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Abstract
The serine/threonine/tyrosine kinase 1 (STYK1) is a receptor protein-tyrosine kinase (RPTK)-like molecule that is 
detected in several human organs. STYK1 plays an important role in promoting tumorigenesis and metastasis 
in various cancers. By analyzing the expression of RTKs in immune cells in the database of 2013 Immunological 
Genome Project, we found that STYK1 was principally expressed in NK cells. In order to investigate the function 
of STYK1, we used CRISPR/Cas9 technology to generate STYK1-deleted mice, we found STYK1 deletion mice have 
normal number, development, and function of NK cells in spleen and bone marrow in tumor-free resting state. 
To examine the tumor surveillance of STYK1 in vivo, we utilized a variety of tumor models, including NK cell-
specific target cell (ß2M and RMA-S) clearance experiments in vivo, subcutaneous and intravenous injection of 
B16F10 melanoma model, and the spontaneous breast cancer model MMTV-PyMT. Surprisingly, we discovered 
that deletion of the oncogenic STYK1 promoted the four-model tumor progression, and we observed a reduction 
of NK cell accumulation in the tumor tissues of STYK1 deletion mice compared to WT mice. In order to study 
the mechanism of STYK1 in NK, RNA sequence of STYK1−/− and WT NK have unveiled a disparity in the signaling 
pathways linked to migration and adhesion in STYK1−/− NK cells. Further analysis of chemokine receptors 
associated with NK cell migration revealed that STYK1-deficient NK cells exhibited a significant reduction in CCR2 
expression. The STYK1 expression was negatively associated with tumor progression in glioma patients. Overall, our 
study found the expression of STYK1 in NK cell mediates NK cell anti-tumor response through regulating CCR2 and 
infiltrating into tumor tissue.
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Background
The human STYK1 (serine/threonine/tyrosine kinase 1) 
was initially cloned as a potential tyrosine receptor pro-
tein kinase in 2003. STYK1 is located on human chro-
mosome 12p13 and consists of 11 exons [1]. The STYK1 
molecule is comprised of a single transmembrane helix 
and an intracellular tyrosine kinase domain, but lacks the 
extracellular domain. Moreover, STYK1 also called Novel 
Oncogene with Kinase-domain (NOK), is a newly identi-
fied oncogenic protein that belongs to the receptor tyro-
sine kinase (RTK) family. RTKs are the largest class of 
enzyme-linked receptors, and the inhibitors of RTK have 
significantly enhanced the prognosis of cancer. STYK1 
shares approximately 30% amino acid identity with mem-
bers of the platelet-derived growth factor/fibroblast 
growth factor (PDGF/FGF) receptor superfamily [2]. 
STYK1 plays a crucial role in the induction of tumorigen-
esis and metastasis [3]. STYK1 has been suggested as a 
potential diagnostic marker or prognostic indicator for 
various cancers [4, 5]. Studies have observed that high 
expression of STYK1 in tumor cells of patients with acute 
leukemia [6, 7], ovarian cancer [8] and even in the early 
stages of lung cancer [9]. The involvement of STYK1 in 
tumor growth and metastasis indicates that STYK1 is a 
promising therapeutic target for cancer therapy.

As the most prevalent and dangerous type of brain 
tumor, glioma poses a significant threat to life due to 
its high aggressiveness and poor prognosis, particularly 
when classified as high grade. Consequently, research 
on brain gliomas has garnered increasing attention 
from scholars worldwide. The knockdown of STYK1 
has been shown to inhibit the proliferation, migration, 
and invasion of human glioma cell lines (U87MG, U251, 
and LN229) in vitro, as well as to suppress the growth 
of xenografted tumors in nude mice [10]. Additionally, 
STYK1 transgenic mice develop a disease resembling 
Chronic Lymphocytic Leukemia, which consistently 
manifests within the bone marrow [11]. However, the 
effects of STYK1 knockout mice on tumor genesis and 
the role of STYK1 in the immune system remain poorly 
understood.

In this study, we analyzed 198 cases from the human 
glioma Chinese Glioma Genome Atlas (CGGA) data-
base to investigate the role of STYK1 in glioma patients. 
However, we found that STYK1 plays an anti-tumor role 
and is negatively associated with both tumor grade and 
prognosis in glioma patients. To explore the mecha-
nism behind this, we analyzed the expression of STYK1 
in immune cells using the 2013 Immunological Genome 
Project database. Our analysis revealed that STYK1 was 
primarily expressed in NK cells. To further investigate the 
function of STYK1 in NK cells, we created a STYK1-defi-
cient mice model (STYK1−/−) using CRISPR/Cas9 gene 
technology. We conducted experiments using four tumor 

models (ß2M−/− cells, RMA-S, MMTV-PyMT, B16F10), 
and observed that STYK1 deletion promoted tumor 
progression. Additionally, we found that STYK1−/− NK 
cells had reduced accumulation at the tumor site com-
pared to WT mice. Further analysis using RNA-seq and 
flow cytometry showed that STYK1 promoted NK cell 
migration probably through regulating C-C Motif Che-
mokine Receptor 2 (CCR2) receptor. Overall, we gener-
ated STYK1-deficient mice to investigate its function in 
tumor progression and demonstrated the role of STYK1 
in tumor infiltrating NK cells through CCR2.

Results
STYK1−/− mice have normal number, development, and 
function of NK cells in spleen and bone marrow in the 
resting state
RTKs act as both receptors for growth factors and 
enzymes that catalyze the phosphorylation of down-
stream target proteins. RTKs contained epidermal 
growth factor receptors (EGFR), the platelet-derived 
growth factor receptors (PDGFR), fibroblast growth fac-
tor receptors (FGFR), vascular endothelial growth fac-
tor receptors (VEGFR), rearranged during transfection 
(RET), and STYK1. By analyzing the expression of RTKs 
in immune cells in the database of 2013 Immunological 
Genome Project, we found that STYK1 was principally 
expressed in NK cells (Fig.  1A). Therefore, we specu-
lated that STYK1 might affect the functional changes 
of NK cells. We quantified the relative proportions of 
NK cell subsets based on NK1.1 and CD11b expres-
sion. NK cells were categorized into three developmen-
tal stages: CD3−CD122+NK1.1−CD11b− NK progenitors 
(NKp), CD3−CD122+NK1.1+CD11b− immature NK cells 
(iNK), and CD3−CD122+NK1.1+CD11b+ mature NK 
cells (mNK). NK cells are derived from bone marrow 
hematopoietic stem cells (HSCs) through a gradual pro-
cess, including common lymphoid progenitor (CLP), 
NK progenitor (NKp), immature NK (iNK), and mature 
NK cells (mNK). Then we examined the mRNA expres-
sion level of STYK1 in three stages of NK development, 
and observed that the expression of STYK1 was consis-
tent with the data in the Immunological Genome Proj-
ect (Fig. 1B). Thus, we generated the STYK1-deleted B6 
mouse using CRISPR/Cas9 technology, and STYK1 gene 
was effectively knocked out in deletion mice (Fig.  1C). 
We investigated the impact of STYK1 knockout on NK 
cells in the resting state. We found that there were no sig-
nificant changes observed in the number of NK and NKT 
cells in the spleen and bone marrow of both WT and 
STYK1−/− mice (Fig. 1D). Flow cytometry assay revealed 
that WT and STYK1−/− mice had normal number of T 
(CD3+CD19−) and B cells (CD3−CD19+) in spleen and 
bone marrow (Fig.  1E). Additionally, we also evaluated 
this process through the expression level of CD27 and 
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CD11b by flow cytometry, we found that the NK cell 
maturation pattern defined by CD11b and CD27 between 
WT and STYK1 deficient mice were similar, indicat-
ing that STYK1 did not affect the NK cell maturation in 
spleen and bone marrow as shown in Fig.  1F. And flow 
cytometry assay also revealed that both the two kinds of 

mice had comparable development proportion of NKp 
(CD3−CD122+NK1.1−CD11b−), iNK (CD3−CD122+NK
1.1+CD11b−), and mNK (CD3−CD122+NK1.1+CD11b+) 
cells (Fig. 1G).

The primary functions of NK cells include the expres-
sion of CD107a and secretion of IFN-γ, which are 

Fig. 1  STYK1−/− mice have normal number of T/B /NK cells in spleen and bone marrow at resting state. (A) The expression of STYK1 and other RTKs on im-
mune cells in the database of 2013 Immunological Genome Project. (B) The mRNA expression of STYK1 on the development stage of NK cells from wild-
type mice (n = 3). (C) The mRNA expression of STYK1 on NK cells from STYK1 deficient and wildtype mice (n = 4). (D-E) The number of NK (CD3−NK1.1+), 
NKT (CD3+NK1.1+), T (CD3+CD19−) and B (CD3−CD19+) cells in spleen and bone marrow was analyzed and calculated by flow cytometry. The representa-
tive data was on the left and the statistic date was on right (n = 5). (F) Four-stage mature of NK cells, including CD27−CD11b− (DN), CD27+CD11b− (CD27 
SP), CD27+CD11b+ (DP), and CD27−CD11b+ (CD11b SP) were gated on CD3−CD19−NK1.1+ NK cells in the spleen and BM of WT and STYK1-deficient mice. 
The representative data was on the left and the statistic date was on right (n = 3). (G) Early development of NK cells was defined by CD122, NK1.1 and 
CD11b, including NKp (CD3−CD122+NK1.1−CD11b−), iNK (CD3−CD122+NK1.1+CD11b−), mNK (CD3−CD122+NK1.1+CD11b+) in the spleen and BM of two 
mice group. The representative data was on the left and the statistic date was on right (n = 3). The data are expressed as mean ± SD and represent one of 
three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests (two-tailed)
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indicative of their ability to kill target cells and secrete 
cytokines. In vitro experiments of direct incubation 
NK cells with tumor cells can activate the expression 
of CD107a and secretion of IFN-γ. When stimulated 
by MHC-1 deficient tumor cells (YAC-1 or RMA–S), 
the IFN-γ secretion and CD107a expression were not 

influenced by STYK1 deficiency (Fig. 2A, B). When stim-
ulated by cytokines such as IL-12, IL-18, and IL12 and 
IL-18, or antibody against NK1.1 or Ly49D, NK cells with 
or without STYK1 expression showed comparable IFN-γ 
secretion capability (Fig. 2C).

Fig. 2  NK cell function in STYK1 deletion mice at resting state. PolyI: C-activated splenocytes from WT and STYK1-deficient mice were incubated with 
the indicated target cells RMA-S and YAC-1. Expression of intracellular IFN-γ (A) (n = 4) or CD107a (B) (n = 4) by CD3−NKp46+ NK cells were analyzed. PolyI: 
C-activated splenocytes from WT and STYK1-deficient mice were stimulated by plate-coated antibody against IgG, NK1.1 or anti-Ly49D (10 mg/mL), and 
IL-12, IL-18, IL12 and IL-18 (10 mg/mL), isotype antibody was used as the control. Expression of intracellular IFN-γ (C) (n = 4) by CD3−NKp46+ NK cells were 
analyzed. The data are expressed as mean ± SD and represent one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired 
Student t tests (two-tailed)
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STYK1 deletion promotes B16F10 melanoma growth and 
metastasis through NK cells
To investigate the antitumor effect of STYK1 on NK 
cells, we conducted a transplantation tumor experiment 
using B16 melanoma cell line. Our findings revealed that 
tumor growth was significantly faster in knockout mice 
(STYK1−/−) than in the control mice (WT) in subcutane-
ous injection model of B16 tumor cells (p = 0.023), indi-
cating that STYK1 functions as an anti-tumor function 
in the host immune system. As STYK1 was principally 
expressed in NK cells, so we hypothesize that STYK1 
may influence NK cells. We found that the disparity in 
tumor growth between the two mouse types was elimi-
nated after the depletion of NK cells using NK1.1 anti-
body, indicating that the difference in anti-tumor effect of 
knockout mice is mainly attributed to NK cells (Fig. 3A). 
Additionally, we isolated NK cells from mouse tumor tis-
sue in B16 tumor model, and we detect the function of 
NK by NK1.1 and Ly49D antibody, target tumor cells 
YAC-1 and RMA-S, and IL12 and IL-18 in vitro. The 
CD107a expression of NK cells from tumor tissue was 
significantly inhibited by STYK1 deficiency by stimulat-
ing with NK1.1 and Ly49D antibody (Fig. 3B). The IFN-γ 
secretion of NK cells from tumor tissue was weakened 
by STYK1 deficiency by stimulating with NK1.1, but 
not Ly49D antibody and IL12 and IL-18 (Fig. 3C). When 
stimulated by YAC-1 and RMA-S, the CD107a expres-
sion of NK cells was significantly inhibited in deletion 
mice (Fig. 3D), and the IFN-γ secretion was inhibited by 
YAC-1(Fig. 3E). The CD107a expression and IFN-γ secre-
tion of NK cells from tumor tissue was not influenced by 
STYK1 deficiency by stimulating IL12 and IL-18.

To further determine the anti-tumor function of 
STYK1, we conducted the lung metastasis tumor model 
using the tail vein injection of B16 melanoma cell line. 
We found that lung metastasis and weight was faster in 
knockout mice (STYK1−/−) than in heterozygote deficient 
control mice (STYK1+/−), further demonstrating that 
STYK1 functions as an anti-tumor function in the host 
immune system. Depletion of CD4 cells using CD4 anti-
body did not disturb the disparity in lung metastasis and 
weight between the two mouse types (Fig.  4A). More-
over, elimination of CD8 cells using CD8 antibody did 
not change the variation in lung metastasis and weight 
between the two mouse types (Fig.  4B). Only deletion 
of NK cells could eliminate disparity of the lung metas-
tasis and weight between the knockout and control mice 
(Fig. 4C). Moreover, the number of NK cells in the lung 
was significantly decreased in STYK1-deficient mice 
(Fig.  4D). Overall, the anti-tumor immunity of STYK1-
knockout mice might be attributed to NK cell in tumor 
tissue.

STYK1 deletion inhibit the elimination of NK target cells 
through diminishing NK cell number
To confirm the impaired function of NK cells in STYK1-
deficient mice, we assessed the ability of NK cells to 
mediate “missing-self” rejection of MHC-I-missing sple-
nocytes. The results showed that more than 90% of NK 
target cells were eliminated by NK cells in WT mice. 
However, NK cell-mediated killing was significantly 
reduced in STYK1-deficient mice (Fig.  5A). To further 
demonstrate tumor clearance in vivo, we investigated the 
role of NK cells in tumor clearance by injecting another 
NK cell target cells RMA-S. Equal proportions of GFP-
labeled RMA-S cells and dsRed-labeled RMA-S cells 
were injected intraperitoneally into WT and STYK1−/− 
mice. Since NK cells can only deplete RMA-S cells 
lacking MHC-1 molecules, while RMA was used as a 
non-depleted control. The ability of STYK1 knockout NK 
cells to clear RMA-S cells was significantly reduced than 
in the wild-type mice (Fig. 5B). Peritoneal cell lavage fluid 
analysis showed that the NK cell percentage and number 
of STYK1-knockout mice was significantly lower than 
that of the control group (Fig.  5C), suggesting that the 
anti-tumor immunity of STYK1-knockout mice might be 
attributed to NK cells. While in the non-tumor model, 
the NK cell percentage and number in peritoneal cell 
lavage fluid from the knockout and WT mice model was 
almost the same (Fig. 5D).

STYK1 deficiency promotes spontaneous breast tumor 
progression by impairing NK cell accumulation in the 
tumor microenvironment
Then we investigated tumor progression in the spon-
taneous breast cancer mouse model (MMTV-PyMT), 
which realistically simulates the entire human tumor 
process. We crossed STYK1−/− mice with MMTV-
PyMT mice and intercrossed the pups to generate female 
STYK1−/− MMTV-PyMT and STYK1+/− or STYK1+/+ 
MMTV-PyMT control mice. Our study revealed that 
STYK1 deficient mice showed an increased severity of 
primary breast tumor and lung metastasis, as indicated 
by Fig. 6A-C. However, when we conducted in vitro cul-
ture of primary breast tumor-derived cells with varying 
genotypes (STYK1+/+MMTV-PyMT, STYK1+/−MMTV-
PyMT, and STYK1−/−MMTV-PyMT), we observed that 
tumor cells of all genotypes exhibited a similar growth 
rate, as illustrated in Fig. 6D. These results suggested that 
STYK1 might contribute to the progression and spread 
of breast tumors, regardless of the tumor cells charac-
teristics. The results in the NK cell targets above led us 
to hypothesize that STYK1 in their mouse model may be 
related to abnormalities in STYK1-deleted NK cells. The 
PyMT tumor model revealed that STYK1 mice exhib-
ited a significant reduction in the number of NK cells 
present in the tumor sites when compared to their WT 
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Fig. 3  The effect of STYK1 knockout mouse NK cells on B16 tumor growth. (A) 2 × 105 B16-F10 cells were injected subcutaneously into knockout mice 
(STYK1−/−) and heterozygote deficient control mice (STYK1+/−) each mouse (n = 4), and the tumor size was measured between 10 and 14 days. (B-E) NK 
cells from the B16 bearing STYK1+/− and STYK1−/− mice were incubated with the indicated target cells, anti-NK1.1, anti-Ly49D antibody and IL12 and IL-18. 
Expression of intracellular CD107a (B, C) or IFN-γ (D, E) by CD3−NKp46+ NK cells were analyzed (n = 3). The data are expressed as mean ± SD and represent 
one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests (two-tailed)
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control mice. However, in the spleen, both the WT and 
STYK1−/− mice displayed a similar percentage of NK 
cells (Fig. 6E).

STYK1 promotes NK cell migration through the CCR2 
receptor
In order to study the anti-tumor mechanism of STYK1 
in NK, we isolated knockout STYK1−/− and control 
WT NK cells. We used RNA sequence method to study 
the altered signaling pathway in STYK1deletion. Our 
findings revealed a significant difference in signaling 
pathways associated with migration and adhesion in 
STYK1-deficient NK cells in knockout mice (Fig.  7A). 
These results were consistent with the reduced number 
of local NK cells observed in the tumor model above. 
Further analysis of chemokine receptors associated with 
NK cell migration revealed that STYK1-deficient NK 
cells exhibited a significant reduction in CCR2 expres-
sion (Fig. 7B). In vitro transwell migration assays demon-
strated that the migration ability of STYK1-deficient NK 

cells to the CCR2 ligand, C-C Motif Chemokine Ligand 
2 (CCL2), was significantly weakened, indicating that 
STYK1 plays a direct role in regulating NK cell migra-
tion (Fig. 7C). To confirm the sequencing results, we used 
flow cytometry to examine the expression of CCR2 in NK 
cells. Our findings showed a significant reduction in the 
expression of CCR2 in the NK cells of the spleen (Fig. 7D) 
and lung (Fig. 7E) of knockout mice in the tumor-bearing 
model as compared to the WT mice, which is consistent 
with the sequencing results. Additionally, the migration 
ability of STYK1-deficient NK cells to the CCR3 ligand, 
CCL11 and a CCR5 ligand CCL5, was not weakened 
(Fig. 7F, I). Moreover, we found no significant reduction 
in the expression of CCR3 and CCR5 in the NK cells of 
the spleen and lung of knockout mice in the tumor-bear-
ing model as compared to the WT mice (Fig. 7G, H, J, K). 
Overall, STYK1 promotes NK cell migration through the 
CCR2 receptor.

Fig. 4  The effect of STYK1 knockout mouse NK cells on B16 lung metastasis. 2 × 105 B16-F10 cells were injected into vein to induce lung metastasis. After 
a period of 14 days, the mice were sacrificed and the number of metastatic nodules and lung weights were counted. The CD4+ T (A), CD8+ T (B) and NK 
(C) cells from indicated mice were depleted by CD4 (n = 4), CD8 (n = 4), and NK1.1 antibody (n = 4). Each symbol in the study represented a mouse. The 
P values were calculated using an unpaired T-test. (D) The number of NK from the lung of indicated mice was determined by flow cytometer (n = 4). The 
data are expressed as mean ± SD and represent one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests 
(two-tailed)
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Fig. 5  STYK1 knockout inhibit the in vivo rejection of NK target tumor cells and the trafficking of NK cells to tumor site. (A) Representative flow cytom-
etry plot of CFSE+ cells obtained from the spleen and Lymph nodes (LN) of the indicated recipient mice at 18 h after injection with an equal number of 
C57BL/6 and ß2M-deficient splenocytes labeled with various concentrations of the cytosolic dye CFSE. R1, CFSE-low splenocytes from C57BL/6 mice; and 
R2, CFSE-high splenocytes from ß2M-deficient mice (n = 4). (B) Equal number of NK cell-sensitive RMA-S cells expressing GFP and NK cell-resistant RMA 
cells expressing the fluorescent protein Ds-Red were intraperitoneally injected to the WT and STYK1 deletion mice. Left: representative flow cytometry 
plot of injected RMA-S cells in the peritoneal cavity at 18 h after injection. Right: the percentage of rejected RMA-S cells (n = 6). (C) The percentage and the 
number of NK (CD3−NK1.1+) cells in peritoneal lavage fluids from the injected RMA-S mice model was analyzed by flow cytometry (n = 6). (D) The percent-
age and the number of NK (CD3−NK1.1+) cells in peritoneal lavage fluids from the non-injected control mice was analyzed by flow cytometry (n = 3). The 
data are expressed as mean ± SD and represent one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests 
(two-tailed)
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STYK1 expression level was negatively correlated with the 
prognosis and grade of glioma patients
Our group has been paying special attention to glioma 
survival. To investigate the impact of STYK1 on tumor 
progression in real world study, we analyzed 198 cases 

from the human glioma CGGA database. We found 
that as tumor grade increases, the expression of STYK1 
decreases significantly (Fig.  8A). Analysis of data from 
full-grade glioma patients revealed that individuals 
with high expression of STYK1 in tumor tissues had 

Fig. 6  STYK1 deletion promotes PyMT induced spontaneous breast tumor progression. (A) Mouse breast tumor sizes were measured by vernier caliper at 
the age of 12 weeks, once every three days, and ended by 19 weeks (n = 7). (B) The tumor weight of the breast tumor was detected at 19 weeks (n = 6). (** 
p < 0.01). (C) The lung metastasis of spontaneous breast tumor was detected by hematoxylin eosin (H&E) staining (n = 7). (*** p < 0.001). (D) Primary breast 
tumors from STYK1 WT MMTV-PyMT, STYK1+/− MMTV-PyMT, and STYK1−/− MMTV-PyMT mice were collected and digested by collagenase I (1 mg/ml). The 
single primary breast tumor cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented by 10% fetal bovine serum (FBS) (n = 3). (E) 
The percentage of NK cells in breast tumor microenvironment and spleen were analyzed by flow cytometry (n = 3). The data are expressed as mean ± SD 
and represent one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests (two-tailed)
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Fig. 7  STYK1 promotes NK cell migration through the CCR2 receptor. (A) Spleen NK cells were isolated from both STYK1−/− and wild-type mice, and 
then were sorted for transcriptomic sequencing. Gene function enrichment analysis was then performed. (B) RNA sequencing revealed the expression 
of the chemokine receptor family in STYK1 knockout and WT mice (n = 3). (C) NK cells were cultured with CCL2 in a transwell chamber. After 12 h, the 
percentage of NK cells migrated towards CCL2 was calculated (n = 6). (D, E) 2 × 105 B16-F10 cells were injected into vein to induce lung metastasis. After 
a period of 14 days, the mice were sacrificed. Flow cytometry was used to detect the CCR2 expression of NK cell in spleen and lung of the model (n = 3). 
(F) NK cells were cultured with CCL11 in a transwell chamber. After 12 h, the percentage of NK cells migrated towards CCL11 was calculated (n = 6). (G, H) 
2 × 105 B16-F10 cells were injected into vein to induce lung metastasis. After a period of 14 days, the mice were sacrificed. Flow cytometry was used to 
detect the CCR3 expression of NK cell in spleen and lung of the model (n = 3). (I) NK cells were cultured with CCL5 in a transwell chamber. After 12 h, the 
percentage of NK cells migrated towards CCL5 was calculated (n = 6). (J, K) 2 × 105 B16-F10 cells were injected into vein to induce lung metastasis. After 
a period of 14 days, the mice were sacrificed. Flow cytometry was used to detect the CCR5 expression of NK cell in spleen and lung of the model (n = 3). 
(** p < 0.01, *** p < 0.001). The data are expressed as mean ± SD and represent one of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 
by unpaired Student t tests (two-tailed)
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a significantly better prognosis (p < 0.0001, Fig.  8B). 
While analysis of data from high grade glioma (HGG) 
revealed that individuals with high expression of STYK1 
in tumor tissues had a slightly better prognosis, but not 
significant (p = 0.1568, Fig.  8C). The in vivo evidence 
suggests that STYK1 plays an anti-tumor role in glioma 
patients. To verify that the anti-tumor effect was due to 
NK cells, we isolate NK cells from tumor tissues of five 
low-grade (Grade II + III) and five high-grade (Grade IV) 
glioma patients. The mRNA expression level of STYK1 
in NK cells from the low-grade patients was significantly 
decreased than that from the high-grade glioma patients 
(Fig. 8D). Overall, the STYK1 expression was negatively 
associated with tumor progression in glioma patients.

Discussion
NK cells play a crucial role in providing initial immune 
protection against malignancies [12], and several immu-
notherapies based on NK cells have been suggested for 
treating human cancer [13]. Restoring NK cell function 

by overcoming the immunosuppressive tumor microen-
vironment is a promising therapeutic approach. Despite 
the clinical potential of NK cells, several limitations cur-
rently exist that naturally hinder the effective use of NK 
cells in cancer therapy, including NK cell effector func-
tions, tumor resistance, and infiltration to tumor [14]. 
The infiltration of NK cells into tumor tissues and their 
close contact with tumor cells are crucial for an effective 
anti-tumor response. Previous studies have shown that 
the presence of cytotoxic NK cells in tumor infiltration 
is associated with better prognosis in various types of 
cancer [15], including breast cancer [16], non-small cell 
lung carcinomas [17, 18], colorectal cancer [19], gastric 
carcinoma [20], and renal cell carcinomas [21]. However, 
there is also evidence suggesting that in the initial stage 
of tumor, the infiltration of NK cells into tumor tissues is 
impaired, which is inversely correlated with prognosis or 
the efficacy of NK cell therapy [22]. For instance, a clini-
cal study on colorectal cancer analyzed the localization 
and densities of NK cells in primary tumor tissue, liver 

Fig. 8  STYK1 expression level was negatively correlated with the prognosis and grade of glioma patients. (A) The correlation between STYK1 expression 
and glioma grade and prognosis were analyzed using the glioma CGGA chip database. The results showed a gradual increase in malignancy with higher 
glioma grades (II, III, and IV). (B-C) The relationship between STYK1 expression and patient prognosis in those with full-grade and more malignant glioma 
(n = 6). The grade IV glioma was also called high grade glioma (HGG). (D)The mRNA expression level of STYK1 in NK cells from the low-grade patients was 
significantly decreased than that from the high-grade glioma patients (n = 5). The data are expressed as mean ± SD and represent one of three indepen-
dent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired Student t tests (two-tailed)
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metastases, adenomas, and normal tissue sections from 
112 patients, and revealed that NK cells were generally 
absent in tumor tissue at all stages, while in adjacent nor-
mal mucosa, the numbers of NKp46+ NK cells were sig-
nificantly higher than those in primary tumor tissue [19]. 
Further understanding of how NK cells infiltrate tumor 
sites is crucial for overcoming the challenges associated 
with NK cell therapy in cancer treatment.

Our study analyzed the of expression RTKs in immune 
cells of 2013 Immunological Genome Project, and found 
that STYK1 was principally expressed in NK cells. We 
discovered that STYK1 deletion mice have normal num-
ber, development, and function of NK cells in tumor-free 
resting state. These data were consistent with the Thierry 
Walzer lab in that we both found that STYK1 deficient 
NK cells develop normally and have normal in vitro and 
in vivo effector functions [23]. But we performed tumor 
burden experiments with four tumor model on STYK1 
knockout and control mice, we found that the ability of 
STYK1 deletion mice to eliminate tumor cells was signifi-
cantly reduced. We observed a reduction of NK cell accu-
mulation in the tumor tissues of STYK1 deletion mice, 
and this decrease might be due to the reduced expression 
of chemokine receptor CCR2. Therefore, we provide a 
promising strategy to improve the homing and infiltra-
tion into tumors of NK cells by promoting STYK1/CCR2 
signaling.

As a member of the receptor tyrosine kinase family, 
STYK1 has traditionally been regarded as an oncogene 
in various tumors. In glioma, the knockdown of STYK1 
inhibits proliferation, migration, and invasion in human 
glioma cell lines such as U87MG, U251, and LN229 in 
vitro [10]. However, the role of STYK1 knockout on 
tumor growth in vivo remains unclear. Although STYK1 
transgenic mice exhibit a disorder similar to Chronic 
Lymphocytic Leukemia [11], the effects of overexpression 
and knockout are in consistent and vary among different 
tumor types. Therefore, we employed knockout mice in 
this study to investigate the impact of STYK1 on tumor 
growth in vivo. Additionally, the use of tyrosine kinase 
inhibitors (TKI) has significantly enhanced the progno-
sis of cancer [24]. However, despite their effectiveness, 
TKI cannot be deemed curative therapeutic agents, as 
most patients develop resistance or do not achieve com-
plete molecular remission [25]. Furthermore, patients 
who undergo life-long treatment may encounter adverse 
effects that adversely affect their quality of life [26]. For 
the clinical trials, the European stop tyrosine kinase 
inhibitor study (EURO-SKI), and clinical evidences indi-
cated that patient’s immune system may play a key role in 
preventing relapses [27]. Notably, TKI may impair hema-
topoiesis, consequent to the inhibitory effect on c-KIT 
transduction and Src kinase pathway [28]. Reports had 
also showed that TKI exert an inhibitory effect on NK 

cells, sharply inhibited the cytotoxic NK cells [29]. Our 
study provides a mechanism for the limited effect of TKIs 
on tumors, that TKI inhibitors might restrain the infiltra-
tion of NK cells to tumors by inhibiting STYK1 function.

In conclusion, we have determined that mice with 
a deletion of the STYK1 gene exhibit a normal count, 
development, and functionality of natural killer (NK) 
cells in both the spleen and bone marrow during a resting 
state without any tumors present. Additionally, we have 
uncovered that the removal of STYK1 gene promotes 
the progression of tumors, leading to a decrease in the 
accumulation of NK cells within the tumor tissues of the 
STYK1 deletion mice. Our further analysis focused on 
chemokine receptors that are involved in the migration of 
NK cells, revealing that STYK1-deficient NK cells display 
a significant decline in the expression of CCR2, which is 
a critical receptor for their tumor infiltration. Further-
more, we have observed a negative correlation between 
the expression of STYK1 and the advancement of glioma 
tumors in patients. Overall, our study provides evidence 
that the expression of STYK1 within NK cells is essential 
for their anti-tumor response by regulating CCR2 and 
facilitating their infiltration into tumor tissues.

Materials and methods
Mice
STYK1−/− mice were generated by standard CRISPR/
Cas9 gene technology on C57BL/6 background in our 
lab, and Exons 1 and 2 of STYK1 gene were knocked out. 
The founder mice were identified by genomic PCR at 
three weeks of birth using the following pairs of primers: 
STYK1F 5’-​G​T​C​T​T​T​G​G​A​A​A​T​A​C​T​G​C​A​C​C-3’, STYK1R 
5’-​G​T​T​T​G​A​G​C​C​T​T​A​C​C​T​C​G​G​G​G​T​C-3’. The PCR 
products were obtained after denaturation at 94  C for 
5 min, and followed by amplifing for 35 cycles at a condi-
tion of 94° for 30s, 57° for 30s, 72° for 45s. PyMT mice 
transgenic mice was from Jackson Laboratory and back-
crossed on C57BL/6 background at least 12 generations. 
PyMT male offspring was mated with STYK1−/− mice to 
generate the PyMT/STYK1+/−, and further mated with 
STYK1+/− to generate PyMT/WT and PyMT/STYK1−/− 
mice. All the mice were C57BL/6 background and main-
tained under specific pathogen-free animal facilities. All 
procedures of animals were approved by the Animal Eth-
ics Committee.

For the subcutaneous tumor model, B16F10 melanoma 
cells were resuspended in 1×PBS and subcutaneously 
injected into the mice (2 × 105 cells/mouse). After that, 
tumor volume was assessed every 3 days by measuring 
the length and width of individual tumors with a caliper. 
Fourteen days later, the mice were sacrificed and in vitro 
NK-cell function of tumor tissues were assayed. For the 
lung metastasis mouse model, B16F10 melanoma cells 
were resuspended in 1×PBS and intravenously injected 
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into the mice (2 × 105 cells/mouse). Fourteen days later, 
the mice were sacrificed. The lung was weighed and the 
number of lung surface nodules was counted under a dis-
secting microscope. The function of NK cells of the lung 
were defined in vitro.

Only female mice were used for the PyMT model, 
because the incidence of tumors in male was signifi-
cantly decreased than female mic. Tumor volume was 
assessed every 3 days by measuring the length and width 
of individual tumors with a caliper. The volume of each 
tumor was approximated as the volume of an oblong 
spheroid of the measured length (l) and width (w), that 
is V (tumor)=πlw2/6. The individual tumor volumes were 
summed to give the total tumor volume in each mouse. 
The mice were killed when tumors reached a maximum 
size of 2 cm3. For histological examination of the metas-
tases, lungs were fixed in 4% paraformaldehyde, embed-
ded in paraffin, sectioned, stained with H&E and scanned 
by light microscopy for metastatic foci. Photomicro-
graphs of H&E-stained slides of lung metastases were 
analyzed with the Image J software (Bethesda, MD, USA) 
to assay the metastatic surface/lung.

Flow cytometry
Splenocytes from the indicated mice were resuspended 
in PBS buffer containing 2% fetal bovine serum, and were 
incubated surface antibodies for 30 min at 4 °C. Then cells 
were fixed and permeabilized using Cytofix/Cytoperm 
reagent (BD Biosciences). The intracellular antibodies 
were stained and analyzed by flow cytometry. Monoclo-
nal antibodies against mouse CD3e (eBio500A2), NK1.1 
(PK136), CD19 (1D3), CD11b (M1/70), CD27 (LG.7F9), 
CD122 (TMbetal), NKp46 (29A1.4), IFN-γ(XMG1.2), 
CD107a (eBio1D4B), CCR2 (475301), CCR3 (J073E5), 
CCR5 (7A4), and isotype controls were purchased from 
eBioscience (San Diego, CA) or BD Biosciences (Mis-
sissauga, Ontario, Canada). The expression level was 
presented as relative ratio or net mean fluorescence 
intensity, which was determined by subtracting the mean 
fluorescence intensity of isotype control.

In vitro NK-cell function assays
Poly(I: C)-activated splenocytes were co-cultured with 
NK-sensitive tumor cells YAC-1 and RMA-S in the pres-
ence of anti-CD107a (clone eBio1D4B). Splenocytes 
stimulated with PMA (50 ng/mL) plus ionomycin (1 µM) 
stimulation were used as positive controls. For antibody 
stimulation, purified anti-NK1.1 and Ly49D at the con-
centration of 1  µg/mL were pre-coated on the 24-well 
plate overnight at 4  °C before adding splenocytes. For 
cytokine stimulation, recombinant mouse IL-12 (10 ng/
mL) and recombinant mouse IL-18 (10 ng/mL) were 
added to the splenocytes. After co-culturing with Golgi-
Stop (BD, Biosciences) for 6 h, cells were harvested and 

stained with the indicated antibodies, fixed, permeabi-
lized, and then stained with an anti-IFN-γ antibody.

In vivo β2M-deficient splenocytes rejection assay
Splenocytes obtained from the mice lacking β2M were 
processed to remove red blood cells using Ficoll density 
gradient centrifugation. These splenocytes were then 
labeled with a fluorochrome dye called CFSE at a concen-
tration of 5 µM. In parallel, splenocytes from C57BL/6 
mice were also labeled with CFSE, but at a much lower 
concentration of 0.5 µM (10 times less than the β2M 
cells). Both types of CFSE-labeled splenocytes were 
mixed in equal proportions (1:1 ratio). This mixture, con-
taining a total of 2 × 106 splenocytes, was injected intrave-
nously into mice that had been pretreated with 200 µg of 
Poly (I: C). After eighteen hours, flow cytometry was used 
to assess the presence of CFSE-positive cells in the spleen 
and lymph nodes. The percentage of β2M-deficient sple-
nocytes rejection was calculated as following: 100 × [1 − 
(percentage of residual β2M-deficient splenocytes in total 
CFSE+ cell/percentage of β2M-deficient splenocytes in 
total injected CFSE+ cell)].

In vivo RMA-S clearance assay
In this experiment, mice were treated with Poly (I: C) at 
a concentration of 200  µg for 18  h. Afterwards, a mix-
ture of tumor cells and NK-sensitive cells (RMA-S-GFP) 
as well as NK-non-sensitive cells (RMA-Ds-Red) were 
mixed at a 1:1 ratio, and injected intraperitoneally into 
the indicated mice. After another 18  h, the mice were 
sacrificed, and the cells in the peritoneal cavity were col-
lected through repeated washing with PBS containing 2 
µM EDTA. The flow cytometry was then used to deter-
mine the relative percentage of remaining RMA-S-GFP 
and RMA-Ds-Red cells. The percentage of RMA-S cell 
rejection was calculated as below: 100 × [1 − (percentage 
of the residual GFP+ population among the total GFP+ 
and Ds-Red+ cells/percentage of the total GFP+ popula-
tion among the total GFP+ and Ds-Red+ cells)].

Cell growth curve of PyMT tumor cells
For the cell growth assay, PyMT tumor cells (1 × 104) 
from the PyMT/WT, PyMT/STYK1+/−, and PyMT/
STYK1−/− mice were seeded in triplicate in 35-mm wells 
for 24 h. The number was counted by a C6 flow cytom-
eter every 24 h for 7 days (BD Biosciences, Becton Dick-
inson, Mountain View, CA, USA).

RNA sequencing of NK cells
Splenic NK cells were sorted on BD FACS AriaII (BD 
Biosciences) from STYK1−/− and WT control mice. Total 
RNA was extracted using the RNeasy Micro Kit (Qia-
gen, 74004) according to the manufacturer’s instructions. 
RNA purity and quantification were then assessed with 
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a NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, USA), while RNA integrity was evaluated using the 
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). 
Libraries were subsequently constructed using the Sin-
gle Cell Full Length mRNA-Amplification Kit (Vazyme, 
N712-03, China) and the TruePrep DNA Library Prep Kit 
V2 for Illumina (Vazyme, TD502-02, China), following 
the manufacturer’s guidelines. Transcriptome sequencing 
and analysis were performed by Annaroad Gene Tech-
nology Co., Ltd. (Beijing, China).

Reverse transcription PCR
Total RNA was extracted using the TRIZOL Kit (Invi-
trogen, Carlsbad, MA, USA), and reverse-transcribed 
using reverse transcription system (Promega, Madi-
son, WI, USA). Quantitative PCR was performed using 
SYBR Green-based detection. Relative mRNA levels rela-
tive to the expression of β-actin were determined using 
the 2(−ΔΔCt) method. Three independent experiments 
were performed, with triplicate for each experiment. 
STYK1 Mouse qPCR Primer Pairs: Forward Sequence-
5’ATCTCCTCTGCTCGATCCAGCA3’, Reverse 
Sequence -’GAGTCACCATCTCATAAAGCAGG3’. 
STYK1 Human qPCR Primer Pair: Forward Sequence5’-
CCATACCTCTCAAGTGGCTTGC3’, Reverse Sequence
5’GAGTCACCATCTCATAGAGCAGG3’.

CGGA analysis of STYK1 expression and clinical 
characterizations of patients
STYK1 expression analyzed in 692 brain glioma samples, 
which is downloaded from CGGA including 188 grade II, 
255 grade III, and 249 grade IV. Then, STYK1 expression 
profile and whole follow-up information are obtained 
from the CGGA RNA-seq set. The mean survival time for 
all 692 patients was 1199 days, approximately 3.28 years. 
Specifically, the mean survival time for the 188 grade II 
and 255 grade III patients were 1828 days and 1319 days, 
respectively, while the mean time for the 249 grade IV 
patients was only 616 days. Total points over 700 could 
predict a survival rate of less than 50% for 1-year survival, 
less than 20% for 2-year survival, and less than 10% for 
3-year survival. Graphpad software was used for the sta-
tistics and drawing figures. Student’s t test was performed 
to explore the expression distribution in different grade 
groups. We performed Kaplan-Meier analysis to explore 
the prognostic value of STYK1.

Statistical analyses
Statistical significance was determined using Prism soft-
ware. Two-tailed unpaired or paired Student’s t-tests 
between two groups and two-way analysis of variance 
(ANOVA) across multiple groups were used to determine 
significance. A p value of less than 0.05 was considered 
significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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