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IMMUNOLOGY

SMAD4, activated by the TCR-triggered MEK/ERK
signaling pathway, critically regulates CD8" T cell

cytotoxic function

Xinwei Liu’, Jing Hao?, Peng Wei', Xiaohong Zhao', Qiuyan Lan", Lu Ni’, Yongzhen Chen’,

Xue Bai', Ling Ni', Chen Dong1’2*

Transforming growth factor-p is well known to restrain cytotoxic T cell responses to maintain self-tolerance and to
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promote tumor immune evasion. In this study, we have investigated the role of SMAD4, a core component in the
TGF-B signaling pathway, in CD8* T cells. Unexpectedly, we found that SMAD4 was critical in promoting CD8* T cell
function in both tumor and infection models. SMAD4-mediated transcriptional regulation of CD8* T cell activa-
tion and cytotoxicity was dependent on the T cell receptor (TCR) but not TGF- signaling pathway. Following TCR
activation, SMAD4 translocated into the nucleus, up-regulated genes encoding TCR signaling components and cyto-
toxic molecules in CD8* T cells and thus reinforced T cell function. Biochemically, SMAD4 was directly phosphory-
lated by ERK at Ser*® residue following TCR activation. Our study thus demonstrates a critical yet unexpected role

of SMAD4 in promoting CD8" T cell-mediated cytotoxic immunity.

INTRODUCTION

Transforming growth factor-p (TGF-B) has pleiotropic roles in
lymphocyte regulation (1). TGF-p is important in T cells by con-
trolling cell differentiation into specific lineages and regulating cell
survival, proliferation, and effector functions. In contrast to its role
in supporting the maintenance of naive T cell pools, TGF-B markedly
restrains the activity of effector T cells. In particular, TGF-p inhibits
CD8" T cell proliferation; in the absence of TGF-p signaling, CD8*
T cells mount a potent antitumor cytotoxic response in tumor eradica-
tion (2). In these cells, TGF-p signaling was shown to repress the ex-
pression of interferon-y (IFN-y), genes encoding cytolytic machinery
components and transcription mediators that orchestrate their ex-
pression, thus inhibiting the antitumor activity (3). TGF-B is thus an
attractive target in cancer immunotherapy.

SMAD (mothers against decapentaplegic homologs) molecules
are the core components in TGF- signaling pathway. TGF- binding to
its receptor induces phosphorylation and activation of receptor-
regulated SMADs (R-SMADs), i.e., SMAD2 and SMAD3, which subse-
quently associate with their partner SMAD4 and translocate from
cytoplasm to nucleus (4). Formation of R-SMAD-SMAD4 com-
plexes is essential in signaling of most TGF-B family members (5).
TGF-B-SMAD signaling also has a key role in CD8" T cell responses.
Reduced SMAD?2 phosphorylation in the dominant-negative TGFBRII
T cells was associated with increased survival and expansion of virus-
specific CD8" T cells during chronic lymphocytic choriomeningitis
virus (LCMYV) infection (6). As a result, CD8" T cells exhibited
enhanced cytotoxicity, increased production of antiviral cytokines,
and down-regulation of the inhibitory molecules, suggesting that
TGF-B-SMAD?2 signaling is important for T cell exhaustion. However,
Cd4°Smad4™ or Lck“Smad4™™ mice were reported to spon-
taneously develop cancer but not autoimmunity (7, 8). In CD8"
T cells, the role of SMAD4 is still controversial. A study showed that
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SMAD4 deficiency reduced memory CD8" T cell responses due to
aberrant transcriptional programs (9). On the contrary, SMAD4 was
indicated by another study to be essential in the development of cen-
tral memory CD8" T cells in Listeria monocytogenes infection model;
reduced short-lived effector T cells but increased memory precursor
effector T cells were generated in Lck“Smad4™ mice, where SMAD4
was deficient in both CD4" and CD8" T cells (10). However, another
study using Cd4“"*Tgfbr2""Smad4™™ mice reported that SMAD4 was
dispensable for T cell generation, homeostasis, and effector function,
but it was essential for both CD4" and CD8" T cell proliferation after
activation in vitro and in vivo through regulating Myc expression (11).
Hence, until now, whether and how SMAD4 regulates CD8" T cell
effector function are still not clear.

In this study, we unexpectedly found that SMAD4 was critical in
promoting CD8" T cell cytotoxic function. SMAD4-mediated tran-
scriptional regulation of CD8" T cell activation and cytotoxicity is
regulated by T cell receptor (TCR) but not TGF- signaling pathway.
Mechanistically, SMAD4 was directly phosphorylated by extracellular
signal-regulated kinase (ERK) at Ser’®’ residue following TCR ac-
tivation. Therefore, our work has offered previously unidentified, im-
portant insights into the function of SMAD4 in promoting CD8"
T cell-mediated cytotoxic immune responses.

RESULTS

SMADA4 expression in CD8" T cells is required for their
cytotoxic function

To understand the role of SMAD4 in T cell-mediated tumor immunity,
we first subcutaneously inoculated E.G7 cells (10° cells per mouse), a
chicken ovalbumin (OVA)-expressing mouse T cell lymphoma
derived from EL4 cells, into Cd4“"Smad4™™ mice and Smad4™"
mice [wild type (WT)], and compared tumor growth between these
two groups. Cd4"Smad4™™ group developed much larger tumors
than WT control mice (fig. S1A). In tumor-infiltrating immune cells,
cells expressing CD11b, Gr-1, and NK1.1 showed no significant dif-
ference between the two groups (fig. S1B). SMAD4 deletion did not
alter the numbers of total tumor-infiltrating lymphocytes (TILs) or
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CD3" TILs, but cell numbers per cubic millimeter of tumor mass
were greatly reduced in Smad4-deficient group (fig. S1C). Further
flow cytometric analysis showed that SMAD4 deletion decreased the
percentage of CD8", but not CD4" TILs (fig. S1D). Consistent with
the reduced frequencies, CD8" TILs from Cd4"Smad4™" mice
expressed greatly reduced levels of granzyme B (GZMB), the major
mediator of CD8" T cell cytotoxicity, compared with those from
WT mice (fig. S1E). The expression levels of programmed cell death
protein 1 (PD-1) and IFN-y were also slightly decreased in Smad4-
deficient CD8" TILs, although the expression of tumor necrosis fac-
tor-a (TNFa) showed no difference between these two groups (fig.
S1E). In CD4" TILs, the expression of TNFa, IFN-v, and forkhead
box P3 (Foxp3) displayed no significant difference between WT
and Cd4“"*Smad4™® groups (fig. SIF). Similar to E.G7 tumor model,
experiments using subcutaneous injection of mouse colon carcinoma
MC38 cells also showed increased tumor growth in Cd4“"Smad4™"
mice compared with WT mice (fig. S1G).

The above studies suggest that SMAD4 deletion unexpectedly
inhibited CD8" T cell antitumor response, without affecting the
expression of TNFa, IFN-y, and Foxp3 in CD4" T cells. Then, to
determine whether SMAD4 expression in CD8" T cells was intrinsi-
cally required for their function, we generated Cd8“Smad4™"
mice, which deleted Smad4 specifically in peripheral CD8" T cells.
We subcutaneously injected E.G7 cells (10° cells per mouse) into WT
and Cd8“"Smad4"" mice. As above in Cd4°*Smad4"" mice, E.G7
tumors in Cd8“™Smad4™™ mice exhibited increased growth com-
pared with those in WT control mice (Fig. 1A). Then, we studied
tumor antigen-specific immune responses. The percentages of
OV A-specific CD8" TILs stained with a SIINFEKL H-2Kb tetramer
were greatly reduced in Smad4-defecient group compared with WT
group (Fig. 1B). GZMB and IFN-y expression was also much lower
in Smad4-deficient CD8" TILs than WT CD8" TILs when gating
total CD8" TILs (Fig. 1B). As expected, consistent with reduced
effector molecule production, expression of the exhaustion markers
PD-1 and TIM-3 (T cell membrane protein 3) was also lower in
Smad4-deficient CD8" TILs (fig. S2A). Similar levels of Ly108 and
Ki-67 expression indicated that the stemness and proliferation of
CDS8" T cells, respectively, were unaffected in live cells in the absence
of SMADA4 (fig. S2A). Moreover, we performed recall response ex-
periments to analyze CD8" TILs following restimulation by OVA
peptides in vitro. Both the percentages of CD8" TILs and the ex-
pression levels of effector molecules GZMB and KLRG1 (killer cell
lectin-like receptor G1) were reduced in SMAD4-deficient T cells
(fig. S2, B and C). In addition, we compared E.G7 tumor fgrowth side
by side among Cd8“**Smad4™" mice, Cd4“*Smad4™™ mice, and
WT mice. Similar trends of tumor growth were seen in Cd8“*Smad4™"
mice and Cd4“Smad4™" mice, both of which generated much larger
tumors than WT control mice (fig. S3A). GZMB and IFN-vy expres-
sion in OVA-specific CD8" T cells from both Cd8“"Smad4™™ mice
and Cd4“Smad4™™ mice was significantly reduced compared with
WT mice (fig. S3B).

To validate the above results further, we sorted CD8" T cells recog-
nizing OV As7.264 peptide from Cd8%"*Smad4™ OT-1 mice and
Smad4"" OT-1 (WT OT-I) mice and adoptively transferred them
(3 x 10° cells per mouse) into E.G7 tumor-bearing TCRbd ™'~ mice at
day 9 after inoculation. WT OT-I cells inhibited tumor development
since day 13, but Smad4-defecient OT-I cells did not at all (Fig. 1C).
The percentages of OT-I cells were significantly reduced in Smad4-
defecient group (fig. S4A). Similar as above, expression of GZMB
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was strongly suppressed in Smad4-defecient OT-I cells in contrast
with WT OT-I cells. Although WT and Smad4-defecient OT-I cells
did not show much difference in their expression of IFN-y and TNFa.
(fig. S4B), surface PD-1 and TIM-3 expression was significantly
decreased in the absence of SMAD4 (fig. S4C). These results revealed
that Smad4-defecient CD8" TILs exhibited defective maintenance
and impaired effector function.

The above results indicate a critical role of SMAD4 in CD8" T cell
response in tumors. To confirm this using an infection model, we
challenged Cd8“Smad4™™ mice and their littermate controls with
OVA-modified L. monocytogenes (LM-OVA). LM-OVA colony-
forming units (CFUs) and CD8" T cells from both spleens and livers
were analyzed at day 8 after infection. Cd8“Smad4™"! mice had much
higher levels of LM-OVA CFUs than their littermate controls (Fig. 1D).
Percentages of OV A-specific CD8" T cells from both spleen and liver
were much lower in the CA8“"*Smad4™" group than the WT group
(Fig. 1E). GZMB was notably reduced in Smad4-deficient CD8"
splenic and hepatic T cells upon restimulation with the SIINFEKL
peptide (Fig. 1F). IFN-y expression also decreased in Smad4-deficient
hepatic CD8" T cells but showed no difference in spleen (Fig. 1F).
Thus, we conclude that SMAD4 is intrinsically required for the cyto-
toxic function of CD8" T cells in vivo.

SMAD4 regulates the expression of genes related to CD8"*

T cell activation and effector function

To understand the mechanisms whereby SMAD4 regulates CD8"
T cell function, we conducted transcriptional profile analysis of
OVA-specific CD8" TILs from E.G7-bearing WT and Cd8“*Smad4™"
mice (day 19). Overall, SMAD4 deficiency led to down-regulation of
508 genes (P < 0.01, fold change > 1.5). Gene Ontology pathway
analysis of these genes revealed that the top affected pathway involved
T cell activation, including genes encoding TCR and costimulatory
receptors (e.g., Cd3e, Cd28, Cd8a, and Icos), TCR signaling-related
tyrosine kinase (e.g., Zap70 and Fyn), activation or effector markers
(e.g., Cd27, Ifng, and Tnfsf13b), and coinhibitory receptors (e.g.,
Lag3, Tigit, and Ctla4) (Fig. 2, A and B). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis also revealed that the
top two affected pathways were nature killer cell-mediated cytotoxicity,
also expressed during CD8" T cell-mediated cytotoxicity, such as
Prfl, Gzmb, Fasl, Ifng, and Klrcl, and TCR signaling pathway, such as
Cd247, Pik3r1, Sos2, Nfatcl, and Nfatc2 (Fig. 2, A and B). The gene
Lampl (encoding CD107a) showed no difference (Fig. 2A), indicat-
ing that SMAD4 abrogation did not affect CD8" T cell degranula-
tion. In addition, Mki67 (encoding Ki-67) exhibited no difference
(Fig. 2A), accordant with our flow cytometric results, demonstrat-
ing that SMAD4 abrogation did not affect CD8" T cell prolifera-
tion. Genes up-regulated as a result of SMAD4 abrogation were
mainly involved in T cell chemotaxis and migration (Fig. 2A and fig.
S5). Thus, the pathway analysis reveals that SMAD4 contributes
to CD8" T cell effector function possible via TCR-mediated signal-
ing pathway.

Gene set enrichment analysis was also conducted, which revealed
that gene sets related to effector T cells in chronic LCMV infection
(12) were enriched in OVA-specific CD8" TILs from WT mice, but
not Smad4-deficient CD8" TILs (Fig. 2C). On the other hand, the
gene sets defined as up-regulated in exhausted T cells when comparing
with naive T cells in autochthonous melanoma (13) were enriched in
OVA-specific CD8" TILs from WT mice, but not from Cd8“Smad4™"
mice (Fig. 2D). In addition, gene sets defined as up-regulated in
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Fig. 1. SMAD4-deficient CD8" T cells exhibit impaired cytotoxic function. (A) E.G7 cells (1 x 10° cells per mouse) were inoculated subcutaneously into WT (n = 5) and
Cd8“esmad4™" mice (n=5). Tumor growth was monitored from day 9 after inoculation. (B) TILs were isolated at day 17 from E.G7-bearing mice. OVA-specific CD8* T cell
percentages and GZMB, TNFa, and IFN-y expression in CD8" TILs were analyzed by flow cytometry. (C) Left: Growth of E.G7 tumor in mice receiving WT or Smad4-deficient
OT-l cells (3 x 10° cells per mouse). Right: Representative images of tumors, 17 days after transplant. KO, knockout. (D) OVA-modified L. monocytogenes (LM-OVA) colony-
forming units (CFUs) from spleens and livers were calculated at day 8 after infection. (E) The percentages of OVA-specific CD8* T cells in spleens and livers from LM-OVA-
infected WT (n=5) or Cds“smad4™ mice (n=5). Measured by flow cytometry. (F) Expression levels of GZMB and IFN-y in CD8" T cells from LM-OVA-infected WT or
Cds“"smad4™™ mice. These experiments were repeated three times. Data are represented as means + SEM. ns, not significant. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 2. SMAD4 regulates CD8* T cell activation and effector function. (A) Heatmap of selected differentially expressed genes showing OVA-specific CD8" TILs from WT
mice versus that from Cd8<Smad4™" mice (WT versus KO). (B) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of SMAD4
up-regulated (SMAD4 abrogation down-regulated) genes between OVA-specific CD8" TILs from WT and Cds“esmad4™® mice. Ty, T helper cell. (C) Gene set enrichment
analysis of effector genes in chronic LCMV infection (72). Genes from the left to right of the rank-ordered list are enriched in WT and Smad4-deficient (KO) groups,
respectively. (D) Gene set enrichment of genes describing for exhausted CD8 T cells in mouse autochthonous melanoma, relative to naive CD8* T cells (73). (E) Gene set
enrichment of genes describing for terminally exhausted CD8" T cells in B16-OVA tumor model, relative to progenitor exhausted CD8" T cells (14). NES, normalized

enrichment score.

terminally exhausted CD8" T cells in B16-OVA tumor model (14)
were biased toward the WT group; those defined as up-regulated in
progenitor exhausted CD8" T cells were biased toward the Smad4-
deficient group (Fig. 2E).

To characterize the direct targets of SMAD4 in CD8" T cells,
genome-wide SMAD4 chromatin immunoprecipitation sequencing
(ChIP-seq) assay was conducted in CD8" T cells activated for 4 days
in vitro. In total, SMAD4 bound 2800 to 3000 gene loci in activated
CD8" T cells. Notably, KEGG pathway analysis revealed that the top
one listed pathway with SMAD4-bound genes is involved in TCR
signaling pathway (Fig. 3A). SMAD4 occupancy sites were enriched
with binding motifs for the central transcription factors in TCR-
mediated signaling pathway, such as activating protein 1 (AP1),
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Jun-AP1, nuclear factor of activated T cell:AP1, nuclear factor kB
(NFkB)-p65, and NFkB-Rel (Fig. 3B). Combinational analysis of
ChIP-seq and transcriptome data revealed that 132 genes were di-
rectly bound and up-regulated by SMAD4 (Fig. 3C), such as those
encoding TCR complex and costimulatory receptors (e.g., Cd247,
Cd28, Cd8a, and Icos) and activation or cytotoxic markers (e.g.,
Cd27, Gzmb, Prfl, and Fasl) (Fig. 3D). Therefore, SMAD4 directly
promotes CD8" T cell activation and effector function.

SMAD4 regulation of CD8* T cell function is independent

of TGF-B signaling

To further investigate the mechanisms underlying SMAD4-mediated
CD8" T cell activation and effector function, naive CD8" T cells from
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Fig. 3. SMAD4-mediated transcriptional regulation of CD8" T cell activation and cytotoxicity. (A) KEGG pathway analysis of SMAD4-bound gene loci in activated
CD8" T cells. (B) Transcription factor motif analysis following SMAD4 ChIP-seq experiment on activated CD8" T cells. (C) Venn diagram of SMAD4-regulated genes and
SMAD4-bound genes. (D) SMAD4 peaks at the Cd247, Cd27, Cd8a, Gzmb, Prf1, and Fasl gene loci in activated CD8" T cells (versus control input DNA).

WT and Cd8“*Smad4™ mice were cultured in vitro with plate-bound
anti-CD3 (5 pg/ml) plus anti-CD28 (5 pug/ml) for 3 to 4 days. We
found that similar to in vivo results, GZMB, TNFo, and IFN-y pro-
duction in Smad4-deficient CD8" T cells was significantly decreased
in contrast with WT CD8" T cells (Fig. 4A). Expression of Ki-67
showed no difference. Next, we compared the cytolytic activity be-
tween WT and Smad4-deficient CD8" T cells using in vitro cytolytic
assay. WT or Smad4-deficient OT-I cells were activated in vitro for 3
days and cocultured with E.G7 cells. Intracellular cleaved caspase-3
was measured at 5 hours in E.G7 cells and GZMB at 24 hours in
T cells, after coculture. WT group displayed both significantly ele-
vated caspase-3 levels in E.G7 cells and increased GZMB levels in
CD8" T cells compared with those from the knockout (KO) group
(Fig. 4B), suggesting that Smad4-deficient CD8" T cells had defective
cytolytic activity to target cells in vitro.

Because SMADA4 is a central cofactor involved in TGF-P signaling,
we analyzed CD8" T cell function in the presence of TGF-1 (2 ng/ml)
in vitro. Expression of GZMB, IFN-y, and Ki-67 in CD8" T cells from
WT and Cd8“Smad4™ mice was analyzed after 3 days of culture. We
found that TGF-B1 reduced the expression levels of these molecules
not only in WT CD8" T cells, consistent to its inhibitory roles in
CD8" T cells, but also in Smad4-deficient CD8" T cells (Fig. 4C).
Anti-TGF-, which was used to neutralize endogenous TGF-f1, ele-
vated the expression levels of GZMB, IFN-y, and TNFa but still did
not change the differences between WT and Smad4-deficient
CDS8" T cells (Fig. 4C). These data suggested that TGF-B suppression
of CD8" T cell function was independent of SMAD4. Moreover, we
compared GZMB, TNFa, and IFN-y expression between WT and
Smad4-deficient CD8" T cells in the presence of TGF-B receptor
inhibitor (SB431542; 1 pM) or bone morphogenetic protein (BMP)
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receptor inhibitor (K02288; 10 uM). These two inhibitors reduced
the expression of effector molecules in both WT and KO groups
(Fig. 4D), suggesting that other TGF-B superfamily members, such
as BMPs, Activins, and Nodal, maybe had an active role in maintaining
CDS8" T cell function. However, neither inhibitor narrowed the differ-
ences between WT and Smad4-deficient CD8" T cells. In addition,
we subcutaneously injected E.G7 cells (10° cells per mouse) into
Cd4“Smad2"" mice and Cd4“"*Trim33"™ mice to monitor the tu-
mor growth. TRIM33 (tripartite motif containing 33) in TGF-P signaling
can compete with SMAD4 for binding to phosphorylated SMAD2 or
SMAD?3 and mediate SMAD4-independent transcription of a distinct set
of genes (15). We found that E.G7 tumor growth showed no differ-
ences among Cd4“"*Smad2"" mice, Cd4“*Trim33"™ mice, and WT
control mice (fig. S6, A and B). In addition, similar to Cd4“Smad4™"
mice, Cd4“"*Smad4™ Trim33"" mice formed much larger tumors than
WT control mice (fig. S6C). Accordingly, these data suggest that the
role of SMAD4 in regulation of CD8" T cell cytotoxicity is indepen-
dent of TGF-P signaling.

SMAD4 nuclear translocation in CD8* T cells is regulated by
TCR activation

According to the above results, SMAD4 regulation of CD8" T cell
effector function appears independent of TGF- signaling but closely
related with TCR activation. Moreover, previous studies have re-
ported that posttranslational modifications defining SMAD4 inter-
actome, subcellular localization, and stability could be regulated by
some receptor kinases (16, 17). Thus, we examined the subcellular
localization of SMAD4 in CD8" T cells by immunofluorescence
microscopy to investigate whether TCR signaling could regulate
SMADA4 activity. First, we found that SMAD4 translocated into
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Fig. 4. SMAD4 regulation of CD8" T cell cytotoxicity is independent of TGF-§ signaling. (A) Expression levels of GZMB, IFN-y, Ki-67, and TNFa in WT and Smad4-deficient
CD8* T cells. Cells were activated with plate-bound anti-CD3 (5 ug/ml) plus anti-CD28 (5 ug/ml) and cultured in the presence of IL-2 (1 ng/ml) in vitro for 3 to 4 days. Mea-
sured by flow cytometry. FSC, forward scatter. (B) WT or Smad4-deficient OT-I cells were activated in vitro for 3 days and mixed with E.G7 cells at 1:1 ratio. Intracellular cleaved
caspase-3 was measured by anti-cleaved caspase 3 (1:100) at 5 hours after coculture. GZMB was measured by anti-GZMB (1:400) at 24 hours after coculture. (C) Top: Expression
levels of GZMB, IFN-y, and Ki-67 in WT and Smad4-deficient CD8" T cells in the presence of TGF-B1 (2 ng/ml). Bottom: Expression of GZMB, IFN-y, and TNFao in WT and
Smad4-deficient CD8" T cells in the presence of anti-TGF-B (1 ug/ml). Measured by flow cytometry after 3 days of culture. (D) Expression levels of effector molecules in WT
and Smad4-deficient CD8™ T cells in the presence of TGF- receptor inhibitor (SB431542; 1 uM) or BMP receptor inhibitor (K02288; 10 uM). Measured by flow cytometry
after 3 to 4 days of culture. These experiments were repeated three times. Data are represented as means + SEM. *P < 0.05 and ***P < 0.001. DMSO, dimethyl sulfoxide.

nucleus, at 24 hours, but not at 4 or 8 hours, after TCR stimulation
in vitro by anti-CD3/CD28 (fig. S7A). In contrast, when we examined
the subcellular localization of SMAD4 in immortalized T cell lines,
such as Jurkat and E.G7, SMAD4 was totally located in the nucleus
regardless of whether these cells were activated by anti-CD3/CD28
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or not (fig. S7, B and C). In addition, we compared expression levels
of SMAD4 in cytoplasm and nucleus between naive and activated
CD8" T cells by Western blotting. In naive CD8" T cells, SMAD4
was mainly found in cytoplasm, but in activated CD8" T cells, it was
mainly in the nucleus (Fig. 5A).
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Fig. 5. SMAD4 nuclear translocation in CD8" T cells is triggered by TCR signaling. (A) Expression levels of SMAD4 in cytoplasm and nucleus between naive and acti-
vated CD8" T cells by Western blotting. Cytoplasmic and nuclear protein was extracted from naive and in vitro activated CD8" T cells. The cells were activated by aCD3/
CD28 for 24 to 48 hours. Cyt, cytoplasm; Nuc, nucleus; n, naive; a, activated; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) Subcellular localization of SMAD4 in
naive and aCD3/CD28 activated CD8" T cells (in the presence of DMSO control, Itk inhibitor, PI3K inhibitor, Lck inhibitor, and combination of Lck/Itk inhibitors, respectively).
The cells were collected, spun down to a cytospin microscope slide, and fixed and stained with aSMAD4 followed by staining with Alexa Fluor 488-conjugated secondary
antibody. The results shown here represent the merged photos of SMAD4 (green) and 4' (green) andcondary antibod (DAPI) (blue; indicated for nuclear location) staining.
Scale bars, 10 um. Right: Statistic data of SMAD4 nuclear translocation ratio, which was determined by manually counting the percentage of cells containing higher
SMAD4 staining intensity in the nucleus versus cytoplasm in three representative fields revealed by Image-Pro Plus software. (C) Subcellular localization of SMAD4 in
aCD3/CD28 activated CD8* T cells in the presence of DMSO control, p38a/B inhibitor, c-Jun N-terminal kinase 1/2 inhibitor, MEK1/2 inhibitor, and ERK1/2 inhibitor, respec-

tively. All the groups were added TGF-B receptor inhibitor. These experiments were repeated two or three times with consistent results. The statistics were performed by
Student’s t test. *P < 0.05, **P < 0.01, and ****P < 0.0001.

Then, we examined SMAD4 translocation in the presence
of Lck (lymphocyte-specific protein tyrosine kinase) inhibitor
(10 uM), Itk (IL2 inducible T cell kinase) inhibitor (BMS-509744;
0.1 uM), or phosphatidylinositol 3-kinase (PI3K) inhibitor (PI-103;
0.5 uM). Earlier published studies have showed that Lck is a critical
component of TCR signaling (18-20). Inhibition of Lck nearly
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completely suppressed SMAD4 nuclear localization whether in the
presence of TGF-B receptor inhibitor (SB431542; 1 uM) and BMP
receptor inhibitor (K02288; 10 uM) or not (fig. S7D and Fig. 5B).
Treatment with Itk inhibitor, which inhibits the generation of
diacylglycerol and inositol trisphosphate, suppressed SMAD4
nuclear localization only in a small part of cells, and inhibition of PI3K
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suppressed SMAD4 nuclear localization in about 50% cells (Fig. 5B).
We then continued to test some inhibitors for mitogen-activated pro-
tein kinases (MAPKSs). c-Jun N-terminal kinase 1/2 inhibitor (SP600125;
20 uM) and p38a/B inhibitor (doramapimod; 5 uM) exhibited no effect
on nuclear translocation of SMAD4 (Fig. 5C). MAPK kinase 1/2
(MEK1/2) inhibitor (trametinib; 0.1 uM) and ERK1/2 inhibitor
(SCH772984; 0.4 uM) significantly reduced SMAD4 nuclear localiza-
tion (Fig. 5C), suggesting that nuclear translocation of SMAD4 is regu-
lated by TCR-triggered MEK/ERK signaling.

ERK phosphorylation of SMAD4 at Ser®®’ regulates SMAD4
nuclear translocation

The above studies suggest that SMAD4 nuclear translocation is regulated
by MEK/ERK signaling. It has been regorted that SMAD4 could be
directly phosphorylated by ERK at Thr*® (21), so we tested whether
phosphorylation of Thr*’® could be detected on SMAD4 in CD8"
T cells. High expression levels of total SMAD4 were detected in
anti-CD3/CD28-activated CD8" T cells and anti-CD3/CD28 plus
PI3K inhibitor (PI-103; 0.5 uM)-treated CD8" T cells. Naive and
CD8" T cells treated with anti-CD3/CD28 plus ERK inhibitor
(SCH772984; 0.4 uM) exhibited reduced expression of total SMADA4.
However, in all these four groups, we did not detect phosphoryl-
ation of Thr*’® on SMAD4 by Thr*’® antibody (Fig. 6A). Thus, we
further performed phosphorylation site screening in activated CD8"
T cells. T cells were subjected to anti-SMAD4 immunoprecipitation
followed by mass spectrometry analysis. In activated CD8" T cells,
three candidate serine/threonine phosphorylation residues (Ser*®’,
Thr*”?, and Ser™!) were detected on SMADA4, which were not detected
in naive or ERK inhibitor-treated CD8" T cells (Fig. 6B). To validate
the three phosphorylation sites, we generated the phosphorylation
defective S367F, T372K, and S431I mutants of SMAD4 and over-
expressed SMAD4-WT (WT SMAD4) or these three SMAD4 mutants
in Smad4 ™"~ CD8" T cells. SMAD4 nuclear translocation was measured
at 24 hours after infection. Figure 6C showed that SMAD4-S367F
mutant did not respond to TCR signaling in their nuclear localiza-
tion and mostly retained in the cytoplasm. SMAD4-T372K and
SMAD4-84311 mutants responded well to TCR signaling and trans-
located into nuclei in all cells, just like SMAD4-WT protein.

To validate whether $367 on SMAD4 is phosphorylated by ERK,
we performed kinase assays in vivo and in vitro, using a phospho-
serine (p-Ser) antibody. In transfected human embryonic kidney (HEK)
293T cells, co-overexpressed MEK1 and ERK2 apparently phos-
phorylated SMAD4-WT. In contrast, SMAD4-S367F mutant failed
to be phosphorylated by co-overexpressed MEK1 and ERK2 (Fig. 6D).
In vitro phosphorylation assay showed that recombinant active ERK2
phosphorylated SMAD4-WT more efficiently than SMAD4-S367F
mutant, both of which were expressed in HEK-293T cells and puri-
fied via immunoprecipitation (Fig. 6E). All of these results demon-
strate that SMAD4 can be phosphorylated by ERK at Ser*® residue.

CD8" T cells with SMAD4-S367F mutation exhibit

impaired cytotoxicity

To further validate the role of S367 phosphorylation in T cells, we
tested the cytotoxic function of CD8" T cells with SMAD4-S367F
mutation in vitro and in vivo. We infected Smad4™~ CD8" T cells
with empty control retrovirus or retrovirus containing either WT or
S367F mutant Smad4. Forty-eight hours after infection, GZMB ex-
pression level in S367F-infected CD8" T cells was as low as that in
Smad4™~ CD8" T cells (empty control group) and was apparently

Liu et al., Sci. Adv. 8, eabo4577 (2022) 27 July 2022

lower than that in CD8" T cells reconstituted with SMAD4-WT
molecule (Fig. 7A). In addition, we infected Smad4™’~ OT-I cells
with empty control retrovirus or retrovirus containing either WT or
S367F mutant Smad4, and the infected OT-I cells (EGFPhigh cells)
were sorted and introduced into C57BL/6 mice, followed by LM-OVA
infection. LM-OVA CFUs from spleens and livers and splenic OT-I
cells were analyzed at day 7 after infection. Consistent with the
LM-OVA model performed with WT and Cd8*Smad4™" mice,
SMAD4-S367F group displayed much higher levels of LM-OVA CFUs
in both spleens and livers (Fig. 7B), with reduced GZMB production
in OT-I cells (Fig. 7C), compared with SMAD4-WT group. We also
tested the antitumor activity of OT-I cells with SMAD4-S367F muta-
tion in E.G7-bearing TCRbd '~ mice. SMAD4-$367F OT-I cells showed
reduced antitumor activity compared with SMAD4-WT OT-I cells
(Fig. 7D). In addition, the expression levels of GZMB, TNFo, and
IFN-y were significantly reduced in SMAD4-S367F OT-I cells when
compared with SMAD4-WT OT-I cells (Fig. 7E). Together, our re-
sults demonstrate a key role for SMAD4, activated by the TCR-ERK
pathway, in regulation of CD8" T cell function.

DISCUSSION

In our current study, we unexpectedly discovered SMAD4 as a critical
factor in TCR-mediated intracellular signaling in CD8" T cells. It
functions to directly up-regulate the expression of the genes encoding
TCR complex subunits and cytotoxic molecules in CD8" T cells. SMADA4
is activated after phosphorylation by ERK at the Ser*® residue.

Structural and functional differences separate the 32 members of
the TGF-B superfamily cytokines into TGF-p and BMP subfamilies
(22). Our results indicate that SMADA4 plays a critical role in CD8"
T cell activation and effector function via TCR-mediated rather than
TGEF-B-mediated signaling pathway by using TGF-p receptor inhib-
itor and BMP receptor inhibitor. Moreover, we found that SMAD4
contributes to T cell activation and effector function specifically in
CD8" T cells, which was not found previously in CD4" T cells. The
basis for the differential functions of SMAD4 in CD4" and CD8"
T cells is not understood, maybe because of different kinase-substrate
interaction, complex formation, or different phosphorylation site,
which still needs further investigation. We have not formally ruled
out a potential role of SMAD4 in TGF- signaling in CD8" T cells,
although it has not been revealed in our genetic analysis.

Multiple phosphorylation sites have been reported in SMAD4,
including constitutive phosphorylation at Thr”’® in the linker region by
ERK (21), Ser** phosphorylation in the MH2 domain by MPK38
(23), Thr”” phosphorylation in the amino-terminal MH1 domain by
liver kinase B1 (24), and Tyr*® phosphorylation in the MH1 domain
by anaplastic lymphoma kinase (17), although not all the phosphoryl-
ation sites have been identified. Our results do not exclude the possi-
bility that SMAD4 is phosphorylated on other residues in CD8" T cells.
However, Ser’® is certainly the most critical phosphorylation site of
SMAD4 in TCR-triggered MEK/ERK signaling in CD8" T cells. Func-
tional and structural analyses of the MH1 and MH2 domains have
provided critical insights into the principal interactions of SMAD4 with
other proteins and with DNA. The MH1 domain is a DNA binding
module, while the highly conserved MH2 domain is one of the most
versatile protein-interacting modules in signal transduction (25).
Therefore, phosphorylation of Ser*® residue in the MH2 domain by
ERK, which regulates SMAD4 nuclear accumulation, is consistent
with the function of SMAD4 MH2 domain.
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Fig. 6. SMAD4 phosphorylation at Ser>®” by ERK regulates SMAD4 nuclear translocation. (A) Expression levels of total SMAD4 and phosphorylated SMAD4 at Thr?’®

in naive and aCD3/CD28 activated CD8* T cells (in the presence of DMSO control, PI3K inhibitor, ERK inhibitor, respectively). ERKi, ERK1/2 inhibitor; PI3Ki, PI3K inhibitor.
(B) Three candidate serine/threonine phosphorylation sites (Ser357, Thrm, and Ser‘m) on SMADA4. Cell lysates from aCD3/CD28 activated CD8* T cells were subjected to
anti-SMAD4 purification viaimmunoprecipitation followed by mass spectrometry analysis. (C) Immunofluorescence staining data of SMAD4 (red; Alexa Fluor 594) in naive
or aCD3/CD28 activated CD8" T cells infected with retrovirus harboring WT Smad4 or the three mutant Smad4 gene (24 hours after retrovirus infection). Statistic data of
SMADA4 nuclear translocation ratio were determined by manually counting the percentage of cells containing higher SMAD4 staining intensity in the nucleus versus cytoplasm
in three representative fields. (D) Co-overexpressed MEK1 and ERK2 phosphorylated SMAD4 at Ser®®” site. FLAG-SMAD4-WT or FLAG-SMAD4-5367F and MEK1-ERK2 were
cotransfected into HEK-293T cells. Inmunoprecipitation by anti-FLAG and Western blotting were carried out. (E) Western blotting results of in vitro phosphorylation assay
by using recombinant active ERK2. FLAG-SMAD4-WT and FLAG-SMAD4-S367F were immunoprecipitation-purified with anti-FLAG affinity gel, washed by 3x FLAG peptide.
Phospho-serine (p-Ser) levels (relative to total SMAD4) were quantified by ImageJ software. These experiments were repeated two or three times with consistent results.

Our results revealed that SMAD4 expression levels were elevated
after TCR signaling in CD8" T cells (Fig. 6A). Quantitative analysis
from a published study also showed that SMAD4 protein expression
levels were significantly elevated in activated CD4" and CD8" T cells,
compared with naive T cells by mass spectrometry (fig. S8) (26).

Liu et al., Sci. Adv. 8, eabo4577 (2022) 27 July 2022

Thus, during CD8" T cell activation and effector differentiation, the
expression levels of SMAD4 increase. Meanwhile, SMAD4 trans-
locates into the nucleus and up-regulates the genes encoding TCR
complex subunits and costimulatory receptors (e.g., Cd3e, Cd28, Cd8a,
and Icos) and TCR signaling-related tyrosine kinase (e.g., Zap70 and
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Fig. 7. SMAD4-S367F mutant CD8* T cells exhibit impaired cytotoxicity. (A) Expression levels of GZMB in empty control, SMAD4-WT, or SMAD4-S367F retrovirus-infected
CD8* T cells. CD8* T cells from Cd8“®Smad4™® mice were isolated and infected with empty control retrovirus or retrovirus containing either WT or S367F mutant Smad4.
Forty-eighty hours after infection, GZMB expression was measured by flow cytometry. (B) LM-OVA CFUs from spleens and livers were calculated at day 7 after infection.
OT-l cells isolated from Cd8<"Smad4™ OT-I mice were infected with empty control retrovirus or retrovirus containing either WT or $367F mutant Smad4. The infected OT-|
cells (EGFP™ cells) were sorted and intravenously transferred into C57BL/6 mice. Twelve hours later, LM-OVA (2 x 10* CFUs per mouse) was also intravenously injected into
the recipient mice. (C) Expression of GZMB in splenic OT-I cells. Measured by flow cytometry. (D) E.G7 cells (1 x 10° cells per mouse) were inoculated subcutaneously into
TCRbd ™~ mice. Tumor growth were monitored from day 9 after inoculation. OT-I cells isolated from Cd8®Smad4™" OT-I mice were infected with retrovirus containing
either WT or $367F mutant Smad4. The infected OT-I cells (EGFP* cells) were sorted and intravenously transferred into E.G7-bearing TCRbd™~ mice at day 9 after E.G7 cells
inoculation. (E) Expression of GZMB, TNFa, and IFN-y in CD8* TILs from E.G7-bearing TCRbd ™"~ mice was measured by flow cytometry. Data are represented as means + SEM. The
statistics were performed by Student’s t test. *P < 0.05, ***P < 0.001, and ****P < 0.0001.

Fyn). These findings indicate that SMAD4 reinforces the TCR activa-  percentages in tumor and infection models, although the expression
tion signals through a feedforward loop. Reduced TCR activation levels of Ki-67 between live WT and SMAD4-deficient CD8" T cells
and insufficient TCR signaling strength led to defective maintenance = show no differences in both in vivo (fig. S2A) and in vitro
and survival of Smad4-deficient T cells. This is likely the reason why  (Fig. 4A) results. In addition, increased proportions of CD127 " KLRG1~
Smad4-deficient T cells were reduced in cell numbers and  subsets were found in SMAD4-deficient CD8" TILs (fig. S2C),
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suggesting that SMAD4 deficiency led to memory T cell precursor
generation.

Moreover, our results suggest that SMAD4 regulates the expres-
sion of many genes involved in TCR-mediated MAPK signaling
pathway (Fig. 3A), such as Map2k3, Map3k4, and Map4k2. The results
indicate complex interactions between SMAD4 and the MAPK path-
way (containing MEK and ERK), which is still not fully understood.
Future analysis of the dynamic interaction of SMAD4 and MAPK
will be needed, which may also exist in other types of cells, in addi-
tion to CD8" T cells.

In light of the critical role of TGF- signaling on cancer progression
and immune evasion, a wide range of anticancer therapeutic modal-
ities have been developed targeting TGF-B. TGF-p is thought to sup-
press CD8" T cell function through canonical (SMAD-dependent)
or non-canonical (SMAD-independent) pathway (27), the signaling
mechanisms of which still need further investigation. However, our
study found that SMAD4 was critical in promoting CD8" T cell cyto-
toxicity, which was dependent on TCR but not on TGF-p signaling.
Our results suggest that SMAD4, dispensable in TGF-p signaling, is
important in TCR-triggered CD8" T cell cytotoxic function.

Natural killer (NK) cells and CD8" cytotoxic T cells share func-
tions in cytolytic immune response. In mice, SMAD4-deficient NK
cells were reported to have a gene signature that was ILC1 (innate
lymphoid cell 1)-like and was indicative of imprinting by TGF-B. NK
cell effector functions require SMAD4 (28). Similar with our results in
CD8" T cells, SMADA4-deficient NK cells were unable to control tu-
mor metastasis or viral infection. However, the mechanisms under-
lying SMAD4 activation and function in NK cells will need to be
further studied, where perhaps our results in CD8" T cells will be
applicable.

In summary, we discovered an unexpected role of SMAD4 in TCR-
triggered CD8" T cell activation and cytotoxic function. Our study
thus offers important insights into the molecular mechanisms under-
lying cytotoxic CD8" T cell function in pathogen elimination and
tumor surveillance.

MATERIALS AND METHODS

Mice

Trim33M1 (29) and Smad2"" mice (30) were crossed with Cd4 " mice
(31). Smad4™™ mice (32) were crossed with Cd4%™ (31) and Cd8“™
mice to generate conditional Smad4 KO mice. The Cd8™™, Tcrbd ™',
and OT-I TCR transgenic mice were purchased from the Jackson
Laboratory. All the mice were housed in the specific pathogen-free
animal facility at Tsinghua University. All the animal experiments
were performed according to the protocols approved by the Institu-
tional Animal Care and Use Committee.

Cre

Murine tumor models
E.G7 cell line was purchased from American Type Culture Collection.
MC38 cell line was generously provided by Y. Zhang (Tsinghua
University, China). E.G7 and MC38 cells were cultured in RPMI 1640
medium plus 10% fetal bovine serum and penicillin-streptomycin
(100 U/ml). E.G7 or MC38 cells (1 x 10°) resuspended in 100 ul of
phosphate-buffered saline (PBS) was injected subcutaneously into
the right flank of 6- to 10-week-old mice.

For adoptive transfer experiments, E.G7 cells (1 x 10° cells Per mouse)
were implanted subcutaneously into the right flank of Tcrbd ' recipient
mice. At 9 days after tumor transplant, naive (CD8*CD62LMCD44°)
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OT-I cells (3 x 10° cells per mouse) from Smad4™® OT-1 mice or
Cd8“Smad4™ OT-1 mice were sorted and adoptively transferred into
tumor-bearing mice intravenously.

To test the cytotoxic function of CD8" T cells with SMAD4-
$367F mutation, E.G7 cells (1 x 10° cells per mouse) were inoculated
subcutaneously into TCRbd '~ mice. Tumor growth was monitored
from day 9 after inoculation. OT-I cells isolated from CA8“Smad4™”
1 OT-I mice were infected with retrovirus containing either WT or
S367F mutant Smad4. The infected OT-I cells [enhanced green fluores-
cent protein—positive (EGFP") cells] were sorted and intravenously
transferred into E.G7-bearing TCRbd '~ mice at day 9 after E.G7
cells inoculation.

For all the tumor models, tumor growth was monitored every
2 days. Tumor volume was calculated by the following formula: tumor
volume = (1t/6) x (L x W?), where L and W are the longer and shorter
dimensions of the tumor, respectively. Mice were sacrificed after
18 to 22 days for phenotypic analyses.

L. monocytogenes infection model

To test the cytotoxic function of Smad4-deficient CD8" T cells,
Cd8“Smad4™™ or Smad4™" mice were intravenously infected with
1 x 10* CFUs of LM-OVA. To test the cytotoxic function of CD8"
T cells with SMAD4-S367F mutation, C57BL/6 recipient mice were
intravenously infected with 2 x 10* CFUs of LM-OVA. Twelve hours
later, mice were adoptively transferred with empty control, WT-Smad4,
or S367F-Smad4 retrovirus plasmid-infected OT-I cells. To deter-
mine the organ Listeria burden, spleens and livers from infected mice
were homogenized separately in PBS and then 1:1 mixed with 0.1%
Triton X-100. Serial dilutions of homogenate were plated on brain
heart infusion agar plates, and bacterial CFUs were assessed after
24 to 48 hours growth at 37°C. Spleens and livers were minced using
razor blades in ice-cold PBS followed by passing through a 70-mm cell
strainer to achieve a single-cell suspension. After lysis of red blood
cells and washing with cold PBS, cells were stimulated with the SINFEKL
peptide (10 ng/ml) or phorbol 12-myristate 13-acetate (PMA; 50 ng/ml;
Sigma-Aldrich, MO) and ionomycin (500 ng/ml; Sigma-Aldrich,
MO) in the presence of brefeldin A (GolgiPlug, BD Biosciences) for
4 hours before staining with fluorescence-conjugated antibodies for
flow cytometric analysis.

Plasmid construction and retroviral transduction

The genes of MEK1, ERK2, and SMAD4 were polymerase chain re-
action (PCR)-amplified, cloned into the pRVKM retroviral vector,
and then used for constructing the MEK1-ERK2 co-overexpression
or SMAD4-S367F/T372K/S4311 mutant plasmid by site-direct mu-
tagenesis. The plasmids were transfected together with pcl-ECO into
HEK-293T cells for preparing retrovirus. Naive CD8" T cells [isolated
using a magnetic-activated cell sorting (MACS) mouse CD8" T cell
isolation kit (Invitrogen) and CD8"CD25 CD44"°*CD62L"¢" naive
CD8" T cells were sorted by FACSAria III cell sorter] were activated
with plate-bound anti-CD3 plus anti-CD28 for 24 hours under neutral
condition and were infected with virus harboring the WT or SMAD4-
mutant genes by spinning.

Isolation of TILs

E.G7 or MC38 tumors were digested with collagenase D (1 mg/ml)
supplemented with deoxyribonuclease I (10 U/ml) for 40 min at
37°C before centrifugation on a discontinuous Percoll gradient (GE
Healthcare).
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Flow cytometry

Single-cell suspensions were stained with antibodies against surface
molecules. For intracellular cytokine staining, cells were stimulated
with PMA (50 ng/ml; Sigma-Aldrich, MO) and ionomycin (500 ng/ml;
Sigma-Aldrich, MO) in the presence of brefeldin A (GolgiPlug, BD
Biosciences) for 4 hours before staining with antibodies against sur-
face proteins followed by fixation and permeabilization by using the
eBioscience Fix/Perm or BD Fix/Perm buffer kit and staining with
antibodies against intracellular antigens. For recall response experi-
ment, cells were stimulated with OV A;s7_364 peptide (10 ng/ml)
overnight and then added GolgiPlug for 2 hours. Cells were analyzed
on an LSRFortessa (33) flow cytometer, and data were analyzed using
FlowJo X. Dead cells were excluded on the basis of viability dye
staining (Fixable Viability Dye eF506, eBioscience).

In vitro cytolytic assay

Naive OT-I cells were activated in vitro for 3 days and mixed with
E.G7 cells at 1:1 ratio. Intracellular cleaved caspase-3 was measured
by anti—cleaved caspase 3 (1:100) at 5 hours after coculture. GZMB
was measured by anti-GZMB (1:400) at 24 hours after coculture.

Cytospin and immunofluorescence staining

Naive T cells were activated for 24 hours and then resuspended in
culture medium at 1 million/ml. One hundred microliters of each
cell suspension was added to a slide chamber and spun down onto
the slide using a cytocentrifuge (800 rpm/3 min). The cells were fixed
on slide with 4% paraformaldehyde, permeabilized with 0.01% Trion
X-100, and blocked with goat serum and stained with SMAD4 anti-
body (Santa Cruz Biotechnology, catalog no. sc-7966) overnight. The
slides were washed and then incubated with Alexa Fluor 488- or Alexa
Fluor 594-conjugated goat anti-mouse immunoglobulin G (IgG)
(BioLegend) secondary antibody for 1 hour at room temperature
and lastly mounted with mounting medium containing 4’,6-diamidino-
2-phenylindole. The images were obtained by LSM780 fluorescence
microscope (Zeiss).

Chromatin immunoprecipitation sequencing

The ChIP assay was performed using an Active Motif’'s ChIP assay
kit (53035) according to the manufacturer’s instructions with slight
modifications (34). Briefly, CD8" T cells were harvested and then
cross-linked with 1% paraformaldehyde for 10 min and stopped with
125 mM glycine for 5 min at room temperature. The cells were lysed
and digested with shearing enzyme followed by 10 cycles’ sonication.
The cell lysate was then used for immunoprecipitation with antibodies
anti-SMAD4 (Abcam, catalog no. ab40759) or control IgG (Abcam,
catalog no. ab46540) followed by Dynabeads Protein A (Life Tech-
nologies, catalog no. 10002D) pull-down. The precipitated DNA was
then washed, eluted, de-cross-linked and purified for real-time
PCR analysis or for deep sequencing carried by BGI Genomics.
ChIP-qPCR primers included Eomes [(positive control) forward, AG-
ATGGAAATTTGGGAATGAA; reverse, GGCTACTACGG-
CCTGAAACT] and Fp3-CNS2 [(negative control) forward,
CCCAACAGACAGTGCAGGAA; reverse, TGGTGTGACT-
GTGTGATGCA].

Clean reads after filtering were aligned to the reference sequence
mm10 genome by using bowtie2 (35). PCR duplicates were removed
using picard MarkDuplicates. The uniquely mapped reads were used to
call peak with MACS2 (36) using a P value of 0.01 as a cutoff. ChIPseeker
was used for peak annotation (37). deepTools was used to generate
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coverage track file (bigWig), which can be visualized in Integrative
Genomics Viewer.

RNA sequencing

OVA-specific CD8" TILs from E.G7-bearing WT and Cd8“*Smad4™"
mice were sorted into lysis buffer using BD FACSAria Cell Sorter.
cDNA was extracted, and library was constructed using the SMARTer
Ultra Low Input RNA for Illumina Sequencing-HV kit and the Creator
SMART cDNA Library Construction Kit (Clontech) according to the
manufacturer’s instructions. The library products were sequenced
via Illumina HiSeq2500 or Hiseq4000 by BerryGenomics or BGI Ge-
nomics. Low-quality reads and adaptor sequences were removed by
Trim Galore v0.4.4. The clean reads were aligned to mm10 by Bowtie2
with default parameter, and uniquely mapping reads were summa-
rized by FeatureCounts (from Subread package). Differentially ex-
pressed genes are identified by DESeq2 using at least 1.5 fold change
and false discovery rate (FDR) adjusted P value 0.05. clusterProfiler
(R package) was used for pathway analysis.

Immunoprecipitation and Western blotting analysis

Cells were collected in lysis buffer [25 mM tris-HCI (pH 7.5), 150 mM
NaCl, 0.5% NP-40; protease and phosphatase inhibitors added before
use]. The lysate was centrifuged and immunoprecipitated with
primary antibody at 4°C overnight. Target protein was separated by
protein A/G agarose beads (Invitrogen). Precipitated proteins and initial
whole-cell lysates were boiled with SDS loading buffer, separated
by SDS-polyacrylamide gel electrophoresis, transferred to polyvi-
nylidene difluoride membrane, incubated with the primary and
secondary antibodies, and detected with an enhanced chemilumi-
nescence staining kit.

Mass spectrometry analysis

Cell lysates from anti-CD3/CD28 activated CD8" T cells, naive CD8"
T cells, or ERK inhibitor-treated CD8" T cells were subjected to anti-
SMADA4 purification via immunoprecipitation followed by mass
spectrometry analysis. For liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis, the peptides were separated by
an 85-min gradient elution at a flow rate 0.30 pl/min with a Thermo-
Dionex UltiMate 3000 HPLC system, which was directly interfaced
with a Thermo Scientific Q Exactive mass spectrometer. The analytical
column was a homemade fused silica capillary column (75 um inside
diameter, 150 mm length; Upchurch, Oak Harbor, WA) packed with
C-18 resin (300 A, 5 um, Varian, Lexington, MA). Mobile phase con-
sisted of 0.1% formic acid, while mobile phase B consisted of 80%
acetonitrile and 0.1% formic acid. The Q Exactive mass spectrometer
was operated in the data-dependent acquisition mode using Xcalibur
2.2 software, and there was a single full-scan mass spectrum in the
orbitrap (300 to 1800 mass/charge ratio, 70,000 resolution) followed
by 20 data-dependent MS/MS scans at 27% normalized collision
energy [higher-energy collisional dissociation (HCD)].

The MS/MS spectra from each LC-MS/MS run were searched against
the mouse.fasta from UniProt using an in-house Proteome Discoverer
(version PD1.4, Thermo Fisher Scientific, USA). The search criteria
were as follows: full tryptic specificity was required; two missed cleav-
age was allowed; carbamidomethyl (C) was set as the fixed modifica-
tions; the oxidation (M) and phosphorylation (P) were set as the
variable modification; precursor ion mass tolerances were set at
20 ppm for all MS acquired in an orbitrap mass analyzer; and the
fragment ion mass tolerance was set at 0.02 Da for all MS2 spectra
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acquired. The peptide FDR was calculated using Percolator provided
by Proteome Discoverer. When the g value was smaller than 1%, the
peptide spectrum match (PSM) was considered to be correct. FDR
was determined on the basis of PSMs when searched against the
reverse, decoy database. Peptides only assigned to a given protein
group were considered as unique. The FDR was also set to 0.01 for
protein identifications.

In vitro phosphorylation assay

Recombinant proteins of FLAG-SMAD4-WT and FLAG-SMAD4-
S367F were first prepared and purified from HEK-293T cells. Anti-FLAG
affinity gel was used to immunoprecipitate the proteins followed by
washing with 3x FLAG peptide. In a typical phosphorylation reac-
tion, 2 pug of FLAG-SMAD4-WT or FLAG-SMAD4-S367F protein
was incubated with 2 ug of recombinant active ERK2 in 80 pl of ki-
nase reaction buffer [25 mM tris-HCl (pH 7.5), 10 mM MgCl,, 5 mM
B-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3;VO,, 200 uM
adenosine 5’-triphosphate] at 37°C for 0.5 hours. Phosphorylation of
SMAD4 was analyzed by Western blotting with SMAD4 antibody or
p-Ser antibody.

Statistical analysis

Statistical comparisons were performed using ordinary one-way analy-
sis of variance (ANOVA) analysis followed by multiple comparisons
or Student’s ¢ test. P < 0.05 was considered to indicate a statistically
significant difference.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4577

View/request a protocol for this paper from Bio-protocol.
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