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Full Length Article 

Driver gene KRAS aggravates cancer-associated stroke outcomes 

Haomin Yan a, Tsutomu Sasaki a,b,*, Yasufumi Gon a, Kumiko Nishiyama a, Hideaki Kanki a, 
Hideki Mochizuki a 

a Department of Neurology, Graduate School of Medicine, Osaka University, Yamadaoka 2-2, Suita, Osaka 565-0871, Japan 
b Department of Neurotherapeutics, Graduate School of Medicine, Osaka University, Osaka, Japan   
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A B S T R A C T   

The incidence of cancer-associated stroke has increased with the prolonged survival times of cancer patients. 
Recent genetic studies have led to progress in cancer therapeutics, but relationships between oncogenic muta
tions and stroke remain elusive. Here, we focused on the driver gene KRAS, which is the predominant RAS 
isoform mutated in multiple cancer types, in cancer associated stroke study. KRASG13D/− and parental human 
colorectal carcinoma HCT116 cells were inoculated into mice that were then subjected to a photochemically- 
induced thrombosis model to establish ischemic stroke. We found that cancer inoculation exacerbated neuro
logical deficits after stroke. Moreover, mice inoculated with KRASG13D/− cells showed worse neurological deficits 
after stroke compared with mice inoculated with parental cells. Stroke promoted tumor growth, and the 
KRASG13D/− allele enhanced this growth. Brain RNA sequencing analysis and serum ELISA showed that che
mokines and cytokines mediating pro-inflammatory responses were upregulated in mice inoculated with 
KRASG13D/− cells compared with those inoculated with parental cells. STAT3 phosphorylation was promoted 
following ischemic stroke in the KRASG13D/− group compared with in the parental group, and STAT3 inhibition 
significantly ameliorated stroke outcomes by mitigating microglia/macrophage polarization. Finally, we 
compared the prognosis and mortality of colorectal cancer patients with or without stroke onset between 1 
January 2007 and 31 December 2020 using a hospital-based cancer registry and found that colorectal cancer 
patients with stroke onset within 3 months after cancer diagnosis had a worse prognosis. Our work suggests an 
interplay between KRAS and ischemic stroke that may offer insight into future treatments for cancer-associated 
stroke.   

1. Introduction 

Currently one-in-ten patients with ischemic stroke are suffering co
morbid cancer and the numbers are expected to increase in parallel with 
improvements in cancer therapies and the prolonging of survival rates 
[1]. Cancer-related procoagulants, inflammatory cytokines, and che
mokines lead to the frequent occurrence of thrombosis in cancer patients 
[2,3] and are associated with subsequent cerebrovascular events and 
severe morbidity and mortality [4]. According to an autopsy study of 
patients with malignant cancers, approximately 7.4 % of patients 
showed clinical symptoms, while 14.6 % had pathologic evidence of 
stroke [5]. Cerebrovascular diseases occur frequently in cancer patients 
[6–8], among which colorectal cancer is a frequent malignant compli
cation [9,10]. The accumulation of cerebrovascular risk factors 
throughout the lifetime of cancer patients makes cancer-associated 

stroke treatment urgent [11,12]. 
Our previous clinical studies demonstrated that cancer survivors 

[13], especially colorectal and pancreatic cancer patients [14], have a 
high risk of fatal ischemic stroke. Ischemic stroke patients with cancer 
showed worsened neurological deficits compared with ischemic stroke 
patients without cancer [15], and stroke occurrence can be predicted by 
a high neutrophil/lymphocyte ratio at cancer diagnosis [16]. We also 
observed that there was increased risk presumably due to cancer itself 
and not associated with chemotherapy use [17]. Nevertheless, the un
derlying mechanisms between cancer and stroke remain elusive. As re
ported in previous studies, approximately 17.4 % of cancer patients 
harbor KRAS mutations [18]. Additionally, the KRASG13D allele accounts 
for approximately 20 % of all KRAS variants in colorectal cancer [19]. 
Thus, in this study, we focused on the effects of KRASG13D on cancer- 
associated stroke. 
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Signal transducer and activator of transcription 3 (STAT3) is known 
to be an oncogenic factor in KRAS-driven cancers [20,21]. Targeting 
STAT3 could be therapeutic in various cancers [22–24]. Accumulative 
studies also suggest an essential role for STAT3 in central nervous system 
diseases [25,26]. STAT3 has proinflammatory roles in central nervous 
system diseases by modulating microglial responses [27] and astrocyte 
activation [28]. Recent studies have reported that targeting STAT3 
ameliorated post-stroke neuroinflammation [29]. However, the roles of 
STAT3 in cancer-associated stroke remain unclear. 

In this study, we investigated the role of oncogenic KRAS in cancer- 
associated stroke using mice inoculated with KRASG13D/− and wild-type 
(parental) HCT116 human colorectal cancer cells. We examined serum 
and brain levels of cytokines and chemokines after stroke in cancer- 
bearing mice, and then focused on STAT3-mediated neuro
inflammation after stroke. We also compared the prognosis of colorectal 
cancer patients with or without a stroke development between 1 
January 2007 and 31 December 2020. 

2. Methods 

2.1. Study approval 

The Ethics Committee for Clinical Research at Osaka University 
Hospital approved this study. The need for informed consent was waived 
owing to the retrospective nature of the study. The whole animal 
experimental protocol was approved by the Institutional Animal Care 
and Use Committee of Osaka University Graduate School of Medicine. 

2.2. Animals 

Briefly, 7-week-old male C57BL/6 mice were purchased from Charles 
River Laboratories Japan (Yokohama, Japan) and randomly divided into 
each group. Mice were raised under standard conditions of light (12 h 
light/dark cycle) and temperature (23 ◦C, 40 % humidity). 

2.3. Tumor cell inoculation 

KRASG13D/− HCT116 human colon cancer cells and parental HCT116 
human colon cancer cells were purchased from Horizon Discovery 
(Waterbeach, UK). KRASG13D/− HCT116 cancer cells were cultured in 
10-cm dishes containing 10 % fetal bovine serum (Invitrogen, Carlsbad, 
CA, USA), 1 % antibiotic-antimycotic (Invitrogen), and 0.4 mg/mL G418 
(Invitrogen) in RPMI1640. Parental HCT116 cancer cells were cultured 
in 10-cm dishes containing 10 % fetal bovine serum and 1 % antibiotic- 
antimycotic in RPMI1640. Cells (1 × 107 cells) were collected in 200 μL 
RPMI1640 and then subcutaneously injected into the backs of 7-week- 
old mice. Mice with subcutaneously injection of 200 μL RPMI1640 
without cells were defined as the vehicle group. Tumors were isolated 
from skin using scissors and photographed with a digital microscope 
(SZX12, Olympus, Tokyo, Japan). 

2.4. Drug administration 

AG490 (Tokyo Chemical Industry, Tokyo, Japan) was dissolved in 
0.3 % Dimethyl sulfoxide (DMSO) in saline according to the manufac
turer's instruction for intraperitoneal injection of 3 mg/kg every other 
day from 7 d before to 7 d after surgery [30]. The weights of all mice 
were recorded once every day over the whole study. 

2.5. Photochemically-induced thrombosis (PIT) model 

Mice were subjected to PIT 14 d after cancer inoculation. Briefly, 
mice were rapidly anesthetized using 3.5 % isoflurane and maintained 
with 1.0 % isoflurane using an open mask. The skin along the midline of 
the scalp, from the eye level to the neck, was incised and the skull was 
exposed. Then, 5 min after intraperitoneal injection of 0.2 mL rose 

bengal (10 mg/mL), photothrombotic vascular occlusion was induced 
by 20 min of illumination applied to the right exposed skull using a cold 
light source (4.5 mm diameter fiber optic end; Hamamatsu Photonics K. 
K., Japan) placed 2.2-mm lateral (left) of the bregma. The illuminated 
area included the motor (M1) and somatosensory (S1) cortices. Mice 
with only skull mechanically exposure but without photochemically- 
induced thrombosis were defined as the sham group. After illumina
tion, the skin of the scalp was closed. Mice were returned to their cages 
to recover separately. 

2.6. Measurement of infarct volume 

2,3,5-Triphenyltetrazolium chloride (TTC) staining was used to 
evaluate infarct volume as previously described [31]. 

2.7. Western blot 

Ipsilateral and contralateral hemispheres of the mice were collected 
on days 1 and 14 after PIT. Proteins were extracted using lysis buffer (20 
mM Tri-HCl, 150 mM NaCl, 2 mM EDTA, 1 % Nonidet P-40, protease 
inhibitor cocktail [Roche, Basel, Switzerland], and phosphatase inhibi
tor cocktail [Roche]). Protein concentrations were quantified using the 
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). 
Next, 10 μg of protein lysate from each sample was subjected to elec
trophoresis and then transferred to a polyvinylidene difluoride mem
brane (Immobilon P; Millipore, Burlington, MA, USA). After 1 h of 
blocking with 5 % non-fat dry milk, membranes were incubated with 
primary antibody overnight at 4 ◦C. After 1 h of incubation with sec
ondary antibody at room temperature, visualization was conducted with 
a luminoimage analyzer (ChemiDoc Touch MP, Bio-Rad, Hercules, CA, 
USA). The following antibodies were used: phospho-STAT3 (Tyr705) 
(1:1000; Cell Signaling Technology, Danvers, MA, USA), STAT3 
(1:1000; Cell Signaling Technology), phospho-MEK1/2 (Ser221) 
(1:1000; Cell Signaling Technology), MEK1/2 (1:1000, Santa Cruz 
Biotechnology, Dallas, TX, USA), phospho-ERK1/2 (Thr202/Tyr204) 
(1:1000; Cell Signaling Technology), ERK1/2 (1:1000; Cell Signaling 
Technology), and β-actin (1:5000; Proteintech, Rosemont, IL, USA). 
Image J (Version 15.4 g18) was used for grey value quantification. For p- 
STAT3/STAT3, p-MEK/MEK and p-ERK/ERK calculation, after division 
by their individual relative expression value, the obtained ratios were 
normalized to the 1st left group for subsequent comparison, 
respectively. 

2.8. Rotarod and foot fault tests 

Rotarod and grid walking tests were used to evaluate neurological 
deficits as previously reported [32]. 

2.9. Enzyme-linked immunosorbent assay (ELISA) 

Serum was collected from mice inoculated with parental or 
KRASG13D/− HCT116 human colorectal cancer cells before and after PIT 
for ELISA with the Interleukin-6 Platinum (eBioscience, Vienna, Austria) 
and CXCL1/KC Quantikine (R&D Systems, Minneapolis, MN, USA) kits. 

2.10. Quantitative real-time PCR (qPCR) analysis 

Total RNA was extracted from brain tissues using the mirVana 
miRNA Isolation Kit (Thermo Fisher Scientific). cDNA was prepared 
from 1 μg total RNA using the SuperScript VILO cDNA Synthesis Kit 
(Invitrogen). Power SYBR Green PCR Master Mix (Thermo Fisher Sci
entific) was used for qPCR. Relative mRNA expression was calculated by 
the comparative CT method using the QuantStudio 7 Flex Real-Time 
PCR system (Applied Biosystems, Waltham, MA, USA). Gene expres
sion levels were quantified by normalization to the expression of 36B4 as 
the endogenous control. The primer sequences used were as follows: 
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Fig. 1. Inoculation with KRASG13D/− HCT116 cells aggravated experimental ischemic stroke outcomes without altering infarct volume. a. Mice were randomly 
divided into three groups and inoculated with RPMI1640 (vehicle), HCT116 human colorectal cancer cells (parental), or KRASG13D/− HCT116 human colorectal 
cancer cells, and then subjected to photochemically-induced thrombosis (PIT) 2 weeks after inoculation. b. Representative images and measurements of tumors from 
the sham group 1 d after PIT and 14 d after PIT (n = 5–6). c. Rotarod and foot fault tests of mice in the vehicle, parental and KRASG13D/− groups (n = 5 for vehicle 
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Ym-1 F: 5′-CAGGTCTGGCAATTCTTCTGAA-3′, R: 5′- 
GTCTTGCTCATGTGTGTAAGTGA-3′; Arginase-1 F: 5′-GGAATCTG
CATGGGCAACCTGTGT-3′, R: 5′-AGGGTCTACGTCTCGCAAGCCA-3′; 
TNFα F: 5′-GAGTGACAAGCCTGTAGCCCAC-3′, R: 5′-CTCAGCCCCCT
CAGGGGTGTC-3′; 36B4 F: 5′-TGTGTGTCTGCAGATCGGGT-3′, R: 5′- 
TGGATCAGCCAGGAAGGCCT-3′. 

2.11. Immunofluorescence staining 

Mice were sacrificed, and then perfused with ice-cold PBS followed 
by 2 % paraformaldehyde. Brains were isolated, postfixed in 2 % para
formaldehyde for 24 h, gradually dehydrated, and then cut into 14 μm- 
thick sections. Sections were incubated with 0.1 % TritonX-100 at room 
temperature for 30 min, and then incubated with 10 % donkey serum in 
PBS for 1 h. Slides were incubated with primary antibodies overnight at 
4 ◦C, and then with secondary antibodies for 3 h at room temperature. 
Brain sections were counterstained with DAPI (Vector Laboratories, 
Burlingame, CA, USA). A confocal laser scanning microscope (FV3000, 
Olympus) was used for visualization. The following antibodies were 
used: CD16 (1:200; BD Biosciences, Franklin Lakes, NJ, USA), CD206 
(1:200; R&D Systems), and Iba-1 (1:500; Wako, Osaka, Japan). 

2.12. Analysis of RNA-seq data 

RNA library preparation and sequencing were performed at the 
Center of Medical Innovation and Translation (CoMIT) Research Omics 
Center. RNA libraries were prepared for sequencing using the TruSeq 
Stranded mRNA Library Prep kit (Illumina, San Diego, CA, USA). 
Sequencing was performed on the Illumina Novaseq 6000 platform in 
the 100-bp paired-end mode. Fastq files were quality controlled using 
FastQC (0.11.7), and all samples passed quality control checks. After 
cleaning up adapter contamination and low-quality regions, reads were 
mapped to the GRCm38 (mm10) mouse genome reference using Hisat2 
(2.1.0). Read counts were performed by featureCount (1.4.6). The R 
package DESeq2 (1.24.0) was used for count normalization and analysis 
of differentially expressed genes (DEGs) between 2 conditions. Heat
maps were generated using the R package pheatmap (1.0.12). Volcano 
plots were generated using the R package ggplot2 (3.4.0). Principle 
component analysis (PCA) was calculated by prcomp of R package stats 
(4.2.2) and visualized by R package ggplot2. Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment were 
conducted using R package clusterProfiler (4.6.0). The R package 
GOplot (1.0.2) was used to calculate Z scores, GO circular plots, and 
generate GO bubble plots. The Gene-Concept network was generated 
using R package enrichplot (1.18.3). KEGG enrichment was visualized 
by R package ggplot. 

2.13. Patients and clinical variables 

The retrospective study included 2933 patients who were newly 
diagnosed with colorectal cancer and admitted to Osaka University 
Hospital between 1 January 2007 and 31 December 2020. We included 
strokes that occurred after cancer diagnosis using a validated algorithm 
[33] to identify the occurrence of stroke during the follow-up period as 
previously reported [16,17,34]. Briefly, the algorithm indicated a stroke 
when the diagnostic code was registered and brain imaging (computed 
tomography and/or magnetic resonance imaging) was performed within 
a day of diagnosis. The diagnostic codes for stroke were based on the 
International Classification of Diseases (ICD)–10th revision as follows: 
subarachnoid hemorrhage (I60), intracerebral hemorrhage (I61), and 
cerebral infarction (I63). The algorithm had a 90 % positive predictive 
value for the clinical diagnosis of stroke. 

We collected cancer-related information from the cancer registry 
including age, sex, cancer stage, initial anticancer treatment, and sur
vival time. We also extracted clinical factors from electronic medical 
records including body mass index (BMI), smoking history, comorbid
ities (hypertension, dyslipidemia, diabetes mellitus, atrial fibrillation), 
use of antithrombotic medications, and blood biochemistry results at 1 
month after cancer diagnosis (D-dimer, high sensitivity C-reactive pro
tein [hsCRP], carcinoembryonic antigen [CEA], carbohydrate antigen 
19-9 [CA19-9], and neutrophil/lymphocyte ratio [NLR]). Antith
rombotic medications were defined as antiplatelet drugs (aspirin, cil
ostazol, ticlopidine, and clopidogrel) and anticoagulant agents 
(warfarin, dabigatran, edoxaban, apixaban, and rivaroxaban). As our 
cancer registry only included initial cancer treatment, we extracted data 
on all cancer treatments performed during the study period. ICD–10 
codes were used to define the following comorbidities: hypertension 
(I20–I25), dyslipidemia (E78), diabetes mellitus (E10–E14), and atrial 
fibrillation (E48). 

2.14. Follow-up 

The observation period was from 1 January 2007 to 31 December 
2022. The index date was defined as the date of cancer diagnosis or the 
date of the patient's first visit to Osaka University Hospital (for patients 
referred after diagnosis). The end date of follow-up was the time of 
death, last visit to our hospital, or 5 years after cancer diagnosis. 

2.15. Statistical analysis 

GraphPad Prism (v9.3.1; GraphPad Software, Inc., San Diego, CA, 
USA) was used to analyze the data from animal experiments. Compari
sons between two separate groups were performed using the unpaired 
non-parametric t-test. Multiple group comparisons were performed 
using one-way ANOVA with Bonferroni's post hoc test. Data from 
rotarod and foot fault tests were compared with repeated measurement 
2-way ANOVA. A two-tailed P-value <0.05 was considered statistically 
significant. All data are presented as mean ± standard deviation (SD). 

For patient data, continuous variables are presented as median 
(interquartile range [IQR]) and categorial variables are described as 
count (percentage). Values were compared using the Mann–Whitney U 
test and chi-square test as appropriate. Patients were divided into two 
groups according to stroke occurrence after cancer diagnosis, and then 
baseline characteristics were compared between the groups. To examine 
the specific effect of stroke on the survival of cancer patients, we applied 
landmark analysis in accordance with stroke status using three time
points. Statistical analysis was performed using R (4.2.2). All tests were 
two-tailed. The level of significance was set at P < 0.05. 

3. Results 

3.1. KRASG13D/− -driven cancer and stroke mutually aggravated each 
other 

To examine the roles of oncogenic KRAS in cancer-associated stroke, 
mice were randomly divided into three groups and inoculated with 
RPMI1640 (vehicle), HCT116 human colorectal cancer cells (parental), 
or KRASG13D/− HCT116 human colorectal cancer cells, and then sub
jected to 20 min PIT on day 14 after inoculation (Fig. 1a). Infarct vol
umes were significantly increased in both mice inoculated with parental 
and KRASG13D/− HCT116 cells compared with the vehicle group 
(Fig. 1b). Neurological tests from day 1 up to day 14 after stroke 
revealed that neurological deficits were significantly worsened in the 
KRASG13D/− group compared with the parental HCT116 group by 

group, n = 9–10 for parental and KRASG13D/− groups). d. Representative images and quantification of infarct volume in the vehicle, parental, and KRASG13D/− groups 
(n = 5). 
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Fig. 2. Transcriptome profiling of cancer bearing mice following stroke. a. Hemispheres isolated from sham and stroke mice on day 1 were used for RNA sequencing 
analysis (n = 4). b. Principal component analysis (PCA), c. volcano plot, and d. Gene ontology (GO), e. GO circular plot, f. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis, and g. heatmap for the two groups. h. Ipsilateral hemisphere isolated from cancer-bearing mice and sham hemisphere from mice 
without cancer were used for RNA sequencing analysis (n = 4). i. PCA, j. volcano plot, k. GO bubble plot, l. GO circular plot, m. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis, and n. heatmap for the two groups. 
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rotarod (F(5, 108) =2.351, p = 0.0456) and foot fault (F(5, 107) =4.415, 
p = 0.0011) tests (Fig. 1c). In comparison with the vehicle group, mice in 
the KRASG13D/− group showed an enhanced worse neurological deficits 
by rotarod (F(5, 78) =4.735, p = 0.0008) and foot fault test (F(5, 78) 
=4.695, p = 0.0008). No statistically significant differences between the 
parental and vehicle group were observed, which might be due to the 
limited samples scale and effects of deviations in neurological tests. As 
previous reports have already demonstrated that tumor would enhance 

the worsened prognosis after stroke [35,36], further experiments 
including increase of animal numbers are needed to elucidate the in
teractions between parental HCT116 tumor and stroke. Additionally, 
tumor size expanded by approximately 2-fold 1 d after PIT and by 
approximately 5-fold 14 d after PIT in mice inoculated with parental 
HCT116 cells compared with the sham group, while KRASG13D/− tumors 
grew by approximately 1.8-fold compared with parental HCT116 tu
mors 14 d after PIT (Fig. 1d), indicating that stroke accelerated tumor 

Fig. 3. KRASG13D/− -driven xenografts induced elevated chemokine and cytokine expression and STAT3 phosphorylation in the brain. a. Stroke hemispheres isolated 
from mice inoculated with parental and KRASG13D/− HCT116 cells were applied for RNA sequencing analysis (n = 4). b. Principal component analysis (PCA), c. 
volcano plot, d. heatmap, e. Gene Ontology (GO) bubble plot, f. Gene-Concept network plot, and g. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis between stroke hemispheres of the parental and KRASG13D/− groups. h. Representative western blots and quantification of P-STAT3:STAT3, P-MEK1/2: 
MEK1/2, and P-ERK1/2:ERK1/2 levels in contralateral and ipsilateral hemispheres of mice inoculated with parental and KRASG13D/− HCT116 cells (n = 3). i. Serum 
CXCL1 concentration was measured by ELISA before and 1 d after photochemically-induced thrombosis (PIT) in the parental and KRASG13D/− groups (n = 4–6 for pre, 
n = 8 for day 1). j. Serum IL-6 concentration was measured by ELISA before and 1 d after PIT in the parental and KRASG13D/− groups (n = 4 for pre, n = 5–6 for 
day 1). 
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growth, which was further enhanced by the KRASG13D/− mutation. 
These results suggest that cancer and stroke mutually aggravated each 
other, with the KRASG13D/− mutation enhancing both cancer growth and 
experimental stroke impairment. 

3.2. Transcriptome profiling of cancer-bearing mice following stroke 

First, we compared RNA transcriptome profiles of stroke and sham 
hemispheres from the mice (Fig. 2a). PCA revealed a clear difference in 
gene expression between the two groups (Fig. 2b). After stroke, 987 
genes were upregulated and 122 genes were downregulated (Fig. 2c). 
GO enrichment analysis revealed that the DEGs were enriched in cell- 
substrate adhesion, negative regulation of immune system process, 
regulation of angiogenesis, regulation of vasculature development, 
synapse organization, regulation of membrane potential, and axono
genesis pathways (Fig. 2d). The top 10 GO pathways according to 
adjusted P values are listed in Fig. 2e. We also performed KEGG 
enrichment analysis to identify pathological pathways (Fig. 2f). The top 
three KEGG pathways according to adjusted P values were MAPK 
signaling pathway, platelet activation, and chemokine signaling 
pathway. Among all the DEGs, chemokines such as CCL-12, CCL-2, CCL- 
9, CCL-6, CCL-27a, CCL-4, CCL-3, CXCL-10, CXCL-16, CXCL-1, CXCL-14, 
CXCL-12, CXCL-5, and cytokines such as interleukins showed significant 
differences in the stroke hemisphere (Fig. 2g). Next, to evaluate mo
lecular mechanisms of cancer-associated stroke, we compared the RNA 
transcriptome profiles of stroke hemispheres isolated from HCT116 
cancer bearing mice and sham hemispheres from mice without cancer 
(Fig. 2h). PCA revealed a clear difference in gene expression between the 
two groups (Fig. 2i). Compared with sham hemispheres from mice in the 
vehicle group, there were 927 upregulated and 118 downregulated 
genes in stroke hemispheres from cancer-bearing mice (Fig. 2j). GO 
enrichment analysis revealed that DEGs of the stroke hemisphere from 
cancer-bearing mice were enriched in cell-substrate adhesion, negative 
regulation of immune system process, regulation of angiogenesis, 
regulation of vasculature development, synapse organization, regulation 
of membrane potential, and axonogenesis pathways (Fig. 2k). The top 10 
GO pathways according to adjusted P values are listed in Fig. 2l. We also 
performed KEGG enrichment analysis to identify pathological pathways 
(Fig. 2m). The top three KEGG pathways according to adjusted P values 
were MAPK signaling pathway, glutamatergic synapse, and chemokine 
signaling pathway. Among all the DEGs, chemokines such as CCL-12, 
CCL-2, CCL-9, CCL-6, CCL-27a, CCL-4, CCL-3, CCL-28, and cytokines 
such as interleukins showed significant differences in the stroke hemi
spheres of cancer bearing mice (Fig. 2n). IL-6, IL-6ra, GP130, and STAT3 
showed significant upregulation in the stroke hemisphere of cancer 
bearing mice, indicating activation of the IL-6/GP130/STAT3 pathway. 
To directly evaluate molecular mechanisms of cancer-associated stroke 
in brain, we compared the RNA transcriptome profiles of stroke hemi
spheres isolated from mice inoculated with parental HCT116 cancer and 
mice with vehicle (Supplemental Fig. 1a). PCA revealed a clear differ
ence in gene expression between the two groups (Supplemental Fig. 1b). 
30 genes were upregulated and 27 genes were downregulated in mice 
with HCT116 tumor in comparison with mice without tumor (Supple
mental Fig. 1c). GO enrichment analysis revealed that the DEGs were 
enriched in collagen fibril organization, extracellular matrix organiza
tion, muscle organ development, muscle cell differentiation, stress- 
activated MAPK cascade (Supplemental Fig. 1d). The top 10 GO path
ways according to adjusted P values are listed in Supplemental Fig. 1e. 
We also performed KEGG enrichment analysis to identify pathological 
pathways (Supplemental Fig. 1f). DEGs were significantly enriched in 
chemokines and cytokines, pathways of stress-activated MAPK cascade, 
regulation of vasculature development and platelet-derived growth 
factor binding (Supplemental Fig. 1g). STAT3 showed no significant 
difference between the two groups. The underlying regulatory mecha
nism of parental HCT116 tumor inoculation in stroke hemisphere de
serves further researches. 

3.3. KRASG13D/− -mutant cancer modulated chemokines and cytokines 
and induced STAT3 activation in the brain 

To investigate the underlying molecular pathways between stroke in 
mice bearing parental and KRASG13D/− HCT116 cells, we compared RNA 
transcriptome profiles of stroke hemispheres isolated from mice in these 
two groups (Fig. 3a). PCA revealed a clear difference in gene expression 
between the two groups (Fig. 3b). In the stroke hemispheres of mice 
inoculated with KRASG13D/− cells, 61 genes were upregulated and 36 
genes were downregulated (Fig. 3c). Chemokines such as CCL-2, CCL-7, 
CCL-12, CCL-28, CXCL-14, cytokines such as TNF, and interleukins 
showed significant differences in the stroke hemispheres from cancer 
bearing mice (Fig. 3d). Among the DEGs, TNF, IL-33, MMP-8, Nr1d1, 
and Clu indicated microglia cell activation (GO ID: 0001774). Addi
tionally, GP130 and STAT3 showed enhanced upregulation in the stroke 
hemisphere of mice inoculated with KRASG13D/− cells compared with 
parental HCT116 cells. GO enrichment analysis revealed that the DEGs 
were enriched in extracellular structure organization, cytokine- 
mediated signaling pathway, TNF superfamily cytokine production, 
leukocyte migration, angiogenesis, axonogenesis, and synaptic trans
mission pathways (Fig. 3e). The top five GO pathways (adjusted P value 
<10− 4) according to gene counts are included in the Gene-Concept 
network in Fig. 3f. KEGG enrichment analysis was also applied to 
identify pathological pathways following stroke in mice bearing 
KRASG13D/− cancer (Fig. 3g). The top three KEGG enriched pathways 
according to adjusted P values were axon guidance, chemokine 
signaling, and cholinergic synapse. 

We used western blot analysis to measure STAT3 and p44/42 MAPK 
activation in brain tissues of mice following stroke (Fig. 3h). On day 1 
after PIT, STAT3 was significantly phosphorylated in the ischemic 
ipsilateral hemisphere, and KRASG13D/− tumor inoculation significantly 
enhanced STAT3 phosphorylation in the ipsilateral hemispheres. Phos
phorylation of both MEK1/2 and ERK1/2 was significantly decreased in 
mice inoculated with KRASG13D/− HCT116 cells compared with mice 
inoculated with parental HCT116 cells. Next, we evaluated serum che
mokine and cytokine levels in mice inoculated with parental and 
KRASG13D/− cells. Tumors secrete CXCL1, which activates inflammation 
and aggravates prognosis in cancer-bearing mice [37]. Circulating 
CXCL1 has been found to be elevated in ischemic stroke patients and to 
promote inflammatory cell migration [38,39]. Consistent with previous 
studies, on day 1 after stroke, serum CXCL1 levels were significantly 
increased in both parental and KRASG13D/− tumor-bearing mice, with 
the KRASG13D/− mutation enhancing serum CXCL1 levels both before 
and after stroke (Fig. 3i). IL-6 plays crucial roles in both stroke [40] and 
tumor [41] outcomes. Before stroke, serum IL-6 concentrations were 
significantly elevated in the KRASG13D/− group compared with the 
parental HCT116 group (Fig. 3j). After stroke, serum IL-6 levels were 
significantly increased in the parental HCT116 group. Further studies 
are needed to elucidate the dynamics of CXCL-1 and IL-6 in serum and 
brain. These results suggest that KRASG13D/− -mutant cells could modu
late chemokines and cytokines and enhance STAT3 activation in the 
brains of tumor-bearing mice. 

3.4. STAT3 inhibition ameliorated stroke outcomes in mice inoculated 
with KRASG13D/− cells 

To clarify the role of STAT3 activation in stroke of mice inoculated 
with KRASG13D/− cancer, we administrated AG490, a selective STAT3 
inhibitor every other day to cancer-bearing mice from 7 days before 
stroke to 7 days after stroke (Fig. 4a). Weights of mice in each group 
were recorded daily, and there were no statistical differences in weight 
gain among the groups during the study (Supplemental Fig. 2). We 
examined STAT3 activation in ipsilateral hemispheres after ischemic 
stroke by western blot on day 1 (Fig. 4b) and 14 (Fig. 4c) after stroke. 
Compared with the parental + DMSO group, the KRASG13D/− + DMSO 
group showed significantly elevated pSTAT3 activation, while AG490 
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Fig. 4. AG490 ameliorated ischemic stroke outcomes by inhibiting STAT3 activation and attenuating MEK1/2 and ERK1/2 inhibition. a. AG490 was used as a 
selective STAT3 inhibitor and was intraperitoneally injected into cancer bearing mice every other day from 7 d before photochemically-induced thrombosis (PIT) to 7 
d after PIT. b-c. Representative western blots and quantification of P-STAT3:STAT3, P-MEK1/2:MEK1/2, and P-ERK1/2:ERK1/2 levels in the ipsilateral hemispheres 
of mice in the parental and KRASG13D/− groups on b. day 1 and c. day 14 after PIT (n = 3). d. Rotarod and foot fault tests of mice in the parental and KRASG13D/−

groups (n = 9). e. Representative images and measurements of tumor size on days 1 and 14 after ischemic stroke (n = 5). 
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Fig. 5. AG490 modulated macrophage/microglia polarization in the ipsilateral hemisphere and repressed proinflammatory responses. a. Representative immuno
staining images and quantification of CD16+Iba-1+ M1-like microglia/macrophages in the ipsilateral hemisphere of mice on day 7 after photochemically-induced 
thrombosis (PIT); scale bar = 100 μm. b. Representative immunostaining images and quantification of CD206+Iba-1+ M2-like microglia/macrophages in the ipsi
lateral hemisphere of mice on day 7 after PIT. Quantification was performed using six sections from three individual mice from each group. c. qPCR results of Ym-1, 
Arginase-1, and TNFα mRNA levels in the ipsilateral hemisphere of mice on day 1 after stroke (n = 5–6). 
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administration significantly suppressed the phosphorylation, both on 
day 1 and 14 after stroke. We also evaluated p44/42 MAPK activation. 
AG490 significantly attenuated MEK1/2 and ERK1/2 inhibition in the 
KRASG13D/− group on day 14 after stroke. 

Next, to evaluate whether STAT3 is associated with the impaired 
neurological deficits induced by oncogenic KRASG13D/− -mutant tumor 
inoculation, rotarod and foot fault tests were conducted among parental 
+ DMSO, KRASG13D/− + DMSO and KRASG13D/− + AG490 groups before 
and 1, 3, 7, 10, 14 d after stroke (Fig. 4d). The KRASG13D/− group 
showed worse neurological recovery compared with the parental group 
in both rotarod (KRASG13D/− + DMSO vs. parental + DMSO: F(5, 96) =
3.097, p = 0.0148) and foot fault (KRASG13D/− + DMSO vs. parental +
DMSO: F(5, 96) = 4.441, p = 0.0011) tests. AG490 administration 
significantly attenuated the effects of KRASG13D/− tumors in both 
rotarod (KRASG13D/− + AG490 vs. KRASG13D/− + DMSO: F(5, 96) =
2.327, p = 0.0485) and foot fault (KRASG13D/− + AG490 vs. KRASG13D/−

+ DMSO: F(5, 96) = 2.395, p = 0.0430) tests. AG490 also significantly 
suppressed the growth of KRASG13D/− -mutant cancer on day 14 after 
stroke (Fig. 4e). These data indicate that AG490 significantly attenuated 
the outcomes of stroke in mice inoculated with KRASG13D/− cancer by 
inhibiting STAT3 activation and attenuating MEK1/2/ERK1/2 inhibi
tion in the brain and suppressing tumor growth. 

3.5. STAT3 inhibition modulated macrophage/microglia polarization and 
repressed neuroinflammation after stroke 

Microglia/macrophage polarization could either exacerbate 
neuronal damage or promote neural repair after ischemic stroke. Pre
vious studies have reported that the number of neuroprotective M2-like 
microglia/macrophages accelerates to a maximum on day 7 after 
ischemic stroke [30,42]. To evaluate microglia/macrophage polariza
tion in the ipsilateral hemisphere, we conducted CD16 (M1-like micro
glia/macrophage marker)/Iba-1 (microglia/macrophage marker), and 
CD206 (M2-like microglia/macrophage marker)/Iba-1 immunofluores
cence staining of brain sections from mice on day 7 after stroke (Fig. 5a 
and b). Both M1-like microglia/macrophages (CD16+Iba-1+ cells) and 
M2-like microglia/macrophages (CD206+Iba-1+ cells) accumulated in 
the peri-infarct area, while in mice inoculated with KRASG13D/− cells, 
there were significantly more M1-like microglia/macrophages 
(CD16+Iba-1+ cells) and less M2-like microglia/macrophages 
(CD206+Iba-1+ cells) in the peri-infarct brain area. AG490 significantly 
suppressed the elevation in M1-like microglia/macrophages (CD16+Iba- 
1+ cells) and attenuated the decrease in M2-like microglia/macrophages 
(CD206+Iba-1+ cells) in the peri-infarct area of mice in the KRASG13D/−

group. 
In the acute ischemic stroke phase, M1-like microglia/macrophages 

secrete proinflammatory cytokines such as TNF, while M2-like micro
glia/macrophages produce cytokines such as Arginase-1 and Ym-1 [43]. 
We conducted qPCR to evaluate Ym-1, Arginase-1, and TNFα expression 
in the ipsilateral hemisphere. Compared with the sham group, mice 
subjected to stroke showed higher Ym-1, Arginase-1, and TNFα mRNA 
levels in the ipsilateral hemisphere, especially in the acute stroke phase 
(day 1 after stroke) (Fig. 5c). Mice in the KRASG13D/− group showed 
decreased Arginase-1 and Ym-1 expression in the ipsilateral hemisphere, 
and AG490 administration rescued the decreased expression of Ym-1 in 
ipsilateral brains of the KRASG13D/− group. These data indicate that 
STAT3 inhibition modulates macrophage/microglia polarization in 
ipsilateral hemisphere and represses neuroinflammation. 

3.6. Stroke onset within 3 months after cancer diagnosis was associated 
with worse prognosis 

To examine the relationship between cancer and stroke in patients, 
we used a hospital-based cancer registry that contained clinical data of 
all patients diagnosed with colorectal cancer at Osaka University Hos
pital. From 1 January 2007 to 31 December 2020, 2933 patients with 

colorectal cancer were included, among which 20 patients developed 
stroke after admission to the hospital, while 2913 had no stroke onset 
during follow-up. Baseline characteristics are shown in Table 1. 
Compared with the group without stroke, cancer patients with stroke 
onset tended to have higher D-dimer levels (P = 0.001), but no statistical 
differences in CRP (P = 0.05), CEA (P = 0.19), CA19–9 (P = 0.38), or 
NLR (P = 0.65) were found at the timepoint of cancer diagnosis. Nine 
patients in the stroke group (n = 20) who had stroke onset within 3 
months after cancer diagnosis were followed up, as 11 patients died 
within 3 months or had stroke onset after 3 months of cancer diagnosis. 
In the group without stroke (n = 2913), 2702 patients were followed up, 
as 211 died within 3 months of cancer diagnosis (Fig. 6a). The 
Kaplan–Meier curve indicated that colorectal cancer patients who had 
stroke onset within 3 months of cancer diagnosis had poorer prognosis 
than colorectal cancer patients without stroke development (log-rank 
test; P = 0.028) (Fig. 6b). Overall, our study showed that there is syn
ergistic exacerbation between cancer and stroke that results in worse 
prognoses. The oncogene KRAS may be a potential target of novel 
treatment for cancer-associated stroke (Fig. 7). 

4. Discussion 

In this study, we found: (1) Colorectal cancer and stroke interact 
mutually and aggravated each other, (2) KRASG13D-mutant colorectal 
cancer triggered STAT3 activation in the brain that promoted neuro
inflammation by mediating microglia/macrophages polarization after 
ischemic stroke, (3) STAT3 inhibition attenuated ischemic stroke out
comes by suppressing neuroinflammation and attenuating p44/42 
MAPK pathway inhibition after stroke. 

Cancer is an established contributor to thromboembolism [44], and 

Table 1 
Characteristics and outcomes of cancer patients with or without stroke.  

Characteristics Without stroke 
(n = 2913) 

With stroke 
(n = 20) 

P value 

Age, years (IQR) 66 (57–74) 71 (67–78)  0.04 
Female, % (n) 43 (1257) 50 (10)  0.54 
BMI, kg/m2 (IQR) 23 (20–25) 21 (19–25)  0.37 
Hypertension, % (n) 31 (910) 55 (11)  0.02 
Dyslipidemia, % (n) 21 (598) 40 (18)  0.03 
Diabetes mellitus, % (n) 11 (324) 10 (2)  0.87 
Atrial fibrillation, % (n) 6 (187) 35 (7)  <0.001 
Current smoking, % (n) 15 (440) 20 (4)  0.54 
Cancer stage, % (n)    0.16 

0 6 (183) 0 (0)  
I 29 (849) 25 (5)  
II 16 (460) 25 (5)  
III 14 (397) 10 (2)  
IV 13 (392) 30 (6)  
Unknown 22 (632) 10 (2)   

Treatment in 5 years after cancer diagnosis* 
Cancer surgery, % (n) 69 (2010) 70 (14)  0.92 
Chemotherapy, % (n) 35 (1014) 45 (9)  0.34 
Radiation, % (n) 1 (30) 0 (0)  0.65 
Anti-thrombotic use, % (n) 25 (729) 40 (8)  0.12  

Blood biochemistry in 1 month after cancer diagnosis** 
D-dimer, μg/mL (IQR) 0.49 (0.27–1.02) 1.65 (0.67–2.76)  0.001 
CRP, mg/dL (IQR) 0.09 (0.04–0.40) 0.21 (0.07–2.01)  0.05 
CEA, ng/mL (IQR) 3.0 (2.0–8.0) 4.0 (3.2–13.5)  0.19 
CA19–9, U/mL (IQR) 17.0 (9.9–37.0) 24.4 (13.0–49.6)  0.38 
NLR, (IQR) 2.4 (1.8–3.6) 2.7 (1.8–4.0)  0.65 

Notes: BMI, body mass index; CRP, C-reactive protein; CEA, carcinoembryonic 
antigen; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil/lymphocyte ratio. 

* The amount of chemotherapy, anticancer surgery, radiotherapy, and 
antithrombotics are presented until the onset of stroke. 

** For patients with stroke, blood biochemistry data before stroke onset were 
used. 
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patients with cancer-associated stroke present higher activation of hy
percoagulability, endothelial dysfunction, and more circulating micro
emboli [45]. Recently, the identification of driver genes has renewed 
interest in the treatment of cancer-associated stroke. Tumor genomic 
therapies that target agnostic mutations beyond cancer framework have 
raised increasing interest in clinical studies [46]. However, little is 
known about the effects of mutant KRAS on the pathology of cancer- 
associated stroke. 

Cancers secrete various cytokines and chemokines into the blood, 
and thus can interact with distant organs. Among these chemokines, 
CXCL1 is a well-known biomarker of colorectal cancer [47]. Serum 
CXCL1 levels are positively correlated with RAS/RAF mutational status 
in colon cancer patients [48]. Furthermore, CXCL1 has a proin
flammatory role in the central nervous system [49], and targeting 
CXCL1 has been proven to be a promising therapeutic strategy for acute 
ischemic stroke [50,51]. Interestingly, we found that KRASG13D-mutant 
cancer induced an elevation of serum CXCL1 levels compared with the 
parental cell line, which may provide evidence for aggravated neuro
inflammatory responses in mice inoculated with KRASG13D/− HCT116 
cells. The potential therapeutic role of CXCL1 in KRAS-driven cancer- 
associated stroke deserves further experiments. 

Among all cytokines, IL-6 exerts a proinflammatory role in 

systematic diseases and induces STAT3 activation. Targeting STAT3 can 
be effective in various cancers [52]. But in ischemic stroke, STAT3 has 
been reported to have dual roles. STAT3 activation alleviates white 
matter damage [53] but also contributes to neuron damage [54]. 
Inhibiting STAT3 attenuated infarct volume in mice by suppressing NK 
cell infiltration [55], mitigating blood brain barrier breakdown [56], 
and modulating astrocyte differentiation [57]. STAT3 is a classical 
inducible factor for M2-like macrophages/microglia polarization in tu
mors [58,59]. However, the role of STAT3 in macrophages/microglia 
recruitment during thrombotic associated stroke remains unknown. In 
this study, we found that STAT3 correlates with peri-thrombotic mac
rophages/microglia accumulation and that inhibiting STAT3 correlates 
with M2-like macrophages/microglia differentiation in the peri- 
thrombotic area, suggesting an anti-inflammatory role for STAT3 in 
thrombotic stroke. 

Cancer and stroke mutually interact to aggravate each other, but the 
mechanism remains elusive due to the intricacies of the involved 
signaling networks. The roles of macrophages polarization [60], p44/42 
MAPK pathway [61] activation, and angiogenesis [62] are opposite in 
cancer progression and stroke recovery. In this study, we investigated a 
stroke occurrence and prognosis in colorectal cancer patients using a 
landmark analysis. Out of the 2711 subjects included in the study, only 

Fig. 6. Kaplan–Meier survival analysis of colorectal cancer patients with or without stroke development within 3 months of cancer diagnosis. a. The inclusion and 
exclusion criteria for this study. b. Kaplan–Meier survival curve of colorectal cancer patients with or without stroke onset within 3 months of cancer diagnosis. 
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366 patients were examined for Ras gene mutations. Among the patients 
who experienced a stroke, only 2 were tested, and none had mutations. 
On the other hand, among the patients who did not experience a stroke, 
364 were examined, and 171 tested positive for mutations. Further re
searches including multicenter observational study with larger popula
tion are needed to clarify the interactions between Ras gene mutations 
and cancer-associated stroke mortality. Taken together, in this study, we 
demonstrated that cancer-associated stroke exacerbates ischemic pa
thology and prognosis both in patients and murine models. Besides, the 
xenograft experiments indicated that stroke significantly increased 
tumor size. Stroke-induced immunosuppression and growth factor 
expression, such as VEGF, may contribute to tumor growth. The mech
anism of how stroke induced a rapid increase in tumor size deserves 
further study, especially for the relationship between stroke and the 
tumor microenvironment. Taken together, this work may offer a novel 
insight into the future development of treatments for cancer-associated 
stroke. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.thromres.2023.11.015. 
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