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Increased m6A modification of lncRNA DBH-AS1 suppresses 
pancreatic cancer growth and gemcitabine resistance via the 
miR-3163/USP44 axis
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Background: Gemcitabine is among the most commonly utilized chemotherapeutic agents for treating 
pancreatic cancer (PC), yet patients ultimately develop chemoresistance and thus exhibit a poor prognosis. 
Long noncoding RNAs (lncRNAs) can function as key regulators of PC progression and may serve as 
prognostic biomarkers in individuals with gemcitabine-resistant PC. This study sought to explore the role of 
the lncRNA DBH-AS1 in this oncogenic setting. 
Methods: Based on public databases and qRT-PCR analyses the expression of lncRNA DBH-AS1 in PC 
tissues and cell lines. The effects of lncRNA DBH-AS1 on proliferation and gemcitabine resistance were 
determined by in vitro and in vivo experiments. Luciferase reporter assay and RNA immunoprecipitation (RIP) 
were carried out to reveal the interaction between lncRNA DBH-AS1, miR-3163 and USP44. 
Results: We found that PC tissues exhibited DBH-AS1 downregulation that was particularly pronounced 
in gemcitabine-resistant PC tissues and cells. This DBH-AS1 downregulation was negatively correlated 
with the malignancy of PC tumors and with patient survival outcomes. Additionally, decreased DBH-AS1 
expression in PC was found to be linked to the METTL3-dependent m6A methylation of the lncRNA, with 
functional analyses revealing that DBH-AS1 was able to suppress the growth of PC cells. Mechanistically, 
DBH-AS1 was able to increase PC cell sensitivity to gemcitabine by sequestering miR-3163 and thus 
upregulating USP44 in these tumor cells. Clinically, patient-derived PC tumor xenografts exhibiting high 
levels of DBH-AS1 expression were found to be responsive to gemcitabine treatment. 
Conclusions: Overall, these data underscore a key role for DBH-AS1 as a regulator of PC tumor growth 

and a promising therapeutic target capable of predicting PC patient responsiveness to gemcitabine treatment. 
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Introduction

Pancreatic cancer (PC) is an increasingly common 
malignancy of the digestive system, the incidence of which 
continues to rise globally. PC is associated with high 
mortality rates, with an estimated 60% of patients exhibiting 
distant metastasis at initial diagnosis and only 10–15% being 
eligible for surgical tumor resection (1-3). Gemcitabine is 
the first-line chemotherapeutic agent used to treat most 
patients with advanced PC at present (4). However, patients 
almost universally acquire gemcitabine chemoresistance, 
and its clinical efficacy is thus profoundly limited. There 
is an urgent need to identify novel therapeutic approaches 
cable of overcoming such chemoresistance and improving 
PC patient prognosis. 

m6A methylation was shown to play a crucial role in drug 
resistance development and intervention in cancer cells (5,6). 
Although previous study reported that METTL3 depletion 
enhanced chemo, radio, and chemoradio-sensitivity in 
pancreatic cancer cell (7), the role of m6A methylation in 
gemcitabine resistance remains largely unknown.

Long noncoding RNAs (lncRNAs), which are >200 
nucleotide RNAs lacking significant coding potential (8),  
can exert diverse regulatory functions to enhance or 
suppress tumor growth through the modulation of 
processes including metabolism, migration, invasion, cell 
cycle progression, autophagy, proliferation, and apoptosis 
(9-13). The dysregulation of specific lncRNA expression 
patterns has been tied to tumor chemoresistance in a range 
of cancers, including breast cancer, colorectal cancer, and 
hepatocellular carcinoma (HCC), with some lncRNAs 
having been identified as promising prognostic biomarkers 
in gemcitabine-resistant PC (14-18). LncRNA DBH-
AS1 plays an important role in the advancement of various 
malignant tumors including HCC (19), osteosarcoma (20), 
and diffuse large B-cell lymphoma (21). However, the role 
of this lncRNA in PC remained to be elucidated. This study 
explored the expression of DBH-AS1 in PC and examined 
the mechanistic relationship between its expression and the 
resistance of PC cells to gemcitabine treatment. We present 
the following article in accordance with the ARRIVE 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-556/rc).

Methods

Patients and tissue samples

In total, tumour and paracancerous tissue samples were 

collected from 156 individuals with PC were collected from 
individuals with PC undergoing surgical tumor resection 
in Changhai Hospital from 2006 to 2010. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The Ethics Committee of Changhai 
Hospital (No. CHEX-Y2020-043) approved this collection 
procedure, and participants gave informed consent. Full 
patient clinicopathological details are compiled in Table 1. In 
addition, another 16 sets of fresh tumor and paracancerous 
tissues for m6A methylated RNA immunoprecipitation 
(MeRIP)-qPCR analysis collected from patients with 
PC undergoing surgical resection from 2019 to 2022 at 
Changhai Hospital were used to assess the correlation 

Table 1  Associat ion of  DBH-AS1 express ion with  the 
clinicopathological features of the 156 patients with PC

Features n
lncRNA DBH-AS1 level

P value
High Low

All cases 156 78 78

Age, years 0.006

<60 88 29 59

≥60 68 49 19

Gender <0.001

Male 98 38 60

Female 58 40 18

Tumor size (cm) <0.001

<2 72 48 24

≥2 84 30 54

Lymph node metastasis 0.419

Negative 67 31 36

Positive 89 47 42

TNM stage 0.010

I and II 84 50 34

III and IV 72 28 44

Distant metastasis 0.005

Negative 97 57 40

Positive 59 21 38

Perineural invasion 0.170

Negative 50 29 21

Positive 106 49 57

PC, pancreatic cancer; TNM, tumor, nodes, and metastases.

https://atm.amegroups.com/article/view/10.21037/atm-22-556/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-556/rc
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between DBH-AS1 expression and m6A modification-
related molecules.

Cell culture and transfection

Human pancreatic duct epithelial (HPDE) cells and PC 
cell lines were obtained from the American Type Culture 
Collection and cultured in Dulbecco’s minimal essential 
medium (DMEM) or Roswell Park Memorial Institute 
(RPMI)-1640 medium (Invitrogen; Thermo Fisher 
Scientific, Inc., CA, USA) containing 10% fetal bovine 
serum (FBS) (Invitrogen; Thermo Fisher Scientific, Inc.) 
and penicillin/streptomycin in a humidified 37 ℃, 5% 
CO2 incubator. Oligonucleotides used for this study were 
obtained from Ribobio (Guangzhou, China). 

Quantitative polymerase chain reaction (qPCR) 

RNA extraction kits (QIAGEN, Hilden, Germany) 
were used following the manufacturer’s instructions to 
extract RNA from samples of interest, after which qPCR 
analyses were conducted with the Bio-Rad CFX96 Real-
Time PCR instrument and the SYBR qPCR Mix (Takara, 
Dalian, China). The expression levels of lncRNA and 
mRNA targets were normalized to those of glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), while U6 levels 
were used for miRNA normalization. 

m6A methylated RNA immunoprecipitation  
(MeRIP)-qPCR analysis

MeRIP assays were conducted using a Magna MeRIP 
m6A Kit (Epigentek, USA) following the manufacturer’s 
instructions. First, RNA was extracted from PC cells or 
tissues and fragmented via sonication at 0 ℃ for 10 seconds, 
after which magnetic beads (Sigma-Aldrich, Germany) 
were incubated at room temperature for 30 minutes with 
anti-m6A. Antibody-conjugated beads were then rinsed, 
combined with DNA-free RNA for 2 hours at 4 ℃ with 
constant rotation, then washed again. RNA was then eluted 
with 5'-monophosphate sodium salt (m6A). A miRNeasy 
mini-kit (QIAGEN) was used to isolate this RNA, after 
which qPCR analyses were conducted as appropriate. 

In vitro cytotoxicity tests

Gemcitabine was obtained from Eli  Lil ly & Co., 
Indianapolis, IN, USA. PC cells were plated in triplicate 

in 96-well plates (8×103/well), and cytotoxicity tests were 
conducted as in prior studies (22).

Cell proliferation and colony formation assays

A cell counting kit-8 (CCK-8, Dojindo Laboratories, 
Kumamoto, Japan) was used to assess cellular proliferation. 
Colony formation activity was assessed by plating 1.5×103 
cells in triplicate in 6-well plates for 14 days. Plates were 
then rinsed with phosphate-buffered saline (PBS), fixed 
using methanol for 10 minutes, and stained for 10 minutes 
using 0.1% crystal violet prior to subsequent analyses.

Luciferase reporter assay

Luciferase reporter assays were conducted as in prior 
studies (22). Briefly, 48 hours post-transfection, cells were 
collected and assessed in triplicate with a dual-luciferase 
assay (Promega Corp., Madison, WI, USA) following the 
manufacturer’s instructions.

Nuclear and cytoplasmic protein extraction

PC cell nuclear and cytoplasmic fractions were collected 
using a nuclear and cytoplasmic protein extraction kit 
(Beyotime, Shanghai, China) following the manufacturer’s 
instructions. GAPDH was used for the nuclear, and U6 for 
the cytoplasmic.

Patient-derived xenograft (PDX) modeling and in vivo 
assays

All female BALB/c nude mice (3–4 weeks old) used in 
our study were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd. and then housed 
in specific pathogen-free units. PDX modeling in BALB/
c nude female (male, 4–5 weeks old) and in vivo assays were 
performed as in prior studies (22). 

Animal experiments were performed under a project 
license granted by ethics board of Second Military Medical 
University (No. CHE2020-144), in compliance with Second 
Military Medical University guidelines for the care and 
use of animals. A protocol was prepared before the study 
without registration.

Statistical analysis

GraphPad Prism (GraphPad Software, Inc., CA, USA) was 
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used for all statistical testing, with P<0.05 as the significance 
threshold. Intergroup comparison was carried out using 
a bilateral t-test, analysis of variance (ANOVA), or a chi-
square test according to data type. Correlative analysis was 
performed using a Spearman test. Kaplan-Meier and log-
rank analyses were used to evaluate the prognosis of patients 
with PC.

Results

Patients with PC exhibit DBH-AS1 downregulation that is 
correlated with poor survival outcomes 

According to the gene expression profiling interactive 
analysis (GEPIA) database, PC tumors and several other 
cancer types exhibit downregulation of the lncRNA DBH-
AS1 (Figure 1A). Consistent with this information, we 
observed lower DBH-AS1 levels in PC cell lines relative 
to HPDE control cells via qPCR analysis (Figure 1B) and 
found this lncRNA to be expressed at lower levels in 156 PC 
tumor samples than in precancerous normal tissue samples 
(Figure 1C). After using the median DBH-AS1 expression 
levels to separate patients with PC into 2 groups—1 
with high levels and 1 with low levels of DBH-AS1 
expression—we conducted correlation analyses to explore 
the link between this lncRNA and the clinicopathological 
parameters in these 156 patients with PC (Table 1). This 
approach revealed that low levels of DBH-AS1 expression 
were positively correlated with larger tumor size and a 
more advanced tumor, nodes, and metastases (TNM) stage. 
Patients with lower DBH-AS1 expression levels exhibited 
poorer overall survival (OS) outcomes in a Kaplan-Meier 
analysis than patients expressing high DBH-AS1 levels 
(Figure 1D). Analyses of the GEPIA and The Cancer 
Genome Atlas (TCGA) databases further confirmed that 
low levels of DBH-AS1 expression indicate poor survival 
in patients with PC (Figure 1E). Our results suggest that 
the downregulation of DBH-AS1 is associated with poor 
clinical outcomes in patients with PC. 

m6A RNA methylation contributes to DBH-AS1 
downregulation in patients with PC

Given the above findings, we next sought to explore the 
mechanistic basis for DBH-AS1 downregulation in PC. 
To that end, we treated PC cells with inhibitors of DNA 
methylation or histone deacetylase activity, revealing 
DBH-AS1 expression to be independent of these forms 

of epigenetic modification (Figure S1A,S1B). Disrupting 
Dicer expression, which is critical to the processing 
of microRNAs (miRNAs), did not impact DNH-AS1 
expression in these PC cells either (Figure S1C). We noted 
that in the GEPIA database, the expression of the m6A 
methyltransferase METTL3 was positively correlated with 
DBH-AS1 expression levels (Figure 2A), and METTL3 
knockdown resulted in a significant drop in the expression 
of this lncRNA (Figure 2B and Figure S1D), highlighting 
a potential role for m6A modification in the observed 
changes to DBH-AS1 expression in PC cells. Subsequent 
MeRIP-qPCR analysis revealed DBH-AS1 m6A levels to be 
significantly lower in 16 tumor samples from patients with 
PC than in paracancerous tissue samples (Figure S1E). The 
sequence-based RNA adenosine methylation site predictor 
(SRAMP) database was then used to define 4 specific m6A 
methylation loci associated with DBH-AS1, consistent with 
the MeRIP-qPCR data (Figure 2C,2D, and Table 2). RIP 
assays additionally confirmed the m6A modification status 
of DBH-AS1in PC cells and clarified the link between 
METTL3 and the m6A modification of this lncRNA  
(Figure 2E). Rates of DBH-AS1 degradation were assessed 
over time following the treatment of cells with actinomycin 
D, revealing that METTL3 was able to modulate DBH-
AS1 RNA stability (Figure 2F), thus suggesting that 
METTL3-induced m6A RNA methylation is capable of 
modulating levels of DBH-AS1 within PC cells.

DBH-AS1 inhibits the growth of PC cells

Given the observed relationship between DBH-AS1 and the 
size of tumors in patients with PC, we next explored the role 
of this lncRNA as a modulator of PC cell growth. DBH-
AS1 was stably knocked down in Canpan-2 and BXPC-3 
cells (Figure S2A), leading to the significant enhancement 
of Canpan-2 and BXPC-3 cells proliferation in both CCK-
8 (Figure 3A) and colony formation assays (Figure 3B). In 
contrast, increasing the expression of DBH-AS1 resulted in 
the impaired growth of both of these cell lines (Figure 3C,3D,  
Figure S2B). To further explore the functional role of 
DBH-AS1 in oncogenic settings, nude BALB/C mice 
were implanted subcutaneously with Canpan-2 cells 
stably expressing LV-DBH-AS1, revealing the significant 
impairment of tumor growth in these BALB/C mice relative 
to those implanted with control tumors (Figure 3E,3F, 
Figure S2C). These results confirmed the ability of DBH-
AS1 to suppress the in vivo growth of PC tumors. 

https://journals.physiology.org/doi/full/10.1152/ajpgi.00242.2017?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#F0001
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7762754/#MOESM1
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
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Figure 1 DBH-AS1 expression is reduced in PC and correlates with worse survival outcomes. (A) GEPIA data revealed DBH-AS1 
downregulation in PC. (B) qPCR analysis of DBH-AS1 levels in PC cell lines. (C) qPCR analysis of DBH-AS1 levels in 156 individuals with 
PC were collected from individuals with PC. (D) Kaplan-Meier analysis of the OS of 156 patients with PC. (E) Kaplan-Meier analysis of 
the OS of 176 patients with PC, sourced from the GEPIA database. (B,C) t-test; (D,E) log-rank test. Data are means ± SEM from triplicate 
experiments. *, P<0.05; **, P<0.01; ***, P<0.001; ns, P>0.05. GEPIA, gene expression profiling interactive analysis database; PC, pancreatic 
cancer; qPCR, quantitative polymerase chain reaction; OS, overall survival. 
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DBH-AS1 increases the sensitivity of PC cells to 
gemcitabine 

DBH-AS1 levels were reduced in PC cells treated with 
gemcitabine (Figure 4A). We then established a gemcitabine-
resistant cell line by treating Canpan-2 cells for 1 month 
with this chemotherapeutic agent and selecting for drug-
resistant Canpan-2/gemcitabine cells (Figure 4B). Notably, 
these Canpan-2/gemcitabine cells exhibited lower levels of 
DBH-AS1 expression than the parental cells (Figure 4C),  
and the lentivirus-mediated overexpression of the lncRNA 
increased. Canpan-2/gemcitabine cell sensitivity to 
gemcitabine treatment compared to that observed in cells 
transduced with a control lentiviral construct. Conversely, 
the short hairpin (sh) DBH-AS1 treatment of parental 

Canpan-2 cells decreased their sensitivity to gemcitabine 
treatment compared to shControl treatment (Figure 4D,4E), 
thus confirming the ability of DBH-AS1 to sensitize PC 
cells to treatment with gemcitabine.

DBH-AS1 sequesters miR-3163 and thereby promotes 
USP44 upregulation 

Several prior reports have highlighted the ability of a 
competing endogenous RNA (ceRNA) mechanism to 
explain many of the myriad regulatory effects of lncRNAs on 
cells. In a subcellular fractionation analysis, DBH-AS1 was 
found to be primarily expressed in the PC cell cytoplasm, 
consistent with potential ceRNA functionality (Figure S3A).  
Using bioinformatics tools, we selected potential miRNA 

https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
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Figure 2 m6A RNA methylation drives the downregulation of DBH-AS1 in PC. (A) GEPIA data revealed a positive correlation between 
DBH-AS1 and METTL3 expression levels in PC. (B) qPCR analysis of DBH-AS1 expression in PC cells treated with shMETTL3 or 
shControl. (C) The SRAMP database was utilized to detect m6A methylation loci within DBH-AS1. (D) MeRIP-PCR analysis of m6A-
modified DBH-AS1. (E) MeRIP-PCR analysis of m6A-modified DBH-AS1 levels in cells treated with shControl or shMETTL3. (F) The 
impact of METTL3 on the degradation of DBH-AS1. (B,D-F) t-test. Data are means ± SEM from triplicate experiments, *, P<0.05. GEPIA, 
gene expression profiling interactive analysis database; PC, pancreatic cancer; qPCR, quantitative polymerase chain reaction; SRAMP, 
sequence-based RNA adenosine methylation site predictor; MeRIP, methylated RNA immunoprecipitation; sh, short hairpin.

targets with sequence complementarity for DBH-AS1, 
revealing 16 such targets that exhibited the maximum 
possible predictive score (>169) (Table 3). These interactions 
were then verified via RNA pull-down and dual-luciferase 
reporter assays. In an MS2bs RNA pull-down assay for all 
16 targets, DBH-AS1 was found to be capable of binding 

miR-3163 (Figure S3B), while in a dual-luciferase reporter 
assay, it was found to bind miR-3163 (Figure 5A,5B). The 
primary mechanism whereby miRNAs regulate cellular 
activity is by inhibiting target gene translation through 
interactions with complementary 3'-untranslated region 
(UTR) sequences. Using the TargetScan database, the 

https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
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Table 2 m6A sites based on SRAMP database

# Position Sequence context Score

1 146 GGCCCCCCAUGAGGCCUGCCUGACUGCAUGCCCCACCCGGGCCCA (Moderate confidence)

2 200 ACCUGGAAGCGGACGGCUGAGGACUUGUUGCAGUGCAUGGAGAUG (Very high confidence)

3 277 GCGGUUGAAGGAGUUCCAGGGAACAGAGGAUCCCGAAGCCCCCCU (Low confidence)

4 476 AUUGCCACCAUUGGCAGGAGAGACAGGCAGUGAGUGAGUGAGUCA (Moderate confidence)

5 703 UUGUCUGGAAGCUGUCCCCAUGACCUCCAGCGAGAGCCUGGAGCC (Low confidence)

6 730 CAGCGAGAGCCUGGAGCCAAGGACUGCAAGGGAGGCCCUUUCCAC (Very high confidence)

7 810 CGUGGCUCUGAGGGGAGCAGGGACUCUAUAAGACAGGACCGUGAC (Very high confidence)

8 820 AGGGGAGCAGGGACUCUAUAAGACAGGACCGUGACUAGAGGCCGC (Moderate confidence)

9 825 AGCAGGGACUCUAUAAGACAGGACCGUGACUAGAGGCCGCGACAA (High confidence)

10 831 GACUCUAUAAGACAGGACCGUGACUAGAGGCCGCGACAACCUCCA (High confidence)

11 1083 UCCCAGCAGGUCAGGGGCCGGGACAUGACGCCCUGGCCACCCUUG (High confidence)

12 1201 GCAAUCUUUACUCUAUGGCAGAACAAAGGGACUGGGCAAAGCUUG (Low confidence)

13 1209 UACUCUAUGGCAGAACAAAGGGACUGGGCAAAGCUUGGCGUGGCA (Very high confidence)

14 1266 GCCGCCCCCUCCUCCCGUGCAGACAAAGAGCAUGGGACAGUUCUG (Low confidence)

15 1280 CCGUGCAGACAAAGAGCAUGGGACAGUUCUGCCCAGAGACGAAAC (High confidence)

16 1471 CCACCACAGACAUCAAAAGGGAACUGAGUCCGACCCUGUGUAGAA (Moderate confidence)

17 1685 CAUGGGCCAGGGAAGCCACAGAACUGCCCACGGGGACGCUGGCAC (High confidence)

18 1917 CAGAAUGGGGCUGAUGGUGGGGACUUGCCUGGGGUGCUCCACCUG (High confidence)

19 2222 CCUCCUCUAGAGAGAAUAAAGGACUGACAAAGCUAAAAAAAAAAA (High confidence)

SRAMP, sequence-based RNA adenosine methylation site predictor.

USP44 3'-UTR was found to harbor a miR-3163 binding 
site (Figure 5C). Dual-luciferase assays consistently indicated 
a binding interaction between miR-3163 and this USP44 3'-
UTR region (Figure 5D). USP44 expression was reduced in 
PC cells following miR-3163 mimic transfection (Figure 5E  
and Figure S3C). USP44 mRNA levels were reduced when 
DBH-AS1 was knocked down, while inhibited miR-3163 
expression partially reversed this effect (Figure 5F and 
Figure S3D,S3E). These results suggested that DBH-AS1 
can competitively binding to miR-3163 to sequester it and 
thereby promote USP44 upregulation. 

DBH-AS1 knockdown enhances PC cell growth via the 
downregulation of USP44

Next, we examined the ability of DBH-AS1 knockdown 
to enhance PC cell proliferation and gemcitabine 

chemoresistance via the reduction of USP44 expression. 
Knocking down DBH-AS1 significantly impaired PC cell 
growth in vitro and in vivo, while USP44 upregulation was 
sufficient to reverse these effects (Figure 6). These results 
confirmed the ability of a DBH-AS1 deficiency to enhance 
PC cell proliferation at least in part by promoting USP44 
downregulation. 

The expression of DBH-AS1 is correlated with beneficial 
outcomes in gemcitabine-treated patients with PC 

In addition, PDXs exhibiting high levels of DBH-AS1 
expression grew more slowly following gemcitabine 
treatment than PDXs expressing low levels of this lncRNA 
(Figure 7A,7B). These results suggest DBH-AS1 is 
correlated with gemcitabine responsiveness, making it a 
potentially valuable predictor of gemcitabine treatment 

https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-556-Supplementary.pdf
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Figure 3 DBH-AS1 inhibits the growth of PC cells. (A,C) qPCR analysis of PC cell growth following LV-DBH-AS1 LV-NC, shDBH-AS1, 
or shControl treatment. (B,D) PC cell colony formation was assessed for cells treated as in (A). The colonies were dyed with crystal violet 
and photographed under the camera (×1). (E,F) Nude mice subcutaneously injected with Canpan-2 cells stably transfected with LV-DBH-
AS1 (n=5) or LV-NC (n=5). Subsequent analyses of tumor growth revealed that LV-DBH-AS1 inhibited in vivo PC tumor growth. Scale bar: 
1 cm. (A-D,F) t-test. Data are means ± SEM from triplicate experiments. *, P<0.05. PC, pancreatic cancer; qPCR, quantitative polymerase 
chain reaction; sh, short hairpin.

outcomes in patients with PC. 

Discussion

There is growing evidence demonstrating that lncRNA 
dysregulation is a key mediator of diverse physiological and 
pathological processes, including the onset and progression 
of various cancers (23,24). Moreover, several lncRNAs have 
been linked to tumor chemoresistance, as in the cases of 
MALAT1-related cisplatin resistance (25) and linc00173-
mediated resistance to adriamycin and etoposide (26). 
Gemcitabine is a first-line chemotherapeutic drug used to 
treat patients with advanced PC, either alone or together 

with other chemotherapeutic compounds (27). Resistance 
to gemcitabine has been correlated with other lncRNAs, 
including lncRNA-low expression in tumor (LET) (28). 
While chemoresistant tumors have been shown to exhibit 
differential patterns of lncRNA expression, further research 
is essential to better clarify the functional roles of these 
lncRNAs in many oncogenic contexts. In this study, we 
found that DNH-AS1 was downregulated in gemcitabine-
resistant human PC cells, with the downregulation of this 
lncRNA being sufficient to increase gemcitabine resistance 
in PC cells in vitro and in vivo (Figure 7C).

We found that DBH-AS1 was downregulated in patients 
with PC in a manner that correlated with survival outcomes, 
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Figure 4 DBH-AS1 increases the sensitivity of PC cells to gemcitabine. (A) qPCR analysis of DBH-AS1 levels in PC cells via following 
gemcitabine (0, 5, and 10 nM) treatment. (B) Representative growth curves for Canpan-2/gemcitabine and Canpan-2 cells. (C) qPCR 
analysis of DBH-AS1 levels in Canpan-2/gemcitabine and Canpan-2 cells. (D) qPCR analysis of DBH-AS1 levels in Canpan-2/gemcitabine 
following LV-NC or LV-DBH-AS1 treatment. (E) Representative growth curves for gemcitabine-treated Canpan-2/gemcitabine cells treated 
with LV-NC and LV-DBH-AS1, or Canpan-2 cells treated with shControl or shDBH-AS1. IC50, half-maximal inhibitory concentration. 
(A,C,D) t-test; (B,E) variance test. Data are means ± SEM from triplicate experiments, *, P<0.05. PC, pancreatic cancer; qPCR, quantitative 
polymerase chain reaction; sh, short hairpin.
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Table 3 Predicted target miRNAs with the lncRNA DBH-AS1 
binding site based on the Miranda database

miRNA Max score miRNA length

hsa-miR-216a-3p 180 22

hsa-miR-6894-3p 179 21

hsa-miR-149-3p 173 21

hsa-miR-6821-5p 172 23

hsa-miR-6724-5p 172 23

hsa-miR-612 172 25

hsa-miR-3163 171 22

hsa-miR-766-3p 171 22

hsa-miR-4763-3p 170 24

hsa-miR-5008-5p 170 22

hsa-miR-4763-5p 170 21

hsa-miR-212-5p 170 23

spurring us to explore its mechanistic role in this cancer 
type. Both DNA methylation and histone acetylation are 
key regulators of the expression of many genes (29,30) 
but were not found to affect DBH-AS1 expression in PC 
cells substantially. Moreover, Dicer interference failed to 
impact the expression of this lncRNA, suggesting that it is 
not downregulated by any miRNAs. Recent work suggests 
that the m6A modification of mRNAs can significantly 
alter their stability, transport, translation, splicing, and 
localization within cells (31,32), with such m6A modification 
being regulated in mammalian cells by a complex composed 
of METTL3, METTL14, and WTAP (33). Our results 
suggest that the expression of DBH-AS1 is at least partially 
controlled by RNA methylation, given that m6A methylase 
knockdown reduced DBH-AS levels in PC cells, while m6A 
demethylase knockdown had the opposite effect, increasing 
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Figure 5 DBH-AS1 sequesters miR-3163 and thereby promotes USP44 upregulation. (A) Schematic overview of complementary miR-
3163 and DBH-AS1 sequences. (B) DBH-AS1 binding to miR-3163 assessed via dual-luciferase reporter assay. (C) Schematic overview 
of complementary miR-3163 binding sites within the USP44 3'-UTR. (D) miR-3163 binding to the USP44 3'-UTR assessed via dual-
luciferase reporter assay. (E) USP44 mRNA levels measured in PC cells following miR-3163 mimic or mimic NC transfection. (F) USP44 
mRNA levels were assessed in the indicated cells. (B,D,E) t-test; (F) variance test. Data are means ± SEM from triplicate experiments. *, 
P<0.05; ns, P>0.05. PC, pancreatic cancer; CCK-8, cell-counting kit 8; sh, short hairpin.

DBH-AS1 levels in PC cells. Moreover, we identified a 
potential role for the m6A methylase METTL3 in reducing 
DBH-AS1 in patients with PC. To our knowledge, this 
study is the first to have outlined a role for m6A modification 
in the dysregulation of DBH-AS1 expression in cancers. 

Tumor differentiation status has been linked to 
responsiveness to targeted therapies, but the mechanisms 
underlying this relationship are not well understood (34). 
We found that DBH-AS1 overexpression was sufficient 
to increase PC cell sensitivity to gemcitabine-mediated 

growth inhibition. Mechanistically, DNH-AS1 was found 
to function as a ceRNA for miR-3163 to promote the 
upregulation of USP44, which is involved in the uptake 
of gemcitabine. Consistent with these findings, clinical 
samples revealed that patients with PC and high DBH-
AS1 expression levels were more likely to benefit from 
gemcitabine treatment than patients with lower expression 
levels of this lncRNA. Given that histological and gene 
expressions in PDX models have been shown to be largely 
consistent with case-matched original tumors (35), we 
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Figure 6 DBH-AS1 knockdown enhances PC cell growth via the downregulation of USP44. (A,B) CCK-8 assay of PC cells treated with 
shControl or shDBH-AS1 and LV-USP44 or LV-NC. (C,D) Canpan-2 cells following stable shControl or shDBH-AS1 transfection and LV-
USP44 or LV-NC treatment subcutaneously implanted in nude mice (n=5/group). LV-DBH-AS1 treatment was associated with slower PC 
tumor growth in these animals. Scale bar: 1 cm. (A,B,D) t-test. Data are means ± SEM from triplicate experiments, *, P<0.05. PC, pancreatic 
cancer; CCK-8, cell-counting kit 8; sh, short hairpin.
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also assessed correlations between gemcitabine sensitivity 
and DBH-AS1 expression in PDX models, revealing that 
PDXs expressing higher DBH-AS1 levels exhibited more 
pronounced growth inhibition following treatment with 

gemcitabine. In contrast, those expressing low levels of this 
lncRNA were largely unresponsive to such treatment. 

Overall, these results indicate that DBH-AS1 may serve 
as an individualized predictor of gemcitabine treatment 
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Figure 7 DBH-AS1 expression correlates with beneficial outcomes in gemcitabine-treated patients with PC. (A) qPCR analysis of DBH-
AS1 expression in PDX samples. (B) PDXs expressing low or high levels of DBH-AS1 treated for 28 days with gemcitabine (30 mg/kg 
body weight) or vehicle control, with tumor growth rates monitored over time. (C) Schematic demonstrating the mechanisms through 
which DBH-AS1 suppresses pancreatic cancer cell growth and gemcitabine resistance. (A,B) t-test. Data are means ± SEM from triplicate 
experiments, *, P<0.05; NS, P>0.05. PC, pancreatic cancer; qPCR, quantitative polymerase chain reaction; PDX, patient-derived xenograft; 
NS, no statistical.

sensitivity in patients with PC, although further research 
will be necessary to confirm this possibility. 
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Figure S1 m6A RNA methylation contributes to DBH-AS1 downregulation in patients with PC. (A) qRT-PCR analysis of PC cells treated 
with DMSO or 5-AZA as indicated. (B) qRT-PCR analysis of PC cells treated with DMSO or TSA as indicated. (C) qRT-PCR analysis of 
PC cells transfected with si-Dicer or si-Control as indicated. (D) qRT-PCR analysis of PC cells transfected with si-METTL3 or si-Control. 
(E) The m6A of DBH-AS1 levels from 16 patients with PC and the paracancerous normal tissues was performed by MeRIP-qPCR. (A-E) 
t-test. Data are means ± SEM from triplicate experiments. *, P<0.05; ns, P>0.05. PC, pancreatic cancer; DMSO, dimethylsulphoxide; TSA, 
trichostatin; qRT-PCR, quantitative real-time polymerase chain reaction; MeRIP, methylated RNA immunoprecipitation.

Figure S2 DBH-AS1 inhibits the growth of PC cells. (A) qRT-PCR analysis of DBH-AS1 levels in PC cells with shControl or shDBH-AS1 
as indicated. (B) qRT-PCR analysis of DBH-AS1 levels in PC cells with LV-NC or LV-DBH-AS1 as indicated. (C) Tumor weight from the 
LV-NC or LV-DBH-AS1 groups. (A-C) t-test. Data are means ± SEM from triplicate experiments. *, P<0.05.PC, pancreatic cancer; qRT-
PCR, quantitative real-time polymerase chain reaction.
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Figure S3 DBH-AS1 sequesters miR-3163 and thereby promotes USP44 upregulation. (A) Expression levels of DBH-AS1 in nuclear and 
cytoplasm of HCC cells. U6 (nuclear retained) and GAPDH (exported to cytoplasm) were used as controls. (B) RNA pull-down assays 
detected the binding of DBH-AS1 with miRNA after PC cells were transfected with an MS2bs-DBH-AS1 or MS2bs-RLUC plasmid. (C) 
qRT-PCR analysis of miR-3163 levels in PC cells with Mimic-miR-NC or Mimic-miR-3163. (D) qRT-PCR analysis of miR-3163 levels 
in PC cells with Inhibitor-miR-NC or Inhibitor-miR-3163. (E) qRT-PCR analysis of the USP44 mRNA levels in PC cells with LV-NC 
or LV-USP44. Data are means ± SEM from triplicate experiments. *, P<0.05. HCC, hepatocellular carcinoma, GAPDH, glyceraldehyde 
3-phosphatedehydrogenase; PC, pancreatic cancer; qRT-PCR, quantitative real-time polymerase chain reaction.
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