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Background: Nuclear receptor suppressor of variegation, enhancer of zeste, and trithorax

(SET) domain-containing 2 (NSD2), is a well-known histone lysine methyltransferase

(HMTase). The aim of this study was to investigate the biological role of NSD2 in clear

cell renal cell carcinoma (ccRCC).

Methods: GEO and OncoLnc databases were used to identify NSD2 expression and

estimate its clinical value in ccRCC. Immunohistochemistry (IHC) was applied to further

evaluate NSD2 protein level in ccRCC tissues. The expression of NSD2 in different cell lines

and the transfection efficiency were determined by quantitative real-time PCR and Western

blot analysis. The effect of NSD2 and the underlying mechanism in ccRCC progression were

investigated via MTT, flow cytometry, Western blotting and xenograft tumor assays.

Results: NSD2 was over-expressed in both ccRCC tissues and cell lines. NSD2 expression

could discriminate ccRCC samples from normal samples, and moreover, high NSD2 expression

was characterized with a short overall survival (OS) time. Additionally, knockdown of NSD2

suppressed proliferation and induced apoptosis of cancer cells by inhibiting Akt/Erk signaling

and regulating Bcl-2 and Bax expression. Meanwhile, up-regulation of NSD2 contributed to the

opposite effects. Silencing of NSD2 reduced xenograft tumor growth in vivo.

Conclusion: NSD2 serves as an oncogenic factor in the progression of ccRCC via activa-

tion of Akt/Erk signaling.
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Introduction
The incidence of kidney and renal pelvis cancer is increasing in the United States,

with 65,340 new cases and 14,970 deaths estimated for 2018.1 It is one of top 10

common cancers and ranks the third most prevalent genitourinary cancers. Relying

on advanced imaging techniques, the rising number of incidental small renal cancers

can be precisely diagnosed in the early stages.2 Currently, the most effective ther-

apeutic method is radical nephrectomy, but clinical prognosis is still less than

satisfactory.3 Clear cell renal cell carcinoma (ccRCC) is the most common histolo-

gical subtype of renal cancers, which is often characterized by 3p loss that harbors

mutational inactivation or hypermethylation of the tumor suppressor gene VHL.4

Since ccRCC is not sensitive to conventional radiotherapy and chemotherapy, novel

molecular therapeutic targets are required to be applied to clinical therapeutics.

The NSD protein family consisted of three members and each protein contained one

conserved SET [Su(var)3–9, Enhancer-of-zeste, Trithorax] domain, several PWWP

(proline-tryptophan-tryptophan-proline) and PHD (plant homeo domain) domains.5

Over the past decades, the protein members have been reported to be involved in
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chromatin integrity and gene expression through mono- or

di-methylating lysine 36 of histone H3 (H3K36).6–8 Besides,

they were implicated in multiple cellular processes such as

cell proliferation, apoptosis and invasion. Especially, NSD2

(WHSC1/MMSET) has been a vital regulator in cancer pro-

gression. NSD2 was over-expressed in 10%~20% multiple

myeloma (MM) cases.9–11 Knockdown of NSD2 in t(4;14)+

MM cells could reduce cell proliferation, inhibit cell-cycle

progression and DNA repair, meanwhile induce cell

apoptosis.12–16 In prostate cancer, NSD2 was served as

downstream of EZH2 (enhancer of zeste homolog 2) and

the oncogenic functions of EZH2 required NSD2 activity.17

NSD2 may mediate NF-κB signaling for cell proliferation

and survival via direct interaction with NF-κB.18 At present,
the biological function of NSD2 in ccRCC progression

remains unknown.

In the present study, we found that the expression of

NSD2 was elevated both in ccRCC tissues and cell lines.

Furthermore, NSD2 might be a promising biomarker

applied to clinical diagnosis and prognosis analysis. In

addition, NSD2 promoted cell proliferation and sup-

pressed cell apoptosis through motivating Akt/Erk signal-

ing, accompanied with modulating Bcl-2 and Bax

expression. Depletion of NSD2 reduced xenograft tumor

growth in vivo. Altogether, the findings indicated that

NSD2 played an important role in facilitating ccRCC

tumorigenesis.

Materials and Methods
GEO and OncoLnc Databases Reanalysis
The originalNSD2 expression data was retrieved fromGEO

database (von Roemeling Renal, http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE53757). The expression of

NSD2 mRNA between normal and ccRCC tissues was

reanalyzed. ROC curve and AUC were performed to eval-

uate the sensitivity and specificity of NSD2 expression to

diagnose ccRCC. Besides, the original survival and expres-

sion data were retrieved from OncoLnc and the overall

survival (OS) time was reanalyzed.

Tissue Samples and

Immunohistochemistry (IHC)
Between July 2018 and December 2018, a total of 30

specimens from 30 patients who had never accepted che-

motherapy, radiotherapy or biotherapy were collected in

the Department of Urology, the Third Affiliated Hospital

of Soochow University. The patients were informed of the

study and asked to sign informed consent. Application of

tissues was approved by the Ethics Committee of the Third

Affiliated Hospital of Soochow University. The specimens

were pathologically confirmed as ccRCC according to the

WHO for the classification criteria.

The NSD2 protein level in ccRCC and adjacent normal

tissues were evaluated by IHC. The paraffin-embedded

specimens were deparaffinized, rehydrated, and treated in

antigen retrieval buffer at 96°C for 20 mins. Then, the

samples were incubated with anti-NSD2 (Abcam, dilution:

1:200) primary antibody at room temperature for 1 hr. The

DAB kit (MXB Biotechnologies, China) was used for

detecting immune complexes. One-renal cancer patholo-

gist performed semi-quantitative analysis of NSD2 stain-

ing using a 4-grade scale was defined as follows: Sections

with no labeling or labeled cells <5% were scored as 0.

Sections with 5–30% of labeled cells were scored as +1,

with 31–70% of labeled cells as +2, and with >70% of

labeled cells as +3.

Cell Lines and Cell Culture
The human normal cortex/proximal tubule epithelial cell

line (HK-2) and three ccRCC cell lines (786-O, ACHN

and Caki-1) were obtained from the Chinese Academy of

Sciences Cell Bank (Shanghai, China). Three cell lines

(HK-2, 786-O and ACHN) and one-cell line (Caki-1)

were cultured in RPMI 1640 Medium (Gibco, USA) and

McCoy’s 5a (Modified) Medium (Gibco, USA) respec-

tively, supplemented with 10% fetal bovine serum (BI,

Israel), 100 U/mL penicillin and 100μg/mL streptomycin

(Gibco, USA) at 37°C in a 5% CO2 incubator.

Cell Transfection
The small interfering RNA targeting NSD2 (siNSD2) and

negative control (siNC) were synthesized by GenePharma

Company (Shanghai, China). Human NSD2 cDNA

(NM_133330.2) was PCR-amplified, and then subcloned

into a plasmid vector (Invitrogen, USA). 18 h before

transfection, cancer cells suspended in medium were

added to a 6-well plate. After reaching 50% confluence,

the cells were transfected using Lipofectamine 2000

(Invitrogen, USA) in accordance with the manufacturer’s

protocols. The efficiency of transfection was detected by

qRT-PCR after 48 h and Western blot analysis after 72 h.

The lentiviral vector inhibiting NSD2 expression was

named LV-shNSD2 from GenePharma Company

(Shanghai, China). The GFP vector (LV-shNC) was used

for control. 786-O cells were transfected with LV-shNSD2
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or LV-shNC in the presence of polybrene (Solarbio,

China). After 48 hrs, fresh medium containing puromycin

(Merck, USA) was used for the selection of stable clones.

The efficiency of transfection was detected through

a fluorescence microscope (Olympus, Japan).

RNA Isolation and Quantitative

Real-Time Polymerase Chain Reaction

(qRT-PCR)
Total RNAwas isolated using Ultrapure RNA Kit (DNase I)

(CWBIO, China) according to the manufacturer’s instruc-

tions. The cDNA was synthesized with the PrimeScript RT

reagent Kit with gDNA Eraser (Takara, Japan). qRT-PCR

was performed using the TB Green Premix Ex Taq II

(Takara, Japan) in ABI 7500 Real-Time PCR instrument.

GAPDH was acted as an internal control. The primer

sequences used for qRT-PCR were recorded in Table 1.

The relative mRNA levels were normalized to GAPDH

and calculated by the 2−ΔΔCt method.

Cell Viability Assay
The cells were seeded at 2x103 cells per well in 96-well

plates and cultured for 24, 48, 72 and 96 h after transfection.

Cell viability was measured by using 20 μL of 5 mg/mL

MTT dye (Beyotime, China) for 4 hrs at 37°C, then removed

the supernatant and followed by adding 200 μL dimethyl

sulphoxide (Sigma-Aldrich, USA). Absorbance of each

well was detected at 570 nm through a microplate reader

(ThermoFisher, USA).

Cell Apoptosis Assay
The cells cultured for 72 h after transfection were col-

lected and washed twice with cold PBS. Then, the trans-

fected cells were stained with 5ul Annexin V-FITC and

10ul Propidium Iodide (Multisciences Biotech, China) in

the dark for 15 mins at room temperature. Cell apoptosis

was assessed by flow cytometry (BD Biosciences, USA)

and the data was analyzed by FlowJo software.

Western Blot Analysis
Total protein from transfected cells was obtained using

Whole Cell Lysis Assay (Keygen Biotech, China).

Protein samples were subjected to SDS–PAGE and trans-

ferred to PVDF membranes (Millipore, USA). After

blocking with 5% skim milk for 1 h at room temperature,

the membranes were incubated with the primary antibody

as follows: monoclonal antibodies against NSD2 (Abcam,

UK), Akt, p-Akt (S473), Erk1/2, p-Erk1/2 (Thr202/

Tyr204), Bcl-2, Bax (Cell Signaling Technology, USA)

and GAPDH (Keygen Biotech, China). After washing

thrice with TBST, the membranes were incubated with

corresponding secondary antibodies (Keygen Biotech,

China). Signals were detected using an ECL system

(CLiNX, China) and quantified by ImageJ software.

Xenograft Tumor Assay
All animal experiments were conducted according to the

National Institute of Health Guide for the Care and Use of

Laboratory Animals and were approved by the ethics

committee of Soochow University. Ten BALB/C nude

male mice (6-week old) were purchased from the

Shanghai SLAC Laboratory Animals. 786-O (5 × 106)

cells which have been stably infected with LV-shNSD2

or LV-shNC were inoculated subcutaneously together with

Matrigel (Corning, USA) into the flank of nude mice.

After 7 days of implantation of tumor cells, tumor size

was measured every 3 days and tumor volume was calcu-

lated with the following formula: (length × width2)/2. At

the end of experiments, the mice were sacrificed and

tumors were dissected and weighed.

Statistical Analysis
All above data were obtained from at least three independent

experiments and presented as means and standard deviation

(SD). Statistical analyses were performed using SPSS 19.0

software and GraphPad Prism 5.0. Comparisons between

different groups were made via the two-tailed Student’s

Table 1 All Primers for qRT-PCR of NSD2 and GAPDH

Primer Sequences

NSD2

Forward 5’-AATATGACTCCTTGCTGGAGCAGG-3’

Reverse 5’-ATTTCAACAGGTGGTCTTTGTCTC-3’

GAPDH

Forward 5’-AACGGATTTGGTCGTATTGGG-3’

Reverse 5’-CGCTCCTGGAAGATGGTGATG-3’

SD2 siRNA (siNSD2)

Sense 5’-CCAGCUAAGAAAGAGUCUUTT-3’

Antisense 5’-AAGACUCUUUCUUAGCUGGTT-3’

Negative control

(siNC)

Sense 5’-UUCUCCGAACGUGUCACGUTT-3’

Antisense 5’-ACGUGACACGUUCGGAGAATT-3’

Abbreviation: qRT-PCR, quantitative real-time polymerase chain reaction.
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t-test and Mann–Whitney U-test. Survival curve was drawn

using Kaplan-Meier method and Log-rank test. P < 0.05 was

considered statistically significant.

Results
NSD2 Expression and Impact on

Diagnosis and Outcome of Patients with

ccRCC
The RNA sequencing data of ccRCC database

(GSE53757) was reanalyzed, which contained 72

ccRCC samples and 72-paired adjacent normal samples.

The results suggested that NSD2 mRNA expression in

tumor tissues was higher than in adjacent normal tissues

with fold change=1.587 (8.802±0.285 vs 8.136±0.425,

Figure 1A and B). Furthermore, ROC curve analysis

showed the diagnostic value of NSD2 expression, which

could be used for discriminating cancer specimens from

normal specimens (AUC=0.9026, Figure 1C). Next, the

overall survival (OS) data downloaded from OncoLnc

suggested that ccRCC patients with higher NSD2 expres-

sion had a shorter OS time (Figure 1D).

NSD2 Is Over-Expressed in ccRCC

Tissues by Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was conducted to deter-

mine the expression level of NSD2 protein in ccRCC

and adjacent normal tissues. Representative results with

4-grade scale (IHC score 0, +1, +2 and +3) were shown

(Figure 2A–D). Intriguingly, the data showed that NSD2

expression in ccRCC specimens was obviously higher

than in adjacent normal specimens (Figure 2E).

Collectively, the data suggested that NSD2 might be

a vital promoter in the carcinogenesis of ccRCC.

Figure 1 NSD2 expression and impact on diagnosis and outcome of patients with ccRCC. (A, B) NSD2 expression is up-regulated in ccRCC samples (N=72) compared

with paired adjacent normal samples (N=72) from the GSE53757 database (p<0.0001). (C) ROC curve analysis using NSD2 expression in ccRCC samples and normal

samples (AUC=0.9026, p<0.0001). (D) NSD2 expression is negatively correlated with overall survival (OS) time in ccRCC cases from OncoLnc (N=522, p<0.0001).

Abbreviations: ccRCC, clear cell renal cell carcinoma; ROC, receiver operating characteristic; AUC, area under ROC curve.
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NSD2 Expression Is Elevated in ccRCC

Cell Lines
To measure the expression of NSD2 in different cell lines,

qRT-PCR and Western blotting were conducted. NSD2

mRNA expression was increased in three examined

ccRCC cell lines (786-O, ACHN and Caki-1) compared

with normal cortex/proximal tubule epithelial cell line

(HK-2) (Figure 3A). Interestingly, Western blot analysis

indicated that NSD2 protein expression was merely up-

regulated in 786-O and ACHN cells, but not altered in

Caki-1 cells (Figure 3B). To investigate the biological

roles of NSD2 in ccRCC progression, the siRNA and

cDNA were designed for functional experiments. The

results showed that NSD2 was greatly knocked down

after treating siNSD2 in 786-O and ACHN cells (Figure

3C and D), and over-expressed after transfecting cDNA in

Caki-1 cells (Figure 3E and F).

NSD2 Promotes Proliferation and Inhibits

Apoptosis in ccRCC Cells
To identify the effect of NSD2 on cell proliferation in

ccRCC, siNSD2 and siNC were used to treat ccRCC

cells for 24, 48, 72 and 96 h. The MTT assay revealed

that down-regulation of NSD2 could reduce cell viability

of 786-O and ACHN cells (Figure 4A). Since decreased

cell viability was observed in NSD2 depleted cells, it was

hypothesized that NSD2 could involve in the process of

cell apoptosis. The flow cytometry assay was performed to

explore the role of NSD2 in modulating cell apoptosis.

The data indicated that suppression of NSD2 could result

in a significant increase of apoptotic cells in 786-O and

ACHN cells (Figure 4B). Inversely, enhanced NSD2 could

promote proliferation and inhibit apoptosis in Caki-1 cells

(Figure 4C and D).

NSD2 Activates Akt/Erk Signaling and

Regulates Bcl-2 and Bax Expression
Previously, it was reported that NSD2 regulated osteosar-

coma progression and chemosensitivity through Erk and

Akt pathways.19 Meanwhile, the anti-apoptotic Bcl-2 and

pro-apoptotic Bax, both belong to the Bcl-2 protein family,

were confirmed to act as key regulators in ccRCC

development.20,21 Here, Western blot analysis revealed

that silencing of NSD2 could repress the expression of

p-Akt, p-Erk1/2, Bcl-2, and enhance Bax at protein level,

but not alter total Akt and Erk1/2 expression in 786-O and

Figure 2 NSD2 is over-expressed in ccRCC tissues by immunohistochemistry (IHC). (A–D) IHC staining (4-grade score 0, +1, +2, +3) for NSD2 protein in ccRCC tissues

and adjacent normal tissues. (E) NSD2 protein level in ccRCC specimens was higher than in normal specimens (*p=0.0003; Mann–Whitney U-test).
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ACHN cells (Figure 5A). Contrarily, over-expression of

NSD2 increased p-Akt, p-Erk1/2, Bcl-2 protein, and

decreased Bax protein in Caki-1 cells (Figure 5B). The

findings illustrated that NSD2 suppressed cell apoptosis

through motivating Akt/Erk pathways and mediating Bcl-2

and Bax expression in ccRCC.

Figure 4 NSD2 promotes proliferation and inhibits apoptosis in ccRCC cells. (A) Down-regulation of NSD2 reduces cell viability of 786-O and ACHN cells. (B)
Suppression of NSD2 induces cell apoptosis of 786-O and ACHN cells. (C-D) Elevation of NSD2 promotes proliferation and inhibit apoptosis in Caki-1 cells. *p<0.05.

Abbreviations: MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 3 NSD2 expression is elevated in ccRCC cell lines. (A) The expression of NSD2 mRNA is increased in three-ccRCC cell lines (786-O, ACHN and Caki-1) compared

with normal cortex/proximal tubule epithelial cell line (HK-2). (B) The protein level of NSD2 is up-regulated in two-ccRCC cell lines (786-O and ACHN), but not obviously

altered in Caki-1 cells. (C, D) The knockdown efficiency of siNSD2 is confirmed by qRT-PCR and Western blotting in 786-O and ACHN cells. (E, F) The transfection

efficiency of cDNA is confirmed in Caki-1 cells. *p<0.05, n.s. p>0.05.

Abbreviations: NC, negative control; qRT-PCR, quantitative real-time polymerase chain reaction; n.s., no statistical significance.
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Knockdown of NSD2 Reduces the

Formation of Xenograft Tumors in vivo
To determine the in vivo effect of NSD2 on tumor

growth, ten-nude mice were carried out to establish xeno-

graft models. The lentiviral vector (LV-shNSD2) and

negative control (LV-shNC) were constructed to stably

transfect 786-O cells (Figure 6A), and the transfected

cells were subsequently implanted into nude mice. The

results showed that knockdown of NSD2 would reduce

tumor growth in vivo, compared with control group

(Figure 6B), as manifested by decreased tumor volume

and weight (Figure 6C and D).

Discussion
Renal cell carcinoma (RCC) has been a severe problem

threatening public health around the world, which

accounts for approximately 2.2% of new cancer cases

and 1.8% of cancer deaths.22 On account of few effective

therapeutic strategies, the 5-year survival rate of RCC

remains at merely 55%.23 The most frequently occurring

subtype is clear cell renal cell carcinoma (ccRCC), which

is responsible for 75–80% of RCC.24 Hence, it is

imperative to discover new reliable biomarkers and novel

therapeutic targets in ccRCC.

Increasing evidence has revealed that NSD2 con-

tributed to cancer pathogenesis. NSD2 mRNA was

amplified in 13 cancer types compared with their nor-

mal counterparts according to expression profile

analysis.25 Besides, up-regulation of NSD2 was related

to higher grade in oligodendroglioma, breast, prostate

and head and neck cancers.26 However, the biological

role of NSD2 in ccRCC progression remains to be

elucidated. Here, we found that NSD2 expression in

ccRCC tissues was higher than in normal tissues.

Furthermore, NSD2 expression could discriminate

ccRCC samples from normal samples and higher

NSD2 expression exhibited shorter OS time. The find-

ings indicated that NSD2 might play an oncogenic role

in ccRCC tumorigenesis.

The molecular mechanism of how NSD2 exerts biolo-

gical functions on ccRCC is undetermined. It is well-

known that Akt and Erk signaling pathways involve in

cell proliferation and apoptosis. Additionally, Bcl-2 and

Bax protein were both implicated in cancer progression

Figure 5 NSD2 activates Akt/Erk signaling and regulates Bcl-2 and Bax expression. (A) Silencing of NSD2 represses p-Akt, p-Erk1/2, Bcl-2 expression, and enhances Bax

expression, but not alters total Akt and Erk1/2 expression in 786-O and ACHN cells. (B) Over-expression of NSD2 increases p-Akt, p-Erk1/2 and Bcl-2 protein, and

decreases Bax protein in Caki-1 cells. *p<0.05.

Abbreviations: p-Akt, phospho-Akt; p-Erk1/2, phospho-Erk1/2.
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and their abnormal expression was frequently detected in

ccRCC.27 Here, down-regulation of NSD2 repressed pro-

liferation and induced apoptosis in 786-O and ACHN

cells, accompanied with decreased Akt and Erk1/2 phos-

phorylation, Bcl-2 protein, and increased Bax expression.

Whereas, over-expression of NSD2 exhibited the opposite

effects in Caki-1 cells. In addition, depletion of NSD2

reduced xenograft tumor growth in vivo. Thus, the results

demonstrated that NSD2 would facilitate ccRCC carcino-

genesis via stimulation of Akt/Erk signaling and regulation

of Bcl-2 and Bax expression.

Conclusions
In summary, NSD2 expression level was up-regulated and

NSD2 functioned as tumor promoter in ccRCC progres-

sion. Therefore, we proposed NSD2 as a potential thera-

peutic target for ccRCC treatment.
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