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Abstract

Tumor angiogenesis plays vital roles in tumorigenesis and development; regulatory mechanism of angiogenesis is still not
been fully elucidated. NSD2, a histone methyltransferase catalyzing di-methylation of histone H3 at lysine 36, has been
proved a critical molecule in proliferation, metastasis, and tumorigenesis. But its role in tumor angiogenesis remains
unknown. Here we demonstrated that NSD2 promoted tumor angiogenesis in vitro and in vivo. Furthermore, we confirmed
that the angiogenic function of NSD2 was mediated by STAT3. Momentously, we found that NSD2 promoted the
methylation and activation of STAT3. In addition, mass spectrometry and site-directed mutagenesis assays revealed that
NSD2 methylated STAT3 at lysine 163 (K163). Meanwhile, K to R mutant at K163 of STAT3 attenuated the activation and
angiogenic function of STAT3. Taken together, we conclude that methylation of STAT3 catalyzed by NSD2 promotes the
activation of STAT3 pathway and enhances the ability of tumor angiogenesis. Our findings investigate a NSD2-dependent
methylation—phosphorylation regulation pattern of STAT3 and reveal that NSD2/STAT3/VEGFA axis might be a potential
target for tumor therapy.

Introduction

Angiogenesis is required in both tumor growth and
metastasis and is considered as one of the ten hallmarks of
cancer [1]. Because of the rapid proliferation signature of
cancer, newborn blood vessels arise from pre-existing
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Signal transducers and activators of transcription
(STATS) are a vital protein family of transcription factors
widely studied in cancer research. STAT3 was identified at
first as an acute phase response factor activated by the
cytokine interleukin-6 (IL-6) [10, 11]. STAT3 plays a key
role in several biological processes in carcinoma, including
angiogenesis, proliferation, resisting apoptosis, evading the
immune response, and so on, and nearly all the hallmarks of
cancer proposed by Weinberg are under the regulation of
STAT3 [12, 13]. In recent years, non-classical post-trans-
lational modifications, such as methylation, acetylation,
ubiquitination, and SUMOylation, have gained considerable
attention in recent years [14]. STAT3 is reported to be
methylated by SET9 and EZH2 at different residue sites
resulting in different transcription activating status of
STAT3 [15-18]. Acetylation of STAT3 catalyzed by acet-
yltransferase p300 is reported to be essential in the forma-
tion of STAT3 homodimer, which is thought to play an
important transcription factor function [19].

NSD2 (also known as WHSC1 and MMSET) is a histone
methyltransferase catalyzing di-methylation at lysine 36 of
histone 3 (H3K36me2) and is associated with active tran-
scription of a series of genes [20]. NSD2 plays a significant
role in cell development, and NSD2 haploinsufficiency is
associated with Wolf-Hirschhorn syndrome, which is a
multiple malformation syndrome [21]. Meanwhile, NSD2
knocked-out mice exhibited embryonic development dis-
order [22]. In recent years, the function of NSD2 in all
cancer types has been gradually revealed. Multiple mye-
loma (MM), one of the most fatal hematologic malig-
nancies, is often characterized by chromosomal
translocation [23]. Among them, the t (4;14) translocation,
which is one of the major types of chromosomal translo-
cation in MM, is associated with the overexpression of
NSD2 and leads to a poor prognosis [24-26]. NSD2 is
overexpressed in invasive prostate cancer, especially in
metastases and proven to be related to the unfavorable
prognosis in prostate malignant patients [26]. NSD2 can
also directly methylate PTEN and enhance the DNA
damage repair ability in colorectal cancer, and as a result,
enhance the resistance of cancer cells to chemotherapy [27].
Similar results have been reported in other solid carcinomas
such as esophagus carcinoma, stomach carcinoma, hepato-
cellular carcinoma, lung cancer, corpus uteri malignancy,
etc. [28]. However, the function of NSD2 in angiogenesis
remains to be explored.

Here, we demonstrated that NSD2 interacted with
STAT3 enhancing its methylation and phosphorylation and
resulting in transcription activation of VEGFA and pro-
motion of angiogenesis. Moreover, this study identified
Lysine 163 (K163) of STAT3 as the NSD2-dependent
methylation site, and this residue could be of significance
in the activation process of STAT3 signaling pathway.

The findings indicate that NSD2 plays a crucial part in
tumor angiogenesis and could be a potential therapeutic
targeted against tumor angiogenesis.

Results
NSD2 is overexpressed in altered carcinomas

To clarify the role of NSD2 in tumorigenesis and progres-
sion, we have analyzed the expression level of NSD2 in
adjacent and carcinoma tissues in TCGA database using
UALCAN analyses tool [29]. As shown in Fig. la—d, the
expression of NSD2 was upregulated in various forms of
cancer. Next, we have collected 12 pairs of colon cancer
tissues and adjacent tissues for further proof. A real-time
gPCR assay was performed to detect the mRNA level, and
the results showed that the mRNA expression level of
NSD2 in carcinoma tissues was higher than that in para-
carcinoma specimens (Fig. le). To investigate further, a
western blot assay was carried out with a consistent result
obtained (Fig. 1f, g). Immunohistochemistry (IHC) staining
results also showed that NSD2 expression was elevated in
tumor tissues (Fig. 1h, 1).

Inhibition of NSD2 moderates tumor-induced
angiogenesis in vivo and in vitro

Now that, we have convinced that NSD2 was upregulated in
tumor tissues. However, until now, little has been revealed
about the role of NSD2 in tumor angiogenesis. In this study,
we performed a GSEA analysis using public datasets and
found that the upregulation of NSD2 was related to angio-
genesis (Supplementary Fig. Sla). And then, we con-
structed stable NSD2 shRNA-NSD2(shNSD2)-expressing
SW48 and SW480 cell lines using lentiviruses containing
two altered shRNA sequences against NSD2 (Supplemen-
tary Fig. S1b, ¢). A mouse xenograft model was set up using
indicated cell lines. A tumor growth curve was drawn,
which indicated that tumors in the shNSD2 group grew
more slowly (Fig. 2a). After 28 days, mice were sacrificed
and the xenografts were gathered and weighed. Xenografts
formed by shNSD2 cells were smaller and pallid in
appearance meanwhile lighter in weight (Fig. 2b, c). Next,
we detected the mRNA expression level of several angio-
genic factors such as VEGFA, PDGFB, etc. with the
intervention of NSD2. Surprisingly, loss of NSD2 was
found to inhibit the expression of VEGFA (Supplementary
Fig. S1d). Consistent with the above results, IHC staining
was performed and revealed that knockdown of NSD2
inhibited the expression of VEGFA (Fig. 2d). IHC staining
results of CD31 revealed that tumor vessel density
decreased with NSD2 intervention (Fig. 2e). Besides, the
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Fig. 1 NSD2 is overexpressed in altered carcinomas. a—d NSD2
expression level in TCGA database in various forms of cancer using
UALCAN analyses tool (http://ualcan.path.uab.edu/). e Expression
level of NSD2 mRNA in carcinoma and para-carcinoma tissues.

xenografts’ protein detection results showed that the loss of
NSD2 attenuated the expression of VEGFA (Fig. 2f). Next,
we performed some experiments to explore the angiogenic

SPRINGER NATURE

—

NSD2 IHC Score
O N B O O O
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f, g Expression level of NSD2 protein in tumor and adjacent speci-
mens. h, i NSD2 staining of paired clinical specimens and the statistic
quantification results. Results are presented as mean + SD, **p <0.01.

function of NSD?2 in vitro. The western blot results showed
that VEGFA protein expression decreased with the inter-
vention of NSD2 (Supplementary Fig. Sle). As only
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Fig. 2 Inhibition of NSD2 moderates tumor-induced angiogenesis
in vivo and in vitro. a The growth curve of mice xenografts formed
by shNC or shNSD2 SW480 cells (n = 6). b Mice xenografts formed
by SW480 with or without NSD2 intervention. ¢ Tumor weights after
sacrificing the mice (n =6). d IHC staining of xenografts using anti-
bodies against NSD2, VEGFA, and CD31. e Microvascular densities

of the tumors in the three groups as quantified by CD31 (n=6).f
Western blot results of xenografts homogenates, g, h Detection of
VEGFA concentration of CMs from indicated cells by ELISA (n = 3).
i, j HUVECS tube-formation assay incubated with CMs from indicated
cells (n=3). Results are presented as mean + SD, *p <0.05, **p <
0.01, ***p <0.001, ****p <0.0001.
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secretory VEGFA could promote angiogenesis in the tumor
microenvironment, the enzyme-linked immunosorbent
assay (ELISA) revealed that NSD2 knockdown decreased
the levels of secretory VEGFA (Fig. 2g, h). A tube-
formation assay was performed using HUVECs incubated
with indicated condition mediums (CMs). Less tube-
formation was observed in the shNSD2 groups (Fig. 2i, j
and Supplementary Fig. S1f). Besides, migration and pro-
liferation ability of HUVECS incubated with altered CMs
was evaluated by Cell Counting Kit-8 (CCKS) and trans-
well assays respectively (Supplementary Fig. Sl1g—k).
VEGFA mRNA expression level was also attenuated upon
the inhibition of NSD2 (Supplementary Fig. S2a). To fur-
thermore investigate the function of NSD2 upon angio-
genesis in vivo, we have also performed in vivo Matrigel
plug assays. Some researchers performed this assay with the
addition of cancer cells while others not. We thought that
both methods had advantages and disadvantages. The for-
mer might avoid the effect of intra-tumor VEGFA, while
the latter could better simulate the tumor microenvironment.
Through deliberation, we decided to have a try using the
two methods to complement each other. We have performed
in vivo Matrigel plug assay in two methods. FITC-dextran
was injected through the caudal vein before the mice were
sacrificed. After the plugs were obtained, autofluorescence
were observed through the frozen section (Supplementary
Fig. S2b, ¢), Hemoglobin of these plugs was also measured
to evaluate the angiogenesis (Supplementary Fig. S2d).
Those plugs with cancer cells were fixed and stained with
CD31 antibody to observe the angiogenesis (Supplementary
Fig. S2e—g). Taken together, inhibition of NSD2 moderates
tumor-induced angiogenesis in vivo and in vitro.

NSD2 influences the activation of the
STAT3 signaling pathway

INCB054329, a bromodomain and extra-terminal domain
inhibitor, could be regarded as a potent inhibitor of NSD2
and was reported to suppress the JAK-STAT pathway [30].
Meanwhile, GSEA analysis was performed in two different
GEO datasets and results showed that the upregulation of
NSD2 was significantly associated with the IL-6/STAT3
pathway (Fig. 3a, b). Therefore, we put forward the
hypothesis that NSD2 activates the STAT3 signaling path-
way to upregulate the expression of VEGFA. To test this
hypothesis, we have performed western blot assays, and the
results revealed that inhibition of NSD2 could impair the
phosphorylation of STAT3, while overexpression of NSD2
led to an increase in STAT3 phosphorylation (Fig. 3c—f).
The nuclear translocation extent of STAT3 can reflect its
functional status. Through a nuclear and cytosol protein
separation assay, we could conclude that NSD2 promoted
the nuclear translocation of STAT3 (Fig. 3g—j).
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Consistently, an immunofluorescence assay showed that the
aggregation of STAT3 in the nucleus decreased with NSD2
intervention (Fig. 3k). Taken together, NSD2 influenced the
activation of the STAT3 signaling pathway.

The angiogenic function of NSD2 is mediated by
STAT3 signaling pathway

STAT3 signaling pathway plays a vital role in the regula-
tion of VEGFA secretion and angiogenesis. In this study,
we proved that NSD2 promoted angiogenesis, VEGFA
expression, and STAT3 activation. We then determined if
the function of NSD2 was dependent on the STAT3 sig-
naling. A western blot assay was performed. and increased
STAT3 phosphorylation and upregulation of VEGFA were
reversed by STAT3 knockdown (Fig. 4a, b). ELISA results
showed that the concentration of VEGFA in CM was ele-
vated in NSD2-overexpressing cells but was reversed by
downregulating STAT3 expression (Fig. 4c, d). Further-
more, the angiogenic effect of CMs from cells expressing
NSD2 was enhanced, while the angiogenic function of
NSD2 was reversed by attenuating STAT3 expression (Fig.
4e—g). The migration ability of HUVECs incubated with
indicated CMs was measured by stretch and transwell assay,
respectively. Consistently, HUVECs incubated with CMs
from NSD2-overexpressing cells exhibited better migratory
ability and this effect was inhibited by STAT3 intervention
(Supplementary Fig. S3a—g). The CCKS results showed that
HUVECs incubated with CMs from NSD2-overexpressing
cells grew faster, but these results were reversed by STAT3
intervention (Supplementary Fig. S3h, i). Therefore, we
conclude that the angiogenic function of NSD2 is mediated
by STAT3 signaling pathway.

STAT3 inhibitor STATTIC abolishes the angiogenic
function of NSD2 in vivo

The transcription factor STAT3 plays an important role in
tumorigenesis and tumor development; hence, targeted
drugs against the STAT3 signaling pathway have been
widely studied. Here, STATTIC, which is considered an
effective STAT3 inhibitor, was selected to observe the
therapeutic effect in NSD2-overexpressing carcinomas.
Surprisingly, NSD2 was found to upregulate the phos-
phorylation of STAT3 and the expression of VEGFA, and
these effects were reversed by STATTIC (Fig. 5a). Mean-
while, as STAT3 is a critical transcriptional factor, it is vital
to make certain the influence of NSD2 upon the mRNA
expression level of VEGFA. The quantitative real-time PCR
(RT-gPCR) results showed that NSD2 could upregulate the
mRNA expression level of VEGFA while blockade
STAT3 signaling pathway using siRNA against STAT3 or
STAT3 inhibitor, the VEGFA upregulation effect was
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Fig. 3 NSD2 influences the activation of the STAT3 signaling
pathway. a, b GSEA analysis was performed in two different GEO
datasets to reveal the association between the expression of NSD2 and
the activation of IL-6/JAK/STAT3 pathway. ¢, d Western blot to
detect the phosphorylation status changes of STAT3 upon the inter-
vention of NSD2 in SW480 and SW438 cell lines. e, f Western blot to

detect the STAT3 phosphorylation changes with upregulation of
NSD2 in SW480 and LoVo cell lines. g—j Nuclear and plasma proteins
were separated and detected by western blot with intervention or
overexpression of NSD2 in SW480 and SW48 cell lines. k Immuno-
fluorescence assay was performed to reflect the nuclear-location status
changes of STAT3 with the intervention of NSD2.
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Fig. 4 The angiogenic function
of NSD2 is mediated by
STAT3. a, b Western blot
evaluating whether STAT3 was
dependent in the NSD2-
mediated VEGFA expression
promotion by overexpressing
NSD2 and silencing STAT3 at
the same time. ¢, d VEGFA
concentration of CMs from
indicated cells detected by
ELISA (n=3). e-g HUVECs
tube-formation assay incubated
with CMs from indicated cells
(n =3). Results are presented as
mean + SD, *¥p <0.01, ***p <
0.001, ****p <0.0001.
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reversed (Supplementary Fig. S4a, b). Next, a xenograft
model was set up using LoVo cell line. A growth curve was
drawn to determine the growth status of the xenograft,
which indicated that upregulation of NSD2 promoted tumor
proliferation but this promotion effect was blocked by the
application of STATTIC (Fig. 5b). After the mice were
sacrificed, the xenografts were collected and the tumor
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volume and weight determined. Xenografts formed by
NSD2-overexpressing cells were bigger and heavier, and
the effects were reversed by STATTIC (Fig. 5c, d). Fur-
thermore, IHC staining was performed, and the results
showed that phosphorylation of STAT3, expression of
VEGFA, and CD31-positive cell counts were elevated when
NSD2 was overexpressed; however, these were reversed by
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NSD2 in vivo. a STATS3 inhibitor STATTIC (10 uM, 48 h) was added
into LoVo cells with or without NSD2 overexpression, indicated
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with altered treatments (n = 6). d Indicated tumor weight was mea-
sured (n = 6). e, f IHC staining of xenografts using antibodies against
NSD2, p-STAT3, VEGFA, and CD31, according to the staining status
of CD31, MVD was statistically analyzed (n=6). g Tissue homo-
genates were obtained from these xenografts and a western blot
assay was performed. Results are presented as mean + SD, **p <0.01,
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SPRINGER NATURE



2960

D. Song et al.

STATTIC (Fig. 5e). According to CD31 staining status,
microvessel density was elevated with NSD2 over-
expression and was blocked with the addition of STATTIC
(Fig. 5f). Besides, the xenograft homogenate was obtained
and a western blot assay was performed (Fig. 5g). To better
investigate the NSD2/STAT3 signaling axis in vivo, We
have performed Matrigel plug assays. Autofluorescence
through frozen section and hemoglobin measurement indi-
cated an increased blood perfusion with NSD2 over-
expression, while STAT3 blockade could obviously reverse
this effect (Supplementary Fig. S4c—e). For those plugs
with cancer cells, the vessels on the surfaces of the plugs
visible to the naked eyes, the CD31 staining condition also
revealed that NSD2 promoted angiogenesis in a STAT3-
dependent manner (Supplementary Fig. S4f-h). Taken
together, we conclude that NSD2 promotes tumor pro-
liferation and angiogenesis in vivo, while these effects are
blocked by STAT3 inhibitor STATTIC.

NSD2 directly interacts with and methylates STAT3
to activate STAT3 signaling pathway

To further investigate the mechanism by which NSD2
regulates the phosphorylation of STAT3, we performed an
immunoprecipitation (IP) assay and explored the physical
interaction between NSD2 and STAT3 endogenously
(Fig. 6a). Furthermore, we constructed the overexpressing
plasmid HA-NSD2 and Flag-STAT3, and both were co-
transfected in the HEK293T cell line. An IP assay was
performed to verify the exogenous interaction, and a con-
sistent result was obtained (Fig. 6b). To further support this
result, immunofluorescence was performed to observe the
co-localization status of NSD2 and STAT3 (Fig. 6¢). NSD2
is a histone methyltransferase, hence we put forward our
hypothesis that NSD2 could methylate STAT3 protein. To
confirm this hypothesis, through a quantified immunopre-
cipitation (qIP) assay, we concluded that downregulation of
NSD2 resulted in the loss of methylation of STAT3 protein,
while overexpression of NSD2 was associated with the
hyper-methylation of STAT3 protein (Fig. 6d, e). We fur-
ther tried to explain the relationship between STAT3
methylation and phosphorylation. DZNep, an inhibitor
reported to be global histone methylation rather than an
EZH?2 inhibitor, was used to confirm the influence of STAT3
methylation upon phosphorylation. Surprisingly, we found
that NSD2 upregulated both the phosphorylation and
methylation of STAT3, while DZNep successfully blocked
the methylation of STAT3 protein and resulted in a decrease
in STAT3 phosphorylation (Fig. 6f). To find out the specific
binding domain between NSD2 and STAT3 and the NSD2-
dependent methylation residue of STAT3, we constructed
three fragment plasmids of STAT3 based on the natural
structural domain (Fig. 6g). Next, through overexpressing
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these plasmids in HEK293T, the IP results showed that
Fragmentl (AA1-320) of STAT3 interacted with NSD2
(Fig. 6h). These finds indicate that NSD2 interacts with and
methylates STAT3 to activate STAT3 signaling pathway.

NSD2 methylates STAT3 at K163

In this study, we just proved that NSD2 directly interacted
with and methylated STAT3. To find out the NSD2-
dependent STAT3 methylation site, IP was used to enrich
the STAT3 protein for mass spectrometry (Fig. 7a). We
identified 14 lysine residues in our spectrometry result
(Supplementary Table S2). Among them, some residues
such as K49 and K140 that were already reported to be
methylated residues were also observed in our mass
spectrometry results. Therefore, by analyzing the mass
spectrometry result and searching for the lysing residues
located in the first fragment of the STAT3 protein and
excluding the lysine residues that were already reported to
be catalyzed by other enzymes, we have found two possible
lysine residues, K163 and K244 as NSD2-dependent
methylation sites (Fig. 7b). A secondary mass spectro-
metry result is shown to prove the K163 methylation status
of STAT3 (Fig. 7c). Next, we investigated the target site of
the NSD2-dependent STAT3 methylation residue between
the two possible sites. We constructed K to R mutant
plasmid at K163 and K244, respectively, by overexpressing
or downregulating NSD2, and IP used to detect the
methylation status of STAT3. The results showed that at
first both site mutations attenuated the methylation level of
STATS3. The changes in NSD2 expressing level influenced
the methylation status of K244R mutant rather than K163R
mutant (Fig. 7d, e). These results implied that NSD2
influenced the methylation of STAT3 at lysine 163. We also
analyzed the conservative property between different spe-
cies and concluded that 163 of STAT3 is conservative in
most species (Fig. 7f). In conclusion, we prove that NSD2
directly interacts with STAT3 and methylates the latter at
K163 residue.

Inhibition of methylation at K163 of STAT3 partially
abolishes the angiogenic function of STAT3 in vitro
and in vivo

Now that, we have proven that NSD2 methylated STAT3 at
K163 and this residue might take part in the activation of
STAT3 signaling pathway. Next, we need to identify
function of methylation at K163 of STAT3. At first, we
used lentivirus containing sShRNA against STAT3 3’UTR to
set up a STAT3 endogenously knockdown cell line and
rescued them with wild-type STAT3 and STAT3 with K to
R mutant at K163 (K163R). Here, K to R mutant was often
thought to be a methylation defective mutant. Western blot
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f Using global methylation inhibitor DZNep, a qIP assay was per-
formed to elucidate the methylation and phosphorylation status of
STAT3 with NSD2 overexpression. g The full-length STAT3 was
divided into three parts and three fragment plasmids were constructed.
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results showed that K163R attenuated the STAT3 activation

and VEGFA expression partially compared with wild-type
STAT3 (Fig. 8a, b). Meanwhile, a nuclear protein
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angiogenesis
promotion

transcriptional
activation

possible methylation residue. d, e qIP assays were performed by
detecting the methylation changes of wild-type STAT3, K163R, and
K244R mutants, respectively, with NSD2 overexpression or inter-
vention. f The STAT3 K163 site amino acid in different species.
g Schematic diagram of our hypothesis about this project.

separation assay was performed and the results indicated
that the methylation defective status at K163 resulted in the
less translocation to the nuclear (Supplementary Fig. S5a).
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CMs from indicated cells were gathered, and VEGFA
concentration was measured by ELISA, and the results
showed that compared with wild-type STAT3, STAT3
K163R decreased the secretory VEGFA in CMs (Fig. 8c,
d). The HUVECs tube-formation assay and CCKS8 assay
results indicated that STAT3 K163 partially attenuated
angiogenic function of STAT3 (Fig. 8e—g and Supplemen-
tary Fig. S5b, c). Next, we set up mice xenograft model
using indicated SW480 cells. The tumor volume was
measured in vivo, and a growth curve was drawn. The
results showed that K to R mutation at K163 inhibited
tumor proliferation (Fig. 8h). After the mice were sacrificed,
xenografts were gathered and weighed. The results indi-
cated that STAT3 K163R mutant inhibited tumor growth
compared with wild-type STAT3 (Fig. 8i, j). IHC staining
results also showed that defective methylation status at
K163 attenuated both phosphorylation of STAT3 and
expression of VEGFA in vivo (Supplementary Fig. S5d).
Microvessel density quantified by CD31 staining results
also indicated an inhibition effect on angiogenesis of
STAT3 K163R (Supplementary Fig. S5e). Besides, the
xenograft homogenate was obtained and a western blot
assay was performed, and similar results with IHC were
conducted (Supplementary Fig. S5f). Taken together, we
conclude that methylation defective mutant K163R of
STAT3 partially inhibits angiogenic function of STAT3
in vitro and in vivo.

Discussion

In this study, we confirmed that NSD2 is associated with
STAT3 to methylate and change its phosphorylation level.
Moreover, we identified K163 as an NSD2-dependent
methylation site of STAT3, which is also responsible for-
STAT3 phosphorylation. Both EZH2 and SET9 are repor-
ted to have the ability to methylate STAT3 at different
amino residues upon IL-6 stimulation [15, 16]. In this study,
NSD2 was found to also take part in this process. Therefore,
this kind of methylation—phosphorylation crosstalk may be
a common phenomenon in the regulation of altered types of
signaling pathways, which guarantees the precise regulation
of various biological behaviors.

Post-translational modification is of great significance in
regulating protein activities. As one of post-translational
modifications, methylation has been greatly researched in
recent years. The methylation of non-histone protein may be
involved in the regulation of the signaling pathway by
influencing protein stability, affecting the activities of
transcription factors, influencing other post-translational
modifications, altering the protein—protein interaction, and
so on [31-33]. For example, AKT was reported to be
methylated by SETDB1 at K64 and K140/142, respectively,
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promoting the activity of PI3K/AKT signaling pathway
[34, 35]. Even more important, mithramycin, an anti-
neoplastic antibiotic, is reported to effectively inhibit
SETDB1 expression and function, and overcome the
resistance of KRAS mutant CRC cells to cetuximab both
in vitro and in vivo [36]. NSD2 is a histone methyl-
transferase responsible for di-methylation of histone 3 at
lysine 36 (H3K36me2). NSD2 possesses the capacity to
methylate histones, hence could have the ability to methy-
late non-histone proteins as well. A previous study eluci-
dated that NSD2 methylates PTEN at K349, promoting its
phosphorylation by ATM under the DNA double-strand
breaks condition and promotes DNA damage repair [27]. In
another study, NSD2 was found to methylate Aurora kinase
A (AURKA) at K14 and K117 with changes in its kinase
activity mediating cell proliferation via the p53 signal
pathway [37]. In our study, we identified STAT3 as an
original non-histone protein substrate of NSD2 and eluci-
dated the function of a specific methylation amino residue.
These findings provided theoretical basis for the usage of
potential NSD2 inhibitor and the exploitation of inhibitory
peptide to block the interaction between NSD2 and STAT3
and the methylation of specific residue.

Mounting evidence suggests that NSD2 plays a key role in
tumorigenesis and tumor progression [38—44]. However, the
role of NSD2 in tumor angiogenesis is in distinct. In this study,
loss of NSD2 was found to impair cancer angiogenesis both
in vitro and in vivo. Angiogenesis is a process controlled by
angiogenic and anti-angiogenic factors [3]. Here, we revealed
that VEGFA rather than EGF, FGF, HGF, and other factors
took part in the NSD2-mediated tumor angiogenesis.

In conclusion, this study has elucidated the function of
NSD?2 in regulating VEGFA-mediated tumor angiogenesis.
Mechanistically, we have identified an original methylation
amino residue of STAT3 that is dependent on NSD2.
Besides, the non-histone protein methylation function of
NSD?2 in regulating STAT3 signal pathway transduction is
reported. These findings provide evidence that NSD2
antagonists or NSD2-STAT3 interfering peptides can be
used as therapeutic targets in targeting angiogenesis.

Methods

Clinical samples collecting and
immunohistochemistry (IHC) assay

Paired carcinoma and adjacent specimens were gathered
from patients diagnosed with colon cancer. Four-millimeter
thick section slides were stained with antibodies against
NSD2, STAT3, p-STAT3, and CD31. Immunoreactive
score was used to quantify IHC staining results. The per-
centage of positively stained was scored as follows, 1
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(<10%), 2 (10-50%), 3 (50-75%), and 4 (>75%). The
intensity was defined as 0-3: 0, no staining; 1, weak
staining; 2, moderate staining; 3, strong staining. The
staining index was obtained by multiplying these two
scores. For analyses, scores between 8 and 12 were con-
sidered the high expression while scores between 0 and 6
were regarded as low expression.

Cell Counting Kit-8 (CCK8)

The cell line HUVECs (2.5 x 10%/100 ul) were seeded in
96-well plates and treated with CMs from altered disposed
cell lines. At indicated times, 10 ul of CCK8 solution was
mixed with the medium. After incubation for 1.5 h, the
cell proliferative rate was detected by measuring the
absorbance at 450 nm.

Transwell assay

The cell line HUVECs (5 x 10%200 ul) were resuspended
using serum-free medium. The cells were then seeded in the
upper chamber, and 650 ul of CM was put into the lower
chamber. After incubation for 16 h and staining with crystal
violet solution, cells attached to the back side of upper
chamber were observed using light microscope.

Tube-formation assay

Matrigel with reduced growth factor was added into 96-
microwell plates 50 ul per well and placed at 37 °C for
30min for solidification. Then, 4 x 10 HUVECs were
resuspended with CMs from different cells and added in the
microwells. They were incubated for 8 h and then observed
using an inverted microscope. Meanwhile number of branch
points per field was counted.

Immunofluorescence assay

Cells were seeded on coverslips. The cells were fixed with
neutral tissue fixator. The fixed cells were permeabilized
with 0.1% Triton X-100 for 2 min, blocked with 1% bovine
serum albumin for 1h, and treated with the indicated pri-
mary antibodies at 4 °C overnight. The cells were then
treated with secondary antibodies and incubated for 1 h and
DAPI for 15 min at room temperature. Visualization of the
cells was done using a confocal laser scanning microscope
(Olympus FLUOVIEW FV1000).

Enzyme-linked immunosorbent assay (ELISA)
Secretory VEGFA levels were measured using ELISA

(#RK00023, Abclonal Technology, Wuhan, China) Kkits
according to the protocols.

Western blot

Protein samples were electrophoretically separated and
transferred to PVDF membranes. Molecular weight-specific
bands were incubated with specific primary antibodies at
4°C overnight and were then incubated with HRP-
conjugated secondary antibodies for 2 h at room tempera-
ture. The bands were visualized with ECL reagents (Thermo
Fisher, MA, USA).

Immunoprecipitation (IP) and quantified
immunoprecipitation (qlP) assay

Cells were lysed in NP40 solution on the ice for 30 min.
After centrifuged, supernatants were mixed with 20 ul of
blank magnetic beads (#HY-K0202, MCE, NJ, USA) for
2 h. Then, 3-5 pl antibodies were added into 40 ul magnetic
beads that had been resuspended in 500 ul NP40 lysis
buffer. The mixture was incubated at 4 °C overnight. The
magnetic beads were isolated from the mixture and incu-
bated with protein supernatants at 4 °C. After 4 h, the beads
were then boiled with an SDS-loading buffer. Samples were
collected for subsequent experiments.

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using RNAiso (Takara, Japan)
according to the manufacturer’s instructions. Synthesis of
cDNA was done using ABScript II RT Master Mix
(RK20403, Abclonal Technology, Wuhan, China). Quanti-
fication of the mRNA for the indicated genes was done
using an ABI 7300 QuantStudio3 PCR (RT-PCR) System
using Genious 2X SYBR Green Fast qPCR Mix (RK21206,
Abclonal Technology, Wuhan, China). Gene-specific pri-
mer sequences were designed from the PrimerBank data-
base (Supplementary Table S1) [45].

Mouse tumor xenograft model

Four-week-old male nude mice were obtained from Hua-
fukang Bio-Technology (Beijing, China). These mice were
randomly separated in different groups. The mice were
subcutaneously injected with 5 x 10° cancer cells. In some
experiments, vehicle or STATTIC was intra-tumor injected
every 2 days. After 24 or 28 days, mice were sacrificed and
xenografts were collected for subsequent tests.

Modification residue identification by mass
spectrometry detection

The STATS3 protein sample enriched by the IP assay was
sent to the National Protein Science Facility, School of Life

Science, Tsinghua University. The gel band was digested,
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dried, and redisolved in 0.1% trifluoroacetic acid. Peptides
were analyzed by an Orbitrap Fusion mass spectrometer.

The MS data were searched against the target protein
database from UniProt using an in-house Proteome Dis-
coverer (Version PD1.4, Thermo Fisher Scientific, USA).
The search criteria were: full trypsin specificity was
required; carbamidomethylation (C) were set as the fixed
modifications; the oxidation (M) and methyl (K/R) were set
as the variable modification.

Statistical analysis

All statistical analyses were implemented with GraphPad
Prism 7.0 (LalJolla, CA, USA). Student’s r-tests and
ANOVA analysis were used. Statistical significance was set
at p<0.05.

Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http:/proteomecentral.
proteomexchange.org)  with  the dataset identifier
PXDO021336.
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