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ABSTRACT
◥

Gemcitabine (GEM) resistance is a major challenge for chemothe-
rapy of pancreatic cancer. Previous studies have reported on the role
of long noncoding RNA (lncRNA) in tumorigenesis of pancreatic
cancer, however, the involvement of lncRNA in the development of
GEM resistance of pancreatic cancer remains unclear. In the pre-
sent study, we demonstrated that the antisense RNA1 of HIF1a
(HIF1A-AS1) was significantly elevated in the GEM-resistant pancre-
atic cancer cells. Gain- and lost-of-function experiments validated that
HIF1A-AS1 promoted GEM resistance of pancreatic cancer cells both
in vitro and vivo. We further revealed that HIF1A-AS1 upregulated
HIF1a expression and thus promoted glycolysis to enhance GEM
resistance of pancreatic cancer cells. Mechanistically, HIF1A-AS1
facilitated the interaction between serine/threonine kinase AKT and
Y-box–binding protein 1 (YB1), which promoted phosphorylation

of YB1 (pYB1). Meanwhile, HIF1A-AS1 recruited pYB1 to HIF1a
mRNA that consequently promoted translation of HIF1a. Further-
more, HIF1a promoted HIF1A-AS1 transcription by directly binding
to the HIF1a response element in the promoter area of HIF1A-AS1
to form a positive feedback. Consistently, bothHIF1A-AS1 andHIF1a
were upregulated in pancreatic cancer tissues and associated with
poor overall survival. Together, our results underline a reciprocal
loop of HIF1A-AS1 and HIF1a that contributes to GEM resistance
of pancreatic cancer and indicate that HIF1A-AS1 might serve as a
novel therapeutic target for GEM resistance of pancreatic cancer.

Significance: These findings show that a reciprocal feedback
of HIF1A-AS1 and HIF1a promotes gemcitabine resistance of
pancreatic cancer, which provides an applicable therapeutic target.

Introduction
Pancreatic cancer is one of the most lethal diseases in developed

countries with a five-year survival rate of less than 6%, and it is
expected to become the second leading cause of cancer-related deaths
in 2030 (1, 2). Most patients with pancreatic cancer are unaware of
physical deterioration until the disease develops to an advanced stage.
The low survival rate is mainly attributed to an early-stage local
infiltration and distant metastasis at first diagnosis (3). More impor-
tantly, poor response to therapies due to development of resistance in
pancreatic cancer remains a significant clinical challenge and con-
tributes to overall poor patient prognosis. Gemcitabine (GEM) alone
or in combination with other drugs is the current standard for
advanced metastatic pancreatic cancer, such as GEM/nab-paclitaxel,

GEM/capecitabine, and GEM/erlotinib (4–6). However, many pati-
ents with pancreatic cancer show initial sensitivity to GEM treatment,
followed by rapid development of drug resistance, which results in
drastic reduction in patient survival (7). Researchers have tried to
explore the mechanism of GEM resistance frommultiple perspectives,
including drug transport, drugmetabolism, and signaling pathway (8).
For example, high human equilibrative nucleoside transporter 1
(hENT1), as a key nucleoside transporter, has been shown a significant
role in GEM resistance (9). Deoxycytidine kinase is the main rate-
limiting enzyme for intracellular activation and metabolism of GEM,
and its inactivation is one of the key mechanisms of GEM resis-
tance (10). Meanwhile, overactivation of the PI3K/AKT pathway has
been confirmed to involve in GEM resistance by several selective
inhibitors (11). Nevertheless, it is still urgent to clarify the underlying
mechanisms contributing to chemoresistance of pancreatic cancer,
which may afford promising targets for therapeutic treatment.

The long noncoding RNAs (lncRNA) are a kind of noncoding RNAs
with a size of longer than 200 nucleotides and usually losing protein-
coding potential (12). Multiple studies showed that lncRNAs have
emerged as an essential regulator in almost every aspect of cancer cell
capacity for tumor initiation, growth, metastasis, and chemoresis-
tance (13, 14). Especially, study had revealed that lncRNAs were
dysregulated in GEM-resistant (GEM-R) pancreatic cancer cell lines,
indicating that lncRNAs serve as novel regulators of GEM sensitiv-
ity (15). For example, lncRNA growth arrest-specific transcript 5
was indicated to reverse tumor stem cell–mediated GEM resistance
by targeting miR-221/SOCS3 in pancreatic cancer (16). LncRNA
Homosapiens glutathione S-transferase mu 3, transcript variant 2
(GSTM3TV2) acted as a key competing endogenous RNA to enhance
chemoresistance by upregulating L-type amino acid transporter 2
(LAT2) and oxidized low-density lipoprotein receptor 1 in pancreatic
cancer (17). Another study reported that lncRNA LINC00346 could
promote GEM resistance of pancreatic cancer, which was partly
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mediated by antagonization of miR-188–3p and induction of
BRD4 (18). Although these results reminded that lncRNAs might
serve as essential regulator in chemoresistance of pancreatic cancer, the
functional roles and mechanisms of lncRNAs in the chemoresistance
of pancreatic cancer to GEM treatment remain poorly understood and
thus need to be further clarified.

In the present study, we established GEM-R pancreatic cancer cell
lines (BxPC3GEM-R/PANC1GEM-R) by increasing GEM treatment in
medium. LncRNA-seq revealed that HIF1A-AS1, the antisense RNA
ofHIF1a, was obviously increased inBxPC3GEM-R cells comparedwith
parental BxPC3 cells. Thereby, we presumed thatHIF1A-AS1might be
a crucial onco-lncRNA in GEM resistance of pancreatic cancer cells.
Coincidently, our study revealed that HIF1A-AS1 facilitated GEM
resistance of pancreatic cancer cells in a glycolysis-dependent manner
by regulating the expression of HIF1a. The potential mechanism that
HIF1A-AS1 regulated the expression of HIF1a was further investi-
gated. Furthermore, the regulatory mechanism of upregulation of
HIF1A-AS1 in GEM-R pancreatic cancer cells was explored.

Materials and Methods
Cell culture, development of GEM-R pancreatic cancer cell lines,
and IC50 assay

The cell lines (BxPC3, PANC1) were purchased from the ATCC.
Cells were tested and authenticated for genotypes by DNA finger-
printing within 6 months. Cells were cultured in RPMI-1640 (Gibco)
containing 10% FBS (Gibco) 5% CO2. To induce hypoxia, cells were
cultured with 1% O2 or treated with CoCl2 (400 mmol/L). All cultures
were monitored routinely and found to be free of contamination by
Mycoplasma or fungi.

GEM (APExBIO) was used to establish the chemotherapy-resistant
pancreatic cancer cell lines (BxPC3GEM-R/PANC1GEM-R). Specifically,
parental BxPC3/PANC1 cells were exposed to an initial GEM con-
centration of 0.1 mmol/L in RPMI-1640 plus 10% FBS. Then, the
concentration of GEM of the surviving population of cells was
sequentially increased to 0.5, 1.0, 2.0, 4.0, and 8.0 mmol/L, and finally
to the clinically relevant plasma concentration of 20 mmol/L. A serial
cell viability assay was used to assess the level of GEM resistance.

For IC50 assays, cells were cultured at 5,000 per well in 96-well plates
with freshmedium. The cells were given corresponding concentrations
of drug and cultured for 48 hours. Cell Counting Kit-8 (Sangon
Biotech) was used to measure drug sensitivity at 450 nm using a
microplate reader (Thermo Fisher Scientific) after incubating at 37�C
for additional 2–4 hours.

Glycolytic activity assay
For glucose uptake assay, cellswere treatedwith 2-NBDG(50mmol/L;

APExBIO) for 1 hour, followed by FACS analysis using BD LSRFortessa
X-20 Flow Cytometer (BD Biosciences). Cellular glucose uptake was
quantified using fluorescence intensity. For lactate production assay,
cells were seeded in 6-well plates and cultured for 24 hours. Then, lactate
concentration in the media was determined using Lactic Acid Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Lactate
production was expressed as lactate concentration per 1 � 104 viable
cells. Meanwhile, the pH of the media was measured by INESA REX
PHSJ 4F pH meter (REX).

Polysome profile analysis
Cells were incubated with 100 mg/mL cycloheximide (MedChem-

Express) at 37�C for 30 minutes, and then were pelleted and lysed on

ice with polysome lysis buffer. The lysate was collected, loaded onto a
10%–50% (w/v) sucrose gradient solution prepared in lysis buffer, and
then centrifuged at 4�C for 4 hours at 30,000 rpm using ultra-
centrifuge Optima L-70 and SW 41 Ti Rotor (Beckman Coulter). The
sample was then fractioned and collected into 12 1-mL fractions, and
analyzed by Gradient Master software (BioComp Instruments)
equipped with an EM1-Econo UV monitor (Bio-Rad) as well as
fraction collector FC203B (Gilson). RNA was purified by TRIzol
(TaKaRa) from each fraction and subjected to qRT-PCR analysis.

FISH
Biotin-labeled antisense and sense RNA probes for HIF1A-AS1

or HIF1a mRNA were produced using the FISH Tag RNA Mul-
ticolor (Invitrogen) and MAXIscript (Ambion) kits. The probes for
HIF1A-AS1 and HIF1a mRNA were transcribed in vitro with the
T7 RNA polymerase, then were labeled with green and red fluo-
rescence, respectively. Labeled probes were hybridized overnight
with cell samples at 55�C in a humid environment. Stained results
were observed by using LSM 5 Pascal Laser Scanning Microscope
(Carl Zeiss). Probe sequences are given in Supplementary Table S1.
If necessary, the HIF1a and nucleolin (Proteintech) protein immu-
nofluorescence was conducted after the FISH assays.

RNA-bindingprotein immunoprecipitation andGST-MS2–based
RIP

RNA-binding protein immunoprecipitation (RIP) assays were per-
formed using the Magna RIP RNA-binding protein immunoprecipita-
tion kit (Merck Millipore). Briefly, magnetic beads were preincubated
with anti-YB1 (Proteintech), anti-AKT (Proteintech), anti–p-YB1
(Abcam), anti-FLAG (Proteintech) or IgG for 30 minutes at room
temperature and washed by RIP wash buffer. The coprecipitated RNAs
were detected by qPCR.

For MS2-RIP assay, we first established a plasmid expressing
HIF1A-AS1 tagged with MS2-binding site hairpin loops (HIF1A-
AS1-MS2bs), and a plasmid expressingMS2–GST–NSL fusion protein
(GeneChem). And a plasmid only expressing MS2 (MS2) RNA as
control. After transfection for 48 hours, cell lysates were harvested then
conducted pulldown assays with the anti-GST (Proteintech). Finally,
the purified RNAs were detected by qPCR, and the proteins were
detected by Western blot.

RNA pull-down assay
Total RNAwas extracted from the cells using TRIzol (TaKaRa) and

was amplified by qRT-PCR using primers containing a T7 promoter
sequence-specific for HIF1A-AS1, and truncates or antisense of
HIF1A-AS1, as well as HIF1a mRNA or antisense of HIF1a mRNA.
Lysates of cells were prepared using standard lysis buffers in Pierce
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific).
Finally, the retrieved proteins were detected by Western blot. Primer
sequences of HIF1A-AS1 and HIF1amRNA for transcription in vitro
are given in Supplementary Table S1.

Luciferase activity assay
Briefly, wild-type (WT)HRE3 sequence ofHIF1A-AS1 promoter or

mutant HRE3 sequence, and full-length 50-UTR sequence of HIF1a
were constructed into pGL3-based vectors and then transfected into
GEM-Rpancreatic cancer cells. The luciferase activitiesweremeasured
using a luciferase assay kit (Promega) and fluorescence microplate
reader. Firefly luciferase activities were normalized by Renilla
luciferase activities.
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Animal experiments
Male BALB/c nude mice (ages 4 weeks; n¼ 5/group) were obtained

from Vital River Laboratory Animal Technology (Beijing, China).
Parental BxPC3 or BxPC3GEM-R cells (2 � 106 cells/mouse) stably
transfected with lentivirus containing different plasmids in 100 mL
RPMI-1640 were subcutaneously implanted in the right flank. Sample
size of animal experiment was chosen according to similar conventions
for well-designed experiments, and statistical methods were not used.
Every 6 days, the volume of the tumor was assessed on the basis of:
V (mm3) ¼ 0.5 � L (length) �W2 (width). Drug administration was
adopted when the tumors reached about 100 mm3 in size, at which
point, mice were randomized for treatment with DMSO (intraperi-
toneally), GEM (50 mg/kg/every 2 days, intraperitoneally) or 2-DG
(2-Deoxy-D-glucose; 500 mg/kg/daily, intraperitoneally; Beyotime).
Animals were sacrificed at 30 days after cell inoculation, and tumors
were isolated andweighed. Then the tumor xenografts were embedded
in paraffin, followed by staining with hematoxylin and eosin and IHC.
No blinding approach was used during this study. The Animal
Research Committee of the Academic Medical Center at Huazhong
University of Science and Technology (Wuhan, China) approved all
aspects of this study. Care and handling of the animals were following
the guidelines for Institutional and Animal Care and Use Committees.

Patients and clinical samples
The clinical samples were obtained from Pancreatic Disease Insti-

tute of Union Hospital (Wuhan, China). 69 patients undergoing
neoadjuvant chemotherapy with GEM followed by surgical treatment
according to the National Comprehensive Cancer Network guidelines
were selected. Among the 69 patients with pancreatic cancer men-
tioned above, 24 were sensitive to GEM treatment, whereas the other
45 were resistant. The tissues were obtained from surgical resection of
patients or biopsy of the palliative surgery patients. Part of the excised
tissue specimens was fixed in 10% buffered formalin solution and then
embedded in paraffin, and part of the samples was immediately frozen
at liquid nitrogen after surgical resection. Diagnosis of pancreatic
cancer in these individuals was based on original histopathology
findings by two pathologists. All samples were collected with the
written informed consent of the patients. The study was approved
by the local Research Ethics Committee at the Academic Medical
Center of Huazhong University of Science and Technology. All
procedures of the study were performed according to the Declaration
of Helsinki.

Statistical analysis
All results were presented as means � SD by GraphPad Prism 8.0

(GraphPad Software). Student t tests were used to analyze the differ-
ence between two groups. The one-way ANOVA test was used for
multiple comparisons. Spearman’s correlation analysis and the x2 test
were used to analyze the correlation between different two genes. Log-
rank test was used to assess survival difference. All statistical results
were two-sided and P < 0.05 was considered to indicate statistical
significance.

Supplementary Methods
Cell viability assay, Colony formation assay, Western blot, RNA

isolation,Reverse transcription,Quantitative real-timePCR(qRT-PCR),
Transfection, Protein stability assay, RNA stability assay, RNA sequenc-
ing (RNA-seq) analysis, IHC, Coimmunoprecipitation (co-IP), and
chromatin immunoprecipitation (ChIP) assays are given in Supplemen-
tary Methods.

Results
HIF1A-AS1 is upregulated in acquired GEM-R pancreatic cancer
cells

To investigate the potential mechanism of chemoresistance, we
generated GEM resistance pancreatic cancer cell line (BxPC3GEM-R/
PANC1GEM-R), and the resistance status was determined (Supplemen-
tary Fig. S1A). Both BxPC3GEM-R and PANC1GEM-R cells showed
increased resistance to GEM compared with parental cells (Supple-
mentary Fig. S1B and S1C).

To identify lncRNAs that may affect the sensitivity of pancreatic
cancer cells to chemotherapy, we compared the expression of lncRNAs
in parental BxPC3 and BxPC3GEM-R cells by RNA-seq (Fig. 1A).
Meanwhile, the differential gene expression between BxPC3GEM-R and
parental BxPC3 cells was shown in the volcano plots
(|log2FoldChange| >2, P < 0.01; Fig. 1B). As natural antisense of
HIF1a, HIF1A-AS1, which was remarkably upregulated in
BxPC3GEM-R cells, drew our additional attention (Fig. 1A and B).
HIF1A-AS1 knockdown significantly impaired GEM-R cell survival
under GEM-treated conditions (Fig. 1C and D; Supplementary
Fig. S1D and S1E; Supplementary Table S2). To mimic the upregula-
tion of HIF1A-AS1 (about 2-fold) between parental and GEM-R cells,
we chose a dose of 1.0 mg/well of HIF1A-AS1 overexpression plasmid
in 6-well plates for following experiments (Supplementary Fig. S1F and
S1G). Conversely, overexpression of HIF1A-AS1 enhanced pancreatic
cancer cell viability (Fig. 1E). Meanwhile, knockdown of HIF1A-AS1
had no obvious effect on the viability of parental pancreatic cancer cells
(Supplementary Fig. S1H and S1I).

Coding-potential assessment tool, coding potential calculator,
and Ribosome profiling data verified that HIF1A-AS1 had a very
low protein-coding ability (Supplementary Fig. S2A and S2B).
Meanwhile, we confirmed that HIF1A-AS1 had lower evolutionary
conservation by using PhyloP analysis (Supplementary Fig. S2C).
And HIF1A-AS1 signal was detected mainly in nucleus and partly
in cytoplasm (Fig. 1F). Subsequently, combined immunofluores-
cence and FISH assay further demonstrated that HIF1A-AS1 was
located mainly in nucleolus and partly in cytoplasm (Fig. 1G). In
addition, HIF1A-AS1 was upregulated in pancreatic cancer tissue
compared with adjacent noncancerous tissue (Fig. 1H). The sec-
ondary structure of HIF1A-AS1 was predicted by the online tool
(Supplementary Fig. S2D). Taken together, these results implied
that lncRNA HIF1A-AS1 was highly expressed in GEM-R pancre-
atic cancer cells and promoted GEM resistance of GEM-R pan-
creatic cancer cells.

HIF1A-AS1 promotes GEM resistance of pancreatic cancer cells
via enhancing glycolysis

Recent studies have gradually focused on the role of tumor metab-
olism, especially glycolysis, in promoting tumor drug resistance (19).
Indeed, GEM-R pancreatic cancer cells showed increased glucose
uptake, lactate production, and cell medium acidification (Fig. 2A).
Nevertheless, after the treatment of 2-DG (inhibitor of glycolysis),
GEM-R cells failed to resist the toxicity of GEM (Fig. 2B), which
establishing that GEM-R pancreatic cancer cells have an increased
dependence on glycolysis. Interestingly, HIF1A-AS1 knockdown sig-
nificantly inhibited, whereas overexpression of HIF1A-AS1 promoted,
the glycolysis level of GEM-R pancreatic cancer cells (Fig. 2C andD).
Meanwhile, the cell viability of GEM-R pancreatic cancer cells induced
by HIF1A-AS1 overexpression could be inhibited by 2-DG, BAY-876
(inhibitor forGLUT1), or oxamate (inhibitor for LDHA;Fig. 2E andF;
Supplementary Fig. S2E and S2F). Taken together, these results
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Figure 1.

HIF1A-AS1 is upregulated in acquired GEM-resistant pancreatic cancer cells. A and B, The heatmap and volcano plot of differentially expressed lncRNAs
between parental BxPC3 and BxPC3GEM-R cells. C and D, GEM-R cells were transfected with corresponding siRNAs and then treated with or without GEM (10
mmol/L), followed by cell viability assay (C) and colony formation assay (D). E, Parental pancreatic cancer cells were transfected with HIF1A-AS1 plasmid and
then treated with DMSO or GEM (0.1 mmol/L) for 48 hours, followed by cell viability assays. F, qRT-PCR detected the subcellular fractions of HIF1A-AS1 in
BxPC3/PANC1 cells (left). The qRT-PCR products were separated by 2% agarose gel electrophoresis; U6 and b-actin were used as markers of the nucleus and
cytoplasm, respectively (right). G, Combined immunofluorescence of the nucleolar marker protein nucleolin (yellow) and RNA-FISH analysis of HIF1A-AS1
(green) in parental BxPC3 and BxPC3GEM-R cells. H, HIF1A-AS1 expression was detected by the FISH assay in frozen sections of pancreatic cancer tissue (PC)
and its adjacent noncancerous tissue (NP). AS1, HIF1A-AS1. Values are significant at � , P < 0.05; �� , P < 0.01 as indicated. N.S., the difference is not significant.
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Figure 2.

HIF1A-AS1 promotes GEM resistance of pancreatic cancer cells via enhancing glycolysis. A, Relative glycolysis levels in parental and GEM-R pancreatic cancer cells
were assessed by assays of glucose uptake (left), lactate production (middle), and medium acidification (right). B, Cells were cultured in normal or with 2-DG
(5 mmol/L) treatment conditions, with or without GEM (10 mmol/L), followed by cell viability assays. C and D, Cells were transfected with siNC, siHIF1A-AS1, empty
vector, or HIF1A-AS1 plasmid, followed by glucose uptake assays (left) and lactate production assays (right). E and F, Cells were transfected with empty vector
plasmid or HIF1A-AS1 overexpression plasmid and culturedwith orwithout 2-DG (5mmol/L), BAY-876 (50 nmol/L), or oxamate (20mmol/L) treatment, followed by
cell viability assays (E) and colony formation assays (F). AS1, HIF1A-AS1. Values are significant at �, P <0.05; �� , P <0.01; ��� , P <0.001 as indicated. N.S., the difference
is not significant.
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Figure 3.

HIF1A-AS1 promotes glycolysis-dependent GEM resistance by regulatingHIF1a translation.A, Schematic representation of the location and relation betweenHIF1A-AS1
and HIF1a. B,Western blot of HIF1a in cells cultured under normoxia or hypoxia. C andD, Cells were transfectedwith siHIF1A-AS1 or HIF1A-AS1 plasmid, cultured under
hypoxia, followed by qRT-PCR (C) and Western blot (D). E, Cells transfected with siHIF1A-AS1 or negative control and treated with or without MG132 (20 nmol/L) for
3hoursunderhypoxia, followedbyWesternblot.F,Westernblot forVHL incells undernormoxia orhypoxia.G,Cells transfectedwith siNC, siHIF1A-AS1, and treatedwith
cyclohexamide (CHX; 100 mg/mL) for 0, 0.5, 1, and 2 hours under hypoxia, respectively, followed byWestern blot (left). The line chart indicates relative quantification
(right). H, GEM-R pancreatic cancer cells were transfected with siHIF1A-AS1 (left) or HIF1A-AS1 overexpression plasmid with 1.0 mg (right). Polysomal fractionation
assayswere used to separate the polysomes from above cells and then total HIF1amRNA and polysomes-conjunct HIF1amRNAwere analyzed. I, The relative levels of
polysomes-conjunct HIF1amRNA in GEM-R and parental cells. J, The expressions of GLUT1, HK2, PKM2, and LDHAwere analyzed by qRT-PCR (left) andWestern blot
(right) in cells transfected with siNC or siHIF1A-AS1. K and L, Cells were transfected with siNC, siHIF1A-AS1, or cotransfected with HIF1a plasmid, with or without GEM,
followed by cell viability assays (K) and colony formation assays (L). M, Cells were transfected with siNC or siHIF1A-AS1, or cotransfected with HIF1a plasmid,
and cultured under hypoxia, followed by glucose uptake assays (left) and lactate production assays (right). AS1, HIF1A-AS1. Values are significant at � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001 as indicated; N.S., the difference is not significant.
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Figure 4.

HIF1A-AS1 promotes HIF1a translation via recruiting RNA binding protein YB1. A, Combined immunofluorescence of the nucleolar marker protein nucleolin (yellow)
and RNA-FISH analysis of HIF1A-AS1 (green) and HIF1a mRNA (red) in BxPC3/PANC1GEM-R cells. B, Schematic of affinity purification and detection of MS2-tagged
HIF1A-AS1. C,GEM-R cells were transfectedwith the MS2 fusion plasmid system and then immunoprecipitation was performed using anti-GST antibody. The relative
enrichment of HIF1amRNA in the beads of MS2 group or HIF1A-AS1-MS2 groupwas assessed by qRT-PCR.D, RNA interaction profile from catRAPID suggesting that
HIF1A-AS1 binds to theYB1 protein.E andF, Total cellular proteins of GEM-R cellswere used in a biotin-labeledRNApull-downassay, andYB1 binding toHIF1A-AS1 (E)
or HIF1amRNA (F) was detected viaWestern blot. Bio-AS1/HIF1amRNA, transcribed and labeled HIF1A-AS1/HIF1amRNA; No bio-AS1/HIF1amRNA, transcribed but
not labeled HIF1A-AS1/HIF1amRNA; Ctrl RNA, transcribed and labeled antisense of HIF1A-AS1/HIF1amRNA.G,BxPC3GEM-R cell lysatesweremixed with biotinylated
HIF1A-AS1 RNA or antisense (dotted line) fragments, then RNA pull-down assay was performed. (Continued on the following page.)
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implied that lncRNAHIF1A-AS1 facilitated GEM resistance of GEM-
R pancreatic cancer cells in a glycolysis-dependent manner.

HIF1A-AS1 promotes glycolysis-dependent GEM resistance by
regulating HIF1a translation

Antisense lncRNA can regulate the expression of the sense gene via
various mechanisms (20). As a natural antisense RNA of HIF1a
mRNA (Fig. 3A), HIF1A-AS1 had been reported to be involved in
oxidative regulation of HIF1a in human-induced pluripotent stem
cell–derived endothelial cells under oxidative stress (21). Thus, we
speculated that HIF1a was a critical target of HIF1A-AS1 in GEM-R
pancreatic cancer cells. Interestingly, we observed that GEM-R cells
expressed a significantly higher level of HIF1a protein, even under
normoxia conditions (Fig. 3B). Knockdown or overexpression of
HIF1A-AS1 had no significant influence on HIF1a mRNA
(Fig. 3C). The mRNA stability assays revealed that the half-life of
HIF1a mRNA had no obvious alteration when depleting or over-
expressing HIF1A-AS1 (Supplementary Fig. S3A). Nevertheless,
HIF1A-AS1 knockdown significantly decreased, whereas overexpres-
sion of HIF1A-AS1 increased the expression of HIF1a protein
(Fig. 3D). Therefore, these results implied that HIF1a was modulated
by HIF1A-AS1 post-transcriptionally.

With treatment of MG132, the proteasome inhibitor, we found that
knockdown or overexpression of HIF1A-AS1 altered the expression of
HIF1a protein in GEM-R or parental cells (Fig. 3E; Supplementary
Fig. S3B). In addition, E3 ubiquitin ligase von Hippel–Lindau (VHL),
the key regulator of HIF1a protein, showed no significant difference
between parental and GEM-R cells under normoxia or hypoxia
(Fig. 3F; Supplementary Fig. S3C).Meanwhile,HIF1aprotein stability
assays displayed that the degradation rate of HIF1a remained
unchanged in HIF1A-AS1 knockdown GEM-R cells and HIF1A-
AS1–overexpressed parental cells (Fig. 3G; Supplementary
Fig. S3D). More importantly, HIF1A-AS1 knockdown decreased,
whereas overexpression of HIF1A-AS1 increased the level of poly-
somes-conjunct HIF1a mRNA in GEM-R pancreatic cancer cells
(Fig. 3H; Supplementary Fig. S3E), indicating that HIF1A-AS1
increased the translation of HIF1a mRNA. And we also found the
level of polysomes-conjunct HIF1a mRNA was increased in GEM-R
cells than the parental cells (Fig. 3I). Moreover, targets of HIF1a,
including key glycolytic proteins such as GLUT1, HK2, PKM2, and
LDHA, were regulated by HIF1A-AS1, which further verified that
HIF1a was a critical target of HIF1A-AS1 (Fig. 3J; Supplementary
Fig. S3F). Furthermore, there was no significant difference in HIF1a
mRNA level between GEM-R cells and parental cells (Supplementary
Fig. S3G).

As expected, overexpression of HIF1a could rescue the down-
regulated chemotherapy resistance and glycolysis level caused by
HIF1A-AS1 knockdown (Fig. 3K–M; Supplementary Fig. S4A),
whereas knockdown of HIF1a could reverse the upregulated chemo-
therapy resistance and glycolysis level caused by overexpression of

HIF1A-AS1 (Supplementary Fig. S4B–S4E). Together, these results
revealed that HIF1a was the vital target of HIF1A-AS1 for exerting
function in GEM-R pancreatic cancer cells, and post-transcriptionally
regulated by HIF1A-AS1 in translation level but not through protein
degradation.

HIF1A-AS1 promotes HIF1a translation via recruiting RNA-
binding protein YB1

We then focused on the potential mechanism of upregulated
translation of HIF1a induced by HIF1A-AS1. Combined immuno-
fluorescence and FISH analysis showed that the colocalization of
HIF1A-AS1 and HIF1a mRNA was mainly in the nucleolus and
partly in the cytoplasm (Fig. 4A). And the MS2-tagged RNA affinity
purification analysis was performed to confirm the association
between HIF1A-AS1 and HIF1a mRNA (Fig. 4B). The relative
enrichment of HIF1A-AS1 in the pull-down beads of the HIF1A-
AS1-MS2 group was measured by qPCR (Supplementary Fig. S5A).
The HIF1amRNA that interacted with HIF1A-AS1 was pulled down
by theHIF1A-AS1-MS2 compounds (Fig. 4C). These results indicated
that HIF1A-AS1 can directly interact with HIF1a mRNA.

Recently, lncRNAs have been reported to be involved in regulating
variable signaling pathways by interacting with RNA binding pro-
teins (22, 23). Specifically, it has been reported that Y-box binding
protein 1 (YB1) can interact with HIF1a mRNA and activate its
translation in high-risk sarcomas (24). Therefore, we hypothesized
that HIF1A-AS1 enhanced the translation of HIF1a by interacting
with YB1 in GEM-R pancreatic cancer cells. HIF1A-AS1 had a high
protein–RNA interaction propensity to YB1 according to catRAPID
(Fig. 4D; Supplementary Table S3; ref. 25). Similarly, our results also
showed that YB1 knockdown inhibited HIF1a protein expression but
had no influence on HIF1a mRNA (Supplementary Fig. S5B). Coin-
cidently, YB1 was detected in the biotin-labeled HIF1A-AS1 pull-
down compounds (Fig. 4E). YB1 could also be pulled down by biotin-
labeled HIF1a mRNA (Fig. 4F). Furthermore, the deletion-mapping
analyses indicated that YB1-binding site was located in the 1–216nt of
HIF1A-AS1 (Fig. 4G). And extensive enrichments of HIF1a mRNA
and HIF1A-AS1 were precipitated by the antibody against YB1, which
verified that YB1 can interact with HIF1A-AS1 and HIF1a mRNA
(Fig. 4H and I). HIF1amRNA-MS2 compounds also pulled-down the
YB1 and HIF1A-AS1 (Supplementary Fig. S5C), implying that inter-
action betweenHIF1A-AS1/HIF1amRNA hybrids and YB1. By using
truncated YB1-expressing plasmids, we ascertained that the cold shock
domain (CSD) of YB1 was a necessary site that binds to HIF1amRNA
and HIF1A-AS1 (Fig. 4J; Supplementary Fig. S5D).

There was no significant difference in YB1 expression between
GEM-R cells and parental cells (Supplementary Fig. S5E). Results
from MS2-RIP assays showed that neither knockdown nor over-
expression of YB1 can affect the binding between HIF1A-AS1 and
HIF1amRNA (Supplementary Fig. S5F and S5G). Nevertheless, the
knockdown of HIF1A-AS1 dramatically decreased the interaction

(Continued.) H and I, RIP assays were performed by using the YB1 and IgG antibodies to probe HIF1A-AS1 (H) and HIF1amRNA (I) in BxPC3GEM-R cell extracts. J, A
series of YB1 deletion mutants was transcribed in vitro (top) and was used to perform RIP assays (bottom). Lysates from BxPC3GEM-R cells transfected with FLAG-
tagged YB1 or empty vector (control) were immunoprecipitated with anti-FLAG antibody, followed by Western blot (right). TCL, total cell lysates. K and L, GEM-R
cells were transfected with siNC or siHIF1A-AS1 and cotransfected with YB1 plasmid (K), or transfected with HIF1A-AS1 plasmid and cotransfected with siYB1 (L),
followed by RIP assay.M, The dual-luciferase reporter containing full-length HIF1a 50-UTR sequence was conducted and transfected into GEM-R pancreatic cancer
cells. Then the corresponding siRNAs and YB1 plasmidwere transfected into cells. The HIF1a 50-UTR firefly luciferase activity was detected and normalized by Renilla
luciferase activity. N, Two truncated mutants (M1, 1–216nt; M2, 217–652nt) of HIF1A-AS1 were transfected into cells. Then the dual-luciferase reporter assay was
conducted, and the HIF1a 50-UTR firefly luciferase activity was detected.O, GEM-R pancreatic cancer cells were transfected with siHIF1A-AS1, or cotransfected with
YB1 plasmid. Then the expression of polysomes-conjunct HIF1amRNA was analyzed by polysomal fractionation assays. P, BxPC3GEM-R cells were transfected with
HIF1A-AS1 overexpressionplasmid, or cotransfectedwith siYB1.mRNA (top) andprotein (bottom) expression levels of HIF1awere analyzedbyqRT-PCR andWestern
blot, respectively. AS1, HIF1A-AS1. Values are significant at � , P < 0.05; �� , P < 0.01 as indicated. N.S., the difference is not significant.
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between YB1 and HIF1a mRNA, which was rescued by over-
expression of YB1 (Fig. 4K). Coincidently, knockdown of YB1
reduced the HIF1A-AS1–induced interaction between YB1 and
HIF1a mRNA (Fig. 4L). Dual-luciferase reporter assay was con-
ducted by transfecting with a dual-luciferase reporter containing
full-length HIF1a 50-UTR sequence to validate the effect of HIF1A-
AS1 on YB-1-driven translation of HIF1a. The results showed that
the luciferase density decreased in BxPC3GEM-R cells after the
knockdown of HIF1A-AS1, whereas it was restored by overexpres-
sion of YB1 (Fig. 4M). Then, two truncated mutants (M1, 1–216nt;
M2, 217–652nt) of HIF1A-AS1 were transfected into cells, the lucif-
erase density between the M1 andWTHIF1A-AS1 groups showed no
difference, but decreased luciferase density was detected in the
M2 group. Meanwhile, no obvious alteration was observed in
BxPC3GEM-R cells transfected with the siYB1 (Fig. 4N). The results
further indicated that 1–216nt of HIF1A-AS1 was critical for YB-1 to
drive the translation of HIF1a.

Polysomal fractionation assays showed that overexpression of YB1
rescued the downregulation of polysomes-conjunct HIF1a mRNA
induced by siHIF1A-AS1, and vice versa (Fig. 4O; Supplementary
Fig. S5H). Consistently, the expression of YB1 altered the level of
HIF1a protein regulated by HIF1A-AS1, instead of the mRNA level
(Fig. 4P; Supplementary Fig. S5I and S5J).

We further explored the role ofHIF1A-AS1/YB-1/HIF1a axis in the
progression of pancreatic cancer chemoresistance. Knockdown of YB1
decreased, whereas overexpression of YB1 increased the effect of
HIF1A-AS1/HIF1a axis on the GEM responsiveness, IC50, and gly-
colysis level (Supplementary Fig. S6A-S6D). Taken together, our
results intensively indicated that HIF1A-AS1 facilitated HIF1a trans-
lation by recruiting YB1 toHIF1amRNA inGEM-Rpancreatic cancer
cells.

HIF1A-AS1 induces AKT-dependent phosphorylation of YB1
A recent study had demonstrated that the phosphorylation status of

YB1 protein affected its ability to binding mRNAs (26). Therefore, we
wonderedwhetherHIF1A-AS1 enhanced the interaction betweenYB1
and HIF1a via regulating the phosphorylation status of YB1. Inter-
estingly, that neither knockdown nor overexpression of HIF1A-AS1
affected the mRNA and protein level of YB1 under normoxia or
hypoxia (Supplementary Fig. S7A-S7D). Nevertheless, phosphoryla-
tion of YB1 was significantly increased by overexpression of HIF1A-
AS1 and remarkably decreased by HIF1A-AS1 knockdown (Fig. 5A
and B). In addition, the RIP assay showed obvious enrichment of
HIF1a mRNA by anti–phospho-YB1 (p-YB1) antibody, which was
enhanced by overexpression of HIF1A-AS1 but impaired by HIF1A-
AS1 knockdown (Fig. 5C and D). Meanwhile, HIF1a mRNA pulled
down phospho-YB-1 (S102D), instead of dephospho-YB-1 (S102A;
Supplementary Fig. S7E). These results implied that phosphorylation
status was pivotal for YB1 to bind to HIF1a mRNA.

It has been shown that the CSD of YB1 could be phosphorylated by
AKT serine/threonine kinase (AKT) at Ser102 and that disruption of
this specific site could inhibit tumor cell growth (27). We pretreated
BxPC3GEM-R cells with AKT activator IGF1 or inhibitor API-2, and
found that IGF1 remarkably enhanced, whereas API-2 substantially
reduced the phosphorylation level of AKT and YB1 (Supplementary
Fig. S7F). Therefore, we presumed that HIF1A-AS1 promoted phos-
phorylation of YB1 in anAKT-dependentmanner. Coincidently, RNA
pull-down assay showed that HIF1A-AS1 could interact with AKT
(Fig. 5E). RIP assay using anti-AKT antibody also showed the
accumulation of HIF1A-AS1 (Fig. 5F). Furthermore, the deletion-
mapping analysis suggested that 1–126nt of HIF1A-AS1 was essential

for the interaction between HIF1A-AS1 and AKT (Fig. 5G). We also
constructed truncated AKT-expressing plasmids and the results
revealed that the protein kinase B-like pleckstrin homology (PH)
domain of AKT interacted with HIF1A-AS1 (Fig. 5H). Moreover,
the co-IP assays showed that HIF1A-AS1 promoted the interaction
between phospho-AKT (p-AKT) and p-YB1 protein, which was
remarkably impeded by silencing of HIF1A-AS1 (Fig. 5I and J). These
results indicated that HIF1A-AS1 regulated the phosphorylation of
YB1 by enhancing the interaction between p-AKT and p-YB1. Mean-
while, API-2 decreased the p-YB1 induced byHIF1A-AS1 overexpres-
sion, whereas IGF1 recovered the p-YB1 that was inhibited by
siHIF1A-AS1, suggesting that AKT activity was critical for the
HIF1A-AS1–induced phosphorylation of YB1 (Fig. 5K). In addition,
API-2 abrogated the induction of HIF1a protein regulated by HIF1A-
AS1 (Fig. 5L), whereas IGF1 rescued the siHIF1A-AS1–inhibited
HIF1a protein expression (Fig. 5M). Similar results were observed
in RIP assays (Supplementary Fig. S7G and S7H). Taken together, it
was suggested that AKT-dependent phosphorylation of YB1 was
critical for the regulation of HIF1A-AS1 on HIF1a expression.

HIF1A-AS1 is transcriptionally regulated by HIF1a
We then explored the potential molecule that regulated the expres-

sion of HIF1A-AS1 in GEM-R pancreatic cancer cells. We observed
that GEM-R pancreatic cancer cells expressed a higher level of HIF1A-
AS1 compared with parental cells (Fig. 6A). In addition, the Cancer
Cell Line Encyclopedia (CCLE) database showed a positive correlation
trend between HIF1A-AS1 and HIF1amRNA in various cancer cells,
including pancreatic cancer cells (Fig. 6B). Meanwhile, HIF1A-AS1
expression was increased gradually in GEM-R pancreatic cancer cells
up to 24 hours after exposure to hypoxia condition or treated with
CoCl2 (Fig. 6C). Thus, we speculated that HIF1A-AS1 could be
regulated by HIF1a. Indeed, HIF1A-AS1 showed a dose-dependent
increase with HIF1a overexpression (Fig. 6D). Conversely, the deple-
tion of HIF1a significantly eliminated HIF1A-AS1 expression
(Fig. 6E). The sequence analysis showed that theHIF1A-AS1promoter
contains 3 putative hypoxia-responsive elements (HRE; Fig. 6F).
Meanwhile, ChIP assay showed obvious enrichment of HRE3 by
anti–HIF1a antibody but not HRE1 or HRE2 (Fig. 6G). Then,
dual-luciferase reporter plasmids containing WT or mutant HRE3
sequence (MUT) of promoter were designed and then transfected into
BxPC3GEM-R cells. The results showed that overexpression of HIF1a
significantly increased luciferase intensity of the WT group, whereas
no obvious change was observed in the MUT group (Fig. 6H).
Nevertheless, the ChIP and luciferase assay further displayed that the
silencing of HIF1a reduced the binding and transcription activity of
HIF1a under hypoxia conditions (Fig. 6I and J). Therefore, these
results intensively indicated that HIF1A-AS1 was transcriptionally
regulated by hypoxia-induced HIF1a in GEM-R pancreatic cancer
cells.

The HIF1A-AS1/HIF1a pathway is essential for GEM resistance of
pancreatic cancer cells in vivo

Weperformed xenograftmousemodels to further reveal the effects of
the HIF1A-AS1/HIF1a pathway on chemotherapy resistance of pan-
creatic cancer in vivo. Consistent with our previous in vitro results,
overexpression of HIF1A-AS1 significantly abolished the inhibitory
effects of GEM treatment in parental pancreatic cancer cells derived
groups, as indicated with the increased tumor size and tumor weight
(Fig. 7A–C). Nevertheless, treatment of 2-DG suppressed the GEM
resistance induced by overexpression of HIF1a. Similarly, HIF1A-AS1
knockdown inhibited GEM resistance in GEM-R pancreatic cancer
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Figure 5.

HIF1A-AS1 induces AKT-dependent phosphorylation of YB1. A and B, Cells transfected with HIF1A-AS1 overexpression plasmid (A) or siHIF1A-AS1 (B) under hypoxia,
followed byWestern blot. C andD,Cells transfectedwith HIF1A-AS1 plasmid (C) or siHIF1A-AS1 (D). RIP assayswere performed by using the p-YB1 and IgG antibodies to
probe cell extracts, and the levels of the coprecipitated HIF1amRNA were determined. E, Total cellular proteins of GEM-R cells were used in a biotin-labeled RNA pull-
down assay, and proteins binding to HIF1A-AS1 were detected. F, RIP assays were performed by using the AKT and IgG antibodies to probe BxPC3/PANC1GEM-R cell
extracts, and the levels of the coprecipitated HIF1A-AS1 were determined by qRT-PCR. G, BxPC3GEM-R cell lysates were mixed with biotinylated HIF1A-AS1 RNA or
antisense (dotted line) fragments and performed for RNA pull-down.H,A series of AKT deletionmutants were transcribed in vitro andwere used to perform RIP assays
(top). Lysates from BxPC3GEM-R cells transfected with FLAG-tagged AKT or empty vector (control) were immunoprecipitated by anti-FLAG antibody (bottom). I, After
transfection with siNC or siHIF1A-AS1, BxPC3GEM-R cell lysates were immunoprecipitated with p-AKT antibody (top) or p-YB1 antibody (bottom), and the precipitates
were then subjected to Western blot. J, Lysates were immunoprecipitated with p-AKT antibody (top) or p-YB1 antibody (bottom) in BxPC3GEM-R cells transfected with
HIF1A-AS1 plasmid. K, BxPC3GEM-R cells were transfected with HIF1A-AS1 plasmid and then treated with or without API-2 (100 mmol/L), followed byWestern blot (left).
BxPC3GEM-R cells were transfected with siHIF1A-AS1 and then treated with or without IGF1 (200 ng/mL), followed by Western blot (right). L and M, GEM-R cells were
transfected with HIF1A-AS1 overexpression plasmid and then treated with or without API-2 (L), or transfected with siHIF1A-AS1 under hypoxia and then treated with or
without IGF1 (M), followed by Western blot. AS1, HIF1A-AS1. Values are significant at � , P < 0.05; �� , P < 0.01 as indicated.
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Figure 6.

HIF1A-AS1 is transcriptionally regulated by HIF1a. A, Expression of HIF1A-AS1 in parental versus GEM-R cells was assessed by qRT-PCR. B, Positive correlation trend
between HIF1A-AS1 and HIF1amRNA expression in the CCLE database. C,Cells were treatedwith CoCl2 (100 mmol/L) or exposed to hypoxia for 0, 6, 12, and 24 hours,
then the HIF1A-AS1 level was evaluated. D, GEM-R pancreatic cancer cells were transfected with an increasing concentration of HIF1a plasmid or cultured under
hypoxia, then HIF1A-AS1was evaluated by qRT-PCR. E,GEM-R pancreatic cancer cellswere transfectedwith siNCor siHIF1a, and cultured under hypoxia, followed by
qRT-PCR. F, Schematic illustration of the proximal region of the HIF1A-AS1 promoter and three putative hypoxia-responsive elements (HRE). G, ChIP assays were
performed to verify the binding capacity between HIF1a and the threeHREs of HIF1A-AS1 promoter in BxPC3GEM-R cells under normoxia and hypoxia.H, The indicated
wild-type (WT) and mutant-type (MUT) of pGL3-based luciferase reporter plasmids were used to examine the transcriptional activity of HIF1A-AS1 gene promoter
affected by the HRE3. Wemutated base sequences of HRE3 from ACGTG to TTTTG (left). The firefly luciferase activity of HIF1A-AS1 promoter was detected (right).
I, ChIP assay with anti–HIF1a antibody was performed in BxPC3GEM-R cells transfected with siHIF1a under hypoxia conditions. J, BxPC3GEM-R cells were transfected
with WT pGL3 reporter vector (HIF1A-AS1–WT), or MUT pGL3 reporter vector (HIF1A-AS1–MUT) under hypoxia, respectively. Then those transfected cells were
treated with siNC or siHIF1a. After 48 hours, firefly luciferase activity was detected. Values are significant at � , P < 0.05; �� , P < 0.01 as indicated. N.S., the difference is
not significant.
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Figure 7.

The HIF1A-AS1/HIF1a pathway is essential for GEM resistance of pancreatic cancer cells in vivo and is associated with poor clinical outcome. A–C, Subcutaneous
implantationmousemodels were established by using parental or GEM-R pancreatic cancer cells that were transfected with lentivirus containing HIF1A-AS1 plasmid,
and siHIF1A-AS1 and/or HIF1a plasmid. Growth curve (A), representative images (B), and tumor weight (C) of xenografts (n ¼ 5) in the eight treatment groups for
30 days are shown.D and E, Expression levels of HIF1A-AS1 (D) and HIF1a (E) were assessed by qPCR andWestern blot, respectively, in tissues from 24 patients who
were sensitive to GEM treatment before surgery and tissues from 45patientswhowere resistant to GEM treatment before surgery. F,Correlation between HIF1A-AS1
andHIF1a in specimens of GEM-resistant patientswith pancreatic cancer was analyzed by thex2 test.G,GEM-resistant patientswith pancreatic cancer (n¼ 45) were
divided into three groups based on the expression level of HIF1A-AS1 and HIF1a as indicated. Overall survival of those patients was evaluated via Kaplan–Meier
analysis.H,FISH images revealing the colocalization ofHIF1A-AS1 (green) andHIF1amRNA (red) in tissues frompatientswith pancreatic cancerwhowere sensitive or
resistant to GEM treatment, with the nuclei staining with DAPI (blue). I, IHC staining of HIF1awas performed in the tumor sections from noncancerous patients (NP)
and patients with pancreatic cancer (PC) who were sensitive or resistant to GEM treatment. J, Schematic illustration of HIF1A-AS1/HIF1a signaling contributing to
chemoresistance of pancreatic cancer. Values are significant at �� , P < 0.01; ��� , P < 0.001 as indicated. N.S., the difference is not significant.
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cells-derived xenografts, which could be reversed by overexpression of
HIF1a. IHC assays ofGEM-Rpancreatic cancer cell–derived xenografts
showed that expression of HIF1a could be downregulated by HIF1A-
AS1 knockdown (Supplementary Fig. S8A). Furthermore, HIF1A-AS1/
HIF1a axis was involved in regulation of proliferation, apoptosis, and
glycolysis of GEM-R groups, as indicated by increased Ki67 (marker for
cell proliferation), decreased Cleaved Caspase 3 (marker for apoptosis),
and increased GLUT1 (marker for glycolysis), respectively.

HIF1A-AS1 is overexpressed in pancreatic cancer tissues and is
associated with poor clinical outcome

To validate the relationship between the HIF1A-AS1/HIF1a path-
way andGEM resistance progression of pancreatic cancer, we detected
HIF1A-AS1 and HIF1a expressions in 69 pancreatic cancer tissues.
HIF1A-AS1 levels were remarkably higher in tissues from 45 patients
who were resistant for GEM treatment compared with 24 patients that
were sensitive to GEM treatment (Fig. 7D). Meanwhile, higher HIF1a
protein levels were observed in GEM-R pancreatic cancer group
relative to the GEM-sensitive group (Fig. 7E). Moreover, HIF1A-AS1
and HIF1a expressions showed a positive correlation in patients with
pancreatic cancer with GEM resistance (Fig. 7F; Supplementary
Fig. S8B). GEM-R patients with pancreatic cancer with higher
HIF1A-AS1 or HIF1a expression displayed a poorer overall survival
(OS; Supplementary Fig. S8C and S8D). Further survival analysis
showed that low level of both HIF1A-AS1 and HIF1a was much
more beneficial to OS of GEM-R patients with pancreatic cancer,
whereas high level of bothHIF1A-AS1 andHIF1awas unfavorable for
prognosis (Fig. 7G). FISH assay and IHC analysis displayed obvious
upregulation of HIF1a in GEM-R pancreatic cancer tissue, which was
further increased in those with high expression of HIF1A-AS1
(Fig. 7H and I). Together, these results further confirmed that the
HIF1A-AS1/HIF1a signaling contributed to chemoresistance of pan-
creatic cancer (Fig. 7J).

Discussion
Variable lncRNAs were involved in GEM resistance of pancreatic

cancer. For example, lncRNA PVT1 promoted GEM resistance of
pancreatic cancer via activating the Wnt/b-catenin and autophagy
pathway (28). LncRNA SLC7A11-AS1 induced GEM resistance by
blocking SCFb-TRCP-mediated degradation of NRF2 (29). In addition,
the role of glycolysis in promoting drug resistance of pancreatic cancer
has been gradually revealed (19, 30). Dai and colleagues (31) displayed
that glycolysis inhibitor, 2-DG, significantly increased the sensitivity of
pancreatic cancer cells to GEM. Xi and colleagues (9) found that
hENT1 reversed GEM resistance by inhibiting glycolysis and altering
glucose transport mediated by HIF1a in pancreatic cancer. However,
an association between lncRNAs and glycolysis-dependent GEM
resistance of pancreatic cancer has not yet been well established.
Specifically, our results showed that HIF1A-AS1 was significantly
upregulated lncRNAs inGEM-R pancreatic cancer cells and prompted
glycolysis-associatedGEMresistance by regulation translation of sense
gene HIF1a. Coincidently, we verified that depletion of HIF1A-AS1
significantly reversed the GEM resistance of GEM-R cells both in vitro
and in vivo experiments. Thereby, our research provides new data for
lncRNAs facilitating the interaction between glycolysis and chemore-
sistance in pancreatic cancer.

Research had demonstrated that HIF1a–dependent glycolysis pro-
moted GEM sensitivity of pancreatic cancer cells. For example,
lncRNA PVT1 promoted GEM resistance of pancreatic cancer via
activating the Wnt/b-catenin and autophagy pathway (28). LncRNA

SLC7A11-AS1 induced GEM resistance by blocking SCFb-TRCP-medi-
ated degradation of NRF2 (29). Coincidently, our study identified that
HIF1a is a critical target for HIF1A-AS1 exerting effects on GEM
resistance of pancreatic cancer, and we further explored the mecha-
nism for theHIF1A-AS1 regulating HIF1a expression. Specifically, we
discovered that HIF1A-AS1 upregulated HIF1a expression at protein
level but not mRNA level. Meanwhile, HIF1A-AS1 did not affect the
stability of HIF1a protein, but increased the polysome-conjunct
HIF1a mRNA. These results implied that HIF1A-AS1 regulated
HIF1a at transnational level in GEM-R pancreatic cancer cells.
Differently, research showed that lncRNA DANCR stabilized HIF1a
mRNA by interacting with NF90/NF45 complex (32), and lncRNA
GEHT1 blocked VHL-mediated degradation of HIF1a and enhanced
the protein level of HIF1a (33). Therefore, it is noteworthy that our
present study implicates a novel mechanism of lncRNA-mediated
regulation of HIF1a translation.

YB1 was a highly conserved protein that could bind to both DNA and
RNA to play diverse regulatory roles in numerous cellular processes (34).
Importantly, YB1was found to enhance the translation ofHIF1amRNA
and contributed to metastasis of high-risk human sarcomas (24). It
aroused our interest in whether YB1 was involved in HIF1A-AS1–
mediated HIF1a translation. Exactly, we validated HIF1A-AS1 recruited
YB1 to HIF1a mRNA, by which promoting the translation process.
Nevertheless, depletion of YB1 visibly decreasedHIF1a protein level that
was induced by overexpression of HIF1A-AS1. These results intensively
suggested that YB1 was necessary for HIF1A-AS1–mediated HIF1a
translation in GEM-R pancreatic cancer cells.

Previous studies have explicated a crucial role of YB1 phosphor-
ylation at Ser102 in multiple malignant tumors (27, 35, 36). Mean-
while, results have revealed that the AKT-mediated YB-1 phosphor-
ylation could activate the translation of mRNA (37). Interestingly, we
identified that the HIF1A-AS1–induced phosphorylation of YB1 was
achieved by enhancing the interaction between p-AKT and p-YB1.
Moreover, the expression of p-YB1 and HIF1a protein induced by
HIF1A-AS1 was downregulated or enhanced by AKT inhibitor or
activator, respectively. These results further suggested that AKT-
dependent phosphorylation of YB1 was crucial for HIF1A-AS1 to
regulate HIF1a translation in the progression of GEM resistance of
pancreatic cancer.

HIF1a was found to function as a key oncogene by forming
feedback loops with various molecules. For example, hypoxia-
induced feedback of HIF1a and lncRNA-CF129 contributed to pan-
creatic cancer progression (38). Coincidently, we revealed that HIF1a
could bind to HRE of HIF1A-AS1 promoter and consequently acti-
vated HIF1A-AS1 transcription, then forming a feedback loop of the
HIF1A-AS1/HIF1a pathway. Coincidently, high expression of both
HIF1A-AS1 and HIF1a was associated with the poor prognosis in
patients with pancreatic cancer who accepted GEM treatment.

Collectively, the present study implicates a reciprocal feedback of
HIF1A-AS1 and HIF1a that promotes chemoresistance of pancreatic
cancer via translational activation of HIF1a regulated by p-YB1. It is
suggested that HIF1A-AS1 is a potentially valuable therapeutic target
to enhance the treatment response in GEM-R pancreatic cancer.
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