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Introduction

Since NK cells were discovered, almost half a century has been
devoted to understanding how they control the detection and
spread of cancer. Studies depleting NK cells in murine tumor
models, in which T and B cells were untouched, revealed signifi-
cantly increased tumor outgrowth (1, 2). A recent study showed
that activation of NK cells by an inhibitor of Tyro3, Axl, and Mer
(TAM) markedly reduced melanoma metastases, demonstrating
the critical role that NK cells have in preventing the spread of can-
cer (3). Elimination of tumor cells by NK cells largely relies on the
constitutive expression of cytolytic molecules, including perforin
and granzymes. The expression of granzyme B (Gzmb) is regulat-
ed by many factors, which include modification of the promoter
(4), maturation status (5), and activation of transcription factors.
A model based on CD11b and CD27 expression is well established
for describing the late maturation process of NK cells, where-
by CD11b*CD27* NK cells become CD11b*CD27* and then fully
mature into CD11b*CD27* NK cells (6). In this model, expression
of Gzmb increases along this path and peaks in CD11b*CD27* NK
cells (5, 6). However, the in vivo mechanism by which Gzmb is reg-
ulated in NK cells is largely unknown.
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SMADA4 is the only common SMAD in TGF-p signaling that usually impedes immune cell activation in the tumor
microenvironment. However, we demonstrated here that selective deletion of Smad4 in NK cells actually led to dramatically
reduced tumor cell rejection and augmented tumor cell metastases, reduced murine CMV clearance, as well as impeded NK cell
homeostasis and maturation. This was associated with a downregulation of granzyme B (Gzmb), Kit, and Prdm1in Smad4-
deficient NK cells. We further unveiled the mechanism by which SMAD4 promotes Gzmb expression. Gzmb was identified as
a direct target of a transcriptional complex formed by SMAD4 and JUNB. A JUNB binding site distinct from that for SMAD4 in
the proximal Gzmb promoter was required for transcriptional activation by the SMAD4-JUNB complex. In a Tgfbr2 and Smad4
NK cell-specific double-conditional KO model, SMAD4-mediated events were found to be independent of canonical TGF-$
signaling. Our study identifies and mechanistically characterizes unusual functions and pathways for SMAD4 in governing
innate immune responses to cancer and viral infection, as well as NK cell development.

TGF-B signaling, which usually plays a suppressive role in
immune cells (7, 8), inhibits tumor growth at early stages (9, 10) and
promotes tumor development or epithelial-to-mesenchymal transi-
tion (EMT) at later stages (11-16). TGF-B is considered an important
negative regulator of NK cell development and function (17), and
SMAD proteins are critical factors in the canonical TGF-p signaling
pathway. For example, we previously found that SMAD proteins
mediate TGF-p signaling to inhibit IFN-y production by NK cells in
response to proinflammatory cytokines (18,19). The unique common
SMAD (co-SMAD), SMAD4, generally acts as a central mediator of
the TGF-B signaling pathway in many biological processes (20). The
role of SMAD4 in cancer is complicated; it can be both a tumor pro-
moter and a tumor suppressor, as also shown for TGF- signaling (15,
16, 21). Patients with familial juvenile polyposis (JP) who have germ-
line SMAD4 mutations or deletions have a higher risk of developing
gastrointestinal cancer (22, 23). However, the role of Smad4 in NK
cells, especially in regulating their antitumor and antiviral ability as
well as NK cell homeostasis and maturation, is unknown.

In this study, we explored the role of SMAD4 in regulating NK
cells and addressed whether the transcription factor acts downstream
of the canonical TGF-B signaling pathway or independently from
it to influence the tumor immune surveillance of NK cells. Our data
demonstrate that SMAD4 is highly expressed in NK cells and that
deletion of the single gene Smad4 in NK cells leads to impairment of
NK cell maturation, NK cell homeostasis, and NK cell immune sur-
veillance against melanoma metastases and cytomegalovirus. We also
discovered that SMAD4 directly binds to the promoter of Gzmb and
positively regulates Gzmb expression through interaction with JUNB.
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Figure 1. Smad4-deficient NK cells fail to control tumor metastases and MCMV infection. (A) The frequency of metastases in lung, liver, and other organs
was determined 14 days after B16F10 inoculation (1 = 10). (B) Representative macroscopic lung images of tumor-bearing mice. (C and D) Lung sections
from tumor-bearing mice were subjected to H&E staining (C) and IHC staining with anti-S100 mAb (D) to detect metastatic BI6F10 melanoma cells. Arrow-
heads point to the nodules of metastatic melanoma. Scale bars: 500 um. (E) Smad4*" mice and WT mice were infected with MCMV. MCMV titers were
determined by real-time RT-PCR 7 days after infection (n = 4). Data are presented as the mean + SD. Differences between littermates were evaluated.

*P < 0.05 and **P < 0.01, by 2-tailed, paired t test. The circles and squares on the bar graphs denote data for individual mice.

Results

SMAD4 is required for antitumor and antiviral innate immunity
mediated by NK cells. SMAD4 protein was abundantly expressed
in NK cells as well as in T and B cells (Supplemental Figure 1A;
supplemental material available online with this article; https://
doi.org/10.1172/JCI121227DS1). In NK cells, the expression of
Smad4 increased as maturation proceeded (Supplemental Figure
1B). Given that homozygous Smad4 mutation leads to embryon-
ic lethality (24), we deleted Smad4 in NK cells using an improved
Cre-driven (iCre-driven) strategy. Mice with iCre under the con-
trol of the NKp46 promoter (NKp46-iCre mice) were crossed with
Smad4"? mice to generate NKp46'©**Smad4"" mice (hereafter
referred to as Smad4*¥* mice) (Supplemental Figure 1C). Immuno-
blotting of isolated cell subsets indicated that SMAD4 expression
was indeed absent from NK cells, but was present at normal levels
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in T and B cells from Smad4¥ mice (Supplemental Figure 1D). Of
note, TGF-B was found to still increase phosphorylated SMAD2/3
(p-SMAD2/31) in both WT and Smad4-deficient NK cells (Supple-
mental Figure 1E).

To assess the antitumor activity of NK cells in Smad4*™ mice,
we first conducted in vivo experiments using BI6F10, a melanoma
cell line susceptible to NK cell killing (25) and capable of metas-
tasizing to the lungs (26). We injected i.v. BI6F10 cells into either
WT mice (NKp467*Smad4"?, hereafter referred to as Smad4**
mice) or Smad4*NK mice. Two weeks after inoculation, mice were
euthanized, and metastases were quantified. Postmortem analysis
revealed that the lungs of Smad4¥< mice were overwhelmed with
melanoma metastases, while we found significantly fewer (4-fold
fewer) melanoma nodules in the lungs of Smad47* mice (Fig-
ure 1, A and B). We also observed more metastases in the livers,
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kidneys, bones, intestines, and reproductive organs of Smad4/~¢
mice compared with those of Smad4** mice (Figure 1A). Histolog-
ical analysis of lungs further confirmed the higher frequency of
B16F10 metastases in Smad4™* mice (Figure 1, C and D). Antivi-
ral immunity is another important function of NK cells. We used a
murine CMV (MCMV) model to analyze whether KO of Smad4 in
NK cells affects viral clearance. We measured viral titers on day 7
after MCMV infection and detected a higher viral titer in Smad4~N%
mice than in Smad4** mice (Figure 1E), indicating impaired anti-
viral capacity when Smad4 is absent in NK cells. These data sug-
gest that a single gene, Smad4, is able to control the NK cell-medi-
ated antitumor and antiviral innate immune responses.

SMAD4 deficiency impairs the intrinsic cytotoxic activity of NK
cells. A missing-self recognition assay has previously been used to
assess the “in vivo cytotoxicity” of NK cells, as described by Karo
et al. and Bix et al. (27, 28). This assay is based on the understand-

Figure 2. Impaired rejection of B2m™ target cells and decreased Gzmb in
Smad4-deficient NK cells. (A) Representative flow cytometric data show-
ing relative B2m~- and B2m** donor splenocyte rejection by Smad4*/* and
Smad4M* recipient mice. The graph shows summary data of rejection per-
centages of B2m~- donor splenocytes by Smad4+/* and Smad4“" recipient
mice calculated using the formula described in Methods (n = 5). Data are
presented as the mean + SD. Differences between littermates were eval-
uated. **P < 0.01, by 2-tailed, paired t test. The circles and squares on the
bar graphs denote data for individual mice. (B) Ex vivo cytotoxicity analysis
of NK cells from Smad4+*+ and Smad4*"* mice. Effector/target = 50:1 (n =
3). **P < 0.01, by 2-tailed, unpaired t test. (C) Real-time RT-PCR analysis
of Prf1and Gzma mRNA expression in NK cells (n = 6). Data are presented
as the mean + SD. Differences between littermates were evaluated. Sta-
tistical analysis was conducted using a 2-tailed, paired t test. The circles
and squares on bar graphs denote data for individual mice. (D) Real-time
RT-PCR and immunoblot analysis of Gzmb expression in NK cells. Data
are presented as the mean + SD. Differences between littermates were
evaluated. **P < 0.01, by 2-tailed, paired t test. The circles and squares on
the bar graphs denote data for individual mice.

ing that through binding of NK cell inhibitory receptors to MHC
class I molecules on other cells, NK cells develop tolerance to self
(29), while cells lacking normal MHC class I expression are target-
ed and killed by NK cells (30). Here, we also used the missing-self
recognition assay to assess the cytotoxicity of NK cells in Smad4/~¢
mice, as previously described (27, 28). For this purpose, spleno-
cytes from B2m~/~ mice, which lack MHC class I protein expression
on the cell surface, and splenocytes from WT mice (B2m**) were
mixed at a 1:1 ratio and iv. injected into Smad4”* and Smad4*~¥
mice. One day later, we performed flow cytometry to measure
donor cells in the recipient mice. We found that Smad4”* mice
efficiently rejected B2m 7" splenocytes but that this rejection was
significantly impaired in Smad4¥< mice (Figure 2A). Ex vivo 5'Cr
assays also showed that Smad4-deficient NK cells were less cyto-
toxic than were Smad4”* NK cells (Figure 2B). These data suggest
that Smad4-deficient NK cells are defective in killing target cells.
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Figure 3. SMAD4 cooperates with JUNB to transactivate Gzmb. (A) Binding of SMAD4 to the Gzmb promoter in freshly isolated NK cells as determined by
ChIP assays. Two anti-SMAD4 Abs from different sources were used for validation, and the experiments were repeated at least once. (B) Co-IP was per-
formed to assess the interaction of SMAD4 and JUNB in NK cells. (C) Luciferase reporter assays were used to assess Gzmb promoter activity. NIH-3T3 cells
were cotransfected with jun, Junb, or Jund expression plasmids and a Smad4 expression plasmid or an empty vector (n = 3). The experiment was repeated
3 times, and similar results were obtained. **P < 0.01, by 1-way ANOVA with Holm's multiple comparisons test. (D) Scheme denoting putative SMAD4 and
JUNB binding sites in the Gzmb promoter. (E) The Gzmb promoter was mutated at the SMAD4 binding site or the JUNB binding site, and the transcriptional
activity was assessed after Smad4 and Junb were overexpressed. The WT Gzmb promoter construct served as a positive control. The PGL3 vector without a
promoter insert served as a control for the background luciferase activity (n = 3). Results shown are representative of 3 experiments performed with similar
results. Data are presented as the mean + SD. **P < 0.01, by 1-way ANOVA with Holm's multiple comparisons test. (F and G) ChIP assays were performed
to detect the association of JUNB and SMAD4 with the Gzmb promoter. Chromatin from murine splenic NK cells was immunoprecipitated with an anti-
JUNB Ab (F) or an anti-SMAD4 Ab (G), or normal IgG (F and G). PCR was used to confirm the association of JUNB or SMAD4 with the Gzmb promoter, using
primers specific to the fragment harboring the putative JUNB binding site.

As mice bearing Smad4-deficient NK cells had an increase
in tumor metastasis and a decrease in the rejection of virus and

activating surface receptors expressed on NK cells. After binding
to MHC class I molecules, most Ly49 receptors suppress NK cell

5126

target cells compared with Smad4** mice, we hypothesized that
the repertoire of inhibitory or activating receptors may change or
that cytolysis-related genes may be downregulated in Smad4-defi-
cient NK cells. Ly49 molecules consist of a cluster of inhibitory or

jci.org  Volume128  Number11  November 2018

cytotoxicity (31). To determine whether any change in the expres-
sion of Ly49 molecules occurs in Smad4-deficient NK cells, we
assessed the expression of Ly49A, Ly49C/1, Ly49D, or Ly49G2 by
flow cytometry. We found no significant difference in the molec-
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Figure 4. SMADA4 is required to maintain NK cell homeostasis. (A) The proportion of NK cells among lymphocytes in bone marrow, spleen, lung, liver,
blood, and lymph nodes was analyzed by flow cytometry (n = 8). (B) Kit mRNA expression in CD11b-CD27* NK cells was assessed by real-time RT-PCR (1 =
6). (C) Representative flow cytometric analysis of KIT expression. NKp46*CD3- splenocytes were first gated, and then expression of KIT was determined in
CD11b~CD27* cells. (D) Cumulative data for KIT expression analyzed by flow cytometry (n = 8). Data are presented as the mean + SD. Differences were evalu-
ated between littermates. *P < 0.05 and **P < 0.01, by 2-tailed, paired t test. The circles and squares on the bar graphs denote data for individual mice.

ular profiles of Ly49s between Smad4-deficient and WT NK cells
(Supplemental Figure 2). Furthermore, there was no apparent dif-
ference in the expression levels of CD94, NKG2A/C/E, NKG2D
(nonclassical MHC recognition molecules), or CD69 (activation
marker) between WT and Smad4-deficient NK cells (Supple-
mental Figure 2). Thus, the impaired rejection of target cells in
Smad4-deficient NK cells does not appear to be attributable to dif-
ferences in the expression of these surface receptors.

Perforin and granzymes are involved in rendering NK cells
able to kill target cells effectively and rapidly (32). NK cell cytotox-
icity from perforin-deficient mice is considerably impaired (33),
and granzymes are required for the rapid induction of target cell
DNA fragmentation (34, 35). To investigate impaired rejection of
target cells in Smad4-deficient NK cells as the possible cause of
increased tumor metastases, we analyzed the expression of perfo-

rin (Prfl), granzyme A (Gzma), and Gzmb in splenic NK cells iso-
lated from Smad4*/* and Smad4“¥< mice by real-time RT-PCR and/
or immunoblotting. We detected no significant difference in Prfl
or Gzma mRNA expression between WT and Smad4-deficient NK
cells (Figure 2C). However, the expression of Gzmb was remark-
ably downregulated in Smad4-deficient NK cells at both the tran-
script and protein levels (Figure 2D), which implied that SMAD4
upregulates the expression of Gzmb in NK cells. We obtained sim-
ilar data by using a siRNA approach. The expression level of Gzmb
in NK cells was decreased when Smad4 was knocked down by siR-
NA (Supplemental Figure 3).

SMAD4 interacts with JUNB to upregulate Gzmb expression.
SMADA4 is a transcription factor with direct DNA-binding capabili-
ty (36). The promoter region of Gzmb has 5 putative SMAD4 bind-
ing sites within 3 kb upstream of the transcription start site (TSS),

jci.org  Volume128  Number11  November 2018

5127


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/11
https://www.jci.org/articles/view/121227#sd
https://www.jci.org/articles/view/121227#sd
https://www.jci.org/articles/view/121227#sd
https://www.jci.org/articles/view/121227#sd

5128

RESEARCH ARTICLE

A O Smad4*+ ] Smad44nK C
) :
) 60.3% 35.7% =
w 5
—
@
€
[0)
c
[e]
i)
&
(6]
B *% * 2
80
* *% ,—L *% '_l n
:_60' ] e L Yy
*% C ol %] *%
40 ] o e
izt B (8 | o
xzo'ﬁﬁ FTFET 2
0 5
NS -
O F ¥ L ¥
SRV VL
@ $
& N
& >
D <10, 0 Smads O Smad44nK 8
: & :
_g @
N
(O]
(]
2 3
T S
e o
1]
(0]
e)
[o]
c
e
o
€
Eny

» CD27

The Journal of Clinical Investigation

Smad4*"* Smad44NK O Smad4** [] Smad4ANK
39.7% | 26.1%) | 80 _
@
@ < 40 | 9
10.6%) | £ o
e | 10.6% p
()]
15.5% | 34.4%) | 8 o0
| ch o *%
H o 60+ o j
D 40 | %
1 o 9|0
{ 20 i @‘ (m) £
1 o
 Catew | ? S
310% | 13.0%) [11.9% | 33.9% ok
i _L_ 100 7 @D
1 ’\ 80 Ba
i Nl | B
@ ] o i[c
i 40 - o |"|LB
i 20 e
SN 7 Y- [ N 0 L i5]e8
11.2% | 43.0%| |
80 -
60 - j
o gl B
40 ﬁ ﬁ lozel
20 |
a
. B4.5% 0 @@ ﬁ
2.83% | 36.3% ! B4 a0 . NS
1 (@ 60 o 6.
{ 1 P P
\ 404 0 %?
Y 20 | o[ [TIEL
e O8.6%)| 56.3%) 0.1

Figure 5. Smad4 deficiency impairs the maturation of NK cells. (A) Representative flow cytometric analysis of KLRG1in lung NK cells. Gating was performed
on the CD3-NKp46* lymphocyte population in both WT and Smad4“¥* mice. Results from 10of 5 pairs of littermate mice with similar data are presented. (B)
Cumulative data for KLRG1 expression in NKp46* cells in the bone marrow, spleen, lungs, liver, blood, and lymph nodes (1 = 5). Differences were evaluated
between littermates. (C) Representative flow cytometric analysis and cumulative data showing the distribution of CD27 versus CD11b in NK cells from bone
marrow, spleen, lungs, liver, blood, and lymph nodes (n = 10). Differences were evaluated between littermates. P values were calculated using a 2-tailed, paired
t test. (D) Expression of Gzmb in NK cells at different stages of maturation was analyzed by real-time RT-PCR (n = 6). (E and F) Expression of Prdm7in NK cells
from Smad4*/* and Smad4" mice (n = 5) was assessed by real-time RT-PCR (E) and immunoblotting (F). Data are presented as the mean + SD. The circles and
squares on the bar graphs denote data for individual mice. Differences were evaluated between littermates. *P < 0.05 and **P < 0.01, by 2-tailed, paired t test.

including 1 proximal site around -402 bp and 4 distal sites around
-1,359 bp, -2,022 bp, -2,178 bp, and -2255 bp relative to the TSS
(Supplemental Figure 4, A and B). This prompted us to perform
ChIP assays to investigate whether SMAD4 positively regulates
the expression of Gzmb through promoter interaction (transac-
tivation) at these sites. Chromatin from purified primary murine
splenic NK cells was immunoprecipitated with 2 distinct anti-
SMAD4 Abs from different species or their corresponding control
IgG separately and then subjected to PCR amplification with prim-
ers specific to the fragments harboring putative SMAD4 binding
sites. These assays revealed the association of SMAD4 over the

jci.org  Volume128  Number11  November 2018

-605-bp to -305-bp DNA fragment corresponding to the proximal
region of the Gzmb promoter (Figure 3A and Supplemental Figure
4B). Of note, we observed similar results when the 2 anti-SMAD4
Abs from different sources (i.e., goat anti-SMAD4 and rabbit anti-
SMAD4 Abs) were used (Figure 3A).

On the basis of the ChIP assay data, we cloned the Gzmb pro-
moter ranging from -625 bp to +93 bp into a luciferase reporter
plasmid to determine whether SMAD4 could transactivate the
Gzmb promoter. This reporter construct was cotransfected into
NIH-3T3 mouse fibroblast cells with either a Smad4 expression
plasmid or an empty vector, and the transactivation of the Gzmb
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promoter was evaluated by a luciferase assay. After confirming the
overexpression of SMAD4 by immunoblot analysis (Supplemental
Figure 4C), we found that cotransfection of Smad4 did not signifi-
cantly improve the relative luciferase activity of the Gzmb promot-
er (Supplemental Figure 4D). This suggested that SMAD4 alone
cannot activate the Gzmb promoter and that one or more coacti-
vators are required.

In fact, it has been reported that under physiological conditions,
the affinity between SMAD4 and the DNA sequence is too weak to
support unassisted binding (20, 37). Coactivators or cosuppressors
are therefore considered necessary for SMAD4 to transregulate
target genes. Thus, we aimed to identify a coactivator that cooper-
ated with SMAD4 to activate the Gzmb promoter in NK cells. After
a pilot screen using IP, we identified JUNB as a candidate cofactor.
As shown in Figure 3B, JUNB was immunoprecipitated with anti-
SMAD4 Abs, implying that SMAD4 interacts with JUNB in NK cells.

To evaluate the functional significance of the interaction
between SMAD4 and JUNB, we measured the transcriptional
activity of the Gzmb promoter by luciferase assays when Smad4
was overexpressed together with Jjunb in NIH-3T3 cells. We
observed modest or no enhanced transactivation when the Junb or

Smad4 expression plasmids were transfected alone, respectively.
However, we found that cotransfection of Smad4 with Junb plas-
mids, but not with Jun or Jund plasmids, significantly enhanced
the activity of the Gzmb promoter (Figure 3C). Together, these
data suggested that SMAD4 interacts with JUNB and that JUNB
is required for transactivation of the Gzmb promoter by SMAD4.
Both SMAD4 and JUNB have DNA binding activity, and a
SMAD4 binding site and a JUNB binding site are closely located
in the proximal region of the Gzmb promoter, with an interval
of approximately 260 bp (Figure 3D). Thus, there are at least 3
potential mechanisms by which the SMAD4-JUNB complex trans-
activates the Gzmb promoter (Supplemental Figure 5A): (a) the
SMAD4-JUNB complex binds to the SMAD4 binding site alone;
(b) the SMAD4-JUNB complex binds to the JUNB binding site
alone; or (c) SMAD4 and JUNB each bind to their respective sites
but interact with each other, as the distance between the SMAD4
and JUNB binding sites is short. To investigate this, we performed
site-directed mutagenesis of either the SMAD4 binding site or the
JUNB binding site (Supplemental Figure 5B) and analyzed pro-
moter activity with cotransfection of SMAD4 and JUNB. Our data
showed that mutating the SMAD4 binding site did not decrease
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Figure 7. TGF-B-dependent and -independent SMAD4 signaling pathways in NK cells. (A) Splenocytes isolated from WT, Tgfbr2/¥¢, and Smad4"" mice
were costimulated overnight with IL-12 (10 ng/ml) and IL-18 (10 ng/ml) in the presence or absence of 10 ng/ml TGF-p. GolgiStop was added 6 hours before
intracellular staining of IFN-y (n = 3). Data are presented as the mean + SD. The circles and squares on the bar graphs denote data for individual mice.

Differences were evaluated between littermates by 1-way ANOVA with Holm’

s multiple comparisons test; *P < 0.05. (B) Model of the inhibition of IFN-y

production through both the canonical TGF- signaling pathway and the SMAD4-independent TGF-f signaling pathway. (C) Splenic NK cells were isolated
from WT and Smad4“" mice and stimulated with the indicated cytokines for 3 days. TRAIL expression was analyzed by flow cytometry (n = 4). Data are
presented as the mean + SD. *P < 0.05, by 2-tailed, paired t test. The circles and squares on the bar graphs denote data for individual mice. (D) NK cells
from the spleens of WT and Smad4“"* mice were isolated and enriched. Enriched NK cells were cultured with IL-15 in the presence or absence of TGF-f.
After 3 days in culture, Gzmb mRNA expression levels were analyzed by real-time RT-PCR (n = 4). Data are presented as the mean + SD. *P < 0.05, by
2-tailed, paired t test. The circles and squares on the bar graphs denote data for individual mice. (E) Model of SMAD4 signaling pathways.

the Gzmb promoter reporter activity; however, mutating the JUNB
binding site resulted in a significant decrease in promoter activi-
ty when Smad4 and Junb were cotransfected (Figure 3E). Besides,
ChIP assays indicated the binding of JUNB to its binding site in
the proximal Gzmb promoter (Figure 3F), and SMAD4 was also
observed to be associated with this promoter region (Figure 3G),
consistent with our IP results showing that these 2 proteins inter-
act with each other (Figure 3B). These data revealed that the JUNB
binding site, but not the SMAD4 binding site, is required for the
transcriptional activation of Gzmb by the SMAD4-JUNB complex
and support the hypothesis that the SMAD4-JUNB complex binds
to the JUNB binding site and then activates the Gzmb promoter
(Supplemental Figure 5A).

Since SMAD4 was previously found to be associated with the
Junb promoter (38) and Junb is also required for Gzmb expression
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(39, 40), SMAD4 may upregulate Gzmb through the induction of
Junb expression. To test whether Junb is a target gene of SMAD4
in NK cells, we compared the expression levels of Junb in NK cells
from Smad4** and Smad4*™* mice at different stages of matu-
ration. We detected similar expression levels of junb in WT and
Smad4-deficient NK cells at each stage analyzed (Supplemental
Figure 5C), suggesting that SMAD4 requires JUNB as a cofactor,
but does not modulate its expression to control the expression of
Gzmb in NK cells.

SMAD4 positively controls NK cell homeostasis. We also mea-
sured the quantity of NK cells in Smad4**“ mice. We analyzed the
proportion of NK cells in bone marrow, spleen, lung, liver, blood,
and lymph nodes by flow cytometry. Compared with Smad4**
mice, the percentage of NK cells among lymphocytes in Smad4/~¢
mice was significantly decreased in all of the tissues and organs
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analyzed (Figure 4A). However, consistent with a recent report
(41), we observed that the NKp46°CD49a* cell population that is
similar to group 1 innate lymphoid cells (ILC1-like) significantly
increased when Smad4 was absent in NKp46°* cells (Supplemental
Figure 6). We continued to explore potential mechanisms respon-
sible for the decrease of NK cells in Smad4**“ mice.

Mpyc has been previously identified as a target gene of SMAD4
in both tumor cells (42) and T cells (43), where SMAD4 binds to
the promoter of Myc to activate its transcription and drive cell
proliferation. However, our data showed that Myc expression was
not significantly different in NK cells from Smad4/< versus those
from Smad4** mice, suggesting that Myc is unlikely to be a target
gene of SMAD4 in NK cells (Supplemental Figure 7) and that dif-
ferent mechanisms may be involved in regulating the aforemen-
tioned NK cell homeostasis.

KIT is expressed in immature NK cells (44) and functions
as an essential regulator of NK cell homeostasis (45). Previous
studies have clearly demonstrated that the quantity of NK cells in
mice is reduced when KIT is absent (45). We found that at both
the mRNA and protein levels, KIT expression levels were high-
est in CD11b-CD27* immature NK cells (Supplemental Figure 8).
The expression of Kit was dramatically decreased when NK cells
mature into CD11b*CD27* and then CD11b*CD27 cells. There-
fore, we compared the expression levels of KIT in CD11b-CD27*
NK cells between Smad4*™ and Smad4** mice. We found that
KIT was downregulated in Smad4-deficient NK cells at both the
mRNA and protein levels (Figure 4, B-D), coincident with the
reduced quantity of NK cells in Smad4*"* mice and suggesting that
KIT may mediate SMAD4 to control NK cell homeostasis.

SMAD4 promotes NK cell terminal maturation. NK cells are
derived from hematopoietic stem cells, and NK progenitor cells
traffic to different tissues that provide tissue-specific microen-
vironments for NK cells to achieve terminal maturation (46, 47).
Optimum effector functions and the maximum expression levels
of cytotoxicity-related factors, including PrfI and Gzmb, culminate
in mature NK cells (5), while delayed maturation of NK cells leads
to impaired tumor surveillance and increased melanoma metasta-
sis (48). We compared NK cell maturation in different tissues from
Smad4*N¥ and Smad47+ mice using the final-stage NK cell matu-
ration marker KLRG1 (49). Our data showed that blood and lung
had the highest proportion of KLRG1* NK cells, followed by liver
and spleen (Figure 5, A and B). Lymph nodes and bone marrow
showed the lowest percentage of KLRG1* NK cells. While the dis-
tribution pattern of KLRG1* NK cells among different tissues and
organs was similar between Smad47* and Smad4*¥ mice, the per-
centage of KLRG1* cells in all of the tissues and organs analyzed
was significantly lower in Smad4™* mice (Figure 5, A and B, and
Supplemental Figure 9).

We next assessed NK cell maturation in Smad4”* and
Smad4*N* mice on the basis of CD11b and CD27 surface expres-
sion. In Smad4’"* mice, the proportion of the most mature
(CD11b*CD27°) NK cell subset was significantly decreased in bone
marrow, spleen, lung, liver, and lymph nodes, while in blood, this
decrease was moderate and did not reach statistical significance
(Figure 5C). Together, these data indicate that NK cell maturation
is impaired in Smad4N* mice and that Smad4 is required for the
terminal maturation of NK cells.
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Given that terminally mature NK cells were decreased in
Smad4*¥ mice (Figure 5) and the expression of Gzmb is upregu-
lated in mature NK cells (5), the decreased Gzmb expression we
detected in NK cells from Smad4*¥¢ mice could simply be due to
a smaller number of mature cells. To test this, we sorted NK cells
from Smad4** and Smad4*™* mice at different stages of matura-
tion (CD11b-CD27+, CD11b*CD27*, CD11b*CD27") and assessed
Gzmb levels. In NK cells from both Smad4+** and Smad4*“¥ mice,
the expression of Gzmb increased as NK cells proceeded toward
terminal maturation (Figure 5D). We reasoned that if decreased
Gzmb is a secondary effect of impaired maturation, Smad4-
sufficient and Smad4-deficient NK cells should have similar Gzmb
expression at a specific stage of maturation. However, we found
that the expression of Gzmb in Smad4-deficient NK cells was
much lower than that in Smad4-sufficent NK cells at every matura-
tion stage analyzed (Figure 5D). These data indicate that SMAD4
intrinsically regulates the expression of Gzmb and that decreased
Gzmb expression in Smad4-deficient NK cells is therefore a bona
fide change that is not solely due to the reduced number of termi-
nal mature NK cells in Smad4* mice.

Because our data indicated a blockage at the transition
from KLRGI to KLRG1* NK cells and from CD11b*CD27* to
CD11b*CD27 NK cells in Smad4*¥* mice, we hypothesized that
SMAD4 may control other transcription factors that regulate NK
cell maturation. To test this, we analyzed expression levels of the
transcription factors known to regulate NK cell maturation. We
detected a significant difference in the expression of Foxol (50),
Tbx21 (51), Gata3 (52), 1d2 (53), Elf4 (54), Nifl3 (55), or Eomes (56)
in NK cells between Smad4”+ and Smad4*¥ mice (Supplemental
Figure 10). However, we observed a striking decrease in Prdml
expression at both the transcript and protein levels in Smad4-
deficient NK cells (Figure 5, E and F). We further assessed mRNA
expression of Prdml1 at different stages of NK cell maturity. In both
Smad47+ and Smad4*N mice, Prdml transcript levels were gradu-
ally increased along with the maturation of NK cells and achieved
maximal levels in the CD11b*CD27- cell population (Supplemen-
tal Figure 11), consistent with findings from a previous report (57).
Importantly, we found that at each of the 3 stages of maturity, the
expression of Prdml in Smad4-deficient NK cells was significantly
lower than that in Smad4-sufficient NK cells (Supplemental Figure
11). These data suggest that PRDM1 may mediate SMAD4 to con-
trol NK cell maturation.

TGF-f-independent and -dependent SMAD4 signaling path-
ways in NK cells. SMAD4 is the unique co-SMAD in the canonical
TGF-B signaling pathway (36). Previous studies found that dele-
tion of Smad4 disrupted TGF-B signaling (15, 58, 59). We then
asked whether impaired homeostasis, maturation, and cytotoxic
capability in Smad4-deficient NK cells is caused by disruption of
the TGF-p signaling pathway. For this purpose, we undertook a
genetic approach using TGF-p receptor type 2 (Tgfbr2) single-con-
ditional KO mice and Tgfbr2/Smad4 double-conditional KO mice.

We compared NK cell homeostasis, development, Gzmb
expression, and tumor metastases between Tgfbr24¥¢ (NKp46'*
Tefbr2™f) and Tgfbr2”* (NKp46**Tgfbr2"#) mice. Unlike Smad4™
mice (Figure 4), the Tgfbr2”+ and Tgfbr2*"€ mice did not show sig-
nificant differences in the proportion of NK cells among lympho-
cytes (i.e., NK cell homeostasis) (Supplemental Figure 12A). We
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observed increased terminally mature NK cells in the bone marrow,
spleens, and livers of Tgfbr2*¥“ mice (Supplemental Figure 12B), in
contrast to the diminished maturation of NK cells in Smad 4/ mice
(Figure 5). These results support a role for SMAD4 that is separate
from TGF-f signaling.

To more rigorously validate the dispensability of TGF-f sig-
naling in the SMAD4 signaling pathway that we characterized in
NK cells, we adopted an additional genetic approach built on the
model used in Supplemental Figure 1C. Tgfbr2 and Smad4 dou-
ble-conditional KO mice were generated by crossing NKp46-iCre
mice with mice that had loxP sites flanking both Tgfbr2 and Smad4
(Tgfor2"1Smad4™). We hypothesized that if the canonical TGF-f
signaling is dispensable for SMAD4-mediated positive regula-
tion, the impaired NK cell homeostasis, maturation, and cytotox-
icity that we observed in Smad4 NK-conditional KO mice would
be recapitulated in the absence of TGF- signaling, i.e., under a
Tgfbr2-deficient background. Indeed, we observed decreased per-
centages of NK cells among lymphocytes in the tested organs and
tissues of NKp46-iCreTgfbr2 Smad4"# mice (absence of both Tgf-
br2 and Smad4) compared with those of their NKp46-iCreTgfor21
Smad4""" littermates (absence of Tgfbr2 but presence of 1 allele
of Smad4) (Supplemental Figure 13). Significant downregulation
of KLRG1 due to the deletion of Smad4 in the presence of TGF-p
signaling was also recapitulated in NK cells from bone marrow
and other tissues in NKp46-iCreTgfbr2"fSmad 4" mice compared
with NKp46-iCreTgfbr27/1Smad4”"" mice (Figure 6A and Supple-
mental Figure 14A). Likewise, NKp46-iCreTgfbr2""Smad4"# mice
had a lower proportion of CD11b*CD27  NK cells and a higher
proportion of CD11b*CD27* NK cells in bone marrow and other
tissues compared with their NKp46-iCreTgfor2"/ASmad4""* litter-
mates (Figure 6B and Supplemental Figure 14B). Fourteen days
after inoculation with B16F10 cells, NKp46-iCreTgfor2/ASmad4"?
mice showed more metastatic melanoma nodules than did their
NKp46-iCreTgfbr2/"Smad4"”"" littermates (Figure 6, C and D). We
also observed impaired NK cell-mediated rejection of MHC class I-
deficient cells in NKp46-iCreTgfbr2""Smad4"# mice compared
with NKp46-iCreTgfor2/AiSmad4”"* mice, although only 1 allele
difference in Smad4 exists between the 2 mouse strains (Figure
6E). Not surprisingly, we also observed decreased expression lev-
els of Kit, Prdml1, and Gzmb in NKp46-iCreTgfor2V Smad4™f mice
compared with levels in their NKp46-iCreTgfbr2"'Smad4""" lit-
termates (Supplemental Figure 15, A and B, and Figure 6F). These
data support our hypothesis that, independent of the canonical
TGF-B/SMAD signaling pathway, SMAD4 promotes homeostasis,
maturation, cytotoxicity, and the expression of Gzmb in NK cells.

Our previous studies have shown that TGF-p represses IFN-y in
NK cells through a SMAD-dependent pathway (18, 19). We there-
fore investigated whether SMAD4 participates in TGF-p signaling
to inhibit IFN-y secretion in ex vivo-stimulated NK cells. Spleno-
cytes from Tgfbr2*N¢ (NKp46™*Tgfbr2"?) or Smad4*~¥ mice were
costimulated with IL-12 and IL-18 in the presence or absence of
TGF-B, and NK cell IFN-y secretion was assayed by flow cytometry.
In the absence of TGF-B, costimulation with IL-12 and IL-18 initi-
ated a robust increase in IFN-y secretion by NK cells from all mice
including WT, Tgfbr2*¥%, and Smad4’¥ mice (Figure 7A), and the
increase was similar between Smad4*/* and Smad4*¥* mice (Supple-
mental Figure 16). TGF-p treatment markedly abrogated the IFN-y
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production in IL-12- and IL-18-stimulated NK cells from WT mice,
as evidenced by an appreciable decrease in the proportion of IFN-y-
producing NK cells (Figure 7A). In stark contrast, we found that the
inhibitory effect of TGF-B on IFN-y production was significantly
blunted in IL-12- and IL-18-stimulated NK cells from Tgfbr2/¥ mice
and was only partially blunted in IL-12- and IL-18-stimulated NK
cells from Smad4*¥ mice (Figure 7A). These data provide ex vivo
evidence that TGF-p utilizes TGFBR2 and SMAD4 to inhibit IFN-y
production in NK cells, which is consistent with our previous studies
(18,19). However, the partial blunting of IFN-y production by TGF-f
in NK cells from Smad4*¥ mice implies the existence of a nonca-
nonical or SMAD4-independent TGF-f pathway, by which TGF-
represses [FN-y expression in NK cells (Figure 7B).

Two more TGF-p target genes, Trail and Gzmb, were assessed
in WT and Smad4-deficient NK cells in the presence of IL-15,
a critical cytokine that regulates NK cells. We found that TGF-$
induced TRAIL but inhibited Gzmb in WT NK cells (Figure 7, C
and D), which is consistent with the results of a previous study
(60). However, in Smad4-deficient NK cells, we observed that
TGF-p failed to upregulate TRAIL or downregulate Gzmb (Figures
7, C and D). These data indicate that SMAD4 is also required for
TGF-p to downregulate Trail and Gzmb in NK cells.

Our studies reveal two different SMAD4 pathways in NK cells
(Figure 7E). The first pathway is a TGF-B-independent one by
which SMAD4 positively regulates NK cell homeostasis and mat-
uration, promotes elimination of target cells by NK cells, upregu-
lates the expression of Gzmb, and inhibits tumor metastasis. The
second one is the TGF-B-dependent pathway, by which SMAD4
contributes to repression of IFN-y and Gzmb as in the presence
of TGF-B, which may promote tumor metastasis (61). However,
the TGF-B-dependent pathway also upregulates the expression
of TRAIL, which is toxic to tumor cells. Additional studies will be
required to dissect the relative importance of the two SMAD4 sig-
naling pathways under normal and pathological conditions.

Discussion

NK cells are important antitumor, large granular effector lympho-
cytes. Accumulating clinical evidence supports the notion that NK
cells play a critical role in tumor surveillance, and NK cell intratu-
moral infiltration positively correlates with favorable prognosis in
cancer patients (62, 63). Our recent data on enhanced antitumor
activity of NK cells armed with a chimeric antigen receptor (CAR)
indicate that CAR NK cells could be an excellent alternative to
CART cells for clinical application (64-66). However, the detailed
mechanism(s) underlying the antitumor immunity of NK cells
remain to be addressed.

In this study, we described functions of SMAD4 in NK cells. We
showed impaired homeostasis, maturation, and antitumor immu-
nity in Smad4-deficient NK cells. A recent study by the Colonna
group supports these findings (41). Different from the study by the
Colonna group, we also characterized mechanisms. We identified 3
important SMAD4 target genes, Kit, Prdml, and Gzmb, which pos-
itively regulate homeostasis, maturation, and cytotoxicity, respec-
tively, and the expression levels of all of these genes were decreased
in NK cells from Smad4**¢ mice. We showed that SMAD4 and JUNB
interact with each other and bind to the Gzmb promoter in order to
cooperatively and positively regulate the expression of Gzmb. Addi-
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tional work will be required to determine the origin of the extra-
cellular signals that initiate or induce the positive role of SMAD4.
In the TGF-B superfamily, BMPs provide another important signal
upstream of SMAD4. However, we found that expression levels of
the BMP receptor BMPR1a on the surface of murine NK cells were
very low or undetectable (Supplemental Figure 17).

The development and maturation of NK cells are governed by
many transcription factors (67). After analyzing the expression of
well-characterized transcription factors that regulate NK cell mat-
uration, we found that only Prdml was significantly decreased in
Smad4-deficient NK cells (Figure 5E). Expression levels of both
Prdml and Smad4 increased as NK cells matured, implying the
important roles of these genes in promoting NK cell maturation.
Our data show that some phenotypes of Smad4-deficient NK cells
closely resemble PrdmI-deficient NK cells, in that both NK cell pop-
ulations have impaired maturation blocked in the CD11b*CD27* or
KLRGT state, and their expression of Gzmb is decreased (57). The
significant correlation between Prdml and Smad4 implies the close
link of the 2 genes in regulating NK cell maturation.

JUNB, a member of the activating protein 1 (AP-1) fami-
ly, regulates multiple target genes and physiological functions
(68-70). Although a JUNB binding site has been identified on the
Gzmb promoter (39), detailed mechanisms of regulation involv-
ing JUNB transactivation have been lacking. For example, to our
knowledge, no cofactors had previously been identified for JUNB
in the transcriptional activation of Gzmb. GZMB is a key cytolytic
molecule in both innate and adaptive immune functions. Thus,
its optimal expression should be critical for effective immune
responses against malignant cells. Our data not only show that
SMAD4 cooperates with JUNB to achieve an optimal expression
of Gzmb, but also support a model whereby JUNB directly inter-
acts with the Gzmb proximal promoter that carries both SMAD4
and JUNB binding sites, with an interval of approximately 260
bp; SMADA4 is able to be associated with this promoter region by
interacting with JUNB. However, despite being unable to transac-
tivate the Gzmb proximal promoter without JUNB, it remains to
be determined whether SMAD4 has direct DNA binding activity
in this promoter region (ChIP assays were unable to distinguish
direct DNA binding or an indirect association with a promoter).
In addition, as NK cells are activated by a variety of stimuli, espe-
cially proinflammatory cytokines (18, 46), whether and how the
SMAD4-JUNB complex mediates the signals from these stimuli
and cross talks with other signaling pathways to quickly shape NK
cell immune responses requires further exploration.

The continuous interactions of tumor cells and immune effec-
tor cells, including NXK cells, in the tumor microenvironment can
control tumorigenesis and metastasis (71). Tumor cells or other
cells in the microenvironment can secrete TGF- to suppress the
normal function of immune effector cells and enhance immune
evasion (72, 73); however, here we show that effector cells can also
evolve mechanisms, e.g., the expression of Smad4 shown in this
report, to circumvent the immune suppression caused by TGF-p.
Indeed, our data show that in NK cells, SMAD4 plays a positive role
in controlling tumor metastasis and maintaining one arm of antitu-
mor immunity while TGF-$ can mediate the suppression of IFN-y
production. Our data also suggest that IFN-y production by NK
cells alone may not be effective in controlling tumor formation, as
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Smad4*~* mice, deficient in Gzmb expression but not in IFN-y pro-
duction, are more susceptible to BI6F10 tumor dissemination when
compared with Smad4** mice. In fact, the role of IFN-y in antitumor
activity can be a double-edged sword. IFN-y can activate macro-
phage and T cell polarization (74, 75), while it can also induce PD-L1
expression on tumor cells, leading to tumor immune evasion (76).

Our data support the concept that, unlike somatic mutation(s)
affecting only tumor cells or only immune cells, germline muta-
tion(s) of a gene such as Smad4 that has a tumor-suppressive role
in tumor cells and an antitumor role in immune cells could have a
greater contribution to malignant transformation. In the instance
of Smad4, the germline mutation would not only alter TGF- sig-
naling in tumor cells and other immune cells in the tumor micro-
environment, but would also disarm the capacity of NK cells to
lyse tumor cells. Of note, patients with JP, who carry a heterozy-
gous germline mutation of SMAD4, are more susceptible to devel-
oping gastric cancer (22, 23, 77). Although many approaches, such
as chemotherapy, directly target tumor cells but can also suppress
the immune response (78), an approach to systemically enhance
SMAD4 expression, at least in certain cancer patients, such as
those with colon or pancreatic cancer, may have dual positive
effects. In the clinical setting, systemic upregulation of SMAD4
could suppress tumor cells as well as enhance the cellular innate
immune responses, both of which could theoretically contribute
to control tumor development and progression.

Like many other signaling pathways, the SMAD4 signaling
pathway is complex. The positive role of SMAD4 should be inde-
pendent of TGF-B or p-SMAD2/3 signaling, at least when taking
into account the following 2 pieces of evidence: (a) our data showed
no significant difference in p-SMAD2/3 levels and Smad2/3 gene
expression between Smad4-sufficient and -deficient NK cellsunder
physiological conditions (Supplemental Figure 1E and Supplemen-
tal Figure 18), and (b) when we compared WT and Smad4-KO mice
in the absence of SMAD2/3 signaling (i.e., under a TGFRII-KO
background), we found the same phenotypes as those in the pres-
ence of SMAD2/3 signaling (i.e., on a TGFRII WT background).
However, the positive role of SMAD4 elucidated in the current
study does not exclude its TGF-p-dependent negative role, where-
by SMAD4 cooperates with p-SMAD2 and p-SMAD3 to modulate
the expression of IFN-y, TRAIL, and even Gzmb in the presence of
TGF-B. Whether the positive or negative SMAD4 pathway plays a
predominant role should be context specific. For example, at ear-
ly stages of primary tumor development or at remote sites of early
tumor metastasis, the antitumor role of SMAD4 in NK cells may
dominate over the immunosuppressive role, leading to effective
immune surveillance. However, in the later stages of cancer devel-
opment, especially within the tumor microenvironment, abundant
TGF-p produced by tumor and /or stromal cells will likely dominate
over the antitumor role of SMAD4, leading to immunosuppression
of NK cells. Under such circumstances, it would be ideal to thera-
peutically enhance SMAD4 signaling at the early stages of tumor
growth but inhibit its signaling at the latter stages of tumor growth.
Thus, SMAD4 may be a critical regulator in the switch from effec-
tive antitumor immune surveillance to immunosuppression and
immune evasion. Of note, recent studies reveal that the expression
of TGF-B can determine the efficacy of PD-1 and PD-L1 immune
checkpoint inhibitors in certain settings (79, 80).
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In conclusion, we discovered a TGF-B-independent role of
SMAD#4 in the positive regulation of NK cell antitumor activi-
ty. These findings provide insight into how innate immune cells
effectively survey against tumor metastases, which may allow us
to better harness NK cells for cancer immunotherapy.

Methods

Mice. WT C57BL/6, Smad4"", B2m~-, and Tgfbr2"# mice were pur-
chased from The Jackson Laboratory. NKp46-iCre mice were a gift of
Eric Vivier (Centre d’Immunologie de Marseille-Luminy, Marseille,
France). All mice were on a C57BL/6 background. Six- to twelve-week-
old male and female mice were used for the experiments.

Metastatic melanoma experiment and MCMV challenge. B16F10
cells (0.25 x 10°) were injected i.v. into mice. Fourteen days after
injection, the mice were euthanized for postmortem analysis. Mela-
noma nodules in lung and extrapulmonary metastases were analyzed
by macroscopic examination of organs. Lungs were fixed for H&E
staining and IHC analysis. For IHC analysis, anti-S100 (Dako, Z0311)
mAbs were used to identify BI6F10 metastasis. The B16F10 cell line
was provided by Gregory B. Lesinski (Emory University School of
Medicine, Atlanta, Georgia, USA).

Smad4*™ and Smda4** mice were infected with i.p. injections of
Smith strain MCMV (1 x 10° PFU), which was provided by Lewis Lani-
er (UCSF, San Francisco, California, USA). Peripheral blood samples
were obtained through submandibular puncture 7 days after infection.
To measure viral loads in the peripheral blood, DNA was isolated using
a QIAGEN DNeasy Blood and Tissue Kit for quantitative PCR analy-
sis. The following primers were used: MCMV-IE1, 5'-AGCCACCAA-
CATTGACCACGCAC-3' (forward) and MCMV-IE1, 5'-GCCCCAAC-
CAGGACACACAACTC-3' (reverse).

In vivo and ex vivo cytotoxicity assays. Splenocytes were isolated
from B2m-deficient (B2m”") and B2m-sufficient (B2m**) mice. Sple-
nocytes from B2m~~ mice were labeled with eF670. Splenocytes from
B2m** mice were labeled with CFDA-SE. Labeled splenocytes from
B2m”~ mice and B2m*”* mice were mixed together at a ratio of 1:1 and
i.v. injected into Smad4”* and Smad4“™* mice. One day after injection,
spleens were harvested from the recipient mice, and the percentage of
labeled donor cells among recipient splenocytes was analyzed by flow
cytometry. The percentage of rejection was then calculated using the
following formula: 100 - ([(% B2m”~/% B2m**) output/(% B2m”"/%
B2m**) input] x100). Ex vivo cytotoxicity of NK cells was evaluated by
standard 5'Cr release assays. YAC-1 cells, purchased from the American
Type Culture Collection (ATCC), and RMA-S cells, a gift of André Veil-
lette (McGill University, Montréal, Canada), were used as target cells.
Fresh NK cells were cocultured with targets cells at a ratio of 50:1.

Flow cytometry. LSRII and FACSAria II cytometers (BD Biosciences)
were used for flow cytometry and cell sorting. Flow]Jo software was used to
analyze the data. The following Abs were obtained from BD Biosciences:
CD335-BV421 (catalog 562850, clone 29A1.4); IFN-y-PE (catalog 554412,
clone XMG1.2); NKG2D-PE (catalog 558403, clone CX5); NKG2A/C/
E-FITC (catalog 550520, clone 20d5); CD27-PE (catalog 558754, clone
LG.3A10); CD27-PE-Cy7 (catalog 563604, clone LG.3A10); CD11b-V450
(catalog 560455, clone M1/70); CD11b-FITC (catalog 557396, clone
M1/70); CD69-PE (catalog 553237, clone H1.2F3); Ly49G2-FITC (cat-
alog 555315, clone 4D11); Ly49D-FITC (catalog 555313, clone 4E5);
Ly49C/I-FITC (catalog 553276, clone SE6); Ly49A-FITC (catalog 553677,
clone Al); CD3-V450 (catalog 560801, clone 500A2); CD3-FITC (cata-
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log 553062, clone 145-2C11); CD45-FITC (catalog 553772, clone 104);
and NKp46-AF647 (catalog 560755, clone 29A1.4). CD94-FITC (catalog
11-0941-81, clone 18d3) was purchased from eBioscience.

Real-time RT-PCR. RNA was isolated using a Total RNA Purifica-
tion Kit (Norgen, 17200)and then reverse transcribed to cDNA with
SuperScript VILO Master Mix (Life Technologies, Thermo Fisher Sci-
entific, 11755050) following the instructions provided by the manu-
facturer. mRNA expression levels were analyzed using SYBR Green
PCR Master Mix (catalog 4334973) and a Vii 7 Real-Time RT-PCR Sys-
tem (both from Thermo Fisher Scientific). Primer sequences are listed
in Supplemental Table 1.

Immunoblotting, co-IP, and ChIP assays. Immunoblotting and co-IP
were performed according to standard procedures. Anti-SMAD4 mAbs
were purchased from MilliporeSigma (catalog 04-1033/clone EP618Y)
or from Abcam (catalog ab40759, clone EP618Y). Anti-SMAD4 poly-
clonal Abs were purchased from Cell Signaling Technology (catalog
9515) or from Santa Cruz Biotechnology (sc-1909). The anti-GZMB
polyclonal Ab (catalog 4275) and anti-JUNB mAb (catalog 3753, clone
C37F9) were purchased from Cell Signaling Technology. ChIP assays
were carried out using a Magna A/G Chromatin Immunoprecipitation
Kit (Merck Millipore) or a Pierce Magnetic ChIP Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Briefly, an
equal amount of an anti-SMAD4 or anti-JUNB Ab and the correspond-
ing control normal IgG were separately used to precipitate the cross-
linked DNA-protein complexes derived from 5 x 10 purified mouse
primary NK cells, respectively. Following reversal of cross-linking, the
DNA immunoprecipitated by the indicated Ab was tested by PCR. The
primer pair used for detecting the Gzmb promoter region spanning
from-605 bp to-305 bp relative to the TSS, where the putative SMAD4
binding site was harbored, was 5'-TCGGACAAATATCATCTTTC-
CC-3' (forward) and 5-AAGCATGACCATCTAGTGAG-3' (reverse).
The primer pair used for detecting the Gzmb promoter region spanning
from -150 bp to +3 bp relative to the TSS, where the putative JUNB
binding site was harbored, was 5'-CTGTAAGTGGTGGTTCTC-3' (for-
ward) and 5'-TCTCTGCTTTTATGATGCT-3' (reverse).

Luciferase reporter assay. The Gzmb promoter region ranging from
-625 bp to +93 bp of the TSS was amplified from murine NK cells and
cloned into a pGL3-basic luciferase reporter vector (Promega) to gen-
erate a pGL3-Gzmb reporter plasmid. Murine NIH-3T3 cells purchased
from ATCC were cotransfected with the pGL3-Gzmb reporter plasmid
as well as Smad4 and/or Junb overexpression plasmids or an empty
vector, together with a pRL-TK Renilla reporter plasmid (Promega) for
normalization of transfection efficiency. The cells were harvested for
lysis 48 hours after transfection, and luciferase activity was quantified
fluorimetrically with the Dual Luciferase System (Promega). The Qui-
kChange II Site-Directed Mutagen Kit (200523) from Agilent Tech-
nologies was used for mutating the SMAD4 or JUNB binding site in
the proximal Gzmb promoter. The SMAD4 binding site “TGTCTGT”
was mutated to “TAAAAAT,” and the JUNB binding site “TTCTCT-
GAGTCA” was mutated to “TTCTCAAAAACA”.

Statistics. For continuous and normally distributed measurements,
2-sample t tests were used to compare the group mean of 2 independent
groups such as Smad4*™ versus Smad47*. Paired ¢ tests were used to
compare 2 paired groups such as littermates split into 2 groups. ANOVA
models were used to compare multiple groups. P values were adjusted
for multiple comparisons by Holm’s procedure. A P value of 0.05 or less
was considered significant. Data are presented as the mean * SD.
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Study approval. All mice were bred and housed in the animal facili-
ty at The Ohio State University. All animal experiments were approved
by the IACUC of The Ohio State University (protocol 201200000090)
and performed in accordance with institutional animal care and use
guidelines. No human subjects were used in this study.
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