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BACKGROUND AND AIMS: Cholangiocarcinoma (CCA)
is characterized by high resistance to chemotherapy and poor
prognosis. Several oncogenic pathways converge on activation
of extracellular signal-regulated kinase 5 (ERKS), whose role
in CCA has not been explored. The aim of this study was to
investigate the role of ERKS in the biology of CCA.

VEGF and angiopoietin 1 was reduced after ERK5 silencing.
Conditioned medium from ERKS5-silenced cells had a lower
ability to induce tube formation by human umbilical vein
endothelial cells and to induce migration of myofibroblasts
and monocytes/macrophages. In mice, subcutaneous injection

of CCLP-1 cells silenced for ERKS resulted in less frequent

APPROACH AND RESULTS: ERK5 expression was de- tumor development and smaller size of xenografts compared

tected in two established (HuCCT-1 and CCLP-1) and two
primary human intrahepatic CCA cell lines (iCCAS58 and
iCCA60). ERK5 phosphorylation was increased in CCA cells
exposed to soluble mediators. In both HuCCT-1 and CCLP-1

cells, ERK5 was localized in the nucleus, and exposure to

with cells transfected with nontargeting shRNA.

CONCLUSIONS: ERK5 is a key mediator of growth
and migration of CCA cells and supports a protumorigenic
crosstalk between the tumor and the
(HepaToLocy 2021;74:2007-2020).

microenvironment.

fetal bovine serum (FBS) further increased the amount of
nuclear ERKS. In human CCA specimens, ERK5 mRNA ex-
pression was increased in tumor cells and positively correlated holangiocardnoma (CCA) is a fatal tumor char-

acterized by late diagnosis, poor prognosis, and

low response to available therapies. D TIts inci-
dence, at least for the intrahepatic form (iCCA) is mark-
edly increasing, especially in Western countries.” The
aggressive properties of this tumor are associated with

the development of an abundant desmoplastic stroma,

with portal invasion. ERK5 protein levels were significantly
associated with tumor grade. Growth, migration, and invasion
of CCA cells were decreased when ERKS was silenced using
specific short hairpin RNA (shRNA). The inhibitory effects
on CCA cell proliferation, migration and invasion were reca-
pitulated by treatment with small molecule inhibitors target-
ing ERKS5. In addition, expression of the angiogenic factors

Abbreviations: BrdU, bromodeoxyuridine; CCA, cholangiocarcinoma; CM, conditioned medium; EGFR, epidermal growth factor receptor; EMT;
epithelial-to-mesenchymal transition; ERKS, extracellular signal-regulated kinase 5; FBS, fetal bovine serum; HUVEGC, human umbilical vein
endothelial cell; iCCA, intrabepatic cholangiocarcinoma; IHC, immunobistochemistry; miR, microRNA; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NHC, normal human cholangiocyte; shERKS, shRNA targeting ERKS; shN'T; nontargeting short hairpin RINA;
shRNA, short hairpin RNA; TME, tumor microenvironment.
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containing a high amount of cancer-associated fibroblasts
and extracellular matrix.” Development of CCA and
tumor-stroma interactions are regulated by a complex
network of soluble mediators, interacting with specific
receptors.®™ Among them, the epidermal growth factor
receptor (EGFR) plays an important role in the biology
of cancer, including CCA."¥ EGFR and other medi-
ators activate different members of the mitogen-activated
protein kinase family,” including extracellular signal-
regulated kinase 5 (ERK5)."%" ERKS shares approxi-
mately 50% homology with ERK1/2, whereas its unique
C-terminal tail contains a nuclear localization signal that
allows nuclear translocation, a critical event for cell pro-
liferation."? ERK5 induces biological responses relevant
for tumor development and progression,(lz) and its acti-
vation is increased in highly aggressive forms of breast
and prostate cancer,"*'¥ suggesting that targeting ERK5
could be a promising strategy to block tumor growth and
spreading. Our group has recently shown that ERK5
supports HCC development and growth."> Here, we
show that ERKS5 expression and activation regulate the
malignant phenotype of CCA cells, modulate the cross-
talk between cancer cells and the tumor microenviron-
ment (TME), and favor the development and growth of
CCA in mouse xenografts.

HEPATOLOGY, October 2021

Materials and Methods

DATABASE OF PATIENTS WITH
CCA

The GSE26566 series matrix containing expres-
sion values from Illumina human Ref-8 v2.0 expres-
sion BeadChip arrays (transcript [gene] version) of
104 patients with CCA was downloaded from the
Gene Expression Omnibus dataset."® The samples
were obtained and processed in accordance to insti-
tutional review board approval and with individual
written patient consent.'® No donor organs were
obtained from executed prisoners or other institution-
alized persons. Further information is provided in the
Supporting Information.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) was performed on
tissue microarrays (US Biomax, Inc., http://www.bio-
max.us) of formalin-fixed, paraffin-embedded speci-
mens of CCA samples usin% the molecular medicine
facility, as detailed elsewhere 15 and in the Supporting
Information.
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IMMUNOBLOTTING ANALYSIS
AND NUCLEAR EXTRACTION

Total cell lysates, nuclear extracts, and immuno-
blotting were performed as detailed elsewhere™ and
in the Supporting Information.

CELL PROLIFERATION, CELL
SURVIVAL, AND CELL CYCLE
ANALYSIS

Bromodeoxyuridine (BrdU) incorporation, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) assay, and cell cycle experiments were
performed as described elsewhere.®'® Further infor-
mation is provided in the Supporting Information.

RNA ISOLATION AND REAL-TIME
QUANTITATIVE PCR

Total RNA was isolated using the RNeasy kit
(QIAGEN Sciences) according to the manufacturer’s
recommendations. Relative gene expression was cal-
culated as 274" (ACt = Ct of the target gene minus
Ct of glyceraldehyde 3-phosphate dehydrogenase).(s)
Further information is provided in the Supporting
Information.

RNA INTERFERENCE
TRANSFECTION ASSAY

RNA interference was performed as described.
Further information is provided in the Supporting
Information.

(15)

MIGRATION AND INVASION
ASSAYS

Migration of CCA cells was assayed using modi-
fied Boyden chambers, essentially as described else-
where.®) Further information is provided in the
Supporting Information.

HUMAN UMBILICAL VEIN
ENDOTHELIAL CELL ASSAY

Human umbilical vein endothelial cell (HUVEC;
kindly provided by Prof. Mario Del
Experimental Pathology, University of Florence) were

Rosso,
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seeded onto Matrigel in various media, according to
the experimental protocol described in the Supporting
Information.

XENOGRAFT CCA MODEL OF IN
MICE

CCLP-1 cells were transfected with short hairpin
RNA (shRNA) targeting ERKS5 (shERKS5) or with a
nontargeting sequence (shNT). Details of the in vivo
model are reported in the Supporting Information.

STATISTICAL ANALYSIS

Statistical analysis of the data was performed
by two-tailed Student # test, analysis of variance, or
Fisher’s exact test, as appropriate. For transcriptomic
data, Mann-Whitney two-tailed analysis was used. For
IHC analysis, continuous, normally distributed data
were compared using two-tailed 7 test and analysis of
variance. For non-normally distributed data, Mann-
Whitney test was used. The association between cat-
egorical data was determined using a chi-square test
and Fisher’s exact test, as appropriate. To measure the
strength of association, the Cramér’s V coefficient was
calculated. All analyses were performed in IBM SPSS
(version 25). P values lower than or equal to 0.05 were
considered significant.

Results

ERKS5 EXPRESSION AND
ACTIVATION IN CCA CELLS AND
IN PATIENTS WITH CCA

We first tested the expression and activation of
ERKS in CCA cells. In two established (HuCCT-1
and CCLP-1) and two primary iCCA cell lines
(iICCA 58 and 60), ERKS5 was consistently expressed
at the protein and mRNA level (Fig. 1A,B), the lat-
ter being higher in CCA cells than in normal human
cholangiocytes (NHC) (Fig. 1B). Exposure of CCA
cells to mitogens increased ERKS5 phosphorylation
on activation-specific residues, although fetal bovine
serum (FBS) was less effective in primary cells
(Fig. 1C). In both HuCCT-1 and CCLP-1 cells,
ERKS5 was localized in the nucleus, and exposure to
FBS further increased the amount of nuclear ERKS5
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FIG. 1. ERKS expression and activation by mitogens in iCCA cells and in patients with CCA. (A) Lysates of different iCCA cells were
subjected to immunoblot analysis for ERKS5. Expression of ERKS5 protein in NHC, CCLP-1, and HuCCT-1 cells (upper panel) and
in patient-derived iCCA cells (lower panel). Equal gel loading was assessed by vinculin or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) blotting. Molecular weight markers are indicated on the right. (B) Total RNA from NHC and iCCA cells was analyzed for
ERKS gene expression by quantitative PCR. RNA expression is represented as fold increase over NHC, normalized on GAPDH values
(n=3)."P<0.05 vs. NHC. (C) Twenty-four-hour serum-starved iCCA cells were incubated in presence or absence of 10% FBS or 100
ng/mL EGE, as indicated, for different times. Immunoblot analysis was performed with an antibody recognizing phosphorylated (p)-
threonine-glutamate-tyrosine ERKS. Equal loading of the gel was assessed by vinculin or GAPDH expression. (D) Nuclear proteins were
subjected to immunoblot analysis for ERKS5. Equal loading was assessed by fibrillarin blotting. (E) ERK5 mRNA expression in human
CCA tissues (n = 104) compared with surrounding matched normal liver tissue (SL) (n = 59) using transcriptome data of patients with
CCA.@9 =P . 0,0001. (F) ERK5 protein levels in human iCCA tissue microarray (TMA) by THC. The staining intensity was graded
from low to high by a pathologist. Representative images of low and high intensity immunostaining for ERKS5. (G) Pie charts of the
percentages of TMA specimens with positive or negative nuclear ERKS staining. Abbreviations: Log2, base 2 logarithm; Avg, average.

(Fig. 1D). Transcriptomic analysis showed that ERKS
mRNA expression was higher in CCA samples com-

The Cancer Genome Atlas (TCGA) PanCancer

Atlas dataset from cBioPortal for Cancer Genomics

pared with matched nontumor liver tissue (Fig. 1E).
We then explored the possible correlation between
ERKS5 expression and clinical characteristics of
patients with CCA, dividing the patients in two
groups with high or low ERK5 mRNA levels. Higher
ERKS expression was not associated with reduced
overall survival. Similar data were obtained analyzing

2010

(https://www.cbioportal.org). However, with the same
dataset used to generate Fig. 1E, high FRK5 mRNA
expression was significantly associated with portal
invasion (P < 0.001). We also evaluated the expression
of ERKS in CCA specimens by IHC and its possi-
ble association with tumor features. ERK5 protein
levels were significantly associated with tumor grade


https://www.cbioportal.org
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(Cramérs V = 0.31; P = 0.021, Fig. 1F). In addition,
we found a positive correlation between nuclear local-
ization of ERKS5 and CCA grade, although it did
not reach statistical significance (Cramérs V = 0.21;
P =0.065, Fig. 1G).

These data indicate that ERKS is overexpressed in
cultured CCA cells and in human CCA and may be

activated in vitro by exposure to soluble mediators.

ERK5 REGULATES CCA CELL
GROWTH

We then studied the role of ERKS5 in the biological
responses of CCA cells performing genetic knockdown
with specific shRNA (Fig. 2). In ERK5-silenced CCA
cells, mitogen-dependent cell growth was reduced (Fig.
2A,B), although EGF did not induce CCLP-1 prolif-
eration (data not shown). Accordingly, in HuCCT-1
cells, ERKS5 depletion reduced DNA synthesis in
response to FBS or EGF (Fig. 2C). In ERK5-depleted
cells, cell viability was decreased in both HuCCT-1
and CCLP-1 cells, as indicated by MTT analysis (Fig.
2D,E). Consistently, ERK5 knockdown was associ-
ated with increased expression of the cyclin-dependent
kinase inhibitor p27 and with decreased expression of
proliferating cell nuclear antigen (Fig. 2F).

The inhibitory effects of ERK5 knockdown on cell
growth were recapitulated using the ERKS5 inhibitor
XMD8-927 (Fig. 3). In HuCCT-1 cells, XMD8-92
dose-dependently reduced the cell number in culture
(Fig. 3A) and BrdU incorporation (Fig. 3B). Similar
inhibitory effects of XIMD8-92 on cell proliferation
were observed in CCLP-1 cells (Fig. 3C). In both cell
lines, treatment with XIMID8-92 reduced the percent-
age of cells in the S phase (Fig. 3D,E) with a block in
GO0-G1 or G2-M phase in HuCCT-1 and CCLP-1,
respectively.

Because XMD8-92 has been shown to be a dual
ERK5/BRD4 inhibitor,(lg) we also tested the effects
of AX15836, another ERKS5 inhibitor. However, in
agreement with previous reports, AX15836 did not
modify CCA cell proliferation (data not shown), likely
due to paradoxical ERK5 activation.1%?)

ERKS5 INVOLVEMENT IN CCA CELL
MOTILITY

CCLP-1 and HuCCT-1 cells that were silenced for
ERKS5 showed reduced migration compared with shNT

GENTILINIET AL.

cells (Fig. 4A,B). In addition, pharmacological inhibi-
tion of ERK5 using either XIMD8-92 or AX15836
inhibited EGF-induced migration in HuCCT-1,
CCLP-1, and CCA primary cells GCCA60) (Fig. 4C-
E). In keeping with the observed reduced motility,
phosphorylation of myosin light chain-2 and of pax-
illin, which is related to cytoskeletal remodeling, were
reduced in ERK5-depleted cells (Fig. 4F).

Similar results were obtained when the ability of
HuCCT-1 or CCLP-1 cells to invade through a base-
ment membrane-like matrix was tested (Fig. SA-D).
These data indicate that ERK5 plays a key role in
migration and invasion of CCA cells.

In both CCLP-1 and HuCCT-1 cells, ERK5
knockdown resulted in a marked decrease in the
expression of EGFR, which could contribute to the
reduction of motility/invasiveness of cells exposed
to cognate ligands after ERKS silencing (Fig.
5E). Because EGFR is involved in epithelial-to-
mesenchymal transition (EMT) in CCA,@O) we tested
the effects of ERKS knockdown on the EMT pro-
gram. Reduced ERKS5 was associated with an increase
in the epithelial marker E-cadherin and a decrease
in several mesenchymal markers, including vimentin
(Fig. 5F; Supporting Fig. S1), indicating that ERKS
is involved in the promotion of EMT in CCA cells.

ROLE OF ERKS5 IN THE
CROSSTALK BETWEEN CCA CELLS
AND OTHER CELLS OF THE TME

We then evaluated the effects of ERKS silenc-
ing on the interaction between CCA cells and other
cellular components of the TME (Fig. 6). First, we
investigated the effects of genetic inhibition of ERKS5
on the expression of soluble mediators relevant for
angiogenesis. Immunoblot analysis showed that both
angiopoietin-1 and VEGF were less expressed after
transfection of shERKS5 in HuCCT-1 or CCLP-1
cells (Fig. 6A,B; Supporting Fig. S2). To further
explore the relevance of ERKS5 for the angiogenic
process in CCA, we tested the ability of conditioned
medium (CM) from ERK5-silenced or control CCA
cells to induce tube formation in HUVEC. Capillary-
like structures formed by HUVEC in the presence of
CM from cells depleted of ERK5 were less organized
and significantly shorter, providing functional data for
a role of ERKS5 as a positive modulator of angiogene-

sis in this setting (Fig. 6).
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FIG. 2. Effects of ERKS silencing on iCCA cell proliferation. (A) ERKS5 knockdown (shERKS) or nontargeting shRNA-transfected
(shNT) HuCCT-1 cells were starved for 24 hours and incubated in presence of FBS or 100 ng/mL EGE, as indicated. Cell growth was
evaluated after 48 hours by cell count and is represented as fold increase over 1% FBS/shNT. *P < 0.05 versus shNT/1% FBS, **P < 0.05
versus paired shNT (n = 4). (B) ERKS5 knockdown (shERKS) or nontargeting shRNA-transfected (shNT) CCLP-1 cells were starved
for 24 hours and incubated in absence or presence of 10% FBS, as indicated. Cell growth was evaluated after 48 hours by cell count and
is represented as fold increase over control shNT. *P < 0.05 versus shNT/control, **P < 0.05 versus paired shNT (n = 4). (C) shNT or
shERKS-transfected HuCCT-1 cells were starved for 24 hours and then incubated in presence or absence of 10% FBS or 100 ng/mL EGF
for 24 hours. BrdU incorporation is represented as fold increase over control condition. *P < 0.05 versus shN'T/control, **P < 0.05 versus
paired shNT control (n = 4). (D) shNT or shERK5-transfected CCLP-1 cells were starved for 24 hours and then incubated in presence
of 10% FBS. MTT analysis was conducted after 48 hours. *P < 0.05 versus shNT/control, **P < 0.05 versus paired shNT (n = 4). (E)
ERKS knockdown (shERKS) or nontargeting shRNA-transfected (shN'T) CCLP-1 cells were starved for 24 hours and then incubated
in absence or presence of 10% FBS or 100 ng/mL EGF. MTT analysis was conducted after 48 hours. *P < 0.05 versus shNT/control,
P < 0.05 versus paired shNT (n = 4). (F) HuCCT-1 and CCLP-1 cells were silenced for ERKS using specific sstRNA (shERKS) or
with shN'T. Immunoblotting with antibodies recognizing ERKS, p27, or proliferating cell nuclear antigen (PCNA) was performed. Equal
loading of the gel was assessed by vinculin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. Densitometries of p27
and PCNA expression were measured (n = 4) and are shown in the graphs. *P < 0.05 versus shN'T/control. Abbreviation: N'T, nontargeting.

We then evaluated the effects of ERK5 modula-
tion in CCA cells on the migration of other cells of
the TME (Fig. 7). As reported,”” CM from both
HuCCT-1 and CCLP-1 cells induced a marked
increase in the migration of human hepatic stellate
cells, and this action was significantly lower when

medium was collected from ERK5-silenced cells (Fig.

2012

7A,B). ERKS knockdown also limited the ability of
CM from CCA cells to induce the migration of the
monocytic cell line THP-1 in baseline condition or
after their differentiation to macrophages (Fig. 7A,B).
Together with data on angiogenesis, these results indi-
cate a relevant role of ERKS in the crosstalk between
CCA cells and cells from the TME.
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FIG. 3. Effects of pharmacological inhibition of ERK5 on iCCA cell proliferation. (A) Twenty-four—hour starved HuCCT-1 cells were
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After 48 hours, cells were collected and counted. Cell growth is represented as fold increase over 1% FBS/vehicle. *P < 0.05 versus 1%
FBS, **P < 0.05 versus 10% FBS (n = 3). (B) Twenty-four-hour starved HuCCT-1 cells were incubated in absence or presence of 10%
FBS or 100 ng/mL EGF with or without a 30-minute pretreatment with 5 pM XMD8-92. BrdU incorporation was evaluated after 24
hours and is represented as fold increase over control condition. *P < 0.05 versus control. *P < 0.05 versus relative paired control (n = 4).
(C) Twenty-four—hour starved CCLP-1 cells were incubated in the absence or presence of 10% FBS with a 30-minute pretreatment with
5 uM of XMD8-92 or vehicle. After 72 hours, cells were collected and counted. Cell growth is represented as fold increase over control.
*P < 0.05 versus control, **P < 0.05 versus paired control (n = 3). (D,E) Twenty-four-hour starved HuCCT-1 and CCLP-1 cells were
pretreated with 5 pM XMD8-92 or vehicle for 30 minutes. Then, 10% FBS was added, and cells were incubated for an additional 24 hours
(HuCCT-1) or 48 hours (CCLP-1). Cell cycle phase distribution was determined by flow cytometry. Data in the graphs are mean + SD
(n=3).*P < 0.05 versus paired control.

ERK5 AND TUMOR DEVELOPMENT
INVIVO

Based on the strong in vitro data indicating the
involvement of ERKS5 in the features of CCA cells
relevant for tumor progression, we evaluated the
possible impact of the inhibition of this kinase in
an in vivo model of CCA. To this aim, we per-
formed subcutaneous xenografts in nude mice using

CCLP-1 cells silenced for ERKS5 or cells transfected

with shNT. Both the volume and weight of tumors
developed in mice injected with control cells were
markedly and significantly higher than those of
mice receiving ERKS5-silenced cells (Fig. 8A,B).
Additionally, palpable tumors developed in 6 out
of 8 mice (75%) injected with control cells as com-
pared with only 1 out of 7 (14%) of mice receiving
ERKS-silenced cells (Fig. 8C). These results were
confirmed using Vevo analysis (Fig. 8D). We could

not obtain any information on possible differences in
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FIG. 4. ERKS regulates iCCA cell migration. (A,B) ERKS5 knockdown (shERKS) or nontargeting shRNA-transfected (shNT) cells were
serum deprived for 24 hours and incubated in presence or absence of 10% FBS or 100 ng/mL EGF, as indicated. The number of migrated
cells is represented as fold increase over shNT/control. *P < 0.05 vs. shN'T/control; **P < 0.05 vs. paired shERKS (n = 4). (C-E) Twenty-
four-hour starved iCCA cells were incubated in presence or absence of 100 ng/mL EGF with or without a 30-minute pretreatment
with 5 pM XMD8-92 or 2 uM AX15836. The number of migrated cells is represented as fold increase over paired control incubated in
the absence of EGFE. *P < 0.05 versus control. P < 0.05 versus the relative paired control (n = 4). (F) Lysates from shNT or shERKS5-
transfected HuCCT-1 and CCLP-1 cells were subjected to immunoblotting with antibodies recognizing ERKS5, phosphorylated (p)-
myosin light cain 2 (MLC2), or p-paxillin. Equal protein loading was assessed by vinculin. Densitometries of p-MLC2 and p-paxillin
expression (n = 4) are shown in the graphs. *P < 0.05 versus shNT control. Abbreviation: N'T, nontargeting.

oxygen saturation between the two groups because
this parameter was not measurable in ERK5 shRNA
tumors due to their low size (data not shown).
Analogously, we could not provide molecular char-
acterization of xenografts, because tumors gener-
ated by injection of ERKS5-silenced cells were too
small to recover any material for further analysis.
To obtain additional information from this exper-
iment, we analyzed the possible occurrence of lung
metastases, which were absent in both the control
and ERKS5-silenced groups (data not shown). The
impact of ERK5 on the biology of CCA is summa-
rized in Fig. 8E.
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Discussion
CCA is a highly fatal and aggressive tumor with

limited therapeutic options. Based on the urgent
need for approaches to treatment, we investigated
the role of ERKS in the biology of CCA in view
of its potential as a drug target in this malignancy.
Here, we identify ERKS5 as a key player in the biol-
ogy of CCA, providing evidence that this kinase
supports the proliferation of CCA in witro and in
vivo as well as migration and invasiveness of CCA
cells. Additionally, we found that ERKS regulates
the interaction of CCA cells with cells of the TME
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FIG. 5. ERKS5 modulates invasion of HuCCT-1 and CCLP-1 cells and EGFR and EMT genes expression. (A) ERKS5 knockdown
(shERKS5) or nontargeting shRNA-transfected (shNT) HuCCT-1 cells were serum deprived for 24 hours and incubated in presence
or absence of 10% FBS or 100 ng/mL EGE, as indicated. The number of migrated cells is represented as fold increase over shN'T/
control. *P < 0.05 vs. shNT/control; **P < 0.05 vs. paired shNT (n = 4). (C,D) Twenty-four—hour starved cells were incubated in presence
or absence of 100 ng/mL EGF, with or without a 30-minute pretreatment with 5 uM XMD8-92 or 2 pM AX15836. The number of
migrated cells is represented as fold increase over paired control incubated in the absence of EGF. *P < 0.05 versus control. **P < 0.05 versus
relative paired control (n = 4). (E) shNT and shERK5 HuCCT-1 and CCLP-1 cell lysates were used for immunoblot performed with
antibodies recognizing ERK5 or EGFR. Equal loading of the gel was assessed by vinculin or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) expression. Densitometries of EGFR expression in HuCCT-1 and CCLP-1 cells were measured (n = 4) and are shown in the
graphs. *P < 0.05 versus shNT. (F) shNT or shERKS-transfected cells were serum starved for 24 hours and then incubated with or without
10%FBS for 24 hours. Total RNA was extracted and analyzed for E-cadherin or vimentin gene expression. RNA expression is represented
as fold increase over shN'T control, normalized on GAPDH values (n = 3). *P < 0.05 vs. paired shNT. Abbreviation: CON, control.

critical for CCA progression. Importantly, the results  surrounding nontumor tissue. Although the ultimate
of genetic interference could be recapitulated using mechanism(s) responsible for ERKS5 up-regulation in
pharmacological inhibitors of ERKS, highlighting CCA remain to be established, studies have shown
the potential translatability of this study to a pre- that down-regulation of microRNAs (miR) known
clinical setting. to suppress ERK5 expression, including miR-143,

ERKS expression was present and up-regulated in  and miR-145 occurs in different types of cancer.??
iCCA cells, including established lines and patient- Additionally, miR-200b, which is reduced in patients
derived cells. These in vitro results were strength- with CCA, targets ERKS,(23) and miR-329, which acts
ened by the analysis of transcriptomic datasets from as a tumor suppressor gene in CCA cells, may inac-
surgically resected human CCA specimens, which tivate the mitogen-activated protein kinase (MAPK)
showed increased expression of ERKS in tumor versus  signaling pathway, including ERK5.%Y In contrast,
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FIG. 6. ERKS5 expression modulates the expression of proangiogenic factors in CCA cells. (A,B) ERKS5 knockdown (shERKS5) or
nontargeting shRNA-transfected (shNT) cell lysates were used for immunoblotting with antibodies recognizing ERKS, angiopoietin
(Ang) 1, or VEGF. Equal protein loading was assessed by vinculin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.
Densitometries of HuCCT-1 and CCLP-1 angiopoietin 1 and VEGF expressions were measured (n = 4) and are shown in the graphs.
*P < 0.05 versus shN'T. (C) CM was collected from 6 x 10° shNT or shERKS5 CCLP-1 cells, incubated in complete medium for 24 hours,
and used for HUVEC tube formation assay. Pictures representative of results obtained with shN'T CMs and shERKS5 CMs are shown.
Tube formation was quantified using Image]. *P < 0.05 versus shNT (n = 3).

although ERKS5 amplification has been described in
a subset of patients with HCC,®) alterations in copy
number of MAPK7 have not been reported in CCA.
Nonetheless, this event appears very unlikely, on the
basis of data available in the c-BioPortal for Cancer
Genomics, where only 1 out of 35 (2.9%) patients had
an increased copy number, using the TCGA Firehose
Legacy dataset. Additional support to the role of this
kinase in the progression of CCA is provided by the
observation that ERKS protein levels and/or nuclear
localization, an index of kinase activation, correlate
with tumor grade and portal invasion.

At a functional level, both EGF and FBS were
found to activate ERK5 in CCA cell lines, and mito-

genic responses to these factors were markedly reduced

2016

following genetic and pharmacologic inhibition of
ERKS, indicating the relevance of this kinase in medi-
ating cell proliferation. In addition, p27, a cell cycle
inhibitor reported to be regulated by ERK5,%?® was
up-regulated in ERK5-depleted cells, suggesting that
cell cycle arrest may contribute to the inhibition of pro-
liferation. This was supported by data on the effects of
the ERKS inhibitor, XIMD8-92, which induced arrest
of the cell cycle as well as the reduction of the num-
ber of CCA cells in the S phase. These effects were in
agreement with BrdU analysis, indicating a reduction
of DNA synthesis in cells stimulated with mitogens in
the presence of ERKS inhibition or depletion.

Data on EGF-mediated cell proliferation discussed
above are in agreement with observations indicating
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FIG. 7. CM from ERKS5-silenced cells less effectively recruits myofibroblasts and monocytic cells. (A,B) CM was collected from 6 x
10° shNT or shERKS5 HuCCT-1 and CCLP-1 cells, incubated in complete medium for 24 hours, and used for migration assay. Twenty-
four—hour starved HSCs, THP-1, and PMA-derived THP-1 cells were incubated in presence or absence of 10% FBS or different CMs,
as indicated. The number of migrated cells is represented as fold increase over control. *P < 0.05 vs. control, **P < 0.05 vs. 10% FBS,
P < 0.05 vs. shNT CM (n = 3). Abbreviation: PMA, phorbol 12-myristate 13-acetate.

that the EGFR is involved in the biology of CCA."*®
In addition, EGFR has been recently shown to be
implicated in EMT,?” an effect that favors cell inva-
siveness. In this respect, on EGF stimulation, ERK5-
silenced cells were less motile and invasive, and this
phenotype was recapitulated by ERKS pharmaco-
logic inhibition. Moreover, ERKS5 silencing resulted
in down-regulated expression of the EGFR, possibly
contributing to explain the reduced invasiveness in
response to EGF. Furthermore, our results showing a
reduction of mesenchymal markers in ERK5-depleted
cells are in keeping with a report supporting a role
of ERK5 in the promotion of EMT in CCA.%®¥
Taken together, our findings indicate that the protu-
mor effects of EGFR in CCA are mediated, at least
in part, by activating ERKS5. It is worth pointing out
that in migration and invasion experiments, both

XMD8-92 and AX15836 elicited similar effects, reca-
pitulating all the results obtained with ERK5-silenced
cells. On the other hand, AX15836 was ineffective in
reducing CCA cell proliferation. This is in line with
reports showing that this compound does not affect
cell proliferation apparently due to a paradoxical acti-
vation of ERKS5 that results in its nuclear transloca-
tion and activation of target genes.'®1”) On the other
hand, our data support the hypothesis that a decrease
in ERKS5 kinase activity, properly blocked by either
XMD8-92 or AX15836, is sufficient to reduce the
signaling cascade involving cytoplasmic/cytoskeletal
proteins, which regulate CCA migration and invasion.

ERKS5 knockdown in a CCA xenograft mouse
model confirmed a key role of this kinase in the
growth of CCA cells, in vivo. For this proof-of-

concept experiment, we decided to employ a more
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FIG. 8. Effect of ERKS silencing on CCLP-1 xenograft tumor formation. (A) Tumor volumes were measured in mice injected with
shNT- or shERKS5-transfected CCLP-1 cells. Tumor volumes are expressed as mean + SEM (n = 8 in the shNT group and n = 7 in the
shERKS group). Pictures of representative mice showing tumors at the end of the experiment. (B) Tumors were collected and weighted
after sacrifice. *P < 0.05 vs. shNT group. (C) Rate of tumor development after injection of shNT or shERKS5 CCLP-1 cells. Data are
presented as the number of animals with (black portion) or without (gray portion) appearance of a palpable tumor. *P < 0.05 vs. shNT
group. (D) Tumor volumes measured in mice injected with shNT or shERK5 CCLP-1 cells, as established by Vevo analysis. *P < 0.05 vs.
shNT group. (E) Scheme summarizing the role of ERKS in CCA cell biology. Abbreviations: E-cad, E-cadherin; pMLC, phosphorylated
myosin light chain 2; pPAX, phosphoylated paxillin; RTK, receptor tyrosine kinase; VIM, vimentin; W/, with; W/O, without.

specific genetic approach rather than a pharmacologic
approach, because all the available inhibitors devel-
oped so far are only partially specific for ERK5 or
may induce paradoxical activation of this kinase.!#1%
Indeed, mice injected with cells silenced for ERKS
developed tumors less frequently, and their volume
was lower than that measured in mice receiving shNT
cells. The development of very small tumors in mice
injected ERK5-depleted cells did not allow us to per-
form additional molecular analyses on the tissue.
CCA is deeply embedded in a fibrous and inflam-
matory stroma, and therapies targeting components
of the TME are currently under scrutiny in CCA
and other types of cancer.””” We found that ERK5
modifies the secretome of CCA cells, modulating the

2018

interaction between these cells and other components
of the TME. In particular, we showed that CM col-
lected from ERK5-depleted CCA cells contains lower
amounts of the angiogenic factors angiopoietin-1
and VEGF and results in reduced tube formation in
HUVEC. In addition, although the regulatory role of
ERKS5 on VEGF has been described,(30 we also found
a link between ERKS5 and angiopoietin-1. ERK5 was
also found to potentially affect the myofibroblastic and
inflammatory components of the TME. Migration of
human myofibroblastic stellate cells as well as human
monocytes was reduced when these cells were exposed
to CM from ERKS5-silenced CCA cells with respect
to that from control cells. The above findings are very
important in light of accumulating evidence showing



HEPATOLOGY, Vol. 74, No. 4, 2021

the relevance of an interplay between cells of the
TME and the malignant biliary epithelial counterpart
in CCA development and progression.(3’7) In addition,
our data are in agreement with the known involvement
of ERKS in the recruitment of inflammatory cells to
the TME®Y because depletion of ERK5 in CCA cells
reduced the recruitment of monocytes. Based on our
results, ERK5 emerges as a key protein involved in the
crosstalk between CCA cells and TME.

In conclusion, the data from this study indicate
that ERKS5 promotes the biology of CCA cells both
in vivo and in witro. The existence of effective ERKS
inhibitors underscores the potential translatability of
this study to the clinical setting.
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