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ABSTRACT

Background and Aims: Little is known about the metabolic regulation of cancer stem cells (CSC) in
cholangiocarcinoma (CCA). We analyzed whether mitochondrial-dependent metabolism and
related signaling pathways contribute to stem state in CCA.

Methods: The stem-like subset was enriched by sphere culture (SPH) in human intrahepatic CCA
cells (HUCCT1 and CCLP1) and compared to cells cultured in monolayer. Extracellular flux
analysis was examined by Seahorse technology and high-resolution respirometry. In patients with
CCA, expression of factors related to mitochondrial metabolism was analyzed for possible
correlation with clinical parameters.

Results: Metabolic analyses revealed a more efficient respiratory phenotype in CCA-SPH than in
monolayers, due to mitochondrial oxidative phosphorylation. CCA-SPH showed high mitochondrial
membrane potential and elevated mitochondrial mass, and over-expressed peroxisome
proliferator-activated receptor gamma coactivator (PGC)-1a, a master regulator of mitochondrial
biogenesis. Targeting mitochondrial complex | in CCA-SPH by metformin, or PGC-1a silencing or
pharmacologic inhibition (SR-18292) impaired spherogenicity and expression of markers related to
the CSC phenotype, pluripotency, and epithelial-mesenchymal transition. In mice with tumor
xenografts generated by injection of CCA-SPH, administration of metformin or SR-18292
significantly reduced tumor growth and determined a phenotype more similar to tumors originated
from cells grown in monolayer. In CCA patients, expression of PGC-1a was correlated to
expression of mitochondrial complex Il and of stem-like genes. Patients with higher PGC-1a
expression by immunostaining had lower overall survival (OS) and progression-free survival,
higher angioinvasion and faster recurrence. In GSEA analysis, CCA patients with high levels of
mitochondrial Complex Il had shorter OS and time to recurrence.

Conclusions: The CCA stem-subset has a more efficient respiratory phenotype and depends on

mitochondrial oxidative metabolism and PGC-1a to maintain CSC features.
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Lay summary

The growth of many cancers is sustained by a specific type of cells with more embryonic
characteristics, termed as ‘cancer stem cells’. These cells have been described in
cholangiocarcinoma, a type of liver cancer with poor prognosis and limited therapeutic approaches.
We demonstrate that cancer stem cells in cholangiocarcinoma have different metabolic features,
and use mitochondria, an organelle located within the cells, as the major source of energy. We
also identify PGC-1a, a molecule which regulates the biology of mitochondria, as a possible new

target to be explored for developing new treatments for cholangiocarcinoma

Highlights

* The metabolic characteristics of cancer stem cells in cholangiocarcinoma are not known

= Cholangiocarcinoma stem-like cells preferentially use oxidative phosphorylation as a
source of energy

» PGC-1lais a key molecule regulating the metabolic features of cholangiocarcinoma stem-
like cells

= Interfering with oxidative phosphorylation or PGC-1a limits the development of tumors
originating from stem-like cells in vivo

= Expression of PGC-1a or proteins of the mitochondrial respiratory complex correlate with

clinical outcomes in patients with cholangiocarcinoma



Raggietal, 6

INTRODUCTION

Cholangiocarcinoma (CCA) represents the second most common form of primary liver cancer [1-
3], with limited therapeutic approaches [4, 5]. As a result, the prognosis is still dismal with a 5-year
survival lower than 20% [4, 5]. These features make CCA a top priority in the field of cancer
research [4, 5]. The hypothesis of the existence of a cancer stem cell population (CSCs) has been
recently validated with the identification of a subpopulation of self-renewing cells that gives rise to
maturational lineages with a hierarchical organization, and divide symmetrically and asymmetrically
to generate the tumor mass [6-14]. CSCs, also referred to as tumor-initiating cells or tumor-
propagating cells, are tumorigenic, metastatic, resistant to chemo-and radiation therapy and are
responsible for tumor recurrence [8-14]. In the past years, we and others [15-17] have highlighted
the biology of CSCs in CCA, identifying them as a major therapeutic target [8-14].

Recent studies have identified OXPHOS in cancer cell mitochondria as a novel approach to
decrease tumor growth and chemotherapy-resistance in CCA [18, 19]. Although mitochondrial
metabolism may provide new therapeutic targets, metabolic reprogramming in CCA is
underestimated. In addition, the metabolic profiles of CSC may be an important factor for stemness
maintenance, contributing to failure of anticancer treatments [20, 21], but little is known regarding
this topic in human CCA. Here we show that mitochondrial oxidative metabolism contributes to

maintain stemness features in CCA, conferring in vivo tumorigenic capacity and drug-resistance.

MATERIALS AND METHODS

This section is available in the Supplementary data and in the Supplementary CTAT Table

RESULTS

The CCA Stem-like subset is characterized by mitochondrial oxidative metabolism

We recently identified a functional CSC-subset in human CCA using a 3D sphere culture model
[13]. We first characterized if stemness features were associated with differences in energy

metabolism, comparing spheres (SPH) generated from HUCCT1 or CCLP1 cells with the same
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cells grown in monolayers (MON). Bioenergetics parameters were analyzed by Seahorse
technology, which allows to simultaneously measure oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), key indicators of mitochondrial respiration and glycolysis,
respectively, in live cells. Seahorse mitostress, which provides respiratory parameters, showed that
SPH have higher OCR than MON both in basal and in FCCP-uncoupled condition (Figure 1A;
Supplementary Figure 1A-B). In addition, the response to oligomycin A, which accounts for non-
phosphorylating respiration, indicated that oxygen consumption rate, even enhanced, in SPH cells
is coupled to ATP production similarly, or only weakly less, to that of MON cells (see values of the
coupling efficiency of oxidative phosphorylation). These data indicate that, in both HUCCT1 and
CCLP1, SPH show increased mitochondrial respiration coupled to ATP production, likely related to
a potentiated respiratory machinery. Seahorse analysis requires forced adhesion of SPH to
perform the assay. Although no significant differences in respiratory capacity of SPH cells forced to
adhere on XF plates for as long as 20 hours were observed (data not shown), we aimed to confirm
the Seahorse findings with an alternative method, which may be applied to cells in suspension. To
do this, we analyzed OCR of SPH maintained in suspension, using a “Clark-type” oxygen
electrode. Oxygraph analysis (Figure 1B) fully confirmed Seahorse data, suggesting that the
enhanced mitochondrial respiration of SPH is a property acquired during the adaptation to the
three-dimensional cell growth, and not an artifact dependent on the analytical methods used.

We next used the Seahorse glycostress protocol to measure glycolytic parameters of MON and
SPH of both cell lines. This test (Figure 1C, Supplementary Figurel) showed that in SPH, basal
and oligomycin-accelerated ECAR are similar as in MON, indicating limited, if any, differences in
glycolytic capacity and reserve. Because SPH and MON are grown in media of different
composition, we aimed to rule out that these differences could modify metabolic parameters
independently of the "stemness" status of the cells. When MON cells were grown in SPH culture
medium for 5 days, no variations in OCR parameters or in the expression of stemness-related
genes were observed, indicating that metabolic differences only depend on 3D culture as a

representation of a stem-like state (Supplementary Figure 2). Taken together, these results



Raggietal.,, 8

indicate that when HUCCTL1 or CCLP1 are grown as spheres, a profound change in energy

metabolic profile, with enhanced mitochondrial respiration, is observed (Figure 1D).

The CCA stem-like subset is more sensitive to interference with mitochondrial function
Since CCA-SPH preferentially rely on OXPHOS, we further evaluated the role of mitochondria in
the stem-like compartment. In CCA-SPH a significantly higher mitochondrial membrane potential
was measured with MitoTracker Red staining, together with increased mitochondrial mass
(MitoTracker Green, Figure 2A). The family of peroxisome proliferator-activated receptor gamma
coactivators (PGC), in particular PGC-1a [22, 23] is a master regulator of mitochondrial de novo
synthesis, and regulates different energy-producing metabolic processes in the liver, including
OXPHOS. In CCA-SPH, over-expression of PGC-1a at the protein and mRNA levels (Figure 2B-C)
was observed, providing additional support for a role of mitochondria in cells of the CCA stem-like
subset. In contrast, CCA-SPH cells showed reduced glucose uptake (Figure 2D), together with
lower production of lactate, a metabolic product of glycolysis (Figure 2E). Down-regulation of the
glycolytic pathway is also indicated by repressed gene expression of the Glutl transporter (Figure
2F) as well as of hexokinase Il (HKII) and pyruvate kinase Il (PKMII) (Figure 2G). Remarkably,
GSEA analysis of RNAseq data confirmed the downregulation of the glycolytic component in CCA-
SPH when compared to MON (Figure 2H). In contrast, no differences in mitochondrial ROS levels
was observed comparing MON and SPH, indicating that differences in glycolytic flux are not due to

an impairment in mitochondrial functionality (Supplementary Figure 3A).

It is well-known that activated AMPK regulates PGC-1a expression [24]. In accordance with high
levels of PGC-1a in SPH cells (Figure 2B-C), the AMP/ATP ratio was higher in SPH than in MON
(Supplementary Figure 3B), together with increased activation of AMPK signaling, as
demonstrated by higher levels of AMPK phosphorylation (Supplementary Figure 3C). In other
tumors, AMPK activation correlates with epithelial-mesenchymal transition (EMT) [25-27]. To

establish whether AMPK regulates these processes in CCA-SPH, SPH were treated with
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compound C (CC), a well-established inhibitor of AMPK phosphorylation [28] (Supplementary
Figure 3D). Treatment with CC markedly reduced the expression level of genes implicated in EMT,
indicating a contribution of the AMPK pathway in this relevant process associated with malignancy

(Supplementary Figure 3B).

To provide functional evidence for a role of mitochondria in maintaining the CCA stem-like subset,
cell survival was evaluated after treatment with metformin or phenformin, two inhibitors of
mitochondrial complex |I. SPH were consistently more sensitive to inhibitors of mitochondrial
complex | than cells grown in MON (Supplementary Figure 4A). Conversely, treatment with 2-
deoxy-D-glucose, an antagonist of glucose uptake, had a greater effect on survival of glycolysis-
dependent MON (Supplementary Figure 4B). Interestingly, this effect was less marked, and not
statistically significant, in CCLP1 cells, which express lower levels of HKII, and have a lower ability
to incorporate glucose. These results reinforce the concept that CCA stem-like cells are more
reliant on mitochondrial metabolism than cells in MON, sensitive to the glycolysis pathway.
Exposure to metformin dramatically reduced the expression of molecules related to stemness, self-
renewal, pluripotency, drug-resistance and epithelial-mesenchymal transition, in SPH of both CCA
cell lines, while virtually no effects were found in MON (Supplementary Figure 4C-D). Moreover,
metformin reduced activation of the Akt pathway only in SPH. (Supplementary Figure 4C-D).
These data indicate that interfering with mitochondrial respiration affects the stemness component

of CCA.

PGC-lais required to maintain stemness features and pro-angiogenic actions of CCA
Because PGC-1aq, a critical regulator of mitochondrial function, is expressed at higher levels in
SPH, we tested the effects of genetic knockdown or pharmacologic inhibition of this molecule on
functional characteristics and intracellular signaling of SPH from both CCLP1 and HUCCTL1. As
expected, PGC-1a depletion (Figure 3A) impaired mitochondrial mass (Supplementary Figure 5A).

Although PGC-1a silencing did not affect cell proliferation or apoptosis (Supplementary Figure 5B-
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C), it markedly reduced CCA stem-like properties such as in vitro spherogenicity (Figure 3B,
Supplementary Figure 5D) and expression of CSC-related genes (Figure 3C). These functional
effects were accompanied by a marked downregulation of signaling pathways relevant for CCA
biology in SPH silenced for PGC-1a (Figure 3D). Similarly, PGC-1a knockdown significantly
reduced the ability to invade a basement-membrane-like matrix (Figure 3 E) and to migrate in a
Boyden chamber assay (Supplementary Figure 5E), key features of highly malignant CCA cells.
Furthermore, we found a significant correlation between expression of PGC-1a and that of many
stem-like genes in a transcriptomic database of CCA patients (Figure 3F) [29].

Angiogenesis is critical to develop and sustain a microenvironment favorable to maintain the
properties of CSC, and we previously demonstrated [13] that conditioned medium from CCA SPH
induces a higher angiogenic response than that from MON. In SPH silenced for PGC-1a or treated
with metforrmin, VEGF expression was significantly reduced in both cell lines (Supplementary
Figure 6A), indicating that the action of PGC-1a is likely to be mediated by mitochondria. As a
clinical counterpart, a significant correlation between VEGF and PGC-1a expression was found in
a transcriptomic database of CCA patients (Supplementary Figure 6B). To confirm that PGC-1a
regulates angiogenesis, we tested the effects of conditioned medium from SPH on capillary tube-
like formation by human umbilical vein endothelial cells (HUVEC) in an angiogenic assay
(Supplementary Figure 6C-D). As expected, depletion of PGC-1a in SPH drastically reduced the
neovascular response in CCA SPH. Overall, these data show that the CSC microvascular
environment is dependent on tumor metabolic activity, regulated by PGC-1a.

To obtain additional information on the potential role of PGC-1a, we employed SR-18292, a
selective pharmacological inhibitor which increases PGC-1a acetylation and its inhibition [30, 31].
Treatment with SR-18292 reduced PGC-1a levels and mitochondrial mass (Figure 4A-B), cell
viability, expression of Myc and STAT3, and activation of P38MAPK and AKT (Figure 4C-D). In

addition, pharmacologic inhibition of PGC-1a modulated a broad range of genes implicated in
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maintenance of stemness, self-renewal, and regulation of EMT (Figure 4 C-D). These data identify

mitochondrial respiration and PGC-1a as relevant targets in CCA stem-like cells.

To demonstrate that interference with mitochondrial respiration may have an impact on CCA stem-
compartment growth in vivo, we analyzed the effects of metformin and of SR-18292 on tumors
obtained by subcutaneous injection of cells derived from SPH or from cells grown in MON. The
growth of xenografts was monitored with a dedicated in vivo imaging system (Vevo LAZR-X
photoacoustic imaging), which allows 3D-reconstruction and exact calculation of tumor volume
(Figure 5). As expected, 28 days after injection, the volume of tumors derived from SPH were
significantly larger than those from MON. Treatment of mice with metformin or SR-18292 did not
significantly modify the volume of tumors derived from MON. In contrast, the growth of tumors
derived from SPH was significantly reduced by administration of metformin or SR-18292 (Figure 5).
Evaluation of tumors using a caliper and conventional volume calculation provided overlapping
results (data not shown). No differences in liver/body weight ratio and lung/body weight ratio were
observed (Supplementary Figure 7). These data show that interference with mitochondrial

respiration or PGC-1a selectively modulates the growth of tumors derived from stem-cell enriched

cultures.

Based on the results described above, we next focused on the effects of metformin and SR-18292
on the molecular characteristic of tumors derived from SPH. The weight of tumors and the number
of proliferating cells, as assessed by BrdU immunostaining, were significantly reduced by treatment
with both drugs (Figure 6A-B). Gene expression profiles derived from a PCR array specific for liver
cancer pathways revealed common downregulated genes in tumors from mice injected with SPH
and treated with metformin or SR-18292 (Figure 6C). These included markers of apoptosis (i.e.
BIRC2, CFLAR, GSTP1, BID) and cell cycle (CCND1, GADD45B, EP300, PTEN) as well as genes
involved in signal transduction such as the Wnt pathway, MAP kinase or Met signaling, and DNA
damage and repair (i.e. MSH2, XIAP). Tumor tissues belonging to mice treated with SR-18292

showed a peculiar set of downregulated genes which contains more cell cycle-related genes,
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together with genes involved in immune and inflammatory response or angiogenesis. Of note,
gene cluster analysis showed that tumors from mice injected with SPH and treated with metformin
or SR-18292 were more similar to those derived from MON than to those of untreated mice
injected with SPH. At the protein level, suppression of PGC-1a was associated with an increase in
HKII expression, suggesting a metabolic shift towards a more glycolytic-like phenotype (Figure
6D). Moreover, treatment with SR-18292 had an impact on AKT activation, EMT and angiogenesis
(CD31) thus confirming the PCR array data. In aggregate, these findings indicate an OXPHOS-
addicted phenotype of the CCA-stem-like component and suggest that CCA CSCs adapt to stress
conditions by acquiring mitochondrial flexibility, functionally relevant for the maintenance of a stem-

like phenotype.

Genes related to the mitochondrial system predict poor prognosis in CCA patients

To translate our in vitro data to the clinical setting, we exploited a published cohort of CCA patients
(19), which were dichotomically stratified into ‘poor’ survival (<12 months, 30 patients) and ‘good’
survival (>12 months, 64 patients) (Figure 7A). Both groups were tested for enhanced expression
of crucial mitochondrial enzymes involved in the electron transport chain (Complex I-V) as well as
in the Krebs cycle, by gene set enrichment analysis (GSEA). Interestingly, expression of genes of
complex Il (SDHA, SDHB, SDHC, SDHD) significantly correlated with overall survival (p=0.036)
whereas the other gene sets did not reach statistical significance (Figure 7B). Moreover,
expression of Complex Il genes predicted a shorter time-to-recurrence (TTR) (p= 0.029, Figure
7C). Accordingly, a substantial correlation between PGC-1a, Complex Il and genes related to
stemness was found in CCA patients (Figure 7D, Supplementary Table 1).

We next investigated PGC-1a expression at the protein level by immunohistochemistry in a
different cohort, observing variable degrees of expression (Figure 8A). Notably, patients with a high
PGC-1la immunostaining score had shorter OS and progression-free survival, and higher

angioinvasion and recurrence compared to patients with a low PGC-1a score (Figure 8B-E). These
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data further indicate that in CCA patients, PGC-1 a expression is associated with significantly

worse clinical outcomes.

DISCUSSION

CSC are endowed with self-renewal, pluripotency, plasticity and differentiation potential. Due to
these characteristics, in many types of cancer they play a pivotal role in initiation, progression, and
response to treatment. Recent investigation has highlighted the concept that cancer is
characterized by specific metabolic features, whereby genetic and environmental variables may be
accompanied by acquisition of a different metabolic state. In spite of the significance of CSC in
cancer and of the limited therapeutic opportunities available in CCA, the metabolic characteristics
of CSC and their potential relevance in the biology of this tumor have not been previously explored.
Data reported in this study indicate that in CCA, stem-like cells undergo metabolic reprogramming,
resulting in a potentiated OXPHOS system, while cells grown in MON, a condition not associated
with stemness features, rely more on glycolysis to meet their energy demands. Mitochondrial
respiration is far more efficient in energy production than glycolysis, generating 36 molecules of
ATP per molecule of glucose, as opposed to only two molecules of ATP produced in glycolysis. In
agreement with metabolic data, CCA CSC showed marked changes in the number of
mitochondria, and in their membrane potential. These changes are likely to be very relevant when
considering that one of the most striking characteristics of CSCs is their ability to form a
specialized niche, termed the CSC microenvironment [21], to adapt to changing conditions [10, 20].
This specific milieu facilitates tumor progression by maintaining the principal properties of CSCs.
Indeed, CSCs are characterized by a highly plastic metabolism, which allows them to survive
under conditions of metabolic stress by readily switching between OXPHOS and glycolysis. These
changes are to some extent tumor cell-specific [32]. CCA is exquisitely sensitive to a specific
microenvironment, which is characterized by a thick fibrillar stroma where oxygen and nutrients
may be scarce. Based on the results of this study, the acquisition of a more efficient oxidative

metabolism may allow CCA stem-like cells to better survive in these conditions. Accordingly, the
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machinery to build up an efficient glycolysis was more developed in MON than in SPH, compatible
with the leading role of OXPHOS in this latter culture condition. These data allow to speculate that
in CCA, metabolic rewiring to OXPHOS renders CSCs resistant to inhibition of glycolysis, providing
the cells with a higher degree of independence from microenvironmental nutrient supply.
Mitochondria play a pivotal role in regulating respiration, and the observed changes in their number
and function are clearly related to data on OXPHOS. More important, we demonstrated that these
changes in metabolism had a functional role. We first analyzed the effects of metformin and
phenformin, two well-established inhibitors of mitochondrial respiration complex |I. SPH exposed to
these drugs showed a dose-dependent reduction in cell survival, and a profound modulation of the
expression of different genes implicated in the biology of CCA, an effect absent in MON, where
mitochondrial respiration appears to be less essential. Specifically, genes related to stemness and
to angiogenesis were significantly less expressed, while markers of epithelial differentiation, e.g. E-
cadherin, increased. These effects suggest that the mitochondrial respiration pathway may support
the growth and aggressiveness of CCA enriched with a stem-like component.

Although the mechanisms determining the observed OXPHOS phenotype are still unclear, we next
aimed to establish a link between regulatory proteins of mitochondrial biogenesis and the
stemness properties of CCA cells [33-37]. We focused on the transcription factor PGC-1a, a key
regulator of mitochondrial biogenesis, which enhances oxidative phosphorylation in many invasive
and highly malignant cancer cells [38-40]. This factor was also recently shown to regulate
OXPHOS functionality and, most importantly, self-renewal and tumorigenic capacity of pancreatic
CD133" CSCs [34]. In CCA cells, genetic knockdown of PGC-1a decreased CSCs markers, in vitro
self-renewal potential and invasive capacity of stem-like cells. These results were confirmed and
expanded using SR-18292, a specific inhibitor of PGC-1a. In both cell lines used in this study,
exposure to SR-18292 reduced mitochondrial biogenesis and sphere formation. These effects
were associated with downregulation of signaling pathways linked to malignancy and EMT, and

lower expression of genes related to self-renewal, pluripotency and drug transport. These data
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support the dependence of stem-like cells on mitochondrial biogenesis and activity and identify an
upstream molecular mechanism.

Tumors grow in a tridimensional and multicellular environment, and cell culture is only partially
representative of an in vivo condition. Thus, we analyzed tumor xenografts developed in mice
using CCA cells from MON or SPH cultures, and the effects of treatment with metformin or SR-
18292. Remarkably, the effects of these two drugs were non-significant in tumors developed after
MON injection. In contrast, tumors derived from SPH were larger, and their volume was reduced
inhibiting mitochondrial respiration with metformin or PGC-1a expression by SR-18292. At a
molecular level, the gene signature of tumors derived from SPH was characterized by upregulation
of several pathways associated with malignancy. In contrast, treatment of mice with metformin or
SR-18292 made the signature of SPH-derived tumors more similar to that of tumors derived from
MON. Of note, the effects of SR-18292 were not completely overlapping with those of metformin
and included upregulation of genes involved in the glycolytic pathway and reduced expression of
genes regulating EMT or angiogenesis. Taken together, these data provide for the first time, in
CCA, a direct correlation between oxidative metabolism and PGC-1a expression, the phenotype of
stem-like cells, and the development of CCA xenografts in vivo.

CSCs dynamically shape their microenvironment to maintain a supportive niche, and drive
interactions with other tumor components, such as immune cells, cancer-associated fibroblasts,
and endothelial cells, to maintain a milieu which favors their survival and growth. This is achieved
via a complex crosstalk with other cells of the niche, including secretion of soluble mediators, such
as VEGF, which promotes angiogenesis through paracrine signals [41-47]. In CCA SPH, PGC-1a
silencing downregulated the ability of SPH to express VEGF, phenocopying the effects of exposure
to metformin. In addition, depletion of PGC-1a reduced the ability of SPH-conditioned medium to
induce tube formation, a functional angiogenic assay. Along these lines, acquisition of a
mesenchymal phenotype, via a EMT process, is a well-established feature of highly malignant

cancers [48, 49]. In SPH, PGC-1a and mitochondrial respiration significantly upregulated
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molecules involved in EMT, which was also upregulated by activation of AMPK. Altogether, these
data identify mitochondrial respiration as a new pathway regulated by PGC-1a and responsible for
maintenance of a stem-like phenotype and potentially of the angiogenic niche and EMT in CCA.
The ultimate goal of translational research is to identify and validate novel pathways or targets, the
interference with which could be eventually investigated in clinical trials. For this strategy to be
rational and possibly successful, the targets emerging from cell culture and animal experiments
must be present and modulated in biologic material collected from patients with the condition of
interest. We first exploited transcriptomic data from a published cohort of CCA patients to search
for possible correlations between factors implicated in mitochondrial biogenesis and respiration,
expression of genes involved in the aggressive biology of CCA, and clinical outcomes of the
patients. In this respect, we found several levels of interaction. Expression of PGC-1a in SPH
significantly and directly correlated with different genes implicated in stemness and was strongly
and directly correlated with expression of VEGF, supporting the relation between mitochondria
biogenesis and the angiogenic niche. Remarkably, mitochondrial complex Il expression correlated
with a poor prognosis when patients were dichotomically divided according to their outcome, and
the same factor and PGCla correlated with several CSC-related genes in an oligoarray heatmap.
In a different cohort of patients, high-grade staining for PGC-1a identified a subgroup of patients
with shortened overall and progression-free survival.

In conclusion, we have characterized the metabolic features of CSC from CCA, highlighting the
predominance of oxidative metabolism, supported by increased mitochondrial biogenesis and
signals generated via PGC1la. These lines of information provide significant advances in the
biology of CSC in CCA that could be of eventual relevance for the management of this deadly

tumor.
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FIGURE LEGENDS

Figure 1: Metabolic characteristics of CCA cells grown as monolayers (MON) or spheres
(SPH). (A-B) Oxygen consumption rates (OCR) of HUCCT1 and CCLP1 cells, as assessed by
Seahorse mitostress test (A) or oxygraph (B) analysis. Respiratory parameters include basal
mitochondrial respiration, response to oligomycin A accounting for non-phosphorylating
mitochondrial respiration (oligo), FCCP-uncoupled mitochondrial respiration, spare respiratory
capacity and coupling efficiency, calculated as described in Materials and Methods. Data were
normalized on basal respiratory parameters in MON. (C) Extracellular acidification rate (ECAR)
parameters derived from Seahorse glycostress test analysis, normalized on basal glycolytic
parameters of MON. Results are meanzSD of two independent experiments performed on 10
(Seahorse) and 3 (Oxygraph) replicates for each condition (*p<0.05, ** p<0.01, ***p<0.001 vs.
MON). (D) Energy phenotype of HUCCT1 and CCLP1 cells grown as MON (diamonds) or SPH
(triangles) in basal (empty shapes) or metabolic stress (full shapes) conditions, as described in

Materials and Methods.

Figure 2: Mitochondrial mass and glycolysis are differentially regulated in CCA cells grown
as MON or SPH. (A) Mitochondrial mass and membrane potential were measured by FACS.
Histograms represent the Mean Fluorescence Intensity (MFI) of the MitoTracker probes normalized
to mean MFI of MON. Data are mean+SEM (n=3, *p<0.05, **p<0.01 vs. MON). (B) Immunoblot of
PGC-1a. B-actin immunoblot was performed to ensure equal loading. (C) PGC-1a gene expression
levels, presented as fold changes normalized to mean expression of MON. GAPDH was used as
an internal control. Data are mean+SEM (n=3, **p<0.01 vs. MON). (D) [**C]-glucose uptake
normalized by total proteins. Data are mean+SEM (n=3, *p<0.05 vs. MON). (E) Extracellular
lactate levels normalized by protein content. Data are meanSEM (n=3, ***p<0.001 vs. MON). (F)
GLUT1 gene expression levels, presented as in panel C. Mean + SEM (n=3, **p<0.01, ***p=<0.001
vs. MON). (G) Immunoblot of HKIl and PKM2, presented as in panel B. (H) Results of a GSEA Pre-

ranked analysis on the Glycolysis gene set of the Hallmark MSigDB collection. ES: enrichment
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score. NES: normalized enrichment score. FDR: False discovery Rate.

Figure 3: Effects of PGC-1a silencing in CCA SPH cells. (A) PGC-1a gene expression levels
following siRNA transfection, presented as fold changes normalized to mean expression of siCTR
(n=4, mean+SEM, *** p<0.001 vs. siCTR). (B) Effects of PGC-1a silencing on CCA sphere-forming
efficiency. MeantSEM (n=3, ***p <0.001 vs. siCTR). Representative images of CCA SPH are
shown below the barogram (original magnification 40X, scale bar 10uM). (C) Expression of
different genes, expressed as fold changes normalized to mean expression of siCTR sample.
Mean+SEM (n=3, *p<0.05, **p<0.01, **p<0.01 vs. siCTR). Gene groups are indicated at the
bottom of the barograms. (D) Immunoblot of different proteins or phosphoproteins following PGC-
la silencing. (E) Invasion of PGC-1la-silenced CCLP1 and HUCCT1 cells was measured in
modified Boyden chambers. Mean+SEM (n=5, *p<0.05 , ***p<0.001 vs. siCTR). Representative
images of filters are shown below the barograms (original magnification 40X, scale bar 10uM. (F)
Scatterplots representing correlations between expression levels of PGC-1a (x-axis) and stem-like
genes (y-axis) according to a published microrarray-based study comparing CCA vs surrounding
liver (GSE26566 [25]). r: Pearson's correlation coefficient, n: number of samples. All adjusted (two

tails) p values were <le-5.

Figure 4: Effects of the PGC-1a inhibitor SR-18292 in CCA SPH cells. (A) Sphere-forming
efficiency after SR-18292 exposure. Mean+SEM (n=3, *p<0.05, **p<0.001 vs. control. (B)
Mitochondrial mass, measured with MitoTracker Green, as described in Figure 2A, presented as
fold induction normalized to mean MFI of control). Mean+SEM (n=3, *p<0.05, **p<0.01 vs. control).
(C) Expression of different genes, expressed as fold changes normalized to mean expression of
control sample) (n=3). MeanzSEM (*p<0.05, **p<0.01 vs. CTR). (D) Immunoblot of different

proteins and phosphoproteins following SR-18292 treatment.
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Figure 5: Effects of metformin and SR-18292 on tumor xenografts. Tumors derived from
HUCCTZ1 cells grown as MON or SPH were obtained by subcutaneous injection in NOD/SCID
mice. After 7 days, mice were treated with PBS (CTR), metformin (Metf) or SR-18292 (SR) (n=6
per group). (A) Analysis of tumor volume by Vevo LAZR-X photoacoustic imaging.

The box height represents the interquartile range (Q1-Q3), the line within the box is the median
value, the lower and upper whiskers represents the lowest and the highest samples, respectively.
Circles in boxplots represent outlier samples (>1.5xIQR). ***p<0.002 or less. (B) Representative
high resolution ultrasound images of subcutaneous tumors from mice in each group. The cyan 3D
regions represent the tumor volume obtained by tracing areas on each 2D B-mode slices from the

3D acquisition.

Figure 6: Phenotypic characteristic of CCA-SPH xenografts following treatment with
metformin or SR-18292 or in comparison to MON-derived tumors. (A) Tumor weight, depicted
as in Figure 5A. Representative dissected tumor samples are shown below the box-plot.
**p<0.002, *p=0.016. (B) BrdU incorporation by immunostaining assay. MeantSEM (**p=<0.01).
Representative stainings are shown below the barogram, BrdU-positive nuclei are in brown color.
Scale bar 10um. (C) gRT-PCR arrays focused on liver cancer pathways. Heatmap of different
tumor samples based on expression of 84 genes. Gene expression levels are expressed in color
code from green (low) to red (high) according to the color key scale bar. Hierarchical clustering
was based on complete linkage on euclidean distances between genes (rows) or samples
(columns). (D) Immunoblot of different proteins and phosphoproteins in tumor samples from

different groups.

Figure 7. Expression of respiratory Complex Il is associated with poor survival and
recurrence in CCA patients. (A). Kaplan-Meyer plot showing overall survival in 94 iCCA patients

stratified according to good or bad prognosis. (B) GSEA of custom gene sets representing
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respiratory complex I-V and Krebs cycle. (C) Number of genes in signature, enrichment (ES) and
normalized enrichment score (NES) reflect positive or negative association with a trait with FDR-
corrected g-value. Enrichment plots show significantly associated respiratory complex Il signature
with patient outcomes. (D) Correlation between expression of Complex Il (SDHA, SDHB, SDHC,
SDHD) or PGC-1a genes (x-axis) and stem-like genes (y-axis) in a published microrarray-based
study comparing CCA vs surrounding liver (GSE26566 [25]). r: Pearson's correlation coefficient, n:

number of samples. All adjusted (two tails) p values were <le-5.

Figure 8: Staining for PGC-1a correlates with clinical characteristics of CCA. (A)
Immunostaining for PCG-1a in three representative CCA specimens. Homogeneous and strong
staining in cancer cells (upper panel); moderate cytoplasmic immunoreactivity (middle panel); faint
cytoplasmic immunoreactivity (lower panel). Original magnification 20x, scale bar 10uM. (B)
Kaplan-Meier survival curves for patients grouped according to staining intensity. (C). Kaplan-
Meier progression-free survival curves for the same groups as in (B). (D) Presence of

angioinvasion in for patients grouped according to staining intensity (Fisher exact test, p<0.001).
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Supplementary Materials and M ethods

Cell cultures and reagents
HUCCT1 and CCLP1 cells, from intrahepatic bile duct cancer tissues, were akind gift from Dr.

A.J. Demetris. Cell lineswere cultured as described [1-3]. SR-18292 was purchased by

M edChemExpress.

Sphereformation assay

The cells were grown in anchoring-independent conditions into poly 2-hydroxyethyl methacrylate
(poly-HEMA)-coated dishes (Sigma Aldrich) with selective serum-free DMEM/F12 medium
supplemented with 1X B27 supplement without vitamin A (Life Technologies), 20 ng/mL EGF, and
20 ng/mL bFGF (R&D Systems). To prevent cell aggregation, 1% methylcellulose (R&D System)
was added to the culture medium [4, 5].

To calculate sphere-forming efficiency, 500 CCA cells were grown in anchoring-independent

conditions with sdlective serum-free medium. After 7 days, pictures were taken to measure the

number and size of CCA-SPH using a Leica DMilmicroscope (Leica). Average number of formed

spheres microscopic field (20x) over fivefields. CCA-SPH volume was calcul ated after

measuring length 1 (L1) and the length 2 (L2) using the following formula: V = (L1*L2*L2)/2.

Bioenergetic profiling

Bioenergetic parameters of HUCCT1 and CCLP1 cells grown for 10 days as monolayer or spheres
were analyzed using Agilent Seahorse XF24 analyzer and a“ Clark-type” oxygen electrode.
Bioenergetic parameters of HUCCT1 and CCLP1 cells grown for 10 days as monolayer or spheres
were analyzed using Agilent Seahorse XF24 analyzer and a“Clark-type” oxygen electrode
(Oxygraph System, Hansatech Instruments, Nortfolk, UK). Before the analysis, cells were collected

by trypsinization and counted: (a) 4-5x10° cells were suspended in 2ml unbuffered medium (D5030
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Sigma Aldrich w/o sodium bicarbonate, containing 142mM NaCl, 10mM glucose, 2 mM glutamine,
pH 7.4), and promptly analyzed by Oxygraph at 37°C. Respiratory rates were determined from the
slope of aplot of O, concentration against time, divided by the cellular concentration. (b) the
remaining cells were suspended in exhaust medium at the concentration 5x10° cells/ml, seeded in
Seahorse XF24-well plates (100ul/well), and incubated for 5h or 20h at 37°C in ahumidified
atmosphere of 5% CO2- 95% air. Before X F analysis culture medium was replaced with unbuffered
medium (w/o glucose for measurements of glycolytic parameters) and cell cultures were let
equilibrate for 1h at 37°C in ano-CO, incubator. Seahorse XF analysis was performed at 37°C
simultaneously measuring Oxygen consumption rate (OCR =pmolesO,/min) and Extracellular
acidification rate (ECAR = mpH/min) in all the 24 wells of the XF plate, 10 devoted to each
condition, MON and SPH, per cell line, and 4 as no cells-wells control. At the end of XF analysis,
medium was removed, cells were gently washed with PBS, suspended in JSlysis buffer and scraped
after two freeze and thaw cycles. Protein content of cell lysates was measured by Bradford assay
and used for normalizing respiratory and glycolytic parameters. Oxygen consumption rate was
anayzed by both Seahorse XF analyzer and Oxygraph under basal condition and under treatments
with an ATP synthase inhibitor (0,5-2 uM oligomycin A), a ETC accelerator ionophore (0,25-5 uM
carbonilcyanide p-triflouromethoxyphenylhydrazone or FCCP) and a ETC inhibitors mixture (1uM
rotenone and 1uM antimycin A). The addition of the minimum dose of oligomycin A, and FCCP
which generates the maximal effect accounted for non-phosphorylating respiration, and uncoupled
respiration, respectively. The addiction of the rotenone and antimycin A mixture accounted for non-
mitochondria oxygen consumption. XF analysis of respiratory parameters was performed
according to seahorse mitostress test protocol, consisting of three sequential measurements in basal
condition and after the injection of the optimal doses of oligomycin A, FCCP, and
rotenone/antimycin A. Respiratory parameters were elaborated using the following formulas. basal

mitochondrial respiration (Basa-MR) = OCRbasa -OCRrot/ant, non phosphorylating mitochondrial
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respiration (oligo-NPMR) = OCRoligo-OCRrot/ant, FCCP-uncoupled mitochondrial respiration
(FCCP-MR) = OCRFCCP-OCRrot/ant, spare respiratory capacity = [OCR(FCCP)-
OCR(rot/ant)/OCR(basal)-OCR(rot/ant)]x100, coupling efficiency = [1-(OCR(oligo)-
OCR(rot/ant)/OCR(basal)-OCR(rot/ant)]x100. XF analysis of glycolytic parameters was performed
according to seahorse glycostress test protocol, consisting of three sequential measurements in no-
glucose condition and after the injection of 10mM glucose, the optimal dose of oligomycin A, and
50mM 2-Deoxy-D-glucose(2-DG) a glycolysisinhibitor (Sigma). The addition of the minimum
dose of oligomycin A, which generates the maximal effect accounted for glycolytic capacity. The
addiction of 2-DG accounted for non-glycolytic extracellular acidification. Data were el aborated
using the following formulas: Basal glycolysis = ECARgIc-ECAR2-DG, Glycolytic capacity =

ECARoligo-ECAR2-DG, Glycolytic reserve = ECARoligo-ECARgIc.

Western blot analysis

Cellswere lysed at 4°C with lysis buffer (1% Triton X-100, 50 mmol/L Tris-HCI, pH 7.4, 150
mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 2 mmol/L PMSF, and 1 mmol/L
each of leupeptin and pepstatin). After 30 minutes of lysis, cellular extracts were centrifuged for 10
min at 12000g, and the supernatant was used for Western blot experiments as detailed el sewhere
[6]. Antibodies were used for Western blot analysis according to the manufacturer’s
recommendations. Immunoblots were incubated overnight at 4°C with primary antibody in 1% BSA

in DPBS. Mouse CD31 mAb (#3528, Cell Signaling Technology), Rabbit PKM2 mAb (#4053,

Cdll Signaling Technology), Rabbit Hexokinase Il mAb (#2867, Cell Signaling Technology),

Rabbit PGCla Antibody (ab54481, Abcam), Rabbit E-Cadherin mAb (#3195, Cell Signaling

Technology), Rabbit Vimentin mAb (#5741, Cell Signaling Technology), Rabbit Snail mAb

(#3879, Cell Signaling Technology), Rabbit Phospho-Akt (Ser473) Antibody (#9271, Cell

Signaling Technology), Rabbit Akt Antibody (#9272, Cell Signaling Technology), Rabbit Bax mAb
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(#5023, Cdll Signaling Technoloqy), Rabbit Bcl-2 mAb (#4223, Cell Signaling Technology),

Rabbit Cleaved Caspase-3 Antibody (#9661, Cell Signaling Technology), Rabbit Caspase-3

Antibody (#sc-7148 Santa Cruz Biotechnology) Rabbit Phospho- AMPK a (Thrl72) mAb (#2535

Cdl Signaling Technology), Rabbit AMPKa Antibody (#2532, Cell Signaling Technology)

antibodies were used. Immunoblots were then incubated with secondary antibody a-rabbit/mouse
(2:4000) in 1% BSA in 1x DPBS for 1hour. Monoclonal anti-B-actin antibodies produced in mouse
(A5441, Sigma) or monoclonal anti-vinculin antibodies produced in mouse (V9131, Sigma) were
used as interna control (1:1000) in 1% BSA in 1x DPBS. Quantification of the signal was obtained
by chemiluminescence detection on an Image Quant Las4000 (GE Healthcare Life Sciences) and

subsequent analysis conducted with Image] software.

Quantitative real-time polymer ase chain reaction (RT-PCR)

Total RNA was extracted with the RNeasy kit (Qiagen) according to the manufacturer’s
instructions. The RNA concentration and quality were measured using an optical NanoDrop
ND21000 spectrophotometer (Thermo Fisher Scientific). Total RNA (500 ng) was transcribed with a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Changesin the mRNA
expression level of target genes were detected using FAST SYBR-Green PCR Master Mix and the
7900HT Fast Real Time PCR System (Applied Biosystems). All amplifications were run on a 7500
Fast Real Time PCR System (Applied Biosystems). The primersfor GLUT1 were 5’-
CGGGCCAAGAGTGTGCTAAA-3 (forward), 5-TGACGATACCGGAGCCAATG-3' (reverse).
Data were normalized on 2 microglobulin. Data were reported as rel ative quantification with

respect to the calibrator sample (MON) using the 2-*4¢

method. The primers for stem-like genes,
pluripotency and EMT were as described in [5]. The mRNA levels of glyceradehyde 3-phosphate

dehydrogenase (GAPDH) were used for normalization. Data are reported as relative quantification
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with respect to the calibrator sample (SPH NT) using the 2-**“! method. Results shown are the

mean of three different experiments + SD.

List of Primers

Gene Sequence

AFP-FW AAGGCCAGGAACAGGAAGTC
AFP-REV CACACCGAATGAAAGACTCG
EpCAM-FW TGTGGTGATAGCAGTTGTTGC
EpCAM-REV CTATGCATCTCACCCATCTCC
LGR5-FW CTTCCAACCTCAGCGTCTTC
LGR5-REV TTTCCCGCAAGACGTAACTC
CD13-FwW CAGTGACACGACGATTCTCC
CD13-REV CCTGTTTCCTCGTTGTCCTT
CD133-FW GCTTCAGGAGTTTCATGTTGG
CD133-REV GGGGAATGCCTACATCTGG
NANOG-FW GTCTCGTATTTGCTGCATCG
NANOG-REV GAAACACTCGGTGAAATCAGG
BMI1-FW TTGCTTTGGTCGAACTTGG
BMI1-REV GTGCTTCTTTTGCAGACTGG
CMYC-FW CGGAACTCTTGTGCGTAAGG
CMYC-REV ACTCAGCCAAGGTTGTGAGG
KLF4-FW AGACAGTCTGTTATGCACTGTGG
KLF4-REV TGTTCTGCTTAAGGCATACTTGG
SOX-2-FW ATGGGTTCGGTGGTCAAGT
SOX-2-REV GGAGGAAGAGGTAACCACAGG
BMP4-FW AGCGTAGCCCTAAGCATCAC
BMP4-REV AGTCATTCCAGCCCACATCG
YAP-FW ACCCTCGTTTTGCCATGAAC
YAP-REV TTGTTTCAACCGCAGTCTCTC
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STAT3-FW GGCATTCGGGAAGTATTGTCG
STAT3-REV GGTAGGCGCCTCAGTCGTATC
IGF2-FW ACACCCTCCAGTTCGTCTGT

IGF2-REV GGGGTATCTTGGGGAAGTTGT
HNF4-FW CTCGTCGACATGGACATGGCCGACTAC
HNF4-REV GGCTTGCTAGATAACTTCCTGCTTGGT
ABCG2 -FW GGCTTTCTACCTGCACGAAAACCAGTTGAG
ABCG2 -REV ATGGCGTTGAGACCAG

ALDHla-FW GCACGCCAGACTTACCTGTC
ALDHla-REV CCACTCACTGAATCATGCCA
ECAD-FW AGGCCAAGCAGCAGTACATT
ECAD-REV ATTCACATCCAGCACATCCA

VIM-FW ACACCCTGCAATCTTTCAGACA
VIM-REV GATTCCACTTTGCGTTCAAGGT
CTNNB1-FW GCTGGGACCTTGCATAACCTT
CTNNB1-REV ATTTTCACCAGGGCAGGAATG
ZEB1-FW AAGAAAGTGTTACAGATGCAGCTG
ZEB1-REV CCCTGGTAACACTGTCTGGTC
Zeb2-FW AGGGACAGATCAGCACCAAA
Zeb2-REV GTGCGAACTGTAGGAACCAG
SNAIL-FW CCTCCCTGTCAGATGAGGAC
SNAIL-REV CAAGGAATACCTCAGCCTGG
SLUG-FW ACAGCGAACTGGACACACAT
SLUG-REV GATGGGGCTGTATGCTCCT

VEGFa-FW CACTGAGGAGTCCAACATCAC
VEGFa-REV AGGAAGCTCATCTCTCCTATGT
PGC-1a-FW TGCATGAGTGTGTGCTCTGT
PGC-1a-REV GCACACTCGATGTCACTCCA
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Glutl-FwW CGGGCCAAGAGTGTGCTAAA
Glutl-REV TGACGATACCGGAGCCAATG
GAPDH-FW GATCATCAGCAATGCCTCCT
GAPDH-REV TGTGGTCATGAGTCCTCCCA
RT-PCR array

Five pg of total RNA of in vivo tumors were reverse transcribed using the QuantiNova Reverse

Transcription kit (Qiagen). gRT-PCR reaction was performed using the QuantiNova LNA PCR

Focus Panels 384-well plates (#SBHS-133ZE, Qiagen). In each 384-well plates, 4 different tumor

samples were tested for 84 genes specifically associated with liver cancer pathways. The expression

values were calculated with the ACt method, using ACTB, GAPDH, RPLPO and HPRT1 as

housekeeping genes as reference. A cutoff of at least 1.5-fold increases and 0.5-fold decreases were

considered significant.

Glucose uptake

Uptake of radioactive glucose was evaluated by treating 7x10* CCLP1 or HUCCT1 cells seeded in
24-well plates with a buffered solution (140 mmol/L NaCl, 20 mmol/L Hepes/Na, 2.5 mmol/L
MgS04, 1 mmol/L CaCl2, and 5 mmol/L KCl, pH 7.4) containing 0.5 pCi/mL [U-*C] glucose for
15 min at 37°C. Cells were subsequently washed with cold PBS and lysed with 0.1 mol/L NaOH.
Incorporated radioactivity was assayed by liquid scintillation counting and normalized to protein

content.

M easurement of mitochondrial mass and mitochondrial membrane potential (A¥m)
SPH and MON cells were harvested by trypsinization and washed. For measurement of
mitochondrial mass and AYm, cells were stained with 50 nM MitoTracker Green and 50nM

MitoTracker Red (ThermoFisher Scientific), respectively. Cells were incubated at 37°C for 25 min,
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washed twice and analyzed by flow cytometry with FACSCanto Il (BD Biosciences). Dead cells
were excluded using the Zombie Aqua™ Fixable Viability Kit (Biolegend). A fluorescence minus
one (FM Q) sample, containing al antibodies except the one of interest, was used as a negative

control. Data analysis was performed with the FlowJo software (FlowJo, LLC) [7, 8].

L actate assay

Lactate was measured in the cultured mediawith Lactate Assay kit (Biovision) according to the

manufacturer's instruction.

Quantification of AMP/ATP ratio

AMP/ATP ratio was calcul ated after the absolute guantification of ATP and AMP measured in

MON and SPH cdlls by using the ATP Colorimetric/Fluorometric Assay Kit (BioVision) and the

AMP Colorimetric Assay Kit (BioVision) respectively according to the manufacturer's instruction.

Deter mination of mitochondrial ROS

Mitochondrial ROS was measured in SPH and MON cells with MitoSOX™ Red Mitochondrial

Superoxide Indicator (Thermofisher) according to the manufacturer's instruction.

Evaluation of spheresand Giemsa staining

CCLP1 and HUCCT1 cells (750 cells/well) were seeded in poly-HEM A-coated 96-well plates and
cultured for 96 hours. Cells silenced for PGC-1a, were harvested and cytospinned onto glass dlides,
fixed with methanol, stained with Giemsa, and photographed with an Olympus BX51 microscope

with a 40x objective.

Tubeformation assay
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This assay was carried out as previously described [5], with slight modifications. In brief, 96-well
plates were coated with 70ul of pre-thawed growth factor-reduced Matrigel (BD Biosciences). The
plate was then kept at 37 °C for 1 hour to allow the matrix solution to gel. 1.8x10* HUVEC cells
were resuspended in the respective conditioned media, added to each well and incubated at 37°C for
6h. Images were acquired under an inverted microscope. Pro-angiogenic activity was quantified by
measuring the number of tube structures formed between discrete endothelial cellsin each well.
Each experiment was performed in triplicate. Analysis of endothelial tube formation for total tube
length and branching points was performed by Wimasis (2017) image anaysis tool (WimTube:
Tube Formation Assay Image Analysis Solution, Release 4.0; Onimagin Technologies, Cordoba,

Spain). At least 3 images from each group were analyzed for endothelial tube formation assay.

Cdll transfection

Control SsSRNA and siPGC-1a SIRNA (sc-38884) were from Santa Cruz. Cells were transfected as

previously described using the Amaxa nucleofection technology (Amaxa) according to

manufacturer’ s instructions.

Cdll proliferation assay

Proliferation was evaluated by BrdU incorporation using a colorimetric immunoassay. SPH were

dissociated and 7,5 x10° cells were seeded in a 96-well plate and allowed to grow overnight in SPH

medium. The Cell Proliferation ELISA-BrdU (colorimetric) Kit (Roche) was used to detect the cell

proliferation according to the manufacturer’ s protocols.

Survival test by crystal violet staining

CCA cedlls previoudly cultured as monolayer or sphere were seeded in 96-multiwell plates for 24 h

before receiving Metformin or Phenformin or 2-deoxy-D-glucose or SR-12898 (at different doses as
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indicated in the main text) for 48 h or 72h. Cdllular growth was stopped by removing the medium

and by the addition of a 0.5% crystal violet solution in 20% methanol. After 5 min of staining, the

fixed cells were washed with phosphate-buffered saline (PBS) and solubilized with 200 ul/well of

0.1 M sodium citrate, pH 4.2. The absorbance at 595 nm was evaluated using a microplate reader.

Chemoinvasion and migr ation assays

48 hours after transfection, CCLP1 and HUCCT1 SPH cells were washed, trypsinized, and re-

suspended in serum-free medium at a concentration of 1.5 x 10° cells/ml. Chemoinvasion was

measured in modified Boyden chamber eguipped with 8 um porefilters (Millipore Corp,) coated

with Matrigd (150 ua/ml) (BD Biosciences) as described in detail elseawhere[9]. After incubation

at 37 °C (24 h), the cells invaded to the underside of thefilters were fixed, stained with Giemsa,

mounted and counted at 40X magnification. Migration was measured in Boyden chamber equipped

with 8 um porefilters (Millipore Corp) coated with rat tail collagen (20 pa/ml) (Collaborative

Biomedica Products, Bedford, UK), as described in detail elsewhere [6]. Cells were seeded in the

upper chamber, while the (FBS 20%) was placed in the lower compartment. After six hours

incubation at 37 °C, cells migrated to the underside of the filters were fixed, stained with Giemsa,

mounted and counted at 40X magnification.

The values for both invasion and migration were expressed as the average number of invading cells

per microscopic field (40X) over five fields. Each experiment was performed in triplicate.

In vivo experiments

Animal experiments were performed in accordance with national guidelines and approved by the
ethical committee of the Animal Welfare Office of Italian Health Ministry. All procedures
conformed to the legal mandates and the Italian guidelines for the care and maintenance of

laboratory animals. All animals received human care and study protocols comply with the




JHep-20-00760 - S 12

institution's guidelines. Studies involving animal experiments conform to the Animal Research:

Reporting of In Vivo Experiments (ARRIVE) quidélines (http://www.nc3rs.org.uk/arrive-

quidelines), developed by the National Centre for the Replacement, Refinement and Reduction of

Animalsin Research (NC3Rs) to improve standards and reporting of animal research.

Male NOD/SCID mice of six weeks (Charles River Laboratories International) were s.c. injected

with 10° HUCCT1 SPH cells. . After aweek, mice were randomly allocated to receive repeated

courses of intra-peritoneal vehicle solution (control mice) or 200 mg/kg of metformin or 45mg/kg

SR-18292, five times aweek. Animals (6 per group) were monitored daily.

Ultrasound and photoacoustic imaging

Tumor volumes were determined in vivo imaging system (Vevo LAZR-X photoacoustic imaging).

Mice were anesthetized with 1,5/2% isoflurane and placed on a heated pad (37°C) in prone position

and ECG, respiration rate and body temperature were continuously monitored. Ultrasonic gel was

applied on the shaved skin for an efficient transduction of ultrasound (US) and (photoacoustic) PA

signal. PA and US imaging were performed with Vevo LAZR-X system (Fujifilm Visual Sonics).

Axial 3D scans of tumor masses were performed in B-Mode imaging by using a 55-MHz

transducer. The volumes were subsequently measured delineating the region of interest (ROI) for

every axial slideusing Vevo LAB software.

BrdU staining

In vivo bromodeoxyuridine (BrdU) labeling was performed by intraperitonea injection of 50 mg/kg

BrdU (Sigma-Aldrich), 1 h prior to sacrifice. Tumor tissues were fixed overnight in 4% neutra

buffered paraformaldehyde, paraffin embedded, and cut into 3-um sections. Deparaffinized dides

were treated with 2N HCI for 30 min at room temperature (RT) and neutralized with 0.1 M sodium

borate (pH 8.5) for 15 min at RT. Slides were washed with PBS, incubated with 3% H»O, for 15
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min at RT and then with anti-BrdU antibodies (1:50 dilution) (Dako) was applied for 30 min. Slides

were washed again and BrdU was detected using an immunohistochemistry kit (Dako REAL

Detection system, peroxidase/DAB+) following the manufacturer’ s protocol. Five microscopic

fields/number of cells were counted.

Analysis of PGC-1a protein level in CCA tissue

A total of 40 formalin-fixed, paraffin-embedded human liver tissue specimens were anayzed for the

immunohistochemical expression of PGC-1a. All specimens were obtained after surgical resection

and collected in the tissue bank at Humanitas Clinical Institute (Rozzano, Italy) in accordance with

informed consent retrieved from patients and local ethics committee approva conforms to the

ethical quidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the

institution's human research committee.

The immunohistochemical expression of PGC-1a (Rabbit PGCla Antibody (ab54481, Abcam))

was performed on the automated Leica Microsystems Bondmax® (Leica). Both cytoplasmic and

nuclear staining was retained for scoring. |mmunostaining was semiquantified using athree-tier

scoring based on intensity of staining (O= negative; 1= weak; 3=moderate; 4= strong). Correlation

analysis with clinicopathologica CCA data were conducted as follows: continuous variables are

presented as means and standard deviations, and categorica variables as number and percentages.

Continuous variables were ana yzed using atwo-tailed, unpaired t-test, categorical variables were

compared, categorical variables were analyzed using a chi-square or Fisher exact test for

dichotomous data. A two-sided p value <0.05 was defined to be considered statistically significant.

The OS was calculated from the date of surgery to the date of death or last follow-up visit. Kaplan-

Meier estimator survival curves and log rank tests were used to evaluate and compare OS. All

analyses were performed with SPSS ver. 25.0 (SPSS Inc).
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GSEA analysis

Gene expression profiles for 104 tumors have been retrieved from GSE26566. Patients were
stratified based on overall survival into a poor prognosis (0S<12 months) and a good prognosis
(0S>12 months) group. Custom signatures for Krebs Cycle and complex I-1V were added as the
text entry and associated with survival using gene set enrichment analysis (GSEA) [10] with
signal 2noise metric and otherwise default parameters. Time to recurrence (TTR) was used as a
continuous trait and associated with signatures using Pearson’ s metric and otherwise default

parameters.

Correlation analysis

An analysis between PGC-1a and other test genes was applied on a published microrarray-based
study on cholangiocarcinoma tissue vs surrounding liver from 59 patients (GSE26566) [11]. Probe
level normalized expression values were aggregated (median) at the gene level asin the GSEA
analysis detailed above. The correlation analysis was based on Pearson's product

moment correlation and p-values were corrected for multiple testing with the Benjamini-Hochberg

procedure, both implemented in the stats package of the R statistical software.

Library preparation and RNA-sequencing

Total RNA was isolated from cells using the miRNeasy Mini Kit (Qiagen) according to the
manufacturer's protocol. Total-RNA-sequencing (RNA-seq) library preparation was performed
starting from 100 ng of total-RNA with the SMARTer Stranded Total RNA Sample Prep Kit - Low
Input Mammalian (Clontech-Takara). The libraries obtained were qualitatively and qualitatively
assessed by using TapeStation 4200 (Agilent) and quantified by Qubit Fluorimeter (ThermoFisher).
Afterwards, they were multiplexed in an equimolar pool and sequenced on a NextSeg-500 Illumina

Platform generating more than 60 million 75bp Paired End reads (bp-PE) per sample.
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Reads preprocessing

Sequencing data was demultiplexed into separate, adapter free compressed fastq filesusing
bcl2fastq v2.20.0.422 (I1lumina, Inc.) and a reference sample sheet specifying for each sample the
corresponding barcode. Reads were further processed using the fastp program [12] configured to
use 20 threads for removing read pairs with at least 50% of bases with Q > 30, aminimal length of

70 bp, acomplexity > 30%. No trimming was performed on reads.

Reads alignment, abundance estimation and differential analysis

Reads mapping was performed using the default options but specifying the --numGibbsSamples 500
and —validate Mappings options, on areference transcriptome composed by the union of the human
cDNA and ncDNA available from Ensembl (assembly GRCh38.p13) indexed with a kmer size of
23 by Salmon v0.14.1 [13]. Reads were imported into R using the tximport package [14] with the
“Salmon” specific method. Gene level abundance was estimated from transcript level estimates
using the summarizeT oGene function of tximport working on atranscript to gene association table
(further associating gene names for functional analysis, see below) obtained with Ensembl Biomart
system [15] operating on Ensembl genes 98/GRCh38.p13 human genes.

Data matrices were eventually converted in DEseg2 objects using the ESegDataSetFromTximport

function, specifying the SPH vs MON phenotypes as the design contrast.

Functional analysis

For the functional analysis of the experiment the GSEA 4.0.2 software by BROAD Institute was
used [10, 16], in the GSEA PreRanked mode using the t-statistic from the DESeg2 analysis as input
metric for sorting. Gene lists were obtained from MSigDB 7.0 [17, 18] and gene names were

converted into Ensembl gene IDs using a simple perl script reading the same table produced by
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Biomart used for gene abundance estimation (see above). A selection of interesting gene sets from
the different MSigDB collections (kegg, biocarta, gobp, hallmark, reactome) was obtained by a
custom bash script that isolated those containing mitochondrial genes

(GO:0005739:mitochondrion).

Statistical Analysis

GraphPad Prism v5 and SPSS v25.0 were used for data analysis. The error bars represent 1+/- SEM.
The p value was calculated with Student’s t test. In the in vivo experiments, group comparison was
performed with the Mann-Whitney U-test. The statistical significance and p value are shown when

relevant. |n the humans sample experiments,group comparison was performed with the Fisher exact

test.
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Supplementary Figure 1. Metabolic characteristics of CCA cells grown as monolayers (MON) or
spheres (SPH). Seahorse XF assay profiles of HUCCT1 (A,C) and CCLP1 (B,D) cells grown under
monolayer (¢ MON) or sphere (A SPH) condition exposed to metabolic stress in unbuffered
medium (Mean and SEM). (A-B) Mitostress test profile: Oxygen Consumption rate was measured
under sequentia treatment with drugs perturbing mitochondrial performance, namely oligomycin A,
FCCP and Rotenone/Antimycin A mixture at the doses reported in the graph. (C-D) Glycostress test
profile: Extracellular acidification rate measured in unbuffered glucose-free medium under
sequential treatment with drugs perturbing glycolysis, namely 10mM glucose, 1uM oligomycin and
50mM 2-DG. The analysis was performed with Seahorse XF24 analyzer (Agilent). OCR and ECAR

were normalized on protein content measured by Bradford assay.
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Supplementary Figure 2: M etabolic featur es are independent of the culture medium. (A-B)

Representative Seahorse XF assay profilesof HUCCT1 and CCLP1 cells grown as monolayer

condition exposed to SPH medium. Mitostress test profile: oxygen consumption rate (OCR) was

measured under sequentia treatment with drugs perturbing mitochondrial performance as reported
above. (C,D) Basal OCR is represented for each cdll line in the different medium condition. The
analysis was performed with Seahorse X F24 analyzer (Agilent). OCR was normalized on protein

content measured by Bradford assay. Data are mean £+ SEM (n=3, p value versus control sample by
Student t test, * p<0.05). (E) gRT-PCR analysisof several stem-like related genes in MON and
MON cells grown in SPH medium of CCLP1 and HUCCT1 cells. GAPDH was used as an internal
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control. All mRNA levels are presented as fold changes normalized to 1 (mean expression of MON
grown innormal condition). Data are mean £ SEM (n=3, * p<0.05 vs. MON grown in normal
condition).
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Supplementary Figure 3: Role of AMPK in mediating activation of EM T genes. (A) Evauation
of mitochondrial ROS production in MON and SPH cells by FACS, using MitoSOX. Histograms
represent the Mean Fluorescence Intensity (MFI) of the MitoSOX probe. Data are mean + SEM
(n=3). (B) Measurement of AMP:ATP ratios in MON and SPH cells. The ratios of AMP:ATP
derived from analysis of three independent samples for each condition. The results are shown as
mean + SEM (n=3, *p<0.05, *** p<0.001 vs. MON). (C) Immunoblot analysis of AMPK and
Phospho-AMPK (Thr172) in monolayers (MON) or spheres (SPH) of CCLP1 and HUCCT1 cells.
Vinculin immunaoblot was performed to ensure equal [oading. (D) Immunoblot analysis of AMPK
and Phospho-AMPK (Thr172) in SPH after 24 hours treatment with 10uM compound C (CC). f3-
Actin immunobl ot was performed to ensure equal 1oading. (E) gRT-PCR analysis of EMT-related
genes in SPH and CC treated SPH cells. GAPDH was used as an internal control. All mRNA levels
are presented as fold changes normalized to 1 (mean expression of SPH CTR cells). Data are
mean+SEM (n=3, *p<0.05, **p<0.01 vs. SPH CTR cdlls).
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Supplementary Figure 4: Effects of the OXPHOS inhibitors metformin (Metf) and phenformin
(Phenf) in MON and SPH of HUCCT1 and CCLP1 cells. (A) Crystal Violet test was performed
after 48 hours treatment. Results were normalized to control (CTR) samples. Data are mean + SEM
(n=3, * p<0.05, ** p<0.01, *** p<0.001 vs. CTR). (B) HUCCT1 and CCLP1 MON show an
increased sensitivity to the glycolysis inhibitor 2-Deoxyglucose (2-DG) compared to SPH cells. CV
test was performed after 48 hours treatment. Results were normalized to control (CTR) sample.
Dataare mean = SEM (n=3, p value versus CTR sample by Student t test, * p<0.05). (C) Relative
expression of transcripts encoding genes related to liver CSC, self-renewal, pluripotency and
Epithelial-Mesenchymal Transition in HUCCT1 and CCLP1 SPH after 48 hours treatment with
10mM metformin. GAPDH was used as an internal control. All mRNA levels are presented as fold

changes normalized to 1 (mean expression of CTR cells). Dataare mean + SEM (* p<0.05, **
p<0.01, *** p<0.001 vs. NT). (D) Immunoblot analysis of EMT markers (ECAD, VIM, SNAIL),
AKT and Phospho-AKT (Ser473) in MON and SPH of CCLP1 and HUCCT1 cells. B-Actin
immunoblot was performed to ensure equal loading.
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Supplementary Figure 5: Effect of PGCa knockdown in CCA SPH. (A) Mitochondrial mass,

detected by FACS, using MitoTracker Green. Histograms represent the M ean Fluorescence

Intensity (M FI) of the MitoTracker probe presented as fold induction normalized to 1 (mean MFI of
siCTR). Dataare mean + SEM (n=3, p value versus siCTR by Student t test, * p<0.05). (B) Effect
of PGC-1a depletion on proliferation by BrdU incorporation at 24, 48 and 72 hours after silencing.

Levels displayed as fold changes normalized to 1 (mean expression of SICTR at 24 hours) (n=3).

Data are mean + SEM. (C) Levelsof Cleaved Caspase 3, Caspase 3, Bax and Bcl2 following PGC-
1o silencing in HUCCT1 and CCLP1 SPH, as evaluated by Western blotting using -Actinasa
loading control. (D) Effect of ssiPGCladepletion on CCA-SPH volume. Data are mean + SEM (p
valueversussiCTR, *** p<0.001). (D) Migration of PGC-1a-silenced CCLP1 and HUCCT cells
was measured in Boyden chambers for 6 hours. Data are mean + SEM (n=5, *** p<0.001 vs.

SCTR).
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Supplementary Figure 6: Effects of PGC-1a silencing on angiogenic pathways. (A) VEGF
MRNA levelsin PGC-1a-silenced and metformin treated CCA SPH cells, expressed as fold changes
normalized to 1 (mean expression of SICTR or control (CTR) sample). Data are mean + SEM (n=3,
* p<0.05, ** p<0.01 vs. SICTR/CTR). (B) Scatterplot representing the correlation between PGC-1a

(x-axis) and VEGF (y-axis) expression in a published microrarray-based study comparing CCA vs
surrounding liver in 59 patients (GSE26566 [22]). r: Pearson's correlation coefficient, n: number of
samples. All adjusted (two tails) p values associated to correlation tests were < 1e-5. (C) Effects of
conditioned medium from PGC-1a-silenced SPH (CM) on HUVEC tube formation. Data are
presented as total numbers of tube/well, total number of branching points/well, total number of
loops/well. Mean+SEM (n = 3, **p <0.01 vs. SICTR SPH CM). (D) Representative images of
SICTR and sSiPGC-1a SPH CM effect on tube formation. Original magnification 40X.
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Supplementary Figure 7: Liver/body weight ratio and lung/body weight ratio in mice with

CCA tumor xenogr afts. Tumors derived from HUCCT1 cdlls grown as MON (MON-T) or SPH

(SPH-T) were obtained by subcutaneous injection of 1 x10° cellsin NOD/SCID mice. After 7days,

mice were treated

five times aweek with intraperitoneal injection of PBS (control, T-CTR) or 200

ma/kg metformin

(T-Metf) or 45mo/kg SR-18292 (n=6 per group). Ratio of liver weight to body

weight for each group. Data are mean + SEM (n=6). (B) Ratio of lung weight to body weight for

each group. Data are mean + SEM (n=6).
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Supplementary Table 1. List of stem-like genes correlated with PGC-1a and Complex |1

Correlated ,
genes
AFP 0.3696648 |0.0018
CD13 0.3046406 |0.0327
SDHA ABCG2 0.5943840 |0.0000
STAT3 0.2835567 |0.0740
ALDH1l1al 0.4821006 |0.0000
PGC-1a 0.4691994 |0.0000
AFP 0.5727547 |0.0000
HNF4A 0.5348040 |0.0000
SDHB HNF4G 0.3464601 |0.0047
ALDHlal 0.5193266 |0.0000
PGC-1a 0.4396749 |0.0000
CD13 0.2968967 |0.0530
SDHC |ABCG2 0.3358473 |0.0536
SOX2 0.3411690 |0.0086
AFP 0.6661503 |0.0000
CD13 0.2921381 |0.0404
ABCG2 0.5064105 |0.0000
BMI1 0.3733502 |0.0011
KLF4 0.2961764 |0.0350
SDHD cMYC 0.4372903 |0.0000
IGF2 0.4436238 |0.0000
HNF4A 0.496548 0.0000
HNF4G 0.5421162 |0.0000
ALDH1lal 0.6601424 |0.0000
PGC-1a 0.4682400 |0.0000
ABCG2 0.4262534 |0.0010
IGF2 0.5625352 |0.0000
HNF4A 0.3560371 |0.0080
PGC-1a |AFP 0.4934186 |0.0000
CD13 0.4544777 |0.0000
ALDH1l1al 0.5954048 |0.0000
VEGFA 0.3753468 |0.0007
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for al revised submissions. The aim is to enhance the reproducibility of methods.

11 Antibodies

Only include the parts relevant to your study
Refer to the CTAT in the main text as ‘ Supplementary CTAT Table’
Do not add subheadings
Add as many rows as needed to include all information
Only include one item per row

Name Citation Supplier Cat no. Cloneno.

Mouse CD31 mADb Cell Signaling #3528
Technology

Rabbit PKM2 mADb Cell Signaling #4053
Technology

Rabbit Hexokinase Cdl Signaing #2867

[ mAb Technology

Rabbit E-Cadherin Cell Signaing #3195

mADb Technology

Rabbit Cell Signaling #5741

Vimentin mAb Technology

Rabbit Phospho-Akt Cdll Signaling #9271

(Ser473) Antibody Technology

Rabbit Akt Antibody Cdll Signaling #9272
Technology

Rabbit Bax mAb Cdll Signaing #5023
Technology

Rabbit Bcl-2 mAb Cédll Signaing #4223
Technology

Rabbit Cleaved Cdll Signaling #9661

Caspase-3 Antibody Technology

Rabbit Phospho- Cell Signaling #2535

AMPKa (Thrl72) Technology

mAb
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Rabbit AMPKa, Cdll Signding #2532
Antibody Technology
Rabbit Caspase-3 Santa Cruz #sc-7148
Antibody Biotechnology
Rabbit Snail mAb Santa Cruz #3879
Biotechnology
Rabbit PGC-1a Abcam #ab54481
Mouse BrdU DAKO MO744
1.2 Céll lines
Name Citation Supplier Cat Passage no. | Authentication
no. test method
HUCCT1 kind gift from Dr.
A.J. Demetris
CCLP1 kind gift from Dr.
A.J. Demetris
1.3 Organisms
Name Citation Supplier Strain Sex Age Overall n
number
1.4 Sequence based reagents
Name Sequence Supplier
1.5 Biological samples
Description Source Identifier




1.6 Deposited data
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Name of repository Identifier Link

1.7 Software

Software name Manufacturer Version
SPSS SPSS Inc ver. 25.0
GraphPad Prism GraphPad Software ver.5

1.8 Other (e.g. drugs, proteins, vectorsetc.)

Name Supplier Cat.no
Metformin Sigma D150959
SR-18292 MedChemExpress. HY-101491
QuantiNova LNA PCR Qiagen #SBHS-133ZE
Focus Panels 384-well plates

2-Deoxy-D-glucose(2-DG) a | Sigma

glycolysisinhibitor

MitoTracker Red ThermoFisher Scientific M7512
MitoTracker Green ThermoFisher Scientific M7514
SIPGC-1a SIRNA Santa Cruz sc-38884
Lactate Assay Kit Biovision BVN-K607-100
AMP colorimetric assay kit | Biovision K229-100
ATP colorimetric assay kit Biovision K354-100
Seahorse XF Cell Mito Agilent 103015-100
Stress Test Kit

Seahorse X Fe96H uxPak Agilent 102601-100
MitoSOX Red ThermoFisher Scientific M36008
Mitochondrial Superoxide

Indicator

5-Bromo-2’ -deoxyuridine MERK B5002




JHep-20-00760 - S 33

1.9 Please provide the details of the corresponding methods author for the manuscript:

Dr. ChiaraRaggi, Dipartimento di Medicina Sperimentale e Clinica
Largo Brambilla3

150134 Florence, Italy
Tel: +39 0552758092
Fax: +39 055 2758099
Email: chiara.raggi @unifi.it

2.0 Pleaseconfirm for randomised controlled trials all versions of theclinical protocol are
included in the submission. These will be published online as supplementary infor mation.




Highlights

The metabolic characteristics of cancer stem cells in cholangiocarcinoma are not known

= Cholangiocarcinoma stem-like cells preferentially use oxidative phosphorylation as a

source of energy

= PGC-1a is a key molecule regulating the metabolic features of cholangiocarcinoma stem-

like cells

= Interfering with oxidative phosphorylation or PGC-1a limits the development of tumors

originating from stem-like cells in vivo

= Expression of PGC-1a or proteins of the mitochondrial respiratory complex correlate with

clinical outcomes in patients with cholangiocarcinoma
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Supplementary Materials and M ethods

Cell cultures and reagents
HUCCT1 and CCLP1 cells, from intrahepatic bile duct cancer tissues, were akind gift from Dr.
A.J. Demetris. Cell lineswere cultured as described [1-3]. SR-18292 was purchased by

MedChemEXxpress.

Sphereformation assay

The cells were grown in anchoring-independent conditions into poly 2-hydroxyethyl methacrylate
(poly-HEMA)-coated dishes (Sigma Aldrich) with selective serum-free DMEM/F12 medium
supplemented with 1X B27 supplement without vitamin A (Life Technologies), 20 ng/mL EGF, and
20 ng/mL bFGF (R&D Systems). To prevent cell aggregation, 1% methylcellulose (R&D System)
was added to the culture medium [4, 5].

To calculate sphere-forming efficiency, 500 CCA cells were grown in anchoring-independent
conditions with selective serum-free medium. After 7 days, pictures were taken to measure the
number and size of CCA-SPH using a Leica DMilmicroscope (Leica). Average number of formed
spheres microscopic field (20x) over five fields. CCA-SPH volume was calculated after

measuring length 1 (L1) and the length 2 (L2) using the following formula: V = (L1*L2*L2)/2 .

Bioenergetic profiling

Bioenergetic parameters of HUCCT1 and CCLP1 cells grown for 10 days as monolayer or spheres
were analyzed using Agilent Seahorse XF24 analyzer and a“ Clark-type”’ oxygen electrode.
Bioenergetic parameters of HUCCT1 and CCLP1 cells grown for 10 days as monolayer or spheres
were analyzed using Agilent Seahorse XF24 analyzer and a“Clark-type” oxygen electrode
(Oxygraph System, Hansatech Instruments, Nortfolk, UK). Before the analysis, cells were collected

by trypsinization and counted: (a) 4-5x10° cells were suspended in 2ml unbuffered medium (D5030
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Sigma Aldrich w/o sodium bicarbonate, containing 142mM NaCl, 10mM glucose, 2 mM glutamine,
pH 7.4), and promptly analyzed by Oxygraph at 37°C. Respiratory rates were determined from the
slope of aplot of O, concentration against time, divided by the cellular concentration. (b) the
remaining cells were suspended in exhaust medium at the concentration 5x10° cells/ml, seeded in
Seahorse XF24-well plates (100ul/well), and incubated for 5h or 20h at 37°C in ahumidified
atmosphere of 5% CO2- 95% air. Before X F analysis culture medium was replaced with unbuffered
medium (w/o glucose for measurements of glycolytic parameters) and cell cultures were let
equilibrate for 1h at 37°C in ano-CO, incubator. Seahorse XF analysis was performed at 37°C
simultaneously measuring Oxygen consumption rate (OCR =pmolesO,/min) and Extracellular
acidification rate (ECAR = mpH/min) in all the 24 wells of the XF plate, 10 devoted to each
condition, MON and SPH, per cell line, and 4 as no cells-wells control. At the end of XF analysis,
medium was removed, cells were gently washed with PBS, suspended in JSlysis buffer and scraped
after two freeze and thaw cycles. Protein content of cell lysates was measured by Bradford assay
and used for normalizing respiratory and glycolytic parameters. Oxygen consumption rate was
anayzed by both Seahorse XF analyzer and Oxygraph under basal condition and under treatments
with an ATP synthase inhibitor (0,5-2 uM oligomycin A), a ETC accelerator ionophore (0,25-5 uM
carbonilcyanide p-triflouromethoxyphenylhydrazone or FCCP) and a ETC inhibitors mixture (1uM
rotenone and 1uM antimycin A). The addition of the minimum dose of oligomycin A, and FCCP
which generates the maximal effect accounted for non-phosphorylating respiration, and uncoupled
respiration, respectively. The addiction of the rotenone and antimycin A mixture accounted for non-
mitochondria oxygen consumption. XF analysis of respiratory parameters was performed
according to seahorse mitostress test protocol, consisting of three sequential measurements in basal
condition and after the injection of the optimal doses of oligomycin A, FCCP, and
rotenone/antimycin A. Respiratory parameters were elaborated using the following formulas. basal

mitochondrial respiration (Basa-MR) = OCRbasa -OCRrot/ant, non phosphorylating mitochondrial
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respiration (oligo-NPMR) = OCRoligo-OCRrot/ant, FCCP-uncoupled mitochondrial respiration
(FCCP-MR) = OCRFCCP-OCRrot/ant, spare respiratory capacity = [OCR(FCCP)-
OCR(rot/ant)/OCR(basal)-OCR(rot/ant)]x100, coupling efficiency = [1-(OCR(oligo)-
OCR(rot/ant)/OCR(basal)-OCR(rot/ant)]x100. XF analysis of glycolytic parameters was performed
according to seahorse glycostress test protocol, consisting of three sequential measurements in no-
glucose condition and after the injection of 10mM glucose, the optimal dose of oligomycin A, and
50mM 2-Deoxy-D-glucose(2-DG) a glycolysisinhibitor (Sigma). The addition of the minimum
dose of oligomycin A, which generates the maximal effect accounted for glycolytic capacity. The
addiction of 2-DG accounted for non-glycolytic extracellular acidification. Data were el aborated
using the following formulas: Basal glycolysis = ECARgIc-ECAR2-DG, Glycolytic capacity =

ECARoligo-ECAR2-DG, Glycolytic reserve = ECARoligo-ECARgIc.

Western blot analysis

Cellswere lysed at 4°C with lysis buffer (1% Triton X-100, 50 mmol/L Tris-HCI, pH 7.4, 150
mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 2 mmol/L PMSF, and 1 mmol/L
each of leupeptin and pepstatin). After 30 minutes of lysis, cellular extracts were centrifuged for 10
min at 12000g, and the supernatant was used for Western blot experiments as detailed el sewhere
[6]. Antibodies were used for Western blot analysis according to the manufacturer’s
recommendations. Immunoblots were incubated overnight at 4°C with primary antibody in 1% BSA
in DPBS. Mouse CD31 mAb (#3528, Cell Signaling Technology), Rabbit PKM2 mAb (#4053,
Cell Signaling Technology), Rabbit Hexokinase Il mAb (#2867, Cell Signaling Technology),
Rabbit PGCla Antibody (ab54481, Abcam), Rabbit E-Cadherin mAb (#3195, Cell Signaling
Technology), Rabbit Vimentin mAb (#5741, Cell Signaling Technology), Rabbit Snail mAb
(#3879, Cedll Signaling Technology), Rabbit Phospho-Akt (Ser473) Antibody (#9271, Céll

Signaling Technology), Rabbit Akt Antibody (#9272, Cell Signaling Technology), Rabbit Bax mAb
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(#5023, Cell Signaling Technology), Rabbit Bcl-2 mAb (#4223, Cell Signaling Technology),
Rabbit Cleaved Caspase-3 Antibody (#9661, Cell Signaling Technology), Rabbit Caspase-3
Antibody (#sc-7148 Santa Cruz Biotechnology) Rabbit Phospho- AMPKa (Thrl72) mAb (#2535
Cédll Signaling Technology), Rabbit AMPK o Antibody (#2532, Cell Signaling Technology)
antibodies were used. Immunoblots were then incubated with secondary antibody a-rabbit/mouse
(2:4000) in 1% BSA in 1x DPBS for 1hour. Monoclonal anti-B-actin antibodies produced in mouse
(A5441, Sigma) or monoclona anti-vinculin antibodies produced in mouse (V9131, Sigma) were
used as internal control (1:1000) in 1% BSA in 1x DPBS. Quantification of the signal was obtained
by chemiluminescence detection on an Image Quant Las4000 (GE Healthcare Life Sciences) and

subsequent analysis conducted with Image] software.

Quantitative real-time polymer ase chain reaction (RT-PCR)

Total RNA was extracted with the RNeasy kit (Qiagen) according to the manufacturer’s
instructions. The RNA concentration and quality were measured using an optical NanoDrop
ND1000 spectrophotometer (Thermo Fisher Scientific). Total RNA (500 ng) was transcribed with a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Changesin the mRNA
expression level of target genes were detected using FAST SYBR-Green PCR Master Mix and the
7900HT Fast Real Time PCR System (Applied Biosystems). All amplifications were run on a 7500
Fast Real Time PCR System (Applied Biosystems). The primersfor GLUT1 were 5’ -
CGGGCCAAGAGTGTGCTAAA-3 (forward), 5-TGACGATACCGGAGCCAATG-3' (reverse).
Data were normalized on 2 microglobulin. Data were reported as rel ative quantification with

respect to the calibrator sample (MON) using the 2-*4¢

method. The primers for stem-like genes,
pluripotency and EMT were as described in [5]. The mRNA levels of glyceradehyde 3-phosphate

dehydrogenase (GAPDH) were used for normalization. Data are reported as relative quantification
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with respect to the calibrator sample (SPH NT) using the 2-**“! method. Results shown are the

mean of three different experiments + SD.

List of Primers

Gene Sequence

AFP-FW AAGGCCAGGAACAGGAAGTC
AFP-REV CACACCGAATGAAAGACTCG
EpCAM-FW TGTGGTGATAGCAGTTGTTGC
EpCAM-REV CTATGCATCTCACCCATCTCC
LGR5-FW CTTCCAACCTCAGCGTCTTC
LGR5-REV TTTCCCGCAAGACGTAACTC
CD13-FwW CAGTGACACGACGATTCTCC
CD13-REV CCTGTTTCCTCGTTGTCCTT
CD133-FW GCTTCAGGAGTTTCATGTITGG
CD133-REV GGGGAATGCCTACATCTGG
NANOG-FW GTCTCGTATTTGCTGCATCG
NANOG-REV GAAACACTCGGTGAAATCAGG
BMI1-FW TTGCTTTGGTCGAACTTGG
BMI1-REV GTGCTTCTTTTGCAGACTGG
CMYC-FW CGGAACTCTTGTGCGTAAGG
CMYC-REV ACTCAGCCAAGGTTGTGAGG
KLF4-FW AGACAGTCTGTTATGCACTGTGG
KLF4-REV TGTTCTGCTTAAGGCATACTTGG
SOX-2-FW ATGGGTTCGGTGGTCAAGT
SOX-2-REV GGAGGAAGAGGTAACCACAGG
BMP4-FW AGCGTAGCCCTAAGCATCAC
BMP4-REV AGTCATTCCAGCCCACATCG
YAP-FW ACCCTCGTTTTGCCATGAAC
YAP-REV TTGTTTCAACCGCAGTCTCTC
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STAT3-FW GGCATTCGGGAAGTATTGTCG
STAT3-REV GGTAGGCGCCTCAGTCGTATC
IGF2-FW ACACCCTCCAGTTCGTCTGT

IGF2-REV GGGGTATCTTGGGGAAGTTGT
HNF4-FW CTCGTCGACATGGACATGGCCGACTAC
HNF4-REV GGCTTGCTAGATAACTTCCTGCTTGGT
ABCG2 -FW GGCTTTCTACCTGCACGAAAACCAGTTGAG
ABCG2 -REV ATGGCGTTGAGACCAG

ALDHla-FW GCACGCCAGACTTACCTGTC
ALDHla-REV CCACTCACTGAATCATGCCA
ECAD-FW AGGCCAAGCAGCAGTACATT
ECAD-REV ATTCACATCCAGCACATCCA

VIM-FW ACACCCTGCAATCTTTCAGACA
VIM-REV GATTCCACTTTGCGTTCAAGGT
CTNNB1-FW GCTGGGACCTTGCATAACCTT
CTNNB1-REV ATTTTCACCAGGGCAGGAATG
ZEB1-FW AAGAAAGTGTTACAGATGCAGCTG
ZEB1-REV CCCTGGTAACACTGTCTGGTC
Zeb2-FW AGGGACAGATCAGCACCAAA
Zeb2-REV GTGCGAACTGTAGGAACCAG
SNAIL-FW CCTCCCTGTCAGATGAGGAC
SNAIL-REV CAAGGAATACCTCAGCCTGG
SLUG-FW ACAGCGAACTGGACACACAT
SLUG-REV GATGGGGCTGTATGCTCCT

VEGFa-FW CACTGAGGAGTCCAACATCAC
VEGFa-REV AGGAAGCTCATCTCTCCTATGT
PGC-1a-FW TGCATGAGTGTGTGCTCTGT
PGC-1a-REV GCACACTCGATGTCACTCCA
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Glutl-Fw CGGGCCAAGAGTGTGCTAAA
Glutl-REV TGACGATACCGGAGCCAATG
GAPDH-FW GATCATCAGCAATGCCTCCT
GAPDH-REV TGTGGTCATGAGTCCTCCCA
RT-PCR array

Five ug of total RNA of in vivo tumors were reverse transcribed using the QuantiNova Reverse
Transcription kit (Qiagen). gRT-PCR reaction was performed using the QuantiNova LNA PCR
Focus Panels 384-well plates (#SBHS-133ZE, Qiagen). In each 384-well plates, 4 different tumor
samples were tested for 84 genes specifically associated with liver cancer pathways. The expression
values were calculated with the ACt method, using ACTB, GAPDH, RPLPO and HPRT1 as
housekeeping genes as reference. A cutoff of at least 1.5-fold increases and 0.5-fold decreases were

considered significant.

Glucose uptake

Uptake of radioactive glucose was evaluated by treating 7x10* CCLP1 or HUCCT1 cells seeded in
24-well plates with a buffered solution (140 mmol/L NaCl, 20 mmol/L Hepes/Na, 2.5 mmol/L
MgS04, 1 mmol/L CaCl2, and 5 mmol/L KCl, pH 7.4) containing 0.5 pCi/mL [U-*C] glucose for
15 min at 37°C. Cells were subsequently washed with cold PBS and lysed with 0.1 mol/L NaOH.
Incorporated radioactivity was assayed by liquid scintillation counting and normalized to protein

content.

M easurement of mitochondrial mass and mitochondrial membrane potential (A¥m)
SPH and MON cells were harvested by trypsinization and washed. For measurement of
mitochondrial mass and AYm, cells were stained with 50 nM MitoTracker Green and 50nM

MitoTracker Red (ThermoFisher Scientific), respectively. Cells were incubated at 37°C for 25 min,
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washed twice and analyzed by flow cytometry with FACSCanto Il (BD Biosciences). Dead cells
were excluded using the Zombie Aqua™ Fixable Viability Kit (Biolegend). A fluorescence minus
one (FM Q) sample, containing al antibodies except the one of interest, was used as a negative

control. Data analysis was performed with the FlowJo software (FlowJo, LLC) [7, 8].

L actate assay
Lactate was measured in the cultured mediawith Lactate Assay kit (Biovision) according to the

manufacturer's instruction.

Quantification of AMP/ATP ratio
AMP/ATP ratio was calculated after the absolute quantification of ATP and AMP measured in
MON and SPH cells by using the ATP Colorimetric/Fluorometric Assay Kit (BioVision) and the

AMP Colorimetric Assay Kit (BioVision) respectively according to the manufacturer's instruction.

Deter mination of mitochondrial ROS
Mitochondrial ROS was measured in SPH and MON cells with MitoSOX™ Red Mitochondrial

Superoxide Indicator (Thermofisher) according to the manufacturer's instruction.

Evaluation of spheresand Giemsa staining

CCLP1 and HUCCT1 cells (750 cells/well) were seeded in poly-HEM A-coated 96-well plates and
cultured for 96 hours. Cells silenced for PGC-1a, were harvested and cytospinned onto glass dlides,
fixed with methanol, stained with Giemsa, and photographed with an Olympus BX51 microscope

with a 40x objective.

Tubeformation assay
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This assay was carried out as previously described [5], with slight modifications. In brief, 96-well
plates were coated with 70ul of pre-thawed growth factor-reduced Matrigel (BD Biosciences). The
plate was then kept at 37 °C for 1 hour to allow the matrix solution to gel. 1.8x10* HUVEC cells
were resuspended in the respective conditioned media, added to each well and incubated at 37°C for
6h. Images were acquired under an inverted microscope. Pro-angiogenic activity was quantified by
measuring the number of tube structures formed between discrete endothelial cellsin each well.
Each experiment was performed in triplicate. Analysis of endothelial tube formation for total tube
length and branching points was performed by Wimasis (2017) image anaysis tool (WimTube:
Tube Formation Assay Image Analysis Solution, Release 4.0; Onimagin Technologies, Cordoba,

Spain). At least 3 images from each group were analyzed for endothelial tube formation assay.

Cell transfection
Control SIRNA and siPGC-1a SIRNA (sc-38884) were from Santa Cruz. Cells were transfected as
previously described using the Amaxa nucleofection technology (Amaxa) according to

manufacturer’ s instructions.

Céll proliferation assay

Proliferation was evaluated by BrdU incorporation using a colorimetric immunoassay. SPH were
dissociated and 7,5 x10° cells were seeded in a 96-well plate and allowed to grow overnight in SPH
medium. The Cell Proliferation ELISA-BrdU (colorimetric) Kit (Roche) was used to detect the cell

proliferation according to the manufacturer’ s protocols.

Survival test by crystal violet staining
CCA cells previously cultured as monolayer or sphere were seeded in 96-multiwell platesfor 24 h

before receiving Metformin or Phenformin or 2-deoxy-D-glucose or SR-12898 (at different doses as
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indicated in the main text) for 48 h or 72h. Cellular growth was stopped by removing the medium
and by the addition of a0.5% crystal violet solution in 20% methanol. After 5 min of staining, the
fixed cells were washed with phosphate-buffered saline (PBS) and solubilized with 200 pl/well of

0.1 M sodium citrate, pH 4.2. The absorbance at 595 nm was evaluated using a microplate reader.

Chemoinvasion and migration assays

48 hours after transfection, CCLP1 and HUCCT1 SPH cells were washed, trypsinized, and re-
suspended in serum-free medium at a concentration of 1.5 x 10° cells/ml. Chemoinvasion was
measured in modified Boyden chamber equipped with 8 um pore filters (Millipore Corp,) coated
with Matrigel (150 pg/ml) (BD Biosciences) as described in detail elsewhere[9]. After incubation
at 37 °C (24 h), the cells invaded to the underside of the filters were fixed, stained with Giemsa,
mounted and counted at 40X magnification. Migration was measured in Boyden chamber equipped
with 8 um pore filters (Millipore Corp) coated with rat tail collagen (20 pg/ml) (Collaborative
Biomedical Products, Bedford, UK), as described in detail elsewhere [6]. Cells were seeded in the
upper chamber, while the (FBS 20%) was placed in the lower compartment. After six hours
incubation at 37 °C, cells migrated to the underside of the filters were fixed, stained with Giemsa,
mounted and counted at 40X magnification.

The values for both invasion and migration were expressed as the average number of invading cells

per microscopic field (40X) over five fields. Each experiment was performed in triplicate.

In vivo experiments

Animal experiments were performed in accordance with national guidelines and approved by the
ethical committee of the Animal Welfare Office of Italian Health Ministry. All procedures
conformed to the legal mandates and the Italian guidelines for the care and maintenance of

laboratory animals. All animals received human care and study protocols comply with the
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institution's guidelines. Studies involving animal experiments conform to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines (http://www.nc3rs.org.uk/arrive-
guidelines), developed by the National Centre for the Replacement, Refinement and Reduction of
Animalsin Research (NC3Rs) to improve standards and reporting of animal research.

Male NOD/SCID mice of six weeks (Charles River Laboratories International) were s.c. injected
with 10° HUCCT1 SPH cells. . After aweek, mice were randomly allocated to receive repeated
courses of intra-peritoneal vehicle solution (control mice) or 200 mg/kg of metformin or 45mg/kg

SR-18292, five times aweek. Animals (6 per group) were monitored daily.

Ultrasound and photoacoustic imaging

Tumor volumes were determined in vivo imaging system (Vevo LAZR-X photoacoustic imaging).
Mice were anesthetized with 1,5/2% isoflurane and placed on a heated pad (37°C) in prone position
and ECG, respiration rate and body temperature were continuously monitored. Ultrasonic gel was
applied on the shaved skin for an efficient transduction of ultrasound (US) and (photoacoustic) PA
signal. PA and US imaging were performed with Vevo LAZR-X system (Fujifilm Visua Sonics).
Axial 3D scans of tumor masses were performed in B-Mode imaging by using a 55-MHz
transducer. The volumes were subsequently measured delineating the region of interest (ROI) for

every axial slide using Vevo LAB software.

BrduU staining

In vivo bromodeoxyuridine (BrdU) labeling was performed by intraperitoneal injection of 50 mg/kg
BrdU (Sigma-Aldrich), 1 h prior to sacrifice. Tumor tissues were fixed overnight in 4% neutral
buffered paraformaldehyde, paraffin embedded, and cut into 3-um sections. Deparaffinized slides
were treated with 2N HCI for 30 min at room temperature (RT) and neutralized with 0.1 M sodium

borate (pH 8.5) for 15 min at RT. Slides were washed with PBS, incubated with 3% H,O, for 15
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min at RT and then with anti-BrdU antibodies (1:50 dilution) (Dako) was applied for 30 min. Slides
were washed again and BrdU was detected using an immunohistochemistry kit (Dako REAL
Detection system, peroxidase/DAB+) following the manufacturer’ s protocol. Five microscopic

fields/number of cells were counted.

Analysis of PGC-1a protein level in CCA tissue

A total of 40 formalin-fixed, paraffin-embedded human liver tissue specimens were analyzed for the
immunohistochemical expression of PGC-1a. All specimens were obtained after surgical resection
and collected in the tissue bank at Humanitas Clinical Institute (Rozzano, Italy) in accordance with
informed consent retrieved from patients and local ethics committee approval conformsto the
ethical guidelines of the 1975 Declaration of Helsinki as reflected in apriori approval by the
institution's human research committee.

The immunohistochemical expression of PGC-1a (Rabbit PGCla Antibody (ab54481, Abcam))
was performed on the automated Leica Microsystems Bondmax® (Leica). Both cytoplasmic and
nuclear staining was retained for scoring. Immunostaining was semiquantified using a three-tier
scoring based on intensity of staining (0= negative; 1= weak; 3=moderate; 4= strong). Correlation
analysis with clinicopathological CCA data were conducted as follows:. continuous variables are
presented as means and standard deviations, and categorical variables as number and percentages.
Continuous variables were analyzed using atwo-tailed, unpaired t-test, categorical variables were
compared, categorical variables were analyzed using a chi-square or Fisher exact test for
dichotomous data. A two-sided p value <0.05 was defined to be considered statistically significant.
The OS was calculated from the date of surgery to the date of death or last follow-up visit. Kaplan-
Meier estimator survival curves and log rank tests were used to evaluate and compare OS. All

analyses were performed with SPSS ver. 25.0 (SPSS Inc).
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GSEA analysis

Gene expression profiles for 104 tumors have been retrieved from GSE26566. Patients were
stratified based on overall survival into a poor prognosis (0S<12 months) and a good prognosis
(0S>12 months) group. Custom signatures for Krebs Cycle and complex I-1V were added as the
text entry and associated with survival using gene set enrichment analysis (GSEA) [10] with
signal 2noise metric and otherwise default parameters. Time to recurrence (TTR) was used as a
continuous trait and associated with signatures using Pearson’ s metric and otherwise default

parameters.

Correlation analysis

An analysis between PGC-1a and other test genes was applied on a published microrarray-based
study on cholangiocarcinoma tissue vs surrounding liver from 59 patients (GSE26566) [11]. Probe
level normalized expression values were aggregated (median) at the gene level asin the GSEA
analysis detailed above. The correlation analysis was based on Pearson's product

moment correlation and p-values were corrected for multiple testing with the Benjamini-Hochberg

procedure, both implemented in the stats package of the R statistical software.

Library preparation and RNA-sequencing

Total RNA was isolated from cells using the miRNeasy Mini Kit (Qiagen) according to the
manufacturer's protocol. Total-RNA-sequencing (RNA-seq) library preparation was performed
starting from 100 ng of total-RNA with the SMARTer Stranded Total RNA Sample Prep Kit - Low
Input Mammalian (Clontech-Takara). The libraries obtained were qualitatively and qualitatively
assessed by using TapeStation 4200 (Agilent) and quantified by Qubit Fluorimeter (ThermoFisher).
Afterwards, they were multiplexed in an equimolar pool and sequenced on a NextSeg-500 Illumina

Platform generating more than 60 million 75bp Paired End reads (bp-PE) per sample.
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Reads preprocessing

Sequencing data was demultiplexed into separate, adapter free compressed fastq filesusing
bcl2fastq v2.20.0.422 (I1lumina, Inc.) and a reference sample sheet specifying for each sample the
corresponding barcode. Reads were further processed using the fastp program [12] configured to
use 20 threads for removing read pairs with at least 50% of bases with Q > 30, aminimal length of

70 bp, acomplexity > 30%. No trimming was performed on reads.

Reads alignment, abundance estimation and differential analysis

Reads mapping was performed using the default options but specifying the --numGibbsSamples 500
and —validate Mappings options, on areference transcriptome composed by the union of the human
cDNA and ncDNA available from Ensembl (assembly GRCh38.p13) indexed with a kmer size of
23 by Salmon v0.14.1 [13]. Reads were imported into R using the tximport package [14] with the
“Salmon” specific method. Gene level abundance was estimated from transcript level estimates
using the summarizeT oGene function of tximport working on atranscript to gene association table
(further associating gene names for functional analysis, see below) obtained with Ensembl Biomart
system [15] operating on Ensembl genes 98/GRCh38.p13 human genes.

Data matrices were eventually converted in DEseg2 objects using the ESegDataSetFromTximport

function, specifying the SPH vs MON phenotypes as the design contrast.

Functional analysis

For the functional analysis of the experiment the GSEA 4.0.2 software by BROAD Institute was
used [10, 16], in the GSEA PreRanked mode using the t-statistic from the DESeg2 analysis as input
metric for sorting. Gene lists were obtained from MSigDB 7.0 [17, 18] and gene names were

converted into Ensembl gene IDs using a simple perl script reading the same table produced by
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Biomart used for gene abundance estimation (see above). A selection of interesting gene sets from
the different MSigDB collections (kegg, biocarta, gobp, hallmark, reactome) was obtained by a
custom bash script that isolated those containing mitochondrial genes

(GO:0005739:mitochondrion).

Statistical Analysis

GraphPad Prism v5 and SPSS v25.0 were used for data analysis. The error bars represent 1+/- SEM.
The p value was calculated with Student’ st test. In the in vivo experiments, group comparison was
performed with the Mann-Whitney U-test. The statistical significance and p value are shown when
relevant. In the humans sample experiments,group comparison was performed with the Fisher exact

test.
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Supplementary Figures
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Supplementary Figure 1. Metabolic characteristics of CCA cells grown as monolayers (MON) or
spheres (SPH). Seahorse XF assay profiles of HUCCT1 (A,C) and CCLP1 (B,D) cells grown under
monolayer (¢ MON) or sphere (A SPH) condition exposed to metabolic stress in unbuffered
medium (Mean and SEM). (A-B) Mitostress test profile: Oxygen Consumption rate was measured
under sequentia treatment with drugs perturbing mitochondrial performance, namely oligomycin A,
FCCP and Rotenone/Antimycin A mixture at the doses reported in the graph. (C-D) Glycostress test
profile: Extracellular acidification rate measured in unbuffered glucose-free medium under
sequential treatment with drugs perturbing glycolysis, namely 10mM glucose, 1uM oligomycin and
50mM 2-DG. The analysis was performed with Seahorse XF24 analyzer (Agilent). OCR and ECAR

were normalized on protein content measured by Bradford assay.
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Supplementary Figure 2: Metabolic features are independent of the culture medium. (A-B)
Representative Seahorse XF assay profilesof HUCCT1 and CCLP1 cells grown as monolayer
condition exposed to SPH medium. Mitostress test profile: oxygen consumption rate (OCR) was
measured under sequential treatment with drugs perturbing mitochondrial performance as reported
above. (C,D) Basal OCR is represented for each cell line in the different medium condition. The
anaysis was performed with Seahorse XF24 analyzer (Agilent). OCR was normalized on protein
content measured by Bradford assay. Data are mean £ SEM (n=3, p value versus control sample by
Student t test, * p<0.05). (E) gRT-PCR analysisof several stem-like related genes in MON and
MON cells grown in SPH medium of CCLP1 and HUCCT1 cells. GAPDH was used as an internal
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control. All mRNA levels are presented as fold changes normalized to 1 (mean expression of MON
grown innormal condition). Data are mean £ SEM (n=3, * p<0.05 vs. MON grown in normal
condition).
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Supplementary Figure 3: Role of AMPK in mediating activation of EMT genes. (A) Evauation
of mitochondrial ROS production in MON and SPH cells by FACS, using MitoSOX. Histograms
represent the Mean Fluorescence Intensity (MFI) of the MitoSOX probe. Data are mean £ SEM
(n=3). (B) Measurement of AMP:ATP ratiosin MON and SPH cells. Theratios of AMP:ATP
derived from analysis of three independent samples for each condition. The results are shown as
mean + SEM (n=3, *p<0.05, *** p<0.001 vs. MON). (C) Immunoblot analysis of AMPK and
Phospho-AMPK (Thr172) in monolayers (MON) or spheres (SPH) of CCLP1 and HUCCT1 cédlls.
Vinculin immunoblot was performed to ensure equal loading. (D) Immunoblot analysis of AMPK
and Phospho-AMPK (Thr172) in SPH after 24 hours treatment with 10uM compound C (CC). B-
Actin immunobl ot was performed to ensure equal loading. (E) gRT-PCR analysis of EMT-related
genes in SPH and CC treated SPH cells. GAPDH was used as an internal control. All mRNA levels
are presented as fold changes normalized to 1 (mean expression of SPH CTR cells). Data are
meantSEM (n=3, *p<0.05, **p<0.01 vs. SPH CTR cdlls).
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Supplementary Figure 4: Effects of the OXPHOS inhibitors metformin (Metf) and phenformin
(Phenf) in MON and SPH of HUCCT1 and CCLP1 cells. (A) Crystal Violet test was performed
after 48 hours treatment. Results were normalized to control (CTR) samples. Data are mean + SEM
(n=3, * p<0.05, ** p<0.01, *** p<0.001 vs. CTR). (B) HUCCT1 and CCLP1 MON show an
increased sensitivity to the glycolysis inhibitor 2-Deoxyglucose (2-DG) compared to SPH cells. CV
test was performed after 48 hours treatment. Results were normalized to control (CTR) sample.
Dataare mean = SEM (n=3, p value versus CTR sample by Student t test, * p<0.05). (C) Relative
expression of transcripts encoding genes related to liver CSC, self-renewal, pluripotency and
Epithelial-Mesenchymal Transitionin HUCCT1 and CCLP1 SPH after 48 hours treatment with
10mM metformin. GAPDH was used as an internal control. All mRNA levels are presented asfold
changes normalized to 1 (mean expression of CTR cells). Data are mean + SEM (* p<0.05, **
p<0.01, *** p<0.001 vs. NT). (D) Immunoblot analysisof EMT markers (ECAD, VIM, SNAIL),
AKT and Phospho-AKT (Ser473) in MON and SPH of CCLP1 and HUCCT1 cells. B-Actin
immunoblot was performed to ensure equal loading.
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Supplementary Figure5: Effect of PGCa knockdown in CCA SPH. (A) Mitochondrial mass,
detected by FACS, using MitoTracker Green. Histograms represent the Mean Fluorescence
Intensity (MFI) of the MitoTracker probe presented as fold induction normalized to 1 (mean MFI of
SICTR). Dataare mean £ SEM (n=3, p value versus SICTR by Student t test, * p<0.05). (B) Effect
of PGC-1a depletion on proliferation by BrdU incorporation at 24, 48 and 72 hours after silencing.
Levelsdisplayed as fold changes normalized to 1 (mean expression of SICTR at 24 hours) (n=3).
Dataare mean + SEM. (C) Levels of Cleaved Caspase 3, Caspase 3, Bax and Bcl2 following PGC-
la silencing in HUCCT1 and CCLP1 SPH, as evaluated by Western blotting using B-Actin as a
loading control. (D) Effect of siPGCladepletion on CCA-SPH volume. Data are mean + SEM (p
valueversussiICTR, *** p<0.001). (D) Migration of PGC-1la-silenced CCLP1 and HUCCT cells
was measured in Boyden chambers for 6 hours. Data are mean £ SEM (n=5, *** p<0.001 vs.
SCTR).
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Supplementary Figure 6: Effects of PGC-1a silencing on angiogenic pathways. (A) VEGF
MRNA levelsin PGC-1a-silenced and metformin treated CCA SPH cells, expressed as fold changes
normalized to 1 (mean expression of SICTR or control (CTR) sample). Data are mean + SEM (n=3,
* p<0.05, ** p<0.01 vs. SICTR/CTR). (B) Scatterplot representing the correlation between PGC-1a
(x-axis) and VEGF (y-axis) expression in a published microrarray-based study comparing CCA vs
surrounding liver in 59 patients (GSE26566 [22]). r: Pearson's correlation coefficient, n: number of
samples. All adjusted (two tails) p values associated to correlation tests were < 1e-5. (C) Effects of
conditioned medium from PGC-1a-silenced SPH (CM) on HUVEC tube formation. Data are
presented as total numbers of tube/well, total number of branching points/well, total number of
loops/well. Mean+SEM (n = 3, **p <0.01 vs. SICTR SPH CM). (D) Representative images of
SICTR and siPGC-1a SPH CM effect on tube formation. Origina magnification 40X.
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Supplementary Figure 7: Liver/body weight ratio and lung/body weight ratio in mice with
CCA tumor xenografts. Tumors derived from HUCCT1 cells grown as MON (MON-T) or SPH
(SPH-T) were obtained by subcutaneousinjection of 1 x10° cellsin NOD/SCID mice. After 7days,

mice were treated
mg/kg metformin

five times aweek with intraperitoneal injection of PBS (control, T-CTR) or 200
(T-Metf) or 45mg/kg SR-18292 (n=6 per group). Ratio of liver weight to body

weight for each group. Data are mean £ SEM (n=6). (B) Ratio of lung weight to body weight for

each group. Data are mean = SEM (n=6).
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Supplementary Table 1. List of stem-like genes correlated with PGC-1a and Complex |1

Correlated ,
genes
AFP 0.3696648 |0.0018
CD13 0.3046406 |0.0327
SDHA ABCG2 0.5943840 |0.0000
STAT3 0.2835567 |0.0740
ALDH1l1al 0.4821006 |0.0000
PGC-1a 0.4691994 |0.0000
AFP 0.5727547 |0.0000
HNF4A 0.5348040 |0.0000
SDHB HNF4G 0.3464601 |0.0047
ALDHlal 0.5193266 |0.0000
PGC-1a 0.4396749 |0.0000
CD13 0.2968967 |0.0530
SDHC |ABCG2 0.3358473 |0.0536
SOX2 0.3411690 |0.0086
AFP 0.6661503 |0.0000
CD13 0.2921381 |0.0404
ABCG2 0.5064105 |0.0000
BMI1 0.3733502 |0.0011
KLF4 0.2961764 |0.0350
SDHD cMYC 0.4372903 |0.0000
IGF2 0.4436238 |0.0000
HNF4A 0.496548 0.0000
HNF4G 0.5421162 |0.0000
ALDH1lal 0.6601424 |0.0000
PGC-1a 0.4682400 |0.0000
ABCG2 0.4262534 |0.0010
IGF2 0.5625352 |0.0000
HNF4A 0.3560371 |0.0080
PGC-1a |AFP 0.4934186 |0.0000
CD13 0.4544777 |0.0000
ALDH1l1al 0.5954048 |0.0000
VEGFA 0.3753468 |0.0007
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for al revised submissions. The aim is to enhance the reproducibility of methods.

11 Antibodies

Only include the parts relevant to your study
Refer to the CTAT in the main text as ‘ Supplementary CTAT Table’
Do not add subheadings
Add as many rows as needed to include all information
Only include one item per row

Name Citation Supplier Cat no. Cloneno.

Mouse CD31 mADb Cell Signaling #3528
Technology

Rabbit PKM2 mADb Cell Signaling #4053
Technology

Rabbit Hexokinase Cdl Signaing #2867

[ mAb Technology

Rabbit E-Cadherin Cell Signaing #3195

mADb Technology

Rabbit Cell Signaling #5741

Vimentin mAb Technology

Rabbit Phospho-Akt Cdll Signaling #9271

(Ser473) Antibody Technology

Rabbit Akt Antibody Cdll Signaling #9272
Technology

Rabbit Bax mAb Cdll Signaing #5023
Technology

Rabbit Bcl-2 mAb Cédll Signaing #4223
Technology

Rabbit Cleaved Cdll Signaling #9661

Caspase-3 Antibody Technology

Rabbit Phospho- Cell Signaling #2535

AMPKa (Thrl72) Technology

mAb
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Rabbit AMPKa, Cdll Signding #2532
Antibody Technology
Rabbit Caspase-3 Santa Cruz #sc-7148
Antibody Biotechnology
Rabbit Snail mAb Santa Cruz #3879
Biotechnology
Rabbit PGC-1a Abcam #ab54481
Mouse BrdU DAKO MO744
1.2 Céll lines
Name Citation Supplier Cat Passage no. | Authentication
no. test method
HUCCT1 kind gift from Dr.
A.J. Demetris
CCLP1 kind gift from Dr.
A.J. Demetris
1.3 Organisms
Name Citation Supplier Strain Sex Age Overall n
number
1.4 Sequence based reagents
Name Sequence Supplier
1.5 Biological samples
Description Source Identifier




1.6 Deposited data
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Name of repository Identifier Link

1.7 Software

Software name Manufacturer Version
SPSS SPSS Inc ver. 25.0
GraphPad Prism GraphPad Software ver.5

1.8 Other (e.g. drugs, proteins, vectorsetc.)

Name Supplier Cat.no
Metformin Sigma D150959
SR-18292 MedChemExpress. HY-101491
QuantiNova LNA PCR Qiagen #SBHS-133ZE
Focus Panels 384-well plates

2-Deoxy-D-glucose(2-DG) a | Sigma

glycolysisinhibitor

MitoTracker Red ThermoFisher Scientific M7512
MitoTracker Green ThermoFisher Scientific M7514
SIPGC-1a SIRNA Santa Cruz sc-38884
Lactate Assay Kit Biovision BVN-K607-100
AMP colorimetric assay kit | Biovision K229-100
ATP colorimetric assay kit Biovision K354-100
Seahorse XF Cell Mito Agilent 103015-100
Stress Test Kit

Seahorse X Fe96H uxPak Agilent 102601-100
MitoSOX Red ThermoFisher Scientific M36008
Mitochondrial Superoxide

Indicator

5-Bromo-2’ -deoxyuridine MERK B5002
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1.9 Please provide the details of the corresponding methods author for the manuscript:

Dr. ChiaraRaggi, Dipartimento di Medicina Sperimentale e Clinica
Largo Brambilla3

150134 Florence, Italy
Tel: +39 0552758092
Fax: +39 055 2758099
Email: chiara.raggi @unifi.it

2.0 Pleaseconfirm for randomised controlled trials all versions of theclinical protocol are
included in the submission. These will be published online as supplementary infor mation.






