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NSD2 is downregulated in T2DM and promotes
B cell proliferation and insulin secretion through
the transcriptionally regulation of PDX1
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Abstract. Diabetes has become a major public health issue in
the world. Type 2 diabetes mellitus (T2DM), also known as
non-insulin-dependent diabetes mellitus, has been identified
to result in an inability to compensate for insulin resistance.
A previous study has shown that NSD2 regulates glucose
metabolism; however, whether NSD2 serves roles in diabetes
has not been thoroughly elucidated to date. In present study,
the expression of NSD2 in blood samples from patients with
T2DM was compared with that in healthy volunteers. Notably,
the expression of NSD2 was negatively correlated with glucose
concentration but positively associated with PDX1 expression.
Several functional experiments, including CCK-8 assay and
colony formation assay, revealed that NSD2 promoted the
proliferation of pancreatic § cell lines. Moreover, ectopic
expression of NSD2 significantly promoted insulin secretion.
In addition, NSD2 served as a transfection factor and it was
identified that NSD2 transcriptionally regulated PDX1 expres-
sion through its H3K36me2 methyltransferase activity. The
present study indicated that NSD2 may be a novel molecular
therapy target of T2DM.

Introduction

Diabetes has become a major public health issue in the world,
associating with increased micro- or macro-vascular disease,
disability and premature mortality (1-4). Type 2 diabetes
mellitus (T2DM), also known as non-insulin-dependent
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diabetes mellitus, mainly disrupts the normal action and
secretion of insulin in the body (5). This can lead to a series
of severe syndromes, including hypertension, cardiovascular
disease and increased risk of cancer (6). 3 cells apoptosis and
insulin secretory dysfunction are happened in T2DM (7-11),
resulting in an inability to compensate for insulin resistance.
Therefore, it is necessary to discover a strategy to facilitate 3
cell proliferation and increase insulin secretory.

Nuclear receptor-binding SET domain protein 2 (NSD2),
also known as Wolf-Hirschhorn syndrome candi-
date 1 (WHSC1) or multiple myeloma SET domain (MMSET),
together with NSD1 and NSD3, belongs to the SET histone meth-
yltransferase family (12,13). As a transcription factor, NSD2
mediates H3K36 dimethylation and trimethylation, or H4K?20
dimethylation (14,15). Previous studies have shown that NSD2
is up-regulated in multiple types of human cancers, including
small-cell lung cancers, stomach cancer, neuroblastoma, colon
cancer, hepatocellular carcinoma, ovarian carcinoma and
prostate cancer (16-22). Furthermore, NSD2 has been demon-
strated to support the proliferation and/or survival of many
cancer cell lines, such as prostate cancer (22-24), myeloma cell
lines with t(4;14) translocations (25-28) and leukemia cell lines
carrying the E1099K mutation (29), Wang et al (30) has found
that NSD2 regulates glucose metabolism; however, whether
NSD2 plays roles in diabetes has not been explored.

Here, we found that NSD2 was down-regulated in T2DM.
Down-regulation of NSD2 was associated with elevated
glucose level. Moreover, NSD2 promoted 3 cell lines prolifera-
tion and insulin secretion. NSD2 as a transcription factor, we
found that it transcriptionally regulated PDX1 expression.

Materials and methods

Cell culture. INS-1 and MING cells were purchased from ATCC
(Manassas, VA, USA) and cultured in 5 mmol/l glucose DMEM
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA)
supplemented with 10% horse serum (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 5.5 mM 2-mercaptoethanol,
100 U/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C with 5% CO,.
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Blood sample collection. All healthy volunteers and T2DM
patients have known and written informed consent before exper-
iments. All human sample experiments have been approved
by the Ethics Committee of The First Affiliated Hospital of
Zhengzhou University. Blood samples were collected from
The First Affiliated Hospital of Zhengzhou University during
2013 to 2017 and stored at -80°C immediately before using.

Cell transfection. The INS-1 and MING6 cells were placed
into a 6-well plate (a density of 4x10° cells/well) and grown
to 70-80% confluence. The cells were then transfected with
2.5 pg plasmid or 50 nM siRNAs using Lipofectamine 2000
according to manufacturer's instruction (Invitrogen; Thermo
Fisher Scientific, Inc.). After transfection for 48 h, cells were
collected and used to further experiments. The sequences of
siRNA as followed: Scramble siRNA (SCR): 5'-UUCUCCGAA
CGUGUCACGU-3'; NSD2 siRNA#1: 5“TGGAGCACACGA
AGCACCA-3'"; NSD2 siRNA#2: 5"TGTCCAGGAACGCTG
AGCT-3"; PDX siRNA: 5"TCCAAAACCGCCGCATGAAGT
GG-3". The vector plasmid (pcDNA3.1), pcDNA3.1-NSD2 and
pcDNA3.1-PDX1 were purchased from Vigene Biosciences
Co., Ltd., (Shandong, China).

Reverse transcription- quantitative polymerase chain
reaction (RT-gPCR). Total RNA was extracted from human
blood samples and transfected cells using TRIzol (Invitrogen;
Thermo Fisher Scientific, Inc.). cDNA was prepared using a
PrimeScript TM RT reagent kit (Takara Bio, Inc., Otsu, Japan)
according to manufacturer's instruction. Subsequently, SYBR
green PCR mix (Roche Diagnostics GmbH, Mannheim,
Germany) was used to perform qRT-PCR assay according to
the manufacturer's protocol. GAPDH was used as an endog-
enous control. The primer sequences were as follows: NSD2
forward primer: 5"-TGTAAACCACTGAAGAAGCGA-3',
reverse primer: 5'-GTCCGAGACCTCATTCTCAG-3"; PDX1
forward primer: 5'-CCTTTCCCATGGATGAAGTC-3' and
reverse primer: 5'-AACCAGATCTTGATGTGTCTC-3';
GAPDH forward primer: 5-TCTCTGATTTGGTCGTAT
TGG-3' and reverse primer: 5-CATGTAAACCATGTAGTT
GAGGTC-3'. The relative mRNA expression was normalized
to GAPDH and measured using 222" (31). Each independent
experiment was performed in triplicate.

Western blotting. Whole protein was prepared from trans-
fected cells using RIPA lysis buffer (Beyotime Institute of
Biotechnology, Haimen, China) with 1% cocktail (Roche
Diagnostics GmbH). The concentration of protein was
measured using a BCA kit (Pierce; Thermo Fisher Scientific,
Inc.) according to manufacturer's instruction. Approximately
40 pg proteins were separated on a 10% SDS-PAGE and
transferred to a nitrocellulose (NC) membrane. Following by
incubation with 5% skimmed milk at room temperature for
1 h, the membranes were incubated with primary antibodies at
4°C overnight. The antibodies as followed: NSD2 (1:1,000; cat.
no. 75359), PDX1 (1:2,000; cat. no. 47267), B-actin (1:5,000;
cat. no. 8226; all from Abcam, Cambridge, MA, USA). The
membranes were washed with TBST three times, and incubated
with secondary horseradish peroxidase (HRP)-conjugated anti-
bodies (1:5,000; cat. no. 6789 and 6721; Abcam, Cambridge,
MA, USA) at room temperature for 1 h. After washing with
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TBST three times, the blots were visualized using ECL kit.
Each independent experiment was performed in triplicate.

CCK-8 cell viability assay. NSD2 was overexpressed or
knocked down in INS-1 and MING cells, 24 h after transfec-
tion, approximately 2x10° cells were placed into a 96-well with
three wells for each group. The cells were maintained in an
incubator with a 5% CO, atmosphere at 37°C. At 0, 24, 48 and
72 h, 20 ul CCK-8 solution was added into medium, and incu-
bated with cells at 37°C for 1 h. The absorbance was measured
at 450 nm with a microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The effect of NSD2 on cell growth and
cell viability was determined. Each independent experiment
was performed in triplicate.

Colony formation assay. After transfection for 48 h, approxi-
mately 5x10* INS-1 or MINESG cells were placed into 6-well
plates, and cultured with serum-free DMEM. After incubating
for two weeks, cells were fixed with 4% paraformaldehyde
solution at room temperature for 15 min and stained with
0.1% crystal violet (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at room temperature for 15 min. The number of
colonies were counted under a light microscope. Each inde-
pendent experiment was performed in triplicate.

Insulin secretion and insulin content measurements. NSD2
was overexpressed or knocked down in INS-1 and MING, after
transfection for 48 h, approximately 3.5x10° cells were placed
in a 24-well plate. Cells were washed with SAB (secretion
assay buffer, 0.2% BSA, 2.5 mM CacCl,, 25.5 mM NaHCO;,
47 mM KCl, 20 mM HEPES (pH 7.2), 1.2 mM KH,PO,,
1.16 mM MgSO,, 2.8 mM glucose and 114 mM NaCl) for three
times. Next, cells were incubated with 1.5 ml SAB at 37°C
with 5% CO,. Immediately after incubation, a Coat-A-Count
insulin RIA kit (Diagnostic Products Corp., Los Angeles,
CA, USA) was used to measure insulin secretion according
to the manufacturer's instruction. Subsequently, cells were
lysed with RIPA buffer (50 mM Tris HCI pH 8, 150 mM NaCl,
1% NP-40/Triton X, 0.1% SDS, 0.5% sodium deoxycholate,
2 mM EDTA and 50 mM NaF). The supernatant of lysate was
collected and the protein concentration was measured. The
insulin secretion was normalized by protein concentration.
Each independent experiment was performed in triplicate.

ChIP and qChIP assay. A ChIP assay was performed
with 3 pg goat anti-rabbit IgG (cat. no. ab171870; Abcam),
anti-NSD2 (cat. no. ab75359; Abcam) and anti-H3K36me2
(cat. no. ab9043; Abcam) using a ChIP assay kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. The antibody-bound DNA was used to perform
qChIP. SYBR green Mix (Roche Diagnostics GmbH) was
used to perform RT-qPCR. The thermocycling conditions
were as follows: 30 cycles of denaturation at 95°C for 5 min,
annealing at 57°C for 30 sec followed by extension at 72°C
for 5 min. The following primers were used: PDX1 forward
primer: 5'-~AGGGTCTCATTCTGTCGTTC-3' and reverse
primer: 5'-GCCTGTAATCCCAGCTACTC-3'". The fold of
enrichment was normalized to that of IgG and quantified
using the 224¢ method. Each independent experiment was
performed in triplicate.
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Figure 1. NSD2 expression is downregulated in T2DM. (A) The expression of NSD2 in T2D patients and healthy volunteers' plasma were assessed using
RT-gPCR. "'P<0.05 vs. healthy volunteers. (B) The association between the NSD2 expression and blood glucose levels in T2DM patients were determined using

Pearson's correlation analysis. T2DM, type 2 diabetes mellitus.

Luciferase reporter assay. The promoter region (-2000 to +200)
of PDX1 were cloned into pGL3 luciferase vector (Invitrogen;
Thermo Fisher Scientific, Inc.). For the luciferase assay, INS-1
and MING cells were co-transfected with pGL3-slug, renilla
and NSD2 or vector. After transfection for 24 h, luciferase
reporter assay was performed using a dual-luciferase reporter
assay kit according to manuscript's protocol (Promega
Corporation, Madison, WI, USA). The Renilla luciferase
activity was used to normalize firefly luciferase activity. Each
independent experiment was performed in triplicate.

Statistical analysis. Each independent experiment was
performed in triplicate for statistical analysis. The data are
presented as the mean + SD. All data were analyzed using
GraphPad Prism v.5.01 (GraphPad Software, Inc., La Jolla, CA,
USA). The correlation between the clinic pathological features
of T2DM patient and NSD2 expression was analyzed by ¥ test.
One-way ANOVA and Tukey test were used to analyze the
difference between multiple comparisons. Two-tailed Student
t-test was used to analyze the difference between two groups.
The correlation of blood glucose levels and NSD2 expression
was determined by Pearson's correlation coefficient. P<0.05 was
considered to indicate a statistically significant difference.

Results

NSD?2 expression is down-regulated in T2DM. To explore the
underlying mechanism of NSD2 in T2DM, we collected the
plasma from 58 T2DM patients and 58 healthy volunteers, and
detected the expression of NSD2. As shown in Fig. 1A, the
expression of NSD2 in T2DM patients was less than that in
healthy volunteers group (Fig. 1A). Moreover, the association
between NSD2 expression and patient clinical information was
analyzed, we found that the expression NSD2 had no correla-
tion with age and gender (Table I). Furthermore, we found
that the NSD2 expression was negatively associated with the
glucose concentration (r=0.81; Fig. 1B).

NSD2 promotes the proliferation of pancreatic 3 cell lines and
the insulin secretion. In order to further decipher the role of
NSD?2 in diabetes, we overexpressed or knocked down NSD2
in two pancreatic  cell lines INS-1 and MIN6. The NSD2
expression was detected by western blotting and qRT-PCR,
respectively. The results revealed transfection with plasmids

Table I. Clinicopathologic variables in 58 patients with T2DM.

NSD2 protein
expression
No. Low High

Variables (n=58) (n=40) (n=18) P-value
Age 0.509

<35 35 23 12

>35 23 17 6
Sex 0.724

Male 27 18 9

Female 31 22 9
Glucose 0.040
concentration

<7.0 mM 21 11 10

>7.0 mM 37 29 8
PDX1 expression 0.008

Low 37 30

High 21 10 11

T2DM, type 2 diabetes mellitus.

expressing NSD2 increased two-fold NSD2 levels in INS-1
and MING cells, and NSD2 expression was decreased followed
by transfected with NSD2 siRNA (siNSD2) (Fig. 2A and B).
Subsequently, CCK-8 analysis was performed to determine the
function of NSD2 on cellular proliferation in pancreatic 3 cell
lines, suggesting that ectopic expression of NSD2 obviously
facilitated the proliferation rate of INS-1 and MING6 cells,
compared to the control group; however, inhibition of NSD2
significantly led to a decrease of proliferation rate of INS-1
and MING cells, compared to the control group (Fig. 2C).
Moreover, similar results were observed in colony forma-
tion assay, suggesting that compared to the control groups,
ectopic regulation of NSD2 resulted in an elevated number
of colonies in INS-1 and MING6 cells (Fig. 2D). Meanwhile,
NSD2 inhibition decreased the number of colonies in INS-1
and MING cells, compared to the control groups (Fig. 2D).
In addition, in response to glucose stimulation, we found that
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Figure 2. NSD2 promotes the proliferation of pancreatic {3 cell lines and the insulin secretion. (A and B) NSD2 was overexpressed or knocked down in INS-1
and MING cells. After transfection for 48 h, the mRNA expression of NSD2 was determined using qRT-PCR and western blotting analyses, respectively.
"P<0.05 vs. vector or SCR. (C) CCK-8 assay was performed to assess the effect of NSD2 on cell proliferation. “P<0.05 vs. vector or SCR. (D) Colony formation
assay was performed to assess the effect of NSD2 on cell proliferation. "P<0.05 vs. vector or SCR. (E) NSD2 was overexpressed or knocked down in INS-1
and MING cells. After transfection for 48 h, INS-1 and MING cells were incubated with 1 or 20 mM glucose for 90 min and the rate of insulin secretion was

detected in each group. "P<0.05 NSD2 vs. vector or SCR.

ectopic expression of NSD2 remarkably improved the insulin
secretion (Fig. 2E); however, inhibition of NSD2 significantly
suppressed insulin secretion (Fig. 2E). Our findings suggest
that NSD2 facilitates the proliferation of pancreatic f3 cell lines
and the insulin secretion.

NSD?2 transcriptionally regulates PDX1 through its histone
methylation activity in diabetes. As a histone methylase, NSD2

has been reported to regulate gene expression. Moreover, PDX1
has been reported to play key roles in diabetes (32). Because
we found NSD2 regulated pancreatic 3 cells proliferation and
insulin secretion, we assumed that NSD2 might regulate PDX1
expression in diabetes. To verify our hypothesis, we detected
the expression of PDX1 after overexpression or knockdown
NSD2 in INS-1 and MING6 cells. The results of western
blotting and qRT-PCR analyses demonstrated that ectopic
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Figure 3. NSD2 transcriptionally regulates PDX1 through its histone methylation activity in diabetes. (A and B) NSD2 was overexpressed or knocked down
in INS-1 and MING cells. After transfection for 48 h, the mRNA and protein levels of PDX1 were detected using qRT-PCR and western blotting analyses,
respectively. "P<0.05 NSD2 vs. vector or SCR. (C) NSD2 was overexpressed or knocked down in INS-1 and MING6 cells, and ChIP and qChIP assay was
performed using anti-H3K36me2 antibody and anti-NSD2 antibody. "P<0.05 NSD2 vs. vector or SCR. (D) NSD2 was overexpressed or knocked down in INS-1

and MING cells, dual luciferase assay was performed. "P<0.05 NSD2 vs. vector.

expression of NSD2 significantly increased PDX1 expression,
and knockdown of NSD2 obviously decreased PDX1 expres-
sion (Fig. 3A and B). That both protein and mRNA levels of
PDXI1 were regulated by NSD2 indicated that PDX1 might be
regulated by NSD2 at transcription level. Subsequently, ChIP
and qChIP assay was performed to determine whether NSD2
transcriptionally regulated PDX1 expression through methyl-
ating H3K36, showing that the occupation of H3K36me?2 at

the promoter region of PDX/ was obviously increased while
NSD2 was overexpressed (Fig. 3C); however, the occupation
of H3K36me2 at the promoter region of PDX/ was obvi-
ously decreased while NSD2 was knocked down (Fig. 3C).
Additionally, we found that NSD2 could bind the promoter
region of PDX1 (Fig. 3C). The similar results were observed
in MING cells (Fig. 3C). Moreover, dual luciferase reporter
assay comfirmed that NSD2 transcriptionally activated PDX1
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Figure 4. PDX1 is involved in the NSD2-mediated insulin secretion and pancreatic 3 cells proliferation. (A and B) PDX1 was overexpressed or knocked down
in INS-1 and MING cells. After transfection for 48 h, the mRNA and protein levels of PDX1 were detected using qRT-PCR and western blotting analyses,
respectively. 'P<0.05 vs. vector or SCR. (C) PDX1 was overexpressed in siNSD2-INS-1 and siNSD2-MING cells or was knocked down in NSD2-INS-1 cells
and NDS2-MING cells. After transfection for 48 h, CCK-8 assay was performed to assess the effect of NSD2 and PDX1 on cell proliferation. "P<0.05 vs. vector
or SCR. (D) PDX1 was overexpressed in siNSD2-INS-1 and siNSD2-MING6 cells or was knocked down in NSD2-INS-1 cells and NDS2-MING6 cells. After
transfection for 48 h, INS-1 and MING6 cells were incubated with 1 or 20 mM glucose for 90 min and the rate of insulin secretion was detected in each group.

“P<0.05 vs. vector or SCR.

(Fig. 3D). In addition, we found PDX1 expression in the plasma
from T2DM patients was less than that in healthy volunteers,
positively correlated with NSD2 expression (Table I). These
results reveal that NSD2 transcriptionally regulates PDX1
through its histone methylation activity in diabetes.

PDX1 is involved in the NSD2-mediated insulin secretion
and pancreatic 3 cells proliferation. Because PDX1 was
transcriptionally regulated by NSD2, so we hypothesized
that NSD2 facilitated pancreatic B cells proliferation and
insulin secretion through regulation of PDXI. In order to



verify our hypothesis, we overexpressed or knocked down
of PDX1 in INS-1 and MING6 cells. Western blotting and
gRT-PCR analyses were used to determine the protein and
mRNA levels of PDX1, respectively. The results of western
blotting and qRT-PCR analyses revealed that both protein and
mRNA levels of PDX1 were obviously increased approxi-
mately 2.4-fold in the INS-1 and MING cells transfected with
FLAG-PDXI1 plasmid, and decreased following PDX1 siRNA
(Fig. 4A and B). Subsequently, we explored whether PDX1
involved in the NSD2-mediated pancreatic {3 cell prolifera-
tion and insulin secretion. As shown in Fig. 4C, the CCK-8
assay revealed that ectopic expression of PDXI1 significantly
rescued the effect of the NSD2 inhibition on pancreatic 3
cells proliferation (Fig. 4C). Meanwhile, inhibition of PDX1
significantly impaired the effect of the NSD2 overexpression
on pancreatic (3 cells proliferation (Fig. 4C). Similarly, overex-
pression of PDX1 also rescued the effect of NSD2 inhibition on
glucose-stimulated insulin secretion, and inhibition of PDX1
significantly impaired the effect of the NSD2 overexpression
on glucose-stimulated insulin secretion (Fig. 4D). To sum up,
our work show that PDX1 is a downstream target of NSD2,
and NSD2 promotes the proliferation of pancreatic 3 cell lines
and the insulin secretion through regulation of PDX1.

Discussion

Previous studies have shown that NSD2 was the up-regulated
in multiple types of human cancers (16-22). However, the role
of NSD2 in T2DM has still not been elucidated.

Here, we found that NSD2 was down-regulated in T2DM
patients, compared with healthy volunteers group. Moreover,
the expression of NSD2 was negatively associated with high
blood glucose levels, suggesting NSD2 might play a key role
in T2DM. Previous work has found that NSD2 regulates
glucose metabolism (30). To further consider the effect of
NSD2 in T2DM, we used two pancreatic 3 cell lines, such as
INS-1 and MIN6. NSD2 has been reported to promote cell
proliferation in several cancers (22-24). Here, CCK8 assay and
colony formation assay demonstrated that ectopic expression
of NSD2 facilitated the proliferation of INS-1 and MING cells.
Knockdown of NSD2 suppressed the proliferation of INS-1
and MING6 cells. Furthermore, the secretion of insulin also
regulated by NSD2.

PDX1 has been reported to play fundamental roles in diabetes
mellitus, abnormal expression of PDX1 suppressed pancreatic
p cell proliferation (32,33). NSD2 as transcription factor, we
assumed NSD2 might transcriptionally regulated PDX1 in
pancreatic 3 cell lines. ChIP and qChIP assay as well as lucif-
erase assay suggested PDX1 was transcriptionally activated by
NSD2 through its H3K36me?2 methylation activity. Furthermore,
we found that NSD2 promoted pancreatic f§ cell lines prolifera-
tion and insulin secretion through regulation of PDXI1.

Here, our study still has some limitation, we admire that it
is better to detect the expression of NSD2 in T2DM patients'
and health volunteers' pancreatic § cells, but we don't have
enough samples to do it. Moreover, it is necessary to specific
overexpression of NSD2 in mice pancreatic tissues and further
determine the roles of NSD2 in vivo. Furthermore, more
downstream target of NSD2 need be detected using ChIP-seq
assay, it might further uncover the function of NSD2.
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Collectively, the current study revealed the mechanisms of
NSD2 on pancreatic 3 cell proliferation and insulin secretion
in T2DM. We suggested NSD2 as a novel molecular therapy
target of T2DM.
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