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Highlights: Impact and implications:
� iCCA is an aggressive primary liver tumor with limited therapeu-
tic options.

� EIF4A1 is frequently upregulated in iCCA lesions and correlates with
poor patient prognosis.

� Zotatifin, a specific EIF4A1 inhibitor, affects the proliferation of iCCA
cells, organoids, and CAFs.

� Zotatifin lowers glycolysis without affecting mitochondrial respiration or
inducing morphological mitochondrial alterations.

� Combining zotatifin with inhibitors of the Bcl-xl protein increases
apoptosis in iCCA.
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Dysregulation of the translational machinery is a hallmark of cancer, often
linked to tumor progression and poor prognosis. This study underscores the
potential of zotatifin, a specific inhibitor of EIF4A1 (an essential component
of translation initiation) to inhibit the growth of iCCA cells. In addition,
zotatifin demonstrated a synergistic effect when used in combination with
the Bcl-xl inhibitors A-1155463 and DT2216, significantly enhancing cell
apoptosis. Although this investigation did not include an in vivo model, its
results, derived from iCCA cell lines, patient-derived organoids, and CAFs,
are consistent with the encouraging preliminary results of zotatifin in clinical
trials. From a clinical standpoint, these results suggest that zotatifin im-
proves patient outcomes by inhibiting iCCA growth and reducing tumor
aggressiveness. Furthermore, combining zotatifin with other drugs could
represent a promising therapeutic strategy for targeting iCCA.
for the Study of the Liver (EASL). This is an open access article under the CC BY-

, 2025, 7, 1–12

mailto:calvisid@uniss.it
https://doi.org/10.1016/j.jhepr.2025.101416
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2025.101416&domain=pdf


Research article
Targeting EIF4A1 is effective against human
intrahepatic cholangiocarcinoma

Wunan Mi1, Antonio Cigliano2, Grazia Galleri3, Isabella Gigante4, Sara Martina Steinmann5, Ezgi Cibali5, Marina Serra5,6, Giovanni Mario Pes2,
Denise Schloesser7, Elena Pizzuto4, Heiko Siegmund5, Claudia Fischer5, Anna Saborowski7, Gianluigi Giannelli4, Matthias Evert5, Luc
Johannes Wilhelmus van der Laan1, Monique Maria Andrea Verstegen1, Diego Francesco Calvisi2,*

JHEP Reports 2025. vol. 7 j 1–12
Background & aims: Intrahepatic cholangiocarcinoma (iCCA) is the second most frequent primary liver tumor, characterized by
clinical aggressiveness, dismal outcome, and limited therapeutic options. Thus, innovative treatments are urgently required to
improve the prognosis of patients with iCCA.

Methods: In this study, we determined the pathogenetic and therapeutic role of eukaryotic initiation factor 4A1 (EIF4A1), a subunit
of the eIF4F complex involved in translation initiation, in human iCCA.

Results: Preinvasive (n = 12), invasive (n = 162), and metastatic (n = 14) iCCA lesions exhibited ubiquitous eIF4A1 upregulation. In
addition, eIF4A1 mRNA levels from 42 specimens showed a significantly higher expression in iCCA samples compared with non-
tumorous tissues (p <0.0001) or large duct-type lesions (p = 0.020). Furthermore, eIF4A1 expression was inversely associated with
patient prognosis (p <0.001). Moreover, zotatifin, an eIF4A1-specific inhibitor in clinical trials, significantly reduced the growth of
iCCA cell lines, iCCA cancer-associated fibroblasts (CAFs), and patient-derived tumor organoids. At the metabolic level, zotatifin
decreased glycolysis of iCCA cells without affecting mitochondrial respiration. Moreover, the Bcl-xl inhibitors A-1155463 and
DT2216 profoundly augmented apoptotic cell death when administered in association with zotatifin.

Conclusions: The data highlight eIF4A1 as a potential target for treating iCCA. Combined inhibition of eIF4A1 and Bcl-xl could
offer an effective therapeutic strategy against this deadly disease.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Intrahepatic cholangiocarcinoma (iCCA) is an aggressive form
of liver cancer associated with poor prognosis and limited
therapeutic options. In most cases, iCCA is diagnosed at a late
stage, which limits curative treatments, such as surgical
resection, and leaves chemotherapy, combining gemcitabine
and platinum-derived drugs, as the primary option.1,2 Epide-
miological studies have highlighted the constant rise in the
incidence and mortality of iCCA in the USA and Europe.
Furthermore, data from the American Cancer Society and the
Surveillance, Epidemiology, and End Results (SEER) program
indicate that the 5-year survival rate for intrahepatic bile duct
cancer is �9%.3,4

In this gloomy scenario, the US FDA and the EMA recently
approved the use of personalized therapies.5–8 However, their
efficacy is often temporary because drug resistance ultimately
develops as a result of tumor heterogeneity and tumor cell
plasticity.9 Therefore, it is vital to identify novel therapeutic
vulnerabilities and treatments to significantly improve the
prognosis and management of patients with iCCA.

Translation initiation is the rate-limiting step in protein syn-
thesis, and its targeted inhibition is emerging as a promising
* Corresponding author. Address: Department of Medicine, Surgery, and Pharmacy, via P
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approach for cancer treatment.10 Indeed, in cancer cells,
different oncogenic signaling pathways rewire the translation
machinery to support tumorigenesis via aberrant proliferation,
survival, metastasis, and chemoresistance.11 Multiple eukary-
otic initiation factors (eIFs) participate in translation initiation,
with the cap-binding complex eukaryotic initiation factor 4F
(eIF4F) being a key component.12 The eIF4F complex primarily
comprises three constituents, eIF4E, eIF4G, and eIF4A, which
induce cap-dependent ribosome recruitment and translation
initiation. eIF4A is the only component of the complex with
enzymatic activity, namely an RNA helicase that facilitates
ribosome scanning of mRNAs.13 Multiple oncogenes that
contain structured 50-untranslated regions (UTRs) require eIF4A
activity for translation, such as KRAS, MYC, BCL2, NOTCH1,
HSF1, CDK6, and CCND1.14–17

eIF4A has become an attractive therapeutic target, and
several inhibitors targeting its helicase function have been
developed. A family of inhibitors isolated from Aglaia species,
known as rocaglates, including different natural molecules,
such as silvestrol and rocaglamide A,18 exhibit antitumor ac-
tivity by clamping eIF4A onto mRNA polypurine sequences,
preventing its incorporation into the eIF4F complex.19 This
. Manzella 4, 07100 Sassari, Italy. Tel.: +39 079 228356.
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Zotatifin in cholangiocarcinoma
induces translation repression and translatome remodeling by
blocking ribosome scanning of the pre-initiation complex and
other mechanisms.19,20

eIF4A1 overexpression occurs in various cancer types and is
associated with invasion and poor prognosis, further suggest-
ing the therapeutic potential of rocaglates.21–26 In addition,
several synthetic rocaglate derivatives have been generated to
enhance the drug properties of the natural compounds. Among
these drugs, zotatifin (eFT226) showed improved drug-like
properties and is the first-in-class eIF4A inhibitor.27

Here, we investigated the levels of eIF4A1 in iCCA speci-
mens from patients and the efficacy of zotatifin in numerous
in vitro models of iCCA. Our data indicate targeting eIF4A with
zotatifin as a promising therapeutic approach for this tu-
mor type.

Materials and methods

Human tissue specimens

In total, 198 iCCA tissue samples from surgical resections were
collected and underwent histopathological analysis by certified
expert pathologists at the Institute of Pathology of the Univer-
sity of Regensburg (Regensburg, Germany). The study followed
the guidelines of the Declaration of Helsinki and was approved
by the Clinical Research Ethics Committee of the Medical
University of Regensburg (protocol code 17-1015-101).
Informed consent was obtained from all individuals. The Med-
ical Ethical Council of the Erasmus MC approved the use of
tumor tissue for organoid initiation, and written informed con-
sent was again provided by all patients (MEC-2013-143). Hu-
man intrahepatic cancer-associated fibroblasts (hCAFs) were
collected and used following approval by the Ethical Commit-
tees from the Azienda Ospedaliero Universitaria Consorziale
Policlinico di Bari (Bari, Italy; protocol number: 254). Informed
consent was obtained from all individuals.

Table S1 summarizes patients’ clinicopathological features.

Initiation, propagation, and validation of iCCA organoids

The iCCA organoids (iCCAOs) used in this study, referred to as
iCCAO1 and iCCAO2, were derived from tumor samples from
patients CCA2 and CCA3, respectively, as described by
Broutier et al.28 These organoids were established and vali-
dated in the original study, where they were shown to retain the
histological and molecular features of the parental tumors.

Cell lines and reagents

HUCCT1, CCLP1, KKU-M213, KKU-M156, KKU055, SG231,
and RBE human iCCA cells, purchased from the Japanese
Collection of Research Bioresources (JCRB; Ibaraki, Osaka,
Japan) or the American Type Culture Collection (ATCC; Man-
assas, VA, USA), were used for the experiments. These cell
lines display a wide spectrum of mutations occurring in human
iCCA (Table S2).31

Human cancer-associated fibroblast (CAF) isolation
and treatment

Human intrahepatic cancer-associated fibroblasts (hCAFs)
were collected and used following the approval by the Ethical
Committees from the Azienda Ospedaliero Universitaria
JHEP Reports, --- 2
Consorziale Policlinico di Bari (Bari, Italy; protocol number:
254, 2012).

Statistical analysis

GraphPad Prism version 10.2.1 software and IBM SPSS
version 26 software (IBM, Armonk, NY, USA) were used to
analyze the data for statistical significance.

Additional Materials and methods are available in the Sup-
plementary Data.

Results

eIF4A1 is overexpressed in human intrahepatic
cholangiocarcinoma

First, we analyzed the mRNA levels of eIF4A1 in iCCA samples
from patients and their corresponding non-tumorous adjacent
liver tissues. In total, 42 samples were collected at the Uni-
versity of Regensburg, with both frozen tissues and patients’
survival data available for analysis. Quantitative real-time RT-
PCR analysis showed that eIF4A1 mRNA expression was
significantly higher in iCCA specimens than in paired non-
tumorous tissues (p <0.0001; Fig. 1A). In addition, eIF4A1
levels were significantly higher in large duct-type iCCA speci-
mens compared with small duct type (p = 0.020) and mixed (p =
0.028) lesions (Fig. 1B). Notably, when assessing the prog-
nostic relevance of the gene, eIF4A1 levels were inversely
associated with patient survival time (p <0.001; Fig. 1C).
Furthermore, univariate analysis revealed a significant differ-
ence in survival for lymph node metastasis, lung metastasis,
histology, and eIF4A1 expression (Supplementary Material).
Moreover, multivariate analysis showed a significant difference
in eIF4A1 levels in terms of survival, lymph node metastasis,
lung metastasis, and histology (Supplementary Material). In
addition, we determined the proliferation rate of all iCCA
samples tested and found that the Ki-67 index directly and
significantly correlated with eIF4A1 levels (r = 0.752; p <0.0001)
(Fig. 1D). Similar data were obtained when analyzing eIF4A1
expression in the iCCA data extracted from The Cancer
Genome Atlas (TCGA) database (Fig. S1).

Subsequently, we evaluated the immunohistochemical
pattern of eIF4A1 in a larger sample collection. In normal livers
(n = 10), hepatocytes and cholangiocytes exhibited faint to
moderate cytoplasmic eIF4A1 immunolabeling (Fig. S2A). By
contrast, pronounced cytoplasmic eIF4A1 immunoreactivity
characterized preinvasive lesions (n = 12, comprising six
intraductal papillary biliary neoplasms [IPBN] and six biliary
epithelial neoplasias [BilIN]; Fig. S2B). Similarly, iCCA lesions
(n = 162) showed robust eIF4A1 immunoreactivity, which
demarcated the tumors from the non-neoplastic surrounding
tissues (Fig. 2A,B). Furthermore, iCCA metastases (n = 14,
comprising six lymph node metastases and eight peritoneal
metastases) exhibited strong cytoplasmic accumulation of
eIF4A1 (Fig. 2C).

In addition, we evaluated whether eiF4A1 immunohisto-
chemistry was related to a specific histological subtype. In our
sample collection, 92 of 162 (56,8%) iCCA samples were of the
small duct type, 60/162 (37.3%) were of the large duct type,
and the remaining 10/162 (6.2%) displayed features of both
types and were referred to as ‘mixed’. eIF4A1 levels were
ubiquitously upregulated in iCCA lesions, with a slightly
stronger immunoreactivity in large duct type iCCA (Fig. S3).
025. vol. 7 j 101416 2
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Fig. 1. eIF4A1 is upregulated in human iCCA specimens. (A) Quantitative real-time RT-PCR values of eIF4A1 were significantly higher in T (n = 42) compared with
corresponding non-tumorous ST. Student’s t test: ***p <0.0001. (B) eIF4A1 levels were significantly higher in large duct-type iCCA than in small duct and mixed iCCA.
Tukey’s multiple comparisons test: *p <0.05; N.S., not significant. (C) Kaplan-Meyer curve showing that eIF4A1 mRNA levels negatively correlated with patient survival.
(D) Linear regression analysis revealing that eIF4A1mRNA expression directly correlated with tumor proliferation (as assessed by Ki-67 index) in iCCA samples. eIF4A1,
eukaryotic initiation factor 4A1; iCCA, intrahepatic cholangiocarcinoma; ST, surrounding tissue; T, tumorous tissue.
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Overall, the present data reveal the upregulation of eIF4A1 in
iCCA development and progression.
Targeting eIF4A1 with zotatifin restrains cell growth in iCCA
cells and downregulates the E2F1 pathway

Next, to determine the cytotoxic potential of targeting eIF4A1
activity in iCCA, we administered the eIF4A1 specific-inhibitor
zotatifin to seven human iCCA cell lines (RBE, HUCCT1,
CCLP1, KKU-M213, KKU-M156, KKU055, and SG231). Zota-
tifin was chosen because it is the only eIF4A inhibitor under-
going clinical trials. Zotatifin profoundly reduced tumor cell
viability in the cell lines tested in a dose-dependent manner
(Fig. 3A). In all cell lines, the calculated half-maximal inhibitory
concentration (IC50) values for zotatifin were in the low
JHEP Reports, --- 2
nanomolar range. Zotatifin administration was similarly detri-
mental for the growth of four additional murine iCCA-derived
cell lines harboring some of the most frequent mutations in
this disease (p53 loss, IDH1R132H, FGFR2 fusion, KRASG12D,
and BRAFV600E) (Table S3).32

To clarify the mechanisms of action of zotatifin in iCCA cell
lines, we randomly selected four cell lines (RBE, HUCCT1,
KKU-M213, and KKU-M156) for the following experiments. In
terms of cell proliferation, incubation with 15 nM Zotatifin (a
concentration around its IC50 value) caused a similar,
remarkable reduction in BrdU incorporation in the cell lines
(Fig. 3B–E). Concerning apoptosis, zotatifin induced higher
apoptotic cell death in RBE, HUCCT1, KKU-M213, and KKU-
M156 cell lines than in untreated and DMSO-treated cells
(Fig. S4A–D).
025. vol. 7 j 101416 3
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Fig. 2. Representative eIF4A1 immunohistochemistry patterns in human invasive iCCA and metastatic lesions. Top panels: example of human invasive iCCA
(denominated iCCA1). There was enhanced immunoreactivity for eIF4A1 in T compared with neighboring non-tumorous ST, which exhibited faint/moderate eIF4A1
staining. Middle panels: staining features of eIF4A1 protein in an invasive iCCA (denominated iCCA2). The lesion exhibited robust cytoplasmic immunolabeling for
eIF4A1. Lower panels: an iCCA LN metastasis displaying pronounced eIF4A1 cytoplasmic immunoreactivity. The LN and T tissues of the specimen showed moderate
and intense immunolabeling for eIF4A1, respectively. CK19 staining was used as a biliary marker. Scale bars: 100 lm. eIF4A1, eukaryotic initiation factor 4A1; iCCA,
intrahepatic cholangiocarcinoma; LN, lymph node; ST, surrounding tissue; T, tumorous tissue.

Zotatifin in cholangiocarcinoma
To substantiate our findings, HUCCT1 and KKU-M213 cell
lines were treated with zotatifin and flow cytometry analysis
was performed. Zotatifin caused a substantial increase in cell
apoptosis in a dose-dependent manner compared with the
vehicle (Fig. 4A,B; Fig. S5A and B). Cell cycle analysis was then
performed to evaluate the effects of zotatifin on cell cycle
phase distribution in the same cell lines. Treatment with zota-
tifin compared with vehicle affected predominantly the G1/S
transition of the cell cycle, with an obvious accumulation in the
S phase (Fig. 4C,D; Fig. S5C and D). Similar effects in terms of
apoptosis and cell cycle following Zotatifin administration were
obtained in KKU-M156 cells (not shown).

Subsequently, we investigated the molecular mechanisms
whereby zotatifin perturbs cell cycle progression in iCCA cells.
Specifically, we focused on the E2F1 transcription factor, a
major player in G1/S transition and cell cycle progression.33

Notably, zotatifin administration to KKU-M213 and HUCCT1
cell lines significantly reduced the mRNA levels of the MKI67
and PCNA proliferation markers and E2F1 and its canonical
targets involved in cell cycle progression (FOXM1, SKP2,
MCM2, MCM7, CYCLIN D1, RRM2, and MYBL2). Furthermore,
zotatifin decreased the levels of E2F1 targets involved in purine
(ATIC, GMPS, and GFAS) and pyrimidine (CAD) metabolism,
which serve as building blocks for DNA and RNA, promoting
cell survival and proliferation (Fig. S6).
JHEP Reports, --- 2
These data indicate that zotatifin potently suppresses the
growth of iCCA cell lines regardless of the driving mutations,
possibly by perturbing cell cycle progression and inhibiting the
E2F1 pathway.
Zotatifin decreases glycolysis and triggers glutaminolysis
in iCCA cells

To evaluate whether zotatifin affects iCCA metabolism, we
assessed its influence on mitochondrial respiration and
glycolysis of HUCCT1 and KKU-M156 cells. The oxygen con-
sumption rate was quantified to determine the mitochondrial
respiratory capacity (Fig. 5A,B). Zotatifin did not limit the
maximal respiration rate of either cell line. In accordance,
transmission electron microscopy showed the absence of
mitochondrial alterations in HUCCT1 cells following zotatifin
treatment (Fig. S7). Indeed, no changes in number, perimeter,
size, sphericity, morphology of the cristae and membranes, or
elongation/condensation of mitochondria occurred in zotatifin-
treated HUCCT1 cells compared with DMSO-treated cells. By
contrast, zotatifin drastically decreased the basal and
compensatory glycolytic capacity in HUCCT1 and KKU-M156
cells (Fig. 5C,D).

Subsequently, we investigated the effect of zotatifin
administration on the levels of metabolism players in HUCCT1
025. vol. 7 j 101416 4
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Fig. 3. The eIF4A inhibitor zotatifin negatively effects the growth of iCCA cell lines. (A) Cell viability of seven human iCCA cell lines (CCLP1, HUCCT1, KKU055,
KKU-M156, KKUM-213, RBE, and SG231) exposed to zotatifin as assessed by MTT assay. Data are the percentage of DMSO-treated cells ± SD; n = 3. The IC50 ± SD
of zotatifin in each cell line is also provided. (B–E) A BrdU incorporation assay was conducted on (B) RBE, (C) HUCCT1, (D) KKUM-213, and (E) KKU-M156 cells treated
for 48 h with 15 nM zotatifin. Untreated cells and cells treated with DMSO served as controls. Data are mean ± SD; n =3; analyzed using Tukey’s multiple comparisons
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Research article
and KKU-M156 cells (Fig. S8). Zotatifin downregulated several
glycolysis-related genes (ALDOC, PFKFB1, PGAM1, and
LDHA) in the two cell lines, suggesting that zotatifin modulates
glycolysis at several levels. Similar results were detected in
KKU-M213 cells treated with Zotatifin (not shown). By contrast,
zotatifin induced the upregulation of GLS1, a pivotal player in
glutaminolysis, and the c-Myc transcription factor. Given that
the upregulation of glutaminolysis has been identified as a
mechanism of resistance to eIF4A1 inhibition in pancreatic
cancer cells,15 we treated the KKU-M156 and HUCCT1 cell
lines with zotatifin either alone or in association with the GLS1
inhibitor telaglenastat. The combination of zotatifin (15 nM) and
telaglenastat (2 lM) resulted in a significantly higher reduction
of proliferation and more robust apoptosis in the two cell lines
compared with either treatment administered alone (Fig. S9).

These data indicate that zotatifin does not affect mito-
chondrial respiration, hampers glycolysis, and induces gluta-
minolysis in iCCA cells.

Combining zotatifin and Bcl-xl inhibitors restrains the
growth of iCCAOs in vitro

To further elucidate the therapeutic role of zotatifin in iCCA, we
assessed its effects in iCCAOs. We exposed two iCCAOs
(iCCAO1 and iCCAO2)28–30 to increasing concentrations of
zotatifin and assessed the cell viability after 48 h (Fig. 6A). The
results demonstrated a gradual decrease in cell viability in the
two iCCAOs as the concentration of zotatifin increased. At a
low concentration of zotatifin (50 nM), cell viability in the
JHEP Reports, --- 2
organoids decreased to 57–78%. When the concentration was
increased 200-fold to 10,000 nM, cell viability decreased to
31–55%. This suggests that higher concentrations of zotatifin
have a diminishing effect on iCCAO viability. Microscopic ob-
servations revealed morphological changes in iCCAOs after
48 h of treatment with 1,000 nM Zotatifin (Fig. 6B). Changes
included substantial shrinkage, collapse, and solidification of
the organoids. However, there was no obvious evidence of
extensive cell death, such as widespread dark organoid debris,
and only scattered fragments of organoids were observed.
Consequently, we explored combination treatments. To in-
crease cell death, we tested the combination of zotatifin with
the Bcl-xl inhibitors A-1155463 (1 lM) or DT2216 (10 lM)
(Fig. 6C–E). After 48 h of treatment, the two iCCAOs lines
showed significant synergistic effects (p <0.05), confirming the
potential efficacy of this combination therapy.

Bcl-xl inhibitors enhance apoptosis in combination with
zotatifin in iCCAOs

Next, we performed Calcein AM and propidium iodide (PI)
staining assays to confirm that combining zotatifin with Bcl-xl
inhibitors leads to increased cell death (Fig. 7). Compared
with the control group, administration of the Bcl-xl inhibitor A-
1155463 (1 lM) alone resulted in a few organoid fragments
stained red by PI, indicating cell death. However, most orga-
noids maintained their complete and healthy morphology,
similar to the control group. In the zotatifin (1 lM)-only group,
although the organoid morphology changed (shrinkage,
025. vol. 7 j 101416 5
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collapse, and solidification), these organoids were stained
green by Calcein AM, indicating they were still viable. Only a
few cell fragments around the organoids were stained red by PI.
These results suggest that neither zotatifin nor Bcl-xl inhibitors
alone induce widespread cell death in iCCAOs.

By contrast, the combination treatment group showed that
most organoids had shrunk significantly, with many fragments
visible in and around the organoids in bright field images. These
fragments were stained red by PI, indicating dead cells. This
combination treatment induced more cell death compared with
the single treatments. To further validate that this synergistic
effect is mediated by inducing greater apoptosis, we compared
the expression levels of the apoptosis-related protein cleaved
caspase 3 before and after treatment (Fig. 8). The results indi-
cated that single treatments with zotatifin (1 lM) or A-1155463
(1 lM) induced cleaved caspase 3 in only a small fraction of
cells, with relatively intact organoid structures. However, over
40% of cells under combined treatment exhibited clear
apoptotic signals (p <0.05), and the organoid structures were
disrupted, with numerous cell fragments scattered within and
around the organoids. Similar results were observed in
formalin-fixed and paraffin-embedded iCCAO samples
(Fig. S10). Thus, the synergistic action of zotatifin and Bcl-xl
inhibitors in CCAOs results from the robust induction
of apoptosis.
JHEP Reports, --- 2
Based on the intriguing findings from iCCAOs, we deter-
mined whether the combination of zotatifin and Bcl-xl inhibitor
was also effective in human iCCA cell lines. When zotatifin
(15 nM) was combined with DT2216 (1 lM), a slight additive
antiproliferative effect was observed only in KKU-M156 cells
(Fig. S11A and B) compared with zotatifin alone, whereas
proliferation remained unaffected by DT2216 single adminis-
tration. Strikingly, massive apoptosis was induced in HUCCT1
and KKU-M156 cells when the two drugs were combined
(Fig. S11C and D), thus recapitulating the iCCAO findings. At
the molecular level, zotatifin treatment resulted in the induction
of eIF4A1 and eIF4A2, established surrogate markers of eIF4A1
activity inhibition. Furthermore, the downregulation of prohibitin
1 (PHB1), a canonical target of eIF4A inhibitors, was observed.
By contrast, DT2216 administration triggered the down-
regulation of its target Bcl-xl and induction of the apoptosis
marker cleaved PARP (Fig. S11E).
Zotatifin blunts CAF growth in vitro

Next, because mounting evidence from other tumor types
suggests a role of eIF4A1 in regulating the tumor microenvi-
ronment,34 we investigated the effect of zotatifin on the growth
of human iCCA hCAFs. Immunohistochemistry of patient
specimens revealed that eIF4A1 was highly expressed in the
025. vol. 7 j 101416 6
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CAFs within the desmoplastic stroma surrounding the tumor
lesions (Fig. S12). Subsequently, eight different hCAF lines
were subjected to western blot analysis. Notably, the levels of
eIF4A1 in seven of eight hCAF lines were higher than those
detected in the LX2 human hepatic stellate cell line used as a
control (Fig. S13A). Subsequently, hCAFs isolated from three
distinct patients were administered various concentrations of
zotatifin. Treatment of CAFs with zotatifin triggered a decrease
in proliferation in vitro in a dose-dependent manner (Fig. S13B).
Thus, Zotatifin treatment significantly decreases the in vitro
growth of iCCA hCAFs.
Discussion
iCCA is an aggressive tumor characterized by an increasing
incidence, silent presentation, limited treatment options, and a
high mortality rate.1–4 Despite recent advances in understand-
ing iCCA pathobiological features and identifying actionable
molecular targets, a pressing need remains for more effective
therapies against this deadly disease.2–9

In this investigation, we focused on mRNA translation dys-
regulation and related eiF4A1 overactivity, a common feature of
cancer,10,11,31 in iCCA. Our study revealed that eIF4A1 levels
JHEP Reports, --- 2
were upregulated from preinvasive lesions to metastatic tu-
mors, implying that eIF4A1 is required for iCCA development
and progression. Furthermore, eiF4A1 expression inversely
correlated with the length of patient survival and directly with
the proliferation rate in this disease. Thus, it is tempting to
speculate that eIF4A1 contributes to the acquisition of a more
aggressive phenotype by intrahepatic biliary tumors.

Similarly, elevated levels of eIF4A1 are associated with a
worse outcome in breast, cervical, gastric, and pancreatic
cancer patients.21–26,30 Therefore, our data substantiate the
pathogenetic and prognostic importance of eIF4A1 in iCCA.

Moreover, in vitro approaches indicated that eIF4A1 inacti-
vation by zotatifin was highly detrimental to the growth of
various human and murine iCCA cell lines, irrespective of the
driving mutations and CAFs. Therefore, eIF4A1 induction might
not be restricted to a specific molecular iCCA subtype. Instead,
it represents a ubiquitous event, a point of convergence for
multiple oncogenic pathways to drive protein translation initi-
ation in this disease. Notably, growth restraint of malignant
cells and hCAFs was reached at low nanomolar concentrations
of zotatifin, highlighting the potency of the drug, at least in vitro.
Consequently, targeting eIF4A1 could impact the cancer cells
and tumor microenvironment.
025. vol. 7 j 101416 7
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At the molecular level, the reduction in iCCA cell proliferation
and cell cycle perturbation following zotatifin administration
was paralleled by the suppression of the E2F1 transcription
factor and its downstream effectors involved in cell cycle pro-
gression and purine and pyrimidine synthesis, unveiling E2F1
as a potentially critical target of zotatifin. Regarding meta-
bolism, zotatifin treatment decreased glycolysis while inducing
glutaminolysis in iCCA cells. Similar data were previously ob-
tained in pancreatic adenocarcinoma cells.15 Notably,
concomitant administration of zotatifin and the GLS1 inhibitor
telaglenastat suppressed iCCA cell growth more profoundly
compared with each treatment alone. This finding unravels
glutaminolysis as a resistance mechanism exploited by tumor
cells subjected to eIF4A inhibition and defines a novel thera-
peutic strategy to curb this metabolic compensation.

Interestingly, zotatifin exhibited a less pronounced cytotoxic
effect in iCCAOs, yet it remained highly effective at inhibiting
cell viability. For instance, brightfield microscopy, PI and Cal-
cein AM staining, and immunofluorescence indicated that
zotatifin did not markedly induce cell death in the organoids.
This disparity might be the result of intrinsic differences be-
tween organoids and cell lines, such as the 3D architecture of
organoids, which preserves cell–cell and cell–matrix in-
teractions that provide survival and resistance signals. Based
on these observations, we investigated combination therapies
with other anticancer agents. Recent studies have emphasized
JHEP Reports, --- 20
the crucial role of Bcl-xl in regulating apoptosis.35–37 Bcl-xl is a
member of the Bcl-2 protein family, known for its role in pre-
venting apoptosis and contributing to chemoresistance in
various cancers.38 Selective Bcl-xl inhibitors, such as A-
1155463 and DT2216, have been developed to overcome this
resistance.37–40 Therefore, combining these Bcl-xl family in-
hibitors with zotatifin could offer a more effective therapeutic
strategy. Our experimental results corroborated this hypothe-
sis. Indeed, while neither zotatifin nor Bcl-xl inhibitors alone
produced significant antitumor effects in iCCAOs, their com-
bination markedly triggered apoptosis. These findings suggest
a potent synergistic interaction between zotatifin and Bcl-xl
inhibitors, which could be crucial for overcoming resistance
mechanisms and enhancing therapeutic efficacy in iCCA. The
observed consistency in response across the two patient-
derived organoid models supports the reproducibility of our
findings; nonetheless, validation in a larger cohort of patient-
derived models is warranted to confirm their reliability and
importance for developing personalized approaches against
iCCA. Thus, our study highlights the potential of targeting
eIF4A1 in iCCA, both as a single agent and in combination with
Bcl-xl inhibitors.

Although these findings open new avenues for devel-
oping more effective therapeutic approaches, future studies
should focus on in vivo validation and clinical trials to
confirm the efficacy and safety profiles of these therapies in
25. vol. 7 j 101416 10
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patients with iCCA. Nonetheless, in cohorts of patients with
heavily pretreated metastatic breast cancer, zotatifin dis-
played anti-tumor activity in combination with fulvestrant
and abemaciclib and had a favorable safety profile
(NCT04092673), supporting the data and conclusions of our
study. Ongoing clinical trials using zotatifin on estrogen
JHEP Reports, --- 2
receptor-positive, HER2-negative breast cancer (NCT0510
1564), estrogen-receptor positive endometrial cancer, low-
grade serous ovarian cancer (NCT03675893), and selected
advanced solid tumor malignancies, including iCCA
(NCT04092673), will further elucidate the usefulness of tar-
geting eIF4A1 as an anticancer strategy.
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