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Cisplatin resistance is a major therapeutic challenge in
advanced head and neck squamous cell carcinoma (HNSCC).
Here, we aimed to investigate the key signaling pathway for
cisplatin resistance in HNSCC cells. Vomeronasal type-1 recep-
tor 5 (VN1R5) was identified as a cisplatin resistance-related
protein and was highly expressed in cisplatin-resistant HNSCC
cells and tissues. The long noncoding RNA (lncRNA) lnc-
POP1-1 was confirmed to be a downstream target induced by
VN1R5. VN1R5 transcriptionally regulated lnc-POP1-1
expression by activating the specificity protein 1 (Sp1) tran-
scription factor via the cyclic AMP (cAMP)/protein kinase A
(PKA) pathway. VN1R5 promoted cisplatin resistance in
HNSCC cells in a lnc-POP1-1-dependent manner. Mechanisti-
cally, lnc-POP1-1 bound to the minichromosome maintenance
deficient 5 (MCM5) protein directly and decelerated MCM5
degradation by inhibiting ubiquitination of the MCM5 pro-
tein, which facilitated the repair of DNA damage caused
by cisplatin. In summary, we identified the cisplatin resis-
tance-related protein VN1R5 and its downstream target lnc-
POP1-1. Upon upregulation by VN1R5, lnc-POP1-1 promotes
DNA repair in HNSCC cells through interaction with MCM5
and deceleration of its degradation.
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INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC) is one of the most
common malignant tumors in the oral and maxillofacial regions.
More than 600,000 new cases are diagnosed annually worldwide.1–3

Because of its high local recurrence rate, high metastasis rate, and
poor prognosis, HNSCC gravely affects human health and quality
of life. According to the National Comprehensive Cancer Network
(NCCN) Clinical Practice Guidelines in Oncology (NCCN Guide-
lines), concurrent radiotherapy, and chemotherapy are the standard
treatments for locally advanced HNSCC that cannot be surgically
removed.4 Although technological advances in surgery, radiotherapy,
and chemotherapy have improved local control of HNSCC, the 5-year
survival rate of HNSCC patients has remained at approximately 60%;
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furthermore, patients who are not candidates for surgery have a
5-year survival rate of only approximately 20%.5. The 5-year survival
rate of HNSCC patients has remained low because the incidence of
treatment failure is high, with recurrence and lymph node metastasis
frequently observed.5

Currently, cisplatin (DDP) is the most widely used chemotherapeutic
drug for HNSCC.6,7 However, some patients develop cisplatin resis-
tance, leading to cancer recurrence; such acquired resistance is the
main cause of cisplatin treatment failure in HNSCC patients.8

Therefore, investigating the key regulatory factors that lead to cisplatin
resistance and exploring the molecular mechanism of cisplatin resis-
tance in HNSCC are very important for developing effective treatment
methods to enhance the clinical efficacy of HNSCC therapy.

Long noncoding RNAs (lncRNAs) are RNA transcription products
that are more than 200 nucleotides in length but lack protein-coding
potential. lncRNAs are important regulatory factors in cell biology
and participate in DNA replication, RNA transcription, protein trans-
lation, cell development, and cell differentiation.9 Many previous
studies, including those by our group, have confirmed that lncRNAs
are closely related to the occurrence and development of HNSCC and
that their abnormal expression affects the growth, recurrence, metas-
tasis, and other behaviors of HNSCC.10–13 In addition, the regulatory
roles of lncRNAs in tumor cisplatin resistance have been gradually
recognized.14 A few studies have addressed these roles, most
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Figure 1. Upregulated VN1R5 expression was related to cisplatin resistance in HNSCC cells

(A) Microarray analysis of cisplatin-sensitive and -resistant HNSCC cells. VN1R5was upregulated in cisplatin-resistant HNSCC cells. (B) VN1R5 expression wasmeasured by

qPCR in cisplatin-sensitive and -resistant HN4 and HN30 cells. (C) VN1R5 expression was measured by western blotting in cisplatin-sensitive and -resistant HN4 and HN30

cells. (D) VN1R5 expression was measured by qPCR in TPF-sensitive and -resistant HNSCC tissues. (E) 5-year overall survival rates of HNSCC patients with different VN1R5

expression levels. (F) Compared with NC-transfected cells (black line), HN30/DDP cells with VN1R5 downregulation were sensitized to cisplatin (blue line). The IC50 values are

shown on the right. (G) Compared with NC-transfected cells (black line), HN30 cells with VN1R5 upregulation exhibited cisplatin resistance (red line). The IC50 values are

shown on the right. (H) Under intraperitoneal injection with 5mg/kg cisplatin every 3 days 5 times, the volumes and weights of tumors in nudemice subcutaneously inoculated

(legend continued on next page)
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frequently with regard to changes in drug import or efflux, intracel-
lular detoxification, apoptosis, autophagy, DNA repair, and other
processes.15 lncRNAs are also known to play regulatory roles in
cisplatin resistance in HNSCC. Specifically, the expression levels of
lncRNAs such as miRNA processing-related lncRNA (MPRL),16

urothelial cancer associated 1 (UCA1),17 KCNQ1 overlapping
transcript 1 (KCNQ1OT1),18 HOX transcript antisense RNA
(HOTAIR),19 and HOMEOBOX A11 antisense RNA (HOXA11-
AS)20 have been found to be related to the cisplatin response in
HNSCC.21 However, there is still an urgent need to identify key func-
tional lncRNAs and clarify their molecular mechanisms promoting
cisplatin resistance to further improve the efficacy of HNSCC therapy.

In this study, we identified a key cisplatin resistance-related protein,
vomeronasal type-1 receptor 5 (VN1R5), and its downstream
lncRNA, lnc-POP1-1. We also explored the functions and molecular
mechanisms of these molecules involved in mediating cisplatin resis-
tance in HNSCC cells, aiming to provide a putative prediagnostic
marker for cisplatin resistance and a potential therapeutic target for
reversing cisplatin resistance in HNSCC cells.

RESULTS
VN1R5 facilitated the acquisition of cisplatin resistance in

HNSCC cells

HNSCC cell lines that were sensitive (HN4 and HN30) or resistant
(HN4/DDP and HN30/DDP) to cisplatin were used for this study.
The survival rates of cisplatin-resistant HNSCC cells were greater
than those of the corresponding cisplatin-sensitive cells treated with
the same cisplatin dose (Figures S1A and S1B). Moreover, cisplatin-
resistant human melanoma cell lines (A375/DDP) and human lung
cancer cell lines (A549/DDP) were also established (Figures S1C and
S1D). To identify the roles of proteins in the acquisition of cisplatin
resistance, we analyzed abnormally expressed proteins via protein
mass spectrometry methods (isobaric tags for relative and absolute
quantitation, iTRAQ) in cisplatin-sensitive and cisplatin-resistant can-
cer cells and found that VN1R5was highly expressed in cisplatin-resis-
tant cells (Figure 1A; Figures S1E andS1F). The upregulationofVN1R5
in cisplatin-resistant cells was confirmed by qPCR andwestern blotting
(Figures 1B and 1C; Figures S1G and S1H). Moreover, VN1R5 was
highly expressed in docetaxel+cisplatin+5-fluororacil (TPF) regimen-
resistant HNSCC tissues compared to TPF regimen-sensitive tissues
(Figure 1D; Table S2). The 5-year survival rate of the VN1R5 high-
expression group was significantly lower than that of the VN1R5
low-expression group (Figure 1E).

To examine the effect of VN1R5 on cisplatin resistance inHNSCC cells,
we determined the half-maximal inhibitory concentration (IC50) of
with KO-VN1R5 HN30/DDP cells at the end of the experiment are shown (n = 6/group). (I

The mice were intraperitoneally injected with 5 mg/kg cisplatin at days 6, 9, 12, 15, and

every 3 days 5 times, the volumes and weights of tumors in nude mice subcutaneous

experiment are shown (n = 6/group). (K) The tumor volumes of the LV-VN1R5/LV-N

with 5 mg/kg cisplatin at days 6, 9, 12, 15, and 18 after tumor inoculation. *p < 0

docetaxel+cisplatin+5-fluororacil; NC, negative control; LV, lentiviral vector; KO, knock
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cisplatin and assessed colony formation ability in cancer cells with
VN1R5 knockout (KO) or overexpression. The VN1R5 gene was
knocked out in HNSCC cells using CRISPR-Cas9 technology (Figures
S2A to S2D). In cisplatin-resistant HN4/DDP and HN30/DDP cells,
VN1R5 KO resulted in significant decreases in the IC50 value of
cisplatin (Figure S2E; Figure 1F) and in colony formation ability
under exposure to cisplatin (Figure S2F). In contrast, VN1R5
overexpression (Figures S2G and S2H) dramatically increased the
IC50 value of cisplatin (Figure S2I; Figure 1G) and facilitated colony
formation in HN4 and HN30 cells treated with cisplatin (Figure S2J).
In animal experiments, under treatment with cisplatin, tumor
volumes and weights were significantly lower in the KO-VN1R5 group
than in the control group (Figures 1H and 1I), and the results of hema-
toxylin and eosin (H&E) staining and immunohistochemistry (IHC) of
Ki-67 confirmed the alterations in tumor formation (Figure S2K).

Moreover, under treatment with cisplatin, tumor volumes and
weights were significantly higher in the VN1R5-overexpression group
than in the control group (Figures 1J and 1K), and the results of H&E
and Ki-67 staining further confirmed the alterations in tumor
formation (Figure S2L).

These results demonstrated that VN1R5 facilitated the acquisition of
cisplatin resistance in HNSCC cells.

lnc-POP1-1 was upregulated by VN1R5 and facilitated the

acquisition of cisplatin resistance in HNSCC cells

To explore the downstream targets regulated by VN1R5, we per-
formed gene microarray analysis on HNSCC cells with VN1R5 KO
or overexpression. The lncRNA lnc-POP1-1 was identified as a down-
stream target responsive to VN1R5 (Figure 2A; Figures S3A and S3B).
The genomic locus of lnc-POP1-1 in humans is chr8:98176523–
98180044 (https://lncipedia.org/db/script/lnc-POP1-1:1; Figure 2B).

lnc-POP1-1 expression was positively associated with VN1R5
expression in HNSCC cells (Figures 2C and 2D). The expression levels
of lnc-POP1-1 were significantly higher in cisplatin-resistant HN4/
DDP and HN30/DDP cells than in the corresponding cisplatin-sensi-
tive HN4 and HN30 cells (Figure 2E). Moreover, lnc-POP1-1 was
highly expressed in TPF regimen-resistant HNSCC tissues compared
to TPF regimen-sensitive tissues (Figure 2F; Table S3).

lnc-POP1-1 expression was positively associated with VN1R5
expression in HNSCC tissues (Figure 2G). lnc-POP1-1 was found
to be distributed mainly in the nucleus in HNSCC cells by cyto-
plasmic/nuclear fractionation and fluorescence in situ hybridization
(FISH) assays (Figures S3C to S3E).
) The tumor volumes of the KO-VN1R5/KO-NC groups were calculated every 5 days.

18 after tumor inoculation. (J) Under intraperitoneal injection with 5 mg/kg cisplatin

ly inoculated with HN30 cells stably transfected with LV-VN1R5 at the end of the

C groups were calculated every 5 days. The mice were intraperitoneally injected

.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars, means ± SDs. (TPF,

out; i.p., intraperitoneal.)

https://lncipedia.org/db/script/lnc-POP1-1:1
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To examine the effect of lnc-POP1-1 on cisplatin resistance inHNSCC
cells, we knocked down lnc-POP1-1 in HN4/DDP and HN30/DDP
cells by transfection with Smart Silencer (SS-lnc-POP1-1) (Fig-
ure S4A). Silencing of lnc-POP1-1 resulted in a significant decrease
in the IC50 of cisplatin inHN4/DDP andHN30/DDP cells (Figure S4B;
Figure 2H) and inhibited colony formation in HN4/DDP and HN30/
DDP cells treated with cisplatin (Figure S4C). In animal experiments,
lnc-POP1-1 was silenced with antisense oligonucleotides (ASOs). The
qPCR results showed that ASO-1 was the most effective in knocking
down lnc-POP1-1 expression in both HN30 and HN30/DDP cells;
thus, this ASO was used in animal experiments (Figure S4D). Tumor
volumes and weights were significantly lower in the lnc-POP1-1-
knockdown group than in the control group under cisplatin treatment
(Figures 2I and 2J), and the results from H&E staining and IHC of
Ki-67 confirmed the alterations in tumor formation (Figure S4E).

Conversely, lnc-POP1-1 was overexpressed in HN4 and HN30 cells
via transduction of a lentiviral lnc-POP1-1 expression vector (LV-
lnc-POP1-1; Figure S4F). Overexpression of lnc-POP1-1 increased
the IC50 of cisplatin (Figure S4G; Figure 2K) and facilitated colony
formation in HN4 andHN30 cells treated with cisplatin (Figure S4H).
Moreover, tumor volumes and weights were significantly higher in
the lnc-POP1-1-overexpression group than in the control group
under treatment with cisplatin (Figures 2L and 2M), and the results
of H&E and Ki-67 staining further confirmed the alterations in tumor
formation (Figure S4I). These results demonstrated that lnc-POP1-1
was a downstream target responsive to VN1R5 and facilitated the
acquisition of cisplatin resistance in HNSCC cells.

lnc-POP1-1mediated the promoting effect of VN1R5 on cisplatin

resistance in HNSCC cells

Flow cytometry revealed that the apoptosis rates of HN4/DDP and
HN30/DDP cells were obviously lower than those of HN4 and
HN30 cells (Figure S5A). When VN1R5 was knocked out in HN4/
DDP and HN30/DDP cells, the number of apoptotic cells was obvi-
ously increased (Figure S5B), consistent with the results of the lnc-
POP1-1-knockdown experiment (Figure S5C). In addition, the
expression levels of cleaved caspase-3 in different treatment groups
were also analyzed to detect cell apoptosis, and the results were
consistent with those of flow cytometry (Figures S5D to S5F).
Figure 2. lnc-POP1-1 expression was regulated by VN1R5 and positively assoc

(A) Venn diagram of the microarray analysis results. lnc-POP1-1 was the downstream ge

on chr8:98176523–98180044 in humans. The blue rectangles represent the exons of ln

HNSCC cells with VN1R5 KO. (D) lnc-POP1-1 expression wasmeasured by qPCR in cisp

measured by qPCR in cisplatin-sensitive and -resistant HN4 and HN30 cells. (F) lnc-PO

tissues. (G) Pearson correlation analysis of the expression of lnc-POP1-1 and VN1R5 in

line), HN30/DDP cells with lnc-POP1-1 downregulation were sensitized to cisplatin (blue

tumor volumes and weights of the mice subcutaneously inoculated with HN30 cells trea

of the ASO-lnc-POP1-1 and ASO-NC groups were calculated every 5 days. The mice w

tumor inoculation. (K) Compared with NC-transfected cells (black line), HN30 cells w

intraperitoneal injection with 5 mg/kg cisplatin every 3 days 5 times, the volumes and

transfectedwith LV-lnc-POP1-1 at the end of the experiment are shown (n = 6/group). (M

5 days. The mice were intraperitoneally injected with 5 mg/kg cisplatin at days 6, 9, 12, 1

Error bars, means ± SDs. (SS, Smart Silencer; ASO, antisense oligonucleotide.)
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Silencing of lnc-POP1-1 using SS-lnc-POP1-1 in HN4 and HN30
cells significantly blocked the ability of VN1R5 to promote cisplatin
resistance in HNSCC cells (Figure S6A; Figure 3A). In contrast,
overexpression of lnc-POP1-1 using LV-lnc-POP1-1 restored
cisplatin resistance in KO-VN1R5 HNSCC cells (Figure S6B; Fig-
ure 3B). In VN1R5-overexpressing HNSCC cells, the number of
apoptotic cells was dramatically increased when lnc-POP1-1 was
simultaneously knocked down (Figures 3C and 3D). However,
VN1R5 KO did not dramatically increase the apoptosis rate in
HNSCC cells overexpressing lnc-POP1-1 (Figures S6C and S6D).
Moreover, the results of cleaved caspase-3 also confirmed the effect
of lnc-POP1-1 on VN1R5 promoting cisplatin resistance (Figures
S6E and S6F).

In animal experiments, under conditions of exposure to a certain con-
centration of cisplatin, the significant increases in tumor volumes and
weights in mice subcutaneously injected with stable VN1R5-express-
ing HN30 cells were reversed by knockdown of lnc-POP1-1 (Figures
3E and 3F). In contrast, the VN1R5 KO-induced decreases in tumor
growth were significantly reversed by overexpression of lnc-POP1-1
under treatment with cisplatin (Figures 3G and 3H).

These results showed that VN1R5 affected cisplatin resistance in
HNSCC cells in a lnc-POP1-1-dependent manner.

VN1R5 activated lnc-POP1-1 expression through the

transcription factor (TF) specificity protein 1 (Sp1)

To understand the mechanism by which VN1R5 regulates lnc-POP1-
1, we predicted TFs occupying the lnc-POP1-1 promoter region. The
AliBaba2.1 prediction results (Figure S7A) and JASPAR 2020
prediction results22 revealed five TFs (Sp1, nuclear factor-kB [NF-
kB], c-Fos, TBP, and apurinic/apyrimidinic-1 [AP-1]) predicted to
bind to the promoter of lnc-POP1-1 (Figure S7B). When the pre-
dicted TFs were knocked down individually in HNSCC cells, Sp1
knockdown (Figures S7C and S7D) was found to downregulate lnc-
POP1-1 expression in HN4/DDP and HN30/DDP cells (Figure 4A).
Conversely, Sp1 overexpression (Figures S7E and S7F) upregulated
lnc-POP1-1 expression in HN4 and HN30 cells (Figure 4B).
Moreover, Sp1 knockdown reversed lnc-POP1-1 expression in
VN1R5-overexpressing HN4 and HN30 cells (Figure 4C), while
iated with VN1R5 expression

ne regulated by VN1R5. (B) Schematic annotation of the lnc-POP1-1 genomic locus

c-POP1-1. (C) lnc-POP1-1 expression was measured by qPCR in cisplatin-resistant

latin-sensitive HNSCC cells overexpressing VN1R5. (E) lnc-POP1-1 expression was

P1-1 expression was measured by qPCR in TPF-sensitive and -resistant HNSCC

HNSCC tissue. r2 = 0.7025, n = 70. (H) Compared with NC-transfected cells (black

line). (I) Under intraperitoneal injection with 5mg/kg cisplatin every 3 days 5 times, the

ted with ASO-lnc-POP1-1/ASO-NC are shown (n = 6/group). (J) The tumor volumes

ere intraperitoneally injected with 5 mg/kg cisplatin at days 6, 9, 12, 15, and 18 after

ith lnc-POP1-1 upregulation exhibited resistance to cisplatin (red line). (L) Under

weights of tumors in nude mice subcutaneously inoculated with HN30 cells stably

) The tumor volumes of the LV-lnc-POP1-1 and LV-NCgroupswere calculated every

5, and 18 after tumor inoculation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Sp1 overexpression reversed lnc-POP1-1 expression in KO-VN1R5
HN4/DDP and HN30/DDP cells (Figure 4D). In VN1R5-overex-
pressing or KO-VN1R5 HNSCC cells, the expression level of
phosphorylated Sp1 (p-Sp1) was positively associated with that of
VN1R5 (Figures S7G and S7H). However, VN1R5 did not regulate
the transcription of Sp1 (Figures S7I and S7J), although the silencing
of Sp1 resulted in a significant decrease in the IC50 of cisplatin in
HN4/DDP and HN30/DDP cells (Figure S7K).

Collectively, the results of the AliBaba2.1 and JASPAR 2020 analyses
revealed three binding motifs and five binding sites for Sp1 in the lnc-
POP1-1 promoter (Figure 4E). To verify the binding of Sp1 to the lnc-
POP1-1 promoter and to further determine the motifs of the binding
sites, we performed chromatin immunoprecipitation (ChIP) and
luciferase assays. Primers specific for the promoter of lnc-POP1-1
containing the predicted Sp1 binding sites were designed (Figure 4F),
and the ChIP assay results indicated that Sp1 was enriched on the lnc-
POP1-1 promoter fragment at base pairs �2,000/–1,801 (Figure 4G).
To further clarify the Sp1 transcriptional regulatory sites in the
promoter region of lnc-POP1-1, we constructed a series of pro-
moter-deletion luciferase reporters (Figure S7L). Luciferase reporters
(including Sp1 binding sites D and E) were significantly activated
under wild-type (WT) Sp1 expression, but silencing Sp1 expression
dramatically inhibited luciferase reporter activity in HNSCC cells
(Figure S7M). To verify which motifs mediated the transcriptional
activity of the lnc-POP1-1 promoter, deletion mutations of the pre-
dicted Sp1 binding sites C, D, and E were constructed (Figure 4H).
The mutant constructs were transfected into HNSCC cells, and the
Mut D site (the promoter fragment at base pairs �1,927/–1,918)
showed significantly lower transcriptional activity than the WT site
(Figure 4I). The effects of VN1R5 and Sp1 on lnc-POP1-1 promoter
activity were assessed, and VN1R5 was found to regulate lnc-POP1-1
promoter activity driven by Sp1 (Figure 4J).

Since lnc-POP1-1 transcription was regulated mainly by VN1R5 and
Sp1, we deeply investigated the pathways activated by VN1R5 that
regulate Sp1 activity in HNSCC cells. Various signaling pathways,
including the cyclic AMP/protein kinase A (cAMP/PKA), phosphoi-
nositide 3-kinase (PI3K), and p38 mitogen-activated protein kinase
(MAPK)pathways, have been linked to Sp1 expression inmultiple can-
cers (Figure S8A).23–26 Therefore, inhibitors of PKA (H-89 dihydro-
chloride, 2 mM),27 inhibitors of PI3K (LY294002, 50 mM),28,29 and in-
hibitors of p38 MAPK (SB202190, 10 mM)30 were used to characterize
the potential role of VN1R5 in mediating Sp1 phosphorylation. The
Figure 3. lnc-POP1-1 was regulated by VN1R5 to affect cisplatin resistance in

(A) Cell viability was detected by CCK-8 assays when lnc-POP1-1 was knocked down

right. (B) Cell viability was detected by CCK-8 assays when lnc-POP1-1 was overexpress

Apoptosis was detected using flow cytometry in VN1R5-overexpressing HN4 and HN3

intraperitoneal injection with 5mg/kg cisplatin every 3 days 5 times, the tumor volumes an

with ASO-lnc-POP1-1/ASO-NC are shown (n = 6/group). (F) The tumor volumes of the

every 3 days 5 times. (G) Under intraperitoneal injection with 5 mg/kg cisplatin every 3 d

with KO-VN1R5 HN30/DDP cells treated with LV-lnc-POP1-1 and LV-NC are shown (n

Cisplatin was injected intraperitoneally every 3 days 5 times. *p < 0.05, **p < 0.01, ****
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luciferase assay results showed that H-89 dihydrochloride or
LY294002might inhibit lnc-POP1-1 promoter activity inHNSCC cells
(Figure S8B). However, lnc-POP1-1 expression was appreciably
decreased with H-89 dihydrochloride treatment but not with
LY294002 or SB202190 treatment (Figure S8C). Blocking the PKA
pathway with H-89 dihydrochloride decreased the levels of
phosphorylated Sp1 and lnc-POP1-1 in VN1R5-overexpressing
HNSCC cells (Figures S8D and S8E). Knocking down the expression
of PKA downregulated the expression of phosphorylated Sp1 and
lnc-POP1-1 in HN4/DDP and HN30/DDP cells (Figures S8F and
S8G). In addition, PKA overexpression in KO-VN1R5 HNSCC cells
significantly increased the levels of both phosphorylated Sp1 and lnc-
POP1-1 (Figures S8HandS8I). These results showed thatVN1R5 regu-
lated the transcriptional activity of Sp1 to affect lnc-POP1-1 expression
via the cAMP/PKA pathway.

lnc-POP1-1 promoted the DNA repair process and bound to

minichromosome maintenance deficient 5 (MCM5)

To deeply investigate the mechanism by which lnc-POP1-1 affects
cisplatin resistance in HNSCC cells, we used RNA pull-down assays
followed by mass spectrometry to explore the putative RNA-binding
proteins (RBPs) interacting with lnc-POP1-1. Pathway analysis
demonstrated that putative RBPs are mainly involved in several
DNA repair pathways in humans (Figure S9A). Cisplatin-resistant
HN4/DDP and HN30/DDP cells exhibited lower expression of
gH2AX (a DNA damage marker) than cisplatin-sensitive HN4 and
HN30 cells (Figure S9B). Moreover, HN4/DDP and HN30/DDP cells
exhibited enhanced DNA repair, as verified by comet assays (Fig-
ure S9C) and apurinic/apyrimidinic (AP) site counting assays (Fig-
ures S9D and S9E). In other words, DNA repair pathways were
evident in cisplatin-resistant HN4/DDP and HN30/DDP cells.
Gene ontology (GO) analysis also demonstrated that the RBPs played
important roles in DNA repair, DNA replication, double-strand
break (DSB) repair, the cellular response to DNA damage stimula-
tion, etc. (Figure S9F). The possible binding sites between the putative
RBPs and lnc-POP1-1 were predicted with the Protein-RNA
Interaction predictor (PRIdictor, http://bclab.inha.ac.kr/pridictor).31

When biological processes and binding sites were considered
together, five RBPs (PRKDC, MCM5, SUPT16H, KDM2A, and
UBA52) were predicted for lnc-POP1-1 (Figure S9G). Western blot
analysis was performed following the RNA pull-down assays to
confirm that MCM5 was an RBP binding with lnc-POP1-1 (Fig-
ure 5A; Figure S9H). The interaction between MCM5 and lnc-
POP1-1 was confirmed in HN4 and HN30 cells by RNA
HNSCC cells

in HN30 cells stably transfected with LV-VN1R5. The IC50 values are shown on the

ed in KO-VN1R5 HN30/DDP cells. The IC50 values are shown on the right. (C and D)

0 cells treated with 0 or 5 mM cisplatin after knockdown of lnc-POP1-1. (E) Under

d weights of themice subcutaneously inoculatedwith LV-VN1R5HN30 cells treated

four groups were calculated every 5 days. Cisplatin was injected intraperitoneally

ays 5 times, the tumor volume and weight from the mice subcutaneously inoculated

= 6/group). (H) The tumor volumes of the four groups were calculated every 5 days.

p < 0.0001. Error bars, means ± SDs.

http://bclab.inha.ac.kr/pridictor


Figure 4. VN1R5 regulated the promoter activity of Sp1 to affect lnc-POP1-1 expression

(A) lnc-POP1-1 expressionwas analyzed by qPCR in HN4/DDP andHN30/DDP cells with Sp1 knockdown. (B) lnc-POP1-1 expressionwas analyzed by qPCR in HN4 andHN30

cells overexpressing Sp1. (C) lnc-POP1-1 expression were analyzed by qPCR in VN1R5-overexpressing HN4 and HN30 cells with Sp1 knockdown. (D) lnc-POP1-1 expression

were analyzed by qPCR in VN1R5-knockout HN4/DDP and HN30/DDP cells overexpressing Sp1. (E) The Sp1 binding motifs and predicted binding sites in the lnc-POP1-1

promoter were determined with AliBaba2.1 and JASPAR. (F) Primers specific for the promoter region including predicted TF binding sites were designed for ChIP assays. (G)

ChIP-qPCR analysis of Sp1 genomic occupancy of the lnc-POP1-1 promoter in HN4/DDP and HN30/DDP cells. (H) Mutation constructs for Sp1 binding sitesC, D, and E of the

lnc-POP1-1promoterwereconstructed. (I) The relative luciferaseactivityofmutationconstructs for the lnc-POP1-1promoterwasmeasured. (J) The relative luciferaseactivity of the

lnc-POP1-1 promoter was affected by VN1R5 and Sp1. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars, means ± SDs. (ns, no significance; si, siRNA; EV, empty

vector; TSS, transcription start site; WT, wild-type; Mut, mutation.)
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immunoprecipitation (RIP) assays (Figures 5B and 5C). Immunoflu-
orescence (IF) showed that MCM5 was located in the nucleus (Fig-
ure S10A), and the colocalization of MCM5 and lnc-POP1-1 was de-
tected by double FISH assays (Figure 5D). In addition, there was a
weak positive correlation between the expression of lnc-POP1-1
and MCM5 in HNSCC tissues (Figure S10B). The possible binding
sites between MCM5 and lnc-POP1-1 were predicted by PRIdictor.31

A possible binding site on MCM5 for lnc-POP1-1 was located at the
arginine (R) residue at amino acid position 724 (Figure S10C), while
the nucleotides at base pairs 600–609 were putative MCM5 binding
sites on the sequence of lnc-POP1-1 (Figure S10D). An MCM5
mutant vector with the R at amino acid 724 mutated to alanine (A)
was constructed based on the predicted lnc-POP1-1 binding sites
(Figures S10E and S10F). The ability of MCM5 to bind lnc-POP1-1
was significantly weakened, suggesting that the R at amino acid 724
of MCM5 was important for the interaction with lnc-POP1-1 (Fig-
ure 5E). Based on the results obtained with the RIP primers, we spec-
ulate that the nucleotides at base pairs 600–609 of lnc-POP1-1 might
be responsible for binding with MCM5. After preparation of a biotin-
labeled lnc-POP1-1 probe with deletion of base pairs 600–609, RNA
pull-down assays were performed on HN4 and HN30 cells. Minimal
MCM5 was pulled down by the lnc-POP1-1 deletion probe, suggest-
ing that the nucleotides at base pairs 600–609 of lnc-POP1-1 may be
responsible for binding with MCM5 (Figure 5F).

Then, the effects of lnc-POP1-1 on MCM5 and DNA damage repair
in HNSCC cells were examined. lnc-POP1-1 overexpression upregu-
lated the expression of MCM5 and downregulated the expression of
gH2AX in HN4 and HN30 cells, while lnc-POP1-1 knockdown
downregulated the expression of MCM5 and upregulated the expres-
sion of gH2AX in HN4/DDP and HN30/DDP cells (Figure 5G). The
results suggested that lnc-POP1-1 maintained the stability of the
MCM5 protein and contributed to DNA damage repair. Moreover,
lnc-POP1-1 enhanced DNA repair, as verified by comet assays (Fig-
ure 5H) and AP site counting assays (Figure 5I). In other words, when
lnc-POP1-1 was overexpressed, DNA damage and the number of AP
sites were decreased. Then, MCM5 was overexpressed in HN4 and
HN30 cells via the transduction of a lentiviral MCM5 overexpression
vector (LV-MCM5; Figure S10G), and gH2AX expression was
decreased when MCM5 was overexpressed (Figure S10H), which
suggested that MCM5 decreased DNA damage. This result was
consistent with those of comet assays (Figure S10I) and AP site count-
Figure 5. lnc-POP1-1 bound to MCM5 and participated in DNA repair pathway

(A) RNA pull-down plus western blot analyses showed that MCM5was pulled down by ln

qPCR analysis of lnc-POP1-1 enriched with anti-MCM5 in HN4 (B) and HN30 (C) cells

colocalization of lnc-POP1-1 andMCM5 in HNSCC cells was detected by double FISH a

in HN4 and HN30 cells transfected with anMCM5-FLAG vector and an MCM5-FLAGmu

(F) Western blot of MCM5 following RNA pull-down assays retrieved by the lnc-POP1-1 p

LV-lnc-POP1-1. (G) MCM5 and gH2AX expression was measured by western blottin

overexpression. (H) Representative images of alkaline comet assays used to analyze DN

Following exposure to 0 mMor 5 mMcisplatin for 24 h, the AP sites of HN4 and HN30 cells

DNA damage. (J) Compared with theWT plasmid, the lnc-POP1-1mutant plasmid sensit

shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars, means ± SDs.
ing assays (Figure S10J). A lnc-POP1-1 mutant plasmid with deletion
of base pairs 600–609 (lnc-POP1-1-Mut) was constructed to study the
effect of the predicted binding site on the cisplatin resistance of HN4/
DDP and HN30/DDP cells. The results showed that cisplatin resis-
tance in HNSCC cells transfected with the lnc-POP1-1 mutant
plasmid was lower than that in HNSCC cells transfected with the
WT plasmid (Figure S10K; Figure 5J).

lnc-POP1-1 prevented the degradation of MCM5 through the

proteasome pathway by reducing the ubiquitination of MCM5

HN4 and HN30 cells were treated with 200 mM cycloheximide (CHX)
and/or 10 mMMG132 for 0–16 h, and proteins were isolated every 4 h
and analyzed by western blotting. Compared with that in the non-
MG132-treated group, the level of MCM5 protein in the MG132-
treated group was significantly lower, indicating that theMCM5 degra-
dation was partly related to the proteasome (Figure S11A; Figure 6A).
Moreover, the proteins of HN4 and HN30 cells overexpressing lnc-
POP1-1 in the presence of 200 mMCHX for 0–16 h were isolated every
4 h and analyzed by western blotting. The results showed that lnc-
POP1-1 overexpression resulted in slower decay of the MCM5 protein
(Figure 6B). Importantly, we observed that MCM5 levels were
decreased in the nucleus when lnc-POP1-1 was knocked down (Fig-
ure 6C) and that MCM5 levels were increased in the nucleus when
lnc-POP1-1 was overexpressed (Figure 6D), suggesting that lnc-
POP1-1 contributed to MCM5 retention in the nucleus. We then
examined whether lnc-POP1-1-dependent degradation of MCM5
was mediated by MCM5 ubiquitination. After MCM5 was immuno-
precipitated in HN4/DDP and HN30/DDP cells, obviously higher
ubiquitin signals of MCM5 protein were detected in cells with lnc-
POP1-1 silencing than in control cells (Figure 6E). Consistent with
these findings, MCM5 ubiquitination was lower in cells overexpressing
lnc-POP1-1 than in control cells (Figure 6F).

lnc-POP1-1 affected cisplatin resistance in HNSCC cells by

interacting with MCM5

MCM5 overexpression in HN4 and HN30 cells increased the IC50 of
cisplatin (Figure S11B; Figure 7A). Downregulation of MCM5 (Fig-
ure S11C) resulted in a significant decrease in the IC50 of cisplatin
in HN4/DDP and HN30/DDP cells (Figure S11D; Figure 7B).

Silencing of lnc-POP1-1 using SS-lnc-POP1-1 significantly blocked
the ability of MCM5 to promote cisplatin resistance in HN4 and
s

c-POP1-1 probes in HN4 andHN30 cells transfected with LV-lnc-POP1-1. (B andC)

transfected with LV-lnc-POP1-1 in RIP assays (six primers were detected). (D) The

nalysis. Scale bar, 10 mm. (E) qPCR analysis of lnc-POP1-1 enriched with anti-FLAG

tant vector in which arginine (R) was changed to alanine (A) at site 724 in RIP assays.

robe and base pair 600–609 deletion probes in HN4 and HN30 cells transfected with

g in cisplatin-resistant or -sensitive HNSCC cells with lnc-POP1-1 knockdown or

A damage in HN4 and HN30 cells overexpressing lnc-POP1-1. Scale bar, 20 mm. (I)

overexpressing lnc-POP1-1 were quantified using an AP site counting kit to analyze

izedHN4/DDP andHN30/DDP cells with KO-VN1R5 to cisplatin. The IC50 values are
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Figure 6. lnc-POP1-1 bound to MCM5 to inhibit the ubiquitination of MCM5

(A) The grayscale values of MCM5 protein expression affected by MG132 and the relative intensity are shown. (B) Western blot of the effect of lnc-POP1-1 on MCM5 protein

degradation in the presence of 200 mMCHX. (C) The protein levels of MCM5 in nuclear and cytoplasmic fractions were analyzed by western blotting of HN4/DDP and HN30/

DDP cells transfected with SS-lnc-POP1-1. (D) The protein levels of MCM5 in nuclear and cytoplasmic fractions were analyzed by western blotting of HN4 and HN30 cells

transfected with LV-lnc-POP1-1. (E) Western blot analysis of the ubiquitination of MCM5 in HN4/DDP and HN30/DDP cells transfected with SS-lnc-POP1-1 and treated with

10 mMMG132 for 8 h. (F) Western blot analysis of the ubiquitination of MCM5 in HN4 and HN30 cells overexpressing lnc-POP1-1 and treated with 10 mMMG132 for 8 h. *p <

0.05, **p < 0.01, ****p < 0.0001. Error bars, means ± SDs. (Ub, ubiquitin; IP, immunoprecipitation; IB, immunoblotting.)
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HN30 cells (Figure S11E; Figure 7C). Silencing of lnc-POP1-1 also
dramatically coordinated the ability of MCM5 knockdown to pro-
mote cisplatin sensitivity in HNSCC cells (Figure S11F; Figure 7D).

In animal experiments, under conditions of exposure to a certain con-
centration of cisplatin, the significant increases in tumor volumes and
weights in mice subcutaneously injected with HN30 cells stably ex-
pressing MCM5 were reversed by the knockdown of lnc-POP1-1,
as shown by the comparison of the knockdown group with the control
group (Figures 7E and 7F). In contrast, under treatment with
cisplatin, the significant MCM5 knockdown-mediated decreases in
458 Molecular Therapy Vol. 30 No 1 January 2022
tumor volumes and weights were aggravated by silencing lnc-
POP1-1, as shown by the comparison of the silenced group with
the control group (Figures 7G and 7H).

These results showed that lnc-POP1-1 affected cisplatin resistance in
HNSCC cells by interacting with MCM5.

DISCUSSION
Cisplatin resistance and recurrence are the major factors leading
to cisplatin-based therapeutic failure in HNSCC patients.8 In
patients with locally advanced HNSCC, the initial response rate to
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cisplatin-based chemotherapy is up to 50%; however, most patients
develop cisplatin resistance, which induces cancer recurrence.32

Understanding the mechanism of cisplatin resistance may enable
the development of strategies for overcoming chemoresistance and
improving clinical outcomes in HNSCC.

Cisplatin resistance is driven by three main mechanisms: (1) a
mechanism involving alterations in cisplatin transport and meta-
bolism, decreases in drug uptake or increases in drug efflux, and
increases in detoxification ability; (2) a mechanism involving in-
creases in DNA repair ability or DNA damage tolerance; and (3) a
mechanism involving abnormalities in cell signal transduction
pathways and blockage of apoptosis.8 Multiple mechanisms can be
active simultaneously in cisplatin-resistant tumor cells, but the
predominant mechanism differs in different cell states.33,34 Our pre-
vious studies have confirmed that excessively enhanced DNA repair
activity is one of the dominant mechanisms of cisplatin resistance in
HNSCC.35

Cisplatin-induced DNA adducts block the processes of transcrip-
tion and DNA synthesis, thus triggering complex intracellular
signal transduction cascades. Cells must remove or tolerate these
lesions to resist cisplatin treatment, and the cell cycle is arrested
to provide adequate time for DNA repair mechanisms to remove
the lesions. If this process is not completed, impaired repair or
excessive damage initiates cell death programs, including apoptosis.
DNA damage induced by endogenous and environmental DNA-
damaging agents can be repaired via DNA repair pathways, thus
protecting the genome. The main DNA repair pathways are nucle-
otide excision repair (NER), homologous recombination (HR),
mismatch repair (MMR), base excision repair (BER), nonhomolo-
gous end joining (NHEJ), and Fanconi anemia (FA)-pathway
repair.36 Most of the major DNA repair systems help repair the
many different DNA lesions caused by cisplatin. Cisplatin-induced
intrastrand chain crosslinking can lead to distortion of the DNA
double helix, thus primarily activating the NER pathway, while
the formation of interstrand crosslinks (ICLs) depends on the inter-
action of the translation/synthesis, HR, NER, translesion synthesis
(TLS), and FA pathways.37

Recent studies have evaluated noncoding RNAs involved in DNA
damage repair.38–40 Accumulating evidence has shown that lncRNAs
are involved in the regulation of chemoresistance and has elucidated
Figure 7. lnc-POP1-1 affected the cisplatin resistance of HNSCC cells by inter

(A) Compared with NC-transfected cells (black line), HN30 cells with MCM5 upregulation

Compared with NC-transfected cells (black line), HN30/DDP cells with MCM5 downregu

(C) Cell viability was detected by CCK-8 assay when lnc-POP1-1 was knocked down in H

(D) Cell viability was detected by CCK-8 assay when lnc-POP1-1 and MCM5 were both

intraperitoneal injection with 5mg/kg cisplatin every 3 days 5 times, the tumor volumes an

with ASO-lnc-POP1-1/ASO-NC are shown (n = 6/group). (F) The tumor volumes of the fo

3 days 5 times. (G) Under intraperitoneal injection with 5 mg/kg cisplatin every 3 days 5

HN30/DDP cells and then treated with ASO-lnc-POP1-1 and/or si-MCM5 are shown (n

Cisplatin was injected intraperitoneally every 3 days 5 times. *p < 0.05, ***p < 0.001, **
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specific mechanisms by which they contribute to DNA repair path-
ways that lead to pathological conditions such as cancer. lncRNAs
also play important roles in cisplatin resistance in HNSCC. For
example, MPRL can inhibit the production of miR-483-5p and
upregulate the expression of FIS1 to enhance the cisplatin sensitivity
of tongue cancer cells.16 In addition, KCNQ1OT1 regulates the
cisplatin resistance of tongue cancer cells by specifically sponging
miR-211-5p and mediating the Ezrin/Fak/Src signaling pathway.18

HOTAIR can increase the cisplatin resistance of oral squamous cell
carcinoma (OSCC) cells by accelerating autophagy and reducing
apoptosis.19 The UCA1/miR-184/SF1 axis17 and HOXA11-AS/miR-
214-3p/PIM1 axis20 can also regulate the cisplatin resistance of
OSCC cells. In our study, nuclear lnc-POP1-1 was found to mediate
cisplatin resistance through the DNA repair system and to interact
with DNA repair proteins.

lnc-POP1-1 is highly expressed in cisplatin-resistant HNSCC cells,
and its abnormal expression can promote the resistance of HNSCC
cells to cisplatin. Clarification of the molecular regulatory pathway
that causes abnormal expression could thus help explain the
mechanism of cisplatin resistance in HNSCC. TF-mediated regula-
tion, histone modification, and DNAmethylation are common causes
of abnormal lncRNA expression and play regulatory roles in tumor
development. In our study, Sp1 was indeed confirmed to regulate
the expression of lnc-POP1-1, and 5 predicted binding sites for
Sp1 in the lnc-POP1-1 promoter were revealed by AliBaba2 and
JASPAR. The Sp1 binding sites in the promoter fragment at base
pairs�1,927/–1,918 were ultimately confirmed with a dual-luciferase
reporter gene system and ChIP assays.

Sp1 is a tissue-specific TF that regulates gene expression by binding
to a GC/GT box in a gene promoter region. Sp1 has been found to be
directly involved in the transcriptional regulation of miRNA92b,41

Annexin A2,42 and other genes, promoting the development of
OSCC. Moreover, Sp1 participates in transcriptional regulation of
chemoresistance-related genes and is related to chemoresistance
in lung cancer,43 leukemia,25 breast cancer,44 and other malig-
nancies. Sp1 can be phosphorylated by a number of kinases, such
as PKA and PKC, and the phosphorylation of Sp1 has been impli-
cated in increased binding of the TF to consensus sites within
various promoters. In our study, VN1R5 controlled the expression
of lnc-POP1-1 via Sp1. VN1R5, a cell membrane-localized G
protein-coupled receptor (GPCR), is a member of the vomeronasal
acting with MCM5

exhibited resistance to cisplatin (red line). The IC50 values are shown on the right. (B)

lation were sensitized to cisplatin (blue line). The IC50 values are shown on the right.

N30 cells stably transfected with LV-MCM5. The IC50 values are shown on the right.

knocked down in HN30/DDP cells. The IC50 values are shown on the right. (E) Under

d weights of themice subcutaneously inoculated with LV-MCM5HN30 cells treated

ur groups were calculated every 5 days. Cisplatin was injected intraperitoneally every

times, the tumor volumes and weights of the mice subcutaneously inoculated with

= 6/group). (H) The tumor volumes of the four groups were calculated every 5 days.

**p < 0.0001. Error bars, means ± SDs.
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receptor (VN1R) family and has pheromone receptor activity.45

Previous studies have confirmed that GPCRs can activate intracel-
lular signaling pathways when stimulated by specific ligands; these
pathways include the cAMP, Ca2+, MAPK/ERK, p38 MAPK,
PI3K, Rho, and other signaling pathways,46 which affect cell
biological properties and activate TFs for gene regulation.47

Moreover, the p38 MAPK,25 PI3K/Akt,26 cAMP/PKA,23,24 and
other signaling pathways can induce the transcriptional activity of
Sp1 to regulate downstream gene expression. VN1R5 could regulate
Sp1 by activating these intracellular signaling pathways. Our study
results showed that VN1R5 regulated lnc-POP1-1 expression via
the PKA-Sp1 pathway.

Moreover, we discovered that MCM5 was an RBP of lnc-POP1-1
and directly interacted with lnc-POP1-1 to affect DNA repair and
cisplatin resistance in HNSCC cells. MCM5, a DNA replication reg-
ulatory protein, is a member of the minichromosome maintenance
family and a component of the MCM2-7 complex (MCM complex),
which is the putative replicative helicase essential for “once-per-
cell-cycle” DNA replication initiation and elongation in eukaryotic
cells.48 MCM5, a subunit of the MCM hexamer, plays an important
role in the formation of the MCM dihexamer (in which MCM2 and
MCM7 are connected head-on),49,50 the assembly of the CMG com-
plex (MCM2/5 gating function),51,52 and DNA binding (double-
stranded DNA is directly connected with the MCM5 helix in the re-
gion from isoleucine 526 to lysine 53453). The predicted binding
sites for lnc-POP1-1 and MCM5 are listed in the PRIdictor data-
base. When the predicted binding sites (R at amino acid 724 of
MCM5 or nucleotide positions 600–609 of lnc-POP1-1) were
mutated, the binding capacity between MCM5 and lnc-POP1-1
decreased, suggesting that the predicted binding sites played impor-
tant roles in maintaining the binding of MCM5 and lnc-POP1-1.
Moreover, we found that MCM5 was degraded more slowly and
that MCM5 was retained in the nucleus in lnc-POP1-1-overex-
pressing HNSCC cells. Ubiquitination is an important protein post-
translational modification (PTM) that regulates many key cellular
processes.54,55 Ubiquitylation and degradation involve a series of
regulatory molecules.56 In our study, lnc-POP1-1 bound to
MCM5 to retain MCM5 in the nucleus and thus prevent its
ubiquitination.

Our results confirmed that VN1R5 upregulated lnc-POP1-1 expres-
sion by promoting the transcriptional activity of Sp1 via the cAMP/
PKA pathway, while lnc-POP1-1 was found to bind to the DNA repair
protein MCM5 and decelerate its degradation to participate in DNA
repair pathways and thus promote the cisplatin resistance of HNSCC
cells. VN1R5 and lnc-POP1-1 might be used as predictive markers of
cisplatin resistance and therapeutic targets for reversing cisplatin resis-
tance. Therapeutic strategies and methods targeting VN1R5 and lnc-
POP1-1 may benefit HNSCC patients with cisplatin resistance.

Conclusions

VN1R5 and lnc-POP1-1 are upregulated in cisplatin-resistant
HNSCC cells and tissues and are associated with cisplatin resistance
in HNSCC cells. VN1R5 transcriptionally regulates lnc-POP1-1
expression by activating the TF Sp1 via the cAMP/PKA pathway.
lnc-POP1-1 facilitates the repair of DNA damage through interaction
with MCM5 protein and deceleration of its degradation.
MATERIALS AND METHODS
Specimens

All HNSCC tissue samples were collected from the Department of
Oral and Maxillofacial-Head and Neck Oncology, Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine
(Shanghai, China). 70 HNSCC tissues were collected to analyze the
association between the expression of VN1R5/lnc-POP1-1 or lnc-
POP1-1/MCM5. In addition, 83 tissue samples fromHNSCC patients
who received the TPF regimen (docetaxel+cisplatin+5-fluorouracil)
were tested. According to the efficacy of the TPF regimen, complete
remission (CR), and partial remission (PR) were defined as indicators
of drug sensitivity, while no progression (stable disease, SD) and pro-
gression (PD) were defined as indicators of drug resistance. The clin-
ical characteristics (such as age, sex, smoking and drinking habits,
pathological grade, tumor-lymph node-metastasis (TNM) stage,
lymph node metastasis, local invasion, etc.) were collected. Regular
follow-up was conducted by checking the original medical records,
telephone interviews, and outpatient reviews. The follow-up time
was 5 years (up to April 2021).
Cell culture and drug treatments

The human HNSCC cell lines HN4 (RRID: CVCL_5515) and HN30
(RRID: CVCL_5525) were from the Shanghai Jiao Tong University
School of Medicine, while the human skin melanoma cell line A375
(ATCC cat# 300110/p852_A-375, RRID: CVCL_0132) and the hu-
man lung adenocarcinoma cell line A549 (ATCC cat# A549, RRID:
CVCL_0023) were purchased from the Cell Bank of the Chinese
Academy of Sciences, Shanghai, China. The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, NY, USA)
supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL, NY,
USA) and 1% penicillin-streptomycin. The cells were cultured at
37�C in a humidified 5% CO2 atmosphere.

HNSCC cells (HN4, HN30), A375 cells, and A549 cells were exposed
to gradually increasing doses of cisplatin (Sigma, MO, USA) over a
6-month period to establish cisplatin-resistant cells (HN4/DDP,
HN30/DDP, A375/DDP, and A549/DDP) that were resistant to
treatment with a certain concentration of cisplatin.

The cells were incubated in culture medium containing 200 mMCHX
(Sigma, MO, USA) for 0, 4, 8, 12, and 16 h, and western blot analysis
was performed.
iTRAQ analysis

The abnormally expressed proteins associatedwith cisplatin resistance
were analyzed in cisplatin-resistant cells (HN4/DDP, HN30/DDP,
A375/DDP, and A549/DDP) with iTRAQ (isobaric tags for relative
and absolute quantitation, OE Biotechnology, Shanghai, China).
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RNA extraction and qPCR

Total RNA from cultured cells was isolated with TRIzol reagent
(TaKaRa, Tokyo, Japan) according to the manufacturer’s instruc-
tions. A PrimeScript RT Reagent Kit (TaKaRa, Tokyo, Japan) was
used for reverse transcription of cDNA. A TB Green Premix Ex
Taq Reagent Kit (TaKaRa, Tokyo, Japan) was used for qPCR analysis
of mRNA. All qPCRs were performed in an ABI StepOne Real-Time
PCR System (Life Technologies, MD, USA). The mRNA levels were
normalized to those of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and/or U6 using the 2–DDCt method. The sequences of
the qPCR primers used for mRNA analysis are listed in Table S1.

Western blot analysis

Western blot analysis was performed as previously described.11 The
primary antibodies used included the following: VN1R5 antibody
(1:1,000, cat# orb165310) from Biorbyt (Cambridge, UK); MCM5
(1:3,000, cat# 11703-1-AP, RRID:AB_2235162); caspase-3 (1:1,000,
cat# 19677-1-AP, RRID:AB_10733244) and DYKDDDDK tag
(FLAG, 1:500, cat# 20543-1-AP, RRID:AB_11232216) antibodies
from Proteintech (Chicago, IL, USA); PKA C-a (PKA, 1:1,000, cat#
4782, RRID:AB_2170170), phospho-histone H2A.X (Ser139;
gH2AX, 1:1,000, cat# 9718, RRID:AB_2118009), ubiquitin (Ub,
1:1,000, cat# 3936, RRID:AB_331292), and histone H3 (1:2,000,
cat#4499, RRID:AB_10544537) antibodies from Cell Signaling Tech-
nology (MA, USA); and Sp1 (1:1,000, cat# ab231778), Sp1 (phospho-
T453, 1:1,000, cat# ab37707, RRID:AB_1524434) and GAPDH
(1:1,000, cat# ab181602, RRID:AB_2630358) antibodies from Abcam
(MA, USA). Moreover, goat anti-rabbit and mouse horseradish
peroxidase (HRP)-labeled secondary antibodies (1:10,000, cat#
ab205718, RRID:AB_2819160; cat# ab205719, RRID:AB_2755049;
Abcam) were used. The signals were visualized with ECLUltra
(New Cell and Molecular Biotech, Suzhou, China).

Transfection of smart silencer/siRNAs or plasmids

The SS and small interfering RNA (siRNA) used in our study were
designed and synthesizedbyGuangzhouRiboBio (Guangzhou,China).
The sequences of the SS and siRNAs are listed in Tables S4 and S5. Sp1,
PKA catalytic subunit (PKA-Ca; PKA), or MCM5-FLAG plasmids
were constructed by HanYin Biotechnology (Shanghai, China). Trans-
fection was performed using Lipofectamine 3000 (Thermo Fisher Sci-
entific, MA, USA) following the manufacturer’s instructions.

KO of VN1R5 (KO-VN1R5) via CRISPR-Cas9 genome editing

The CRISPR-Cas9 lentiviral vectors were constructed by HanYin
Biotechnology (Shanghai, China). The Hu6-SgRNA-EF1A-hspCas9-
Flag-puro-WPRE (PHY-701) plasmid was used as a delivery system.
Single guide RNA (sgRNA) sequences targeting VN1R5 and a scram-
bled sgRNA (Table S6) were cloned into the BsmBI restriction site of
the PHY-701 plasmid (HanYin Biotechnology, Shanghai, China). The
plasmids were stably transfected into HNSCC cells, and the cells were
screened with puromycin (10 mg/mL) for 2 weeks. After sequence
validation byDNA sequencing and qPCR analyses, the stable cell lines
were diluted and cultured, and clones grown from single cells were
selected and expanded to obtain specific stable cell lines.
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Lentiviral transduction and screening of stable strains

Lentiviral overexpression vectors for VN1R5 (LV-VN1R5), lnc-
POP1-1 (LV-lnc-POP1-1), and MCM5 (LV-MCM5) were con-
structed by HanYin Biotechnology (Shanghai, China). Lentiviral
transduction was performed according to the manufacturer’s in-
structions. After incubation for approximately 72 h, the cells
were cultured with puromycin (10 mg/mL, for LV-VN1R5) or
blasticidin (100 mg/mL, for LV-lnc-POP1-1 or LV-MCM5) and
were passaged 2–3 times; then, the stably stained cells were
screened.

Agilent microarray analysis

An Agilent SurePrint G3 Human Gene Expression v3 8x60K
Microarray (Design ID: 072363) was used in this experiment and
data analysis of the 8 samples was conducted by OE Biotechnology
(Shanghai, China). Total RNA was quantified with a NanoDrop
ND-2000 (Thermo Scientific), and RNA integrity was assessed using
an Agilent Bioanalyzer 2100 (Agilent Technologies). Sample labeling,
microarray hybridization, and washing were performed based on the
manufacturer’s standard protocols. Briefly, total RNA was reverse-
transcribed into double-stranded cDNA, which was used to
synthesize cRNA. The cRNA was labeled with Cyanine-3-CTP. The
labeled cRNA was hybridized onto the microarray. After washing,
the arrays were scanned with an Agilent Scanner G2505C (Agilent
Technologies). Feature Extraction software (version 10.7.1.1, Agilent
Technologies) was used to analyze the array images to obtain raw
data. GeneSpring (version 14.8, Agilent Technologies) was employed
to finish the basic analysis with the raw data.

Cell viability

The viability of HNSCC cells was evaluated by measuring the IC50

value using a cell counting kit-8 (CCK-8) assay. To evaluate the
cisplatin response of HNSCC cells, we seeded a total of 3,000 cells
in each well of 96-well plates in sextuplicate and treated them with
increasing concentrations of cisplatin. After 72 h, viability was
assessed by adding 10 mL of CCK-8 solution (Dojindo, Kumamoto,
Japan) to each well. The cells were subsequently incubated for 2 h
at 37�C, and the optical density at 450 nm was measured in a micro-
plate reader (SpectraMax i3, Molecular Devices, USA). Survival at
each concentration was plotted as a percentage of survival in drug-
free medium.

Colony formation assay

Approximately 1,000 cells were cultured in 6-well plates and treated
with cisplatin in a specific concentration gradient for 2 weeks. The
colonies were fixed with 4% paraformaldehyde and stained with crys-
tal violet. Colony formation ability was evaluated according to the size
and density of the colonies.

Apoptosis analyses

Cells were seeded in 6-well plates for 24 h and then cultured in FBS-
free DMEM (GIBCO, NY, USA) for 24 h. The cells were exposed to
normal medium with 5 mM cisplatin for 48 h (the control group
was exposed to normal medium without cisplatin).
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For apoptosis analysis, cells were harvested, washed, and stained with
a fluorescein isothiocyanate (FITC)/Annexin V Apoptosis Detection
Kit I (BD PharMingen, CA, USA) according to the instructions. The
stained cells were detected by flow cytometry.

IF

Cells were seeded onto coverslips in 24-well plates for 24 h, fixed with
4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton
X-100 for 10 min. After being blocked in 3% BSA for 30 min, the cells
were incubated with the MCM5 antibody (1:100, Cat# 67049-1-Ig,
RRID:AB_2882362; Proteintech) overnight at 4�C, washed with
PBST, and then incubated with CoraLite488-conjugated goat anti-
mouse immunoglobulin G (IgG; H+L; 1:200, Cat# SA00013-1,
Proteintech) for 1 h at room temperature in the dark. The cells
were costained with 40, 6-diamidino-2-phenylindole (DAPI, Beyo-
time) for 5 min for detection of nuclei and then observed and imaged
under a Leica TCS-SP2 laser-scanning confocal microscope (Leica
Microsystems, Germany).

Isolation of nuclear and cytoplasmic RNA

Nuclear RNA, cytoplasmic RNA, and total RNA were isolated using a
PARIS kit (Invitrogen, CA, USA) following the manufacturer’s
instructions. The data were normalized with respect to total RNA
with the following equation: % of Input = 100 � [2^ (Ct total RNA
– Ct RNA fraction)]. U6 was used as the nuclear marker, while
GAPDH was used as the cytoplasmic marker. The primer sequences
used are listed in Table S1.

FISH and double FISH

Fluorescence-labeled probes for lnc-POP1-1, 18S rRNA, and U6
RNA were designed and synthesized, and FISH experiments were
performed using a Ribo Fluorescent In Situ Hybridization Kit (Ri-
boBio). For double FISH, primary and secondary antibodies were
added, and hybridization was performed. Images were acquired
on a TCS-SP2 laser-scanning confocal microscope (Leica Microsys-
tems, Germany).

Prediction of TF binding sites in the lnc-POP1-1 promoter

The sequence of the lnc-POP1-1 promoter region (base pairs �2,000
to 0) was downloaded from the University of California, Santa Cruz
(UCSC) Genome Browser (http://genome.ucsc.edu/). Potential TFs
and binding sites were predicted using the AliBaba2.1 program
(http://gene-regulation.com/pub/programs/alibaba2/index.html)
and the JASPAR database (http://jaspar.genereg.net/).

ChIP assay

ChIP assays were performed as previously described.11,16 In brief,
HN4/DDP cells, HN30/DDP cells, or HN4-LV-lnc-POP1-1 cells
(5 � 106) were washed with 1 � phosphate-buffered saline (PBS)
and incubated for 10 min with 1% formaldehyde at room tempera-
ture. Crosslinking was terminated by treatment with 0.1 M glycine
for 5 min. The cells were washed twice with 1 � PBS, lysed for 1 h
at 4�C in lysis buffer, and sonicated into chromatin fragments with
an average length of 500–800 bp, as assessed via agarose gel
electrophoresis. The samples were precleared with protein A agarose
(Beyotime, Beijing, China) for 1 h at 4�C on a rocking platform. Then,
5 mg of specific antibodies was added, and the samples were incubated
overnight at 4�C with shaking. Immunoprecipitated DNA was
purified using a QIAquick PCR purification kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol. The final ChIP
DNA was then used as a template for qPCR with the primers listed
in Table S7. ChIP-grade antibodies (anti-Sp1, cat# ab231778; anti-
IgG, cat# ab171870, RRID:AB_2687657; Abcam) were used in this
study.

Luciferase assay

The plasmids were constructed by HanYin Biotechnology (Shanghai,
China). We cloned the potential lnc-POP1-1 promoter region located
at base pair�2,000 with respect to the transcription start site (TSS) of
lnc-POP1-1 into the pGL3-Basic plasmid upstream of the luciferase
reporter gene (pro-2000). According to the predicted Sp1 binding
sites in pro-2000, truncated promoter fragments were selected to
construct lnc-POP1-1 promoter-deletion plasmids. After initial
determination of the binding sites, the binding sites were mutated
to construct promoter-mutation plasmids. Luciferase activity assays
were performed as described previously.12 In brief, 1 � 105 cells
were seeded in 24-well plates for 24 h. Then, HN4 and HN30 cells
with stable expression of LV-VN1R5, KO-VN1R5, or the correspond-
ing NC construct were cotransfected with pGL3-lnc-POP1-1-wt or
pGL3-lnc-POP1-1-mut plasmids and si-Sp1 (si-NC as the control)
using Lipofectamine 3000 (Thermo Fisher Scientific, MA, USA). A
constant amount of transfected DNAwas maintained across transfec-
tions. After 24 h of transfection, cells were collected, and the assay was
performed following the manufacturer’s instructions. The data from
each luciferase assay were analyzed based on the Renilla/firefly
luciferase ratio. Luciferase activity was measured with a Dual-Lucif-
erase Reporter Assay System (Promega, WI, USA).

RNA pull-down assays followed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS)

RNA pull-down assays were performed according to the instructions
of a Target RNA Purification Kit (ZEHENG Biotech, Shanghai,
China).11–13,57 In brief, HN4-LV-lnc-POP1-1 cells were crosslinked
with 1% formaldehyde for 10 min, equilibrated in glycine buffer for
5 min, and washed with cold PBS three times. Then the nuclear
extract was isolated, lysed, and sonicated according to the instruc-
tions. After 50 mL of the supernatant was preserved for input analysis,
the remaining supernatant was incubated with rotation with lnc-
POP1-1 biotin probes (or with negative probes as controls) and
streptavidin magnetic beads.

After 10% of the bead-sample mixture was collected to verify the
efficiency of target RNA purification, the remaining 90% was sepa-
rated into two parts for protein purification and DNA recovery. After
subsequent washing and elution, the precipitated proteins were
analyzed with LC-MS/MS by OE Biotech (Shanghai, China).
Subsequently, the proteins were verified by immunoblot analysis after
RNA pulldown assays.
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RIP assay

RIP was performed using an EZ-Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, MA, USA) according to the
manufacturer’s instructions, as previously described.11 After cell lysis
with RIP lysis buffer, 100 mL of the lysate was incubated with RIP
buffer containing magnetic beads conjugated to a human MCM5
(4 mg, cat# 11703-1-AP) or FLAG antibody (4 mg, cat# 20543-1-AP;
Proteintech, Chicago, IL, USA) and normal rabbit IgG (Millipore,
MA, USA). IgG was used as the NC. Proteinase K buffer was then
added to the samples. Finally, the target RNA was extracted and
purified for further analysis by qPCR. The primers used for PCR
are listed in Table S8.

Xenograft formation assay

4-week-old BALB/c nude mice (Shanghai Laboratory Animal Center,
Shanghai, China) were used in all the in vivo experiments, which were
conducted in accordance with the appropriate ethical standards and
national guidelines. Tumor cells (1 � 107) were mixed with 100 mL
of serum-free DMEM and subcutaneously injected into the right
flanks of mice. HN30 or HN30/DDP cells stably transfected with
LV-VN1R5, KO-VN1R5, LV-lnc-POP1-1, or LV-MCM5 were used
for overexpression in vivo experiments, while cholesterol-conjugated
ASO-lnc-POP1-1 (sequences shown in Table S5) and MCM5 siRNA
(si-MCM5) from RiboBio (Guangzhou, China) were used for in vivo
ASO or siRNA delivery. When the size of the tumors reached approx-
imately 5 mm � 5 mm, ASO or siRNA (10 nmol in 0.1 mL of saline
buffer per tumor nodule) was injected into the tumor mass once every
3 days 5 times. The mice were intraperitoneally injected with 5 mg/kg
cisplatin at days 6, 9, 12, 15, and 18 after tumor inoculation. Each
group consisted of 6 animals. Tumor volume measurements (volume
in mm3 = L �W2/2, where L is the length in mm and W is the width
inmm) began on day 5 and continued every 5 days until the end of the
study. At the end of the experiment, the mice were sacrificed. Their
primary tumors were carefully removed, imaged, weighed, and
subjected to H&E staining and IHC analysis.

IHC analysis

For IHC, xenograft tissues were fixed, dehydrated, paraffin-
embedded, and sectioned. Then, the sections were incubated with a
Ki-67 antibody (1:600, Abcam cat# ab15580, RRID:AB_443209)
and then incubated with goat anti-rabbit IgG H&L (HRP; 1:20,000,
#ab205718, Abcam, MA, USA). Images were captured at 100� and
400� magnification with a light microscope (Olympus, Tokyo,
Japan) and quantified with Image-Pro Plus.

Comet assay

A single-cell gel electrophoresis (comet assay) kit was employed to
evaluate DNA damage following the manufacturer’s instructions
(Abcam, Cambridge, MA, USA). The appropriate treatment was
applied, and the cells were collected and washed with prechilled
1 � PBS. Next, 1 � 105 cells/mL were combined with molten comet
agarose (at 37�C) at a 1:10 ratio (v/v), and the mixture (75 mL) was
immediately pipetted onto the top of the comet agarose base layer.
After gentle cell lysis, the samples were treated with alkaline
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electrophoresis buffer to unwind and denature the DNA and hydro-
lyze associated sites of damage. The samples were electrophoresed
following the manufacturer’s instructions, stained with diluted Vista
Green DNADye, and visualized on slides with epifluorescence micro-
scopy (Carl Zeiss, Göttingen, Germany) using a FITC filter.

Genomic DNA AP site counts

After treatment of HN4 and HN30 cells with LV-lnc-POP1-1,
genomic DNA was purified using a DNA isolation kit (TIANGEN,
Beijing, China). The AP sites in DNA were counted using a DNA
damage quantification (AP site counting) kit according to the manu-
facturer’s instructions (Dojindo, Kumamoto, Japan). Briefly, 10 mL of
purified genomic DNA solution (100 mg/mL) and 10 mL of ARP
solution were mixed and incubated at 37�C for 1 h. Then, 60 mL of
the diluted ARP-labeled genomic DNA solution and 100 mL of the
DNA binding solution were added to each well, and the plate was
incubated at room temperature overnight. The next day, the DNA
binding solution was discarded, and the wells were washed 5 times
with washing buffer. Then, 150 mL of diluted HRP-streptavidin solu-
tion was added to each well, and the plate was incubated at 37�C for 1
h. After washing the plate five times with washing buffer, 100 mL of
substrate solution was added to each well, and the plate was incubated
for 1 h at 37�C. The absorbance of the samples was analyzed using a
SpectraMax i3 microplate reader (Molecular Devices, CA, USA) with
a 650-nm filter.

Isolation of nuclear and cytoplasmic protein

Cytoplasmic and nuclear extracts were separated and prepared using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s instruc-
tions and a previous study.11,58 Then, western blot analysis was per-
formed to detect MCM5 expression in the nucleus and cytoplasm
in HNSCC cells.

Ubiquitination immunoprecipitation assay

Cells were treated with 10mMMG132 for 8 h and lysed in 500mL of ice
cold radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
Beijing, China) containing a protease inhibitor cocktail (MedChe-
mExpress, NJ, USA) and a phosphatase inhibitor (New Cell and Mo-
lecular Biotech, Suzhou, China) before being harvested. After 30 min
at 4�C, the cell lysates were centrifuged at 10,000 rpm for 15 min. The
precipitates were lysed and denatured with 300 mL of whole-cell lysis
buffer for 15 min at 105�C, diluted in a 6-fold volume of RIPA lysis
buffer, and incubated with Protein A/GMagBeads (Yeasen, Shanghai,
China) binding an MCM5 antibody (4 mg, cat# 11703-1-AP, Protein-
tech, Chicago, IL, USA) overnight at 4�C. The next day, the beads were
washed, and the proteins were separated from the beads using 1�
immunoblot loading buffer (Beyotime, Beijing, China) for 10 min at
105�C. The supernatants were collected for subsequent immunoblot
analysis with a ubiquitin antibody.

Statistical analysis

All statistical analyses were performed using Statistical Package for
Social Sciences software version 16.0 (SPSS 16.0) and GraphPad
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Prism 7.0. For all experiments, the data in bar graphs are presented as
the mean ± SD values from three independent experiments. Signifi-
cant differences between means were determined using Student’s t
test. The association between the expression of VN1R5/lnc-POP1-1
or lnc-POP1-1/MCM5 was analyzed with the Pearson correlation co-
efficient. Analyses of associations between the expression levels of
VN1R5 or lnc-POP1-1 and clinical features were performed using
the Mann-Whitney U-test. Kaplan-Meier survival analysis was used
to analyze the effects of VN1R5 on the 5-year overall survival rate
of HNSCC patients. The IC50 values were determined using a curve
fitting model with a four-parameter logistic equation model in
GraphPad Prism software. A p value of < 0.05 was considered to indi-
cate significance in all of our analyses.

Ethics approval and consent to participate

The Ethics Committee of Shanghai Jiao Tong University approved
our study.Written informed consent was provided by the participants
prior to enrollment. All experimental methods abided by the Helsinki
Declaration.
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Data supporting the findings of this study are available within the
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mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium (http://proteomecentral.proteomexchange.
org) via the iProX partner repository59 with the dataset identifier
PXD022799. The gene microarray data have been deposited in the
NCBI GEO database: GSE161935.
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