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Lemur tyrosine kinase-3 (LMTK3) induces chemoresistance to cetuximab in 
colorectal cancer via the ERK/MAPK pathway
Cheng Wang, Miaomiao Yang , Xi Gu, and Yanjing Gu

Endoscopy and Laparoscopy Center, Changzhou No.3 People’s Hospital, Changzhou, Jiangsu, China

ABSTRACT
As an oncogenic kinase in multiple cancers, LMTK3 was deeply implicated in cancer pathogenesis. 
Nevertheless, its biological function in colorectal cancer (CRC) is still unclear. In this study, LMTK3 
mRNA expression was assessed by RT-qPCR. LMTK3, phospho-ERK1/2 (p-ERK1/2), ERK1/2, and 
cleaved caspase-3 protein levels were detected by western blotting. Cetuximab (CTX)-resistant 
CRC cell models were constructed to investigate the mechanism of LMTK3-regulated CTX resis-
tance in CRC. CTX half-maximal inhibitory concentration (IC50), viability, apoptosis, cell cycle, 
migration, and invasion of CRC cells were analyzed via Cell Counting Kit-8 (CCK-8), flow cytometry, 
wound healing, and transwell assays. We found LMTK3 was distinctly upregulated in CRC tissues 
and cells, particularly in CTX-resistant CRC tissues and cells. LMTK3 inhibition lowered CTX half- 
maximal inhibitory concentration (IC50) value, inhibited cell viability, induced cell apoptosis, 
triggered cell-cycle arrest, and impaired cell metastatic capability in CTX-resistant CRC cells. 
Moreover, we also demonstrated that LMTK3 induced CTX resistance in CRC via the activation 
of ERK/MAPK signaling in vitro. These results suggested a novel molecular mechanism by which 
LMTK3 participates in the development of CTX resistance in CRC.
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Introduction

Colorectal cancer (CRC), as a malignancy derived 
from the digestive system, is a major human can-
cer prevalent around the world, with approxi-
mately 1.8 million new cases diagnosed 
every year [1,2]. As the third most fatal malig-
nancy, CRC has an estimated annual death toll 
exceeding 690,000 [3,4]. Owing to early detection, 
CRC incidence has decreased in the last few years 
[5]. At present, surgical excision accompanied 
with chemotherapy and radiotherapy is still the 
most common therapeutic method for CRC 
patients [6]. Nevertheless, almost 50% of CRC 
patients suffered from metastases [7]. To prolong 
survival, slow down tumor progression, relieve 
cancer-related symptoms, and further improve 
the life quality of patients with metastatic CRC 
(mCRC), the development of therapeutic methods 
and application of chemotherapeutic drugs have 
made progress in the past two decades; however, 
the overall survival of mCRC patients is still only 
about 2 years [8,9].

Chemoresistance frequently arises during 
mCRC chemotherapy, which is a great challenge 
for mCRC treatment [10]. As an EGF receptor 
(EGFR) monoclonal antibody, cetuximab (CTX) 
exerts its anti-cancer effect by inhibiting cancer 
cell growth via binding to the extracellular domain 
of EGFR [11]. For mCRC cases, the application of 
CTX combined with conventional chemotherapy 
has been used as a typical therapeutic method to 
reduce progression risks and appears to be more 
active than cytotoxic chemotherapies alone [12]. 
Therefore, it is of great importance to understand 
the specific mechanisms of CTX resistance 
in CRC.

As an oncoprotein, lemur tyrosine kinase-3 
(LMTK3) serves as a tumor-promoting protein in 
various human malignancies [13]. For example, Lu 
et al. reported that LMTK3 contributed to thyroid 
cancer progression [14]. Xu et al. demonstrated 
that LMTK3 promoted breast cancer tumorigen-
esis by inhibiting tumor-suppressing genes via 
chromatin remodeling [15]. In addition, it was 

CONTACT Miaomiao Yang miaomiao_yang1@163.com Endoscopy and Laparoscopy Center, Changzhou No.3 People’s Hospital, No.300 Lanling 
North Road, Tianning District, Changzhou, Jiangsu 213000, P.R. China

BIOENGINEERED
2021, VOL. 12, NO. 1, 6594–6605
https://doi.org/10.1080/21655979.2021.1974655

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-5188-0683
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2021.1974655&domain=pdf&date_stamp=2021-09-12


found that the LMTK3 level was upregulated in 
CRC samples and high LMTK3 expression was 
closely related to the poorer overall survival of 
CRC patients, suggesting LMTK3 is a vital CRC 
prognostic marker [16,17]. Furthermore, Stebbing 
et al. reported that LMTK3 aggravated drug resis-
tance in breast cancer [18], indicating its promot-
ing role in the development of drug resistance. 
Therefore, it was assumed that LMTK3 might 
facilitate tumor progression and chemoresistance 
in CRC. However, its detailed mechanism in reg-
ulating CRC tumorigenesis and chemoresistance 
to cetuximab is still unclear.

In this study, we intended to verify the regula-
tory effect and detailed mechanism of LMTK3 in 
CRC progression and CRC chemoresistance to 
CTX. We showed that LMTK3 promoted CTX 
resistance and aggravated malignant phenotypes 
in CRC cells via the ERK/MAPK pathway, thereby 
providing a new direction for improving che-
motherapeutic efficacy in CRC.

Materials and methods

Bioinformatics analysis of TCGA data and GEO 
data

The TCGA data of LMTK3 levels in Colon adeno-
carcinoma (COAD) patients were obtained from 
the GEPIA database (http://gepia.cancer-pku.cn/). 
The LMTK3 expression data of CRC tumor and 
normal samples were obtained from the Gene 
Expression Omnibus (GEO) profile database 
(accession number: GSE10950 and GSE74602).

Patients and sample collection

CRC samples and adjacent non-tumor tissue spe-
cimens were obtained from 56 patients diagnosed 
with CRC at Changzhou No.3 People’s Hospital. 
The inclusion criteria were as follows: i) patients 
were diagnosed with CRC for the first time; ii) 
patients with complete medical records; and iii) 
patients had not been treated before admission. 
The exclusion criteria were as follows: i) patients 
with previous history of malignancy; ii) patients 
who were transferred from other hospitals. 
Written informed consent was offered by each 
participant. The diagnoses were pathologically 

confirmed by two pathologists independently. 
The patients were grouped into CTX-sensitive 
group (patients free of recurrence or suffering 
recurrence beyond 6 months as of CTX che-
motherapy completion, n = 32) and CTX- 
resistant group (patients suffering recurrence 
within 6 months as of CTX chemotherapy com-
pletion, n = 24). All the specimens were kept at 
−80°C before use. This study was permitted by the 
Ethics Committee of Changzhou No.3 People’s 
Hospital.

Cell culture and establishment of CTX-resistant 
CRC cell models

Normal colonic epithelial cell line (NCM460) and 
CRC cell lines (LS174T, SW837, HT-29, RKO, and 
HR8348) obtained from BeNa Culture Collection 
(Beijing, China) were cultured in RPMI 1640 con-
taining 10% FBS at 37°C with 5% CO2.

Parental RKO and SW837 cells were exposed to 
gradient CTX concentrations () for 6 continuous 
months to construct CTX-resistant CRC cells 
(RKO/CTX and SW837/CTX). Thereafter, the 
CTX-resistant CRC cell lines (RKO/CTX and 
SW837/CTX) established were cultured in con-
taining 200 μg/mL CTX to maintain drug 
resistance.

Plasmids and transfection

Lentiviral vectors containing siRNA targeting 
LMTK3 (si-LMTK3: 5ʹ- 
GCTGCCGTTTCTGCTGATTAT-3ʹ) and scram-
ble (si-NC: 5ʹ- 
UUCUCCGAACGUGUCACGUTT-3ʹ), as well 
as lentivirus vectors cloned with PCR product 
covering the LMTK3 open reading frame (oe- 
LMTK3) and scramble (Vector) were con-
structed by GeneChem (Shanghai, China). 
RKO/CTX and SW837/CTX cells were stably 
transfected with these vectors via Lipofectamine 
2000 and selected by puromycin.

RT-qPCR

Total RNA was extracted from tissues and cells via 
TRIzol. Then, cDNA synthesis was performed 
with PrimerScript RT Master kit (Takara, China). 
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Thereafter, qPCR was performed to detect LMTK3 
mRNA level via SYBR Green PCR Master Mix 
(Roche, Germany) on an ABI 7900 Real-Time 
PCR System (Applied Biosystems, USA). The rela-
tive LMTK3 expression was normalized to 
GAPDH and calculated by 2−ΔΔCt method [19]. 
The specific primers were listed below: LMTK3: 
Forward Primer 5′- 
CAAGTGCTGTGGTTGTGTAATG-3′ and 
Reverse Primer 5′- 
CAGGCATCTTGTCGAGGATGG-3′; GAPDH: 
Forward Primer 5′- 
GAAGGTGAAGGTCGGAGTC- 3′ and Reverse 
Primer 5′-GAAGATGGTGATGGGATTTC- 3′.

Western blotting

Total protein exacts were obtained from tissues 
and cells with RIPA buffer. Subsequently, pro-
tein concentrations were quantified with BCA 
Protein System Kit (Thermo, USA). The protein 
samples were resolved on SDS-PAGE and trans-
ferred onto a PVDF membrane. The membrane 
was cultured with primary antibodies against 
LMTK3, phospho-ERK1/2 (p-ERK1/2), ERK1/2, 
cleaved caspase-3, or GAPDH after blocked in 
5% nonfat milk for 4 h. Next, the membrane was 
cultivated with the secondary antibody for 
another 2 h at room temperature. Finally, the 
protein blots were visualized by ECL kit (Pierce 
Chemical, USA).

CCK-8 assay

For cytotoxicity assay, cells (1 × 104 cells/well) were 
put into a 96-well plate and exposed to serial CTX 
dilutions for 48 h. After 10 μL CCK-8 (BestBio, 
China) was added into each well, the cells were 
cultured for another 2 h. Then, absorbance was 
detected with Microplate Reader (Thermo 
Scientific) at 450 nm. Finally, the half-maximal inhi-
bitory concentration (IC50) was calculated based on 
dose-response curves by nonlinear regression analy-
sis with GraphPad Prism 6.0 [20].

To assess cell viability, CCK-8 solution was 
added to each well at 0, 24, 48, and 72 h after 
transfection. Then, the cell viability was also exam-
ined as above.

Wound healing assay

Transfected cells were seeded into 6-well plates 
(5 × 105 cells/well) and cultivated till 90% cell con-
fluence. Thereafter, a 10 μl pipette tip was applied to 
create wounds. Then, cells were washed with PBS 
(Sigma-Aldrich) to remove cell debris. The wounds 
were photographed and examined and at 0 and 24 h 
under an inverted microscope (Nikon) [2].

Transwell assay

Cell invasion was testified by Transwell assay. The 
upper chamber was equipped with an 8-μm-pore 
polycarbonate filter pre-coated with Matrigel (BD 
Biosciences). Briefly, 5 × 104 cells were suspended 
in 200 μL serum-free DMEM and transferred to 
the upper chamber. Thereafter, the culture med-
ium containing 10% FBS was supplemented to the 
lower chamber. Then, the cells were incubated for 
24 h. Next, the invaded cells were fixed with par-
aformaldehyde, followed by staining with crystal 
violet. The cells invaded were counted under 
a light microscope [21].

Flow cytometry

For cell apoptosis detection, BD Pharmingen FITC 
annexin V Apoptosis Detection Kit I (BD 
Biosciences). Briefly, after CTX treatment for 48 h, 
the cells were harvested by centrifugation and then 
resuspended in binding buffer (1x105 cells/ml). 
Thereafter, the cells were cultivated with 5 μl 
annexin V-FITC and 5 μl PI in darkness for 
15 min. Eventually, the apoptotic rate was analyzed 
by flow cytometry (Beckman Coulter) [22].

For cell cycle detection, cells were digested with 
trypsin, washed with ice-cold PBS, and fixed in 
70% ethanol for at least 12 h at 4°C. Then, fixed 
cells were washed 3 times with PBS, suspended in 
PBS containing 10 µg/ml propidium iodide and 
100 µg/ml RNase A, and then incubated at 37°C 
for at least 30 min in darkness. Finally, cell cycle 
was detected by flow cytometry [23].

Statistical analysis

Every experiment in this study was repeated three 
times. All the data were presented as mean ± 
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standard deviation (SD). All the analyses were 
conducted with GraphPad Prism 6.0. Any compar-
ison between two groups or more groups was 
severally assessed by Student’s t-test or one-way 
ANOVA. Receiver operating characteristic curve 
(ROC) analysis was applied for the assessment of 
the diagnostic value of LMTK3 expression in CRC. 
A difference with P value < 0.05 was regarded as 
significant in statistics.

Results

Here, we intended to investigate the role of 
LMTK3 in regulating chemoresistance of CRC to 
CTX. We performed a series of in vitro assays and 
found that LMTK3 promoted CTX resistance in 
CRC via activating the ERK/MAPK signaling path-
way. Therefore, our findings demonstrated the 
functional effects of LMTK3 in regulating CTX 
chemoresistance within CRC, providing a novel 
target for CRC chemotherapy.

LMTK3 is highly expressed in CRC

Based on the GEPIA colon adenocarcinoma 
(COAD) database, LMTK3 level was distinctly ele-
vated in tumor tissues (Figure 1(a)). Furthermore, 
GEO datasets revealed that LMTK3 expression was 
significantly increased in CRC tumors compared 
with that in normal tissues (Figure 1(b)). For the 
sake of confirming ectopic LMTK3 expression in 
CRC, we evaluated LMTK3 expression in CRC 
tissues, corresponding non-tumor tissue, represen-
tative CRC cell lines, and normal colonic epithelial 
cells. RT-qPCR and western blotting revealed that 
LMTK3 mRNA and protein levels were upregu-
lated in 56 CRC tissues, relative to normal tissues 
(Figure 1(c- d)). Moreover, it was uncovered by 
RT-qPCR that LMTK3 expression was markedly 
enhanced in CRC cell lines (LS174T, SW837, HT- 
29, RKO, and HR8348) than normal colonic 
epithelial cell line (NCM460) (Figure 1(e)). Since 
LMTK3 level was higher in RKO and SW837 cell 
lines, they were applied for sequential experiments. 
As revealed by statistical results, high LMTK3 

Figure 1. LMTK3 is highly expressed in CRC. (a) LMTK3 level in colon adenocarcinoma (COAD) and tumor tissues was provided by 
GEPIA database (P = 0.0342). (b) LMTK3 level in CRC tumors and normal tissues in GSE10950 (P = 0.00647) and GSE74602 
(P = 0.00875) datasets from GEO database. (c and d) The mRNA and protein expressions of LMTK3 in 56-paired CRC tissues and 
adjacent normal tissues was analyzed by RT-qPCR (P = 0.00895) and western blotting (P = 0.00762). (e) LMTK3 mRNA expression in 
CRC cell lines (LS174T, SW837, HT-29, RKO, and HR8348) and normal colonic epithelial cell line (NCM460) were analyzed by RT-qPCR. 
(f) ROC curve for prognostic value of LMTK3 in CRC, with AUC = 0.908. *P < 0.05, **P < 0.01.
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expression was correlated with high TNM stage 
and lymph node metastasis (Table 1). Finally, 
ROC curve analysis indicated that LMTK3 was of 
great diagnostic value in CRC, with an area under 
the curve (AUC) of 0.908 (figure 1(f)). The above 
data exhibited that LMTK3 was overexpressed in 
CRC tissues and cells, indicating LMTK3 might be 
implicated in CRC progression.

LMTK3 knockdown decreases CTX resistance and 
cell proliferation and induces cell apoptosis and 
cell-cycle arrest in CTX-resistant CRC cells

As shown in Figure 2(a), LMTK3 level was dis-
tinctly higher in CTX-resistant CRC tissues, rela-
tive to CTX-sensitive CRC tissues. To explore the 
molecular mechanism of CTX resistance in CRC, 
CTX-resistant CRC cell models (RKO/CTX and 
SW837/CTX cells) were established. As indicated 
by CCK-8, RKO/CTX and SW837/CTX mani-
fested higher CTX IC50 values than parental 
RKO and SW837 cells (Figure 2(b)), indicating 
the successful establishment of CTX-resistant 
CRC cells. Similarly, LMTK3 expression was 
also manifestly elevated in RKO/CTX and 
SW837/CTX cells, compared with parental RKO 
and SW837 cells (Figure 2(c-d)). To evaluate the 
biological role of LMTK3 in CTX-resistant CRC, 
CCK-8 and flow cytometry analysis were per-
formed. Firstly, the efficiency of LMTK3 knock-
down was confirmed in RKO/CTX and SW837/ 
CTX cells (Figure 2(e-f)). It was exhibited that 
LMTK3 silencing greatly reduced CTX IC50 
values compared with the control group 
(Figure 2(g)). Besides, LMTK3 knockdown 
impaired cell proliferation in RKO/CTX and 
SW837/CTX cells (Figure 2(h)). In addition, 
LMTK3 silencing significantly accelerated apop-
tosis in RKO/CTX and SW837/CTX cells 
(Figure 2(i)). Consistently, the cleaved caspase-3 
level was considerably increased after LMTK3 
knockdown (Figure 2(j)). Furthermore, LMTK3 
depletion initiated cell cycle arrest in the G0/G1 
phase in RKO/CTX and SW837/CTX cells 
(Figure 2(k)). In short, LMTK3 expression is clo-
sely related to CTX chemoresistance, cell prolif-
eration, cell apoptosis, and cell-cycle arrest of 
CTX-resistant CRC cells.

LMTK3 deficiency attenuates CTX-resistant CRC 
cell migration and invasion

To further evaluate the role of LMTK3 in CRC 
migration and invasion, wound healing and trans-
well assays were performed. The results exhibited 
a remarkable decline in migration ability of CTX- 
resistant CRC cells after LMTK3 knockdown, 
compared with si-NC group (Figure 3(a)). 
Similarly, the number of invaded RKO/CTX and 
SW837/CTX cells were decreased in si-LMTK3 
group than controls (Figure 3(b)). Therefore, 
LMTK3 might facilitate cell metastatic capabilities 
of CTX-resistant CRC cells.

LMTK3 activates ERK/MAPK pathway in 
CTX-resistant CRC cells

Previous reports revealed that ERK/MAPK actively 
participated in the development of chemoresistance 
to multiple drugs during chemotherapy for human 
cancers [24–26]. Besides, Raghav et al. elucidated the 
ERK/MAPK pathway activated by HGF/MET axis 
could animate oncogenic signaling in CTX-resistant 
tumors to further aggravate chemoresistance [27], 
indicating that ERK/MAPK signaling contributed to 
CTX resistance in tumors. In addition, Sun et al. 
revealed that ERK/MAPK pathway was deeply 
involved in CRC tumorigenesis [28]. Moreover, Ye 
et al. also uncovered that ERK/MAPK signaling 
inhibition could eliminate the chemoresistance of 
CRC cells [29]. Therefore, we assumed that 

Table 1. The correlation between LMTK3 expression and clin-
icopathological features in CRC patients.

LMTK3 expression

P-valueLow (n = 30) High (n = 26)

Age 0.543
<40 13 14
≥40 17 12
Gender 0.127
Male 10 16
Female 20 10
Tumor size (cm) 0.068
<5 7 14
≥5 23 12
TNM 0.024*
I–II 9 17
III–IV 23 9
Lymph node metastasis <0.001*
No 24 5
Yes 6 21

*Indicates the difference is statistically significant. 
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Figure 2. LMTK3 knockdown decreases CTX resistance and cell proliferation and induces cell apoptosis and cell-cycle arrest 
in CTX-resistant CRC cells. (a) LMTK3 mRNA expression in CTX-sensitive CRC tissues (n = 32) and CTX-resistant CRC tissues (n = 24) 
was analyzed by RT-qPCR. (b) CTX IC50 values of CTX-resistant CRC cells (RKO/CTX and SW837/CTX) and parental CRC cells (RKO and 
SW837) were determined by the CCK-8 assay. (c and d) LMTK3 mRNA and protein expressions in CTX-resistant CRC cells (RKO/CTX 
and SW837/CTX) and parental CRC cells (RKO and SW837) were analyzed by RT-qPCR and western blotting. (e and f) RKO/CTX and 
SW837/CTX cells were respectively transfected with si-LMTK3 or si-NC, and the transfection efficiency was evaluated by RT-qPCR and 
western blotting. (g) CTX IC50 values of RKO/CTX and SW837/CTX cells respectively transfected with si-LMTK3 and si-NC were 
determined by CCK-8 assay. (h) CCK-8 assay was performed to determine cell vitality. (i) Flow cytometry was performed to detect cell 
apoptosis. (j) Cleaved caspase-3 level was detected by Western blotting. (k) Flow cytometry was performed to detect cell-cycle. 
*P < 0.05 and **P < 0.01.
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LMTK3 might activate the ERK/MAPK signaling 
pathway to exacerbate CTX resistance in CRC. To 
verify such an assumption, we detected the levels of 
proteins associated with ERK/MAPK signaling in 
RKO/CTX and SW837/CTX cells expressing oe- 
LMTK3 or si-LMTK3. Firstly, the efficiency of 
LMTK3 overexpression was confirmed in RKO/ 
CTX and SW837/CTX cells (Figure 4(a)). Then, it 
was confirmed that phospho-ERK1/2 (p-ERK1/2) 
level in RKO/CTX and SW837/CTX cells was 
obviously declined due to LMTK3 inhibition, while 
there were no significant changes in ERK1/2 level 
(Figure 4(b)). On the contrary, LMTK3 overexpres-
sion visibly increased p-ERK1/2 level in RKO/CTX 
and SW837/CTX cells (Figure 4(c)). These results 
implied that LMTK3 might activate the ERK/MAPK 
signaling in CTX-resistant CRC cells.

Inactivation of ERK/MAPK signaling reverses the 
enhanced CTX resistance induced by LMTK3 
overexpression in vitro

To further validate the functions of the ERK/ 
MAPK signaling in LMTK3-regulated CRC resis-
tance to CTX. PD98059, an ERK inhibitor, was 
applied to treat RKO/CTX and SW837/CTX cells. 

As shown in Figure 5(a), PD98059 treatment 
reversed the increased p-ERK1/2 protein level 
in RKO/CTX and SW837/CTX cells caused by 
LMTK3 overexpression. Rescue assays exhibited 
that LMTK3 upregulation increased CTX IC50, 
boosted cell viability, reduced cell apoptosis, 
and expedited cell migration and invasion in 
OXA-resistant CRC cells, while PD98059 could 
reverse these impacts caused by LMTK3 over-
expression (Figure 5(b-f)). To sum up, LMTK3 
exacerbated CTX resistance in CRC cells via 
activation of the ERK/MAPK signaling.

Discussion

Since intensive studies have been conducted in the 
field of diagnostic, surgical, and chemotherapeutic 
strategies for CRC patients, the mortality rate of 
CRC patients has been relatively reduced [6]. 
However, drug resistance is a major challenge for 
CRC chemotherapy [30]. As the first anti-EGFR 
antibody for CRC chemotherapy permitted by 
FDA, CTX has been applied in adjuvant therapy 
for CRC, whereas chemoresistance to CTX is still 
a major challenge in clinical practice [31].

Figure 3. LMTK3 deficiency attenuates CTX-resistant CRC cell migration and invasion. RKO/CTX and SW837/CTX cells were 
respectively transfected with si-LMTK3 or si-NC. (a) Wound healing was applied to detect cell migration. (b) Transwell assay was 
applied to assess cell invasion. **P < 0.01 and ***P < 0.001.
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Multiple genes were proven to regulate CTX 
chemoresistance in CRC. For example, Hou et al. 
revealed that SETDB1 facilitated tumorigenesis 
and enhanced CTX resistance in CRC [32]. Tan 
et al. demonstrated that PRSS aggravated che-
moresistance to CTX in CRC [33]. Besides, Rosa 
et al. also reported that SphK1 conferred CTX 
resistance in CRC [34]. In this study, data from 
GEPIA and GEO databases identified that LMTK3 
was upregulated in CRC. Consistently, we con-
firmed LMTK3 level was elevated in CRC tissues 
and cell lines, particularly in CTX-resistant CRC 
tissues and cell lines. These results indicated 
LMTK3 might be a regulator for regulating CTX 
chemoresistance in CRC.

LMTK3 has been recognized as an oncogenic 
kinase in various types of human tumors. To cite 
an instance, a report from Xu et al. demonstrated 
that LMTK3 contributed to breast cancer invasion 
via integrin beta1 induced by GRB2 [35]. LMTK3 
facilitated the progression of KIT-dependent gas-
trointestinal stromal tumor and melanoma [36]. In 
addition, Zhang et al. also uncovered that serum 
LMTK3 served as a biomarker for the detection of 
primary non-small cell lung cancer [37]. Herein, 
we found that LMTK3 deficiency distinctly 
restrained malignant phenotypes of CTX-resistant 
CRC cells, as indicated by declined CTX IC50 
value, inhibited cell proliferation, increased cell 
apoptosis, arrested cell cycle, as well as impaired 

Figure 4. LMTK3 activates ERK/MAPK pathway in CTX-resistant CRC cells. (a) RKO/CTX and SW837/CTX cells were respectively 
transfected with Vector or oe-LMTK3, and the transfection efficiency was evaluated by western blotting. (b) ERK/MAPK pathway- 
related proteins (p-ERK1/2 and ERK1/2) in RKO/CTX and SW837/CTX cells transfected with si-LMTK3 or si-NC were analyzed by 
western blotting. (c) Protein levels of p-ERK1/2 and ERK1/2 in RKO/CTX and SW837/CTX cells transfected with Vector or oe-LMTK3 
were analyzed by western blotting. **P < 0.01.
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Figure 5. Inactivation of ERK/MAPK signaling reverses the enhanced CTX resistance induced by LMTK3 overexpression 
in vitro. (a) Protein levels of p-ERK1/2 and ERK1/2 in RKO/CTX and SW837/CTX cells transfected with Vector, oe-LMTK3, or oe-LMTK3 
+ PD98059 were analyzed by western blotting. (b) CTX IC50 values of RKO/CTX and SW837/CTX cells respectively transfected with 
Vector, oe-LMTK3, or oe-LMTK3+ PD98059 were determined by CCK-8 assay. (c) CCK-8 assay was performed to determine cell vitality. 
(d) Flow cytometry was performed to detect cell apoptosis. (e and f) Cell migration and invasion were assessed by wound healing 
and transwell assays. *P < 0.05 and ** P < 0.01.
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cell migration and invasion, suggesting that 
LMTK3 induced CTX resistance in CRC cells.

The ERK/MAPK pathway has been proven to 
play vital roles in regulating cell growth, differen-
tiation, proliferation, apoptosis, cell cycle, as well 
as migration functions [38,39]. ERK/MAPK sig-
naling is also closely associated with chemoresis-
tance regulation in human cancers, including 
CRC. For instance, Yang et al. uncovered that 
KRAS aggravated chemoresistance in pancreatic 
cancer by activating the ERK/MAPK signaling 
via RKIP inhibition [40]. Wang et al. disclosed 
that UCH-L1 upregulation exacerbated multidrug 
resistance and metastasis in breast cancer via acti-
vation of the ERK/MAPK pathway [41]. 
Furthermore, Zhang et al. revealed that FOXC2 
activated ERK/MAPK pathway to enhance oxali-
platin resistance in CRC via EMT [42]. A previous 
study from Jiang et al. also indicated that the 
activation of ERK/MAPK signaling was highly 
related to high LMTK3 expression [43]. 
Similarly, our study demonstrated that LMTK3 
depletion could inhibit the expression of proteins 
associated with the ERK/MAPK pathway, thereby 
inactivating the ERK/MAPK signaling, while 
LMTK3 overexpression exhibited opposite effects. 
Moreover, the ERK inhibitor, PD98059, reversed 
the effect of LMTK3 overexpression on p-ERK1/2 
protein level in CTX-resistant CRC cells. Further 
rescue assays manifested that PD98059 treatment 
eliminated the promotive effect of LMTK3 upre-
gulation on CTX resistance and malignant pheno-
types of CTX-resistant CRC cells. Taken together, 
LMTK3 promoted CTX resistance in CTX- 
resistant CRC cells by targeting the ERK/MAPK 
signaling.

Conclusion

Our study demonstrated that LMTK3 promoted 
CTX resistance in CRC via activation of the 
ERK/MAPK signaling pathway in vitro. 
Therefore, targeting LMTK3 could be 
a promising therapeutic strategy for the effective 
treatment of CRC. However, our study is still lack 
of network analysis and in vivo studies, which is 
a limitation of this work. In the future, network 
analysis and in vivo studies will be performed to 
further verify our findings.
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Research highlights

● LMTK3 is highly expressed in CRC.
● LMTK3 knockdown decreases CTX resis-

tance in CTX-resistant CRC cells.
● LMTK3 activates ERK/MAPK pathway in 

CTX-resistant CRC cells.
● LMTK3 aggravates CTX resistance by activat-

ing the ERK/MAPK signaling.
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