
www.aging-us.com 3759 AGING 

INTRODUCTION 
 

Cholangiocarcinoma (CCA) is one of the most common 

malignant tumors, with a higher incidence and mortality 

rate. Recent epidemiological investigation showed that 

the mortality rate of CCA still increased in many 

countries and regions [1]. The main treatment strategies 

for CCA include surgical resection, chemotherapy, 

radiotherapy, and targeted therapies [2]. However, many 

patients miss the best opportunity for surgery because of 

the late detection of tumors. Achieving the goal of early 

detection and early treatment of CCA requires continuous 

research on the process of tumor pathogenesis and 

progression. LncRNA refers to a non-coding RNA with a 

length of >200 nucleotides and has a non-protein-coding 

function [3]. As an important regulatory factor in the 

human genome, lncRNA regulates histone modification, 

DNA methylation, or chromosome reconstruction 

through epigenetic regulation, transcriptional or post-

transcriptional regulation, and other mechanisms to 

silence or activate genes, and then dynamically control 

disease-related gene changes and some important 
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ABSTRACT 
 

Background: LncRNA is an important regulatory factor in the human genome. We aim to explore the roles of 
LncFALEC and miR-20a-5p/SHOC2 axis on the proliferation, migration, and Fluorouracil (5-FU) resistance of 
cholangiocarcinoma (CCA). 
Methods: In this study, the expression of FALEC and miR-20a-5p in CCA tissues and cell lines (HuCCT1, QBC939, 
and Huh-28) was detected by RT-qPCR. The FALEC in 5-FU-resistant CCA cell lines (QBC939-R, Huh-28-R) was 
knocked down to evaluate its effects on cell proliferation, migration, invasion, and drug resistance. 
Results: Our analysis showed that compared with the adjacent non-tumor tissues, FALEC was significantly 
higher in the CCA tissues and even higher in the samples from 5-FU-resistant patients. Knockdown FALEC 
increased the sensitivity of 5-FU and decreased migration and invasion of CCA cells. Dual luciferase reporter 
confirmed that FALEC sponges miR-20a-5p and down-regulated its expression. Moreover, SHOC2 leucine-rich 
repeat scaffold protein (SHOC2) was the target gene of miR-20a-5p. We found overexpression of FALEC (FALEC-
OE) increased resistance of CCA cells to 5-FU significantly, which might contribute to increased SHOC2 
expression and activation of the ERK1/2 signaling pathway. 
Conclusions: In summary, our study revealed that down-regulation of FALEC could inhibit the proliferation, 
migration, and invasion of CCA cells in vitro by regulating the miR-20a-5p/SHOC2 axis and participating in 5-FU 
resistance by mediating the ERK1/2 signaling pathway. 
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biological processes [4]. The abnormal expression of 

lncRNA can participate in both tumor inhibition and 

carcinogenesis [5]. Currently, many lncRNAs have been 

confirmed to be abnormally expressed in various organ 

tumors. They interact with microRNAs via multiple 

mechanisms regulating gene expression [5]. 

 

Focally amplified lncRNA on chromosome 1 (FALEC) 

is a novel lncRNA located in a focal amplicon on 

chromosome 1q21.2. The local amplification of FALEC 

has been identified as an oncogenic property in a variety 

of human cancers, including endometrial cancer [6], 

tongue squamous cell carcinoma [7], and colorectal 

cancer [8]. Wu et al. [9] found that the expression of 

FALEC was significantly upregulated in gastric cancer 

tissue compared to paired non-tumor tissues, thereby 

possibly involved in promoting the migration and 

invasion ability of gastric cancer cells. MicroRNAs 

(miRNAs) are highly conserved short single-stranded 

non-coding RNAs consisting of 18 to 22 nucleotides. 

They are involved in a variety of biological functions by 

targeting and binding mRNA and participating in gene 

silencing, translation, and suppression [10, 11]. The 

previous studies reported that miR-20a-5p, act as an 

onco-miRNA or anti-cancer gene, promotes or inhibits 

cancer progress dependent with the type of cancer [12]. 

Jones et al. [13] indicated that SHOC2, a scaffold 

protein, participates tumor progression and induce drug 

resistance. Few reports mentioned roles of above genes in 

CCA. In the current study, we aimed to explore the role 

of these signaling molecules in the CCA progression, 

and their further detailed effect in drug resistance. 

 

MATERIALS AND METHODS 
 

Samples and cell lines 

 

All clinical CCA samples were obtained from the  

second hospital of Hebei medical university. Twenty 

pathologically confirmed CCA tissues and adjacent  

non-tumor tissues with complete medical record were 

finally selected. Samples were immediately frozen in 

liquid nitrogen after surgery and then stored at -80° C 

refrigerator. Detailed criteria including patients did not 

receive chemotherapy or radiotherapy before surgery; 

patients received Fluorouracil (5-FU) as the first-line 

chemotherapy drug after surgery at least 6 months. 

Written informed consent was obtained for using and 

analyzing their samples. This study was approved by the 

Ethics Committee of the second hospital of Hebei 

medical university. Their sensitivity to chemotherapy 

was judged as to achieve complete clinical remission or 

no recurrence within 6 months after chemotherapy. The 
chemotherapy resistance is considered as the continuous 

progress of the disease during chemotherapy treatment or 

the recurrence 6 months after chemotherapy. 

Human intrahepatic biliary epithelial cell (HIBEC), 

CCA cell lines including HuCCT1, QBC939, and Huh-

28 were all obtained from Shanghai Cell Bank of 

Chinese Academy of Sciences. HIBEC and the three 

CCA cell lines were cultured in RPMI-1640 medium 

(11875168, Thermo Fisher Scientific, USA) with 10% 

FBS (11875085, Thermo Fisher) supplemented with 

100 U/mL penicillin and 100 μg/mL streptomycin in a 

humidified cell incubator with 5% CO2 at 37° C. 

 

Construction of cell line resistant to 5-FU and 

transfection 

 

Cells resistant to 5-FU (858471, Sigma, MO, USA; 

dissolved in DMSO) were established and selected 

through increasing concentrations of 5-FU in cultured 

medium as a previously reported method [14]. Briefly, 

CCA cells were firstly cultured in the medium 

containing 0.1 μg/ml 5-FU for 2 days, then replaced 

with 5-FU free medium and cultured for another 2 days; 

Subsequently, the dose of 5-FU is continuously 

increased to 1, 10, 20, 40 and 80 μg/ml. Cells stable 

passaged in medium containing 80 μg/ml 5-FU were 

selected and cultured in the medium supplemented with 

5-FU to maintain their resistance. The 5-FU resistant 

cells were termed as QBC939-R and Huh-28-R 

respectively. 

 

The human miR-20a-5p mimic, negative control mimic 

(miR10000075-1-5 and miR1N0000001-1-5), as well as 

interfering sequences of FALEC (lnc3180628030057) 

and SHOC2 (siG000008036B-1-5), were acquired from 

RiboBio Inc., (Guangzhou, China). Overexpression 

plasmids of FALEC (FALEC OE) were constructed by 

pCMV3-N-GFPSpark® carrier (Sino Biological Inc., 

Beijing, China). All sequences are protected by patents. 

All functional experiments were performed 48 hours 

after the transient transfection. Briefly, cells were added 

in triplicate to a 96-well microplate with concentration 

of 1 × 104 cells/well. Transfection were performed with 

Lipofectamine 2000 reagent (11668019, Invitrogen, 

CA, USA) after cells were cultured overnight. Prepared 

mimic, NC mimic or duplexes of small interfering  

RNA (siRNA, 0.6 μg) were diluted by Opti-MEM® 

medium and incubated with diluted lipofectamine® 

2000 Reagent (1:1 ratio) according to manufacturer’s 

instruction, cells were harvested 48 hours after 

transfection. qRT-PCR was applied to validate the 

transfection efficiency. 

 

Quantitative real-time reverse transcription (qRT-

PCR) analysis 

 
Total RNA was isolated from 20 clinical samples and 

CCA cells using TRIzol reagent (R1100 Solarbio Life 

Science, Beijing, China) following the manufacturer’s 
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protocol. Sixty hundred nanogram total RNA per 

sample was used. PrimeScript™ RT reagent Kit with 

gDNA Eraser (RR047A, Takara Bio, Tokyo, Japan) was 

used for complementary DNA (cDNA) synthesis. After 

cDNA synthesis, SYBR Premix Ex Taq™ II (RR820A, 

Takara Bio) was adopted to perform qRT-PCR using 

the LightCycler 480 II Instrument (Roche Molecular 

Systems, Inc, CA, USA). The total reaction volume was 

10 μl, including 5 μl of 2 x SYBR Green PCR buffer, 

0.4 μl of forwarding primer (10 mM), 0.4 μl of reverse 

primer (10 mM), 0.2 μl of ROX Reference Dye II, 3.5 

μl of ddH2O, and 15 ng of cDNA. PCR reaction 

conditions were set as: 95° C 30s; 95° C 5s; 60° C 30s; 

40 cycles, and 65° C 15s. Relative quantification of 

RNA expression was calculated using the 2−ΔΔCt 

method. U6 and GADPH were adopted as internal 

reference gene. 

 

Used primers were: miR-20a-5 (forward, 5′ -TAAAG 

TGCTTATAGTGCAGGTAG-3′; reverse, 5'-TGGTG 

TCGTGGAGTCG-3'). U6 (forward, 5’- CTCGCTTC 

GGCAGCACAT-3’; reverse, 5’- TTTGCGTGTCATC 

CTTGCG-3’). FALEC: forward, 5’-CCTGGCCAAG 

AAGCTCATAC-3’ and reverse, 5’-TGAGGACACC 

GACTACTGAGAA3’. SHOC2 (forward, 5'- TCAGT 

GGTGTATAGGCTGGATTCT-3'; reverse, 5'-GCTAC 

ATCCAGCGTAATGAGGT-3’). GADPH (forward, 5’-

TCAAGGCTGAGAACGGGAAG-3’; Reverse: 5’-CG 

CCCCACTTGATTTTGGAG-3’). 

 

Cell proliferation assay 

 

Cell proliferation was measured by CCK-8 method in 2 

5-FU resistant cell lines, QBC939-R and Huh-28-R. 

Cells (5×103 cells/well) in logarithmic growth stage 

were loaded in triplicate to 96-well plate. Cells were 

transfected with the following sequence: si-FALEC, 

FALAC OE, miR-20a-5p mimic, si-SHOC2 and 

appropriate negative control sequences following the 

above mentioned method. The cells were cultured for 

24, 48 and 72 h, respectively, and 10 μL CCK-8 reagent 

(CA1210, Solarbio Life Science, Beijing, China) was 

added to each well and incubated for another 2 hours 

before measuring cell proliferation. OD value at 450 nm 

of each well was measured by iMark microplate reader 

(Bio-Rad, CA, USA). Cell viability (%) = (OD value of 

experimental group - OD value of blank control group) / 

OD value of blank control group × 100%. 

 

Colony formation assay 

 

Colony formation was evaluated in a 12-well plate. 

Briefly, 1000 μL medium containing 3×102 cell/mL of 
resuspended QBC939-R and Huh-28-R cells, 

transfected with si-FALEC or negative control 

sequence, were loaded in a plate. Cells were cultured 

for 14 days, and the culture medium was removed. 

After washed by PBS, cells were fixed with 4% 

paraformaldehyde for 30 min and stained with 0.05% 

crystal violet for 30 min. The number of colonies were 

counted (>20 cells were recorded record as one clone) 

and images were captured. 

 

Wound healing assay 

 

The wound healing assay was performed as described in 

previous publication [15, 16]. Briefly, a total of 5×104 

cells were inoculated in a 6-well plate and ensure cells 

were evenly distributed. After cultured in an incubator 

for 4 hours, a sterilized 20 μl pipette tip was used to 

generate wounding across the cell monolayer. The 

debris of cells was washed with PBS and cultured for 

another 48 hours. The width of scratches in QBC939-R 

and Huh-28-R cells with or without knocking down 

FALEC were observed under a microscope at 0, 24, and 

48 hours. The images were captured, and scratch width 

was calculated by ImageJ software (NIH, USA). 

 

Transwell assay 

 

The Transwell assay was used to detect migration and 

invasion ability of CCA cell after knocking down 

FALEC. Matrigel (1:20) was added to the upper 

chamber of transwell inserts (3428, Corning Life 

Science, USA) in 6-well plate. After serum removal by 

starvation, 200 μL cell (5×104 cells/ml) was added to 

the upper layer of transwell chamber 48 hours after 

transfection. A total of 600 μL of medium containing 

10% FBS was added to the lower chamber. The plate 

was cultured in 37° C for 12 hours, the non-invasive 

cells in the upper chamber were wiped with cotton 

swabs and invasive cells were stained with 0.1% crystal 

violet. Five fields were randomly selected under a light 

microscope to observe and count the number of invasive 

cells. 

 

Dual-luciferase reporter assay 

 

We obtained the cDNA clone of FALEC from NCBI 

(Gene ID: 100874054). The plasmid (C8021, 

psiCHECK™-2 Vectors, Promega) containing the full 

length wild-type (WT) or mutant (Mut) FALEC miRNA 

response elements (MREs) of miR-20a-5p were 

constructed. The miR-20a-5p mimic or NC mimic were 

co-transfected to QBC939 cells in a 96-well plate by 

lipofectamine® 2000 reagent. After incubated for 48 

hours, the activities of firefly and Renilla luciferase 

were measured using the Dual Luciferase Reporter 

Assay Kit (E1910, Promega) following provided 
protocols, the firefly luciferase activity was normalized 

to the Renilla luciferase activity. The same methods 

were also used for testing the direct binding between 
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miR-201-5p and SHOC2, and the plasmid 

(psiCHECK™-2 Vectors) containing the full length 

wild-type (WT) or mutant (Mut) miRNA response 

elements (MREs) of SHOC2 were constructed. 

 

Western blot analysis 

 

Western blot was performed as per previous 

publications [17–19]. Cells were lysed by 200 μL RIPA 

lysis buffer (R0010, Solarbio) and then centrifuged with 

12000 rpm for 4 minutes at 4° C. The supernatant was 

obtained to separate proteins. An BCA Protein Assay 

Kit (PC0020, Solarbio) was used to detect the 

concentration of total proteins. 

 

Total proteins of the same concentration (30 μg) were 

loaded in 10% gel of SDS-PAGE. The separated 

proteins were transferred to nitrocellulose membranes 

(Millipore, MA, USA) and incubated overnight together 

with primary antibodies, including anti-SHOC2 (1:1000 

dilution, ab229805, Abcam, MA, USA), anti-ERK1/2 

(1:1000 dilution, ab184699, Abcam), anti-pERK1/2 

(1:1000 dilution, ab65142, Abcam) and anti-β-actin 

(1:1000 dilution, ab8226, Abcam). Then, the 

membranes and goat antirabbit IgG H&L (HRP) 

secondary antibody (ab205718, Abcam) were incubated 

at room temperature for 1 hour. Then the membranes 

were immersed in 200 μL Immobilon Western 

Chemiluminescent HRP substrate (WBKLS0100, 

Millipore) and protein signals were recorded by the Bio-

Rad ChemoDox XRS System (Bio-Rad Laboratories, 

CA, USA). 

 

Statistical analysis 

 

The data obtained were statistically analyzed by 

GraphPad Prism 8.0 (GraphPad Software, Inc., CA, 

USA). Results were collected from three independent 

experiments and expressed as mean ± SD. Student's t-

test or one-way analysis of variance was used for 

analysis of significant differences. A two-sided p < 0.05 

was considered statistically significant. 

 

Data availability 

 

The dataset of this study is available from the 

corresponding author upon reasonable request. 

 

RESULTS 
 

Lnc FALEC expression is upregulated in CCA 

samples and cell lines 

 

A total of twenty CCA tumor tissues and their  

match adjacent non-tumor tissues were involved 

successfully. The 20 patients included 15 males and 5 

females, with an average age of 61.9±6.19 years; 11 had 

intrahepatic cholangiocarcinoma (iCCA) and 9 had 

perihilar cholangiocarcinoma (pCCA) and distal 

cholangiocarcinoma (dCCA). Pathological examination 

results showed 12 were in stage I to II, 8 were in stage 

III to IV. Metastasis was confirmed in 7 patients. qRT-

PCR analysis was used to analyze FALEC expression. 

Compared with adjacent non-tumor control, FALEC 

increased in CCA samples (Figure 1A, 1B), however, 

expression of FALEC has no difference in CCA at 

different anatomical locations (Figure 1C). In patients 

who were resistant to 5-FU, FALEC was significantly 

higher than in patients who were sensitive to 5-FU 

(Figure 1D). The expressions of FALEC in HIBEC and 

another 3 CCA cell lines were measured with and 

without 5-FU stimulation (100 μg/ml). We found its 

expressions in 3 CCA cell lines were all increased 

compared with HIBEC, and CCA cell line QBC939 and 

Huh-28 had higher FALEC expression (Figure 1E). 

These two CCA cells were induced to establish stable 5-

FU resistant cell lines and were used for further 

analysis, and their increased half maximum inhibitory 

concentration (IC50) was shown in Figure 1F. 

Significantly increased IC50 to 5-FU also confirmed the 

successful establishment of drug resistant CCA cells. 

 

Knocking down FALEC increases the sensitivity of 

5-FU, decreases proliferation, migration and 

invasion of CCA cells 

 

Aims to investigate biological effect of FALEC in  

CCA, a si-FALEC with the highest transfection efficacy 

was transfected into the two 5-FU resistant cell  

lines, QBC939-R and Huh-28-R. By RT-qPCR, the 

significantly decreased FALEC in both cell lines was 

confirmed (Figure 2A). The sensitivity of QBC939-R and 

Huh-28-R stimulated by different 5-FU concentrations 

were measured after cells were cultured in 5-FU for 48 

hours. We observed decreased cell viability after 

knocking down the FALEC (Figure 2B) in both 5-FU 

resistant cell lines. The proliferation ability was measured 

by clone formation assay. Results also showed that 

knocking down the FALEC significantly decreased the 

proliferation of both cell lines (Figure 2C). Moreover, 

migration analyzed by wound healing showed the 

migration of both cells was inhibited significantly after 

knocking down FALEC (Figure 2D). The invasion 

measured by transwell assay also confirmed knocking 

down of FALEC decreased the invasion ability of in 5-

FU resistant CCA cells (Figure 2E). 

 

FALEC suppresses miR-20a-5p expression in CCA 

cells 

 

FALEC is a non-coding RNA, and bioinformatics 

analysis (ENCORI) showed that the potential binding 
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proteins of FALEC are not involved in the drug 

resistance process. This means FALEC may exert its 

function by targeting miRNA. Bioinformatics analysis 

showed that miR-20a-5p is one potential binding target of 

FALEC. The expression analysis showed that miR-20a-

5p in CCA tumor tissues remarkably decreased compared 

to adjacent non-tumor tissues (P<0.001, Figure 3A). 

Further, the expression of miR-20a-5p in QBC939-R and 

Huh-28-R cells increased after FALEC was knocked 

down by its interfering sequence (Figure 3B). The 

luciferase reporter results showed that luciferase activity 

of the wild-type FALEC sequence (WT-FALEC) 

decreased significantly after the mimic sequence of  

miR-20a-5p was transfected into cells, but not mutant 

sequence (Figure 3C). 

 

miR-20a-5p downregulates the expression of SHOC2 

in CCA cells via direct interaction 

 

We screened the potential targeted functional gene of 

miR-20a-5p via online tools (ENCORI, Target Scan, 

miRDB, and MirTarBase). A total of 380 common  

genes were obtained via Venny online analysis software 

(Figure 4A). The involved pathway of miR-20a-5p was 

further analyzed by DIANA-miRPath [20] via KEGG 

pathway analysis and the results demonstrated MAPK 

pathway was involved in the function of miR-20a-5p. 

SHOC2 Leucine-Rich Repeat Scaffold Protein (SHOC2), 

a gene of MAPK pathway [13], with a conserved binding 

site with miR-20a-5p was finally identified as a potential 

target of miR-20a-5p (Figure 4B). Correlation analysis 

showed that mRNA expression of SHOC2 was 

negatively correlated with the miR-20a-5p in CCA 

tissues (Figure 4C). In addition, upregulation of miR-

20a-5p decreased the expression of SHOC2 both in 

mRNA and protein levels in QBC939-R and Huh-28-R 

cells (Figure 4D, 4E). 

 

FALEC increased the 5-FU resistance of CCA cells 

by enhancing SHOC2 expression via decreasing 

miR-20a-5p 

 

To clarify whether FALEC increased 5-FU resistance 

was dependent with miR-20q-5p/Shoc2 axis, FALEC 

OE plasmid vector was transfected into 5-FU 

unstimulated CCA cells. Results demonstrated level of 

FALEC (FALEC-OE) in QBC939 and Huh-28 cells 

increased their resistance to 5-FU significantly in both 

cells (Figure 5A, 5B). The sensitivity of both cell lines 

was partially restored after the miR-20a-5p mimics was 

co-transfected. On the other hand, knocking down of 

SHOC2 by si-SHOC2 also abolished 5-FU resistance of 

QBC939 and Huh-28 cells increased by FALEC over 

expression (Figure 5A, 5B). We further analyzed the 

 

 
 

Figure 1. The upregulated FALEC expression in cholangiocarcinoma (CCA) samples (n=20) and cell lines, the expression was 
analyzed by RT-PCR. (A, B) The mRNA levels of FALEC were up-regulated in CCA samples compared to adjacent normal tissues; (C) The 
mRNA levels of FALEC were not different in in CCA at different anatomical locations. (D) The mRNA levels of FALEC are significantly higher in 
patients who were resistant to 5-FU, compared to 5-FU sensitive patients; (E) The expressions of FALEC in 3 CCA cell lines were measured 
with and without 5-FU stimulation (100 μg/ml) compared with HIBEC cells. QBC939, and Huh-28 cell lines have higher FALEC expression and 
selected for further analysis; (F) IC50 of normally cultured CCA cells and their corresponding 5-FU resistant cells. 



www.aging-us.com 3764 AGING 

 
 

Figure 2. Knockdown FALEC increase the sensitivity of 5-FU resistant CCA cells. (A) FALEC level was significantly reduced in 5-FU 

resistant cell lines (QBC939-R and Huh-28-R) after transfected by si-FALEC. (B) Cell viability of QBC939-R and Huh-28-R decreased after 
transfected by si-FALEC; *, p<0.05, **, p<0.01, compared with negative control sequence (si-NC); (C) The proliferation ability of cells was 
measured by clone formation assay. Knocking down FALEC decreases the clone formation of QBC939-R and Huh-28-R significantly; (D) The 
migration ability of QBC939-R and Huh-28-R cells were measured by scratch method. Knocking down FALEC decreased the migration ability of 
both cell lines; (E) The invasion ability of QBC939-R and Huh-28-R cells decreased after knocking down FALEC. 
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Figure 3. FALEC suppresses miR-20a-5p expression by direct interaction. (A) Decreased miR-20a-5p expression in CCA tissue when 

compared to adjacent non-tumor tissues, and the expression was analyzed by RT-PCR; (B) The expression of miR-20a-5p increased after 
FALEC was blocked in QBC939-R and Huh-28-R cells; (C) The binding site between FALEC and miR-20a-5p was verified by dual luciferase 
reporter assay. The luciferase activity of the wild-type FALEC sequence (WT-FALEC) decreased significantly after the mimic sequence of miR-
20a-5p was transfected into cells. 
 

 
 

Figure 4. miR-20a-5p downregulates SHOC2 in 5-FU resistant CCA cells via direct binding. (A) The potential target gene of miR-

20a-5p predicted via online tools (ENCORI, Target Scan, miRDB, and MirTarBase) and drawn by Venny online analysis software; (B) The 
predicted binding site of SHOC2 and miR-20a-5p; (C) The mRNA expression of SHOC2 was negatively correlated with the miR-20a-5p in CCA 
tissues; (D, E) upregulation of miR-20a-5p by its mimic decreased the expression of SHOC2 both in mRNA (D) and protein levels (E) of 
QBC939-R and Huh-28-R cells. 
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protein levels of SHOC2 and ERK1/2, the downstream 

activator protein by FALEC. Consistent with the above 

results, upregulation of FALEC increased the protein 

level of SHOC2 and p-ERK1/2, while upregulation of 

miR-20a-5p mimics or knockdown SHOC2 significantly 

reduced their protein levels (Figure 5C, 5D). All these 

results demonstrated that FALEC contributes to the 5-

FU-resistance of CCA cell via decreasing miR-20-5p to 

increase SHOC2/ERK1/2 activation. 

 

DISCUSSION 
 

The incidence of cholangiocarcinoma (CCA) is 

gradually increased, and the early symptoms are easy to 

be ignored and misdiagnosed. In the absence of large-

scale screening and effective screening methods, 

majority of CCA patients cannot be diagnosed early, 

and most of them are found in the middle and late stage, 

which was difficult to treat, and caused heavy disease 

burden and poor prognosis. Early diagnosis is the 

decisive factor to improve the survival rate of CCA 

patients. In this study, we collected a total of 20 

pathologically confirmed CCA tissues and adjacent 

non-tumor tissues to detect the level of FALEC. The 

results showed that compared with the adjacent non-

tumor control, FALEC RNA level was significantly 

higher in the CCA tissue samples, and further the 

expression of FALEC was higher in the 5-fluorouracil 

(5-FU) resistant patients. This result was consistent with 

previous reports, that upregulated FALEC promote the 

progression of digestive system tumors [8, 21]. 

 

In recent years, many studies have shown that long non-

coding RNA (lncRNA) was abnormally expressed in 

CCA tissues, blood and exosomes, which has potential 

application value in diagnosis, prognosis assessment, 

and targeted therapy of CCA [22]. LncRNA generally 

regulate the expression of specific miRNAs as 

competitive endogenous RNA, acting on target 

molecules downstream of miRNA [23]. LncRNA  

can participate in tumor-related signal cascades,  

and further promote or inhibit tumor development 

through transcriptional activation/inhibition, epigenetic 

regulation, nuclear remodeling, mRNA stabilization/ 

degradation, and miRNA sponge function [24, 25]. To 

further investigate the mechanism of FALEC in CCA, 

 

 
 

Figure 5. FALEC increased the 5-FU resistance of CCA cells by miR-20a-5p/SHOC2 axis. (A, B) Overexpression of FALEC (FALEC-

OE) in normally cultured QBC939 and Huh-28 cells increased their resistance to 5-FU significantly in both cells; *, p<0.05, **, p<0.01, 
compared with blank control; #, p<0.05, ##, p<0.01, compared with FALEC-OE; (C, D) protein expression of SHOC2 and its downstream 
activator protein pERK1/2 increased after enhancing FALEC expression (FALEC-OE) in both cell lines. Upregulation of miR-20a-5p or 
knockdown SHOC2 (si-SHOC2) abolished the enhancing effect to SHOC2, and pERK1/2 caused by FALEC. 
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we used two CCA cell lines to establish 5-FU resistant 

CCA cell lines QBC939-R, and Huh-28-R. Then, we 

used siRNA interference to knock down the expression 

of FALEC in CCA cells, and the results showed that the 

proliferation, migration, and invasion of the cells were 

inhibited, suggesting that FALEC plays a carcinogenic 

role in CCA cells. The mechanism action of lncRNA 

mainly include: (1) directly binding to DNA or 

transcription factors to achieve gene expression 

regulation at the transcriptional level; (2) targeting 

mRNA, miRNA, or proteins and regulating their 

activity, stability, and post-transcriptional effects; (3) 

interference with chromatin complexes inhibits or 

activates gene expression in an epigenetic manner [26–

28]. Based on existing research evidence, FALEC 

mainly functions by regulating its targeted miRNA. 

 

In this study, ENCORI online database [29] was used to 

predict and indicates the target gene of FALEC might be 

miR-20a-5p. Previous studies have shown that miR-20a-

5p was downregulated in CCA tissues [30]. In agreement 

with this pooled miRNA microarray results, our study 

showed that the level of miR-20a-5p also downregulated, 

and its expression increased after FALEC was knocked 

down. Dual luciferase assay confirmed that FALEC 

could target to the 3’UTR of miR-20a-5p, and FALEC 

could negatively regulate the expression of miR-20a-5p. 

As non-coding genes, miRNA plays a role by regulating 

target genes in related pathways. Further online databases 

including ENCORI, Target Scan, miRDB and 

MirTarBase were used to predict that the target gene of 

miR-20a-5p might be SHOC2. SHOC2 gene was located 

on chromosome 10q25 [31], SHOC2 protein was also 

known as SUR-8 (Suppressor of RAS-8), which can form 

ternary complex with RAS and RAF-1 to activate 

downstream ERK1/2 activity and participate in regulating 

cell proliferation, differentiation and other processes [32, 

33]. The involvement of Scaffold protein in the process 

of drug resistance may be related to efflux pump 

inhibition [34]. Whether SHOC2 participates in the 

process of 5-FU via this mechanism need further 

investigation. In malignant melanoma, SHOC2 mediates 

acquired resistance of tumor cells to Raf inhibitor 

Vemurafenib through continuous activation of N-RAS 

[35]. SHOC2 can also promote the expression of 

LGALS3BP (lectin galactoside-binding soluble 3 binding 

protein) and so on to control the effect of ERK1/2 

pathway on cell movement and adhesion, and the high 

expression of such proteins in blood and tumor tissues 

was associated with poor prognosis [36]. Moreover, 

inhibiting ERK/MAPK attenuates 5-FU resistance in 

colorectal cancer cells [37]. Sulahian, R et al. [38] 

revealed that deletion of SHOC2 deficiency weakens the 
adaptive reactivation of MAPK signaling pathway 

induced by MEK inhibitors. The above studies suggest 

that SHOC2 plays an important role in the development 

and drug resistance of tumors. We found SHOC2 mRNA 

level was negatively correlated with miR-20a-5p in CCA 

tissues. In addition, FALEC enhances SHOC2 expression 

through competitive adsorption of miR-20a-5p and 

promotes 5-FU resistance in CCA cells by activating 

ERK1/2 signaling pathway. 

 

In conclusion, this study preliminary confirmed that 

FALEC was abnormally highly expressed in human 

CCA tissues and patients with poor response to 5 FU. 

Down-regulation of FALEC can inhibit the pro-

liferation, migration, and invasion of QBC939 and Huh-

28 cells by regulating miR-20a-5p /SHOC2 axis in 

vitro. ERK1/2 signaling pathway was also involved in 

5-FU resistance of CCA cells. FALEC was expected to 

be a potential therapeutic target and molecular marker 

for CCA, and the FALEC / miR-20a-5p / SHOC2 axis 

regulatory network may provide a potential novel 

therapeutic strategy for the treatment of CCA. 

 

AUTHOR CONTRIBUTIONS 
 

HM Du: methodology. SL Hou: conceptualization. LC 

Zhang: data curation. C Liu: bioinformatics analysis. TT 

Yu: software. W Zhang: validation. HM Du: writing-

reviewing and editing. SL Hou: funding acquisition, 

project administration. All authors read and approved the 

final manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare that there are no conflicts of interest. 

 

ETHICAL STATEMENT AND CONSENT 
 

The study was approved by the Second Hospital of Hebei 

Medical University for human tissue analyzing. The 

written informed consent was obtained from patients for 

using and analyzing their samples. All protocols were 

conducted ethically in accordance with the World 

Medical Association Declaration of Helsinki. 

 

FUNDING 
 

The current study was supported by Hebei Natural 

Science Foundation under grant No. H202060514. 

 

REFERENCES 
 
1. Vithayathil M, Khan SA. Current epidemiology of 

cholangiocarcinoma in Western countries. J Hepatol. 
2022; 77:1690–8. 

 https://doi.org/10.1016/j.jhep.2022.07.022 
PMID:35977611 

2. Halder R, Amaraneni A, Shroff RT. Cholangiocarcinoma: 

https://doi.org/10.1016/j.jhep.2022.07.022
https://pubmed.ncbi.nlm.nih.gov/35977611


www.aging-us.com 3768 AGING 

a review of the literature and future directions in 
therapy. Hepatobiliary Surg Nutr. 2022; 11:555–66. 

 https://doi.org/10.21037/hbsn-20-396 
PMID:36016753 

3. Chen Y, Li Z, Chen X, Zhang S. Long non-coding RNAs: 
From disease code to drug role. Acta Pharm Sin B. 
2021; 11:340–54. 

 https://doi.org/10.1016/j.apsb.2020.10.001 
PMID:33643816 

4. Jiang F, Ling X. The Advancement of Long Non-Coding 
RNAs in Cholangiocarcinoma Development. J Cancer. 
2019; 10:2407–14. 

 https://doi.org/10.7150/jca.32411  
PMID:31258745 

5. Wu Y, Hayat K, Hu Y, Yang J. Long Non-Coding RNAs as 
Molecular Biomarkers in Cholangiocarcinoma. Front 
Cell Dev Biol. 2022; 10:890605. 

 https://doi.org/10.3389/fcell.2022.890605 
PMID:35573683 

6. Zheng QH, Shi L, Li HL. FALEC exerts oncogenic 
properties to regulate cell proliferation and cell-cycle in 
endometrial cancer. Biomed Pharmacother. 2019; 
118:109212. 

 https://doi.org/10.1016/j.biopha.2019.109212 
PMID:31387003 

7. Jia B, Xie T, Qiu X, Sun X, Chen J, Huang Z, Zheng X, 
Wang Z, Zhao J. Long noncoding RNA FALEC inhibits 
proliferation and metastasis of tongue squamous cell 
carcinoma by epigenetically silencing ECM1 through 
EZH2. Aging (Albany NY). 2019; 11:4990–5007. 

 https://doi.org/10.18632/aging.102094 
PMID:31335317 

8. Jiang H, Liu H, Jiang B. Long non-coding RNA FALEC 
promotes colorectal cancer progression via regulating 
miR-2116-3p-targeted PIWIL1. Cancer Biol Ther. 2020; 
21:1025–32. 

 https://doi.org/10.1080/15384047.2020.1824514 
PMID:33073675 

9. Wu H, Qiao F, Zhao Y, Wu S, Hu M, Wu T, Huang F, 
Chen W, Sun D, Liu M, Zhao J. Downregulation of Long 
Non-coding RNA FALEC Inhibits Gastric Cancer Cell 
Migration and Invasion Through Impairing ECM1 
Expression by Exerting Its Enhancer-Like Function. 
Front Genet. 2019; 10:255. 

 https://doi.org/10.3389/fgene.2019.00255 
PMID:30984243 

10. Tang Y, Zong S, Zeng H, Ruan X, Yao L, Han S, Hou F. 
MicroRNAs and angiogenesis: a new era for the 
management of colorectal cancer. Cancer Cell Int. 
2021; 21:221. 

 https://doi.org/10.1186/s12935-021-01920-0 
PMID:33865381 

11. Sun W, Julie Li YS, Huang HD, Shyy JY, Chien S. 
microRNA: a master regulator of cellular processes 
for bioengineering systems. Annu Rev Biomed Eng. 
2010; 12:1–27. 

 https://doi.org/10.1146/annurev-bioeng-070909-
105314 PMID:20415587 

12. Huang W, Wu X, Xiang S, Qiao M, Cen X, Pan X, Huang 
X, Zhao Z. Regulatory mechanism of miR-20a-5p 
expression in Cancer. Cell Death Discov. 2022; 8:262. 

 https://doi.org/10.1038/s41420-022-01005-5 
PMID:35577802 

13. Jones GG, Del Río IB, Sari S, Sekerim A, Young LC, Hartig 
N, Areso Zubiaur I, El-Bahrawy MA, Hynds RE, Lei W, 
Molina-Arcas M, Downward J, Rodriguez-Viciana P. 
SHOC2 phosphatase-dependent RAF dimerization 
mediates resistance to MEK inhibition in RAS-mutant 
cancers. Nat Commun. 2019; 10:2532. 

 https://doi.org/10.1038/s41467-019-10367-x 
PMID:31182717 

14. Barone C, Landriscina M, Quirino M, Basso M, Pozzo C, 
Schinzari G, Di Leonardo G, D’Argento E, Trigila N, 
Cassano A. Schedule-dependent activity of 5-
fluorouracil and irinotecan combination in the 
treatment of human colorectal cancer: in vitro 
evidence and a phase I dose-escalating clinical trial. Br J 
Cancer. 2007; 96:21–8. 

 https://doi.org/10.1038/sj.bjc.6603496 
PMID:17164761 

15. Zhang Y, Huang X, Liu J, Chen G, Liu C, Zhang S, Li J. 
New insight into long non-coding RNAs associated with 
bone metastasis of breast cancer based on an 
integrated analysis. Cancer Cell Int. 2021; 21:372. 

 https://doi.org/10.1186/s12935-021-02068-7 
PMID:34256750 

16. Zhang Y, He W, Zhang S. Seeking for Correlative Genes 
and Signaling Pathways With Bone Metastasis From 
Breast Cancer by Integrated Analysis. Front Oncol. 
2019; 9:138. 

 https://doi.org/10.3389/fonc.2019.00138 
PMID:30918839 

17. Zhang S, Xin H, Li Y, Zhang D, Shi J, Yang J, Chen X. 
Skimmin, a Coumarin from Hydrangea paniculata, 
Slows down the Progression of Membranous 
Glomerulonephritis by Anti-Inflammatory Effects and 
Inhibiting Immune Complex Deposition. Evid Based 
Complement Alternat Med. 2013; 2013:819296. 

 https://doi.org/10.1155/2013/819296  
PMID:23990847 

18. Wang W, Sheng L, Chen Y, Li Z, Wu H, Ma J, Zhang D, 
Chen X, Zhang S. Total coumarin derivates from 
Hydrangea paniculata attenuate renal injuries in 
cationized-BSA induced membranous nephropathy by 
inhibiting complement activation and interleukin 10-

https://doi.org/10.21037/hbsn-20-396
https://pubmed.ncbi.nlm.nih.gov/36016753
https://doi.org/10.1016/j.apsb.2020.10.001
https://pubmed.ncbi.nlm.nih.gov/33643816
https://doi.org/10.7150/jca.32411
https://pubmed.ncbi.nlm.nih.gov/31258745
https://doi.org/10.3389/fcell.2022.890605
https://pubmed.ncbi.nlm.nih.gov/35573683
https://doi.org/10.1016/j.biopha.2019.109212
https://pubmed.ncbi.nlm.nih.gov/31387003
https://doi.org/10.18632/aging.102094
https://pubmed.ncbi.nlm.nih.gov/31335317
https://doi.org/10.1080/15384047.2020.1824514
https://pubmed.ncbi.nlm.nih.gov/33073675
https://doi.org/10.3389/fgene.2019.00255
https://pubmed.ncbi.nlm.nih.gov/30984243
https://doi.org/10.1186/s12935-021-01920-0
https://pubmed.ncbi.nlm.nih.gov/33865381
https://doi.org/10.1146/annurev-bioeng-070909-105314
https://doi.org/10.1146/annurev-bioeng-070909-105314
https://pubmed.ncbi.nlm.nih.gov/20415587
https://doi.org/10.1038/s41420-022-01005-5
https://pubmed.ncbi.nlm.nih.gov/35577802
https://doi.org/10.1038/s41467-019-10367-x
https://pubmed.ncbi.nlm.nih.gov/31182717
https://doi.org/10.1038/sj.bjc.6603496
https://pubmed.ncbi.nlm.nih.gov/17164761
https://doi.org/10.1186/s12935-021-02068-7
https://pubmed.ncbi.nlm.nih.gov/34256750
https://doi.org/10.3389/fonc.2019.00138
https://pubmed.ncbi.nlm.nih.gov/30918839
https://doi.org/10.1155/2013/819296
https://pubmed.ncbi.nlm.nih.gov/23990847


www.aging-us.com 3769 AGING 

mediated interstitial fibrosis. Phytomedicine. 2022; 
96:153886. 

 https://doi.org/10.1016/j.phymed.2021.153886 
PMID:35026512 

19. Sen Z, Weida W, Jie M, Li S, Dongming Z, Xiaoguang C. 
Coumarin glycosides from Hydrangea paniculata slow 
down the progression of diabetic nephropathy by 
targeting Nrf2 anti-oxidation and smad2/3-mediated 
profibrosis. Phytomedicine. 2019; 57:385–95. 

 https://doi.org/10.1016/j.phymed.2018.12.045 
PMID:30849675 

20. Vlachos IS, Zagganas K, Paraskevopoulou MD, 
Georgakilas G, Karagkouni D, Vergoulis T, Dalamagas T, 
Hatzigeorgiou AG. DIANA-miRPath v3.0: deciphering 
microRNA function with experimental support. Nucleic 
Acids Res. 2015; 43:W460–6. 

 https://doi.org/10.1093/nar/gkv403 PMID:25977294 

21. Dong W, Gong M, Xiao J, Li H, Tian M, Wang S. Long 
non-coding RNA (FALEC) promotes malignant 
behaviors of gastric cancer cells by regulating miR-
203b/PIM3 axis. Ann Transl Med. 2022; 10:579. 

 https://doi.org/10.21037/atm-22-1561 
PMID:35722357 

22. Li J, Huang L, Li Z, Zhong X, Tai S, Jiang X, Cui Y. 
Functions and roles of long noncoding RNA  
in cholangiocarcinoma. J Cell Physiol. 2019; 
234:17113–26. 

 https://doi.org/10.1002/jcp.28470 PMID:30888066 

23. Jiang Y, Sun-Waterhouse D, Chen Y, Li F, Li D. 
Epigenetic mechanisms underlying the benefits of 
flavonoids in cardiovascular health and diseases: are 
long non-coding RNAs rising stars? Crit Rev Food Sci 
Nutr. 2022; 62:3855–72. 

 https://doi.org/10.1080/10408398.2020.1870926 
PMID:33427492 

24. Fang Y, Fullwood MJ. Roles, Functions, and 
Mechanisms of Long Non-coding RNAs in Cancer. 
Genomics Proteomics Bioinformatics. 2016; 14:42–54. 

 https://doi.org/10.1016/j.gpb.2015.09.006 
PMID:26883671 

25. Li J, Tian H, Yang J, Gong Z. Long Noncoding RNAs 
Regulate Cell Growth, Proliferation, and Apoptosis. 
DNA Cell Biol. 2016; 35:459–70. 

 https://doi.org/10.1089/dna.2015.3187 
PMID:27213978 

26. Marchese FP, Raimondi I, Huarte M. The 
multidimensional mechanisms of long noncoding RNA 
function. Genome Biol. 2017; 18:206. 

 https://doi.org/10.1186/s13059-017-1348-2 
PMID:29084573 

27. Salviano-Silva A, Lobo-Alves SC, Almeida RC, Malheiros 
D, Petzl-Erler ML. Besides Pathology: Long Non-Coding 

RNA in Cell and Tissue Homeostasis. Noncoding RNA. 
2018; 4:3. 

 https://doi.org/10.3390/ncrna4010003 
PMID:29657300 

28. Fernandes JCR, Acuña SM, Aoki JI, Floeter-Winter LM, 
Muxel SM. Long Non-Coding RNAs in the Regulation of 
Gene Expression: Physiology and Disease. Noncoding 
RNA. 2019; 5:17. 

 https://doi.org/10.3390/ncrna5010017 
PMID:30781588 

29. Cheng G, Li Y, Liu Z, Song X. The microRNA-429/DUSP4 
axis regulates the sensitivity of colorectal cancer cells 
to nintedanib. Mol Med Rep. 2021; 23:228. 

 https://doi.org/10.3892/mmr.2021.11867 
PMID:33495832 

30. Likhitrattanapisal S, Kumkate S, Ajawatanawong P, 
Wongprasert K, Tohtong R, Janvilisri T. Dysregulation 
of microRNA in cholangiocarcinoma identified 
through a meta-analysis of microRNA profiling. World 
J Gastroenterol. 2020; 26:4356–71. 

 https://doi.org/10.3748/wjg.v26.i29.4356 
PMID:32848339 

31. Selfors LM, Schutzman JL, Borland CZ, Stern MJ. soc-2 
encodes a leucine-rich repeat protein implicated in 
fibroblast growth factor receptor signaling. Proc Natl 
Acad Sci USA. 1998; 95:6903–8. 

 https://doi.org/10.1073/pnas.95.12.6903 
PMID:9618511 

32. Matsunaga-Udagawa R, Fujita Y, Yoshiki S, Terai K, 
Kamioka Y, Kiyokawa E, Yugi K, Aoki K, Matsuda M. 
The scaffold protein Shoc2/SUR-8 accelerates the 
interaction of Ras and Raf. J Biol Chem. 2010; 
285:7818–26. 

 https://doi.org/10.1074/jbc.M109.053975 
PMID:20051520 

33. Boned Del Río I, Young LC, Sari S, Jones GG, Ringham-
Terry B, Hartig N, Rejnowicz E, Lei W, Bhamra A, 
Surinova S, Rodriguez-Viciana P. SHOC2 complex-
driven RAF dimerization selectively contributes to ERK 
pathway dynamics. Proc Natl Acad Sci USA. 2019; 
116:13330–9. 

 https://doi.org/10.1073/pnas.1902658116 
PMID:31213532 

34. Fleeman RM, Debevec G, Antonen K, Adams JL, Santos 
RG, Welmaker GS, Houghten RA, Giulianotti MA, Shaw 
LN. Identification of a Novel Polyamine Scaffold With 
Potent Efflux Pump Inhibition Activity Toward Multi-
Drug Resistant Bacterial Pathogens. Front Microbiol. 
2018; 9:1301. 

 https://doi.org/10.3389/fmicb.2018.01301 
PMID:29963035 

35. Kaplan FM, Kugel CH 3rd, Dadpey N, Shao Y,  

https://doi.org/10.1016/j.phymed.2021.153886
https://pubmed.ncbi.nlm.nih.gov/35026512
https://doi.org/10.1016/j.phymed.2018.12.045
https://pubmed.ncbi.nlm.nih.gov/30849675
https://doi.org/10.1093/nar/gkv403
https://pubmed.ncbi.nlm.nih.gov/25977294
https://doi.org/10.21037/atm-22-1561
https://pubmed.ncbi.nlm.nih.gov/35722357
https://doi.org/10.1002/jcp.28470
https://pubmed.ncbi.nlm.nih.gov/30888066
https://doi.org/10.1080/10408398.2020.1870926
https://pubmed.ncbi.nlm.nih.gov/33427492
https://doi.org/10.1016/j.gpb.2015.09.006
https://pubmed.ncbi.nlm.nih.gov/26883671
https://doi.org/10.1089/dna.2015.3187
https://pubmed.ncbi.nlm.nih.gov/27213978
https://doi.org/10.1186/s13059-017-1348-2
https://pubmed.ncbi.nlm.nih.gov/29084573
https://doi.org/10.3390/ncrna4010003
https://pubmed.ncbi.nlm.nih.gov/29657300
https://doi.org/10.3390/ncrna5010017
https://pubmed.ncbi.nlm.nih.gov/30781588
https://doi.org/10.3892/mmr.2021.11867
https://pubmed.ncbi.nlm.nih.gov/33495832
https://doi.org/10.3748/wjg.v26.i29.4356
https://pubmed.ncbi.nlm.nih.gov/32848339
https://doi.org/10.1073/pnas.95.12.6903
https://pubmed.ncbi.nlm.nih.gov/9618511
https://doi.org/10.1074/jbc.M109.053975
https://pubmed.ncbi.nlm.nih.gov/20051520
https://doi.org/10.1073/pnas.1902658116
https://pubmed.ncbi.nlm.nih.gov/31213532
https://doi.org/10.3389/fmicb.2018.01301
https://pubmed.ncbi.nlm.nih.gov/29963035


www.aging-us.com 3770 AGING 

Abel EV, Aplin AE. SHOC2 and CRAF mediate  
ERK1/2 reactivation in mutant NRAS-mediated 
resistance to RAF inhibitor. J Biol Chem. 2012; 
287:41797–807. 

 https://doi.org/10.1074/jbc.M112.390906 
PMID:23076151 

36. Jeoung M, Jang ER, Liu J, Wang C, Rouchka EC, Li X, 
Galperin E. Shoc2-tranduced ERK1/2 motility signals--
Novel insights from functional genomics. Cell Signal. 
2016; 28:448–59. 

 https://doi.org/10.1016/j.cellsig.2016.02.005 
PMID:26876614 

37. Zhang G, Luo X, Wang Z, Xu J, Zhang W, Chen E,  
Meng Q, Wang D, Huang X, Zhou W, Song Z. TIMP-2 
regulates 5-Fu resistance via the ERK/MAPK signaling 

pathway in colorectal cancer. Aging (Albany NY). 
2022; 14:297–315. 

 https://doi.org/10.18632/aging.203793 
PMID:35022331 

38. Sulahian R, Kwon JJ, Walsh KH, Pailler E, Bosse TL, 
Thaker M, Almanza D, Dempster JM, Pan J, Piccioni F, 
Dumont N, Gonzalez A, Rennhack J, et al. Synthetic 
Lethal Interaction of SHOC2 Depletion with MEK 
Inhibition in RAS-Driven Cancers. Cell Rep. 2019; 
29:118–34.e8. 

 https://doi.org/10.1016/j.celrep.2019.08.090 
PMID:31577942 

https://doi.org/10.1074/jbc.M112.390906
https://pubmed.ncbi.nlm.nih.gov/23076151
https://doi.org/10.1016/j.cellsig.2016.02.005
https://pubmed.ncbi.nlm.nih.gov/26876614
https://doi.org/10.18632/aging.203793
https://pubmed.ncbi.nlm.nih.gov/35022331
https://doi.org/10.1016/j.celrep.2019.08.090
https://pubmed.ncbi.nlm.nih.gov/31577942

