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Abstract
Cholesterol metabolism is highly correlated with risks of pancreatic ductal ad-
enocarcinoma (PDAC). Nevertheless, the underlying mechanisms of activation 
of cholesterol biogenesis remain inconclusive. KIF11 is a key component of the 
bipolar spindle and expresses highly in various malignancies. However, its func-
tional role in PDAC tumorigenesis is still unclear. This study aims to elucidate 
the oncogenic functions of KIF11 in stimulating cholesterol metabolism, thereby 
driving PDAC progression. We utilized bioinformatics analysis to identify that 
KIF11 expressed highly in tumor samples versus paired normal tissues and high 
KIF11 correlated with high clinical stages of patients. Patients with high KIF11 
had worse survival outcomes relative to those with low KIF11. Gene set enrich-
ment analysis (GSEA) revealed that KIF11 correlated intensively with the meva-
lonate (MVA) metabolic pathway. Positive associations were observed between 
KIF11 and MVA- signature (HMGCR, FDFT1, SQLE, and MSMO1). KIF11 could 
elevate the free cholesterol content of PDAC cells and targeting MVA inhibited 
the in vitro growth of KIF11- overexpressing cells. Mechanistically, we found 
KIF11 could interact with SREBP2, the master regulator of MVA. High KIF11 
could increase SREBP2 proteins, but not alter their mRNA levels. KIF11 could at-
tenuate the ubiquitination- mediated degradation of SREBP2, thereby enhancing 
its stability and accumulation. Accordingly, KIF11 stimulated the expressions of 
MVA- signature and free cholesterol contents depending on SREBP2. In addition, 
KIF11 depended on SREBP2 to promote cell growth, migration, stemness, and 
colony formation abilities. The subcutaneous xenograft models indicated that tar-
geting MVA biogenesis (atorvastatin) is effective to restrict the in vivo growth of 
KIF11high PDAC. Taken together, our study identified that KIF11 could activate 
the MVA cross talk to drive PDAC progression and inhibiting the KIF11/MVA 
axis provided a therapeutic vulnerability in the treatment of PDAC.
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1  |  INTRODUCTION

Pancreatic cancer is a well- known malignant disease that 
tends to be the second most common cause of tumor- 
associated deaths worldwide.1– 3 According to the latest 
statistics, the overall morbidity and mortality of pancre-
atic cancer are increasing annually in the United States.4 
Pancreatic ductal adenocarcinoma (PDAC) ranks the 
most common type among all cases, accounting for >95% 
of deaths caused by pancreatic cancer.5 Unfortunately, a 
large proportion (>80%) of PDAC patients suffered from 
locally advanced or metastatic stages, at the time of di-
agnosis, thus surgical intervention with curative intent 
is impossible.6,7 Although the combined strategies of 
radical resection and adjuvant chemotherapy developed 
rapidly, the overall 5- year- survival rate still remains low 
(<20%).6,8,9 As a result, novel therapeutic methodologies 
are urgently warranted to improve the overall prognosis of 
PDAC patients. In recent years, high- throughput screen-
ing of PDAC implicated four major tumor- driving muta-
tions, like KRAS and TP53, of which approximately 90% of 
PDAC samples harbored KRAS mutations.3,10 Collectively, 
our study aims to identify novel molecular vulnerabilities 
and subgroups of PDAC that may benefit from individual 
therapy to elevate the overall efficacy of treatment.

The kinesin family has 14 subfamily members classi-
fied by the motor domains that exert the roles of regulat-
ing cell mitosis and cytokinesis.11 Recently, owing to the 
functional investigations of kinesins in tumor progression 
and metastasis, a list of useful drugs that target micro-
tubule dynamics were proved to be effective for clinical 
utility such as taxanes, epothilones, and vinca alkaloids.12 
Nevertheless, given that the microtubule- based cytoskele-
ton is not only required for tumor cell mitosis but is also 
essential for normal biological functions, such as sperm 
motility, axonal transport, or maintenance of cell polar-
ity, the side effects of these drugs would be thorny and 
obvious with a dose- dependent manner in clinical treat-
ment.13,14 How to screen and identify cancer- specific ki-
nesins for PDAC treatment is meaningful to figure out. 
Previous studies have already found that elevated KIF11, 
one member of the kinesins essential for the configuration 
of the bipolar spindle, correlates with poor prognosis in 
various malignancies, including breast cancer, lung ade-
nocarcinoma, and meningioma.15– 17 Monica Venere et al. 
also found that KIF11 expressed highly in glioblastoma to 
drive cell proliferation and migration, and KIF11 inhibitor 
could remarkably suppress initiation and self- renewal of 

cancer stem cells.18 It is also gratifying that no apparent 
side effects, like neurotoxicity, were found with KIF11 
inhibitors (AZD4877 and ispinesib) in the common treat-
ment of solid tumors. However, little was known between 
the aberrant KIF11 levels and PDAC tumorigenesis.

As is well documented, cancer cells are experts in re-
wiring many metabolic cross talk to facilitate their unlim-
ited survival and migration.19 Moreover, they also depend 
on intensive metabolic interactions with normal cells 
and immune cells to alter the metabolic contents in the 
tumor microenvironment.20 Intensive studies have already 
demonstrated that abnormal metabolic crosstalk could en-
hance pancreatic tumorigenesis via epigenetic regulation, 
implicating the essential roles of metabolism in PDAC de-
velopment. In addition, many researchers have indicated 
that pancreatic tumor metabolism is tightly related to che-
moresistance, radioresistance, or immunosuppression.21 
Intriguingly, pancreatic cancer could also be classified into 
different representative subgroups with various metabolic 
features, including quiescent, glycolytic, cholesterogenic, 
and mixed groups.22 As a result, the metabolic character-
istics of PDAC could provide significant therapeutic targets 
for novel and personalized treatments. Cholesterol, an es-
sential biological component, constitutes cell membranes, 
which is also a precursor for steroid hormone biosynthe-
sis.23 Enhanced rates of cholesterol and lipid synthesis 
are regarded to be an important feature of the metabolic 
rewiring that accelerates during the processes of cancerous 
transformation. Although previous documents linking the 
increased cholesterol intake with PDAC risk remain indef-
inite, results from in vivo or in vitro experimental models 
exhibit a causal association between them.

In the current study, we screened and revealed the bio-
logical roles of KIF11 in PDAC and found the underlying 
mechanisms between elevated KIF11 levels and the me-
valonate (MVA) metabolism pathway. We proposed that 
KIF11/MVA axis might be a novel predictive biomarker 
and therapeutic vulnerability for PDAC progression and 
treatment.

2  |  MATERIALS AND METHODS

2.1 | Cell lines and collection of patient 
samples

The human pancreatic cancer cell lines of SW1990, 
PANC- 1, and CFPAC- 1 were obtained from the Cell 
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Bank of the Chinese Academy of Sciences (Shanghai, 
China). These cells were maintained in a DMEM or 
an RPMI- 1640 medium that contains 10% FBS, respec-
tively. Besides, 40 patient samples were collected from 
the Jiangdu People’s Hospital Affiliated to Medical 
College of Yangzhou University. This study has been 
approved by the Ethics Review Committee of the 
Jiangdu People’s Hospital Affiliated to Medical College 
of Yangzhou University. All patients have signed the in-
formed consent.

2.2 | Colony formation assay

Cells were seeded into six- well plates with the intensity 
of 1 × 103/well. The medium was substituted after 72 h 
and cells were cultured for additional 10 days. Next, using 
the solution of 80% crystal violet and 20% of ethanol, cells 
were fixed and stained. Colonies were photographed from 
independent assays. Then, 30% acetic acid was added to 
induce a complete dissolution of the crystal violet. We de-
tected the absorbance was at 595 nm.

2.3 | Establishment of stable KIF11- 
deficient cells via CRISPR/Cas9 method

The pX459 plasmid was selected to clone guide oligos that 
target KIF11 in PDAC cells (SW1990 and PANC- 1). The 
SW1990 and PANC- 1 cells were plated into the 10 cm dish 
and then transfected with the modified pX459 plasmids for 
24 h, individually. Next, 1 μg/ml puromycin was utilized to 
screen cells for 3 days. Then, the left living cells were seeded 
in 96- well plates via limited dilution to have the monoclo-
nal cell line. The KIF11 knockout cell clones are finally 
confirmed by the western blot. The sgRNA sequences that 
target KIF11 were listed: sgKIF11#1:F: 5′- CACCGCACCT
AATGAAGAGTATACC- 3′, sgKIF11#1:R: 5′- AAACGGTA
TACTCTTCATTAGGTGC- 3′. sgKIF11#2:F: 5′- CACCGCT
TTACAGGTATGGCCAAAC- 3′, sgKIF11#1:R:5′- AAACGT
TTGGCCATACCTGTAAAGC- 3′.

2.4 | Sphere formation assay

The SW1990 and PANC- 1 cells were collected and sus-
pended into single cells in a nonserum medium. Then, 
200  μl of nonserum medium with 200 cells/well were 
added into a 96- well plate after accurate cell counting, and 
then each group was in 10 wells. Graphs of five randomly 
identified regions of each group were captured with a flu-
orescence microscope. The sphere percentage was deter-
mined with the number of spheres/200.

2.5 | Western blot

After the cells were lysed in the RIPA lysis buffer. Then, 
the enriched cell proteins were separated on the 8% SDS- 
PAGE and shifted onto PVDF membranes. We obtained the 
diluted primary antibodies with a concentration of 1:2000 
from the Abcam company (Cambridge, MA). Next, the an-
tibodies were used overnight after sealing in 5% skimmed 
milk. Then, followed by three washes in TBST, the mem-
branes were probed with the diluted secondary antibodies 
with the concentration of 1:5000 for 2 h. Last, we utilized the 
ECL detection system to detect signals as instructed (Pierce).

2.6 | In vitro ubiquitination assay

We extracted cell lysates from SW1990 and PANC- 1 
cells on a 100- mm cell culture plate in the immuno-
precipitation (IP) buffer (Sigma). We incubated anti- 
SREBP2 (ab112046) with lysate at 4°C for 16  h. We 
utilized the protein A/G PLUS agarose (Santa Cruz) to 
pull down immunocomplexes. The ubiquitinated form 
of SREBP2 was determined by western blot through the 
anti- HA antibody.

2.7 | Bioinformatic analysis

The mRNA levels of KIF11 were obtained from the TCGA- 
PAAD cohort (https://portal.gdc.cancer.gov/), GSE28735, 
and GSE15471. Besides, differential analysis of KIF11 
levels was conducted via the limma package. Besides, the 
Kruskal– Wallis (K– W) test was utilized to determine the 
associations between KIF11 levels and clinical character-
istics. Kaplan– Meier analysis was conducted to assess the 
prognostic significance of KIF11 via the survival package. 
GSEA was conducted to enrich data sets involved in cho-
lesterol metabolism from the MSigDB database. We re-
ranked the genes by analyzing their RNA- seq levels and 
further ranked them via “Differ_of_classes” in the GSEA 
software (threshold <0.05).

2.8 | Animal assay

Four- week- old male nude mice from the Institute of 
Zoology (Beijing, China) were chosen to perform the 
tumor xenografts, which were further divided into two 
groups (N = 5/group). For the xenograft tumor analysis, 
the 1 × 106 transfected SW1990 cells were injected sub-
cutaneously into the axillary regions of mice for about 
35  days. The mice were sacrificed at Day 35, and the 
tumor volumes or weights were detected and compared at 

https://portal.gdc.cancer.gov/
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1– 4 weeks. All animal experiments were approved by the 
Animal Care Committee of the Jiangdu People’s Hospital 
Affiliated to Medical College of Yangzhou University.

2.9 | Statistical analysis

The Student’s t test was selected to determine differences 
between two groups, whereas the log- rank test was uti-
lized to analyze the differences in survival. All experimen-
tal data were indicated as mean ± standard deviation (SD). 
Statistical analysis was conducted using the GraphPad 
Prism 7.0 software. A value of p  <  0.05 was considered 
statistically significant.

3  |  RESULTS

3.1 | High KIF11 correlates with poor 
prognosis and shorter overall survival (OS)

To explore the clinical significance of KIF11 in PDAC, 
we first downloaded the mRNA levels of KIF11 from 
179 patients in the TCGA- PDAC cohort (https://portal.
gdc.cancer.gov/). Besides, expression data of KIF11 in 
normal pancreatic tissues were also collected from the 
GTEx data set (https://www.gtexp ortal.org/home/index.
html). The differential analysis was conducted to find 
that KIF11 mRNA levels were notably upregulated in 
tumor samples relative to those in normal tissues with 
p < 0.001 (Figure 1A). We also validated the high expres-
sion levels of KIF11 in PDAC in other two independ-
ent data set, including GSE28735 (N  =  45, p  <  0.001, 
Figure 1B) and GSE15471 (N = 39, p < 0.001, Figure 1C). 
Correlation analysis further confirmed that high KIF11 
expressions were positively associated with tumor grades 
(p < 0.001, Figure 1D), lymphatic metastasis (p < 0.001, 
Figure  1E), and clinicopathological stages (p  <  0.001, 
Figure  1F). Intensive studies have already indicated the 
potential associations between kinesin family members 
with tumor progression. We thus selected several mem-
bers and designed specific siRNAs to conduct the MTT 
assays. Relative to most of the other kinesin members, 
KIF11 inhibition induced the most remarkable decrease 
in PANC- 1 cell growth (Figure  1G). Last, we also col-
lected the clinical characteristics of PDAC samples from 
the TGCA cohort and matched the survival data with ex-
pression data of KIF11. PDAC patients were accordingly 
categorized into KIF11high and KIF11low groups to conduct 
the Kaplan– Meier analysis, in which patients with high 
KIF11 had worse overall survival (OS) outcomes with 
shorter time compared with those with low KIF11 levels 
(N = 177, log- rank test p < 0.001, Figure 1H). Collectively, 

we concluded that KIF11 is a hazard factor in PDAC and 
has vital clinical significance.

3.2 | Validation of high KIF11 levels in 
PDAC samples

Given that these findings were observed in public data 
sets, we also collected totally 40 pairs of PDAC samples 
matched with normal tissues from the department of 
radiotherapy in our hospital. The immunohistochemis-
try (IHC) staining showed that KIF11 expression levels 
were not only high in tumors versus normal samples but 
correlated with high tumor grades (Figure 2A). Besides, 
differential analysis of KIF11 levels (H scores) further 
confirmed these results (Figure  2B). Consistent with 
these observations, the protein levels of KIF11 were also 
found to be notably higher at 7/10 (70%) human PDAC 
tumors than in their paired normal pancreatic tissues 
via western blot assays (Figure 2C). Taken together, our 
study validated that KIF11 was higher in tumor samples 
versus normal tissues, in line with the previous results.

3.3 | KIF11 promotes cell proliferation, 
migration, and self- renewal abilities 
in PDAC

To assess the function of KIF11 in PDAC, we first con-
structed stable KIF11- overexpressing (KIF11- OE) PDAC 
cells (SW1990 and PANC- 1) and detected the protein lev-
els via western blot (Figure 3A). The PDAC cell (SW1990 
and PANC- 1) soft agar colony formation efficiency was 
apparently enhanced in KIF11- overexpressing cells rela-
tive to cells transfected with vector (Figure 3B). Besides, 
we also utilized the CRISPR/Cas9 technology to delete 
the KIF11 gene and confirmed the knockout efficiency 
via western blot and Sanger sequencing (Figure  3C). 
KIF11 depletion could also suppress the soft agar colony 
formation efficiency of PDAC cells (PANC- 1, SW1990) in 
Figure S1A. CCK- 8 assays revealed that KIF11 deficiency 
could significantly reduce the growth capacity of SW1990 
and PANC- 1 cells compared with control WT cells, 
whereas KIF11 overexpression could enhance cell vi-
ability (Figure 3D and Figure S1B). Furthermore, KIF11 
overexpression could reinforce the migration ability of 
cells, as quantified by the transwell assays (Figure  3E). 
Last, the self- renewal ability of PDAC cells was also el-
evated with KIF11 overexpression, indicating that KIF11 
could promote stemness features of tumors (Figure 3F). 
Taken together, our study suggested that KIF11 may act 
as an oncogene that enhances PDAC proliferation, mi-
gration, and stemness.

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.gtexportal.org/home/index.html
https://www.gtexportal.org/home/index.html
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F I G U R E  1  High KIF11 was a hazard factor in PDAC that correlated with poor prognosis and shorter overall survival. (A) Differential 
analysis of KIF11 levels between tumor and normal samples in TCGA- PRAD cohort. (B- C) Differential analysis of KIF11 mRNA levels 
between adjacent tissues and tumor tissues in GSE28735 data set (B) and GSE15471 data set (C). (D– F) Correlation analysis based on TCGA- 
PRAD samples revealed the positive associations among KIF11 levels and tumor grades (D), lymphatic stages, (E) and clinicopathological 
stages (F). (G) MTT assays reveal the cell growth in cells transfected with siRNAs targeting each kinesin family member, individually. (H) 
Kaplan– Meier analysis comparing the differences of survival outcomes between KIF11- high and KIF11- low PDAC samples. *p < 0.05, 
**p < 0.01, ***p < 0.001
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3.4 | High KIF11 promotes PDAC 
progression through modulating the 
mevalonate (MVA) metabolism pathway

To further identify the molecular mechanisms by which 
KIF11 promotes PDAC progression, we thus conducted the 
Gene Set Enrichment Analysis (GSEA) via analyzing the 
expression data of the TCGA- PDAC cohort (Figure 4A). 
Given that the cell cycle is a common pathway involved 
in tumorigenesis of multiple tumors. Meanwhile, choles-
terol metabolism could stimulate mTORC1 activation, 
highlighting that cholesterol could accelerate tumorigen-
esis of PDAC. As a result, we focused on the MVA me-
tabolism of PDAC for further investigation. Intriguingly, 
we observed that KIF11 expressions and the mevalonate 
metabolic pathway were highly interrelated in pancre-
atic cancer from TCGA. Besides, we detected the specific 
genes via qRT- PCR analysis and found that essential 
MVA pathway genes, such as HMGCR, FDFT1, SQLE, 
and MSMO1, were all decreased in KIF11- deficient cells 
versus parental control cells (Figure  4B). However, the 
mRNA levels of HMGCR, FDFT1, SQLE, and MSMO1 
were all consistently elevated in KIF11- OE cells relative 
to cells transfected with vector (Figure  4C). We further 
found that KIF11 correlated significantly with the MVA 
pathway signature based on the TCGA- PDAC samples 

(Figure 4D). In line with the findings, the free cholesterol 
content in KIF11- OE cells was about 40% higher than in 
controls (Figure  4E). KIF11 deficiency indeed reduced 
the free cholesterol content, but an ectopic expression of 
KIF11 could restore the levels of cholesterol detected in 
the cell culture medium (Figure  4F). Last, suppression 
of cholesterol synthesis (atorvastatin) could remarkably 
inhibit the KIF11- OE cell growth compared with DMSO, 
indicating that mevalonate (MVA) metabolism is indis-
pensable for KIF11- driven tumorigenesis (Figure 4G- H). 
Taken together, our study revealed that KIF11 could ma-
nipulate the mevalonate (MVA) metabolism to promote 
PDAC growth.

3.5 | KIF11 interacts with SREBP2 and 
stabilizes its proteins from ubiquitination- 
mediated degradation

Given that nearly most of the essential enzymes of sterol 
biosynthetic pathways are modulated by SREBP2, we thus 
wondered whether KIF11 could correlate with dysregula-
tion of SREBP2. First of all, we conducted the Co- IP assays 
using the anti- KIF11 antibody and anti- SREBP2 antibody in 
PANC- 1 cell lysate, individually. KIF11 could successfully 
immunoprecipitate SREBP2 (Figure  5A). Reciprocally, 

F I G U R E  2  Validation of KIF11 levels in resected PDAC samples. (A) Representative IHC staining graph indicated low and high 
KIF11 levels in paired normal tissues and tumor samples with different grades. Upper graph (scale bar =  ), Lower graph (scale bar = ). (B) 
Quantification of KIF11 staining levels in normal and tumor samples. C Western blotting assay showing the protein levels of KIF11 in tumor 
and normal fresh PDAC tissues (N = 8). *p < 0.05, **p < 0.01, ***p < 0.001
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SREBP2 was able to immunoprecipitate KIF11 effec-
tively, suggesting the endogenous interactions between 
the two proteins (Figure 5A). Also, we thus cotransfected 
the PANC- 1 cells with Flag- SREBP2 and Myc- KIF11 and 
found that SREBP2 proteins steadily increased when the 
amount of KIF11 is elevating (Figure  5B). However, no 
changes in mRNA levels of SREBP2 were observed under 

this condition (Figure 5B). Besides, KIF11 deficiency in-
deed resulted in the decrease of SREBP2 proteins, but 
not mRNA levels, which could be completely restored 
with the treatment of MG132, one well- known protea-
some inhibitor (Figure  5C). Briefly, we considered that 
KIF11 could stabilize the SREBP2 in a dose- dependent 
manner at the posttranscriptional levels. In line with our 

F I G U R E  3  KIF11 overexpression enhanced PDAC cells’ malignant features. (A) Detection of KIF11 protein levels in cells (SW1990 and 
PANC- 1) transfected with vector and KIF11 via western blotting assay. (B) Upregulation of KIF11 promoted the anchorage- independent 
growth abilities of PDAC cells (SW1990 and PANC- 1) (scale bars = 250 μm, left panel). Quantification of the soft agar assay results was 
shown in the right panel. (C) Western blotting assay revealing the protein levels of KIF11 in WT cells and KIF11- KO cells (SW1990 and 
PANC- 1). (D) Cell growth analysis via CCK- 8 assays of PDAC cells (SW1990 and PANC- 1) with or without KIF11 depletion (CRISPR/Cas9- 
mediated KO). (E) Cell migration assays of PDAC cells (SW1990 and PANC- 1) transfected with vector and KIF11. Representative pictures 
(scale bars = 250 μm, left panel) and quantification of results were shown (right panel). (F) Sphere formation assays in cells transfected with 
vector and KIF11. Representative graphs (left panel, scale bars = 250 μm) and quantification of results were shown (right panel). *p < 0.05, 
**p < 0.01, ***p < 0.001
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above speculations, we conducted the in vitro ubiquit-
ination assay and observed that KIF11 deficiency could 
lead to an apparent increase of robust polyubiquitination 
of SREBP2 (Figure  5D). Last, we observed that SREBP2 
ablation could largely abrogate the effect of KIF11- OE on 
transcription of mevalonate (MVA)- signature, indicating 
that KIF11 depends on SREBP2 to drive activation of the 
MVA pathway (Figure 5E). KIF11 could activate the free 
cholesterol concentrations in PDAC cells in an SREBP2- 
dependent manner, which could be further abolished by 
SREBP2 ablation (Figure 5F). Taken together, our study 
indicated that KIF11 stabilizes SREBP2 to modulate the 
mevalonate (MVA) crosstalk.

3.6 | Inhibition of MVA biogenesis 
(atorvastatin) is effective to suppress 
KIF11high PDAC

Given that the SREBP2- driven MVA pathway is indispen-
sable for the progression of PDAC, we thus speculated that 
targeting SREBP2 could be effective to suppress KIF11- OE 
PDAC. First of all, we found that SREBP2 knockdown could 
largely reduce the cell growth induced by KIF11- OE as indi-
cated by the CCK- 8 assays (Figure 6A– C). Besides, we also 
observed that KIF11- OE enhanced cell migration ability, 
which could be largely impaired with SREBP2 knockdown 
(Figure 6D). In addition, we also conducted the sphere for-
mation assay, where KIF11- driven tumor stemness features 
could be notably suppressed with SREBP2 knockdown 
(Figure  6E). Last, we further constructed the subcutane-
ous xenograft models and found that atorvastatin was 
proved to be effective to suppress KIF11- OE PDAC progres-
sion, as quantified by tumor volumes and tumor weights 
(Figure 6F– H). Collectively, our findings indicated that tar-
geting the MVA pathway (atorvastatin) is a useful strategy 
to inhibit KIF11high PDAC tumor growth.

4  |  DISCUSSION

Tumor cells may remodel the essential metabolism to 
supply essential contents and energy that are required 

for maintaining aberrant growth, which frequently ap-
pears via either mutation in key enzymes, like isocitrate 
dehydrogenases (IDHs), or alterations in cell signals 
induced by abnormal nutrients and tumor microen-
vironment.24,25 Meanwhile, these abnormal signaling 
cascades could further disturb the expression or activity 
of enzymes in vital metabolic cross talk, including the 
mevalonate (MVA) pathway.26 The MVA pathway uti-
lizes acetyl- CoA, NADPH, and ATP to produce sterols 
and isoprenoids that are vital for tumor proliferation. 
Following glucose, glutamine, or acetate consumption, 
the production of acetyl- CoA accelerates in cancer cells. 
Besides, the NADPH is derived from multiple processes, 
including malic enzymes, IDHs, and the pentose phos-
phate pathway.27,28 As a result, the MVA pathway is in-
tensively integrated into the whole metabolic pathways 
in cancer cells. The MVA pathway has been indicated 
by multiple researches to be oncogenic. Sung- Hwan 
Moon et al. found that p53 could block the activation 
of SREBP- 2, the key transcriptional manipulator of the 
MVA pathway, via transcriptionally inducing the ABCA1 
cholesterol transporter gene.29 In another study, meva-
lonate inhibition in cancer cells disrupts Rac1 prenyla-
tion to enhance recognition and cross- presentation by 
conventional dendritic cells, providing a potential target 
for cancer immunotherapy. In addition, the MVA was 
found to induce an escape mechanism of tumor growth 
in HER2+ breast cancer models that are resistant to anti- 
HER2 drugs. MVA inhibitors could be useful therapeutic 
agents to resensitize the tumors to anti- HER2 therapies.30 
Collectively, these evidence indicate that the MVA path-
way has an essential role in cancer.

In the current study, we performed the MTT assay to 
screen that targeting KIF11 induced the sharp decrease 
of PDAC cell growth relative to other members of the ki-
nesin family. Differential analysis suggested that KIF11 
expressed highly in tumor cases compared with those in 
normal tissues, and the results were consistently con-
firmed in multiple PDAC data sets and resected fresh 
PDAC samples. Besides, we found that KIF11 levels cor-
relate with advanced stages and patients with high KIF11 
levels had a poor prognosis, indicating that KIF11 is a 
meaningful biomarker for PDAC prediction. We further 

F I G U R E  4  KIF11 promoted PDAC progression via activating the mevalonate (MVA) metabolism pathway. (A) Gene Set Enrichment 
Analysis (GSEA) was performed in TCGA- PRAD samples, and several oncogenic cross talk was highly enriched in KIF11- high samples, 
including the mevalonate pathway. (B) The levels of MVA- signature (HMGCR, FDFT1, SQLE, and MSMO1) expressions were detected 
in WT and KIF11- depleted cells by qRT- PCR. (C) The levels of MVA- signature (HMGCR, FDFT1, SQLE, and MSMO1) expressions were 
detected in cells transfected with vector and KIF11 via qRT- PCR. (D) Correlation analysis was conducted among KIF11 and MVA- signature 
(HMGCR, FDFT1, SQLE, and MSMO1) in TCGA- PRAD samples. (E) Quantification of free cholesterol contents in cells transfected with 
vector and KIF11. (F) Quantification of free cholesterol contents in three cell groups (Ctrl, KO#1, and KO#1 + KIF11). (G) MTT analysis 
in three SW1990 cell groups (Vector + DMSO, Vector + atorvastatin, KIF11 + DMSO, KIF11 + atorvastatin). (H) MTT analysis in three 
PANC- 1 cell groups (Vector + DMSO, Vector + atorvastatin, KIF11 + DMSO, KIF11 + atorvastatin). *p < 0.05, **p < 0.01, ***p < 0.001
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investigated the functional roles of KIF11 in PDAC and 
KIF11 overexpression significantly promoted tumor 
cell growth, migration, and self- renewal potentialities. 

However, KIF11 ablation by CRISPR/Cas9- mediated 
knockout could notably suppress cell growth. GSEA 
analysis indicated the casual link between KIF11 and 
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the mevalonate metabolic pathway, and KIF11 promoted 
the expressions of MVA- associated genes. Accordingly, 
KIF11 could elevate the cellular free cholesterol levels 
and depended on the MVA pathway to enhance cell 
growth. Intriguingly, KIF11 could mediate the stability 
of SREBP- 2 proteins to drive the transcriptional lev-
els of downstream targets. Last, we also demonstrated 
that KIF11 replied on SREBP2 to promote cell growth, 
colony formation, or migration abilities and maintain 
stemness features. Targeting the SREBP2- driven MVA 
pathway (atorvastatin) could significantly suppress 
KIF11- induced in vivo tumor growth.

Previous efforts have been made to elucidate the 
underlying mechanisms that contribute to aberrant ac-
tivation of MVA cross talk.31,32 Recently, ZMYND8 was 
proved to interact with SREBP2 to coordinate enhancer– 
promoter interaction to stimulate the MVA cross talk.33 
The SREBP2/ZMYND8 associates with the mediator 
complex to promote the transcriptional activities of 
MVA- associated genes, such as HMGCR, SQLE, FDFT1, 
or FDPS. Besides, loss of p53 promotes murine liver tu-
morigenesis and correlates with increased SREBP- 2 mat-
uration, indicating that the mevalonate pathway plays a 
crucial role in the p53- mediated liver tumor suppres-
sion.29 Furthermore, MIEF2 (mitochondrial elongation 
factor 2) increased SREBP1 and SREBP2 by activating 
ROS/AKT/mTOR signaling to drive the lipid synthesis 
in ovarian cancer cells.34 In this study, we found that 
KIF11 could hardly regulate the mRNA levels of SREBP2 
and mainly impacts the posttranslational (PTM) modifi-
cation of SREPB2, which has been little reported. KIF11 
could interact with SREBP2 and protect SREBP2 from 
ubiquitination- mediated degradation. As a result, KIF11 
overexpression could stabilize the cellular SREBP2 to 
drive expressions of its downstream signature, which 
could be completely abolished with SREBP2 knock-
down, implicating that KIF11 regulates MVA cross talk 
in an SREBP2- dependent manner. Previous studies have 
suggested that an aberrant ubiquitin- proteasome sys-
tem (UPS) could participate in the disorders of choles-
terol pathways. The liver X receptor LXR inhibits the 

low- density lipoprotein (LDL) uptake via transcriptional 
induction of Idol (inducible degrader of the LDLR), 
thereby targeting it for degradation.35 Moreover, corylin 
treatment could partially inhibit the Akt activity at the 
Thr308 site, specifically enhancing mSREBPs ubiquiti-
nation and proteasomal degradation to restrict the lipid 
content in liver cell lines.36 Collectively, in line with 
previous findings, we linked the KIF11 levels with ac-
tivation of the MVA pathway in PDAC through aberrant 
ubiquitination- dependent degradation of SREBP2.

Currently, the clinical efficacy of statins, the well- 
known inhibitor of cholesterol biogenesis mevalonate 
(MVA) pathway, is overall indefinite, mainly due to a 
lack of patient classification criteria.36,37 In this study, 
we found atorvastatin could be effective to inhibit cell 
growth and migration. Besides, atorvastatin could 
largely suppress the in vivo tumor growth in KIF11high 
PDAC cells. As a result, we proposed that specific MVA 
pathway inhibitors could be useful to treat PDAC, es-
pecially for KIF11high samples. However, more preclin-
ical mouse models or patient- derived tumor xenografts 
(PDXs) are warranted to evaluate the differential drug 
responses of atorvastatin in KIF11high and KIF11low 
PDAC samples.

Nevertheless, we still found several defects that need 
to be further improved in the current study. First of all, 
large PDAC samples were warranted to assess the clin-
ical significance and prognostic significance of KIF11 
in patients. Second, we could utilize the immunohis-
tochemistry (IHC) to score the KIF11 staining levels 
and identify the optimal threshold to stratify KIF11high 
and KIF11low patients. Given that KIF11 depended on 
SREBP2 to drive PDAC progression, the differential an-
titumor effects between KIF11 inhibitors and atorvas-
tatin were not well elucidated and compared. Last of 
all, although we have explored that KIF11 could drive 
PDAC progression, migration, and stemness abilities, 
the underlying associations between KIF11 and immune 
regulations in the PDAC microenvironment still remain 
inconclusive, which is meaningful for further investiga-
tions in the following studies.

F I G U R E  5  KIF11 interacts with SREBP2 and stabilizes its proteins from ubiquitination- mediated degradation. (A) Western blot of 
indicated proteins in WCLs and Co- IP samples of IgG or anti- KIF11 antibody obtained from the cell extracts of SW1990 cells treated with 
10 μM of MG132 for 10 h (upper panel). This result was confirmed by reciprocal Co- IP assay with anti- SREBP2 antibody (lower panel). (B) 
Western blotting assay detecting the SREBP2 proteins in cells transfected with increasing amounts of Myc- KIF11 plasmids (upper panel). 
Quantification of Flag- SREBP2 mRNA levels via qPCR was shown on the lower panel. (C) Western blot assay detecting the endogenous 
SREBP2 proteins in three cell groups (Ctrl + DMSO, KO#1 + DMSO, and KO#1 + MG132) (upper panel). Quantification of corresponding 
SREBP2 mRNA levels was shown on the lower panel. (D) Western blot detecting the products of in vivo SREBP2 ubiquitination assays from 
the indicated SW1990 cells treated with 30 μM MG132 for 8 h. (E) Quantification of mRNA expression levels of MVA- signature via qPCR 
in three cell groups (Vector, KIF11, and KIF11 + shSREBP2). (F) Detection of free cholesterol contents in PDAC cells (Vector, KIF11, and 
KIF11 + shSREBP2). *p < 0.05, **p < 0.01, ***p < 0.001
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F I G U R E  6  Targeting MVA biogenesis (atorvastatin) is effective to inhibit the growth of KIF11high PDAC. (A- C) MTT analysis 
detecting the cell growth of three groups (Vector + shCtrl, KIF11 + shCtrl, and KIF11 + shSREBP2) in PANC- 1 (A), SW1990 (B) and 
CFPAC- 1 (C), respectively (C). (D) Representative pictures (scale bars = 250 μm) were shown on the left panel. Quantification results of 
the cell migration abilities of KIF11- overexpressing SW1990 cells transfected with the SREBP2 shRNAs or their corresponding controls 
were shown on the right panel. (E) Representative graphs showing the self- renewal potentialities of KIF11- overexpressing SW1990 cells 
with or without shSREBP2 (left panel, scale bars = 250 μm). Quantification results were shown on the right. (F) Representative graphs 
(left panel) and quantification data (right panel) of the colony formation abilities of KIF11- overexpressing SW1990 cells transfected 
with the SREBP2 shRNAs or their corresponding controls. (G) The SREBP2 knockdown suppressed KIF11- induced SW1990 PDAC cells 
subcutaneous tumor growth of nude mice. (H) Tumor volumes in three groups (Vector + DMSO, KIF11 + DMSO, KIF11 + atorvastatin) 
were measured and compared. (I) Tumor weight was monitored and compared in three groups (Vector + DMSO, KIF11 + DMSO, 
KIF11 + atorvastatin). *p < 0.05, **p < 0.01, ***p < 0.001
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5  |  CONCLUSION

In summary, we identified that high KIF11 is an onco-
genic factor in PDAC. Mechanistically, KIF11 stabilizes 
SREBP2 proteins from ubiquitination- mediated degra-
dation. Besides, KIF11 depended on elevated SREBP2 
proteins to drive MVA crosstalk, and targeting the MVA 
pathway is effective to suppress tumor growth. Therefore, 
KIF11/SREBP2 axis may function as a potential predictor 
and therapeutic vulnerability for PDAC.
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