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The novel long noncoding RNA CRART16 
confers cetuximab resistance in colorectal 
cancer cells by enhancing ERBB3 expression 
via miR‑371a‑5p
Xiaoqian Zhang1, Long Wen1, Shanwen Chen1, Junling Zhang1, Yongchen Ma2, Jianwen Hu1, Taohua Yue1, 
Jingui Wang1, Jing Zhu1, Dingfang Bu3 and Xin Wang1* 

Abstract 

Background:  Long noncoding RNAs (lncRNAs) have been shown to participate in multiple biological processes and 
confer drug resistance. However, it remains unclear whether lncRNAs are involved in conferring cetuximab resistance 
in colorectal cancer (CRC) cells.

Methods:  Cell Counting Kit-8 (CCK-8) assays were performed to assess the sensitivity of CRC cell lines to cetuximab 
treatment. We incubated Caco-2 cells, which are partially responsive to cetuximab, with increasing concentrations of 
cetuximab for approximately 6 months to generate Caco-2 cetuximab-resistant (Caco-2 CR) cells. Microarray analysis 
comparing Caco-2 CR with Caco-2 cells was used to identify lncRNAs that were potentially related to cetuximab resist-
ance. Caco-2 cells were stably transduced with cetuximab resistance-associated RNA transcript 16 (CRART16) or an 
empty vector using lentiviral infection; the cells were designated Caco-2-CRART16 and Caco-2-NC, respectively, and 
were analyzed with RNA sequencing (RNA-seq). Quantitative real-time PCR (qRT-PCR) was performed to investigate 
RNA expression. Flow cytometry and TUNEL assays were used to assess apoptosis levels induced by cetuximab. The 
cell cycle, stemness biomarkers and membrane proteins of CRC cells were assessed via flow cytometry. RNA fluores-
cence in situ hybridization (FISH) was used to examine CRART16 localization and expression. Bioinformatics analysis 
was performed to predict the potential mechanism of CRART16, which was further validated by a dual-luciferase 
reporter assay. Differences in measurement data were compared using Student’s t test, one-way ANOVA followed by 
Dunnett’s test and two-way ANOVA.

Results:  The novel lncRNA CRART16 was upregulated in Caco-2 CR cells. CRART16 overexpression reversed the 
effects of cetuximab on cell viability and reduced cetuximab-induced apoptosis. Meanwhile, CRART16 overexpression 
led to increases in the proportion of CD44+/CD133+ cells. In addition, CRART16 acts as a competing endogenous RNA 
(ceRNA) for miR-371a-5p to regulate V-Erb-B2 Erythroblastic Leukemia Viral Oncogene Homolog 3 (ERBB3) expression. 
MiR-371a-5p mimics counteracted the cetuximab resistance induced by CRART16 overexpression. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis revealed that after CRART16 was overexpressed, the resulting 
differentially expressed mRNAs were mainly enriched in the MAPK signaling pathway.
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Background
Colorectal cancer (CRC) is the third most commonly 
diagnosed cancer (after lung cancer and breast can-
cer), with 1.8 million newly diagnosed cases annually, 
and is the second leading cause of cancer-related death 
according to GLOBOCAN 2018 [1]. In the past two dec-
ades, with the use of chemotherapeutic drugs and the 
development of treatments, the overall survival (OS) of 
metastatic colorectal cancer (mCRC) patients has been 
prolonged to approximately 2  years [2]. The application 
of targeted agents, such as cetuximab and bevacizumab, 
further improved the OS of mCRC patients to approxi-
mately 30  months [3, 4]. Cetuximab, an immunoglobu-
lin G1 (IgG1) monoclonal antibody against epidermal 
growth factor receptor (EGFR), competitively binds to 
the extracellular domain of EGFR, thereby attenuat-
ing ligand-induced EGFR tyrosine kinase activity [5] 
and blocking downstream RAS–RAF–MAPK, PI3K–
PTEN–AKT and JAK–STAT3 signaling [5, 6]. However, 
approximately 80% of mCRC patients who harbor KRAS, 
NRAS, BRAF and PIK3CA gene mutations do not benefit 
from cetuximab treatment [7, 8], and almost all patients 
who are sensitive to cetuximab will progress within 
3–12  months [9]. More recently, attention has been 
given to the mechanism underlying the development of 
acquired resistance to cetuximab, and it remains a prom-
ising approach for seeking novel therapeutic targets for 
late-stage CRC.

Long noncoding RNAs (lncRNAs), which are longer 
than 200 nucleotides (nt) and do not have protein-coding 
potential [10], have been implicated in various biologi-
cal processes [11], associated with different cancer types 
[12] and involved in drug resistance [13]. Moreover, the 
functions of lncRNAs are summarized into four arche-
types: signals, decoys, guides, and scaffolds [14]. The spe-
cific functions of lncRNAs are related to their subcellular 
localization [15]. In-cis-accumulated lncRNAs can act in 
cis or in trans once they are transcribed. The lncRNAs 
those localize in the nucleoplasm in trans and accumu-
late to specific nuclear bodies can act in trans. Moreover, 
cytoplasmic lncRNAs can interfere with protein post-
translational modifications, regulate gene expression 
by binding microRNAs (miRNAs) and proteins, affect 
mRNA translation, etc. LncRNAs participate in gene reg-
ulation by serving as miRNA sponges, a molecular mech-
anism known as competing endogenous RNAs (ceRNAs) 
[16]. The lncRNA CRNDE was shown to promote CRC 

cell proliferation and chemoresistance by regulating miR-
181a-5p in vitro [17]. The lncRNA SNHG6 was reported 
to promote CRC cell growth, migration, and invasion 
both in  vitro and in  vivo by interacting with miR-26a, 
miR-26b, and miR-214 and regulating their common tar-
get EZH2 [18].

In this study, we found that ENST00000564193.1 was 
upregulated after prolonged cetuximab stimulation in 
Caco-2 cells. Based on this finding, we named this novel 
transcript lncRNA cetuximab resistance-associated RNA 
transcript 16 (CRART16). In addition, the overexpression 
of CRART16 induced cetuximab resistance by down-
regulating miR-371a-5p, which negatively regulates the 
expression of V-Erb-B2 Erythroblastic Leukemia Viral 
Oncogene Homolog 3 (ERBB3).

Materials and methods
Cell lines and cell culture
The human CRC cell lines HCT116, HT29, HCT8, 
SW620 and Caco-2 were purchased from the Cancer 
Institute of the Chinese Academy of Medical Science. 
HT29, HCT8, SW620 and Caco-2 cells were cultured 
in Dulbecco’s modified Eagle’s medium–high glucose 
(DMEM, Thermo Fisher Scientific, MA, USA), while 
HCT116 cells were grown in McCoy’s 5A Medium 
(Thermo Fisher Scientific, MA, USA). DMEM and 
McCoy’s 5A were both supplemented with 10% fetal 
bovine serum (FBS, Thermo Fisher Scientific, MA, USA) 
and 1% penicillin–streptomycin (Thermo Fisher Scien-
tific, MA, USA). All cells were cultured in a humidified 
incubator with 5% carbon dioxide (CO2) and 95% air at 
37 °C. Caco-2 cetuximab-resistant (Caco-2 CR) cells was 
generated by exposing cells to increasing concentrations 
of cetuximab at a constant concentration of 200  μg/ml 
over 6  months. The residual colonies were designated 
Caco-2 CR.

Microarray analysis
Total RNA was extracted from Caco-2 and Caco-2 CR 
cells using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA). The RNA purity and concentration were deter-
mined with OD260/280 readings using a spectropho-
tometer. Complementary DNA (cDNA) was labeled with 
Cy3-dCTP using Eberwine’s linear RNA amplification 
method and an enzymatic reaction. Then, amplified com-
plementary RNA (cRNA) was transcribed from double-
stranded cDNA (dsDNA). After reverse transcription, 

Conclusions:  CRART16 overexpression may contribute to cetuximab resistance through the miR-371a-5p/ERBB3/
MAPK pathway. Additionally, CRART16 contributes to the acquisition of stemness properties.
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the Klenow enzyme labeling strategy was adopted using 
CbcScript II reverse transcriptase. Subsequently, arrays 
loaded with labeled cDNA were hybridized in an Agi-
lent hybridization oven overnight. Array data were ana-
lyzed by GeneSpring software V13.0 (Agilent). After data 
summarization, normalization and quality control, gene 
expression data were log2-transformed and median-cen-
tered by genes using the adjust data function of CLUS-
TER 3.0 software.

RNA isolation, library construction and sequencing
Total RNA was extracted using TRIzol reagent follow-
ing the manufacturer’s instructions. RNA degradation 
and contamination were monitored on 1% agarose gels. 
The purity of RNA was verified using a NanoPhotometer 
spectrophotometer (IMPLEN, CA, USA). The concentra-
tion of RNA was measured using a Qubit® RNA Assay 
Kit with a Qubit® 2.0 Fluorometer (Life Technologies, 
CA, USA). RNA integrity was assessed using an RNA 
Nano 6000 Assay Kit and an Agilent Bioanalyzer 2100 
system (Agilent Technologies, CA, USA). A total amount 
of 3 µg RNA per sample was used as the input material 
for RNA sample preparation and for small RNA libraries. 
Sequencing libraries were generated using an NEBNext® 
Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) 
and an NEBNext® Multiplex Small RNA Library Prep 
Set for Illumina® (NEB, USA.) following the manufac-
turer’s recommendations, and index codes were added 
to attribute specific sequences to each sample. The clus-
tering of index-coded samples was performed on a cBot 
Cluster Generation System using a TruSeq PE Cluster 
Kit v3-cBot-HS (Illumina) according to the manufactur-
er’s instructions. After cluster generation, libraries were 
sequenced on an Illumina platform, and 125  bp/150  bp 
paired-end reads were generated. Differential expression 
analysis of two groups was performed using the DESeq2 
R package (1.16.1).

Lentivirus transduction
The plasmid pCDH-CMV-MCS-EF1-GFP+Puro, which 
contained the full-length CRART16 cDNA, and an 
empty vector were purchased from Mailgene Biosciences 
Co., Ltd. (Beijing, China). 293T cells were transfected 
with a psPAX2-pMD2.G lentiviral vector packaging sys-
tem to produce lentivirus. The viral supernatant was 
collected at 24 h and 48 h after transfection and filtered 
through a 0.45-μm PVDF filter. The viral supernatant 
was mixed with PEG-8000 (Solarbio, Beijing, China) and 
incubated overnight at 4 °C. Lentiviruses were harvested 
by centrifugation at 8000 rpm for 30 min and then resus-
pended in complete medium. Caco-2 cells were infected 
with lentiviruses in the presence of 5  μg/ml polybrene 
(Sigma-Aldrich, MO, USA). Twenty-four hours after 

infection, the infectious medium containing lentiviruses 
was replaced with complete medium. After confirming 
GFP expression in Caco-2 cells, puromycin selection was 
performed at 6.5 μg/ml for at least 2 weeks. After stable 
transfection was completed, Caco-2 cells overexpressing 
CRART16 and negative control cells were named Caco-
2-CRART16 cells and Caco-2-NC cells, respectively. The 
expression of CRART16 in Caco-2-CRART16 cells and 
Caco-2-NC cells was measured by quantitative real-time 
PCR (qRT-PCR).

RNA extraction and quantitative real‑time PCR analyses
Total RNA was extracted from CRC cells using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. Four micrograms of total 
RNA were reverse transcribed into cDNA using a Rever-
tAid RT Reverse Transcription Kit (Thermo Fisher Sci-
entific, MA, USA) and TransScript miRNA First-Strand 
cDNA Synthesis SuperMix (Transgen Biotech, Beijing, 
China). qRT-PCR was performed on an Applied Biosys-
tems 7500 Real-Time PCR System (Applied Biosystems) 
using PowerUp™ SYBR™ Green Master Mix (Thermo 
Fisher Scientific, MA, USA). The relative expression 
of lncRNAs and mRNAs was normalized to that of 
GAPDH. U6 small nuclear RNA (snRNA) was used as an 
internal control for miRNA in each sample. The relative 
concentrations of RNAs were calculated using the com-
parative cycle threshold (CT) (2−△△CT) method. Primer 
sequences are provided in Table 1.

Cell viability assay
Exponentially growing cells were seeded in 96-well plates 
at a density of 3000 cells in 100  μl complete medium. 
Twenty-four hours after cell plating, cells were incubated 
with graded concentrations (0–200  μg/ml) of cetuxi-
mab (Merck KGaA, Darmstadt, Germany) for 48 h. Cell 
Counting Kit-8 (CCK-8; Bimake, Shanghai, China) rea-
gent was added to the 96-well plates and incubated for 
1–3 h at 37 °C. The absorbance was measured at 450 nm 
and recorded. Each concentration had six replicates, and 
the experiment was repeated at least three times.

Flow cytometry analysis of apoptosis and the cell cycle
Cells were plated in T25 flasks at a density of 
1.5 × 105  cells in 4  ml complete medium. Twenty-four 
hours after cell plating, cells were incubated with or with-
out 200 μg/ml cetuximab for 48 h. Apoptotic cells were 
measured by flow cytometry (BD Biosciences, NJ, USA) 
after staining with APC Annexin V and 7-amino-actin-
omycin D (7-AAD, BD Biosciences, NJ, USA) following 
the manufacturer’s instructions. In the analysis of the 
apoptotic status, APC Annexin V−/7-AAD− denotes live 
cells; APC Annexin V+/7-AAD− denotes early apoptotic 
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cells; APC Annexin V−/7-AAD+ denotes necrotic cells; 
and APC Annexin V+/7-AAD+ denotes late apoptotic 
cells. For cell cycle analysis, cells were harvested and 
incubated with 75% ethanol overnight at 4 °C and stained 
with propidium iodide (PI)/RNase Staining Buffer (BD 
Biosciences, NJ, USA) following the manufacturer’s 
instructions. Each experiment was repeated three times.

Flow cytometry analysis of membrane proteins
CD44 and CD133 were measured by a FACSCalibur flow 
cytometer (BD Biosciences, NJ, USA) to evaluate the 
percentage of cancer stem cell (CSC)-like cells. EGFR, 
ERBB3 and c-MET were measured by Gallios (Beckman). 
Single-cell suspensions were prepared and incubated 
with Human TruStain FcX™ (Fc Receptor Blocking Solu-
tion, BioLegend, CA, USA) at 5 μl per 106 cells in 100 μl 
PBS at room temperature for 10  min. Anti-CD44-APC 
(BioLegend, CA, USA) and anti-CD133-PE (BioLeg-
end, CA, USA) or anti-human EGFR-PerCP/Cyanine5.5 
(BioLegend, CA, USA), anti-human erbB3/HER-3-PE 
(BioLegend, CA, USA) and anti-human c-MET-AF647 
(BD Biosciences, NJ, USA) were added at a constant 
concentration of 5 μl antibody/106 cells/100 μl PBS and 
incubated in the dark at room temperature for 15  min. 
Negative controls were stained with corresponding 

isotype control products. All experiments were repeated 
three times. In this study, the fluorescence intensity data 
were approximately normally distributed, so the arithme-
tic mean fluorescence intensity (MFI) was used to indi-
cate the expression of membrane proteins.

TUNEL
A total of 2 × 104  cells was seeded onto coverslips in 
24-well plates. Coverslips were fixed with 4% paraform-
aldehyde for 30  min at room temperature. Endogenous 
peroxidase was blocked with methanol and 30% H2O2 at 
a 50:1 ratio for 30 min at room temperature. Cell apop-
tosis was assessed by a TUNEL Apoptosis Detection 
Kit I, POD (Boster, California, USA) as per the manu-
facturer’s instructions. Then, slides were incubated with 
diaminobenzene (DAB, Boster, California, USA) followed 
by counterstaining with hematoxylin (Solarbio, Beijing, 
China). After dehydration in an ethanol series and clear-
ing with xylene, coverslips were mounted with mounting 
medium (GSGB Bio, Beijing, China).

Transient transfection
Transient transfection was performed using Lipo-
fectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. Cells were 
transfected with double-stranded miR-371a-5p mim-
ics and negative control RNA (miR-NC) (GenePharma, 
Shanghai, China).

Fluorescence in situ hybridization (FISH)
Two pairs of primers specific for CRART16 were 
designed, and their specificity was confirmed by NCBI 
BLAST (Table 2). Two specific fragments for CRART16 
were generated by the PCR amplification of genomic 
DNA from a normal, healthy person, and these frag-
ments were cloned into a TA cloning vector. Clones were 
selected for sequencing, and then gene-specific plas-
mids were linearized. Linearized plasmids were labeled 
with PCR Fluorescein Labeling Mix (Roche, Basel, Swit-
zerland) by PCR as per the manufacturer’s instructions. 
Then, the bands of PCR products were detected at the 
expected positions by agarose gel electrophoresis. In 
addition, slides were sterilized by immersion in 75% 

Table 1  Primer sequences used for qRT-PCR

Gene Sequence of the primers

lncRNA CRART16, forward primer 5′-TGA​TAG​TGA​GGC​CTC​CTG​CAA-3′

lncRNA CRART16, reverse primer 5′-CTG​GAG​TTC​TGC​AGG​TTC​CTTT-3′

miR-371a-5p, forward primer 5′-ACT​CAA​ACT​GTG​GGG​GCA​CT-3′

U6, forward primer 5′-GCA​AGG​ATG​ACA​CGC​AAA​TTC-3′

ERBB3, forward primer 5′-CTC​CGA​GGT​GGG​CAA​CTC​T-3′

ERBB3, reverse primer 5′-TGT​ACA​GTG​TCT​GGT​ATT​GGT​TCT​
CA-3′

ATP8B1, forward primer 5′-GAG​AAC​CGG​GAG​CCA​TTC​A-3′

ATP8B1, reverse primer 5′-AAG​TGA​GGT​TGT​TCG​TGG​TAC​TTG​-3′

KAT6A, forward primer 5′-TGT​TGT​GAT​CCG​CCA​CTC​A-3′

KAT6A, reverse primer 5′-TCC​TTT​TTT​CCT​AGG​TCG​ACA​TAT​
TT-3′

FKTN, forward primer 5′-AGG​AAG​CCG​AAT​TGG​ATT​TGA-3′

FKTN, reverse primer 5′-CAC​TGG​TAC​ATT​TTG​GTT​GGA​TGT​-3′

UCHL5, forward primer 5′-TCC​CGA​CTT​GAC​ACG​ATA​TTTTT-3′

UCHL5, reverse primer 5′-TGG​TGG​GTA​CAG​TTC​AGT​AAC​ACA​-3′

NUF2, forward primer 5′-GCT​GAT​GGT​AAA​AAC​CTC​ACCAA-3′

NUF2, reverse primer 5′-GCT​CTC​ATG​TAG​ATC​ATG​TGC​AAG​
A-3′

RPS6KA3, forward primer 5′-ACC​TAT​GGG​AGA​GGA​GGA​GAT​TAA​
C-3′

RPS6KA3, reverse primer 5′-CCT​TTA​CAT​GAT​GTG​TGA​TTG​CAA​T-3′

Table 2  Primer sequences for FISH probes

Probe Primer Sequence

Probe A Forward primer 5′-CAC​ACC​TTG​TGC​TTC​CAT​AGA​ATT​-3′

Reverse primer 5′-CTG​GTC​TGT​GGT​GTT​TGT​TAT​AGC​C-3′

Probe B Forward primer 5′-GGA​ACC​TGC​AGA​ACT​CCA​GG-3′

Reverse primer 5′-CCC​AGC​ACA​CGT​GAC​TTG​ATAG-3′
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alcohol and exposure to ultraviolet light. CRC cells were 
seeded on slips in 10-cm dishes and harvested in the log-
arithmic phase. After incubating at 56 °C for 30–60 min, 
specimens were fixed with methanol and glacial acetic 
acid at a 3:1 ratio for 20 min at room temperature. Then, 
the slides were washed with 2× SSC for 30  min, dehy-
drated in a gradient ethanol series and incubated at 56 °C. 
The labeled DNA was dissolved in a hybridization solu-
tion composed of 50% deionized formamide, 5× SSC, 5× 
denhardt, 0.5% SDS, 100 μg/ml salmon sperm DNA and 
10% dextran sulfate and was denatured at 73 °C for 5 min. 
Specimens were hybridized according to the manufactur-
er’s instructions. Subsequently, the slides were mounted 
with antifading solution containing DAPI. Signals were 
detected by confocal laser scanning microscopy.

Dual‑luciferase assay
The full-length sequence of CRART16 and the ERBB3 
3′ untranslated region (3′-UTR) were subcloned into the 
pmiR-RB-Report™ vector (Ribobio, Guangzhou, China). 
The WT vector or the empty vector and miR-371a-5p 
mimics or NC were cotransfected into 293T cells using 
Lipofectamine 3000 reagent following the manufacturer’s 
instructions. Forty-eight hours after transfection, the 
luciferase activity was assessed using a Dual-luciferase 
Reporter Assay System (Promega, Madison, Wisconsin, 
USA).

Statistical analysis
All statistical analyses were performed using the SPSS 
24.0 statistical software package (Chicago, IL). Data are 
presented as mean ± standard deviation (SD). P values 
were two-sided and considered significant at a level of 
0.05. Differences in measurement data were compared 
using Student’s t test, one-way ANOVA followed by 
Dunnett’s test and two-way ANOVA.

Results
Establishment of cetuximab‑resistant Caco‑2 cells
We examined the sensitivity of a panel of CRC cell lines 
to cetuximab treatment by incubating the cells with 
various concentrations of cetuximab for 48  h, and then 
CCK8 assays were performed. Based on dose–response 
curves, HCT116 cells are intrinsically resistant to cetuxi-
mab, while Caco-2, SW620 and HCT8 cells are par-
tially responsive (Fig.  1a). Then, we incubated Caco-2 
cells with increasing concentrations of cetuximab for 
approximately 6  months to generate Caco-2 CR, which 
were cultured with cetuximab at a constant concentra-
tion of 200 μg/ml. Cell viability was assessed by a CCK8 
assay (Fig. 1b). Flow cytometry and TUNEL assays were 
used to assess the extent of apoptosis induced by cetuxi-
mab in Caco-2 cells and Caco-2 CR (Fig.  1c and d and 
Additional file  1: Figure S1a). According to the results, 
cetuximab mainly induces late apoptosis (APC Annexin 
V+/7-AAD+cells in flow cytometry and TUNEL-posi-
tive cells) with increasing concentrations of cetuximab. 
Cell cycle analysis by flow cytometry showed that there 
were no differences between Caco-2 cells and Caco-2 
CR cells, while cetuximab inhibited the proliferation of 
Caco-2 cells by inducing G0/G1 cell cycle arrest (Fig. 1e 
and Additional file  1: Figure S1b). Flow cytometry was 
performed to evaluate the cell ratio of EGFR+, EBBB3+ 
and c-MET+ cells and the MFIs of these three membrane 
proteins. As shown in Fig. 1f and Additional file 1: Figure 
S1c, the expression of EGFR was blocked by continued 
stimulation of cetuximab, resulting in a compensatory 
overexpression of ERBB3 and c-MET. In addition, the 
percentage of CD44+/CD133+ cells, which were consid-
ered CSC-like cells, was evaluated by flow cytometry. The 
results indicated that cells with stemness properties were 
more populated over long-term treatment by cetuximab 
(Fig. 1g and Additional file 1: Figure S1d).

(See figure on next page.)
Fig. 1  Phenotypic characteristics of Caco-2 and Caco-2 CR cells. a The sensitivity of a panel of CRC cell lines (HCT116, SW620, Caco-2 and HCT8) 
to cetuximab treatment was assessed by CCK8 assays. CRC cells were incubated with graded concentrations (0–200 μg/ml) of cetuximab for 
48 h. Six replicates were used for each concentration, and the experiment was repeated at least three times. Data are presented as mean ± SD. 
b Cell viability was assessed by CCK8 assays in Caco-2 and Caco-2 CR cells treated with various concentrations of cetuximab (0–200 μg/ml) for 
48 h. Each concentration had six replicates, and the experiment was repeated at least three times. Data are presented as mean ± SD. **P < 0.01 
by two-way ANOVA. c Flow cytometry was performed in Caco-2 and Caco-2 CR cells with cetuximab treatment (100 μg/ml and 200 μg/ml) for 
48 h. All experiments were repeated three times, and data are presented as mean ± SD. **P < 0.01 by Student’s t test. ##P < 0.01 by one-way ANOVA 
followed by Dunnett’s test. d Caco-2 and Caco-2 CR cells were treated with or without 200 μg/ml cetuximab (CTX) for 48 h. Apoptosis was detected 
by a TUNEL assay. Scale bar = 100 μm. e The cell cycle was assessed by flow cytometry in Caco-2 and Caco-2 CR cells after 48 h of treatment with 
cetuximab (200 μg/ml). All experiments were repeated three times, and data are presented as mean ± SD. */#P < 0.05, **/##P < 0.01 by Student’s t 
test. f The percentage of EGFR-, ERBB3-, and c-MET-positive cells and the MFI were determined by GALLIOUS flow cytometry in Caco-2 and Caco-2 
CR cells. All experiments were repeated three times, and data are presented as mean ± SD. *P < 0.05, **P < 0.01 by Student’s t test. g Flow cytometry 
analysis showed the expression of stemness biomarkers of CRC cells, CD44 and CD133, in Caco-2 and Caco-2 CR cells. All experiments were 
repeated three times, and data are presented as mean ± SD. *P < 0.05 by Student’s t test
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Identification of differentially expressed lncRNAs involved 
in cetuximab resistance
A lncRNA microarray comparing Caco-2 CR with 
Caco-2 cells was used to investigate the potential molec-
ular mechanisms of cetuximab resistance. To detect dif-
ferentially expressed lncRNAs, we used threshold fold 

change values of ≥ 2 and ≤ −2. As shown in the scatter 
plots (Fig. 2a), the two groups were compared, and a total 
of 356 transcripts were differentially expressed, which 
included 161 upregulated lncRNAs and 195 downregu-
lated lncRNAs.
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Establishment of cell lines with stable CRART16 
overexpression
To validate the results of the lncRNA microarray, the 
expression levels of the top 10 upregulated genes were 
analyzed by qRT-PCR in CRC cell lines. Our results 
showed that the novel lncRNA ENST00000564193.1 
was the most differentially expressed gene, which was 
increased by 13.31-fold in Caco-2-CR compared with 
Caco-2 cells (Fig.  2b). ENST00000564193.1 is 744  bp 
long, is located on chromosome 16, contains 2 introns 
and 3 exons, and is designated CRART16 based on the 
HUGO Gene Nomenclature Committee (HGNC) Guide-
lines [19]. The expression level of CRART16 in other 
CRC cell lines was also assessed by qRT-PCR. Our data 
revealed that CRART16 expression was upregulated not 

only in Caco-2-CR cells with acquired cetuximab resist-
ance but also in HCT116 cells with primary cetuximab 
resistance (Fig.  2b). Then, we stably transduced Caco-2 
cells with CRART16 using lentiviral infection, and the 
cells were designated Caco-2-CRART16. Caco-2 cells 
that were transfected with an empty vector were desig-
nated Caco-2-NC. The transfection efficiency was deter-
mined by fluorescence microscopy and qRT-PCR (Fig. 2c, 
d).

CRART16 promotes cetuximab resistance in CRC cells 
and contributes to the acquisition of stemness properties
To determine whether CRART16 was involved in cetuxi-
mab resistance, a CCK8 assay was used to assess cell 
viability, and the results showed that Caco-2-CRART16 
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Fig. 2  CRART16 is upregulated in Caco-2 CR. a Scatter plots show the difference in the expression of lncRNAs between Caco-2 and Caco-2 CR 
cells. Red dots above the red line indicate significantly upregulated lncRNAs, whereas green dots below the green line indicate significantly 
downregulated lncRNAs. b The expression of the CRART16 was detected in a panel of CRC cell lines (Caco-2, Caco-2 CR, HCT116, SW620 and 
HCT8) by qRT-PCR. GAPDH was used as an internal control. All experiments were repeated three times, and data are presented as mean ± SD. c The 
transfection efficiency and morphology of Caco-2-CRART16 and Caco-2-NC cells were viewed by bright field and fluorescence microscopy. Scale 
bar = 100 μm. d Transfection efficiency of the lncRNA CRART16 was detected in Caco-2-CRART16 and Caco-2-NC cells by qRT-PCR. GAPDH was 
used as an internal control. All experiments were repeated three times, and data are presented as mean ± SD. **P < 0.01 by Student’s t test
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cells were more resistant to cetuximab than Caco-2-NC 
cells (Fig.  3a). After treatment with cetuximab for 48  h, 
compared with Caco-2-CRART16 cells, Caco-2-NC 
cells had an increased proportion of late apoptotic cells 
(Fig. 3b and Additional file 2: Figure S2a). In addition, the 
TUNEL assay results were highly consistent with the flow 
cytometry results (Fig. 3c). Furthermore, the overexpres-
sion of CRART16 did not cause significant changes in cell 
cycle distribution but could inhibit the G0/G1 phase cell 
cycle arrest caused by cetuximab (Fig. 3d and Additional 
file  2: Figure S2b). The MFIs of ERBB3 and MET were 
higher in Caco-2- CRART16 cells than in Caco-2-NC 
cells, whereas the MFI of EGFR was lower (Fig.  3e and 
Additional file 2: Figure S2c). Notably, CRART16 overex-
pression led to an increase in the proportion of CD44+/
CD133+ cells (Fig.  3f and Additional file  2: Figure S2d). 
Collectively, these data demonstrated that CRART16 
confers cetuximab resistance to CRC cells and contrib-
utes to the acquisition of stemness properties.

CRART16 functions as a miR‑371a‑5p sponge
To explore the potential mechanism through which 
CRART16 confers cetuximab resistance, we first deter-
mined the subcellular localization of CRART16. RNA 
fluorescence in  situ hybridization (FISH) showed that 
CRART16 was located in the cytoplasm and nucleus and 
was enhanced in Caco-2 CR cells compared with Caco-2 
cells (Fig. 4a). Previously published literature indicated that 
lncRNAs in the cytoplasm can participate in multiple phys-
iological and pathological processes by acting as miRNA 
sponges. Therefore, RNA sequencing (RNA-seq) analysis 
was performed on Caco-2 cells overexpressing CRART16. 
The results showed that 65 miRNAs were upregulated and 
39 miRNAs were downregulated in Caco-2-CRART16 cells 
compared with Caco-2-NC cells (Fig.  4b). Then, we used 
TargetScan, RNAhybrid and MiRanda to predict whether 
there are potential binding sites between CRART16 and 
the downregulated miRNAs. According to the predicted 
results, CRART16 harbors several binding sites within 

miR-371a-5p, only three of which are displayed in Fig. 4c. 
In addition, the expression of miR-371a-5p was measured 
by qRT-PCR; the expression was lower in Caco-2 CR cells 
than in Caco-2 cells and was lower in Caco-2-CRART16 
cells than in Caco-2-NC cells (Fig.  4d). A dual-luciferase 
reporter assay was performed to evaluate the interaction 
between CRART16 and miR-371a-5p (Fig.  4e). Our data 
showed that the relative luciferase activity was reduced 
after cotransfection with miR-371a-5p mimics and the 
CRART16-WT vector, which did not change after cotrans-
fection with NC and the CRART16-WT vector and 
cotransfection with miR-371a-5p mimics and the empty 
vector. The results demonstrated that miR-371a-5p was 
a CRART16-targeting miRNA. In conclusion, CRART16 
negatively regulated the expression of miR-371a-5p by 
directly binding to it, suggesting that CRART16 might act 
as a sponge for miR-371a-5p. In subsequent experiments, 
we evaluated the role of miR-371a-5p in cetuximab resist-
ance caused by CRART16 overexpression. The transfection 
efficiency was analyzed by qRT-PCR 48 h after transfection 
(Fig. 4f). The CCK8 assay indicated that the overexpression 
of miR-371a-5p reversed cetuximab resistance in Caco-2-
CRART16 cells (Fig. 4g). Taken together, these results sug-
gest that CRART16 contributes to cetuximab resistance by 
downregulating the expression of miR-371a-5p.

CRART16 modulates ERBB3 expression 
in a miR‑371a‑5p‑dependent manner
Based on RNA-seq for mRNA, bioinformatics analy-
sis was performed to predict potential mRNAs down-
stream of miR-371a-5p. The results indicated that seven 
mRNAs, which included ERBB3, ATP8B1, KAT6A, 
FKTN, UCHL5, NUF2 and RPS6KA3, might be tar-
geted by miR-371a-5p. We performed qRT-PCR to con-
firm the data obtained by RNA-seq (Fig.  5a). Then, we 
focused on ERBB3, which is the recognized bypass mem-
brane protein of the EGFR signaling pathway. The bind-
ing sites between miR-371a-5p and the ERBB3 3′ UTR 
were predicted by TargetScan and RNAhybrid, only three 

(See figure on next page.)
Fig. 3  CRART16 promotes cetuximab resistance and contributes to the acquisition of stemness properties of CRC cells. a CCK8 assay was 
performed to assess the cell viability of Caco-2-CRART16 and Caco-2-NC cells treated with graded concentrations of cetuximab (0–200 μg/ml) for 
48 h. Each concentration had six replicates, and the experiment was repeated at least three times. Data are presented as mean ± SD. **P < 0.01 by 
two-way ANOVA. b Flow cytometry was performed in Caco-2-CRART16 and Caco-2-NC cells with cetuximab treatment (100 μg/ml and 200 μg/
ml) for 48 h. All experiments were repeated three times, and data are presented as mean ± SD. **/##P < 0.01 by Student’s t test. c Caco-2-CRART16 
and Caco-2-NC cells were treated with 200 μg/ml cetuximab for 48 h. Apoptosis was detected by a TUNEL assay. Scale bar = 100 μm. d The cell 
cycle was assessed by flow cytometry in Caco-2-CRART16 and Caco-2-NC cells after 48 h of treatment with cetuximab (200 μg/ml). All experiments 
were repeated three times, and data are presented as mean ± SD. *P < 0.05, **/##P < 0.01 by Student’s t test. e The percentage of EGFR-, ERBB3-, 
and c-MET-positive cells and the MFI were determined by a GALLIOUS flow cytometer in Caco-2-CRART16 and Caco-2-NC cells. All experiments 
were repeated three times, and data are presented as mean ± SD. **P < 0.01 by Student’s t test. f Flow cytometry analysis showed the expression of 
stemness biomarkers in CRC cells, CD44 and CD133, in Caco-2-CRART16 and Caco-2-NC cells. All experiments were repeated three times, and data 
are presented as mean ± SD. *P < 0.05 by Student’s t test
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of which are displayed in Fig.  5b. MiR-371a-5p mimics, 
but not NC, repressed the activity of the ERBB3 3′ UTR 
reporter constructs, as seen in dual-luciferase reporter 
assays (Fig.  5c). The results demonstrated that ERBB3 
was a direct target gene of miR-371a-5p. Subsequently, 
we carried out a rescue experiment to determine whether 
CRART16 modulates ERBB3 expression in CRC cells 
via miR-371a-5p. Caco-2-CRART16 cells were tran-
siently transfected with miR-371a-5p mimics. Two days 
after transient transfection, ERBB3 mRNA levels were 
quantified by qRT-PCR. As illustrated in Fig.  5d, miR-
371a-5p mimics caused the downregulation of ERBB3 
in Caco-2-CRART16 cells. The ERBB3 protein level was 
assessed by flow cytometry 72 h after transient transfec-
tion and also changed concurrently with the mRNA lev-
els (Fig. 5e). Based on these results, we demonstrated that 
CRART16 upregulated ERBB3 expression in a miR-371a-
5p-dependent manner.

Analysis of differentially expressed genes (DEGs) 
between Caco‑2‑CRART16 and Caco‑2‑NC cells
RNA-seq was further performed to identify the potential 
signaling pathways underlying the effect of CRART16 
in both the Caco-2-NC and Caco-2-CRAR16 cell lines. 
DEGs were defined as genes with > 2-fold differences 
and an adjusted P value (padj) < 0.005. Gene Ontol-
ogy (GO) enrichment analysis and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis were 
annotated by ClusterProfiler. GO analysis consists of 
biological process (BP), molecular function (MF) and cel-
lular component (CC) (Additional file  3: Figure S3a, b). 
KEGG analysis was performed to identify significantly 
different pathways between Caco-2-CRART16 and Caco-
2-NC cells. As shown in Additional file  3: Figure S3c, 
we found that the MAPK signaling pathway and ErbB 
signaling pathway were two differentially enriched path-
ways. Therefore, we hypothesized that CRART16 might 
confer cetuximab resistance though the MAPK signaling 
pathway, which is downstream of EGFR and ERBB3. In 

addition, DEGs were more strongly related to CRC and 
EGFR tyrosine kinase inhibitor (TKI) resistance, and 
these results confirmed the effect of CRART16 on cetuxi-
mab resistance. Moreover, the DEGs involved in the four 
pathways showed a close correlation based on protein–
protein interaction (PPI) mapping (Additional file 3: Fig-
ure S3d).

Discussion
In recent years, both the incidence and mortality of CRC 
have increased in China due to the ‘westernization’ of 
lifestyle-related factors [20]. Chemotherapy combined 
with anti-EGFR treatments, such as cetuximab and pani-
tumumab, could significantly improve the outcome of 
patients with (K)RAS wild-type mCRC [21]. However, 
mCRC patients develop acquired resistance to cetuximab 
within 1  year, leading to disease progression. Therefore, 
the initial purpose of this study was to identify whether 
lncRNAs confer cetuximab resistance. In this study, we 
focused on the novel lncRNA CRART16, which was iden-
tified by an RNA microarray and is upregulated during 
acquired cetuximab resistance in a CRC cell line. Since 
CRART16 expression was observed in the cytoplasm, we 
hypothesized that CRART16 exerts its effects by acting as 
a miRNA sponge. After overexpressing CRART16 in the 
Caco-2 cell line, RNA-seq analysis was performed. Com-
bined with bioinformatics analysis, CRART16 caused 
cetuximab resistance by binding to miR-371a-5p, result-
ing in an increase in ERBB3 expression, which was exper-
imentally verified. Additionally, CRART16 contributed to 
the acquisition of stemness properties in CRC cells.

In recent years, numerous lncRNAs, originally named 
long RNAs (lRNAs) [22], have been identified by 
researchers and have become research hotspots in the 
field of medicine, especially in cancer initiation, promo-
tion, and progression. For example, both the lncRNA 
HNF1A-antisense 1 (HNF1A-AS1) and the lncRNA 
nuclear-enriched abundant transcript 1 (NEAT1) 
are upregulated in colon cancer tissues, promote the 

Fig. 4  CRAT16 functions as a miR-371a-5p sponge. a FISH analysis of CRART16 in Caco-2 and Caco-2 CR cells (nuclei were stained with DAPI). 
Scale bar = 25 μm. b MiRNA heatmap shows the top differentially expressed miRNAs in Caco-2-CRART16 cells versus Caco-2-NC cells. c Schematic 
diagram of the predicted binding sites between lncRNA CRAT16 and miR-371a-5p. d The expression of miR-371a-5p was detected in Caco-2, Caco-2 
CR, Caco-2-CRART16 and Caco-2-NC cells by qRT-PCR. U6 was used as an internal control. All experiments were repeated three times, and data 
are presented as mean ± SD. *P < 0.05, **P < 0.01 by Student’s t test. e Dual-luciferase reporter assays in 293T cells. The relative luciferase activity 
was measured after cotransfection with miR-371a-5p mimics or NC and either the pmiR-RB-Report™-CRART16-WT vector or the empty vector. 
All experiments were repeated three times, and data are presented as mean ± SD. **P < 0.01 by Student’s t test. f The expression of miR-371a-5p 
was detected by qRT-PCR in Caco-2-CRART16 cells after transfection of miR-371a-5p mimics. U6 was used as an internal control. All experiments 
were repeated three times, and data are presented as mean ± SD. *P < 0.05, **P < 0.01 by Student’s t test. g CCK8 assay was performed to assess 
the cell viability of Caco-2-CRART16 cells after miR-371a-5p overexpression with graded concentrations of cetuximab (0–200 μg/ml) for 48 h. Each 
concentration had six replicates, and the experiment was repeated at least three times. Data are presented as mean ± SD. **P < 0.01 by two-way 
ANOVA

(See figure on next page.)
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proliferation and invasion of CRC cells and function as 
ceRNAs to modulate miRNA-34a expression, subse-
quently causing the repression of the miR-34a/SIRT1 axis 
[23, 24]. The lncRNA plasmacytoma variant transloca-
tion 1 (PVT1)-214 acts as an oncogene that can facili-
tate proliferation, migration, and invasion in CRC cells 
by reducing Lin28 protein degradation and enhancing 

its stability and by increasing Lin28 at the posttran-
scriptional level by binding to miR-128 [25]. However, 
there has been little research on the role of lncRNAs in 
cetuximab resistance. The downregulation of lncRNA 
POU class 5 homeobox  1 pseudogene 4 (POU5F1P4) 
expression led to cetuximab resistance in CRC cells [26]. 
Conversely, the knockdown of LINC00973, which is 
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upregulated in cetuximab-resistant cells, ameliorated the 
resistance of CRC cells to cetuximab [27]. In this study, 
we draw attention to the role of CRART16 in acquired 
cetuximab resistance. The overexpression of CRART16 
has been shown to decrease the sensitivity of CRC cells 
to cetuximab by various experiments.

Noncoding RNAs that are 21–25 nt in length were first 
recognized in 1993 [28] and were named miRNAs in 2001 
[29–31]. MiRNAs can act as oncogenes and tumor sup-
pressor genes, leading to the degradation of downstream 
mRNAs by binding to complementary sequences in the 

3′ UTR of mRNAs [32]. In addition, miRNAs can par-
ticipate in anticancer therapy resistance, thus affecting 
patient prognosis. MiR-100 and miR-125b were upregu-
lated in cetuximab-resistant cells, and this result is con-
sistent with our RNA-seq results (Fig. 4b); miR-100 and 
miR-125b cooperativity induced cetuximab resistance by 
elevating the activity of the Wnt signaling pathway [33]. 
Likewise, the decreased expression of miR-199a-5p and 
miR-375 can increase sensitivity to cetuximab by enhanc-
ing PHLPP1 expression [34]. According to bioinformatics 
analysis and experimental validation by dual-luciferase 
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reporter assays, our findings suggest that CRART16 over-
expression increased ERBB3 expression by binding to 
miR-371a-5p. Several previous studies have shown that 
miR-371a-5p contributes to the development and pro-
gression of different cancers, such as hepatocellular car-
cinoma (HCC) [35] and pancreatic carcinoma [36]. In 
this study, a rescue assay indicated that CRART16 over-
expression-induced cetuximab resistance was partially 
counteracted by miR-371a-5p mimics, which suggested 
that CRART16 might also act through other mechanisms.

EGFR/Her1, ERBB2/Her2, ERBB3/Her3 and ERBB4/
Her4 are members of the v-erb-b2 erythroblastic leuke-
mia viral oncogene (ErbB)/human epidermal receptor 
(HER) family of transmembrane receptor tyrosine kinases 
(RTKs) [37]. Moreover, MET is an RTK for hepatocyte 
growth factor (HGF), which is involved in signaling cross-
talk with EGFR [38, 39]. Previous studies demonstrated 
that ERBB3 and MET are a part of the typical bypass 
mechanism in ERBB family TKI therapy, which could 
activate the downstream pathway [39–42]. In addition, 
MET amplification led to the continued activation of the 
downstream PI3K pathway by maintaining the phospho-
rylation of ERBB3. In our study, flow cytometry analysis 
showed that EGFR was rarely expressed in Caco-2 CR 
cells due to continued stimulation with cetuximab. On 
the other hand, the MFIs of ERBB3 and MET showed a 
compensatory increase in Caco-2 CR cells. Compared 
with Caco-2-NC cells, Caco-2-CRART16 cells showed a 
decreased MFI of EGFR and an increased MFI of MET. 
Importantly, both the MFI of ERBB3 and the ERBB3+ cell 
ratio were increased in Caco-2-CRART16 cells. In addi-
tion, miR-371a-5p overexpression in Caco-2-CRART16 
cells decreased both the MFI of ERBB3 and the cell ratio 
of ERBB3+, and these results are in line with the assump-
tion that CRART16 positively regulated ERBB3 by bind-
ing to miR-371a-5p. However, the regulatory mechanism 
of CRART16 for EGFR and MET is worthy of further 
research.

The presence of CSC subpopulations has been shown 
to be associated with tumor initiation, drug and radiation 
resistance, invasive growth, metastasis, and tumor relapse 
[43]. CD44 is a transmembrane glycoprotein that has 
been recognized as a CSC marker in a variety of cancers 
[44]. In CRC, CD44 overexpression is related to poor dif-
ferentiation, lymph node metastasis and distant metasta-
sis [45]. CD133, also known as prominin-1, is negatively 
correlated with OS in CRC patients [46]. Moreover, the 
double-positivity of CD133/CD44 is a reliable biomarker 
for the identification and isolation of CSCs in CRC cells 
[46]. Previous studies demonstrated that CD133high/
CD44high-expressing CRC cells could have an increased 
resistance to radiation [47]. In addition, the expression 

of CD44 and CD133 was increased in CRC cells with 
acquired resistance to an anti-EGFR monoclonal anti-
body (mAb) and TKI therapies [48]. In agreement with 
these data, our findings suggested that Caco-2 CR cells 
contained a higher percentage of CD44+/CD133+ cells 
than Caco-2 cells, and this result demonstrates that 
CSCs are involved in not only primary resistance but 
also in acquired resistance. Additionally, CRART16 over-
expression also promoted the acquisition of stemness 
properties.

Conclusions
Our results illustrate that CRART16 is upregulated in 
acquired cetuximab-resistant CRC cells. CRART16 con-
fers cetuximab resistance in CRC cells by acting as a 
miR-371a-5p sponge and by subsequently increasing the 
expression of ERBB3 (Fig.  6). Additionally, CRART16 
overexpression can promote CSC transformation. Taken 
together, CRART16 could be used as a marker to predict 
sensitivity to cetuximab and as a potential therapeutic 
target for cetuximab resistance.
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