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ABSTRACT
◥

As amember of the phospholipase family, phospholipaseCbeta 1
(PLCB1) is involved in phospholipid hydrolysis and is frequently
upregulated in human cancer. However, little is known about the
role of PLCB1 in cholangiocarcinoma (CCA). In this study, we
uncover a role for PLCB1 in CCA progression and identify the
underlying mechanisms. Both human CCA tissues and CCA cell
lines expressed high levels of PLCB1. PLCB1 promoted tumor
development and growth in various CCAmouse models, including
transposon-based tumorigenesis models. PLCB1 activated PI3K/
AKT signaling to induce CCA cells to undergo epithelial-to-
mesenchymal transition (EMT). Mechanistically, PABPC1 inter-
acted with PLCB1 and PI3K to amplify PLCB1-mediated EMT via
PI3K/AKT/GSK3b/Snail signaling. Ectopic PLCB1 induced resis-
tance to treatment with gemcitabine combinedwith cisplatin, which
could be reversed by the AKT inhibitorMK2206. PLCB1 expression
was regulated by miR-26b-5p through direct interaction with
PLCB1 30UTR. Collectively, these data identify a PLCB1–PI3K–
AKT signaling axis vital for CCAdevelopment andEMT, suggesting

that AKT can be used as a therapeutic target to overcome chemo-
therapy resistance in CCA patients with high PLCB1 expression.

Significance: PLCB1 functions as an oncogenic driver in cho-
langiocarcinoma development that confers an actionable therapeu-
tic vulnerability to AKT inhibition.

Overexpression of PLCB1 enhances cholangiocarcinogenesis via an interaction with PABPC1 and activation of
PI3K/Akt signaling, which can be suppressed by the PLCB1-targeting miRNA miR-26b-5p.
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Introduction
Cholangiocarcinoma (CCA), an epithelial cell malignancy orig-

inating from the bile duct, is associated with an extremely short
survival time and is the second most common primary liver cancer
worldwide (1, 2). Although new modalities of chemotherapy (3) and
immunotherapy (4) are being applied broadly, the accepted effective
treatment is still surgical resection (5). Nevertheless, due to insid-
ious early symptoms and fast tumor progression, patients with CCA
often do not present to the clinic until after the optimal resection
time has passed (6). Hence, it is extremely urgent to illuminate the

underlying mechanisms of CCA progression to find novel thera-
peutic strategies.

Phospholipase C, b1 (PLCB1) is a member of the phospholipase
family of proteins whose main function is to catalyze the formation of
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol from phosphati-
dylinositol 4,5-bisphosphate (PIP2; ref. 7). Calcium is required for
this reaction, and PLCB1 plays a pivotal role in the intracellular
transduction of many extracellular signals (8, 9). PLCB1 has been
reported to be associated with several diseases, such as schizophre-
nia (10), epileptic encephalopathy (11), and myotonic dystrophy (12).
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PLCB1 is also involved in the cell cycle and cell proliferation (13), and it
was shown to be a candidate tumor promoter in small cell lung
carcinoma (14), breast cancer (15), and colorectal carcinoma (16).
However, the biological function of PLCB1 in CCA is not clear.
Therefore, we first demonstrated that PLCB1 was a critical promoter
of humanCCAand explored itsmechanism in the progression ofCCA.

MicroRNAs (miRNA) are a class of noncoding single-stranded
RNAs with a length of 22 nucleotides encoded by endogenous genes,
that can regulate posttranscriptional gene expression and silence an
extensive range of target genes. As regulatory factors of oncogenic or
suppressive genes, miRNAs can act as therapeutic targets or biomar-
kers for the diagnosis of cancer (17). To date, miR-26b-5p has been
shown to be associated with multiple cancers, such as Burkitt lym-
phoma (18), non–small cell lung cancer (19), and breast cancer (20).
However, we discovered for the first time that miR-26b-5p could
suppress the progression of CCA by targeting PLCB1.

PABPC1 is one of the functional protein members of the poly-
adenylate-binding protein conserved gene family that participates in poly
(A) shortening, ribosome recruitment, and translation initiation (21).
There is accumulating evidence that PABPC1 is related to several cancer
types, such as prostate cancer (22), hepatocellular carcinoma (23), and
leukemia (24).Via further research,we found that PABPC1coulddirectly
interact with PLCB1. Given that epithelial-to-mesenchymal transition
(EMT) is an important mechanism of malignant tumor metastasis and
contributes pathologically to fibrosis and cancer progression, we also
verified that EMT-related markers can be changed by PLCB1 in CCA.
Furthermore, there is evidence from other studies that EMT plays a vital
role in the spread ofCCA cells (25, 26). Ultimately, we demonstrated that
PABPC1 could facilitate PI3K/AKT/GSK3b/snail signaling downstream
of PLCB1 and regulate the PLCB1-mediated EMT in CCA.

Materials and Methods
Patients and tissue samples

From 2010 to 2018, 60 CCA and matching noncancerous border
tissue samples were acquired during routine surgeries at the First
AffiliatedHospital of HarbinMedical University (Harbin, China). The
histopathologic diagnosis used World Health Organization criteria.
The patients who participated in the study did not receive radiother-
apy, chemotherapy, or immunotherapy before or after surgery.
Tumors were classified according to the sixth edition of the tumor
node metastasis (TNM) classification system published by the Inter-
national Union Against Cancer. Tumor differentiation was classified
according to the classification proposed by Edmondson and Steiner.
Ethical approval was obtained from the First Affiliated Hospital of
Harbin Medical University Research Ethics Committee and written
informed consent was obtained from each patient. The detailed
clinicopathologic characteristics of the 60 CCA specimens used in
this study are listed in Supplementary Table S1.

Ethics approval and consent to participate
Tissue samples were obtained from patients with hepatobiliary

surgery who agreed to participate in the research at The First Affiliated
Hospital of Harbin Medical University (Harbin, China).

Cell lines and cell culture
Normal primary human biliary epithelial cells (HIBEpiC) were gained

from ScienCell Research Laboratories. The immortalized hepatocyte cell
line (Chang) was purchased from the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences, China. TheHuCCT1 cell line was
kindly provided by the Cancer Cell Repository of the Tohoku University

in Japan. CCLP1 and KMBC cell lines were purchased from the BeNa
Culture Collection. RBE and HCCC9810 cell lines were purchased from
Shanghai Bioleaf Biotech Corporation. RBE, HCCC9810, CCLP1, and
HuCCT1 were authenticated using short tandem repeat analysis. The
cancer cell lines used in our study are derived from CCA. All cell lines
were cultured in Dulbecco’s modified Eagle’s medium or Roswell Park
Memorial Institute (RPMI) 1640 supplementedwith 10% v/v fetal bovine
serum and 1% antibiotics (100 U/mL penicillin and 100 mg/mL strep-
tomycin) at 37�C in a 5% CO2 incubator.

Duolink PLA
First, the samples were deposited onto glass slides. Cells were fixed

with 4% (w/v) paraformaldehyde for 5 minutes, and washed three
times with PBS. Nonadherent cells were detached with 0.25% Triton-
X100 for 5 minutes, and then cells were washed with 0.05% PBST
solution. TheDuolink PLA fluorescence protocol (Sigma-Aldrich) was
followed according to the instructions provided by the manufacturer.
Fluorescence or confocal microscopy was used to image the samples.

Hydrodynamic tail-vein injection
For hydrodynamic liver injection, plasmid DNA suspended in 2mL

saline was injected via the tail vein for 5 to 7 seconds into 7-week-old
female C57BL/6 mice and female FVB/N (H2d) mice. The amount of
DNA injected into eachmouse was 20 mg for sgPTEN, 20 mg for sgP53,
5.5mg for pCMV-Sleeping Beauty transposase, and 20mg for PLCB1 or
empty vector control. Vectors for hydrodynamic tail-vein injection
were prepared using the EndoFreeMaxi Kit (Qiagen). All surviving
mice were sacrificed 8 weeks after hydrodynamic injection. The
incidence and tumor volume of CCA were assessed.

In vivo efficacy studies
Firstly, 5� 106 cells suspended in 150 mL PBS were subcutaneously

injected into the flank of male BALB/c athymic nude mice (4–6-week-
old).When the tumors reached a volume of 0.2–0.3 cm3, themice were
divided into two groups (five mice per group): Gem þ Cis þ DMSO
(200 mg/kg gemcitabine, 5 mg/kg cisplatin, intraperitoneal injection)
and Gem þ Cis þ MK2206 (as Gem þ Cis, with the addition of
60 mg/kg MK2206, intraperitoneal injection). All drugs were admin-
istered on experimental days (ED) 1, 5, 9, and 13. Tumor volumes were
calculated using the following formula: volume¼ (length�width2)/2.

Statistical analysis
Statistical analysis was performed using Statistical Package for the

Social Sciences (SPSS) 23.0 software (SPSS) and the GraphPad Prism
software package (v.8.0). Results are presented as means � standard
deviation.Differences between the groupswere analyzed using Student
t tests, and P < 0.05 was considered statistically significant.

Availability of data and materials
All data generated and analyzed during this study are included in

this published article and its additional file.

Results
PLCB1 is aberrantly expressed in human CCA

To determine the genes involved in the development of CCA, we
screened more than 900 metabolism-related genes from the Kyoto
Encyclopedia ofGenes andGenomesdatabase.However, only 12 genes
had statistically significant differential expression and survival prog-
noses (Fig. 1A; Supplementary Fig. S1A and S1B). Next, we regarded
PLCB1 as our candidate gene and investigated its function in CCA. To
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investigate the relationship between PLCB1 and CCA, the expression
of PLCB1was examined in humanCCA tissue and comparedwith that
in corresponding tumor border tissue. In Fig. 1B andC, we found that
PLCB1 was expressed at markedly higher levels in CCA tissue than in
border tissues. Analysis of IHC data indicated that expression of
PLCB1 was high in paraffin sections from CCA patients. In CCA

tissues, there was a total positive proportion of 75% (45/60), which
was much higher than the 26% (13/50) observed in border liver
tissue and 20% (2/10) in normal bile duct samples (Fig. 1D).
Moreover, data derived from public gene-expression databases
confirmed that PLCB1 expression was strikingly higher in human
CCA tissue than in tissue adjacent to the cancer (Supplementary

Figure 1.

Overexpression of PLCB1 in human CCA. A, Heat map presented candidate metabolic genes from The Cancer Genome Atlas and Kyoto Encyclopedia of Genes and
Genomes databases and these genes had statistical significance in differential expression and survival prognosis. CHOL, CCA tissues. B, PLCB1 mRNA levels were
increased in 60 human CCA tissues compared with 50 corresponding normal liver samples and 10 normal bile duct samples. ���� , P <0.0001, based on Student t test.
C, Typical images of PLCB1 protein levels in 60 paired humanCCA and adjacent tissues. T, tumors; N, adjacent normal tissues.D, Typical images of PLCB1 IHC staining
in CCA, normal liver tissues, and normal bile duct tissues. Scale bars, 100�¼ 400 mm; 400�¼ 100 mm. E, PLCB1mRNA levels in CCA cells comparedwith normal liver
(Chang) and normal human intrahepatic biliary (HIBEpiC) cell lines were evaluated by qRT-PCR. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, based on the one-way
ANOVA. F, Western blot indicated PLCB1 protein levels in CCA cells were higher than normal liver (Chang) and normal human intrahepatic biliary (HIBEpiC) cell
lines. G, CCA patients with lymph node metastasis presented higher PLCB1 mRNA levels. ���� , P < 0.0001, based on Student t test. H, Typical images of PLCB1
protein levels in CCA patientswith or without lymph nodemetastasis. LM, lymph nodemetastasis; N0 LM, no lymph nodemetastasis. I, The influence of PLCB1 strong
or weak staining on OS was analyzed by Kaplan–Meier plot. OS, overall survival. J, Typical IHC images of the relationship between expression of PLCB1 and Ki-67 in
clinical CCA samples. Scale bars, 100� ¼ 400 mm; 400� ¼ 100 mm. All experiments were implemented three times and data are presented as mean � SD.
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Fig. S2A–S2C). Furthermore, PLCB1 protein and mRNA levels were
observed to increase gradually from normal liver (Chang) and
normal human intrahepatic biliary (HIBEpiC) cell lines to CCA
cell lines with low metastatic potential (CCLP1, RBE) to CCA cell
lines with high metastatic potential (KMBC, QBC-939, HCCC-
9810, and HuCCT1; Fig. 1E and F), suggesting that PLCB1 might
be related to the metastatic potential of CCA.

To investigate the relationship between PLCB1 and clinical char-
acteristics, we performed statistical analyses and revealed that the
expression of PLCB1 was correlated with cancer stage (P ¼ 0.001),
lymph node status (P ¼ 0.031), and metastasis (P ¼ 0.011; Supple-
mentary Fig. S2D; Supplementary Table S1). Eight paired independent
CCA samples were then investigated to demonstrate that PLCB1
expression levels in patients presenting with lymph node metastasis
were higher than those in patients without metastasis (Fig. 1G andH).
We hypothesized that PLCB1was related to the survival and recurrence
of patients with CCA. According to IHC staining, CCA patients were
divided into PLCB1-high and PLCB1-low expression groups. Kaplan–
Meier curve analysis verified that patients with strong PLCB1 staining
exhibited a decreased trend in overall survival (OS) and disease-free
time (DFS) compared with those with weak PLCB1 staining (Fig. 1I;
Supplementary Fig. S2E). Analysis of publicly available gene-expression
data identified consistent trends in OS and DFS (Supplementary
Fig. S2F). To investigate the prognostic significance of PLCB1, we
applied Cox regression analysis of OS and DFS and found that PLCB1
was an independent prognostic factor for OS in CCA patients
(Supplementary Table S2). Next, we hypothesized that there was
a correlation between PLCB1 levels and tumor proliferation mar-
kers in CCA patient samples. Overall, 32 of 45 CCA samples with
high PLCB1 expression exhibited a high level of Ki-67, whereas 12
of 15 CCA samples with low PLCB1 expression had a low level of
Ki-67, suggesting that PLCB1 expression is correlated with CCA cell
proliferation (Fig. 1J; Supplementary Fig. S2G). These results
indicated that PLCB1 expression is frequently upregulated in
human CCA and is correlated with poor clinical outcomes.

PLCB1 facilitates the proliferation and oncogenicity of CCA cells
by enhancing the G1–S transition in vitro and in vivo

To explore whether PLCB1 facilitates the proliferation and oncoge-
nicity of CCA cells, RBE and CCLP1 CCA cell lines with low PLCB1
expression were infected with a lentivirus overexpressing PLCB1,
whereas HuCCT1 and KMBC cell lines with high PLCB1 levels were
infected with three shRNAs (PLCB1-KD1, PLCB1-KD2, and PLCB1-
KD3) to knock down PLCB1. After transfection, we verified the
efficiency of overexpression and knockdown at the transcription and
protein levels (Supplementary Fig. S3A). HuCCT1 PLCB1-KD3 and
KMBC PLCB1-KD3 cells were chosen for further experiments due to
their high knockdown efficiencies.Wemeasured the proliferation ability
of stable CCA cell lines, determining that PLCB1 overexpression
increased the proliferation ability of RBE and CCLP1cells, whereas
PLCB1 knockdown had the opposite effect on HuCCT1 and KMBC
cells (Fig. 2A; Supplementary Fig. S3B). Similarly, the colony number of
RBE and CCLP1 cells was significantly increased by overexpressed
PLCB1, whereas PLCB1 KD3 resulted in reduced colony numbers in
HuCCT1 andKMBCcells (Fig. 2B). To explore how the growth of CCA
cells was affected by PLCB1, cell-cycle analysis was conducted, which
showed that the G1–S transition was accelerated in RBE-PLCB1 and
CCLP1-PLCB1 cells, but was significantly inhibited in HuCCT1 PLCB1
KD3 and KMBC PLCB1 KD3 cells (Supplementary Fig. S4A). We next
investigated the expression of cell-cycle regulators, cyclinD1, D2, D3, E1,
and E2, and CDK2. cyclins D1, D2, and D3 were increased following

PLCB1 overexpression, whereas PLCB1 KD3 had the opposite effect.
Cyclin E1, and E2 and CDK2 were not significantly affected by PLCB1
(Supplementary Fig. S4B). Results obtained by qRT-PCR at the tran-
scription level supported the above changes (Supplementary Fig. S4B).
Additionally, we explored whether PLCB1 could contribute to CCA cell
growth in vivo with two mouse models (10 mice/group) based on
subcutaneous and orthotopic injection of RBE cells. The data indicated
that PLCB1 increased the tumor volume, whereas knocking down
PLCB1 almost completely abolished tumor formation (Fig. 2C; Sup-
plementary Fig. S5A–S5C). To further confirm the increased tumori-
genicity CCA cells overexpressing PLCB1, pX330 vectors coexpressing
sgRNAs targeting PTEN/P53 and Cas9 and plasmids coexpressing
PLCB1 were constructed. We established a CCA mouse model (27) by
hydrodynamic injection with vector/sgPTEN/sgP53 and PLCB1/
sgPTEN/sgP53 (20 mice/group). The data indicated that PLCB1 over-
expression significantly increased the incidence ofCCA, tumor volume
and tumor burden caused by sgPTEN and sgP53 (Fig. 2D; Supple-
mentary Fig. S5D). Subsequently, in subcutaneous tumor tissues,
PLCB1 overexpression upregulated the key markers of the G1–S
transition, whereas PLCB1 knockdown downregulated these markers
(Supplementary Fig. S6A). We also evaluated Ki-67 expression, which
was upregulated in the RBE-PLCB1 group and downregulated in the
HuCCT1-PLCB1-KD3 group relative to their respective controls
(Supplementary Fig. S6B). These results revealed that PLCB1 facilitates
CCA cell proliferation in vitro and tumorigenesis in vivo.

PLCB1 promotes the motility, migration, and invasion of CCA
cells in vitro and in vivo

We then exploredwhetherPLCB1 could facilitate CCA cellmigration
and invasion in vitro and metastasis in vivo. As expected, PLCB1
overexpression increased RBE and CCLP1 cell migration, whereas
PLCB1 knockdown reduced HuCCT1 and KMBC cell migration
(Fig. 3A). Matrigel-coated (for invasion) and Matrigel-free (for migra-
tion)Transwell assays also showed that overexpressing PLCB1 increased
the invasion and migration of RBE and CCLP1 cells, whereas silencing
PLCB1 had the opposite effect on HuCCT1 and KMBC cells (Fig. 3B;
Supplementary Fig. S6C). Three animal models were established for
in vivo investigation by injecting stably transfected cells (RBE-PLCB1,
HuCCT1-PLCB1-KD3, and controls). Livermetastasis, peritoneal cavity
metastasis, and lung metastasis were measured (10 mice/group). The
number of tumor nodules in the liver was increased in mice implanted
with RBE-PLCB1 cells compared with the control group and was
reduced in mice implanted with HuCCT1-PLCB1-KD3 cells compared
with vector control cells 4 weeks after the operation (Supplementary
Fig. S6D). Analysis of the peritoneal cavitymetastasismodel also showed
that PLCB1 overexpression increased the number ofmetastatic nodules,
whereas PLCB1 knockdown reduced the number of nodules (Supple-
mentary Fig. S6E). We next injected stably transfected cells into nude
mice via the tail vein and monitored the development of metastatic
nodules in the lungs.After 6weeks, thenumber of nodules and incidence
rate were increased with RBE-PLCB1 cells and reduced with HuCCT1-
PLCB1-KD3 cells compared with the respective control cells (Fig. 3C).
The presence of pulmonary metastatic nodules was also tested after
dissecting lung tissue (Fig. 3C). These data provide evidence that PLCB1
is involved in promoting CCA metastasis.

PLCB1 induces EMT in CCA, and snail is essential for PLCB1-
mediated CCA metastasis

EMT is a crucial process for the invasion and metastasis of malig-
nant tumors, so we sought to investigate the relationship between
PLCB1 and EMT in CCA. We found that CCA samples with low
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PLCB1 expression had higher E-cadherin levels than those with high
PLCB1 expression. Concurrently, N-cadherin and vimentin had an
inverse expression pattern, suggesting that PLCB1 is correlated with
EMT markers (Fig. 4A; Supplementary Fig. S7A). Proteins and
mRNAs of CCA human samples exhibited identical effects (Supple-
mentary Fig. S7B). Analyzing the effects of PLCB1 changes on EMT-
related markers of CCA cell lines, we observed that PLCB1 over-

expression in RBE and CCLP1 cells reduced the expression of E-
cadherin and increased the expression of N-cadherin and vimentin.
The opposite results were obtained in HuCCT1-PLCB1-KD3 and
KMBC-PLCB1-KD3 cells (Fig. 4B and C; Supplementary Figs. S7C
and S8A). Previous studies have demonstrated that EMTmarkers can
be regulated by transcription factors such as Snail, Slug, Twist, and
ZEB1/2 (28, 29). We next investigated whether the protein andmRNA

Figure 2.

PLCB1 is important for the proliferation and oncogenicity of CCA cells. A, PLCB1 overexpression and knockdown could affect proliferation abilities of indicated CCA
cell lines via Edu assay analysis. �� , P < 0.01; ��� , P < 0.001, based on Student t test. Scale bars, 100� ¼ 400 mm. B, Typical images of colony formation assays and
colony counts. � , P < 0.1; �� , P < 0.01; ��� , P < 0.001, based on Student t test. C, Typical images of subcutaneous xenograft mice models and hematoxylin and eosin
staining. Scale bars, 400�¼ 100 mm. D, Typical images of bioluminescence pictures, hematoxylin and eosin (H&E), and CK19 staining of vector/sgPTEN/sgP53 and
PLCB1/sgPTEN/sgP53 C57BLmice livers at 8 weeks after hydrodynamic injection respectively. ���� , P < 0.0001, based on Student t test. Scale bars, 100�¼ 400 mm.
All experiments were implemented three times, and data are presented as mean � SD.
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levels of these transcription factors were affected by PLCB1. Our
results revealed that only snail protein and mRNA levels were signif-
icantly upregulated after PLCB1 overexpression, whereas the opposite
was observed after PLCB1 knockdown (Fig. 4B; Supplementary
Fig. S7C). Consistent changes were obtained by immunofluorescence
staining (Supplementary Fig. S8A). The analysis of proteins and
mRNAs extracted from tumor-forming tissue in nude mice was
consistent with the above in vitro experiments (Supplementary
Fig. S8B and S8C). The role of snail in PLCB1-mediated EMT
progression was then examined by overexpressing or knocking down
snail. The use of a lentivirus encoding a snail shRNA in RBE-PLCB1
and CCLP1-PLCB1 cells restored E-cadherin expression and reduced
N-cadherin and vimentin expression. The use of a lentivirus encoding
a snail overexpression construct in HuCCT1-PLCB1-KD3 and

KMBC-PLCB1-KD3 cells reversed the upregulation of E-cadherin
and decreased N-cadherin and vimentin expression (Fig. 4D). Knock-
down of snail reduced the migration and invasion of RBE-PLCB1 and
CCLP1-PLCB1 cells, and, the overexpression of snail enhanced the
migration and invasion ofHuCCT1-PLCB1-KD3 andKMBC-PLCB1-
KD3 cells (Fig. 4E; Supplementary Fig. S8D). Furthermore, the liver
metastatic nodules in mice injected with RBE-PLCB1-sh Snail cells
were fewer and smaller than those in mice injected with RBE-PLCB1-
sh control cells. Conversely, the PLCB1 knockdown–mediated
decrease in liver metastatic nodules with HuCCT1 cells was signifi-
cantly reversed by snail overexpression. These data were further
supported by the liver sections in mice (Supplementary Fig. S9A).
Our results indicate that snail plays a critical role in PLCB1-induced
EMT and metastasis in CAA.

Figure 3.

PLCB1 is important for themigration and invasion of CCA cells. A,Wound-healing assays for indicated cell lines showed motility changes with PLCB1 expression.
��� , P < 0.001; ���� , P < 0.0001, based on Student t test. Scale bars, 100�¼ 400 mm. B, Typical images of Matrigel-coated (for invasion) and Matrigel-uncoated
(for migration) transwell assays for indicated cell lines. Scale bars, 100� ¼ 400 mm. C, Typical images of bioluminescence pictures, specimens, and
hematoxylin and eosin staining of lung metastasis for indicated CCA cell lines. ��� , P < 0.001, based on Student t test. Scale bars, 400� ¼ 100 mm. All
experiments were implemented three times, and data are presented as mean � SD.
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Figure 4.

Snail is essential for PLCB1-mediatedEMT inCCA.A,Typical imagesof IHC staining inCCA tissues presented expression of PLCB1was associatedwith theEMT-related
biomarkers. Scale bars, 100�¼ 400 mm; 400�¼ 100 mm. B,Western blot showed the expression of EMT-associated proteins and transcription factors. C, Typical IF
images of the expression of E-cadherin and vimentin for indicated CCAcell lines. Scale bars, 400�¼ 100mm.D,Western blot presented that snail overexpression and
knockdown restored the levels of the EMT-relatedmarkers andwas affected by PLCB1 in indicated CCA cell lines. Sh Con, snail knockdown negative control. Sh Snail,
snail knockdown. Con, snail overexpression negative control. Snail, snail overexpression. E, Typical images of migration and invasion assays demonstrated that
upregulated and downregulated snail restored the number of the RBE-PLCB1 group and the HuCCT1-PLCB1-KD3 group. Scale bars, 100�¼ 400 mm. All experiments
were implemented three times, and data are presented as mean � SD.
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PLCB1 stimulates the PI3K/AKT/GSK3b/snail signaling pathway
to regulate EMT

BecausePLCB1 inducedCCAmetastasis, we aimed to determine the
mechanism by which PLCB1 regulates EMT. We measured the
abundance of multiple proteins and their phosphorylated forms via

a protein microarray (Full Moon Microsystems) and found that
phosphorylation of AKT and ERK was regulated by PLCB1, which
prioritized the pathway proteins related to tumor metastasis and
invasion (Fig. 5A). Subsequently, these results were confirmed in
other CCA cell lines (Fig. 5B). In addition, IHC staining in C57BL and

Figure 5.

The PI3K/AKT/GSK3b/snail axis is vital for PLCB1-mediated EMT.A,Phosphoproteome array analysis of the expression changes of 157 phospho-specific proteins and
147 non-phospho pairs of 16 cell signaling pathways upon PLCB1 overexpression in HuCCT1 cells. Phosphorylation levels increased by FC (fold changes) ≥ 1.2
compared between HuCCT1 PLCB1 cell lines and HuCCT1 cell lines are shown in the histogram. The phosphorylated proteins of the PI3K/AKT and ERK
pathways, which we paid more attention, are labeled red. B,Western blot analysis of key proteins in the PI3K/AKT and ERK pathways for indicated cell lines. C,
Typical images of IHC staining in C57BL and FVB/N (H2d) mice spontaneous tumor tissues presented PLCB1 overexpression enhanced the expression level of
pAKT. Scale bars, 100�¼ 400 mm; 400�¼ 100 mm. D, The expression levels of key proteins of the PI3K/AKT pathway and EMT process for indicated CCA cell
lines were determined by Western blot after the treatment of 0.2 mmol/L MK2206. E, The expression levels of key proteins of the PI3K/AKT pathway and EMT
process in the indicated cell lines were determined by Western blot after stably transfected AKT knockdown lentivirus. All experiments were implemented
three times, and data are presented as mean � SD.
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FVB/N (H2d) mice spontaneous tumor tissues further verified that
PLCB1 overexpression could significantly enhance the phosphoryla-
tion of AKT (Fig. 5C). Therefore, we conducted experiments to
determine whether PLCB1 regulated CCA cell metastasis via the AKT
or ERK signaling pathways. MK2206, a specific small-molecule inhib-
itor of AKT, reversed the downregulation of E-cadherin and upregula-
tion of N-cadherin and vimentin in both RBE-PLCB1 and CCLP1-
PLCB1 cells (Fig. 5D). In addition, the number of lung metastatic
nodules in mice (10 mice/group) implanted with PLCB1-overex-
pressing RBE cells was reduced by MK2206 (Supplementary
Fig. S9B). However, U1026 and Senkyunolide I, an ERK inhibitor
and agonist, respectively, had no impact on the levels of the proteins
mentioned above (Supplementary Fig. S9C and S9D). To rule out
the possibility of off-target effects of MK2206, lentiviruses encoding
AKT shRNA or overexpression constructs were used. The AKT
shRNA lentivirus had similar effects to MK2206, and the lentivirus
that stably overexpressed AKT had opposite effects (Fig. 5E; Sup-
plementary Fig. S10A). To confirm that AKT is vital for PLCB1 to
induce the EMT process, specific small-molecule inhibitors of PKCu
and GRK2 (sotrastaurin and GSK180736A) were used to verify that
they had no impact on the levels of EMT-related proteins, which
were affected by PLCB1 (Supplementary Fig. S10B and S10C).
Furthermore, we observed that the effects of PLCB1 in normal bile
duct and liver cell lines were similar to the effects in CCA cell lines
(Supplementary Fig. S10D). Overexpression of PLCB1 enhanced the
levels of total and phosphorylated b-catenin and b-catenin nuclear
accumulation (Supplementary Fig. S11A–S11C). In short, our data
demonstrate that the AKT pathway is vital for the PLCB1-induced
EMT process in CCA.

PABPC1 interacts with PLCB1 and regulates the
PLCB1-mediated PI3K/AKT/GSK3b/snail signaling
pathway and metastasis in CCA

To better understand the mechanism of the PLCB1-affected PI3K/
AKT/GSK3b/snail axis, we characterized the protein interaction pro-
file of PLCB1 in RBE andHuCCT1 cell lines bymass spectrometry. To
eliminate the heterogeneity between CCA cells, we identified 15
candidate proteins that were identified in both two mass spectrometry
analyses (Supplementary Fig. S12A; Supplementary Table S3). We
found that PABPC1 was highly expressed in human CCA tissue and
was significantly increased compared with border tissue (Supplemen-
tary Fig. S12B and S12C). These results agreed with those from the
gene-expression database (Supplementary Fig. S12D and S12E). We
also verified that the protein andmRNA levels of PABPC1 in CCA cell
lines were significantly higher than in normal cell lines (Supplemen-
tary Fig. S12F). Both endogenous and exogenous PLCB1 interacted
with PABPC1, and endogenous and exogenous PABPC1 were able to
interact with PLCB1, indicating that there was a correlation between
PLCB1 and PABPC1 (Fig. 6A). Using IF staining, we demonstrated
that PLCB1 and PABPC1 were both localized in the cytoplasm
(Fig. 6B). To test whether the proteins could directly interact, we
observed that endogenous and exogenous PLCB1 could directly
interact with PABPC1 (Fig. 6C). We hypothesized that PABPC1
regulates the PLCB1-mediated PI3K/AKT/GSK3b/snail signaling
pathway and EMT process. Lentiviruses with encoding PABPC1
overexpression or knockdown constructs were transfected into
HuCCT1-PLCB1-KD3 or RBE-PLCB1 cells, respectively. Figure 6D
shows that PABPC1 activated the PI3K/AKT/GSK3b/snail pathway
and the EMT process in HuCCT1-PLCB1-KD3 cells. In contrast, the
knockdown of PABPC1 reduced the activation of the AKT pathway

and reversed the EMT process in RBE-PLCB1 cells (Fig. 6E). To
understand the mechanism by which PABPC1 regulates the PLCB1-
mediated PI3K/AKT pathway and EMT process, we investigated how
endogenous and exogenous PABPC1 interact with PI3K (Supple-
mentary Fig. S13A and S13B). In addition, to better understand
whether PABPC1 is related to lymph node metastasis in patients
with CCA, we verified that CCA tissues with lymph node metastasis
had higher protein levels of PABPC1 than those without (Supple-
mentary Fig. S13C). These findings indicated that PABPC1 can
interact with PLCB1 and regulate the PLCB1-mediated AKT path-
way and EMT process.

MiR-26b-5p targets PLCB1 and inhibits PLCB1-mediated
metastasis in CCA

Two public CCA data sets with sample sizes of more than 100 cases,
namely, the MSK-IMPACT study (n¼ 195; ref. 30) and the Shanghai
study (n ¼ 103; ref. 31), were retrieved from the cBioPortal database.
PLCB1 was not mutated in any of these samples, nor did it have DNA
copy-number variation (Supplementary Fig. S14A and S14B). There-
fore, we aimed to determine whether downregulation of miRNAs that
inhibit and degrade PLCB1 leads to increased PLCB1 expression. To
explore the upstream regulatory mechanism of PLCB1 overexpression
in CCA, we used TargetScan, starBase, and OncomiR to identify
candidate miRNAs. We focused on miRNA-26b-5p, miRNA-20a-
5p, and miRNA-17–5p, which were expressed at low levels in CCA
samples, for further study (Fig. 7A). Only miRNA-26b-5p was sta-
tistically significant in human CCA samples (Fig. 7B; Supplementary
Fig. S15A). Similarly, the level of miR-26b-5p in HIBEpiC and Chang
cell lines was higher than in CCA cell lines (Fig. 7C). To confirm the
direct interaction between miR-26b-5p and the 30UTR of PLCB1
mRNA, we constructed wild-type andmutant sequences of the 30UTR
for luciferase-reporter assays (Fig. 7D). Luciferase activity was sup-
pressed by miR-26b-5p in HEK293T cells transfected with wild-type
PLCB1–30 UTR, whereas there was no difference in the mutant group
(Fig. 7E). We therefore concluded that miR-26b-5p was a direct target
of PLCB1. We next downregulated or upregulated miRNA-26b-5p
with inhibitors in RBE cells or with mimics in HuCCT1 cells. To
validate that miR-26b-5p participates in the CCA-promoting func-
tion of PLCB1, rescue experiments were performed. These revealed
that the knockdown or overexpression of PLCB1 could restore the
activation of the AKT pathway and alter the expression of EMT-
related proteins in RBE cell lines treated with miR-26b-5p inhibitors
or in HuCCT1 cell lines caused by miR-26b-5p mimics (Fig. 7F and
G). Moreover, the knockdown or overexpression of PLCB1 reversed
the changes in invasion and migration induced by miR-26b-5p
inhibitors in RBE cells or by miR-26b-5p mimics in HuCCT1 cells
(Fig. 7H; Supplementary Fig. S15B). The results of lung metastasis
experiments in nude mice were consistent with those of in vitro
experiments (Supplementary Fig. S15C). Taken together, these
results indicate that miR-26b-5p can act on PLCB1 and prevent
PLCB1-mediated metastasis in CCA.

MK2206 can reverse the chemotherapy resistance to
gemcitabine/cisplatin induced by ectopic PLCB1

A growing body of evidence suggests that the efficacy of gemcita-
bine/cisplatin in the treatment of CCA can be enhanced by inhibiting
the AKT pathway (32, 33). Our findings suggest that the AKT pathway
is vital for PLCB1-mediated EMT in CCA. We hypothesized that
MK2206 could reverse the chemotherapy resistance to gemcitabine/
cisplatin induced by ectopic PLCB1. Establishing an in vitro treatment
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model, we determined that MK2206 significantly enhanced the inhib-
itory effects of gemcitabine plus cisplatin on the proliferation of
HuCCT1 and KMBC cell lines, which have high PLCB1 expression.
However, cotreatment with MK2206 and gemcitabine plus cisplatin
had only minor effects on RBE and CCLP1 cell lines, which have low
PLCB1 expression (Supplementary Fig. S16A). Similar results were
obtained from RBE and CCLP1 cell lines overexpressing PLCB1
(Supplementary Fig. S16B). We also established an in vivo therapeutic
mouse model, and the results obtained from the mouse model were
consistent with those obtained from in vitro experiments (Supple-
mentary Fig. S17A and S17B). To summarize, MK2206 can reverse the

chemotherapeutic resistance to gemcitabine/cisplatin induced by
ectopic PLCB1.

The combination of PLCB1 with PABPC1, pAKT, or miR-26b-5p
indicates a poor prognosis for CCA

Given the regulatory relationship between PLCB1 and PABPC1,
pAKT, and miR-26b-5p obtained above, we next analyzed their
abundance in CCA samples. We found positive correlations between
PLCB1 and PABPC1 and between PLCB1 and pAKT and a negative
correlation between PLCB1 andmiR-26b-5p (Fig. 8A–C). In addition,
patients presenting with PLCB1 and PABPC1 or pAKT coexpression

Figure 6.

PABPC1 is closely related to PLCB1-mediated PI3K/AKT/GSK3b/snail signaling in CCA.A, Endogenous and exogenous coimmunoprecipitation indicated that PLCB1
could interact with PABPC1. B, Colocalization between PLCB1 and PABPC1 was explored by immunofluorescence in the indicated CCA cell lines. Scale bars,
400� ¼ 100 mm. C, Typical images of the Duolink PLA experiment predicted PABPC1 directly interacted with PLCB1 via the fluorescence microscope. Scale
bars, 400� ¼ 100 mm. D and E, The expression levels of key proteins of the PI3K/AKT pathway and EMT process for indicated CCA cell lines were determined
by Western blot after stable PABPC1 knockdown and overexpression lentiviral transfection. All experiments were implemented three times, and data are
presented as mean � SD.
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Figure 7.

miR-26b-5p targets PLCB1 in a PI3K/AKT/GSK3b/snail manner.A,Analysis using TargetScan, starBase, andOncomiR databases revealed several candidatemiRNAs
that might regulate PLCB1. B,miR-26b-5p expression was analyzed by qRT-PCR. ���� , P < 0.0001, based on Student t test. C, The expression levels of miR-26b-5p in
CCA cell lines and normal bile duct and liver cell lines. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, based on the one-way ANOVA. D, Binding sites of
miR-26b-5p in wild-type (WT) 30-untranslated region (UTR) of PLCB1 and corresponding mutant type were constructed. E, Luciferase-reporter assays showed that
luciferase activity of HEK293T transfected with WT 30-UTR was obviously inhibited by miR-26b-5p overexpression. �� , P < 0.01, based on Student t test. F, The
expression of the PI3K/AKT pathway and EMT-related markers was analyzed by Western blot after transfecting with miR-26b-5p inhibitor NC (negative control),
miR-26b-5p inhibitor, miR-26b-5p inhibitor plus PLCB1 vector, and miR-26b-5p inhibitor plus PLCB1-KD3. G, The expression of the PI3K/AKT pathway and EMT-
related markers was analyzed by Western blot after transfecting with miR-26b-5p mimic NC (negative control), miR-26b-5p mimic, miR-26b-5p mimic plus PLCB1
Con, and miR-26b-5p mimic plus PLCB1. H, Migration and invasion assays were performed in HuCCT1 and RBE cell lines transfected with miR-26b-5p inhibitor NC
(negative control), miR-26b-5p inhibitor, miR-26b-5p inhibitor plus PLCB1 vector, miR-26b-5p inhibitor plus PLCB1-KD3, miR-26b-5p mimic NC (negative control),
miR-26b-5p mimic, miR-26b-5p mimic plus PLCB1 Con, and miR-26b-5p mimic plus PLCB1. Scale bars, 100� ¼ 400 mm. All experiments were implemented three
times, and data are presented as mean � SD.
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had comparatively worse prognoses (Fig. 8D and E; Supplementary
Fig. S18A and S18B). Patients with high PLCB1 and low miR-26b-5p
exhibited similarly poor outcomes (Fig. 8F; Supplementary Fig. S18C).
In short, the combination of two parameters increases the prognostic
value compared with PLCB1 alone.

Discussion
PLCB1, which exists in the cytoplasm of cells and is located on

chromosome 20p12, is one of the significant members of the

phospholipase family. PLCB1 plays an important role in intracel-
lular signal transduction, and aberrant signal transduction is one of
the significant causes of oncogenesis and cancer progression (34, 35).
The upregulation of PLCB1 has been reported in several types of
malignant tumors. Li and colleagues (36) verified that PLCB1 was
upregulated and related to cell proliferation in hepatocellular
carcinoma (HCC), but they did not explore in any depth the
mechanism by which PLCB1 activates the ERK pathway in HCC.
Similarly, although Wang and colleagues (37) reported the diag-
nostic and prognostic value of mRNA expression of the

Figure 8.

Analysis of clinical prognosis in combination of PLCB1 with PABPC1, pAKT, or miR-26b-5p. A, Typical images of IHC staining analysis of PLCB1 and pAKT
expression in 60 CCA human tissues. Scale bars, 100�¼ 400 mm; 400�¼ 100 mm. B, Typical images of IHC staining analysis of PLCB1 and PABPC1 expression
in 60 CCA human tissues. Scale bars, 100� ¼ 400 mm; 400� ¼ 100 mm. C, Correlation analysis indicated that PLCB1 was positively correlated with pAKT or
PABPC1 and was an inverse correlation with miR-26b-5p. Pearson correlation analysis was used. D, Kaplan–Meier analysis of fraction survival in patients with
variable expressions of PLCB1 and pAKT. E, Kaplan–Meier analysis of fraction survival in patients with variable expressions of PLCB1 and PABPC1. F, Kaplan–
Meier analysis of fraction survival in patients with variable expressions of PLCB1 and miR-26b-5p. All experiments were implemented three times, and data are
presented as mean � SD.
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phospholipase C b family genes in hepatitis B virus–associated
HCC, they did not explore the mechanisms of PLCB1-mediated
proliferation and metastasis in HCC. It is well known that HCC and
CCA have different biological characteristics. Although the inci-
dence of CCA is lower than that of HCC, CCA has a worse
prognosis and shorter median survival time. Moreover, CCA has
no effective targeted drugs such as sorafenib for HCC.

In our research, via The Cancer Genome Atlas and GEO databases,
we found that PLCB1 was highly expressed in CCA. We also dem-
onstrated that PLCB1 was upregulated in CCA tissues and cell lines.
Hence, we propose that PLCB1 has an effect on the occurrence and
development of CCA. By analyzing the relationship between PLCB1
and clinical characteristics, survival, and recurrence, we found signif-
icant differences in TNM stage, lymph node status, distant metastasis,
and prognosis between patients with CCA who exhibited high PLCB1
expression and those patients who exhibited low PLCB1 expression.
Therefore, PLCB1was identified as a novel oncogene and independent
prognostic biomarker for CCA. To discover the pathophysiologic and
clinical significance and latent mechanism of PLCB1 in CCA, both
loss-of-function and gain-of-function experiments were performed,
which showed that knockdown of PLCB1 inhibited and overexpres-
sion of PLCB1-stimulated CCA proliferation, motility, invasion, and
metastasis in vitro and in vivo. To probe the potential mechanism by
which PLCB1 enhances CCA proliferation, we performed a series of
in vitro and in vivo experiments to verify that the differential expres-
sion of PLCB1 could affect the proliferation and tumorigenicity of
CCA cells and impact the G1–S transition. The mechanism by which
PLCB1 contributes to CCA proliferation has not been well explored,
and we hope to determine thismechanism in future research. EMThas
been shown to significantly accelerate metastasis in epithelium-
derived carcinomas, including CCA (38, 39). We hypothesized that
PLCB1 facilitated CCA metastasis by regulating EMT. Using in vitro
and in vivo metastasis-related experiments, we demonstrated that
PLCB1 could affect the protein and mRNA levels of EMT-related
markers in CCA cell lines. Previous studies have demonstrated that
EMT markers can be regulated by transcription factors such as Snail,
Slug, Twist, and ZEB1/2 (28, 29). Via screening these EMT-related
transcription factors, our findings revealed that only snail protein and
mRNA levels were significantly affected by PLCB1 overexpression or
knockdown. Subsequently, in order to discover the signaling pathway
by which PLCB1 affected snail, multiple pathways were screened using
a protein microarray. Although PLCB1 influenced multiple proteins,
PKCu and GRK2 were the cytoplasmic kinase whose expression were
most affected by PLCB1. However, our findings revealed that PKCu
andGRK2 did not affect PLCB1-mediated EMT in CCA cells. Previous
studies have demonstrated that theAKT and ERKpathways are closely
related to malignant tumor metastasis (40, 41). Therefore, we focused
on pAKT and p-ERK. Although PLCB1 affected the level of p-ERK,
the activation of ERK was not critical for the PLCB1-mediated EMT
process. PLCB1 might affect CCA proliferation via the ERK path-
way, but further experiments are required to verify this hypothesis.
In addition, our findings showed that PI3K/AKT signaling pathway
activation and its downstream effects were essential for PLCB1-
mediated EMT in CCA. Although AKT1 is a known oncogene and
regulates many processes, including cell proliferation, cell survival,
and the cell cycle, we paid close attention to the role of AKT in
PLCB1-mediated EMT (42–44). Then, to better understand the
manner by which PLCB1 affected PI3K/AKT signaling, we identi-
fied and verified poly(A) binding protein cytoplasmic 1 (PABPC1)
as a PLCB1-binding protein using mass spectrometry, co-IP, and
Duolink PLA experiments. PABPC1, which is shuttled between the

nucleus and cytoplasm, can bind specifically to the poly(A) tail of
mRNAs to regulate mRNA metabolism (45). PABPC1 is also
associated with a variety of malignant tumors. Likewise, we dis-
covered that PABPC1 was upregulated in human CCA tissue and
cell lines and could regulate the PLCB1-mediated PI3K/AKT path-
way, EMT, and CCA metastasis.

We then explored the reasons for PLCB1 overexpression in CCA.
Two public CCA data sets with sample sizes of more than 100 cases,
namely, the MSK-IMPACT study (n ¼ 195; ref. 27) and Shanghai
study (n ¼ 103; ref. 28), were retrieved from the cBioPortal database.
PLCB1 was not mutated in any of these samples, nor did it have DNA
copy-number variation. Therefore, we aimed to determine whether
downregulated miRNAs that inhibit and degrade PLCB1 lead to
PLCB1 overexpression. Accumulating evidence demonstrates that
miRNAs have instrumental functions in tumor development by
suppressing translation and degrading mRNAs (46). Here, via the
TargetScan, starBase, and OncomiR databases, we identified 11
miRNAs that had potential binding sites for PLCB1. However, only
miR-26b-5p was significantly downregulated in CCA samples. Using
in vitro and in vivo experiments, we found that miR-26b-5p directly
targeted PLCB1 to negatively regulate PLCB1 expression and that
miR-26b-5p blocked PLCB1-mediated EMT and CCA metastasis. A
growing body of evidence suggests that the efficacy of gemcitabine/
cisplatin chemotherapy for CCA can be enhanced by inhibiting the
AKT pathway (30, 31). Using in vitro and in vivo therapeutic models,
we found that the small-molecule AKT inhibitor MK2206 could
reverse the chemotherapy resistance to gemcitabine/cisplatin induced
by overexpression of PLCB1 in CCA. Finally, we used correlation
analyses to determine that the combination of PLCB1 and PABPC1,
pAKT, or miR-26b-5p could be used to predict prognosis for
patients with CCA, which may have guiding significance for future
clinical practice. To our knowledge, our study provides the first
evidence that PLCB1 is a crucial oncogene in CCA and is involved in
CCA proliferation and metastasis. We revealed that PLCB1 could
induce CCA metastasis by activating the PI3K/AKT signaling
pathway. PABPC1 became a bridge between PLCB1 and PI3K and
regulated PLCB1-mediated EMT. In addition, miR-26b-5p targeted
PLCB1 and negatively regulated PLCB1-mediated EMT and CCA
metastasis. MK2206 could inhibit the chemotherapy resistance to
gemcitabine/cisplatin induced by PLCB1 overexpression. The combi-
nation of PLCB1 and PABPC1, pAKT, or miR-26b-5p was predictive
of poor prognosis for patients with CCA. We propose that CCA
patients with high PLCB1 can be treated with AKT inhibitors com-
bined with gemcitabine and cisplatin. We also hope to develop specific
inhibitors for PLCB1 and apply them in clinical trials. Although cancer
stem cells are closely related to metastasis, there are no reports in the
literature on PLCB1 in cancer stem cells. Therefore, in future studies,
we will investigate the role of PLCB1 in cancer stem cells.

In conclusion, our study demonstrates that the PLCB1–PI3K–AKT
axis plays a crucial role in CCA development. Our study provides a
basis for understanding the mechanism of CCA progression and
suggests new prognostic biomarkers for CCA patients.
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