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Background: The KRAS genotype status is strongly associated with a prothrombotic state in colorectal cancer, and
hypercoagulability and cancer-related thrombosis are among the significant events leading to poor prognosis. However, this
correlation has not been confirmed at the cellular level. This study aimed to assess the maximum platelet aggregation rate and
thrombin expression induced by colorectal cancer cells under different KRAS genotypes.
Materials and methods: Platelet aggregation rate assay and western blotting analysis were used to detect platelet aggregation
and thrombin expression induced by four colorectal cancer cells with different KRAS genotypes, including RKO, HCT116, SW480,
and SW620. FVIIa/tissue factor and thrombin inhibitors were added to explore changes in platelet aggregation rates induced by
colorectal cancer cells and the association between KRAS genotype status and hypercoagulable state.
Results: KRAS-mutant cells were more likely to increase maximal platelet aggregation, with RKO, HCT116, SW480, and SW620
inducing 34.7%, 55.4%, 44.4%, and 63.8% of platelet aggregation, respectively. The maximum platelet aggregation rate was higher
in the metastatic rectal cancer tumour strain SW620 than in the primary rectal cancer strain SW480. RKO cells had lower thrombin
expression than the other three cells. Furthermore, the addition of thrombin inhibitors caused a more significant decrease in the
platelet aggregation rate in KRAS-mutant cell lines compared to KRAS wild-type cell lines.
Conclusion: Compared to KRAS wild-type colorectal cancer cells, KRAS-mutant colorectal cancer cell lines were more likely to be
hypercoagulable through the upregulation of thrombin expression, which was mainly achieved through the TF-thrombin pathway.
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Introduction

The second leading cause of cancer-related mortality globally is
colorectal cancer, which is also the third most prevalent cancer
overall[1]. In 1865, the famous French doctor Armand Trousseau
discovered the link between cancer and thrombosis; he defined
superficial thrombophlebitis as an early indicator of concealed
visceral malignancy[2]. Colorectal cancer is no exception and is
reported to have the second-highest incidence of thrombotic
lesions among several common cancers[3]. Hypercoagulability is
associated with clinical progression and prognosis in patients
with colorectal cancer. Many coagulation abnormalities, such as
thrombocytosis, hyperfibrinogen, and elevated D-dimer levels, are associated with the progression or poor prognosis of color-

ectal cancer[4].
KRAS, a GTPase signalling protein, regulates cell proliferation,

differentiation, and survival and is the human homologue of the
Kirsten rat sarcoma-2 viral oncogene[5]. Recent research has
linked the KRAS gene to thrombotic lesions, suggesting that it
plays a key role in the development of colorectal cancers. KRAS
mutations are found in ~30–50% of colorectal tumours and are
also common in lung adenocarcinoma and prostate tumours[6–8].
Tumour-mutated KRAS status is associated with an increased risk
of venous thromboembolism (VTE) in patients with metastatic
colorectal cancer, according to a retrospective multicenter cohort
study conducted by Ades[9]. KRAS mutations influence malig-
nancy progression by affecting tissue factor/FVIIa colorectal
cancer cells and the EGFR signalling pathway[10]. Compared to
KRAS wild-type tumours, KRAS-mutated colorectal cancers have
a poorer overall prognosis, a shorter median overall survival, and
an increased incidence of deep vein thrombosis[9,10].

HIGHLIGHTS

• Assessed platelet aggregation and thrombin expression
with different KRAS genotypes.

• KRAS-mutant cells were more likely to increase maximal
platelet aggregation.

• Thrombin inhibitors significantly decreased the platelet
aggregation rate.

• KRASmutants were hypercoagulable through upregulated
thrombin expression.
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There is growing evidence that platelets play a crucial role in
promoting a hypercoagulable state in cancer patients[11]. Tumour
cells cause platelet activation through various pathways, includ-
ing tumour cell-platelet adhesion and the secretion of molecules
that activate platelets by tumour cells (e.g. ADP, thrombin,
matrix metalloproteinases, and IL-6)[11–13]. However, there is
still a lack of KRAS coagulation studies performed at the cellular
level in colorectal cancer. We hypothesized that KRAS-mutant
cells were more likely to cause a hypercoagulable state in
the blood.

We measured platelet aggregation rates after colorectal cancer
cell-platelet interactions. The maximum platelet aggregation rate
is often used to reflect the status of the incoming thrombus[14].We
used human RKO, HCT116, SW480, and SW620 colorectal
cancer cell lines with different KRAS genotypes to explore pla-
telet-colorectal cancer cell interactions. The RKO cells were a
wild-type of KRAS, and the other three were mutant cells. Trends
in tumour cell-induced platelet aggregation rates were explored
by adding the FVIIa/tissue factor inhibitor PCI-27483 and the
thrombin inhibitor recombinant hirudin. We further hypothe-
sized that in colorectal cancer cells, the KRAS gene may affect the
degree of coagulation by regulating thrombin production and
coagulation.

Material and methods

Cell culture

We obtained human colorectal cancer cell lines either from our
lab, the Chinese Academy of Sciences, or the Shanghai Institute of
Biological Sciences. Dulbecco’s Modified Eagle’s Media (Gibco,
Thermo Fisher Scientific, Inc.) was used to treat RKO, SW480,
and SW620 cells, whereasMcCoy’s 5Amediumwas used to treat
HCT116 cells (Nanjing KeyGen Biotech Co., Ltd.). We added
10% foetal bovine serum (Gibco, Thermo Fisher Scientific, Inc.)
and 1% penicillin-streptomycin to the media as supplements. To
continue exponential development, subculture was performed
every two to three days at 37°C in a humidified environment with
5% CO2 and 95% air.

Blood samples

We took blood from healthy volunteers who were at least
18 years old for the platelet aggregation test. For the purpose of
measuring platelet function, blood was taken with a needle from
a peripheral vein and placed into BD Vacutainer tubes (Becton
Dickinson). Patients with cancer were excluded. Treatment with
platelet-depleting medicines or platelet transfusions within two
weeks of sample collection, as well as surgery, invasive vascular
manipulation, radiation therapy, or chemotherapy during the
previous week of sample collection, also excluded patients from
participation. The study involving human subjects was reviewed
and approved by the Medical Ethics Committee of Yan’an
Hospital, Kunming Medical University, China (Approval No.
2015-049-01). Patients provided written informed consent to
participate in this study.

Platelets interacted with tumour cells

Blood that had been citrate-anticoagulated was centrifuged for
10 min at 200g to extract the platelet-rich plasma, which was
then put into freezing tubes. We added an acid-citrate-glucose

solution and prostaglandin E1 to avoid platelet activation during
subsequent centrifugation (Merck KGaA). Centrifugation at
1000g for 10 min produced platelet precipitates. The platelet
pellet was washed and resuspended in phosphate-buffered saline
(PBS). The densities of the four colorectal cancer cell lines in the
24-well plates were comparable. Equal volumes of platelet sus-
pension were added to the cells after they had been washed with
PBS and the medium had been discarded. Two additional 24-well
plates were similarly prepared and supplemented with the
thrombin inhibitor recombinant hirudin (≥ 7000 ATU/mg pro-
tein; Merck KGaA) and FVIIa/tissue factor inhibitor PCI-27483
(MedChemExpress). They were incubated in a 37°C 5% CO2

incubator for 1 h. Afterward, all suspensions after the reaction
were collected in Eppendorf tubes and labelled to detect platelet
aggregation rates. The control group was the platelet suspension
that did not react with tumour cells (Fig. 1).

Determination of the maximum platelet aggregation rate

A PL-12 multiparameter platelet function analyzer (Jiangsu
Innovartis Medical Technology Co., LTD.) was used for deter-
mination. We used Kurt’s principle to judge the function of pla-
telets by directly measuring the change in the number of platelets
before and after the addition of the inducer. Arachidonic acid was
used as the inducer. This method detected the signal directly, and
the result reflected the platelet aggregation.

Western blotting

Cells were treated by ultrasound on ice in a lysis buffer mixed
with a protease and phosphatase inhibitor (Merck KGaA). The
lysate was centrifuged at 14 000g for 5 min to collect the super-
natant. Then, a BCA protein analysis kit quantified the total
extracted protein concentration. The loading buffer was added to
each lysate and boiled for 5min. Protein samples were transferred
to polyvinylidene difluoride membranes after being resolved by
8% SDS-PAGE (EMD MilliporePrimary antibodies were then
incubated on the blots overnight at 4°C after the blots had been
blocked with 5% nonfat milk for 1 h at 25°C . Beta-Actin anti-
body (GB12001, Servicebio) and anti-thrombin antibody
(#ab17199, Abcam) were the main antibodies utilized. The sec-
ondary antibody, an anti-mouse antibody coupled to horseradish
peroxidase (#96356, Cell Signalling Technology), was incubated
for 1 h at room temperature. An improved chemiluminescence kit
was used to detect the immunoreactive bands on the Tanon4500
Gel Imaging system (Tanon Science and Technology Co., Ltd.).

Statistical analysis

IBM SPSS Statistics for Windows (Version 22.0, IBM Corp) was
used for the statistical analysis. For continuous variables, we
utilized the Shapiro-Wilk test for normality and a histogram
analysis to determine the distribution of our data.Means and SDs
for continuously dispersed, normally distributed data are pre-
sented. Single-factor ANOVA (one-way ANOVA) was used to
compare several groups’ maximum platelet aggregation rates
induced by colorectal cancer cells. Multiple post-hoc compar-
isons were performed using The Dunnett hypothesis covariance
with RKO cell lines as control. Paired t-tests were used to com-
pare differences in platelet aggregation rates before and after the
same cell intervention. A statistically significant difference was
defined as P less than 0.05.
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Results

The platelet aggregation rate was determined by measuring the
platelet aggregation rate of each cell tumour line in the hirudin
and non-inhibitor groups. The results showed a statistically sig-
nificant difference in the distribution between the groups in the
non-inhibitor group (P<0.001), and in a post-hoc comparison
with the RKO cell line as a control, the cell lines HCT116 and
SW620 were statistically different (Fig. 2A). In addition, the
SW480 cell line derived from in situ rectal adenocarcinoma tissue
was statistically different from its metastatic focal SW620 cell line
(P<0.05). In the hirudin group, the distribution between the
groups was statistically different (P=0.001), and similarly,
SW620 was statistically different from RKO in the post-hoc
comparison. Results were statistically different (P<0.05) before
and after the addition of hirudin in the same cell line or control
group (Table 1). When we compared the maximum platelet
aggregation rate in the non-inhibitor and the hirudin groups, we
found that the three cell lines HCT116, SW480, and SW620
decreased significantly more than RKO after the intervention
(Fig. 2B). When comparing the magnitude of their decreases, the
difference between RKO and HCT116 before and after the
intervention was statistically significant (Difference=16.80, 95%
CI=2.38–30.82, P=0.026) (Table 2). The difference between
RKO and SW620 before and after the intervention was statisti-
cally significant (Difference=14.50, 95% CI=2.24–26.76,
P=0.028) (Table 3). After adding the FVIIa/tissue factor inhibitor
PCI-27483, we compared its measured maximum platelet aggre-
gation rate with that of the hirudin group. We found that the
inhibition of platelet aggregation induced by tumour cells was
similar between the two groups of inhibitors (Fig. 2C). We per-
formed immunoblotting experiments to determine the expression
of thrombin in colorectal cancer cell lines to understand the effect
of recombinant hirudin on aggregation rates. In contrast to RKO,

thrombin expression was shown to be greater in HCT116,
SW480, and SW620 cells (Fig. 2D).

Discussion

In this study, we revealed that at the cellular level, KRAS-mutant
colorectal cancer cells were more likely to cause a hypercoagulable
state of blood and express higher levels of thrombin compared to
wild-type. The association between KRAS mutations and blood
hypercoagulability may involve multiple mechanisms. In human
colorectal cancer cells, KRAS oncogene activation and p53 tumour
suppressor gene inactivation are two major transformation events
that mediate tissue factor (TF) overexpression, and their patterns
depend on MEK/mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3’-kinase (PI3K)[15]. This may be one of the
main mechanisms of KRAS leading to blood hypercoagulability.

TF is a coagulation factor VII/VIIa (FVII/VIIa) transmembrane
cellular receptor that has a molecular weight of 47 kDa[16,17]. Yu
et al.[15] demonstrated in a preclinical model that TF upregulation
in colorectal cancer cells is directly related to mutation activation
of the KRAS oncogene. Rao et al.[18] confirmed this in colorectal
cancer samples and non-small cell lung cancer[19]. Cancer coa-
gulopathy is usually associated with the upregulation of TF, the
initiator of the significant cytokine coagulation cascade[20] and a
representative cancer procoagulant[21]. The formation of TF/VIIa
complexes on the cell surface triggers the proteolytic conversion
of circulating factor X (FX) to the active form (FXa) during the
coagulation cascade when TF expression is elevated or the
membrane microbubbles containing TF are shed[22]. FXa acti-
vates the conversion of thrombinogen (FII) to thrombin (FIIa).
The following amplification of thrombin generation is a result of
the activity of coagulation factors Va, VIIa, and IX. The sub-
sequent surge of thrombin activity triggers protease-activated

Figure 1. Procedures for determining the peak platelet aggregation rate using a platelet function analyzer. ACD, acid-citrate-dextrose; PGE1, prostaglandin E1.
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receptors involved in platelet activation and converts soluble
fibrinogen to insoluble fibrin, both of which are necessary for fast
clotting[23]. In conclusion, our study suggests that KRAS muta-
tions in colorectal cancer cells are more likely to lead to a
hypercoagulable state of blood, consistent with the results of
Ades’ cohort study, which showed a higher incidence of venous
thromboembolism in KRAS-mutant patients. Although KRAS
mutations do not necessarily cause VTE, the hypercoagulable
state increases the risk of VTE and correlates with tumour pro-
gression and metastasis.

Furthermore, preclinical evidence implies that TF participates
in a number of cancer-related processes, including metastasis,
angiogenesis, and tumour development[24–27]; the same has been

reported in colorectal cancer[28,29]. Furthermore, increased TF
expression was associated with a worse outcome in colorectal
cancer patients[18]. These results are in line with the rises in TF
expression seen in various colorectal cancer clinical stages at
Duke[29]. TF expression in tumour cells is a crucial link between
cancer and cancer-related thrombosis[30]. In addition, cancer-
related thrombosis can lead to a poor prognosis for tumour
patients. We speculated that the KRAS status may become
essential in evaluating the risk of blood hypercoagulability in
colorectal cancer patients and an indicator of poor prognosis.

In our experiments, we found a statistically significant decrease
in the maximum platelet aggregation rate following the addition
of recombinant hirudin, suggesting that thrombin plays a vital
role in the platelet aggregation response induced by colorectal
cancer cells. The slope of the platelet aggregation rate appeared to
be flatter in the hirudin group than in the non-inhibitor group,
with the decrease in HCT116 and SW620 being statistically dif-
ferent from that of RKO. This is broadly similar to the expression
of thrombin in colorectal cancer cells.

Furthermore, the higher rate of maximum platelet aggregation
induced by the metastatic tumour strain SW620 compared to the

Table 1
Determination of the maximum platelet aggregation rate of
colorectal cancer cell lines after platelet interaction before and
after the addition of recombinant hirudin.

Paired t-test

Groups
Inhibitor-free group

(Mean± SD)
Hirudin group
(Mean± SD) t P

RKO 34.73± 5.68 19.10± 3.99 5.21 0.014
HCT116 55.40± 7.48a 22.98± 3.74 6.65 0.007
SW480 44.43± 4.86 25.85± 4.72 5.55 0.012
SW620 63.80± 7.29a 33.68± 4.34a 7.50 0.005
Control 28.98± 4.04 21.80± 3.29 4.67 0.019
F-value 22.71 7.614
P value < 0.001 0.001

aRepresents the comparison with RKO; P< 0.05.

Table 2
Comparison of the difference between RKO and HCT116 before
and after the addition of recombinant hirudin.

Group Mean± SD Difference value (95% CI) P

RKO 15.62± 6.00 16.80 (2.38–30.82) 0.026
HCT116 32.43± 9.76

A

C D

B

Figure 2. Themaximum platelet aggregation rate and thrombin expression results differed between KRASwild-type andmutant cell lines. (A) Themaximum platelet
aggregation rate in the inhibitor-free group was higher and statistically different in the HCT116 and SW620 cell lines compared to the RKO cell line (*P<0.05). (B)
Trends in maximum platelet aggregation rates for each cell line and control group before and after the addition of inhibitors. (C) Comparison of the maximum platelet
aggregation rate after the addition of the FVIIa/tissue factor inhibitor PCI-27483 and the thrombin inhibitor hirudin. (D) The expression of thrombin was higher in
HCT116, SW480, and SW620 cell lines than in RKO cell lines.
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primary rectal cancer tumour strain SW480 may correlate with
the degree of gene expression and is consistent with relevant
clinical reports of higher incidence of thrombotic adverse events
in patients with colorectal cancer with metastasis[3]. In a com-
parison between the two inhibitors, PCI-27483 and hirudin, we
found that the maximum platelet aggregation rate decreased to a
similar extent in both groups, suggesting that platelet aggregation
induced by colorectal cancer tumour lines is mainly achieved
through the TF-thrombin pathway. Two critical mediators in the
link between coagulation andmalignancy have been suggested by
Ricicles et al.[26], namely thrombin and TF. The clotting-depen-
dent pathway involves activation of the TF receptor via ligand
binding and subsequent downstream production of thrombin
and clot formation[31,32]. We hypothesized that KRAS gene
mutation-mediated TF upregulation and subsequent increased
thrombin expression in colorectal cancer cells is a primary
pathway leading to a hypercoagulable state of the blood.

Colorectal cancer cells can contribute to a hypercoagulable
state of blood through various mechanisms, including tumour
procoagulant, which is not present in any normal tissue and can
activate coagulation factor X independently of coagulation factor
VIII[33]. It has also been reported that p53 and BRAF genes are
associated with a hypercoagulable state of blood[34] and that
PTEN mutations are associated with increased TF expression,
which causes an increase in thrombin expression[25]. Indeed,
many oncogenes or tumour suppressor genes and their mutations
affect the up- or downregulation of coagulation-associated sub-
stance production by tumour cells. This may be why the max-
imum platelet aggregation rate of the KRAS-mutant cell line
SW480 was insignificant in this experiment compared to RKO.

The limitation of this study is that it only explored the effect of
a single gene, KRAS, in colorectal cancer cells on coagulation
function. There is a need for reproducible experimental studies to
compare the differences in the procoagulant effects of different
genotypes of cancer cells, which can help us gradually reveal the
relationship between mutations in nodal cancer genes and
hypercoagulable states and provide more precise anticoagulation
and antitumor treatment options for tumour patients. The coa-
gulation response induced by TF in colorectal cancer cells needs
further study, including its effects on KRAS and thrombin.

Conclusion

Our experiments show that KRAS-mutated colorectal cancer
cells are more capable of inducing a thrombotic state. This
manifestation may be induced by the expression of thrombin in
tumour cells and is closely linked to tissue factor.
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