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Isocitrate dehydrogenase (IDH) mutations increase (R)-2-hy-
droxyglutarate (R-2HG) production; however, functional
mechanisms of R-2HG in regulating cholangiocarcinoma
(CCA) development remain to be further investigated. We first
applied the CRISPR-Cas9 gene-editing system to create
IDH1R132H-mutated CCA cells. Interestingly, our data
showed that R-2HG could function through downregulating
estrogen receptor alpha (ERa) and Yes-associated protein 1
(YAP1) pathways to decrease CCA growth. Detailed mecha-
nistic studies revealed that R-2HG could target and degrade
the fat mass and obesity-associated protein (FTO), the first
identified mRNA demethylase. This reduced FTO can increase
the N6-methyladenosine (m6A) to methylate the mRNA of
ERa, and consequently decrease protein translation of the
ERa. Furthermechanistic studies revealed that ERa could tran-
scriptionally suppress miR-16-5p expression, which could then
increase YAP1 expression due to the reduced miR-16-5p bind-
ing to the 30 UTR of YAP1. Furthermore, data from the pre-
clinical animal model with implantation of IDH1R132H
QBC939 cells demonstrated that R-2HG generated by the
IDH1 mutation could downregulate ERa and YAP1 to sup-
press CCA tumor growth. Taken together, our new findings
suggested that IDH1 mutation-induced R-2HG could suppress
CCA growth via regulating the FTO/m6A-methylated ERa/
miR16-5p/YAP1 signaling pathway. Upregulating R-2HG or
downregulating the ERa signal by short hairpin RNA ERa
(shERa) or antiestrogen could be effective strategies to inhibit
CCA.

INTRODUCTION
Cholangiocarcinoma (CCA) arises from malignant growth of the
epithelial lining of bile ducts and represents the secondmost common
primary liver malignancy.1 Based on anatomical criteria, CCA can be
subtyped as intrahepatic CCA (ICC) and extrahepatic CCA (ECC).2

Painless jaundice is the main reason for the first doctor visits for
CCA patients. The poor prognosis and low median survival time
(approximately 1 year) are its main characteristics.3–5 Complete sur-
gical resection with histological negative resection margins and liver
transplantation are still considered as the mainstay of curative treat-
This is an open access article under the CC BY-NC
ment.1,2,6 According to recently reported data, even though the mor-
tality of ECC has leveled off, the incidence and mortality of ICC are
still increasing worldwide.7,8 Due to improved understanding of mo-
lecular mechanisms and pathogenesis, a growing body of evidence has
shown specific gene derangements that could contribute to the devel-
opment of carcinogenesis. Also, several genetic mutation profiles in
CCA have been identified.9,10 Among these gene derangements, the
isocitrate dehydrogenase 1/2 (IDH1/2) mutations were identified in
glioma, acute myeloid leukemia (AML), chondrosarcomas, and
CCA, suggesting an important role of the IDH1/2 mutations in the
occurrence and prognosis of CCA.11–14 IDH1/2 play important roles
in the tricarboxylic acid (TCA) cycle. Subsequent findings showed
that IDH1/2 could increase (R)-2-hydroxyglutarate (R-2HG), which
leads to inhibiting the classic alpha-ketoglutarate (a-KG)-dependent
dioxygenases involved in epigenetic regulation, extracellular matrix
maturation, and cell signaling. Functional studies also uncovered
that R-2HG promoted carcinogenesis and may be regarded as an on-
cometabolite.15–18 Interestingly, after surgical resection, CCA patients
with IDH1/2 mutations tend to have better overall survival than do
those without IDH1/2 mutations.19,20 Thus, R-2HG appears to
exhibit complex effects and unclear functions during the initiation
and progression of CCA.

Estrogen is a well-known biological sex steroid, which can elevate the
progression of various types of cancers through binding to estrogen
receptors (ERs), such as in breast, endometrial, and ovarian carci-
nomas.21–23 Females are significantly more susceptible than males
to suffer from several biliary tract diseases.24,25 Further research
also revealed that estrogen promoted CCA initiation and progression,
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acting through ER alpha (ERa).26 However, the detailed mechanisms
of ERa in CCA progression remain largely unclear. These emerging
studies set a course for further exploring the functional mechanisms
and signaling pathway of ERa in CCA.

Yes-associated protein 1 (YAP1), a co-transcriptional regulator, plays
an important role in the Hippo pathway that can activate the tran-
scription of genes involved in cell proliferation and suppress
apoptotic gene expression.27,28 Phosphorylation of YAP1 functionally
sequesters YAP1 in the cytoplasm and limits its activity as a transcrip-
tional co-activator. Dephosphorylated or overexpressed YAP1 can be
transported into the nuclei and bound to transcription factors, subse-
quently enhancing transcription.29 In CCA,many genes related to cell
proliferation are regulated by YAP1, such as cyclin D1, Bcl-xL, and
BIRC5.30,31 Evaluation of YAP1 expression levels and subcellular
localization in human CCA specimens revealed that most YAP1
expression was localized in the nuclei.27 Clinical studies have shown
that high expressions of YAP1 significantly decreased overall survival
in CCA patients.32 Those studies suggest that YAP1 plays a key role in
the growth of the CCA tumor mass. However, the functional connec-
tions between YAP1, ERa, and R-2HG are an underinvestigated area.

In the present study, we focused on the biological effects of the onco-
metabolite R-2HG. The new findings showed that R-2HG could func-
tion as a tumor suppressor to downregulate ERa and YAP1 signals to
inhibit CCA through the FTO/m6A/ERa/miR16-5p/YAP1 axis.

RESULTS
R-2HG suppresses cell proliferation in CCA

To study the R-2HG function in CCA cell growth, and since R-2HG
can accumulate to millimolar levels in tumors,15 we first exposed two
CCA cell lines to 300 mM R-2HG for 48 h. The results from the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
says revealed that treating with R-2HG led to suppressing CCA cell
proliferation in both CCA QBC939 and HuCCT-1 cells (Figures 1A
and 1C). Similar results were also obtained when we replaced the
MTT assays with colony formation assays (Figures 1B and 1D), sug-
gesting that treatment with R-2HG can suppress CCA cell
proliferation.

To further verify the results with endogenous versus exogenous R-
2HG, we applied the lentivirus system to create overexpression of
wild-type and mutant (MUT) IDH1R132H in CCA QBC939 cell lines.
The results from MTT and colony formation assays showed similar
outcomes as those for treatment with exogenous R-2HG (Figures
1E and 1F). Although the effect of overexpressing mutant IDH1
Figure 1. Oncometabolite R-2HG inhibits CCA cell proliferation in QBC939 and

(A and C) MTT assays were conducted to detect cell growth in QBC939 cells (A) and Hu

the R-2HG effect on cell growth in QBC939 cells (B) and HuCCT1 cells (D). (E) R-2HG

formation assay confirmed the reduced growth of QBC939 cells with the IDH1 mutat

mutating the IDH1 gene. (H) Sequencing result of the IDH1 gene before (upper) and after

growth difference between wild-type IDH1 (IDH1WT) and IDH1R132H QBC939 cells. (

IDH1R132H QBC939 cells. For (B), (D), (F), and (J), quantitation is at the right and prese
confirmed the exogenous R-2HG result, there was little change of
growth rate in the IDH1 wild-type overexpressed cells. We then con-
ducted the CRISPR-Cas9 genome-editing technique to create a het-
erozygous IDH1R132H mutation (IDH1R132H) in CCA QBC939
cell lines (Figure 1G). The sequencing data show the cells with
wild-type (upper) versus cells with a heterozygous IDH1 point muta-
tion (lower) (Figure 1H). We used MTT and colony formation assays
to study the endogenous R-2HG function in CCA QBC939 cells. As
expected, the endogenously elevated R-2HG, generated by
IDH1R132H, could suppress CCA QBC939 cell proliferation and col-
ony formation significantly (Figures 1I and 1J).

Taken together, the results from Figures 1A–1J suggest that increased
R-2HG via an ectopic supply or due to the IDH1 mutation could
effectively inhibit CCA cell growth.

Mechanism dissection of how R-2HG can suppress CCA cell

growth via decreasing ERa expression

Next, we focused on dissecting the molecular mechanism of how R-
2HG can suppress CCA cell growth. Since either the IDH1 or
IDH2 mutation could result in elevated R-2HG, we used the online
tool GEO2R to conduct expression difference analysis of the GEO:
GSE107102 microarray dataset, which contained IDH1/2 mutated
human samples from the Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) and found 738 differential genes (Fig-
ure 2A). Then, we applied DAVID 6.8 to perform pathway enrich-
ment analysis and obtained the top 20 enrichment pathways
(Figure 2B). Subsequently, we chose the top four proliferation-related
pathways as a priority for our study and eventually obtained three
genes, ERa, HIF-1a, and GJA, with consistent expression changes
(Figure 2C). We then further characterized the potential clinical link-
age of those genes via analyzing the human CCA samples survey
from The Cancer Genome Atlas (TCGA) data (https://www.cancer.
gov/about-nci/organization/ccg/research/structural-genomics/tcga),
including 43 CCAs with six samples having IDH1/2 mutation (Table
S1). Results revealed that CCA patients with better overall survival
(more than 1 year) have a lower ERa, but they had no significant
changes in HIF-1a and GJA1 expressions in CCA tissues (Figure 2D).
We hypothesized that ERa expression may be differential between
CCAs with wild-type versus mutant IDH1/2. Although the numbers
of IDH1/2 mutation cases are limited, the results indeed suggested
higher ERa expressions in CCAs with wild-type IDH1/2 than with
IDH1/2 mutant (Figure 2E). We then focused on studying ERa since
early reports indicated a higher ERa expression in CCA patients
(versus non-malignant patients) and that higher ERa expression pro-
motes CCA cell growth.26,33,34 We then applied the western blot assay
HuCCT1 cell lines

CCT1 cells (C). (B and D) Colony formation was used as another strategy to confirm

from overexpression of IDH1 mutation impacted QBC939 cell growth. (F) A colony

ion. (G) Schematic representation of the CRISPR-Cas9 gene-editing technique in

(lower) the CRISP-Cas9 gene editing. (I) An MTT assay was applied to detect the cell

J) Colony formation was conducted to confirm cell growth between IDH1WT and

nted as mean ± SD (n = 3). *p < 0.05, **p < 0.01; NS, not significant.
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to detect the protein expression between mock (DMSO)-treated
versus R-2HG-treated CCA cells and results demonstrated that treat-
ment with R-2HG could decrease the expression of ERa in two CCA
cell lines, QBC939 and HuCCT1 (Figure 2F).

We further applied the immunoblot to examine the ERa expression in
CCA QBC939 and HuCCT-1 cell lines, and the results revealed lower
ERa expression in HuCCT1 cells and higher expression in QBC939
cells (Figure S1A). We then overexpressed ERa with ERa-cDNA
(oeERa) in HuCCT-1 cells or knocked down ERa with ERa-short
hairpin RNA (shERa) in QBC939 cells via the lentiviral system. Re-
sults showed that oeERa in HuCCT-1 cells could significantly in-
crease CCA cell proliferation (Figure S1B), and knocking down
ERa in QBC939 cells could significantly decrease the CCA cell growth
(Figure S1C).

Similar results were also obtained when we induced ERa activity with
estradiol (E2) treatment. Compared to mock treatment, 10 nM E2
treatment could increase HuCCT-1 cell proliferation (Figure S1D),
and treating with methyl-piperidino-pyrazole (MPP, 1 mM), a specific
ERa antagonist, could suppress the growth of the QBC939 cells
(Figure S1E).

Importantly, results from the MTT assay using the interruption
approach also revealed that overexpressing ERa led to the partial
rescue/reverse of R-2HG-suppressed cell growth in HuCCT1 cells
(Figure 2G). This interruption effect was further confirmed using a
sphere formation assay (Figure 2H). To demonstrate that ERa is
the specific R-2HG-targeting downstream gene, we first treated
CCA cells with R-2HG for 48 h, and western blot data showed that
among three different nuclear receptors, ERa, AR, and TR4, only
ERa is selectively reduced (Figure 2I). Next, we treated ERa
knocked-down QBC939 cells with R-2HG. As expected, after knock-
ing down ERa, the sensitivity of QBC939 cells toward R-2HG treat-
ment was diminished significantly (Figure 2J). We also knocked
down ERa in IDH1R132H QBC939 cells. Data from MTT assays
showed that ERa knockdown can eliminate the IDH1R132H effect
(Figure 2K), which is similar to the shERa-QBC939 cells treated
with R-2HG (Figure 2J).

Taken together, the results from Figures 2A–2K and Figures S1A–S1E
suggest that R-2HG can suppress CCA cell growth via specifically
decreasing ERa expression.
Figure 2. ERa is involved in R-2HG suppression of CCA cell growth via decrea

(A) We extracted 738 differential genes from a microarray dataset (GEO: GSE107102). R

(B) Top 20 enrichment pathways from the 738 differential genes. (C) ERa, HIF-1a, andGJ

proliferation. (D) According to overall survival (12months [12MTH]), TCGA data was divid

GJA1, and HIF-1a) between the two groups. (E) ERa expression comparing patients wi

examine ERa expression between DMSO and R-2HG treatment in QBC939 and HuCC

HuCCT1 cells transfected with/without (w/wo) oeERa (overexpressing ERa) and subse

formation with quantitation at the right (H). (I) Western blot was used to detect AR, E

transfectedw/wo shERa (knocked down ERa) and subsequently treatedwith DMSOor R

cells transfected w/wo shERa and subsequently electro-transfected w/wo Cas9-IDH1

Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01; NS, not significant.
R-2HG/ERa can suppress CCA cell growth via altering the

downstream gene YAP1 expression

Next, to study the downstream signs of how R-2HG/ERa can sup-
press CCA cell growth, we examined those genes that are modulated
in IDH1/2 mutated tumors as well as regulated by ERa. We tested
which IDH1/2 mutant-modulated genes can also be regulated by
ERa, and found that knocking down ERa led to decreased YAP1 pro-
tein expression in CCAQBC939 cells (Figure 3A). Consistently, over-
expression of ERa led to an increase of YAP1 expression in CCA
HuCCT1 cells (Figure 3B). Results from western blot assays also
confirmed that R-2HG treatment could result in decreasing YAP1
expression (Figure S2A) in HuCCT1 cells, as well as in IDH1R132H

QBC939 cells (Figure S2B).

To verify that YAP1 can mediate CCA cell growth, we manipulated
YAP1 expression in CCA cell lines and found that overexpressing
YAP1 can increase cell proliferation in CCA QBC939 cells (Fig-
ure S2C), and knocking down YAP1 (using shYAP1#1 and
shYAP1#2) can both decrease cell proliferation in HuCCT1 cells (Fig-
ure S2D). Importantly, the results of MTT (Figure 3C) and sphere
formation assays (Figure 3D), from an interruption approach, also re-
vealed that overexpressing YAP1 can reverse the downregulation of
ERa-mediated growth reduction in CCA QBC939 cells. Protein ex-
pressions of ERa and YAP1 for the above interruption assay were
validated and are shown in Figure 3E. Consistently, using these as-
says, we demonstrate that knocking down YAP1 can block the ERa
overexpression-increased cell growth in HuCCT1 cells (Figures 3F–
3H). These rescue experiments were also conducted in IDH1R132H

QBC939 cells, and, as expected, altering YAP1 expression can
partially block the function of the endogenously IDH1R132H-
increased R-2HG (Figures 3I–3K).

Taken together, the results from Figures 3A–3K and Figures S2A–
S2D suggest that R-2HG treatments can lead to suppressing cell
growth via altering the ERa/YAP1 axis in CCA cells.

R-2HG/ERa can decrease YAP1 expression via altering miR16-

5p expression

To dissect the mechanism of how R-2HG/ERa can alter YAP1 expres-
sion in CCA cells, we examined the mRNA expression of YAP1, and
results from quantitative real-time PCR assay showed that downregu-
lation of ERa in QBC939 cells could decrease YAP1 expression at the
protein level (see Figure 3A), but not at the mRNA level (Figure 4A).
sing ERa expression

ed represents high overexpression, and green represents lower expression of ERa.

A1 genes were obtained through overlapping the top four pathways of size related to

ed into two groups; then, we checked the differential expression of three genes (ERa,

th IDH1/2WT versus mutant IDH1/2 (IDH1/2MUT). (F) Western blot was conducted to

T1 cell lines. Quantitation in the lower panel. (G and H) Cell proliferation results of

quently treated with DMSO or R-2HG are shown by an MTT assay (G) and sphere

Ra, and TR4 expression in QBC939 cells treated with R-2HG. (J) QBC939 cells

-2HG, after which anMTT assaywas performed to examine cell growth. (K) QBC939

-Puro+template, after which an MTT assay was performed to examine cell growth.
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Overexpression of ERa in HuCCT1 cells could increase YAP1 expres-
sion at the protein level (see Figure 3B), but not at the mRNA level
(Figure 4A). Additionally, these results were also observed in R-
2HG-treated cell lines (Figure 4B). We then focused on the non-cod-
ing RNAs (ncRNAs), as recent studies indicated that microRNAs
(miRNAs, miRs) could function as crucial regulators to bind to the
30 UTR of the targeted gene’s mRNAs and affect their protein expres-
sions to alter cancer progression.35,36

To examine whether the binding capacity of miRNAs to 30 UTR of
YAP1 mRNA changes and is involved in the ERa-regulated YAP1
expression, we performed an Argonaute 2 (Ago2)-RNA immunopre-
cipitation (RIP) assay on both cell lines (Figures S3A and S3B). The re-
sults revealed that knocking down ERa in QBC939 cells could increase
the YAP1-30 UTR level, and adding ERa-cDNA could decrease the
YAP1-30 UTR level in the Ago2 complex (Figure 4C). Using the bioin-
formatics predictiondatabases tool (TargetScan),we found seven candi-
date miRNAs (miR15b-5p, miR6838-5p, miR15a-5p, miR16-5p,
miR424-5p, miR195-5p, and miR497-5p) that might be able to bind
to the 30 UTR of YAP1 and regulate YAP1 expression. Importantly, re-
sults from quantitative real-time PCR analysis demonstrated that
miR16-5p could be regulated by ERa, showing that overexpressing
ERa decreased miR16-5p expression in HuCCT-1 cells, and knocking
down ERa increased the expression of miR16-5p in QBC939 cells
(Figure 4D).

We then applied the functional assay to examine the consequence of
altered miR16-5p expression. The results revealed that altering
miR16-5p with inhibitor treatment (Figure S3C, left) resulted in over-
expression of YAP1 protein and increasing cell proliferation in
QBC939 cells (Figure S3D, left), and overexpressing miR16-5p (Fig-
ure S3C, right) resulted in the reduction of YAP1 protein and sup-
pression of cell growth in HuCCT1 cells (Figure S3D, right). To
further verify that ERa can function through miR16-5p to modulate
YAP1 expression and cell proliferation, we conducted a reverse assay
in CCA cell lines. Western blotting analysis indicated that suppress-
ing miR16-5p could rescue YAP1 protein expression in ERa knocked
down (shERa) QBC939 cells (Figure 4E, left) and overexpressing
miR16-5p also can block YAP1 protein expression in ERa overex-
pressed HuCCT1 cells (Figure 4E, right). In Figure 4F, the results of
MTT (left) and sphere formation assays (middle) also show that
targeting miR16-5p could rescue cell growth suppressed by knocking
down ERa in QBC939 cells and enhancing miR16-5p level
could reverse/block ERa-induced cell proliferation in HuCCT1 cells
(Figure 4G).
Figure 3. R-2HG-reduced ERa can suppress CCA cell growth via altering down

(A and B) A western blot assay was performed to detect the four potential downstream g

in HuCCT1 cells w/wo ERa overexpression (B). (C–E) QBC939 cells were transfected w/w

and colony formation (D) were performed to examine cell growth. A western blot ass

transfected w/wo oeERa and subsequently transfected w/wo shYAP1, after which an M

and ERa and YAP1 expressions were detected by a western blot assay (H). (I–K) The re

growth in QBC939 cells w/wo IDH1R132H and transfected w/wo oeYAP1, and ERa and

quantitations are at the right and presented as mean ± SD (n = 3). *p < 0.05, **p < 0.0
In summary, the results from Figures 4A–4G and Figures S3A–S3D
suggest that ERa may increase cell proliferation via altering miR16-
5p/YAP1 signaling in CCA cells.

R-2HG/ERa can regulate miR16-5p expression via

transcriptional regulation

To uncover the molecular mechanism of how R-2HG/ERa can
decrease miR16-5p expression at the transcriptional level, we first
applied the Ensembl website with JASPAR database approaches to
search for the potential estrogen response elements (EREs) on the
3-kb region of miR16-1 and miR16-2 promoters, which are the pre-
cursor (pre-)miRNAs of mature miR16-5p. We found only two puta-
tive EREs located within the miR16-1 promoter region (Figure 5A).
We then applied the chromatin immunoprecipitation (ChIP) in vivo
binding assay to verify their capacity of binding to ERa, and the re-
sults revealed that ERa could bind to ERE1/2 (Figure 5B).

We also constructed the miR16-1 gene promoter luciferase reporter
by inserting a 3.0-kb 50 promoter region of miR16-1 containing
ERE1/2 into the pGL3 luciferase backbone as well as a version with
the mutated ERE1/2 (Figure 5C). The results revealed that oeERa
significantly decreased luciferase activity in HuCCT-1 cells trans-
fected with wild-type miR16-1 promoter, but not in the cells with
the mutant miR16-1 promoter (Figure 5D, left). Knocking down
ERa dramatically increased luciferase activity in QBC939 cells trans-
fected with the wild-type miR16-1 promoter, but not in cells with the
mutant miR16-1 promoter (Figure 5D, right).

Taken together, the results from Figures 5A–5D suggest that R-2HG/
ERa can suppress miR16-5p expression via transcriptional regulation
via binding to ERE1/2 on the miR-16-1 promoter region.

R-2HG/ERa/miR16-5p axis can decrease YAP1 expression via

the binding of miR16-5p to the 30 UTR of YAP1

To further dissect the molecular mechanism of how the R-2HG/ERa/
miR16-5p axis can decrease YAP1 expression, we applied a luciferase
assay to determine whether miR-16-5p might directly target the
YAP1 mRNA 30 UTR to suppress its expression. We identified
some potential binding sites located on the 30 UTR of YAP1 (http://
www.targetscan.org) and then constructed the reporter plasmids
with the psiCHECK-2 vector carrying the wild-type and mutant
miRNA target sites (Figure 5E). As expected, the luciferase assay re-
sults revealed that overexpressing miR16-5p suppressed luciferase ac-
tivity in HuCCT1 cells transfected with wild-type YAP1 30 UTR but
not in the mutant YAP1 30 UTR (Figure 5F, left), and decreasing
stream gene YAP1 expression

enes that might be regulated by ERa in QBC939 cells w/wo ERa knockdown (A), and

o shERa and subsequently transfected w/wo oeYAP1, after which anMTT assay (C)

ay (E) was used to reveal ERa and YAP1 expressions. (F–H) HuCCT1 cells were

TT assay (F) and colony formation (G) were performed to examine cell proliferation,

sults of an MTT assay (I) and colony formation (J) demonstrate the efficiency of cell

YAP1 expressions were detected by a western blot assay (K) . For (D), (G), and (J),

1; NS, not significant.

Molecular Therapy: Oncolytics Vol. 23 December 2021 71

http://www.targetscan.org
http://www.targetscan.org
http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Oncolytics

72 Molecular Therapy: Oncolytics Vol. 23 December 2021



www.moleculartherapy.org
miR-16-5p, with inhibitor treatment, could increase luciferase activity
in QBC939 cells transfected with the wild-type YAP1 30 UTR, but not
within the mutant YAP1 30 UTR (Figure 5F, right).

Taken together, the results from Figures 5E and 5F suggest that R-
2HG/ERa/miR16-5p axis can decrease YAP1 expression via direct
targeting of the 30 UTR of YAP1-mRNA.

R-2HG can suppress ERa expression via inducing high RNA-

m6A methylation

To furtherdissect themolecularmechanismofhowR-2HGcan regulate
ERa expression, we used quantitative real-time PCR to detect ERa
mRNA expression comparing DMSO- and R-2HG-treated cells, and
the results indicated that the ERa mRNA expression had no dramatic
differences (Figure 6A). Even no significant difference was shown be-
tween CRISPR-Cas9 genome-edited wild-type IDH1 (IDH1WT) and
IDH1R132H QBC939 cells (Figure 6B). There was little difference of
the ERa mRNA stability between the DMSO- and R-2HG-treated
HuCCT1 cells (data not shown). We then conducted a RIP assay using
anti-Ago2 antibody and insulin-like growth factor 2 mRNA binding
protein 3 antibody (anti-IGF2BP3). Many studies reported that Ago2
protein is involved in the post-transcriptional regulation through
RNA-induced silencing complex (RISC), and IGF2BP3 can enhance
this procedure.37–40 Unexpectedly, the results opposed the hypothesis
that R-2HG regulated ERa translation through miRNA-induced post-
transcription regulation (Figure 6C).Alsoas expected, in the IDH1R132H

QBC939 cells, the result from the RIP assay was consistent with that of
R-2HG-treated HuCCT1 cells (Figure S4A).We then switched to study
the ERaprotein stability, using cycloheximide (CHX) treatment for 0, 1,
2, 4, 6, and8h, and the result of thewesternblot assaydemonstrated that
ERa protein has slightlymore stability in the R-2HG treated group than
that in the DMSO-treated group (Figure 6D), and a similar tendency
was found in the IDH1WT QBC939 cells compared to the IDH1R132H

QBC939 cells (Figure S4B). We then studied whether the ERa expres-
sion may be regulated at the translational level. To test this possibility,
we examined the binding of 18S ribosomal RNA (rRNA), a translation
marker,41 to ERamRNA using an ERamRNA-biotin pull-down assay
(Figure S4C). The quantitative real-time PCR results from the pull-
down assay demonstrated that after R-2HG treatment, the 18S rRNA
level decreased significantly in the ERa mRNA-biotin complex in
QBC939 cells (Figure 6E).

To further study how R-2HG can impact ERa protein expression at
the translational level, we focused on altering the global cell RNA-
Figure 4. R-2HG/ERa can decrease YAP1 expression via altering miR16-5P ex

(A) Real-time PCR showed YAP1 mRNA expression of shERa in QBC939 cells and oeE

HuCCT1 cells treated w/wo R-2HG. (C) RIP assay to detect the YAP1mRNA levels in the

and in HuCCT1 cells transfected with pWPI or oeERa (right). (D) Quantitative real-time PC

QBC939 cells transfected with ERa-shRNA or pLKO (left) and HuCCT1 cells transfected

from the four groups of QBC939 cells as indicated (with shERa+miR16-5p inhibitor, pLK

HuCCT1 cells as indicated (oemiR16-5p+pWPI, oemiR16-5p+oeERa, pLKO+pWPI, p

formed in QBC939 cells transfected w/wo shERa and w/wo miR16-5p inhibitor as indica

colony formation (middle) assays were performed in 4 groups of HuCCT1 cells as indica

3). *p < 0.05, **p < 0.01; NS, not significant.
m6A methylation to influence protein translation.15,42 We first con-
ducted a RIP assay using anti-m6A antibody (Figure S4D), and the
results showed higher ERa mRNA expression in the m6A antibody
complex in QBC939 cells treated with R-2HG (Figure 6F). This result
also was reproduced in the IDH1R132H QBC939 cells (Figure S4E).We
then examined the FTO expression in R-2HG-treated CCA cells, as a
recent study indicated that R-2HGmight induce a high m6A level via
degrading FTO, which is the first mRNA demethylase studied.43,44

We checked the FTO expression in the R-2HG-treated CCA cells,
and the results of western blot (Figure 6G) showed that FTO expres-
sion decreased in the R-2HG-treated QBC939 (upper) and HuCCT1
(lower) cells. After manipulating FTO expression with overexpression
of FTO or FTO-shRNA, MTT results revealed that cell proliferation
was significantly enhanced or suppressed, respectively (Figures S4F
and S4G). Furthermore, knockdown of FTO in R-2HG-sensitive
QBC939 cells significantly abolished their sensitivity to R-2HG (Fig-
ure 6H), and western blot results demonstrated that after knocking
down FTO in QBC939 cells, ERa expression showed no difference be-
tween DMSO and R-2HG treatment (Figure 6I). To further determine
the mechanisms of the regulatory effects of the m6A-ERamRNA, the
topology of m6A RNA methylomes revealed that m6A is especially
enriched around the stop codons of mRNAs with a consensus
sequence of RRACH (R = G or A; H = A, C, or U).45–47 The ERa
mRNA-m6A methylated sites are located at amino acids 563–565
in the ligand-binding domain of ERa. To translate the same amino
acids, we mutated and swapped these 3 aa codons ACG-GAC-CAA
with ACU-GAU-CAG and defined this as the codon swapping
mutant, ERa563–565 CDSmt (Figure S4H). In QBC939 cells with
FTO knockdown, m6A methylation of ERa mRNA could decrease
the ERa protein translation in cells containing wild-type ERa, but
not in cells with ERa563–565 CDSmt (Figure 6J). Subsequently, the
functional assay also showed that this mutant ERa could rescue/
reverse the FTO knockdown-mediated cell growth reduction
(Figure 6K).

Taken together, Figures 6A–6K and Figures S4A–S4H results suggest
that R-2HG can degrade FTO and then increase ERa mRNA m6A
methylation, which may then result in suppressing ERa protein
expression via translational regulation.

Increasing R-2HG or inhibition of ERa/YAP1 signals can

suppress tumor growth in the preclinical mouse CCA model

To confirm the above in vitro cell line data in the in vivomouse CCA
model, we randomly divided mice into four groups for subcutaneous
pression

Ra in HuCCT1 cells. (B) Real-time PCR detected YAP1 expression in QBC939 and

Argonaute 2 (Ago2) complex in QBC939 cells transfected with pLKO or shERa (left)

R was used to screen seven potential miRNAs that might be able to regulate YAP1 in

with oeERa or pWPI (right). (E) Western blot was used to examine YAP1 expression

O+miR16-5p inhibitor, shERa+Ctrl, or pLKO+Ctrl) (left), and another four groups in

LKO+oeERa) (right). (F) MTT (left) and colony formation (middle) assays were per-

ted (left) and in four groups of HuCCT1 cells as indicated (middle). (G) MTT (left) and

ted. For (E, F, and G), quantitations are at the right and presented as mean ± SD (n =
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Figure 5. ERa may transcriptionally regulate miR16-

5p, and miR16-5p may directly target the 30 UTR of

YAP1-mRNA to suppress its protein expression

(A) Two putative EREs predicted by JASPAR from the

miR16-1 promoter. (B) ChIP assay results of ERE1/2 of the

miR16-1 promoter in QBC939 cells. (C) Wild-type and

mutant pGL3-miR16-1 promoter reporter constructs. (D)

Luciferase activity after transfection of wild-type or mutant

EREs on miR16-1 promoter reporter construct in HuCCT1

cells (left) transfected with ERa-cDNA (oeERa) or pWPI and

QBC939 cells (right) transfected with ERa-shRNA (shERa)

or vector pLKO. (E) Sequence alignment of the YAP1 30

UTR with wild-type versus mutant potential miR16-5p tar-

geting sites. (F) Luciferase reporter activity after transfection

of wild-type or mutant YAP1 30 UTR reporter construct in

HuCCT1 cells w/wo oemiR16-5p (left) and QBC939 cells

treated w/wo miR16-5p inhibitor (right). For (D) and (F),

quantitations are presented as mean ± SD. *p < 0.05; NS,

not significant.
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injections of QBC939 cells with IDH1WT+pLKO (group 1),
IDH1WT+shERa (group 2), IDH1R132H+pLKO (group 3), and
IDH1R132H+shERa (group 4). We measured the length and width
of tumors to monitor tumor growth every week. After 8 weeks,
mice injected with cells with the elevated R-2HG due to IDH1R132H
had a suppressed tumor growth rate; however, after knocking down
ERa, the effect of R-2HG-suppressed tumor growth of QBC939-
IDH1R132H was abolished as compared with the QBC939-IDH1WT

group (Figure 7A). We then sacrificed the mice and measured the
size and weight of each tumor (Figure 7B). The results showed that
the tumor weights of the IDH1WT+pLKO group were higher than
those of the IDH1WT pLKO group, but no difference was detected be-
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tween the IDH1WT+shERa and IDH1R132H +
shERa groups (Figure 7C).

Our immunohistochemistry (IHC) staining
demonstrated that YAP1 was decreased after
IDH1 was mutated or ERa was knocked down
(Figure 7D). Importantly, results from assaying
two tumor samples from each group also re-
vealed that endogenously elevated R-2HG, due
to the R132H mutation, could decrease the
ERa and YAP1 expressions, which is consistent
with our in vitro studies showing that R-2HG
can function via altering the ERa to suppress
YAP1 expression (Figure 7E).

Taken together, these results of the animal ex-
periments in Figures 7A–7E were consistent
with the in vitro data and revealed that endoge-
nous R-2HG suppresses CCA tumor growth;
however, after knocking down ERa, the effect
of suppressing tumor growth induced by R-
2HG was abolished. R-2HG could suppress
CCA proliferation by modulation of ERa/miR16-5p/YAP1
signaling.

DISCUSSION
An increase of R-2HG is the primary mechanism of mutant IDHs
contributing to tumorigenesis. During tumorigenesis, R-2HG de-
grades TET2 and inhibits its catalytic activity, which suppresses cell
differentiation and promotes malignant transformation through
enhancing DNA methylation.48 However, recent studies revealed
that IDH1 mutation decreased tumor progression in glioma and sup-
pressed AML cell proliferation. Mechanism dissection displayed that
R-2HG functioned through m6A RNA modification regulated by



Figure 6. R-2HG can suppress ERa expression via inducing high RNA-m6A methylation

(A) Quantitative real-time PCR was conducted to detect ERamRNA expression in HuCCT1 cells and QBC939 cells treated with R-2HG. (B) Quantitative real-time PCR was

conducted to detect ERa mRNA expression in QBC939 cells with/without (w/wo) IDH1R132H. (C) The ERa mRNA level was detected in the Ago2 complex and IGF2BP3

complex using a RIP assay in HuCCT1 cells treated with DMSO or R-2HG. (D) ERa protein stability test using cycloheximide (CHX) treatment in HuCCT1 cells treated w/wo R-

2HG (left) and quantitation at the right. (E) Quantitative real-time PCR showed 18S rRNA levels in the ERamRNA-biotin pull-down complex in QBC939 cells treated w/wo R-

2HG. (F) The ERamRNA level was detected in the anti-m6A complex using a RIP assay in QBC939 cells treated w/wo R-2HG. (G) FTO expression in QBC939 (upper) and

HuCCT1 (lower) cells after R-2HG treatment. (H) QBC939 cells transfected w/wo shFTO and subsequently treated w/wo R-2HG, after which anMTT assay was performed to

examine cell growth. (I) The methylation of ERa mRNA could change its protein expression. A western blot was used to examine ERa expression from the four groups as

indicated in QBC939 cells (upper) with quantitation in the lower panel. (J) We knocked down FTO in QBC939 cells and then divided cells into three groups and transfected

themwith pWPI, oeERaWT, or mutant oeERa (oeERaMT). A western blot was used to detect ERa expression. (K) MTT assay was conducted to examine cell growth among the

three groups as indicated in QBC939 cells. Quantitations are presented as mean ± SD. *p < 0.05, **p < 0.01; NS, not significant.
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Figure 7. In vivo mouse tumor model showing that the R-2HG-downregulated ERa signals could modulate tumor growth

(A) The QBC939 cells transfected with IDH1WT+pLKO, IDH1WT+shERa, IDH1R132H+pLKO, or IDH1R132H+shERawere subcutaneously implanted into female nudemice, and

tumor sizes were measured weekly. After 8 weeks, the mice were sacrificed and the tumor growth rates of different groups were compared. (B) Gross comparison of CCA

tumor size in the four groups of mice. (C) Quantification of tumor weights. (D) Representative images of the immunohistochemistry staining of YAP1 in each group. Brown

signals indicate the positive YAP1 staining. (E) Two samples from each tumor group were randomly chosen to detect YAP1 and ERa using a western blot. (F) Schematic

model of modulating the FTO/m6A methylated ERa/miR16-5p/YAP1 signaling by the oncometabolite R-2HG to suppress CCA growth. Quantitations are presented as

mean ± SD. *p < 0.05, **p < 0.01; NS, not significant.
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FTO.43 R-2HG inhibited HNF4a activity through histone methyl-
ation to interrupt hepatocyte differentiation and promote CCA
genesis.13 However, our study first found that R-2HG also played
an anti-tumor role during CCA progression through ERa/miR16-
5p/YAP1 signaling (Figure 7F). Our data confirmed the previously
published paper, demonstrating that R-2HG functions through
FTO to induce high levels of m6A modifications. High levels of
m6A can recruit m6A “readers” to bind to the RNA and decide the
fate of m6A-modified RNA. Among these readers, YTHDF1,
YTHDF3, YTHDC1, and YTHDC2 could enhance RNA stability,
and, in contrast, YTHDF2 could degrade RNA.47 However, in our
study, R-2HG did not dramatically decrease ERa mRNA levels (Fig-
ures 6A and 6B). Thus, the decreasing translation of ERa mRNA
could not be ascribed to the m6A reader YTHDF2. Several studies re-
ported that m6A modification could decrease translation through
blocking m6A-methylated mRNAs combining with ribosomes.49,50

Our data on 18S RNA detected from ERa-biotin pull-down demon-
strated that m6A reduced the binding capacity of mRNA and ribo-
somes. Moreover, after mutating the potential m6Amodification sites
of ERa mRNA, this effect induced by m6A was blocked.

It is well known that ERa plays crucial regulatory roles facilitating the
tumorigenesis process by regulation of CCA.26,34,51 One published
study revealed higher ERa expression in CCA compared with normal
biliary duct tissues and found that the change of ERa expression can
serve as a prediction marker for the prognosis of CCA patients.52 Our
study demonstrates that R-2HG could functionally connect between
the IDH1/2 mutations and change of ERa expression. Then, ERa
could regulate the YAP1 level through controlling miR16-5p expres-
sion. The miR16 family has been investigated in several human
cancers and was verified to be involved in tumor suppressive and
antimetastatic properties.53,54 In our study, ERa could decrease the
pre-miRNA of miR16-5p (miR16-1) expression at a transcriptional
level via binding to ERE1/2 located in the 50 promoter region of its
precursor, and miR16-5p could directly bind to the 30 UTR of
YAP1mRNA to suppress its protein expression. Our findings support
the notion that miR16-5p could suppress CCA cell growth and R-
2HG in CCA, with the IDH1/2 mutants mainly using the ERa/
miR16-5p/YAP1 signaling pathway to regulate cell proliferation.

During tumorigenesis, YAP1 functions as a coactivator combined
with transcriptionally enhanced associated domain transcription
factors to promote tumor progression.55 Connected to this role, it
could regulate cellular proliferation, invasion, chemoresistance,
and angiogenesis.28,31,56 In addition, YAP1 plays vital roles in the
immune system by regulating PD-L1 expression in human thoracic
cancer.57 Several clinical studies showed that YAP1 overexpression
was correlated with poor prognosis in CCA.27,32 In human astro-
cytes, IDH1 mutation could suppress cell proliferation through
decreasing YAP1 expression; however, the mechanism of how
IDH1 mutation affected YAP1 expression was unclear.58 Our data
uncovered that decreased YAP1 expression in IDH1 mutated cells
was ascribed to R-2HG, which is the main product of the mutated
IDH enzyme.
Conclusions

This study provides novel insights into the molecular mechanisms of
anti-tumor activity of R-2HG generated from IDH1/2 mutations, the
cross-talk between R-2HG- and ERa-regulated signals, and may help
in the development of novel therapeutic strategies to treat CCA with
IDH mutations.

MATERIALS AND METHODS
Microarray data source

Gene expression profile data (GEO: GSE107102) was downloaded
from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/
geo). Four CCA IDH1/2 mutation samples and 20 wild-type samples
were included. The array data were acquired from Illumina Hu-
manHT-12 WG-DASL v4.0 R2 (GPL14951; transcript [gene]
version).

Analysis of DEGs

GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) was applied to
compare two groups of samples in a GEO series to identify the differ-
entially expressed genes (DEGs) under the same experimental condi-
tions. |log2 fold change (FC)|R 0.5 and p < 0.01 were chosen as cutoff
criteria and defined a statistically significant difference. A volcano
plot map of DEGs was generated using ggplot2.

GO enrichment analysis

Gene Ontology (GO) enrichment analysis was performed by DAVID
6.8.59 DAVID contains a series of functional annotation programs to
explore abundant biological messages of genes, and four prolifera-
tion-related terms were chosen for overlapping. The Venn diagram
was conducted using an online tool (https://bioinfogp.cnb.csic.es/
tools/venny/index.html).

Clinical sample description

We used the public TCGA (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga) database as our
primary source of samples. To analyze the data generated by
TCGA, we directly downloaded all of the CCA patients’ clinical infor-
mation. In total, 43 tumors with clinical data were profiled for survival
analysis. We also performed class discovery and class prediction an-
alyses by comparing gene expressions.

Cell culture and reagents

QBC939 cells were donated by Dr. Xiangcheng Li’s lab,60 HuCCT1
cells were obtained from the Japanese Collection of Research Bio-
resources Cell Bank, and HEK293T cell lines were purchased from
the American Type Culture Collection. All three cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen, Grand Is-
land, NY, USA) with 1% penicillin and streptomycin antibiotics and
10% fetal bovine serum (FBS). All cells were incubated in a humidified
5% CO2 environment at 37�C. All cells were shown to be mycoplasma
negative as detected by PCR. QBC939 and HuCCT1 cells were treated
with 300 mM R-2HG (#16366, Cayman Chemical, Ann Arbor, MI,
USA) for the indicated time points.
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CRISPR-Cas9-mediated IDH1 editing

The pSpCas9(BB)-2A-Puro (PX459) v2.0 was a gift from Dr. Feng
Zhang61 (Addgene plasmid #62988; http://addgene.org/62988). The
guide RNA (gRNA), 50-GCAUGACGACCUAUGATGAUAGG-30,
was chosen through using an online tool developed by Dr. Zhang’s
lab (https://zlab.bio/guide-design-resources). The gRNA was cloned
into a Cas9 vector using Quick Ligase (New England Biolabs, Ipswich,
MA, USA). We designed the 84-bp DNA template with a single base
mutation (CGT-CAT) synthesized by Integrated DNA Technologies
(IDT). Plasmids and templates were electro-transfected into QBC939
cells. After 3 days, the transfected cells were then subjected to puro-
mycin selection for 3 days and viable cells were serially diluted to
generate single-cell clones. The genomic mutation was screened by
Genewiz sequencing.

Lentivirus packaging and cell transfection

The shRNA or overexpression cDNA plasmids were co-transfected
with packaging plasmid psPAX2 and envelope plasmid pMD2.G
into HEK293T cells following the calcium phosphate cell transfection
protocol. After a 48-h incubation, the virus supernatants were har-
vested for immediate use and/or frozen at �80�C for later use. The
oligonucleotide sequences for the construction of the two shRNAs
against ERa follow. The first forward primer was 50-CCG GCT
ACA GGC CAA ATT CAG ATA ATT GGA TCC GTT ATC TGA
ATT TGG CCT GTA GTT TTT G-30, and the first reverse primer
was 50-AAT TCA AAA ACT ACA GGC CAA ATT CAG ATA
ACGGAT CCAATT ATC TGAATT TGGCCT GTAG-30. The sec-
ond pair of primers were forward, 50-CCG GGC AGG ATT GTT
GTG GCT ACT ATT GGA TCC GTA GTA GCC ACA ACA ATC
CTG CTT TTT G-30, and reverse, 50-AAT TCA AAA AGC AGG
ATT GTT GTG GCT ACT ACG GAT CCA ATA GTA GCC ACA
ACA ATC CTG C-30. The oligonucleotide sequences for the con-
struction of the two shRNAs against FTO were as follows. The first
pairs of primers were forward, 50-CCG GTC ACC AAG GAG ACT
GCT ATT TGG ATC CAA ATA GCA GTC TCC TTG GTG ATT
TTT G-30, and reverse, 50-AAT TCA AAA ATC ACC AAG GAG
ACT GCT ATT TGG ATC CAA ATA GCA GTC TCC TTG GTG
A-30. The second pair of primers were forward, 50-CCG GCG GTT
CAC AAC CTC GGT TTA GGG ATC CCT AAA CCG AGG TTG
TGA ACC GTT TTT G-30, and reverse, 50-AAT TCA AAA ACG
GTT CAC AAC CTC GGT TTA GGG ATC CCT AAA CCG AGG
TTG TGA ACC G-30. The oligonucleotide sequences for the con-
struction of the two shRNAs against YAP1 were as follows. The first
pair of primers were forward, 50-CCG GCC CAG TTA AAT GTT
CAC CAA TGG ATC CAT TGG TGA ACA TTT AAC TGG GTT
TTT G-30, and reverse, 50-AAT TCA AAA ACC CAG TTA AAT
GTT CAC CAA TGG ATC CAT TGG TGA ACA TTT AAC TGG
G-30. The second pair of primers were forward, 50-CCG GGC CAC
CAA GCT AGA TAA AGA AGG ATC CTT CTT TAT CTA GCT
TGG TGG CTT TTT G-30, and reverse, 50-AAT TCA AAA AGC
CAC CAA GCT AGA TAA AGA AGG ATC CTT CTT TAT CTA
GCT TGG TGG C-30. The miR-16-5p antisense inhibitor, 50-CGC
CAAUAUUUACGUGCUGCUA-30, was ordered from IDT (New-
ark, NJ, USA).
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RNA extraction and quantitative real-time PCR analysis

Total RNAs were extracted using TRIzol reagent (Invitrogen, Grand
Island, NY, USA). One microgram of total RNA was subjected to
reverse transcription using SuperScript III transcriptase (Invitrogen).
Real-time PCR was conducted using a Bio-Rad CFX96 system with
SYBR Green to determine the mRNA expression level of a gene of in-
terest. Expression levels were normalized to GAPDH level using the
2�DDCt method.
Western blot

Cells were washed twice with cold PBS and lysed in radioimmunopre-
cipitation assay (RIPA) buffer, and proteins (30–50 mg) were
separated on 6%–10% SDS-PAGE gel and then transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). After blocking with 5% BSA, the PVDF membranes
were incubated with primary antibodies and then horseradish perox-
idase (HRP)-conjugated secondary antibodies. Subsequently, The
enhanced chemiluminescence (ECL) system (Thermo Fisher Scienti-
fic, Rochester, NY, USA) was used for visualization. The primary
antibodies used for western blot were ERa (#ab75635, Abcam, Cam-
bridge, MA, USA), GAPDH (#sc-166574, Santa Cruz, Paso Robles,
CA, USA), YAP1 (#sc-376830, Santa Cruz, Paso Robles, CA, USA),
FTO (#ab124892, Abcam, Cambridge, MA, USA), Ago2 (#2897,
Cell Signaling Technology, Boston, MA, USA), and immunoglobulin
(Ig)G (#sc-2027, Santa Cruz, Paso Robles, CA, USA).
RIP

QBC939 and HuCCT1 cells after different treatments were fixed by
4% paraformaldehyde and were lysed in ice-cold lysis buffer supple-
mented with RNase inhibitor. After centrifugation, 1 mL of the
supernatants was pre-cleared by protein A/G beads for 1 h. After
that, samples were incubated with Ago2, IGF2BP3, or m6A antibody
overnight at 4�C. The RNA/antibody complexes were washed four
times by RIPA buffer supplemented with RNase inhibitor and
protease inhibitor cocktail. The RNA was extracted using TRIzol (In-
vitrogen) according to the manufacturer’s protocol and subjected to
quantitative real-time PCR analysis.
ERa mRNA-18S rRNA pull-down assay

The cells were collected in cell lysis buffer after receiving the desig-
nated treatments for 48 h. The cell lysate mixture was rotated over-
night at 4�C after adding 1.5 mL of RNase inhibitor and 500 pM
biotin-labeled anti-sense oligonucleotides against ERa mRNA
(50-TTC CCT GGT TCC TGT CCA AGA GCA-30). The lysate
mixture was rotated for 1 h at 4�C after adding 10 mL of strepta-
vidin agarose beads. The mixture was centrifuged at 3,000 rpm
for 2 min, and then the beads were washed with cell lysis buffer
five times. Total RNAs were extracted by TRIzol (Invitrogen) ac-
cording to the manufacturer’s protocol and reverse transcribed.
Quantitative real-time PCR was used to test the levels of ERa to
ensure that each group was loaded equally for the following step.
18S rRNA was detected using quantitative real-time PCR analysis
from the complex.
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ChIP assay

The cross-linked protein-DNA complexes were fixed by 1% formal-
dehyde and quenched using 125 mM glycine. Cells were harvested
in lysis buffer and subjected to sonication. Normal IgG and protein
A-agarose were used sequentially to preclear the cell lysates. We
then added 2.0 mg of anti-ERa antibody to the cell lysates and incu-
bated them overnight at 4�C. IgG was used in the reaction for a nega-
tive control. Specific primer sets were designed to amplify a target
sequence within the miR-16-1 promoter, and agarose gel electropho-
resis was used to identify the PCR products.

Luciferase reporter assay

A 3-kb length of the miR-16-1 promoter with wild-type or mutant
ERa-responsive elements was cloned into the pGL3-basic luciferase re-
porter vector (Promega, Madison, WI, USA). Then, 500-bp-fragment
nucleotidesof theYAP130UTRwithwild-typeormutantmiRNA-bind-
ing sites were cloned into the psiCHECK-2 vector (Promega) down-
stream of the Renilla luciferase open reading frame (ORF). HuCCT1
and QBC939 cells were plated in 24-well plates and the plasmids were
transfected with Lipofectamine 3000 transfection reagent (Invitrogen,
Carlsbad,CA,USA) according to themanufacturer’s instructions. Lucif-
erase activity was measured 36 h after transfection by a Dual-Luciferase
assay (Promega) according to the manufacturer’s manual.

Preclinical mouse tumor study

Thirty-two 6-week-old female nude mice were purchased from the
National Cancer Institute (NCI) and divided into four groups for in-
jection of QBC939 cells transfected/engineered with (1) IDH1WT+
pLKO, (2) IDH1WT+shERa, (3) IDH1R132H+pLKO, and (4)
IDH1R132H+shERa. The prepared stable QBC939 cells (mixed with
Matrigel, 1:1) were subcutaneously injected at 1� 106 into the mouse
flanks. The growth rates of CCA tumors were monitored by
measuring the length and width of the tumors once a week. The
mice were sacrificed after 8 weeks. Tumors were removed for studies.
Animal experiments were approved by institutional animal care at the
Univeristy of Rochester Medical Center.

IHC

IHC was performed on the xenografted tumors. Formalin-fixed and
paraffin-embedded tissue slides (5 mm) were deparaffinized and rehy-
drated. Antigen retrieval was performed by incubating the tissue
slides in 0.01 M citric acid buffer at 100�C for 10 min. After blocking
with 3% H2O2 and 5% FBS, the slides were incubated with a mono-
clonal antibody against YAP1 (1:100, #sc-376830, Santa Cruz, Paso
Robles, CA, USA) at 4�C overnight. The slides were then reacted
with polymer HRP reagent. The peroxidase activity was visualized
with diaminobenzidine tetrahydrochloride solution. The sections
were counterstained with hematoxylin. Dark brown cytoplasmic
staining of at least 1% of tumor cells was defined as positive, and
no staining or less than 1% of cells stained was defined as negative.

Statistical analysis

Statistical analysis was performed using SPSS software (version 23.0;
SPSS, Chicago, IL, USA) or GraphPad Prism 6 (GraphPad, La Jolla,
CA, USA). The Mann-Whitney U test was applied to compare the
two independent groups when the dependent variable was contin-
uous. A Kruskal-Wallis test with a Dunn-Bonferroni post hoc test
was applied to test the multiple group’s continuous data. All experi-
ments were conducted with three technical replicates and performed
at least three times. The data values were presented as the mean ± SD.
Differences in mean values between two groups were analyzed by a
two-tailed Student’s t test, and the mean values of more than two
groups were compared with one-way ANOVA. p < 0.05 was consid-
ered to indicate a statistically significant difference.
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