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Abstract
Background: Profound chemoresistance is a prominent and intractable problem in pancreatic cancer.
Gemcitabine, a first-line chemotherapeutic drug for pancreatic cancer, has provided only minimal benefits
for patients; however, the underlying mechanisms remain to be investigated. Enhanced aerobic glycolysis
has been suggested to be correlated with the phenotype of drug resistance, while MALAT1 has been
indicated to be associated with poor gemcitabine response. However, the implicated regulatory
mechanisms still need to be further explored.
Methods: The mRNA level of MALAT1, HIF-1α, and glycolytic enzymes were analyzed by qRT-PCR. The
protein level of HIF-1α and glycolytic enzymes were detected by western blot analysis. The glucose
uptake and lactate level were measured by glucose uptake and lactate production assay, respectively. The
cell apoptosis was evaluated by apoptosis analysis using Annexin V/propidium iodide (PI) staining. The
sensitivity to gemcitabine was measured by MTT assay. The binding of HIF-1α to the promoter of
MALAT1 was tested by ChIP assay. The xenograft model of pancreatic cancer was established to
examine the combined effect of MALAT1 knockdown and gemcitabine chemotherapy in vivo.
Results: In this study, we showed that low concentrations of gemcitabine promoted the expression of key
glycolytic enzymes, such as GLUT1, HK2, and LDHA, as well as glucose uptake and lactate production in
pancreatic cancer cells, while inhibition of glycolysis suppressed gemcitabine chemoresistance. In
addition, we found that MALAT1 expression was induced by gemcitabine and mediated enhanced
glycolysis and chemoresistance. Silencing MALAT1 inhibited the level of gemcitabine-induced HIF-1α
expression and reinforced gemcitabine-induced apoptosis in vitro and in vivo. Furthermore, HIF-1α could
bind the promoter of MALAT1 transcriptionally and mediate the glycolysis induced by gemcitabine.
Conclusions: Our data suggest a critical role of glycolytic metabolism in acquired gemcitabine resistance
through the positive feedback loop of MALAT1 and the HIF-1α signaling pathway. Our results will provide
a basis for developing potential therapeutic targets to reverse gemcitabine resistance.

Background
Pancreatic cancer is one of the most devastating digestive tumors worldwide, with an almost equal
incidence and mortality rate [1]. Despite strenuous endeavors, the overall prognosis has not been
improved much in comparison with that of other malignancies. The majority of patients with pancreatic
cancer are diagnosed at an inoperable disease stage due to obscure symptoms. Therefore, the options
available for patients with pancreatic cancer are quite few except for chemotherapy. However,
unfortunately, chemoresistance is an intractable clinical challenge. For example, gemcitabine, the first-line
recommended drug, exhibits limited efficacy in treating pancreatic cancer. Thus, illuminating the
mechanisms involved in resistance will have great significance in combating pancreatic cancer.
It has been noted for decades that tumor cells can rapidly utilize glucose to convert lactate and
adenosine triphosphate (ATP) even in the presence of a normal oxygen supply, which is characterized as
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aerobic glycolysis or the “Warburg effect” [2]. Glycolytic flux not only provides cancer cells with energy
but also produces biomass for metabolic biosynthesis, thus meeting the demands of aggressive
proliferation. In addition, the intermediates from the branches of glycolysis contribute to cellular redox
homeostasis [3]. Accumulating evidence indicates that aerobic glycolysis confers cancer cells with a
phenotype of drug resistance [4], and targeting glycolysis can restore the sensitivity of pancreatic cancer
to gemcitabine [5]. On the other hand, a recent study reported that gemcitabine treatment may promote
the metabolic reprogramming of pancreatic cancer cells toward aerobic glycolysis [6]. However, the
explicit underlying mechanism still needs to be further investigated. Elucidation of the regulatory
mechanism of aerobic glycolysis will facilitate enhanced chemosensitivity to gemcitabine in patients
with pancreatic cancer.
Long noncoding RNAs (lncRNAs) are a series of transcripts longer than 200 nt with no protein-coding
capacity. Initially recognized as “transcriptional noise”, lncRNAs have been shown to participate in the
initiation, development, and progression of cancers in a variety of ways [7]. In addition, aberrantly
expressed lncRNAs have been closely implicated in chemoresistance and radioresistance [8, 9]. For
example, lncRNA SLC7A11-AS1 was reported to be overexpressed and promote gemcitabine resistance by
scavenging ROS in pancreatic cancer [10]. Intriguingly, gemcitabine treatment could induce the lncRNA
HOTAIR to enhance the drug resistance and stemness of pancreatic cancer [11]. Thus, it might be a
reasonable approach to explore these lncRNAs induced by gemcitabine and the involved mechanisms to
find new targets that can reverse gemcitabine resistance.
Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a highly evolutionarily conserved
lncRNA [12] that was initially identified as overexpressed in metastatic non-small-cell lung cancer tissues
[13]. Recent studies have shown that MALAT1 is aberrantly expressed in numerous cancers and can
function as an oncogene or tumor suppressor gene depending on the cancer type [14, 15]. In pancreatic
cancer, MALAT1 was verified to be overexpressed and promote the growth, migration, invasion, and
stemness of cancer cells [16-18]. In addition, a high level of MALAT1 has been indicated to be inversely
correlated with gemcitabine response and progression-free survival (PFS) [19]. However, the relationship
between gemcitabine treatment and MALAT1 is not fully understood. Our preliminary study found that a
low concentration of gemcitabine promoted the level of MALAT1 in pancreatic cancer cells in a dosedependent manner. We therefore speculated that the induction of MALAT1 might be an important
mechanism of acquired gemcitabine chemoresistance. MALAT1 has been shown to enhance glycolysis
and inhibit gluconeogenesis in hepatocellular carcinoma via TCF7L2 [20]. Hypoxia inducible factor 1α
(HIF-1α) is considered a key factor in mediating glycolysis, while MALAT1 could stabilize HIF-1α and
enhance arsenite-induced glycolysis in human hepatic cells [21]. On the other hand, MALAT1 could be
upregulated through the hypoxia-induced HIF-1α signaling pathway in endometrial stromal cells [22],
suggesting that there might be a reciprocal regulation between MALAT1 and HIF-1α.
In the present study, we verified that gemcitabine treatment reinforced acquired chemoresistance by
enhancing glycolic flux through a positive feedback loop comprising MALAT1 and HIF-1α. Our results
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provide new insights into the resistance mechanisms and potential targets for restoring gemcitabine
sensitivity.

Methods
Cell culture
The two human pancreatic cancer cell lines SW1990 and PANC-1 used in this study were obtained from
the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI 1640 medium,
supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). Both cell lines were incubated
under suitable conditions with 5% CO2 (37°C). For hypoxia induction, cells were cultured with 1% O2
balanced with nitrogen and 5% CO2.
Quantitative real-time PCR (qRT-PCR) analysis
QRT-PCR analysis was performed according to the manufacturer’s protocol as described previously [23].
GAPDH was used as the reference gene. Primer sequences (5’ to 3’): GLUT1-F:
CTGTGCTCCTGGTTCTGTTCT; GLUT1-R: CAGCTCCTCGGGTGTCTTGT; HK2-F:
GATGGCGTGAACGATGCT; HK2-R: GACGTTGGACGAGATGAGGT; LDHA-F: CAGCCCGATTCCGTTACCTA;
LDHA-R: TCAGAGAGACACCAGCAACA; MALAT1-F: GAATTGCGTCATTTAAAGCCTAG; MALAT1-R:
GTTTCATCCTACCACTCCCAATT; HIF-1α-F: ACTAGTGCCACATCATCACC; HIF-1α-R:
ACAGATAACACGTTAGGGCTTC; GAPDH-F: GACGCTGGGGCTGGCATTG; GAPDH-R:
GCTGGTGGTCCAGGGGTC.
Western blot analysis
Western blot analysis was conducted as described previously [24]. In brief, proteins in the cell lysates
were electrophoretically separated on sodium dodecyl sulfate polyacrylamide gels and then transferred
onto PVDF membranes (Millipore, Burlington, MA, USA). After they were blocked with 5% skim milk, the
blots were incubated with primary antibodies at 4°C and secondary antibodies (Aspen, Wuhan, China) at
room temperature, followed by visualization with an ECL substrate (Thermo Fisher, Waltham, MA, USA).
Primary antibodies against HIF-1α, HK2, GLUT1, LDHA, and GAPDH were purchased from Cell Signaling
Technology (Danvers, MA, USA).
Glucose uptake and lactate production assays
SW1990 and PANC-1 cells were seeded into 6-well plates and incubated with different treatments.
Glucose uptake and lactate release were detected according to the protocols of a glucose uptake cellbased assay kit (Cayman Chemical, Ann Arbor, MI, USA) and lactic acid assay kit (Nanjing Jiancheng Bio.
Nanjing, China), respectively. The production of lactate in each sample was normalized to their respective
control groups as indicated.
MTT assay
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The chemosensitivity of pancreatic cancer cells to gemcitabine was measured by the MTT assay, which
was described previously [24]. In brief, cells (7×103/well) were seeded into 96-well plates. After different
treatments, 20 μL of MTT (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) as incubated per well for 4 h and
subsequently replaced with dimethyl sulfoxide (Sigma-Aldrich). The absorbance values were recorded by
an ELISA reader at 490 nm. Each concentration was set up with five replicates.
Apoptosis analysis
Apoptosis was evaluated with Annexin V/propidium iodide (PI) staining. Briefly, harvested cells were
washed in ice-cold PBS and resuspended in binding buffer at a density of 100×104 cells. Then, cells were
mixed with Annexin V-FITC and PI according to the manufacturer’s protocols (KeyGEN Biotech). The
fluorescence values for Annexin V-FITC and PI were detected on a flow cytometer (BD Biosciences).
Cell transfection
SiRNAs targeting MALAT1 and HIF-1α and negative control siRNA were synthesized by RiboBio Co.
(Guangzhou, China). SiRNA transfection was carried out with a mixture of LipofectamineTM 2000
(Invitrogen) as described previously [23]. The lentiviral vectors with the sequence for Si-MALAT1 (LV-SiMALAT1) and negative control (LV-Si-NC) were purchased from GeneChem (Shanghai, China).
Transfection of the lentiviral vectors into SW1990 cells was conducted according to the manufacturer’s
protocols. The siRNA sequences (5’ to 3’): MALAT1 siRNA: GCAGCCCGAGACUUCUGUA; HIF-1α siRNA:
GGAUGGAUUCAUAUUUCUU; NC siRNA: GGUGUUUCUUUUCUCCCUU.
Chromatin immunoprecipitation (ChIP) assay
HIF-1α binding to the promoter of MALAT1 was tested using a ChIP assay as described previously [24].
All procedures were carried out according to the protocol of the EZ-ChIPTM Chromatin
Immunoprecipitation Kit (Millipore). The Primer sequences (5’ to 3’): Target 1-F:
AGTGCAGTGACAGCGCAGA; Target 1-R: AACCGGCTCTAGCCGGTC; Target 2-F: CGCAGTTGGAGAGACTG;
Target 2-R: CGCAAATGGGGATTTGG.
Tumor xenograft
The effect of MALAT1 inhibition on gemcitabine chemosensitivity in vivo was examined in a tumor
xenograft model. SW1990 cells transfected with LV-Si-MALAT1 were harvested and resuspended in
phosphate-buffered saline (PBS). Approximately 5×106 cells were subcutaneously injected into the right
flanks of male nude mice (n=5; HFK Bioscience Co., Beijing, China). After approximately 5 days, the nude
mice were divided into Control, LV-Si-MALAT1, GEM, GEM+LV-Si-MALAT1 groups. For the gemcitabinetreated group, 20 mg/kg gemcitabine (Selleck.cn, Shanghai, China) was intraperitoneally injected every 3
days. An equal amount of PBS was injected as control. The tumor size was periodically measured and
calculated by the following formula: 1/2 × length × width2. After 5 weeks, the mice were euthanized with
2% sodium pentobarbital (50 mg/kg), followed by cervical dislocation. Then, the complete xenograft
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tumors were excised, fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 5 μm sections.
The proliferative activity of tumor cells was determined by Ki-67 immunohistochemical staining, while the
apoptosis level was measured by TUNEL immunofluorescent staining.
Statistical Analysis
The data are presented as the means ± SD. Comparisons between 2 groups were conducted with
Student’s t-test. SPSS version 18.0 was used for data analysis. P<0.05 was considered to be the threshold
of significance.

Results
Enhanced glycolytic flux induced by gemcitabine promotes the chemoresistance of pancreatic cancer
cells
Aerobic glycolysis, a hallmark of pancreatic cancer, has been shown to closely correlate with drug
resistance [5]. The previous results have revealed that low-dose gemcitabine treatment increases acquired
chemoresistance via stemness induction [24]; thus, we next detected the change in glycolytic activity
upon gemcitabine treatment. As shown in Fig. 1a and b, a low dose of gemcitabine upregulated both the
mRNA and protein expression levels of key enzymes in glycolytic flux, such as GLUT1, HK2, and LDHA.
Notably, an increase in glucose uptake, as indicated by the fluorescent deoxyglucose analog 2-NBDG, was
observed after gemcitabine treatment in both pancreatic cancer cell lines (Fig. 1c and d). Furthermore,
gemcitabine significantly enhanced the release of lactate into culture medium (Fig. 1e).
To investigate the effect of enhanced aerobic glycolysis on gemcitabine resistance, we utilized 2-DG, a
glucose analog, to competitively inhibit glycolysis. As shown in Fig. 1f, 2-DG effectively inhibited lactate
production in both cell lines. Moreover, suppression of glycolysis dramatically promoted gemcitabineinduced apoptosis of pancreatic cancer cells (Fig. 1g and h). Accordingly, the killing effect of gemcitabine
was also reinforced when combined with 2-DG treatment (Fig. 1i). Taken together, these data suggest that
enhanced glycolytic flux induced by a low dose of gemcitabine promotes acquired chemoresistance in
pancreatic cancer cells.
MALAT1 partially mediates gemcitabine-induced glycolysis and chemoresistance
MALAT1 has been reported to promote the malignancy of various types of cancer, including pancreatic
cancer [25-27]. The expression of MALAT1 was indicated to be inversely correlated with the gemcitabine
response rate in pancreatic cancer [19]. We first determined the change in MALAT1 expression upon
gemcitabine treatment. As shown in Fig. 2a, a low dose of gemcitabine increased the mRNA level of
MALAT1 in a dose-dependent manner. To further investigate the role of MALAT1 in gemcitabine
resistance, RNA interference targeting MALAT1 was employed. QRT-PCR analysis revealed that MALAT1targeted siRNA could effectively silence the expression of MALAT1 (Fig. 2b). Accordingly, gemcitabineinduced MALAT1 expression was also inhibited (Fig. 2c). In addition, inhibition of MALAT1 significantly
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reduced both the mRNA and protein levels of the key glycolytic enzymes GLUT1, HK2, and LDHA induced
by gemcitabine (Fig. 2d and e). Glucose uptake and lactate production were also attenuated (Additional
file 1: Figure S1a-c). Furthermore, gemcitabine-induced apoptosis was reinforced after MALAT1
knockdown in both cell lines (Fig. 2 f and g). Consistent with these changes, silencing MALAT1
significantly enhanced the sensitivity of both tested cell lines to gemcitabine (Fig. 2h). Altogether, our
results suggest that MALAT1 partially mediates gemcitabine-induced glycolysis and chemoresistance.
HIF-1α partially mediates gemcitabine-induced glycolysis and chemoresistance
Activation of HIF-1α is considered an important upstream mediator of glycolysis. A previous report
verified that gemcitabine could promote the activation of HIF-1α [28]. We further tested whether HIF-1α
mediated gemcitabine-induced glycolysis. As shown in Fig. 3a, silencing HIF-1α significantly reduced its
expression in both tested cell lines, which resulted in dramatic reductions in both the mRNA and protein
levels of GLUT1, HK2, and LDHA induced by gemcitabine (Fig. 3b-e). Moreover, HIF-1α knockdown
obviously attenuated gemcitabine-enhanced lactate secretion in the culture medium (Fig. 3f). Notably,
suppression of HIF-1α further facilitated apoptosis induced by gemcitabine in both cancer cell lines (Fig.
3g and h). Altogether, our data suggest that HIF-1α partially participates in gemcitabine-induced
glycolysis and chemoresistance.
Gemcitabine facilitated the reciprocal loop of MALAT1 and HIF-1α
It has been reported that MALAT1 could stabilize HIF-1α in a normal human liver cell line [21]. In our
present study, we showed that silencing MALAT1 also significantly inhibited the protein level of HIF-1α in
both pancreatic cancer lines. In addition, after MALAT1 knockdown, gemcitabine-induced HIF-1α
expression was attenuated (Fig. 4a). We next tested the effect of HIF-1α expression on gemcitabineinduced MALAT1 expression, and a similar obvious reduction in MALAT1 level induced by gemcitabine
was observed after HIF-1α inhibition (Fig. 4b). To further elucidate the regulatory mechanism of HIF-1α on
the expression of MALAT1, ChIP analysis was performed. Based on the prediction by JASPAR software,
there were several putative HIF-1α binding sites on the promoter region of MALAT1 (Fig. 4d). We initiated
hypoxia to activate HIF-1α and observed that the mRNA level of MALAT1 was significantly upregulated
(Fig. 4c). Furthermore, enhanced binding of HIF-1α to the promoter of MALAT1 was observed after
hypoxia treatment (Fig. 4e). Taken together, our results suggest that MALAT1 forms a positive feedback
loop with HIF-1α, which was reinforced by gemcitabine treatment.
MALAT1 inhibition enhances the killing effect of gemcitabine in vivo
The in vivo effect of the combination of MALAT1 inhibition and gemcitabine chemotherapy was further
examined in a xenograft model, which was established by subcutaneously injecting tumor cells into the
right flanks of nude mice. As shown in Fig. 5a-c, compared with the control group, the LV-Si-MALAT1
group showed significantly inhibition of the xenograft growth rate and size, as well as the tumor weight.
When combined with gemcitabine chemotherapy, these effects were more remarkable. Next, we detected
tumor cell proliferation and apoptotic markers by using immunofluorescence and immunohistochemical
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analysis. The data showed that gemcitabine combined with LV-Si-MALAT1 transfection dramatically
reduced the Ki-67 index and increased TUNEL staining compared with those of the control group (Fig.
5d). Altogether, our results demonstrated that MALAT1 inhibition enhanced the apoptosis and killing
effect induced by gemcitabine in vivo.

Discussion
For pancreatic cancer, gemcitabine has been approved as a first-line drug for decades, especially in
patients with advanced and metastatic disease. However, the clinical response rate was dismal, with
fewer than 20% patients exhibiting an improved response. Due to profound inherent or acquired
chemoresistance [29], the results of combined treatment or adjuvant drugs were also unsatisfactory.
Aerobic glycolysis, a hallmark of tumors, has been shown to promote the malignant phenotypes of
pancreatic cancer, including drug resistance. In the present study, we found a new mechanism of
acquired resistance to gemcitabine through the induction of glycolysis. In addition, the positive feedback
loop of MALAT1 and HIF-1α induced by gemcitabine mediated this biological effect (Fig. 6). Inhibition of
MALAT1 expression synergistically enhanced the killing effect of gemcitabine in vivo. Thus, our study
presents new insight into gemcitabine chemoresistance.
Accumulated evidence indicates that aerobic glycolysis facilitates cancer cell survival and resistance to
apoptosis induced by chemotherapy [30]. Inhibition of glycolysis has been suggested to exert a potential
therapeutic effect in pancreatic cancer [31, 32]. In our present study, we showed that a low concentration
of gemcitabine promoted glycolytic flux, exhibiting upregulated key glycolytic enzymes, glucose
consumption and lactate production in the culture medium. These findings of enhanced glycolysis might
further reinforce acquired gemcitabine resistance and explain the worsening response during the course
of treatment. In addition, our data revealed that concomitant glycolysis inhibition partially recovered
gemcitabine-induced apoptosis and chemosensitivity. On the other hand, we observed that a relatively
high dose of gemcitabine did not induce the expression of key glycolytic enzymes (data not shown). A
similar effect was also found on the induction of stemness in pancreatic cancer [24], since glycolysis has
been shown to promote the stemness phenotype in gemcitabine-resistant pancreatic cancer cells [33].
Collectively, our data suggest an undesired mechanism of acquired gemcitabine resistance by inducing
glycolysis.
It has been reported that MALAT1 is overexpressed and promotes malignancy in various types of cancer,
including pancreatic cancer [17, 34-36]. In our study, we showed that MALAT1 expression could be
induced by gemcitabine. In addition, inhibition of MALAT1 expression enhanced gemcitabine-induced
apoptosis and the killing effects of gemcitabine in vitro and in vivo. This suggested that MALAT1 plays a
promoting role in driving gemcitabine resistance, which is in line with a previous report on the inverse
correlation between MALAT1 levels and both gemcitabine response and PFS in patients with pancreatic
cancer [19]. MALAT1 has been shown to enhance glycolysis in hepatocellular carcinoma [20]. In our
present study, we revealed that MALAT1 inhibition blocked the activities of gemcitabine-enhanced
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glycolytic enzymes, glucose consumption and lactate production. Altogether, our results indicated that
MALAT1 partially mediated gemcitabine-induced glycolysis and chemoresistance in pancreatic cancer.
HIF-1α is considered a master regulator driving glycolytic metabolism in cancer cells [37, 38]. Moreover,
gemcitabine resistance was suggested to be associated with HIF-1α induction in gemcitabine-resistant
pancreatic cancer cells [39]. In our study, we showed that gemcitabine promoted the expression of HIF-1α,
while knockdown of HIF-1α inhibited gemcitabine-induced glycolysis and facilitated apoptosis of cancer
cells. Our results suggested the promoting role of HIF-1α in glycolysis and chemoresistance induced by
gemcitabine. In addition, we observed that MALAT1 knockdown inhibited the activation of HIF-1α induced
by gemcitabine, which was similar to the findings in previously published data [21, 40]. Intriguingly, after
silencing HIF-1α, gemcitabine-induced MALAT1 expression was also attenuated. HIF-1α is the key effector
activated under hypoxia [41]. Our study verified that HIF-1α occupied the presumed promoter region of
MALAT1, and this occupation was enhanced by hypoxia treatment. Therefore, our data suggested that
the reciprocal regulation between MALAT1 and HIF-1α mediates gemcitabine-induced glycolysis and
chemoresistance.

Conclusions
Our results identify a new mechanism of acquired gemcitabine resistance by inducing glycolysis in
pancreatic cancer. In addition, the positive feedback loop between MALAT1 and HIF-1α enhanced by
gemcitabine partially mediates this effect. Our findings might provide novel insights into
chemoresistance and novel potential targets for combating pancreatic cancer.

List Of Abbreviations
ATP: adenosine triphosphate; LncRNAs: long non-coding RNAs; MALAT1: metastasis-associated lung
adenocarcinoma transcript 1; PFS: progression-free-survival; HIF-1α: hypoxia inducible factor 1α; GEM:
gemcitabine; PBS: phosphate-buffered saline.
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Figure 1
Enhanced glycolytic flux induced by gemcitabine promotes the chemoresistance of pancreatic cancer
cells. a After treatment with different concentrations of gemcitabine for 24 h, the mRNA expression levels
of GLUT1, HK2, and LDHA were analyzed by qRT-PCR. b The protein levels of GLUT1, HK2, and LDHA
were measured by western blot analysis after the above treatments. c, d Two pancreatic cancer cell lines
were treated with 4 μM gemcitabine for 24 h, and glucose uptake was tested by the glucose uptake
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assay: c Representative image of 2-NBDG uptake in cancer cells; d The change in relative glucose uptake
ability. e Lactate production was detected by the lactate production assay after treatment as indicated
above. SW1990 and PANC-1 cells were pretreated with 5 mM 2-DG for 1 h, followed by gemcitabine
treatment. f The relative lactate level was measured by the lactate production assay. g, h The apoptosis
of pancreatic cancer cells was detected by using the Annexin V-FITC/PI method: g Representative image
of apoptotic cells; h The percentage of apoptotic cancer cells was analyzed by counting the number of
events in the right upper and right lower quadrants. i After pretreatment with 2-DG, the sensitivity of the
two cancer cell lines to gemcitabine treatment was measured by the MTT assay. The results shown are
from three independent experiments. n.s. no significance; *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 2
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MALAT1 partially mediates gemcitabine-induced glycolysis and chemoresistance. a The mRNA level of
MALAT1 in two cancer cell lines was analyzed by qRT-PCR after treatment with different concentrations
of gemcitabine. b qRT-PCR analysis was used to detect the knockdown efficiency of siRNA targeting
MALAT1. SW1990 and PANC-1 cells were transfected with si-MALAT1 or si-NC, followed by gemcitabine
treatment. c, d The mRNA expression levels of MALAT1, GLUT1, HK2, and LDHA were measured by qRTPCR analysis. e The protein levels of GLUT1, HK2, and LDHA were detected by western blot analysis. f, g
The apoptosis of pancreatic cancer cells was detected by using the Annexin V-FITC/PI method: f
Representative dot plots of apoptotic cells; g Statistical analysis of apoptotic cells. h After transfection
with si-MALAT1 or si-NC, the sensitivity of the two cell lines to gemcitabine was measured by the MTT
assay. The data shown are representative of three independent assays. n.s. no significance; *P < 0.05; **P
< 0.01.
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Figure 3
HIF-1α partially mediates gemcitabine-induced glycolysis and chemoresistance. a qRT-PCR analysis was
used to determine the efficiency of silencing HIF-1α. SW1990 and PANC-1 cells were transfected with siHIF-1α or si-NC, followed by gemcitabine treatment. b, c, d The mRNA levels of GLUT1, HK2, and LDHA
were detected by qRT-PCR. e The protein levels of GLUT1, HK2, and LDHA were detected by western blot
analysis. f The relative lactate levels were measured by the lactate release assay. g, h The changes in
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apoptosis rates in the two cancer cell lines: g Representative apoptotic dot plots; h Statistical analysis of
apoptotic status. The results shown are from three independently repeated assays. *P < 0.05; **P < 0.01;
***P < 0.001.

Figure 4
Gemcitabine facilitated the reciprocal positive feedback loop of MALAT1 and HIF-1α. a SW1990 and
PANC-1 cells were transfected with si-MALAT1 or si-NC, followed by gemcitabine treatment, and the
protein level of HIF-1α was measured by western blot analysis. b Two cell lines were transfected with siHIF-1α or si-NC, followed by gemcitabine treatment, and the mRNA level of MALAT1 was detected by qRTPCR analysis. c The mRNA expression of MALAT1 was measured by qRT-PCR analysis after exposure to
hypoxia treatment for 9 h. d The putative binding sites of HIF-1α to the promoter of MALAT1 are shown. e
After hypoxia treatment, a ChIP assay was used to determine the binding abilities at each site. The results
shown are from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5
MALAT1 inhibition enhances the killing effect of gemcitabine in vivo. After transfection with LV-SiMALAT1, SW1990 cells were harvested and injected into the right flanks of athymic mice. After
approximately 5 days, the mice were randomly divided into control, LV-Si-MALAT1, GEM, and GEM+ LV-SiMALAT1 groups. Gemcitabine was intraperitoneally injected at a dose of 20 mg/kg every 3 days. a
Representative photographs of mice and tumors after 35 days of gemcitabine treatment. b The growth
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curve was delineated according to the volume measured every 5 days. c The weight of tumor in each
group was presented. d The representative expression levels of Ki-67 and TUNEL in tumor tissue sections
were measured by immunohistochemistry and immunofluorescence assays, respectively (scale bar, 50
μm). The data shown in the graphs are from three independent experiments. **P < 0.01.

Figure 6
Schematic illustration demonstrating how the reciprocal loop of MALAT1 and HIF-1α facilitates
gemcitabine resistance in pancreatic cancer by enhancing glycolysis.
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