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A Novel Transforming Growth Factor
Beta-Induced Long Noncoding RNA
Promotes an Inflammatory
Microenvironment in Human
Intrahepatic Cholangiocarcinoma

Aude Merdrignac

! Gaélle Angenard,1 Coralie Allain,! Kilian Petitjean,1 Damien Bergeat,1 Pascale Bellaud,' Allain Fautrel,!

Bruno Turlin,' Bruno Clément,' Steven Dooley,2 Laurent Sulpi(:e,1 Karim Boudjema,1 and Cédric Coulouarn’

Intrahepatic cholangiocarcinoma (iCCA) is a deadly liver primary cancer associated with poor prognosis and limited thera-
peutic opportunities. Active transforming growth factor beta (TGFp) signaling is a hallmark of the iCCA microenviron-
ment. However, the impact of TGFp on the transcriptome of iCCA tumor cells has been poorly investigated. Here, we
have identified a specific TGFp signature of genes commonly deregulated in iCCA cell lines, namely HuCCT1 and
Huh28. Novel coding and noncoding TGFp targets were identified, including a TGF-induced long noncoding RNA
(TLINC), formerly known as cancer susceptibility candidate 15 (CASC15). TLINC is a general target induced by TGFp
in hepatic and nonhepatic cell types. In iCCA cell lines, the expression of a long and short TLINC isoform was associated
with an epithelial or mesenchymal phenotype, respectively. Both isoforms were detected in the nucleus and cytoplasm. The
long isoform of TLINC was associated with a migratory phenotype in iCCA cell lines and with the induction of proin-
flammatory cytokines, including interleukin 8, both in vitro and in resected human iCCA. TLINC was also identified as a
tumor marker expressed in both epithelial and stroma cells. In nontumor livers, TLINC was only expressed in specific por-
tal areas with signs of ductular reaction and inflammation. Finally, we provide experimental evidence of circular isoforms
of TLINC, both in iCCA cells treated with TGFp and in resected human iCCA. Conclusion: We identify a novel TGF -
induced long noncoding RNA up-regulated in human iCCA and associated with an inflammatory microenvironment.
(Hepatology Communications 2018;2:254-269)

Introduction

holangiocarcinomas (CCAs) comprise het-
erogeneous hepatobiliary tumors with cholan-
giocyte differentiation features. CCAs are
classified as intrahepatic (iCCA), perihilar, and distal,

based on their anatomic location."? In the liver,

iCCA accounts for 5%-10% of all malignant primary
cancers and ranks second after hepatocellular carci-
noma (HCC). Importantly, both incidence and mor-
tality rates of iCCA have increased significantly
worldwide during the past decades.?’ To date, surgery
is the best potentially curative treatment for iCCA but
is feasible in less than 40% of cases. For these

Abbreviations: CASC15, cancer susceptibility candidate 15; CCA, cholangiocarcinoma; circRINA, circular RNA; EMT, epithelial to mesenchymal
transition; GSEA, gene set enrichment analysis; HCG, hepatocellular carcinoma; iCCA, intrahepatic cholangiocarcinoma; ILS, interleukin 8; ISH, in
situ hybridization; LCM, laser capture microdissection; IncRNA, long non coding RNA; miRINA, miR, micro RNA; Q-RT-PCR, quantitative
reverse-transcription polymerase chain reaction; RNase, ribonuclease; SMAD, SMAD family member; SNAIL, snail family transcriptional repressor 1;
TGFp, transforming growth factor beta; TLING, transforming growth factor beta-induced long noncoding RNA; TLINC-L, long TLINC isoform;

TLINC-S, short TLINC isoform.
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resectable early stage iCCAs, 5-year survival is about
40%. However, for unresectable advanced iCCA, the
median survival is less than 15 months.” Although
significant progress in understanding the molecular
basis of iCCA pathogenesis has been achieved by high
throughput strategies, including the identification of
genetic, epigenetic, and genomic alterations (e.g.,
KRAS proto-oncogene guanosine triphosphatase
[KRAS], isocitrate dehydrogenase 1/2 [IDH1/2] muta-
tions, fibroblast growth factor receptor 2 [FGFR2]
fusions), there is no approved molecular targeted ther-
apy that significantly improves patient survival in
iCCA.%® Thus, iCCA remains characterized by lim-
ited therapeutic options and very poor prognosis."
One histologic feature of iICCA is the presence of a
prominent desmoplastic stroma that is known to con-
tribute to tumor onset and progression.> While pre-
vious studies largely focused on identifying molecular
alterations in tumor cells, we recently characterized
genomic alterations that occur in the tumor microenvi-
ronment of iCCA.®" Thus, by combining laser
microdissection and gene expression profiling, we
demonstrated that the expression of transforming
growth factor beta (TGFp) in the stroma of iCCA
predicts a poor prognosis, suggesting that TGFf may
represent a potential therapeutic target in iCCA.®
TGEFp is a pleiotropic cytokine that controls funda-
mental cellular processes associated with carcinogenesis
(e.g., proliferation, apoptosis, invasion, angiogenesis,
immunity).(7) However, the actions of TGFf in cancer
are complex because TGFf exhibits either tumor-
suppressive or tumor-promoting properties, depending
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on the tumor stage. At an early stage, TGFf exerts
potent antiproliferative properties on precancerous epi-
thelial cells, notably by inducing genes with cytostatic
actions (e.g., cyclin-dependent kinase inhibitor 1A
[CDKN1A4]). At an advanced stage, cells become resis-
tant to the cytostatic effects of TGFf, which then pro-
motes tumor growth and metastatic progression,
particularly as a potent inducer of epithelial-mesenchy-
mal transition (EMT).”® To date, the molecular
mechanisms switching the TGFf actions from tumor
suppression toward tumor promotion are not fully
understood and may depend on the cellular con-
text.*1? Gene mutations in the canonical TGFf sig-
naling (e.g., SMAD family member 4 [SMAD4]) and
crosstalk with proliferative pathways have been pro-
posed to contribute to the loss of the tumor suppressor
arm of TGFJ in several cancers.”’ In addition, recent
evidence demonstrated that long noncoding RNA
(IncRNA) could mediate the prometastatic properties
of TGFB."'? LncRNAs form a large and diverse
class of long RNA molecules (>200 nucleotides) that
do not encode proteins. LncRNAs emerged as key reg-
ulators involved in human carcinogenesis, including
liver cancers.">'® Here, we characterized the tran-
scriptional response of iCCA cell lines to TGFf and
identified novel TGFpf-regulated genes, including a
IncRNA that we named TGFf-induced IncRNA
(TLINC, formerly known as LINC00340 and cancer
susceptibility candidate 15 [CASC15]). TLINC is
induced by TGF in several settings, and the expres-
sion of specific isoforms correlates with an EMT phe-
notype. 7LINC is strongly up-regulated in human
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iCCA and is associated with an enhanced expression
of proinflammatory cytokines, including interleukin
8 (IL8). Finally, circular isoforms of 7TLINC are
highlighted as promising biomarkers in patients with
iCCA.

Materials and Methods

CELL CULTURE AND REAGENTS

HuCCT1 (RCB-1960) and Huh28 (RCB-1943)
CCA cell lines were purchased at the RIKEN BioRe-
source Center (Tsukuba-shi, Japan). Cells were grown
in Roswell Park Memorial Institute 1640 medium
(HuCCT1) or minimal essential medium (Huh28)
supplemented with 100 U/mL penicillin, 100 ug/mL
streptomycin, and 10% fetal bovine serum. HCC cell
lines were gurchased from ATCC and cultured as
described.™ LX2 cells were grown as described.®
Freshly isolated human hepatocytes were purchased
from Biopredic International (St. Grégoire, France).
Cells were cultured at 37 °C in a 5% CO, atmosphere,
and overnight serum starvation was performed before
each treatment. Unless otherwise specified, cells were
treated with 1ng/mL recombinant human TGFf
(R&D Systems, Minneapolis, MN) and 10uM
TGFp inhibitors (Sigma-Aldrich, St. Louis, MO).

TGFp SENSOR CELL LINES AND
LUCIFERASE ACTIVITY

Stable TGFf sensor cell lines were generated by
using a pCignal Lenti-SMAD Reporter assay (Qiagen,
Courtabeuf, France) according to the manufacturer’s
instructions. Briefly, cells were transduced with lentivi-
ral particles (multiplicity of infection, 10; 8 pg/mL
SureENTRY transduction reagent) and selected with
1 pg/mL puromycin for 5 days. Luciferase activity was
determined with the Firefly Luciferase Assay System
(Promega, Madison, WI) and normalized by the num-
ber of viable cells evaluated by a PrestoBlue cell viabil-
ity reagent (Invitrogen, Carlsbad, CA).

DNA TRANSFECTION

DNA constructs were kindly provided by Dr. Kris-
tina A. Cole (Children’s Hospital of Philadelphia,
Philadelphia, PA) and Dr. Sumio Sugano (University
of Tokyo, Tokyo, Japan). All constructs were amplified
by transformation of One Shot TOP10 Escherichia coli
(Invitrogen) and validated by DNA sequencing
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(Supporting Table S1) after DNA purification (Nucle-
obond Xtra plasmid maxiprep kit; Macherey Nagel,
Hoerdt, France). DNA transfection was performed by
using Lipofectamine 2000 (Invitrogen).

PROTEIN ANALYSIS

A Quantikine enzyme-linked immunosorbent assay
human TGFp1 immunoassay (R&D Systems) was
used to evaluate the expression of TGFf in the super-
natant of cell cultures collected 24 hours after serum
starvation. Protein analysis by immunoblotting was
performed as described.'”” Human anti-E-cadherin
(CDH1) (AF648; R&D Systems) and anti-vimentin
(VIM) (B01P; Abnova) antibodies were used.

GENE EXPRESSION PROFILING

Total RNA, including IncRNA and micro RNA
(miRNA, miR), was purified with an miRNAeasy kit
(Qiagen). Genome-wide expression profiling was per-
formed using the low-input QuickAmp labeling kit
and human SurePrint G3 8x60K probes pangenomic
microarrays (Agilent Technologies, Santa Clara, CA)
as described.™ These microarrays include 26,083
Entrez genes and 30,606 IncRNAs. Gene expression
data were processed using Feature Extraction and
GeneSpring software (Agilent Technologies). Micro-
array data sets have been deposited into the public
Gene Expression Omnibus database under accession
numbers GSE102109 and GSE102110. Gene set
enrichment analysis (GSEA) was performed using the
Java tool developed at the Broad Institute (Cambridge,
MA). The Enrichr algorithm (http://amp.pharm.
mssm.edu/Enrichr) was also used to identify key genes
associated with relevant signaling pathways.

QUANTITATIVE REVERSE-
TRANSCRIPTION POLYMERASE
CHAIN REACTION

Quantitative reverse-transcription polymerase chain
reaction (Q-RT-PCR) was performed as described*®
by using a SYBR Green master mix (Applied Biosys-
tems, Carlsbad, CA). A mixture of deoxythymidine
oligomer (250 ng) and random hexamers (100 ng) was
used to prime the RT reaction of 1pg total RNA
(Superscript IITI RT; Invitrogen). A list of DNA pri-
mers used in this study is provided in Supporting
Table S2.
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FIG. 1. HuCCT1 and Huh28 cell lines exhibit an epithelioid and a mesenchymal-like phenotype respectively, the later correlating
with endogenous activation of the TGFf pathway. (A) Phase contrast micrographs of HuCCT1 and Huh28 cells (left panel; scale
bar, 100 um) and expression of vimentin and E-cadherin at the RNA (middle panel) and protein level (right panel). (B) Volcano plot
of genes differentially expressed between HuCCT1 and Huh28 (left panel) and GSEA highlighting a TGFJf signature enriched in
the gene expression profile of Huh28. (C) Enzyme-linked immunosorbent assay demonstrating increased secretion of TGFf1 in the
supernatant of Huh28 cells 24 hours after overnight serum starvation. (D) Relative luciferase activity of HuCCT1 and Huh28 engi-
neered cell lines in which a luciferase gene is under the transcriptional control of a TATA box alone (white bars) or with SMAD
responsive elements (black bars). Luciferase activity was measured at the basal level without exogenous addition of TGFf after over-
night serum starvation. (E) Gene expression analysis of TGFf target genes in HuCCT1 and Huh28 cells at the basal level by micro-
array and Q-RT-PCR. (F) Q-RT-PCR analysis of TGFf target gene SMAD7 in Huh28 cells treated with 10 uM TGFf inhibitors
(black bars). Statistical analysis was performed by # test (*P < 0.05; **P < 0.01; **P<0.001); n> 3 replicates. Data represent mean *
SD. Abbreviations: mRNA, messenger RNA; MW, molecular weight.

FUNCTIONAL TESTS of matrigel basement membrane matrix (invasion test)

or on an 8-pm pore-size positron emission tomogra-

Cell viability was evaluated using a PrestoBlue phy control membrane insert (migration test). The
reagent (Invitrogen). Data were expressed as relative lower compartment contained medium with 10% fetal
cell viability compared to untreated cells transfected bovine serum as a chemoattractant. After incubation
with the control plasmid set as 1. Cell migration and for 48 hours, we removed the cells remaining on the
invasion were evaluated using BD BioCoat Matrigel —upper surface of the membrane with a cotton swab,
Invasion Chambers (BD Biosciences) as described.'®  fixed cells in 4% paraformaldehyde that had passed
Briefly, 4X10* cells were plated in serum-free through to the lower surface of the membrane, and
medium either on an 8-pm pore-size positron emis- stained the fixed cells with 1% crystal violet. We scored
sion tomography membrane insert coated with a layer invasive and migrating cells per membrane under a

257



MERDRIGNAC ET AL.

HEPATOLOGY COMMUNICATIONS, March 2018

HuCCT1 (TGFB vs Ctrl) [ control Huh28 (TGFp vs Ctrl) [ control
71 | B TGFB 74 At i W TGFB
6 6. oo
2% ER
T 44 T 4-
4 goomanR ;2
3 3
(=] o
D 2- D 2-
o o
R E e
0+ 04
T T T T T T
2 0 2 4 - 4 2 0 2 4
log2(fold change) log2(fold change)
D SNAI SERPINE1 BMF
HUCCT1 Huh28 = . P e
(TGFBvs Ctrl)  (TGFBvs Ctrl) “1 O control 2 &
4 " 2
< »{ ETGFp ok 15 i
n =244 n=126 &= = ’: » o
probes probes g 0 . 5
5 0 e 0 (] =-
w11 s w, CTGF 1. BIRC3
2 5 % 1
Tﬂ. koK 20 08
3 2 Kk i
n=13,110 x 1 15 06
probes 10 g 10 04 Hoke
5 5 o 02 ek
HuCCT1 vs Huh28 HuCCT1 Huh28 HuCCT1 Huh28 HuCCT1 Huh28

FIG. 2. A TGFf-specific gene expression signature in cholangiocarcinoma cell lines. (A,B) Volcano plot and hierarchical clustering
of genes differentially expressed by TGFf (1 ng/mL, 16 hours) in (A) HuCCT1 and (B) Huh28 cells. Horizontal dashed lines on vol-
cano plots, P< 0.001; vertical dashed lines, fold change >2. (C) Venn diagram analysis of genes differentially expressed by TGFf in
HuCCT1 and Huh28 cells. A common TGFf signature made of 48 probes (42 nonredundant well-annotated genes) was identified.
(D) Expression of six well-known TGFf target genes in HuCCT1 and Huh28 cells after 16 hours of culture in absence (white bars)

or presence (black bars) of 1 ng/mL TGFp. Statistical analysis was
licates. Data represent mean * SD. Abbreviation: Ctrl, control.

light microscope at a 5 X magnification (n =3 inde-
pendent experiments). The number of migrating and
invasive cells after transfection of TLINC was normal-
ized relative to the number of migrating and invasive
cells after transfection of the control plasmid, which
was set to 1.

HUMAN iCCA SAMPLES AND
TISSUE MICROARRAY

Freshly frozen and formalin-fixed paraffin-embed-
ded human iCCA samples were obtained through the
national liver biobanks network. Written informed
consent was obtained from all patients. The study pro-
tocol fulfilled national laws and regulations and was
approved by the local ethics committee and the institu-
tional review board of the Institut National de la Santé
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performed by # test (P < 0.05; **P < 0.01; **P < 0.001); n>3 rep-

et de la Recherche Médicale (IRB00003888). Tissue
microarrays were performed using a Minicore 3 Tissue
Arrayer (Excilone, Vicq, France) as described.®

LASER CAPTURE
MICRODISSECTION

Laser capture microdissection (LCM) was per-
formed using an Arcturus Veritas Microdissection sys-
tem (Applied Biosystems) as described.) Briefly,
serial sections of 10-pum frozen tissues were mounted
onto PEN membrane glass slides prior to LCM of bil-
iary epithelial cells and fibrous tissue from tumor and
nontumor parts. Total RNA was purified using an
Arcturus  Picopure RNA isolation kit (Applied
Biosystems).
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IN SITU HYBRIDIZATION

Specific in situ hybridization (ISH) riboprobes were
designed to evaluate the expression of TLINC-S and
TLINC-T transcripts (Supporting Table S1). Sense
and antisense riboprobes were generated by in vitro
transcription from PCR products incorporating the
promoter of T7 RNA polymerase. In vitro transcrip-
tion was performed with 40 units T7 RNA Polymerase
(Agilent) in the presence of 0.35 mM digoxygenin-11-
UTP (Roche Diagnostics, Meylan, France). ISH was
performed on the Discovery Automated IHC Stainer
using the Ventana Detection Kit (Ventana Medical
Systems, Tucson, AZ). Staining was performed using
an anti-digoxygenin-horseradish peroxidase antibody
(Roche Diagnostics), and signal detection was per-
formed using a nitro-blue tetrazolium/5-bromo-4-
chloro-3'-indolyphosphate or a Discovery purple kit
(Ventana Medical Systems).

CIRCULAR RNA ANALYSIS

RT-PCR using convergent and divergent primers
combined with ribonuclease (RNase) R (Epicentre,
Middleton, WI) treatment (1 p/pg, 37°C, 1 hour) was
used to detect linear and circular transcripts of 7LINC

and actin beta (ACTB). The sequence of DNA primers
is provided in Supporting Table S2.

Results

ENDOGENOUS TGFp
ACTIVATION IN Huh28 CELLS

HuCCT1 and Huh28 cells were used to study the
impact of TGFp on iCCA cells. The two cell lines
have different phenotypic features that reflect tumor
heterogeneity. HuCCT1 cells exhibit an epithelioid-
like phenotype associated with a cobblestone-like mor-
phology and numerous cell-to-cell junctions compared
to Huh28 cells, which exhibit a mesenchymal-like
phenotype associated with a spindle and polygonal
morphology together with prominent cytoskeleton
fibers (Fig. 1A). Epithelioid and mesenchymal-like
phenotypes were further characterized by the expres-
sion of CDHI and VIM markers in HuCCT1 cells
and Huh28 cells, respectively, both at the RNA and
protein level (Fig. 1A). Marked differences in pange-
nomic expression profiles were also highlighted
between HuCCT1 and Huh28 cells and validated by
Q-RT-PCR (Fig. 1B; Supporting Fig. S1A).

MERDRIGNAC ET AL.

Interestingly, GSEA, using the Kyoto Encyclopedia of
Genes and Genomes signaling pathways, demon-
strated that a TGFf signature was significantly
enriched (P < 0.001) at the basal level in mesenchymal
Huh28 cells (Fig. 1B). Endogenous activation of the
TGFp pathway in Huh28 cells was further validated
by a significantly enhanced secretion of TGFf (Fig.
1C) that correlated with enhanced luciferase activity as
detected in engineered SMAD sensor cell lines (Fig.
1D). A higher expression of TGFf target genes (e.g.,
snail family transcriptional repressor 1 [SNAIT], colla-
gen type IV alpha 1 chain [COL441], SMAD7) in
Huh28 cells was also validated by Q-RT-PCR (Fig.
1E; Supporting Fig. S1A) as well as a reduced expres-
sion of SMAD7, a well-known TGFp transcriptional
target, when cells were cultured in the presence of
TGFp inhibitors (Fig. 1F). Altogether, these data
demonstrate that Huh28 cells exhibit a mesenchymal
phenotype associated with basal and endogenous acti-

vation of the TGFf pathway.

NEW TGFp TARGET GENES IN
iCCA CELLS

HuCCT1 and Huh28 cells were treated with 1 ng/
mL TGFp for 16 hours. Gene expression profiling
using pangenomic microarrays identified 859 probes in
HuCCT1 cells (Fig. 2A) and 491 probes in Huh28
cells (Fig. 2B) that were significantly deregulated by
TGFp (P<0.001; fold change >2). A Venn diagram
analysis, including genes differentially expressed
between HuCCT1 and Huh28 cells at a basal level
(Fig. 1B), identified a set of 48 probes (42 nonredun-
dant annotated genes) that were recurrently deregu-
lated by TGFp in all three experimental settings (Fig.
2C; Table 1). The deregulation of well-known positive
(e.g., serpin family E member 1 [SERPINET], connec-
tive tissue growth factor [C7'GF]) and negative (e.g.,
baculoviral inhibitor of apoptosis protein repeat con-
taining 3 [BIRC3]) TGFp target genes was confirmed
by Q-RT-PCR on independent RNA samples (Fig.
2D; Supporting Fig. S1B). GSEA was also performed
in all specific gene subsets and demonstrated that the
42 common genes were significantly associated with
TGFp and SMAD2/3 and related to EMT (Support-
ing Fig. S2). Importantly, this common signature
comprised genes not known to be regulated by TGFf,
including several IncRNAs (e.g., LINC00312,
LINC00340). Notably, two microarray probes for
LINC00340 were induced by TGFf (Table 1).
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FIG. 3. LINC00340/CASC15/TLINC is a novel TGFf-induced IncRNA. (A) Analysis of LINC00340 expression in HuCCT1 and
Huh28 cells after 16 hours of culture in absence (white bars) or presence (black bars) of 1ng/mL TGFp, as evaluated by microarray
and Q-RT-PCR. (B) Analysis of SMAD7 and LINCO0340 expression in Huh28 cells after 72 hours treatment with 10 uM TGFf
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LINC00340/CASC15/TLINC IS A
NOVEL TGFg-INDUCED IncRNA

LINCO00340 is known as cancer susceptibility candi-
date 15 (CASC15) located on chromosome 6p22.
CASC15 was reported to act as a tumor suppressor in
neuroblastoma™® and to promote tumor progression
and phenotype switching in melanoma. To further
characterize LINC00340 biological activities in iCCA,
we first validated the microarray expression data by

Q-RT-PCR. LINC00340 was induced by TGFf in
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both HuCCT1 and Huh28 cells, and a significant
higher expression in Huh28 cells at the basal level
was confirmed (Fig. 3A). Repression of LINC00340
and SMAD7 was observed in Huh28 cells treated
with inhibitors of the TGFf pathway (Fig. 3B).
Time-course experiments also demonstrated increased
expression of LINC00340 by TGFp, both in
HuCCT1 and Huh28 cells (Fig. 3C). Interestingly,
LINC00340 was induced by TGFf in nontransformed
human primary hepatocytes, and the induction
was abolished in the presence of a TGFf inhibitor
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Analysis of TLINC-L and TLINC-S§ expression in HuCCT1 and
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PCR using specific sets of primers. (C) In situ hybridization using
TLINC-L and TLINC-S riboprobes highlights a nuclear and
cytoplasmic location of both TLINC isoforms (HuCCT1 cells
treated with 1ng/mL TGFp). Scale, 100 um. Statistical analysis
was performed by # test (*P < 0.05; *P < 0.01; **P < 0.001); n>3
replicates. Data represent mean * SD. Abbreviations: (AS), anti-
sense; mRNA, messenger RNA; ns, not significant.

(Fig. 3D). In addition, LINC0O0340 was induced by
TGFp in several human HCC cell lines as well as in
LX2-activated hepatic stellate cells (Fig. 3E). Finally,
induction by TGFp occurred also in nonhepatic cell
lines, such as pancreatic Panc-1 (Fig. 3E). Altogether,
these data demonstrate that LINC00340 is a novel and
general transcriptional target of TGFf. We therefore
named it TGFf-induced IncRNA or 7LINC.

INDUCTION OF TWO TLINC
ISOFORMS LINKED TO
AN EMT PHENOTYPE

Previous studies demonstrated that 7LINC is
located on a complex locus that produces multiple

MERDRIGNAC ET AL.

transcripts by alternative splicing, including a short
(TLINC-S) and a long (TLINC-L) isoform, as
shown in Fig. 4A.%%'® These two isoforms have
been functionally associated with either tumor sup-
pressive  (TLINC-S)*®  or tumor promoting
(TLINC-L) functions in neuroblastoma and mel-
anoma, respectively. Because our previous gene
expression analysis by microarray (Fig. 2) and Q-RT-
PCR (Fig. 3) could not distinguish the two isoforms
(primer set L + S), we next evaluated TLINC-S and
TLINC-L with specific sets of primers (Fig. 4A).
TLINC-L was induced by TGFf in HuCCT1 cells
and TLINC-S in Huh28 cells, as demonstrated by
Q-RT-PCR (Fig. 4B). ISH demonstrated that the
two isoforms were expressed in both the cytoplasm

and the nucleus (Fig. 4C).

FUNCTIONAL
CHARACTERIZATION
OF TLINC ISOFORMS

Gain of function experiments were performed using
DNA constructs designed to specifically overexpress
TLINC-L and TLINC-S (Supporting Fig. S3A-C).
No significant effect was observed on cell viability
(Supporting Fig. S3D) and cell invasion (Fig. 5A);
however, overexpression of TLINC-L increased cell
migration (Fig. 5A). In order to get insights into the
molecular mechanisms involved, gene expression pro-
filing was performed on HuCCT1 cells after TLINC-
L overexpression. Numerous genes were repressed
(Fig. 5B), whereas several inflammation-associated
genes, including cytokines and chemokines (e.g., IL6,
IL8, C-X-C motif chemokine ligand 1 [CXCL1]) were
induced together with LINC00340/TLINC (Fig. 5B).
Accordingly, an immune response gene signature was
significantly enriched in the gene expression profiles of
HuCCT1 cells overexpressing TLINC-L (Fig. 5C;
Supporting Table S3). The enrichment of a
described®” cell migration signature supported the
phenotype observed after TLINC-L overexpression
(Fig. 5C). Although no obvious change was observed
on cell morphology after TLINC-L transfection,
EMT-associated SNAI2 was enriched in the gene
expression profiles of TLINC-L transfected cells
(Supporting Table S4). A significant enrichment of
TGFp target genes was also observed, suggesting
that TLINC-L may act as a feedback regulator of the
TGFp pathway (Fig. 5C). However, experimental
data using SMAD sensor cell lines refuted this
hypothesis (Supporting Fig. S3E). In agreement
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FIG. 5. Functional analysis of TLINC. (A) Effects of TLINC-L and TLINC-S overexpression on migration and invasion of
HuCCT1 cells 48 hours after transfection of the DNA constructs. (B) Gene expression analysis of HuCCT1 cells 24 hours after
transfection of the 7LINC-L DNA construct. Hierarchical clustering was based on the expression of 431 genes (P<0.01; fold
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with the identified immune signature, increased
expression of IL8 was confirmed after TLINC overex-
pression (Fig. 5D). As a potent inducer of cell
motility, IL8 may contribute to the observed pheno-
type by creating a gradient for the migration of
cancer cells.

INCREASED EXPRESSION OF
TLINC IN HUMAN iCCA

We next evaluated the clinical relevance of TLINC
expression in human resected iCCA. TLINC was
shown to be induced both in tumor biliary epithelial

264

cells and in the stroma compared to their nontumor
counterparts (Fig. 6A). Overexpression of TLINC in
iCCA tumors was validated by ISH on tissue microar-
rays (Fig. 6A). Interestingly, Q-RT-PCR on 22
resected human iCCA demonstrated that the expres-
sion of TLINC-L and TLINC-S was tightly corre-
lated (Fig. 6B). A detailed analysis by ISH on human
resected iCCA confirmed that both TLINC isoforms
were expressed in tumor cholangiocytes and in cells
from the tumor microenvironment. In the nontumor
liver, TLINC was only expressed in remodeled portal
areas with signs of ductular reaction and inflammation

(Fig. 6C; Supporting Fig. 54).
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tion was observed after RNase R treatment. By using a specific set
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circular isoforms were highlighted (black arrowheads). (C) RNAs
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TLINC EXPRESSION DEFINES
SPECIFIC SUBSETS OF
HUMAN iCCA

Gene expression profiling was performed on 22
resected human iCCA, and a specific signature was
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defined on the basis of 7LINC expression (Fig. 6D).
High expression of 7LINC correlated with a high
expression of TGFf target genes and inflammation-
associated genes, as previously observed in cell lines
(Fig. 6D; Supporting Fig. S5). In addition, GSEA
demonstrated that up-regulated genes in high-
TLINC-expressing tumors were significantly associ-
ated with the H3K27Me3 repressive epigenetic mark
signature, while down-regulated genes were linked to
protein metabolism and included numerous genes
encoding ribosomal components (Fig. 6D,E; Support-
ing Fig. S6). Among the chemokines induced in
HuCCT1 cells directly overexpressing TLINC (Fig.
5B) and possibly contributing to a migration pheno-
type, IL8 was found to be significantly correlated with
TLINC expression in human iCCA tumors (Fig. 6F).

EXPERIMENTAL EVIDENCE OF
TLINC CIRCULAR ISOFORMS

A genome-wide bioinformatic analysis of RNA-
sequencing data previously reported a 204-nucleotide
circular isoform of LINC00340/TLINC, probably
derived from exon E7. This isoform was one of the
most highly expressed circular RNAs (circRNAs) in
H1-human embryonic stem cells.*" To evaluate the
putative expression of such circular isoforms in iCCA,
we designed specific sets of convergent and divergent
primers from exons E7 and E8 of TLINC (Fig. 7A).
ACTB was used as a housekeeping gene control that
was highly expressed and without prior evidence of a
circular isoform. Interestingly, by combining RNase R
treatment and RT-PCR experiments, we provide evi-
dence of the existence of several RNase R-resistant cir-
cular TLINC isoforms not only in iCCA cells treated
with TGFf (Fig. 7B) but also in resected human
iCCA tumors (Fig. 7C).

Discussion

The molecular mechanisms involved in iCCA
carcinogenesis are complex and involve multiple inter-
actions between tumor cells and their microenviron-
ment."!). We previously demonstrated that active
TGFp signaling is an important feature in the iCCA
microenvironment'®; however, a deep characterization
of the impact of TGFﬂ on tumor cells at the transcrip-
tome level was lacking in iCCA. In this study, we first
validated suitable experimental cellular models to study
TGFp signaling in iCCA cells. Particularly, we pro-
vided strong experimental evidence that Huh28 cells
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exhibit an endogenous activation of TGF 5, which cor-
relates with a mesenchymal phenotype. This cell line
may thus be relevant to test TGFf inhibitors for thera-
peutic purposes, as was suggested in liver cancers.*?
In addition, we provided the first TGFf transcrip-
tomic signature in iCCA cells, which allowed us to
identify novel TGFp transcriptional targets, including
coding and noncoding genes, both in vifro and in
resected human iCCA.

Few studies have reported a deregulation of IncRNA
in iCCA.®?% As an example, oncogenic metastasis-
associated  lung  adenocarcinoma  transcript 1
(MALAT1) IncRNA was shown to promote prolifera-
tion and invasion of CCA cell lines by activating the
phosphoinositide 3-kinase/protein kinase B signaling
pathway.®® Here, we provide the first report of
IncRNA directly regulated by TGFf in iCCA, sup-
porting the previous description of TGFf-regulated
IncRNA in other cancer types.™'? Notably, IncRNA
activated by TGF-p was shown to induce EMT and
to promote HCC cell invasion through a TGFf/miR-
200/zinc finger E-box binding axis.™® Similarly,
TGFp-induced IncRNA-HIT was shown to promote
EMT in breast cancer, notably by decreasing the
expression of CDH1.""Y By comparing the transcrip-
tome profiles of HuCCT1 and Huh28 cells at the
basal level and after TGFf treatment, we identified a
robust signature made of 42 nonredundant genes. This
signature was validated by including well-known
TGFp target genes (e.g., SERPINE1, IL11, CTGF,
BCL2 modifying factor [BMF], SNAIT) re;)orted in
multiple cell types, including hepatocytes.*> Impor-
tantly, this approach highlighted several novel TGFf-
induced IncRNA, including LINC00312,
LINCO00313, and LINC00340 (TLINC), possibly
involved in TGFf signaling. LINC00312 has been
reported to inhibit the migration and invasion of blad-
der cancer cells by targeting miR-197-3p.?% High
expression of LINC00313 has been associated with a
poor prognosis and metastasis in lung cancer.*”
Experimental data on TLINC were more complex
given that several isoforms were reported to exhibit
either tumor-suppressive or tumor-promoting features
in various types of cancer.’®'®) Thus, in neuroblas-
toma, a short isoform was associated with tumor sup-
pression by hampering cell growth and migration, and
a lower expression of this short isoform was found in
advanced tumors associated with a poor survival.'®
Conversely, a long isoform of TLINC was reported in
metastatic melanoma and associated with tumor pro-
gression.'” The differences in the basal expression
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and induction by TGFp of TLINC isoforms in
HuCCT1 and Huh28 cell lines suggest that the func-
tion of TLINC is highly dependent on the cellular
context, as known for several TGFJ target genes.'”
Although TLINC deregulation has been reported in
cancer,"®'” we provide the first evidence that TLINC
is a common transcriptional target of TGFf not only
in liver cancer (iCCA and HCC) but also in other can-
cer types, including pancreatic cancer. Interestingly, we
demonstrated that TLINC is also up-regulated by
TGEFp in cells from the tumor microenvironment, as
evidenced by the analysis of its expression in activated
hepatic stellate cells (LX2) and in human iCCA
tumors by ISH and LCM of the stroma. These data
suggest that TLINC may play a role in TGFp-
induced remodeling of the tumor microenvironment.
Supporting this hypothesis, our experimental data
show that ectopic expression of TLINC directly
impacts the expression of several inflammatory media-
tors, including chemokine IL8. Increased expression of
IL8 has been reported in cancer and is associated with
important changes within the tumor microenviron-
ment, including promotion of angiogenesis, infiltration
of neutrophils and tumor-associated macrophages, and
migration of cancer cells.?®?% Interestingly, a func-
tional link has been established between the expression
of IL8 and nuclear paraspeckle assembly transcript 1
[NEAT1], another IncRNA that we found to be
induced in cells transfected with the TLINC DNA
construct (Fig. 5B). Indeed, it was demonstrated that
NEAT1-dependent relocation of a splicing factor pro-
line/glutamine-rich from the promoter region of the
IL8 gene to paraspeckle led to the transcriptional acti-
vation of IL8.%% One can hypothesize that TLINC
acts as a structural component of paraspeckles and that
interaction with NEATT may result in IL8 expression.
This hypothesis is in agreement with the partial
nuclear location of TLINC. The enrichment of a gene
signature associated with repressive marks H3K27me3
in iCCA tumors characterized by a high expression of
TLINC may also suggest a role of TLINC in epige-
netic silencing, as was described for other IncRNAs,
such as Kenqlotl antisense.®" Similarly, enrichment
of a gene signature associated with protein metabolism
in iCCA with low TLINC expression together with
the cytoplasmic expression of TLINC may suggest a
role of TLINC in translation, as described for IncRNA
growth arrest specific 5 (GASS5), which interacts with
the translational machinery to inhibit c-Myc transla-
tion.®? Another interesting aspect is the restricted
expression of TLINC in remodeled portal areas with
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signs of ductular reaction in nontumor livers. These
areas are usually associated with activation of the can-
cer stem cell compartment.®® Supporting a putative
role of TLINC in cancer stem cell biology, TLINC
has been reported to be highly expressed in human
embryonic stem cells.?"** At the functional level, we
showed that TLINC-L overexpression in HuCCT1
cells resulted in increased cell migration. Although the
underlying molecular mechanisms are still to be clari-
fied, SNAI2 was found to be enriched in the gene
expression profiles of TLINC-L transfected cells, sug-
gesting that the type of migration could be partly
related to EMT. Other genes found to be tightly cor-
related with TLINC expression in human iCCA
tumors may also contribute to the observed pheno-
types. As an example, platelet-derived growth factor
receptor beta (PDGFRB) has been associated with the
aggressive behavior of several types of tumors.®”
Notably, PDGFRB has been shown to promote liver
metastasis formation of mesenchymal-like colorectal
tumor cells.®®

Finally, we provide experimental evidence of circular
isoforms of TLINC that may represent putative, rele-
vant, noninvasive biomarkers for iCCA. Indeed, recent
data demonstrated that circRNAs are enriched in
extracellular vesicles, including exosomes, compared to
their linear counterparts.®”*® The circular structure of
circRNAs renders them more stable and resistant to
degradation by exonucleases. Thus, pangenomic profil-
ing of circRNA abundance is emerging in cancer, and
several expression signatures have been reported, nota-
bly in HCC.®? Our study provides the first report of
circRNA  expression in iCCA. The function of
circRNA-TLINC remains to be explored, but several
experimental data demonstrated that circRNAs may
act as sponges for miRNA and RNA binding proteins.
With respect to the TGFf pathway, circRNA_010567
has been recently shown to promote TGFf-induced
myocardial fibrosis by directly suppressing miR-141,
which naturally targets TGF.4%

In conclusion, our study identifies novel TGFp
transcriptional target genes in iCCA, including an
IncRNA that may represent a promising biomarker for

iCCA.
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