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Abstract The study was aimed to investigate the rela-

tionship between hypermethylation of Syk gene and clini-

copathological characteristics and long-term outcomes in

colorectal cancer. The effect of Syk on cell proliferation

and invasion ability was also assessed. Methylation and

expression status of Syk were explored in CRC tissues and

cell lines by MSP, qRT-PCR and western blot assay. The

effects of Syk overexpression on tumorigenesis were

studied by in vitro assay. The correlation between Syk

methylation and clinical relevance in CRC patients was

also analyzed. Syk methylation was found 48.6 % in CRC

tissue samples and 57.1 % in cell lines, respectively. The

loss of Syk expression could be restored by demethylation

agent. Overexpression of Syk in CRC cell inhibited cell

proliferation (p \ 0.01) and invasion (p \ 0.01). The

methylation of Syk was significantly associated with his-

tological grade (p = 0.002), lymph node status (p \ 0.001)

and TNM stage (p \ 0.001). Five-year overall survival in

methylated Syk group was significantly lower than that in

unmethylated Syk group (59 vs. 80 %, p \ 0.001). Multi-

variate analysis demonstrated that Syk methylation was an

independent prognostic factor for overall survival. Syk is

identified as a potential tumor suppressor in CRC pro-

gression. Syk methylation is correlated with poor overall

survival, which acts as an independent prognostic indicator

of CRC.

Keywords Colorectal cancer � Spleen tyrosine kinase

(Syk) � Tumor suppressor gene � DNA methylation/

epigenetics

Introduction

Colorectal cancer (CRC) is the third most common

malignancy and one of the leading causes of cancer-related

death in the world [1] which arises as a consequence of the

accumulation of genetic and epigenetic alterations in

colonic epithelial cells during neoplastic transformation.

Epigenetic modifications, particularly DNA methylation in

promoter region, are recognized as common molecular

alterations in CRC. Hypermethylation of CpG island pro-

moters can lead to a complete block of transcription of

tumor suppressor genes [2]. The significance of DNA

methylation in the initiation and promotion of CRC has

been reported widely [3–7].
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Spleen tyrosine kinase (Syk) gene is widely expressed in

various types of normal and tumor tissues and cancer cells

[8–11]. Emerging evidence indicates that Syk may be a

potent modulator of epithelial cell growth and a potential

tumor suppressor in human breast carcinoma [12, 13].

Hypermethylation of Syk gene silencing its expression was

found in breast cancer [14], gastric cancer [15], melanoma

[16] and oral squamous cell carcinoma [17]. However, the

function of Syk gene in sporadic CRC remains unknown,

so we explored whether methylation of Syk promoter

region was associated with the loss of Syk expression, and

the relationship between Syk methylation status and clini-

copathological factors in CRC. At the same time, we also

investigated whether Syk expression could be restored in

CRC cell lines with methylated Syk treated with demeth-

ylation reagent (5-Aza-2-deoxycytidine, 5-Aza). Addi-

tionally, the effect of Syk overexpression on cell

proliferation and invasion were also analyzed. In the

present study, we found that the Syk gene is frequently

hypermethylation and a potential tumor suppressor gene in

CRC. Overexpression of Syk inhibited cell proliferation

and invasion ability. Methylation of Syk could be act as an

independent prognostic factor for CRC patients.

Materials and methods

Tissue samples and cell lines

Tumor and corresponding adjacent non-cancerous tissue

samples were collected at the time of surgery from 210

consecutive primary sporadic CRC patients in the Depart-

ment of Gastrointestinal Surgery of the Sixth Affiliated

Hospital, Sun Yat-sen University. Tissues were snap-fro-

zen in liquid nitrogen immediately after resection and

stored at -80 �C until analysis. CRC diagnosis was con-

firmed by histology. Informed written consent was given

by all the patients enrolled in the study. This study was

approved by Ethics Committee of Sun Yat-sen University

in China.

Seven CRC cell lines (Colo320, HCT15, SNU1197,

SW116, HCT116, SNU61 and SW-403) were used in the

present study. Breast cancer cell lines T-47D and MDA-

MB-231 were used as negative and positive control for

methylation. The cell lines were obtained from American

Type Culture Collection (ATCC, Manassas, VA, USA) and

cultured in RPMI 1640 medium or Dulbecco’s modified

Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA)

supplemented with 10 % fetal bovine serum and incubated

in 5 % CO2 at 37 �C.

In order to test whether 5-Aza-20-deoxycytidine (5-Aza)

restored Syk expression in CRC cell lines, CRC cell lines

(Colo320 and HCT15) were treated with 3 lM 5-Aza

(Sigma) for 3 consecutive days, with culture medium

changing every day, to check for methylation status of Syk

gene and restoration of Syk expression. All experiments

were conducted in triplicate.

DNA isolation, bisulfate sodium treatment

and methylation-specific PCR (MSP)

Genomic DNA from tissue samples and cell lines were

extracted with Qiagen Tissue and blood Kit (Qiagen, Hil-

den, Germany) according to the manufacturer’s instruction.

DNA was modified with sodium bisulfite as described

previously [14]. Briefly, two micrograms of genomic DNA

was denatured by incubation with 0.3 mol/l NaOH for

10 min at 37 �C. A total of 30 ll of 0.2 mol/l hydroqui-

nones and 520 ll of 3 mol/l sodium bisulfite were added,

and the solution was incubated at 50 �C for 16 h. Treated

DNA was purified by Wizard DNA clean-up System

(Promega, Madison, WI) according to the manufacturer’s

protocol.

The CpG islands within Syk gene promoter have been

described previously [14]. MSP was performed to analyze

the methylation status in Syk gene promoter region. Primer

sequences and PCR conditions were derived from previ-

ously published article [14]. Primers designed to amplify

methylated and unmethylated Syk promoter sequences:

methylated specific: 50-gattaagatatatttagggaatatg-30 (for-

ward) and 50-cacctatattttattcacataatttc-30 (reverse); unme-

thylated specific: 50-attttgtgggttttgtttggtg-30 (forward) and

50-acttccttaacacacccaaac-30 (reverse). The PCR product

was 243 bp with 9 CpG sites. The PCR product was 140 bp

with 6 CpG sites. Both primers were added to the same

reaction and expected to generate 243 or 140 bp products,

respectively. PCR conditions were as follows: total reac-

tion volume was 30 ll, 94 �C for 5 min for denaturation,

30 cycles of 94 �C for 30 s, 58 �C for 30 s, 72 �C for 30 s,

with a final elongation step of 10 min at 72 �C. The PCR

mixture contained 19 buffer with 1.5 mM MgCl2, 10 pmol

of each primer, 0.2 mM dNTPs and 100 ng of bisulfite-

modified DNA in a final volume of 50 ll. PCR products

were run on 2 % agarose gels stained with ethidium bro-

mide and visualized directly under UV illumination.

Samples were considered as methylation or non-methyla-

tion, when there was a clearly visible band (243/140 bp) on

the gel with methylation or non-methylation primers.

RNA isolation and qRT-PCR

Total RNA was extracted from tissue samples and cell lines

using the RNeasy kit (Qiagen, Hilden, Germany) following

the manufacturer’s instructions. Briefly, two micrograms of

total RNA from each sample was subjected to cDNA

synthesis using the Superscript III first strand synthesis
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system for RT-PCR (Invitrogen). The mRNA expression

level of Syk gene was detected by qRT-PCR. Primer

sequences for RT-PCR were as follows: 50-tgtcaaggataa-

gaacatcaagt-30 (forward) and 50-acttccttaacacaacccaaac-30

(reverse). The PCR conditions were as follows: total

reaction volume was 30 ll, 94 �C 5 min for denaturation

followed by 30 cycles of 94 �C for 30 s, 57 �C for 30 s,

72 �C for 30 s, with a final extension step of 10 min at

72 �C. b-actin mRNA was used as an internal reference.

Western blotting

Twenty micrograms of protein extracts from each sample

was fractionated through SDS-PAGE gels, and the elec-

trophoresed proteins were then transferred to PVDF mem-

branes and subjected to western blotting using specific

primary antibody for Syk (N-19) and b-actin (I-19). Primary

and secondary antibodies were purchased from Santa Cruz

Biotechnology (CA, USA) unless otherwise mentioned.

Immunohistochemistry and immunofluorescence

imaging

Formalin-fixed, paraffin-embedded sections of tissues were

subjected to immunostaining using a rabbit anti-human Syk

antibody. Briefly, tissue sections were deparaffinized,

rehydrated and subjected to antigen retrieval by boiling in

sodium citrate buffer (10 mmol/l, pH 6.0). The sections

were then incubated overnight with the Syk (1:200) anti-

body at 4 �C, washed, incubated with an anti-rabbit IgG

secondary antibody and then streptavidin–biotin complex,

and then stained with 3,3-diaminobenzidine. After visual-

ization of immunoreactivity, the sections were counter-

stained with hematoxylin and mounted.

Full-length Syk was cloned into the vector pCDNA3.1,

and pCDNA3.1-Syk was transfected into HCT15 cells to

screen stable cells for analysis. Cells were grown on glass

coverslips following incubation at 37 �C in 5 % CO2 for

48 h, the cells were fixed in 4 % paraformaldehyde for 1 h,

permeabilized in 1 % Triton X-100 for 10 min, blocked in

1 % bovine serum albumin for 1 h and incubated in anti-

Syk antibody at 4 �C overnight. The cells were then

washed three times in PBST, incubated in goat anti-rabbit

Cy3 antibody for 1 h, again washed three times with PBST

and then stained with 1 lg/ml Hoechst 33542 for 10 min.

The cells were then analyzed by fluorescence microscopy.

Cell proliferation assay and invasion assay

[3H] thymidine incorporation analysis was performed to

analyze the cell proliferation. Cells were seeded at a density

of 7 9 103 per well in 24-well plates. Media were changed

every 24 h during the experiment. [3H] thymidine (2 lCi)

was added to fresh medium and incubated with cells for half

an hour at 37 �C. Cells were then washed, methanol-fixed

and solubilized prior to scintillation counting. Counts from

the experiments were performed in triplicate for each group.

Meanwhile, cell viability was examined using the Vybrant

MTT Cell Proliferation Assay Kit (Invitrogen) according to

the manufacturer’s instructions.

The cell invasion ability was determined with BD Bio-

Coat Growth Factor Reduced Matrigel Invasion Chamber

according to the manufacturer’s instructions. Complete

culture medium (supplemented with 20 % fetal bovine

serum) was used as chemoattractant. Cells (1 9 104 cells/

well) were washed twice with PBS, re-suspended in 200 ll

of serum-free medium and then transferred into the upper

chamber. After 24 h of incubation, the filter was gently

removed from the chamber, the cells on the upper surface

were removed by wiping with a cotton swab, and cells that

had invaded to the lower surface areas were fixed, stained

with hematoxylin and eosin (H&E) and counted in 5 ran-

domly selected fields on microscope (9100). Experiments

were performed in triplicate for each group.

Statistical analysis

Statistical analysis was performed using the SPSS statisti-

cal package (version 16.0; SPSS, Chicago, IL, USA).

Comparisons were made by chi-square test or Fisher’s

exact test and Student’s t test where appropriate. The effect

of Syk methylation on overall survival was performed

using Kaplan–Meier method and compared using log-rank

test. Overall survival (OS) was defined as the time from the

date of surgery to the date of death from any causes.

Multivariate analysis of the factors that influenced overall

survival was carried out using the Cox proportional hazards

regression model. All analyses were two-sided, and

p \ 0.05 was considered statistically significant.

Results

Methylation status and expression of Syk gene in CRC

tissues and cell lines

To determine whether methylation of Syk gene in CRC

tissues, MSP was performed with sodium bisulfate-treated

DNA isolated from 210 primary sporadic colorectal can-

cers and their corresponding non-cancerous tissues. Meth-

ylation of Syk was observed in 102 of 210 tumor tissues

(48.6 %), 32 of 210 non-cancerous tissues (15.2 %) from

corresponding CRC patients (Fig. 1a) and 4 of 7 CRC cell

lines (57.1 %) (Fig. 1c).Hypermethylation of Syk in CRC

tissues was more frequent than that in corresponding nor-

mal tissues (48.6 vs. 15.2 %, p \ 0.001).Western blotting
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was performed to detect the Syk protein expression level in

7 CRC cell lines. Syk protein was detected in 3 unme-

thylated CRC cell lines (Colo320, SNU1197 and

HCT1116) and not in 4 methylated CRC cell lines (HCT15,

SW1116, SW403 and SNU61) (Fig. 1f). Expression level

of Syk mRNA by RT-qPCR in CRC tumor samples with

unmethylated Syk gene was significantly higher than that

in samples with methylated Syk gene (about 2.5-fold,

p \ 0.01) (Fig. 1b). Meanwhile, to detect the effect of Syk

methylation on Syk protein expression, MSP and immu-

nohistochemistry of Syk protein were performed in 210

primary CRC samples. Syk protein expression was either

lost or present in more than 50 % of CRC cells per sample,

and the patients were divided into Syk-negative and Syk-

positive groups. CRC tissues with Syk methylation were

significantly more Syk-negative compared to those with

Syk unmethylation [83.4 % (120/210) vs. 20 % (18/90),

p \ 0.01]. Representative data were shown in Fig. 1d.

Syk expression was restored by 5-Aza in CRC cell lines

To investigate the effect of DNA methylation on Syk

silencing, two CRC cell lines, Colo320 and HCT15, were

treated with 5-Aza. As for Colo320 cell with unmethylated

Syk, expression level in both protein and mRNA was not

significantly different with or without 5-Aza treatment.

However, as for HCT15 with methylated Syk gene, Syk

expression was restored and significantly upregulated in

mRNA level ([3.5-fold, p \ 0.01) by 5-Aza (Fig. 2).

The effect of Syk gene overexpression on CRC cell

proliferation and invasion

In order to analyze the function of Syk gene in CRC carcino-

genesis, we constructed and transfected a pcDNA3.1-Syk

expression vector into HCT15 cell to set stable cells with over-

expression of Syk confirmed by cell immunohistochemistry.

Fig. 1 Methylation status and expression level of Syk gene in CRC

tissues and cell lines. a Representative results for methylation status

and mRNA expression of Syk gene in CRC tumor tissues (T) and

adjacent normal tissues (N). b RT-qPCR was used to analyze the

expression level of Syk gene in methylated and unmethylated CRC

tumor tissues. The relative expression of Syk mRNA level was

significantly higher in unmethylated CRC tissues than that in

methylated samples (p \ 0.01) c Methylation status and protein level

of Syk gene in CRC cell lines (Colo320, HCT15, SW1116, SUN1197,

SW403, SNU61 and HCT116). Breast cancer cell lines T-47D and

MDA-MB-231 as negative and positive methylation controls.

d Immunohistochemical staining of Syk protein in CRC tissues.

Representative results for normal tissues (left), methylation/Syk

protein negative (middle) and unmethylation/Syk protein positive

(right)
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Cells with empty vector were used as control (Fig. 3a). The

effect of Syk overexpression on cell proliferation and viability

was evaluated by 3H thymidine incorporation assay and MTT

assay. The overexpression of Syk resulted in a significant

decrease in proliferation in HCT15-Syk cell compared to the

control group (decreased to 65 %, p\ 0.01, Fig. 3b). The

inhibitory effect was also confirmed by MTT assay. After about

4-day culture, the cell growth was significantly suppressed in

HCT15 cell with overexpression of Syk compared to the con-

trol (p\ 0.01, Fig. 3c).

To explore the effect of Syk on cancer cell invasion

ability, transwell Matrigel invasion assay was performed.

HCT15 cells transfected by pCDNA3.1-Syk or empty

vector were seeded in Matrigel-coated transwells and

allowed to migrate for 48 h. There were significantly less

migrating cells in those transfected with pCDNA3.1-Syk

compared to that in those cells with empty vector (down to

50 %, p \ 0.01).

Correlation of Syk methylation status

with clinicopathological characteristics and long-term

outcomes of CRC patients

The relationship between the clinicopathological charac-

teristics of CRC and methylation status of Syk gene is

given in Table 1. With the exception of the histological

grade (p = 0.002), lymph node status (p \ 0.001) and

TNM stage (p \ 0.001), there was no significant difference

Fig. 2 Effect of 5-Aza on Syk expression in methylated cell

(HCT15) and unmethylated cell line (Colo320). No significant

difference of Syk expression level in Colo320 cell treated with

5-Aza or not, however, methylated Syk was transformed to unme-

thylated Syk by 5-Aza and restored its expression in both mRNA and

protein level in HCT15 cells. All experiments were performed in

triplicate. Data are mean ± SD

Fig. 3 Effect of Syk overexpression on CRC cell proliferation and

invasion. a Overexpression of Syk in CRC cell line HCT15 stably

transfected with Syk cDNA was confirmed by cell immunohisto-

chemistry. Effect of Syk overexpression on cell proliferation and

viability was evaluated by 3H thymidine incorporation assay (b) and

MTT assay (c). d HCT15 cells transfected by pCDNA3.1-Syk or

empty vector were seeded in Matrigel-coated transwells and allowed

to migrate for 48 h. There were significantly less migrating cells in

those transfected with pCDNA3.1-Syk compared to empty vector

(p \ 0.01). All experiments were performed in triplicate. Data are

mean ± SD
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in other clinicopathological factors such as age, gender,

tumor location, and T and M stages.

Moreover, the correlation between Syk methylation

status and overall survival (OS) of CRC patients was also

evaluated. In the present study, the 5-year OS of all patients

was 67 % with median survival time of 8.5 years. When

stratified by Syk methylation status, the 5-year OS of

patients with methylated Syk was 59 % with median sur-

vival time of 7.8 years, compared with 80 % with median

survival time of 9.3 years for patients with unmethylated

Syk gene in the tumor tissues (Fig. 4). On Cox univariate

regression analysis for OS in this study, we observed that

tumor location, N stage, M stage, TNM stage and Syk

methylation status were significant risk factors. However,

only TNM stage and Syk methylation status were inde-

pendent prognostic indicators by multivariate analysis

(Table 2). Additionally, multivariate analysis indicated that

patients with methylated Syk had an increased risk of death

by a factor of 1.766 compared to unmethylated Syk in

tumor tissues (Table 2).

Discussion

Hypermethylation of Syk in the promoter region has been

reported in various cancers [14–17]. In the present study,

Syk was found to be methylated and inactivated in CRC.

The methylation of Syk was found 48.6 % in CRC tissue

samples and 57.1 % in CRC cell lines, respectively. Hy-

permethylation of Syk led to silencing of Syk in CRC cell

lines, which was restored by treatment with demethylation

agent (5-Aza). The methylation of Syk was associated with

Table 1 Relationship between Syk gene methylation status and

clinicopathological characteristics of CRC patients (n = 210)

Methylation status of Syk

gene

v2 p value

M (n = 102) U (n = 108)

Gender 0.993 0.319

Male 58 (56.9 %) 54 (50.0 %)

Female 44 (43.1 %) 54 (50.0 %)

Age (years) 0.016 0.900

\65 52 (51.0 %) 56 (51.9 %)

C65 50 (49.0 %) 52 (48.1 %)

Location 1.203 0.273

Colon 48 (47.1 %) 59 (54.6 %)

Rectum 54 (52.9 %) 49 (45.4 %)

Histological grade 12.333 0.002

Well 25 (24.5 %) 32 (29.6 %)

Moderately 54 (52.9 %) 70 (64.8 %)

Poorly 23 (22.5 %) 6 (5.6 %)

T stage 2.305 0.129

T1–T2 53 (52.0 %) 45 (41.7 %)

T3–T4 49 (48.0 %) 63 (58.3 %)

N stage 15.012 \0.001

No 36 (35.3 %) 67 (62.0 %)

N1–N2 66 (64.7 %) 41 (38.0 %)

M stage

M0 86 (84.3 %) 85 (78.7 %) 1.092 0.296

M1 16 (15.7 %) 23 (21.3 %)

TNM stage 25.329 \0.001

I/II 28 (27.5 %) 67 (62.0 %)

III/IV 74 (72.5 %) 41 (38.0 %)

Fig. 4 Overall survival for CRC patients between Syk methylation

and unmethylation group. Five-year OS was 59 and 80 % in

methylated Syk and unmethylated Syk group, respectively,

p \ 0.0001

Table 2 Univariate and multivariate analyses of the prognostic fac-

tors for 5-year overall survival of CRC patients

Indicator Univariate

analysis

Multivariate analysis

5-year

OS (%)

p value HR 95 % CI p value

Location of CRC 0.026 NS

Colon 78

Rectum 63

N stage 0.001 NS

No 80

N1–N2 63

M stage 0.009 NS

M0 75

M1 28

TNM stage \0.001 0.008

I–II 83 1 Reference

III–IV 61 1.879 1.181–2.990

Syk methylation status \0.001 0.001

U 79 1 Reference

M 60 1.766 1.139–3.568
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the decrease in the protein expression in CRC tissue sam-

ples. These results demonstrated that DNA methylation in

the promoter region played a key role in Syk transcription

and led to Syk inactivation. Furthermore, Syk can act as a

potential tumor suppress gene in the development of CRC,

which was consistent with other reports [15, 18, 19].

To explore the effect of Syk methylation on expression,

cell proliferation and invasion ability, we introduced the

Syk full-length cDNA into CRC cell line HCT15 to

establish the stable cells overexpressing Syk. Then, we

examined the proliferation and invasiveness ability of Syk-

transfected and mock-transfected cells using MTT assay,

[3H] thymidine incorporation assay and in vitro invasion

assay. Significant differences were found in proliferation

rate and invasion ability compared with empty vector

controls. These results indicated that ectopic expression of

Syk inhibited cell proliferation and invasion, which are in

agreement with previously published data [17, 20].

Analysis of clinicopathological factors and Syk methyla-

tion in CRC indicated a significant association of Syk meth-

ylation status with poorly differentiation (p = 0.002), lymph

metastasis (p \ 0.001) and advanced stages (p \ 0.001).

These results showed that loss of Syk involved in metastasis

and progression of CRC. Similar results were found in breast

cancer [14], lung cancer [21] and melanoma [20].

Survival analysis of patients in this study indicated that

hypermethylation of Syk significantly correlated with

worse 5-year OS by multivariate regression analysis, which

showed that methylation of Syk could act as an indepen-

dent prognostic factor for CRC. These results are consistent

with those reported in liver cancer [18] and gastric cancer

[15], and contrast with head and neck cancer [22].

Based on the present data, we concluded that hyper-

methylation of Syk is involved in CRC and that an epi-

genetic mechanism may regulate loss of its expression in

CRC tissues and cell lines. Syk contributes to the sup-

pression of tumorigenesis by inhibiting cell proliferation

and cell migration and invasion ability. Methylation status

of Syk in CRC tissues is correlated with poor OS of CRC

patients, which acts as an epigenetic marker to predict

prognosis for patients with CRC.
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