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ABSTRACT

Colorectal cancer (CRC) is the second leading cause of cancer-related mortality
worldwide. Kinesin Family Member C1 (KIFC1) has been proposed as a promising
therapeutic target due to its pivotal role in centrosome clustering to mediate cancer cell
progression. This study aimed to analyze the expression and biological function of
KIFC1 in CRC. Immunohistochemically, 67 (52%) of 129 CRC cases were positive for
KIFCI and statistically associated with poorer overall survival. KIFC1 siRNA-
transfected cells demonstrated lower cell proliferation as compared to the negative
control cells. A specific KIFC1 inhibitor, kolavenic acid analog (KAA) drastically
inhibited CRC cell proliferation. Microarray analysis revealed that KAA-treated CRC
cells presented reduced ZW10 interacting kinetochore protein (ZWINT) expression as
compared to control cells. Immunohistochemical analysis demonstrated that 61 (47%)
of 129 CRC cases were positive for ZWINT and ZWINT expression was significantly
correlated with KIFC1 expression. ZWINT-positive cases exhibited significantly worse
overall survival. KIFC1 siRNA-transfected cells showed reduced ZWINT expression
while ZWINT siRNA-transfected cells decreased cell proliferation. Both KIFC1 and
ZWINT knockdown cells attenuated spheroid formation ability. This study provides
new insights into KIFC1 regulating ZWINT in CRC progression and its potential as a

therapeutic target.
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Introduction

Colorectal cancer (CRC) is estimated to have more than 1.8 million new cases (ranks
third) and 881,000 deaths (ranks second) worldwide according to the Global Cancer
Statistics in 2018.! The survival rate of patients with early-stage CRC is relatively high;
however, approximately 60 % of the cases are found in the later stage.? The five-year
survival rate of stage IV patients is estimated to drop as low as 12.5 %.® Therefore, there

is an urgent need for determining a novel molecular target for CRC treatment strategies.

In recent years, cancer has been regarded as a stem cell disease.* In solid tumors,
cancer stem cells (CSCs) have been characterized by specific cell surface markers, such
as CD44, CD133, and aldehyde dehydrogenase 1 (ALDH1).> Generally, in the process
of spheroid colony formation, cells are cultured in non-attachment dishes with serum-
free media, which effectively enriches CSCs.® Previously, we examined the gene
expression profile of the spheroid colonies formed by gastric cancer (GC) cells using
microarray analysis and found that kinesin family member C1 (KIFCI) expression was
upregulated in GC spheroid colonies.” The kinesin superfamily proteins share a motor
domain and participate in several biological functions.® Reportedly, KIFC1 plays a
pivotal role in centrosome clustering in cancer cells and is related to the pathogenesis of
several cancer types.” !! Generally, cancer cells with centrosome amplification lead to
apoptosis through multipolar mitosis; however, centrosome clustering could prevent cell

death causing the formation of pseudo-bipolar structures.'? Although in our previous



study, we reported that KIFC1 is overexpressed in gastric, esophageal, and prostate
cancers and this overexpression is probably involved in cancer stemness,”»'*!* the role
of KIFCI in CRC is yet to be investigated. Therefore, we aimed to investigate KIFC1
expression using immunohistochemistry, examine the association between KIFC1
expression and clinicopathologic characteristics, and analyze the biological function of
KIFC1 with small interfering RNA (siRNA) on cell growth and spheroid formation in

CRC cells in the present study.

Previously, kolavenic acid analog (KAA), a natural compound, has been identified as a
KIFClI-specific inhibitor through the screening method using KIFC1-overproducing
fission yeast cells.!>!¢ In the current study, we aimed to elucidate the effect of this
compound on CRC cell proliferation. Further, we conducted microarray analysis to
reveal the change in expression of several genes, including K/FC1, investigated the
level of ZW 10 interacting kinetochore protein (ZWINT) expression and elucidated the

biological role of ZWINT in CRC.

Materials and methods

Tissue samples and cell lines

In a retrospective study design, 129 surgically resected tumors were collected from

CRC patients underwent curative resection between 2006 and 2010 at Hiroshima



University Hospital (Hiroshima, Japan). Because written informed consent was not
obtained, for strict privacy protection, all of the identifying information associated with
the samples was removed before the analysis. This study was approved by the Ethical
Committee for Human Genome Research of Hiroshima University, Hiroshima, Japan
(no. IRINHI66). We previously demonstrated that KIFC1 induces resistance to
chemotherapy,'* we considered the preoperative treatment could affect the expression
status of KIFC1. Therefore, patients who received preoperative radiotherapy or
chemotherapy were excluded from the study. Further, operative mortality was defined as
death within 30 days of patients leaving the hospital, wherein these patients were also
excluded from the analysis. Postoperative follow-up appointments were scheduled every
3 months during the first 2 years and every 6 months over the next 3 years and yearly
thereafter. Chest X-ray, computed tomography scan, and serum tumor markers were
assessed at every follow-up visit. Patients were followed by their respective physicians
until the patients’ death or the date of the last documented contact. Human colon cancer-
derived cell lines, DLD-1, LoVo, WiDr, and COLO201 were purchased from the
Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). All cell lines
were maintained in RPMI-1640 medium (Nissui Pharmaceutical Co., Ltd., Tokyo,
Japan) containing 10 % fetal bovine serum (BioWhittaker, Walkersville, MD, USA) in a

humidified atmosphere of 5 % COz and 95 % air at 37 °C.

Immunohistochemistry



One or two representative tumor blocks, including the tumor center, invasive front, and
tumor-associated non-neoplastic mucosa, were examined from each sample by
immunohistochemistry. In case of large, late-stage tumors, two different sections were
examined to include representative areas of the tumor center as well as of the lateral and
deep tumor invasive front. Immunohistochemical analysis was performed using Dako
EnVision+ Mouse Peroxidase Detection System (Dako Cytomation, Carpinteria, CA,
USA). Antigen retrieval was performed by microwave heating in citrate bufter (pH 6.0)
for 30 min. Peroxidase activity was blocked with 3 % H20O>-methanol for 10 min and
non-specific antibody binding sites were blocked by incubating the sections with normal
goat serum (Dako Cytomation) for 20 min. Further, the sections were incubated with
mouse monoclonal anti-KIFC1 (1:100; Abnova), anti-CD44 (1:100, clone DF1485;
Novocastra), anti-ALDH1 (1:400, clone 44/ALDH1; BD Biosciences), and rabbit
polyclonal anti-ZWINT (1:50, clone HPA005757; Sigma-Aldrich) antibodies for 1 h at
room temperature, followed by incubation with EnVision+ anti-mouse peroxidase for 1
h. For color reaction, sections were incubated with the DAB substrate-chromogen
solution (Dako Cytomation) for 10 min. Sections were counterstained with 0.1 %
hematoxylin. Negative controls were created by the omission of the primary antibody.
Expressions of KIFC1, CD44, and ALDH]1 were evaluated as positive when >10 % of
tumor cells were stained. ZWINT immunostaining was evaluated and scored using
German immunoreactive score as previously described.!® Intensity score was assessed
as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). Percentage of positive tumor

cells were scored as 0 (<5 %), 1 (5 %25 %), 2 (25 %50 %), 3 (50 %—75 %), or 4 (>



75 %). Staining intensity and staining area scores were multiplied as the final
immunoreactive score of ZWINT expression. Subsequently, a final score > 6 was
defined as ZWINT-positive and a score < 4 was defined as ZWINT-negative. Using
these definitions, two surgical pathologists (NO and KS), without knowledge of the
clinicopathological parameters or the patients’ outcomes, independently reviewed
immunoreactivity in each specimen. Interobserver differences were resolved by

consensus review at a double-headed microscope after independent review.

RNAI and cell growth assay

siRNA oligonucleotides targeting KIFC1, ZWINT, and negative control were
purchased from Invitrogen (Carlsbad, CA, USA). We used two independent KIFC1 and
ZWINT siRNA oligonucleotide sequences. Transfection was performed using
Lipofectamine RNAIMAX (Invitrogen) as previously described.?’ Briefly, 60 pmol of
siRNA and 10 pL of Lipofectamine RNAIMAX were mixed in 1 mL of RPMI-1640
medium (10 nmol/L final siRNA concentration). After 20 min of incubation, the mixture
was added to cells, and then cells were plated in culture dishes. Forty-eight hours after
transfection, cells were analyzed as described further. To examine cell growth, MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was performed. The
transfected cells were seeded at a density of 4,000 cells/well in 96-well plates. Cell

growth was monitored at 1, 2, and 4 days.



Spheroid colony formation

For the generation of spheroids, 1,000 cells were seeded in a 6-well ultra-low
attachment plate (Corning, Corning, NY, USA). Cells were grown in mTeSR medium
(StemCell Technologies Inc.). The plates were incubated at 37 °C in an incubator with a
5 % COz atmosphere for 15 days. Spheroid number and size were determined and

counted under a microscope.

Treatment by KIFC1 inhibitor, and gene expression analysis

Kolavenic acid analog (KAA) was previously isolated from Solidago altissima and
identified as a KIFC1-specific inhibitor.'>!® It was dissolved in DMSO as a stock
solution and stored at -20°C before use. DLD-1 and WiDr cells were treated with KAA
followed by MTT assays performed at 1, 2, and 4 days. Further, microarray analysis was
performed using the Affymetrix GeneChip® manual (Affymetrix Inc., Santa Clara, CA,
USA), as previously described.?! RNA was isolated from DLD-1 cells treated with KAA

(25 uM) for 48 h and control cells. Gene alteration was calculated by fold change.

Statistical methods

Associations between clinicopathological parameters and KIFC1 (ZWINT) expression
were analyzed by Fisher's exact test. We used Kaplan—Meier method to assess survival

estimates and log-rank test to compare KIFC1 (ZWINT)-positive and negative cases.
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The association between clinical covariates and cancer-specific mortality was evaluated
using univariate and multivariate Cox regression analyses. Hazard ratio (HR) with its
95 % confidence interval (CI) was estimated accordingly. Differences between groups
in the MTT and spheroid formation assays were evaluated by the Student t-test. Cell
growth and spheroid formation assays involved three independent experiments; mean +
SD was calculated for each of these experiments. SPSS, ver. 24 (IBM Corp, Armonk,

NY, USA) was used for these analyses, with a significant level set at p < 0.05.

Quantitative reverse transcription PCR (QRT-PCR), Western blot, Gene expression
data from The Cancer Genome Atlas (TCGA), Wound healing assay, Conventional

adenoma tissue samples

These methods are described in detail in the Supporting Information.

Results

Expression of KIFC1 in CRC tissue samples

We first investigated the KIFC1 mRNA expression in 14 types of normal tissue and 28
CRC tissue samples by qRT-PCR. Clinicopathologic characteristics of these 28 CRC

tissue samples are shown in Supporting Table 2. The gastrointestinal tissues (stomach,
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small intestine, and colon) showed a relatively high K/IF'C1 expression among the
normal tissue samples, whereas the CRC tissue samples showed remarkably higher
KIFCI expression as compared to the normal colon tissue. (Fig. 1a). We next performed
immunohistochemical analysis in 129 surgically resected CRC tissue samples. Weak or
no staining of KIFC1 was observed in the epithelial and stromal cells of non-neoplastic
colonic mucosa. Conversely, CRC tissue samples showed robust, more extensive
staining mainly in the nucleus (Fig. 1b). Many CRC tissue samples demonstrated
heterogeneous KIFC1 staining wherein the proportion of KIFC1-stained CRC cells
ranged from 0 % to 40 %. Upregulation of KIFC1 in the invasive front was not found.
We regarded KIFC1 immunostaining as positive when more than 10 % of the tumor
cells were stained. In total, 67 (52 %) of 129 CRC cases were found positive for KIFC1.
We further investigated the relationship between KIFC1 and CSC markers by
immunohistochemistry and found that CD44 and ALDH1 were mainly stained in the
membrane and the cytoplasm of the CRC cells, respectively (Fig. 1c). KIFC1-positive
CRC cases were significantly correlated with CD44-positive (p = 0.011) and ALDH1-
positive (p = 0.009) cases (Table 1). We then examined the relationship between KIFC1
expression and clinicopathological characteristics (Table 2). KIFC1-positive cases were
significantly associated with N and M stages and showed significantly poorer overall
survival (Fig. 1d). In TCGA database, short-term survival (1 to 80 months) in CRC
patients with high KIFC1I expression was significantly decreased as compared to those
with low KIFC1 expression (Fig. 1e), which was consistent with our analysis. Further,

multivariate analysis showed that KIFC1 expression was an independent prognostic



12

factor for overall survival in CRC patients (Table 3). These results indicate that KIFC1

expression is associated with CRC progression and could be involved in CRC stemness.

KIFC1 inhibition affected cell growth, EGFR-related pathway, and spheroid

formation in CRC cells

We next examined the biological role of KIFC1 using CRC cell lines. Western blot
analysis revealed various levels of KIFC1 expression in CRC cells (Fig. 2a). We
selected DLD-1 and WiDr cells that showed high KIFC1 expression for further
experiments. We found that the KIFC1 expression was substantially suppressed by
treatment with KIFC1-specific siRNAs (siRNA1 and siRNA2) by immunoblotting (Fig.
2b). MTT assays performed after siRNA transfection demonstrated that KIFC1 siRNA-
transfected cells showed significantly reduced cell growth as compared to the negative
control cells (Fig. 2¢). It has been reported that epidermal growth factor receptor
(EGFR) activates the Ras-mitogen-activated protein kinase kinase-Erk and
Akt-phosphatidylinositol- 4,5-bisphosphate 3-kinase signaling pathways which lead to
cancer cell proliferation and survival in colorectal cancer.?** To investigate the KIFC1-
induced activation of EGFR-related pathway in CRC, we analyzed the levels of Akt and
Erk phosphorylation in CRC cells with KIFC1 inhibition. Consequently, we found that
the levels of phosphorylated Akt and Erk (pAkt and pErk, respectively) were reduced in
KIFC1 siRNA-transfected cells (Fig. 2b). We next analyzed the association between

KIFCI expression and spheroid formation ability in CRC cells. We observed that the
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number and size of spheroids were significantly reduced in KIFC1 siRNA-transfected
cells as compared to the control cells (Fig. 2d). These results suggest that KIFC1 is
involved in cell growth through the EGFR-related pathway and is required for spheroid

formation in CRC.

KIFC1-specific inhibitor blocked cell proliferation and altered gene expression

DLD-1 and WiDr cells were treated with KAA at various concentrations for 4 days.
MTT assays showed that KAA inhibited cell proliferation in a dose-dependent manner
(Fig. 3a). Wound healing assay also revealed that KAA inhibited CRC migration in a
dose-dependent manner (Supporting Figure 1). Microarray analysis to evaluate the gene
alterations by KAA revealed multiple genes that were significantly decreased by KIFC1
inhibition (Supporting Table 3). We examined the expressions of these genes in 10 CRC
tissue samples and calculated the ratio of mRNA expression levels between cancer
tissue (T) and corresponding non-neoplastic mucosa (N). From a total of seven genes,
ZWINT was overexpressed (T/N ratio of > 2) in 6 (60 %) of the 10 cases (Supporting
Figure 2). Therefore, we next investigated the expression of ZWINT in CRC.
Immunohistochemical analysis showed that ZWINT expression was observed mainly in
the cytoplasm of cancer cells and KIFC1-positive regions (Fig. 3b). In total, 61 (47 %)
of 129 CRC cases were positive for ZWINT. Moreover, ZWINT-positive cases were
significantly associated with KIFC1-positive cases (Table 2) and higher TNM stages

(Supporting Table 4). We additionally investigated the expressions of KIFC1 and
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ZWINT in colorectal adenoma specimens and found that these molecules were scarcely
detected (images are not shown), suggesting that KIFC1 and ZWINT would not be
involved in the conventional adenoma-carcinoma pathway (Supporting Figure 3).
ZWINT-positive cases showed poorer overall survival (Fig. 3¢), whereas the short-term
survival of CRC patients with high ZWINT expression was not statistically significant in
TCGA database (data not shown). We further analyzed the expressions of these genes
using TCGA database (n = 512) and found that ZWINT expression was significantly
correlated with KIFC1 expression (Fig. 3d). Further, multivariate analysis showed that
ZWINT expression was an independent prognostic factor for overall survival (Table 3).
We next confirmed the protein reduction in CRC cells after KAA treatment (25 pM) and
found that KIFC1 and ZWINT were downregulated in a time-dependent manner (Fig.
3e). We also demonstrated that the expression of ZWINT was reduced in KIFCI
siRNA-transfected cells (Fig. 3f). These results indicate that the KIFC1 inhibitor could
block CRC cell proliferation and regulate ZWINT expression that affects the prognosis

of CRC.

ZWINT inhibition affected cell growth, EGFR-related pathway, and spheroid

formation

We next investigated the effect of ZWINT inhibition on CRC cell functions. We
confirmed reduced expression of ZWINT by the transfection of ZWINT-specific

siRNAs (siRNA1 and siRNA?2) (Fig. 4a). MTT assay showed decreased cell growth
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ability in ZWINT siRNA-transfected cells (Fig. 4b). Levels of pAkt and pErk were
reduced in ZWINT siRNA-transfected cells as compared to the negative control cells,
whereas the expression of KFC1 was not affected by ZWINT knockdown (Fig. 4a).
Further, the number and the size of spheroids of ZWINT siRNA-transfected cells were
significantly smaller than those of the negative control cells (Fig. 4c). These results
indicate that ZWINT could play a crucial role as a downstream gene of K/FCI in CRC

progression.

Discussion

In the present study, we found a novel association between KIFC1 and CRC. We
demonstrated that 52 % of our study cohort were positive for KIFC1 in the
immunohistochemical analysis and KIFC1 expression was significantly associated with
later-stage disease and poorer prognosis. In the current situation, the survival of CRC
patients with the metastatic disease still remains low in spite of the development of
chemotherapies.?* Further, lymph node-positive CRC patients who receive conventional
oxaliplatin-based adjuvant chemotherapy suffer from severe sensory neurotoxicity.?
KIFC1 plays an important role in centrosome clustering for cancer cell survival,'??°
whereas KIFC1 is dispensable in normal cells that have only one pair of centrosomes.?’

Both the qRT-PCR and immunohistochemical analyses presented that the expression of

KIFC1 in CRC tissue samples was much higher than that of the normal tissue samples.
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We further demonstrated that KAA (KIFC1-specific inhibitor) could drastically inhibit
CRC cell proliferation and migration. These results indicate that KIFC1-inhibiting
strategy would entail an aggressive effect on CRC with fewer adverse events and that
immunohistochemical analysis of KIFC1 could be available in selecting patients who

benefit from KIFC1-targeted therapy.

Microarray analysis demonstrated that ZWINT was downregulated in KA A-treated
cells. ZWINT is previously identified as an essential component of chromosome
motility and spindle checkpoint control.?®?° ZWINT overexpression has been associated

18,30 whereas the

with poor prognosis in hepatocellular carcinoma and lung cancer,
expression and biological role of ZWINT in CRC has not been investigated. In our
immunohistochemical analysis, we found that the positivities between KIFC1 and
ZWINT were significantly correlated and both expressions were independent prognostic
predictors in CRC patients. In the cell functional analysis, KIFC1 and ZWINT
inhibition significantly reduced cell proliferation. We further confirmed that the
expressions of pAkt and pErk were suppressed by KIFC1 and ZWINT knockdown,
indicating that these genes might be involved in the activation of the EGFR-related

pathway in CRC progression. Taken together, these results suggest that KIFC1 and

ZWINT could be involved in the malignant behavior of CRC.

CSC-targeting strategies are of great importance because CSCs are associated with
several malignant features of CRC.*! We previously demonstrated that KIFC1 could
affect cancer stemness.”!>!* In this study, we showed that KIFC1-positive cases showed

a significant correlation with CD44 and ALDH1-positive CRC cases. CSCs have been
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reported to be a minor population (< 5 %) of cancer cells;*? however,
immunohistochemical analysis showed the various proportions of KIFC1-stained CRC
cells, which ranged from 0 % to 40 %, implying that KIFC1 would not be a specific
marker for colorectal CSCs. We also found that KIFC1 and ZWINT knockdown further
reduced the spheroid formation ability of CRC cells, indicating that these genes could
be involved in CRC stemness. Reportedly, KIFC1 and ZWINT are key genes associated
with cancer stemness in other cancer types as demonstrated by in silico analyses.>*-*
however, the underlying mechanism between CRC stemness and these genes remain

unknown. Further investigation is warranted to clarify the biological implications of

KIFC1 and ZWINT in colorectal CSCs.

There are certain limitations associated with this study. Firstly, this study was a
retrospective one involving a small size of clinical samples for the
immunohistochemical analyses. A prospective study with a larger number of CRC
patients is needed to verify our study findings. Secondly, the mechanism of direct or
indirect interaction between KIFC1 and ZWINT is still unclear that demands further

analysis in this regard.

In summary, this study demonstrated that KIFC1 regulated ZWINT to facilitate CRC
progression and could induce an unfavorable prognosis among CRC patients. Further, in
vitro experiments showed that KIFC1 and ZWINT affected cell proliferation via EGFR-
related pathway and spheroid formation. We found that the KIFC1 inhibitor
dramatically reduced CRC cell proliferation, indicating that KIFC1 could be a

promising therapeutic target for CRC.
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Figure legends

Figure 1 Expression of KIFC1 in CRC tissue samples. (a) qQRT-PCR analysis of KIF'CI
in 14 kinds of normal tissues and 28 CRC tissue samples. The units are arbitrary, and
KIFC1 expression was standardized against 1.0 pg of total RNA from normal colon
tissue as 1.0. (b) Immunohistochemical staining of KIFC1 in colon adenocarcinoma.
Left panel, original magnification, x40. Right panel, a high-magnification image of the
field designated by a box in the left panel. Original magnification, x400. (¢)
Immunohistochemical analysis of KIFC1, CD44, and ALDHI. Original magnification,
x100. Right-upper panel, a high-magnification image of the field designated by a black
box. Original magnification, x400. (d) Kaplan—-Meier plot of overall survival of CRC
patients. (e) Kaplan—Meier plot of short-term survival (1 to 80 months) of CRC patients

in TCGA database.

Figure 2 Functional analysis of KIFC1 in CRC cells. (a) Western blot analysis of
KIFCI in 4 CRC cell lines. (b) Western blot analysis of KIFC1, Akt, phospho-Akt
(pAkt), Erk 1/2 and phospho-Erk1/2 (pErk1/2) in lysates of DLD-1 and WiDr cells
transfected with KIFC1 siRNA or negative control siRNA. B-actin was used as a
loading control. (¢) Effects of K/FFCI knockdown on DLD-1 and WiDr cell growth. Cell
growth was assessed spectrometrically by MTT assay at 1, 2, and 4 days after seeding.
Bars and error bars indicate mean and S.D., respectively, of three independent

experiments. (d) Number and size of spheroids formed by DLD-1 and WiDr cells
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transfected with KIFC1 or negative control siRNAs. Bars and error bars indicate mean

and S.D., respectively, of three independent experiments.

Figure 3 Cytotoxic effect of KIFCI inhibitor and analysis of ZWINT expression. (a)
KAA inhibited CRC growth in a dose-dependent manner. Cell growth was assessed
spectrometrically by MTT assay at 1, 2, and 4 days after seeding. Bars and error bars
indicate mean and S.D., respectively, of three independent experiments. NS, not
significant. (b) Immunohistochemical staining of KIFC1 and ZWINT in colon
adenocarcinoma. Original magnification, x40. Right-lower panel, a high-magnification
image of the field designated by a black box. Original magnification, x400. (c) Kaplan—
Meier plot of overall survival of CRC patients. (d) Correlation between K/F'C1 and
ZWINT expressions in colorectal adenocarcinoma samples in TCGA gene-level
expression data (n=1512). (e) KIFC1 and ZWINT expressions reduced by KIFC1
inhibitor in a time-dependent manner. (f) ZWINT expression downregulated in KIFC1

siRNA-transfected cells. B-actin was used as a loading control.

Figure 4 Effect of ZWINT inhibition on the biological functions of CRC cells. (a)
Western blot analysis of ZWINT, KIFC1, Akt, pAkt, Erk1/2, and pErk1/2 in lysates of
CRC cells transfected with ZWINT siRNA or negative control siRNA. B-actin was used
as a loading control. (b) ZWINT knockdown inhibited CRC cell growth. Cell growth

was assessed spectrometrically by MTT assay at 1, 2, and 4 days after seeding. Bars and
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error bars indicate mean and S.D., respectively, of three independent experiments. (c)
Number and size of spheroids formed by CRC cells transfected with ZWINT or
negative control siRNA. Bars and error bars indicate mean and S.D., respectively, of

three independent experiments.
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Supporting Figure 1 Representative images and wound contraction percentage of a
wound-healing assay in DLD-1 (a) and WiDr (b) cells treated with KAA. Bars and error
bars indicate mean and S.D., respectively, of three independent experiments. NS, not

significant.

Supporting Figure 2 Comparison of mRNA expression levels of genes downregulated
by the KIFC1 inhibitor (kolavenic acid analog) in CRC tissue samples. Fold changes
between CRC tissue (T) and corresponding non-neoplastic mucosa (N) are

demonstrated.

Supporting Figure 3 Summary of immunohistochemical staining of KIFC1 and
ZWINT in conventional colon adenomas. The graph indicates the number of cases with
staining status. CALG, conventional adenoma low grade; CAHG, conventional

adenoma high grade.
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Table 1 Correlation between KIFC1 expression and cancer stem cell markers

KIFC1 expression p-value*
Positive Negative
CD44 0.011
Positive 41 (63 %) 24
Negative 26 (41 %) 38
ALDH1 0.009
Positive 37 (65 %) 20
Negative 30 (42 %) 42

* Chi-square test
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Table 2 Relationship between KIFC1 expression and clinicopathologic characteristics

KIFC1 expression p-value®
Positive Negative
Age 0.115
<60 26 (62 %) 16
> 60 41 (47 %) 46
Sex 0.487
Men 22 (48 %) 24
Women 45 (54 %) 38
Tumor location 0.502
Right colon 18 (47 %) 20
Left colon 49 (54 %) 42
Histological classification 0.822
Well/moderate 62 (52 %) 58
Poor/mucinous 5 (56 %) 4
T classification 0.104
T1/T2 17 (42 %) 24
T3/T4 50 (57 %) 38
N classification 0.011
NO 25 (40 %) 37
N1/N2/N3 42 (63 %) 25
M classification <0.001
MO 44 (44 %) 57
M1 23 (82 %) 5
Stage 0.001
Stage I/11 21 (36 %) 37
Stage III/TIV 46 (65 %) 25
ZWINT expression <0.001
Negative 20 (29 %) 48
Positive 47 (77 %) 14

* Chi-square test
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Table 3 Univariate and multivariate Cox regression analysis of overall survival

Univariate analysis

Multivariate analysis

HR 95 % CI  p-value HR 95 % CI  p-value
Age 0.870
<60 1 (Ref))
>60 0.946  0.486—1.840
Sex 0.427
Men 1 (Ref.)
Women 0.756  0.380—1.506
Tumor location 0.100
Right colon 1 (Ref.)
Left colon 0.572  0.294-1.113
Histological classification 0.058
Well/moderate 1 (Ref.)
Poor/mucinous 2.73 0.965-7.721
Stage <0.001 0.002
Stage I/I1 1 (Ref)) 1 (Ref))
Stage I1I/IV 12.617 3.867-41.170 6.997  2.083-23.508
KIFC1 expression <0.001 0.029
Negative 1 (Ref)) 1 (Ref))
Positive 9.318  3.293-26.369 3.642 1.142-11.609
ZWINT expression <0.001 0.035
Negative 1 (Ref)) 1 (Ref))
Positive 8.912 3.468-22.906 3.139 1.087-9.068

HR, hazard ratio; CI, confidence interval
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Supplementary Material and methods

Quantitative reverse transcription PCR (qQRT-PCR)

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and 1
ng of total RNA was converted to cDNA with First Strand cDNA Synthesis Kit
(Amersham Biosciences Corp., Piscataway, NJ, USA). qPCR was performed using
SYBR Green PCR Core Reagents Kit (Applied Biosystems, Foster City, CA, USA) and
the emission intensity was detected on ABI PRISM 7700 Sequence Detection System
(Applied Biosystems) as described previously.!” B-actin (4CTB gene)-specific PCR
products amplified from the same RNA samples served as internal control. Primer

sequences used in this analysis are summarized in Supporting Table 1.

Western blot

Cells were lysed as previously described.!” The lysates (40 pg) were solubilized in
Laemmli sample buffer by boiling and then subjected to 10 % SDS-PAGE. Following
electrophoresis, the bands were electrotransferred onto a nitrocellulose membrane that
was further incubated with primary antibodies against KIFC1 and ZWINT. Peroxidase-
conjugated anti-mouse and anti-rabbit IgG were used in the secondary reaction.
Immunocomplexes were visualized with ECL Western Blot Detection system
(Amersham Biosciences Corp.). B-actin (Sigma, St. Louis, MO, USA) was used as the

loading control.
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Gene expression data from The Cancer Genome Atlas (TCGA)

For analyzing gene expression data, TCGA colon adenocarcinoma gene-level
expression data (n =439 samples, version 2016) were downloaded from OncolL.nc

(http://www.oncolnc.org/). In the Kaplan—Meier analysis, we used receiver operating

characteristic (ROC) curve analysis to define the cut-off point for the KIFC1 expression
that correlated with the prognosis. KIFCI expression was considered high if the
expression score was above the cut-off value and low if the score was equal to or below
the cut-off value. For analyzing the correlation between KIFFCI and ZWINT expressions,
TCGA colon adenocarcinoma gene-level expression data (n =512 samples, version

2019) were downloaded from UCSC Xena hub (http.//xena.ucsc.edu) as log, values of

the RSEM normalized counts.

Wound healing assay

To carry out the wound healing assay, the treated cells were plated onto collagen -
coated coverslips. The monolayer cells were then scratched manually with a plastic
pipette tip, and after being washed with PBS, the wounded monolayers of the cells were
allowed to heal in RPMI 1640 containing 10% FBS. Wound healing was measured by

wound contraction percentage and captured at 0, 24, 48, or 60 hours after scratching.
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Conventional adenoma tissue samples

Twenty primary colorectal adenoma samples were collected from patients who
underwent endoscopic or surgical resection at Hiroshima University Hospital or its
affiliated hospitals. The distribution of colorectal adenomas was as follows:
conventional adenoma low grade (CALG), n = 10; conventional adenoma high grade

(CAHG), n = 10.

Supporting Table 1 Primer sequences used for gRT-PCR

Gene Forward primer Reverse primer

KIFCI GACGCCCTGCTTCATCTG CCAGGTCCACAAGACTGAGG

FAMI111B  TGGACAGACTCTCCGGTTCT TCTGCTTCATGACAGTATCCTTG

CEPI28 GGATCTCTGCAGGACCGTGTA TTCTCAGGCACAGACTCCAGA

METTL74 GCATTGCAGAGAACCGACAC AAATAGAAAGCCCCTCCCGGT

ARHGEF39 GTCTCCTCAAGGTGACAGCC AACCACCGTCAATGAGCACT

ERN2 TGCTCATTGGACACCACGAG CGGCTGTTGCTCCAAGAAGA

ACSM3 GGTTCAGGGCTGCTCTTCTA CGCTGAAAACACTTGGCATGA

ZWINT AGGTTTCTGCAGAGGGTAAGCACAGCCTTGAAGGACACACC
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Supporting Table 2 Clinicopathologic characteristics of 28 patients with CRC

Number of cases 28
Age, median (range) 68 (43-93)
Sex (%)
Men 14 (50%)
Women 14 (50%)
Tumor location (%)
Right colon 16 (57%)
Left colon 12 (43%)
Differentiation (%)
Well/moderate 22 (79%)
Poor/mucinous 6 (21%)

pT classification (%)

T1/T2 9 (32%)
T3/T4 19 (68%)
pN classification (%)
NO 13 (46%)
NI1/N2/N3 15 (54%)
pM classification (%)
MO 25 (89%)
M1 3 (11%)
pStage (%)
Stage I/I1 13 (46%)

Stage I1I/TV 15 (54%)
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Supporting Table 3 List of genes downregulated by the KIFC1 inhibitor, kolavenic

acid analog

Gene symbol

Gene name

Fold change

FAMI111B

CEPI28

METTL7A4

ARHGEF39

ERN2

ACSM3

ZWINT

KIFCI

family with sequence similarity 111, member B

centrosomal protein 128 kDa

methyltransferase like 7A

Rho guanine nucleotide exchange factor 39

endoplasmic reticulum to nucleus signaling 2

acyl-CoA synthetase medium-chain family member 3

ZW10 interacting kinetochore protein

kinesin family member C1

0.137738139

0.153893052

0.156041319

0.167240944

0.211686328

0.251738888

0.267943366

0.332171454
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Supporting Table 4 Correlation between ZWINT expression and clinicopathologic

characteristics
?WINT expression . p-value”
Positive Negative

Age 0.421
<60 22 (52 %) 20
> 60 39 (45 %) 48

Sex 0.080
Men 44 (53 %) 39
Women 17 (37 %) 29

Tumor location 0.432
Right colon 20 (53 %) 18
Left colon 41 (45.1 %) 50

Histological classification 0.227
Well/moderate 55 (46 %) 65
Poor/mucinous 6 (67 %) 3

pT classification <0.001
T1/T2 10 (24 %) 31
T3/T4 51 (58 %) 37

pN classification <0.001
NO 17 (27 %) 45
NI1/N2/N3 44 (66 %) 23

pM classification 0.001
MO 40 (40 %) 61
M1 21 (75 %) 7

pStage <0.001
Stage I/I1 15 (26 %) 43
Stage I1I/TV 46 (65 %) 25

" Chi-square test
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Supporting Figure 1 Representative images and wound contraction percentage of a
wound-healing assay in DLD-1 (a) and WiDr (b) cells treated with KAA. Bars and error
bars indicate mean and S.D., respectively, of three independent experiments. NS, not

significant.
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Supporting Figure 2 Comparison of mRNA expression levels of genes downregulated
by the KIFC1 inhibitor (kolavenic acid analog) in CRC tissue samples. Fold changes
between CRC tissue (T) and corresponding non-neoplastic mucosa (N) are

demonstrated.
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Supporting Figure 3 Summary of immunohistochemical staining of KIFC1 and
ZWINT in conventional colon adenomas. The graph indicates the number of cases with
staining status. CALG, conventional adenoma low grade; CAHG, conventional

adenoma high grade.



