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>. COOKe ', R.A. Aess, L. siImon~, H.N. Scniesser, K. Carnes, . lyagr-, -C. RoTmann’, K.Vl
P.S. Cooké’, R.A. Hes$, L. Simon?, H.N. Schlessef, K. Carnes, G. Tyagf®, M-C. Hof 4 KM
Murphy >®

Departments ofVeterinary Biosciences arfifeterinary Pathobiology, University of lllinois Birbana-Champaign, Urbana, IL.
“Department of Biology, University of Dayton, DaytdbH.
Department of Pathology and Immunology, Washindtoiversity School of Medicine, St Louis, MO aftdoward Hughes
Medical Institute.

Abstract The remainder of the review will be devoted to a
discussion of the rapid and exciting progress im ou
This  review discusses how recentunderstanding of one of these areas, how SSC
methodological developments that have facilitatedys maintenance, self-renewal and differentiation egeilated.
of spermatogonial stem cells (SSCs) in vitro andivo The recent development of a variety of
have been used in conjunction with knockout mice tknockout mouse model systems (Meag al, 2000;
gain important insights into the factors that redml 2001; Buaa®t al, 2004; Costoyat al., 2004; Cheret
SSC maintenance, self-renewal and differentiatitle. al., 2005; Falendeet al, 2005; Naughtoret al, 2006;
first consider the critical role of the GDNF/RET/RE  Oatleyet al, 2006) where SSC maintenance has been
signaling pathway in regulating SSCs. We theRerturbed offers unique experimental systems for
subsequently focus on what has been learned algmt sunderstanding SSC regulation. These models hawt gre

maintenance from a newly developed knockout moud¥omise for providing mechanistic insights into hioey
lacking the transcription factor ets-related molecu Processes in SSCs are controlled, an area whersalm

(ERM). ERM is necessary for maintenance of'© _inform_ation was available only a few years ajus
spermatogonial stem cells (SSC) in the testis;him t Feview will focus on what has been Iea_rned from;ehe
absence of ERM, the first wave of spermatogenesi@ockout systems,as well as crucial questions
occurs normally, but all SSCs differentiate and lagt  knockouts will help to answer in the future. These
during this time. This is the first time a tranption factor knockout systems in which the SSCs are perturbéd wi
has been shown to be essential for stem cell madfwal. ©xPand our understanding of testicular stem cell,

Understanding how ERM, the GDNF/RET/GER since there appears to be substantial conservation

signaling pathway and other factors act to mainB8Cs terms of how various stem cells are regulated ptmc
will advance our understanding of how these celfs] principles governing SSC development revealed from

. ; these model systems will have broader implications
stem cells in general, are regulated. This work h Y P

) - LT Al facets of stem cell biology.
potential clinical implications for human and anima 9y

infertility, and may also provide novel contracepti

targets and strategies. Recent developments in SSC biology offer

unprecedented opportunities
Keywords Sertoli cell, germ cell, testis, spermatogenesis. Stem cells have been a focus of testicular
Introduction biologists well before the current wave of inter@st
stem cells and their medical applications. Elegamrtk
Stem cells have become a major focus of botBy Clermont, Huckins and others almost a half-cgntu
the research community and the general public due g0 (Clermont, 1962; Huckins and Clermont, 1968)
their great medical potential, as well as the rapigocumented the biology of what would eventually be
scientific progress in stem cell biology. In thecalled the spermatogonial stem cells in the semmioifs
seminiferous tubules of the testis, spermatogostiain ~ €pithelium of the testis. These studies were mostly
cells (SSCs) are responsible for the generatiothef descriptive, as only a few tools such as tritiated
cells that subsequently undergo elaborate modificat thymidine autoradiography to assess cell proliferat
during the spermatogenic process to give rise were available to supplement their meticulous
functional male gametes. In this review, we iniyial histological observations. However, these classical
discuss landmark methodological developments in SStudies clearly indicate that the basic biologystém
biology over approximately the past decade thaehag€lls was appreciated in the testis long before stells
provided critical tools for progress in this ar@ese Were widely studied in many other organs.
techniques have opened up unprecedented oppogginiti In the intervening years, increasing attention
to address some of the most basic problems irfigtis has been focused on stem cells in hematopoietic,
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gastrointestinal, hair follicle, skin and other ang foreseen only a few years previously. In additiotiher
(Fuchset al, 2004), as well as embryonic stem (ESyecent work has indicated that understanding SSCs
cells. The development of mouse ES cells provided amight have extensive implications that go far belon
early experimental system in which stem cells cdadd testicular biology. For example, the recent
studied both in vitro and in vivo (Martin and Evah874), demonstrations that ES-like cells can be obtaimeth f
and these cells have been used extensively ovgretils SSCs and can give rise to derivatives of all geath ¢
to understand the factors governing both decisiins layers suggest that SSCs (Kanatsu-Shinotetral,
remain a stem cell and to differentiate into vasiou2004; Guaret al, 2006) might be used to generate ES-
lineages. Landmark discoveries, such as the dedinit like cells that could be used therapeutically withthe
identification of hematopoietic and other stemselhd legal and ethical complications that hamper us& $f
development of methodologies to purify and study thcells derived from blastocysts. Similarly, Shinahand
differentiation of these cells in vitro, catapultedrtain co-workers (Kanatsu-Shinohaet al, 2006) recently
areas of stem cell biology forward (Fuckisal, 2004). demonstrated that knockout mice can be made using
The recent development and culture of human ES ceBSCs, rather than the ES cells typically used tegee
(Thomsonet al, 1998) opened possibilities for usingknockout mice. This provocative finding suggestat th
these cells therapeutically to treat human dise@bke. this methodology could potentially be used to make
immense medical potential of human ES cells hasded knockouts in species where ES cells are unavajlable
broad interest in these cells and rapid progreséniost such as rats, sheep and cattle. Both the abilit3SEs
all aspects of their biology, despite the extensnaal, to give rise to ES-like cells and the potential uge
ethical and legal complications that come with ptté¢ SSCs to generate knockouts in a wide variety ahats
medical uses of these cells. have significant medical and research implicatifars
Lack of methodologies for definitive beyond testicular biology and emphasize the negessi
identification and culture of SSCs initially causedand potential benefits of understanding how SS@s ar
progress to lag in this area relative to other stmth regulated.
lineages such as the hematopoietic system. However, The significant methodological advances in
the past few years have seen a series of semimdéntifying, purifying and culturing SSCs described
developments in the biology of testicular stemsc#iat above have facilitated similarly rapid progress in
have increased our abilities to identify and worithw discovering and understanding the role of individua
these cells, as well as our understanding of theiroteins that are important regulators of SSCs.s&he
biology. One of the earliest advances, and perltla@s findings allow us to begin to elucidate the keyypla in
most critical, was an in vivo method for unequivbca SSC biology, and develop a mechanistic understgrafin
determining whether or not a certain cell populatiohow stem cell decisions regarding maintenance,
contains SSCs. Brinster and colleagues (Brinstel aulifferentiation and self-renewal are made. Someeprs
Zimmermann, 1994) developed a transplantation systethat appear to be essential for stem cell maintsnane
for assessing “stemness” in which a cell populatioBSC proteins, while others are Sertoli proteinst tha
obtained from the testis in vivo or cultured inrgitvas appear to be involved in the stem cell niche.
injected into a testis where endogenous spermadsien
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was not present due to a genetic deficiency or aam The GDNF signaling pathway regulates SSCs
treatment. The ability of the injected cells toastablish
spermatogenesis in mice lacking germ cells (Brmste Stem cells exist in specialized microenvironments

2002) provided a direct measure of whether or not @lled niches that are conducive to supportingeticedis in
population of cells contains SSCs, and this tealmiq their undifferentiated state. These niches hava skewn
has become the standard methodology for addressittgbe essential for the maintenance of viable steth
this question. This technique can even be usedvi® g populations in the gut, skin, bone marrow and other
estimates of the concentration of SSCs in the iefec organs (Fuchst al, 2004; Li and Xie, 2005; Yamashita
cells based on the number of germ cell colonie$ that al, 2005). The supporting cells not only physically
result in the injected hosts. Fundamental progedss establish the niche but also communicate with thens
has been made in development of molecular markers ftells to regulate maintenance, differentiation and
SSCs that can be used to identify and purify tleedls  proliferation. The spermatogonial stem cell nices |
in vivo and in vitro (Shinoharat al, 1999; Kubotaet along the basement membrane of the seminiferous
al., 2003; Ryuet al., 2004; Hamraet al, 2004; 2005; epithelium and the Sertoli cell physically estatis
Hofmannet al, 2005). In addition, culture systems thatand maintains the stem cell niche, although Sertoli
allow maintenance and even expansion of SSCs haleydig and myoid cells may all influence the niche
been reported (Kubotet al, 2004; Hamrat al, 2005; through soluble factors.
Hofmann and Dym, 2005; Hofmanet al, 2005; Although the critical role of the niche in stem
Kanatsu-Shinoharet al, 2005; Apontest al, 2006). cell development in many organs has been appreciate
These advances have opened new avenuesfoff years, relatively litle mechanistic informatidhas
investigation in this area that could not have beepeen available describing the presumably reciprocal
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communication between the stem cells and the cebdlele for GDNF (Menget al, 2000) revealed that
providing the niche. This was especially true i thGDNF was critical for SSC maintenance. However,
seminiferous epithelium, where despite awareness fmice homozygous for theGDNF knockout died
many years that Sertoli cells controlled developthgn neonatally, so the effects of loss of both allefesally
SSCs, no molecules known to be involved in thisould not be easily determined. GDNF produced by
process had been identified. Sertoli cells acts through the Ret tyrosine kinaise the

A critical advance in our mechanistic GDNF family receptoral (GFRal) receptor complex,
understanding of the stem cell niche in the semioifs which are located at the surface of SSCs. Thecatiti
epithelium came in 2000 with the demonstration that role of GDNF clearly suggests that RET and/or GER
TGFb family member glial cell-derived neurotrophic might also be important or even essential in pramgot
factor (GDNF) was involved in SSC maintenancaelf-renewal and maintenance of SSCs. However, like
(Meng et al, 2000]. These authors reported that micéhe GDNF knockout, knockout of eithéRET or GFRal
containing one null allele for GDNF gradually ldseir  was also neonatally lethal, initially precludingadysis

SSCs during development. GNDF is produced byf the effects of these two molecules on SSC
Sertoli cells, which establish the niche in whidltet maintenance in the testis.

SSCs reside. Loss of Sertoli cell GDNF interferegw This obstacle has recently been elegantly
self-renewal and maintenance of SSCs, and eveptuavercome by Naughtoet al. (2006) and the obligatory
the seminiferous epithelium in many testicular febu roles of each of these molecules in SSC maintenance
consists of only Sertoli cells. Confirming the iw@ has been demonstrated. To circumvent the neonatal
role of GDNF in SSCs, mice overexpressing GDNF hagthality of the GDNF, RET and GFRal knockouts,
increased numbers of undifferentiated spermatogonigstes from these knockout animals were translaatte
(Meng et al, 2001). These results clearly establishedlirth to a subcutaneous site in a host animal, and
GDNF as one Sertoli cell factor that was necedsar$SC  development of the grafted testis was subsequently
maintenance and provided the first mechanistightsnto  monitored. Total SSC loss occurred in testis lagkin
the precise nature of the communication from SertospNF, RET  or  GFR1, although  normal
cells that maintains SSCs in the stem cell niche. spermatogenesis and maintenance of SSC populations

_ Recent in vitro work has further emphasizedyas observed in WT testes that had been grafted
the importance of GDNF for normal SSC funCt'onneonatally. Thus, GDNF, RET and GER are all

GDNF stim_ulated proliferation of cultured SSCSoingatory for SSC maintenance, emphasizing the
(Kanatsu-Shinoharat al, 2004; Guaret al, 2006) and ssential role of the GDNF/RET/GER signaling

these cells reestablished spermatogenesis whetedjra
in vivo, confirming that they were still SSCs (Kubet

al., 2004). Microarray analysis of SSCs grown ino/itr The transcription factor ets-related molecule (ERM)

pathway in SSCs.

with and without GDNF has been used to identifyegen is essential for maintenance of SSCs
downstream of GDNF (Hofmaret al, 2005; Oatleyet
al., 2006). Numb, a regulator of the Notch pathwagsw The recent unexpected discovery that mice in

identified as a GDNF target (Braydich-Stolé al, which ets-related molecule (ERM; also know as ets
2006), but this was not confirmed in a subsequeRfriant 5) has been knocked out by gene targetisg |
microarray study that also attempted to identifyN#D thejr SSCs (Cheret al., 2005) has provided another
targets in SSCs (Oatlet al, 2006), though the reasonpowerful tool for understanding the factors coringl
for this discrepancy is not clear. Another genenfied  SSC maintenance. Following a brief introduction to
as a GDNF target in SSCs by microarray was B ceiRm, we will provide a description of the newly
CLL/lymphoma 6, member B (Bcl6b) (Oatlest al, developed ERM knockout ERM") mice and the
2006). Bcléb is a member of the POZ (poxvirus andxperiments that led to the conclusion that ERM is
zinc finger) family of transcriptional repressomgit also  essential for maintenance of SSCs. Finally, weutisc
includes another protein discussed subsequentfiisn some recent unpublished experiments and their
review, Plzf, which also plays a critical role irfS6& contribution to our understanding of the mechanisti
maintenance. Inhibition of Bcléb in SSCs in vitrg b pgsis by which ERM promotes SSC maintenance.
siRNA indicated that this protein had a criticaleran ERM was discovered in 1994 by Morg¢ al
SSC maintenance. Furthermore, knockout mice lacking994), based on its similarities to another mdkedn
Bcléb had an increased incidence of Sertoli celfon the Ets protein family, PEA3. ERM, PEA3 and ER81
tubules (Oatleyet al, 2006), which confirmed the in comprise the PEA3 group of Ets transcription fastor
vitro results and was consistent with a role fois th The defining feature of this protein family is tBES'S
protein as a downstream target of GDNF important fqjomain, a region of about 85 amino acids that césapr
SSC maintenance. a sequence-specific DNA binding domain. The ETS
Recent in vivo work has also revealed criticajomain is 95% identical in ERM compared to other
roles for GDNF receptors in SSC maintenance. ASea3 family members (PEA3, ER81) (Morge al,
discussed above, work with mice containing one nuﬂ994), although overall sequence identity is lower
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(approximately 50%) for the entire molecule. SSCs. TheERM™ mice clearly indicated that this

Mouse testis expresses high levels of ERMranscription factor, whose function was unknowreistis
mMRNA (Monte et al, 1994; Chotteau-Lelievret al, and other organs, is essential for SSC maintenance.
1997), and this organ, along with brain, colon an,
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has the greatest level of ERM mRNA. Although iditia Testis development in ERM™ mice
reports suggested a significant role for ERM in the
testis, where ERM was produced and its functionewer ERM"” mice undergo a first wave of

unknown. Expression ofERM mRNA is also spermatogenesis (Chet al., 2005), but by 6 weeks of
widespread in developing and/or adult lung, thymusge there is widespread loss of germ cell layed an
kidney, large intestine, mammary gland, lymphocytesubules show large variation in spermatogenesis (B
heart, salivary gland, skeletal muscle and ottesutis some have only Sertoli cells, while others showunadibn
(Chotteau-Lelievreet al, 1997; 2001; Liwet al, 2003; depletion or sequential loss of germ layers witingg
T'Saset al, 2005). Based on its pattern of expression iRecent work from our laboratories indicates thaipite
organs such as developing lung, ERM may play a rothe persistence of spermatogenesis into early remhat
in epithelial-mesenchymal interactions (Liet al, SSC loss actually begins by the end of the firstrdal
2003), but its function has not been established. week and becomes complete by 5 weeks of age (Sehles
The recent fortuitous discovery th&RM" et al, unpublished). Thus, while the first wave of
mice totally lose their SSCs after the first wavie ospermatogenesis is ongoing there is a concomitdiak t
spermatogenesis (Chehal.,2005) provided a new and loss of SSCs, which eventually leads to the Sectll
unexpected tool for understanding factors contmlli only phenotype reported in ad&@RM’ mice.

= M =

PS ¥ % ‘
sc 294 ¥
Sertoli

Figure 1. Testicular atrophy and Sertoli cell-ongyndrome initiated by
spermatogonial depletion ERM/- mice. Histology of wild-type (a) &RM-/- (b, c)
testes at 6 weeks of age. Loss of spermatogoniarredcduring the first wave of
spermatogenesis BRM/- testes. A schematic of seminiferous epitheliurshiswn
below; elongated spermatid (ES); round spermatifi);,(Rachytene spermatocyte
(PS); preleptotene spermatocytes (PL); spermatogoiiEg); Sertoli cell (Sertoli);
and missing cell populations (*). From Chen eNalture 2005; 436: 1030-1034.

ERM is expressed in juvenile Sertoli cells was expressed in th&/W (c-kit"') mouse testis,
which lacks spermatogenesis and contains Sertthé ce
A variety of lines of evidence indicated thatand a few spermatogonia (Chetnal.,2005). Consistent
ERM was expressed in juvenile and adult Sertoliscelwith these other findings, ERM expression using an
(Chenet al., 2005), Immunohistochemical localization|IRES-LacZ reporter cassette targeted to the ERMdoc
of ERM using a monoclonal antibody developed againshowed staining exclusively in Sertoli cells. ERM
an ERM-specific region, without sequence homolagy texpression was not seen at 2 weeks of age podynatal
Pea3 or ER81, showed specific nuclear staining only and weak staining was seen at 3 weeks. By 4 wekks o
Sertoli cells in the juvenile and adult animal (FB). age, strong LacZ expression, indicative of ERM
This immunostaining was neutralized by pre-inculmati production, was apparent in the Sertoli cells, evfll
ERM antibody with purified ERM protein. ERM mRNA germ cells were negative.
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Figure 2. Immunostaining using mAb 3H7 against neodRM protein. a) Wild-
type (WT) stains specifically in the nucleus of tBkrcells (arrows); b) ERM-/-
testis shows no staining; c) Control in which PBSibstituted for 3H7 Ab; d)
3H7 Ab is neutralized by pre-incubation with pwedi ERM protein. From Chen
et al, Nature 2005; 436: 1030-1034.

Serum concentrations of hormones that These initial data led to the conclusion that
normally promote spermatogenesis (testosterone,) FSERM deficiency was causing loss of spermatogenesis
were normal (Chen et al., 2005), indicating thatlttss through an effect in the testis, rather than aesyst

of spermatogenesis was not due to deficiencies ge?tcc))(l:iricn;Isefézctt.nc];h;erﬂe(feellnscesu%fgggel\g tlt? aggznile
iggg‘fgggsm&m f:ﬁ(remz?:ts,Wavc:ncs)lfst:n;rm;vtlct)henérS] ertoli cell protein that like GDNF was somehow
in th imal dditi P grab f'?ecessary for SSC maintenance, although GDNF did no
occurs in these animals. In addition, GDNF was @M 555041 16 e downstream of ERM. Recent findingsifro
in the ERM-/- mice, indicating that GDNF was notoyy |aporatories suggest that the role of ERM may b

downstream of ERM in Sertoli cells. more complex than originally realized.

Figure 3. Wholemount immunohistochemistry with amtiteody against GF&1 in
28-day-old testis tubules of wild-type (WT) and ERMKO) mice. GFR1
staining is used a specific marker for SSCs, antheti SSCs are indicated by a
black arrow. Staining is sharply reduced by dayi®&ERM’ mice, indicating
almost a total loss of SSCs by this age. The spacshown for both wild-type and
ERM” mice = 50mm.
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We have recently sought to examine th&ertoli cells as well as in many SSCs from postrosg
temporal sequence of SSC loss in ERMice by using 0 up to day 16 (Carnest al, unpublished), when
wholemount immunohistochemistry with an antibodystaining was substantially reduced in both celleyp
against GFR1 in testis tubules of wild-type and ERM This was consistent with QPCR data showing
mice. GFRal is a specific SSC marker, and can be used fgnificant levels of ERM mRNA expression at days 0
visualize and quantitate SSCs. Our results indibatieloss  and 4 in mouse testes (Tyagial, unpublished). These
of SSCs begins in ERMmice between 4 and 8 days ofresults show that ERM is present neonatally in both
age and SSCs disappear over a period of 3-4 weaks ( SSCs and Sertoli cells. This neonatal ERM expressio
3), with all SSCs being lost by 5 weeks. The earlget of ~consistent with our observations that the neorngaebd
SSC loss indicates that the neonatal period igalritor i when SSC loss begins, and is also consisteht thvé
ERM actions in promoting stem cell maintenance. recent report that neonatal mouse SSCs in long-term

Our data showing that disappearance of SS@®sllture expressed ERM (Oatlegt al, 2006). These
begins by one week postnatal suggested that ERM meggults clearly indicate that a full explanation ERM
have effects at a younger age than the 3- to 4-weé@ktions in seminiferous epithelium requires an
postnatal time period where it was originally dégelcin ~ €lucidation of this transcription factor’s role 88Cs, as
Sertoli cells. Based on this, we have recently émacn well as in Sertoli cells (Fig. 4). Experiments are
neonatal expression of ERM using immunohistochesnistpresently underway to determine if ERM in Sertoli
and QPCR. Our immunohistochemistry results using @glls, SSCs, or both cell compartments is necessary
specific antibody showed that ERM is expressed both Sustain SSCs during development.

Figure 4. Factors necessary for spermatogonial steln(SSCs) maintenance. The transcription fa@BM is
essential for maintenance of SSCs. In the WT mobB# is expressed in Sertoli cells, and may alentdi cell
communication with SSCs. In addition, preliminargriwindicates that ERM is also produced in SSCmtwves,
suggesting direct effects of SSC ERM on SSC difféaéion and self-renewal. In ERM-/- testis, spetoganesis is
lost due to a failure of SSC self-renewal and/omte@ance, although the relative contributions eft&i cell and
SSC ERM to this process are presently unclear.rG#utors important for spermatogonial stem celimeanance

are GDNF, PLZF, TAF4b and Bcléb. GDNF is producgdSertoli cells and signals through its recept@BRal

and RET, on the surface of SSCs. In ERM-/- te&BNF levels are not altered, but loss of ERM caaltlence
the receptors of GDNF, thus disrupting the GDNFaliong pathway. Bcléb was shown to be a downstreaget
of GDNF and could be affected in the ERM-/- ted8kZF and Taf4b are expressed in germ cells, lstribt clear
what relationship these factors have to the ERMa@ar@DNF signaling pathways.

Other factors essential for SSC (promyelocytic leukemia zinc-finger) may be essanti
maintenance/differentiation for maintaining hematopoietic and other stem caiid
inhibit their differentiation (Reidet al, 1995). Data
In addition to ERM and the reporting that Plzf is important for inhibiting stecell
GDNF/RET/GFRal signaling pathways, recent work differentiation in other organs are consistent wiitio
has led to the identification of other moleculegecent papers suggesting that Plzf is vital in leting
necessary for SSC maintenance. Extensive literatuigsticular SSCs. Plzf is deleted in the naturadigusring
indicates that the transcriptional repressor Pl4fixoid mutation (Buaast al, 2004) and also has been
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knocked out (Costoyat al.,2004). Plzf is expressed in similar to the knockout of another transcriptiormctéa,
the subset of spermatogonia that do not exprehsreit Sox3 (Raverotet al, 2005). The absence of either
cyclin D1 or D2, markers of later stages ofSohlhl or Sox3 alters expression of neurogenin 3
spermatogonial development, and cells staininfNgn3), which is itself involved in the early
positively for Plzf represent the progenitor-typeCs differentiation decisions of spermatogonia (Yoshata
Both the naturally occurring mutant lackingal., 2006). All of these factors, Sohlh1l, Sox3 and8lg
Plzf and Plzf knockoutRIzf") mice (Buaa®t al, 2004; regulate aspects of fate determination in spernuatiag
Costoya et al.,, 2004) have progressive losses obut so far no data has linked these factors witterot
spermatogonia with age, including SSCs. In manfactors that regulate stem cell maintenance, such a
tubules, all germ cells are eventually lost, inahgd ERM, Plzf, Taf4b or the GDNF/RET/GRR pathway.
SSCs. This does not appear to result from defimits

hormones regulating spermatogenesis (Costtyal., How is ERM regulated in the Sertoli cell?
2004). The phenotypic similarities betweBlzf” mice
and mice lacking ERM or some component of the Based on the critical role of ERM normally in

GDNF/RET/GFRal signaling pathway suggest that Plzfthe maintenance of SSCs, it is obviously of great
could be downstream of ERM or GDNF/RET/G&ZR interest to determine the factor(s) that controlMER
or at least that Plzf deficiency may act througlexpression in the Sertoli cell. Initial work deddng the
pathways common with ERM and GDNF/RET/GZR role of ERM in the testis indicated that fibroblast
to bring about SSC loss. growth factor (FGF) 1, 2 and 9 (but not FGF 7 o} 10
The testicular phenotype of TAF4b knockoutregulated expression of ERM mRNA in the TM4 Sertoli
(TAF4b"™) mice suggest that this protein could also beell line (Chenet al., 2005). These results were
essential for SSC maintenance. The testis express@fisistent with previous work indicating that vaso
specific transcription factors not found in othisstes. members of the FGF family regulate ERM expression i
In addition, the testis has specialized componeftee developing organs (Liet al, 2003). Other data has
basal RNA polymerase Il complex that are also majdmplicated the PKC pathway in the regulation of ERM
regulators of testis-specific gene expression. He t in lymphocytes (T'Sast al, 2005). In addition, in vitro
mouse, TAF4b is a gonad-specific component of theork has shown that ERM is regulated by the MAPK

RNA polymerase complex and plays an important roland protein kinase A signaling cascades (Janknecht
in transcriptional regulation. al., 1996). This work in other cell types indicatbsit

TAF45" mice initially make sperm and arethere is likely to be multifactorial effects on ERM
transiently fertile (Falendest al, 2005). However, after production by Sertoli cells, and we are presently
this first wave of spermatogenesis, these anima#sldressing this question.
undergo progressive losses of the spermatogermiadia FGF2 stimulates ERM mRNA (Cheet al.,
and by 3 months of age, seminiferous tubules aveide 2005), but other factors controling ERM and the
of SSCs and all germ cells. The loss of SSCs does rinechanism of FGF2 effects on ERM are not well

appear to result from decreases in hormones ngrma#nderstood. We observed that FGF2 caused a dose-
associated with spermatogenesis. dependent increase in ERM mRNA expression, with

TAF4b is expressed exclusively in germ cellsmaximum stimulation of 8.3-fold at 25 ng/ml, conerst
expression is high in spermatogonia, with somw@ith the 8- to 9-fold increase in ERM expression
expression in spermatids. Impairments producecholy | reported in the initial work. Western blotting shemvan
of TAF4b reflect germ cell deficits exclusively andincrease of similar magnitude in ERM protein,
Sertoli cells of TAF4b” mice can support suggesting that FGF2 effects on ERM are regulated
spermatogenesis, as shown by restoration #mnscriptionally. Our results indicated that FG&2ed
spermatogenesis following transplantation of WThrough both the mitogen activated protein kinase
spermatogonia intd AF4b" testes. TAF4bH mice show (MAPK) and phosphatidyl inositol 3-kinase (PI3K)
a loss of SSCs after the first wave of spermatogienesignaling cascades to regulate ERM (Simen al,
that parallels that seen iIBRM’ mice, but it is not unpublished). FGF2 stimulated a 5-fold increase in
known whether Taf4b has any relationship to the ERNMNRNA expression for GDNF; this is the most potent
or GDNF/RET/GFRiL pathways of action. regulator of GDNF identified in Sertoli cells. Fiya

A number of other factors have been recentljve determined that other classic endocrine regrdaib
identified that are essential for spermatogoniabertoli cells, FSH, testosterone and activin A, dat
differentiation, and may represent proteins thgutate affect ERM mRNA expression. These results indicate
slightly later developmental decisions duringthat FGF2 regulates two Sertoli cell proteins, ERMI
spermatogenesis. For example, Sohlhl is a basic helGDNF, that are essential for spermatogonial stelh ce
loop-helix transcription factor that is expressen imaintenance and self-renewal and that effects df-EG
prespermatogonia and Type A spermatogonia (Ballo@ffects are partially mediated through the MAPK and
et al, 2006). The absence of Sohlhl disrupt®I3K pathways. Although classical hormones known to
spermatogonial differentiation into spermatocyteg€gulate Sertoli cells (FSH, testosterone, actA)ndo
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not regulate ERM, FGF2 is emerging as a key regulatdifferentiation is still in an early stage. The ERid
of Sertoli cell proteins that control SSCs (Simeiral, GDNF/RET/GFRal signaling pathways appear to be

unpublished). major factors in these processes. Other proteiols as
Plzf and TAF4b also appear to be critical for SSC
Fertility, infertility and ERM maintenance, and whether these are somehow involved

in the ERM and/or GDNF/RET/GRR  signaling

ERM is clearly obligatory for SSC pathways is presently unclear. The rapid and
maintenance and fertility in mice, but a cruciaéstion accelerating progress in this field promises major
is whether it has a similar role in humans and othenechanistic insights in the years to come intoiozit
animals. Murine ERM is a 510 AA protein (58 kD)processes such as how SSC maintenance, self-renewal
(Chotteau-Lelievreet al, 1997). Human and murine and differentiation are regulated, and should Iéad
ERM are about 95% identical at the amino acid levedientification of additional proteins that regule&8SCs
mouse (Monteet al, 1994; Chotteau-Lelievret al, as well as integrative models of how the proteins
1997). Furthermore, the crucial ETS domain andNhe presently known to be involved in this process
terminal acidic domain involved in transactivatiare interrelate.
identical in human and mouse (Mon& al, 1994;
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