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SUMMARY

The gene for transcriptional intermediary factor 183

(TIF1B) encodes a transcriptional co-repressor known to
play essential roles in chromatin remodeling as well as in
early embryonic development. During spermatogenesis,
TIF1B is preferentially associated with heterochromatin

structures of Sertoli cells and round spermatids, as well
as with meiotic chromosomes. Its expression is tightly
regulated within spermatocyte and spermatid populations,
and it is undetectable in spermatogonia. Spatiotemporally
controlled ablation of TIF1B by using a germ cell lineage-
specific CreER'/loxP  system leads to testicular
degeneration. This degeneration is not due to impairment
of chromatin remodeling processes during meiosis and

spermiogenesis, as TIF3-deficient spermatocytes are able
to complete their differentiation into spermatozoa. It
rather occurs as a consequence of shedding of immature
germ cells (spermatocytes and spermatids), and
disappearance of stem spermatogonia. These results
indicate that TIF1B has important functions in the
homeostasis of the seminiferous epithelium, and probably
plays a crucial role in the network of paracrine interactions
between germ cell subpopulations and/or Sertoli cells.
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INTRODUCTION (Beckstead et al.,, 2001). The domain structure that
characterizes these proteins consists of an N-terminal RBCC
Transcriptional regulation of gene expression in eukaryotes i(RING finger, B boxes, coiled coil) motif and a C-terminal
response to developmental and other environmental signalshsomodomain preceded by a PHD finger (Le Douarin et al.,
a multi-step process that requires the concerted action of mat996). All TIF1 family members have been reported to repress
cellular factors. Central players in this elaborate process almsal and activated transcription when tethered to DNA
sequence-specific transcription factors that activate and/e¢hrough fusion to an heterologous DNA-binding domain. In the
repress transcription through interactions with co-activatorsase of TIFB, an epigenetic mechanism of control has been
and co-repressors, whose ultimate function is to remodaluggested by the finding of an association with members of the
chromatin structure (reviewed by Hassan et al., 2001; Mulleneterochromatin protein 1 (HP1) family (Nielsen et al., 1999;
and Leutz, 2001), to stimulate or inhibit (pre)initiation complexRyan et al., 1999), a class of non-histone chromosomal
formation (reviewed by Hampsey and Reinberg, 1999; Rachgwroteins with a well-established function in heterochromatin-
and Freedman, 2001) or to associate target genes withediated silencing (reviewed by Eissenberg and Elgin, 2000).
specialized nuclear compartments (Cockell and Gasser, 199BF13 has been shown to colocalize with members of the HP1
Francastel et al., 2000). family in interphase nuclei of several mammalian cell lines
Mammalian transcriptional intermediary factdd [T1F1; (Nielsen et al.,, 1999; Ryan et al., 1999). In vitro, TBF1
Trim28 — Mouse Genome Informatics) (also called KAP-1 oiinteracts with and phosphorylates the HP1 proteins (Nielsen et
KRIP-1), which was originally identified as a co-repressor foral., 1999). This interaction is required for the TpHhediated
the large family of KRAB domain-containing zinc-finger repression of transcription (Nielsen et al., 1999; Ryan et
proteins (Friedman et al., 1996; Kim et al., 1996; Moosmanal., 1999) and for its association with pericentromeric
et al., 1996), has also been defined as a member of an emergdmagerochromatin in cultured cells (Matsuda et al., 2001) (F. C.,
family of transcriptional regulators that includes TdFand M. Oulad-Abdelghani, J. L. Vonesch, P. C. and R. L.,
TIF1ly in mammals (Le Douarin et al., 1995; Le Douarin et al.unpublished). A mechanistic link between TBFfepression
1996; Venturini et al.,, 1999), and Bonus rosophila  and histone modification has also been established, with the
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demonstration that deacetylase inhibitors such as Trichostatiamoxifen (1 mg/day) (Metzger and Chambon, 2001). Experimental
A can interfere with TIFf-mediated repression in transient (TIF1B-?-2:PrP-Cre-ER(9%) and control (TIFB->-2:PrP-Cre-
transfection assays (Nielsen et al., 1999; Schultz et al., 2005R"?) males were sacrificed 1 day, and 2, 4, 6, 7 and 8 weeks after
In agreement with this result, TIBhas recently been reported tamoxifen treatment (i.e. after the last tamoxifen injection).

to be an intrinsic component of a novel histone deacetylasg, unohistochemical detection of TIF1

f:c;mpletxb (t:ﬁ"eﬁ N'C”OR'ld(fund?rh'””et "?}[lr']’ tﬁooo)t’) anth'FoRabbit antisera were raised against two peptides (PF64 and PF65)
Interact both physically and functionally wi e suburit V- orresponding to the N-terminal sequence (amino acids 140-154 and

2a of the nucleosome remodeling and deacetylation (NURDgg g0, respectively) of the TIBIprotein and purified on a sulfolink
complex (Schultz et al., 2001). Thus, TEHhay exert its co-  coupling gel (Oulad-Abdelghani et al., 1996). Cellular localization of
repressor function via the assembly and/or maintenance OfFip in testis of TIFB-2L2:PrP-Cre-ER(©/0) mice was performed
transcriptionally inactive, higher order chromatin structuresn 10um thick cryosections hydrated in phosphate-buffered saline
through histone deacetylation and heterochromatinization. (PBS) and fixed in 4% paraformaldehyde (PFA) in PBS (for 10
We have recently shown that mice devoid @f13  minutes at 4°C). Sections were rinsed in PBS containing 0.1% Triton
gastrulation (Cammas et al., 2000). Analysis of Tfiggnull 2% normal goat serum (NGS) in PBST (30 minutes at room
embryos has revealed a reduced cell number in the ectoder mperature), and incubated with the antibody against the PF64 and

. . . 65 peptides (gg/ml; 2 hours at room temperature). Sections were
morphological alterations of the visceral endoderm anq\/ashed in PBST ¢& minutes), then PBS (5 minutes), incubated with

absence of mesoderm formation (Cammas et al., 2000). Thig secondary antibody (Cy3-coupled donkey anti-rabbit diluted at
phenotype indicates that TIBlexerts essential functions in 1/400 in PBS, Jackson Laboratories) (1 hour at room temperature),
early embryogenesis. However, the lethal outcome of this nullashed in PBST and mounted in Vectashield (Vector) containing
mutation precludes the analysis of the roles of BIFL  DAPI at 10 pg/ul. In another set of immunohistochemical
later developmental and cell differentiation processesexperiments, testis of TIBE/-2:PrP-Cre-ER(90) (experimental)
Spermatogenesis is a cyclic cell differentiation process thand TIFB-2"-2:PrP-Cre-ER0) (control) mice were fixed in 4% PFA
includes spermatogonia self-renewal and their differentiatiof PBS (16 hours at 4°C) and embedded in paraplast. Sectipns) (7
towards spermatozoa. We now show that durin ere dewaxed, hydrated, rinsed in PBS, then placed into 5 mM

spermatogenesis, TIBlis expressed in a finely regulated odium citrate buffer pH 6.0 and exposed to a microwave treatment

. : ) . . (power output 800 W;22.5 minutes) (Balaton et al., 1993). After
pattern and is preferentially associated with heterochromati boling down to room temperature, sections were finsed in PBST,

To investigate whether Tlfglhas a role in spermatogenesis, yreated with 5% NGS in PBST (30 minutes) to block nonspecific
we have generated a conditional germline-spechifidf3  antibody binding to the tissue sections and incubated for 16 hours at
mutation in mice by using the tamoxifen-inducible Cre-4°C with the anti-PF64 and PF65 antibodies. Sections were then
ERT/loxP recombination system (Metzger and Chambonwashed, incubated with the secondary antibody (1 hour at room
2001). Mice homozygous for a conditional allele Bf1f3 temperature) and mounted as described for cryosections.
(TIFBL2L2), an allele in which essential coding exons are Preliminary experiments indicated that the antibodies against PF64

ﬂanked by |0XP Sltes (Cammas et ali 2000)' were Crossed W|md PF65 labeled the same cells in the seminiferous eplthellum

a transgenic PrP-Cre-Ef®/0) hemizygous line, in which However, the signal was more intense with the later antibody, which
y as therefore used in subsequent immunostaining experiments. In

tamoxifen selectively induces DNA excision in Spermatc}gcm'%\!nmunohistochemical experiments, some differences were observed

and spermatocytes (P. W,, C. G,, M. M., D. M. and P. C'i the nuclear localization of TIBland intensities of the signals in

unpublished). Analysis of the testes of tamoxifen-treate@erm cell and Sertoli cell between frozen and microwave-treated
TIF1B-21L2:PrP-Cre-ER(/0 mice reveals that TIFLplays a paraffin wax-embedded sections. These differences were reproduced
key role in the maintenance of spermatogenesis. with both anti-PF64 and anti-PF65 antibodies. They could not be
accounted by prolonged fixation in paraformaldehyde before paraffin
wax embedding (i.e. 16 hours versus 10 minutes after cryosectioning)
nor by the microwave treatment. Indeed, prolonged post-fixation of
] cryosections for 16 hours resulted in a global decrease of the anti-
Mice TIF1B immunoreactivity in all cell types within the seminiferous
Mice allowing conditional inactivation oTif13 were obtained by epithelium. Likewise, microwave treatment globally restored the
crossing Tif13-3L3 mice (Cammas et al., 2000) with CMV-Cre immunostaining that was decreased in all cell types upon a 16 hours
transgenic mice (Dupé et al., 1997). Offspring harboring the partiallgtay of the tissue in paraformaldehyde. These differences in
excised L2 allele of th&if13 gene without the antibiotic resistance immunostaining may result from diffusion of the THdrotein within
cassette were identified by a PCR screen performed on DNA of taihe chromatin during the paraffin wax embedding process. As negative
biopsies using primers YD208, VR211 and TV210 as describedontrols of the immunostaining procedure, histological sections were
(Cammas et al., 2000). PositiVé13-2* mice were bred with wild-  incubated either with non-immune rabbit IgGsp@ml) or with a
type mice and offspring which had lost the CMV-Cre transgene, bunixture of the primary antibody and 12-fold excess of the immunizing
not theTif13 L2-allele, were intercrossed to generate homozygoupeptide (10ug/ml).
Tif13-2/'2 mice. Tif13-22 mice were viable, and did not show any ) _ ) -
phenotypic abnormalities. Histological analysis and detection of proliferating and

Transgenic mice harboring a testis-restricted expression of thpoptotic cells
ligand-inducible Cre-ER (Feil et al., 1996) under control of the For histological analysis, testes of tamoxifen-treated Bi#42:Prp-
murine Prion (PrP)-promoter (PrP-Cre-ERne 28.8) are described Cre-ER(9/0) and TIFB-2-2:PrP-Cre-ER00) mice were fixed in
elsewhere (P. W.,, C. G.,, M. M., D. M. and P. C., unpublished)Bouin’s fluid. Paraffin wax embedded sectiongu(d) were stained
Tif13-2'2 males with (PrP-Cre-ERY9) or without (PrP-Cre- with Hematoxylin and Mallory’s tricnrome (Mark et al., 1993).
ERT(00)) the testis-specific transgene were generated and injectddetection of apoptotic cells on sections from PFA-fixed and paraffin
intra-peritoneally (IP) at 4 weeks of age for 5 consecutive days witiwvax-embedded testes was performed by TdT-mediated dUTP nick

B in mouse testes

MATERIALS AND METHODS



end labeling (TUNEL), according to the manufactu
instructions (In Situ Cell Death Detection Kit, Fluoresc
Roche); sections were counterstained with DAPI. To ide
proliferating cells, adult TIFA-2-2:PrP-Cre-ER(/0) mice
were injected intra-peritoneally four times at intervals
hours with 50 mg/kg of BrdU. Testis were collected 2 h
after the last BrdU injection, fixed in 4% PFA in PBS
hours; 4°C). Paraffin wax-embedded sections were incu
with an antibody against BrdU (Boehringer Mannhe
diluted 1/100 in 0.1% NGS/PBS (16 hours; 4°C), reve
with Cy3-conjugated donkey anti-rabbit IgG, and mountt
Vectashield medium containing DAPI.

Statistical analysis

The number of seminiferous tubules showing abnc
expression of TIF} (i.e. partial staining along tl
circumference of spermatocyte and/or spermatid layer:
given tubular cross section, instead of staining along
whole circumference of these layers) was scored on

from TIF1BL2L2:PrP-Cre-ER(9/0) and TIFBLZL2:PrP-Cre
ERT(0) animals 2 weeks after tamoxifen treatment.

number of degenerating tubules (i.e. tubules showing
of vacuolation) was scored on histological sections

testes of TIFB-2L2:PrP-Cre-ER(9/0) and TIFPBL2/L2:Prp-
Cre-ER(00) 8 weeks after tamoxifen treatment. Testic
sections of three individuals were analyzed for each gen
and experimental group. Statistical analysis of data
performed using ANOVA and the Fischer’s protected

significant difference test (Fischer’'s PLSD).

RESULTS

TIF1p is associated with heterochromatin and
expressed in a finely regulated pattern during
spermatogenesis

The expression pattern of TIBlwas analyzed k
immunohistochemistry on sections from frozen
paraffin wax-embedded TIRE/L2:PrP-Cre-ER(0/0)
testes (referred hereafter as control testes). On f
sections, fluorescent nuclear signal for PFas
present in all Sertoli cells (S; Fig. 1A-C), rot
spermatids (RS; Fig. 1A-C) and spermatids at «
stages of elongation (ES-9; Fig. 1D-F). In all tt
cells, the intensity of the immunostaining parall
that of the DNA-specific DAPI counterst:
(arrowheads in Fig. 1A-F) (Barcellona and Grat
1990). A stippled signal was detected in the ni
from large pachytene spermatocytes (P and arro
Fig. 1D-F), whereas other meiotic cells as wel
spermatogonia and elongated spermatids app
negative (e.g. ES-13 in Fig. 1A-C and data not shc

Confocal microscopy was used to assess
subnuclear localization of TIRIfurther. Single optici
sections counterstained with DAPI showed that
TIF1B staining was consistently more intense
heterochromatin than in euchromatin in both Se
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Fig. 1.Immunolocalization of TIFf in post-pubertal wild-type testis. Frozen
histological sections were incubated with the anti-BlRfhtibody whose

binding to cell structures was then revealed with a Cy3-conjugated secondary
antibody (red signal) and nuclei were counterstained with DAPI (blue signal).
(A,D,G,J) Cy3 and (B,E,H,K) DAPI labeling.(C,F,1,L) Superimposition of the
two fluorochromes. (G-L) Single optical sections of confocal microscopic
analysis. Roman numerals refer to stages of the seminiferous epithelium cycle
(Russell et al., 1990). Each stage is defined by a specific association of germ
cell types. The cycle corresponds to the series of changes occurring at a given
level of the seminiferous tubule between two successive appearances of the
same cell association. In normal mice, there are 12 stages, designated | to XlI,
each corresponding to one of the first 12 steps of spermatid maturation. ES-9
and ES-13 correspond to steps in spermatid maturation. Ch, meiotic
chromosomes; L, leptotene spermatocytes; P, pachytene spermatocytes; Nu,
nucleolus of Sertoli cell; RS, round spermatids; S, Sertoli cells; Sa, satellite
nucleolar heterochromatin of the Sertoli cell. The arrowheads and arrows in
A-F indicate heterochromatin- and chromosome-associate@TIF1

respectively. The broken lines indicate the contours of seminiferous tubules.
Scale bar: 3@um in A-C; 15um in D-F; 3um in G-L.

cells and round and early elongating (step 9) spermatids. Fender et al., 2000). Confocal microscopic analysis also
Sertoli cells, TIFB was predominantly localized in nucleolar showed a specific association of TER&ith chromosomes in
satellites (Sa in Fig. 1G-l) (Russell et al., 1990); in rounchachytene spermatocytes (Ch in Fig. 1J-L).

spermatids, it was concentrated within the chromocenter, a Immunostaining with

the anti-TIRL antibody of

structure formed from the association of the centromerignicrowave-treated paraffin wax-embedded sections from
heterochromatin pf aI.I chromosomes (confocal data not showgpntrol testes revealed an intense fluorescent signal in many
see arrowheads in Fig. 1D-F) (Pardue and Gall, 1970; Hoyegpermatocytes (P in Fig. 2A-C) and round spermatids (RS).
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The signal detected in Sertoli cells (S) was in gel
weaker than that observed on frozen sections. More
in both germ cells and Sertoli cells, this immunostai
was exclusively nuclear, but was evenly distribi
in the nucleus, instead of being associated

heterochromatin, as in the case of frozen sections
Materials and Methods). Detection of TfF-In germ
cells was dependent on their state of maturation
therefore, on the stage of the seminiferous epithe
cycle (Russell et al., 1990) (see legend of Fig.
Immunostaining was undetectable in spermatoc
(SG) and young (preleptotene, leptotene, zygoten:
early pachytene) spermatocytes (PR and L) (Fig. :
and data not shown). It was intense in growing pach'
and in diplotene spermatocytes populating stage \
tubules (P, Fig. 2A-C), at all steps of round spern
maturation (e.g. RS in Fig. 2A,C) and in early elonge
spermatids (i.e. step 9 spermatids, data not shown)
10 spermatids were only faintly immunostained (E<
Fig. 2B and data not shown), and spermatids at
stages of elongation (i.e. steps 11-16) were negative
16 in Fig. 2A,C and data not shown). Unmaskin
the epitope after microwave-induced disruption
heterochromatin structures in germ cells is likeh
account for the discrepancies in patterns and inter
of immunostaining between sections from frozen
paraffin wax-embedded testes. These discrepancies
reproduced with antibodies raised against two dis
peptides derived from TIRL indicating that they we
not caused by auto-antibodies that might contam
rabbit antisera. Note also that no immunostaining ¢
be found when the primary antibody was replace

Fig. 2. Immunolocalization of TIFf in post-pubertal wild-type testis.
Histological sections from paraffin wax-embedded testes were incubated
with the anti-TIFPB antibody, whose binding to cell structures was then
revealed with a Cy3-conjugated secondary antibody (red signal) and nuclei
were counterstained with DAPI (blue signal). BrdU incorporation in the
tubular cross section shown in C was detected using a green fluorochrome.
Roman numerals refer to stages of the seminiferous epithelium cycle. ES-10
and ES-16 correspond to steps in spermatid maturation. L, leptotene
spermatocytes; LU, lumen of the seminiferous tubules; P, pachytene
spermatocytes; PR, preleptotene spermatocytes; RS, round spermatids; S,
Sertoli cells; SG, spermatogonia. Scale bamu2sin A,B; 55pum in C.

non-immune IgG or a mixture of the primary antibody andtestis was assessed by following up the disappearance of the

immunizing peptide (data not shown).
To further investigate the

possibility that
spermatogonia might express T@;lcontrol mice were

TIF1B protein on histological sections of experimental
someanimals at different time points after tamoxifen treatment. For
the sake of simplicity, only observations of tubular cross-

injected with BrdU, which incorporates into the nuclei ofsections in stage VIl (and beginning of stage VIII) will be
spermatogonia and preleptotene spermatocytes. In doubleported, unless otherwise mentioned. Stage VII (and the

immunostaining experiments, colocalization of TpFand

beginning of stage VIII) are characterized by the alignment

BrdU was never observed (Fig. 2C and data not showndf elongated spermatid nuclei at the luminal side of the
Altogether, these data indicate that within the seminiferouseminiferous epithelium, immediately before their release, as
epithelium, TIFB is present in all Sertoli cells, as well as in spermatozoa, into the lumen of the seminiferous tubules.
specific subpopulations of meiotic cells (i.e. mid-pachytenddistological sections of TIfLcontrol (TIF]3-22:PrP-Cre-

spermatocytes) and post-meiotic cells (i.e.

step 1-1&RT(0)) testes displayed a normal TIFlsignal in all

spermatids). By contrast, this protein is undetectable iseminiferous tubules one day and 2, 4, 6 and 8 weeks after
proliferating germ cells (i.e. spermatogonia), in preleptotenéamoxifen treatment (Fig. 3A and data not shown). By
and early pachytene spermatocytes, as well as in condensiogntrast, experimental (TIBt2/L2:PrP-Cre-ER(9/0)) testes
(step 12-14) and condensed (step 15-16) spermatids (Baaremtisplayed an abnormal pattern of Tf-distribution as early

et al., 1999).

PrP-Cre-ER T mediates inactivation of the floxed
TIF13 gene in spermatogonia and spermatocytes

as 1 day after the end of the tamoxifen treatment: all
pachytene spermatocytes were negative for FIfFig. 3B).
This finding indicates that the ‘induced’ Cre can rapidly and
efficiently mediate disruption of the flox@if13gene in most

PrP-Cre-ER transgenic mice (line 28.8), which enable a(possibly all) spermatocytes. Experimental testes analyzed 2,
tamoxifen-induced time-controlled and tissue-specific DNA4 and 6 weeks after tamoxifen treatment contained only
excision in germ cells are described elsewhere (P. W., C. Ghistologically normal seminiferous tubules, which were
M. M., D. M. and P. C., unpublished). Before tamoxifenclassified into three categories based on BIEkpression
treatment, TIFB-2/L2:PrP-Cre-ER(9/0) mice harboring both patterns: (1) tubules expressing T Ispecifically in
Tif13floxed alleles and the PrP-Cre-ERansgene (referred pachytene spermatocytes and round spermatids, which were
hereafter as experimental animals) were normal with respeandistinguishable from their counterparts in controls (Fig.
to fertility and testicular morphology (data not shown). The3C); (2) tubules devoid of TIBLpositive germ cells (Fig.

feasibility of spatiotemporal inactivation of TIBlin the

3D); (3) tubules showing an abnormal, mosaic, expression of
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Fig. 3. Distribution of the TIF protein in control — 8 weeks; control — 1 day; experimental
(TIF1BL2/L2:prP-Cre-ER(0/0) and experimental r 4 P 1

(TIF1BL2L2:PrP-Cre-ER(9/0)) testes, 1 day (B), 6 weeks
(C-F) and 8 weeks (A) after tamoxifen treatment. All the
seminiferous tubules displayed here correspond to
histologically normal stage VII tubules. C-F are from the
same experimental testis. ES, elongated spermatids; P,
pachytene spermatocytes; PR, preleptotene spermatocyte
RS, round spermatids; S, Sertoli cells. Immunostaining fo
TIF1B (pink and red signals) with DAPI counterstain (blue
signal). Scale bar: 10@m in A,B; 50pum in C-F.

TIF1B in pachytene spermatocytes and/or rc
spermatids (Fig. 3E,F).

In the mouse, proceeding from spermatogon
spermatozoa takes about 35 days (Oakberg, 1
Oakberg, 1956b). Therefore, the presence of 4
negative tubules in testes analyzed more than 4(
after tamoxifen treatment demonstrates that
mediated DNA excision can occur in st
spermatogonia, in accordance with our prev
observations (P. W., C. G., M. M., D. M. and P.
unpublished). It is clear, however, that not all ¢
spermatogonia underwent excision, as indicate Q
the reappearance of TIg%ositive spermatocytes
weeks after tamoxifen treatment (Fig. 3C,E,F
data not shown). Moreover, in experimental te
analyzed 2 weeks after tamoxifen treatment &
half of the tubules (53.17+11.82%) showed
abnormal TIFB expression in the spermatoc
layers (e.g. Fig. 3E,F and data not shown), inste
expression in tubules (0.76+£0.16%) of simili
treated control miceP<0.0001) (Fig. 4). Eight wee
after tamoxifen treatment, about half of
seminiferous tubules in experimental te
(52.92+£3.19%) exhibited histological signs
degeneration (i.e. vacuolation of the seminife.cus
epithelium (V in Fig. 5E,F) instead of only 2.70+0.68% inthe expression of TIMLin other organs of TIRA-2'L2):PrP-
similarly treated control mice P€0.0001) (Fig. 4). The Cre-ER(/0) mice (data not shown).
similarity in the percentages of tubules exhibiting ] ) ) o .
immunohistochemical and histo-pathological abnormalitie$>re-mediated disruption of  Tif13in spermatogonia
strongly suggests that Cre-mediated DNA excision irfauses testicular degeneration
spermatogonia actually had occurred only in approximateljdistological analysis of experimental and control testes was
half of the seminiferous tubules. Importantly, upon excision irperformed 1 day, and 2, 4, 6, 7 and 8 weeks after tamoxifen
germ cells, immunostaining of Sertoli cell nuclei remainedreatment. Experimental testes were histologically normal up
very strong on frozen sections and was also unaltered do 6 weeks after treatment (data not shown). Histological
paraffin wax-embedded sections (Fig. 3B,D, Fig. 5G,H andections through testes of experimental mice 7 and 8 weeks
data not shown). Moreover, tamoxifen treatment did not affedifter treatment showed a mosaic of seminiferous tubules

Fig. 4. Percentages of seminiferous tubules exhibiting A *hk A
abnormal_expressmn pattern of Tfdr displaying ” § 60— T o 60— dokok
vacuoles in TIFB-2L2:PrP-Cre-ER(/0) (control) and 28 L 5
TIF1BL2/L2:PrP-Cre-ER(9/0) (experimental) mice. The =R l 200
. . . () ()
percentage of seminiferous tubules cross sections shc 5« 407 85 40
abnormal expression of TIBXi.e. partial staining of 8F 30 £ 8 30—
spermatocyte and/or spermatid layers along the £E - 20
circumference of a given tubule, instead of staining alc ~ § ¢ %=
its whole circumference) was determined by 58 107 5 10—
. . . f S c _ N
immunohistochemistry 2 weeks after tamoxifen treatm 2 0 0— -
control  experimental control  experimental

(left). The percentage of degenerating (vacuolated) ve
normal tubules was determined 8 weeks after tamoxifen treatment (right). Results are meants.e.m. from at least threeactingasaifpe
and age (***P<0.0001 according to Fischer’s PLSD).
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displaying normal germ cell associations (NT in
5B and data not shown) and of morphologic
abnormal tubules exhibiting different patterns
extents of germ cell loss (e.g. ST in Fig. £
Interestingly, all abnormal tubular cross-sections 1
devoid of TIFPB expression in germ cells (Fig. 5G,
Some of the abnormal tubules contained appar
normal  populations of spermatogonia
spermatocytes but lacked spermatids, prok
reflecting their premature detachment from
seminiferous epithelium. By contrast, other tub
contained healthy round spermatids and Sertoli
without mitotic and meiotic germ cells (compare
5C with 5D, and 5E with 5G). In the third categon
abnormal tubules, germ cell depletion yielded Se
cell-only seminiferous tubules (Fig. 5B,F,H) wh
epithelium was reduced to a row of Sertoli ¢
(showing extensive intercellular vacuolation; V in |
5F) and to a few elongated spermatids (ES, Fig. 5
but was devoid of spermatogonia. TUNEL analysis
not reveal any increase in apoptotic cell death it
epithelium of the degenerating tubules (Fig. 6A
The abnormal DNA fragmentation detected in nt
from mature elongated spermatids (Fig. 6B
probably reflects their phagocytosis and degrad
by Sertoli cells (Kastner et al., 1996). Germ
depletion resulted in part from sloughing off
apparently healthy immature germ cells (mainly rc
spermatids) into the lumen of the tubules (arrow!
in Fig. 5E), probably yielding large and irregt
vacuoles in the epithelium (V, in Fig. 5E,F).
accordance with this observation, the number of r
spermatids was markedly increased in the lumen «
epididymis from experimental males examined 7
8 weeks after tamoxifen treatment (arrowheads in
6E,F). No sign of testicular degeneration was obst
in age-matched tamoxifen-treated control mice |

I 8 weeks |
[E== Eqpermunli=—m

.

Experimental =——

Fig. 5. Histological aspect of TIF(-?-2):PrP-Cre-ER(©/) control testis
(A,C) and TIFB-2'L2:PrP-Cre-ER(9/0) experimental testis (B,D-H), 8 weeks
after tamoxifen treatment. The seminiferous tubule in C is at stage VII. The

5A,C). abnormal seminiferous tubules in D,G are difficult to stage because of the
complete absence of spermatocyte populations; however, they have features in
common with a stage VIl tubule (‘"VII'), namely the aspect of acrosomes in

DISCUSSION round spermatids (not visible at this magnification) and/or alignment of

Spermatogenesis includes spermatogonial sten
self-renewal and the differentiation of spermatogc
Proliferative spermatogonia generate differentie
spermatogonia that are irreversibly commi

elongated spermatids. Groat Hematoxylin and Malloy’s trichrome (A-F) or
immunolabeling for TIF® and DAPI counterstaining (G,H). L, Leydig cells;
NT, tubules showing normal germ cell associations; P, pachytene
spermatocytes; PR, preleptotene spermatocytes; RS, round spermatids; S,
Sertoli cells; ST, Sertoli cell-only seminiferous tubules. The arrowhead in E
indicates exfoliated round spermatids. Scale barpt0@A,B), 15um

towards the production of spermatozoa. The |
mature spermatogonia divide to form prelepto
spermatocytes that replicate their DNA, then ini
the meiotic process leading to round spermatids. Roun the maturation of mid-pachytene spermatocytes into
spermatids undergo spermiogenesis, which involves nucleatongating (i.e. step 10) spermatids, and is associated with
shaping and chromatin compaction as well as majoheterochromatin structures in these cells. Bl localized
cytoplasmic transformations, to yield mature spermatozopreferentially with the chromocenter of round (i.e. step 1 to
(Brinster and Avarbock, 1994; Brinster and Zimmermannstep 9) spermatids indicating that it might repress expression
1994, Kistler et al., 1996). In mice, the entire developmentabf specific genes by sequestering them in this subnuclear
process takes 35 days and is regulated by a complex signaliogmpartment (Francastel et al., 2000). However, as ffTIF1
network involving endocrine, paracrine and autocrine factorexpression is turned off prior to the onset of spermatid
(Grootegoed et al., 2000), as well as multiple transcriptionatondensation, it is unlikely to be necessary for the protamine-
regulators (Sassone-Corsi, 1997). dependent DNA compaction process which is characteristic of
We have shown here that the Tdrotein is expressed in spermiogenesis (Kistler et al., 1996; Sassone-Corsi, 1997;
germ cells during a restricted window of time correspondind@@aarends et al., 1999). Moreover, although it is expressed in

(C,D,F) and 2@um (E,G,H).
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pachytene spermatocytes, TE1lmay also b 8 weeks - ]
dispensable for chromatin remodeling proce ———— Control 11 Experimental ——
during meiosis, as TIRtdeficient spermatocytes ¢ Fn

generate morphologically normal TIBHeficien
round spermatids, which in turn yield termini
differentiated condensed spermatids. Whether
reflects a possible functional redundancy with ¢
members of the TIF1 family remains to be determi
Indeed, based on biochemical data, both @lR&hc
TIF1B have previously been shown to interact dire
with HP1 proteins (Le Douarin et al., 1996). Howe
in the case of TIF4, the biological significance of t
HP1 interaction is unclear, as ThrtHoes not requil
HP1 binding for repression in a transfection a
(Nielsen et al., 1999), and no significant subnu
colocalization of TIF&r and HP& has been observ
in cultured cells (Remboutsika et al., 1999). Morec
TIF1B, but neither TIF& nor TIF1y, has been report
to interact with and act as a co-repressor for Kl
domains (Abrink et al., 2001), supporting the view
members of the TIF1 family may be functioni
distinct.

TIF1B has nevertheless important physiolog
functions in the maintenance of the struct
integrity of the seminiferous epithelium, as its los
spermatocytes and round spermatids result
testicular degeneration with complete disappeat
of germ cells. Spermatogenesis is cruci
dependent on intimate contacts and para
interactions between Sertoli cells and germ ¢
Sertoli cells support and nurture the germ «
(Russell et al., 1990; Sharpe, 1993; Griswold, 1¢
Spermatocytes and Spermatids can, in turn, inflL Flg 6. Tunnel Iabeling (A-D) of the testis and hiStO'OgiCﬁ' detection (E,F) of

Sertoli cell functions and gene expression immature germ cells in the epididymis of TFR/L2:PrP-Cre-ERT(0/0)
demonstrated in models of germ cell depletio’ control and TIFBL2/L2:PrP-Cre-ERT(tg/0) experimental males 8 weeks after

. . : tamoxifen treatment. The green fluorescent signal corresponds to nuclei
vivo and in (.:o-cul'tures of Sertoll. and germ ¢ containing DNA fragmentsq Arrowheads indicege exfoliatert)nl round spermatids.
(Jegou, 1,993’ Boujrad et aI.., 1995; Syed and H E, epithelium of the cranial portion of the epididymis; ES, elongated

1997; Wright et al., 1995; Griswold, 1995; Yomoc  spermatids; P, pachytene spermatocytes; RS, round spermatids; S, Sertoli cells;
et al., 1994). The disappearance of TMFIn sz spermatozoa; T, seminiferous tubules. Scale bapho@ A,B; 20pm in
TIF1p-2L2:prP-Cre-ER(9/0) spermatocytes aft C-F.
tamoxifen treatment and the subsequent gener
within the next 10 days (Oakberg, 1956a), of T3f

deficient round spermatids from these TBH&ss normal, undifferentiated, state. In any event, as Blislnot
spermatocytes, indicates that TH$ not cell-autonomously detectable in wild-type spermatogonia at any stage of the
required for their survival and differentiation. Thus, thecycle of the seminiferous epithelium, the deleterious effects
timing of degeneration of the TIBdess seminiferous of its ablation on this cell type must be mediated through
epithelium rather suggests thEf13 expression is required paracrine mechanisms possibly involving Sertoli cells.
for short-range cellular interactions in this epithelium. ForAccordingly, it is interesting to note that BMP8B secreted by
example, TIFB present in round spermatids could, indirectly, spermatocytes and round spermatids is thought to play an
regulate the expression of a Sertoli cell-derived factor(s) thamportant role in the paracrine regulation of spermatogonial
mediate cell adhesion; the generation of Pfekficient self-renewal and/or differentiation (Zhao et al., 1996).
round spermatids, as a consequencéifdf3 disruption, may  Similar functions in the regulation of spermatogonial cell fate
progressively result in depletion of this Sertoli cell factor,decision have been ascribed to Sertoli cell-derived GDNF
leading to immature germ cells detachment. However, neithéMeng et al., 2000), but it is not known whether secretion of
shedding of immature germ cells, nor germ cell apoptosiSDNF is under germ cell control.

can account for the observed selective depletion in In conclusion, we have demonstrated that Plisllocalized
spermatogonia and spermatocytes in TPHeleficient preferentially in heterochromatin of round spermatids,
degenerating seminiferous tubules still  containingindicating that it might repress expression of specific genes in
spermatids. Rather, this ‘window of missing germ cells’ maythese cells. Moreover, the observation that seminiferous
reflect an absence of spermatogonial proliferation or a failureubules in which Tif13 is specifically disrupted in

of self-renewing stem spermatogonia to maintain theispermatogonia are initially normal, while they subsequently
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degenerate, indicates that TpHas important functions in the Griswold, M. D. (1998). The central role of Sertoli cells in spermatogenesis.
homeostasis of the seminiferous epithelium, and probablé Semin. Cell Dev. Biob, 411-416.
plays a crucial role in the network of paracrine interaction§o°tegoed. J. A., Siep, M. and Baarends, W. M2000). Molecular and
. . cellular mechanisms in spermatogenedsilliere’s Clin. Endocrinol.
between germ cell subpopulations and/or Sertoli cells. Metab. 14, 331-343.
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