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Long non-coding RNAs MACC1-AS1
and FOXD2-AS1 mediate NSD2-induced cisplatin
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The nuclear receptor-binding SET domain (NSD) protein fam-
ily encoding histone lysine methyltransferases is involved in
cancer progression. However, the role of NSDs in esophageal
squamous cell carcinoma (ESCC) remains unclear. Here we
examined the expression of NSDs in cisplatin-resistant and
parental ESCC cells and revealed the upregulation of NSD2
in cisplatin-resistant cells. Ectopic expression of NSD2
increased cisplatin resistance and attenuated cisplatin-induced
apoptosis. Colony formation assay indicated that NSD2 overex-
pression enhanced long-term survival of ESCC cells after treat-
ment with cisplatin. In contrast, knockdown of NSD2 inhibited
ESCC cell proliferation and sensitized ESCC cells to cisplatin.
Depletion of NSD2 augmented the cytotoxic effect of cisplatin
on EC109 xenograft tumors. NSD2 stimulated long non-coding
RNA MACC1-AS1 in ESCC cells. Knockdown of MACC1-AS1
impaired NSD2-induced cisplatin resistance. Moreover,
MACC1-AS1 overexpression promoted ESCC cell proliferation
and cisplatin resistance. Clinically, MACC1-AS1 was upregu-
lated in ESCC relative to adjacent noncancerous tissues. High
MACC1-AS1 levels were significantly associated with reduced
overall survival of ESCC patients. There was a positive correla-
tion betweenMACC1-AS1 and NSD2 expression in ESCC spec-
imens. Taken together, MACC1-AS1 induced by NSD2 medi-
ates resistance to cisplatin in ESCC and may represent a
novel target to improve cisplatin-based chemotherapy.

INTRODUCTION
Esophageal squamous cell carcinoma (ESCC) is one of the most
frequently diagnosed cancers, especially in Asian countries including
China.1,2 Although surgery remains the primary treatment for ESCC,
chemotherapy is suggested to improve therapeutic outcomes.3,4

Cisplatin is a widely used chemotherapeutic agent for ESCC.5 How-
ever, chemotherapeutic response varies greatly among patients with
ESCC. The development of drug resistance limits chemotherapeutic
efficacy. Therefore, exploring the molecular mechanism of chemore-
sistance is of significance in treating ESCC.

The nuclear receptor-binding SET domain (NSD) protein family en-
coding histone lysine methyltransferases comprises three members,
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i.e., NSD1, NSD2 (MMSET/WHSC1), and NSD3 (WHSC1L1). These
NSD enzymes direct methylation of histone H3 lysine 36 (H3K36)
and contributes to active transcription.6 Dysregulation of NSDs has
been reported in many cancers, suggesting their involvement in can-
cer progression.6,7 NSD1 is epigenetically silenced via promoter
methylation and induces tumor-suppressive effects in clear cell renal
cell carcinoma and glioma.8,9 In contrast to NSD1, NSD2 is frequently
upregulated in malignant lesions such as prostate cancer and osteo-
sarcoma.10,11 Knockdown of NSD2 suppresses prostate cancer metas-
tasis and improves osteosarcoma sensitivity to cisplatin.10,11 Upregu-
lation of NSD3 as a result of genomic amplification enhances breast
cancer initiation and metastasis.12 These studies suggest differential
regulation of NSD family members in cancers. Despite these findings,
little is known about the expression and function of NSDs in ESCC.

Long non-coding RNAs (lncRNAs) are a class of noncoding tran-
scripts of longer than 200 nucleotides. lncRNAs can exert their bio-
logical effects through interplay with protein or other RNA mole-
cules.13,14 To date, many lncRNAs have been found to be
aberrantly expressed and exhibit diagnostic and prognostic potential
in cancers.13–16 Accumulating evidence indicates that lncRNAs play a
pivotal role in various aspects of tumor biology, such as proliferation,
invasion, and survival.15,16 For instance, lncRNA MACC1-AS1,
which is induced in gastric cancer cells by mesenchymal stem cells,
has the ability to enhance stemness and chemoresistance.16

MACC1-AS1 is also upregulated in pancreatic cancer and participates
in cancer growth and metastasis.17 lncRNA FOXD2-AS1 has been
shown to induce cisplatin resistance in non-small cell lung cancer
and ESCC.18,19 These studies suggest lncRNAs as an important regu-
lator of cancer cell chemoresistance.
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://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.12.007
mailto:jiezhaoz2016@163.com
mailto:kanqc@zzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.12.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. NSD2 is stimulated in cisplatin-resistant ESCC cells

(A) Cisplatin-resistant and parental KYSE150 cells were treated with different con-

centrations of cisplatin for 72 h, and cell viability was measured. Bar graphs show

the cisplatin IC50 values. (B and C) Measurement of the (B) mRNA and (C) protein

levels of NSDs in cisplatin-resistant and parental KYSE150 cells. (D) Measurement

of the cisplatin IC50 values in cisplatin-resistant and parental KYSE30 cells. (E)

Detection of indicated transcripts in cisplatin-resistant and parental KYSE30 cells by

real-time PCR analysis. (F) Detection of NSD2 protein expression in cisplatin-

resistant and parental KYSE30 cells. *p < 0.05. ns indicates no significance.
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In the present study, we revealed the induction of NSD2 in cisplatin-
resistant ESCC cells and explored the role of NSD2 in the regulation
of ESCC cisplatin resistance. We further identified the key lncRNA(s)
that mediates the function of NSD2. In addition, the expression and
function of the lncRNA(s) in ESCC were investigated.

RESULTS
NSD2 is stimulated in cisplatin-resistant ESCC cells

To determine whether the NSD family is related to cisplatin resistance
of ESCC cells, we examined the expression of NSD1-3 in cisplatin-
resistant and parental KYSE150 cells. Cisplatin-resistant KYSE150
cells had a 6.5-fold increase in the half maximal inhibitory concentra-
tion (IC50) for cisplatin relative to parental control cells (Figure 1A).
Of note, NSD2 was remarkably upregulated in cisplatin-resistant
KYSE150 cells (Figures 1B and 1C). In contrast, both NSD1 and
NSD3 did not significantly differ between cisplatin-resistant and
parental KYSE150 cells. The upregulation of NSD2, but not NSD1
or NSD3, was also detected in cisplatin-resistant KYSE30 cells (Fig-
ures 1D–1F). These results suggest an implication of NSD2 in
ESCC cisplatin resistance.

NSD2 upregulation leads to cisplatin resistance in ESCC cells

To investigate the role of NSD2 in regulating the response of ESCC
cells to cisplatin, we ectopically expressed NSD2 in both KYSE150
and KYSE30 cells (Figure 2A). Consistent with the elevation of
NSD2, global H3K36me2 levels were increased in NSD2-overexpress-
ing ESCC cells (Figure 2A). TGFA, PAK1, and MET have been iden-
tified as direct target genes of NSD2.20 As expected, TGFA, PAK1, and
MET were induced by NSD2 overexpression (Figure S1). Next, we
evaluated the effect of NSD2 overexpression on cisplatin sensitivity.
After treatment with different concentrations of cisplatin for 72 h,
cell viability was measured. The results showed that NSD2 overex-
pression rendered ESCC cells more resistant to cisplatin (Figure 2B).
To exclude the possibility that the NSD2-mediated cisplatin resis-
tance is a result of increased proliferation, we performed EdU prolif-
eration assays. The cancer cell proliferation capacity was not affected
by NSD2 overexpression (Figure 2C). Interestingly, analysis of
apoptosis by Annexin V/propidium iodide (PI) staining revealed
that cisplatin-induced apoptosis was attenuated by overexpression
of NSD2 (Figure 2D), suggesting a pro-survival role for NSD2. Colony
formation assay further confirmed that NSD2 overexpression
augmented long-term survival of ESCC cells after treatment with
cisplatin (Figure 2E). In contrast, overexpression of NSD2 did not
affect the migration capacity of KYSE150 and KYSE30 cells, as deter-
mined by Transwell migration assay (Figure S2). Taken together,
NSD2 upregulation prevents cisplatin-induced apoptosis and con-
tributes to cisplatin resistance in ESCC cells.

NSD2 depletion increases cisplatin sensitivity in ESCC cells

Next, we checked whether knockdown of NSD2 can enhance the
cytotoxic effects of cisplatin on ESCC cells. Since EC109 cells
had abundant expression of endogenous NSD2 (Figure 3A), this
ESCC cell line was used in NSD2 knockdown experiments. qRT-
PCR analysis confirmed the depletion of NSD2 in EC109 cells
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Figure 2. NSD2 upregulation leads to cisplatin resistance in ESCC cells

(A) Western blot analysis of NSD2 and H3K36me2 protein levels in ESCC cells

transfected with empty vector or NSD2-expressing plasmids. (B) Bar graphs show

the cisplatin IC50 values in ESCC cells transfected with empty vector or NSD2-ex-

pressing plasmids. (C) Cell proliferation was determined by EdU incorporation assay

after treatment with or without cisplatin for 72 h. Left, representative merged images

of EdU incorporation (red) and nuclear staining (blue). Scale bar, 50 mm. Right,

quantification of EdU-positive cells. *p < 0.05. ns indicates no significance. (D)

Measurement of apoptosis by Annexin V/PI staining in the transfected cells after

10 mM cisplatin treatment. (E) Colony formation assay. NSD2 overexpression

enhanced long-term survival of ESCC cells after treatment with 10 mM cisplatin.

Right, quantitative analysis of colonies. *p < 0.05.
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by transfecting with NSD2-targeting short hairpin RNAs
(shRNAs) (Figure 3B). Western blot analysis confirmed the reduc-
tion of NSD2 protein and H3K36me2 levels in EC109 cells trans-
fected with NSD2 shRNAs (Figure 3C). Knockdown of NSD2
inhibited the proliferation of EC109 cells (Figure 3D). Most inter-
estingly, silencing of NSD2 significantly increased the sensitivity of
EC109 cells to cisplatin, as evidenced by a reduction in the IC50

(Figure 3E). Furthermore, NSD2 depletion significantly increased
EC109 cell apoptosis in response to cisplatin treatment (Figure 3F).
We also determined whether knockdown of NSD2 is sufficient to
re-sensitize cisplatin-resistant ESCC cells. As shown in Figures 3G
and 3H, silencing of NSD2 re-sensitized resistant KYSE150 and
KYSE30 cells to cisplatin, compared to control shRNA groups
(p < 0.05).

To validate the effect of NSD2 knockdown on the cisplatin resistance
of ESCC cells in vivo, we performed xenograft experiments in nude
mice. We found that EC109 cells with depletion of NSD2 were
more sensitive to cisplatin treatment compared to those transfected
with control shRNA (Figures 4A–4C). The terminal dideoxynucleoti-
detransferase (TdT)-mediated X-dUTP nick and end labeling (TU-
NEL) staining was performed to assess apoptosis. The results showed
that NSD2 depletion was associated with increased apoptosis in
cisplatin-treated xenograft tumors (Figure 4D). Similar to that in
EC109 cells, depletion of NSD2 restored the sensitivity to cisplatin
in cisplatin-resistant KYSE30 cells (Figures 4E–4H). Collectively,
these observations suggest NSD2 as a potential target for improving
cisplatin sensitivity in ESCC cells.

NSD2-induced cisplatin resistance requires the upregulation of

MACC1-AS1 and FOXD2-AS1

Because lncRNAs play critical roles in various biological pro-
cesses,13–16 we attempted to identify the key lncRNA(s) that medi-
ates NSD2-induced cisplatin resistance. To this end, we analyzed
the expression of cancer-related lncRNAs between NSD2-overex-
pressing and control KYSE150 cells using a functional lncRNA
PCR array. This PCR array can simultaneously examine 84
lncRNAs. Among the 84 lncRNAs tested, 3 lncRNAs (i.e.,
MACC1-AS1, FOXD2-AS1, and DANCR) showed a >2-fold
change in expression levels (Figure 5A). Chromatin immunopre-
cipitation (ChIP) assay revealed that the levels of H3K36me2
were significantly increased at the promoters of MACC1-AS1,



Figure 3. NSD2 depletion increases cisplatin

sensitivity in ESCC cells in vitro

(A) Western blot analysis of NSD2 protein levels in ESCC

cell lines and HEsEpiC cells. (B) Analysis of NSD2 mRNA

levels in EC109 cells transfected with control shRNA

(shCtrl) or NSD2-targeting shRNA (shNSD2). (C) Western

blot analysis of NSD2 and H3K36me2 protein levels in

EC109 cells transfected with shCtrl or shNSD2. (D)

Silencing of NSD2 suppressed the proliferation of EC109

cells. (E) Measurement of the cisplatin IC50 values in

EC109 cells transfected with shCtrl or shNSD2. (F)

Detection of apoptosis in EC109 cells transfected with

shCtrl or shNSD2 after treatment with 10 mM cisplatin. (G)

Measurement of NSD2 mRNA levels in resistant KYSE150

and KYSE30 cells transfected with shCtrl or shNSD2. (H)

Measurement of the cisplatin IC50 values in resistant

KYSE150 and KYSE30 cells transfected with shCtrl or

shNSD2. *p < 0.05.
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FOXD2-AS1, and DANCR in NSD2-overexpressing cells (Fig-
ure 5B). To validate whether these lncRNAs are required
for NSD2-induced cisplatin resistance, we knocked down their
Molecular Th
expression using shRNA technology (Fig-
ure 5C). In response to cisplatin treatment,
NSD2-induced cisplatin resistance was signifi-
cantly impaired when MACC1-AS1 or
FOXD2-AS1 was depleted (Figure 5D). How-
ever, depletion of DANCR failed to reverse
NSD2-induced cisplatin resistance. Knock-
down of MACC1-AS1 or FOXD2-AS1 also
re-sensitized NSD2-overexpressing KYSE30
cells to cisplatin (Figures 5E and 5F). More-
over, double knockdown of MACC1-AS1 and
FOXD2-AS1 resulted in increased sensitivity
to cisplatin (Figure 5F). Next, we tested
whether knockdown of MACC1-AS1 and
FOXD2-AS1 can reverse cisplatin resistance
in cisplatin-resistant ESCC cells. As expected,
depletion of either MACC1-AS1 or FOXD2-
AS1 increased cisplatin sensitivity in
cisplatin-resistant KYSE150 and KYSE30 cells
(Figure 5G). Knockdown of both MACC1-
AS1 and FOXD2-AS1 produced an additive ef-
fect on cisplatin sensitivity. Taken together,
these findings suggest that both MACC1-AS1
and FOXD2-AS1 play an essential role in
mediating NSD2-induced cisplatin resistance.

MACC1-AS1 promotes ESCC cell growth

and cisplatin resistance

A previous study has indicated that FOXD2-
AS1 is involved in the growth, invasion, and
cisplatin resistance of ESCC cells.19 Yet, the
expression and function of MACC1-AS1 in ESCC is still unclear.
Therefore, in this work we focused on the role of MACC1-AS1
in ESCC progression. We observed that the level of MACC1-AS1
erapy: Nucleic Acids Vol. 23 March 2021 595

http://www.moleculartherapy.org


Figure 4. NSD2 depletion increases cisplatin

sensitivity in ESCC cells in vivo

ESCC cells stably transfected with shCtrl or shNSD2 were

injected into nude mice. In the drug treatment groups,

3 mg/kg cisplatin was injected. (A and E) Representative

images of subcutaneous xenograft tumors from 2 mice of

each group. (B and F) Tumor growth curves were plotted.

(C and G) Quantitative analysis of the weight of xenograft

tumors. (D and H) TUNEL staining showed that NSD2

depletion increased cisplatin-induced apoptosis in xeno-

graft tumors. *p < 0.05.
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was significantly greater in ESCC cell lines than that in HEsEpiC
cells (Figure 6A). Knockdown of MACC1-AS1 (Figure 6B) in-
hibited cell proliferation (Figure 6C) and increased cisplatin sensi-
tivity (Figure 6D) in EC109 cells. Conversely, ectopic expression of
596 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
MACC1-AS1 (Figure 6E) enhanced EC109 cell
proliferation (Figure 6F) and cisplatin resis-
tance (Figure 6G). These results collectively
indicate MACC1-AS1 as an oncogene in ESCC.

Clinical significance of NSD2 and MACC1-

AS1 in ESCC

Next, we examined the expression of NSD2
mRNA and MACC1-AS1 in 70 pairs of ESCC
and normal esophageal tissue samples by quan-
titative real-time PCR analysis. The results
showed that NSD2 mRNA (p = 0.0097) and
MACC1-AS1 (p = 0.0001) expression was
remarkably upregulated in ESCC tissues rela-
tive to adjacent noncancerous tissues (Figures
7A and 7B). Immunohistochemistry for NSD2
was also performed in the 70 ESCC cases and
normal tissues. The results confirmed that
NSD2 immunostaining score was higher in
ESCC tissues than that in normal tissues (Fig-
ure 7C). High MACC1-AS1 levels were signifi-
cantly associated with advanced tumor stage
(p = 0.0003) and lymph node metastasis in
ESCC (p = 0.0323; Table 1). Similarly, there
was a significant correlation between high
NSD2 expression and advanced tumor stage
of ESCC (p = 0.0168; Table 1). We further
analyzed the prognostic significance of
MACC1-AS1 expression using The Cancer
Genome Atlas (TCGA) database. Kaplan-Meier
analysis showed that ESCC patients with high
MACC1-AS1 expression in tumors had worse
overall survival compared to those with low
MACC1-AS1 expression (p = 0.0057; Fig-
ure 7D). These results suggest that MACC1-
AS1 is a potential indicator for poor prognosis
in ESCC patients. We also examined the corre-
lation between MACC1-AS1 and NSD2 expression in the 70 ESCC
cases. Interestingly, there was a positive correlation between
MACC1-AS1 and NSD2 mRNA expression (r = 0.3477, p =
0.0032; Figure 7E).



Figure 5. NSD2-induced cisplatin resistance

requires the upregulation of MACC1-AS1 and

FOXD2-AS1

(A) Quantitative real-time PCR analysis of MACC1-AS1,

FOXD2-AS1, and DANCR levels in NSD2-overexpressing

cells. (B) ChIP analysis of the enrichment of H3K36me2 at

the promoter regions of indicated genes in control vector

and NSD2 overexpression KYSE150 cells. (C) Quantitative

real-time PCR analysis of MACC1-AS1, FOXD2-AS1, and

DANCR levels after transfection with indicated shRNAs.

(D) Measurement of the cisplatin IC50 values in KYSE150

cells transfected with indicated constructs. (E) Quantitative

real-time PCR analysis of MACC1-AS1 and FOXD2-AS1

levels in KYSE30 cells transfected with indicated shRNAs.

(F) Measurement of the cisplatin IC50 values in KYSE30

cells transfected with indicated constructs. (G) Measure-

ment of the cisplatin IC50 values in cisplatin-resistant

KYSE150 and KYSE30 cells transfected with indicated

constructs. *p < 0.05. ns indicates no significance.
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DISCUSSION
In this study, we show that NSD2, but not NSD1 or NSD3, is induced
in cisplatin-resistant ESCC cells, suggesting an involvement of NSD2
in ESCC chemoresistance. Previous studies have reported that NSD2
drives oncogenic cascades in several malignancies including prostate
Molecular Th
cancer,10 myeloma,21 neuroblastoma,22 and os-
teosarcoma.11 Consistently, we demonstrate
that NSD2 also plays an oncogenic role in
ESCC, and its silencing restrains ESCC cell pro-
liferation and enhances apoptosis. Moreover,
NSD2 overexpression induces cisplatin resis-
tance and attenuates cisplatin-induced apoptosis
in ESCC cells. Using a mouse xenograft model,
we validate the increased sensitivity to cisplatin
in NSD2-depleted xenograft tumors. Taken
together, NSD2 plays an essential role in the
growth and cisplatin resistance of ESCC cells.
However, it should be noted that the IC50 of
cisplatin in EC109 cells is comparable to
parental KYSE150 and KYSE30 cells despite
high variation in NSD2 expression levels. This
finding suggests that NSD2 is not the sole deter-
minant of ESCC cell response to cisplatin. The
ability of NSD2 to modulate cisplatin sensitivity
may be affected by genetic contexts.

It has been documented that NSD2 facilitates
DNA damage repair in multiple myeloma cells,
thus conferring resistance to chemotherapeutic
agents.23 In osteosarcoma, NSD2 regulates
cisplatin sensitivity through the ERK and AKT
pathways.11 NSD2 can induce gene expression
through its ability to promote H3K36 methyl-
ation.6,24 Huang et al.24 reported that NSD2 over-
expression leads to H3K36 dimethylation at the promoter regions of
multiple cancer-related genes including BACE2, CA2, and IGF2BP2,
contributing to their upregulation. Our data show that NSD2 overex-
pression causes a marked increase in global H3K36me2 levels in
ESCC cells, which is accompanied by induction ofmultiple target genes
erapy: Nucleic Acids Vol. 23 March 2021 597
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Figure 6.MACC1-AS1promotes ESCCcell growth and

cisplatin resistance

(A) Quantitative real-time PCR analysis of MACC1-AS1 in

ESCC cell lines and HEsEpiC cells. (B) Quantitative real-time

PCR analysis of MACC1-AS1 after transfection with indi-

cated shRNAs. (C) Silencing of MACC1-AS1 suppressed

the proliferation of EC109 cells. (D) Measurement of the

cisplatin IC50 values in EC109 cells transfected with shCtrl or

shMACC1-AS1. (E) Quantitative real-time PCR analysis of

MACC1-AS1 after transfection with indicated constructs. (F)

Overexpression of MACC1-AS1 promoted the proliferation

of EC109 cells. (G) Measurement of the cisplatin IC50 values

in EC109 cells transfected with indicated constructs. *p <

0.05.
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including TGFA, PAK1, and MET. These finding suggest that NSD2
may epigenetically regulate many genes in ESCC cells. Since several
lncRNAs such as LINC01234, CCAT1, and linc00173 are capable of
modulating chemosensitivity of cancer cells,25–27 here we sought to
identify the key lncRNA(s) involved in the function of NSD2. Intrigu-
ingly, we find that NSD2 overexpression stimulates the expression of
MACC1-AS1 and FOXD2-AS1 in ESCC cells. Knockdown of
598 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
MACC1-AS1 or FOXD2-AS1 significantly re-
verses NSD2-dependent cisplatin resistance of
ESCC cells. Double knockdown of MACC1-AS1
and FOXD2-AS1 causes more sensitivity to
cisplatin NSD2-overexpressing ESCC cells. In
contrast, knockdownof another lncRNA,DANCR,
fails to overcome NSD2-induced cisplatin resis-
tance. Therefore, we suggest that both MACC1-
AS1 and FOXD2-AS1 play a nonredundant role
in mediating NSD2-induced cisplatin resistance.
These findings encourage us to conduct genome-
wide experiments in future work to identify more
NSD2 downstream target genes.

It has been previously reported that FOXD2-AS1
is upregulated and serves as a poor prognostic fac-
tor in ESCC.28 Another study further indicates
that FOXD2-AS1 overexpression promotes
ESCC cell growth and invasion and attenuates
cisplatin-induced apoptosis.19 These studies are
consistent with our findings that FOXD2-AS1
contributes to cisplatin resistance induced by
NSD2. Although the function of FOXD2-AS1 in
ESCC has been uncovered, few studies have ad-
dressed the effect of MACC1-AS1 on ESCC cells.
In the current study, we show that MACC1-AS1
is expressed at greater levels in ESCC tissues and
cells than nonmalignant controls. Clinically, high
MACC1-AS1 levels are associated with advanced
tumor stage and reduced overall survival in
ESCC patients. Moreover, a positive correlation
between MACC1-AS1 and NSD2 expression was
observed in ESCC tissues. Biologically, silencing of MACC1-AS1
blocks ESCC cell proliferation and increases cisplatin sensitivity.
Our data provide the first evidence that MACC1-AS1 plays an onco-
genic role in ESCC and represents a potential target to overcome
cisplatin resistance. MACC1-AS1 also functions as an oncogene in
several other malignancies such as gastric cancer16,29 and pancreatic
cancer17. Qi et al.17 reported thatMACC1-AS1 is capable of enhancing



Figure 7. Clinical significance of NSD2 and MACC1-

AS1 in ESCC

(A and B) Quantitative real-time PCR analysis of (A) MACC1-

AS1 and (B) NSD2 in 70 pairs of ESCC and normal

esophageal tissue samples. (C) Immunohistochemistry for

NSD2 in 70 ESCC cases and normal tissues. Left, repre-

sentative images of NSD2 staining. Scale bar, 40 mm. Right,

quantitative evaluation of NSD2 staining results. (D) Survival

analysis of ESCC patients from TCGA dataset indicated

that ESCC patients with high MACC1-AS1 expression in

tumors had worse overall survival compared to those with

low MACC1-AS1 expression. (E) Analysis of the correlation

between MACC1-AS1 and NSD2 expression in ESCC tis-

sues (n = 70). (F) Schematic model showing that NSD2

promotes the expression of MACC1-AS1 and FOXD2-AS1,

enhancing ESCC cell survival and cisplatin resistance.
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pancreatic cancer growth andmetastasis through the PAX8/NOTCH1
signaling pathway. Zhao et al.29 reported that MACC1-AS1 promotes
gastric cancer cell proliferation and enhances cell survival undermeta-
bolic stress through stabilization of MACC1 mRNA. However, the
detailedmechanism forMACC1-AS1-mediated aggressive phenotype
in ESCC remains to be clarified in future work.

In conclusion, NSD2 is stimulated in cisplatin-resistant ESCC cells
and required for the development of cisplatin resistance in ESCC.
MACC1-AS1 is upregulated by NSD2 and contributes to ESCC
growth and cisplatin resistance (Figure 7F). Upregulation of
MACC1-AS1 is associated with advanced tumor stage and poor prog-
nosis in ESCC. Therefore, MACC1-AS1 represents a promising target
to improve chemotherapy against ESCC.
Molecular T
MATERIALS AND METHODS
Cell culture

Three ESCC cell lines (KYSE150, KYSE30, and
EC109) were obtained from Shanghai Institutes
for Biological Sciences (Shanghai, China). They
were cultured in RPMI 1640 medium (Invitro-
gen, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS; Sigma-Aldrich, St. Louis, MO,
USA) in a humidified atmosphere of 5% CO2

at 37�C. HEsEpiC esophageal epithelial cells
were purchased from ScienCell Research Labo-
ratories (Carlsbad, CA, USA) and cultured in
epithelial cell medium-2 (ScienCell Research
Laboratories).

Cisplatin treatment

Cisplatin-resistant ESCC cell lines were estab-
lished from parental cells through exposure to
increasing concentrations of cisplatin, as
described previously.30 Briefly, parental
KYSE150 and KYSE30 cells were cultured in the
presence of cisplatin (0.2–4 mM; Sigma-Aldrich)
over a period of 3 months. For determination of cisplatin IC50 values,
ESCC cells were exposed to 0–100 mM cisplatin for 72 h, and viable
cells were determined using the MTT Cell Proliferation Kit I
(Sigma-Aldrich). For apoptosis and colony formation assays,
10 mM cisplatin was used.

Quantitative real-time PCR analysis

Total RNA was isolated using TRIzol Reagent (Invitrogen) and
reverse transcribed to cDNA using the QuantiTect Reverse Tran-
scription Kit (QIAGEN, Hilden, Germany). Quantitative real-time
PCR assays were performed using a SYBR Green PCR Kit (QIAGEN).
PCR primers are summarized in Table S1. The relative gene expres-
sion levels were determined by the 2�DDCt method.31 GAPDH was
used as a normalization control.
herapy: Nucleic Acids Vol. 23 March 2021 599
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Table 1. Correlation of MACC1-AS1 expression with clinicopathological

parameters in 70 ESCC patients

Parameter

MACC1-AS1
expression

p

NSD2 mRNA
expression

p
Low
(n = 34)

High
(n = 36)

Low
(n = 28)

High
(n = 42)

Gender

Male 30 32
0.9315

25 37
0.8781

Female 4 4 3 5

Age, years

%60 13 13
0.8541

10 16
0.8399

>60 21 23 18 26

TNM stage

I-II 21 7
0.0003

16 12
0.0168

III-IV 13 29 12 30

Lymph node metastasis

Negative 19 11
0.0323

10 20
0.3241

Positive 15 25 18 22

Molecular Therapy: Nucleic Acids
Western blot analysis

Cells were lysed in radioimmunoprecipitation assay buffer supple-
mented with a protease inhibitor cocktail (Abcam, Cambridge, UK).
Protein concentrations were measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Equal
amounts of total protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes. Anti-NSD1 (sc-130470; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), anti-NSD2 (ab137429; Abcam), anti-
NSD3 (ab137430; Abcam), anti-H3K36me2 (ab176921, Abcam),
and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(ab181602; Abcam) antibodies were used as the primary antibodies.
The membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies for 1 h and visualized by enhanced chem-
iluminescence (ECL) reagent (Millipore, Billerica, MA, USA).

Plasmids and transfections

The full-length sequences ofNSD2 (NM_133330.2) andMACC1-AS1
(NR_046756.1) were cloned to pcDNA3.1(+) expression vector. The
shRNAs targeting NSD2, MACC1-AS1, FOXD2-AS1, and DANCR,
which were cloned to the pLKO.1 vector, were obtained from Yangz-
hou Oncogene Biotechnology (Yangzhou, China). All the plasmids
were validated by sequencing. Cell transfection was performed using
Lipofectamine 3000 transfection reagent (Invitrogen) as per the man-
ufacturer’s protocol. For generation of NSD2-depleted EC109 cell
lines, the EC109 cells were transfected with control shRNA (shCtrl)
or NSD2-targeting shRNA (shNSD2) and selected in the presence
of 2 mg/mL puromycin (Thermo Fisher Scientific).

Apoptosis analysis

Cells were exposed to cisplatin for 72 h, and apoptosis was detected
using the Annexin V-fluorescein isothiocyanate (FITC) Assay Kit
600 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
(BD Biosciences, San Diego, CA, USA) according to the manufac-
turer’s protocol. Briefly, cells were stained with Annexin V and PI
and analyzed using a FACSCalibur flow cytometer.

Colony formation assay

Colony formation assay was performed as described previously.32

Briefly, ESCC cells (600 per well) were cultured in the presence of
10 mM cisplatin for 48 h. After drug treatment, the cells were cultured
in fresh media supplemented with 10% FBS for additional 2 weeks.
The colonies were stained with 0.25% crystal violet for 30 min and
counted under a microscope.

Cell proliferation assay

After transfection with indicated constructs, cells were seeded into 24-
well plates (0.5 � 105 cells/well) and cultured for 24–72 h. Cells were
directly counted with a hemocytometer, and cell proliferation curves
were plotted. Cell proliferation was also evaluated by EdU incorpora-
tion. Briefly, cells were seeded into 24-well plates in triplicate and
treated with or without 10 mM cisplatin. After 72 h, cells were incu-
bated with 10 mM EdU reagent (BeyoClick EdU-594, Beyotime, Hai-
men, China) for 2 h at 37�C. Nuclei were stained with Hoechst 33342
(Beyotime) for 30 min. The stained cells were photographed under an
inverted fluorescent microscope. The percentage of EdU-positive cells
was determined.

Animal studies

Animal studies were performed as described previously.33,34 The pro-
cedure involving animals was approved by the Institutional Animal
Care and Use Committee of Zhengzhou University (Zhengzhou,
China). EC109 or cisplatin-resistant KYSE30 cells stably transfected
with control shRNA or NSD2-targeting shRNA were subcutaneously
injected into 5-week-old, male nude mice (2 � 106 cells/mouse).
Cisplatin (3 mg/kg) was intraperitoneally administered to nude
mice 10 days after cell injection. Cisplatin was given twice every
week for 2 weeks. Each group had 4 mice. Tumor volume was
measured every week, and growth curves were plotted. At 4 weeks af-
ter cell injection, the mice were sacrificed using CO2 inhalation. The
xenograft tumors were excised and weighed. For analysis of apoptosis,
sections of the tumor samples were stained using the TUNEL proced-
ure, as described previously.35 The percentage of TUNEL-positive
cells was determined under a microscope.

Patient samples

Tumor specimens and paired noncancerous tissues were collected
from 70 patients with ESCC who underwent resection between July
2017 and July 2018. No patients received anticancer treatment before
operation. Tissue samples were snap-frozen in liquid nitrogen and
stored at �80 �C until RNA analysis. Written informed consent for
research was given by all the patients. This study was approved by
the Ethics Committee of Zhengzhou University.

Immunohistochemistry

ESCC and normal tissue samples were subjected to immunohisto-
chemistry using anti-NSD2 antibody (Abcam; 1:100 dilution). The
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staining results were evaluated by experienced pathologists in a blind
manner. The staining intensity was scored as 0 (no staining), 1 (weak
staining), 2 (moderate staining), and 3 (strong staining). The extent of
staining was scored according to the percentage of positive cells, i.e.,
0 (<5%), 1 (5%–25%), 2 (26%–50%), 3 (51%–75%), and 4 (>76%).
NSD2 staining score was calculated by multiplying the staining inten-
sity and staining percentage score.

ChIP assay

ChIP assay was performed using the Magna ChIP Kit (Merk-Milli-
pore, Billerica, MA, USA) following the manufacturer’s instructions.
In brief, cells were fixed in 1% formaldehyde and lysed in lysis buffer.
The lysates were sonicated for 15 min to yield DNA fragments of
�500 bp in size. ChIP experiments were performed using anti-
H3K36me2 (Abcam) or control isotype immunoglobulin G (IgG)
(Abcam). ChIP DNA was subjected to quantitative real-time PCR
analysis using specific primers (Table S1).

Statistics

The data are expressed as mean ± standard deviation and were
analyzed by the Student’s t test or one-way analysis of variance fol-
lowed by Tukey’s post hoc tests. The Mann-Whitney U test was
used to determine the differences inMACC1-AS1 expression between
tumor samples and adjacent noncancerous tissues. The associations
of MACC1-AS1 expression with clinicopathological parameters of
ESCC were analyzed by the chi-square test. Pearson’s correlation
analysis was performed to determine the correlation between
MACC1-AS1 and NSD2 expression. Kaplan-Meier survival plots
and log-rank statistics were used to evaluate the overall survival of
ESCC patients based on TCGA data using the ENCORI Pan-Cancer
Analysis Platform (http://starbase.sysu.edu.cn/panCancer.php). Dif-
ferences were considered significant when p <0.05.
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Supplementary Table S1. PCR primers used in this study.

Gene Primer sequence (5′-3′)

Primers for quantitative PCR assay

NSD1 Forward: CCAGGGACAAGGCAAAAGTTG

Reverse: CAGTAACAGGGTAAAGCAGACA

NSD2 Forward: CCATCCTAGTGAGAAGCTGG

Reverse: CCCCAAATGTTGATAAGAACC

NSD3 Forward: GTTGAAGGAAGAAGTGAACAT

Reverse: GGCTGCTTCAGCCTTCCAGGA

MACC1-AS1 Forward: GAACCCTGCACTTGAACAACA

Reverse: GACTGGCCGCTGGAGAGTTC

FOXD2-AS1 Forward: GCGAAGAGTACGTTGCTATCA

Reverse: GCGTGCAATCGTTCCGCTGTG

DANCR Forward: CTCCAGGAGTTCGTCTCTTAC

Reverse: AGGGATAGTTGGCTTAAGTCA

TGFA Forward: CCTGGCTGTCCTTATCATCAC

Reverse: GGCACCACTCACAGTGTTTTC

PAK1 Forward: GGTTTCAAGTGTTTAGTAACTTTTC

Reverse: TTAGCTGCAGCAATCAGTGG

MET Forward: GAGGAAGACCTTCAGAAGGT

Reverse: CAACTAGAGCCATGTTGATG
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GAPDH Forward: ACCACAGTCCATGCCATCAC

Reverse: TCCACCACCCTGTTGCTGTA

Primers for ChIP assay

MACC1-AS1

promoter

Forward: GTGTTTGCATGAGCATGCCAAC

Reverse: GTGAGACTTGCTACTCTTTTTCA

FOXD2-AS1

promoter

Forward: GGAGTACAGAATCCCCAGCTTC

Reverse: CCTCTATACAGAGAGGAGCTC

DANCR promoter Forward: GGCTTCTCTTTAAGCTTACGGT

Reverse: GCGCGGAGCATCCTTCTCTGA
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Supplementary Figure S1. Effect of NSD2 overexpression on target gene expression.

Analysis of TGFA, PAK1, and MET in (A) KYSE150 and (B) KYSE30 cells

transfected with empty vector or NSD2-expressing plasmid. *P < 0.05.
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Supplementary Figure S2. Effect of NSD2 overexpression on ESCC cell migration.

KYSE150 and KYSE30 cells transfected with empty vector or NSD2-expressing

plasmid were plated on the upper compartment of the Transwell chamber. The lower

compartment was filled with serum-containing medium. After culturing for 24 h, the

cells that migrated to the lower compartment were stained and counted. Upper:

representative images of migrated cells. Bottom: bar graphs showing quantitative

results from three independent experiments. ns indicates no significance.
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