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Abstract
The role of long noncoding RNAs (lncRNAs) in the epithelial-mesenchymal transition 
(EMT) in pancreatic ductal adenocarcinoma (PDAC) is unclear. Some lncRNAs can be 
transferred by extracellular vesicles (EVs) and have potential as biomarkers. Here, 
we identify an lncRNA that could serve as a biomarker for PDAC and show the func-
tional roles of the lncRNA. Expression profiling of lncRNAs revealed that highly up-
regulated in liver cancer (HULC) was highly expressed, and induced, by transforming 
growth factor-β in PDAC cells and their EVs. Knockdown of HULC decreased PDAC 
cell invasion and migration by inhibiting the EMT. Thus, HULC could be transferred by 
EVs, and promote EMT, invasion, and migration in recipient PDAC cells. To assess the 
roles of HULC, PDAC cell xenografts in nude mice were established. Knockdown of 
HULC in PDAC cells implanted in mice inhibited tumor growth. Moreover, microRNA-
133b suppressed PDAC cell invasion and migration by inhibiting the EMT through 
targeting HULC. Furthermore, serum samples were obtained from 20 PDAC and 22 
intraductal papillary mucinous neoplasm (IPMN) patients, as well as 21 healthy in-
dividuals. Analysis of serum EV HULC expression by digital PCR showed that HULC 
expression was significantly increased in PDAC patients compared to healthy individ-
uals or IPMN patients. Additionally, HULC showed good predictive performance for 
discriminating PDAC, suggesting that the analysis of EV-encapsulated HULC would 
contribute to the diagnosis for human PDAC. Extracellular vesicle-transported HULC 
promotes cell invasion and migration by inducing the EMT, and microRNA-133b sup-
presses the EMT by targeting HULC. Extracellular vesicle-encapsulated HULC could 
be a potential circulating biomarker for human PDAC.
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1  | INTRODUC TION

Pancreatic ductal adenocarcinoma is the fourth leading cause of 
cancer-related death in the United States. Pancreatic ductal ad-
enocarcinoma is a highly invasive and metastatic malignancy; less 
than 20% of cases are localized and thus potentially curable.1,2 The 
EMT, which involves fundamental changes in gene expression that 
disrupt epithelial polarity and establish a mesenchymal phenotype, 
can be induced by TGF-β.3 The zinc finger transcription factor Snail 
is upregulated by TGF-β and could be a key inducer of the EMT.4 In 
cancers, this process is involved in resistance to cell death, senes-
cence, chemotherapy, and immunotherapy.5 Although the EMT can 
trigger invasion and metastasis of several cancers, including PDAC,6 
the regulatory mechanisms by which EMT pathways are regulated in 
PDAC are unclear.

Long noncoding RNAs are defined as nonprotein-coding RNAs 
more than 200 nucleotides in length. Long noncoding RNAs have 
been implicated in the regulation of gene expression and the patho-
genesis of various diseases, including cancers. Some lncRNAs, such 
as H19, HULC, MALAT-1, and HOTAIR, were reported to be highly 
expressed, and to function as oncogenic lncRNAs, in several can-
cers.7,8 Other lncRNAs are being increasingly recognized to contrib-
ute to biological processes through diverse mechanisms in PDAC. 
HOTAIR was reported to be a negative prognostic factor, and to 
regulate cell proliferation, the cell cycle, and apoptosis in PDAC.9 
MALAT-1 decreased the sensitivity to chemotherapy and acceler-
ated tumor angiogenesis by enhancing stem cell-like phenotypes in 
PDAC.10 HOTTIP was also found to promote PDAC cell prolifera-
tion and invasion by regulating HOXA13.11 Although several other 
lncRNAs, such as H19, GAS5, and PVT1, are related to PDAC devel-
opment, the role of lncRNAs in the EMT pathway in PDAC is not well 
understood.12-14 Moreover, the interrelationship between 2 classes 
of ncRNA, lncRNAs and miRNAs, reportedly contributes to the epi-
genetic regulation of gene expression in several diseases.15 Thus, 
there is a need to identify lncRNAs and miRNAs that regulate the 
EMT, and elucidate the underlying regulatory mechanisms, in human 
PDAC.

Extracellular vesicles, such as microvesicles and exosomes, are 
membranous vesicles released by most cells.16 Extracellular vesicles 
contain proteins, lipids, and RNAs from donor cells, can be taken up 
by, and transfer their contents to, recipient cells, and modulate recipi-
ent cell behavior.17-20 Noncoding RNAs are also contained and carried 
by EVs. Although several miRNAs are transferred by EVs, the mecha-
nisms of intercellular transfer of lncRNA in EVs are unclear. We have 
previously reported that lncRNAs, such as linc-RoR and linc-VLDLR, 
can be carried by EVs and modulate signaling pathways related to 
resistance to chemotherapy or hypoxic stress in recipient hepatocel-
lular cancer cells.21,22 Based on these findings, we hypothesized that 
intercellular signaling by EV lncRNAs mediates tumor cell invasion 
and metastasis by regulating the EMT pathway in human PDAC.

Although CA19-9 and CEA are currently used as clinical bio-
markers for human PDAC, they are insufficient for its diagnosis, 

particularly at an early stage.23 Recently, circulating tumor cells, 
cell-free DNA, and EVs (including exosomes) have been evaluated 
in terms of liquid biopsy. Liquid biopsy constitutes a promising 
noninvasive alternative to traditional tissue biopsy for diagno-
sis and monitoring of the evolution and therapeutic response of 
a tumor.24 Although EV-encapsulated small ncRNAs reportedly 
modulate cancer cell behavior and/or serve as biomarkers for can-
cers, there is very limited information regarding lncRNAs in this 
context.

In this study, we aimed to identify lncRNAs involved in the 
EMT pathway and investigate their functional roles during PDAC 
cell invasion and migration. Moreover, we identified miRNAs that 
negatively regulate lncRNAs and revealed the contribution of the 
interrelationship between lncRNAs and miRNAs to the regulatory 
mechanisms of PDAC development. Furthermore, we identified 
an lncRNA in serum EVs that could serve as a novel biomarker for 
human PDAC.

2  | MATERIAL S AND METHODS

2.1 | Cell lines, culture, and reagents

The nonmalignant human pancreatic ductal epithelial cell line 
hTERT-HPNE was obtained from ATCC and cultured as recom-
mended by the supplier. The human pancreatic cancer cell lines 
Panc-1, MiaPaCa-2, and BxPC-3 were obtained from ATCC, and 
KP-3 and QGP-1 were purchased from the JCRB Cell Bank. Panc-1 
cells were cultured in high-glucose DMEM (Thermo Fisher Scientific) 
containing 10% FBS and 1% penicillin-streptomycin (Thermo 
Fisher Scientific). MiaPaCa-2 cells were cultured in high-glucose 
DMEM containing 10% FBS, 2.5% horse serum, and 1% penicillin- 
streptomycin. BxPC-3, KP-3, and QGP-1 cells were cultured in 
RPMI-1640 medium (Thermo Fisher Scientific) containing 10% FBS 
and 1% penicillin-streptomycin. All cells were cultured at 37°C in 
an atmosphere containing 5% CO2. For all EV studies, EV-depleted 
medium was prepared using exosome-depleted FBS (Thermo Fisher 
Scientific). Transforming growth factor-β was obtained from EMD 
Millipore. Cells were treated with 10 ng/mL TGF-β for 72 hours to 
induce the EMT.

2.2 | Human samples

Human studies were approved by the Asahikawa Medical University 
Institutional Review Board (protocol no. 15 084), and informed con-
sent was obtained from all subjects. Serum samples from 20 PDAC 
patients, 22 branch duct-type IPMN patients, and 21 healthy indi-
viduals seen at Asahikawa Medical University Hospital from 2016 
to 2019 were included in this study. Details of the patients are sum-
marized in Table 1.

Other materials and methods are described in Data S1.
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TA B L E  1   Clinical and laboratory characteristics of the 63 study participants

Sample Sex Age (y) Diagnosis

Serum 
CA19-9 
(kU/L) Serum CEA (kU/L)

TNM cancer 
stage

1 M 75 Healthy 14 3.7  

2 M 64 Healthy 14 1.7  

3 F 65 Healthy 18 2  

4 F 81 Healthy 4 1.5  

5 M 48 Healthy 4 0.2  

6 F 69 Healthy 5 0.7  

7 F 70 Healthy N/A N/A  

8 M 67 Healthy 13 2.1  

9 M 80 Healthy 12 2.4  

10 F 74 Healthy 23 2.4  

11 F 69 Healthy 6 1.4  

12 F 65 Healthy 11 1.3  

13 M 68 Healthy 10 1.9  

14 M 74 Healthy 13 3.2  

15 M 82 Healthy 12 2.4  

16 F 44 Healthy 13 0.3  

17 M 82 Healthy 15 2.1  

18 F 80 Healthy 7 2.4  

19 M 80 Healthy 13 5.5  

20 F 77 Healthy 6 2.2  

21 F 59 Healthy 10 1  

Median (IQR)   72 (66.5)   12.0 (6.8) 2.1 (1.4)  

22 F 80 IPMN 1 4.4  

23 F 67 IPMN 5 2.9  

24 F 68 IPMN 8 1.6  

25 M 76 IPMN 1 4.3  

26 M 80 IPMN 5 0.4  

27 M 69 IPMN N/A N/A  

28 M 79 IPMN 1 2.6  

29 M 58 IPMN 8 5.5  

30 F 71 IPMN 2 4.5  

31 M 62 IPMN N/A N/A  

32 F 75 IPMN N/A N/A  

33 F 70 IPMN 5 2  

34 F 58 IPMN 71 2.7  

35 F 61 IPMN 1 2.8  

36 F 87 IPMN 20 6.9  

37 F 70 IPMN 7 2.6  

38 F 86 IPMN 13 4.1  

39 F 70 IPMN 9 0.8  

40 F 64 IPMN 10 5.3  

41 F 71 IPMN 9 2.4  

42 M 82 IPMN 10 2.3  

(Continues)
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3  | RESULTS

3.1 | High expression of HULC in PDAC cells and 
expression induced by TGF-β

Transforming growth factor-β induces the EMT pathway, which 
triggers invasion and metastasis in several cancers. To investigate 
whether TGF-β induces the EMT in PDAC cells, we examined the 
expression of EMT-related genes and morphological changes after 
incubation with 10 ng/mL TGF-β. Epithelial-mesenchymal transition 
is associated with the downregulation of epithelial markers and the 
upregulation of mesenchymal markers at the molecular level. We 
verified that the epithelial marker E-cadherin was downregulated, 
and that the EMT-inducible transcription factor Snail, and the mes-
enchymal markers N-cadherin and vimentin were upregulated, in 
TGF-β-treated PDAC cells (Figure S1A). As the EMT is morphologi-
cally characterized by changes from an epithelial cell phenotype to a 
spindle-like appearance, and functionally characterized by decreased 

cell adhesion, we also confirmed that PDAC cells became spindle 
shaped and grew in isolation after TGF-β treatment (Figure S1B).

Next, to identify lncRNAs induced by TGF-β in PDAC, we ex-
amined the expression profiles of 90 known lncRNAs in Panc-1 
PDAC cells after incubation with or without TGF-β by RT-qPCR. 
We identified several lncRNAs with greater than 0.5 log2 (fold 
change) alteration in expression in Panc-1 cells treated with TGF-β 
compared to the control (Figure 1A). We next analyzed the ex-
pression of lncRNAs in EVs derived from Panc-1 cells after TGF-β 
treatment. Compared to control EVs (derived from Panc-1 cells 
incubated without TGF-β), the expression of 21 lncRNAs was in-
creased by more than 0.5 log2 (fold change) in EVs derived from 
Panc-1 cells treated with TGF-β (Figure 1B). These included 6 
deregulated lncRNAs in TGF-β-treated Panc-1 cells (Figure 1C). 
Among them, HULC was the only lncRNA whose expression was 
induced by TGF-β in a panel of pancreatic cancer cells (Figure 1D) 
and altered by 1.7- to 4.7-fold in several pancreatic cancer cells 
compared to values in hTERT-HPNE normal pancreatic epithelial 

Sample Sex Age (y) Diagnosis

Serum 
CA19-9 
(kU/L) Serum CEA (kU/L)

TNM cancer 
stage

43 M 70 IPMN N/A 3.4  

Median (IQR)   70 (66.3)   7.5 (2.8) 2.8 (2.4)  

44 F 74 PDAC 224 1.3 T3N0M0

45 M 68 PDAC 5673 1.7 T3N1M1

46 M 62 PDAC 31 809 196.4 T4N1M1

47 M 62 PDAC 319 754 378.3 T4N1M1

48 F 67 PDAC 9 0.9 T3N0M0

49 F 86 PDAC 245.4 1.6 T3N0M0

50 F 63 PDAC 96 4.4 T4N1M0

51 F 86 PDAC 2 18.2 T4N1M1

52 F 71 PDAC 138 1.8 T4N1M0

53 F 86 PDAC 2768 1.8 T4N1M1

54 M 65 PDAC 1423 29.9 T3N1M1

55 F 78 PDAC 1924 8.4 T3N1M1

56 F 65 PDAC 219 1.4 T4N1M0

57 F 84 PDAC 66 1.5 T3N1M0

58 F 68 PDAC 85 1.9 T3N1M1

59 F 73 PDAC 1801 2.2 T3N0M0

60 M 57 PDAC 2145 2.8 T4N1M1

61 M 80 PDAC 14 2.8 T3N1M1

62 M 74 PDAC 10 1.4 T3N0M0

63 M 66 PDAC 223 713 3.7 T4N1M1

Median (IQR)   69.5 (65)   234.7 (80.3) 2.1 (1.6)  

Note: Median and interquartile range (IQR) of each group are indicated.
Abbreviations: CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; F, female; Healthy, healthy individual; IPMN, intraductal papillary 
mucinous neoplasm; M, male; PDAC, pancreatic ductal adenocarcinoma.

TA B L E  1   (Continued)
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cells (Figure 1E). Thus, we focused on HULC as a candidate EMT-
related, as well as oncogenic, lncRNA.

3.2 | Knockdown of HULC attenuates cell 
invasion and migration by inhibiting the EMT in 
PDAC cells

Having identified HULC as a TGF-β-regulated and candidate EMT-
related lncRNA, we next assessed its role in the EMT pathway. 
First, we confirmed the efficiency of HULC siRNAs and used them 
in further experiments. The mRNA level of the EMT-inducible 
transcription factor Snail was reduced by HULC knockdown 
compared to the control. An siRNA to HULC also decreased the 
N-cadherin and vimentin mRNA levels, whereas it increased that 
of E-cadherin, in Panc-1 and MiaPaCa-2 cells (Figure 2A and Figure 
S2). Consistent with these changes, the N-cadherin, vimentin, and 
Snail protein levels were decreased, and that of E-cadherin was 
increased, by HULC knockdown (Figure 2B). Moreover, cells trans-
fected with an siRNA to HULC showed significantly reduced prolif-
eration, viability, invasion, and migration (Figure 2C-F). Therefore, 

HULC is a TGF-β-inducible lncRNA that is aberrantly expressed 
in tumor cells and can modulate PDAC cell phenotypes in part by 
regulating the EMT pathway.

3.3 | Tumor cell growth modulated by HULC 
suppressing EMT in vivo

We next examined the effect of HULC knockdown on the growth 
of PDAC cell xenografts in vivo. The PDAC cells were s.c. in-
jected following transfection with siRNA to HULC or a control 
siRNA. The PDAC cell growth and HULC expression were de-
creased in xenograft tumors transfected with an siRNA to HULC 
(Figure 3A,B). We also assessed whether HULC regulates the EMT 
pathway in xenograft tumors. Consistent with our observation 
that HULC knockdown suppressed the EMT of PDAC cells in vitro, 
N-cadherin, vimentin, and Snail expression was decreased, and that 
of E-cadherin was increased, in xenograft tumors (Figure 3C, D).  
These in vivo results are consistent with those obtained in vitro 
and confirm that HULC modulates tumor growth by inducing the 
EMT in PDAC cells.

F I G U R E  1   Long noncoding RNA 
(lncRNA) expression in pancreatic 
ductal adenocarcinoma (PDAC) cells is 
upregulated by transforming growth 
factor (TGF)-β. A, LncRNA expression was 
assessed in Panc-1 cells after incubation 
with 10 ng/µL TGF-β. B, LncRNA 
expression in extracellular vesicles 
(EVs) released by Panc-1 cells treated 
with TGF-β. Each analysis was carried 
out on 3 independent samples for each 
lncRNA. Each bar represents the relative 
expression of an lncRNA. Changes in 
lncRNA expression of at least 2-fold, in 
cells or EVs treated with TGF-β compared 
to the controls, are shown. C, Venn 
diagram of the number of lncRNAs whose 
expression was increased in Panc-1 cells 
or EVs treated with TGF-β compared to 
the controls. D,E, RNA was extracted and 
RT-quantitative PCR was undertaken. D, 
HULC expression was assessed in PDAC 
cells incubated with or without TGF-β for 
72 h. E, Basal expression level of HULC 
in a nonmalignant human pancreatic 
ductal epithelial cell line (hTERT-HPNE) 
and PDAC cell lines. Expression of HULC 
was normalized to that of RNU6B. Bars 
are means ± SEM of 3 independent 
experiments. *P < .05
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3.4 | Extracellular HULC transfer can promote 
PDAC cell invasion and migration

Extracellular vesicle contents are transferred from donor to recipi-
ent cells. We have reported that EV-mediated transfer of lncRNAs 
can modulate the behavior of neighboring HCC cells.21,22 Thus, we 
explored the ability of EV-encapsulated HULC to regulate the EMT in 
recipient PDAC cells. We collected EVs from PDAC cells by ultracen-
trifugation and visualized their morphology by electron microscopy. 
The collected EVs were approximately 100 nm microstructures with 
a lipid bilayer membrane (Figure 4A). We next evaluated the effect 
of the transfer of EV HULC released from PDAC donor cells on the 
EMT pathway in recipient PDAC cells. Incubation with EVs derived 
from PDAC cells after transfection with control siRNA significantly 
increased HULC expression compared to incubations without EVs 
or with EVs derived from PDAC cells after transfection with siRNA 
HULC1. Moreover, E-cadherin expression was decreased, and that 
of N-cadherin, vimentin, and Snail was increased in recipient cells 
incubated with EVs isolated from PDAC cells after transfection with 
control siRNA (Figure 4B,C), suggesting that the promoting roles 
of EMT by EV derived from PDAC cells would be HULC-mediated. 
Furthermore, incubation with EVs derived from PDAC cells signifi-
cantly increased recipient cell proliferation, viability, invasion, and 
migration (Figure 4D-G). These effects were further enhanced by 
EVs derived from PDAC cells treated with TGF-β. These observa-
tions indicate that HULC could be transferred from donor to re-
cipient cells by EVs, which could promote cancer cell invasion and 
migration by inducing the EMT pathway.

3.5 | HULC is a direct target of miR-133b

The interrelationship between 2 classes of ncRNAs, miRNAs and 
lncRNAs, reportedly contributes to epigenetic regulation in sev-
eral cancers.25 Therefore, to reveal the regulatory mechanisms of 
HULC, we identified candidate miRNAs that target HULC and are 
downregulated by TGF-β. We postulated that candidate tumor-sup-
pressing miRNAs would suppress EMT signaling by targeting HULC. 
A microarray analysis identified 187 miRNAs whose expression was 
decreased by less than 0.87-fold in Panc-1 cells treated with TGF-β 
(Figure 5A,B). Of these, miR-133b was predicted to target HULC 
by a bioinformatics analysis on miRNA.org (Figure 5C). Moreover, 
miR-133b expression was reduced by TGF-β in a panel of pancreatic 
cancer cells (Figure 5D). The posttranscriptional regulation of gene 

expression by miRNAs is the result of their complementary binding to 
the 3′-UTR of their RNA targets.26 Bioinformatics analysis predicted 
that HULC has a 7-nucleotide miR-133b binding site. Therefore, to 
determine whether HULC is a direct target of miR-133b, we cotrans-
fected a miR-133b mimic and a firefly luciferase reporter vector 
containing the target site of HULC into Panc-1 and MiaPaCa-2 cells. 
The HULC firefly luciferase activity was significantly decreased in 
miR-133b-overexpressing cells (Figure 5E), confirming the specific-
ity of the interaction between miR-133b and HULC. Based on these 
results, we focused on miR-133b as a candidate EMT-suppressing 
miRNA in further experiments.

3.6 | MicroRNA-133b suppresses cell invasion and 
migration by inhibiting EMT by targeting HULC

To assess whether miR-133b suppresses cell invasion and migration 
by targeting HULC, we next investigated the functional contribution 
of miR-133b to the EMT pathway. We used a miRNA mimic to over-
express miR-133b and confirmed its effect on miR-133b by qPCR. 
The miR-133b mimic decreased HULC expression in PDAC cells. 
MicroRNA-133b overexpression significantly reduced N-cadherin, 
vimentin, and Snail expression, and increased that of E-cadherin 
(Figure 6A,B). Also, overexpression of miR-133b decreased cell pro-
liferation, viability, invasion, and migration (Figure 6C–F).

To further evaluate the impact of miR-133b on the EMT, a miR-
133b inhibitor was used to attenuate miR-133b activity in PDAC 
cells. We assessed the expression levels of EMT-related genes in 
Panc-1 cells after incubation with the miR-133b inhibitor. Inhibition 
of miR-133b significantly increased HULC, N-cadherin, vimentin, and 
Snail expression, and decreased that of E-cadherin (Figure S3A,B). 
We next analyzed tumor cell behavior after miR-133b inhibition. The 
miR-133b inhibitor significantly increased the proliferation, viabil-
ity, invasion, and migration of PDAC cells (Figure S3C-F). Therefore, 
miR-133b suppressed PDAC cell invasion and migration by inhibiting 
the EMT through targeting HULC.

3.7 | Extracellular vesicle-encapsulated HULC 
derived from serum is a potential biomarker for 
human PDAC

Finally, we investigated the potential of EV HULC as a novel bio-
marker for human PDAC. Serum samples from 20 PDAC patients, 

F I G U R E  2   Effect of HULC knockdown on the epithelial-mesenchymal transition and phenotype of pancreatic ductal adenocarcinoma 
cells. Panc-1 cells were transfected with an siRNA to HULC 1, HULC 2, or a control siRNA. A, After 48 h, RNA was isolated and quantitative 
PCR for HULC, E-cadherin, N-cadherin, vimentin, and Snail was carried out. B, After 72 h, protein was extracted and western blotting was 
carried out using Abs against E-cadherin, N-cadherin, vimentin, and Snail. Relative expression normalized to that of β-actin is shown. C-F, 
Panc-1 cells were transfected with an siRNA to HULC 1, HULC 2, or a control siRNA. C,D, After 24, 48, 72, and 96 h, cell proliferation was 
examined by cell counting using Trypan blue (C) and cell viability was examined by MTS assay (D). E, After 24 h, cell invasion was assessed by 
Transwell assay under an inverted microscope. F, After 24 h, cell migration was assessed by wound healing assay. Bars are means ± SEM of 3 
independent experiments. *P < .05. ref, reference; rel., relative
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22 branch duct-type IPMN patients, and 21 healthy individuals were 
collected. Extracellular vesicle RNA derived from serum was isolated 
and subjected to digital PCR analysis. The subjects’ data are shown 
in Table 1. The subjects comprised 6 stage II, 3 stage III, and 11 stage 
IV PDAC patients; no stage 0 or I PDAC patients were analyzed. 
Extracellular vesicle HULC expression was significantly increased in 
PDAC patients compared to healthy individuals. Extracellular vesicle 

HULC expression was also increased in PDAC patients compared to 
IPMN patients (Figure 7A,B). Moreover, analysis using only PDAC 
patient samples showed that there was no significant correlation 
between EV HULC expression and stage, N factor, M factor, or the 
other clinical factors analyzed (Figure 7C). A receiver operating char-
acteristic curve was plotted to assess the diagnostic performance 
of EV HULC expression, CA19-9, and CEA for PDAC. Extracellular 

F I G U R E  3   Effect of HULC knockdown in tumor xenografts in vivo. Xenograft tumors were established following ex vivo transfection 
of Panc-1 cells with an siRNA to HULC or a control siRNA. A, Tumor volume was estimated at the indicated time points. Data are mean 
estimated tumor volumes from 3 separate xenografts. B, Tumors were excised at 4 weeks after implantation. Bars are means ± SEM 
xenograft tumor weights. Scale bar = 10 mm. C, RNA was isolated from xenograft tumors and quantitative PCR was carried out for HULC, 
E-cadherin, N-cadherin, vimentin, and Snail. D, Protein was isolated from xenograft tumors and western blotting was undertaken using Abs 
against E-cadherin, N-cadherin, vimentin, and Snail. Relative expression normalized to that of β-actin is shown. Bars are means ± SEM of 3 
independent experiments. *P < .05
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F I G U R E  4   Intercellular HULC transfer by extracellular vesicles (EVs) during the epithelial-mesenchymal transition and the phenotype 
of pancreatic ductal adenocarcinoma cells. Panc-1 cells (1 × 106 per 10 cm dish) were cultured for 72 h, and EVs were isolated from the 
conditioned medium by ultracentrifugation. A, Transmission electron micrograph of EVs from Panc-1 cells. A homogeneous population 
of particles was obtained. B-G, EVs were isolated from Panc-1 cells after transfection with an siRNA to HULC 1 or a control siRNA, or 
incubated with 10 ug/mL transforming growth factor (TGF-β for 72 h. Then, EVs were added to recipient Panc-1 cells. B, RNA was isolated 
from recipient cells and HULC, E-cadherin, N-cadherin, vimentin, and Snail expression was assayed by quantitative RT-PCR. RNA expression 
was normalized to that of RNU6B and expressed relative to the value of the control. C, Protein was isolated from recipient Panc-1 cells and 
the E-cadherin, N-cadherin, vimentin, and Snail levels were analyzed by western blotting. Protein levels were normalized to that of β-actin. 
D,E, After 24, 48, 72, and 96 h, cell proliferation was examined by cell counting using Trypan blue (D) and cell viability was examined by 
MTS assay (E). F, After 24 h, cell invasion was assessed by Transwell assay under an inverted microscope. G, After 24 h, cell migration was 
assessed by wound healing assay. Bars are means ± SEM of 3 independent experiments. *P < .05. ref, reference; rel., relative
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vesicle HULC showed a high AUC for discriminating PDAC from 
healthy individuals and IPMN patients. If healthy individuals and 
IPMN patients were regarded as a non-PDAC group, HULC showed 
good predictive performance, with an AUC of 0.92 for discriminating 
PDAC from non-PDAC. The AUC values of CA19-9 and CEA were 0.9 
and 0.54, respectively, and there was no significant difference in the 
AUC between HULC and CA19-9 (Figure 7D). These results suggest 
that HULC performs similarly to CA19-9 as a potential biomarker for 
human PDAC, particularly for predicting the malignant potential of 
IPMN.

4  | DISCUSSION

The mechanisms by which tumor cells respond to TGF-β and induce 
the EMT pathway are crucial in cancer invasion and metastasis, and 
in particular for tumors such as PDAC, which frequently show local 
invasion and metastasis at an early stage. Long noncoding RNA HULC 
was identified as an inducer of the EMT and was aberrantly expressed 
in PDAC in vitro and in vivo. HULC is enriched within EVs released 
by tumor cells after incubation with TGF-β and can modulate cellu-
lar signaling and tumor invasion and migration in recipient cells. This 

F I G U R E  5   MicroRNAs (miRNAs) that regulate HULC expression in pancreatic ductal adenocarcinoma (PDAC) cells. Panc-1 cells were 
treated with 0 (control) or 10 ng/mL transforming growth factor (TGF)-β. After incubation for 72 h, RNA was isolated, and expression 
profiling of 2555 miRNAs was carried out. Expression of 1719 miRNAs was detected in Panc-1 cells. A, Scatter plot of the microarray 
intensities of TGF-β-treated Panc-1 cells against those of control cells. B, Waterfall plot of the 187 miRNAs whose expression was decreased 
<0.87-fold in Panc-1 cells treated with TGF-β. C, MicroRNA (MiR)-133b was predicted to target HULC by bioinformatics analysis using 
miRNA.org. D, RNA was extracted and miR-133b expression was assessed by quantitative RT-PCR in PDAC cells after incubation with 10 ng/
mL TGF-β for 72 h. MiR-133b expression relative to the controls is shown. Gene expression was normalized to that of RNU6B. E, Panc-1 and 
MiaPaCa-2 cells were transfected with 12.5 nmol/L miR-133b or control mimic, and after 24 h, were cotransfected with 2.0 µg HULC firefly 
luciferase reporter vector or empty vector and 0.1 μg Renilla luciferase reporter pRL-SV40. After a further 24 h, relative firefly luciferase 
activity was measured and normalized to Renilla activity. Bars are means ± SEM of 3 independent experiments. *P < .05

F I G U R E  6   Effect of microRNA (miR)-133b overexpression on the epithelial-mesenchymal transition and phenotype of pancreatic ductal 
adenocarcinoma cells. Panc-1 cells were transfected with 12.5 nmol/L miR-133b or the control mimic. A, After 48 h, RNA was isolated and 
quantitative RT-PCR for miR-133b, HULC, E-cadherin, N-cadherin, vimentin, and Snail was carried out. B, After 72 h, protein was extracted, 
and western blotting was undertaken using Abs against E-cadherin, N-cadherin, vimentin, and Snail; protein levels normalized to that of 
β-actin are shown. C,D, After 24, 48, 72, and 96 h, cell proliferation was examined by cell counting using Trypan blue (C) and cell viability 
was examined by MTS assay (D). E, After 24 h, cell invasion was assessed by Transwell assay under an inverted microscope. F, After 24 h, cell 
migration was assessed by wound healing assay. Bars are means ± SEM of 3 independent experiments. *P < .05. ref, reference; rel., relative
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lncRNA is the most upregulated gene in HCC.27 HULC copurifies with 
ribosomes in the cytoplasm, is involved in the regulation of cancer cell 
proliferation by downregulating p18, and is related to ATM/ATR- and 

p53-dependent signaling.28 Also, HULC negatively regulates the ex-
pression of several miRNAs, including miR-372. Downregulation of 
miR-372 decreases translational repression of PRKACB, which induces 
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phosphorylation of CREB. As phosphorylated CREB forms part of the 
RNA pol II transcriptional machinery, which activates HULC expression, 
HULC might act as an endogenous miRNA sponge to regulate miRNA 
activities in HCC cells.7,29 Our studies revealed several important roles 
for this EMT-inducible lncRNA, and identified the mechanism by which 
HULC coordinates cancer cell invasion and migration. Indeed, HULC 
has been shown to promote the EMT in HCC by upregulating ZEB1.30 
Further studies of the roles of this lncRNA in the EMT and behavior of 
tumor cells using a metastatic tumor mouse model, or studies about 
the effects of HULC on the expression of TGF-β receptors or secretion 
of TGF-β, could lead to the discovery of therapeutic targets.

Long noncoding RNAs can epigenetically modulate gene expres-
sion by chromatin remodeling or controlling transcription, posttran-
scriptional mRNA processing, protein function or localization, and 
intercellular signaling.7 Although many lncRNAs contribute to the de-
velopment of digestive cancers and other gastroenterological diseases, 
only a handful of lncRNAs are involved in the pathogenesis of PDAC. Of 

these, HOTAIR, H19, and TUG1 are related to PDAC cell invasion and 
metastasis.14 HOTAIR was reported to promote tumor cell invasion in 
part by regulating HOXA13. Lymph node metastasis in PDAC patients 
was correlated with HOXA13 expression in tumor tissue.11 TUG1 pro-
motes cell migration and contributes to the EMT in PDAC cells.31 In 
this study, we found that HULC expression is induced by TGF-β and 
promotes cell invasion and migration by regulating the EMT pathway in 
PDAC cells. Thus, HULC is a potential oncogenic gene in human PDAC, 
as in other gastroenterological cancers. Recently, the interrelationship 
between miRNAs and lncRNAs has been reported to contribute to the 
epigenetic regulation of gene expression in several diseases.15 HULC 
is a target of miR-488. MicroRNA-488 suppressed cell invasion by in-
hibiting the EMT pathway through targeting ADAM9, and attenuated 
cell proliferation by inhibiting HULC expression through sponging to 
HULC in HCC cells.32 Our study revealed that miR-133b targets HULC 
directly and attenuates PDAC cell invasion and migration by inhibit-
ing HULC expression. These results provide new insights into the 

F I G U R E  7   Evaluation of extracellular 
vesicle (EV) HULC as a biomarker for 
pancreatic ductal adenocarcinoma 
(PDAC). EV HULC expression was 
analyzed in serum from PDAC patients, 
intraductal papillary mucinous neoplasm 
(IPMN) patients, and healthy individuals. 
A, Blue dots, wells containing HULC; 
yellow dots, wells without HULC. B, 
Expression of HULC. C, Samples from 
PDAC patients were analyzed to evaluate 
the correlation between EV HULC 
expression and stage, N factor, and M 
factor. Bars are means ± SEM. *P < .05. 
D, Discriminatory ability of EV HULC 
expression, carbohydrate antigen 19-9 
(CA19-9), and carcinoembryonic antigen 
(CEA) in PDAC patients compared to 
healthy individuals, IPMN patients, 
and both healthy individuals and IPMN 
patients. Sensitivity and specificity of 
HULC expression are presented as area 
under the curve (AUC) values. Cut-off 
(probability) values of HULC, CA19-9, 
and CEA are 0.43, 0.44, and 0.6 (PDAC 
patients vs healthy individuals), and 0.22, 
0.39, and 0.26 (PDAC patients vs both 
healthy individuals and IPMN patients), 
respectively. N.S., not significant
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miRNA-lncRNA interaction and suggest potential strategies to inhibit 
invasion and metastasis in human PDAC. As a single miRNA can target 
multiple RNAs, further investigations, such as rescue studies by HULC 
overexpression, are required to fully understand the role of the miR-
133b-HULC interaction in the regulation of the EMT.

Although most (but not all) exRNA is contained within EVs, 
which are selectively isolated within exRNA preparations, incuba-
tion of EVs obtained from PDAC cells transferred HULC and en-
hanced tumor cell viability, invasion, and metastasis by promoting 
the EMT, suggesting that extracellular HULC could be packaged 
within EVs.16,17 Other factors in EVs, such as mRNAs, proteins, and 
ncRNAs, could affect cell phenotype or induce the EMT. However, 
expression profiling of lncRNAs within PDAC cell-derived EVs iden-
tified HULC as one of the most highly enriched lncRNAs. Moreover, 
the HULC content of EVs was increased by TGF-β treatment, and 
incubation with these EVs further increased HULC expression and 
induced the EMT pathway in recipient PDAC cells. Although further 
studies are needed to evaluate the role of HULC in PDAC develop-
ment, our findings show that EV HULC promotes the EMT, as well as 
the invasion and migration, of PDAC cells.

Circulating nucleic acids, including mRNAs and ncRNAs, can be 
useful for liquid biopsy, which can provide diagnostic and prognostic in-
formation. Circulating EVs have potential for liquid biopsy because they 
can transport cargo, such as mRNAs, ncRNAs, and proteins.33,34 There 
are few reports regarding liquid biopsy using circulating EV lncRNAs.35 
For instance, CRNDE-h is expressed in CRC tissue. The serum exoso-
mal CRNDE-h level was elevated and could serve as a diagnostic and 
prognostic biomarker for CRC.36 Long noncoding RNA H19 is highly 
expressed in HCC tissue, mainly in cholangiocytes. Cholangiocyte-
derived exosome-mediated transfer of H19 promotes cholestatic in-
jury in hepatocytes. Moreover, the serum exosomal H19 level gradually 
increased during liver injury in a mouse model.37 The potential of EV 
lncRNA as a biomarker for pancreatic cancer is unclear. In this study, EV 
HULC was highly expressed in the serum of PDAC patients; the AUC 
was comparable to that of CA19-9. Moreover, EV HULC might enable 
detection of early PDAC in IPMN patients. Although the limitation of 
this study is the small number of samples, and further analysis of the 
usefulness of EV HULC for liquid biopsy using a greater number of sam-
ples is warranted, our data suggest that EV HULC has potential as a 
biomarker for early diagnosis of human PDAC.

We evaluated the role of EV lncRNA-miRNA signaling in tumor 
invasion and migration in PDAC cells, and identified EV-encapsulated 
lncRNA as a biomarker for PDAC (Figure 8). These findings provide 
mechanistic insights into cancer cell invasion and metastasis, iden-
tify novel therapeutic targets for cancer, and suggest the potential 
of EV HULC for early diagnosis of PDAC.
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