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Abstract: Malignant solid tumors are the leading cause of death in humans, and epigenetic
regulation plays a significant role in studying the mechanism of human solid tumors.
Recently, histone lysine methylation has been demonstrated to be involved in the develop-
ment of human solid tumors due to its epigenetic stability and some other advantages. The
90-kb protein methyltransferase nuclear receptor SET domain-containing 2 (NSD2) is
a member of nuclear receptor SET domain-containing (NSD) protein lysine methyltransfer-
ase (KMT) family, which can cause epigenomic aberrations via altering the methylation
states. Studies have shown that NSD2 is frequently over-expressed in multiple types of
aggressive solid tumors, including breast cancer, renal cancer, prostate cancer, cervical
cancer, and osteosarcoma, and such up-regulation has been linked to poor prognosis and
recurrence. Further studies have identified that over-expression of NSD2 promotes cell
proliferation, migration, invasion, and epithelial-mesenchymal transformation (EMT), sug-
gesting its potential oncogenic role in solid tumors. Moreover, Gene Expression Profiling
Interactive Analysis (GEPIA) was searched for validation of prognostic value of NSD2 in
human solid tumors. However, the underlying specific mechanism remains unclear. In our
present work, we summarized the latest advances in NSD2 expression and clinical applica-
tions in solid tumors, and our findings provided valuable insights into the targeted therapeutic
regimens of solid tumors.
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Introduction

Malignant solid tumors are common neoplasms with high morbidity and mortality in
humans. A number of studies have shown that epigenetic regulation plays a critical
role in cancer initiation, development, and treatment, and the most active markers
include DNA methylation or demethylation, histone modification, and chromatin
remodeling.'* Histone lysine methylation, as one of the “histone codes”, has gradu-
ally been recognized as an emerging focus due to its epigenetic stability and some
other advantages.” The nuclear receptor-binding SET domain (NSD) family of
histone H3 lysine 36 methyltransferases recognizes and catalyzes the methylation
of histone. Recently, several studies have reported that NSD methyltransferases were
amplified, mutated, or over-expressed in human cancers, implying their crucial role in
oncogenesis and cancer development.* Tri-methyltransferase SETD2 is mutated in
a range of human cancers and acts as a potential tumor suppressor.>® NSD2, also
known as MMSET (multiple myeloma SET domain) or WHSC1 (Wolf-Hirschhorn
syndrome candidate 1), a member of the NSD protein family,”” has been reported as
the responsible gene for the disease of Wolf-Hirschhorn syndrome. It is also closely

submit your manuscript

Dove n

http:

in O

OncoTargets and Therapy 2020:13 6837-6846 6837
© 2020 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY _NC /

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati glli by-n/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://orcid.org/0000-0003-1010-5319
mailto:yangxindoctor@163.com; 
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Chen et al

Dove

related to accelerated disease progression and rapid relapse
in 15-20% of multiple myeloma (MM) harboring the
t (4;14) chromosomal translocation.*'®!'" In addition to
these diseases, NSD2 over-expression is detected in several
human solid tumors, such as breast cancer, lung
cancer, renal cancer, and prostate cancer.'*'?> NSD2 speci-
fically catalyzes di-methylation of histone H3 lysine
36 (H3K36me2) in mammals.'*'® NSD2 has a series of
biological functions, including DNA damage repair and
epithelial-mesenchymal transformation (EMT) process,
and it can co-act with enhancer of zeste homolog 2
(EZH2). Additionally, GEPIA based on The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEx) databases was further applied for validation of the
expression of NSD2 and prognostic significance in seven
different solid tumors. NSD2 may function as an oncogene,
and it is expected to become a new therapeutic target for

. 14,2
human solid tumors.'*?°

Protein Structure of NSD2

NSD2 has the lowest molecular weight among all NSD
protein family members,>' due to alternative splicing, it
yields three main isoforms of protein, MMSET-I (containing
647 amino acids), MMSET-II (containing 1365 amino acids)
and RE-IIBP (interleukin-5 response element II-binding
protein) (containing 584 amino acids). MMSET-II and RE-
IIBP possess a methyltransferase activity domain, AWS
domain (associated with SET), SET domain (Su (var)3-9,
Enhancer-of-zeste, Trithorax) and pro-SET domain (follow-
ing the SET domain). Therefore, these types of protein
enzyme can participate in the transfer of methyl groups
during histone lysine methylation, while MMSET-I lacks
enzymatic activity due to the absence of this important
The PWWP
proline) domain is the only known domain, which presents

region.’ (proline-tryptophan-tryptophan-
in all three isoforms of NSD2 protein and interacts with
histone lysine to facilitate stability of NSD2 at chromatin.
PWWP domain acts as the reader domain that preferentially
combines with nucleosomes containing H3K36me2.** In
addition, MMSET-II is also composed of four PHD zinc
finger domains and one HMG (high-mobility group)
domain, whereas RE-IIBP is composed of two PHD zinc
finger domains but lacks the HMG domain.

Biological Functions of NSD2

Multiple studies have identified that NSD2 is involved in
a large number of cellular processes, many of which can
cause tumorigenesis. It remains unclear how dysregulation

of NSD2 affects these processes. Here, we reviewed the
most crucial biological functions and their potential mole-
cular mechanisms.

NSD2 Promotes DNA Damage Repair

Previous studies have uncovered the role of NSD2 in
human DNA damage repair.'®*** Pei et al have reported
that p53-binding protein 1 (53BP1, an important mediator
of DNA damage repair) and di-methylation of histone H4
lysine 20 (H4K20me2) are implicated in DNA damage
repair. NSD2 is required for the methylation of H4K20 at
DNA double-strand breaks (DSBs) and the recruitment of
53BP1 to sites of DNA damage. Down-regulation of
NSD?2 significantly decreases the methylation of H4K20,
subsequently leading to the increased accumulation of
53BP1.'® Generally, H4K20me2 is established in the
absence of DNA damage via mono-methylation of newly
synthesized H4K20 mediated SETD8, and de-methylation
of H4K20mel mediated the SUV420H1 and SUV420H2
methyltransferases rather than de novo H4K20 methyla-
tion by NSD2.?>?® In addition, yH2AX-MDC1 signaling
pathway is involved in the recruitment of NSD2 to
DSBs.'® Zhang et al have reported that NSD2 can interact
with phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) via its C-terminal domain and dramati-
cally stimulate the di-methylation of PTEN in cells. The
latter is recognized by the specific domain of 53BP1 to
recruit PTEN into sites of DNA damage, which regulates
the sensitivity of cells to DNA damage, and efficiently
completes the DSB repair partly through dephosphoryla-
tion of yH2AX. Interestingly, only the MMSET-II has
a high binding affinity to PTEN.** Therefore, the YH2AX-
MDC1-NSD2 axis participates in DNA damage repair and
plays a major role.

NSD2 Regulates the Process of EMT

EMT is a crucial process in cancer development, in which the
epithelial cell acquires characteristics of the mesenchymal cell
during tumorigenesis, development, and progression.”” >’
Recent studies have supported the role of NSD2 in the inva-
sion and metastasis of tumor cells via EMT process. NSD2
regulates EMT-related protein, and down-regulation of NSD2,
the expression level of E-cadherin protein increased while
N-cadherin protein and vimentin protein decreased. The
mechanism behind these processes has been linked to NSD-
mediated twist family bHLH transcription factor 1 (TWIST1,
a transcription factor that promotes cell invasion and metas-
tasis in several cancers) and H3K36me2, and NSD2 can
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interact with TWIST1 and then lead to an increase in
H3K36me2, thus promoting the EMT**" A recent study
identified that the over-expression of NSD2 occurs in 15%
of patients with t (4;14)-positive MM and that Twist-1 parti-
cipates in driving the expression of EMT-related genes and

contributes to tumor migration.**

The EZH2-NSD2-Histone
Methyltransferase (HMTase) Axis

Previous studies have proven that EZH2, which mediates the
tri-methylation of H3K27 and is related to gene silencing, is
an important oncogenic driver and may play a potential
therapeutic role in human cancers.** > Recently, relevant
studies have identified a tight relationship between NSD2
and EZH2. The EZH2-NSD2-HMTase axis is coordinated by
a microRNA network, which is regulated via microRNA
miR-31, miR-26a, and miR-203. EZH2 recognizes and med-
iates H3K27 to generate tri-methylation of histone H3 lysine
K27 (H3K27me3), and the latter can suppress the expres-
sions of the above-mentioned microRNAs, finally leading to
the up-regulation of NSD2 at mRNA level.>**” Another
study has uncovered that NSD2 alters EZH2 binding and
reprograms the myeloma epigenome via focal and global
changes in the methylation of H3K27 and H3K36me2.*®
Over-expression of NSD2 induced a global reduction of
H3K27me3. However,
increased recruitment of the EZH2 histone methyltransferase

specific genomic loci display
and become hypermethylated on this residue. Moreover,
EZH2 has been reported to be coordinately expressed and
functioning upstream of NSD2 (mediates di-methylation of
H3K36 and is related to active transcription). Over-
expression of NSD2 causes a global un-regulation in
H3K36me?2, redistributing this mark in a broad, increased
level across the genome.”® NSD2 and EZH2 co-act and
function as a master regulator of transcription activation,
which may represent

repression, and tumorigenesis,

a crucial therapeutic target in human cancers.*

Other Functions

Other studies have also reported that NSD2 mediates Wnt
pathway, NF-kB signaling for oncogenesis, proliferation, and
survival.***! NSD2 boosts the proliferation of cancer cells
via regulating the expressions of cancer targets, such as
necrosis factor o (TNF-a), interleukin 6 (IL-6), and IL-8,*!
or via reducing the p53 stability.** NSD2 participates in
regulating in cell cycle and facilitating normal DNA
replication**** (Figure 1).

Prognosis Analysis Using Bioinformatics
Method

We clearly performed an exploration of the expression
levels of NSD2 in seven different solid tumors based on
GEPIA (http://gepia.cancer-pku.cn/index.html) (a signifi-

cant and highly cited resource for gene expression analysis
from the TCGA and the GTEx databases). Kaplan—Meier
survival analysis with the Log-rank test was used to
describe the correlation between NSD2 expression levels
and overall survival (OS) and disease-free survival (DFS)
in seven different solid tumors through the GEPIA data-
bases, respectively, P<(0.05 was considered to be statisti-
cally significant (Figures 2 and 3).

The Clinical Applications of NSD2 and

Solid Tumors

NSD2 has been clarified to play a significant role in blood
cancers. The over-expression of NSD2 exhibit increased
tumor dissemination, accelerated disease progression and
rapid relapse in patients with MM.'**? Studies have uncov-
ered that mutation of NSD2 also occurs in acute lympho-
blastic leukemia (ALL) and mutant NSD2 cell display
reduced apoptosis and increasing proliferation, clonogeni-
city, migration, and adhesion.*>*® Similarly, the abnormal
NSD2 expression exists in human solid tumors, we sum-
marized the relevant researches about NSD2 expression
level and its potential clinical applications.

NSD?2 in Breast Cancers

The latest global cancer statistics has shown that breast cancer
is a malignancy in women with high incidence and mortality

worldwide,*7#

and the diagnosis and treatment of breast
cancers, especially triple-negative breast cancers (TNBC),
remain a challenge all over the world. Wang et al have
shown that NSD2 is over-expressed in both breast tissues
and cells. Kaplan—Meier analysis has shown that such abnor-
mal expression of NSD2 is significantly correlated with earlier
disease-related death, which is consistent with the analysis
result from a series of published tumor datasets that over-
expression of NSD2 is associated with adverse survival of
patients with TNBC (P=0.027). Further research has shown
that NSD2 participates in regulating TNBC cell survival and
invasion via mediating the ADAM9-EFGR-AKT signaling
pathway. Additionally, the up-regulation of NSD2 activates
the EGFR-AKT signaling pathway and facilitates the TNBC
cell resistance to EGFR inhibitors.* In another study, Zhao
et al have detected the NSD2 expression in breast cancers by
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Figure | The biological functions of NSD2. DNA damage repair, epithelial-mesenchymal transformation (EMT) process, co-act with epithelial-mesenchymal transformation

(EZH2) and other functions.

real-time PCR and Western blotting analysis. Their results
have indicated that NSD2 is strongly over-expressed in cancer
cells and clinical specimens and that a higher expression of
NSD2 is correlated with the poor prognosis and clinicopatho-
logical characteristics. The silencing of NSD2 leads to mark-
edly decreased cell proliferation and metastasis via inhibiting
the Wnt/B-catenin pathway.>® Endocrine therapy, such as
tamoxifen, is commonly used for the prevention and treatment
of patients with estrogen receptor alpha (ERa)-positive post-
menopausal breast cancers. Wang et al have shown that NSD2
is over-expressed in tamoxifen-resistant breast cancers and
associated with disease recurrence and poor prognosis.
According to Wang et al, NSD2 was recruited and di-
methylated H3K36 at the promoters of key glucose metabolic
enzyme genes. The over-expression of NSD2 coordinately
up-regulated glucose-6-phosphate dehydrogenases (G6PD),
hexokinase 2 (HK2), and TP-53-mediated glycolysis regula-
tory phosphatase TIGAR. Therefore, NSD2-mediated tamox-
ifen-resistant cells and tumor exhibited a heightened activity of
pentose phosphate pathway (PPP), a higher level of

nicotinamide adenine dinucleotide phosphate (NADPH) and
a reduced level of ROS, yet leaving the glycolysis process
intact. As a result, the whole glucose metabolism process was
affected.”’ Currently, another study in 2020 has reported that
DZNep, an indirect small-molecule inhibitor, induces NSD2
protein degradation and inhibits NSD2 target genes expres-
sion, such as G6PD, HK2, TIGAR, and GLUT1.”> Another
study has identified that NSD2 positively regulates the expres-
sion of ERa via BET protein BRD3/4.>

NSD2 in Cancers of the Urinary System

Han et al have shown that NSD2 mRNA is over-expressed in
renal cancer based on GEO database, and immunohisto-
chemical results have shown that the expression of NSD2
at the protein level is higher in clear cell renal cancer, while
such up-regulation is not associated with pathological grad-
ing. The depletion of NSD2 represses cell migration and
invasion. Meanwhile, the expression of E-cadherin is
increased, while the expressions of N-cadherin and vimentin
are decreased. Overall, down-regulation of NSD2 can inhibit
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Figure 2 The expression levels of NSD2 were detected from the GEPIA public
databases in seven different types of solid cancers.

Abbreviations: BRCA, breast invasive carcinoma; OV, ovarian serous; KICH,
kidney chromophobe; PRAD, prostate adenocarcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

the metastasis of renal cancer cells through suppressing EMT
in renal cancer.”* Similarly, NSD2 is over-expressed in the
prostate cancer cells, and depletion of NSD2 significantly
inhibits cell proliferation, migration, and invasion, while up-
regulation of NSD can facilitate cell migration, invasion, and
EMT. Another study has found that NSD2 may promote the
EMT process and invasion through activating TWIST1.%
Aytes et al have shown that NSD2 is strongly up-regulated
in lethal human prostate cancer, and silencing of NSD2 can
repress the metastasis in vivo.”> Yang et al have reported that
the up-regulation of NSD?2 is correlated with the expressions
of IL-6 and TNF-a in the prostate, emphasizing that NSD2
plays a crucial role in the proliferation and survival of cancer
cells.*! Li et al have identified that increased activity of AKT
due to phosphatase and tensin homolog (PTEN) loss directly
phosphorylates NSD2 at S172, preventing the degradation of
NSD2. Up-regulated of NSD2 expression transcriptionally
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Figure 3 The overall survival (OS) analyses and disease-free survival (DFS) based
on the Gene Expression Profiling Interactive Analysis (GEPIA) public databases.
Abbreviations: BRCA, breast invasive carcinoma; OV, ovarian serous; KICH,
kidney chromophobe; PRAD, prostate adenocarcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; HR,
hazard ratio.
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increases expression of RICTOR (a key component of
mTOR complex 2, mMTORC?2), to further enhance the activity
of AKT. Moreover, NSD2 positively regulates Racl tran-
scription to increase cell motility. Therefore, it is believed
that there exists a pivotal link between NDS2, AKT,
RICTOR, and Racl, which can co-drive the prostate
metastasis.>®

NSD?2 in Cancers of Female Reproductive
System

Previous studies have reported that NSD2 is over-
expressed in the cervical cancer cells and tissues and
associated with unfavorable prognosis.’”>® Wu et al have
displayed that a high level of NSD2 is associated with
differentiation and stage, depletion of NSD2 inhibits cell
proliferation, migration, and invasion, and this is affected
by endothelial nitric oxide synthase (eNOS) signaling
pathway.”” In agreement with Wu, Yin et al have shown
that up-regulation of NSD2 significantly promotes the
proliferation, migration, and invasion of cancer cells, and
the underlying mechanism may be attributed to the activa-
tion of the AKT/metalloproteinase-2 (MMP-2) signaling
pathway upon over-expression of NSD2.%® Zhu et al have
confirmed that the growth of cancer cells is reduced after
depletion of NSD2 in vivo and in vitro. Meanwhile, cancer
metastasis is inhibited through the regulation of TGF-1
(transforming growth factor-1)/TGF-RI/SMAD signaling
pathway.”® In endometrial cancers, NSD2 is over-
expressed in cancer tissue compared with normal tissue,
and patients with a higher NSD2 expression have a poorer
OS and DFS compared with the rest.®” Taken together,
NSD2 may act as a novel biomarker in female reproduc-
tive cancers.

NSD?2 in Other Solid Tumors

Garcia-Carpizo has reported that NSD2 promotes the prolif-
eration of a subset of lung cancer cells through supporting
RAS-driven transcription.®’ Studies have found that NSD2 is
over-expressed in osteosarcoma cells and is associated with
adverse prognosis and poor S5-year OS. Moreover, up-
regulation of NSD2 promotes the proliferation and invasion
of cancer cells, and this may be attributed to the induction of
EMT process.®? Another study has reported that down-
regulation of NSD2 significantly decreases the apoptosis of
osteosarcoma cells. On the contrary, the effect of cisplatin on
osteosarcoma cells is markedly enhanced, thereby inhibiting
the properties associated with cancer stem cells, and all of

these may originate from the regulation of apoptotic regula-
tory proteins SOX2 and BCL2 via the AKT and ERK
pathways.®> Zhou et al have investigated the expression of
NSD2 in hepatocellular carcinoma from 103 patients, and the
results have shown that NSD2 is over-expressed in hepato-
cellular carcinoma and correlated with Edmondson stage and
vascular invasion. In addition, a higher expression of NSD2
has been linked to a shorter OS and DFS, indicating that
NSD2 acts as an independent prognostic factor in patients
with hepatocellular carcinoma.®® Saloura et al have shown
that the expression of NSD2 is higher in head and neck
squamous cell carcinoma compared with normal tissues
and that such up-regulation is linked to a poor grade.
Depletion of NSD2 inhibits the viability of cancer cells as
well as the methylation level of H3K36. Furthermore, NSD2
affects cell growth, apoptosis, and progression by mediating
a cell cycle regulator NIMA-related-kinase-7 (NEK7).63¢¢
NSD2 is also over-expressed in human skin squamous cell
carcinoma, and NSD2 and microRNA-154 negatively regu-
late the proliferation of cancer cells via mediating the p53
signaling pathway.®” NSD2 is significantly over-expressed in
neuroblastoma (NSD2 positivity 75%, n=164), and such up-
regulation is correlated with a poor survival (P=0.012) than
those with lower or no expression. Interestingly, Hudlebusch
et al have found that the expression of NSD2 is strongly
decreased after chemotherapy at the protein level, which is
consistent with the result that NSD2 is markedly down-
regulated in neuroblastoma cells induced by retinoic acid
in vitro®® (Table 1).

NSD?2 Small-Molecule Inhibitors

NSD2 is a potential therapeutic target for malignant solid
tumors, it is therefore important to explore and develop the
selective, potent, and bioactive small-molecule inhibitors.
Coussens et al established a platform for the study and devel-
opment of NSD2 inhibitors, and optimized and accomplished
multiple assays. Five conformed NSD2 inhibitors were
selected for follow-up studies, and the results showed that all
five inhibitors successfully bind the catalytic SET domain and
one displayed apparent activity."* In addition, studies have
reported that MCTP39, Sinefungin, and an N-Alkyl
Sinefungin derivative, LEM-14, as NSD2 inhibitors.**"°

Conclusions and Perspectives

Malignant cancers have become the major cause of death
due to the worsening of environmental pollution, heredita-
tion, genetic abnormality, higher pressure, and some other
factors, becoming a leading health challenge in the world.

submit your manuscript

6842

Dove

OncoTargets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove Chen et al
Table | Overview of NSD2 in a Selection of Several Human Solid Tumors Based on This Work
Tissue/Cancers Subtype Function Mechanism Reference
Breast cancers Regulate cell survival and | ADAM9-EFGR-AKTsignaling +
invasion pathway

Cell proliferation and

metastasis

Whnt/B-catenin signaling pathway | *°

Endocrine therapy

resistance

. 51
Glucose metabolism

ERa signaling pathway 53

Cancers of urinary system Renal cancers

Cell metastasis

EMT process 4

Prostate cancers

EMT and invasion

TWISTI 30

Metastasis

AKT, RICTOR and Racl 5556

Cancers of female Endometrial cancers

Progression -

60

reproductive system ]
Cervical cancers

Proliferation, migration,

and invasion

eNOS signaling pathway 57

AKT/MMP-2 signaling pathway 58

Metastasis

TGF-B/TGF-BRI/SMADs 59

Other cancers Lung cancer

Proliferation

RAS-driven transcription ¢!

Osteosarcoma

Proliferation and

metastasis

EMT process 2

Apoptosis and

chemosensitivity

The ERK and AKT pathway 63

Hepatocellular carcinoma

Poor prognosis -

64

Squamous cell carcinoma of the

head and neck

Oncogenesis

NEK7-medicated molecular 66

signaling pathway

Skin squamous cell carcinoma

Cell proliferation

P53 signaling pathway 7

Neuroblastoma

Aggressiveness -

68

A great deal of attention has been paid to the modification of
histone lysine, one of “histone codes”, because of its epige-
netic stability, and activation of certain chromatin-related
diseases, especially in H3K36. NSD2 is a histone lysine
methyltransferase, which can catalyze histone lysine in the
mono-methylated state into histone lysine in the di-
methylated state through the transfer of methyl group.
A large number of studies have shown that NSD2 is over-
expressed in a variety of solid tumors, and such abnormal
expression is related to the occurrence and development of
cancers, often indicating poor prognosis. Depletion of NSD2
significantly inhibits cell proliferation, migration, invasion,
and EMT process, while over-expression of NSD2 shows
the opposite effect, suggesting that NSD2 functions as an
oncogene in solid tumors. However, the specific mechanism
underlying such process remains largely unexplored.

In the present review, all of these findings show that
NSD2 is abnormally expressed in multifarious solid
tumors, including thoracic cancers, urinary and female
reproductive cancers, osteosarcoma, hepatocellular carci-
noma, head and neck squamous cell carcinoma, skin can-
cer, and neuroblastoma, suggesting that NSD2 potentially
plays a key role in cell growth, proliferation, migration,
invasion, and EMT process. Collectively, NSD2 may play
a fundamental role in determining the recurrence and
prognosis of various cancers, and can be used as
a potential therapeutic target in human solid tumors.
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