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SUMMARY
RNA N6-methyladenosine (m6A) modification is implicated in cancer progression, yet its role in regulating
long noncoding RNAs during cancer progression remains unclear. Here, we report that the m6A demethylase
fat mass and obesity-associated protein (FTO) stabilizes long intergenic noncoding RNA for kinase activation
(LINK-A) to promote cell proliferation and chemoresistance in esophageal squamous cell carcinoma (ESCC).
Mechanistically, LINK-A promotes the interaction between minichromosome maintenance complex compo-
nent 3 (MCM3) and cyclin-dependent kinase 1 (CDK1), increasing MCM3 phosphorylation. This phosphory-
lation facilitates the loading of theMCMcomplex onto chromatin, which promotes cell-cycle progression and
subsequent cell proliferation. Moreover, LINK-A disrupts the interaction between MCM3 and hypoxia-induc-
ible factor 1a (HIF-1a), abrogating MCM3-mediated HIF-1a transcriptional repression and promoting glycol-
ysis and chemoresistance. These results elucidate the mechanism by which FTO-stabilized LINK-A plays
oncogenic roles and identify the FTO/LINK-A/MCM3/HIF-1a axis as a promising therapeutic target for ESCC.
INTRODUCTION

Esophageal cancer is a highly malignant tumor with the seventh

highest incidence (approximately 604,000 new cases) and sixth

highest mortality (approximately 544,000 deaths) worldwide in

2020.1 The two main histologic subtypes of esophageal cancer,

esophageal squamous cell carcinoma (ESCC) and esophageal

adenocarcinoma, have distinct etiologies.2 ESCC is the most

common histologic subtype, with a poor prognosis and a high

prevalence worldwide.2 Chemotherapy is the first-line treatment

for esophageal cancer, especially for patients with locally

advanced cancer who have no indication for surgery. However,

the benefits of chemotherapy are unsatisfactory, and the

5-year survival rate of patients with esophageal cancer is less

than 20% because of chemoresistance.2 Therefore, it is worth-

while to explore critical oncogenic drivers and elucidate the po-

tential related molecular mechanisms to identify promising ther-

apeutic targets for ESCC.

N6-methyladenosine (m6A) modification is the most abundant

internal RNA modification in eukaryotes and occurs mainly in
This is an open access article under the CC BY-N
mRNA.3,4 Accumulating evidence has shown that m6A modifica-

tions of noncoding RNAs (ncRNAs) such as microRNAs, long

ncRNAs (lncRNAs), and circular RNAs also play essential roles

in various physiological and pathological bioprocesses, including

cancer development.5–7 m6A is installed by nuclear methyltrans-

ferases, termed ‘‘writers,’’ which are required for m6A deposi-

tion.4,8 m6A ‘‘reader’’ proteins, such as YTH domain-containing

proteins and insulin-like growth factor-2 mRNA-binding proteins

bind to m6A-containing RNAs to regulate their splicing, intracel-

lular localization, and stability.9,10 m6A modification is dynamic

and can be reversed by m6A demethylases, also called m6A

‘‘erasers,’’ including fat mass and obesity-associated protein

(FTO) and a-ketoglutarate-dependent dioxygenase alkB homolog

5 (ALKBH5).11,12 Emerging evidence indicates that m6A modifica-

tion can exert either oncogenic or tumor-suppressive effects in

different contexts.13,14 However, the precisemechanismbywhich

m6A modification regulates ncRNAs during cancer progression

remains largely elusive.

The Warburg effect, a term that refers to the switch from

oxidative phosphorylation (OXPHOS) to aerobic glycolysis, is a
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well-known metabolic alteration in cancer cells.15–17 Although

less efficient for ATP generation, aerobic glycolysis generates

signaling metabolites to increase cancer cell survival and thera-

peutic resistance under stressful conditions.18,19 Hypoxia-

inducible factor 1 (HIF-1), an oxygen-sensing transcription fac-

tor, controls whether glucose is metabolized via OXPHOS or

glycolysis.20 The oxygen-responsive HIF-1a subunit and consti-

tutively expressed HIF-1b subunit interact to form the heterodi-

meric HIF-1 transcription factor, which plays critical roles in the

cellular response to hypoxia.21 The accumulation of HIF-1a

and the HIF-1a-mediated activation of glucose transporters

and rate-limiting enzymes in glucose metabolism reduce the

efficiency of OXPHOS and promote glycolysis.22–24 Although

transcriptional activation of HIF-1a has been reported to lead

to cancer metabolic reprogramming and therapeutic resis-

tance,25 the mechanism by which lncRNAs regulate HIF-1a acti-

vation in ESCC remains unclear.

Here, we found that the m6A demethylase FTO demethylates

and stabilizes long intergenic ncRNA for kinase activation

(LINK-A) in the context of ESCC chemoresistance. LINK-A

directly interacts with minichromosome maintenance complex

component 3 (MCM3) and cyclin-dependent kinase 1 (CDK1),

and this interaction increases CDK1-mediated phosphorylation

of MCM3 at Ser112 and facilitates the incorporation of MCM3

into the MCM2–7 complex and the subsequent chromatin

loading of this complex, ultimately promoting cell-cycle progres-

sion. In contrast, LINK-A disrupts the interaction betweenMCM3

and HIF-1a to free HIF-1a and increase its transcriptional activ-

ity, which results in metabolic reprogramming from OXPHOS to

glycolysis. Additionally, targeting LINK-A substantially sensitizes

patient-derived xenografts (PDXs) to first-line chemotherapy,

indicating that LINK-A may be a potential target for cancer

treatment.

RESULTS

FTO stabilizes LINK-A and correlates with
chemoresistance
To study the m6A modification of critical lncRNAs in the context

of ESCC chemoresistance, we collected 34 baseline samples

from patients with ESCC who received neoadjuvant chemo-
Figure 1. FTO stabilizes LINK-A and correlates with chemoresistance

(A and B) Real-time qPCR analysis of mRNA expression for FTO (A) and ALKBH

chemosensitive and chemoresistant groups. Boxplot representation: from top t

values; unpaired Student t test; n = 17 for chemoresistant patients and n = 17 fo

(C) Western blot analysis of FTO protein expression in chemoresistant and paren

(D) Total m6A levels in chemoresistant and parental ESCC cell lines, as determin

loading.

(E and F) Western blot and heatmap of real-time qPCR data in the indicated cell

(G and H) Kinetic analysis of RNA stability in the indicated cells. Actinomycin D (5

n = 3.

(I) Real-time qPCR analysis of LINK-A expression in the indicated cells. Cells we

values; unpaired Student’s t test, **p < 0.01, ***p < 0.001; n = 3.

(J–L) MeRIP-qPCR analysis of LINK-Am6Amodification in the indicated cells. Con

the mean ± SD values; unpaired Student’s t test, **p < 0.01, ***p < 0.001; n = 3.

(M) Real-time qPCR analysis of LINK-A expression in the indicated cells. The data

n = 3.

(N) MeRIP-qPCR analysis of LINK-A m6A modification in the indicated cells. T

***p < 0.001; n = 3.
therapy (17 chemoresistant and 17 chemosensitive) and then

measured the mRNA expression levels of two dominant m6A

demethylases, FTO and ALKBH5.26 The results of real-time

qPCR indicated that FTO, but not ALKBH5, was significantly

upregulated in chemoresistant samples compared with chemo-

sensitive samples (Figures 1A and 1B). Furthermore, we

measured the protein level of FTO in previously established

parental and chemoresistant ESCC cell lines.27 FTO protein

expression was upregulated in both chemoresistant cell lines

compared with the corresponding parental cells (Figure 1C).

Consistent with the upregulated FTO expression in chemore-

sistant cells, the results of the m6A dot blot assay showed

that the overall level of m6A was decreased in the chemoresist-

ant cells compared with the parental cells (Figure 1D). Subse-

quently, to further identify FTO-regulated lncRNAs, we silenced

and overexpressed FTO in two ESCC cell lines and

then measured the expression levels of 14 annotated ncRNAs

previously shown to be significantly upregulated in chemore-

sistant ESCC cell lines compared with the corresponding

parental cell lines.27 The expression of four ncRNAs (TTLL3,

LINC00663, PRSS30P, and CETN4P) was below the detection

limit of real-time qPCR. Among the remaining 10 ncRNAs, only

LINK-A was significantly downregulated after FTO knockdown

and upregulated after FTO overexpression in both KYSE30

and KYSE450 cells (Figures 1E and 1F). Additionally, correlation

analyses showed that LINK-A expression was positively corre-

lated with the FTO mRNA level, but only weakly correlated with

the ALKBH5 mRNA expression level in the ESCC dataset

(Figures S1A and S1B).

To specify the mechanism by which FTO modulates LINK-A

expression in the context of ESCC chemoresistance, we first

sought to determine whether FTO affects LINK-A biosynthesis.

No significant change in LINK-An RNA biosynthesis was

observed in either KYSE450 or KYSE30 cells with FTO depletion

(Figure S1C). Next, we performed an RNA stability assay and

found that knockdown of FTO dramatically shortened the half-

life of LINK-A and that overexpression of FTO stabilized

LINK-A (Figures 1G and 1H). Subsequently, we treated control

and FTO-overexpressing KYSE30 and KYSE450 cells with the

FTO inhibitor FB23-2. Overexpression of FTO markedly

increased the expression level of LINK-A, whereas treatment
5 (B) in baseline samples obtained from patients with ESCC categorized into

o bottom—maximum, 75th percentile, median, 25th percentile and minimum

r chemosensitive patients.

tal ESCC cell lines.

ed by an m6A dot blot assay. Methylene blue staining was used to verify equal

s.

mg/mL) was added at time 0. The data are presented as the mean ± SD values;

re pretreated with FB23-2 for 24 h. The data are presented as the mean ± SD

trol cells were pretreated with FB23-2 for 24 h in (J). The data are presented as

are presented as the mean ± SD values; unpaired Student’s t test, ***p < 0.001;

he data are presented as the mean ± SD values; unpaired Student’s t test,
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with FB23-2 abrogated this effect (Figure 1I). In addition, we

determined whether the stabilization of LINK-A by FTO is depen-

dent on its demethylase activity. The methylated RNA immuno-

precipitation (MeRIP)-qPCR results indicated that both

knockdown of FTO and treatment with FB23-2 significantly

increased, but overexpression of FTO decreased, the m6A level

of LINK-A (Figures 1J and 1K). Consistent with this finding, the

MeRIP-qPCR results showed that the m6A level of LINK-A was

significantly decreased in chemoresistant cells compared with

parental cells (Figure 1L). Finally, we performed rescue assays

using both wild-type FTO and an FTO mutant harboring two

point mutations, H231A and D233A,12 which are known to

impede the enzymatic function of FTO (Figure S1D). The real-

time qPCR results indicated that wild-type but not mutated

FTO reversed the decreased in LINK-A expression caused by

FTO knockdown in both KYSE30 and KYSE450 cells (Figure 1M).

Furthermore, the results of MeRIP-qPCR showed that transduc-

tion of wild-type FTO led to a significant decrease in the LINK-A

methylation levels in FTO-silenced KYSE30 and KYSE450 cells,

whereas this demethylation did not occur after transduction of

the FTO mutant (Figure 1N). These results demonstrate that

FTO stabilizes LINK-A expression in anm6A-dependent manner.

LINK-A exerts oncogenic roles in ESCC
To investigate the roles of LINK-A in ESCC, we analyzed LINK-A

expression in a cohort of patients with ESCC by performing in

situ hybridization. Survival analysis indicated that high LINK-A

expression was strongly correlated with a poor prognosis (Fig-

ure 2A). In addition, LINK-A expression in cancer tissues was

significantly higher than that in normal tissues (Figure 2B). How-

ever, LINK-A expression was not significantly correlatedwith any

other clinicopathological feature, except for lymph node metas-

tasis (Figure S2A). Moreover, the significant upregulation of

LINK-A in cancer tissues was validated in the GEO database

(Figure 2C). To further evaluate the potential of LINK-A as a ther-

apeutic target for ESCC, we used an in vitro model of chemore-

sistance. We measured the LINK-A expression level in ESCC

cells with long-term induction of chemoresistance (KYSE450/

DDP and YES2/DDP) and the corresponding parental cells

(KYSE450 and YES2) and found that the expression of LINK-A

was dramatically upregulated (2- to 5-fold) in the chemoresistant

cells compared with the parental cells (Figure 2D). To determine

the alteration of LINK-A in the response to short-term drug expo-
Figure 2. LINK-A exerts oncogenic roles in ESCC
(A) Overall survival of patients with ESCC stratified by LINK-A expression levels (l

survival curves.

(B) Statistical analysis of LINK-A expression in 169 paired ESCC tissues and adj

75th percentile, median, 25th percentile and minimum values; paired Student’s t

(C) Statistical analysis of LINK-A expression in ESCC tissues and adjacent norma

maximum, 75th percentile, median, 25th percentile and minimum values; unpair

GSE161533.

(D) Real-time qPCR analysis of LINK-A expression in the indicated cells. The data

n = 3.

(E) Real-time qPCR analysis of LINK-A expression in the indicated cells treated w

unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.

(F–K) Growth curves and representative images (F, H, and J) and weights (G, I,

presented as the mean ± SEM. values in (F, H, and J). Boxplot representation:

minimum values in (G), (I) and (K); unpaired Student’s t test, ***p < 0.001; n = 7.
sure, we treated ESCC cells with cisplatin (DDP) for different du-

rations (0, 6, 12, and 24 h). LINK-A expression increased signif-

icantly with increasing DDP treatment time, especially after

treatment for 24 h (Figure 2E). These results suggest that

LINK-A may exert crucial roles in both the acquisition and main-

tenance of chemoresistance.

Next, to verify the oncogenic roles of LINK-A, we performed

in vitro and in vivo loss- and gain-of-function experiments. First,

we overexpressed LINK-A in the normal esophageal epithelial

cell line Het-1A and then performed cell proliferation assays (Fig-

ure S2B). Overexpression of LINK-A significantly facilitated the

proliferation of Het-1A cells (Figure S2C). Next, we measured

the expression of LINK-A in a panel of ESCC cell lines and

selected KYSE450 cells, with relatively high LINK-A expression,

for LINK-A silencing and KYSE150 and KYSE410 cells, with rela-

tively low LINK-A expression, for LINK-A overexpression

(Figures S2D–S2F). We also established chemoresistant ESCC

cell lines with stable LINK-A silencing (Figure S2E). IncuCyte

live cell imaging analysis showed that silencing LINK-A signifi-

cantly inhibited cell proliferation in both the chemoresistant

and parental ESCC cell lines, whereas overexpression of

LINK-A promoted cell proliferation (Figures S2G–S2I). Subse-

quently, the results of the cell viability assay indicated that

silencing LINK-A increased the sensitivity of both the chemore-

sistant and parental ESCC cells to cytotoxic chemotherapy,

while overexpression of LINK-A promoted chemoresistance

(Figures S2J–S2L). Finally, the xenograft assays indicated that

silencing LINK-A in KYSE450/DDP and KYSE450 cells dramati-

cally retarded tumor growth and elicited chemosensitivity, while

overexpression of LINK-A in KYSE150 cells significantly pro-

moted tumor growth and resistance to cytotoxic chemotherapy

(Figures 2F–2K). Taken together, these results indicate that

LINK-A plays oncogenic roles in ESCC.

LINK-A facilitates MCM3 phosphorylation by promoting
the interaction between MCM3 and CDK1
To further delineate the downstream regulatory mechanism un-

derlying the oncogenic roles of LINK-A, we performed mass

spectrometry analyses to identify proteins precipitated by

LINK-A in KYSE450 and YES2 cells. In total, 43 and 14 LINK-

A-interacting proteins were identified in KYSE450 and YES2

cells, respectively, and 7 of these interacting proteins were iden-

tified in both cell lines (Figure 3A). Among these seven
ow and high, based on the mean expression level) is depicted in Kaplan-Meier

acent normal tissues. Boxplot representation: from top to bottom—maximum,

test.

l tissues from the GEO database. Boxplot representation: from top to bottom—

ed Student’s t test in GSE45670 and paired Student’s t test in GSE23400 and

are presented as the mean ± SD values; unpaired Student’s t test, ***p < 0.001;

ith DDP for 0, 6, 12, and 24 h. The data are presented as the mean ± SD values;

and K) of the xenograft tumors derived from the indicated cells. The data are

from top to bottom—maximum, 75th percentile, median, 25th percentile and
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Figure 3. LINK-A facilitates MCM3 phosphorylation by promoting the interaction between MCM3 and CDK1

(A) List of LINK-A-associated proteins identified by MS following RNA pull-down in KYSE450 and YES2 cells.

(B) Western blot analysis of MCM3 expression following RNA pull-down in the indicated cells.

(C) Real-time qPCR analysis of LINK-A and U1 expression following RIP assays in the indicated cells. The data are presented as the mean ± SD values; unpaired

Student’s t test, ***p < 0.001; n = 3.

(legend continued on next page)
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overlapping proteins, MCM3 has been reported to play an

important role in cell-cycle progression and DNA replication,28

whereas its detailed molecular mechanisms in ESCC, especially

in mediating cancer cell proliferation and chemoresistance,

remain elusive. Next, we performed RNA pull-down followed

by western blotting to confirm the specific interaction between

MCM3 and LINK-A sense strand, but not antisense strand (Fig-

ure 3B). Moreover, this interaction was validated in KYSE30

and KYSE450 cells by RIP-qPCR (Figure 3C). Subsequently,

the nuclear localization of LINK-A and the signal specificity of

the LINK-A probe in control and LINK-A-silenced ESCC cells

were confirmed by fluorescence in situ hybridization (FISH)

(Figures S3A and S3B). Furthermore, the results of FISH and

immunofluorescence (IF) double staining showed that endoge-

nous LINK-A andMCM3 colocalized in the nucleus (Figure S3C).

Next, we explored the effect of LINK-A on the expression of its

interacting protein MCM3. Neither knockdown nor overexpres-

sion of LINK-A affected the mRNA or protein level of MCM3

(Figures 3D, 3E, S3D, and S3E). Strikingly, western blot analysis

indicated that LINK-A markedly facilitated MCM3 phosphoryla-

tion at Ser112 (Figures 3D and 3E). Moreover, the level of

MCM3 phosphorylation at Ser112 was increased in a dose-

dependent manner upon transient LINK-A overexpression

(Figures 3F and 3G).

A previous study reported that CDK1 phosphorylates MCM3 at

Ser112 and mediates the assembly and chromatin loading of

MCM2-7 complex.29 We then determined whether LINK-A pro-

motes MCM3 phosphorylation by acting as a scaffold for CDK1

and MCM3. The results of RNA pull-down followed by western

blotting confirmed the interaction between LINK-A and CDK1 in

KYSE30 and KYSE450 cells (Figure 3H). In addition, the results

of FISH and IF double staining indicated colocalization of endog-

enous LINK-A and CDK1 in the nucleus (Figure S3F). Next, the re-

sults of co-immunoprecipitation (coIP) assay indicated that

knockdown of LINK-A dramatically suppressed and overexpres-

sion of LINK-A increased the interaction between CDK1 and

MCM3 (Figures 3I and 3J). The proximity ligation assay results

confirmed that LINK-A promoted the interaction between CDK1

and MCM3 in vivo (Figures 3K and 3L). In addition, we performed

in vitro pull-down assays using purifiedMCM3 andCDK1 proteins

in buffer containing the LINK-A sense or antisense strand. The re-

sults demonstrated that the presence of the LINK-A sense strand,

but not the antisense strand, promoted the in vitro interaction be-

tween MCM3 and CDK1 (Figure 3M). Consistent with this finding,

the phosphorylation of MCM3 at Ser112 and the interaction be-

tween CDK1 and MCM3 were increased in both chemoresistant

cell lines compared with the corresponding parental cell lines

(Figures 3N and 3O).
(D and E) Western blot analysis of MCM3 and phosphorylated MCM3 protein lev

(F and G) Real-time qPCR analysis of LINK-A expression (F) and western blot an

expression of increasing amounts of LINK-A in KYSE410 cells.

(H) Western blot analysis of CDK1 expression following RNA pull-down in the ind

(I and J) Western blot analysis of the interaction between MCM3 and CDK1 follo

(K and L) Representative images of themerged proximity ligation assay (PLA) and

cells. The scale bar represents 10 mm. The data are presented as the mean ± SE

(M) Western blot analysis of the interaction between MCM3 and CDK1 in vitro.

(N and O) Western blot analysis of the interaction between MCM3 and CDK1 aft
Phosphorylated MCM3 mediates the oncogenic roles of
LINK-A
To determine whether LINK-A-mediatedMCM3 phosphorylation

promotes the assembly and subsequent chromatin loading of

the MCM complex, we performed cellular fractionation and

then detected chromatin-bound proteins by western blot anal-

ysis. Knockdown of LINK-A dramatically decreased the chro-

matin loading of MCM2, MCM3, MCM4, MCM5, MCM6, and

MCM7 proteins, whereas overexpression of LINK-A promoted

chromatin loading of the MCM2-7 complex in ESCC cells

(Figures 4A and 4B). Next, we constructed a Ser112 site mutant

of MCM3 (MCM3S112A; Ser112 mutated to alanine) and trans-

fected wild-type MCM3 andMCM3S112A into cells with depletion

of endogenous MCM3 (Figure S4A). The increased chromatin

loading of the MCM2-7 complex mediated by LINK-A was abol-

ished by mutation of Ser112, indicating that this process de-

pends on MCM3 phosphorylation (Figure 4C). To determine

whether MCM3 mediates the promoting effect of LINK-A on

cell-cycle progression, we performed rescue assays and found

that overexpression of wild-type MCM3 but not MCM3S112A

completely rescued LINK-A silencing-mediated G0/G1 arrest

(Figures 4D, S4B, and S4C). In contrast, silencing MCM3 in

LINK-A-overexpressing KYSE410 cells abolished LINK-A-medi-

ated cell-cycle progression (Figures 4E, S4D, and S4E). Further-

more, IncuCyte live cell imaging analysis indicated that wild-type

MCM3 but not MCM3S112A mediated the promoting effect of

LINK-A on cell proliferation (Figures 4F and 4G). To further

demonstrate the functional relationship between MCM3 and

LINK-A in vivo, we performed xenograft assay with KYSE150

cells (Figure S4F). Overexpression of LINK-Amarkedly promoted

cell proliferation and chemoresistance, whereas silencing of

MCM3 abrogated these effects (Figures 4H and 4I). Taken

together, these results indicate that LINK-A exerts oncogenic ef-

fects by increasing MCM3 phosphorylation to facilitate the as-

sembly and subsequent chromatin loading of the MCM2-7

complex.

LINK-A elicits HIF-1a transcriptional activity by
sequestering HIF-1a from MCM3
To further study themechanism bywhich the LINK-A/MCM3 axis

leads to resistance to cytotoxic chemotherapy, we performed

RNA sequencing analysis in LINK-A-silenced KYSE450 cells.

Strikingly, gene set enrichment analysis showed that the

glycolysis pathway was significantly enriched in control cells

compared with cells with LINK-A knockdown mediated by either

of two independent short hairpin RNA sequences (Figure 5A).

Given the observation in a previous study that MCM3 negatively

regulates HIF-1a transcriptional activity by directly interacting
els in the indicated cells. *Nonspecific band.

alysis of MCM3 and phosphorylated MCM3 protein levels (G) after exogenous

icated cells.

wing coIP assays in the indicated cells. *Nonspecific band.

nuclear (DAPI) channels and quantitative analysis of PLA puncta in the indicated

M. values; unpaired Student’s t test, **p < 0.01, ***p < 0.001; n = 3.

er coIP assays in the indicated cells.
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Figure 4. Phosphorylated MCM3 mediates the oncogenic roles of LINK-A

(A–C) Western blot analysis of the nuclear and chromatin-bound proteins in the indicated cells.

(D and E) Quantitative analysis of the cell-cycle distribution (percentages) in the indicated cells. The data are presented as the mean ± SD values; unpaired

Student’s t test, ***p < 0.001; n = 3.

(F and G) IncuCyte live cell imaging analysis of the indicated cells. The data are presented as the mean ± SD values; unpaired Student’s t test, *p < 0.05,

***p < 0.001; n = 3.

(H and I) Volumes and representative images (H) and weights (I) of the xenograft tumors derived from the indicated cells. The data are presented as the mean ±

SEM. values in (H). Boxplot representation: from top to bottom—maximum, 75th percentile, median, 25th percentile andminimum values in (I); unpaired Student’s

t test, ***p < 0.001; n = 7.
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with HIF-1a,30 we sought to determine whether LINK-A activates

HIF-1a to promote tumor glycolysis. First, we determined

whether LINK-A influences the interaction between MCM3 and

HIF-1a by performing IP assays in LINK-A-silenced KYSE450

cells and LINK-A-overexpressing KYSE410 cells under normoxic

conditions. The results suggested that silencing LINK-A mark-

edly increased, but overexpressing LINK-A, suppressed the

interaction between MCM3 and HIF-1a (Figure 5B). Consistent

with this finding, the inhibitory effect of LINK-A on the interaction

between MCM3 and HIF-1a was also confirmed under hypoxic

conditions (Figure S5A). Moreover, we purified MCM3 and HIF-

1a proteins by GST pull-down and then performed in vitro coIP

assays in buffer containing the LINK-A sense or antisense

strand. The presence of the LINK-A sense strand but not the anti-

sense strand suppressed the interaction between MCM3 and

HIF-1a in vitro (Figure 5C). Since the protein level of HIF-1a

was not altered by either overexpression or knockdown of

LINK-A (Figures S5B and S5C), we hypothesized that LINK-A

may regulate transcriptional activity of HIF-1a. Consistent with

this hypothesis, silencing LINK-A markedly suppressed and

overexpression of LINK-A enhanced hypoxia response

element-driven luciferase activity (Figures 5D and 5E). Moreover,

the real-time qPCR results indicated that LINK-A dramatically

facilitated the expression of HIF-1a target genes, including

SLC2A1, PDK1, HK2, LDHA, and vascular endothelial

growth factor, under both normoxic and hypoxic conditions

(Figures 5F and 5G). Notably, the expression of LINK-A and

HIF-1a target genes was significantly upregulated under hypoxic

conditions compared with normoxic conditions (Figures 5F and

5G), further confirming the functional correlation between

LINK-A and HIF-1a transcriptional activity.

Given the important roles of HIF-1a in cancer metabolic re-

programming, we performed Seahorse assays to determine

the effect of LINK-A on tumor glycolysis. Knockdown of

LINK-A significantly decreased the extracellular acidification

rate (ECAR), but moderately increased the oxygen consumption

rate (OCR) (Figures 5H, 5I, S5D, and S5E). Similarly, overexpres-

sion of LINK-A increased the ECAR, but decreased the OCR

(Figures 5J, 5K, S5F, and S5G). Subsequently, a significant in-

crease in glycolytic activity was detected in both chemoresistant

cell lines compared with parental cell lines (Figures S5H–S5K).

Furthermore, we examined whether HIF-1a mediates the role

of LINK-A in chemoresistance of ESCC. The results of cell

viability assay showed that treatment with the HIF-1a inhibitors
Figure 5. LINK-A induces HIF-1a transcriptional activation by sequest

(A) Enriched pathways identified by gene set enrichment analysis based on RNA

(B and C) Western blot analysis of the in vivo (B) and in vitro (C) interaction betw

(D and E) Relative hypoxia response element-driven luciferase activity in the indica

test, ***p < 0.001; n = 3.

(F and G) Real-time qPCR analysis of HIF-1a target gene expression in the indicat

mean ± SD values; unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001,

(H–K) Measurement of the ECAR using a Seahorse assay in the indicated cells.

**p < 0.01, ***p < 0.001; n = 5.

(L and M) Relative viability of the indicated cells after DDP treatment for 24 h. Cells

data are presented as mean ± SD values; n = 3.

(N and O) Measurement of the ECAR using a Seahorse assay in the indicated cel

***p < 0.001; n = 5.

(P) Relative viability of the indicated cells after DDP treatment for 24 h. The data

10 Cell Reports 42, 113273, October 31, 2023
lificiguat (YC-1) and digoxinmarkedly suppressed the oncogenic

effects of LINK-A in KYSE410 andKYSE150 cells (Figures 5L and

5M). Taken together, these results suggest that LINK-A activates

HIF-1a by abrogating the MCM3-mediated transcriptional

repression of HIF-1a and then facilitates glycolysis and chemo-

resistance. Finally, to further confirm the involvement of FTO in

LINK-A/MCM3/HIF-1a-mediated glycolysis and chemoresist-

ance, we performed functional rescue experiments in

KYSE450 cells (Figures S5L and S5M). The results of the

Seahorse assays revealed a significant reduction in glycolytic

activity upon FTO knockdown, with subsequent reversal

of this decrease observed upon overexpression of LINK-A

(Figures 5N and 5O). Consistent with this finding, overexpression

of LINK-A in FTO-silenced cells restored the phenotype

of decreased proliferation and decreased chemoresistance

(Figures 5P and S5N).

Having demonstrated that the interaction between LINK-A and

MCM3 transcriptionally activates HIF-1a and promotes MCM3

phosphorylation at Ser112 and subsequent cell-cycle progres-

sion (Figure S6A), we sought to determine whether phosphoryla-

tion of MCM3 at Ser112 regulates the interaction between

MCM3 and HIF-1a. The results of coIP assays indicated that

the modulation of MCM3-HIF-1a interaction by LINK-A was not

affected by MCM3S112A mutation (Figures S6B and S6C). More-

over, we treated control and LINK-A-overexpressing cells with

HIF-1a inhibitors and then analyzed the cell-cycle distribution.

Although treatment with either HIF-1a inhibitor led to G0/G1

arrest, LINK-A-mediated cell-cycle progression was not

affected by HIF-1a inhibitor treatment (Figures S6D–S6G).

Taken together, these results indicate that the effects of the

LINK-A/MCM3 axis on HIF-1a transcriptional activation and

MCM3 phosphorylation-dependent cell-cycle progression are

independent.

Targeting LINK-A sensitizes ESCC to cytotoxic
chemotherapy
To determine whether targeting LINK-A is a promising therapeu-

tic strategy for ESCC, we established three PDXmodels. Adeno-

associated virus-mediated silencing of LINK-A dramatically

increasedDDP sensitivity in ESCCPDXs (Figures 6A–6F). Finally,

we measured the transcript level of LINK-A in the same baseline

samples shown in Figure 1A. The results indicated that the

expression level of LINK-A was significantly upregulated in the

chemoresistant samples compared with the chemosensitive
ering HIF-1a from MCM3

sequencing data from LINK-A-silenced KYSE450 cells.

een MCM3 and HIF-1a.

ted cells. The data are presented as themean ±SD values; unpaired Student’s t

ed cells under normoxic and hypoxic conditions. The data are presented as the

ns = no significant difference; n = 3.

The data are presented as the mean ± SD values; unpaired Student’s t test,

were pretreated with lificiguat (YC-1; 100 mM) or digoxin (100 nM) for 48 h. The

ls. The data are presented as the mean ± SD values; unpaired Student’s t test,

are presented as the mean ± SD values; n = 3.



Figure 6. Targeting LINK-A sensitizes ESCC to cytotoxic chemotherapy

(A–F) Tumor growth curves and representative images (A, C, and E) and tumor weights (B, D, and F) in three PDX models of ESCC. Adeno-associated viruses

(AAVs) were intratumorally injected every three days for a total of two treatments. The data are presented as the mean ± SEM values in (A, C, and E). Boxplot

representation: from top to bottom—maximum, 75th percentile, median, 25th percentile and minimum values in (B), (D) and (F); unpaired Student’s t test,

***p < 0.001; n = 7.

(G) Real-time qPCR analysis of LINK-A expression in baseline samples from patients with ESCC, stratified into groups with either chemosensitivity or chemo-

resistance. Boxplot representation: from top to bottom—maximum, 75th percentile, median, 25th percentile and minimum values; unpaired Student’s t test; n =

17 for chemoresistant patients and n = 17 for chemosensitive patients.

(H) Correlation analysis between the expression of FTO and LINK-A in ESCC samples. The Spearman correlation coefficient is shown.
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samples (Figure 6G). Furthermore, correlation analysis showed

that the expression of LINK-A was positively correlated with

the expression of FTO in these samples (Figure 6H), further con-

firming the regulation of LINK-A by FTO during ESCC chemore-

sistance. Taken together, our findings identify LINK-A as a chief

culprit in ESCC chemoresistance and reveal both the potential

mechanism of LINK-A-mediated chemoresistance and the sta-

bility regulation of LINK-A in ESCC.

DISCUSSION

The m6A demethylase FTO has been recognized to play crucial

roles in various cancers. However, notably, the roles of FTO in

cancer can vary by context. FTO has been demonstrated to

function as an oncoprotein in the majority of cancer sub-
types,31–37 although it has also been proposed to function as a

tumor suppressor in certain cancer subtypes, such as epithelial

cancers38 and colorectal cancer.39 In the current study, we iden-

tified FTO as a significantly upregulated m6A demethylase in pa-

tients with ESCC who exhibited chemoresistance compared

with those who were chemosensitive. By integrated analysis of

these data and our previous data showing that 14 annotated

ncRNAs were significantly upregulated in chemoresistant

ESCC cell lines compared with the corresponding parental cell

lines,27 we identified LINK-A as the lncRNA most significantly

stabilized by FTO. As an oncogenic lncRNA, LINK-A has been re-

ported to activate diverse cancer-related pathways in several

cancers.40–43 Although the oncogenic roles of LINK-A have

been proposed, the stability regulation of LINK-A, particularly

by m6A modification, has not yet been reported. Herein, we
Cell Reports 42, 113273, October 31, 2023 11
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found that FTO stabilizes LINK-A expression via removal of m6A

and elucidated the oncogenic roles of LINK-A that contribute to

cancer cell proliferation and chemoresistance in ESCC.

LINK-A activates HIF-1a signaling and promotes glycolytic re-

programming and tumorigenesis by facilitating the activation of

breast tumor kinase in triple-negative breast cancer.40 In addi-

tion, LINK-A can activate HIF-1a in osteosarcoma44 and diabetic

nephropathy.45 Conversely, the MCM3 protein directly binds to

the HIF-1a subunit and synergistically inhibits HIF-1a transcrip-

tional activity via distinct O2-dependent mechanisms.30 Here,

we identified an important mechanism by which LINK-A indi-

rectly activates HIF-1a by interacting with MCM3 and releasing

HIF-1a from MCM3-mediated transcriptional repression. Tran-

scriptional activation of HIF-1a contributes to the metabolic

switch fromOXPHOS to glycolysis in cancer cells and eventually

promotes chemoresistance. Interestingly, we found that the

interaction between LINK-A and MCM3 leads to cell-cycle pro-

gression and subsequent cell proliferation via another indepen-

dent mechanism. MCM3 is a member of the MCM family, which

was originally identified through a yeast genetic screen.46 The

MCM2-7 proteins are highly conserved and form a hexameric

complex during the G1 phase; this complex is then loaded

onto the origin of replication to form a pre-replication complex

that is indispensable for the initiation of DNA replication.47

CDK1-dependent MCM3 phosphorylation at Ser112 triggers

the physical association of MCM3 with the remaining MCM sub-

units and subsequent chromatin loading of the MCM2-7 com-

plex.29 Our study indicated that LINK-A acts as a protein scaffold

to mediate CDK1-dependent phosphorylation of MCM3 at

Ser112 and increase the chromatin loading of MCM3, which in

turn promotes cell-cycle progression and cell proliferation.

In conclusion, this study reveals the details regarding m6A de-

methylation of LINK-A in ESCC cells. The m6A demethylase FTO

mediates the stabilization and supports the oncogenic roles of

LINK-A. The direct interaction between LINK-A and MCM3 not

only increases CDK1-mediated phosphorylation of MCM3 at

Ser112, which promotes the assembly and chromatin loading

of the MCM2-7 complex and subsequent cell-cycle progression

and cell proliferation, but also releases HIF-1a from MCM3-

mediated transcriptional repression, which facilitates tumor

metabolic reprogramming and chemoresistance. Collectively,

our findings suggest that the FTO/LINK-A/MCM3/HIF-1a axis

is crucial for the progression of ESCC, and this discovery pro-

vides a potential therapeutic strategy for targeting LINK-A in pa-

tients with ESCC, especially those with high LINK-A expression

levels. However, additional preclinical studies are necessary to

validate this strategy.

Limitations of the study
While we successfully identified FTO as the specific demethy-

lase responsible for stabilizing LINK-A and promoting its onco-

genic functions, certain aspects regarding the precise mecha-

nisms of LINK-A stabilization and degradation remain unclear.

Future investigations should focus on identifying the specific en-

zymes involved in directly stabilizing or degrading LINK-A

through m6A modification. Additionally, to obtain a comprehen-

sive understanding of the m6A modification of LINK-A, it is

essential to identify the specific m6A reader and writer proteins.
12 Cell Reports 42, 113273, October 31, 2023
Finally, further preclinical studies are warranted to validate the

effectiveness of targeting LINK-A as a strategy to over-

come ESCC.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhihua Liu

(liuzh@cicams.ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. The RNA-seq data have been deposited in theGene

Expression Omnibus database under accession numberGSE224079. Themass spectrometry proteomics data have been depos-

ited in the ProteomeXchange datasets under accession number PXD045414.

This paper does not report the original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples and ISH
This study was approved by the Research Ethics Committee of the Chinese Academy ofMedical Sciences Cancer Hospital. A total of

34 baseline samples from patients treated with neoadjuvant chemotherapy were collected from the Cancer Hospital Chinese Acad-

emy of Medical Sciences. Written informed consent was obtained from all patients. The detailed information of the 34 patients in

Table S1. Human tissue microarray slides from patients with ESCC were obtained from Servicebio (#G6040; Servicebio, Wuhan,

China), including samples from 216 individuals diagnosedwith ESCC, with normal paired tissues available for 169 of these individuals

with ESCC. The detailed information of this cohort in Table S2. RNA ISHwas performed as previously described.27 The sequences of

the probes used for ISH were as follows (50 to 30): Probe #1, CACTAGGGTGGAACCTCAGGAAGTTGATGACATTTGTAGC; Probe #2,

GCTTATAATTCTTCTAATTACTAACAATGCTGGTATGAAA; and Probe #3, GACTCGCTCTGGCCGTATGTAATGATGTCTGTGGCT

ACAT.

Cell lines
The human ESCC cell lines were kindly provided by Dr. Yutaka Shimada (Kyoto University, Kyoto, Japan). The 293T cell line was pur-

chased from the American Type Culture Collection (ATCC, VA, USA). ESCC cells were cultured in RPMI-1640medium supplemented

with 10% fetal bovine serum (FBS), and 293T cells were cultured in Dulbecco’smodified Eagle’smedium (DMEM) supplementedwith
16 Cell Reports 42, 113273, October 31, 2023
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10% FBS. All cells were cultured under aseptic conditions at 37�C in 5% CO2 and passaged with 0.25% trypsin. All cell lines were

routinely verified using short tandem repeat DNA fingerprinting and were tested for Mycoplasma contamination using a MycoBlue

Mycoplasma Detector (D101; Vazyme Biotech, Nanjing, China) before use in any experiments.

Animal experiments
All animal protocols were approved by the Animal Care and Use Committee of the Chinese Academy of Medical Sciences Cancer

Hospital. Cell-derived xenografts and PDXs were established as previously described.48 The 6-week-old male BALB/c nude mice

(HFK Bioscience, Beijing, China) were used for subcutaneous xenografts, and 6-week-old male NOD-Prkdcscid-Il2rgem1IDMO (NPI)

mice (IDMO, Beijing, China) were used as hosts for PDX tumors. The saline or DDP (5 mg/kg) treatment approximately 1–2 weeks

after xenografting (the tumor volumes are approximately 75–100 mm3), administering it through intraperitoneal injection and

continuing until the point of sacrifice. Mice bearing PDXs were administered two intratumoral injections, at 3-day intervals, with

AAV expressing shCtrl or AAV expressing shLINK-A (2.53 1011 vg/mouse) produced by ViGene Biosciences (Jinan, China). The tu-

mor volumewas calculated as follows: 0.523 length3width.2 The combination index (CI) was calculated as follows: CI=(E1/E2)/(C1/

C2), where E1 is the mean tumor volume or weight in the experimental arm (e.g., gene overexpression or knockdown arm) with drug

treatment, E2 is the mean tumor volume or weight in the experimental arm with vehicle treatment, C1 is the mean tumor volume or

weight in the control arm (e.g., empty vector or control shRNA arm) with drug treatment, andC2 is themean tumor volume or weight in

the control arm with vehicle treatment. CI < 1, = 1, and >1 indicate synergistic, additive, and antagonistic effects, respectively.

METHOD DETAILS

Lentivirus production and infection
The full-length cDNA of LINK-A was synthesized using PCR amplification and subsequently inserted into the pLVX-IRES-neo vector

(#632184; Clontech, CA, USA). The full-length cDNA of MCM3 was inserted into the PEZ-LV105 vector (M0227; GeneCopoeia,

Guangzhou, China). The shRNA sequences were inserted into the pSIH1-puro vector (#26597; Addgene, MA, USA). The single-guide

RNA (sgRNA) sequences were inserted into the LentiCRISPR v2 (#52961; Addgene) backbone. For construction of the MCM3S112A

mutant plasmid, the plasmid containing the MCM3 ORF was used as the template for PCR. The first round of PCR was performed

with two pairs of primers containing the mutation site, and the second round of PCR was performed with primers targeting both ends

of the product from the first round of PCR. Finally, the obtained fragment was ligated into the vector via restriction endonuclease

digestion, and themutation site was verified by Sanger sequencing. The sequences of the PCR primers used for mutant construction

were as follows (50 to 30): F1, CGGAATTCGCCACCATGGCGGGTACCGTGGTGCT; R1, GCTCTAGATCATTGTCATCGTCGTCCTTG

TAATCCTAGATGAGGAAGATGATGC; F2, AAGCACGTCGCCCCGCGGAC; and R2, GTCCGCGGGGCGACGTGCTT. Transfection

was performed using Hieff trans Liposomal Transfection Reagent (40802; Yeasen, Shanghai, China) according to the manufacturer’s

protocol. Lentiviruses were produced in 293T cells with a second-generation packaging system containing psPAX2 (#12260; Addg-

ene) and pMD2.G (#12259; Addgene). Cells were subjected to two rounds of lentiviral transduction in the presence of 8 mg/mL poly-

brene (H9268; Sigma–Aldrich, MO, USA) within a 48-h period, and stable transductants were then selected by culture with 1 mg/mL

puromycin (A610593; SangonBiotech, Shanghai, China) or 200 mg/mLG418 (HY-17561;MedChemExpress, NJ, USA) for 7 days. The

shRNA and sgRNA sequences are listed in Table S3.

Cell viability assay
The cell proliferation rate and cell viability were assessed as previously described.27 For experiments with the HIF-1a inhibitors (YC-1

(HY-14927;MedChemExpress) and digoxin (HY-B1049;MedChemExpress)), cells were treated with the agents at the corresponding

concentrations for 48 h before seeding into 96-well plates. Cell Counting Kit-8 reagent (CK04; Dojindo Laboratories, Kumamoto,

Japan) was used to assess the cell proliferation rate and cell viability after DDP treatment according to the manufacturer’s

instructions.

Live cell analysis
An IncuCyte Live Cell Imaging System (Essen Bioscience, Hertfordshire, UK) was used for live cell imaging. Cells were seeded in

96-well plates, and drugs were added after cell adhesion. The plates were placed in the IncuCyte system, and snapshots of two re-

gions per well were acquired at 3-h intervals over a 72-h period. Cell confluence was quantified with the accompanying commercial

software.

Cell cycle analysis
Cell cycle analysis was performed using a Cell Cycle Assay Kit (C543; Dojindo Laboratories) according to the manufacturer’s instruc-

tions. The cell cycle distribution was analyzed using a flow cytometer.

Western blot and RT–qPCR analyses
Western blot analysis was performed as previously described.49 In brief, ESCC cells were lysed with RIPA buffer (CW2333; CWBIO,

Beijing, China) containing protease inhibitor cocktail tablets (04693132001; Roche, Prague, Czech Republic). Protein concentrations
Cell Reports 42, 113273, October 31, 2023 17

Administrator



Article
ll

OPEN ACCESS
were determined using a BCA assay kit (23225; Thermo Scientific, MA, USA). The following antibodies were used for Western blot

analysis: anti-MCM3 (#4012; Cell Signaling Technology, MA, USA; 1:1000), anti-CDK1 (#9116; Cell Signaling Technology; 1:1000),

anti-HIF-1a (#36169; Cell Signaling Technology; 1:1000), anti-phospho-MCM3 (Ser112) (#12686; Cell Signaling Technology;

1:1000), anti-FTO (712913; Thermo Scientific; 1:1000), anti-MCM2 (A1056; ABclonal, Wuhan, China; 1:1000), anti-MCM4

(A13513; ABclonal; 1:1000), anti-MCM5 (A5556; ABclonal; 1:2000), anti-MCM6 (A1955; ABclonal; 1:1000), anti-MCM7 (A1138;

ABclonal; 1:1000), anti-H3 (ab1791; Abcam, MA, USA; 1:1000), anti-Lamin B1 (A1910; ABclonal; 1:2000), and anti-b-actin (A5316;

Sigma–Aldrich; 1:4000).

To obtain purified MCM3, CDK1 and HIF-1a proteins, the pGEX-6P-1-MCM3, pGEX-6P-1-HIF-1a and pGEX-6P-1 plasmids were

transformed separately into Escherichia coliBL21 (DE3) cells (BC201-01, Biomed, Beijing, China). Protein expression was induced by

overnight incubation with 0.5 mM isopropyl-b-d-thiogalactoside (IPTG) at 25�C. Finally, proteins were purified on GST purification

columns (16107; Thermo Scientific) according to the manufacturer’s instructions. Purified proteins were concentrated by filtering

through Amicon Ultra0.5 Centrifugal Filter Units (UFC503008; Millipore, MA, USA). To explore the direct protein‒RNA interactions

in vitro, the purified MCM3 protein was first incubated with a magnetic bead-conjugated antibody. After incubation, the protein sam-

ple was divided into two aliquots, and 2 mg of the in vitro-transcribed LINK-A sense or antisense strand was then added separately.

The same amount of purified CDK1 or HIF-1a protein was added simultaneously. After incubation for 12 h at 4�C, the immunopre-

cipitated protein complexes were washed 4 times with Tris-buffered saline supplemented with 0.5% Triton X-100 and analyzed by

Western blotting.

For the IP assay, an anti-MCM3 antibody (ab272877; Abcam; 1:100) was incubated with protein A/G magnetic beads (88803;

Thermo Scientific) at 4�C for 6–8 h. Cells were lysed in IP lysis buffer (P0013; Beyotime Biotechnology, Shanghai, China) containing

protease inhibitor cocktail tablets (04693132001; Roche). Equal amounts of lysates were incubated with the magnetic bead-conju-

gated antibodies overnight at 4�C. Then, the immunoprecipitated proteins were washed 4 times with Tris-buffered saline supple-

mented with 0.5% Triton X-100 and analyzed by Western blotting.

RNA preparation and RT‒qPCR were performed according to previously described methods.27 The sequences of the primers

used for RT–qPCR are listed in Table S4.

m6A dot blot assay
RNA samples were diluted to the same concentration in RNase-free water and then denatured by incubation at 95�C for 3 min. Two

microliters of each RNA sample was then dropped directly onto a Hybond-N+ membrane (RPN119B; GE Healthcare Life Sciences,

Uppsala, Sweden). The RNA samples were crosslinked onto the membrane by dehydration at 37�C for 30 min. The membrane was

washed twice in TBST and blocked with 5% nonfat milk for 1 h at room temperature. The membrane was then incubated first with an

anti-m6A antibody (202003; Synaptic Systems, Goettingen, Germany; 1:500) at 4�C overnight and then incubated with HRP-conju-

gated goat anti-rabbit IgG. Immunoreactions were visualized with ECLWestern blotting solution. Finally, the membrane was stained

with 0.02% methylene blue to verify equal loading.

Chromatin-binding protein isolation
Chromatin-binding proteins were isolated from cultured cells using a subcellular protein isolation kit (78840; Thermo Scientific) ac-

cording to the manufacturer’s instructions. In brief, two million ESCC cells were collected, and proteins in the cell fractions were ob-

tained by successively adding lysates of the different cell fractions and performing differential centrifugation. The final protein lysate

containing the chromatin-binding fraction was obtained, and the protein concentration was determined with a BCA kit.

RNA pull-down and RIP assays
RNA pull-down and RIP assays were performed as previously reported.27 Negative control IgG (#2729; Cell Signaling Technology)

and anti-MCM3 (ab272877; Abcam; 1:100) and anti-m6A (202003; Synaptic Systems; 1:100) antibodies were used in the RIP assay.

Proteins precipitated by the LINK-A sense and antisense strands were identified using a gel-based LC-MS/MS approach (Beijing

Qinglian Biotech Co., Ltd., Beijing, China). The data were analyzed using MaxQuant software (version 1.5.3.30), and the spectra

were searched against the UniProtKB/Swiss-Prot human database. Proteins specifically associated with the LINK-A sense strand

in YES2 and KYSE450 cell lines are listed in Table S5.

mRNA stability assay
Cells were treated with 5 mg/mL actinomycin D (M4881; AbMole, TX, USA) to block de novo RNA synthesis. Total RNA was collected

at different time points, and the expression of LINK-A was measured by RT‒qPCR. The half-life of RNA was determined by

comparing the RNA level at each time point with the RNA level at time 0 with normalization to the GAPDH RNA level.

Measurement of the RNA synthesis rate
Cell samples were labeled with ethynyl uridine (EU) by incubation in 0.25 mM EU-supplemented growth medium for either 4 h or 5 h,

and the relative RNA synthesis rate was calculated over a 5-h period with a 4-h pulse duration. After incubation, 90% ethanol was

added to fix the cells, and 0.5% Triton X-100 was then used to permeabilize the cells. The cells were treated with click reaction so-

lution (0.25 mM biotin-azide, 0.3 mM CuSO4, 0.6 mM tris(benzyltriazolylmethyl)amine (THPTA), 1 mM aminoguanidine, and 5 mM
18 Cell Reports 42, 113273, October 31, 2023
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sodium L-ascorbate) and lysed with lysis buffer (20 mM Tris-HCl (pH 7.5), 500 mM LiCl, 1 mM EDTA (pH 8.0), 0.5% lithium

dodecylsulfate (LiDS), and 5 mM dithiothreitol (DTT)) for 30 min on ice. Then, 100 mL of streptavidin-conjugated magnetic beads

was added to each dish, the dishes were incubated for 2 h at 4�C, and the cells were washed 6 times with lysis buffer. Finally,

RNA elution buffer (10 mM EDTA (pH 8.2) and 95% formamide) was added, and the dishes were incubated at 90�C for 5 min.

RNA extraction and RT‒qPCR were performed according to the method described above.

Dual-luciferase reporter assay
To detect transcriptional activation of HREs, the HRE-luciferase plasmid (#26731; Addgene) was transfected into cells with LINK-A

interference. After 48 h, luciferase activity was measured using a Dual-Luciferase Reporter Assay System (E1960; Promega, WI,

USA). Luciferase activity was calculated as the ratio of firefly luciferase activity to Renilla luciferase activity.

FISH and IF staining
Cells were seeded into a m-Slide VI (80666; ibidi, Martinsried, Germany) at 60% confluence. After adherence, the cells were fixed with

4% paraformaldehyde and permeabilized with 0.5% Triton X-100 prior to blocking with 5% bovine serum albumin. FISH was per-

formed using a lncRNA FISH Kit (C10910; RiboBio, Guangzhou, China). Hybridization was carried out overnight in a humidified cham-

ber at 37�C in the dark. After probe binding, the cells were incubated with primary antibodies overnight at 4�C. Proteins were visu-

alized by incubation with Alexa Fluor 488-conjugated anti-rabbit IgG (#4412; Cell Signaling Technology) or Alexa Fluor

594-conjugated anti-rabbit IgG (#8890; Cell Signaling Technology), and nuclei were stained with Hoechst 33342 (H21492; Thermo

Scientific) for 15 min at room temperature. Finally, images were acquired by confocal microscopy. PLA was performed using a

Duolink In Situ Red Starter Kit (DUO92101; Sigma‒Aldrich) following the manufacturer’s protocol. The negative control involves

the incubation of only the secondary antibody without the primary antibody, while keeping all other conditions consistent with the

experimental group.

Seahorse assays
The OXPHOS and glycolytic capacities were measured with a Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies, CA,

USA). A Cell Mito Stress Test Kit (103015; Agilent Technologies) and Glycolysis Stress Test Kit (103020; Agilent Technologies) were

used to measure the OCR and ECAR, respectively. Specifically, 13104 KYSE410 or 1.23104 KYSE450 cells were seeded into Sea-

horse XF96 Cell Culture Microplates (101085; Agilent Technologies). The ECAR was measured as follows. After cell adherence, the

cell medium was replaced with XF RPMI Base Medium (103575; Agilent Technologies) containing 2 mM glutamate. After calibration

was completed, glucose (final concentration: 10 mM), oligomycin (final concentration: 1 mM) and 2-deoxy-D-glucose (2-DG; final con-

centration: 50 mM) were added successively. The OCRwasmeasured as follows. After cell adherence, the cell mediumwas replaced

with XF RPMI BaseMedium (103575; Agilent Technologies) containing 2mM glutamate, 1 mM sodium pyruvate and 10mM glucose.

After calibration was completed, oligomycin (final concentration: 1.5 mM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

(FCCP; final concentration: 1 mM), and rotenone/antimycin A (Rot/AA; final concentration: 0.5 mM) were added successively.

Wave software (Agilent Technologies) was used to analyze the raw data, with biological triplicates established for each group.

RNA-seq and data analysis
RNA-seq and data analysis were performed by Shanghai Applied Protein Technology Co., Ltd (Shanghai, China). Three replicates

were prepared for each group from independent cell cultures. Paired-end libraries were prepared using an NEBNext Ultra RNA Li-

brary Prep Kit for Illumina (New England Biolabs, MA, USA) following themanufacturer’s instructions, and sequencing was performed

using the Illumina NovaSeq 6000 platform. A fold change of > 2 and p value of <0.05 were set as the criteria for identifying signif-

icantly differentially expressed genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8.3.0 (GraphPad Software, CA, USA). Unpaired or paired Student’s t test,

two-way ANOVA, and the Kaplan–Meier method were used for comparisons between two groups, comparisons among multiple

groups, and survival analysis, respectively. Statistical significance was assumed for p values %0.05, and results from at least three

biologically independent experiments with similar results are reported. The data are presented as the mean ± s.e.m. or mean ± s.d.

values.
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