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KIFC3 promotes the proliferation,
migration and invasion

of non-small cell lung cancer
through the PI3K/AKT signaling

pathway
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KIFC3 is a member of the Kinesin superfamily proteins (KIFs). The role of KIFC3 in non-small cell lung
cancer (NSCLC) is unknown. This study aimed to elucidate the function of KIFC3 in NSCLC and the
underlying mechanism. Immunohistochemistry indicated that KIFC3 was highly expressed in NSCLC
tissues and correlated with the degree of differentiation, tumor size, lymph node metastasis and
TNM stage. MTT, colony formation and Transwell assays demonstrated that KIFC3 overexpression
promoted the proliferation, migration and invasion of NSCLC cells in vitro, while KIFC3 knockdown
led to the opposite results. The protein expression levels of PI3Kp85a and p-Akt were increased
after KIFC3 overexpression, meanwhile the downstream protein expression levels such as cyclin D1,
CDK4, CDK6, RhoA, RhoC and MMP2 were increased. This promotion effect could be inhibited by a
specific inhibitor of the PI3K/Akt pathway, LY294002. Co-immunoprecipitation assays confirmed the
interaction between endogenous/exogenous KIFC3 and PI3Kp85a. Tumor formation experiments in
nude mice confirmed that KIFC3 overexpression promoted the proliferation, migration and invasion
of NSCLC cells in vivo and performed its biological function through the PI3K/Akt signaling pathway.
In conclusion, KIFC3 promotes the malignant behavior of NSCLC cells through the PI3K/Akt signaling
pathway.
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Lung cancer is one of the main causes of cancer-related deaths worldwide, and the associated morbidity and
mortality rates are increasing; thus, lung cancer has become a global public health problem"?. Non-small cell lung
cancer (NSCLC) accounts for approximately 85-90% of lung cancer cases>*. Most patients are in an advanced
stage at the time of treatment and generally have a poor prognosis, resulting in a substantial economic burden
for patients’ families and society’. In recent years, some new therapies have been developed that target factors
related to lung cancer pathogenesis, such as EGFR mutation and ALK fusion®®. However, the early diagnosis
and treatment of NSCLC is still not satisfactory, and the 5 years survival rate is only 15-20%. The prognosis of
patients with NSCLC is closely related to the proliferation, migration and invasion of tumor cells, especially the
transcriptional regulation of some key genes related to these processes®'’. Therefore, it is particularly important
to understand the molecular mechanism underlying the occurrence and development of NSCLC and further
discover and recognize potential biomarkers and new therapeutic targets of lung cancer.

The PI3K/Akt signaling pathway is a key pathway in tumor occurrence and progression and is ubiquitous in a
variety of human tumors''~'*. The key to the PI3K/Akt signaling pathway is the phosphorylation of Akt and the
activation of downstream transduction molecules, and PI3K promotes Akt phosphorylation by recruiting Akt
to the cell membrane!®. Phosphorylated Akt (p-Akt) is the activated form of Akt, and a large number of studies
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have reported that p-Akt is highly expressed in a variety of human cancers and is related to the prognosis of
some cancers'**°. Once activated, Akt regulates the function of many downstream proteins and is involved in
cell survival, proliferation, migration, metabolism and angiogenesiszo‘”.

Kinesin superfamily proteins (KIFs) were first discovered by Vale et al. in 1985%, and at present, more than
45 kinds of human KIFs have been described®®. KIFs facilitate the transport of mRNAs, protein complexes and
organelles in an ATP- and microtubule-dependent manner?*?°, which is necessary for cell mitosis and meiosis**?’.
According to the location of the motor domain, KIFs are divided into three categories: NH,-terminal motor
domain type, intermediate motor domain type and COOH-terminal motor domain type (called N-kinesin,
M-kinesin and C-kinesin, respectively)*. KIFC3 is a member of the C-kinesin members of the KIFs family.
The gene is located on chromosome 16q21 and encodes an 833-amino acid protein. KIFC3 is a minus-end
microtubule-dependent KIF that is mainly localized in the centrosome. It has been shown that the balance of the
KIFC3 and EG5 tetramer proteins controls the initiation of mitotic spindle assembly. At the beginning of mitosis,
KIFC3 becomes the main driving force of centrosome cohesion to prevent the premature formation of the spindle
and counteracts the separation driving force of EG5. EG5, also known as KIF11, is a member of the KIFs family
and a plus-end microtubule-dependent KIE A study showed that KIF11 overexpression had a correlation with
advanced pathological grade, advanced T stage, presence of lymph node metastasis, and poor prognosis in lung
cancer”. During mitosis, the timing of centrosome separation is critical for spindle formation and the accuracy
of chromosome separation. Continuous centrosome aggregation can lead to chromosome misdivision®. There-
fore, does the abnormal expression of KIFC3, which controls the timing of centrosome separation, contribute
to the occurrence and development of tumors? After reviewing the relevant literature, we found that KIFC3 was
positively correlated with biomarkers of liver cancer cell migration and invasion, and KIFC3 overexpression was
associated with shorter overall survival (OS) in patients with liver cancer?!. Another study showed that a chimeric
DAXX-KIFC3 fusion protein formed by death domain-associated protein (DAXX) and KIFC3 promoted the
occurrence of osteosarcoma’2. However, the correlation between KIFC3 and lung cancer has not been reported.
Therefore, there is potential value for the study of KIFC3 in NSCLC.

In this study, we investigated the expression of KIFC3 in NSCLC tissues, its correlation with clinicopathologi-
cal parameters, and its influence on the biological behavior of NSCLC as well as the underlying mechanisms; we
aimed to demonstrate that KIFC3 may be a new target for improved NSCLC therapy.

Results

KIFC3is highly expressed in NSCLC tissues and associated with clinicopathological parameters
We collected NSCLC tissue samples from 109 patients for immunohistochemistry. The results showed that
KIFC3 was mainly localized in the cytoplasm and nuclei and more highly expressed in NSCLC tissues than in
para-carcinoma tissues (Fig. 1A). The expression of KIFC3 was correlated with clinicopathological parameters,
including the degree of differentiation (P = 0.037), tumor size (P = 0.024), lymph node metastasis (P = 0.002),
and TNM stage (P = 0.031) (Table 1). Kaplan—Meier survival analysis showed that high KIFC3 protein expres-
sion was associated with short overall survival and poor prognosis in NSCLC patients (P = 0.031) (Fig. 1B). The
above results suggested that KIFC3 is a carcinogenic factor in NSCLC.

KIFC3 expression and localization in NSCLC cell lines
Western blotting was performed to measure the expression of KIFC3 in 6 NSCLC cell lines (A549, LK2, SK-MS-1,
H460, H1299, and H1975 cell lines) and a normal human bronchial epithelial (HBE) cell line. The results showed
that KIFC3 was expressed at low levels in the HBE cell line, at high levels in the H460 cell line, at moderate levels
in the A549 and H1299 cell lines, and at low levels in other NSCLC cell lines (Fig. 1C).

Immunofluorescence assays were conducted to determine the localization of KIFC3 in the A549, H1299,
SK-MS-1, H460 and H1975 cell lines and showed that KIFC3 was mainly localized in the cytoplasm and nuclei,
which further confirmed the results of immunohistochemistry (Fig. 1D).

KIFC3 promotes the proliferation of NSCLC cells

To further explore the effects of KIFC3 on the biological behavior of NSCLC cells in vitro, we used KIFC3-specific
siRNA or a KIFC3 cDNA-expressing plasmid to knockdown or overexpress KIFC3 in A549 and H1299 cell lines,
respectively. The transfection efficiency was determined by Western blot, and the results showed that KIFC3-
specific siRNA effectively blocked KIFC3 expression, while the KIFC3 cDNA plasmid successfully overexpressed
KIFC3 (Fig. 2A). Next, an MTT assay was used to assess the effect of KIFC3 on the proliferation of tumor cells.
We found that KIFC3 knockdown suppressed the growth of the A549 and H1299 cell lines, whereas KIFC3 over-
expression promoted the growth of these two cell lines (Fig. 2B). Moreover, KIFC3 knockdown inhibited colony
formation ability in A549 and H1299 cell lines, while KIFC3 overexpression enhanced this ability (Fig. 2C).
Altogether, these results suggested that KIFC3 promoted the proliferation ability of NSCLC cells in vitro.

KIFC3 promotes the migration and invasion of NSCLC cells

The effects of KIFC3 on the migration of NSCLC cells were examined by Transwell migration assay. Transwell
migration assays showed that when KIFC3 was knocked down, the number of tumor cells entering the lower
chambers was significantly reduced compared with the control group, while KIFC3 overexpression led to the
opposite results (Fig. 3A). The effects of KIFC3 on the invasion of NSCLC cells were examined by Transwell
assay with Matrigel. The results showed that when KIFC3 was knocked down, the number of tumor cells crossing
the Matrigel to the lower chambers was significantly reduced compared with the control group, whereas KIFC3
overexpression caused the opposite results (Fig. 3B). These results indicated that KIFC3 promoted the migration
and invasion of NSCLC cells in vitro.
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Fig. 1. Expression and location of KIFC3. (A) KIFC3 expression in NSCLC tissues analyzed by
immunohistochemistry. (i) alveoli; (ii) normal bronchial epithelium; (iii) well-differentiated squamous cell
carcinoma; (iv) well-differentiated adenocarcinoma; (v) poorly differentiated squamous cell carcinoma; (vi)
poorly differentiated adenocarcinoma. Magnification, x200. (B) Kaplan—Meier survival analysis. High KIFC3
expression was associated with poor prognosis in NSCLC. (C) Western blot showing KIFC3 expression in 6
NSCLC cell lines and a normal human bronchial epithelial (HBE) cell line. Relative quantity analysis of protein
expression with Image] software. (D) Immunofluorescence assay showed the localization of KIFC3 in 5 NSCLC
cell lines. KIFC3 was mainly localized in the cytoplasm and nucleus. Magnification, x400. NSCLC, non-small
cell lung cancer.
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Clinicopathological characteristics ‘ Total N ‘ KIFC3 expression high l KIFC3 expression low | P value

Age (years)

260 55 17 38

> 60 54 17 37 0.949
Gender

Male 81 23 58

Female 28 11 17 0.284
Histological type

Squamous cell carcinoma 59 15 44

Adenocarcinoma 50 19 31 0.158
Differentiation

Well-Moderate 70 17 53

Poor 39 17 22 0.037
Tumor size (cm)

=3 56 12 44

>3 53 22 31 0.024

Lymph node metastasis

Negative 56 10 46

Positive 53 24 29 0.002
TNM stage

I 52 11 41

II-111 57 23 34 0.031

Table 1. Correlation between KIFC3 expression and clinicopathological parameters in patients with NSCLC.

KIFC3 regulates the malignant behavior of NSCLC cells through the PI3K/Akt signaling
pathway

After screening various signal transduction pathways, we speculated that KIFC3 might regulate the malignant
behavior of NSCLC cells through the PI3K/AKkt signaling pathway. Western blotting results showed that in the
A549 and H1299 cell lines, the protein expression levels of PI3Kp85a and phosphorylated Akt (p-Akt) were stably
and significantly decreased after KIFC3 knockdown. In contrast, the protein expression levels of PI3Kp85a and
p-Akt were stably and significantly increased after KIFC3 overexpression. However, the protein expression of
total Akt had no significant change after KIFC3 knockdown or overexpression (Fig. 4A). To further verify the
above results, we examined changes in the expression of related proteins downstream of the PI3K/Akt signal-
ing pathway after KIFC3 knockdown or overexpression. The results revealed that the protein expression of the
proliferation-related proteins cyclin D1, CDK4 and CDKS6, the migration-related proteins RhoA and RhoC,
and the invasion-related protein MMP2 were decreased after KIFC3 knockdown, while KIFC3 overexpression
caused the opposite results (Fig. 4B).

Furthermore, we used LY294002, a specific inhibitor of the PI3K/Akt signaling pathway, to verify the above
results. We found that the increased expression of PI3Kp85a and p-Akt caused by KIFC3 overexpression was
inhibited after adding LY294002. Additionally, the expression of related functional proteins downstream of
this pathway was also inhibited, while the protein expression of total Akt was not significantly different after
the inhibitor was added (Fig. 5). Next, we performed cell function experiments to verify the above changes.
LY294002 was added to the experimental group, and an equal volume of DMSO was added to the control group.
The results revealed that when KIFC3 was overexpressed, the colony formation of the experimental group was
significantly reduced compared with that of the control group (Fig. 6A), and the number of tumor cells enter-
ing the lower chambers of the experimental group was significantly lower than that of the control group in the
Transwell migration and invasion assay (Fig. 6B, C).

All the above results proved that KIFC3 regulated the malignant behavior of NSCLC cells through the
PI3K/Akt signaling pathway. Then, we verified whether there was an interaction between KIFC3 and PI3K by a
co-immunoprecipitation assay. First, an anti-PI3Kp85a antibody was added to the cell lysate of the experimental
group for immunoprecipitation, and the corresponding IgG antibody was added to the control group. The
subsequent Western blotting results demonstrated an interaction between endogenous KIFC3 and PI3Kp85a
(Fig. 6D). Then, A549 and H1299 cells were transfected with the pPCMV6-Myc-DDK-KIFC3 plasmid, and the
cell lysate was immunoprecipitated with anti-DDK antibody or control IgG antibody. The subsequent Western
blotting results demonstrated an interaction between exogenous KIFC3 and PI3Kp85a (Fig. 6E).

To further explore whether KIFC3 affected the PI3K mRNA levels, we conducted RT—PCR experiments,
and the results revealed that the mRNA level of PI3K was not different after KIFC3 overexpression in A549 and
H1299 cell lines (Fig. 6F). This result indicated that KIFC3 did not regulate PI3K at the mRNA level; therefore,
we speculated that KIFC3 regulated PI3K at the protein level.
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Fig. 2. KIFC3 promotes NSCLC cell proliferation. (A) The knockdown and overexpression efficiency of KIFC3
were determined by Western blotting. Relative quantity analysis of protein expression with Image] software.

(B) MTT assay demonstrated that KIFC3 knockdown suppressed growth and KIFC3 overexpression promoted
growth in A549 and H1299 cell lines. (C) Colony formation assay demonstrated that KIFC3 knockdown
inhibited colony formation and KIFC3 overexpression promoted colony formation in A549 and H1299 cell
lines. * P < 0.05, ** P < 0.01.

KIFC3 promotes the proliferation, migration and invasion of NSCLC cells in vivo

To further elucidate the biological function of KIFC3 and the underlying mechanism in vivo, we used A549
and H1299 cell lines to establish animal models of tumor formation in nude mice. The results of subcutaneous
tumor formation in nude mice showed that, compared with the control group, subcutanous tumor volume,
tumor weight and tumor growth rate were increased in the KIFC3 overexpression group (Fig. 7A, B, C). Total
protein was extracted from tumor tissues for Western blotting analysis, and the results revealed that the protein
expression levels of PI3Kp85a and p-Akt were increased after KIFC3 overexpression, while the protein expres-
sion of total Akt did not significantly change (Fig. 7D). The results of lung metastasis analysis in nude mice
revealed that, compared with the control group, the number of pulmonary metastatic nodules was increased
in the KIFC3 overexpression group (Fig. 7E). HE staining of lung metastatic tissues showed that the cancer
nests in the KIFC3 overexpression group were larger than those in the control group (Fig. 7F). These results all

Scientific Reports |  (2024) 14:20471 | https://doi.org/10.1038/s41598-024-71602-0 nature portfolio



www.nature.com/scientificreports/

A) -
si-KIFC3 =
[
- -t o
o
: |
b/ i
g : gﬂl
g 5 :
24
.E = ~V 5 P .
3 2 Sp o -
E R a,.
= 3
= ) , I~
& i
- o
(B) o
si-NC si-KIFC3 p-NC p-KIFC3 -
A R o R 2 Y ’i,_":,. e B L. ==
- L S0 S . o Bl —
EE o <L R, 125Gy g y
i TR R AR e -
< o ‘ RS : H
s LY e 3 i i.
£ Al S ' . :
=
g ‘ @< g oy - v
= Gas %" Ny R W s s
‘e PR Ay t
ES o R e ¥ ‘
Q ef@meunie Y% g
B 5 andventn o) ) o’ - ‘
" " Frgay 0 -
kA % ; Rt
2 NS YL B v L8 Gt s g >

Fig. 3. KIFC3 promotes NSCLC cell migration and invasion. (A) Transwell migration assay revealed that
KIFC3 knockdown inhibited migration and KIFC3 overexpression promoted migration in A549 and H1299
cell lines. (B) Transwell invasion assays revealed that KIFC3 knockdown inhibited invasion and KIFC3
overexpression promoted invasion in A549 and H1299 cell lines. * P < 0.05, ** P < 0.01.

confirmed that KIFC3 overexpression promoted the proliferation, migration and invasion of NSCLC cells in vivo
and performed its biological function through the PI3K/Akt signaling pathway, which was consistent with the
results of in vitro experiments.

Discussion

Kinesin superfamily proteins (KIFs) is a huge molecular dynamics superfamily with 45 members.The superfamily
uses the energy of ATP hydrolysis to move along the microtubule and supports a variety of cell functions,
including mitosis, meiosis and material transport. Family members share extensive homology in the globular
head domain containing microtubule and ATP-binding sites, which is the motor domain®*. Microtubules are
polymers composed of a and  tubulin, which have a rapidly growing end (plus end) and a slowly growing
end (minus end)**. KIFs use microtubules as tracks to participate in various intracellular transport processes.
According to the location of the motor domain, KIFs are divided into the N-kinesin, M-kinesin and C-kinesin
subtypes. N-kinesin and M-kinesin are plus-end oriented, while C-kinesin is minus-end oriented. A study
compared the expression of 32 kinds of KIFs in hepatocellular carcinoma (HCC) and paracancer tissues. The
results showed that the expression of KIF2A and KIFC3 was positively correlated with biomarkers of HCC cell
migration and invasion, and overexpression of KIF2A, KIF11, KIFC1 and KIFC3 was associated with shorter
overall survival (OS) in HCC patients. This study revealed that most abnormal overexpression of KIFs was
significantly associated with the progression and poor prognosis of HCC?'.

KIFC3 is a C-kinesin type member of the KIFs family, and it is a minus-end microtubule-dependent motor
protein. The motor domain of KIFC3 is located at the COOH-terminal and moves toward the minus end of
microtubules. KIFC3 is involved in the apically targeted transport of insoluble membrane organelles®. It is also
involved in adhesion between epithelial cells, which is required for zonula adherens maintenance®. As previously
mentioned, the balance of KIFC3 and EG5 tetramer proteins controls the initiation of mitotic spindle assembly.
Any abnormal mitosis can lead to cell death, gene deletion and even cancer®”?8, Therefore, we speculated that
overexpression of KIFC3 may promote the occurrence and progression of cancer. Previous literature showed
that KIFC3 overexpression was significantly correlated with the progression and prognosis of hepatocellular
carcinoma (HCC), suggesting that KIFC3 may be a potential biomarker for HCC*'. Another study demonstrated
that overexpression of KIFC3 can mediate docetaxel resistance in breast cancer cell lines*’. Docetaxel bound to
the B-tubulin subunit of microtubules and inhibited the exchange rate of free and bound tubulin®. This inhibition
disrupted the formation of the mitotic spindle, inhibited cell division and led to cell death. Overexpression of
KIFC3 increased the amount of free tubulin in breast cancer cells treated with docetaxel, suggesting that KIFC3
may antagonize the effect of docetaxel by promoting the partial separation of tubulin from microtubules. This
may lead to new therapies, for example, therapies that exploit the compatible application of KIFC3 inhibitors
and docetaxel and exert synergistic effects with docetaxel by interfering with the resistance mechanism. A
recent study revealed that the increased expression levels of KIFC3 could enhance the proliferation, migration
and invasion of colorectal cancer (CRC) cells*.. Once again, KIFC3 was shown to promote the progression of
malignant tumors.Currently, an increasing number of studies have shown that KIFC3 is closely related to the
progression and prognosis of various malignant tumors.However, the correlation between KIFC3 and lung
cancer has not been reported yet.Therefore, this study investigated the expression, effect on biological function
and mechanism of KIFC3 in NSCLC.
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Fig. 4. KIFC3 regulates the PI3K/Akt signaling pathway. (A) Western blotting demonstrated that KIFC3
knockdown reduced PI3Kp85a and p-Akt expression, and KIFC3 overexpression increased PI3Kp85a and
p-Akt expression in A549 and H1299 cell lines. (B) Western blotting analysis demonstrated that KIFC3
knockdown reduced the expression of proteins associated with proliferation, migration and invasion
downstream of the PI3K/AKkt signaling pathway in A549 and H1299 cell lines, and KIFC3 overexpression caused
the opposite results. Relative quantity analysis of protein expression with Image]J software. * P < 0.05, ** P <0.01.
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Fig. 5. Effect of KIFC3 on protein expression in NSCLC cells treated with or without a PI3K/Akt inhibitor.
Western blotting analysis demonstrated that the PI3K/Akt pathway inhibitor LY294002 reversed the KIFC3
overexpression-mediated increase in the expression of proteins in this pathway and related downstream proteins
in A549 and H1299 cell lines. Relative quantity analysis of protein expression with Image] software. * P < 0.05, **
P<0.01.
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Fig. 6. Effect of KIFC3 on the behavior of NSCLC cells treated with or without a PI3K/Akt inhibitor. (A)
LY294002 was added to the experimental group, and an equal volume of DMSO was added to the control

group. Colony formation assays revealed that when KIFC3 was overexpressed, the colony formation ability of
the experimental group was reduced compared with that of the control group. (B) Transwell migration assay
revealed that when KIFC3 was overexpressed, the migration of the LY294002 group was lower than that of the
DMSO group. (C) Transwell invasion assay revealed that when KIFC3 was overexpressed, the invasion ability

of the LY294002 group was lower than that of the DMSO group. (D) Co-immunoprecipitation assay verified an
interaction between endogenous KIFC3 and PI3Kp85a. Cell lysates were immunoprecipitated with an anti-
PI3Kp85a antibody or control IgG antibody. Western blotting demonstrated an interaction between endogenous
KIFC3 and PI3Kp85a. (E) Co-immunoprecipitation assay verified an interaction between exogenous KIFC3 and
PI3Kp85a. A549 and H1299 cells were transfected with the pPCMV6-Myc-DDK-KIFC3 plasmid, and cell lysates
were immunoprecipitated with an anti-DDK antibody or control IgG antibody. Western blotting demonstrated
an interaction between exogenous KIFC3 and PI3Kp85a. (F) RT—PCR revealed that the mRNA level of PI3K
did not change after KIFC3 overexpression in A549 and H1299 cell lines. *P < 0.05, ** P <0.01.

In this study, we showed that the expression of KIFC3 in NSCLC tissues was higher than that in para-
carcinoma tissues, and it was correlated with the degree of differentiation, tumor size, lymph node metastasis,
TNM stage and prognosis. In vitro, cell function experiments demonstrated that KIFC3 overexpression promoted
the proliferation, migration and invasion of NSCLC cells, while KIFC3 knockdown showed the opposite results.
Moreover, we demonstrated that KIFC3 overexpression activated the PI3K/Akt signaling pathway in vitro,
and the expression levels of proliferation-, migration- and invasion-related proteins downstream of this
pathway were increased, while this promotion effect could be inhibited by a specific inhibitor of the PI3K/Akt
pathway, LY294002. We confirmed the interaction between endogenous/exogenous KIFC3 and PI3Kp85a by a
co-immunoprecipitation assay. Tumor formation experiments in nude mice confirmed that KIFC3 overexpression
promoted the proliferation, migration and invasion of NSCLC cells in vivo and performed its biological function
through the PI3K/Akt signaling pathway, which was consistent with the results of in vitro experiments.

Although our study confirmed an interaction between KIFC3 and PI3Kp85a, the exact molecular mechanism
through which a domain of KIFC3 interacts with PI3Kp85a is still unclear. To determine whether it interacts
with PI3Kp85a through the motor domain, we will construct a mutant in which the motor domain is deleted,
and this will be the focus of our future research.

It has been confirmed that activation of the PI3K-Akt signaling pathway is involved in promoting cell
proliferation, survival and metabolism in various malignant tumors. Although a variety of PI3K-Akt pathway
inhibitors have been developed at present, few drugs are actually used in clinical practice due to poor tolerance
and serious side effects. It is particularly important for the research and development of new drugs for lung cancer
treatment to fully explore and utilize the interaction between proteins in the pathway. Our study demonstrated
that KIFC3 promoted the proliferation, migration and invasion of NSCLC through the PI3K/Akt signaling
pathway in vivo and in vitro, which may provide a research basis for the development of more effective, well-
tolerated and low toxicity targeted therapies for NSCLC treatment in the future.
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Fig. 7. KIFC3 promotes NSCLC cell proliferation, migration and invasion in vivo. (A, B, C) Subcutaneous
tumor formation in nude mice showed that subcutaneous tumor volume, tumor weight and tumor growth rate
increased when KIFC3 was overexpressed. (D) Total protein was extracted from subcutaneous tumor tissues.
Western blotting analysis revealed that KIFC3 overexpression increased PI3Kp85a and p-Akt expression in vivo.
Analysis of relative protein expression with Image] software. (E) Gross pictures of lung metastases in nude mice
revealed that the number of pulmonary metastatic nodules increased when KIFC3 was overexpressed. (F) HE
staining of lung metastatic tissues showed that the cancer nests in the KIFC3 overexpression group were larger
than those in the control group. Magnification, x200. HE, Hematoxylin and eosin. * P < 0.05, ** P < 0.01.

Materials and methods

Patients and specimens

This study collected pathological samples from 109 patients with NSCLC who visited the Department of
Pathology of the First Affiliated Hospital of China Medical University from 2015 to 2019. None of the patients
involved in this study received preoperative radiotherapy or chemotherapy. This study was approved by the
medical research ethics committee of China Medical University, and informed consent was obtained from all
patients.We confirm that all methods were performed in accordance with relevant guidelines and regulations.

Immunohistochemistry

The collected paraffin-embedded tissue specimens were sectioned successively at a thickness of 4 um. The sections
were deparaffinized in xylene, rehydrated in a series of gradient alcohol solutions, and repaired with pH = 6.0
citrate buffer at high temperature and high pressure for 2.5 min. The sections were then sequentially incubated
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with the reagents in the IHC kit (Maixin Bio, Fuzhou) according to the manufacturer’s instructions, and they
were incubated with anti-KIFC3 rabbit polyclonal antibody (1:200; ab154419; Abcam) overnight at 4 °C. After
the color reaction, the sections were sealed with neutral resin. According to the staining intensity score, the
expression level of KIFC3 was scored as 0 (no staining), 1 (weak staining), 2 (moderate staining), and 3 (high
staining). The percentage of stained cells was scored as 1 (1-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%).
The two scores were multiplied as the final score, with a score range of 0-12. Final scores < 4 were considered to
indicate low KIFC3 expression, and scores >4 were considered to indicate high KIFC3 expression.

Cell lines and cell culture
The A549, H1299, SK-MES-1, H460, H1975, and LK2 lung cancer cell lines were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai).

Human bronchial epithelial (HBE) cells were obtained from the American Type Culture Collection (ATCC).
The A549, H1299, H460, and H1975 cell lines were cultured in RPMI 1640 medium (Gibco). The SK-MES-1
cell line was cultured in minimal essential medium (Gibco). The HBE and LK2 cell lines were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (Gibco). All the media were supplemented with 10% FBS (Clark).
The cells were incubated in a CO, incubator at 37 °C.

Immunofluorescence

The cells were cultured in 24-well plates overnight, fixed with 4% paraformaldehyde for 20 min, incubated with
0.25% Triton X-100 for 15 min, blocked with 5% BSA at 37 °C for 2 h, and incubated with an anti-KIFC3 primary
antibody (1:50; ab154419; Abcam) overnight at 4 °C. The next day, the cells were incubated with fluorescent
secondary antibody (1:100; Beyotime) in the dark for 2 h, and then, the cell nuclei were stained with DAPI for
10 min. The cells were observed by laser confocal microscopy.

Plasmid construction and cell transfection

Lipofectamine 3000 (Invitrogen) was used as the transfection reagent. For KIFC3 knockdown, KIFC3-
specific small interfering RNA (siRNA) and negative control siRNA were purchased from RiboBio. For KIFC3
overexpression, PCMV6-Myc-DDK-KIFC3 and pCMV6-Myc-DDK were purchased from GenePharma. Stable
KIFC3 expression cell lines were established by adding G418 into the medium. LY294002 (MedChemExpress),
a specific inhibitor of the PI3K/Akt signaling pathway, was used to inhibit the activity of this pathway, and the
control group was treated with an equal volume of DMSO. The siRNA sequences used in this study are shown
in Table S1.

Cell proliferation assay and colony formation assay

The MTT assay was used to evaluate cell proliferation. In a 96-well plate, 3000 cells in 100 ul of the corresponding
medium were placed in each well. Then, 10 pl MTT reagent was added to each well in the dark at the same time
every day. After 4 h of incubation, 100 ul DMSO was added to each well. Then, the absorbance of each well was
measured by a microplate reader at a wavelength of 490 nm for 5 consecutive days. All the experiments were
repeated three independent times.

Cell proliferation was also assessed by colony formation assay. A total of 500 cells in 4 ml of the corresponding
medium were plated in each well of a 6-well plate. Then, the cells were incubated in a CO, incubator at 37 °C for
10-14 days, fixed with precooled methanol, and stained with crystal violet. All the experiments were repeated
three independent times.

Cell migration and invasion analysis

The Transwell migration assay was carried out in a 24-well plate. A549 and H1299 cells were placed in the
upper chamber at densities of 80,000/200 pl and 50,000/200 pl, respectively. The medium in the upper chamber
contained 2% FBS.

Then, 600 pl of medium containing 20% FBS was added to the lower chamber, and the plates were incubated in
an incubator at 37 °C for 18 h, followed by fixation with precooled methanol and staining with crystal violet. The
cells that entered the lower chamber were counted. All the experiments were repeated three independent times.

For the Transwell invasion assay, 100 ul Matrigel (1:9 dilution; BD Biosciences) was added to the upper
chamber one day before the experiment, and the remaining steps were the same as those in the Transwell
migration assay.

Western blotting

Total protein was extracted from cells and tissues with lysis buffer (Beyotime) and phenylmethylsulfonyl fluoride
(PMSF) (Beyotime). Total protein was separated by 10% SDS—PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore). The membranes were blocked in 5% skim milk at 37 °C for 2 h and then
incubated with different primary antibodies (Table S2) overnight at 4 °C. The next day, the membranes were
incubated with an HRP-conjugated anti-mouse/rabbit IgG (1:2000; Proteintech) at 37 °C for 2 h. Finally, the
membranes were incubated with enhanced chemiluminescence reagent (Beyotime) and visualized by a Bio-
Imaging system (Bio-Rad). GAPDH was used as the loading control. All the experiments were repeated three
independent times.The molecular weight of our target proteins is relatively dispersed, and there is a significant
difference in transfer time. If they are transferred together, some may be over-transferred,while others may not
reach the specified time, so we didn’t incubate them on one membrane.
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Co-immunoprecipitation assay

Total protein was extracted from cells with lysis buffer (Beyotime) and PMSF (Beyotime). Total protein
was added to Protein A + G agarose beads (Beyotime) and blocked at 4 °C for 2 h. The agarose beads were
removed by centrifugation, and the supernatant was divided into an experimental group and a control group.
The experimental group was incubated with an anti-DDK antibody (HT201-01; TransGen Biotech) or an anti-
PI3Kp85a antibody (1:1000; 4257; Cell Signaling Technology) overnight at 4 °C, and the control group was
incubated with an anti-IgG antibody (1:2000; ZSGB-BIO). The next day, protein A + G agarose beads were added
to the mixture at 4 °C for 6 h, the supernatant was removed after centrifugation, and the precipitate was washed
with lysis buffer. The collected samples were heated in boiling water for 10 min and used for Western blotting.
All the experiments were repeated three independent times.

RNA extraction and real-time PCR

Total RNA was extracted from cells with TRIzol reagent (TransGen Biotech) and reverse transcribed into cDNA
using the PrimeScript RT Master Mix kit (Takara) according to the manufacturer’s instructions. The cDNA
samples were amplified by quantitative PCR using the TB Green Premix EX Taq II kit (Takara) according to the
manufacturer’s instructions. The reaction conditions were as follows: 95 °C for 30 s, followed by 40 cycles at 95 °C
for 5 s and 60 °C for 30 s. The relative expression level of the target gene was determined by the 2722¢T method
with GAPDH as the internal control. The primer sequences used are shown in Table S3. All experiments were
repeated three independent times.

Tumor formation in nude mice
The animal protocol in this study was approved by the Institutional Animal Care and Use Committee (IACUC)
of China Medical University (CMU2022133).We confirm that all methods were performed in accordance with
relevant guidelines and regulations.

Four-week-old female BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal
Technology Company and maintained under specific pathogen-free (SPF) conditions for one week before the
experiment. For subcutaneous tumor formation, the mice were injected subcutaneously in the right axilla with 1
x 107 lung cancer cells/200 pl; KIFC3-transfected A549 or H1299 cells were used as the experimental group and
empty vector-transfected A549 or H1299 cells served as the control group. The size of subcutaneous tumors was
measured at 6, 9, 12, 15, 18, 21 and 24 days after injection. The vernier caliper was used to measure the longest
diameter(length,L) of the tumor and the longest transverse diameter(width, W) perpendicular to the longest
diameter. The formula V = % x L x W? was used to calculate the volume (V) of the tumor. And the growth
curve was plotted based on the tumor volume.The mice were euthanized by cervical dislocation 24 days after
injection, the tumors were resected, the tumor size and weight were measured, and the total protein of the tumor
was extracted and analyzed by Western blotting. For pulmonary metastatic tumors, the mice were injected with
1 x 10° lung cancer cells/100 pl (KIFC3-transfected A549 and H1299 cells or the corresponding empty vector-
transfected A549 and H1299 cells) through the tail vein. The mice were euthanized by cervical dislocation 8 weeks
after injection, and autopsy was performed to examine the dissemination of pulmonary tumors. Then, the tumor
tissue was fixed with formaldehyde, embedded in paraffin, sectioned successively, stained with hematoxylin and
eosin, and examined under a microscope.

Statistical analysis

SPSS 21.0 and GraphPad Prism 8.0 software were used for statistical analysis. The chi-square test was used to
analyze the correlation between the expression of KIFC3 and clinicopathological parameters. Student’s t-test
was used to analyze the differences between two groups. One-way analysis of variance was used to compare
differences between multiple groups. A P value < 0.05 was considered statistically significant.

Institutional review board statement

This study was approved by the medical research ethics committee of China Medical University, and informed
consent was obtained from all patients. The animal protocol in this study was approved by the Institutional
Animal Care and Use Committee (IACUC) of China Medical University (CMU2022133).

Conclusions

(1) The high expression of KIFC3 was correlated with the degree of differentiation, tumor size, lymph node
metastasis, TNM stage and prognosis of NSCLC.

(2) Invitro experiments showed that KIFC3 promoted the proliferation, migration and invasion of NSCLC
cells.

(3) KIFC3 regulated the malignant behavior of NSCLC cells through PI3K/Akt signaling pathway in vitro.

(4) KIFC3 promoted the proliferation, migration and invasion of NSCLC through PI3K/Akt signaling pathway
in vivo.

Data availability
All data generated or analyzed during this study are included in this article. Further details are available from
the corresponding author upon request.
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