 
EC regions of related receptors to neutralize actions of ligands or recep
tor antibodies and to facilitate structural-functional analysis. 

9.5 Conclusion 

Based on gain-of-function mutations of the LH receptor found in preco
cious puberty patients and a chimeric receptor approach, this study 
demonstrated the importance of interactions between TM5 and TM6 of 
the LH receptor in its activation. It is likely that ligand binding also 
causes similar conformational changes in these receptor domains for its 
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activation. Based on a loss-of-function mutation found in a patient with 
pseudohermaphroditism and the coexpression of partially defective re
ceptor mutants, we demonstrated the importance of the EC-TMI junc
tion in receptor complementation for functional restoration of ligand 
signaling. It is likely that the EC region of the LH receptor, after ligand 
binding, effects a conformational change in the TM region through the 
ECITMI junction to allow ligand signaling. These studies demonstrated 
the powerfulness of the human genetic approach in identifying unique 
receptor functional domains and for elucidating the molecular mecha
nisms of receptor activation. In addition to these pathophysiological and 
molecular biology studies, the EC region of gonadotropin and TSH 
receptors was isolated using a chimeric receptor approach and following 
insertion of a specific junctional protease cleavage site. The derivation 
of these pharmacological reagents will allow the future development of 
drugs with the ability to specifically block the actions of individual 
glycoprotein hormone and autoimmune antibodies to glycoprotein hor
mone receptors. 
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10.1 Introduction 

Steroid hormones share a common characteristic in that, regardless of 
the tissue of origin or the final steroid synthesized, they all arise from a 
common precursor substrate, cholesterol. Thus the biosynthesis of all 
steroids begins with the cleavage of cholesterol to form the first steroid 
synthesized, pregnenolone. This reaction is catalyzed by the cytochrome 
P450 side chain cleavage enzyme (P450scc), which is located on the 
matrix side of the inner mitochondrial membrane (Simpson and Boyd 
1966, 1967; Farkash et al. 1986). Once formed, pregnenolone can be 
converted within the mitochondria to progesterone by a mitochondrial 
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fonn of 3~-hydroxysteroid dehydrogenase (3~-HSD; Cherradi et al. 
1997). Exiting the mitochondria, progesterone undergoes further meta
bolism by microsomal steroid dehydrogenases and cytochrome P450 
steroid hydroxy lases to form tissue specific steroids. 

For many years the action of the P450scc enzyme in converting 
cholesterol to pregnenolone was considered as the rate-limiting step in 
steroidogenesis. However, while the action of the P450scc may be the 
rate-limiting enzymatic step in steroidogenesis (Stone and Hechter 
1954; Karaboyas and Koritz 1965), many observations indicated that the 
true rate-limiting step is delivery of cholesterol to the inner mitochon
drial membrane and the P450scc (Karaboyas and Koritz 1965; Brownie 
et al. 1972, 1973; Simpson et al. 1979; Mori and Marsh 1982). The 
major barrier in the translocation of cholesterol to the P450scc is the 
aqueous space between the outer and inner mitochondrial membranes 
through which hydrophobic cholesterol must pass, and it is this transfer 
which is now readily accepted as the rate-limiting step in hormone-regu
lated steroidogenesis. 

10.2 Acute Regulation of Steroidogenesis 

Acute steroidogenic responses to trophic honnone share many charac
teristics. They are usually dose dependent, have similar temporal rela
tionships, and are sensitive to protein synthesis inhibitors. For these and 
other reasons it is highly likely that the mechanism(s) involved in this 
acute regulation is similar in all steroidogenic ally active cell types. 
While the focus of this Workshop is the testis, the adrenal was the first 
model system used to study steroid hormone biosynthesis (Hechter et al. 
1951; Haynes et al. 1952; Stone and Hechter 1954). In addition to the 
adrenal, many studies on steroidogenesis were performed in the testis 
and ovary; therefore the work described in this chapter includes all three 
organs. One of the first and most fundamental observations concerning 
steroidogenesis was that acute steroid production in response to hor
mone stimulation has an absolute requirement for de novo protein 
synthesis (Ferguson 1962, 1963). Also, Garren and coworkers clearly 
demonstrated that ACTH stimulated steroidogenesis is highly depend
ent upon the synthesis of new proteins (Garren et al. 1965, 1966; Davis 
and Garren 1968; Garren 1968). Importantly, they also observed that 
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while steroid synthesis is dependent upon de novo protein synthesis, the 
conversion of cholesterol esters to free cholesterol is not (Davis and 
Garren 1966), indicating that the hormonally controlled step is distal to 
cholesterol ester hydrolysis but proximal to its side chain cleavage. 

Many similar studies have confirmed the need for de novo protein 
synthesis in the hormone-regulated, acute production of steroids 
(Karaboyas and Koritz 1965; Farese 1967; Cooke et al. 1975; Paul et al. 
1976; Farese and Prudente 1977; Janszen et al. 1976; Janszen et al. 
1977; Crivello and Jefcoate 1978; Toaff et al. 1979; Kreuger and Orme
Johnson 1983; Privalle et al. 1983; Solano et al. 1984; Pon and Orme
Johnson 1988; Epstein and Orme-Johnson 1991a; Stocco and Sodeman 
1991; Stocco and Chen 1991; Stevens et al. 1993). Importantly, Simp
son and Boyd (1966) determined that the cycloheximide sensitive step is 
located in the mitochondria, but, just as importantly, Arthur and Boyd 
(1976) showed that protein synthesis inhibitors have no effect on the 
activity of the P450scc itself. Later studies demonstrated that inhibition 
of protein synthesis has no effect on the delivery of cellular cholesterol 
to the outer mitochondrial membrane, but that its delivery to the inner 
mitochondrial membrane is completely inhibited (Privalle et al. 1983; 
Ohno et al. 1983). Thus the precise site of the cycloheximide-inhibited 
regulation had been pinpointed to the transfer of cholesterol to the 
P450scc enzyme. The major characteristics of this process indicated that 
acute production of steroids depends upon a hormone-stimulated, rap
idly synthesized, cycloheximide-sensitive, and highly labile protein 
which mediates the transfer of cholesterol from the outer to the inner 
mitochondrial membrane and the P450scc enzyme. 

10.3 The Steroidogenic Acute Regulatory Protein 

This review summarizes the results of studies performed on a protein 
initially described by Orme-Johnson and colleagues and proposed as the 
acute regulator of steroid biosynthesis (Krueger and Orme-Johnson 
1983; Pon and Orme-Johnson 1986, 1988; Pon et al. 1986a,b; Alberta et 
al. 1989; Epstein and Orme-Johnson 1991a,b). These careful studies 
indicated a close relationship between the appearance of cycloheximide
sensitive 30-kDa proteins and steroid hormone biosynthesis in several 
different steroidogenic tissues. Probably identical proteins have been 
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characterized in hormone-stimulated MA -10 mouse Leydig tumor cells 
(Stocco and Kilgore 1988; Stocco and Chaudhary 1990; Stocco and 
Sodeman 1991; Stocco and Chen 1991; Stocco 1992; Stocco and Ascoli 
1993; Stocco et al. 1995). These proteins have been localized in mito
chondria and consist of several forms of a newly synthesized 30-kDa 
protein. In addition, 37-kDa precursor forms have also been detected, a 
common observation with mitochondrial proteins (Epstein and Orme
Johnson 1991b; Stocco and Sodeman 1991). 

Since these initial observations many studies have demonstrated cor
relations between the synthesis of steroids and the 30-kDa proteins. An 
important, but incomplete, list of these correlations include: (a) Hor
mone-induced synthesis of the 30-kDa proteins parallel steroid produc
tion in both a time- and dose-responsive manner (Krueger and Orme
Johnson 1983; Stocco and Sodeman 1991). (b) Their synthesis is 
sensitive to cylocheximide (Krueger and Orme-Johnson 1983; Stocco 
and Sodeman 1991). (c) They are found associated with the mitochon
dria, the site of the acutely regulated step (Stocco and Kilgore 1988; 
Alberta et al. 1989; Stocco and Chaudhary 1990; Stocco and Sodeman 
1991; Stocco and Chen 1991; Epstein and Orme-Johnson 1991a; Ep
stein and Orme-Johnson 1991b; Stocco 1992; Stocco and Ascoli 1993; 
Stocco et al. 1995). (d) The 30-kDa proteins are maximally expressed in 
the constitutive steroid-producing rat R2C Leydig tumor cell line in 
which steroidogenesis is also constitutive (Stocco and Chen 1991). 
However, a direct cause and effect relationship between 30-kDa protein 
expression and steroidogenesis is lacking, and it was necessary to clone 
the 30-kDa protein to confirm unequivocally its function in steroido
genesis. 

The 30-kDa protein was purified from hormone stimulated MA-lO 
mouse Leydig tumor cell mitochondria. Microsequence analysis from 
three tryptic peptides allowed the design of degenerate oligonucleotides 
which were used to obtain a polymerase chain reaction generated 400-
bp product from an MA-l 0 cell cDNA library. This was used to probe 
the same cDNA library, and a full length cDNA clone containing an 
open reading frame of 852 nucleotides encoding a protein of 284 amino 
acids was obtained (Clark et al. 1994). Comparison of the nucleic acid 
and protein sequences in the data base indicated the 30-kDa protein 
represented a novel protein. The full-length cDNA was shown to encode 
the 37-kDa precursor protein which could be imported and correctly 
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processed and modified by isolated mitochondria to the mature 30-kDa 
proteins (Clark et al. 1994). Most importantly, expression of the cDNA
derived protein in MA-IO cells resulted in a significant increase in 
steroid production. Similarly, transfection of COS-l cells with P450scc, 
adrenodoxin, and adrenodoxin reductase (Harikrishna et al. 1993) and 
the cDNA for the 37-kDa protein resulted in a several-fold increase in 
the conversion of cholesterol to pregnenolone (Sugawara et al. 1995a; 
Lin et al. 1995; Stocco and Clark 1996). These results extended the 
previous correlative studies and indicated a direct role for the 30-kDa 
proteins in hormone-regulated steroid production, and as a result the 
protein was named the steroidogenic acute regulatory (StAR) protein 
(Clark et al. 1994). 

Many subsequent studies have demonstrated close correlations be
tween the presence of StAR and steroid hormone biosynthesis. The 
organophosphate diethylumbelliferyl phosphate, a cholesterol ester hy
drolase (CEH) inhibitor, which inhibits steroidogenesis by blocking the 
transfer of cholesterol into the mitochondria, inhibited the synthesis of 
the StAR protein (Choi et al. 1995). Mice injected with lipopolysaccha
ride display a 90% reduction in serum testosterone levels within 2 h, and 
this decrease was found to parallel a decrease in StAR protein found in 
the Leydig cells of these animals (Bosmann et al. 1996). Ramnath et al. 
(1997) showed that the level of steroid production and StAR synthesis 
are tightly correlated in MA-IO cells stimulated with cAMP analog in 
the presence of low levels of chloride ion, suggesting that the increased 
steroid production observed is due to an increase in StAR. In primary 
cultures of both mouse Leydig cells and MA-lO cells, Huang et al. 
(1995) showed that corticotropic-releasing hormone (CRH) results in a 
dose- and time-dependent increase in both intracellular cAMP and ster
oid hormone production. This increase in steroid production in response 
to CRH exactly paralleled an increase in the levels of StAR protein 
(Huang et al. 1997). Insulin-like growth factor-l (IGF-l) acts with 
trophic hormone to enhance steroidogenesis in cultured Leydig cells. 
IGF-I treatment of hCG-stimulated rat Leydig cells results in a signifi
cant increase in steroid production over hCG alone and a concomitant 
increase in synthesis of both StAR mRNA and StAR protein (Lin et al. 
1998). 

In rabbit corpora lutea (CL) both progesterone and StAR protein 
were found to be stimulated by estrogen, the luteotropic agent in the 
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rabbit CL, indicating for the first time that the gene for StAR can be 
regulated by a steroid hormone (Townson et al. 1996). Furthermore, 
changes in StAR mRNA have been linked to physiological changes in 
steroid secretion in the sheep and cow (Juengel et al. 1995; Hartung et 
al. 1995; Pescador et al. 1996). In sheep hypophysectomy results in 
decreased serum progesterone levels as well as CL StAR mRNA levels, 
both of which can be restored to control levels by treatment with the 
luteotropic hormones LH or OH (Juengel et al. 1995). Conversely, 
prostaglandin F2a (POF2a) and phorbol myristate acetate (PMA), which 
cause luteal regression, decrease ovine CL StAR transcripts. In the cow 
Hartung et al. (1995) demonstrated that StAR mRNA increase in the CL 
during the estrous cycle and concluded that both the cell- and tissue-spe
cific characteristics of the expression of StAR are consistent with a role 
in steroidogenesis. 

In bovine CL it was demonstrated that the synthesis of StAR mRNA 
and protein are tightly coupled, and that the appearance of StAR is 
consistent with a role in progesterone production (Pescador et al. 1996), 
being low during luteal development, elevated in active CL, and absent 
in regressed CL and in CL treated for 24 h with prostaglandin F2a. The 
latter investigators later demonstrated that both StAR and P450scc ex
pression can be regulated in luteinized porcine granulosa cells by folli
cle-stimulating hormone (FSH) and cAMP analog, and that this expres
sion is dependent on ongoing protein synthesis (Pescador et al. 1997). 
Soumano and Price (1997) demonstrated that StAR expression in
creased in bovine follicular thecal cells after treatment with eCO but not 
with FSH, establishing that StAR expression is tightly coupled to pro
gesterone production. Pilon and colleagues (1997) demonstrated that in 
the pig and the cow StAR expression occurs in both adult and fetal 
tissues. They found that StAR is present in adult testes and ovaries in 
both species and in fetal testes but not in fetal ovaries, an observation 
consistent with the steroidogenic capacity of those tissues. They also 
demonstrated StAR transcripts in both the pig and cow placenta, con
firming previous observations made in the cow (Pescador et al. 1996). 

Using the rat ovary, Sandhoff and McLean (1996a) demonstrated that 
serum progesterone levels and StAR expression rise in parallel in re
sponse to trophic hormone stimulation whereas P450scc enzyme levels 
are unchanged. These investigators also demonstrated that treatment of 
rats with POF2a results in pronounced inhibition of both progesterone 



Steroidogenic Acute Regulatory Protein and Steroidogenesis 185 

production and StAR expression (Sandhoff and McLean 1996b). In 
porcine granulosa cells, Balasubramanian et al. (1997) found progester
one synthesis, StAR mRNA, and StAR protein increased in response to 
a combination of FSH and IGF-I but not to either agent alone. Sub
sequently, LaVoie et al. (1997) demonstrated a correlation between 
progesterone synthesis and the expression of StAR (r=+0.71) and 
P450sc (r=+0.37) mRNAs during the pig follicular and luteal phases, 
the steroidogenic life of the follicle and CL. Similarly, Thompson et al. 
(1997) observed StAR expression in rat ovarian granulosa cells only 
following stimulation with FSH, a treatment which induces progester
one production. Selvaraj et al. (1996) showed that both progesterone 
synthesis and StAR expression can be stimulated simultaneously by 
gonadotropins in SV40 immortalized rat granulosa cells transfected 
with either LH or FSH receptor genes as well as by isoproterenol in cells 
transfected with the ~2-adrenergic receptor gene. 

Liu et al. (1996) showed that StAR mRNA is expressed abundantly 
in normal human adrenals and in adrenocortical neoplasms, and further, 
that the expression of StAR can be stimulated by ACTH and cAMP 
analog. In addition, Nishikawa et al. (1996) showed a close correlation 
between ACTH stimulation and StAR protein expression in bovine 
adrenal fasciculata cells and also suggested that StAR expression is 
regulated by both protein kinase (PK) A and C signaling pathways. 
Kiriakidou et al. (1996) demonstrated that StAR messenger RNA is 
expressed in luteinized granulosa cells in response to the LH surge and 
that its expression is antagonized by activators of PKC. In a similar 
study the treatment of immature rats with PMSG resulted in a dramatic 
increase in StAR expression in both the ovarian theca intema cells and 
the CL of these animals, further confirming that StAR expression is 
confined to the steroidogenic cells in this organ (Mizutani et al. 1997). 

Behrman's group demonstrated that rat luteal cells respond to tem
perature-induced heat shock with an induction of heat shock protein 70 
and a concomitant cessation of hormone-stimulated progesterone syn
thesis (Khanna et al. 1994, 1995). They were able to place this inhibition 
at cholesterol transfer to the P450scc enzyme. Using the same heat 
shock model, Liu and Stocco (1997) showed in hormone-stimulated, 
heat-shocked MA-lO cells that heat shock protein -70 is increased, 
progesterone synthesis completely inhibited, and the synthesis of StAR 
completely blocked. An extensive study was recently undertaken by 
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Ronen-Fuhrmann et al. (1998) in which both StAR mRNA and protein 
levels were measured throughout the follicular phase in the rat. They 
observed that in response to pregnant mare's serum gonadotropin 
(PMSO) the first phase of StAR expression occurred mostly in the 
secondary interstitial and somewhat less in the theca interna cells and 
lasted for approximately 24 h. In the second phase, i.e., the LH surge as 
stimulated by hCO, StAR expression was observed in the entire theca 
interna and interstitial cells as well as in those granulosa cells that were 
confined to the periovulatory follicles. These results demonstrated that 
the first phase of StAR expression occurs in nonfollicular androgen-pro
ducing cells while the second phase occurs in the granulosa and theca 
interna cells of the dominant follicles, suggesting a functional collabora
tion between the different ovarian cell types. 

10.4 StAR Expression 

Many studies have attempted to determine the role of StAR in regulated 
steroid production, and for the most part they have demonstrated a close 
temporal and tissue-specific relationship between steroid biosynthesis 
and StAR mRNA and protein synthesis. One study demonstrated that 
StAR mRNA and protein are induced in close coordination via cAMP 
and display a time frame that parallels that of the acute production of 
steroid hormones in MA-lO cells (Clark et al. 1995a). The mechanism 
of hormone action on StAR expression was speculated to be due to a 
cAMP-induced change in StAR transcription and/or mRNA stability 
(Sugawara et al. 1995a; Clark et al. 1995a). Clark et al. (1997) have 
determined that while ongoing translation of the StAR protein does not 
require new transcription, the continued translation of StAR and steroid 
hormone production clearly depend on continued transcription of the 
StAR gene. This study also suggested that the actinomycin D induced 
stability of the StAR mRNA plays very little role in the observed level 
of acutely synthesized steroids in MA-lO cells. 

Tissue-specific expression of StAR protein and mRNA in the adre
nal, testis, and ovary of the mouse and human, respectively, provided a 
further indication of the specific role of StAR in steroidogenesis (Clark 
et al. 1995a; Sugawara et al. 1995a). The spatial and temporal relation
ship between the presence of StAR transcripts and the capacity to 
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produce steroid honnones was also confirmed during mouse embryonic 
development (Clark et al. 1995a). In situ hybridization studies in embry
onic mice clearly demonstrated that StAR is expressed only in the 
steroid-producing cells of the developing adrenal and testis. Conversely, 
StAR mRNA was absent in the developing ovary, an organ which is not 
steroidogenic during development, further indicating the spatial con
finement of StAR to steroid-producing tissue. In the adult, StAR tran
scripts were found in the adrenal, testis, and ovary and were specifically 
localized to their steroidogenic cells (Clark et al. 1995a). 

StAR mRNA has been studied in a number of species and reveals 
three specific transcripts of 3.4, 2.7, and 1.6 kb in the mouse (Clark et al. 
1995a), three transcripts of 7.4, 4.4, and 1.6 kb in the human (Sugawara 
et al. 1995a), two transcripts of3.0 and 1.8 kb in the cow (Hartung et al. 
1995; Pescador et al. 1996), one transcript of 2.8 kb in the sheep 
(Juengel et al. 1995), three transcripts of 3.4, 1.7, and 1.2 kb in the rat 
(Sandhoff and McLean 1996a; Lee et al. 1997; Kim et al. 1997), and 
three transcripts of 2.7, 1.6, and 0.8 kb in the pig (Pescador et al. 1997). 
At this time, while the functional significance of the different sizes of 
the transcripts is not yet known, Kim et al. (1997) have provided some 
initial discussion on this subject. It was also determined that while 
steroidogenic cells appear to have a specific level of StAR-independent 
steroidogenesis equal to approximately 10%-20% of the total, mainte
nance of optimal steroid synthesis requires not only ongoing translation 
of the StAR mRNA but active transcription of the StAR gene as well 
(Clark et al. 1997). 

10.5 Description of the StAR Gene 

Full-length cDNA clones for StAR have been isolated for the mouse 
(Clark et al. 1994), human (Sugawara et al. 1995a), bovine (Hartung et 
al. 1995), hamster (Fleury et al. 1996), rat (Lee et al. 1997; Mizutani et 
al. 1997), and pig (Pilon et al. 1997), and these have at least 84% 
homology. In addition to studies characterizing StAR cDNA, the struc
tural gene for StAR has been isolated and characterized for both mouse 
and human (Clark et al. 1995a; Caron et al. 1997a; Sugawara et al. 
1995a,b). The genes span 6.5 kb in the mouse and 8 kb in the human, 
with the intronic sequences contributing to the increased length ob-
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served in the human. Both genes are organized into seven exons and six 
introns with exons 3-6 being of identical size. In the human, a StAR 
pseudogene has also been identified (Sugawara et al. 1995a), and se
quence analysis of the pseudogene indicated that it lacks introns and has 
several nucleotide insertions, deletions, and substitutions. The human 
StAR structural gene has been mapped to chromosome 8p.l1.2 and the 
StAR pseudogene to chromosome 13 (Sugawara et al. 1995a). 

10.6 Regulation of StAR Expression 

To determine the manner in which the StAR gene is regulated approxi
mately 1 and 1.3 kb of the 5' flanking regions of the mouse and human 
gene, respectively, have been isolated and sequenced (Clark et al. 1995a; 
Sugawara et al. 1995a; Sugawara et al. 1997a,b). While StAR expres
sion is regulated through the cAMP second messenger system, the 
murine and human StAR promoters lack a canonical TATA box and also 
lack any sequence similar to a consensus cAMP-responsive element. 
Sugawara et al. (l995b) demonstrated that a 1.3-kb sequence of the 
human promoter confers both basal and cAMP-dependent transcrip
tional activation of a reporter gene in Yl mouse adrenal cells. Inspection 
of the human StAR promoter sequence demonstrated that it contains 
multiple steroidogenic factor 1 (SF-I) binding sites located at positions 
-926 to -918, -105 to -95, and -42 to -35 relative to the start site of 
transcription (Suguwara et al. 1997a,b). Results obtained by these inves
tigators indicated that SF-l plays a key role in regulation of both basal 
and hormone-stimulated levels of StAR expression, and that interaction 
at multiple SF-I sites is required for maximal StAR promotor activity 
and its regulation by cAMP. 

Sequence motifs that match the known requirements for binding 
SF-l have also been found at positions -135 and -42 relative to the 
transcriptional start site in the mouse StAR gene (Clark et al. 1995a; 
Caron et al. 1997a), and deletion of the distal SF-l site completely 
inhibited StAR promotor activity (Caron et al. 1997a). Similarly, ap
proximately 1 kb of the 5' upstream sequence of the mouse StAR gene 
has been shown to drive expression of a human growth hormone re
porter in Yl cells (Caron et al. 1997a). This same study convincingly 
demonstrated that in the SF-I knockout mouse expression of the StAR 
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gene is not detected in the gonadal ridge during embryonic development 
whereas it is readily seen in this region in the wild type animal. Lastly, a 
preliminary report indicates that the rat ovary StAR gene is also subject 
to regulation by SF-l (Sandhoff and McLean 1997; Sandhoff et al. 
1997). 

In addition to SF-I, as indicated above, the StAR gene is regulated by 
estrogen in rabbit CL (Townson et al. 1996). StAR can also be up-regu
lated in the sheep by growth hormone (Juengel et al. 1995), a ligand 
which acts through tyrosine kinases (Argetsinger et al. 1993). StAR is 
also regulated and/or modified by IGF-l (Lin et al. 1998). Thus the 
molecular mechanisms controlling both the cell-specific and hormone
dependent expression of the StAR gene may be quite varied and com
plex depending on the species and tissue involved. 

Some steroidogenic cells can also be regulated by Ca2+ second 
messenger pathways. Elliott et al. (1993) detected the appearance of 
several 30-kDa mitochondrial proteins in bovine adrenal glomemlosa 
cells in response to angiotensin II and K+ which increase aldosterone 
synthesis through the Ca2+ pathway. The physical characteristics of 
these proteins indicated that they are in all likelihood StAR. Since that 
time StAR has been observed to be induced by angiotensin II, K+, 
tetradecanoylphorbol acetate (TPA) and the calcium channel agonist, 
BAY K8644 (BAY K) in the H295R human adrenocortical tumor cell 
line, thereby confirming that StAR expression can be regulated by the 
Ca2+ signaling pathway (Clark et al. 1995b). Furthermore, a dose-de
pendent inhibition of steroid production has been observed when All, 
K+, or BAY K-stimulated H295R cells are cotreated with a specific 
inhibitor of Ca2+/CaM-dependent protein kinase II (CaM kinase II) 
(Pezzi et al. 1996). The agonist effect on increased StAR expression was 
not inhibited; however, the phosphorylation state of StAR was not 
addressed in those experiments. 

Cherradi et al. (1996, 1997) have demonstrated that Ca2+ clamping 
of bovine glomemlosa cells results in a cycloheximide-sensitive in
crease in cholesterol transfer through mitochondrial contact sites to the 
inner mitochondrial membrane. They also demonstrated (Cherradi et al. 
1997) that Ca2+ results in a cycloheximide-sensitive increase in StAR 
protein in the inner mitochondrial membrane. Furthermore, StAR was 
also present in the contact site region of the submitochondrial fractions, 
as were the first two enzymes of the steroidogenic pathway, P450scc and 
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3p-HSD. These findings confirmed that 3p-HSD can be found in the 
mitochondria as well as in the microsomal compartment (Cherradi et al. 
1994, 1995). Possible implications of this observation are discussed 
below. Lastly, the observation that Ca2+ second messenger systems can 
result in steroid hormone biosynthesis and expression of StAR has 
recently been made by Elliott et al. (1997) and Kim et al. (1997) in both 
bovine and rat adrenal glomerulosa cells. 

Recent observations indicate that the StAR promotor may harbor 
elements involved in negative regulation as well. The transcription fac
tor DAX-1 (for dosage sensitive sex reversal, adrenal hypoplasia 
congenita, X chromosome, gene 1) is an unusual member of the nuclear 
hormone receptor family which has been shown to be involved in the 
related diseases of adrenal hypoplasia congenita and hypogonadotropic 
hypogonadism (Zanaria et al. 1994; Muscatelli et al. 1991; Guo et al. 
1995; Habiby et al. 1996). Mutations in the human DAX-1 gene have 
been shown to be responsible for these conditions. In addition, duplica
tion of the X chromosome in the Xp21 region containing the DAX-1 
gene results in male to female sex reversal, a condition known as 
dosage-sensitive sex reversal (Bardoni et al. 1994). 

The DAX-1 protein retains homology only with the ligand-binding 
domain of nuclear hormone receptors. The DNA binding domain lacks 
canonical zinc finger motifs and consists of three and one half repeats of 
a 65-67 amino acid sequence in its N-terminus (Zanaria et al. 1994). It 
has recently been shown that DAX-l expression can block the synthesis 
of steroids in Y-1 mouse adrenal tumor cells, and this block can be 
attributed to an inhibition of the expression of the StAR gene (Zazopou
los et al. 1997). Attempts to demonstrate binding of DAX-1 to double
stranded DNA have been unsuccessful. Zazopoulos et al. (1997) showed 
that DAX-1 inhibits StAR gene expression by binding to a hairpin 
structure in single-stranded DNA which is found in the promotor region 
of the StAR gene. Indeed, the DAX -1 protein has been demonstrated to 
contain a powerful transcriptional silencing domain in its C-terminal 
region (Lalli et al. 1997). Thus it is possible that the observed phenotype 
in dosage-sensitive sex reversal (DSS) is due to the excess levels of 
DAX -1 protein which would result from duplication of the Xp21 region. 
If true, this would represent a situation in which the negative regulation 
of the StAR gene had most serious consequences, somewhat analogous 
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to the synthesis of nonfunctional StAR protein which occurs in lipoid 
congenital adrenal hyperplasia (CAH). 

10.7 Characteristics of the StAR Protein 

The StAR protein sequence is highly conserved, with 85%-88% iden
tity and greater than 90% similarity in the species studied to date. The 
area of greatest divergence appears to be in the putative mitochondrial 
signal sequence cleavage site described for the mouse sequence. In this 
region the protein contains an amino acid motif that is highly conserved 
in presequences that undergo a sequential two-step cleavage (Hendrick 
et al. 1989). However, this motif is not found in any other species whose 
StAR cDNA has been sequenced to date. Although the mechanism for 
StAR import and processing is not known, the submitochondrial local
ization of StAR has been determined. Protein-A gold labeling of im
munoreacted StAR in mouse adrenal zona fasciculata cells and rat 
ovarian theca cells has determined that StAR protein is concentrated 
within the mitochondria and is localized to the intermembrane space and 
the intermembrane space side of the cristae membrane (King et al. 1995; 
Ronen-Fuhrmann et al. 1998). StAR is synthesized in the cytosol as a 
larger precursor protein and is imported and processed to its mature 
form by the mitochondria. The steroidogenically active form of the 
StAR protein is believed to be the 37-kDa precursor form which is 
present on the cytosolic side of the outer mitochondrial membrane, a 
position thought to be required for its activity in cholesterol transfer. 
This is discussed in further detail below. Import and processing of the 
37-kDa form results in the formation of the 30-kDa intramitochondrial 
mature forms of StAR. 

In vitro transcription/translation systems have been used to demon
strate that isolated mitochondria are competent to import and process 
both mouse and bovine StAR protein. Interestingly, bovine StAR pro
tein can be imported into rat heart mitochondria, indicating that import 
of StAR is not dependent upon factors specifically present in steroido
genic tissues (Gradi et al. 1995). This is consistent with results obtained 
from transfection of both murine and human StAR into monkey kidney 
COS-l cells which demonstrated that StAR is imported into the mito
chondria and processed to its mature form (Sugawara et al. 1995a; Lin 
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et al. 1995; Stocco and Clark 1996). Also, cotransfection of StAR with 
P450scc and adrenodoxin in COS-l cells results in a several-fold in
crease in steroid synthesis (Lin et al. 1995; Sugawara et al. 1995a; 
Stocco and Clark 1996). The ability of StAR to increase steroid produc
tion has also been confirmed in an in vitro reconstituted system by King 
et al. (1995), who demonstrated that addition of StAR protein to MA-lO 
cell mitochondria results in a time- and dose-dependent increase in 
pregnenolone synthesis. In yet another interesting experiment Sugawara 
et al. (1995b) demonstrated that StAR can stimulate cholesterol metabo
lism in COS- I cells cotransfected for expression of the mitochondrial 
enzyme, cholesterol 27-hydroxylase, a P450 enzyme usually found in 
high abundance in the liver. Therefore the ability of StAR to translocate 
cholesterol to the inner mitochondrial membrane does not appear to 
depend upon the presence of the cytochrome P450scc enzyme. 

10.8 The Role of Phosphorylation in StAR Activity 

The major signaling pathway in trophic hormone stimulated steroido
genesis involves the activation of protein kinase A (PKA) by increased 
cAMP accumulation. Chaudhary and Stocco (1991) detected the mito
chondrial-localized mature 30-kDa StAR protein in its unphosphorylated 
state in PMA-treated MA-lO mouse Leydig tumor cells. This study 
observed, importantly, that while PMA induces StAR protein expression 
and import, it results in only marginal steroid production, indicating that 
phosphorylation of the StAR protein, while not required for protein 
import, is required for maximal steroidogenesis The observation that 
StAR is not phosphorylated in response to PMA has more recently been 
confirmed in rat adrenal glomerulosa cells, which are also not steroido
genically active in response to PMA (Hartigan et al. 1995). In contrast, 
PMA-treated bovine adrenal fasciculata cells do synthesize steroids, and 
in this case the StAR protein was phosphorylated (Hartigan ct al. 1995). 
These data appear to indicate that phosphorylation of StAR is directly 
linked to the steroidogenic response of the cell to hormone stimulation. 

Analysis and comparison of StAR protein sequences from several 
species whose sequences are known have identified two putative 
PKA/Cam kinase II phosphorylation sites and one PKC phosphoryla
tion site. In an attempt to determine the role of phosphorylation on the 
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steroidogenic capacity of the StAR protein Arakane et al. (1997a) mu
tated the consensus PKA sites which appear at positions 56/57 and 
1941195 in the mouse and human StAR proteins, respectively. Both sites 
are serines, and both were altered by site directed mutagenesis to pro
duce alanine residues. Mutation of either site resulted in a decrease in 
32p incorporation into the StAR protein, indicating that these sites were 
phosphorylated in vivo. Transfection of COS-l cells with the StAR 
protein containing the serine 56/57 to alanine mutation had no effect on 
steroidogenesis. Conversely, transfection with the serine 194/195 to 
alanine mutation resulted in a 50%-60% inhibition of steroid biosynthe
sis. These results indicate that phosphorylation of the StAR protein at 
position 1941195 can significantly increase its biological activity but is 
not required for full activity. 

10.9 Disruption of the StAR Gene 

Given the purported role of StAR in steroid hormone biosynthesis, 
disruption of the StAR gene would be predicted to have most serious 
consequences. The seriousness of a disordered StAR gene has been 
demonstrated in studies on lipoid CAH, a potentially lethal condition 
which results from an almost complete inability of the affected individ
ual to synthesize steroids. The lack of mineralocorticoids and glucocor
ticoids usually results in death within days to weeks of birth if not 
detected and treated with adequate steroid hormone and salt-replace
ment therapy. This condition is manifested by the presence of large 
adrenals containing high levels of cholesterol and cholesterol esters and 
also by an increased amount of lipid accumulation in testicular Leydig 
cells. This condition was originally thought to be due to a mutation of 
P450scc (20,22 desmolase) enzyme activity which is responsible for the 
conversion of cholesterol to pregnenolone (Camacho et al. 1968; De
genhart et al. 1972; Koizumi et al. 1977; Hauffa et al. 1985). However, 
the gene for this enzyme (Lin et al. 1991) and the P450scc protein levels 
(Sakai et al. 1994) have been shown to be normal in patients afflicted 
with this disease. Therefore it was deduced that the defect lies upstream 
of P450scc at the point of cholesterol delivery to the enzyme. 

In studies designed to determine whether StAR is involved in lipoid 
CAH Sugawara et al. (l995a) cloned the human StAR cDNA and 
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demonstrated that StAR mRNA is expressed only in the human adrenal, 
testis, ovary, and to a lesser extent the kidney of adult tissues. This 
investigation also demonstrated that StAR is not expressed in the human 
placenta, an observation consistent with it being a candidate for causing 
lipoid CAR since placental steroidogenesis persists in lipoid CAR 
(Saenger et al. 1995). When StAR cDNA was prepared using RNA from 
testicular tissue of two patients with lipoid CAR, Lin et al. (1995) 
identified nonsense mutations in the cDNA which were confirmed in the 
genomic DNA. Expression of the normal human StAR protein in COS-1 
cells resulted in an eightfold increase in steroid production while expres
sion of the mutated StAR cDNA indicated that the protein produced is 
completely inactive in promoting steroidogenesis. 

A patient suffering from a milder form of lipoid CAR was also 
shown to have a mutation in the StAR gene (Tee et al. 1995). In this 
patient cloned genomic DNA was found to have a T to A transversion in 
intron 4, 11 bp from the splice acceptor site of exon 5 in the StAR gene. 
This transversion resulted in the finding that most of the StAR mRNA 
was abnormally spliced and nonfunctional, but a small percentage was 
normal and resulted in a milder form of the disease. Many additional 
examples of mutations in StAR resulting in this disease are being 
reported (Bose et al. 1996,1997; Fujieda et al. 1997; Nakae et al. 1997; 
Okuyama et al. 1997), and lipoid CAR may prove more prevalent than 
previously believed. This disease seems to affect persons of Japanese 
and Palestinian ancestry disproportionately, and a summary of these 
data has recently been compiled (Bose et al. 1996). This report also 
indicates that several of the more common mutations in the StAR gene 
leading to lipoid CAR can be diagnosed using specific restriction en
donucleases, a contribution which is certain to have a significant clinical 
impact. 

Interestingly, the same report discusses the possibility that steroido
genic cells possess both StAR-dependent and StAR-independent steroid 
production, a concept also raised by other investigators (Clark et al. 
1997; Caron et al. 1997b). This hypothesis seems to be borne out 
clinically in that several 46,XX lipoid CAR patients who underwent 
spontaneous puberty have been described, indicating that some degree 
of StAR-independent ovarian steroidogenesis can occur (Bose et al. 
1996; Fujieda et al. 1997). Interest has been rekindled in this condition, 
which is essentially a human StAR knockout model, and a number of 
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reviews on the subject have appeared (Miller 1997, 1998; Arakane et al. 
1997b; Saenger 1997). To date, with only one exception (patient 14 in 
Bose et al. 1996), mutations in the StAR gene are the only reported 
causes of this potentially lethal disease and have clearly demonstrated 
the indispensable role of StAR in the production of steroids. 

The observation that mutations in the StAR gene result in lipoid 
CAH produced compelling evidence for its essential role in steroido
genesis. However, many potentially interesting studies on this syndrome 
cannot be performed since the disease occurs only in humans, limiting 
the availability of tissue and experimental procedures which can be 
performed. An obvious strategy was to produce a knockout of the StAR 
gene in an animal system with the goal of having a model system to 
study this interesting protein. With this goal in mind, Caron et al. 
(1997b) used targeted disruption of the StAR gene in mice to produce 
StAR knockout mice. Initial observations of these mice have indicated 
that regardless of genotype all mice have female external genitalia, as 
seen in the human. Following birth the pups failed to grow normally, and 
death occurred within a short period of time, presumably as a result of 
adrenocortical insufficiency. This was confirmed by the observation that 
serum levels of corticosterone and Ialdosteronealdosterone were de
pressed while levels of ACTH and CRH were elevated. These observa
tions indicated an impairment in the production of adrenal steroids with 
an accompanying loss of feedback regulation at the level of the hypo
thalamus or pituitary. Microscopic inspection of the adrenal gland re
vealed a normal medulla but an abnormal cortex, having a disrupted 
fascicular zone. Specific staining procedures revealed elevated lipid 
deposits in the adrenal cortex region of the StAR knockout mouse. 
While the StAR knockout mice were all phenotypically sex reversed, the 
testes of these animals appeared normal upon gross inspection. How
ever, once again, specific staining indicated the presence of elevated 
levels of lipid within this organ. In contrast, the ovaries of the StAR 
knockout mice were essentially indistinguishable from wild-type ani
mals, a similar situation as that found with human StAR mutations 
(Bose et al. 1996, 1997; Fujieda et al. 1997). The availability of the 
StAR knockout mouse should greatly expedite important studies which 
can be performed on this protein within the milieu of an intact endocrine 
system. 
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10.10 How Does StAR Work? 

A model was earlier proposed whereby StAR acts in the transfer of 
cholesterol to the P450scc and has appeared in a previous review 
(Stocco and Clark 1996). It was proposed that in response to hormone 
stimulation the StAR 37-kDa precursor is rapidly synthesized and tar
geted to the mitochondria. As the precursor protein is imported into the 
mitochondria, contact sites between the inner and outer membranes are 
formed. This model proposes that import of the protein with the accom
panying formation of contact sites collapses the aqueous intermembrane 
space and allows cholesterol to transfer to the inner mitochondrial 
membrane for pregnenolone synthesis (Jefcoate et al. 1992; Epstein and 
Orme-Johnson 1991b; Stocco and Sodeman 1991). Once imported, the 
membranes separate, and no further cholesterol transfer can occur with
out additional synthesis and processing of StAR precursor proteins. The 
half-life of the StAR precursor proteins is very short (Epstein and 
Orme-Johnson 1991b), which would explain the rapid decay in steroi
dogenesis in the absence of new protein synthesis. The observation that 
import of mitochondrial proteins occurs at contact sites made this a 
viable model (Vestweber and Schatz 1988; Rassow et al. 1989; Pon et al. 
1989; Pfanner et al. 1990; Hwang et al. 1991). A model similar to the 
above was first suggested by Stevens et al. (1985). 

However, recent reports by Strauss and colleagues (Arakane et al. 
1996), have indicated that a revision of this model is necessary. It has 
been shown that N-termina1 truncations of the StAR protein which 
remove as many as 62 amino acids have no inhibitory effect on steroid 
production when expressed in COS-1 cells. Western analysis and immu
no staining for StAR protein indicate that the truncated StAR protein is 
not imported into the mitochondria. On the other hand, truncation of the 
C-terminus by 10 amino acids resulted in a 50% decrease in steroid 
production while a 28 amino acid truncation resulted in a complete loss 
of steroid production (Arakane et al. 1996). Thus it appears that the 
C-terminal region of the StAR protein is extremely important in choles
terol transfer. This observation could have perhaps been predicted from 
the observation that all mutations in lipoid CAH have been shown to be 
in the C-terminal region of the StAR protein (Bose et al. 1996, 1997; 
Fujieda et al. 1997; Nakae et al. 1997; Okuyama et al. 1997). 
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The importance of the C-terminal region of the StAR protein in 
cholesterol transfer can be seen in findings by Watari et al. (1997) that 
report the steroidogenic properties of a protein known as MLN64, which 
has significant homology to the C-terminal region of StAR. This protein 
was originally described as a gene product of unknown function which 
was highly expressed in specific breast tumors (Bieche et al. 1996; 
Moog-Lutz et al. 1997). Importantly, expression of the MLN64 protein 
in COS-l cells results in a twofold increase in steroid production, and 
removal of N-terminal sequences results in a further increase. The 
relationship between StAR and MLN64 as well as the role of MLN64 in 
the cell remain to be determined, and hopefully useful information 
concerning sterol trafficking in the cell will be obtained. Yet another 
gene, termed CAB I, was recently isolated from gastric and esophageal 
cancer cell lines and shown to have considerable homology to the StAR 
gene (Akiyama et al. 1997). The significance of the homology between 
the StAR and CAB 1 genes is presently unknown, but it has been specu
lated that CABI is involved in tumor development through estrogen or 
some other steroid, and that overexpression of the CAB 1 gene facilitates 
steroid production in these cancer cells (Akiyama et al. 1997). 

While the mechanism of action of the StAR protein is still unknown, 
it is becoming increasingly clear that cholesterol transfer requires that it 
interact with as yet unknown proteins and/or other factors on the outside 
of the outer mitochondrial membrane and produce alterations which 
result in cholesterol transfer. This model could still incorporate the 
formation of contact sites between the two membranes. It is also possi
ble that the import of StAR into the inner mitochondrial compartments 
which is known to occur with "normal" StAR is the "off switch" for 
steroidogenesis by removing StAR from its position on the outer mem
brane and cutting off the flow of cholesterol (Arakane et al. 1996; 
Stocco 1997). Therefore much remains to be determined concerning the 
mechanism whereby StAR mediates cholesterol transfer to the inner 
mitochondrial membrane. Identification of the components with which 
StAR interacts on the outer mitochondrial membrane is of critical im
portance in understanding its mechanism of action. 

Although import of StAR does not appear to be an absolute require
ment for cholesterol transfer, the findings that import of other mitochon
drial proteins does not induce steroidogenesis, and that expression of 
StAR can directly increase steroid output suggest a specificity between 
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StAR import and cholesterol transport. It is especially intriguing that 
earlier observations demonstrated that mitochondrial contact sites in 
bovine adrenocortical cells contain the first two enzymes in the steroido
genic pathway, P450scc and 3P-HSD (Cherradi et a1. 1994). Thus it is 
tempting to speculate that interaction of StAR with the mitochondria 
causes the fonnation of a protein complex consisting of P450scc and 
3P-HSD, the enzymes required for the first two steps in steroidogenesis. 
In this manner cholesterol which enters the inner mitochondrial mem
brane via the action of StAR can quickly be converted to progesterone, 
as speculated in an earlier study (Cherradi et a1. 1995). The possibility 
that P450scc, 3p-HSD, and StAR are all associated in the same contact 
sites in steroidogenic cells is supported by the observations of Cherradi 
et a1. (1997) which demonstrate by immunoblot analysis that all three 
proteins, P450scc, 3P-HSD, and StAR, are found in contact sites iso
lated from mitochondria of honnone-stimulated bovine glomerulosa 
cells. 

It is also possible that the outer mitochondrial membrane protein, the 
peripheral benzodiazepine receptor (PBR), which has been shown to 
playa key role in steroidogenesis, is also involved in the recognition of 
StAR by the outer mitochondrial membrane (reviewed in Papadopoulos 
1993; Papadopoulos et a1. 1996). Also, the role of the steroidogenesis 
activator polypeptide (SAP) in this process must be taken into consid
eration, given its reported characteristics (Pedersen and Brownie 1983, 
1987). However, at this time these hypotheses are purely speculative, 
and further studies are necessary to confirm the exact relationship be
tween StAR, P450scc, 3p-HSD, PBR, SAP, and perhaps additional 
proteins in the mitochondrial membranes. 

10.11 Conclusions 

In summary, the demonstrated characteristics of the StAR protein make 
it the most attractive candidate available for the long-sought, hormone
stimulated protein factor responsible for acutely regulating the transfer 
of cholesterol from the outer to the inner mitochondrial membrane, and 
thus acutely regulating steroid honnone biosynthesis. Additional pro
teins are unquestionably involved and required in this transfer, but no 
strong evidence indicates that any of them are regulatory in nature. 
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Therefore perhaps the most interesting studies concerning StAR will be 
to determine the highly specific mechanism whereby StAR is able to 
effect the transfer of cholesterol to the inner mitochondrial membrane 
and the P450scc. The mechanism of action of StAR in transferring 
cholesterol to the inner mitochondrial membrane and the potential roles 
of other proteins such as P450scc, 3P-HSD, SAP, PBR, and perhaps as 
yet unidentified mitochondrial proteins remain to be determined and as 
such should prove to be some of the most interesting questions for the 
future as the picture of the acute regulation of steroidogensis continues 
to unfold. A number of the players appear to be known. Now the 
challenge is to determine how they work in concert with one another. 
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11.1 Introduction 

Homeobox genes encode DNA-binding proteins that regulate the tran
scription of subordinate downstream genes and thereby control a wide 
range of developmental events. We have isolated a novel homeobox 
gene, Pern, that is expressed selectively in reproductive tissue. In the 
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testis Pem protein is present specifically in the nuclei of Sertoli cells 
during the androgen-dependent stages of the seminiferous epithelium 
cycle. In the epididymis Pem transcripts are found in the region thought 
to be involved in the final stages of sperm maturation. An androgen
regulated "male-specific" proximal promoter (P p) is responsible for 
transcription in testis and epididymis whereas a "female" distal pro
moter (P d) is transcriptionally active in ovary and placenta. Experiments 
in mice and rats have demonstrated that Pp transcription in the testis and 
the epididymis is dependent on testosterone. To our knowledge, no 
known or putative transcription factors have previously been shown to 
depend on androgens for expression in Sertoli cells or the epididymis in 
vivo. The cis elements responsible for the regulation of Pem transcrip
tion have begun to be defined. Understanding Pem function and regula
tion is important because Pem may regulate androgen-regulated secon
dary response and delayed primary response genes. 

11.1.1 A Good Model System 
for Studying Androgen-Dependent Events 

Androgens are of paramount importance to spermatogenesis. Testoster
one alone maintains spermatogenesis in gonadotropin-deficient animals, 
including hypophysectirnized rats and mutant hypogonadal (hpg) mice 
(Zirkin 1993; Singh et al. 1995). Testosterone may drive spermatogenesis 
by acting on Sertoli cells in the testis, which express androgen receptors 
(AR). Sertoli cells, which are in intimate contact with differentiating 
germ cells within the seminiferous tubule, perform numerous functions 
critical for spermatogenesis (Bardin et al. 1988; Sar et al. 1993). In the 
epididymis androgen regulates the proliferation and differentiation of 
somatic cells that line the lumen of the epididymal tubule. Androgens 
control the microenvironment of maturing spermatozoa by regulating the 
synthesis of adhesion proteins on epididymal somatic cells, the luminal 
secretion of proteins that are in contact with the spermatozoa, and the 
transport of ions and small organic molecules across the epididymal 
epithelium (Robaire and Hermo 1988; Orgebin-Crist 1996). 

Although it is clear that spermatogenesis in the testis and sperm 
maturation in the epididymis are androgen-dependent processes, the 
molecular mechanisms by which these biological processes occur are 
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only beginning to be elucidated. One critical issue under investigation is 
how androgens regulate the gene-expression events that direct these 
biological processes. A seminal discovery was the finding that andro
gens bind to AR, forming a complex, which in tum binds and activates 
the transcription of genes bearing androgen-responsive elements 
(AREs; Dean and Sanders 1996). Androgen-regulated genes can be 
grouped into three categories. The first category is primary response 
genes that contain AREs and therefore respond directly to androgens. 
These genes are transcriptionally activated very rapidly in response to 
steroids in a manner that does not require de novo protein synthesis. The 
second category is secondary response genes that do not contain func
tional AREs, but respond instead to secondary factors that are regulated 
directly by androgens. The expression of secondary response genes is 
delayed compared to that of primary response genes and requires ongo
ing protein synthesis. The third category is delayed primary response 
genes that contain AREs and thus are regulated, in part, by direct AR 
action. However, maximal induction of these genes is delayed and 
requires ongoing protein synthesis, presumably because of the need for 
secondary factors (Dean and Sanders 1996). 

The existence of secondary response and delayed primary response 
genes implies that transcription factors in addition to AR are important 
in activating androgen-regulated genes. However, surprisingly few such 
candidate transcription factors have been identified. Most of the tran
scription factors known to be present in the testis have been localized to 
germ cells rather than the androgen-responsive Sertoli cells. These germ 
cell transcription factors include c-mos, c-jun, jun B, c-fos, c-myc, Zfy, 
sperm-I, hoxa-4, and the X -linked homeodomain protein Esx/Spx 1 
(Wolgemuth et al. 1991; Xin et al. 1992; Anderson et al. 1993; Ficken
scher et al. 1993; Watrin and Wolgemuth 1993; DeRobertis 1994; Hecht 
1996; Lindsey and Wilkinson 1996a; Brandford et al. 1997; Li et al. 
1997). In this report we describe a putative transcription factor, Pem, 
that is expressed in Sertoli cells in an androgen-dependent manner and 
therefore may regulate androgen-dependent events during spermato
genesis. This androgen-dependent expression contrasts with the expres
sion of all other transcription factors known to be expressed in Sertoli 
cells, including GATA-l and CREB (Lindsey and Wilkinson 1996a). We 
describe the Pern gene in detail and present evidence consistent with the 
notion that it encodes an androgen-regulated transcription factor. 



216 C.M. Wayne and M.F. Wilkinson 

11.2 Pem Sequence and Chromosomal Location 

Pem contains a homeodomain and is therefore a member of a large 
family of transcription factors that all have this 60 amino acid DNA
binding motif. All homeodomain transcription factors that have been 
studied in detail have been shown to regulate subordinate downstream 
genes important for developmental events (Duboule 1994). The best 
understood homeodomain proteins are those encoded by the hoxlhom, 
prd/pax, and POU gene families. Studies in null mutant mice have 
demonstrated that the Pax-6 gene activates a regulatory cascade neces
sary for eye development (Gruss and Walther 1992), the Oct-2 POU 
homeobox gene promotes late stages of B-cell maturation (Corcoran et 
al. 1993), and Hox genes specify axial identity during embryogenesis 
(Krumlauf 1994). 

Unlike most homeobox family members, which were isolated by 
their sequence similarity with other homeobox genes, the original Pem 
cDNA clone was isolated in a screen for developmentally regulated 
mouse genes using the subtraction hybridization technique (MacLeod et 
al. 1990). The Pem homeodomain, which is in the C-terminus of Pem 
(Fig. 1), is sufficiently different from other homeodomains to warrant 
classification of Pem as an orphan homeobox gene (Sasaki et al. 1991; 
Rayle 1991). Two lines of evidence suggest that the Pem gene probably 
evolved from a primordial member of the prd/pax homeobox gene. First, 
the Pem homeodomain is more related to prd/pax homeodomains (up to 
35% sequence identity) than to those from any other homeobox gene 
family. Second, the positions of the two introns that interrupt the Pem 
homeodomain-coding region (Maiti et al. 1996a) are the same as those 
in the Drosophila melanogaster prd class homeobox gene aristaless 
(Schneitz et al. 1993). Several other prd/pax genes also contain an intron 
at the same position as the second Pem homeodomain intron (Duboule 
1994). These observations are significant because other homeobox gene 
families either lack introns in the homeodomain region or their introns 
are at other positions within the homeodomain (Duboule 1994). 

Both the mouse and rat Pem genes are on the X-chromosome (Lin et 
al. 1994; Maiti et al. 1996a). Recently we localized the mouse Pem gene 
to the Hprt region in the proximal end of the mouse X-chromosome 
(Sutton and Wilkinson 1997a). From its position relative to other nearby 
genes that we mapped we concluded that the region that contains the 
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Fig. 1. The three conserved regions of the Pem homeodomain protein. The N
terminus contains a conserved domain (amino acids 12-106) of unknown 
function (ATD). Within this ATD is a highly conserved subdomain (amino ac
ids 16-50). The C-terminus has a homeodomain (amino acids 115-175), with 
three <x-helices. The third helix (helix III) is highly conserved and has been 
shown to mediate base-specific contacts with DNA in structurally defined ho
meodomains. The C-terminus contains a conserved CPAC motif (amino acids 
192-195) similar to the catalytic centers of oxidoreductases 

Pern gene is probably conserved between mice and humans, unlike 
many other regions of the X-chromosome which have undergone rear
rangement during mammalian evolution. The tight linkage between the 
mouse Ant2 and Pern loci suggests that the human ANT2 gene may be a 
useful marker for isolating the human PEM gene, which has been 
impervious to cloning by conventional hybridization methods because 
of its rapid evolution (see Sect. 11.5). 

11.3 Pem Expression and Regulation 

As with most other homeodomain proteins, Pem is expressed in a stage
and tissue-specific manner during embryogenesis. Pem transcripts and 
protein are primarily confined to the extraembryonic compartment, in
cluding trophoectoderm and descendant cells in the placenta (Wilkinson 
et al. 1990; Lin et al. 1994). Pem's regulated expression in early embry
onic cells in vivo is mimicked in stem cells lines that undergo differen
tiation in vitro (Sasaki et al. 1991; Lin et al. 1994). 

More recently we discovered that Pem is also expressed specifically 
in reproductive tissues in postnatal and adult mice and rats. We found 
that Pern gene expression is primarily restricted to the testis, epididymis, 
and ovary (Lindsey and Wilkinson 1996a,b; Maiti et al. 1996a,b; Sutton 
et al. 1998). Several lines of evidence suggest that in the testis Pem is 
expressed in Sertoli cells. First, RNase protection analysis showed that 
the seminiferous fraction of the mouse testis (containing Sertoli and 
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germ cells) contain Pern mRNA, whereas Pern transcripts cannot be 
detected in the interstitial cell fraction (enriched for Leydig cells; Lind
sey and Wilkinson 1996a). Second, purified mouse Sertoli cells express 
higher levels of Pern transcripts than does whole testis; the increased 
level in purified Sertoli cells is comparable to that of the Sertoli-specific 
gene SGP-J (Sutton et al. 1998). Third, the testes from dominant white 
spotting mutant (wv/WV) mice, which lack germ cells, express two to 
three times more Pern mRNA than do testes from nonmutant animals 
(Lindsey and Wilkinson 1996a). This level of increase is expected for a 
Sertoli-specific gene, based on the relative proportion of RNA in testes 
contributed by Sertoli cells in mutant WV /Wv and nonmutant animals. 
Fourth, in situ hybridization analyses of wild-type and WV /WV seminif
erous tubules showed that Pern transcripts displayed a hybridization 
pattern expected of the distribution of Sertoli cell cytoplasm (Lindsey 
and Wilkinson 1996a). Finally, immunohistochemical analysis with a 
rabbit polyclonal antibody prepared against recombinant mouse Pem 
(Lin et al. 1994) revealed that Pem protein is present specifically in 
Sertoli nuclei and is not detectable in any other testicular cell type 
(Sutton et al. 1998). 

11.3.1 Pp and Pd: Two Independently Regulated Promoters 

The Pern gene has two different promoter regions that are regulated 
independently (Fig. 2). The testosterone-dependent P p is responsible for 
Pem transcription in testis and epididymis whereas the P d transcribes the 
Pern gene in placenta and ovary (Maiti et al. 1996b). Both the Pp and Pd 

use multiple clustered transcription start sites (Maiti et al. 1996b; Sutton 
et al. 1998), as do many other promoters that lack TATA boxes. 

Several lines of evidence indicate that the Pp is regulated by andro
gen. First, hypophysectimized animals that secrete reduced levels of 
luteinizing hormone (LH), a factor necessary for androgen production 
by Leydig cells, have greatly depressed levels of Pp-derived Pern tran
scripts in testis than do control animals (Lindsey and Wilkinson 1996b; 
Sutton et al. 1998). Treatment with either LH or testosterone raises the 
expression levels to those of control mice. In contrast, follicle-stimulat
ing hormone (FSH) has no detectable effect on Pp Pern mRNA levels. 
Second, similar results were obtained in hypogonadal (hpg/hpg) mice, 
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Fig. 2. The Pem gene. Shown are the two promoters, the Pp and Pd, which 
drive Pem transcription in a tissue specific manner. The alternatively spliced 
mRNAs transcribed from these promoters are also shown with the names of 
the major tissues that express each transcript. Note that the Pp is upstream of 
the initiator ATG within the second intron 

which have a primary defect in the GnRH gene that severely depresses 
endogenous LH, FSH, and androgen levels (Lindsey and Wilkinson 
1996a). Unlike hypophysectimized animals, homozygous hpg mice de
velop rudimentary testis in the absence of gonadotropins. Thus the 
ability of either testosterone or LH to activate Pem gene expression in 
hpg mice indicates that androgen can induce Pem transcripts under 
conditions in which the rudimentary testis has not previously been 
exposed to gonadotropins. Third, testicular feminization (tfm) mutant 
mice, which have a defect in the AR, lack detectable Pem transcripts in 
the testis (Lindsey and Wilkinson 1996b). Fourth, rats with impaired 
testosterone production (as a result of hypophysectomy or ethane di-
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methane sulfonate treatment) express reduced levels of Pp Pem tran
scripts (Lindsey and Wilkinson 1996b; Sutton et al. 1998). Administra
tion of testosterone to ethane dimethane sulfonate treated rats permits 
Pp Pem expression to be sustained (Sutton et al. 1998). 

In agreement with the observation that Pem gene expression is andro
gen dependent, we found that Pem is expressed in the androgen-depend
ent stages of the seminiferous epithelium cycle (Parvinen 1993). In situ 
hybridization analysis revealed that Pem transcripts are preferentially 
expressed during stages VII and VIII (Lindsey and Wilkinson 1996a). 
Although some earlier tubules (at stages IV-VI) also expressed Pem, 
virtually no Pem transcripts were detected in other stages of the seminif
erous epithelium cycle. The Pem transcripts in Sertoli cells during these 
stages are translated, as demonstrated by immunohistochemical analysis 
with a rabbit polyclonal antibody prepared against recombinant mouse 
Pem (Sutton et al. 1998). The Pem protein was localized to Sertoli 
nuclei, consistent with Pem's role as a transcription factor. 

11.3.2 Pp Cis Elements 

We have begun to define the cis elements important for controlling the 
transcriptional activity of the P p' A fragment of DNA that contained the 
mouse P p transcription start site and approx. 1.5 kb of upstream se
quence was ligated to the luciferase gene and transfected transiently into 
four cell lines. This -1548 construct was transcribed in the TM4 Sertoli 
and PS-l prostate cell lines (Fig. 3). In contrast, the Rat-l cell line, 
which does not detectably express transcripts from the endogenous P p 
(but has a highly active endogenous P d; (Maiti et al. 1996b), did not 
transcribe from the Pp-containing DNA fragment. The COS-l kidney 
cell line also exhibited virtually no transcription of the -1548 construct. 

We have begun deletion analysis to dissect the cis-regulatory ele
ments in the Pp. Constructs with deletions to nt -807 or -567 had 
virtually no transcriptional activity suggesting that an upstream element 
drives the Pp (Fig. 3). A construct lacking -1246 to -904 (LlI246-904) 
had low transcriptional activity, indicating that at least one regulatory 
element exists within this region. Several consensus binding sites for the 
zinc-finger protein GATA -1 and the homeodomain protein Nkx -3.1 are 
within this region (Fig. 3). Importantly, these sites are conserved in the 
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Fig. 3. Deletion analysis of the Pp male-specific Pem promoter. The map 
shows the region upstream of the mouse Pern pp• including putative transcrip
tion factor binding sites that contain core sequences conserved between the 
mouse and rat Pern genes. The mouse Pem genomic fragments shown (which 
contain sequences up to the Pern initiator ATG) were ligated upstream of the 
Renilla luciferase gene in the vector pRL-null (Promega). The nucleotide num
bers are with respect to the Pem initiator ATG. Luciferase activity from the 
longest construct (-1548) was assigned a (+) value; all (-) values represent at 
least fivefold less activity than from the -1548 construct. Variations in trans
fection efficiency were corrected for by cotransfection with the plasmid pGL3 
control, which contains the firefly luciferase gene driven by the CMV pro
moter. The firefly and Renilla luciferase activities were assayed independently 
by using the Dual Luciferase Reporter Assay System (Promega) 

mouse and rat Pern genes (Maiti et al. 1996a,b). Based on their expres
sion pattern, both GATA-l and Nkx-3.1 are reasonable candidates to 
regulate Pem gene expression. GATA-l is selectively expressed in Ser
toli cells during the same stages of the seminiferous epithelium cycle as 
Pem (Yomogida et al. 1994). Nkx-3.1 has been shown to be dependent 
on androgens for expression (in the prostate) and is known to be ex
pressed in the testis (Bieberich et al. 1996; Sciavolino et al. 1997). We 
also found six consensus Ikaros-binding sites in the Pp regulatory region 
(Fig. 3). Although it is not known whether Ikaros is expressed in testis 
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or epididymis (Georgopoulos et al. 1992), the presence of six consensus 
binding sites suggests that Ikaros or a related zinc-finger protein regu
lates Pp transcription. Experiments are in progress to identify whether 
any or all of these transcription factors are responsible for regulating 
Pem transcription. 

11.3.3 Pd Regulation 

The cis elements responsible for regulating the P d are probably different 
from those that regulate the P p' as these two promoters are regulated 
independently in different reproductive tissues in vivo. The P d is ex
pressed in a broader range of tissues than the P p (female reproductive 
tissues and low levels in testis, skeletal muscle, and other tissues) and 
does not depend on androgens for transcription (Lindsey and Wilkinson 
1996b; Maiti et al. 1996b; Sutton et al. 1998). Our recent transfection 
experiments suggest that a region between nt -69 and -55 from the 
major rat P d transcription initiation site is critical for P d transcription (S. 
Maiti and M.F. Wilkinson, manuscript in preparation). This cis element 
contains consensus Ets, nuclear factor (NF) KB, and Sp-l transcription 
factor-binding sites. Specific mutations within this element virtually 
abolish transcription from the Pd. The likelihood that members of the 
Ets or NFKB transcription factor families playa key role in P d transcrip
tion has several implications. First, Ets family members have been 
shown to be critical for female reproductive development (Chen et al. 
1990; Schulz et al. 1993; McKnight et al. 1995), consistent with their 
activating Pem gene transcription in female reproductive tissue. Second, 
regulation of Pem transcription by either Ets or NFKB family members 
may explain why Pem is expressed in a large proportion of tumor cell 
lines, regardless oflineage (Wilkinson et al. 1990). Members of both of 
these transcription factor families are commonly expressed in tumors 
and have been implicated in causing malignancy. 

11.3.4 Post-transcriptional Regulation 

Pem transcripts are regulated not only at the promoter-usage level but 
also at the post-transcriptional level (Maiti et al. 1996b). We have 
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identified several different Pern transcripts derived by alternative splic
ing. One alternatively spliced transcript skips an internal coding exon 
and therefore encodes a novel protein, E-Pem, that has a portion of the 
conserved N-terminal domain present in classical Pem, but also contains 
a novel C-terminus instead of the Pem homeodomain (Fig. 2). Because 
the N-terminal region of Pem is the most conserved region of this 
protein in mouse and rat Pem (Maiti et al. 1996a; Sutton and Wilkinson 
1997b), the N-terminus may have functional attributes. 

Other alternative transcripts differ in the 5' untranslated (UT) region, 
as a result of alternative splice acceptor use within two of the Pern 5' UT 
exons (Maiti et al. 1996b). In addition, another 5' UT exon (the M exon) 
is selectively included in Pern transcripts in skeletal muscle, where Pem 
is expressed at trace levels (Maiti et al. 1996b). There is no difference in 
the relative expression levels of transcripts with and without the M exon 
in skeletal muscle from male and female animals (Maiti et al. 1996b). 
Our preliminary transfection studies suggest that the inclusion of the M 
exon by alternative splicing was regulated by nearby cis elements in a 
tissue-specific manner (T. Cooper, S. Maiti, and M.E Wilkinson, unpub
lished observations). 

11.3.5 Pem Regulation in Epididymis 

The epididymis requires androgen for the expression of many of the 
genes active in this tissue (see Sect. 11.1.1). With the exception of the 
AR, the transcription factors that mediate this regulation have not been 
identified. Few transcription factors have been identified in the 
epididymis, and those that have, such as Hoxc-8, Pax-2, and PEA-3, 
have either not been analyzed for androgen regulation or are expressed 
independently of androgen (Xin et al. 1992; Fickenscher et al. 1993; 
Lindsey and Wilkinson 1996b). We believe that Pem is a good candidate 
to regulate a subset of androgen-dependent genes in the epididymis 
because Pern expression is positively regulated by androgen in the 
epididymis, just as it is in the testis. Hypophysectimized rats have 
greatly depressed Pern mRNA levels in the epididymis, and these levels 
are restored to control levels by administration of exogenous testoster
one (Lindsey and Wilkinson 1996b). Furthermore, we found that the 
temporal pattern of Pern expression in both the rat and mouse 
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epididymis is correlated with the known increase of testosterone levels 
that occurs postpartum (Lindsey and Wilkinson 1996a,b). These results 
suggest that androgen limits Pem expression in the epididymis. 

A unique feature of the epididymis is the regional localization of 
gene expression. Many epididymal gene products under androgen con
trol are expressed in discrete regions of the epididymis (Cornwall and 
Hann 1995; Orgebin-Crist 1996). Because regional transcription factors 
probably dictate this expression pattern, we determined whether Pem is 
itself regionally restricted. In situ hybridization analysis revealed that 
Pem transcripts are expressed in the proximal cauda of the rat 
epididymis (Lindsey and Wilkinson 1996b). RNase protection analysis 
of sections of the rat epididymis suggested that Pem transcripts are also 
expressed in the corpus but not in the initial segment. This regional 
localization appeared to be conserved in mice, based on in situ hybridi
zation analysis that showed that mouse epididymis contains Pem tran
scripts in the proximal cauda and distal corpus (Lindsey and Wilkinson 
1996a). We therefore hypothesize that Pem regulates a subset of andro
gen-regulated secondary response and delayed primary response genes 
expressed in these regions of the epididymis. By analogy, other regional 
transcription factors, including many homeodomain proteins, dictate the 
specification of cellular compartments during embryogenesis (Kimble 
1994). 

11.3.6 Differences in Pp Expression in Mice and Rats 

Although the androgen-dependence of the P p is conserved in mice and 
rats, some other aspects of Pem regulation are unique to each species. 
Most strikingly, mice express much higher levels of Pp-derived tran
scripts in the testis than in epididymis, whereas the converse is true for 
rats (Sutton et al. 1998). We considered the possibility that androgen
binding protein (ABP) is responsible for this reciprocal regulation. ABP 
is thought to transport androgens away from the testis to other sites, 
including the epididymis (Robaire and Hermo 1988). ABP levels are at 
least 20-fold lower in mice than in rats (Wang et al. 1989), and we 
hypothesized that this explains the high Pem expression in mouse testis 
and low levels in mouse epididymis. However, our results with ABP 
transgenic mice did not conform with this hypothesis. We found that 
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expression from the P p in testis and epididymis was virtually identical in 
ABP transgenic mice and their controllittermates (Sutton et al. 1998). 
There are several explanations for this observation, including the possi
bility that ABP does not increase sufficiently the concentration of bio
logically active (free) androgen to modulate P p transcription. 

What are the functional consequences of the reduced expression 
from the Pp in the rat testis compared with the mouse testis? Not only are 
Pp transcript levels low in adult rats; there is also a delay in expression. 
While mouse Pp transcripts first appear on day 8 to 9 postpartum 
(Lindsey and Wilkinson 1996a; Sutton et al. 1998), rat Pp transcripts are 
not expressed significantly until after day 30 postpartum (Maiti et al. 
1996b). It is possible that this deficit in rat Pp expression is compensated 
for by the expression of transcripts from the other promoter, the Pd, 
which are known to be present as early as day 5 postpartum (Maiti et al. 
1996b). Experiments are in progress to elucidate whether these Pd 
transcripts are expressed by rat Sertoli cells or other testicular cell types. 
Determining why two different strategies, involving differential usage 
of the Pp and Pd, to control Pem gene expression in the testis of postnatal 
mice and rats will require future investigation. 

11.4 Conserved Domains in the Pem Protein 

A notable feature of the Pem homeobox gene is its unusually rapid rate 
of evolution. The rat and mouse Pem proteins have only 73% amino acid 
sequence identity (Maiti et al. 1996a). Many of the amino acid substitu
tions occur in specific regions of the Pem protein; evidence suggests that 
this resulted from adaptive selection (see Sect. 11.5). Other regions of 
the Pem protein have remained relatively conserved in mice, rats, and 
related rodent species (Sutton and Wilkinson 1977b). One highly con
served domain of Pem is located in the amino terminal domain (ATD). 
This 95 amino acid domain is 87% identical in rats and mice. A 35 
amino acid central subdomain within the ATD is 97% identical in rats 
and mice, and 89%-97% identical in eight other Old World rodent 
species (Maiti et al. 1996a; Sutton and Wilkinson 1997b). A portion of 
the ATD (amino acids 1-42 of Pem) has modest sequence identity with 
the so-called "death domain" that mediates protein-protein interactions 
(Cleveland and Ihle 1995), suggesting that the Pem ATD is a protein-



226 C.M. Wayne and M.F. Wilkinson 

binding domain. Another region of the ATD (amino acids 48-64 of Pem) 
has considerable sequence identity with the membrane-association do
main [including the highly conserved (G/A)E(D/Q)LN motif] in the 
Pro spero homeodomain protein and the Numb protein (Hirata et al. 
1995; Knoblich et al. 1995). The functional significance of the sequence 
similarities between the Pem ATD and functional domains in other 
proteins remains to be determined. 

The C-terminus of Pem is also conserved in Old World rodent spe
cies. Most strikingly, we found within this C-terminal region a CPAC 
motif, which is similar to the CPHC motif that comprises the catalytic 
center in the oxidoreductases DsbA and Dnal (Grauschopf et al. 1995) 
and to the CXXC consensus sequence present in thioredoxin, and in 
mammalian protein disulfide isomerases, which generate disulfide 
bonds in proteins in the endoplasmic reticulum (Chivers et al. 1996). 
The CPAC motif is conserved in Pem in all 13 rodent species and 
subspecies that we have cloned and sequenced (while adjacent residues 
exhibit divergence), with the exception of Stochomys longicaudatus, 
which has a similar CPVC motif (Sutton and Wilkinson 1997b). Given 
the need for protection from oxygen-radical formation in the testis and 
epididymis, it is possible that this cysteine-rich motif acts as a redox 
catalytic center, which is of interest because no transcription factor has 
previously been shown to possess reducing or oxidizing activity. Alter
natively, the CPAC motif may act as a redox sensor, by analogy with 
known transcription factors that are regulated by redox conditions 
(Kambe et al. 1996; Hidalgo et al. 1997). 

11.5 Evidence for Adaptive Selection 
Acting Upon the Pem Homeodomain 

A hallmark of homeodomains is their extremely high degree of conser
vation. Orthologous homeodomain transcription factors in mammals 
and D. melanogaster can have as few as one amino acid substitution in 
the 60 amino acid homeodomain (Duboule 1994). This conservation 
may result in part from the constraints of maintaining DNA-binding 
specificity. We observed a high degree of conservation in the third 
a-helix of the Pem homeodomain (Fig. 4), which supports this hypothe-
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Fig. 4. Comparison of the Pem homeodomain in mouse and rat. Above the 
mouse Pem sequence, positions of the three a-helices and the known func
tional amino acids of other homeodomains (Duboule 1994): m, minor groove 
binding; p, phosphate-sugar backbone binding; b, base-specific binding; h, hy
drophobic core. Arrowheads, positions of the two introns that interrupt the 
Pem homeodomain; shading, conserved amino acids between mouse and rat 

sis because helix III mediates most of the base-specific contacts with 
DNA in structurally defined homeodomains (Duboule 1994). 

In marked contrast to the strong conservation of helix III, the amino 
terminal portion of the Pem homeodomain contains many amino acid 
substitutions among rodent species (Fig. 4). In fact, the Pem homeodo
main as a whole is only 62% identical in mice and rats (Maiti et al. 
1996a; Sutton and Wilkinson 1997b). The sequence divergence is most 
marked in the extreme N-terminal portion of the homeodomain and the 
linker region between the a-helices but is also evident at selected resi
dues within helices I and II (Fig. 4). The amino acid substitutions 
probably do not disrupt the basic structure of the Pem homeodomain 
because most of the key hydrophobic residues required for correct 
folding (labeled "h" in Fig. 4) are conserved. This sequence divergence 
in the Pem homeodomain is striking because other known homeodo
mains are subject to strong selection against sequence variation. 

What is the significance of the rapid evolution of the Pem homeodo
main? Our analysis of the ratio of synonymous to nonsynonymous 
codon substitutions in different rodents species implies that the diver
gence of the Pem homeodomain has been driven by adaptive selection 
(Maiti et al. 1996a; Sutton and Wilkinson 1997b). Why has there been 
selection for amino acid substitutions in the N-terminal region of the 
Pem homeodomain? Because the N-termini of many other homeodo
mains, including the HOX homeodomains, bind and regulate other 
proteins (Lai et al. 1992; Chan et al. 1994; van Dijk and Murre 1994; 
Pomerantz et a1. 1992; Zappavigna et al. 1994; Grueneberg et al. 1995; 
Knoepfler and Kamps 1995; Lu et a1. 1995; Phelan et al. 1995), we 
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hypothesize that the variation in the Pem homeodomain N-terminus 
permits novel interactions with different transcription factors or cofactor 
proteins in different species. Alternatively, Pem-interacting proteins 
may have coevolved with Pem and thus retained Pem-binding capabili
ties across species. 

We further hypothesize that the biological basis for the amino acid 
substitutions in specific regions of the Pem homeodomain is the role 
played by Pem in reproduction, a process that varies considerably be
tween species and is known to be regulated by rapidly evolving proteins 
(Wachtel 1994). Some other transcription factors in the reproductive 
system have high levels of sequence divergence (Whitfield et al. 1993; 
Tucker and Lundrigan 1993; Shimmin et al. 1994; Kamper et al. 1995). 
Most notably, the Y-chromosome encoded sex determination gene SRY, 
as with Pern, encodes a protein that contains domains that have evolved 
rapidly (Whitfield et al. 1993; Tucker and Lundrigan 1993). Although 
the central DNA-binding domain, the HMG box, is conserved, the N
and C-terminal regions of the SRY protein are highly divergent in 
sequence between different mammalian species. Furthermore, a high 
frequency of non synonymous substitutions is evident in these N- and 
C-terminal domains, suggesting that adaptive selection has driven these 
amino acid alterations in SRY (Whitfield et al. 1993; Tucker and Lun
drigan 1993). Because SRY is a key transcription factor that dictates 
sexual phenotype in mammals, it will be important to determine the 
factors that drove this apparent species-specific adaptive selection. Our 
comparison of the ratio of nonsynonymous and substitutions in SRY and 
Pem suggested that Pem has been even more strongly selected for amino 
acid substitutions than SRY has (Sutton and Wilkinson 1997b). It will be 
intriguing to elucidate the forces that have driven the rapid selection for 
alterations in the N-terminal region of the Pem homeodomain. 

11.6 The r.Pem2 Gene 

During our analysis of Pern transcripts in rat male reproductive tissue we 
detected high levels of epididymis-specific transcripts that partially 
anneal with rat Pern probes. We determined that these transcripts are 
from a second rat Pern-like gene, r.Pern2 (Nhim et al. 1997). This gene is 
a processed gene on rat chromosome 4 that lacks the introns of the rat 
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Pem gene and contains a vestigial poly(A) tail. We originally thought 
that r.Pem2 is a pseudogene because it has three premature terminations 
codons within its coding sequence (Maiti et al. 1996a). However, we 
later found that r.Pem2 has evolved one set of splice donor and acceptor 
sequences that permits these premature termination codons to be 
spliced-out as a single intron (Nhim et al. 1997). 

There are several processed genes that encode functional proteins, 
including pgk-2, Zja, and Pdha-2. Like r.Pem2, these genes are all 
autosomally processed genes derived from genes on the X-chromosome 
(Salehi-Ashtianai and Goldberg 1996). Interestingly, r.Pem2 and these 
three processed genes are all expressed specifically in the male repro
ductive tract, but while pgk-2, Zja, and Pdha-2 are testis specific 
(Salehi-Ashtianai and Goldberg 1996), r.Pem2 is expressed specifically 
in epididymis, not in testis or any other tissues tested (Nhim et al. 1997). 

The function of the r.Pem2 gene is not known. One possibility is that 
r.Pem2 is a nonfunctional gene that is transcriptionally active in 
epididymis merely because it is near an epididymis-specific enhancer 
that drives the transcription of another gene on chromosome 4. Alterna
tively, r.Pem2 may encode a functional protein. The spliced r.Pem2 
message has the potential to encode a 57 amino acid protein very similar 
to the C-terminus of rat Pem and including the conserved cysteine 
residues that may be functionally important (see Sect. 11.4). The r.Pem2 
protein may function in the intermediate to late stages of epididymal 
development because r.Pem2 transcripts are dramatically induced be
tween days 23 and 30 postpartum (Nhim et al. 1997). The classic rat 
Pem protein (r.Pem) may also function at earlier stages in epididymal 
development, as r.Pem transcripts are evident in rat epididymis as early 
as day 10 postpartum (Lindsey and Wilkinson 1996b). More studies are 
required to elucidate the factors responsible for the differential regula
tion of the r.Pem and r.Pem2 genes, and the functional relevance of their 
encoded products to the male reproductive system. 

11.7 Future Studies 

The expression pattern of the Pem gene suggests that it encodes a 
transcription factor that regulates male reproductive development or 
function. Our future studies will be directed towards determining the 
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precise biological events in the testis, epididymis, or both that are 
regulated by the Pem homeodomain protein. We hypothesize that Pem 
regulates germ cell maturation by controlling the transcription of a 
defined set of downstream genes in somatic cells in the testis and 
epididymis. Because Pem is positively regulated by androgen in Sertoli 
cells and epididymal somatic cells, it may control androgen-regulated 
secondary response and primary-delayed response genes in these tis
sues. We predict that these downstream genes will have the same stage
and region-specific expression pattern as Pem. In addition to defining 
the downstream targets of Pem, our future studies will be directed 
towards identifying the cis- and trans-acting factors that regulate Pem 
transcription. This is an important aim because it may lead to a better 
understanding of the regulatory networks that dictate androgen-depend
ent events in male reproductive tissues. 
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12.1 Introduction 

Producing functional sperm in mammals requires two steps that take 
place in two different organs: the production of sperm in the testis and 
the maturation of sperm in the epididymis. The germ cell differentiation 
that produces sperm in males involves numerous morphological and 
physiological changes that are timed precisely. These complex proc
esses, referred to as spermatogenesis, comprise: the proliferation and 
differentiation of spermatogonia, meiotic prophase of spermatocytes, 
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and substantial morphological changes from postmeiotic haploid sper
matids to sperm. 

Germ cell differentiation from spermatogonial stem cells into sperm 
is completed in the mouse in seminiferous tubules in approximately 1 
month under the complex regulation of many different molecules, in
cluding hormones and growth factors. To determine the mechanism of 
spermatogenesis we used three different approaches to identify and 
isolate a number of germ cell specific molecules. First, we isolated 
monoclonal antibodies (mAb) recognizing specific antigens of mouse 
germ cells and then characterized and analyzed these specific antigen 
molecules (Watanabe et al. 1992; Koshimizu et al. 1993,1995; Tanaka 
et al. 1998a; Pereira et al. 1998). Second, using specific polyclonal 
antibodies raised in our laboratory we identified differentiation-specific 
macromolecules expressed during mouse testicular development 
(Tsuchida et al. 1995). Third, if the amount of antigens was insufficient 
or the antigenicity was low, we isolated cDNA clones specifically ex
pressed in testicular germ cells from a subtracted cDNA library gener
ated by subtracting cDNAs derived from supporting cells of germ cell
less mutant testis from wild-type testis cDNAs. We have carried out 
their characterizations (Tanaka et al. 1994). 

Recent progress in molecular biology has stimulated the investiga
tion of many complex biological processes. The isolation of genes 
specifically expressed in testes and also in various steps of germ cell 
development has provided new insights into spermatogenesis. Progress 
in molecular biological techniques has been instrumental in under
standing the regulation of specific molecules in germ cell differentia
tion, the physiological roles of gene products, and their morphological 
effects in cell differentiation. 

Embryological technology has also helped in analyzing the function 
of genes involved in cell differentiation and the normal development of 
embryos. By introducing specific genes into fertilized eggs (transgenic 
animals) we are able to analyze both the function of genes and the 
regulatory mechanisms of specific gene expression. The method of gene 
targeting to produce knockout animals has also become a powerful 
technique in the study of in vivo gene functions. 

The combined use of these techniques is continually providing new 
knowledge of spermatogenesis, as in other fields of biology. 
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12.2 Isolation and Characterization 
of Testis-Specific Molecules 

12.2.1 Monoclonal Antibodies 

237 

In studying germ cell differentiation at the molecular level the use of 
certain lectins is more effective for isolation of the specific receptor 
molecules on the germ cell surface (Millette and Scott 1984; Schopperle 
et al. 1992). However, the use of specific antibodies is much more 
powerful in identifying germ cell specific molecules. As indicated by 
the autoallergic orchitis and by the frequent induction of sperm-specific 
antibodies in both males and females, testicular germ cells are unique 
and differ from other somatic cells immunologically. Since the germ 
cells are outside the immunological surveillance mechanism (Welber et 
al. 1988), it is easy to induce antibodies capable of reacting with germ 
cells when testicular germ cells are immunized. Furthermore, the spe
cific antibodies are induced to react exclusively with testicular germ 
cells when immunized to isogenic or autogenic animals. These antibod
ies can recognize many kinds of antigen molecules that appear or 
disappear in association with germ cell differentiation. 

mAbs recognizing germ cells can also be isolated (Millette and 
Bellve 1977; Millette 1979; Millette and Moulding 1981; Fenderson et 
al. 1984; O'Brien and Millette 1984; Head and Kresge 1985; Kallajoki 
1986; O'Brien et al. 1988; Anakwe and Gerton 1990; Escalier et al. 
1991; Ohsako et al. 1991, 1994; Tanii et al. 1992, 1994; Enders and May 
1994; Toshimori et al. 1995). We have isolated many mAbs recognizing 
specific antigens of mouse germ cells and have performed the charac
terization and analysis of these specific antigen molecules. The female 
rat was immunized with mouse germ celllysates, and hybridoma clones 
were prepared by fusing the rat spleen cells and myeloma cells. We 
screened the culture supernatant of the hybridoma reacting with testicu
lar germ cells. 

The antigen recognized by mAbs BC7 and CA12 is a 95-kDa plasma 
membrane protein expressed on zygotene and early pachytene sperma
tocytes (Koshimizu et al. 1993). The mAb EE2 reacted with type A and 
B spermatogonia and early meiotic cells. The antigen recognized by 
EE2 is a glycoprotein with a molecular weight of 114 kDa (Koshimizu 
et al. 1995). Calmegin (Meg 1), of 93 kDa by sodium dodecyl sulfate 
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Fig. lA-C. Immunohistochemical staining of testicular cross-sections with 
mAbs. A TRA 369: paraformaldehyde fixation, fluorescein isothiocyanate 
staining. (From Watanabe et al. 1992). B TRA 104: methanol fixation, frozen 
section, peroxidase-diaminobenzidine staining. (From Tanaka et al. 1998a). C 
TRA 54: Bouin's fixation, peroxidase-diaminobenzidine staining, and counter
stained with hematoxylin (Pereira et al. 1998). Bar, 100 11m 
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Clone No. Antigen M.W.,pi 
stage of testicular germ cell differentiation 

spermatogonia spermatocytes spermatids 

EE2 TDA 114 114KOa, 6.1 
BC7 TOA95 95KOa 

CA12 TOA95 

TRA369 Calmegin 95KOa,5.2 

TRA104 Gena 110 110KOa, 7.1 
TRA54 SLA ~, 190,200KDa 

Fig. 2. Schematic presentation of the expression of testicular germ cell specific 
antigens reacted with monoclonal antibodies. Solid bar, detection of each anti
gen 

polyacrylamide gel electrophoresis was identified in male meiotic-germ 
cells with mAb TRA 369. Calmegin was strongly expressed in specific 
steps of meiotic germ cells from pachytene spermatocytes to early 
spermatids (Watanabe et al. 1992; Fig. IA). 

The mAbs TRA 104 and TRA 98 stained nuclei of testicular germ 
cells in the seminiferous tubules, i.e., spermatogonia, spermatocytes, 
and spermatids, but elongated spermatids and mature sperms were not 
stained (Fig. IB; Tanaka et al. 1998a). Although all types of the sperma
togonia and spermatocytes were stained, the strongest staining was 
observed in round spermatids, especially at steps 1 and 2. During further 
differentiation the positive signal diminished gradually and finally dis
appeared in elongated spermatids at steps 15 and 16. Western blotting 
analysis of various adUlt tissues with TRA 104 showed positive bands 
only in testis. These bands were detected at 60-110 kDa exclusively in 
nuclear fraction of testicular germ cells and have been termed germ cell 
specific nuclear antigens (GENAs). GENAs exist not only in adUlt 
testicular germ cells but also in primordial germ cells and in embryo 
ovary. GENAs are considered to be unique molecules existing in the 
nuclei of germ cell lineage. 

The mAb TRA 54 recognized specific organelles in germ cell cyto
plasm from spermatocytes to spermatids, i.e., a large granule of middle 
to late pachytene, diplotene, and secondary spermatocytes and of round 
spermatids at stage 1 stained positively as well as the acrosome of 
spermatids at steps 2 and 3 to step 12 (Fig. lC; Pereira et al. 1998). The 
antigens then disappeared from the spermatids of more advanced stages 
of differentiation. Immunoblots using TRA 54 revealed broad bands 
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with molecular weights greater than 200, 190, and 85 kDa in the testis. 
We are interested in the expression of these antigen molecules during 
testicular germ cell development because they appear to be involved in 
the biogenesis of organelles such as chromatoid body and acrosome. 

These mAbs may serve as a useful maker for germ cell development 
and differentiation (Fig. 2). Furthermore, cross-reacting antigens have 
also been detected exclusively in germ cells of other animals such as rat 
and human by these mAbs. The conservation of these antigens in many 
mammalian species implies that they are important molecules for germ 
cell differentiation. The use of mAbs TRA 104 and TRA 54 will lead to 
improved understanding of the physiological roles of the molecule in 
testicular germ-cell differentiation, and study is now in progress to 
purify the protein and isolate the cDNA clones coding for these anti
gens. 

12.2.2 Polyclonal Antibodies 

To identify testis-specific molecules we have developed poly clonal 
antibodies specifically recognized by all of the testicular germ cells 
(Maekawa and Nishimune 1985). Rabbits were extensively immunized 
with mouse germ cell antigens using complete Freund's adjuvant. The 
rabbit antiserum obtained was absorbed in castrated adult male mice by 
injection of the rabbit serum into the abdominal cavity to remove 
nonspecific anti-mouse antibodies (in vivo absorption). The mouse sera 
obtained by bleeding were mixed with the homogenate of mouse liver 
and centrifuged, and the clear upper layer in the centrifuge tube was 
used as the specific anti-germ cell antiserum. Under our experimental 
conditions this antiserum identified more than 20 antigens of molecular 
weights ranging from 26 to 110 kDa in intact mature testes. Some of the 
antigens expressed in prepubertal testes increased quantitatively, and a 
number of newly detectable antigens appeared upon the differentiation 
of germ cells (Fig. 3; Tsuchida et al. 1995). 

These results indicate that the four antigens are the products of 
differentiated spermatogonia such as intermediate and/or type B. The 
other two groups of germ cell specific molecules, p31, p55, p80, p85, 
p93, and p35, p48, p71, appeared first when germ cell differentiation 
had proceeded to the stages of spermatocytes and spermatids, respec-
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Fig. 3. Immunoblot analysis using anti-germ cell specific polyclonal antibod
ies. Proteins were extracted from testes of WlWv, jsd/jsd, cryptorchid, aged 7, 
10, 13, 16, and 19 days, and testes 35 days after the surgical reversal of the 
cryptorchid and from the liver, spleen, and sperm. These were separated by so
dium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a filter, 
and immunostained with the anti-germ cell antiserum absorbed by in vivo and 
in vitro methods (described in Sect. 12.2.2). Arrowheads, antigens appearing 
first during testicular germ cell differentiation. Left margin, molecular weights. 
(From Tsuchida et al. 1995) 

tively. Some of the germ cell specific antigens (i.e., p67, p71, p80, p88, 
p93, pIOO, pI05) disappeared and were not present in the sperm al
though they existed in mature testis. These may be processed or de
graded to certain sizes of molecules or abolished with residual bodies 
during spermiogenesis. In contrast, antigens p26 and p58 were detected 
as sperm-specific ones, and they did not exist in the testis. These may be 
the molecules processed in the epididymis. Western blotting analysis 
showed that expression of the p38 is enhanced in the testis after 16 days 
of age. Some ofthe others (p38, p53, p57, and p96) were also identified 
in the sperm. These antigens may have been expressed not only in 
testicular somatic cells but also in differentiated germ cells. Another 
group of the above antigens (p57, p65, pI08) were induced following 
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the development of testicular maturation. Thus the expression of some 
of the testicular germ cell specific or somatic antigens was developmen
tally controlled. 

Understanding the mechanisms controlling the expression of these 
molecules would require further confirmatory studies, such as testicular 
germ cell separation and isolation of cDNA clones encoding those 
antigens [by expression cloning; for example, direct submission in 
DDBJ D88539 (Kondoh et al. 1997), and D88453 to D88454]. These 
studies will provide more information on the physiological roles of the 
molecules expressed specifically in testicular germ cell differentiation. 

12.2.3 Subtraction Cloning of Germ Cell Specific cDNAs 

We have isolated cDNA clones using antibodies against germ cell 
specific antigens from expression libraries of bacteriophage in Es
cherichia coli and have characterized some antigens (Watanabe et al. 
1994). In this way, however, we cannot isolate cDNA when epitope of 
antibody is not on polypeptides but on sugar moieties of glycoproteins, 
or when the avidity of antibody is not strong enough to isolate the 
corresponding cDNA clone from expression libraries. More systematic 
screening methods must be designed if we do not wish to lose these 
clones. A subtracted cDNA library was generated by subtracting cDNAs 
derived from supporting cells of germ cell-less mutant testis from wild
type testicular cDNAs (Tanaka et al. 1994). Detailed analysis of mRNA 
expression revealed that the genes corresponding to the cloned cDNAs 
are expressed exclusively in the testis and are developmentally control
led (Fig. 4). 

Computer-assisted sequence analysis indicated that gsg3, for exam
ple, which we have isolated, is a novel actin capping protein which 
would regulate actin polymerization. We have also identified phospho
protein haspin, which has some unique motifs, such as a part of protein 
kinase consensus sequences, a homologous region to the myocyte-spe
cific enhancer factor 2B (mef 2B), the nuclear localization signal 
(KKKRK), and basic amino acid sequence domain in the central region, 
the leucine zipper in the C-terminal region, and many phosphorylation 
sites (CK2, PKC, PKA; Fig. 5; Tanaka et al. 1998b). By raising antis
erum to the putative amino acid sequence of these clones we have 
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Fig. 4. Northern blot analysis of cloned cDNAs in various tissues, mutant tes
tes, and testicular germ cell fractions. Total RNAs were prepared from various 
tissues; lO flg of each sample was electrophoresed, transferred to a nylon 
membrane, and hybridized with the cloned cDNA probes. After autoradiogra
phy the same filter was rehybridized with actin and protamine cDNA. (From 
Tanaka et aL 1994) 

Transcription Enhancer Factor Kinase Catalytic Domain 

Basic Region 
Nuclear Localization Signal Leucin Zipper 

Fig. 5. Identification of consensus motifs and homologous regions in germ cell 
specific gene, Hhaspin 
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characterized the biochemical function and the role of these proteins. 
The germ cell specific genes that we have isolated are not sufficient to 
explain all of the mechanisms of germ cell differentiation. Further 
studies are now in progress to isolate more cDNAs and to characterize 
the cDNA clones coding for germ cell specific protein. 

12.3 Structure of the Genome 
Specifically Expressed in Testicular Germ Cells 

It has been reported that the sequence of some genes specifically ex
pressed in testicular haploid-germ cells have no TATA or CAAT box but 
a cAMP-responsive element in their promoters (Sun and Means 1996; 
Monaco et al. 1996). Furthermore, the germ cell specific PGK gene is 
intronless and differs from the somatic type PGK gene (Boer et al. 
1987). There is an interesting genome construction in testis-specific 
genes. The isolation and characterization of the genome specifically 
expressed in testicular germ cells are also in progress in our laboratory. 

12.4 Analysis of the Function of Testis-Specific cDNAs 

12.4.1 Proteins Encoded by Isolated cDNAs 

As mentioned above, many testis-specific genes have been cloned. For 
characterizing the gene products in vitro a culture system is useful 
especially for further investigation of gene regulation and the function 
of gene products. However, we still lack efficient culture cell lines and 
in vitro cultivation systems to investigate the function of germ cell 
specific genes. In certain cases, however, some culture cell lines could 
be useful, such as embryonic stem, embryonic germ, and embryonic 
carcinoma (Doetschman et al. 1985; Matsui et al. 1992; Martin and 
Evans 1974). Some of the germ cell specific genes are expressed in 
these cell lines, and the mechanism of specific expression of the gene 
can be studied. Cocultivation of testicular germ cells with Sertoli cell 
lines can induce differentiation of the germ cells proceeding to the 
meiotic prophase and then the production of haploid germ cells (Ras
soulzadegan et al. 1993). The use of such transformed Sertoli cell lines 



Studies on the Mechanism of Sperm Production 245 

may be effective in analyzing the regulation of germ cell specific genes. 
However, this system does not induce complete germ cell differentiation 
and is not sufficient for further analysis. Thus we must develop a new 
cultivation system or culture cell lines of testicular germ cells in order to 
analyze the mechanism of the expression of germ cell specific genes. 

12.4.2 Regulatiou of Gene Expression in Transgenic Animals 

As discussed above, in vitro cultivation of germ cells is technically 
premature for studying the regulation of gene expression. To overcome 
the problem of premature in vitro cultivation systems, transgenic ani
mals can be used. DNA is introduced exogenously into fertilized eggs 
with the DNA having a 5' noncoding sequence of a specific gene fused 
with a reporter gene such as that for chloramphenicol acetyltransferase 
or enhanced green fluorescent protein (EGFP). If specific expression of 
the reporter gene with an appropriate sequence of 5' non coding region 
is observed, information can be obtained both on the cis-element of 
germ cell specific and on differentiation-specific expression. Using this 
technique we identified the meiosis-specific transcription element of the 
calmegin gene in testicular germ cells (Watanabe et al. 1995; Fig. 6). 

Sac I AP-2 
-152 OA OC!CCAGAGA GGGACfGACG 'l'rGGAAGGAC CGCATCCcbc CAGGCqCGCG 

Ava I ,........Mx!L.. 
-100 GCCGC'l'GGGT ~C~AGCGG GCCGCTTGCG CAC'f'GGGGCT GCCAC'l'GC.l.T CC'rGCA'rCC'l' 

~ +1 SP-l 
-30 CCOGCGCOGC CGC'I'CGCGCA C~A GCAG'fCGC'I'G CTdGGCGGd'r GCCGGCGGGA 'l'CGCI'CTGGG 

+40 GAGACGCCGG GCACCAAG'l'A GCGGCCAG'rC OGACAeCTGI. GC'rGCCGCTG CIGGACAeAA GCCCGCAGGA 

Bam HI 
+110 CAGG'rG'fGTA GACCGCGGGC CGCC'r'rCCt'G CGGC'r'rG!'rC TC'fGGGGACC GGG'l'GAGAAA t'Cllilli... 

~I 'd~ 
1-1 --+-----11 ~ 

-152 +1 +178 

Fig. 6. The 5' flanking DNA sequence of the genomic calmegin gene and a 
construction used for generating transgenic mice. Nucleotides were numbered 
from the first nucleotide of the transcription initiation site (+1). Underlined, 
restriction enzyme sites; boxes, putative binding sites for nuclear factors (AP2, 
SPI, Myb). (From Watanabe et al. 1995) 
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Fig. 7 A,B. Green mice produced by injection of the EGFP gene. Photomicro
graphs of green mice under visual light (A) and ultraviolet light (B). (From 
Okabe et al. 1997) 

The promoter region of the calmegin gene contained a number of 
GC-rich sequences and lacked a canonical TATA or CCAAT box in the 
typical location upstream of the transcriptional starting site. 

We have also demonstrated that trans-factors binding to this 330-bp 
DNA fragment exist only in the nuclear extract of testis. This DNA 
sequence is useful for gaining an understanding of germ cell specific 
gene expression. Recently we have shown that EGFP is detectable 
without fixation or substrate addition in the cell of transgenic animals 
(Okabe et al. 1997; Fig. 7). EGFP could be a useful new marker for gene 
expression and analysis of protein localization. The regulation of exoge
nous gene expression does not always reflect the regulation of physi
ological gene expression. Expression of the gene is also affected by the 
copy number, sequence character, especially 3' or 5' flanking region of 
a transgene, and its integration sites (Palmiter et al. 1993; Lee et al. 
1996; Gu and Hecht 1997; Miyagawa et al. 1997). Therefore it is 
necessary to raise many lines of transgenic mice before being able to 
draw conclusions from the results (Zambrowicz et al. 1993). 
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12.4.3 Gene Targeting to Elucidate the Function 
of Isolated Genes 
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It is often difficult to clarify the physiological role of protein products 
encoded by the cDNA by biochemical analysis. Although we have 
successfully identified the biochemical functions of certain specific 
proteins in vitro, we do not necessarily understand the true role of the 
gene products in vivo. Analyses of a functional defect resulting from 
mutations have led us to an understanding of the physiological role of 
the gene product. Thus it would be useful to generate artificial mutant 
animals. The development of ES cell lines having excellent germ cell 
transmission rate has made gene targeting a powerful technique. 

The calmegin gene has been cloned and analyzed in our laboratory. 
Calmegin protein is expressed specifically in meiosis and functions as a 
molecular chaperone. The physiological role of this molecule in germ 
cell differentiation was studied by targeted disruption of the gene. The 
calmegin knockout male mouse showed infertility due to the loss of 
sperm adhesion to the egg, indicating that calmegin functions as a 
chaperone for sperm surface proteins to mediate sperm-egg interactions 
(Table 1; Ikawa et al. 1997). 

Many genes are targeted, but some are embryo-lethal in homozygous 
situations, and it is therefore difficult to identify the function of 
knocked-out genes. Even in this case conditional knockout of the gene 
could be effective. Development of the cre-IoxP recombination system 
facilitates study of the effect of gene targeting under specific conditions 
(Barinaga et al. 1994). Various options are available regarding the ques
tion of where and when to knockout the gene. This technique allows the 
isolation and analysis of the knockout mouse even when it is embryo-le
thal. 

Table 1. Fecundity of calmegin knockout mice 

Genotype No. of males tested No. of plugs observed No. of pups/plug 

+/+ 5 20 7.6±2.8 
+/- 4 15 7.7±2.7 
-/- 17 150a 0.05±0.03 

Each male was mated with three females for 1-3 months. 
a 36 plugs were counted for 6 males; for the other 11 males the number of plugs 
was estimated from the counted value. 
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12.5 Future Prospects 

All multicellular organisms consist of two types of cells, somatic cells 
and germ cells. The former functions to maintain the individual and the 
latter to maintain the species. A number of biological mechanisms must 
differ between these two. However, we are not yet able to comprehend 
fully how primordial germ cells are derived, what comprises the differ
ence between germ cells and somatic cells, or how germ cell differentia
tion progresses and is maintained. Further analysis of the precise role of 
molecules specifically expressed in germ cell differentiation and devel
opment and advances in new techniques can help us to understand the 
basic biological rules which exist in germ cells. Detailed knowledge of 
germ cell proliferation and differentiation will in turn facilitate the 
development of new techniques in reproduction biology and even of 
new clinical applications that will control the complex processes of the 
germ cell differentiation. 
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13.1 Introduction 

In many species a series of Ca2+ oscillations is the first event triggered 
by egg-sperm fusion (Whitaker and Swann 1993). It is widely accepted 
that this series of increases in intracellular free Ca2+ is responsible for 
the following egg activation; however, the molecular mechanisms un
derlying such Ca2+ mobilization within the egg are not fully understood 
(Kline and Kline 1992; Whitaker and Swann 1993; Homa et al. 1993; 
Berridge 1996). 
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Two main mechanisms have been proposed (Yanagimachi 1994). 
According to the first, sperm-egg fusion induces activation of an egg
membrane receptor and subsequent phospholipase C (PLC) activation 
by either G proteins or protein tyrosine kinases. The consequence of 
PLC activation is phosphatidylinositol 4,5 biphosphate (PIP2) hydroly
sis and production of diacylglycerol (DAG) and inositol 1,4,5-triphos
phate (InsP3). DAG is a powerful stimulator of some protein kinase C 
(PKC) isoforms whereas InsP3 binds to specific receptors which are 
coupled to channels responsible for the release of Ca2+ from intracellu
lar stores (Berridge 1993) through a mechanism known as InsP3-in
duced calcium release (UCR). The second hypothesis proposes that a 
soluble sperm factor enters the egg at fertilization and elicits Ca2+ 
oscillations. In agreement with the sperm factor hypothesis, it has been 
shown that intracytoplasmic injection of soluble sperm extracts into 
metaphase II (MIl) arrested oocytes induces a series of Ca2+ spikes and 
complete egg activation in several mammalian species (Swann 1990; 
Stice and Robl 1990; Wu et al. 1997), including humans (Homa and 
Swann 1994; Dozortsev et al. 1995). Microinjection of soluble extracts 
from spermatozoa of sea urchin (Dale et al. 1985) and nemertean worms 
(Stricker 1997) can also activate eggs of the same species. The hypothe
sis that a soluble sperm protein is responsible for the onset of these Ca2+ 

transients and the consequent egg activation after introduction into the 
egg cytoplasm has been strengthened in recent years by the success of 
intracytoplasmatic sperm injection as the most promising technique for 
assisted fertilization (Tesarik et al. 1994; Palermo et al. 1997). 

However, the identity of the sperm protein required for egg activation 
is still uncertain (Wilding and Dale 1997). A possible candidate is a 
glucosamine 6-phosphate isomerase, termed oscillin, which has been 
purified from hamster sperm (Parrington et al. 1996). Although the 
purified fraction induces Ca2+ oscillations when microinjected into 
mouse eggs, it has not been shown that oscillin itself is the only compo
nent of this fraction, and it is not clear whether microinjection of the 
product of the cloned gene is sufficient to elicit the full complement of 
events associated with egg activation, which include cortical granule 
exocytosis, completion of the second meiotic division, with second 
polar body extrusion, formation of the female pronucleus, and progres
sion through cleavage stages. It has been hypothesized that the sperm 
factor sensitizes calcium-induced calcium release (CICR) within eggs, 
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thus generating the classical Ca2+ oscillations observed at fertilization 
(Whitaker and Swann 1993). 

However, it is not clear how after sperm-egg fusion eggs can achieve 
the initial calcium release, which depends the generation of InsP3, 
whose essential role at fertilization has been firmly established (Mi
yazaki et al. 1992; Xu et al. 1994). It has been proposed that two 
independent sperm-derived factors cooperate in generating calcium os
cillations at fertilization: one activates nCR through InsP3 production, 
and the other sensitizes CICR within the egg cytoplasm (Wilding and 
Dale 1997). However, it is known that InsP3 by itself can elicit Ca2+ 

oscillations of variable frequency, depending on its intracellular concen
tration, since Ca2+ released through I1CR can generate CICR in mam
malian eggs (Miyazaki et al. 1993; Berridge 1996). Alternatively, it has 
been proposed that the putative soluble sperm factor which activate eggs 
at fertilization is a kinase or a modulator of a kinase activity (Yanagima
chi 1994). The sperm factor could trigger [Ca2+h elevation within the 
mouse egg, again, through activation of PLC activity, with consequent 
production of InsP3 (Berridge 1996). The essential role of InsP3 pro
duced by PLC in mammalian fertilization has been further strengthened 
by the recent observation that specific PLC inhibitors can block the 
sperm-induced Ca2+ spiking at fertilization in mouse eggs (Dupont et al. 
1996). PLCyl, which is normally activated by tyrosine kinase depend
ent pathways, is the most readily detectable PLC isoform present in 
mouse eggs (Dupont et al. 1996). Very recent data indicate that PLCyl 
plays an essential role in Ca2+ rise during fertilization of starfish eggs 
(Carroll et al. 1997). PLCyl is probably essential for Ca2+ oscillations 
also in mouse eggs since these oscillations are impaired by inhibitors of 
tyrosine kinase activity (Dupont et al. 1996). 

The Ca2+ rise at fertilization is probably essential for cortical granule 
exocytosis, an early sign of oocyte activation that is observed in natural 
fertilization and is considered essential for the hardening of the zona 
pellucida and the block of polyspermy (Yanagimachi 1994). The Ca2+ 

rise is probably also important for resumption of meiosis in ovulated 
mammalian oocytes which are arrested in the metaphase of the second 
meiotic division. The mechanism responsible for the developmental 
arrest of mouse oocytes at MIl depends on cytoplasmic conditions that 
cause chromosome condensation to the metaphase state (Clarke et al. 
1988). It is widely accepted that a dephosphorylation-dependent de-
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crease in mitogen-activated protein (MAP) kinase activity rather than a 
decrease in the Ca2+-sensitive maturation promoting factor (MPF, i.e., 
the cdc2/cyclin B complex with histone HI kinase activity) is required 
for modifications of spindle-associated microtubules at anaphase, chro
mosome decondensation, and reconstitution of a nuclear envelope 
(Verlhac et al. 1993, 1994, 1996; Moos et al. 1995, 1996). 

In mouse eggs MAP kinase activity is stimulated by the product of 
the c-mos proto-oncogene (Verlhac et al. 1996). C-mos is essential both 
in Xenopus (Sagata et al. 1989) and in the mouse (Colledge et al. 1994; 
Hashimoto et al. 1994) to maintain MIl arrest in the egg (Vande Woude 
1994). Studies on Xenopus egg extracts suggest that the Ca2+-induced 
release from metaphase arrest, which is mediated by activation of cal
modulin-dependent protein kinase II (Lorca et al. 1993), involves inhi
bition of a complex positive feedback loop between the serine-threonine 
kinases MPF, c-mos, and MAP kinase (Min shull et al. 1994), and that 
MAP kinase has intrinsic cytostatic factor (CSF) activity (Haccard et al. 
1993). Therefore MAP kinase must be considered the ultimate compo
nent of the CSF system in vertebrate eggs. It is not known whether the 
Ca2+ rise at fertilization is directly related to the inhibition of MAP 
kinase activity and the consequent formation of the female pronucleus, 
which is a relatively later event of egg activation. 

13.2 Tr-kit, an Alternative c-kit Gene Product Expressed 
in Late Spermiogenesis, Is a Truncated Tyrosine Kinase 

The 150-kDa c-kit tyrosine kinase transmembrane receptor (Qiu ct al. 
1988) is expressed in primordial germ cells in the embryonal gonad, and 
its ligand, stem cell factor (SCF), promotes survival of these cells in 
vitro (Do1ci et al. 1991). After birth c-kit is expressed in the mitotic 
stages of spermatogenesis (Sorrentino et al. 1991; Yoshinaga et al. 
1991), and SCF, produced by the surrounding Sertoli cells (Rossi et al. 
1991) under follicle-stimulating hormone stimulation, promotes prolif
eration of type A spermatogonia in culture (Rossi et al. 1993). SCF has 
also been proposed as a survival factor for type A spermatogonia in the 
postnatal testis (Packer et al. 1995). Experiments with spermatogonial 
transplantation also support an important in vivo role for the c-kit 
receptor in mitotic germ cells of the postnatal testis (reviewed by Dym 



Role of c-kit in Egg Activation 257 

1994). Expression of c-kit also occurs in postnatal oocytes (Manova et 
al. 1990; Horie et al. 1991; Yoshinaga et al. 1991) and SCF produced by 
the surrounding granulosa cells promotes oocyte growth (Packer et al. 
1994) and may be involved in the negative control of meiotic progres
sion of oocytes (Ismail et al. 1996; 1997). 

The c-kit receptor mRNA can still be detected, at lower levels, in the 
meiotic stages of mouse spermatogenesis, and its expression ceases 
completely in the haploid phase, when an alternative form of c-kit 
mRNA is present (Sorrentino et al. 1991). An alternative c-kit transcript 
of similar size is also expressed in spermatids of adult rat testis (Orth et 
al. 1996). The alternative mouse c-kit mRNA is transcribed under the 
control of a cell-specific intronic promoter, which specifically drives the 
expression of a reporter lacZ gene in late spermiogenesis in transgenic 
mice (Albanesi et al. 1996). An anti-c-kit immunoreactive 24-kDa pro
tein (tr-kit), corresponding to the size predicted by the open reading 
frame (ORF) of the mouse spermatid-specific c-kit cDNA, is actually 
accumulated during late spermiogenesis (Albanesi et al. 1996). Tr-kit 
consists of 202 amino acids, corresponding to 12 hydrophobic residues 
encoded by intronic sequences, followed by the 190 carboxy terminal 
amino acids of the c-kit ORF (Rossi et al. 1992). Tr-kit contains the 
phosphotransferase catalytic domain of the c-kit cytoplasmic portion 
but not the ATP binding site. It also lacks the interkinase domain, 
including the phosphotyrosine docking site for the interaction with the 
85-kDa subunit of inositol 3-phosphate kinase (Serve et al. 1994), but 
contains the carboxy terminal region relevant for c-kit interaction with 
PLCyl (Herbst et al. 1995). 

13.3 Tr-kit Is Present in the Residual Cytoplasm 
of Mature Spermatozoa 

In agreement with the activation of the c-kit intronic promoter in the 
haploid phase of spermatogenesis are the results of western blot analysis 
using an antibody directed against the 13 carboxy terminal amino acids 
encoded by the mouse c-kit ORF, which revealed the presence of a 
24-kDa anti-c-kit immunoreactive band in round spermatids, and its 
accumulation in elongating spermatids and in epididymal spermatozoa 
(Albanesi et al. 1996). In the mature sperm the intracellular distribution 
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of the tr-kit protein is mainly restricted to the midpiece of the flagellum 
(Sette et al. 1997), which together with the mitochondrial sheath con
tains most of the residual sperm cytoplasm. A weaker positivity to the 
c-kit antibody is also detected in the postacrosomal region at the basis of 
the sperm head and in the principal piece of the tail, but not in the 
acrosomal region, the connecting piece, or terminal tail segment (Sette 
et al. 1997). In immature sperms tr-kit accumulates mainly in the cyto
plasmic droplet of the midpiece. The presence of tr-kit in the residual 
bodies of the spermatids (Albanesi et al. 1996) and in the midpiece of 
mature sperm indicates that this protein accumulates essentially in the 
residual sperm cytoplasm. 

It is known that, together with the sperm head which provides pater
nal chromosomes, the spenn midpiece also penetrates the mammalian 
egg, and supplies centrosome components responsible for aster forma
tion after fertilization (Yanagimachi 1994). Therefore the localization of 
tr-kit is compatible with its entry into the egg and with a possible action 
inside the oocyte after spenn-egg fusion. 

13.4 Microinjection of Recombinant tr-kit into MIl-Arrested 
Oocytes Causes Complete Parthenogenetic Activation 
of Mouse Eggs 

The potential action of tr-kit in the egg cytoplasm was investigated by 
microinjection of a recombinant tr-kit protein expressed in COS cells 
into mouse oocytes arrested in metaphase II. 

Microinjection of extracts from COS cells expressing tr-kit repro
ducibly causes complete parthenogenetic activation of 70% of the 00-

cytes (Sette et al. 1997). Activation of MIl oocytes triggered by extracts 
of tr-kit expressing transfected COS cells is coupled to exocytosis of 
cortical granules; moreover, the emission of the second polar body 
occurs, indicating MIl-anaphase transition and completion of the sec
ond meiotic division. Activated oocytes also proceed through the first 
mitotic cycle. Pronuclei appear between 4 and 7 h after microinjection, 
a time approximating that observed during natural fertilization (Hogan 
et al. 1994), and most of the activated eggs reach the two-blastomere 
stage after 24 h in culture. Furthermore, many of the activated eggs 
develop to morula stages when cultured for 2-4 days. Microinjection of 
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the extracts from mock-transfected COS cells does not induce any ofthe 
activation events triggered by tr-kit, indicating that the presence of the 
truncated c-kit protein in extracts from transfected COS cells is neces
sary for egg activation. 

To determine whether tr-kit is also sufficient to induce the set of 
events observed after its microinjection into MIl oocytes we synthe
sized tr-kit ORF RNA in vitro and performed similar microinjection 
experiments. Synthetic tr-kit RNA reproducibly induced pronuclear 
formation in 60% of the oocytes between 4 and 7 h after microinjection, 
whereas microinjection of control RNAs did not trigger activation 
above background levels observed in noninjected oocytes (Sette et al. 
1997). Again, cortical granule exocytosis and second meiotic division 
preceded pronuclear formation. 

We conclude that the microinjected tr-kit protein is directly responsi
ble for MIl-arrested oocyte activation, and that posttranslational modifi
cations possibly achieved in a eukaryotic expression environment can 
be achieved in the MIl oocyte cytoplasm after translation of tr-kit RNA. 
We did not see an appreciable delay in the timing of egg activation when 
we injected tr-kit RNA with respect to the timing of egg activation after 
injection of cell extracts expressing the recombinant tr-kit protein, sug
gesting that only a very small amount of tr-kit is needed to trigger egg 
activation, and that as soon as the RNA is translated in the egg cyto
plasm tr-kit elicits its action. 

13.5 Tr-kit Dependent Egg Activation 
Requires Calcium Ions, and Is Associated 
with a Decrease in MAP Kinase Activity 

Intracellular Ca2+ mobilization is associated with sperm-induced egg 
activation at fertilization (Yanagimachi 1994). The rise in intracellular 
Ca2+ is responsible for the onset of cortical granules exocytosis and for 
the destruction of MPF activity necessary for the completion of meiosis. 
The possibility that tr-kit induced egg activation also depends at least in 
part on oocyte intracellular calcium ions was investigated. Intracellular 
Ca2+ was chelated by preincubation with the membrane permeable 
compound BAPTA-AM before microinjection of extracts from COS 
cells expressing tr-kit. BAPTA-AM completely blocked both second 
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Fig. 1. Microinjection of recombinant sperm-carried tr-kit faithfully repro
duces the events of egg activation occurring at natural fertilization. Schematic 
representation of the ordered series of events which occur after the contact of 
the sperm and the egg plasma membranes (left) and after the microinjection of 
extracts from transfected COS cells expressing the tr-kit protein, or of in vitro 
synthesized tr-kit RNA (right). In both cases exocytosis of cortical granules, 
meiotic resumption with MIl-anaphase transition, and extrusion of the second 
polar body, pronuclear formation (and subsequent mitotic cycles of the new 
formed zygote or of the parthenogenote) follow each other with similar time 
courses 

polar body extrusion and pronuclear formation (Sette et al. 1997), 
indicating that egg activation by tr-kit requires calcium ions, and that it 
could involve intracellular Ca2+ mobilization. This last hypothesis is 
also supported by the evidence that tr-kit is able to trigger cortical 
granule exocytosis with a pattern similar to that observed in natural 
fertilization. 

Inhibition of egg MAP kinase activity is observed at fertilization in 
mouse eggs and is essential for formation of a female pronucleus (Moos 
et al. 1995). We found that tr-kit RNA microinjection in MIl oocytes is 
associated with a dramatic decrease in MAP kinase activity coupled to 
a shift to a slightly higher electrophoretic mobility of p42 MAP kinase 
(ERK2) due to inactivating dephosphorylation (Sette et al. 1997). This 
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effect could be the consequence of the putative tr-kit induced increase in 
intracellular Ca2+ concentration, but effects of tr-kit microinjection on 
other components of the CSF system cannot be ruled out yet. 

As a whole these data demonstrate that tr-kit microinjection into 
mouse eggs faithfully reproduces many events associated with egg 
activation occurring after sperm-egg fusion in natural fertilization 
(Fig. 1). 

13.6 Tr-kit Mediated Egg Activation Is Blocked 
by Inhibition of PLC Activity 

The recent finding that PLC inhibitors suppress Ca2+ oscillations at 
fertilization (Dupont et al. 1996) suggests that sperm-egg fusion induces 
the activation of a PLC isoform which in tum is responsible for InsP3 
production and Ca2+ release from the intracellular stores. To investigate 
whether tr-kit action inside the egg also involves PLC activation we 
tested the effect of preincubation of mouse eggs with specific PLC 
inhibitors before microinjection experiments. Indeed, tr-kit-induced 
pronuclear formation proved to be completely suppressed by incubation 
of eggs with the specific PLC inhibitor U73122 but not by incubation 
with its inactive analog U73433 (Sette et al. 1997). These results indi
cate that egg PLC activity is essential for tr-kit mediated MIl oocyte 
activation, and they suggest that tr-kit mediated Ca2+ mobilization in
side the egg is mediated through PLC activation. This observation 
reinforces the hypothesis that sperm-derived tr-kit could playa physi
ological role in natural egg activation at fertilization. 

13.7 PLCyl Is the Most Likely Candidate PLC Isoform 
Mediating tr-kit Action Inside the Egg 

PLCyl is activated by ligand-stimulated tyrosine kinase receptors or by 
cytoplasmic src-related tyrosine kinases (Rhee and Choi 1992; Valius 
and Kazlauskas 1993). Both physical interaction with the activated 
receptors and tyrosine phosphorylation of the enzyme seem to be impor
tant for PLCyl activation by tyrosine kinase receptors and consequent 
stimulation of PIP2 hydrolysis, which gives rise to DAG and InsP3 
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production (Kim et al. 1991; Rhee and Lee 1995). In addition to do
mains which are essential for catalytic activity, PLCyl contains several 
regulatory domains that mediate its interaction with upstream and 
downstream effectors, and in particular src-homology 2 (SH2), src-ho
mology 3 (SH3), and pleckstrin-homology domains (Cohen et al. 1995; 
Pawson 1995). 

We propose that PLCyl is the most likely candidate isoform required 
for sperm-carried tr-kit action within the egg cytoplasm, since: (a) 
PLCyl is the most readily detectable PLC isoenzyme in ovulated mouse 
oocytes (Dupont et al. 1996); (b) as previously discussed, PLCyl is 
activated by interaction with tyrosine kinase receptors or with src-re
lated tyrosine kinases; (c) PLCyl interacts with c-kit after its stimulation 
by SCF, the physiological ligand, in several cellular systems, and c-kit
PLCyl physical interaction requires the c-kit carboxy terminal portion 
(Herbst et al. 1995), which is also present in tr-kit (Rossi et al. 1992). 

The precise docking site for PLCyl has not been identified yet in the 
c-kit protein, however, mutation of a tyrosine residue (Y936) present in 
the carboxy terminal portion of human c-kit strongly impairs PLCyl 
association with the activated receptor in vitro (Herbst et al. 1995). The 
equivalent tyrosine residue is also present in the mouse c-kit receptor 
(Y934) and in tr-kit (Y161). As mentioned in the introduction to this 
chapter, the full-length c-kit receptor is present in ovulated oocytes 
(Manova et al. 1990; Horie et al. 1991; Yoshinaga et al. 1991). Although 
tr-kit lacks an ATP binding site, and thus it should lack intrinsic tyrosine 
kinase activity (Rossi et al. 1992), we speculate (Fig. 2) that it might be 
transphosphorylated by the c-kit receptor or by other tyrosine kinase 
activities expressed in MIl-arrested oocytes. As a consequence, tr-kit 
would bind and activate soluble PLCyl, and provoke its translocation to 
the particulate fraction, in which PIP2 hydrolysis occurs (Bar-Sagi et al. 
1993; Yang et al. 1994). Alternatively, tr-kit might compete for interac
tion of PLCyl with the SCF-activated c-kit receptor expressed in MIl 
oocytes. The SCF-c-kit interaction in ovulated eggs is probably unpro
ductive, because SCF does not induce egg activation (Sette et al. 1997). 
Indeed, SCF stimulation promotes binding ofPLCyl to the c-kit recep
tor, but subsequent PLCyl tyrosine-phosphorylation and activation of 
PIP2 hydrolysis has not been unambiguously demonstrated (Reith et al. 
1991; Rottapel et al. 1991; Lev et al. 1991; Herbst et al. 1991; Hallek et 
al. 1992; Koike et al. 1993; Blume-Jensen et al. 1994). As shown in the 



Role of c-kit in Egg Activation 

asma mem rane 

Active PLCy1 .. 

SH3 
SH2 
SH2 
catalytic 
domain 

SH3 
SH2 
SH2 

catalytic 
domain 

Inactive PLCy1 

• tr-kil 

c. ~ r 
tp cylosol ic tyr-kinase 

or c-kit? 

263 

phosphotransferase 
domain 

Fig. 2. Possible models for the mechanism of tr-kit induced egg activation. The 
carboxy terminal phosphotyrosine 934 of the c-kit receptor is important for 
binding PLCyl (Herbst et a1. 1995), probably through the SH2 domain of this 
PLC isoenzyme. The equivalent residue (tyrosine 161) is present in the tr-kit 
carboxy terminal portion. Tr-kit contains the phosphotransferase portion of the 
tyrosine kinase, but it lacks the ATP binding site. However, once transphospho
rylated by the c-kit receptor itself or by a soluble src-related kinase active 
within the MIl-arrested oocyte, tr-kit injected by the sperm in the egg cyto
plasm might bind to soluble PLCyl. As a consequence PLCyl would be acti
vated and allowed to interact (probably through its SH3 domain) with its tar
gets in the particulate fraction, where PIP2 hydrolysis must occur (Bar-Sagi et 
a1. 1993; Yang et a1. 1994). Alternatively, tr-kit might compete for interaction 
of PLCyl with the SCF-activated c-kit receptor expressed in MIl oocytes. The 
c-kit PLCyl interaction is probably unproductive because SCF does not induce 
egg activation (Sette et a1. 1997), and PLCyl is in an inactive state after its in
teraction with the c-kit receptor in other cellular systems (Lev et a1. 1991; 
Koike et a1. 1993; Blume-Jensen et al. 1994) 
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case of the closely related PDGF~ receptor (Valius et al. 1995), silenc
ing of PLCyl might be due to contemporaneous binding of a particular 
blend of other signal transduction molecules to other domains of the 
cytoplasmic portion of the c-kit receptor. 

The hypothesis that PLCyl mediates tr-kit effects on egg activation is 
being tested by coinjection into mouse eggs of cell extracts from COS 
cells transiently expressing a recombinant tr-kit protein, together with 
GST-fusion proteins containing the entire Src-homology region of 
PLCyl, or its fragments, or antibodies directed against these domains. 
The Src homology region is known to mediate interaction of PLCyl 
with upstream and/or downstream effectors. Therefore, we expect that 
injection of the Src-homology region should compete for binding of 
effectors to the endogenous PLCyl, and prevent its activation. 

13.8 Is tr-kit the Sperm Factor that Naturally Activates 
Mammalian Eggs at Fertilization? 

On the basis of the results described above, tr-kit seems a good candi
date as the sperm factor which naturally activates mouse eggs. This is 
supported by the following: (a) We have shown that tr-kit-induced egg 
activation is suppressed by preincubation with either chelators of intra
cellular calcium or with specific PLC inhibitors which also block 
sperm-induced Ca2+ spiking at fertilization. (b) As discussed above, 
tr-kit might conceivably interact with PLCF"Symbol"g I, which can 
bind to the full-length c-kit receptor through a domain also present in 
tr-kit, and PLCyl has been shown to be responsible for Ca2+ mobiliza
tion at fertilization in echinoderms (Carroll et al. 1997). (c) The conse
quence of PLC activation is PIP2 hydrolysis and production of DAG 
(powerful stimulator of some PKC isoforms) and InsP3 (responsible for 
the release of Ca2+ from intracellular stores), and it is widely accepted 
that both DAG (Colonna et al. 1997) and InsP3 (Miyazaki et al. 1993; 
Xu et al. 1994) are essential for activation of mammalian eggs at 
fertilization. (d) Tr-kit also elicits a decrease in egg MAP kinase activ
ity, a c-mos dependent component of CSF, and a similar decrease in 
MAP kinase activity occurs in natural fertilization. (e) The observation 
that intracytoplasmic injection of round spermatids fails to activate 
mouse eggs without additional artificial stimulation, whereas testicular 
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spermatozoa are successful (Kimura and Yanagimachi 1995), indicates 
that an oocyte activating factor must be accumulated during the elonga
tion steps of spermiogenesis, and this is exactly the case for tr-kit 
(Albanesi et al. 1996). 

The evidence that tr-kit actually functions during natural egg activa
tion could come through studies in genetically modified mice. We are 
planning to knock-out the intronic promoter which drives its specific 
expression in late spermiogenesis. This approach might reveal whether 
tr-kit plays a role also in the differentiative events of mouse spermio
genesis (e.g., the transition to round spermatids of secondary spermato
cytes going through the second meiotic division, or the process of 
spermatid elongation). The demonstration that tr-kit is present in sper
matozoa of other mammalian and/or vertebrate species, including hu
mans, and that it is eventually able to activate the eggs in the same 
species, will be important. Further elucidation of its mechanism of 
action inside the oocyte cytoplasm will also help to demonstrate its 
potential role during natural egg activation. For this purpose we will test 
whether tr-kit elicits the same spectrum of sperm-induced Ca2+ oscilla
tions that are observed during natural fertilization, and whether it does 
in fact act through stimulation of PLCyl. Finally, the possible interac
tion with the full-length c-kit receptor or with other tyrosine kinase 
activities expressed in mouse eggs, and the consequent putative activa
tion of PLCyl (Fig. 2), will be tested through biochemical studies in 
transfected cell lines. 
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14.1 Introduction 

The XY sex chromosomes are found in a multitude of species through
out the animal kingdom. During evolution the Y-chromosome, as the 
X-chromosome, evolved from an autosomal chromosome. In the human 
it represents only 2% of the haploid genome and is the smallest among 
the 24 chromosomes. It can be divided into pseudoautosomal regions 
and the nonrecombining region (NRY). The pseudoautosomal regions 
exist on both X- and Y-chromosomes and therefore can easily recom-
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bine. NRY can be divided into a euchromatic and heterochromatic half. 
NRY is the only haploid compartment of the human genome, and since 
it does not recombine, rearrangements (i.e., inversions, duplications) 
within this region are fully transmitted through meiosis (Lahn and Page 
1997). Consequently, repetitive sequences in shuffled arrangements can 
accumulate. Genes found so far in the repetitive sequences TSPY 
(Arnemann et al. 1991) and RBM (Ma et al. 1993) are themselves 
repeated. Of the genes previously cloned from the NRY the most promi
nent one is the SRY (sex determining region on the Y-chromosome) 
which is crucial for testis formation (Sinclair et al. 1990). Whereas all 
the genes described until now derive from the euchromatic region, no 
gene has been found in the heterochromatic region. 

The existence of a gene or a group of genes on the Y-chromosome, 
important for human spermatogenesis, was first postulated by the stud
ies of Tiepolo and Zuffardi (1976), who described microscopically 
detectable deletions of the distal part of the long arm of the Y-chromo
some Y q 11 in azoospermic men. These hypothetical genes have been 
collectively designated as the azoospermia factor (AZF). Using high
resolution molecular DNA techniques, nearly two decades later several 
investigators described various types of terminal and interstitial mi
crodeletions of Yq11 in patients with normal karyotype and azoosper
mia or severe oligozoospermia, thus supporting the hypothesis that 
specific genes on the Y-chromosome are required for male gamete 
maturation (Vogt et al. 1992; Ma et al. 1993). With the delineation of 
Y-chromosomal maps based on molecular markers (Foote et al. 1992; 
Vollrath et al. 1992) large deletions are now detected routinely either by 
hybridization markers or more commonly by sequence-tagged sites 
(STS) based polymerase chain reaction (PCR) markers. These tech
niques also allow the detection of smaller, interstitial deletions of the 
Y-chromosome that are undetectable by microscopy. A recent multicen
ter study identified several loci on the Y-chromosome which, when 
deleted, cause severely impaired spermatogenesis. (Vogt et al. 1996). 
The nomenclature for these three loci is AZFa, AZFb, and AZFc (com
prising deleted in azoospermia, DAZ). 
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14.2 Identification and Characterization of DAZ 

In a recent survey Reijo et al. (1995) screened 89 azoospermic men using 
over 80 Y-specific STSs. With this set of Y-DNA markers a common 
deletion in interval 6 of the long arm of the Y-chromosome was found in 
12 men. By sophisticated methods such as exon trapping a gene could be 
confined to this region which, as expected, was absent in the 12 
azoospermic patients but was present in normal fertile males. Upon 
screening a testis cDNA library using the trapped exons as a probe, a 
cDNA was identified encoding a protein of 366 amino acids with a 
predicted molecular weight of 41 kDa. Inspection of the predicted amino 
acid sequence revealed the presence of an RNA recognition motif (RRM) 
in the N-terminal domain of the protein. Such a domain has been found 
in a variety of proteins involved in RNA processing, transport, and 
metabolism (Nagai 1996). The domain consists of two short, highly 
conserved ribonucleoprotein sequence motifs called RNP-1 (RNP oc
tamer) and RNP-2 (RNP hexamer) within a weakly conserved motif of 
85 residues, when compared to other RNA binding proteins. Crystal
lographic analysis of the RRM from other RNA binding proteins indi
cates a three-dimensional structure in which antiparallel ~ sheets en
coded by RNP1 and RNP2 are flanked by a-helices, a structure crucial 
for the interaction with RNA (Siomi and Dreyfuss 1997). 

A repeat structure is characteristic for the remaining part of the 
protein. In this repeat sequence a 72-nucleotide unit encoding 24 amino 
acids is tandemly repeated (Reijo et al. 1995). Both the repeats and the 
C-terminal part of the protein are characterized by a high concentration 
of proline, glutamine, and tyrosine residues, as is typical of many RRM 
proteins (Siomi and Dreyfuss 1997). Since the function of the gene is 
unknown, but as it is deleted in certain azoospermic patients, it was 
named deleted in azoospermia (DAZ). 

14.3 DAZ Homologues 

Soon after the first description of the Y-chromosomal DAZ, several 
studies appeared describing an autosomal version of DAZ. Until now 
homologues have been described for the human (DAZH, Saxena et al. 
1996; DAZLA, Yen et al. 1996; SPYGLA, Shan et al. 1996; DAZLA, 
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Fig. 1. Amino acid sequence comparison of CYNDAZLA, DAZH, DAZLA, 
and BOULE. Asterisks, identical amino acids in the monkey, human, and 
mouse DAZ homologues; closed circles, identical amino acids in monkey, hu
man, mouse, and fly; shaded boxes, RNA recognition motifs (RNP-l, RNP-2); 
open box, the 24 amino acid repeat motif 

Seboun et al. 1997; according to the new nomenclature all human DAZ 
homologues are designated DAZH), the Old World monkey (cyn
DAZLA, Carani et al. 1997), mouse (Dazh, Reijo et al. 1996; Dazla, 
Cooke et al. 1996), and interestingly in a species which in evolutionary 
terms is very old, the fruitfly Drosophila (boule, Eberhart et al. 1996; 
Fig. 1). In the human DAZH can be mapped to chromosome 3p25, 
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whereas in the mouse it is allocated to chromosome 17. Protein analysis 
and sequence comparisons reveal a high homology between the Y-chro
mosomal DAZ and the autosomal DAZH in the RRM region (Saxena et 
al. 1996; Cooke and Elliott 1997), but while the human Y-encoded DAZ 
includes several tandemly arranged repeats, the human, monkey, mouse, 
and fly DAZH proteins contain only one such unit. Furthermore, in the 
C-termini of DAZ and DAZH the observed low homology is due to 
amino acid changes and deletions. 

Structural analysis of the genomic organization of the autosomal 
DAZH reveals that the protein is encoded by 11 exons, where exon 1 
encodes only the initiation codon, exons 2-6 bear the information for 
the RRM domain, exon 7 displays the single repeat unit, and exons 8-11 
encode the C-terminus (Saxena et al. 1996; Chai et al. 1997). A similar 
genomic organization in the 5' region encoding exons 1-6 was observed 
for DAZ (Seboun et al. 1997; Vereb et al. 1997). Exons 7 and 8 are 
located within a genomic 2.4-kb unit which is tandemly repeated. The 
last two exons, 10 and 11, are located 3' of the tandem array (Saxena et 
al. 1996). The relatively high amino acid sequence homology between 
the autosomal DAZH and the Y-chromosomal DAZ, also resulting in 
similar structural characteristics such as the RRM domain and the repeat 
unit, indicates the possibility that DAZH is the ancestor of the develop
mentofDAZ. 

14.4 Evolution ofDAZ 

Intensive studies on the structure and evolution of the human DAZ gene 
family then gave rise to the current model of events leading to the 
generation of the Y-chromosomal DAZ (Fig. 2). 

During evolution in a first step a complete copy of DAZH was 
transposed to the Y-chromosome. Within the newly transposed gene, a 
2.4-kb genomic segment encoding exons 7 and 8 was tandemly re
peated. In most of the repeats one, generally exon 8, or both exons 
degenerated or were deleted, resulting in the present form of DAZ with 
a repeat structure encoded by several copies of exon 7 and the fact that 
presumably only the last repeat contains a preserved repeat structure of 
exons 7 and 8. Exon 9 of DAZH degenerated without any amplification 
and is lacking in DAZ. 
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Fig_ 2. Schematic representation of DAZlDAZH protein structure and the evo
lutionary events leading to Y encoded DAZ. Open box, the protein; black box, 
RRM domain; gray box, repeat unit. The autosomal DAZH is located on chro
mosome 3; during evolution it was first duplicated and then translocated to the 
Y-chromosome. In addition to the translocation , a genomic fragment encoding 
exons 7 and 8 was amplified, giving rise to the first copy of DAZ. Finally, the 
whole gene itself was amplified and is present on the Y-chromosome in at least 
three copies 

Finally, the whole DAZ gene itself was amplified, giving rise to at 
least three copies (Yen et al. 1997). The sequence similarity between the 
different copies reaches 99%. All copies are in close proximity in the 
AZF region of the Y-chromosome. Recent data show that multiple DAZ 
genes with varying numbers of DAZ repeats are present in each male, 
and that the copy number of the DAZ repeats are polymorphic in the 
population. Moreover, at the mRNA level several transcripts are detect
able, deriving not only from alternative splicing of the primary tran-
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script, since the arrangement of DAZ repeats are different. These results 
indicate a variable amplification event of the repeat unit, encoded by 
exons 7 and 8, within the different gene copies and the transcription of 
more than one DAZ gene (Yen et al. 1997). 

Although the DAZ genes have undergone a series of structural trans
formations, the general protein sequence is maintained. This conserva
tion of an open reading frame is generally believed to be a crucial 
parameter for a functional gene. 

Southern blotting experiments of female and male genomic DNA 
using DAZ DNA probes in a variety of species ranging from marsupials 
to humans have revealed hybridization signals common to both sexes, 
presumably conferring to the autosomal DAZH (Cooke et al. 1996; 
Shan et al. 1996; Seboun et al. 1997; Delbridge et al. 1997). Male-spe
cific hybridization signals, however, have been detected only in certain 
primates species such as the Old World monkey and in humans and were 
absent in mice and other mammals. This is in agreement with the 
localization of the mouse Dazla gene on chromosome 3 and the absence 
of any cross-hybridization to the Y-chromosome (Cooke et al. 1996; 
Reijo et al. 1996). Studies on the evolution of the Y-linked DAZ reveal 
the presence of DAZ in Old World monkeys, apes, and humans, whereas 
it is absent in New World Monkeys and all other species. This distribu
tion of DAZ suggests a translocation of a copy of the autosomal DAZ on 
the primate Y-chromosome sometime after the splitting of the New 
World/Old World monkey lineages. This evolutionary event would also 
indicate that DAZ is a relatively young acquisition of the Y-chromo
some, since the splitting of the two monkey lineages occurred 35-40 
million years ago. This view is also supported by the close proximity of 
the different DAZ copies, while other genes such as TSPY and RBM, 
also present in several copies on the Y-chromosome, are much more 
dispersed throughout the chromosome, thereby indicating that these 
genes have been translocated to the Y-chromosome well in advance of 
the translocation of DAZ (Glaser et al. 1997; Delbridge et al. 1997). 
This acquisition of putative autosomal fertility genes is considered an 
important process in the human Y-chromosome but has recently been 
shown for a gene in Drosophila, suggesting that such a translocation is 
a general mechanism in the Y-chromosome evolution in eukaryotes 
(Kalmykova et al. 1997). 
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14.5 DAZIDAZH Expression 

DAZ and DAZH are expressed exclusively in the germ cells of female 
and male gonads of various species (Reijo et al. 1995, 1996; Cooke et al. 
1996; Carani et al. 1997). Northern blot experiments revealed the pres
ence of a 3.5-kb transcript expressed predominantly in the adult testis, 
with other transcripts being present at a lower transcript size (Shan et al. 
1997). The origin of the smaller transcripts is not yet known, but they 
may be due to alternative splicing of the primary transcript. In situ 
hybridization of human testis sections has shown that DAZ is expressed 
in spermatogonia and in early spermatocytes (Menke et al. 1997). A 
similar picture has been obtained for DAZH expression (Niederberger et 
al. 1997). In the mouse DAZH expression can be confined to B-sperma
togonia, dividing to form preleptotene spermatocytes and to enter the 
meiotic pathway (Reijo et al. 1996; Niederberger et al. 1997). Studies 
on male germ cell development in mice showed the expression of 
DAZH to be detectable as early as day 1 after birth, when only presper
matogonia are present in the testis. Expression increases steadily as 
spermatogonial stem cells appear and plateaus as the first wave of 
spermatogenic cells enters meiosis and is maintained at a similar level in 
the adult testis (Reijo et al. 1996). Recent studies on the protein expres
sion of DAZH in the mouse indicate a cytoplasmatic localization of the 
protein in B-spermatogonia, early spermatocytes, and highest expres
sion in pachytene spermatocytes (Ruggiu et al. 1997). In contrast to the 
nuclear localization of the RBM protein (Elliott et al. 1997), DAZH 
protein is detectable mainly in the cytosol, indicating different functions 
of the two RNA binding proteins. 

Further studies on the expression of DAZIDAZH during spermato
genesis have shown the presence of the protein in mature spermatozoa 
and in the tail of elongated spermatozoa. This suggests that DAZIDAZH 
is constitutively expressed during germ cell maturation, an expression 
pattern which may be related to a role for DAZIDAZH in addition to the 
suspected function during meiosis. 
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14.6 Clinical Aspects 

The first description of DAZ, together with the fact that in about 13% of 
men with nonobstructive azoospermia this gene is deleted (Reijo et al. 
1995), was the starting point for a worldwide search for microdeletions 
in infertile men. Molecular diagnosis of the Y-chromosome is now 
widely used in human genetics and in the andrological patient workup. 
Since 1995 several publications on microdeletions of the Y-chromo
some in infertile men and candidates for intracytoplasmic sperm injec
tion have been published, but using different experimental designs and 
methodological approaches. The variety of incidence of microdeletions 
detected in infertile men is remarkable, ranging from 1 % (Van der Ven 
et al. 1997) to 29% (Foresta et al. 1997). An overview of recent literature 
shows that patient selection criteria is probably the crucial factor influ
encing this parameter, and that the overall frequency of microdeletions 
for men with azoospermia is about 12%, and with severe oligozoosper
mia 3% (sperm concentration less than 5xl06/ml; Table 1). About four
fifths of all microdeletions involve DAZ, whereas in only one-fifth of 
the cases is the infertile phenotype associated with a microdeletion in 
the AZFa and/or AZFb regions and not extended to AZFc (Simoni et al. 
1998). 

Our own experience to date is based on peR diagnosis of microdele
tions in more than 700 patients consulting our infertility clinic. We have 
identified nine patients with DAZ deletions, one with a microdeletion 
limited to AZFa, and one with a microdeletion involving only AZFb. 
Two patients with DAZ deletion had a sperm concentration below 
lx106/ml; the others were azoospermic. This corresponds to a mi
crodeletion frequency of 4.5% of azoospermic and 1.8% of severely 
oligozoospermic men. The clinical characteristics of these patients 
showed that testicular volume is generally reduced, and that serum 
follicle-stimulating hormone levels were usually but not always ele
vated - features compatible with a primary spermatogenic failure. 
Varicocele and/or a history of testicular mal descent were present in 
seven patients, indicating that the occurrence of such clinical conditions 
should not exclude patients from analysis. Finally, among patients with 
Sertoli-cell-only syndrome, microdeletions seem to be more frequent 
(approx.lO%). 
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Table 1. Summary of the literature on Y-chromosomal microdeletions 
(1995-1997): number of subjects analyzed and deletions 

Infertile men 
Deletions Controls (proven fathers) 

Reference n n % n Deletions 

Reijo et al. (1995) 89 12 13.5 90 0 
Nakahori et al. (1996) 153 20 13.1 0 0 
Qureshi et al. (1996) 100 8 8 80 0 
Stuppia et al. (1996) 33 6 18.2 10 0 
Reijo et al. (1996) 35 2 5.7 0 0 
Vogt et al. (1996) 370 13 3.5 200 0 
Najmabadi et al. (1996) 60 11 18.3 16 0 
Kent-First et al. (1996) 32 1 3.1 200 0 
Pryor et al. (1997) 200 14 7 200 0 
Foresta et al. (1997) 38 11 28.9 10 0 
Vereb et al. (1997) 168 5 3 55 0 
Kremer et al. (1997) 164 7 4.3 100 0 
Mulhall et al. (1997) 83 8 9.1 0 0 
Simoni et al. (1997) 168 5 3 86 0 
van der Ven et al. (1997) 204 2 1 50 0 
In't Veld et al. (1997) 58 35.2 0 0 
Total 1995 128 6.4 (Av.) 1097 0 

Although the causal role of DAZ deletion in azoospermia still awaits 
formal confirmation, as no small intragenic deletions or point mutations 
have yet been described, the data obtained so far support the idea that 
DAZ is involved in the control of male fertility. In fact, microdeletions 
of DAZ are not found in the large group of confirmed fathers analyzed 
to date (Table 1). 

It is clear, however, that deletions of DAZ are sometimes compatible 
with some degree of ongoing spermatogenesis. In fact, DAZ deletions 
have been found in fathers of infertile men (Vogt et al. 1996; Pryor et al. 
1997) and in severely oligozoospermic men (Reijo et al. 1996; Simoni 
et al. 1997). Previous paternity and/or oligozoospermia has been re
ported in some cases of azoospermic men with deletions (Simoni et al. 
1997; Pryor et al. 1997). These clinical data suggest a possible progres
sion from oligozoospermia to azoospermia at least in some cases (Vogt 
1995). 
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Apart from the few cases of inherited deletions described above, the 
large majority of deletions are clearly de novo events. It is speculated 
that deletions originate mainly in the germ cells of the father (Edwards 
and Bishop 1997). Primary spermatocytes in meiotic prophase are the 
most likely source of deletions during chromosome alignment, pairing, 
and crossing-over. Deletions are then limited only to germ cells deriving 
from this affected spermatocyte, leaving the other germ cells intact. This 
would explain the puzzling finding that microdeletions in the brothers 
of patients with deletions are absent. Concerning the frequency of 
deletions in men, only speculative estimations can be made, i.e., that 
several thousand spermatozoa with deletions may be present among 
millions of normal spermatozoa (Edwards and Bishop 1997). 
Mosaicisms are possible but practically impossible to demonstrate with 
conventional PCR techniques. Alternatively, microdeletions could origi
nate de novo in the fertilized eggs or embryos, preventing the formation 
of spermatogonia. If this is the case, the possibility of mosaicism in 
infertile men (DAZ present in leukocytes, deleted in the germ cells) 
exists and should be analyzed in the future. 

Recent studies by Saxena et al. (1996) and Yen et al. (1997) have 
demonstrated that DAZ is a multicopy gene. The diagnostic technique 
currently used worldwide for screening of DAZ deletions allows only 
the detection of DAZ or its absence, independently of the copy number. 
Therefore no estimations can be made whether a reduced number of 
DAZ genes results in disturbed spermatogenesis. More sophisticated 
techniques are required to determine whether a gene dose effect such as 
that described for DAZH is also true for DAZ. For this purpose, assays 
must be developed which enable the detection of the copy number of 
DAZ, for example quantitative PCR. A putative correlation between 
DAZ copy number and spermatogenesis can be evaluated by these 
methods. 

In summary, based on the actual knowledge of the clinical charac
teristics of patients with deletions, showing varying sperm concentra
tions and hormonal parameters, molecular analysis of the three 
azoospermic loci should be performed in all men with sperm concentra
tion below 5x106/ml (Meschede et al. 1997) Moreover, analysis of 
microdeletions should be performed in all patients who are candidates 
for microassisted fertilization techniques, in view of the high risk of 
producing an infertile son. The present state of molecular analysis for 
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microdeletions reveals the highest frequency by far in the AZFc region, 
comprising DAZ. However, the various laboratories listed in Table 1 
used differing numbers of primers, ranging from 5 to 118, in varying 
locations on the Y-chromosome. At present there is no consensus about 
the number and type of STS primers that should be used for diagnostic 
purposes. An international quality assessment scheme for Y-chromoso
mal microdeletions was recently initiated by our institute and should 
enable the formulation of standardized diagnostic protocols, which defi
nitely will improve the quality of molecular analysis, crucial for the 
diagnosis of infertility. 

14.7 Animal Models 

Understanding the functional role of DAZIDAZH requires detailed 
analysis of the structural components of the protein, followed by bio
chemical studies in which putative characteristics are further investi
gated. In the case of DAZIDAZH, resembling RNA binding proteins, 
this approach is very difficult to undertake. Until now a specific interac
tion with mRNAs has been shown only for a few RNA binding proteins 
(for review see Siomi and Dreyfuss 1997; Hecht 1996). The challenge is 
therefore to isolate the target mRNAs among the numerous newly 
synthesized mRNAs during germ cell maturation. The different repeat 
structure between the autosomal DAZH and DAZ may participate in 
different RNA binding characteristics, which would implement a differ
ent specific function for both proteins. Furthermore, interactions of 
DAZIDAZH with hormones and/or other factors controlling their ex
pression or activity must be identified. 

A more straightforward approach is offered by the use of animal 
models in which the gene can be inactivated to study the consequences 
of loss of DAZIDAZH function. 

14.7.1 The Drosophila Model 

Soon after the identification and characterization of the human Y-chro
mosomal DAZ an initial study appeared that provided insights into the 
putative function of the protein. In the fruitfly Drosophila, during 
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screening for transposon-induced male-sterile mutations, the autosomal 
homologue of human DAZ, boule, was identified. This shares high 
homology in the RRM domain to DAZIDAZH and displays only one 
repeat unit (Eberhart et al. 1996). Boule expression is limited to males 
and is testis specific. Male flies deficient in boule are azoospermic, and 
detailed analysis of the affected homozygous males has revealed a 
failure of germ cells to undergo meiosis. This is probably due to the fact 
that the transition to metaphase does not occur. Partial spermatogenesis 
was recovered again when the boule cDNA was introduced in boule 
mutant flies. 

The accessibility of spermatogenesis and the variety of mutations 
affecting spermatogenesis at nearly every step of germ cell maturation 
makes the fruitfly one of the preferred animal models to study the 
possible function of DAZH (Hackstein 1991; Castrillon et al. 1993). For 
example, in another Drosophila mutant, named twine, a close similarity 
to the boule-mutant males was observed in respect to the stage at which 
spermatogenic arrest occurs (Eberhart et al. 1996). The twine locus 
encodes a meiosis-specific homologue of CDC25 phosphatase, which is 
crucial for the cell cycle. Based on the findings in boule-deficient flies, 
and by analogy to the twine mutants, one can presume a function for 
DAZH in the control of meiotic cell divisions. By searching for mutant 
flies with genes mutated acting either before the time of function for 
DAZH or shortly thereafter, the exact role of DAZH, for example the 
interactions with other proteins, could be clarified further. 

However, this approach of using fruitflies as a model for 
DAZ/DAZH function is somewhat limited in relevance for the human. 
While some genetic processes during spermatogenesis may be similar, 
differences such as the architecture of spermatogenesis and the absence 
of a Y-encoded DAZ make it difficult to predict the causes for spermato
genic failure in humans. 

14.7.2 The Mouse Model 

The mouse is an animal model widely used for the study of spermato
genesis. Although the hormonal regulation of spermatogenesis is differ
ent from that in the human, its overall validity as a suitable model is 
generally accepted. Cooke's group has recently generated Dazla knock-
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out mice in which exons 5-11 of the gene were replaced by a neomycin
resistance marker leaving the RRM domain intact (Ruggiu et al. 1997). 
The disruption of Dazla leads to nearly complete absence of germ cells 
beyond the spermatogonial stage. The markedly decreased numbers of 
spermatogonia indicate a reduced proliferation of gonocytes, the pro
genitors of spermatogonia in the fetus, or a loss of germ cells after 
proliferation. Immunohistochemical methods confined Dazla expres
sion in wild-type adult mice mainly to primary spermatocytes, stages 
which do not correspond directly to the effects of gene disruption seen 
in the knockout mice. This suggests that Dazla has different functions in 
embryonic and adult gonads. In this context it is noteworthy that other 
studies demonstrate expression of the autosomal DAZ from gonocytes 
to mature sperm (R. Reijo, personal communication). This constitutive 
expression pattern suggests that Dazla has a different function through 
germ cell maturation and acts as a kind of a differentiation factor. The 
loss of Dazla then consequently leads to a loss of germ cells. 

Heterozygous Dazla knockout mice show reduced sperm counts and, 
most strikingly, a high percentage of abnormal sperm, characterized by 
abnormal head and tail formations (Ruggiu et al. 1997). In this respect 
it is also noteworthy that Habermann et al. (1997) have recently publish
ed data of DAZ expression in the tail of human sperm. The expression 
of DAZ in the tail of sperm and the abnormal tail formation found in 
heterozygous Dazla knockout mice strongly suggest a crucial function 
for the morphogenesis of mature sperm. Together with the observation 
of reduced spermatogenesis in heterozygous boule mutants, the pres
ence of a gene dose effect of Dazla is evident, where a certain threshold 
of expression is required for quantitative and qualitative normal sperma
togenesis. 

14.7.3 The Non-human Primate Model 

Southern blots of genomic DNA from male primates hybridized to 
human DAZ DNA probes display clear hybridization signals common 
to male and female monkeys, but in addition male-specific signals can 
also be observed (Shan et al. 1996; Seboun et al. 1997). This first 
indirect observation was recently confirmed when human DAZ specific 
primers were used to amplify a specific DAZ fragment from genomic 
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Fig. 3. Evidence for a Y-encoded DAZ in the Old World monkey. Genomic 
DNA was isolated from blood samples of a female and male cynomolgus mon
key and human. Using the primer pair sY254 amplifying Y-specific human 
DAZ sequences, a DNA fragment was obtained in the male monkey and hu
man, whereas no fragment was detected in the female monkey or human. As a 
positive control, the autosomal follicle-stimulating hormone receptor (FSHR) 
was amplified from all genomic DNAs used in this experiment 

DNA of the Old World monkey. The fact that only male monkey 
genomic DNA gives rise to a fragment of the Y-chromosomal DAZ is 
strong evidence for the presence of a Y-encoded DAZ (Fig. 3). However, 
a male-specific DAZ signal was obtained only in Old World monkeys 
such as the macaques, not in New World monkeys such as the marmo
sets (Fig. 4). 

The Old World monkey Macaca fascicularis has been used as an 
animal model for many years in studies on male contraception and in 
studies on the efficacy and hormonal regulation of spermatogenesis 
(Weinbauer and Nieschlag 1993). All data obtained so far clearly show 
that this animal model, unlike other animal models, is particularly 
suitable for preclinical studies on human spermatogenesis. The fact that 
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Humans 
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Old World Monkeys 

New World Monkeys 

autosomal DAZH 

autosomal DAZH 

Fig. 4. Hypothetical model for the translocation of the ancestor of DAZ during 
primate evolution. While the autosomal DAZH (black line) is present in all pri
mates, DAZ (gray line) is present only in the Old World monkeys, apes, and 
humans. The translocation therefore must have taken place after the splitting of 
the two primate lineages 30-40 million years ago 

the monkey possesses a Y-encoded DAZ which is absent in other classi
cal animal models makes it the ideal, possibly the only animal model 
suitable for functional analysis of the protein. 

Following this line, we therefore isolated the corresponding DAZH 
gene of the cynomolgus monkey M. fascicularis by reverse-transcrip
tion PCR from testis mRNA. The monkey DAZ homologue cynDAZLA 
has an open reading frame of 888 bp and encodes 295 amino acids. 
Comparison of the cynDAZLA sequence to autosomal DAZ homo
logues from human, mouse, and fly shows the presence of an RRM 
consisting of an RNP-I and RNP-2 motif and only one DAZ consensus 
repeat, compared with several repeats found in the human DAZ gene on 
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the Y-chromosome. The homology of the cynDAZLA cDNA is 97% to 
human DAZH and 87% to mouse Dazla (Fig. 1). Hybridization of 
labeled cDNA to RNA isolated from various tissues has revealed a 
transcript of 3.5 kb which is expressed only in the testis (Carani et al. 
1997). 

The limitation of our first approach in isolating the DAZH cDNA by 
reverse-transcription PCR is, however, that only the coding region is 
amplified, and no data can be obtained for the 3' and 5' regions of that 
gene. In an extension of our studies on the isolation of DAZH from the 
cynomolgus monkey we therefore screened a recently generated testis 
cDNA library with human or monkey DAZH probes. A positive clone 
was isolated bearing the full length cDNA of the monkey DAZH. The 
cDNA is approximately 3.2 kb and contains an open reading frame and 
amino acid sequence as previously published (Carani et al. 1997; 
Fig. 1). The large 3' untranslated region displayed a high homology 
(89%) to the human DAZH. 

The isolation of the Y-encoded DAZ from the monkey will be most 
interesting, and work on this is currently in progress. Detailed sequence 
comparisons of translated and untranslated regions of the DAZ and 
DAZH genes from the human and the monkey should yield further 
insights into the evolution of DAZ, for example which parts have been 
acquired or deleted during the past 30 million years, what is the repeat 
structure in the monkey, and whether DAZ is also a multi copy gene in 
the monkey. Another important point to be investigated in this animal 
model is the onset and regulation of expression of DAZIDAZH during 
prepubertal, pubertal, and adult development of the testis. Specific DNA 
probes or specific antibodies must be used to clarify where and when 
DAZIDAZH is expressed, and possible differences in the expressive 
pattern of the two proteins. 

14.8 Conclusions 

The fact that animals such as marsupials, mice, and fruitflies possess 
only an autosomal DAZ homologue and have normal spermatogenesis 
indicates, if extrapolated to the human situation, that DAZH is crucial 
for spermatogenesis, and suggests that the Y-encoded DAZ is a vestigial 
gene acquired and accumulated on the Y-chromosome. Conversely, even 
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if the Y-encoded DAZ has only a minor positive impact on spermato
genesis, this would have a strong selective advantage during evolution. 
Different expression patterns of DAZ and DAZH during spermatogene
sis might indicate a diverging function of the two genes; the repeat 
structure in DAZ might possibly lead to other or to better binding 
characteristics to target mRNA. To this purpose the Old World monkey 
closely resembles the human in respect to general endocrine regulation 
of spermatogenesis, structural architecture and morphology of the testis, 
and very importantly in respect to gene content. 
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15.1 Introduction 

Recent studies on the molecular pathogenesis of diseases have shown 
that even infertility can be hereditary. This contrasts with the general 
opinion that infertility cannot by nature be an inherited condition. Rapid 
progress in the field of molecular biology has enabled the identification 
and detailed characterization of mutations and polymorphisms causing 
impaired fertility. Although the ultimate cause of such disorders cannot 
be treated today, affected individuals suffering from these conditions 
can be effectively helped with the new assisted reproductive techniques. 

Many of the recognized causes of infertility have been found to 
affect the function of the pituitary-gonadal axis. Mutations of the go
nadotropin genes, i.e., the common a-subunit and the follicle-stimulat-
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ing honnone (FSH) or luteinizing hormone (LH) 13-subunits, are rare. 
On the other hand, a number gonadotropin receptor mutations, explain
ing certain pathologies of gonadal function, have been recently discov
ered. Most of these reports describe mutations in the LH receptor (LHR) 
gene, and only recently three mutations in the FSH receptor (FSHR) 
gene have been documented. 

This review focuses on the FSHR. First, the FSHR function and 
structure are briefly summarized, and then the currently known FSHR 
mutations and the phenotypic alterations that they cause are described in 
more detail. 

15.2 Physiological Functions of Gonadotropins 

FSH is a member of the glycoprotein hormone family that includes, in 
addition, LH, thyroid-stimulating honnone (TSH) and human chorionic 
gonadotropin (hCG). FSH, LH, and TSH are synthesized in the anterior 
pituitary gland, whereas hCG is synthesized by the placenta. Ovarian 
and testicular differentiation and function are controlled by FSH and 
LH. In females FSH is required for normal ovarian development and 
follicle maturation while LH regulates theca cell androgen production, 
induces ovulation, and regulates the corpus luteum function. FSH binds 
to its receptor, exclusively present in ovarian granulosa cells (Richards 
1994), stimulates their growth, and activates the production of estrogens 
initiating a normal menstrual cycle. Although FSH is essential for the 
last stages of follicular maturation, the initiation of ovarian follicular 
growth is thought to be independent of FSH. This is supported by 
persistent follicular growth in gonadotropin-deficient mice (Halpin et al. 
1986). Furthermore, follicular growth also occurs in the perinatal rat 
ovary before the appearance of gonadotropin receptors (Sokka and 
Huhtaniemi 1990; Rannikko et al. 1995). At the time of puberty the 
interrupted process of follicular growth is overcome when serum FSH 
levels increase, and cyclic ovarian function starts. 

In the testis FSH binds to its receptors in Sertoli cells, stimulating 
their differentiation, growth and various steps of metabolism. FSH is 
generally considered essential for the prepubertal phase of Sertoli cell 
proliferation, the pubertal initiation of spermatogenesis, and later for 
quantitatively normal sperm production (Knobil 1980). Androgens se-
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creted by Leydig cells in response to LH have synergistic effect with 
FSH on spermatogenesis (Sharpe et al. 1994) and maintain the male 
sexual functions. 

15.3 Structure of Gonadotropin Receptors 

The gonadotropin receptors, together with that of TSH, belong to a 
superfamily of seven transmembrane domain G protein coupled recep
tors. Other receptors of this gene family include muscarinic, adrenergic, 
cholinergic, dopamine, and substance-K receptors. The structure of 
these proteins includes seven transmembrane spanning domains, the 
extracellular amino-terminus, and the intracellular carboxy-terminus. 
The transmembrane domains are most homologous between the mem
bers of this receptor superfamily. Most of these receptors appear to have 
a short extracellular amino-terminus. However, a large amino-terminal 
domain, ranging in size from 333 to 398 amino acids, is typical of 
glycoprotein hormone receptors. Each of these receptors is specific to 
its cognate ligand hormone, with the exception of LHR which binds 
both LH and heG with roughly similar affinity and triggers similar 
cellular responses. 

The gonadotropin receptor genes have been cloned from several 
species, including the human (Minegishi et al. 1990; Minegishi et al. 
1991; Rousseau-Merck et al. 1990; Koo et al. 1991). The FSHR gene is 
located in chromosome 2 p21. The gonadotropin receptors are coded by 
long genes (>84 and 64 kb for FSHR and LHR, respectively). Although 
the size of the genes varies, the similarities between FSHR and LHR 
genes are striking. The number of exons in the gonadotropin receptor 
genes differs; the FSHR gene has 10 and the LHR gene 11. However, in 
both of them, the last exon encodes the whole transmembrane and 
intracellular part, which is about 50% of the size of the receptor protein. 
These exons share a 62% similarity at the nucleotide level (Heckert et 
al. 1992). 
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15.4 Mutations in Gonadotropins and Their Receptors 

Mutations of gonadotropin genes are very rare; they have been de
scribed in the ~-subunit genes, but not in that of the common a-subunit. 
An inactivating mutation of the LH~ gene described in a hypo gonadal 
man was shown to cause a complete loss of LH bioactivity, expressed as 
total absence of Leydig cells and infertility (Weiss et al. 1992). This 
single base substitution changed codon 54 from Glu to Arg. A polymor
phic variant of the LH ~-subunit gene containing two missense muta
tions (Trp 8 Arg and lIe 15 Thr) has been reported from Finland (Petters
son et al. 1992; Haavisto et al. 1995) and Japan (Fumi et al. 1994). The 
variant LH has increased in vitro bioactivity but reduced circulatory 
half-life. Although it has been related with a number of conditions with 
altered LH action (e.g., puberty, polycystic ovary syndrome), its final 
pathophysiological significance is still unknown. 

Genetic defects in the gonadotropin receptors can be divided into 
activating (i.e., gain of function) and inactivating (i.e., loss of function) 
mutations. Usually in the case of activating mutations only heterozygos
ity is required for the phenotypic alteration (e.g., a constitutively acti
vated receptor). On the other hand, the inactivating mutations more 
often demand homozygosity for the changed phenotype. Most LHR 
mutations have been discovered in or next to the sixth transmembrane 
helix, which is an important region for the binding of G proteins (Kre
mer et al. 1993, 1995; Laue et al. 1996; Tsigos et al. 1997; Toledo et al. 
1996). 

Females with inactivating LHR mutations have normal sexual differ
entiation and apparently normal pubertal development. The same would 
probably be the phenotype with inactivating LH mutations, but such 
cases have not yet been reported in the female. However, after puberty, 
the lack of normal LH action causes, as expected, amenorrhea and 
infertility (Kremer et al. 1995; Toledo et al. 1996). Males with impaired 
LH action have been shown to have Leydig cell hypoplasia, diverted 
masculinization, pseudohermaphroditism, and spermatogenic failure 
(Kremer et al. 1995; Laue et al. 1995; Latronico et al. 1996). Activating 
mutations of the LHR gene cause precocious puberty in boys (Shenker 
et al. 1993; Yano et al. 1996), but no phenotype has so far been detected 
in females. 
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Table 1. List of mutations of FSH receptor with the presenting phenotype 

Amino acid change Female Male Reference 
phenotype phenotype 

Inactivating 
Ala 189 Val Ovarian Aittomaki et a1.1995 

dysgenesis 
Suppressed 
spermatogenesis Tapanainen et a1. 1997 

Phe 591 Ser Ovarian sex Kotlar et a!. 1997 
cord tumors 

Activating 
Asp 567 G1y Gonadtropin Gromoll et a!. 1996 

independent 
spermatogenesis 

The first mutation in the FSH ~-subunit was discovered in a woman 
with primary amenorrhea and infertility (Matthews et al. 1993). Analy
sis revealed a two-nucleotide frame shift deletion in codon 70 of the FSH 
~-subunit gene. The subject's fertility was restored by the administra
tion of FSH. Recently, compound heterozygous mutations of FSH~ 
gene were discovered in a female with primary amenorrhea (Layman et 
al. 1997). DNA sequencing revealed a 2-bp deletion at codon 61 
(Val 61 X) and a missense mutation at codon 51 (Cys 51 Gly). Each of 
these mutations prevented efficient combination of the (X- and ~

subunits to form intact FSH. No mutation of FSH~ gene has been 
discovered in males so far. However, the clinical findings on such cases 
would obviously be analogous to the presentation of inactivating FSHR 
mutation (see Sect. 15.5.1). 

15.5 Mutations in the FSH Receptor Genes 

Although several LHR mutations have been discovered, only two inac
tivating and one activating mutation of FSHR have so far been found. 
The phenotype of the inactivating mutation have been described in both 
men and women, and the activating mutation has been characterized in 
a male with gonadotropin deficiency (Table 1). 
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15.5.1 Inactivating Mutations of the FSH Receptor 

The first mutation of FSHR was discovered in six Finnish families with 
two or more women suffering from hypergonadotropic ovarian dys
genesis (ODG). A total of 75 patients with ODG were identified (Ait
tomaki 1994), and they all showed primary or early-onset secondary 
amenorrhea and infertility. The arrest of ovarian maturation at puberty 
was found to be caused by the lack of ovarian response to FSH, leading 
to missing gonadal negative feedback and elevated serum FSH levels. In 
a systematic search for linkage in the affected families, the ODG locus 
was mapped to chromosome 2p where both of the gonadotropin recep
tor genes are located. Due to the critical role of FSH in the early 
follicular development, and to the fact that no pseudohermaphoriditism 
was apparent in the affected families, an FSHR mutation seemed more 
likely. It turned out that 22 of these 75 females had an inactivating point 
mutation in the FSHR gene. 

Unlike the LHR mutations which are mostly located in the trans
membrane domain of the receptor, the inactivating FSHR mutation is 
found in the extracellular ligand binding domain of the protein. A 
C566 T transition in exon 7 of FSHR predicting an Ala to Val substitu
tion at residue 189 has been found to cause ODG (Fig. 1). Functional 
testing in transfected MSC-I cells demonstrated a dramatic reduction in 
binding capacity and signal transduction, but apparently normal ligand 
binding affinity by the mutated FSHR (Aittomaki et al. 1995). The 
mutation was located in a highly conserved region when compared with 
the FSHR of the monkey, sheep, and rat. This emphasizes the functional 
importance of the location. In addition, it belongs to a sequence of five 
amino acids that are identical in the FSHR, LHR, and TSHR and contain 
a consensus N-linked glycosylation site. The high conservation of this 
region in the three glycoprotein hormone receptors suggests that it is not 
the site of ligand recognition. It more likely participates in the nonspe
cific aspects of ligand binding or plays a role in transfer of the receptor 
to the plasma membrane, or in its turnover. The normal affinity of the 
low number of mutated receptors that can be detected in transfected 
cells supports this (Aittomiiki et al. 1995). 

The 22 females with the inactivating FSHR mutation came from 13 
families and had 25 male sibs. Blood samples of 15 brothers were 
obtained for testing of the FSHR mutation, and 5 of the men tested 
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Exon 7 Ala189Vai 

~rvv-\r'\ - eOOH 

Fig. l. The structure of FSH receptor and the locations of two inactivating mu
tations (open squares) and the activating mutation (black circle) so far de
tected. Short lines across the amino acid chain separate the 10 exons 

proved homozygotes for the FSHR mutation. All of them had normal 
serum testosterone levels and were normally masculinized. Although 
the affected men had low-normal to clearly low testicular volume, 
sperm was found in the semen of all of them. However, none of them 
had fully normal sperm parameters. Three of the men had severe and 
one had moderate oligozoospermia. The fifth man had normal sperm 
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Table 2. Clinical and hormonal data of the men homozygous for the C566 T 
(Ala 189 Val) FSH receptor mutation 

Sperm analysis 
Pat. no. Age Testis size Count/ml Norm. FSH LH T (nmolll) 
(years) (years) (m!) morpho (lUll) (lUll) 

1 45 4.0/4.0 .lxlO6 23.5 16.3 14.5 
2 47 15.0113.8 5.6xl06 2% 12.5 5.6 8.8 
3 55 13.5/15.8 .lxlO6 -1 5.1 4.2 15.8 
4 42 8.0/8.0 .Ox106 16% 20.6 16.2 26.2 
5 29 8.6/6.0 42x106 16% 39.6 11.1 14.7 
Ref. ~15 ~20x106 ~40% 1-10.5 1-8.4 8.2-34.6 
range 

concentration but low volume and teratozoospermia. In addition, two of 
the men were fertile (Table 2). While all women with the inactivating 
C566 T mutation are infertile, the same FSHR mutation does not seem 
to cause absolute infertility in men. The FSHR mutation suppresses 
spermatogenesis to a variable degree but does not totally disable it. This 
suggests that FSH is not an absolute requirement for spermatogenesis as 
it is for ovarian follicle maturation (Tapanainen et al. 1997). 

Previous studies have indicated that FSH together with testosterone 
is needed for the pubertal initiation of spermatogenesis. However, it is 
known that in adult men FSH is not necessary for the reinitiation of 
spermatogenesis (Bremner et al. 1981). The study on men with inacti
vating FSHR mutation shows that, in contrast to earlier views, FSH is 
not required for the pubertal initiation of spermatogenesis. Recent stud
ies with FSHP knockout mice support this fact. FSH-deficient female 
mice are infertile due to a block in folliculogenesis prior to antral 
follicle formation. FSH-deficient male mice have smaller testes than 
wild type males and suppressed spermatogenesis, but they are fertile 
(Kumar et al. 1997). The smaller testicular volume in affected men and 
in FSHP knockout mice supports the notion that FSH induces Sertoli 
cell proliferation in immature testes and thus has an important role in 
determining the final testicular size. 

Recently a heterozygous point mutation of FSHR was discovered in 
patients with ovarian sex cord tumors (Kotlar et al. 1997). This muta
tion, TI777 C, converts Phe to Ser at residue 591 (Fig. 1). Transfection 
studies on COS-7 cells demonstrated that the mutation eliminated FSH-
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stimulated cAMP production. The role of this inhibiting FSHR mutation 
in the development of ovarian sex tumors is unclear, and it is likely that 
it is only one of several genetic abnormalities in these tumors. 

15.5.2 Activating FSH Receptor Mutation 

One case of activating FSHR mutation has been reported. A hypo
physectomized 28-year-old man was unexpectedly found to be fertile 
despite gonadotropin deficiency. A point mutation a was found in ex on 
10 of the FSHR gene. This A1700G mutation, predicting an Asp to Gly 
transition in amino acid 567, was located in the third transmembrane 
loop of the receptor protein (Fig. 1). In functional studies on COS-7 
cells transfected with the mutant FSHR, a 1.5-fold increase in basal 
cAMP production over wild type receptor, was found in the absence of 
FSH. The wild type and mutated FSHR reacted to increasing concentra
tions of FSH with a similar dose-dependent stimulation of cAMP pro
duction (Gromoll et al. 1995). These findings suggested that the activat
ing mutation of the FSHR autonomously sustains spermatogenesis in 
the absence of gonadotropins. 

15.6 Summary 

Recently discovered mutations of the FSHR gene have markedly ex
panded our knowledge on the role of FSH in reproduction. Inactivating 
mutation of the FSHR leads to amenorrhea and absolute infertility in 
females, but in males spermatogenesis and fertility are only partially 
affected despite lacking FSH action, suggesting that FSH is more im
portant for female than male fertility. Thus it seems that female repro
ductive tract is predominantly FSH dependent and accommodating 
changes in LH. On the other hand, male reproductive organs are sensi
tive to changes in LH activity and are relatively resistant to changes in 
FSH activity. 

It has been suggested that the inhibition of FSH action would be an 
optimal method for male contraception. The only lowered fertility in 
males with inactivating FSHR mutation and in FSH~ knockout mice 
demonstrates, however, that spermatogenesis can start and be main-
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tained without FSH. This suggests that the blockade of FSH action, for 
example using anti-FSH vaccines, FSH antagonists or inhibin, is un
likely to be a successful method of male contraception. 
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