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Human TIF2 (hTIF2) is a member of the p160 family of nuclear receptor coactivators, which includes SRC-1
and p/CIP. Although the functions of hTIF2 and of its mouse homolog (GRIP1 or mTIF2) have been clearly
established in vitro, their physiological role remains elusive. Here, we have generated mice lacking mTIF2/
GRIP1 and examined their phenotype with a particular emphasis on reproductive functions. TIF2�/� mice are
viable, but the fertility of both sexes is impaired. Male hypofertility is due to defects in both spermiogenesis
(teratozoospermia) and age-dependent testicular degeneration, and TIF2 expression appears to be essential for
adhesion of Sertoli cells to germ cells. Female hypofertility is due to a placental hypoplasia that most probably
reflects a requirement for maternal TIF2 in decidua stromal cells that face the developing placenta. We
conclude that TIF2 plays a critical role in mouse reproductive functions, whereas previous reports have not
revealed serious fertility impairment in SRC-1�/� or p/CIP�/� mutants. Thus, even though the three p160
coactivators exhibit strong sequence homology and similar activity in assays in vitro, they play distinct
physiological roles in vivo, as their genetic eliminations result in distinct pathologies.

Transcription factors play a major role in the remodeling of
the chromatin nucleosomal structure in regions that include
gene promoters, and histone acetyl transferases (HATs) are
essential in this remodeling (33, 70). Several general coactiva-
tors, e.g., cAMP response element binding (CREB) protein
(CBP)/p300 and p300/CBP-associated protein factor (PCAF),
recruited in the presence of agonistic ligands by nuclear recep-
tors (NRs) to mediate their transcriptional activation func-
tions, have intrinsic HAT activity (5, 9). These general coacti-
vators can also be recruited by interaction with more specific
coactivators, such as members of the p160 coactivator family
(steroid receptor coactivator 1 [SRC-1] [49], transcriptional
intermediary factor 2 [TIF2]/GRIP1/SRC-2 [27, 64] and CBP-
interacting protein [pCIP]/ACTR/AIB1/RAC3/TRAM1/SRC-
3 [3, 17, 38, 61, 62]), which efficiently bind to NRs in an
agonistic ligand-dependent manner, and may also exhibit HAT
activity on their own (22, 44, 69, 74). In contrast and in a
context-dependent manner, TIF2 has also been recently shown
to potentiate repression mediated by the glucocorticoid hor-
mone receptor in the presence of a glucocorticoid receptor
agonist, but not antagonist (54).

The three members of the p160 coactivator family share
40% overall sequence identity. In vitro and cultured cell trans-
fection studies have shown that a centrally located NR inter-
action domain (NID) is present in all three members of the
family. The NID contains three LXXLL motifs (the NR bind-
ing boxes) that specifically interact with the AF-2 activation
domain of NRs through a hydrophobic site located on the

surface of agonist-activated ligand binding domains (11). It has
also been shown that two autonomous transcriptional activa-
tion domains (AD1 and AD2) are found in each of the p160
proteins. AD1 encompasses the binding site of the general
coactivators CBP/p300 (65), while AD2 interacts with the pro-
tein methylase coactivator-associated arginine methyltrans-
ferase 1 (CARM1) and other factors (16, 29, 32; for reviews,
see references 22, 37, 44, 53, and 74).

Cell transfection studies and some compensatory overex-
pression of mTIF2 (the mouse homolog of human TIF2, also
known as GRIP1) in certain SRC-1 KO mutant tissues have
suggested the existence of a partial functional redundancy be-
tween members of the p160 family (73). However, there is
genetic evidence that the three members of the p160 family are
differentially involved in the physiological functions of NR
signaling in vivo. Analysis of SRC1-null mice has shown that,
while both male and female SRC1 knockout (KO) mice are
viable and fertile, they exhibit partial resistance to several
hormones, including estrogen, progestin, androgen, and thy-
roid hormones (67, 73). Elimination of p/CIP has revealed that
it is required for normal mouse growth (66, 72), as well as for
some female reproductive functions (72), and the human ho-
molog of p/CIP (AIB1) has been found to be strongly amplified
and/or overexpressed in 64% of primary breast cancer and
some primary ovarian tumors (7). Furthermore, translocation
between the TIF2 gene and the MOZ gene encoding a HAT
protein (15) has been identified in human acute myeloid leu-
kemia (14).

We report here some of the physiological functions of the
mouse TIF2 coactivator, which are revealed by the analysis of
TIF2-null animals. Our results show that TIF2 plays a critical
role in the reproductive functions of the mouse as, in contrast
to SRC-1 and p/CIP KO mice, the fertility of both male and
female TIF2 KO mice is impaired. Thus, even though the p160
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ULP/Collège de France, B.P. 163, 67404 Illkirch Cedex, France.
Phone: 33 3 88 65 32 13. Fax: 33 3 88 65 32 03. E-mail: chambon
@igbmc.u-strasbg.fr.

5923



coactivators exhibit significant structural homologies and may be
partially functionally redundant, they exert different physiological
functions, as their absence results in distinct pathologies.

MATERIALS AND METHODS

Generation of TIF2 mutant mice. Mouse TIF2 genomic clones were obtained
by screening a 129/Sv embryonic stem (ES) cell DNA library, with a mouse TIF2
(GRIP1) cDNA probe. A targeting vector was generated from two overlapping
genomic fragments containing the exon encoding the three NR boxes of the NID
(nucleotides 1330 to 2597 [accession number U39060]) (Fig. 1a). The TK-neo
cassette from pHR56 (46) was cloned into the ClaI site, and a LoxP site followed
by an EcoRI site was introduced at the SpeI site by PCR-based site-directed
mutagenesis (Fig. 1a). The BamHI-HindIII fragment of the targeting vector (Fig.
1a) was electroporated into 129/SvPas H1 ES cells (20), and G418 neomycin-
resistant clones were expanded (40).

ES cells containing a targeted TIF2 L3 allele were identified by Southern blot
analysis of (i) BamHI-digested ES cell genomic DNA using a 5� (P5�) external
probe and (ii) BamHI- and KpnI-digested ES cell genomic DNA using a 3� (P3�)
external probe and a neomycin probe (Fig. 1a). Targeted ES cells were injected

into C57BL/6 blastocysts which were implanted in a pseudopregnant host of the
same strain. Chimeric males were obtained that transmitted the mutation
through crosses with C57BL/6 females, yielding heterozygous TIF2L3/� mice
(mice with an L3 allele and a wild-type [WT] allele). TIF2L3/� mice were bred
with homozygous CMV-Cre transgenic mice (21) to generate TIF2L�/� mice
(mice bearing one allele in which the exon encoding the NID and the selectable
marker were deleted), as well as TIF2L2/� mice (mice bearing one “floxed” allele
in which the exon encoding the NID is flanked by LoxP sites) (Fig. 1a). Inbreed-
ing of TIF2L�/� mice yielded TIF2L�/L� (also designated as TIF2�/� or
TIF2KO) mice homozygous for the deletion of the exon encoding the NID, while
inbreeding of TIF2L2/� mice yielded homozygous conditional “floxed” TIF2L2/L2

mice.
Mouse genotyping on tail biopsy specimen DNA was performed by PCR using

primers P1 (5�-CTGCACGGTGCCAGCAAAGC-3�), P2 (5�-GACCAGGGCT
TGCTCAGAAC-3�), and P3 (5�-CCCCTGGATTGTTCCAAAGG-3�) (Fig. 1a;
targeted allele). The size of P2-P3 fragment from WT is 289 bp, that of the P1-P3
fragment from the TIF2L� allele is 512 bp, and that of the P2-P3 fragment from
the TIF2L2 allele is 405 bp (Fig. 1b).

Detection of TIF2 mRNA and protein on tissue sections. Immunofluorescence
labeling for detection of TIF2 was performed on 10-�m-thick sections of freshly

FIG. 1. Targeted disruption of the mouse TIF2 gene. (A) Schematic strategy to generate TIF2 KO mice: diagrams showing the WT TIF2 locus,
the targeting vector, the targeted allele L3, the floxed allele L2, and the allele with L� deleted after Cre-mediated recombination. The exon
containing the NID is shown as the NIDexon black box. The location of 5� and 3� probes is indicated. The TK-neo cassette is shown and loxP sites
are indicated with open triangles. Arrows indicate the positions of PCR primers (P1, P2, and P3) used for DNA genotyping. The size of restriction
fragments obtained by Southern blot is given in kilobases. Abbreviations: E, EcoRI; K, KpnI; H, HindIII; B, BamHI; Sp, SpeI; X, XhoI; C, ClaI;
Bg, BglII; S, SacI. (B) PCR diagnosis (see Materials and Methods) used to genotype the mice.
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frozen testes from 3-month-old WT mice, using a polyclonal antibody raised in
rabbit against a peptide corresponding to residues 468 to 481 of GRIP1 (51). The
sections were collected on Super Frost Plus coated slides (Kindler, Freiburg,
Germany), postfixed with 2% paraformaldehyde in phosphate-buffered saline
(PBS) for 4 min at room temperature, washed in PBS containing 0.1% Triton
X-100 (PBST) (three times for 3 min), incubated with the primary antiserum
(diluted at 10 �m/ml), washed again, and then incubated with Cy3-conjugated
anti-rabbit immunoglobulins G (45 min; room temperature; Jackson Immunore-
search). Sections of TIF2�/� testes and incubation of the primary antibody with
a 30-fold excess of the immunizing peptide were used as negative immunostain-
ing controls. Sections were counterstained with DAPI (4�,6�-diamidino-2-phe-
nylindole) in Vectashield mounting medium.

In situ hybridization (ISH) was performed on 10-�m-thick sections postfixed in
4% paraformaldehyde in PBS for 30 min at 4°C, washed twice in PBS, and
hybridized with a 35S-labeled probe for mTIF2 (nucleotide 1639 to 2500 [acces-
sion number U39060]) as described previously (18).

Histological and ultrastructural analyses and detection of proliferating and
apoptotic cells in TIF2 mutant testes. For histological analysis, testes of WT and
TIF2�/� mice were fixed in Bouin’s fluid. Seven-micrometer-thick paraffin sec-
tions were stained with hematoxylin and eosin. For ultrastructural studies, mice
under deep anesthesia were perfused with 2.5 glutaraldehyde in PBS. The testes
were dissected, sliced, and immersed for 16 h at 4°C in the same fixative. After
osmium postfixation, dehydration in graded alcohols and embedding in Epon,
ultrathin sections (70 nm thick) were contrasted with uranyl acetate and lead
citrate.

Detection of apoptotic cells on sections from paraformaldehyde-fixed and
paraffin-embedded testes was performed by TdT-mediated dUTP nick-end la-
beling (TUNEL) according to the manufacturers instructions (in situ cell death
detection kit, fluorescein; Roche). To identify proliferating cells, mice received
four intraperitoneal injections at intervals of 2 h with 50 mg of bromodeoxyuri-
dine (BrdU)/kg of body weight. Testes were collected 2 h after the last BrdU
injection, fixed in 4% paraformaldehyde in PBS (16 h; 4°C). Paraffin sections
were incubated with an antibody against BrdU (Boehringer Mannheim) diluted
1/100 in PBS containing 0.1% normal goat serum (16 h; 4°C), revealed with
Cy3-conjugated anti-rabbit immunoglobulin G, and mounted in Vectashield me-
dium containing DAPI.

Fertility of TIF2 mutant mice. TIF2-null young females (7 to 10 weeks old)
and fertile males (WT) were bred during 4 months. The number of pups per litter
and the number of litters per female were scored. Male fertility was similarly
tested by breeding TIF2-null young males and WT females.

Superovulation and oocyte quantification. Four-week-old WT and TIF2-null
females received intraperitoneal injections with 10 U of PMSG (Folligon-In-
tervet) followed by 5 U of hCG (Chorulon-Intervet) 48 h later, and sacrificed 19
to 22 h after hCG injection. Oocyte-cumulus masses were extracted from ovi-
ducts, and oocytes were counted after enzymatic dissociation from the surround-
ing cumulus with hyaluronidase (37°C, 1 h) (26).

In vivo fertilization test. After superovulation WT females were mated with
TIF2-null males. Females with vaginal plug were sacrificed, oocyte/cumulus
masses were extracted from oviducts, and oocytes were counted after enzymatic
dissociation from the surrounding cumulus with hyaluronidase. Oocytes were
then cultured for 24 h, and the number of fertilized oocytes was scored by
counting two blastomere-embryos.

Hormonal treatments. For stimulation of prostate growth, 3-month-old mice
were castrated on day 0 and treated with testosterone (3 mg/kg/day) by subcu-
taneous injection from day 9 to day 15. The total weight of prostate was mea-
sured on day 16. Stimulation of uterine growth by estrogen was assessed using
ovariectomized 8-week-old females as described previously (39). Uterine wet
weight was measured and the ratio of uterine weight to body weight was calcu-
lated.

RESULTS

Generation of TIF2-null (TIF2�/�) mutant mice. To disrupt
mTIF2 (the mouse homolog of human TIF2, also known as
GRIP1), we deleted the exon encoding the NID (65; our un-
published results), using the Cre-lox technology and a targeting
vector in which three loxP sites flank that exon and the TK-neo
cassette (Fig. 1a). Complete Cre-mediated excision of the NID
sequence in the TIF2 allele L3 generated the allele L� with a
frameshift starting at Arg 375 (mutated in Ser) and extending

up to a new stop codon at amino acid position 490 (M. R.
Stallcup [sequence accession number U39060]). Thus, the mu-
tated TIF2 allele L� has the capacity to encode a 489-amino-
acid truncated protein, that lacks all TIF2 amino acids C-
terminal of the first NID residue. Partial Cre-mediated
excision of the TK-neo cassette yielded the conditional floxed
TIF2 allele L2 (Fig. 1a).

Chimeric males originating from two independently targeted
L3 ES clones (identified by Southern blotting) transmitted the
mutation through their germ line (data not shown). To per-
form the Cre recombinase-mediated excision of the NID, het-
erozygous TIF2�/L3 mice were mated with CMV-Cre mice
(21). Inbreeding of the heterozygous TIF2�/L� offspring (iden-
tified by PCR [Fig. 1b]) yielded TIF2L�/L� mice. A total of 561
offspring were obtained at the weaning stage from heterozy-
gous parents including 173 TIF2�/� (31%), 288 TIF2�/L�

(51%), and 100 TIF2L�/L� (18%) mice. The lower-than-ex-
pected percentage of TIF2L�/L� mice was due to death during
the first month of their life, as E18.5 fetuses and 5-day-old (P5)
newborns were found in a Mendelian distribution (data not
shown). The absence of the NID in the putative mutated TIF2
protein was assessed by immunohistochemistry with an anti-
body recognizing epitope within the WT mouse TIF2/GRIP1
residues 468 and 481 (51). The strong signal observed with this
antibody in WT testes was clearly absent in TIF2L�/L� testes
(see Fig. 4c to f, and data not shown).

TIF2 deletion results in transient postnatal growth retarda-
tion and hypofertility of both sexes. At embryonic day 18.5
(E18.5), the weight of TIF2L�/L (hereafter called TIF2�/�)
male and female fetuses was not significantly different from
that of WT fetuses (data not shown), but 5-day-old (P5)
TIF2�/� newborns were �30% lighter and harmoniously
smaller than their WT littermates. This weight deficit and
smaller size disappeared progressively after weaning, and by 3
months of age mutant animals were similar to WT (Fig. 2a).
Thus, TIF2 appears to be required for normal growth during
the suckling period only. This growth deficiency of TIF2�/�

mutants is clearly different from that exhibited by p/CIP�/�

(SRC3�/�) mutants, which has revealed a unique function of
p/CIP for regulating normal somatic growth from E13.5
through maturity (66, 72). Sexually mature TIF2�/� males and
females were healthy and showed no apparent abnormalities in
the major organs at the gross and histological levels (data not
shown). However, both males and females were hypofertile.

In continuous mating studies, TIF2�/� females presented
normal copulatory plugs, indicating a normal sexual activity,
but were hypofertile with reduced numbers of litters and pups
per litter (Table 1). Ovarian and uterine functions were ana-
lyzed to gain insight into this reduced fertility. The average
yield of oocytes collected in the oviduct was similar in super-
ovulated prepubertal TIF2�/�, TIF2�/� and WT females, in-
dicating that TIF2 is not required for ovulation (Table 2).
Furthermore, estrogen treatment of ovariectomized TIF2�/�

and WT females resulted in similar increases in uterine weight,
showing that TIF2 is not required to mediate this uterine
response (Fig. 2b). Mammary glands from virgin, pregnant,
and nursing TIF2�/� females were histologically and function-
ally normal (data not shown).

Mating TIF2�/� males with WT females generated a num-
ber of litters not statistically different from that obtained with
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WT males. However, the size of these litters was reduced
(Table 1), and oocyte fertilization assays carried out in vivo
with TIF2�/� males revealed that only 10% of the oocytes
were fertilized, compared to 50% with WT males (Fig. 2c). At
3 months of age, the testis weight of TIF2�/� mice was de-
creased by �30% relative to that of WT animals (Fig. 2d).
However, the size and histology of other testosterone-sensitive
organs, such as seminal vesicles and prostate, were normal
(data not shown). To further investigate the possible involve-
ment of TIF2 in androgen receptor function, we measured
prostate growth in castrated TIF2�/� males upon androgen
treatment. Both WT and TIF2�/� males exhibited prostate
regression 1 week after castration, and similar prostate-to-
body-weight ratios were observed after 7 days of androgen
stimulation (Fig. 2e).

Maternal TIF2 is required during pregnancy. A marked
increase of in utero embryonic resorptions was observed be-
tween E12.5 and E18.5 during pregnancies of TIF2-null dams
(Table 3), indicating that the reduced number of pups per litter
and litters per dam observed in TIF2�/� females can be ac-
counted for by fetal death. The percentage of embryonic re-
sorptions was not significantly different in WT and TIF2�/�

pregnant females at E10.5 but markedly increased at later
stages (Table 3). Interestingly, embryos from pregnancies ob-
tained by mating TIF2�/� males with TIF2�/� females, ana-
lyzed macroscopically and histologically at E10.5, and com-
pared to those from crosses with TIF2�/� females, appeared
smaller and developmentally delayed, irrespective of their ge-
notype (i.e., TIF2�/� or TIF2�/�; compare Fig. 3a and b and
data not shown). Likewise, the placentas of E10.5 embryos

obtained from crosses with TIF2�/� dams often displayed a
marked hypoplasia with decreased numbers of trophoblastic
trabeculae and embryonic capillaries in the labyrinthine re-
gion, resulting in a placenta appearance comparable to that
normally observed at E9.5 (Fig. 3c and d and data not shown).
Furthermore, this placental hypoplasia occurred irrespective of
its genotype (identical to that of the corresponding embryo),
and its severity was correlated with the growth retardation of
the embryo (data not shown). However, the differentiation
status of the trophoblastic lineage was normal as assessed by
ISH with molecular probes specific for giant cells (PL-1), spon-
giotrophoblasts (4311), and labyrinthine trophoblasts
(GCM-1) (see references 47 and 68). As TIF2 expression was
detected by reverse transcription-PCR analysis in uterine de-
cidua (data not shown), the absence of a maternally derived
paracrine signal in TIF2�/� mutant dams could possibly ac-
count for the placental abnormalities and subsequent death of
the fetuses irrespective of their genotype. However, decidual
stroma cells of TIF2�/� mutant appeared histologically normal
(data not shown).

TIF2 transcripts and proteins are expressed in Sertoli cells,
but not in germ cells. The localization of TIF2 transcripts in
the testis seminiferous epithelium of WT males was investi-
gated by ISH with a radioactive cDNA probe. A specific ISH
signal was detected in every seminiferous tubule (compare Fig.
4a and b). It was most intense in the peripheral portion of the
tubules where most of the Sertoli cell cytoplasm is located.
Weaker ISH signals were observed in more luminal portions,
where the silver grains often appeared radially aligned, a pat-
tern consistent with a localization in cytoplasmic processes of
Sertoli cells (Fig. 4a and data not shown). Immunostaining of
WT seminiferous tubules with an anti-TIF2 antibody (51)
showed a positive signal only in cell nuclei which, based on
their localization at the periphery of the seminiferous tubules
(Fig. 4c) and triangular shapes, were identified as Sertoli nuclei

TABLE 1. TIF2�/� fertility in continous matingsa

Gender Genotype No. of
mice tested

Mean no. of
pups/litter � SD

Mean no. of
litters/mouse

Female WT 4 6.7 � 1.0 3.5 � 0.3
TIF2�/� 11 6.1 � 0.4 3.6 � 0.3
TIF2�/� 6 2.5 � 0.3b 1.8 � 0.5b

Male WT 6 7.8 � 0.4 3.5 � 0.2
TIF2�/� 10 6.8 � 0.6 3.4 � 0.3
TIF2�/� 6 4.6 � 0.7b 2.2 � 0.7

a TIF2 mutant female and male fertility in continuous matings. Control (WT,
TIF2�/�) and TIF2�/� females (7 to 10 weeks old) or males were bred with
males and females, respectively, for 4 months. The number of 3-week-old pups
per litter and the number of litter per female were scored.

b Level of significance for the observed differences between WT and TIF2�/�

mice, P � 0.05.

TABLE 2. Ocytes produced after superovulationa

Genotype No. of superovulated
females

Oocyte count

Avg � SD range

WT 9 34.0 � 3.9 16–51
TIF2�/� 11 30.9 � 3.9 10–61
TIF2�/� 10 34.3 � 4.5 7–65

a Oocytes produced after superovulation of prepubertal (4-week-old) WT,
TIF2�/�, and TIF2�/� females. The responses of WT, TIF2�/�, and TIF2�/�

females to the superovulation treatment were not statistically different.

FIG. 2. Postnatal growth, fertility, and hormonal responses of the genital tract in TIF2�/� mutant mice. (a) Weight of male and female TIF2�/�

WT (n � 20 and 28, respectively) and TIF2�/� mutant (n � 18 and 11, respectively) mice. Offspring derived from intercrosses between
TIF2�/�mice were weighed every 5 days during the first month and then were weighed every month from day 30 until 3 months of age. Asterisks
indicate the level of significance for the observed differences between WT and TIF2�/� mice (�, P � 0.05; and ���, P � 0.001). Note that TIF2�/�

mice grew at similar rates as their WT littermates (data not shown). (b) Stimulation of uterine growth by estradiol in ovariectomized 8-week-old
females. The t test did not reveal any significant difference in the ratio of uterine to body weight between E2-treated WT (n � 8) and TIF2�/�

(n � 9) uteri. (c) Capability of TIF2�/� sperm to fertilize oocytes in vivo. Three-month-old males (11 WT and 10 TIF2�/�) were mated with
superovulated WT (C57/B6) females. Oocytes collected from the oviduct were cultured for 24 h. Fertilized oocytes consisting of two well-formed
blastomeres were significantly less frequent in matings involving TIF2�/� males (���, P � 0.001 by t test). (d) Smaller testes in TIF2�/� mutants.
The testis and the body weight were measured in 3-month-old mice (23 TIF2�/� mice and 22 WT mice). The ratio of testis weight to body weight
was significantly decreased in TIF2�/� males (���, P � 0.001 by t test). (e) Stimulation of prostate growth by testosterone. Three-month-old mice
(13 TIF2�/� mice and 14 WT mice) were castrated and then treated with testosterone. The t test did not reveal any significant difference.
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(Fig. 4c and e). Germ cells—e.g., spermatocytes (Fig. 4e),
round spermatids, and elongated spermatids—were not immu-
nostained (Fig. 4 e). Moreover, TIF2 transcripts and proteins
were absent from both myoepithelial cells that surround the
seminiferous epithelium (Fig. 4e) and Leydig cells (Fig. 4a, c,
and e). No labeling was ever detected when the antibody was
preincubated with an excess of the immunizing peptide (Fig.

4d) nor in TIF2�/� seminiferous epithelium (Fig. 4f). Thus,
TIF2 testicular expression is restricted to Sertoli cell nuclei and
does not depend on the stage of the seminiferous epithelium
cycle.

Defects in spermiogenesis account for the hypofertility syn-
drome. The hypofertility syndrome of 3-month-old TIF2�/�

males was clearly not due to testicular degeneration nor to a

FIG. 3. External views of litters (a and b) and histological sections of placentas (c and d) from TIF2�/� (a and c) and TIF2�/� (b and d)
pregnancies at E10.5. The placenta comprises (i) a chorionic plate (C), which is traversed by allantoic capillaries; (ii) a labyrinthine region
(L) composed of strands of trophoblast cells and of a network of extraembryonic capillaries, interspersed with maternal blood sinuses; (iii) a
spongiotrophoblast (S), in which only maternal blood circulates. The arrows in panels a and b point to the embryos whose placentas are displayed
in panels c and d, respectively. Other abbreviations: A, allantois; D, uterine deciduae. Bar: 100 �m.

TABLE 3. Embryonic resorptions in WT and TIF2�/� micea

Female
genotype

Result on:

E10.5 E12.5 E14.5 E18.5

n(l) n(e) n(r) % r n(l) n(e) n(r) % r n(l) n(e) n(r) % r n(l) n(e) n(r) % r

WT 8 67 1 1.5 4 42 4 9.5 6 51 3 5.9 5 51 5 9.8
TIF2�/� 7 56 2 3.6 6 42 14 33.3 2 19 14 73.7 2 17 7 41.2

a Embryonic resorptions in WT and TIF2�/� female, from E10.5 to E18.5. Abbreviations: n(l), number of litters; n(e), total number of embryos; n(r), number of
resorptions; % r, % embryonic resorptions per litter.
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decrease in the production spermatozoa. Indeed, with two
exceptions (see below), their testes (n � 14) were indistin-
guishable from those of their WT counterparts on both paraffin
and Epon (semithin) sections (Fig. 5a and b and data not

shown), and the concentrations of spermatozoa in fluid from
caudal epidydimides were similar in TIF2�/� (n � 6) and WT
males (data not shown).

In histologically normal testes from 3-month-old TIF2�/�

FIG. 4. Localization of TIF2 transcripts in WT adult testis (a and b) and immunofluorescence staining (c to f) of WT and TIF2�/� (�/�) testes
with an antibody directed against TIF2. (a and b) In these panels (antisense probe and sense probe, respectively), the ISH signal is shown in false
colors after computer processing of a bright-field view and dark-field view of the same section. TIF2 transcripts are present in every seminiferous
tubule and are more abundant at the periphery of the tubules. A strong positive immunofluorescence signal is specifically detected in WT, but not
in TIF2�/� Sertoli cells (compare panels c and e with panel f). This signal is not seen in WT cells after preincubation of the antiserum with the
immunizing peptide (d), and absent from WT germ line, peritubular, myoepithelial (MY) and Leydig (L) cells. Other abbreviations: ES, elongated
spermatids; RS, round spermatids; S, Sertoli cells; SP, spermatocytes; T, seminiferous tubules. The bar in panel f represents 100 �m (a and b), 40
�m (c, d, and f), and 15 �m (e).
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mutants, the pattern of cell proliferation, as assessed by BrdU
incorporation into S-phase nuclei, was not altered: in both WT
and TIF2�/� testes, �65% of the tubules at stage VII of the
seminiferous epithelium cycle displayed BrdU-labeled prelep-
totene spermatocytes (brown pseudocolor in Fig. 5a and b);
labeled type B spermatogonia were numerous in stage VI tu-
bules and scarce in stage II to stage V tubules; tubules at stages
IX-XII were always devoid of labeling by BrdU, as well as
nuclei of type A and other early proliferating spermatogonia
(Fig. 5a and b and data not shown; 19). Apoptotic cell death
assessed by TUNEL assays occurred essentially during meta-
phase I (Fig. 5c and d) and to a lesser extent in pachytene
spermatocytes (PS) (35), and was similar in 3-month-old WT
and mutant testes (Fig. 5c and d, and data not shown). There-
fore, it appears unlikely that defects in germ cell proliferation
or survival account for the hypofertility of TIF2�/� males. On
the other hand, degenerating, TUNEL-positive elongate sper-
matids were seen at the periphery of some TIF2�/� seminif-
erous tubules (Fig. 5d) but not in WT counterparts. As it is well
established that abnormal elongate spermatids are often
phagocytosed by Sertoli cells instead of being released into the
tubular lumen (56), we studied the morphology of epididymal
spermatozoa.

The percentage of abnormal spermatozoa in smears from
epididymal fluid was twofold increased in TIF2�/�males (37%
of spermatozoa with bent tails and necks versus 16% in WT
males) (data not shown). At the electron microscopic level,
many acrosomes (about 70%) were partially detached from the
nuclear envelope (compare Fig. 5f and 5e; also compare A in
Fig. 5g and h), thus strongly suggesting impaired attachment of
the acrosomal membrane to the nucleus in TIF2�/� mutants.
Spermatozoa mitochondria appeared normal. Thus, teratozo-
ospermia (i.e., frequent abnormalities of spermatozoa in the
semen) is, at least in part, responsible for hypofertility of 3
month-old TIF2�/� males.

TIF2�/� mutants display an age-dependent testicular de-
generation. The histological appearance of the testis was mark-
edly altered in 2 (out of 14) and 1 (out of 4) TIF2�/� males
analyzed at 3 and 6 months of age, respectively, as well as in all
TIF2-null mutants examined at 9 months (n � 2), 12 months (n
� 3), and 20 months (n � 2) of age. Thus, the degeneration of
TIF2�/� testes has a highly variable onset but becomes com-
pletely penetrant by 9 months of age. In these TIF2�/� degen-
erating testes, the diameter of the seminiferous tubules was
decreased, some of these tubules were devoid of a lumen (Fig.
6a, b, g, and h), and frequently displayed large intercellular
vacuoles (Fig. 6b and 7b) and absence of spermatids.

A variable percentage (5 to 70%, depending on the animal)
of tubular cross-sections contained either TUNEL-positive
mutinucleate giant cells (i.e., symplasts [Fig. 6c and 7a to c]) or
large sacs of eosinophilic cytoplasm filled with TUNEL-posi-
tive fragments (Fig. 7d and data not shown). The symplasts and
the sacs represent dying syncytia formed from spermatocytes
(Fig. 7a), round and elongated spermatids (Fig. 6c and 7b and
c), through opening of intercellular bridges that normally con-
nect these cells (56). Sloughing off of round spermatids was
observed in many seminiferous tubules (Fig. 6c), and Sertoli
cell-only tubules were occasionally present (data not shown).
In the rete testis (the intratesticular portion of the genital duct)
and epididymis from mutant mice, the number of immature
germ cells was markedly increased; eventually, the mutant gen-
ital ducts contained only degenerating round spermatids (Fig.
6d and f) and symplasts (Fig. 6d), instead of spermatozoa (Fig.
6e).

The occurrence of symplasts and shedding of immature
germ cells in TIF2�/� tubules strongly suggest that TIF2 ex-
pression in Sertoli cells is essential for their adhesion to germ
cells. On the other hand, TIF2 does not appear to be critically
involved in germ cell proliferation, as spermatogonia and
preleptotene spermatocytes showed efficient BrdU incorpora-
tion within degenerating tubules (Fig. 7e). Taken together,
these observations indicate that TIF2�/� testes suffer from
defects in spermiogenesis (spermatid maturation) and spermi-
ation (spermatid release), which are both worsening with age.

TIF2�/� Sertoli cells show increased amounts of intracellu-
lar lipids. The cytoplasm at the basal portion of a normal
Sertoli cell contains small lipid droplets which, on semithin
sections, appear in the form of small osmiophilic inclusions
(Fig. 6g) (see reference 34 and references therein). The distri-
bution and size of lipid droplets in TIF2�/� mutant testes were
normal at 3 months of age (n � 4; data not shown). In contrast,
testes from 6-, 9-, and 12-month-old mutants all displayed
enlarged Sertoli cell lipid droplets (arrows in Fig. 6 h and i),
whose size and number varied greatly between animals (data
not shown). Note that Sertoli cell mitochondria did not exhibit
any obvious electron microscopy abnormality (data not
shown). Such large lipid droplets were observed both in
tubules exhibiting signs of degeneration, and in those with
normal germ cell associations (Fig. 6i), indicating that lipid
accumulation in TIF2�/� Sertoli cells is not due to an increase
of their phagocytic activity, secondary to germ cell degenera-
tion.

FIG. 5. Detection of proliferating (a and b) and apoptotic cells (c and d) in the testes and electron microscopic analysis of the epididymides
(e to h) in WT and histologically normal TIF2�/� mice at 3 months of age. Abbreviations: A, acrosome; ES, elongated spermatids; L, Leydig cells;
M, spermatocytes in metaphase; N, nuclei of spermatozoa; PS, pachytene spermatocytes; S, Sertoli cells; T, seminiferous tubules. Roman numerals
refer to stages of the seminiferous epithelium cycle (Russell et al. [56]). Each stage is defined by a specific association of germ cell types, and the
cycle corresponds to the series of change 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 I to XII. (a and b) A brown pseudocolor was assigned to BrdU-labeled cells, and
a blue pseudocolor was assigned to the DAPI nuclear counterstain; the brown signal in Leydig cells is purely cytoplasmic and corresponds to
unspecific binding of the antibody to the histological section. (c and d) The brown signal corresponds to nuclei containing DNA fragments. The
inset (d) shows a high magnification of a TUNEL-positive elongate spermatid localized at the periphery of a seminiferous tubule. (f, g, and h)
Arrows point to acrosomes detached from the nuclear envelope. The bar in panel h represents 160 �m (a and b), 100 �m (c and d), 11 �m (e and
f), and 4 �m (g and h).
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FIG. 6. Release of immature spermatids and lipid droplet accumulation in TIF2�/� mutants. (a to i) Comparison of the testes and epididymides
from WT and TIF2�/� (�/�) mutants at 12 months (those in panels b, c, d, f, and h are from the same mutant). The asterisks indicate seminiferous
tubules lacking a lumen, and arrows point to lipid droplets. Paraffin sections stained with hematoxylin and eosin (a to f), and Epon sections are
stained with osmium tetroxide only (g and h) or osmium tetroxide and toluidine blue (i). Abbreviations: D, desquamating round spermatids; E,
epithelium of the cranial portion of the epididymis; ES, elongated spermatids; L, Leydig cells; LU, lumen of the seminiferous tubules; PR,
preleptotene spermatocytes; PS, pachytene spermatocytes; RS, round spermatids; RT, rete testis; SY, symblasts; ST, straight tubules; V, inter-
cellular vacuoles; Z, spermatozoa. The bar in panel i represents 160 �m (a and b), 40 �m (c to f), 80 �m (g and h) and 15 �m (i).
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FIG. 7. Light (a and b) and electron (c) microscopic appearance of symplasts, apoptosis (d), and cell proliferation (e) in affected, 3-month-old,
TIF2�/� males. (a, b, and c) Multinucleated giant cells (symplasts [SY]) formed from pachytene spermatocytes (PS), round spermatids (RS), or
elongated and condensed (ES) spermatids, respectively; note that spermatid-derived symplasts are, by far, the most frequent. (d) TUNEL staining.
(e) BrdU incorporation into preleptotene spermatocytes (PR) within degenerated seminiferous tubules lacking round spermatids. The signal in
Leydig cell cytoplasm is artifactual (see the legend to Fig. 5). Other abbreviations: A, acrosomes; D, desquamating spermatids; eES, early
elongating spermatids; L, Leydig cells; M, mitochondrial sheath; MY, myoepithelial cells; N, nuclei of elongated spermatids; S, Sertoli cell; SA,
cytoplasmic sac derived from symplast; SP, spermatocytes; V, vacuoles. The bar in panel e represents 15 �m (a), 40 �m (b, d, and e), and 3 �m
(c).
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DISCUSSION

To reveal the physiological functions of the NR coactivator
TIF2/GRIP1 and to investigate to which extent these functions
are distinct from those of the two other members (SRC-1 and
p/CIP) of the p160 coactivator family, we have disrupted the
TIF2 gene in the mouse. The mutation, which deletes the exon
encoding the NID, effectively interrupts the synthesis of the
TIF2 protein C-terminal to the first residue of the NID. We
cannot rule out the possibility that a truncated protein con-
taining the N-terminal basic helix-loop-helix (bHLH)-PAS do-
main could still be produced. Nevertheless, several lines of
evidence indicate that the present TIF2 gene disruption is a
null mutation, as it has been shown that such a bHLH-PAS
domain-containing truncated protein (i) cannot bind NRs and
has lost its NR coactivation function (8, 65), (ii) is unlikely to
exert a dominant negative effect on other p160 family members
(73), and (iii) is also unlikely to exert dominant negative effects
on other transcription factors that possess a bHLH domain
(e.g., Hand1 [52], Mash2 [25], and Arnt [2, 36]); indeed, these
genes play important roles in placenta development, but their
disruptions result in defects which are different form those
generated by TIF2 disruption, and furthermore are not of
maternal origin, in contrast to those resulting from the TIF2
mutation. Finally, the lack of defects in TIF2�/� heterozygotes
also supports the conclusion that the present TIF2 gene dis-
ruption effectively results in a null mutation.

In the present study, we have focused on the role played by
TIF2 in mouse reproductive functions. We discuss below these
functions that are distinct from those of the two other mem-
bers of the p160 coactivator family.

Maternal expression of TIF2 is essential for placentation.
SRC-1�/� mutant females are fertile and suffer from a partial
resistance to steroid hormones that affects uterus and mam-
mary glands (73), whereas p/CIP�/� (SRC-3�/�) females ex-
hibit delayed puberty, mammary gland growth retardation, and
decreased reproductive function (i.e., defects in ovulatory ca-
pacity, litter size, and length of estrous cycle) related to estro-
gen insufficiency (72). Note, however, that these p/CIP repro-
ductive defects have not been found in a distinct p/CIP null
mutant line (66).

Interestingly, none of the SRC-1�/� or p/CIP�/� mutant
defects are exhibited by TIF2�/� mutants, as TIF2 is not re-
quired for ovulation, fecundation, and implantation, and the
impaired reproductive capacity of TIF2�/� females is ac-
counted for by a poor, apparently delayed, development of the
chorioallantoic placenta. In litters from TIF2�/� females, this
placental hypoplasia most probably accounts for embryonic
growth retardation at E10.5 and embryonic lethality between
E10.5 and E12.5.

The placenta is a vital organ without which mammalian
embryos cannot survive (55) and whose development is influ-
enced by uterine and systemic maternal environments (4).
None of the placenta defects exhibited by a number of NR null
mutants (6, 42, 57, 68) are similar to those seen in TIF2�/�

females, which are therefore unlikely to reflect the impairment
of NR signaling pathway(s). As TIF2 is expressed in maternal
decidual stromal cells, TIF2�/� placental hypoplasia may re-
flect some functional defects in these cells. In this respect, we
note that TIF2 may act as a coactivator for transcription fac-

tors TEF-1, TEF-3 and TEF-5 that belong to the TEF family
and are expressed in maternal decidua facing the developing
mouse placenta (30). The NR coactivator p160 proteins could
indeed be bona fide coactivators of TEF transcription factors,
through interaction mediated by their N-terminal bHLH-PAS
domain (8).

Whether the partial penetrance of the placental hypoplasia
in TIF2�/� dams may reflect a partial functional redundancy
between the p160 coactivators will require the analysis of TIF2/
SRC-1 and TIF2/p/CIP compound mutants. In any event, and
irrespective of the underlying molecular mechanism, our
present study suggests that a spectrum of outcomes, including
miscarriage and intrauterine growth restriction could arise
from mutations of human TIF2.

TIF2 expression in Sertoli cells plays essential roles in fer-
tility and maintenance of the seminiferous epithelium. In con-
trast to SRC-1�/� and p/CIP�/� (SRC-3�/�) mutants (66, 73),
TIF2�/� males are hypofertile and exhibit testis abnormalities.
Spermatogenesis is critically dependent on intimate contacts
and paracrine interactions between Sertoli cells and germ cells.
Sertoli cells drive germ cells throughout their development and
notably assist the maturation and release of spermatids (24, 56,
59). In turn, spermatocytes and spermatids can influence Ser-
toli cell gene expression and functions, including lipid storage
(10, 23, 31, 60, 71, 75). We have shown here that TIF2 expres-
sion is apparently confined to Sertoli cells, which thus repre-
sent the main, and perhaps the sole, primary target of TIF2
function in the testis and have demonstrated that TIF2 is
essential for efficient spermatogenesis.

Decreased fertility of 3-month-old TIF2�/� males is associ-
ated with defects related to spermiogenic impairments: (i) de-
fect of the acrosome, a structure indispensable for fertilization
(1); (ii) bendings of necks and tails of spermatozoa, known to
cause poor motility (see reference 63 and references therein);
and (iii) failure of sperm release manifested by an exacerbation
of phagocytosis of mature round spermatids. Together the first
two defects are the probable causes of decreased fertility of
TIF2�/� males, although taken individually they are not pen-
etrant enough to cause hypofertility (56). The third abnormal-
ity does not induce any significant reduction in the number of
epididymal spermatozoa. Therefore, teratozoospermia (abnor-
mal sperm morphology) most probably accounts on its own for
the decreased fertilization potency of sperm of 3- to 4-month-
old TIF2�/� mutants. It is noteworthy that the more severe
spermiogenic impairments that cause sterility of RXR	�/�

mutants lead to oligo-astheno-teratozoospermia (34).
Testicular degeneration in older TIF2�/� males is mani-

fested by (i) vacuolation of the seminiferous epithelium, (ii)
detachment of spermatocytes and spermatids from the semi-
niferous epithelium, and (iii) formation of apoptotic, sper-
matocyte- and spermatid-derived, multinucleate giant cells
(i.e., symplasts). The presence of large vacuoles between Ser-
toli cells, a common feature in testicular degeneration syn-
dromes, is interpreted either a cause or a consequence of germ
cell sloughing (48, 56). The last two abnormalities probably
reflect disruption of cell adhesion processes between Sertoli
cells and germ cells. It is also noteworthy that apoptosis within
TIF2�/� testes is not the cause of the observed loss of germ
cells, as it does not increase prior to the onset of degeneration.

Thus, our present data strongly suggest that TIF2 is required
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in Sertoli cells for short-range cellular interactions with germ
cells. That the onset of the testicular degeneration is subject to
individual variations, and that this defect becomes progres-
sively more penetrant upon aging, may reflect a functional
redundancy between TIF2 and other NR coactivators. Com-
pound mutants (e.g., TIF2/SRC-1 or TIF2/p/CIP) are required
to further investigate this possibility. Note in this respect that
we have not observed any significant compensatory increase in
SRC-1 transcripts in TIF2�/� testis, nor in any other tissues of
TIF2�/� mutant that we have analyzed (e.g., lung, ovary,
uterus, liver, and brain). Finally, our data obviously suggest
that TIF2 mutations could be involved in some case of human
male hypofertility or sterility.

Lipid metabolism defect in Sertoli cells of TIF2 null mu-
tants. It is often assumed that lipid droplets in the basal cyto-
plasm of Sertoli cells arise from the incomplete degradation of
immature germ cells (56, 58). The occurrence of large lipid
droplets within Sertoli cells has been described in several
pathological conditions associated with chronic germ cell de-
generation, such as combined radio- and chemotherapy, expo-
sure to high concentrations of estrogens, as well as testicular
aging (58). However, there exist other situations, as for exam-
ple vitamin A deficiency (28) or retinoic acid receptor alpha
(RAR
) elimination (41), in which testicular degeneration can
occur without lipid increase in Sertoli cells. On the other hand,
our present data show that, from 3 months of age, TIF2�/�

testes can exhibit large lipid droplets in seminiferous tubules in
the absence of any sign of degeneration. Most interestingly,
similar lipid droplets that are not temporally correlated with
the subsequent appearance of testis degeneration are present
in seminiferous tubules of RXR	-null mutants (34). However,
in the latter case, these droplets arise earlier at the prepubertal
stage and are larger at later stages. Taken together, these
observations indicate that lipid accumulation is not a necessary
correlate of impaired spermiation and therefore that, similar to
the RXR	-null mutant case, the larger lipid droplets observed
in Sertoli cells of TIF2�/�mutants reflects a cell-autonomous
function(s) of TIF2 in lipid metabolism.

Which signaling pathway(s) is affected in TIF2�/� testis?
Sertoli cells express a number of NRs which are potentially
capable of functionally interacting with TIF2, including TR

(13), RAR
 (41; our unpublished results), RXR	 (34) and
PPARs (12). TR
-null males are not sterile, but TR
 is
thought to play an important role in prepubertal testicular
growth by controlling the rate of Sertoli cell division (43, 50),
and this could also be the case for TIF2, as TIF2-null mutant
testes are smaller than those of their WT counterparts. Com-
pound mutants between TIF2 and TR
 are required to inves-
tigate whether some functional redundancy could mask possi-
ble roles of TR
 in the spermiogenic defects exhibited by TIF2
null mutants. The testicular phenotype of RAR
 null mutants
matches closely lesions resulting from vitamin A deficiency
(41) and is clearly different from the TIF2�/� null defects, as
testicular degeneration occurs at much earlier stages in RAR

mutants before completion of puberty. Whether this temporal
difference in the appearance of spermiogenic defects in
RAR
�/� and TIF2�/� mutants could also reflect some func-
tional redundancies will again require the examination of com-
pound mutants (e.g., RAR
/TIF2 and TIF2/SRC-1).

As already mentioned the defects that characterize the

TIF2�/� testis phenotype (accumulation of lipid droplets, de-
generation of seminiferous tubules) are very similar to those
exhibited by RXR	�/� mutants, the only difference concern-
ing their time of appearance (note that RXR	 is also expressed
in Sertoli cells, but apparently not in germ cells [34]). In the
case of RXR	-null mutants, as in the case of TIF2�/� mutants,
lipid accumulation is clearly preceding the degeneration of
seminiferous tubule epithelium. Moreover, a mutation that
inactivates the AF-2 activation function of RXR	
(RXR	AF20) is sufficient to induce the accumulation of lipid
droplets, whereas full elimination of RXR	 is required to
cause the degeneration of seminiferous tubules (B. Mascrez
and P. Chambon, unpublished results). It follows that accumu-
lation of lipid droplets, and therefore alteration of lipid me-
tabolism, is apparently not a necessary or a sufficient condition
for the generation of defects that lead to seminiferous tubules
degeneration. Thus, TIF2 appears to be involved in two pro-
cesses in the testis: one of them, which involves TIF2 in a
cell-autonomous manner, is related to intra-Sertoli cell lipid
metabolism and may be mediated by a PPAR/RXR	 het-
erodimer (12, 34), whereas the other, which involves TIF2 in a
cell nonautonomous manner, is related to the function of Ser-
toli cells in maintenance of the seminiferous epithelium. Fu-
ture genetic dissection requiring spatio-temporally controlled
somatic mutagenesis (45) and compound RXR	/TIF2 mu-
tants, among others, is necessary to investigate whether the
variable penetrance of the TIF2 and RXR	 mutations on testis
phenotype reflects functional redundancies between the p160
coactivators, as well as between RXR isotypes.

In conclusion, our present data indicate that TIF2 plays an
important role(s) in the control of spermatogenesis, as well as
in Sertoli cell metabolism, most probably through signaling
pathways that involve several NRs. More generally, our
present genetic dissection study further demonstrates that the
three members of the p160 NR coactivator family actually play
distinct physiological functions, even though they may exhibit
some functional redundancy.
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