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Background: Colorectal cancer (CRC) ranks as the third most prevalent
malignant neoplasm in terms of both morbidity and mortality. Within the
tumor microenvironment (TME) of CRC, the diminished presence and
diminished cytotoxic function of natural killer (NK) cells serve as important
factors driving the advancement of CRC; however, the precise regulatory
mechanisms governing this phenomenon remain incompletely understood.
Consequently, the identification of novel, potential anti-CRC targets associated
with NK cells emerges as a pressing and paramount concern warranting
immediate attention.

Methods: We examined the regulatory mechanism of SMAD4-mediated NK cell
cytotoxicity on CRC by utilizing various experimental techniques, such as qRT-
PCR, flow cytometry.

Results: Our findings revealed that the expression of SMAD4 is decreased in NK
cells within the TME of human CRC. Furthermore, we observed that enforced
upregulation of SMAD4 resulted in enhanced cytotoxicity of NK cells towards
CRC cells. Furthermore, our research has revealed that YTHDF2 functions as a
downstream effector of SMAD4, playing a crucial role in the control of
transcription and translation of m®A-modified RNA. Moreover, our investigation
demonstrated that increased expression of SMAD4 promoted the activating
receptor NKG2D by elevating levels of YTHDF2. Ultimately, the SMAD4-
YTHDF2 regulatory axis significantly enhanced the cytotoxicity of NK cells
against human CRC cells.

Conclusion: Our study unveils a novel mechanism through which SMAD4
modulates the cytotoxicity of NK cells towards CRC cells, suggesting that
SMAD4 may hold promise as a potential therapeutic target for NK cell therapy
in CRC.
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1 Introduction

Colorectal cancer (CRC) ranks as the third most frequently
diagnosed malignancy, characterized by significant morbidity and
mortality rates (1). Over recent decades, advancements in the
utilization of small molecular chemotherapy agents (e.g.,
Cetuximab) and immune checkpoint inhibitors (e.g., PD-1/PDL-1)
have shown improved therapeutic outcomes in a subset of CRC
patients (2, 3). Nevertheless, the therapeutic efficacy for patients with
relapsed or drug-resistant CRC remains suboptimal. Consequently,
the identification of novel targets for CRC represents a pressing and
pivotal concern that warrants immediate attention.

Within the tumor microenvironment (TME) of CRC, immune
cells exhibit a dual regulatory function by either impeding or
promoting tumor progression (4). Notably, activated natural killer
(NK) cells are a crucial component of the immune response, directly
targeting and eliminating CRC (5, 6). The utilization of NK cell
therapy, such as chimeric antigen receptor (CAR)-NK cells, has
emerged as a promising strategy in the realm of CRC
immunotherapy in recent years (7-9). NK cells can be activated by
tumor cells, cytokines [e.g., interleukin (IL)-2, IL-12], natural
products (e.g., chitosan) to induce direct lysis of tumor cells
through the secretion of toxic molecules [e.g., granzyme B (GZMB)
and perforin (PRF1)] (10-12). Additionally, NK cells can also secrete
lymphokines [e.g., interferon-gamma (IFN-y)] to modulate immune
responses, indirectly impeding tumor cell proliferation and metastasis
(13). Previous research has demonstrated that the cytotoxic function
of NK cells can be triggered by the overexpression of ligands [e.g.,
poliovirus receptor (CD155), nectin-2 (CD112)] on the surface of
human CRC cells (14). Nevertheless, the specific molecular
mechanisms governing the regulation of NK cell cytotoxicity on
CRC cells remain largely unexplored.

As investigations into tumor immunotherapy progress, the
influence of mothers against decapentaplegic homolog 4
(SMAD4) on immune cells is increasingly coming to light.
SMAD4, a member of the SMAD family, serves as a mediator for
membrane receptors involved in regulating SMAD signaling (15).
SMAD4 has the capability to form heterologous complexes with
other members of the activated SMAD family, facilitating their
translocation to the nucleus where they collaboratively regulate the
expression of target genes alongside other transcription factors (16).
Huss et al. have demonstrated that SMAD4 promotes the secretion
of IL-10 from T helper type 1(Thl) cells, leading to a reduction in
encephalitogenic markers (e.g., T-bet) on IL-10R-expressing Thl
effector cells and inhibiting the recruitment of inflammatory T cells
(17). Furthermore, Hu et al. have shown that SMAD4 plays a crucial
role in the differentiation of effector and circulating memory CD8"
T cells (18). Two studies conducted on mouse NK cells have
demonstrated that Smad4 play a role in promoting the
maturation of mouse NK cells and inhibiting the metastasis of
melanoma, regardless of TGF-B signaling (16). Conversely, the
absence of Smad4 in NK cells has been shown to enhance the
metastasis of melanoma cells and viral infection (19). These
findings suggest that mouse Smad4 not only facilitates the
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development of NK cells, but also strengthens their anti-tumor
capabilities. Also in tumor TME, the role of SMAD4 in tumors and
tumor immunity is complicated, it can serve as both a tumor
promoting factor and a tumor suppressor, playing a double-edged
sword role (20-22). However, the direct involvement of SMAD4 in
regulating human NK cells against CRC cells and its impact on CRC
progression remains unclear.

In this study, we illustrates that SMAD4 expression is
downregulated in human NK cells within the CRC TME, and
overexpression of SMAD4 enhance the cytotoxic ability of NK
cells through upregulating the expression of the m°®A reader protein
YTHDEF2 and promotes the expression of the NK activating
receptor NKG2D. Consequently, targeting SMAD4 of NK cells
may offer a promising therapeutic approach for CRC.

2 Materials and methods

2.1 The acquisition of pathological
specimens from colorectal cancer patients

The para-cancerous and intra-cancerous samples of CRC
patients were obtained from Xi’an International Medical Center
Hospital, which with signed informed consent and approved by the
Ethics Committee of Xi’an International Medical Center Hospital
and Northwestern Polytechnical University for use of
human samples.

2.2 Process for constructing the mouse
colorectal cancer models

Eight-week-old female mice were utilized for the study, with
mouse MC38 cells injected into the spleen at a concentration of
0.5x10° cells per mouse. Liver tissue samples were collected and
digested into single suspension cells at 0, 2, and 4 weeks post-
injection. Flow cytometry was used to detect the number of
NKp46*NK cells and to measure the expression of Smad4 in these
NK cells. NKp46NK cells were isolated using a flow cytometer, and
gRT-PCR was employed to assess the mRNA expression of Smad4.

Eight-week-old female mice were treated with 5% DSS and AOM
(15 mg/kg) to induce the progression of CRC (6). Colorectal
adenocarcinoma tissue was collected at 4 and 8 weeks, digested
into a single-cell suspension, and analyzed using flow cytometry to
quantify the expression of Smad4 in NKp46" NK cells. The animal
experimentation was conducted in compliance with the guidelines set
forth by Northwestern Polytechnical University Animal Care and
Use Committee and adhered to an approved protocol.

2.3 Cell culture and infection

NK cells were maintained in NK cell specialized culture
medium with recombinant IL-2 (25 ng/ml) and IL-15 (10ng/ml).
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HCT-116 cell was maintained in McCoy’s 5A basic medium
(Invitrogen, USA) supplemented with 10% FBS. SW480 and
SW620 cells were maintained in Roswell Park Memorial Institute
1640 (RPMI-1640) medium (Invitrogen, USA) with 10% FBS. The
four kinds of cells were routinely tested for absence of mycoplasma
using MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza, MD,
USA), incubated at 37°C in 5% CO, and maintained with penicillin
(100 U/mL) and streptomycin (100 pg/mL).

To overexpress human SMAD4 in NK cells, SMAD4
overexpression lentivirus (MOI of 30) or its control lentivirus
(MOI of 30), which provided by Genechem (Shanghai, China),
were used to infect human NK cells, separately. After 72 hours, NK
cells from two groups were collected and co-cultured with human
CRC cell lines (HCT-116, SW480, and SW620), separately. After 6
hours, total cells were collected and NK cells were sorted using a
flow cytometer for subsequent testing.

In certain experimental conditions, human NK cells were infected
with YTHDF2 interference lentivirus (MOI of 40), SMAD4
overexpression lentivirus plus YTHDE2 interference lentivirus. The
mRNA and/or protein expression levels of METTL3, METTL14,
FTO, ALKBH5, YTHDF1, YTHDF2, YTHDCI1, NKG2D, PD-1, and
TIGIT were assessed using QRT-PCR and flow cytometry.

2.4 Quantitative RT-PCR analysis

Quantitative RT-PCR (qRT-PCR) analysis was performed as
described previously (12). Total RNA was isolated using the Trizol
reagent (TaKaRa Biotechnology, China) according to the
manufacturer’s protocol, cDNA synthesis and qRT-PCR were
performed. The sequence of all primers are in Supplementary Table 1.

2.5 Cell surface and intracellular
FACS analysis

Cell surface and intracellular fluorescence-activated cell sorting
(FACS) analysis was performed as described previously (12). First,
cells were incubated with antibodies targeting surface markers
(CD56, NKG2D, NKp46), then washed and resuspended in
Cytofix/Cytoperm solution (BD Biosciences) at 4°C for 20 min.
Subsequently, the fixed and permeabilized cells were labeled with
antibodies targeting intracellular markers (METTL3, METTL14,
YTHDEF2 or Smad4) for subsequent analysis using flow cytometry.

2.6 Cytotoxicity ability detection

In a 96-well plate, CRC cells (target cells) were co-cultured with
NK cells (effector cells) at effector-to-target cell ratio (10:1) for 6
hours, and the cell surface and intracellular FACS analysis were
used. First, cells were incubated with antibodies targeting surface
markers (CD56, CD107a), then washed and resuspended in
Cytofix/Cytoperm solution. Subsequently, the fixed and
permeabilized cells were labeled with anti-human/mouse GZMB
for subsequent analysis.
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2.7 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7.0
software (USA), with comparisons between two independent or
paired groups performed using the unpaired t-test. Results were
reported as mean *= SD, with statistical significance defined
as P<0.05.

3 Results

3.1 SMAD4 is lower expressed in CD56*NK
cells of human CRC

To determine the role of SMAD4 in the CRC TME of human NK
cells, we first compared the proportion of CD56"NK cells in para-
cancerous and intra-cancerous of CRC patients. The results showed
that the proportion of CD56"NK cells in intra-cancerous tissue is
dramatically lower than that in para-cancerous tissue (Figures 1A, B).
Secondly, compared with in para-cancerous of CRC patients, the
protein expression of SMAD4 in CD56'NK cells of intra-cancerous
showed a significantly lower level (Figures 1C, D). Taken together, we
identified a global downregulation of SMAD4 in CD56"NK cells of
intra-cancerous CRC patients.

3.2 Smad4 is expressed at lower levels in
NK cells from mouse CRC tumor models

In order to further investigate the expression of Smad4 in mouse
colorectal cancer, two distinct mouse CRC models were developed.
Firstly, a mouse model of MC38 colorectal cancer liver metastasis was
constructed (Figure 2A), and the number of CRC tumor metastasis
on the liver gradually increased, especially in the 4 weeks (Wk 4),
indicating the successful construction of the MC38 liver metastasis
model (Figure 2B). In liver metastatic CRC TME, flow cytometry and
gRT-PCR analysis were used to detect the mRNA and protein levels
of Smad4 in NKp46'NK cells. In comparison to liver NKp46"NK
cells in 0 and 2 weeks (Wk 0, Wk 2), the mRNA and protein
expression of Smad4 in liver NKp46 'NK cells at Wk 4 exhibited a
marked decrease (Figures 2C-E). Additionally, in the DSS/AOM CRC
tumor model, flow cytometry was utilized to detect the protein
expression of Smad4 in NKp46™NK cells. It was observed that the
protein expression of Smad4 in NKp46'NK cells at 8 weeks (Wk 8)
was significantly decreased compared to that at 4 weeks (Wk 4)
(Figures 2F-H).When analyzed collectively, we observed a
widespread decrease in Smad4 expression in mouse NK cells within
CRC tumor TME.

3.3 SMADA4 is essential for the NK cell-
mediated cytotoxicity against CRC cells

Cytotoxic activity is a crucial effector function of NK cells, which
release significant quantities of lytic particles (e.g, GZMB) to induce
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SMAD4 is lower expressed in CD56"NK cells of human CRC. (A) The proportion of CD56*NK cells in Para-cancerous and Intra-cancerous of CRC
patient was detected through flow cytometry; (B) The statistics of NK cell population of three CRC patients; (C) SMAD4 protein expression of
CD56*NK cells were detected in Para-cancerous and Intra-cancerous of CRC patient through flow cytometry; (D) Quantification of SMAD4
expression in NK cells of CRC patients: MFI ratio of SMAD4 in CD56"NK cells. N=3. Bars represent means + SD, “*" P < 0.05.

lysis of tumor cells (12). Previous studies have demonstrated that
specifically knockout of Smad4 in mouse NK cells accelerates the
procession of melanoma (16). To investigate whether SMAD4
enhanced human NK cell-mediated cytotoxicity against CRC cells,
the cytotoxicity assay were performed to assess the effects of SMAD4
overexpression on NK cell-mediated cytotoxicity towards various CRC
cell lines, including HCT-116, SW480, and SW620. After co-culturing
NK cells with three CRC cell lines, the expression of CD107a, a
degranulation marker associated with tumor lysis capacity, were
observed (12). When compared to the control group (Ctrl), the
overexpression of SMAD4 group (OV-SMAD4) dramatically
increased the expression of CD107a in human NK cells during co-
cultured with HCT-116, SW480, and SW620 cell lines (Figures 3A, B).
Furthermore, it was determined that the expression of GZMB, a crucial
cytolytic effector, was also elevated in SMADA4-overexpressed NK cells
compared to control NK cells (Figures 3C, D). In summary, these
finding suggest that SMAD4 has the potential to enhance the cytotoxic
activity of NK cells on CRC tumor cells.

Frontiers in Immunology

3.4 Overexpression of SMAD4 promotes
the m®A methyltransferases METTL3,
METTL14 and m°A reading protein YTHDF2
expression in human NK cells

Recently researches have indicated that molecules involved in
m°A methylation modification, such as METTL3 and YTHDF2,
play an important role in promoting the anti-tumor activity of NK
cells (23, 24). In order to further explore the molecular
mechanisms underlying SMAD4-mediated NK cell cytotoxic
against CRC cells, NK cells were transduced with either control
lentivirus or SMAD4 overexpression (OV-SMAD4) lentivirus for
72 hours, followed by co-culture with CRC cells. Then, we detect
the mRNA and/or protein expression levels of seven m°®A
methyltransferases regulators in NK cells. The findings indicate
that the mRNA levels of m°A methyltransferases METTL3
and METTL14, as well as m®A reader proteins YTHDF2
and YTHDCI1, were significantly upregulated in SMAD4
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Smad4 is lower expressed in NK cells of mouse CRC tumor models. (A) Experimental timeline for MC38 tumor model; (B) CRC tumor nodes in liver;
(C) The relative mRNA expression of Smad4 in NKp46*NK cells of liver; (D) Smad4 protein expressions in NKp46*NK cells were detected in liver of
Wk 0, Wk 2 and Wk 4 through flow cytometry; (E) Quantification of (D): MFI ratio of Smad4 in NKp46*NK cells; (F) Experimental timeline for AOM/
DSS model; (G) Smad4 protein expressions in NKp46*NK cells were detected in colorectal tissue of Wk 4 and Wk 8 through flow cytometry; (H)
Quantification of (G): MFI ratio of Smad4 in NKp46*NK cells. N=3-5. Bars represent means + SD, “**" P < 0.01, “*" P < 0.05.

overexpression (OV-SMAD4) NK cells compared to control NK
cells. Conversely, the mRNA levels of m°A demethylase FTO and
ALKBHS5, as well as m®A reader proteins YTHDFI, did not show
significant changed (Figure 4A). Additionally, flow cytometry
analysis was utilized to assess the protein expression of
METTL3, METTL14, and YTHDF2 in NK cells. The findings
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indicate that the protein expression and mean fluorescence
intensity (MFI) ratio of METTL3, METTL14, and YTHDEF2
were significantly increase in OV-SMAD4 group compared to
the control group (Figures 4B-G). In general, SMAD4 positively
regulates the expression of METTL3 and METTLI14, as well as
YTHDE2 in human NK cells.
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NK cells, and the proportion of CD107a* NK cells and GZMB* NK cells were determined by flow cytometry. N=3. Bars represent means + SD, “**"

P <0.01, "™*" P < 0.05.
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Overexpression of SMAD4 promotes the expression of m°A methyltransferases METTL3, METTL14 and m°eA reading protein YTHDF2 in human NK
cells. (A) The mRNA expressions of METTL3, METTL14, FTO, ALKBH5, YTHDF1, YTHDF2 and YTHDCL1 in NK cells were detected by gRT-PCR; (B-G)
The protein expressions of METTL3, METTL14 and YTHDF2 in NK cells were determined by flow cytometry. N=3. Bars represent means + SD, “**"

P<0.01, "*" P<0.05.

3.5 Overexpression of SMAD4 promote
NKG2D expression in human NK cells

NK cell activating receptor NKG2D and immune checkpoints,
such as PD-1 and TIGIT, are predominantly localized on the
surface of NK cell membranes (24). In the TME of CRC, there is
a notable upregulation of NK cell immune checkpoints or
downregulation of activating receptors, which facilitates the
evasion of tumor cells from NK cell-mediated cytotoxicity (5, 14).
To explore the potential regulatory role of SMAD4 in the expression
of NK cell inhibitory receptors and immune checkpoints, the
mRNA levels of NKG2D, PD-1, and TIGIT were assessed in NK
cells. Notably, overexpression of SMAD4 was found to promote
NKG2D expression in human NK cells (Figures 5A, B).
Subsequently, flow cytometry was utilized to detect the protein
expression of NKG2D on the cell membrane surface. The finding
indicate that the overexpression of SMAD4 remarkably promote the
protein expression of NKG2D compared to the control
(Figures 5C, D).

3.6 SMAD4 promotes NKG2D expression
through YTHDF2

Subsequently, we further investigate the specific mechanism of
SMAD4 mediated upregulation of NKG2D expression. Our finding
reveals that interference with YTHDF2 (Sh-YTHDE2) led to a
significant decrease in NKG2D mRNA expression compared to
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the control (Ctrl) group. Conversely, overexpression of SMAD4
plus interference with YTHDF2 (OV-SMAD4 + Sh-YTHDEF2)
resulted in rescued NKG2D mRNA expression, with no
significant impact on the mRNA expression of PD-1 and TIGIT
(Figures 5A, B). Furthermore, flow cytometry was employed to
assess the protein expression of NKG2D. The findings indicate that
interference with YTHDEF2 notably decrease the protein expression
of NKG2D in comparison to the control group. However,
interference with YTHDF2 plus overexpression of SMAD4
resulted in the rescued NKG2D protein expression (Figures 5C,
D). In conclusion, it can be inferred that SMAD4 can promotes
NKG2D expression through YTHDEF2.

3.7 SMAD4 enhances NK cell-mediated
cytotoxicity on CRC cells through YTHDF2

Subsequently, in order to further investigate the potential role of
SMAD4 in modulating the cytotoxicity of NK cells via YTHDF2, NK
cells were transduced with lentiviral constructs encoding Ctrl, OV-
SMAD4, Sh-YTHDEF2, or OV-SMAD4 + Sh-YTHDF2 for 72 hours.
Following this, the NK cells were co-cultured with CRC cells, and the
expression of GZMB in NK cells was assessed using flow cytometry.
The findings indicate that the protein expression of GZMB was
notably decreased in the Sh-YTHDEF2 group compared to the Ctrl
group. However, compared with the Sh-YTHDEF2 group, the OV-
SMAD4+Sh-YTHDEF2 group rescued the expression of GZMB. In
conclusion, SMAD4 enhances NK cell-mediated cytotoxicity against
CRC cells by modulating YTHDEF2 (Figures 6A, B).
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represent means + SD, “**" P < 0.01, "*" P < 0.05.

4 Discussion

In this study, we demonstrates that SMAD4 enhances the
cytotoxic activity of human NK cells against CRC tumor cells.
Our findings reveal that the m°A reader protein YTHDE2 is a
downstream target of SMAD4 and it plays an important role in
regulating NK cell cytotoxicity. Moreover, our research uncover
that the upregulation of SMAD4 promotes the expression of the NK
cell activating receptor NKG2D, thereby promoting the activation
of the NKG2DL-NKG2D regulatory axis and enhancing the
cytotoxic effect of NK cells to CRC cells. In summary, our study
elucidates a novel mechanism by which SMAD4 modulates NK cells
in their response to CRC cells, suggesting that SMAD4 could serve
as a promising target for NK cell therapy on CRC (Figure 7).

Prior studies have demonstrated that aberrant expression or
mutation of SMAD4 significantly influences the advancement of
diverse tumors, including hematopoietic malignancies and solid
tumors such as acute myeloid leukemia (25), pancreatic cancer (26),
hepatocellular carcinoma (27), head and neck carcinoma (28) and
CRC (29). In the context of CRC progression, the absence
of SMAD4 hinders the infiltration of anti-tumor immune cells,
thereby facilitating CRC recurrence and resistance to chemotherapy
(30). Hu et al. recently employed lantern-shaped flexible nucleic
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acid origami technology to selectively deliver human SMAD4
mRNA into CRC cells, consequently impeding the growth of
CRC (31). Additionally, two distinct research groups nearly
concurrently discovered that mouse Smad4 suppresses viral
infection and enhances the cytotoxicity of NK cells towards
tumor cells, such as melanoma, with its regulatory mechanism
being TGF-B independent, while the formation of a complex
between Smad4 and JunB is synergistically enhance the
transcription of GZMB (16, 19). Consistently, this study further
elucidates the positive regulatory function of SMAD4 in facilitating
the cytotoxicity of CRC cells by human NK cells. Our results
indicate that SMAD4 likely plays a crucial role in activating NK
cells to suppress CRC progression, and targeted activation of
SMAD4 in human NK cells may represent a promising
therapeutic approach for inhibiting CRC advancement.

NK cells, an essential component of the innate immune system,
exhibit the ability to directly eliminate tumor cells through the
secretion of cytotoxic molecules such as GZMB and PRFI1. Recent
studies have highlighted the significance of epigenetic modifications,
specifically RNA modifications like m®A, in modulating the anti-
tumor efficacy of NK cells. Song et al. demonstrated that the
suppression of Mettl3 in NK cells results in diminished m°A levels
and SHP-2 activity, consequently impairing the anti-tumor response
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FIGURE 6
SMAD4 enhances NK cell-mediated cytotoxicity on CRC cells through YTHDF2. (A, B) The proportion of GZMB* NK cells were determined by flow
cytometry. N=3. Bars represent means + SD, “**" P < 0.01, "*" P < 0.05.
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SMAD4 enhances the cytotoxicity of human NK cells against CRC cells through m°A reader YTHDF2.
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of NK cells by reducing their sensitivity to IL-15 (23). Ma et al.
demonstrated that knockout of Ythdf2 in mouse NK cells resulted in
a notable decrease in GZMB expression, leading to diminished
tumor-killing capabilities, particularly against melanoma. This
suggests that Ythdf2 plays a crucial role in the anti-tumor function
of NK cells (24). Our study further supports this notion that human
SMAD4 enhances the cytotoxicity of NK cells, at least in part by
upregulating YTHDF?2 expression, thereby inhibiting the survival and
proliferating of CRC cells. Subsequently, our research has provided
functional evidence indicating that human SMAD4 positively
regulates NKG2D expression through YTHDEF2, leading to
increased GZMB production when co-cultured with human CRC
cells. Previous study in NK cells demonstrated that NKG2D can serve
as a positively downstream target gene of YTHDEF2, and specific
knockout of Ythdf2 in mouse NK cells significantly inhibit the
expression of NKG2D (24). CD8" T cells have the similar
cytotoxicity function of NK cells. Previous researcher showed that
knockout of SMAD4 inhibit NKG2D mRNA expression (32). In
summary, SMAD4-YTHDF2 regulatory axis regulates the expression
of NKG2D in human NK cells.

In summary, our research elucidates that SMAD4 can enhance
the cytotoxic activity of human NK cells against CRC tumor cells.
Our findings offer new insights into the mechanisms by which
SMAD4 promotes the cytotoxicity of NK cells against CRC tumors,
specifically by upregulating YTHDF2 and NKG2D expression. These
results underscore the potential therapeutic value of targeting the
SMAD#4 as a strategy for enhancing NK cell therapy on CRC.
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