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Abstract 

Colorectal cancer (CRC) is a leading cause of cancer death worldwide. Epigenetic alterations, especially 
DNA methylation, contribute to the initiation and progression of CRC. To identify novel methylated 
tumor suppressors in CRC, MethylRAD-Seq screening was performed. As the result, FLRT2 was found 
to be preferentially methylated. In the present study, we aimed to elucidate the epigenetic regulations and 
biological functions of FLRT2 in CRC. Significant FLRT2 hypermethylation was initially confirmed in CRC 
samples and cell lines. Meanwhile, downregulated expression of FLRT2 was observed in CRC, which is 
probably attributed to promoter methylation of FLRT2. Consistently, the expression of FLRT2 was 
restored after treatment with DNA demethylating agent 5-AZA. FLRT2 overexpression resulted in 
impaired cell viability and colony formation. Additionally, FLRT2 overexpression led to a reduction in cell 
migration and cell invasion. Furthermore, we also observed that FLRT2 induced cell cycle arrest. 
Mechanistically, these effects were associated with the downregulation of phosphor-AKT, 
phosphor-ERK, CDK2, Cyclin A, and MMP2, and upregulation of P21. Taken together, these results 
define a tumor-suppressor role of FLRT2 with epigenetic silencing in the pathogenesis of CRC. 
Moreover, FLRT2 promoter methylation may be a useful epigenetic biomarker for the prevention and 
treatment of CRC. 
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Introduction 
CRC is the third most common cancer 

worldwide in both sexes with high incidence and 
mortality. For 2018, International Agency for Research 
on Cancer (IARC) estimated an incidence of ~1.8 
million new cases of CRC (~10.2% of all cancers) and 
~881,000 CRC-related deaths worldwide (~9.2% of all 
cancer-related deaths) [1]. Although the expanded 
screening use of colonoscopy and the introduction of 
innovative treatments have improved clinical 
outcomes, CRC remains one of the leading causes of 
cancer-related death. The pathogenic mechanisms 
underlying CRC development appears to be complex 
with the concurrent accumulation of genetic and 
epigenetic alterations, resulting in the transformation 

of normal colonic epithelium into colorectal 
adenomas [2, 3]. 

Epigenetic changes, notably DNA methylation, 
play central roles in the pathogenesis of various 
cancers, including CRC [2]. Changes in DNA 
methylation, with accompanied epigenetic gene 
silencing, appear to be the earliest somatic genomic 
alterations recognized in CRC and continue 
throughout disease progression [2, 4, 5]. In addition, 
DNA methylation has been used as biomarkers that 
could eventually become very useful in predicting 
clinical outcomes or in prognostication of CRC [3, 
6-9]. Thus, the discovery of novel methylated tumor 
suppressors especially that exert vital roles in CRC 
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development will not only help understand the 
pathogenesis of CRC, but also find a way to improve 
the early diagnosis for CRC. 

In order to identify dysregulated genes by 
abnormal methylation in CRC, the MethylRAD-Seq 
screening was performed. Through this survey, a set 
of methylated genes were identified, one of which is 
FLRT2 (Fibronectin leucine rich transmembrane 
protein 2). 

FLRT2 is a member of FLRT family, which are 
characterized by a conserved 10 LRR (leucine-rich 
repeats) domains and a FNIII (type III fibronectin) 
domain, followed by the transmembrane segment 
with a short intracellular tail [10]. Most studies about 
FLRT2 so far were focused on its physiological roles 
on the vascular, neural and embryonic development 
[11-16]. FLRT2 was reported to contribute to the 
altered cellular functions or phenotypes during 
development via interacting with several proteins 
such as UNC5, fibronectin, and FGFR [17-20]. Limited 
studies have explored the role of FLRT2 on 
tumorigenesis process. FLRT2 was found to be 
potentially associated with the process of ovarian and 
uterine cancers due to downregulated expression 
[21-23]. Its biological function was verified only in 
prostate cancer and breast cancer [24, 25], but its role 
in the tumorigenesis of CRC remained unclear. 

In the present study, FLRT2 promoter was found 
hypermethylated in CRC. Moreover, the aberrant 
promoter methylation of FLRT2 was correlated well 
with its decreased expression which could be 
successfully restored by treatment with DNA 
demethylating agent 5-AZA. Further investigations 
showed that FLRT2 negatively regulate cell 
proliferation and migration through AKT and ERK 
signaling pathway. In conclusion, our findings define 
that FLRT2 was a putative tumor suppressor in CRC 
and a potential biomarker for CRC diagnosis and 
therapeutic applications. 

Materials and methods 
Human tissue samples and cell lines 

A total of 51 cases of paraffin-embedded CRC 
specimens were obtained from the archives of the 
Department of Pathology of the First Affiliated 
Hospital, Shandong First Medical University between 
2016 and 2019. 22 cases of paired fresh CRC and 
adjacent noncancerous colon tissues were collected 
from patients at the time of surgical resection for the 
determination of FLRT2 mRNA and protein 
expression. The study was approved by the Medical 
Ethics Committee of the First Hospital Affiliated to 
Shandong First Medical University (Shandong 
Provincial Qianfoshan Hospital). Patients with 

colorectal cancer were confirmed according to the 
World Health Organization’s morphological criteria. 
The study population was selected according to the 
following criteria. 

The inclusion criteria: I) pathological diagnosed 
with CRC; II) CRC samples were approved for 
experimental analysis; III) detailed clinicopathological 
data was available. The exclusion criteria: I) 
incomplete patient information; II) with a history of 
other tumor diseases, or with other genetic diseases; 
III) preoperative chemotherapy, radiotherapy or 
immunotherapy. 

Normal colorectal cell (FHC) and seven CRC cell 
lines (LOVO, CaCO2, HT29, HCT116, SW480, SW620, 
and SW1463) used in this study were obtained from 
ATCC. FHC, LOVO, CaCO2, HT29, and HCT116 were 
cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS) and 1% Penicillin/Streptomycin. 
SW480, SW620, and SW1463 were cultured in 
RPMI-1640 medium supplemented with 10% FBS and 
1% Penicillin/Streptomycin. All cell lines were 
cultured at 37 °C with 5% CO2. 

Methylation-specific PCR (MSP) 
Genomic DNA was purified from FFPE and 

fresh-frozen human tissues using TIANamp Genomic 
DNA Kit (Tiangen, China). 1.5 µg DNA was used for 
conversion of methylation based by using EpiTect 
Bisulfite Kit (Qiagen, Germany). MSP primers were 
designed to amplify the methylated and un-
methylated alleles for FLRT2, and the amplified MSP 
products were subjected to gel electrophoresis. The 
primer and their sequences were as follows: FLRT2 
methylation primer (5’-TCGCGGCGTTTATATTAG 
TTC-3’, 5’-AATTTAAAAAATCCCGAAACTCG-3’), 
FLRT2 unmethylation primer (5’-GGGTTGTGGTGTT 
TATATTAGTTTG-3’, 5’-AATTTAAAAAATCCCAA 
AACTCAAC-3’). 

Quantitative PCR analysis 
To measure gene expression in CRC tissues and 

cell lines, total RNA was isolated with TRIzol reagent 
(Invitrogen, USA), and reverse transcription was 
performed using ReverTra Ace (Toyobo, Osaka, 
Japan) according to the manufacturer's instructions. 
Real-time qPCR was performed on a 7500 Real-Time 
PCR System (Applied Biosystems, USA) using 
UltraSYBR Green Master Kit (CWBIO, China). The 
mRNA levels were calculated using the ΔΔCt method. 
All qPCR primers and their sequences were as 
follows: FLRT2 (5’-ACCCTTGGTTTTGTGACTGC-3’, 
5’-AGGACCTTGGCACATGAAAC-3’) and β-actin 
(5’-CATGTACGTTGCTATCCAGGC-3’, 5’-CTCCTTA 
ATGTCACGCACGAT-3’). 
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Western blot analysis 
Total proteins were isolated from fresh tissues 

and cells using RIPA buffer containing protease 
inhibitor PMSF. Protein concentration was quantified 
by a bicinchoninic acid (BCA) protein quantification 
kit (Beyotime, China). Equal amounts of protein were 
separated by SDS-PAGE and transferred onto 
nitrocellulose membranes (Pall, Port Washington, 
NY) for immunoblotting with primary antibodies as 
indicated. The antibodies for immunoblot analysis 
were shown as follows: phospho-PDK1, AKT, 
phospho-AKT, ERK, phospho-ERK and P21 
antibodies were from Cell Signaling Technology, 
Beverly, MA. Cyclin A, CDK2 and MMP2 antibodies 
were from Abcam, Cambridge, MA. And β-actin 
antibody was from Beyotime Biotech, China. β-actin 
were used as a loading control. The blots were 
visualized using enhanced chemiluminescence (Cell 
Biosciences, USA). 

5-Aza-2’-deoxycytidine (5-AZA) treatment 
CRC cell lines were seeded into 6-well plates at a 

density of 2×105 cells/well, then treated with culture 
medium conditioned with 0, 2.5, 5 and 10 μM 5-AZA 
(Sigma, USA) for 3 days. The fresh medium 
containing 5-AZA was replaced daily. Total RNA was 
isolated for qPCR analysis. The control samples were 
treated with DMSO only. 

Lentiviral infection 
HCT116 and SW480 cells were infected with 

either vector-only control or FLRT2-overexpressing 
lentivirus (GeneChem, China). After 12 h, the culture 
medium was replaced with fresh virus-free medium 
and incubated for another 72 h. Then the cells were 
harvested for further experiments. 

Cell proliferation and colony formation assays 
After infection with the lentiviruses, the cells 

were used for cell growth and colony forming assay. 
Cell proliferation was measured in accordance with 
the manufacturer’s instructions at 0, 24, 48, and 72h 
(MTT kit, Beyotime, Nanjing, China). For colony 
formation assay, 1000 cells were plated into 3.5 
cm-diameter petri-dishs. After 14 days, cells were 
fixed with 4% paraformaldehyde solution for 30 min, 
stained with 0.5% crystal violet (Beyotime, Nanjing, 
China) for 15 min, and colonies were counted visually 
under miscroscope. 

Transwell migration and invasion assays 
For cell migration analysis, 2×105 cells were 

directly seeded onto 8 μM transwell filters (Corning, 
Corning, NY) and induced to migrate toward medium 
containing 10% FBS for 24 h. For cell invasion assays, 

the filter inserts were first coated with Matrigel prior 
to seeding the cells, and the rest of experimental 
protocol was similar to migration assays. Generally, 
2×105 serum-starved cells were plated into the upper 
chamber. Non-invading cells were removed with a 
swab. The remaining cells were fixed in 4% 
paraformaldehyde, stained with crystal violet, and 
quantified. 

Cell cycle assay 
Following 72 h incubation, HCT116 and SW480 

cells infected with either vector-only control or FLRT2 
-overexpressing lentivirus were harvested. Cells were 
washed twice with cold PBS, fixed with ice-cold 70% 
ethanol overnight at 4 °C. Then, the fixed cells were 
stained with PI (Beyotime, china) containing RNase A 
at 37 °C for 30 min in the dark and sorted by Beckman 
coulter cell Lab Quanta SC. The cell phase distribution 
(G0/1, S, G2/M) was analyzed by Kaluza software. 

Statistical analysis 
Χ2 test was used to evaluate relationships 

between FLRT2 gene methylation and clinico-
pathological parameters of patients with CRC. All 
results were expressed as the mean ±SEM. The P value 
was calculated using GraphPad Prism 5 statistical 
program and determined by two-tailed Student’s 
t-test. Data was plotted by using GraphPad Prism 5 
and SPSS software. A p value < 0.05 was considered 
statistically significant. 

Results 
FLRT2 is hypermethylated in human primary 
CRC and cell lines 

To identify the novel abnormal methylated 
genes in CRC, we initially performed a comparative 
genome-wide analysis for methylated loci in CRC 
samples paired with non-cancerous samples by 
exploiting MethylRAD-Seq method. Among 
potentially cancer-associated methylated genes 
identified, FLRT2 was one of top-ranked (Figure 1A). 
Further, genomic analysis of publicly available 
MethHC databases revealed that the methylation 
levels of FLRT2 were remarkably increased in colon 
adenocarcinoma (COAD) and rectum adeno-
carcinoma (READ) tissues (Figure 1B). These results 
correlated well with our sequencing results. To 
validate the methylation pattern, the methylation 
state of FLRT2 was assessed by MSP in CRC tissues 
and cell lines. Significant higher methylation of FLRT2 
was observed in CRC tissues (32/51, 62.7%) than in 
normal colorectal mucosa (13/51, 25.5%) (Figure 1C). 
Consistently, abnormal methylated FLRT2 was also 
found in a panel of CRC cell lines (N=7), while the 
methylation of FLRT2 was not observed in normal 
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colorectal cell FHC (Figure 1D). Together, these data 
indicate that FLRT2 is markedly methylated in CRC. 

FLRT2 expression is significantly correlated 
with promoter region hypermethylation in 
CRC 

To investigate whether DNA methylation 
regulated the expression of FLRT2, the expression 
analyses from GEPIA (Gene Expression Profiling 
Interactive Analysis) database were initially 
performed, revealing that FLRT2 expression was 
evidently reduced in COAD and READ tissues 
(Figure 2A). Subsequently, the expression level of 
FLRT2 was further examined in 22 CRC tumor 
samples and matched normal epithelial mucosa. 
Consistent with the aforementioned gene expression 
profiling data, a substantial decrease in FLRT2 
expression was observed in 16 cases of CRC tissues 
compared with the adjacent normal tissue (Figure 2B). 
As shown in Table 1, among the 16 cases of CRC 
tumor samples with down-regulated FLRT2 
expression, 13 cases exhibited FLRT2 methylation. 
However, of 6 cases of CRC tumor samples with 
up-regulated FLRT2 expression, only one cases 
displayed methylation. Similarly, the attenuated 

FLRT2 levels in CRC samples were further confirmed, 
as measured using western-blot assay (Figure 2C). 

 

Table 1. The association of FLRT2 methylation status and 
expression in 22 patients with colorectal cancer 

Group N FLRT2 P 
M U 

FLRT2 low expression 16 13 (81.3) 3 (18.7) 0.011 
FLRT2 high expression 6 1 (16.7) 5 (83.3) 

 
 
To further confirm the association between 

methylation status and the expression levels of 
FLRT2, the Cancer Genome Altas (TCGA) colon 
database was interrogated by LinkedOmics, which 
observed a close association in 369 cases of CRC tissue 
(R=-0.576, P < 0.001) (Figure 2D). Next, the CRC cell 
lines HCT116 and SW480, both with methylated 
FLRT2, were exposed with 5-AZA, which is a kind of 
DNA demethylating agent. As expected, the 
expression of FLRT2 was restored after 5-AZA 
treatment (Figure 2E). Overall, these results suggest 
that the expression of FLRT2 was regulated by 
promoter region methylation. 

 

 
Figure 1. Abnormal FLRT2 gene methylation in CRC tissues and cell lines. (A) Volcano plot for gene methylation analysis data sets. Each dot represents an individual 
gene. The x-axis represents the difference of methylation value between the comparisons. The positive value indicates more methylation and a negative value indicates less 
methylation. The y-axis shows the p-value. The red dot was the top-ranked methylated gene FLRT2. (B) FLRT2 methylation status in colon adenocarcinoma (COAD, n = 274) 
and rectum adenocarcinoma (READ, n = 95) from MethHC database. (C) Assessment of FLRT2 methylation status in representative CRC samples (T) and matched adjacent 
normal tissues (N) by MSP assay. (D) The methylation state of FLRT2 was detected by MSP analysis in normal colorectal cell FHC and CRC cell lines. Error bars, SEM. M, 
methylated. U, unmethylated. **P < 0.01. 
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Figure 2. Promoter methylation correlates with reduced expression of FLRT2. (A) Relative expression of FLRT2 in COAD (num(T)=275; num(N)=349) and READ 
(num(T)=92; num(N)=318) from GEPIA database. The expression levels of FLRT2 in representative CRC cases and matched adjacent normal controls were determined by qPCR 
(B) and western-blot analysis (C). (D) Association of FLRT2 methylation and expression in CRC tissues. Scatter plots in 369 CRC samples from TCGA database were shown. 
(E) HCT116 and SW480 were treated with DNA methyltransferase inhibitor 5-AZA (0, 2.5, 5, 10 µM) for 3 days, and the expression of FLRT2 was measured by qPCR. Error 
bars, SEM. *P < 0.05, **P < 0.01. 

 

Association between clinicopathological 
characteristics and FLRT2 methylation status 

The DNA methylation patterns have frequently 
been regarded as promising clinical markers for the 
prevention and management of patients with CRC. 
Thus, the relevance between clinicopathological 
characteristics and FLRT2 methylation was 
investigated in 51 tissue specimens from CRC 
patients. As shown in Table 2, there was no 
correlation between FLRT2 hypermethylation status 
and clinicopathological characteristics in term of age, 
gender, tumor size or tumor location in 51 tissue 
specimens. However, FLRT2 methylation state was 
highly related to tumor stage and metastasis. This 
observation strongly suggests that FLRT2 methylation 
could be a useful indicator of clinical outcome. 

FLRT2 suppresses CRC cell proliferation 
Given on the above results, it is presumed that 

FLRT2 exerts functional roles in CRC progression. 
Therefore, FLRT2 was overexpressed using 
lentivirus-mediated system in HCT116 and SW480 
cells. Meanwhile, the lentiviral overexpression of 
FLRT2 was ascertained by quantitative PCR analysis 
(Figure 3A). By MTT assays, ectopic expression of 
FLRT2 induced a decrease in cell proliferation (Figure 
3B). And the results were further supported by colony 
formation assays. Cells overexpressing FLRT2 led to 
fewer colonies compared with the control (Figure 3C). 
Given the antiproliferative effect of FLRT2, its 
potential influence on cell cycle was detected by flow 
cytometry. Cell cycle analysis showed G0/1 phase 
was increased, whereas S and G2/M was decreased in 
CRC cells transfected with FLRT2 (Figure 3D). 
Collectively, these findings indicate that the 
suppressive role of FLRT2 in CRC proliferation was 
likely mediated by cell cycle arrest. 
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Figure 3. FLRT2 inhibits CRC cell growth. After infected with FLRT2 overexpression lentivirus, ectopic expression of FLRT2 in HCT116 and SW480 was validated by 
qPCR assay (A). (B) The overexpression of FLRT2 suppressed cell viability, as determined by MTT assays. (C) Left, the ability of colony formation in FLRT2-overexpressed cells 
decreased compared with control. Right, quantitative analysis of colony formation. (D) Left: cell cycle distribution of vector- and FLRT2-transfected HCT116 and SW480 cells 
was detected by flow cytometry analysis. Right: quantitative analysis of percent of cells in cell cycle phase. Error bars, SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

FLRT2 inhibits CRC cell migration and 
invasion 

To identify the potential effect of FLRT2 on cell 
migration and invasion, transwell assays were 
performed. Overexpression of FLRT2 in HCT116 and 
SW480 cells was found to cause a significant 
reduction in cell motility (Figure 4A and 4B). 

FLRT2 regulates AKT and MAPK signaling 
pathway 

It has been demonstrated that FLRT2 can interact 
with FGF receptors, thereby modulating PI3K/AKT 
and ERK signaling, finally attributing to cellular 
alterations [20, 26, 27]. As indicated in Figure 5A, 
diminished phosphorylation of AKT and ERK were 
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detected in FLRT2-overexpressing HCT116 and 
SW480 cells. Upon PI3K activation, the 3-phospho-
inositide-dependent protein kinase 1 (PDK1) directly 
phosphorylates AKT and play a key role in mediating 
many of the signaling functions [28]. As expected, the 
level of phosphorylation of PDK1 was downregulated 
in CRC cells with FLRT2 overexpression. To explore 
the inhibitory effect of FLRT2 in cell growth and cell 
motility, the expression level of several important 
genes such as CDK, Cyclin A, P21, and MMP2, which 
is regulated by AKT activation, were detected. Data 
showed that FLRT2 overexpression resulted in a 
marked decrease in CDK2, Cyclin A and MMP2 while 
an increase in P21 (Figure 5B and 5C). These data 
together imply that FLRT2 functions as a tumor 
suppressor in CRC through AKT and ERK signaling 
pathway. 

Discussion 
Epigenetic changes, especially the increased 

methylation variability, is a major driving force for 
CRC tumorigenesis and may be a valuable tool for 
cancer diagnostic and prediction of treatment 
response. In the present study, we identified aberrant 
methylated genes using MethylRAD-Seq to explore 
epigenetic biomarkers that contribute to CRC 
initiation and progression. Among the target genes, 
FLRT2 exhibited significantly higher methylation in 

CRC compared to normal tissues, which was further 
confirmed in CRC tissues and cell lines by MSP. And 
the promoter methylation of FLRT2 caused the 
decreased expression of FLRT2. We further clarified 
that FLRT2 might act as a tumor suppressor which 
suppressed cell growth and migration through 
mediating PI3K/AKT and ERK signaling pathways. 

 

Table 2. Clinicopathological features and FLRT2 methylation 
status in 51 patients with colorectal cancer 

Clinical parameters N FLRT2 χ2 P 
M U 

Age (years)       1.152 0.283 
>60 30 17 13     
≤60 21 15 6     
Gender       0.421 0.517 
Male 35 23 12     
Female 16 9 7     
Tumor differentiation       4.191 0.041 
Moderate and well 31 16 15     
Poor 20 16 4     
Tumor size (cm)       0.694 0.405 
>5 23 13 10     
≤5 28 19 9   
Tumor location       0.61 0.435 
Right 8 6 2     
Left 43 26 17     
Lymphatic metastasis       5.202 0.023 
Positive 15 13 2     
Negative 36 19 17     

 

 

 
Figure 4. FLRT2 suppresses cell migration and invasion. After infected with FLRT2 overexpression lentivirus, the ability of cell migration (A) and invasion (B) were 
assessed by transwell assays in HCT116 and SW480 cells and quantitative analysis of the number of migrating and invasion cells. Error bars, SEM. *P < 0.05, **P < 0.01. 
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Figure 5. FLRT2 negatively regulates PI3K/AKT and ERK signaling pathways. The CRC cells (HCT116 and SW480) were infected with FLRT2 overexpression 
lentivirus. (A) Protein expression levels of phospho-PDK, phospho-AKT, AKT, phospho-ERK, and ERK were determined by western blot analysis. (B and C) Cell cycle markers 
and MMP2 were evaluated by qPCR and western blot assay. Error bars, SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 

 
It has been reported that methylation marks are 

important molecular hallmarks of CRC, as they occur 
early in the progression of CRC [3]. DNA methylation 
changes are not only abundant in CRC, but also have 
clinical importance. Changes in DNA methylation 
have shown promise as clinically relevant biomarkers 
for early diagnosis, prognosis and direction of therapy 
in CRC. In addition, DNA methylation alterations, 
which are reversible, make them attractive 
therapeutic targets. DNA methylation inhibitors have 
been tested preclinically or in early-phase clinical 
trials in CRC [2, 8, 29]. In our present study, we found 
that numerous genes were aberrantly methylated, 
including FLRT2 (Figure 1). Intriguingly, FLRT2 
hypermethylation was found not only in CRC tissues 
but also in normal mucosal epithelium, which 
implying that FLRT2 methylation may be an essential 
driver for CRC initiation. Further clinical relevance 
analysis revealed that methylation of FLRT2 is closely 
associated with tumor differentiation, lymphatic 
metastasis in CRC patients (Table 2), which strongly 
indicated that FLRT2 methylation is also involved in 
CRC progression. These findings greatly detail the 
potential clinical usefulness of FLRT2 methylation as 
biomarkers for diagnosis and management of CRC 
patients. It has been demonstrated that gene 
methylation patterns are regulated by DNA 
methyltransferases (DNMTs) and critical for gene 
regulation [30, 31]. Additionally, dysregulation of 

histones and their modifying proteins may cause 
abnormal DNA methylation [5, 32, 33]. Therefore, 
more detailed mechanisms about aberrant FLRT2 
hypermethylation need to be further explored. 

It is well known that promoter hypermethylation 
leads to aberrant expression of tumor suppressor 
genes, contributing to cell malignant transformation 
and the development of CRC [2, 3, 5, 34-37]. Indeed, 
downregulated FLRT2 expression was observed in 
CRC tissues, accompanying with DNA methylation 
(Figure 2). In vitro experiments showed that FLRT2 
functions as a tumor suppressor in CRC by 
suppressing cell proliferation and cell colony 
formation, and inhibiting migration and invasion. 
Furthermore, we showed that FLRT2 induced cell 
cycle arrest in G0/1 to affect cell growth in vitro 
(Figure 3 and 4). It has been demonstrated that FLRT2 
can interact with FGF receptors, modulating PI3K/ 
AKT and ERK signaling pathway, finally attributable 
to cellular alterations [20, 26, 27]. Emerging evidence 
clearly indicates that PI3K/AKT and ERK signaling 
pathway participate in regulating cellular events, 
such as cell growth, migration and adhesion. 
Activation of these signaling molecules can contribute 
to cell proliferation and tumor progression by 
modulating downstream factors [38]. Genetic 
inactivation of AKT results in reduction in clonal 
growth of CRC cells, reduced metastasis to liver, and 
reduced tumor burden [39]. In fact, we found that 
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phosphorylated AKT and ERK were downregulated 
with ectopic expression of FLRT2 in CRC cell lines. 
Akt has been shown to regulate a wide range of 
downstream targets which includes proteins central 
to the regulation of cell survival, cell cycle progression 
and cell motility. Here, we found that cell cycle 
markers, CDK2 and Cyclin A were downregulated 
with FLRT2 overexpression, while cyclin-dependent 
kinase inhibitor P21 increased. The level of MMP2 
was also found decreased (Figure 5). These data 
indicate that FLRT2 exerts tumor suppressive roles 
through AKT and ERK signaling pathway. Future 
studies may provide additional information 
regarding the precise contribution of AKT and ERK 
signaling downregulation by FLRT2. 

In conclusion, our findings highlight a 
tumor-suppressive role of FLRT2 in CRC progression, 
probably by regulating AKT and ERK signaling 
pathway. These observations suggest that FLRT2 
methylation alterations can be exploited as predictive 
and diagnosis biomarkers for CRC metastasis and 
tumorigenesis, and also provide a therapeutic option 
for the disease. 

Abbreviations 
CRC: colorectal cancer; FLRT2: fibronectin 

leucine rich transmembrane protein 2; 5-AZA: 
5-Aza-2′-deoxycytidine; FGF: fibroblast growth factor; 
MSP: methylation-specific PCR; COAD: colon 
adenocarcinoma; READ: rectum adenocarcinoma; 
DNMTs: DNA methyltransferases. 

Acknowledgements 
The present work was supported by Shandong 

Project of Major Scientific and Technological 
Innovation (grant no. 2017CXGC1201) and the 
Natural Science Foundation of Shandong (grant no. 
ZR2017LH047) and Shandong Project of Medicine and 
Health Technology Development (grant no. 
2015WS0233). We would like to thank the patients for 
their participation in this study. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018; 68: 
394-424. 

2. Jung G, Hernandez-Illan E, Moreira L, Balaguer F, Goel A. Epigenetics of 
colorectal cancer: biomarker and therapeutic potential. Nat Rev 
Gastroenterol Hepatol. 2020; 17: 111-30. 

3. Vymetalkova V, Vodicka P, Vodenkova S, Alonso S, Schneider-Stock R. 
DNA methylation and chromatin modifiers in colorectal cancer. Mol 
Aspects Med. 2019; 69: 73-92. 

4. Stoffel EM, Murphy CC. Epidemiology and Mechanisms of the 
Increasing Incidence of Colon and Rectal Cancers in Young Adults. 
Gastroenterology. 2020; 158: 341-53. 

5. Lao VV, Grady WM. Epigenetics and colorectal cancer. Nat Rev 
Gastroenterol Hepatol. 2011; 8: 686-700. 

6. Carmona FJ, Azuara D, Berenguer-Llergo A, Fernandez AF, Biondo S, de 
Oca J, et al. DNA methylation biomarkers for noninvasive diagnosis of 
colorectal cancer. Cancer Prev Res (Phila). 2013; 6: 656-65. 

7. Lam K, Pan K, Linnekamp JF, Medema JP, Kandimalla R. DNA 
methylation based biomarkers in colorectal cancer: A systematic review. 
Biochim Biophys Acta. 2016; 1866: 106-20. 

8. Bennett RL, Licht JD. Targeting Epigenetics in Cancer. Annu Rev 
Pharmacol Toxicol. 2018; 58: 187-207. 

9. Okugawa Y, Grady WM, Goel A. Epigenetic Alterations in Colorectal 
Cancer: Emerging Biomarkers. Gastroenterology. 2015; 149: 1204-25 e12. 

10. Lacy SE, Bonnemann CG, Buzney EA, Kunkel LM. Identification of 
FLRT1, FLRT2, and FLRT3: a novel family of transmembrane 
leucine-rich repeat proteins. Genomics. 1999; 62: 417-26. 

11. Tai-Nagara I, Yoshikawa Y, Numata N, Ando T, Okabe K, Sugiura Y, et 
al. Placental labyrinth formation in mice requires endothelial 
FLRT2/UNC5B signaling. Development. 2017; 144: 2392-401. 

12. Yamagishi S, Hampel F, Hata K, Del Toro D, Schwark M, Kvachnina E, et 
al. FLRT2 and FLRT3 act as repulsive guidance cues for Unc5-positive 
neurons. EMBO J. 2011; 30: 2920-33. 

13. Xu Y, Wei K, Kulyk W, Gong SG. FLRT2 promotes cellular proliferation 
and inhibits cell adhesion during chondrogenesis. J Cell Biochem. 2011; 
112: 3440-8. 

14. Muller PS, Schulz R, Maretto S, Costello I, Srinivas S, Bikoff E, et al. The 
fibronectin leucine-rich repeat transmembrane protein Flrt2 is required 
in the epicardium to promote heart morphogenesis. Development. 2011; 
138: 1297-308. 

15. O'Sullivan ML, de Wit J, Savas JN, Comoletti D, Otto-Hitt S, Yates JR, 
3rd, et al. FLRT proteins are endogenous latrophilin ligands and regulate 
excitatory synapse development. Neuron. 2012; 73: 903-10. 

16. Seiradake E, del Toro D, Nagel D, Cop F, Hartl R, Ruff T, et al. FLRT 
structure: balancing repulsion and cell adhesion in cortical and vascular 
development. Neuron. 2014; 84: 370-85. 

17. Lu YC, Nazarko OV, Sando R, 3rd, Salzman GS, Li NS, Sudhof TC, et al. 
Structural Basis of Latrophilin-FLRT-UNC5 Interaction in Cell Adhesion. 
Structure. 2015; 23: 1678-91. 

18. Haines BP, Wheldon LM, Summerbell D, Heath JK, Rigby PW. 
Regulated expression of FLRT genes implies a functional role in the 
regulation of FGF signalling during mouse development. Dev Biol. 2006; 
297: 14-25. 

19. Flintoff KA, Arudchelvan Y, Gong SG. FLRT2 interacts with fibronectin 
in the ATDC5 chondroprogenitor cells. J Cell Physiol. 2014; 229: 1538-47. 

20. Wei K, Xu Y, Tse H, Manolson MF, Gong SG. Mouse FLRT2 interacts 
with the extracellular and intracellular regions of FGFR2. J Dent Res. 
2011; 90: 1234-9. 

21. Donninger H, Bonome T, Radonovich M, Pise-Masison CA, Brady J, Shih 
JH, et al. Whole genome expression profiling of advance stage papillary 
serous ovarian cancer reveals activated pathways. Oncogene. 2004; 23: 
8065-77. 

22. Santin AD, Zhan F, Bellone S, Palmieri M, Cane S, Bignotti E, et al. Gene 
expression profiles in primary ovarian serous papillary tumors and 
normal ovarian epithelium: identification of candidate molecular 
markers for ovarian cancer diagnosis and therapy. International journal 
of cancer. 2004; 112: 14-25. 

23. Santin AD, Zhan F, Cane S, Bellone S, Palmieri M, Thomas M, et al. Gene 
expression fingerprint of uterine serous papillary carcinoma: 
identification of novel molecular markers for uterine serous cancer 
diagnosis and therapy. British journal of cancer. 2005; 92: 1561-73. 

24. Bae H, Kim B, Lee H, Lee S, Kang HS, Kim SJ. Epigenetically regulated 
Fibronectin leucine rich transmembrane protein 2 (FLRT2) shows tumor 
suppressor activity in breast cancer cells. Sci Rep. 2017; 7: 272. 

25. Wu Y, Davison J, Qu X, Morrissey C, Storer B, Brown L, et al. 
Methylation profiling identified novel differentially methylated markers 
including OPCML and FLRT2 in prostate cancer. Epigenetics. 2016; 11: 
247-58. 

26. Bottcher RT, Pollet N, Delius H, Niehrs C. The transmembrane protein 
XFLRT3 forms a complex with FGF receptors and promotes FGF 
signalling. Nat Cell Biol. 2004; 6: 38-44. 

27. Karaulanov EE, Bottcher RT, Niehrs C. A role for fibronectin-leucine-rich 
transmembrane cell-surface proteins in homotypic cell adhesion. EMBO 
Rep. 2006; 7: 283-90. 

28. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, et 
al. Characterization of a 3-phosphoinositide-dependent protein kinase 
which phosphorylates and activates protein kinase Balpha. Curr Biol. 
1997; 7: 261-9. 



 Journal of Cancer 2020, Vol. 11 

 
http://www.jcancer.org 

7338 

29. Sveen A, Kopetz S, Lothe RA. Biomarker-guided therapy for colorectal 
cancer: strength in complexity. Nat Rev Clin Oncol. 2020; 17: 11-32. 

30. Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet. 
2000; 9: 2395-402. 

31. Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 
2002; 16: 6-21. 

32. McCabe MT, Lee EK, Vertino PM. A multifactorial signature of DNA 
sequence and polycomb binding predicts aberrant CpG island 
methylation. Cancer Res. 2009; 69: 282-91. 

33. Tsai HC, Baylin SB. Cancer epigenetics: linking basic biology to clinical 
medicine. Cell Res. 2011; 21: 502-17. 

34. Xicola RM, Llor X. [DNA methylation defects in sporadic and hereditary 
colorectal cancer]. Gastroenterol Hepatol. 2012; 35: 480-7. 

35. Raskov H, Soby JH, Troelsen J, Bojesen RD, Gogenur I. Driver Gene 
Mutations and Epigenetics in Colorectal Cancer. Ann Surg. 2020; 271: 
75-85. 

36. Kim MS, Lee J, Sidransky D. DNA methylation markers in colorectal 
cancer. Cancer Metastasis Rev. 2010; 29: 181-206. 

37. Song L, Li Y. The Role of Stem Cell DNA Methylation in Colorectal 
Carcinogenesis. Stem Cell Rev Rep. 2016; 12: 573-83. 

38. Massague J. G1 cell-cycle control and cancer. Nature. 2004; 432: 298-306. 
39. Ericson K, Gan C, Cheong I, Rago C, Samuels Y, Velculescu VE, et al. 

Genetic inactivation of AKT1, AKT2, and PDPK1 in human colorectal 
cancer cells clarifies their roles in tumor growth regulation. Proc Natl 
Acad Sci U S A. 2010; 107: 2598-603. 


