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STAT3 is a transcription factor that plays central roles in various
physiological processes, including differentiation of Th cells. Its
deregulation results in serious diseases, including inflammatory
diseases and cancer. The mechanisms related to how STAT3 activity
is regulated remain enigmatic. Here we show that overexpression of
FAMG64A potentiates IL-6-induced activation of STAT3 and expres-
sion of downstream target genes, whereas deficiency of FAM64A
has the opposite effects. FAM64A interacts with STAT3 in the nucleus
and regulates binding of STAT3 to the promoters of its target genes.
Deficiency of Fam64a significantly impairs differentiation of Th17 but
not Th1 or induced regulatory T cells (iTreg). In addition, Fam64a
deficiency attenuates experimental autoimmune encephalomyelitis
(EAE) and dextran sulfate sodium (DSS)-induced colitis, which is cor-
related with decreased differentiation of Th17 cells and production
of proinflammatory cytokines. Furthermore, Famé64a deficiency sup-
presses azoxymethane (AOM)/DSS-induced colitis-associated cancer
(CAQ) in mice. These findings suggest that FAM64A regulates Th17
differentiation and colitis and inflammation-associated cancer by
modulating transcriptional activity of STAT3.
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he transcription factor STAT3 plays crucial roles in many

physiological processes, such as cell proliferation, survival,
and differentiation. Various cytokines and growth factors, in-
cluding IL-6, oncostatin M, IL-10, IL-21, IL-23, and EGF, can
activate STAT3 (1). The binding of these ligands to their cor-
responding receptors leads to activation of JAKs. Activated
JAKs then mediate phosphorylation of STAT3 at Y705. Phos-
phorylated STAT3 translocates into the nucleus and binds to
consensus motifs in promoters of the downstream target genes to
regulate their transcription (2).

STATS3 activity is delicately controlled. Aberrant activation of
STATS3 results in diseases, including autoimmune disorders and
tumors (3, 4). For example, STAT3 is persistently activated in the
intestinal T cells of patients with inflammatory bowel disease
(IBD), including Crohn’s disease and ulcerative colitis (5). It has
been demonstrated that STAT3 promotes the expansion of T cells
and regulates the balance of differentiation of Th17 and Treg cells
during colitis development (6). STAT3 is also constitutively acti-
vated in many types of human malignancies and plays important
roles in inflammation-associated tumorigenesis. Gene knockout
studies in animal models have highlighted the NF-kB-IL-6-STAT3
axis in linking inflammation to tumorigenesis of various cancers,
including colon, liver, and pancreatic cancers (4, 7-9).

Upon activation by antigen-presenting cells, naive CD4™ T cells
differentiate into distinct subsets of Th cells such as Thl, Th2,
Th17, T follicular helper (Tfh), and induced regulatory T (iTreg)
cells. These distinct types of Th cells are characterized by different
cytokine expression profiles and different biological functions. Th17
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cells represent a population of cells that secrete signature cytokines
such as IL-17A, IL-17F, IL-21, and IL-22. These cells contribute to
host defenses against certain bacterial and fungal infections as well
as to the pathogenesis of certain inflammatory diseases, such as
psoriasis and IBD (10). The differentiation of Th17 cells requires
TGF-p and IL-6, and recent studies have demonstrated an essential
role of STAT3 in this process (11, 12). During differentiation of
Th17 cells, activated STAT3 induces the expression of retinoic acid
receptor-related orphan receptor gamma (RORyt) and RORa,
which are the master transcription factors driving the lineage
commitment to Th17 (13, 14). In addition, STAT3 can also inhibit
TGF-p-induced expression of FOXP3, a transcription factor that
binds and antagonizes the function of RORyt. Ablation of STAT3
in T cells impairs Th17 cell differentiation and leads to their
skewing toward anti-inflammatory Treg cells (15, 16).

FAMG64A (also called CATS and RSC1) was originally iden-
tified as a novel clathrin assembly lymphoid myeloid leukemia
gene (CALM)-interacting protein expressed in the thymus and
spleen (17). It has been shown that FAM64A is highly expressed in
leukemia, lymphoma, and various tumor cell lines, and its protein
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levels strongly correlate with cell proliferation in both malignant
and normal cells (18). FAM64A is a multifunctional protein that
is involved in regulation of cell cycle progression, subcellular lo-
calization of the leukemogenic fusion protein CALM/AF10, and
tumorigenesis (18-22). In a screen for proteins that regulate STAT3
activity, we identified FAM64A as a positive regulator of STATS3,
which modulates binding of STAT3 to the promoters of its target
genes. The deficiency of Famo64a significantly inhibited Th17 cell
differentiation and suppressed experimental autoimmune enceph-
alomyelitis (EAE), dextran sulfate sodium (DSS)-induced colitis,
and azoxymethane (AOM)/DSS-induced CAC development in
mice. These findings reveal a previously unreported function of
FAMO64A in regulation of STATS3 activity, Th17 differentiation, and
inflammation-associated tumorigenesis.

Results

FAMG64A Positively Regulates STAT3 Activity. To identify candidate
proteins that regulate the IL-6-STAT3 axis, we screened ~13,000
independent human and murine cDNA expression plasmids by
reporter assays (23). These screens led to identification of FAM64A
as a positive regulator of STAT3 activation. As shown in Fig. 14
and SI Appendix, Fig. S14, overexpression of FAM64A and its
murine homolog Famé64a potentiated IL-6-induced STAT3
activation in a dose-dependent manner. In similar experiments,
FAMG64A did not activate IFN-p—induced STAT1/2 activation (S/
Appendix, Fig. S1B), suggesting that FAM64A specifically modu-
lates STAT3 activity. Consistently, gPCR experiments showed that
overexpression of FAM64A potentiated IL-6—induced transcrip-
tion of downstream genes such as SOCS3 and FOS (Fig. 1B). To
investigate whether endogenous FAM64A is involved in STAT3
activation, we constructed four RNAI plasmids which inhibited ex-
pression of FAM64A to different degrees (Fig. 1C). Reporter assays
indicated that knockdown of FAMG64A inhibited IL-6-induced
STATS3 activation (Fig. 1D) but not IFN-p-induced STAT1/2 acti-
vation (SI Appendix, Fig. S1C) in HeLa cells. Consistently, knock-
down of FAM64A also inhibited IL-6-induced transcription of the
STATS3 target gene SOCS3 (Fig. 1E). These results suggest that
FAM64A mediates IL-6-induced STAT3 activation.

To further explore the functions of FAM64A in vivo, Fam64a-
deficient mice were generated. Deficiency of Fam64a in the
knockout mice was confirmed by genotyping and immunoblot-
ting analysis (SI Appendix, Fig. S1D). We prepared primary
murine lung fibroblasts (MLFs) and bone marrow-derived
macrophages (BMDMs) from the knockout mice and found
that deficiency of Famé64a significantly inhibited IL-6-induced
transcription of STAT3 downstream genes, including Socs3,
Il4ra, 116, and 1110 in these cells (Fig. 1F). These results confirm
that FAMG64A is important for IL-6-mediated STAT3 activation.

FAMG4A Facilitates Binding of STAT3 to the Promoters of Downstream
Genes. We next investigated the molecular mechanisms by which
FAMG64A regulates STAT3 activity. Since phosphorylation of
STAT3 at Y705 is a hallmark of STAT3 activation, we examined
whether FAMO64A affects STAT3 phosphorylation. As shown in
Fig. 2 A and B, neither overexpression nor knockdown of
FAMO64A had marked effects on STAT3 phosphorylation in-
duced by IL-6. Next we investigated whether FAM64A interacts
with STAT3. Coimmunoprecipitation experiments showed that
FAMG64A associated with STAT3 (Fig. 2 C and D and SI Ap-
pendix, Fig. S24) and their association was enhanced upon IL-6
stimulation (Fig. 2D). Domain mapping experiments indicated
that FAMG64A interacted with multiple domains of STAT3 such
as the N-terminal domain, DNA-binding domain, linker domain,
SH2 domain, and transactivation domain (SI Appendix, Fig.
S2B), while the N-terminal domain (1-129) of FAM64A was
responsible for its interaction with STAT3 (SI Appendix, Fig.
S2C). Since previous studies showed that FAM64A is exclusively
located in the nucleus (17, 18), the interaction between FAM64A
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Fig. 1. FAMGA4A positively regulates STAT3 activity. (A) Effects of FAMG4A on
IL-6-induced STAT3 activation. HEK293 and Hela cells (5 x 10%) were transfected
with STAT3 reporter (10 ng) and increased amounts of FAM64A expression
plasmids. Twenty hours after transfection, cells were treated with IL-6 (20 ng/mL)
or left untreated for 10 h in serum-free DMEM before relative luciferase
activity (Rel. Luc. Act.) was determined with dual luciferase reporter assay
system. (B) Effects of FAM64A on IL-6-induced transcription of SOCS3 and
FOS genes. The experiments were performed as in A. Cells were stimu-
lated with IL-6 (20 ng/mL) for the indicated times before qPCR experi-
ments. (C) Effects of FAM64A-RNAi plasmids on expression of FAM64A.
HelLa cells were transduced with a GFP control or FAM64A-RNAI plasmids
by retroviral-mediated gene transfer. The expression of FAM64A in con-
trol (Con) and FAM64A-RNAI cell lines was analyzed by immunoblot. (D)
Effects of FAM64A knockdown on IL-6-induced activation of STAT3 re-
porter. The experiments were performed as in A, except that control and
FAMG64A-RNAI Hela cells were used. (E) Effects of FAM64A knockdown on
IL-6-induced transcription of the SOCS3 gene. The control and FAM64A-
RNAi Hela cells (2 x 10°) were stimulated with IL-6 (20 ng/mL) for the
indicated times before qPCR experiments. (F) Effects of Fam64a deficiency
on IL-6-induced transcription of Socs3, /l4ra, 1l6, and //170. WT and
Fam64a™"~ MLFs or BMDMs (2 x 10°) were stimulated with IL-6 (20 ng/mL) for the
indicated times before qPCR experiments. Data are representative of three
experiments with similar results. Graphs show mean + SD; n = 3. *P < 0.05;
**P < 0.01; ***P < 0.001; ns, not significant.

and STAT3 was further demonstrated by confocal microcopy. As
shown in Fig. 2E, GFP-tagged FAM64A colocalized with en-
dogenous STAT3 in the nucleus, and their colocalization was
enhanced following IL-6 stimulation. In addition, phosphory-
lated STAT3 also colocalized with FAM64A in the nucleus fol-
lowing IL-6 stimulation (Fig. 2F). These results suggest FAM64A
and STAT3 form complexes in the nucleus.

We next investigated whether FAM64A affects the DNA-binding
ability of STAT3. Chromatin immunoprecipitation (ChIP) assays
indicated that overexpression of FAM64A significantly enhanced
binding of STAT3 to the promoter of its target gene SOCS3 (Fig.
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Fig. 2. FAMG64A regulates binding of STAT3 to the promoters of its target genes.

(A) Effects of FAM64A on IL-6-induced STAT3 phosphorylation. HEK293 cells (2 x
10°) were transfected with an empty vector or FAMG4A expression plasmid (0.5
ug). Twenty hours after transfection, cells were starved with serum-free DMEM
overnight, followed by IL-6 treatment (20 ng/mL) for the indicated times before
immunoblot analysis. (B) Effects of FAM64A knockdown on IL-6-induced STAT3
phosphorylation. The control and FAM64A-RNAi Hela cells (2 x 10°) were stim-
ulated with IL-6 (20 ng/mL) for the indicated times before immunoblot analysis. (C)
FAMBG4A interacts with STAT3 in the mammalian overexpression system. HEK293
cells (2 x 10%) were transfected with the indicated plasmids for 24 h. Coimmu-
noprecipitation and immunoblot analysis were performed with the indicated
antibodies. (D) Endogenous FAMG4A is associated with STAT3. Hela cells (2 x 107)
were starved overnight and then treated with IL-6 (50 ng/mL) or left untreated.
Coimmunoprecipitation and immunoblot analysis were performed with the in-
dicated antibodies. (E) Colocalization of FAM64A and STAT3. Hela cells (1 x 10°)
were transfected with GFP-tagged FAMG4A (0.2 pg). Twenty hours after trans-
fection, cells were starved overnight followed by stimulation with IL-6 (50 ng/mL)
for 30 min. Immunostaining was performed with anti-STAT3 antibody. (F)
Colocalization of FAM64A and pY705-STAT3. The experiments were performed as
in E, except that antibody against pY705-STAT3 was used. (G) Effects of FAM64A
on STAT3 binding to the promoter of the Socs3 gene. HEK293 cells were trans-
fected with an empty vector or FAMG4A expression plasmid. Twenty hours after
transfection, cells were starved with serum-free DMEM overnight, followed by IL-6
treatment (20 ng/mL), and were subjected to ChIP-gPCR assays with indicated
antibodies. (H) Effects of FAM64A knockdown on STAT3 binding to the promoter
of the Socs3 gene. The experiments were performed as in G, except that control
and FAM64A-RNAi Hela cells were used. (/) Effects of Fam64a deficiency on STAT3
binding to the promoter of the Socs3 gene. The experiments were performed as
in G, except that WT and Famé64a~~ BMDMs were used. Data are representative
of three experiments with similar results. Graphs show mean + SD; n = 3. *P <
0.05; **P < 0.01; ***P < 0.001; ns, not significant. Rel., relative.
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2G), while knockdown of FAM64A had the opposite effect (Fig.
2H). Consistently, deficiency of Fam64a dramatically inhibited
binding of STAT3 to the promoter of Socs3 in BMDMs (Fig. 21).
Moreover, FAM64A was also recruited to the promoter of
SOCS3, yet the intensity was relatively low in comparison with that
of STAT3 (Fig. 2 G-I). Collectively, these results suggest that
FAM64A facilitates binding of STAT3 to the promoters of its
target genes.

Famé6da Deficiency Inhibits Th17 Differentiation. Since STAT3 is
essential to the development of a subset of T cells, we next ex-
plored the function of FAM64A in T cell differentiation. We first
analyzed the mRNA levels of Fam64a in thymic and splenic
lymphoid populations and found that Fam64a was differentially
expressed in various T cell subsets (SI Appendix, Fig. S3A).
Famo64a-deficient mice showed no obvious difference in their
T cell differentiation in the spleen, peripheral lymph nodes, and
thymus compared with their wild-type littermates (SI Aependix,
Fig. S3 B and C). Proliferation of wild-type and Fam64a™~ naive
CD4" T cells activated with anti-CD3 and anti-CD28 was also
comparable (SI Appendix, Fig. S3D). However, compared with
wild-type cells, Fam64a-deficient naive T cells activated by anti-
CD3/anti-CD28 and cultured under various helper T cell-
polarizing conditions exhibited decreased Th17 differentiation as
characterized by reduced IL-17A expression (Fig. 3 4 and B). In
these experiments, Fam64a deficiency had no marked effects on
differentiation of iTreg, Thl, or Th2 (Fig. 3 4 and B). Consistently,
Famo64a deficiency significantly suppressed transcription of the
Th17 signature genes, such as Rora, Rorc, 1117a, and Il17f, but had
no marked effects on transcription of Foxp3, Tbx21, and Gata3, the
master transcription factors for iTreg, Thl, and Th2 cells, re-
spectively (SI Appendix, Fig. S44). Notably, the mRNA level of
Famo64a was slightly up-regulated during Th17 differentiation (S
Appendix, Figs. S34 and S4A4). In addition, the amounts of IL-17A
and IL-17F secreted by Fam64a-deficient Th17 cells were mark-
edly lower than those of WT Th17 cells (SI Appendix, Fig. S4B).
ChIP-qPCR assays indicated that Fam64a deficiency impaired
binding of STAT3 to the promoters of Rorc, I117a, I117f, and Socs3
during Th17 differentiation (Fig. 3C and SI Appendix, Fig. S54).
We then performed ChIP-sequencing to further evaluate the
function of FAM64A in regulation of the DNA binding activity of
STAT3 at the genome-wide level in Th17 cells. As shown in S/
Appendix, Fig. S5B, the number of STAT3 binding peaks decreased
in Fam64a-deficient Th17 cells. Moreover, the intensity of STAT3
also decreased at the Socs3 locus and other Th17 signature gene
loci, including Rora, Rorc, and 111 7a-1117f (SI Appendix, Fig. S5C).

To determine the role of FAM64A in Thl7 differentiation
in vivo, EAE, a Th17 cell-mediated inflammatory disease, was in-
duced in wild-type and Fam64a-deficient mice. As shown in Fig.
3D, Fam64a™"~ mice exhibited significantly reduced clinical scores
of EAE compared with their wild-type littermates. In addition, the
frequencies of IL-17A™ and IL-17A*GM-CSF" populations were
significantly decreased in the central nervous system (CNS) of
Fam64a™~ mice compared with the wild-type mice (Fig. 3 E and
F). Notably, Fam64a mRNA level was increased in the spinal cords
of mice that developed EAE (SI Appendix, Fig. S6A4). Furthermore,
to confirm whether Fam64a plays a T cell-intrinsic role in the
development of EAE, we adoptively transferred isolated naive
Fam64a™ or Fam64a™~ CD4" T cells into Ragl ™~ recipients and
induced EAE 24 h later. Mice receiving Fam64a™'~ CD4™ T cells
had lower EAE score compared with mice receiving Fam64a*'*
CD4* T cells (SI Appendix, Fig. S6B). In addition, reduced per-
centages of IL-17A*, TL-17A"IFN-y*, and IL-17A*GM-
CSF* populations were observed in the CNS from mice that
received Fam64a™~ CD4* T cells compared with those receiving
Fam64a™ CD4" T cells (SI Appendix, Fig. S6 C and D). Collec-
tively, these results indicate FAM64A is a positive regulator of
Th17 differentiation both in vitro and in vivo.
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Fig. 3. Fam64a deficiency inhibits Th17 differentiation. (A) Intracellular
staining of IL-17A, Foxp3, IFN-y, or IL-4 and surface staining of CD4 in WT and
Famé64a™"" naive T cells activated with anti-CD3/anti-CD28 and cultured under
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dicate the percentage of marker-positive CD4™ cells. (B) Frequency of IL-17A%,
Foxp3™, IFN-y*, or IL-4* cells of WT and Famé64a~"~ naive T cells cultured under
various polarizing conditions. (C) ChIP assays of the binding of STAT3 to the
promoters of Rorc, I117a, and /I17f in WT and Fam64a~" naive T cells cultured
under the Th17-polarizing condition. Rel., relative. (D) The disease scores of
female WT (n = 7) and Famé4a~'~ mice (n = 7) in EAE. Disease severity was
monitored and scored daily. (E) Intracellular staining of IL-17A, GM-CSF, and
IFN-y of infiltrated CD4" T cells in the CNS of EAE mice. (F) Cellular populations
and percentages of CNS-infiltrating cells. Student’s t test was used for the
statistical test, n = 6. Results are represented as mean + SD. *P < 0.05; **P <
0.01; ***P < 0.001; ns, not significant. Data are representative of two experi-
ments with similar results.

Deficiency of FAM64A Attenuates DSS-Induced Colitis and Accumulation
of Th17 in the Colon. Since the DSS-induced mouse colitis model
has been widely used to analyze the contribution of distinct T cell
subsets in mucosal damage response, we next used this model to
further examine the function of FAM64A in vivo. Mice were
treated with 3% DSS in drinking water over a 10-d period to in-
duce acute colitis. We found that Fam64a™~ mice displayed at-
tenuated colitis with less weight loss (Fig. 44), higher survival rate
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(Fig. 4B), and reduced colon shortening (Fig. 4C) compared with
their wild-type littermates. Histopathological analysis revealed
that the colonic mucosa of Fam64a™~ mice was more intact
without apparent loss of crypt structures and mucosal ulceration.
In addition, fewer inflammatory cells infiltrated in the colonic
tissues of Fam64a™'~ mice in comparison with their wild-type lit-
termates after DSS challenge (Fig. 4D), which was also reflected in
the pathological assessment of colitis severity scores (Fig. 4E).
Notably, Fam64a mRNA level was increased in the colon tissues

A B
2110 *erae,,,, BWT ~100) aWT
= 1004 D KO £80f  p<0.01 o KO
29 T 60
= 80 -g 40
Z 70 22
2 60 0

0 2 4 6 8 10
Time after 3% DSS (d)

0246 8101214
Time after 3% DSS (d)

C Untreated DSS E
WTKO WT KO = ns o
| Eﬂg . WWT §6 =L WT
£ o — a
,g, 6 KO 3 4 KO
o4 29
{ 52 S
S0 ZollL
| 8 S I
B DSS
D WT KO

DSS Untreed DSS

g5 =, Espls s Es
<4 o o ns 4 o0 mWT
;3 £4 o %3 oKO
= i B
T2 ns 2 b2
s g g
ol a al
Og Oy Oy
Spl MLN LP Spl MLN LP Spl MLN LP
G Sera Colon
£50 =150 ; <10 o =250 2 g WT
240 E 58 . E200 oKO
<30 % 100 * . Zs 2150 £3
£ 20 @ 5of 5 % S4 o100 %
10t _ns = o= Z 2t _ns = 50-hs
" - A E L RIS e ¥
~ UT Dss UT DSS UT DSS UT DSS
E
=15 L =g =50, e =3 ¥
2 i £s s E g : £ .
glop % Blne o 2 F B2
X T —E < 20 S T
< 5 ns S ftm ns "?1 ns ¥
Solem. . 3y S RN i P
= UT Dss UT DSS UT Dss UT DSS

Fig. 4. Deficiency of Fam64a attenuates DSS-induced colitis and inhibits the
Th17 response during colitis. (A) WT and Fam64a~~ mice (female) were treated
with 3% DSS over a 10-d period, and their body weights were monitored daily.
Results are represented as mean + SD. *P < 0.05; **P < 0.01. (B) Survival of
mice described in A was monitored for 14 d. Results are represented as mean +
SD. **P < 0.01. (C) WT and Fam64a~'~ mice were treated with 3% DSS or left
untreated for 9 d before their colon lengths were measured. Results are rep-
resented as mean + SD, n = 3. **P < 0.01; ns, not significant. (D) Representative
images of hematoxylin and eosin staining of colon tissues of mice described in
C. (Scale bar: 100 pM.) (E) Histological analysis of colon tissues described in D.
The histological scores were determined in a double-blind manner. Results are
represented as mean + SD, n = 10. ***P < 0.001. (F) Frequency of IL-17A*, IFN-
y*, or Foxp3* CD4" T cells isolated from the spleen (Spl), MLNs, and LP of WT
and Famé64a~"~ mice treated for 9 d with 3% DSS in drinking water. Each
symbol represents an individual mouse. (G) ELISA measurement of cytokine
levels in the sera and colonic tissues of mice treated with DSS or left untreated
(UT). Each symbol represents an individual mouse. Results in F and G are
represented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not sig-
nificant. Data are representative of two experiments with similar results.
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of mice after DSS exposure (SI Appendix, Fig. STA). These results
suggest that Fam64a deficiency attenuates the severity of DSS-
induced colitis.

To examine the correlation between alteration of T cell dif-
ferentiation caused by Fam64a deficiency and the amelioration
of colitis, the lymphocytes from spleens mesenteric lymph
nodes (MLNs) and lamina propria (LP) of wild-type and
Fam64a~'"~ mice were isolated to perform intracellular cytokine
staining. As shown in Fig. 4F and SI Appendix, Fig. STB, the
proportion of CD4*IL-17A* cells in the MLNs and LP of
Fam64a~'"~ mice was decreased in comparison with that of their
wild-type littermates. There was no significant difference be-
tween Famo64a-deficient mice and their wild-type littermates in
the frequency of CD4* Foxp3* or CD4" IFN-y* cells (Fig. 4F
and SI Appendix, Fig. S7B). In addition, levels of proin-
ﬂammatory cytokines such as TNF-a, IL-6, IL-17A, and IL-17F
in the sera and colonic mucosa were dramatically decreased in
Fam64a™"~ mice compared with their wild-type littermates (Fig.
4G), which was consistent with less severe colitis and the de-
creased proportion of Th17 cells in Fam64a™~ mice. Taken to-
gether, these results suggest that FAM64A facilitates Th17
differentiation to promote DSS-induced colitis.

Famé64a Deficiency Suppresses AOM/DSS-Induced CAC. We next in-
vestigated the roles of FAM64A in inflammation-associated tu-
morigenesis with the AOM/DSS model (7). Mice were injected
with AOM, followed by three rounds of 2% DSS exposure to
induce CAC. The results indicated that Fam64a™'~ mice devel-
oped fewer and smaller colon tumors compared with their wild-
type littermates (Fig. 54). Consistently, there was a significant
reduction in proliferation rates of the colon cancers in
Fam64a™~ mice as determined by Ki-67 nuclear staining (Fig. 5B).
Immunoblot analysis indicated that the levels of phosphorylated
p65 and STAT3 were markedly decreased in colon tumors in
Fam64a-deficent mice, whereas levels of phosphorylated p65 and
STAT3 showed no apparent differences in the tumor-adjacent
normal colon tissues between wild-type and Fam64a~~ mice (Fig.
50C). Consistently, the protein levels of p65 and STAT3 downstream
genes such as ¢-Myc, Pcna, Bclxl, and Ccndl, which were re-
sponsible for the survival and proliferation of tumor cells, re-
spectively, were decreased in colon tumors of Fam64a™~ mice (Fig.
5C). In addition, levels of inflammatory cytokines in the sera or
colon tissues, such as TNF-a, IL-6, IL-17A, and IL-17F, decreased
in Fam64a™~ mice (Fig. 5 D and E). Collectively, these results
suggest that FAM64A plays important roles in CAC development.

Discussion

The activity of STAT3 is delicately regulated at different levels
through distinct mechanisms to ensure proper biological func-
tions. It has been reported that various tyrosine kinases, such as
JAKs, Src, BTK, EGFR, and BMX, as well as other positive reg-
ulators, such as PASD1 and TRIM27, can mediate or potentiate
STAT3 phosphorylation (23-26). In contrast, numerous protein
phosphatases, such as LMW-PTP, LMW-DSP2, PTPRT, TCPTP,
DUSP2, SHP1, SHP2, CD45, and PTP1B, as well as other negative
regulators, such as SOCS3, GDX, and CUEDC?2, can either di-
rectly or indirectly mediate dephosphorylation of STAT3 and JAKs
(2, 27-29). In addition to phosphorylation, other posttranslational
modifications of STAT3, such as methylation by EZH?2, acetylation
by CBP/p300, and deacetylation by HDACs and sirtuin 1, have also
been reported to modulate its activity (30-33). Moreover, PIAS3
has been shown to inhibit STAT3 transcriptional activity by
blocking its DNA-binding activity (34). In this study, we identified
FAMG64A as a positive modulator of STAT3. Overexpression of
FAMG64A potentiated IL-6-induced STAT3 activation and tran-
scription of STAT3 downstream genes, whereas deficiency of
FAMOG64A had opposite effects. We found that FAM64A facilitated
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binding of STAT3 to the promoters of its target genes and there-
fore enhanced STAT3 transcriptional activity.

IL-6-STATS3 signaling is essential for differentiation of Th17 cells.
As a regulator of STAT3 activity, FAM64A plays important roles in
Th17 cell differentiation. Deficiency of Fam64a inhibited Th17 cell
differentiation but had no obvious effects on the differentiation of
Thl, Th2, or iTreg cells. Some other proteins, such as SOCS3,
DUSP2, TRIM28, and PKC-6, have also been reported to regulate
Th17 cell differentiation via modulating STAT3 activity (35-38). For
examples, DUSP2 can mediate STAT3 dephosphorylation and
suppress Th17 cell differentiation (35); TRIM28 is recruited to
STAT3-occupied genes and mediates epigenetic activation during
Th17 cell differentiation (36); PKC-0 can up-regulate STAT3 ex-
pression to promote Th17 cell differentiation (37).
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Fig. 5. Fame64a deficiency suppresses AOM/DSS-induced CAC. (A) The colons
of WT and Fam64a~'~ mice (female) were removed and photographed (Left).
The tumor numbers (Middle) and tumor sizes (Right) were measured. Results
are represented as mean + SD, n = 10. **P < 0.01; ***P < 0.001; ns, not
significant. (B) Representative images of immunohistochemical staining of
colon tumors of WT and Famé64a—'"mice. (Scale bar: 100 pM.) (C) Immuno-
blotting analysis of colon tumors and adjacent normal tissues of WT and
Famé64a~~ mice. Samples from three independent mice for each group were
analyzed. (D) ELISA measurement of cytokine levels in the sera of AOM/DSS-
treated WT and Famé64a~'~ mice. (E) ELISA measurement of cytokine levels in
the colonic tissues of AOM/DSS-treated WT and Fam64a™~ mice. Each sym-
bol represents an individual mouse (D and E). Results in D and E are repre-
sented as mean + SD. *P < 0.05; **P < 0.01; ns, not significant. Data are
representative of two experiments with similar results.
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Accumulating evidence suggests that Th17 cells and their related
cytokines are crucial in the pathogenesis of IBD. In the model of
DSS-induced colitis, Fam64a~'~ mice displayed attenuated colitis
in comparison with their wild-type littermates. Furthermore,
Famo64a-deficient mice showed a decreased proportion of Thl7
cells in colons and MLNs as well as decreased levels of in-
flammatory cytokines such as IL-6, TNF-a, IL-17A, and IL-17F in
the sera and/or colonic mucosa. Collectively, these results suggest
an important role of FAM64A in differentiation of Th17 cells and
development of colitis. Interestingly, a recent genome-wide asso-
ciation study of irritable bowel syndrome, a very common func-
tional gastrointestinal disorder, identified 14 candidate risk loci
and mapped a total of 93 genes, which includes FAM64A (39).

Chronic or unresolved inflammation promotes tumorigenesis.
In the CAC model, Fam64a-deficient mice developed reduced
Th17 differentiation and less severe inflammation. Consequently,
activation of p65 and STATS3 in the colonic tissues, as well as the
expression of their target genes, including c-Myc, Pcna, Bclxl, and
Ccendl, also decreased in Fam64a™~ mice, resulting in fewer and
smaller colon tumors. These results suggest that FAM64A plays
important roles in CAC development. Previously, it was shown
that FAM64A is up-regulated in various tumor cells and is in-
volved in regulation of cell proliferation, while knockdown of
FAMG64A inhibits growth of cancer cells in vitro (18, 21). In ad-
dition, FAMG4A is significantly up-regulated in various types of
tumor tissues, and high expression of FAM64A is associated with
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poor survival and clinical outcome, suggesting that FAM64A may
be oncogenic in diverse types of cancers and it could be a potential
prognostic marker and therapeutic target for cancer (40). In
summary, our findings have identified a previously unreported
function of FAM64A in the regulation of STAT3 activity, Th17
differentiation, colitis, and CAC development and have provided a
potential therapeutic target for inflammatory disease and cancer.

Materials and Methods

All mouse studies were approved by the Animal Care Committees of the
Wuhan University College of Life Sciences and the Wuhan Institute of Vi-
rology of the Chinese Academy of Sciences. The information on reagents,
antibodies, constructs, PCR primers, and RNAi target sequences are described
in SI Appendix, Materials and Methods. The methods for reporter assays,
gPCR, establishment of stable cell lines, coimmunoprecipitation and immu-
noblot analysis, confocal microscopy, preparation of lymphocytes and flow
cytometry, ChIP assays, EAE induction, colitis and CAC induction, and sta-
tistical analysis are presented in S/ Appendix, Materials and Methodss.
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