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FIG 5 Fbw7 promotes ubiquitylation of GATAS3 in a Thr-156-dependent manner. (A) Sequence alignment of known Fbw7 substrates containing the Cdc4
phosphodegron (CPD) consensus sequence for recognition by Fbw7. Conserved residues within the CPD are shown in bold. Two putative CPD sites (open box)
in human and mouse GATA3 are indicated. Numbered residues indicate putative phosphorylation sites. (B) Fbw7 binding to GATA3 is dependent on Thr-156
in GATA3 in vivo. HEK293 cells were transfected with Myc-tagged wild-type (WT) or mutant GATA3 along with FLAG-Fbw7, as indicated, and incubated with
20 wM MG132 for 5 h. Cell lysates were immunoprecipitated (IP) with antibodies against Myc, followed by immunoblotting for FLAG and Myc (top panels).
Immunoblot analysis of input from each transfection confirmed expression levels of WT GATA3, mutant GATA3, and Fbw7 (bottom panels). (C) HEK293 cells
were transfected with Myc-tagged WT or mutant GATA3, FLAG-Fbw7, and HA-ubiquitin as indicated. Cells were incubated with 20 WM MG132 for 5 h, lysed,
and denatured with sample buffer containing SDS and 2-mercaptoethanol to dissociate proteins associated with GATA3. Myc-tagged GATA3 was immunopre-
cipitated and analyzed by immunoblotting with the indicated antibodies (top panels). Whole-cell extracts (input) were subjected to immunoblotting to confirm
protein expression (bottom panels). (D) The same experiment as described in panel A was performed in HeLa cells.

Coexpression of Fbw7 significantly facilitated the degradation of
WT GATA3 (Fig. 6 left). In contrast, the T156A mutant was rela-
tively stable compared with WT GATA3 in the absence of Fbw7,
and its level did not change with Fbw7 (Fig. 6). These results sug-
gest that modification of GATA3 on Thr-156 is one of the key
events for recognition by SCF™7, which mediates GATA3 ubiq-
uitylation and degradation. Moreover, owing to degradation of
WT GATA3 by coexpressed Fbw7, protein levels of WT GATA3 in
the presence of HA-Fbw7 were significantly reduced in compari-
son with levels in the absence of HA-Fbw7, even at the first mea-
surement of this assay (0.1 h).

CDK2 phosphorylates Thr-156 in GATA3. We speculated
that like other substrates of Fbw7, regulation of GATA3 by Fbw7
would be mediated by phosphorylation of Thr-156 in the CPD. To
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evaluate whether Thr-156 of GATA3 was phosphorylated in intact
cells, a phospho-specific antibody (anti-P-T156-GATA3) that
recognizes phosphorylated Thr-156 was prepared. Myc-tagged
WT GATAS3 expressed in HEK293 cells treated with both phos-
phatase and proteasome inhibitors was detected by the anti-P-
T156-GATA3 antibody, but no signal was detected using the
GATA3 T156A mutant (Fig. 7A). These data suggest that GATA3
Thr-156 is phosphorylated in vivo.

Fbw7-mediated degradation of substrate is often triggered by
the activation of GSK3 (1, 4, 5, 30, 31). GSK3 phosphorylates Ser
and Thr residues, after an initial “priming phosphorylation” of a
Ser or Thr located four amino acids C-terminal to the site of GSK
phosphorylation (32). If Asp and Glu can be considered to mimic
this priming phosphorylation, the residues surrounding Thr-156
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FIG 6 Fbw7 promotes degradation of GATA3 in a Thr-156-dependent manner. HeLa cells were transfected with Myc-tagged WT (left) or T156A GATA3 (right)
in the absence or presence of HA-Fbw7 and treated with 12.5 wg/ml cycloheximide to inhibit protein synthesis for the indicated times. GATA3 levels were
analyzed at various time points by immunoblotting (bottom panels). The percentage of GATA3 at each time point was quantitated by image analysis and
normalized against HSP90 (top panels). GATA3 protein levels were calculated as the means = SDs from three independent experiments. Immunoblots show data

from one representative experiment.

in GATA3 can be classified as a GSK3 phosphorylation consensus
motif (Fig. 5A, left). To examine whether GSK3 phosphorylates
Thr-156 of GATA3 in vitro, we prepared two types of synthetic
peptides (amino acids [aa] 150 to 161 of GATA3) for the WT and
the Thr-156 mutant sequence in which Thr was replaced with Ala
(T156A). Unexpectedly, there was no detectable incorporation of
2P in the WT or T156A peptide, indicating that GSK3 does not
phosphorylate either peptide (Fig. 7B, top). We examined other
Ser/Thr kinases and found that cyclin E/CDK2 and cyclin
A/CDK2, but not cyclin B1/CDKI1, specifically phosphorylated
WT GATAS3 peptide (Fig. 7B, top). Their kinase activity was con-
firmed using the S11 peptide, which is a confirmed substrate for
CDK1, CDK2, and CDK4/CDX 6 (Fig. 7B, bottom) (22).

To further confirm the specific phosphorylation on Thr-156,
GST fusion recombinant GATA3 proteins, WT and T156A mu-
tant, were examined as substrates. Reduced CDK2-mediated
phosphorylation of the T156A mutant compared with WT
GATA3 was confirmed by immunoblotting with anti-phospho-
Thr and anti-P-T156-GATA3 antibodies (Fig. 7C and D). A pre-
vious study reported that GATA3 is also phosphorylated by p38
MAPK (33, 34). Consistent with this report, p38 strongly phos-
phorylated both recombinant GATA3 proteins (Fig. 7C) although
it did not exhibit kinase activity toward Thr-156 in GATA3 (Fig.
7B, top, and D).

Physiological CDK2, which is activated during G,/M phase,
works on Thr-156 of GATA3 and regulates its stability. We fur-
ther investigated physiological effects on GATA3 of CDK2. Re-
duction of CDK2 by siRNA inhibited phosphorylation on
Thr-156, providing evidence that CDK2 is involved in CPD phos-
phorylation of GATA3 in vivo (Fig. 84). To verify the requirement
of phosphorylation of GATA3 for binding to Fbw7, we tested the
binding ability of phosphorylated GATA3 to Fbw7 in vitro. WT
GATA3 phosphorylated by CDK2 was able to bind Fbw7, while
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the T156A GATA3 mutant did not, regardless of the phosphory-
lating kinase (Fig. 8B). These results suggest that CDK2-mediated
phosphorylation of Thr-156 is essential for binding of GATA3 to
Fbw?7.

Cyclin E/CDK2 plays a critical role in the G,/S-phase transition
(35). Cyclin A then replaces cyclin E to associate with CDK2, and
this complex subsequently functions in S-phase progression and
G,/M transition (36). We conducted an in vitro phosphorylation
assay using cell lysates prepared from G,/S or G,/M synchronized
or nonsynchronized HeLa cells as the kinase source. Recombinant
GATA3 was phosphorylated only in the presence of G,/M lysate
even though both cyclin A and cyclin E protein levels in the lysate
were decreased (Fig. 8C). To verify the responsible kinase in the
G,/M lysate, we tested the effects of a CDK2 inhibitor (CVT313)
and competitor (p27) on kinase activity. Both p27 and CVT313
inhibited the kinase activity on Thr-156 in a dose-dependent
manner (Fig. 8D).

Phosphorylation at Thr-156 in GATA3 is executed in HUT78
cells during G,/M phase and in thymocytes of mice. Cell cycle-
dependent phosphorylation of CPD in endogenous GATA3 was
also confirmed in the HUT78 cell line, which isa T-cell lymphoma
line. Phosphorylated Thr-156 was detected in G,/M arrested cells
but not in nonsynchronized cells, which contained a G,/M popu-
lation of only approximately 15% (Fig. 8E). We further investi-
gated the property of Thr-156-phosphorylated GATA3. MG132
treatment resulted in an accumulation of Thr-156-phosphory-
lated GATA3 in G,/M (Fig. 8F). This implies that phosphorylation
of GATA3 at Thr-156 induces its proteasome-dependent degra-
dation during G,/M. These results suggest that cyclin A/CDK2
regulates GATA3 stability through the phosphorylation of the
CPD during G,/M phase in cultured cells. GATA3 Thr-156 phos-
phorylation was also detected in mouse thymocytes (Fig. 8G).
Furthermore, ICC analysis using anti-phospho-Thr-156 antibody
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FIG 7 Thr-156 of GATA3 is phosphorylated by CDK2. (A) Transiently expressed GATA3 is phosphorylated at Thr-156 in HEK293 cells. HEK293 cells were
transfected with WT or TI56A GATA3 and treated with 20 wM MG132 and 20 nM okadaic acid for 5 h to inhibit proteolysis and dephosphorylation of GATA3.
Cell lysates were prepared with lysis buffer containing phosphatase inhibitors and protease inhibitors and subjected to immunoblot analysis using phospho-
T156-GATA3 or Myc antibodies. (B) CDK2 phosphorylates GATA3 peptide in a Thr-156-dependent manner in vitro. A synthetic peptide corresponding to aa
150 to 161 of WT or TI56A GATA3 was incubated with [y->*P]ATP and the indicated kinases at 30°C for 30 min (top panel). S11 peptide (KAPLTPKKAK) is
efficiently phosphorylated by various CDKs (22). To confirm the activities of the CDKs used in our experiments, we performed in vitro kinase assays using the
S11 peptide as a positive control. Wild-type or T156A synthetic GATA3 peptide or S11 peptide was incubated with [y-**P]ATP along with the indicated CDKs
at 30°C for 30 min (bottom panel). The peptides were trapped on P81 papers and monitored for radioactivity using a liquid scintillation counter. (C and D)
Recombinant GATA3 is phosphorylated at Thr-156 by CDK2 in vitro. WT or T156A GST-fused GATA3 was expressed in E. coli and affinity purified using
glutathione-Sepharose 4B. GST alone was prepared in parallel as a control. The proteins were incubated with the kinases as indicated in reaction buffer at 30°C

for 30 min. Reaction products were subjected to immunoblot analysis with the indicated antibodies.

detected phosphorylated Thr-156 in GATA3 in the DN subset of
thymocytes (data not shown). We found that phosphorylation of
Thr-156 in GATA3 in DP subsets was observed at an equal level
relative to that in DN subsets (DN/DP, 1:1.16) (data not shown).
Because GATA3 accumulates in the DN but not in the DP subset
in Lck-Cre/Fow7"°¥/1°% mice (Fig. 3A), Thr-156 phosphorylation
of GATA3 may participate in Fbw7-mediated degradation of
GATA3 in the DN subset. In contrast, an unknown mechanism
that suppresses Fbw7-mediated degradation of GATA3 may be
present in the DP lineage, while Thr-156 phosphorylation of
GATA3 was observed.

DISCUSSION

Half of GATA3-overexpressing CD2-GATA3 Tg mice developed
thymic lymphoblastoid tumors (¢). This may be consistent with a
previous study showing that half of Lck-Cre/Fbw79°¥1°% mice de-
veloped thymic lymphoma (3). We confirmed the accumulation
of GATAS3 protein at the DN stage in Lck-Cre/Fbw71¥%% mice.
Based on the expression pattern of CD2, which starts at a late DN
stage, like Lck, overexpression of GATA3 must occur at this point
in CD2-GATA3 Tg mice. We speculate that the induction of
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GATA3 in the thymus of CD2-GATA3 Tg mice and the accumu-
lation of GATA3 in the thymus of Lck-Cre/ Fbw7°1°* mice begin
at the same phase. The increased abundance of GATA3 late in the
DN stage may disturb accurate progression from DN to DP and
may result in transformed cells, which have been characterized as
CD4" CD8" in both Lck-Cre/Fbw7°1°* and CD2-GATA3 Tg
mice (3, 37). This may imply that an appropriate amount of
GATAS3 is essential for the favorable development of T cells not
only at the SP phase but also at an earlier phase. We indicated that
depletion of Fbw7 protein in Lck-Cre/Fbw77°¥1°% mice started at
DN3 and was completed at DN4 and that GATA3 accumulated at
DN4 in mice. We further investigated whether GATA3 accumu-
lation at DN4 affected the proportion of DN4 subpopulations.
The proportion in Lck-Cre/Fbw7/°% mice was not significantly
different from that in Fbw719/°% mice (data not shown). Previ-
ous studies suggested that development from DN2 to DN3 might
be affected by the deregulation of GATA3 levels. Overexpression
of GATA3 in mouse fetal liver progenitors blocked the develop-
ment of DN2 and DN3 cells in fetal thymus organ culture or in an
OP9-DL1 coculture system (14, 38). Xu et al. (39) reported that
E2A repressed GATA3 expression at the DN2 stage. In that study,
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FIG 8 Phosphorylation at Thr-156 in GATA3 by CDK2 is required for association of Fbw7 and is executed in HUT78 cells during G,/M phase and in thymocytes
of mice. (A) Depletion of CDK2 reduced phosphorylation of Thr-156 in GATA3 in HEK293 cells. HEK293 cells were transfected with a WT GATA3 expression
plasmid and CDK2 or a control siRNA. After 43 h of transfection, cells were treated with okadaic acid and MG132 for 5 h. Cell lysates were prepared and subjected
to immunoblot analysis with the indicated antibodies. The numbers reflect the ratio of the levels of the indicated proteins between the CDK2 siRNA-transfected
cells and control cells. (B) GATA3 binding to Fbw7 in vitro is Thr-156 phosphorylation dependent. Purified WT or T156A GST-GATA3 was incubated with the
indicated kinases in reaction buffer at 30°C for 30 min. Lysates from HEK293 cells transfected with HA-Fbw7 were immunoprecipitated with HA antibody, and
the immunocomplexes containing Fbw7 were incubated with phosphorylated GST-GATA3 in vitro as indicated. To analyze GATA3 and Fbw7 binding, the GST
fusion protein complexes were precipitated using glutathione-Sepharose beads and subjected to immunoblotting with the indicated antibodies. (C and D)
Phosphorylation of recombinant GATA3 in vitro. Reaction products were then subjected to immunoblot analysis with the indicated antibodies. (C) Phosphor-
ylation of Thr-156 in GATA3 in G,/M-arrested cells. GST-GATA3 was incubated with lysate prepared from either cells arrested in G,/S or G,/M phase or
nonsynchronized (AS) HeLa cells. (D) Effects of CDK2 inhibition on Thr-156 phosphorylation of GATA3 in G,/M cell lysate. The responsible kinase in
G,/M-phase cell lysate is CDK2. GST-GATA3 was incubated with the indicated kinase sources in the absence or presence of CDK2 inhibitor (CVT313) or
competitor (p27). (Eand F) Thr-156 phosphorylation of endogenous GATA3 in G,/M phase in T-cell lymphoma HUT78 cells. G,/M-arrested and asynchronous
(AS) HUT?78 cells were prepared as indicated in Materials and Methods. Cell lysates were prepared and subjected to immunoblot analysis with the indicated
antibodies. (F) G,/M-arrested and asynchronous cells were treated with or without MG132 for 5 h before harvest. Cell lysates were prepared and subjected to
immunoblot analysis with the indicated antibodies. (G) Cell lysate from whole thymocytes obtained from an Fbw7%°°X mouse at 6 weeks of age was incubated
with or without calf intestinal alkaline phosphatase (CIAP) at 37°C for 30 min and subjected to immunoblot analysis with the indicated antibodies.

increased GATA3 in E2A~'~ DN2 lineages prevented T-cell dif-
ferentiation to the DN3 stage and caused an aberrant proliferation
of DN2 cells. Fbw7 may be involved in development of the DN2-
DN3 stage by repression of GATA3 levels. In our study using Lck-
Cre/Fbw71°¥/f°% mjce, the effects of Fbw7 depletion were focused
on the DN4 stage. To evaluate the contribution of Fbw7 on
GATA3 turnover in earlier DN subpopulations, Scl-Cre or Mx1-
Cre driver Fbw7 knockout mice, in which depletion of Fbw7 is
expected throughout the DN stages, may be useful. However,
some confusion may occur when these mice are used because, in
addition to GATA3, other Fbw7 targets such as Notch play roles in
DN development. Data regarding GATA3-targeting genes, which
are active in the DN lineage, have not been reported to date. Con-
sequently, further observations will be required in future studies
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to identify phenotypes which might be obtained as a result of
accumulation of GATA3 in Fbw7-depleted mice.

Aberrant expression of GATA3 was reported in classical Hodg-
kin lymphoma (cHL) (4G). A pathological feature of cHL is the
occurrence of a small number of the typical Hodgkin and Reed/
Sternberg (HRS) tumor cells among a mixed cellular infiltrate.
Whereas HRS cells are derived from germinal center B cells, they
ectopically express GATA3. GATA3 contributes to cytokine sig-
naling in HRS cells, which presumably has an essential role in cHL
pathogenesis (40). Anomalous GATA3 expression in HRS cells is
stimulated by the deregulated activity of NF-kB and Notchl,
which bind directly to the GATA3 promoter (40). Intriguingly,
both NF-kB and Notch1 are substrates of Fbw7 (5, 41). Therefore,
once Fbw7 deficiency occurs in cHL, NF-kB and Notch1 accumu-
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late and subsequently induce GATA3 expression. Further, the re-
pressed degradation of GATA3 would enhance the malignant sig-
nal. Finally, the defect of Fbw7 in cHL may promote the
development of aggressive disease caused by excess GATA3.
Although CD8 SP subsets in the thymus of the Lck-Cre/
Fbw719¥/19% hice retained GATA3 expression, CD8 ™" T cells in the
spleen did not express GATA3 (Fig. 3C). The GATA3-indepen-
dent pathway may be responsible for the reduced frequency of
CD8™" T cells in the spleen of Fbw7-deficient mice. Nonetheless,
the decrease in a percentage of CD8 " T cells in splenocytes of the
Lck-Cre/ Fbw7"°¥1°* mice compared with control mice was con-
firmed. This is consistent with results from CD2-GATA3 Tg mice
showing that exogenous expression of GATA3 was not detected in
splenocytes (37). We observed a significant reduction of CCR7
expression in the CD8 SP cells from Lck-Cre/Fbw7"1% mice
compared with Fbw7"1* mice. Because of inadequate GATA3
levels, proper cell differentiation and exit from the thymus might
be disturbed, and/or apoptosis of immature subsets might be in-
duced in CD$ SP subsets of Lck-Cre/ Fhw719/1°% mjce. Ultimately,
only the normal CD8 SP subpopulation that expresses appropriate
GATAS3 protein levels may succeed in translocation toward periph-
eral organs. We detected a decrease in not only CD8™ T cells but also
CD4™ T cells in splenocytes of the Lck-Cre/Fbw7™1°% mice com-
pared with control levels. A previous study showed that the CD4"*
T-cell subset in the spleen of CD2-GATA3 Tg mice advanced the
Th2-committed phenotype although its rate was comparable to
that of control mice (37). Accordingly, we speculate that some
aberration, from excess GATA3 during differentiation and matu-
ration in the thymus, persisted throughout development of CD4*
T cells in the spleen. Nevertheless, similar to results in CD2-
GATA3 Tg mice, in Lck-Cre/Fbw7"¥1°% mice there was no signif-
icant effect on CD4 SP cells in the thymus. This might suggest that
CD8 SP cells were more sensitive to changes in GATA3 than CD4
SP cells. In our experiments, GATA3 protein was markedly de-
creased in the CD8 SP subset after maturation of the DP lineage in
control mice. In contrast, deficiency of Fbw7 resulted in accumu-
lation of GATA3 protein in CD8 SP subsets, suggesting that Fbw7-
mediated degradation plays a key role in regulating GATA3 pro-
tein levels in the subsets. Because the forced expression of GATA3
induces apoptosis and inhibits the final maturation of CD8 SP T
cells, it is suggested that reduction of GATA3 is required for the
satisfactory development of the CD8 SP lineage after positive se-
lection. The proportion of CD8 SP cells in the thymic cells is de-
pendent on the extent of apoptosis and proliferation during dif-
ferentiation. It is speculated that enhanced apoptosis of CD8 SP
cells in Lck-Cre/Fbw71°¥1°% mice decreased their percentage in
thymocytes. Consequently, GATA3 accumulation caused by the
depletion of Fbw7 might induce this decrease in cell populations.
However, the same explanation cannot be applied to the reduc-
tion of CD4 SP cells, because increased GATA3 was not observed
to influence viability of CD4 SP cells. Indeed, it might be an effect
of the accumulation of other Fbw7 substrates. Onoyama et al. also
speculated that DP thymocytes had lost the ability to undergo
positive selection or that the proliferation or survival of SP cells
was impaired in Fbw7-deficient mice (3). Nevertheless, they sug-
gested that the participating molecules remained to be elucidated.
In a reference database for gene expression analysis (RefExA),
expression of GATA3 is observed not only in the thymus and
spleen but also in salivary gland, breast, skin, bladder, kidney,
placenta, and blood. RefExA also demonstrated the expression of
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Fbw7 in brain, breast, skin, heart, adrenal gland, intestine, stom-
ach, and testis, in addition to thymus. Therefore, GATA3 may be
regulated by Fbw7-mediated degradation in numerous tissues
that express both GATA3 and Fbw7. This possibility should be
investigated in the future using a tissue-specific conditional
knockout system.

Many substrates of Fbw7 contain a CPD sequence, which is
often phosphorylated by GSK3 (1, 4, 5, 30, 31). Although we ini-
tially predicted that the CPD in GATA3 is phosphorylated by
GSK3, our data indicate that the targeting kinase is CDK2, not
GSK3. Consistent with these data, we previously showed that S/T-
P-X-K/R, which corresponds to the CPD sequence in GATA3, is
the consensus targeting sequence of cyclin A/E-CDK2 (22). Here,
we propose GATA3 as the first target of CDK2-mediated phos-
phorylation for degradation by Fbw7. These observations suggest
that regulatory signals in addition to GSK3 participate in regulat-
ing Fbw7 substrates. Levels of these proteins, which have various
functions in the development of T cells, will be maintained at the
appropriate stage for proper differentiation, maturation, and sur-
vival of T cells. Because GSK3-independent phosphorylation of
CPD in GATA3 is a unique Fbw7 targeting pathway, we predict
that GATA3 degradation should be distinct from the other Fow7
targets in T cells. MAPK-associated phosphorylation of GATA3 is
related to the so-called emergent signals in later stages of T-cell
development, while the CDK2-associated GATA3 degradation
system mediated by Fbw7 may be required in early lineages for
constitutive precise differentiation.

We showed that phosphorylation of Thr-156, which was an
essential modification for binding of Fbw7, was mediated by
CDK2. It is consistent that the phosphorylated level of intrinsic
GATA3 varies during G,/M phase in T-cell lymphoma HUT78
cells. We also detected the phosphorylation at Thr-156 of GATA3
in thymocytes of mouse. Furthermore, we clarified that Fow7 par-
ticipates in GATA3 degradation in the DN4 lineage. Because
CDXK2 activity is present during the G,/S border to G,/M stages in
proliferating cells, it was speculated that CDK2-dependent phos-
phorylation of GATA3 and its degradation by Fbw7 in G,/M occur
in proliferating DN4 cells and T-cell lymphomas such as HUT78
cells. Our data indicated that Fbw7 also participates in GATA3
degradation in CD8 SP cells. Because cell proliferation is not pres-
ent in CD8 SP cells, cell cycle-independent CDK2 activity may
participate in the phosphorylation of Thr-156. Alternatively, it is
possible that unknown kinases and/or other mechanisms are in-
volved in Fbw7-mediated degradation of GATA3 in CD8 SP cells.

Finally, we propose that control of GATA3 levels by Fbw7 con-
tributes to the fine-tuning of T-cell development.
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Spermatogonial stem cells (SSCs) undergo self-renewal divisions to
support spermatogenesis throughout life. Although several posi-
tive regulators of SSC self-renewal have been discovered, little is
known about the negative regulators. Here, we report that F-box
and WD-40 domain protein 7 (FBXW7), a component of the Skp1-
Cullin-F-box-type ubiquitin ligase, is a negative regulator of SSC
self-renewal. FBXW?7 is expressed in undifferentiated spermato-
gonia in a cell cycle-dependent manner. Although peptidyl-prolyl
cis/trans isomerase NIMA-interacting 1 (PIN1), essential for sper-
matogenesis, is thought to destroy FBXW7, Pin1 depletion decreased
FBXW?7 expression. Spermatogonial transplantation showed that
Fbxw7 overexpression compromised SSC activity whereas Fbxw7
deficiency enhanced SSC colonization and caused accumulation of
undifferentiated spermatogonia, suggesting that the level of FBXW7
is critical for self-renewal and differentiation. Screening of putative
FBXW?7 targets revealed that Fbxw? deficiency up-regulated myelo-
cytomatosis oncogene (MYC) and cyclin E1 (CCNE1). Although
depletion of Myc/Mycn or Ccne1/Ccne2 compromised SSC activity,
overexpression of Myc, but not Ccnel, increased colonization of
$SCs. These results suggest that FBXW?7 regulates SSC self-renewal
in a negative manner by degradation of MYC.

permatogonial stem cells (SSCs) provide the foundation for

spermatogenesis by undergoing self-renewing division (1, 2).
SSCs reside in a special niche microenvironment where they are
provided with self-renewal factors that stimulate proliferation.
Glial cell line-derived neurotrophic factor (GDNF) is secreted
from the niche to promote SSC self-renewal (3). Studies on SSCs
are hampered because SSCs constitute only 0.02-0.03% of germ
cells, which amounts to 2-3 x 10* cells per mouse testis (2, 4).
Moreover, the lack of a specific marker has made it difficult to
distinguish SSCs from committed spermatogonia. In 1994, a germ
cell transplantation technique was developed (5), in which trans-
planted SSCs reinitiate spermatogenesis and produce functional
sperm following microinjection into seminiferous tubules of tes-
tes. Moreover, the addition of GDNF stimulated self-renewing
division of SSCs and allowed long-term expansion in vitro.
Cultured cells, designated as germ-line stem (GS) cells, proliferate
for at least 2y and expand to 10%-fold, creating a unique oppor-
tunity to collect a large number of SSCs for biochemical and
molecular biological analyses (6).

Using these techniques, molecular regulators of SSC self-
renewal have been analyzed. It is now considered that GDNF
activates Harvey rat sarcoma virus oncogene (HRAS) via Src family
kinase molecules, and cells transfected with activated HRAS un-
derwent self-renewal division without exogenous cytokines (7).
Chemical inhibition of thymoma viral proto-oncogene (AKT) or
mitogen-activated protein kinase kinase 1 (MAP2K1), both of
which are downstream molecules of HRAS, abrogated GS cell
proliferation (8-10), suggesting that they are necessary for self-
renewal division. When active Akt or Map2kl was overexpressed
in GS cells, Akt- or Map2k1-transfected cells could proliferate with
only fibroblast growth factor 2 (FGF2) or GDNF, respectively

8826-8831 | PNAS | June 17,2014 | vol. 111 | no.24

(8, 9). These signals up-regulate EwvS and Bcléb (8, 11), which
work in combination with other constitutively expressed tran-
scription factors, such as zinc finger and BTB domain containing
16 (Zbtb16) or Taf4b, to drive SSC self-renewal.

Although these studies have identified several positive regu-
lators of SSC self-renewal, little is known about the negative
regulators, which would be equally important in understanding
stem-cell kinetics. In this study, we analyzed the function of the F-
box protein FBXW7 (also known as Fbw7, Cdc4, Fbxw6, or
Fbx030), a substrate recognition subunit of the Skp1-Cullin-F-box
complex (12). FBXW7 catalyzes the ubiquitination of various
molecules involved in cell-fate decision and cell-cycle regulation.
We hypothesized that degradation of these critical regulators by
FBXW?7 influences cell-cycle regulation or fate commitment in
SSCs. We tested this hypothesis by taking advantage of SSC
cultures and transplantation techniques.

Results

Restricted Expression of FBXW7 in Spermatogonia. We examined
FBXW?7 expression in seminiferous tubules of 1-, 10-, and 42-d-
old mice (Fig. S1 4-~L3). In 1-d-old testes, FBXW7 was expressed
in most of the gonocytes, which are precursors of spermatogonia.
However, FBXW7 expression was significantly decreased in
10-d-old mouse testes, which contain proliferating spermatogo-
nia. All stages of germ cells are present in 42-d-old testes, but

renewal in un
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Fig. 1. Expression of FBXW7 in spermatogonia. (A-C) Expression of FBXW7
protein in CDH1" (A), EPCAM™ (B), or KIT" (C) cells during postnatal testis
development. At least 12, 15, and 14 tubules were counted in 1-, 10-, and 42-d-
old testes, respectively. (D) Triple immunohistochemistry of FBXW?7, MKI67,
and CDH1 in 42-d-old testes. At least 17 tubules were counted. Arrows indicate
CDH1*MKI67™ cells with FBXW7 expression. Arrowheads indicate CDH1*
MKI67* cells without FBXW?7 expression. (F) Proportion of CDH1* cells with
FBXW7 expression. (F) Real-time PCR analysis of Fbxw7 expression following
depletion of indicated genes by shRNA (n = 6). (G) Western blot analysis of
FBXW7 expression following Pin7 depletion. (Scale bar: D, 20 pm.)

FBXW?7 was found in only 22.7% of cadherin 1 (CDH1)-express-
ing undifferentiated spermatogonia and 15.1% of epitherial cell
adhesion molecule (EPCAM)-expressing spermatogonia (Fig. 1 4
and B and Table §1). FBXW7 was rarely found in kit oncogene
(KIT)-expressing differentiating spermatogonia of adult testes
(Fig. 1C). These results suggested that FBXW?7 is expressed dur-
ing the primitive stages of spermatogenesis but down-regulated
during differentiation. Interestingly, FBXW7 expression was more
frequently found in CDHI1™" antigen identified by monoclonal
antibodz Ki67 (MKI67)™ spermatogonia compared with CDH1™*
MKI67 spermatogonia (Fig. 1 D and E), which suggests that
FBXWT7 is expressed in a cell cycle-specific manner.

To examine the regulation of Fbxw7, we used GS cells and
enriched germ cells from pup testis. Self-renewal factors, including
FGF2 and GDNF, did not show an apparent effect (Fig. $2 4
and B). GDNF also did not induce apparent changes in pup
testis cells after gelatin selection, which are enriched for SSCs
(Fig. 82 ¢ and D). Screening of Fbxw7 regulators using lenti-
viruses expressing short hairpin RNA (shRNA) revealed that
depletion of Zbtb16 reduced the expression of Fbxw7 whereas
depletion of inhibitor of DNA binding (Id)2/3/4 increased Fbxw7
mRNA expression (Fig. 1F, Fig. 82F, and Table 52). However,
Western blotting showed no significant changes after these treat-
ments (Fig. S2F). Nevertheless, because several F-box proteins,
including FBXW?7, are unstable and regulated posttranslationally
(13), we also analyzed the impact of Pinl, a prolyl isomerase that
was reported to change FBXW?7 protein expression: Pinl over-
expression down-regulated FBXW?7 whereas its depletion led to
elevated FBXW?7 expression in human cancer cells (14). Contrary

Kanatsu-Shinohara et al.

to our expectation, Pinl depletion down-regulated FBXW7 ex-
pression (Fig. 1G and Fig. 52 E and ). In contrast, Pinl over-
expression did not influence FBXW7 expression (Fig. S2 # and 1),
suggesting that PIN1 is necessary but not sufficient for maintaining
FBXW?7 expression.

Overexpression of Fhxw7 Suppresses the Proliferation of $SCs. There
are three isoforms of Fhxw7 (Fbxw7a, -, and -y), and reverse-
transcriptase (RT)-PCR analysis showed that Fhxw7a was strongly
expressed in GS cells (Fig. 24). To examine the impact of Fbxw7a
overexpression in SSCs, lentivirus-mediated transduction of Fhxw7a
and Venus was performed in testis cells from 10-d-old C57BL/6
Tgl4(act-EGFP)OsbYO01 (green) transgenic mice that ubiquitously
express enhanced green fluorescent protein (EGFP). After over-
night infection, the viral supernatant was removed, and, after
2 d, Fbxw7a-transduced cells were transplanted into seminif-
erous tubules of WBBGFI-W/WY (W) mice. Testis cells
transduced with an Fhxw7a-expressing vector produced 3.3 + 0.8
colonies per 10° cells whereas control testis cells produced 9.2 + 1.0
colonies per 10° cells (7 = 12), and this decrease in colony number
was statistically significant (Fig. 2B and Fig. S3.4).

To understand the mechanism mediating the decrease in SSC
induced by Fbxw7a overexpression, we performed transfection
experiments using GS cells from B6-TgR(ROSA26)26Sor (ROSA26)
mice. Flow cytometry analysis showed that Fbxw7a overexpres-
sion conferred a selective disadvantage for GS cell proliferation
(Fig. 2 C and D). Although the proportion of cells displaying Venus
fluorescence was comparable 4 d after infection, it dropped
significantly after 15 d. Consistent with this observation, cell
recovery was also decreased by Fbxw7a transfection, which sug-
gested that Fhbxw7a overexpression suppresses GS cell proliferation
(Fig. 2E). This growth suppression occurred despite decreased
expression of several cyclin-dependent kinase inhibitors (CDXIs)
(Fig. $3B). Adding GDNF did not influence colonization levels of
primary pup testis cells (Fig. S3C"). Taken together, these results
suggest that Fbxw7a overexpression has a negative impact on
SSC self-renewal.

Conditional Deletion of Fhxw7 Impairs Spermatogenesis. To exam-
ine the impact of Fbxw7 deletion on spermatogenesis, we crossed
mice homozygous for the floxed Fhxw7 allele (Fbxw7™) with
stimulated by retinoic acid gene 8 (Stra8)-Cre transgenic mice,
which express Cre recombinase under the Stra8-promoter (15).
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Fig. 2. Decreased SSC activity with Fbxw?7 overexpression. (4) RT-PCR
analysis of Fbxw7 isoform expression in GS cells and mouse embryonic
fibroblasts (MEFs). (B) Colony counts after FbxwJ/a overexpression and
transplantation of green mouse testis cells. Results of two experiments (n =
12). (C) Western blot analysis of Fbxw7a expression in GS cells transduced
with Fbxw7a. Cells were recovered 4 d after transfection. (D) Flow cytometric
analysis of GS cells transduced with Fbxw7a. Cells were analyzed at the in-
dicated time points. Green lines indicate GS cells without transfection. ()
Proliferation of GS cells following Fbxw7a overexpression.
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Stra8 is a retinoic acid-responsive gene, which is first expressed
a few days after birth in the majority of ZBTB16™ undifferentiated
spermatogonia. Testes of Fbxw7™ Stra8-Cre adult mice were ap-
parently smaller than those of controls (Fbxw7"" Stra8-Cre) (Fig,
34). Histological analysis of 2-mo-old Fhow7" Stra8-Cre " testes
revealed significantly reduced germ cells in mutant testes, and few
meiotic cells were found (Fig. 3B). The number of tubules with
spermatogenesis, as defined by the tubules with multiple layers
of germ cells, was significantly decreased by Fbxw7 deficiency
(Fig. 3C).

Double immunohistochemistry of the testes showed that the
frequency of FBXW7-expressing cells in CDH1* spermatogonia
was reduced from 20.1% in the control to 3.2% in Fbxw 7" Stra§-
Cre mice, suggesting that the deletion efficiency was 84.1% (Fig.
3D and Fig. S44). We also found that expression of synaptone-
mal complex protein 3 (SYCP3), a marker for meiotic germ cells,
was significantly suppressed in these mice (Fig. 3E and Fig. S45).
On the other hand, the seminiferous tubules of Fbxw7"" Stra8-
Cre mice contained a high number of CDH1* spermatogonia per
Sertoli cells, as evaluated by the ratio of CDH1* to GATA
binding protein 4 (GATA4)* Sertoli cells (Fig. 3F and Fig. S4C).
Similar results are found for KIT (Fig. 3G and Fig. $4D), sug-
gesting that FBXW?7 plays a role in restricting the proliferation of
spermatogonia. Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining showed increased apoptosis
in EPCAM™ cells, but not in KIT* cells (Fig. 3 H-J and Fig. $4 £
and F). Because EPCAM is expressed on spermatogonia and
KIT is expressed on germ cells up to the pachytene stage, this
observation suggests that spermatogonia are predominantly un-
dergoing apoptosis. We also observed a greater frequency of
MKI67* cells in both CDH1- and KIT-expressing spermatogonia
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in Fbxw7" Stra8-Cre mice (Fig. 3 K and L and Fig. $4 G and H).
These results suggest that, in Fhxw7"" Stra8-Cre mice, Fbxw7
deletion not only induces the proliferation of CDH1- and KIT-
expressing spermatogonia but also causes increased apoptosis of
premeiotic germ cells.

Enhanced SSC Activity of Fbxw7-Deficient Testis Cells. To examine
whether Fhxw7 deficiency has any effect on SSCs, we performed
transplantation experiments because SSCs cannot be identified by
morphological analysis. Fbxw?7 conditional knockout (KO) mice
were crossed with a ROSA26 reporter mouse strain (R26R) to
visualize the pattern of colonization (16). Testis cells were collected
from 8- to 11-d-old Fhxw7"® mice heterozygous for the R26R allele,
and a single-cell suspension was exposed to a Cre-expressing ade-
novirus (AxCANCre) overnight in vitro and then injected into the
seminiferous tubules of W mice (Fig. 44 and Fig. S54).

After an overnight incubation, 87.7 + 7.1% (n = 4) and 84.3 +
6.9% (n = 6) of the infected cells were recovered from control and
mutant testis cells, respectively, showing no significant difference.
Southern blot analyses showed that 63.6 + 2.0% (n = 4) of the
floxed allele was deleted at the time of transplantation (Fig. S35).
Analysis of the recipient testes between 6 and 8 wk showed that
the testis cells from Cre-treated Fbww7" mice produced signifi-
cantly more colonies than did control testis cells (6.1 + 1.7 and
15.3 + 3.2 colonies per 10° cells injected for control and Fhxw 7"
mice, respectively; n = 18) (Fig. 4 B and C). Histological analyses
showed that all of the 282 colonized tubules counted contained
only a single layer of LacZ™ cells on the basement membrane, and
no apparent meiotic cells were found (Fig. 4B). Tumor formation
was not observed in any of the recipient testes 6 mo after trans-
plantation (n = 8). RT-PCR analysis of recipient testes showed

Fig. 3. Impaired spermatogenesis in Fbxw7™ Stra8-Cre mice.

(A) Testis weight of 2-mo-old Fbxw7™f Stra8-Cre mice (n = 8,
control; n = 6, Fbxw7"f Stra8-Cre). (B) Histological appearance
of Fhxw7™f Stra8-Cre testis. (C) Tubules with spermatogenesis,
defined as the presence of multiple layers of germ cells in the
entire circumference of the tubules. At least 207 tubules were
counted. (D) Expression of FBXW7 in CDH1* cells. At least 20
tubules were counted. (E) Expression of SYCP3 in KIT* cells. At
least 22 tubules were counted. (F) Ratio of CDH1* spermato-
gonia and GATA4™ Sertoli cells. At least 34 tubules were
counted. (G) Ratio of KIT* spermatogonia and GATA4" Sertoli
cells. At least 8 tubules were counted. (H) The number of
TUNEL™ cells in seminiferous tubules. At least 11 tubules were
counted. (/) The number of KIT* cells undergoing apoptosis. At
least 8 tubules were counted. (J) The number of EPCAM™ cells
undergoing apoptosis. At least 10 tubules were counted. (K)
Expression of MKI67 in CDH1" cells. Eighteen tubules were
counted. (L) Expression of MKI67 protein in KITT cells. Twenty
tubules were counted. (Scale bar: B, 50 um.) Stain, hematoxy-
lin/eosin (B).
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Fig. 4. Enhanced SSC activity in Fbxw7 KO testis cells. (A) Experimental
procedure. Testis cells from Fhxw7™ mice were dissociated and incubated
with AxCANCre overnight and then injected into the seminiferous tubules of
W testes. (B) Macroscopic appearance of recipient testis. Histological ap-
pearance (Inset). (C) Colony counts after Cre transfection and transplantation
of Fbxw7™ mouse testes. Results of three experiments (n = 18). (D) RT-PCR
analysis of spermatogenic gene expression in recipient testes. (£) Colony counts
after Pin1 depletion and transplantation of green mouse testes. Results of two
experiments (n = 16). (Scale bars: B, 1 mm; B, Inset, 50 pm.)

that expression of meiotic germ cell markers, such as Hoxa4 and
Sycp3, was significantly reduced or not detected (Fig. 4D).

Although Fbxw7 deficiency increased the concentration of
SSCs, this result appeared to contradict a previous observation
that Pinl deficiency induced spermatogonia depletion (17), given
that Pinl depletion caused a decrease in FBXW?7 level. Because
PIN1 is also expressed in Sertoli cells and may influence sper-
matogenesis, we directly examined the impact of Pinl depletion
in germ cells by spermatogonial transplantation. We transduced
testis cells from 9-d-old green mouse pups with shRNA against
Pinl, and the cells were transplanted into W mice 2 d later.
Analysis of the recipient mice showed significantly reduced col-
onies with Pinl depletion (Fig. 4E). The number of colonies
generated by cells transduced wnth control and Pinl shRNA was
12.9 + 1.5 and 3.3 + 1.0 per 10° cells (n = 16). This result suggests
that PIN1 expression in germ cells is essential for SSC activity and
that PIN1 has additional targets involved in self-renewal.

Screening of Fbxw7 Target Proteins Usmg GS Cells. To investigate
the molecular machmcry involved in FBXW7-mediated self-
renewal regulation, Fbxw7 " GS cells were established and exposed
in vitro to AXCANCre overnight. Unlike the deletion of primary
testis cells, Southern blot analyses showed that the floxed allele
was completely deleted from the Fbxw7 gene locus, which likely
reflected enhanced proliferation of the Fbxw7 KO population
(Fig. S64). Consistent with this observation, the amplification rate
was increased significantly after Cre-mediated deletion of Fhxw7
gene (Fig. 54), which was supported by the increased frequency of
MKI67" cells in mutant cells (Fig. 5B and Fig. $65). Flow cyto-
metric analysis showed no significant changes in the expression of
known spermatogonia markers (Fig. $6C).

To investigate molecules involved in enhanced spermatogonial
proliferation, we first examined the expression of molecules in-
volved in cell proliferation using Fbxw7 KO GS cells (Fig. S62%). We
found not only increased expression of CCNDI1, phosphorylated
MAPK14 (p-MAPK14), and AKT (p-AKT), but also decreased
expression of cyclin-dependent kinase inhibitor 2B (CDKN2B) (Fig.
5C). We then analyzed the expression of candidate substrates
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of FBXW?7. The expression of neither NOTCH1 nor NOTCH2
was enhanced by Fbxw7 deficiency (Fig. S6L). Levels of NICD
(Notch intracellular domain) did not show significant changes (Fig.
56F). Moreover, adding a y-secretase inhibitor N-[N-(3,5-difluor-
ophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) or
depletion of Rbpj, the common DNA binding partner of all Notch
receptors, by shRNA did not influence proliferation of Foxw7 KO
GS cells (Fig. 56 G-f). We also checked several NOTCH target
genes by real-time PCR. Although Hes! expression was slightly
increased, the rest of the genes did not change significantly by
Fbxw7 deficiency (Fig. S6/). In contrast, expression of myelocy-
tomatosis oncogene (MYC) and cyclin E1 (CCNE1) was en-
hanced in Fbxw7 KO GS cells (Fig. 5D and Fig. S6K). The
expression levels of phosphorylated JUN (p-JUN), v-myc mye-
locytomatosis viral related oncogene, reuroblastoma derived
(MYCN), SREBF1, MCL1, and KLF5 did not change signifi-
cantly (Fig. 5D and Fig. S6K). We also did not detect changes in
MTOR level, which reportedly influenced the expression of
GDNF receptor components (18). These results suggest that
MYC and CCNEI1 are responsible for enhanced self-renewal
of SSCs.

Myc Is Responsible for Enhanced SSC Activity by Fbxw? Deficiency.
Consistent with these observations, double immunohistochem-
istry revealed significantly enhanced expression of MYC and
CCNE1 in CDHI1* undifferentiated spermatogonia in Fhxw 7"
Stra8-Cre mice (Fig. 5 E and F and Fig. 7 4 and B). When we
examined several Myc classw target genes, we noted increased
CDK4 expression in Fbxw7"" Stra8-Cre mice (Fig. 5G and Fig. $7
C-E). To examine whether the accumulation of MYC and/or
CCNEI1 caused enhanced colonization after Fbxw?7 deletion, we
investigated the effect of Myc/Mycn knockdown (KD) using
Fbxow7 KO mice. We used Mycn and Ccne2 shRNA because loss
of Myc or Ccnel may be compensated by these treatments (19,
20). Testis cells from 7-d-old Fbxw7”" R26R mice were trans-
duced with lentivirus expressing shRNA for Myc/Mycn or Ccnel/
Ccne2 by overnight incubation, followed by treatment with
AXCANCre 2 d after lentiviral infection. After overnight in-
cubation with AxCANCre, cells were injected into W testes (Fig.
5H). Colonization was significantly suppressed by either Myc/
Mycn or Ccnel/Ccne2 XD (Fig. 5I and Fig. S7F), suggesting
positive roles for these molecules in SSC self-renewal.

. Finally, we examined the impact of target gene overexpression.
Testis cells from 8-d-old green mice were transduced with a
lentivirus expressing Myc, Mycn, or Ccnel. After overnight in-
fection, the viral supernatant was removed, and the cells were
transplanted into seminiferous tubules of W mice the following
day. Analysis of the recipient mice showed enhanced coloni-
zation of donor cells transduced with Myc or Mycn. In contrast,
Ccnel overexpression did not affect colonization (Fig. 5/ and
Fig. S7G). Myc overexpression could also increase colonization
of pup testis transduced with Fbxw7 (¥Fig. S7H). Although Pinl
depletion did not change MYC in GS cells, it significantly en-
hanced CCNE1 (Fig. 87 7 and J). Myc silencing in Pinl-depleted
cells did not induce significant changes in SSC activity (Fig. S7X).
Because Pinl depletion decreased SSC activity (Fig. 4F), these
results suggest that MYC mediates the enhanced SSC activity
seen with Fbxw?7 deficiency.

Discussion

Recent studies revealed that Fbxw7 plays pivotal roles in the
regulation of several stem cells/progenitors (21-25). Most of the
phenotypes of Fbxw?7 deficiency are related to cell proliferation,
death, or skewed differentiation. However, effects on stem cell
self-renewal are not always evident and can be variable. In testes,
FBXW?7 expression is restricted to a subset of spermatogonia in
a cell cycle-specific manner. Fbxw7 mRNA expression was down-
regulated by Zbtb16 depletion whereas it was up-regulated by
1d2/1d3/Id4 depletion. Increased Fbxw?7 expression by Id2/Id3/1d4
depletion was intriguing. Given that ID proteins often influence
cell-cycle progression (26), it is possible that ID proteins may
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Fig. 5. Characterization of Fbxw7 KO GS cells for target identification. (A)
Enhanced proliferation of GS cells after Cre transfection. After overnight in-
cubation with AxCANCre, virus supernatant was removed, and cells were
replated in a new dish. Cell number was determined 3 d after replating.
AxCANLacZ was used as a control (n = 4). Results of two experiments. (B)
Quantification of GS cells expressing MKI67. At least 732 cells in four different
fields were counted. (C) Western blot analysis of molecules involved in pro-
liferation of GS cells. (D) Western blot analysis of FBXW?7 substrates. (E) Ex-
pression of MYC in CDH1* cells in Fbxw7™ Stra8-Cre testes. Fifteen tubules were
counted. (F) Expression of CCNE1 in CDH1* cells in Foxw7™ Stra8-Cre testes.
Fifteen tubules were counted. (G) Expression of CDK4 in CDH1 cells in Foxw7™
Stra8-Cre testes. At least 8 tubules were counted. (H) Experimental procedure.
Immature testis cells from Fbxw7" mice were infected with lentiviruses ex-
pressing shRNA against Myc/Mycn or Ccnel/Ccne2. Culture medium was
changed on the next day after infection. Two days after shRNA infection, cells
were infected with AXCANCre and transplanted 24 h after AxCANCre infection.
() Colony counts after depleting the indicated genes (n = 8). Results of two
experiments. (J) Colony counts after overexpression of indicated genes and
transplantation of green mouse testis cells. Results of two experiments (n = 12).
(K) Summary of experiments. Loss of FBXW7 increases self-renewal by up-reg-
ulation of MYC and suppresses differentiation.

play a role in regulating FBXW?7 expression, which occurred in a
cell cycle-dependent manner. However, depletion of these molecules
did not lead to apparent changes in Western blots. Our screening
further revealed that FBXW7 down-regulation occurs upon de-
pletion of Pinl, whose deficiency causes male infertility (17).
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This result was unexpected because PIN1 is thought to promote
FBXW?7 degradation by causing self-ubiquitination (14). Although
Pinl overexpression did not change FBXW?7 expression, it is
possible that the amount of PIN1 overexpression was not suffi-
cient to influence FBXW?7. Alternatively, PIN1 may collaborate
with other molecules. Because promotion of FBXW?7 degrada-
tion by PIN1 was demonstrated in cancer cells, the interaction
between FBXW7 and PIN1 may be more complex in nontrans-
formed spermatogonia and may involve additional molecules.
Fbxw7 is a tumor suppressor, and its expression needs to be tightly
controlled in nontransformed cells. Indeed, PIN1 expression is
inversely correlated with FBXW?7 expression (14) whereas PIN1
expression was enhanced in undifferentiated relative to differenti-
ating spermatogonia (17), suggesting another sophisticated regu-
lation system. Because Pinl depletion compromised SSC activity,
we speculate that the balance between PIN1 and FBXW?7 is critical
in determining SSC fate and that disruption of this regulation may
induce tumor formation. Our results suggest that PIN1 functions in
a context-dependent manner to regulate FBXW?7 expression.

We found that overexpression of Fhxw7a compromised SSC
activity of testis cells. Although SSC number increased dramati-
cally in pup testes (27), donor-cell colonization was significantly
decreased by Fbxw7a overexpression. Given the strong growth
suppression of GS cells by Fbxw7a overexpression and its cell
cycle-specific expression, this result suggests that the amount and
timing of FBXW7 need to be tightly controlled to promote cell-
cycle progression. It also suggests that committed progenitors
proliferate faster than undifferentiated spermatogonia because
they lack FBXW?7 expression. However, we currently cannot ex-
plain why Fbxw7a overexpression reduced the colonization activity
of SSCs. It might be related to the fact that FBXW7 is restricted to
undifferentiated spermatogonia in the spermatogenic system. One
possibility is that Fbxw7a -overexpressing SSCs may have seeded
in the recipient testes but ectopic Fbxw7a overexpression in pro-
genitors may have hindered colony formation. It is also possible
that SSCs may have failed to colonize the recipient tubules due to
cell-cycle dysregulation, which is one of the important factors in-
volved in migration of SSCs to niches (28).

Our results showed that Fbxw7 deletion increased prolifera-
tion of undifferentiated spermatogonia. Importantly, transplan-
tation experiments confirmed its effect on SSCs. Together with
the results from Fbxw7 overexpression experiments, these results
demonstrate that FBXW7 plays an important role in negatively
regulating self-renewal. To our knowledge, this is the first report
of increased SSC activity in KO mice. Although enhanced sper-
matogonial proliferation was observed in Cdknlb KO mice (29),
Cdkn1Ib is different from Fbxw?7 in that its deficiency promoted
differentiating division and a decreased rather than increased
SSC frequency. Tsc22d3 deficiency was also associated with in-
creased spermatogonia proliferation, but undifferentiated sper-
matogonia were lost in the adult (30). Mutations in other genes,
such as Sohlhl/Sohlh2, suppressed differentiation (31), but Fbxw7
is unique because its deficiency not only caused enhanced pro-
liferation of undifferentiated spermatogonia but also increased
self-renewal division. In this regard, it should be noted here that
enhancement of self-renewal activity was accompanied by
impaired differentiation and increased apoptosis. Although Fbxw7
deficiency often caused apoptosis and skewed differentiation,
complete suppression of differentiation has not been observed in
other self-renewing tissues. In this sense, the spermatogenic
system appears to be extremely sensitive to the amount of
FBXW7 in differentiation.

In our search for candidate FBXW?7 target molecules, we
found up-regulation of MYC and CCNE1 in Fbxw?7 KO GS cells.
Myc plays a key role in exit from and reentry into the cell cycle,
and its overexpression was also implicated in human tumor-
igenesis (32). The function of Mycn in spermatogonia was
reported in a previous study (33), which showed that Mycn is up-
regulated by GDNF in a phosphatidylinositol 3-kinase-AKT de-
pendent manner to contribute to proliferation. However, because
this study was carried out in an SV40-transformed spermatogonia
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cell line, the role of Myc family genes in SSCs has remained un-
clear. The importance of Ccnel in spermatogonia was demon-
strated in several studies. Cenel overexpression increased SSC self-
renewal by cooperating with Ccnd2 (7) whereas Cene2 deficiency
compromised spermatogenesis (19).

Several lines of evidence suggest that MYC is a target sub-
strate of FBXW7 in SSCs and that it increases SSC activity. First,
loss of Fbxw7 induced accumulation of MYC in undifferentiated
spermatogonia and GS cells. Second, suppression of Myc/Mycn
by shRNAs abolished the up-regulated SSC activity caused by
Fbxw7 deficiency. Third, Myc or Mycn overexpression increased
the colonization efficiency of wild-type (WT) testis cells. Al-
though depletion of Ccnel and Cene2 expression could reduce
SSC activity, Ccnel overexpression did not enhance colonization,
suggesting that CCNE1/CCNE2 are not involved in the abnor-
mal phenotype of Fhxw7 KO mice. Enhanced apoptosis in Fbxw7-
deficient testis may also be caused by increased MYC expression
(32). Taken together, these lines of evidence strongly suggest that
FBXW?7 counteracts with positive regulators of self-renewal by
degrading MYC (Fig. 5K).

Although the current study identified a role for FBXW7 as
a negative regulator of SSC self-renewal, several questions per-
sist. For example, although PIN1 is thought to bind to FBXW7
in a phosphorylation-dependent manner, we need to find targets
for PIN1 and whether they have any interaction with FBXW7.
We also do not know why FBXW7 influenced the expression
of MYC, but not MYCN, and whether MYC up-regulation is
involved in the suppression of spermatogonial differentiation.
Having identified, to our knowledge, the first negative regulator
of SSCs, we are now at the stage to find other negative regulators
that may counteract with self-renewal signals at different levels.
In addition, modulation of FBXW?7 function by small molecules
may be useful for enhancement of SSC self-renewal in vitro
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for genetic modifications. Thus, identification of the negative
regulator for SSC self-renewal not only deepens our knowledge
of SSC biology but also adds a new dimension of investigation
and possibilities.

Materials and Methods

Animals. The generation of Fhxw7"" mice was described previously (34). WT
C57BL/6 mice were purchased from Japan SLC. We also used 8- to 10-d-old
green mice that ubiquitously express EGFP (a gift from D. M. Okabe, Osaka
University, Osaka). Male Fbxw7™ mice were crossed with R26R female mice (16)
to introduce the LacZ reporter construct for Cre-mediated deletion (The
Jackson Laboratory). Stra8-Cre transgenic mice were also purchased from
The Jackson Laboratory. Genotypes of the mice were examined by PCR with
the primers listed in Table 53.

Transplantation. For transplantation, testis cells were dissociated into single-
cell suspensions by a two-step enzymatic digestion using collagenase type IV
and trypsin (Sigma), as described previously (35). GS cells were incubated
with 0.25% trypsin to obtain single-cell suspensions. The donor cells were
transplanted into seminiferous tubules of W mice (Japan SLC) through the
efferent duct. Approximately 4 pl could be introduced into each testis,
which filled 75-85% of the seminiferous tubules.

The Institutional Animal Care and Use Committee of Kyoto University
approved all animal experimentation protocols. Further details of procedures
are described in the 5/ Materials and Methods.
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S| Materials and Methods
Cell Culture. Germ-line stem (GS) cells used in the present study

-~ were derived from green mice or ROSA26 mice that were

backcrossed to a DBA/2 background (1, 2). We derived Fbxw7™
GS cells from 2- to 3-d-old Fbxw7f mlce produced from off-
spring that resulted from crossing Fhxw7"" mice in a C57BL/6 x
DBA/2 background. GS cell culture conditions using StemPro-34
SFM (Invitrogen) were described previously (1). The growth
factors used included 10 ng/mL human fibroblast growth factor
2 (FGF2), and 15 ng/mL rat glial cell line-derived neurotrophic
factor (GDNF) (Peprotech). The cells were regularly maintained
on mitomycin C (Sigma)-treated mouse embryonic fibroblasts
(MEFs). N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) (Wako Pure Chemical Industries) was added
at 10 pM.

Immunostaining. Testes samples were fixed in 4% paraformal-
dehyde for 2 h and then frozen in Tissue-Tek OCT compound
(Sakura Finetechnical). For immunostaining of cryosections,
samples were treated with 0.1% Triton X-100 in PBS. After im-
mersing them in blocking buffer (0.1% Tween 20, 3% BSA, and
10% goat serum in PBS) for >1 h, samples were incubated with
primary antibodies at 4 °C overnight. Secondary antibodies were
incubated for 1 h at room temperature. Samples were counter-
stained with Hoechst 33342 (Sigma). The images were collected
using a confocal microscope (Fluoview FV1000D; Olympus). The
antibodies used are listed in Table S1.

Flow Cytometry. GS cells were dissociated by incubating in cell
dissociation buffer for 5 min (Invitrogen). Propidium iodide (1 pg/mL)
was added to exclude dead cells. Stained cells were analyzed using
a FACSCalibur (BD Biosciences). The antibodies used are listed
in Table SI.

Lentivirus Infection. Full-length mouse Fbxw7a, human Myc (a gift
from H. Saya, Keio University, Tokyo), human Mycn (Addgene),
and human Ccnel (a gift from C. J. Sherr, St. Jude Children’s
Research Hospital, Memphis, TN) were cloned into the CSII-
EF-IRES2-Venus (1V) vector. Human Pin! (Addgene) was
cloned into the CSII-EF-IRES2-puro (IP) vector. Lentiviral
particles were produced by transient transfection of 293T cells,
and GS cells or testis cells were transfected as described pre-
viously (3). Virus titers were determined by transfecting 293T
cells, and the multiplicities of infection (MOIs) were adjusted to 4.0.

Increases in the number of Fbxw7a-€ Pressing GS cells were
measured by plating 3 x 10° cells per 9.5 cm* on MEFs. The number
of Venus-expressing cells was determined by FACSCalibur (BD
Biosciences). For transplantation experiments, green mouse testis
cells were transfected with the control or Fbxw7a-expressing
lentiviral construct, and 6 x 10* cells were transplanted into
seminiferous tubules 2 d after transfection.

For shRNA-mediated gene knockdown (KD), KD vectors were
purchased from Open Biosystems. A mixture of lentiviral par-
ticles was used to transfect GS cells from ROSA mice or testis
cells. pLKO1-Scramble shRNA (Addgene) was used as a control
(Open Biosystems). The lentivirus titer was determined using
a Lenti-X p24 rapid titer kit (Clontech). The MOIs in the KD ex-
periment were adjusted to 4.0. All KD vectors are listed in Table S2.

Adenovirus Infection. For deletion of Fbxw?7, dissociated testis cells
were exposed to AxCANCre (RIKEN BRC) at a density of 1 x
108 cells per 9.5 cm?, as described previously (4). After overnight
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incubation, the virus was removed on the next day, and cells were
used for transplantation. AXxCANLacZ (RIKEN BRC) was used
as a control. The MOIs were adjusted to 2.0.

Apoptosis Assay. For TUNEL staining, a single-cell suspension was
concentrated on glass slides by centrifugation with Cytospin 4
(Thermo Electron Corporation). After fixation in 4% para-
formaldehyde for 1 h, cells were labeled using an In Situ Cell
Death Detection kit (TMR red) (Roche Applied Science)
according to the manufacturer’s protocol. The nuclei were coun-
terstained with Hoechst 33342 (2 pg/mL; Sigma) to determine
the percentage of TUNEL-positive nuclei relative to the total
number of Hoechst 33342-stained nuclei. Apoptotic cells were
quantified by collecting images of stained cells using Photoshop
software (Adobe Systems).

Analyses of Recipient Testes. For counting the colony number, re-
cipient mice were killed between 6 and 8 wk after transplantation,
and their testes were analyzed by observation under UV light or by
staining for p-galactosidase, the LacZ gene product, with 5-bromo-
4-chloro-3-indolyl-p-p-galactopyranoside (X-gal) (Wako Pure
Chemical Industries) (2). In experiments using green mice, testes
were analyzed under UV fluorescence. A germ-cell cluster was
defined as a colony when it occupied the entire basal surface of
the tubule and was longer than 0.1 mm. For histological analysis,
paraffin-embedded sections were stained with hematoxylin/eosin.
The number of tubules with spermatogenesis, as defined by the
presence of multiple layers of germ cells in the entire circumfer-
ence of the tubules, was recorded for one section from each testis.

Southern Blotting. Genomic DNA was digested with Stul and
transferred and hybridized with exon 4 probe, as described
previously (4, 5). The PCR product was subsequently cloned into
pGEMT easy vector (Promega). The plasmid was then digested
with EcoRI to produce a 322-bp fragment, which was used as
a hybridization probe. Band intensity was quantified using NIH
image 1.62 software.

Western Blotting. Samples were separated by SDS/PAGE, trans-
ferred onto Hybond-P membranes (Amersham Biosciences), and
incubated with primary antibodies. The antibodies used in the
experiments are shown in Table S1. Band intensity was quantified
using Multi Gauge version 3.0 software (Fuji Photo Film Co. Ltd.),
and expression levels were normalized relative to those of ACTB.

Gene-Expression Analyses. Total RNA was isolated using TRIzol
(Invitrogen), and first-strand cDNA was synthesized using a
Verso cDNA Synthesis Kit (Thermo Fisher Scientific) for RT-
PCR. For real-time PCR, the StepOnePlus Real-Time PCR
system and Power SYBR Green PCR Master Mix were used
following the manufacturer’s protocol (Applied Biosystems).
Transcript levels were normalized relative to those of Hprr. PCR
conditions were 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, and 60 °C for 1 min. Each PCR was run at least in
triplicate. For RT-PCR, PCR conditions were 95 °C for 10 min,
followed by 30 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C
for 1 min. The primers used for PCR are listed in Table S3.

Statistical analyses. Results are presented as means + SEM. Sig-
nificant differences between means for single comparisons were
determined using the Student ¢ test. Multiple comparison anal-
yses were performed using ANOVA followed by Tukey’s Honest
Significant Difference (HSD) test.
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Fig. S1. Expression of F-box and WD-40 domain protein 7 (FBXW?7) in testes. (A) Histological appearance of postnatal testes. Arrows indicate gonocytes that are
not attached to the basement membrane. (B-D) Double immunohistochemistry of FBXW7 and cadherin 1 (CDH1) (B), epitherial cell adhesion molecule (EPCAM)
(C), or kit oncogene (KIT) (D) during postnatal testis development. (Scale bars: A, 50 um; B-D, 20 um.) Stain: A, hematoxylin/eosin; B~D, Hoechst 33342.
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Fig. S2. Regulation of Fbxw7 expression. (A) Real-time PCR analysis of Fbxw7 expression by cytokine supplementation in GS cells. GS cells were cultured
without cytokines for 3 d, and samples were collected 24 h after cytokine supplementation (n = 9). (B) Western blot analysis of FBXW7 expression by cytokine
supplementation in GS cells. GS cells were cultured without cytokines for 3 d, and samples were collected 24 h after cytokine supplementation. (C and D)
Expression of Fbxw7 (C) and FBXW?7 (D) in germ cells enriched from 10-d-old pup testes. Testis cells were incubated overnight on gelatin-coated plates. Germ
cells were enriched by gentle pipetting and cultured on laminin-coated plates for 2 d without GDNF. Samples were collected 24 h after GDNF supplementation.
Results of real-time PCR (C) {n = 9) and Western blot analysis (D) are shown. Increase in FBXW7 expression was 1.2 + 0.2-fold (n = 3), and the difference was not
significant. () Real-time PCR analysis of indicated gene expression following depletion by shRNA (n = 6-9). Cells were recovered 3 d after infection. (F).
Western blot analysis of FBXW7 expression following depletion of indicated genes by shRNA. Cells were recovered 3 d after infection. (G) Quantification of
FBXW?7 expression in GS cells following PinT depletion by shRNA (n = 3). Cells were recovered 3 d after infection. (H) Real-time PCR analysis of Pin1 expression
following Pin1 overexpression in GS cells (n = 3). Cells were recovered 3 d after infection. (/) Western blot analysis of FBXW?7 expression in GS cells following
Pin1 overexpression. Increase in FBXW?7 expression was 1.2 + 0.1-fold (n = 3), and the difference was not significant.

Kanatsu-Shinohara et al. www.pnas.orgigifcontent/short/1401837111 3of 10

613



-

o W ;W

A ( Fboxw7a-IV C

Colonies (/10° cells)

() GDNF
Fboxw7a-IV

*p<0.05
Cdknia Cdkn1b

o8]

Fbxw7a Cdkn2b  Cdkn2a (p16) Cdkn2a (p19)
1.5 1.5

£
g
o

s 15
2
o 1 1 i
s
o

. 0.5 0.5
2 o5
8
S ° 0
x g R

N
&
¢®

Fig. S3. Overexpression of Fbxw7a in GS cells. (A) Macroscopic appearance of a W recipient testis after transplantation of green mouse testis cells transduced
with Fbxw7a. Cells were transplanted 2 d after infection. Colonized areas appear as green stretches of tubules under UV light. (B) Real-time PCR analyses of the
indicated genes following Fbxw7a overexpression (n = 6-9). Cells were recovered 3 d after infection. (C) Colony counts after Fbxw7a overexpression and

incubation with GDNF. Results of 3 experiments (n = 18). (Scale bar: A, 1 mm.)
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Fig. S4. Immunohistochemistry of Fbxw7™ stimulated by retinoic acid gene 8 (Stra8)-Cre mouse testes. (4) Double immunchistochemistry of FBXW7 and CDH1.

(B) Double immunohistochemistry of KIT and synaptonemal complex protein 3 (SYCP3). (C) Double immunohistochemisty of CDH1 and GATA binding protein 4
(GATA4). (D) Double immunohistochemistry KIT and GATAA4. (E) Immunohistochemical staining of KIT and TUNEL. (F) Immunohistochemical staining of EPCAM

and TUNEL. (G) Double immunohistochemistry of CDH1 and antigen identified by monoclonal antibody Ki67 (MKI67). (H) Double immunohistochemistry of KIT
and MKI67. Counterstained with Hoechst 33342 (blue). (Scale bar: 20 pm.) Stain: A-H, Hoechst 33342.
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Fig. S5. Production of Fbxw7 KO SSCs by AxCANCre transduction. (A) Conditional mutant mice used in the experiment. Exon 5 of the Fbxw7 gene was deleted

by Cre-mediated recombination. The indicated probe was used for Southern blot analysis. S, Stul. (B) Southern blot analysis to detect the deletion efficiency.
Genomic DNA was digested with Stul and hybridized with the indicated probe.
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Fig. S6. Phenotype of Fbxw7 KO GS cells. (4) Southern blot analysis of Fbxw7 KO GS cells 3 wk after AXCANCre infection. (B) Immunocytochemistry of MKI67
in Fbxw7 KO GS cells. Three days after infection. (C) Flow cytometric analysis of spermatogonia marker expression. Green lines indicate controls. (D) Ap-
pearance of Fbxw?7 knockout (KO) GS cells. (E) Flow-cytometric analysis of NOTCH1 and NOTCH2 expression (n = 3-4). (F) Western blot analysis of NICD1 and
NICD2 expression. (G) Effect of DAPT on Fbxw?7 KO GS cell proliferation (n = 6). After overnight inoculation with AXCANCre, virus supernatant was removed,
and cells were replated with DAPT after passage. Cell number was determined 3 d after replating. AxCANLacZ was used as a control. (H) Real-time PCR analysis
of Rbpj expression following depletion by shRNA (n = 9). Cells were recovered 3 d after infection. (/) Effect of Rbpj depletion on Fhxw7 KO GS cell proliferation
(n = 3). Fbxw7 KO GS cells were infected with shRNA against Rbpj and were replated after 24 h. The cells were then incubated with AxCANCre for 24 h. Virus
supernatant was removed, and cells were replated in a new dish. Cell number was determined 3 d after replating. AxCANLacZ was used as a control. (/) Real-
time PCR analysis of NOTCH target gene expression. (n = 9). (K) Quantification of Western blot band intensities for FBXW?7 substrates (n = 3-4). (Scale bars:
B and D, 20 pm.)

Kanatsu-Shinohara et al. www.pnas.orgicgifcontentshort/ 1401837111 6 of 10

616



Control >
Control w

Stra8-Cre
Fbhxw"
control U Stras-Cre

Control O  rFoxwr

2 & [
39 ES
% 2y
af x0
g5 | 88
oy &
= F
=
=
o3
o
%15
H ¢ l
. w 10
@
&k g
39 3
X g5
QE £
-3 ]
“ O  Control MyolV

Fhxw7o-lV
G J *P<0.05 K @ 5
§ 3 5 4
a 5 3
62 g,
& @
i £ 1
i3 o
20 e
& © Control Myc-sh
2 Pint-sh

Fig. $7. Effect of Fbxw?7 deficiency in myelocytomatosis oncogene (MYC) or cyclin E1 (CCNE1) expression. (4) Double immunohistochemistry of CDH1 and MYC
in Foxw7™ Stra8-Cre testes. (B) Double immunohistochemistry of CDH1 and CCNE1 in Fbxw7™ Stra8-Cre testes. (C) Double immunohistochemistry of CDH1 and
CDK4 in Fboxw7"f Stra8-Cre testes. (D) Double immunohistochemistry of CDH1 and CDC25A in Fhxw7™ Stra8-Cre testes. (E) Double immunohistochemistry of
CDH1 and cyclin-dependent kinase inhibitor (CDKN) 2A in Fbxw7"f Stra8-Cre testes. (F) Macroscopic appearance of recipient testes transplanted with Fbxw7 KO
testis cells after transduction of shRNAs against MydMycn or Ccnel/Cene2. (G) Macroscopic appearance of recipient testes transplanted with green mouse testis
cells transduced with a lentivirus expressing Myc, Mycn, or Ccnel. {H) Colony counts after overexpression of Fbxw7a and Myc. Results of three experiments (n = 16).
(/ and J) Effect of Pin7 depletion by shRNA on MYC and CCNE1 expression. Western blot analysis (/) and quantification of band intensities (/) are shown (n = 3).

Cells were recovered 3 d after infection. (K) Colony counts after depletion of PinT and Myc. Results of three experiments (n = 18). (Scale bars: A-E, 20 ym; Fand G,
1 mm.) Stain: A-E, Hoechst 33342.
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