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Abstract

Von Hippel-Lindau (VHL) is a tumor suppressor frequently mutated in renal cell carcinoma (RCC) and its
loss has been considered as a target for therapeutic exploitation. In an effort to identify therapeutic
vulnerabilities in VHL-deficient RCC, we found that SKPin C1, a SKP2 inhibitor, exhibited synthetic lethal
effects on VHL-deficient RCC cells. SKPin C1 selectively disrupted spindle assembly in VHL-deficient
RCC, leading to the induction of mitotic arrest and death. These effects were independent of its
inhibitory action on SKP2. Our in-depth biochemical and molecular interaction studies reveal that SKPin
C1 binds to tubulin and inhibits microtubule polymerization. Interestingly, anti-microtubule effect of
SKPin C1 was much more pronounced in VHL-deficient RCC cells. Further mechanistic studies on the
synthetic lethality reveal that VHL loss alters microtubule dynamics in cells, promoting microtubule
growth speed while reducing stability. Treatment of VHL-deficient RCC cells with SKPin C1 or other
microtubule destabilizers strongly suppressed microtubule growth and reduced the levels of GTP-tubulin
and acetylated microtubules, resulting in selective vulnerability in VHL-deficient RCC. Taken together,
our study suggests that microtubule dynamics is a therapeutic vulnerability in VHL-deficient RCC and
provides a rationale for the combination treatment of VHL-deficient RCC with anti-microtubule agents
and RCC targeted therapies.
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1. Introduction

Kidney cancer is amongst the ten most prevalent
cancers worldwide, and renal cell carcinoma (RCC) is
the most common type, accounting for more than 90%
of kidney cancer[1]. RCC is hard to treat because it is
largely  insensitive = to  radiotherapy  and
chemotherapy[2-4], and the surgery is only suitable
for patients with early stage, localized tumors.
Conventional immunotherapy cytokines, such as
interferon and high-dose interleukin-2 have been
used as first-line treatments for patients with
metastatic RCC, but they usually benefit only a small

fraction of patients and have significant toxicity[5].
Recent developments in targeted therapy and
immunotherapy, such as receptor tyrosine kinase
inhibitors and immune checkpoint blockades, have
largely benefitted patients with late stage RCC.
However, several challenges have appeared with
these treatment options, including tumor acquisition
of drug resistance against targeted therapy drugs[6].
For immune checkpoint blockades, it is difficult to
predict the RCC patients' response to the drugs due to
lack of reliable predictive biomarkers[7]. Therefore,
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development of more personalized treatment
approach with predictable biomarkers is needed for
patients with RCC.

Loss of von Hippel-Lindau tumor suppressor
(VHL) as a result of gene mutation or epigenetic
silencing appears in more than half of entire RCC
patients, making it a crucial biomarker for RCC[8].
VHL has been well characterized with its functions as
a component of the E3 ubiquitin ligase complex in
oxygen-dependent ubiquitination and degradation of
hypoxia-inducible factor a (HIF-a)[9-11]. Under
normal oxygen conditions, HIF-a is hydroxylated by
prolyl hydroxylase (PHD), recognized by the
multimeric E3 ubiquitin ligase complex containing
VHL, and targeted for ubiquitination and
proteasomal degradation. Loss of VHL leads to the
stabilization and accumulation of HIF-a even under
normoxia, promoting the dimerization with a HIF-f
subunit and the translocation into the nucleus where
it binds to the hypoxia-response elements (HREs) to
initiate the transcription of target genes, such as
VEGF, GLUT1, EPO and PDGEF. The elevation of the
HIF target genes in VHL-deficient RCC leads to
enhanced tumor angiogenesis and glucose
metabolism, characteristic features of RCC[12, 13]. In
addition to its function in controlling HIF-dependent
transcription, VHL is known to have several
HIF-independent, non-canonical functions in various
biological pathways, such as extracellular matrix
(ECM) assembly, microtubule stability and primary
cilia maintenance and WNT signaling via interacting
with multiple protein partners[14, 15]. While a
number of these non-canonical functions of VHL in
RCC initiation and development are subjects for
further investigation, it has been well recognized that
VHL loss is an important biomarker for targeted
therapy development in RCC.

In order to discover biomarker-driven,
therapeutic vulnerabilities in RCC, we employed a
synthetic lethal drug screen in VHL-deficient RCC
cells. Synthetic lethality is an approach to leverage the
cancer cell dependency occurring when a tumor
suppressor is inactivated[16]. This approach has been
actively exploited in cancer target discovery and
personalized therapy since the successful clinical
introduction of PARP inhibitors for the treatment of
BRCAness cancers[17, 18]. VHL loss has also been a
hot topic in synthetic lethality approach, where
several potential synthetic lethal targets or
compounds have been discovered. The natural
product Englerin A, which selectively inhibits the
VHL-deficient cells by stimulating PKC 0 and causing
the metabolic disaster[19]. Besides, inhibition of
EZH1[20] or TBK1[21] could specifically inhibit RCC
cell growth by inducing synthetic lethality with VHL

loss. To further expand VHL biomarker-driven drug
targets for RCC, we conducted a synthetic lethal drug
screen for VHL against highly-selective inhibitor
library containing 318 small molecule inhibitors
targeting various cellular druggable proteins. SKPin
C1, a small molecule inhibitor of the E3 ubiquitin
ligase SKP2, was amongst the top candidates of
synthetic lethal drugs identified in VHL-deficient
RCC cells. Mechanistic deconvolution of the synthetic
lethal effect of SKPin C1 on VHL-deficient RCC cells,
however, revealed that SKPin Cl1 inhibited
microtubule dynamics in the «cells in a
SKP2-independent manner. VHL-deficient RCC cells
were hypersensitive to microtubule inhibitors
through the disruption of microtubule-spindle
assembly and the induction of mitotic arrest and
death. Our study not only demonstrated previously
unrecognized target of SKPin C1 but also provided a
novel therapeutic strategy for the treatment of RCC
with VHL loss.

2. Materials and methods

2.1. Cell lines and culture

786-O was obtained from American Type
Culture Collection (ATCC, Manassas, VA), 769-P and
Caki-1 were obtained from the National Collection of
Authenticated Cell Cultures (Shanghai, China). All
the cell lines were authenticated by Short Tandem
Repeat (STR) profiling (Applied Biosystems, Foster,
CA). 786-O and 769-P are maintained in Gibco RPMI
1640 (Thermo Fisher Scientific, Waltham, MA) with
10% fetal bovine serum (FBS, Thermo Fisher
Scientific), 1% Penicillin/Streptomycin  (Thermo
Fisher Scientific) and 1% Sodium Pyruvate (Thermo
Fisher Scientific). Caki-1 is maintained in MyCoy's 5A
medium with 10% FBS and 1%
Penicillin/Streptomycin. All cells were cultured
under 37 °C with 5% CO2 in the humidified incubator.

2.2. Stable overexpression of plasmid in cells

786-O cells were seeded into the 12 well plates.
When cell confluence is about 80%, separately
prepared A solution: dilute 3pl of Lipofectamine 3000
(Thermo Fisher Scientific) in 35ul Opti-MEM (Thermo
Fisher Scientific), then the B solution: 1 pg plasmid
(HA-VHL-pRc/CMV plasmid, Addgene, #19999 or
EB1 plasmid, Addgene, #39299) in 35 pL Opti-MEM,
mixed them and incubated 15 min at room
temperature, after that add the mixture to cell drop by
drop. The untransfected cells were eliminated with 2
mg/ml  neomycin  (sc-29065B,  Santa  Cruz
Biotechnology, Dallas, TX), and the rest of the live
cells were seeded into the 96-well plates at a density of
1 cell per well, so that each well has only one cell to
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form the single colony. 12 days later, trypsinize and
split the single clone for expansion and verification of
VHL or EB1 expression.

2.3. Highly selective inhibitor library screening

Highly selective inhibitor library was purchased
from Selleck Chemicals (Houston, TX), which consists
of 318 compounds. Each compound was prepared in
eight doses with three times dilution in 384-well
plates. 786-O VHL-/- cells and 786-O wtVHLee cells
were seeded into two sets of libraries separately. After
cultured in a 37°C incubator for 72 hours, perform the
cell viability assay and calculate the half-maximal
inhibitory concentration (IC50) using GraphPad
Prism software 9.3.1 (GraphPad, Boston, MA).
Selectivity Index (SI) was calculated for each drug
toward wildtype and mutant cells based on following
formula: SI = IC50 (786-O wtVHLee)/ IC50 (786-O
VHL/-), and presented in the SI plot. For drugs that
reach IC50 in both wildtype and mutant cell lines,
accurate IC50 values were generated by GraphPad
Prism software and their SI values were presented in
the SI plot. For drugs that do not reach IC50 in both
cell lines, we excluded these drugs from the SI
analysis. For drugs that reach IC50 only in one cell
line (either wildtype or mutant), we considered these
drugs to be the best selective drugs in either synthetic
lethality or synthetic viability. To present these drugs
in the SI plot, we provided IC50 values in two ways:
(1) If the inhibition curve on the non-effective cell line
shows a declining trend albeit not reaching 50%, we
used the theoretical IC50 value generated by
GraphPad Prism software. (2) If the inhibition curve
was flat and GraphPad Prism software could not
calculate a theoretical IC50, we assigned an arbitrary
IC50 value of 100 uM for the non-effective cell line
(this value is five times greater than the maximum
concentration (20 pM) used in the screen).

2.4. Cell viability assay

The cell viability was detected by Alamar Blue
solution which contains 0.025% (w/v) resazurin
sodium salt (Sigma-Aldrich, St. Louis, MO) dissolved
in sterile PBS. Alamar Blue solution was directly
added to the cell culture medium at a volume ratio of
1:10 and incubated under a 37°C incubator for 2-3
hours until there were significant color changes and
differences. Fluorescence intensity was measured
(Excitaion:560 nm / Emission: 590 nm) by microplate
reader SpectraMax M5 (Molecular Devices,
Sunnyvale, CA) to determine the cell viability.

2.5. Western blot

The whole cell proteins were extracted by the 2X
Laemmli lysis buffer (62.5 mM Tris-HCI, pH 6.8, 10%

glycerol, 1% SDS, 0.005% Bromophenol Blue, 10%
2-mercaptoethanol), then boiled at 95°C for 10
minutes. An equal amount of protein was loaded into
each well of SDS-PAGE
(polyacrylamide-electrophoresis) gels, and then
transferred the gels which containing separated
proteins to the polyvinylidene fluoride (PVDEF)
membrane. After blocking with 5% skim milk, the
membranes were incubated with the specific primary
antibodies at 4°C overnight, then washed 3 times with
PBST and incubated with the corresponding HRP
conjugated secondary antibody at room temperature
for 2 hours. After washing 3 times with PBST, the
membranes were exposed to ChemiDoc™ MP
Imaging System (Bio-Rad, Hercules, CA) with
enhanced chemiluminescent substrate (Thermo Fisher
Scientific).

2.6. Reverse transcription and quantitative
real-time PCR (RT-qPCR)

The total RNA was isolated from cells with
RNeasy Plus Mini Kit (Qiagen, Germantown, MD),
then reverse transcribed into c¢cDNA  with
High-Capacity c¢cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). After that, the reaction
mixture was prepared by combining the components
in a PCR tube, including the cDNA, the target gene
primers, water, and Taq Universal SYBR Green
Supermix (Bio-Rad), loaded into the CFX96 Real-Time
PCR System (Bio-Rad) and wunderwent 40
amplification reactions. The cycle threshold (Ct) value
for each sample was calculated to determine the
relative mRNA expression level.

2.7. Small interfering RNA gene silencing

Reverse transfection of siRNA was used to knock
down the specific genes and was performed three
repeating wells in 96 well plates. For each well, the
siRNA was diluted in 10 pL Opti-MEM and mixed
with 10 pL Opti-MEM  containing 0.1 pL
Lipofectamine RNAi max reagent (Thermo Fisher
Scientific), then incubated at room temperature for 15
min, 2000 cells per well were added into each well and
incubate 48-72 hours, validate the knockdown
efficiency of the target gene by Western blotting.

2.8. Cell cycle analysis

Cells were harvested and washed with PBS,
fixed with 70% ethanol, and incubated at -20°C
overnight. After washing with PBS, the cells were
resuspended in the solution containing RNase A (20
pg/ml) and incubated for 30 minutes at 37°C.
Subsequently, washing with PBS three times, cells
were incubated in the propidium iodide (PI) (50
pg/ml) solution for 30 minutes at room temperature
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in the dark and then analyzed the cells using
CytoFLEX Flow Cytometer (Beckman Coulter, Brea,
CA).

2.9. Immunofluorescence

Cells were fixed with 4% paraformaldehyde
(sc-281692, Santa Cruz Biotechnology) at 37°C in the
incubator for 30 min, then permeabilized with 0.1%
Triton X-100 in PBS. After being blocked with the 3%
BSA solution at room temperature for 30 min, the cells
were incubated with the specific primary antibody at
4°C overnight, then incubated with the corresponding
secondary antibody conjugated with Alexa Fluor-488
or Alexa Fluor-598 (Thermo Fisher Scientific) at room
temperature for 1 hour, and the cellular nuclei were
stained with DAPI for 5 min. Then the cells were
mounted with a mounting medium. The images were
acquired with the Nikon A1R confocal microscope
(Nikon Corporation, Japan). The intensity of
fluorescence was analyzed with Image].

For the immunofluorescence of GTP-tubulin
which was modified according to the method in
published article[22]. To minimize cell shedding
during operation, cells were seeded in the chamber
coated with 0.lmg/ml ploy-d-lysine. Cells were
permeabilized in PEM buffer (80 mM PIPES, 2 mM
EGTA, 1 mM MgCl2, pH 6.9) containing 10% glycerol
and 0.1% Triton-X100 for 3 min at 37 ° C, then
incubated with anti-Tubulin-GTP (MB11) (1:2000,
AG-27B-0009, AdipoGen, San Diego, CA) diluted in
PEM buffer containing 10% glycerol and 0.2% BSA at
37 ° C for 15 min. After twice washing with PEM-10%
glycerol buffer, the cells were incubated with Goat
anti-Human Alexa Fluor 488 (1:1000, A-11013,
Thermo Fisher Scientific) diluted in PEM buffer
containing 10% glycerol and 0.2% BSA at 37 ° C for 15
min. After that paraformaldehyde fixation followed
as described above.

2.10. EBI1 tracking

786-O VHL isogenic cells stably overexpressing
EB1-GFP were seeded into the chamber separately
and cultured with 300 ul normal growth media 24
hours in advance. For time-lapse image acquisition,
the microscope incubator was exploited to maintain
37°C and 5% CO2. Imaging was performed every 1
second for 1 minute, exposure time is 200 ms per
image, using a Nikon TiE Widefield Microscope
equipped with a Nikon DS-QI2 camera (Nikon
Corporation), using APO 60x/1.4 DIC Oil Objective,
488 excitation laser, and NIS software. The EBI1
comets were analyzed with plusTip Tracker, which
has been developed by Kathryn T. Applegate etc.[23].
For SKPin C1 treatment, 786-O VHL isogenic cells
stably overexpressing EB1-GFP were seeded into the

8-well chamber (Thermo Fisher Scientific) separately
and cultured with 300 pl normal growth media for 24
hours in advance. As microtubules would be
destroyed and become fade after SKPin C1 treatment,
we used Olympus SpinSR10 Spinning Disk Confocal
Microscope (Olympus Corporation, Japan) to reduce
the quenching of fluorescence and obtain the clear
video. The microscope incubator was exploited to
maintain 37°C and 5% CO2, then set the experiment
program: 488 excitation laser, Olympus UPLXAPO
100X  Oil  Immersion  Objective  (Olympus
Corporation), the imaging is acquired every 1 second
for 1 minute with an exposure time of 200 ms, which
is performed every 15 min for totally 8 times.
Subsequently, 300 pl growth medium containing 10
uM SKPin C1 was added into the chamber, leading to
a final concentration of 5 uM SKPin C1, and start the
program immediately. Finally, the frames at 1, 15, 30,
45, 60, 75, 90, and 105 min after SKPin C1 addition
were extracted and cropped from the video.

2.11. In-cell microtubule polymerization assay

To determine the amount of a-tubulin in soluble
(S) and polymerized (P) fraction, the cells were
suspended in extraction buffer containing 0.1 M
Pipes, pH 7.1, 1 mM MgSO4, 1 mM EGTA, 2 M
glycerol, 0.1% Triton X-100, and protease inhibitors
cocktails (Sigma-Aldrich). After incubation for 15 min,
the cell lysates were centrifuged at 15,000 rpm for 15
min. The supernatant (containing 0.1% Triton-soluble
tubulin) was transferred into another 1.5-ml tube. The
remaining pellet was resuspended in lysis buffer (25
mM Tris-HCI, pH 7.4, 0.4 M NaCl, and 0.5% SDS) and
boiled for 10 min. The sample was centrifuged at
15,000 rpm for 5 min, and the polymeric
tubulin-containing supernatant was collected. The
0.1% Triton-soluble and -insoluble solutions were
subjected to SDS-PAGE and detected by Western
blotting with anti-a-tubulin antibodies. GAPDH
antibody was used as a loading control for each
experimental condition. The microtubule
polymerization status in each experimental condition
was quantitated based on the relative amount of P out
of total (P +S).

2.12. In vitro tubulin polymerization assay

The activity of the compounds in inhibiting
microtubule polymerization in vitro was evaluated
with the Tubulin polymerization assay kit (cat.
#BKO011P, Cytoskeleton, Denver, CO). The kit contains
fluorescent reporter chemicals that are incorporated
into polymerized tubulins during polymerization
reaction. The fluorescence intensity increases as
tubulin polymerizes, which can be quantified as a
polymerization curve. According to the instructions,
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the assay components were mixed to make the
reaction buffer which contains 2mg/ml tubulin, 80
mM PIPES pH 6.9, 2 mM MgCl2, 0.5 mM EGTA, 1
mM GTP, and 20% glycerol. 5 ul of DMSO or 10x
compounds solution were pipetted into the 96 well
plate (Cat. # 3686, Corning, Corning, NY) separately
and warmed to 37°C for 1 minute. After that 50 pl
reaction buffer was added to each well. The
fluorescence intensity was recorded by SpectraMax
M5 (Molecular Devices) at Ex. 360 nm and Em. 450
nm- every 30 sec for 90 min at 37 °C.

2.13. Biolayer Interferometry (BLI)

The binding affinities between compounds with
tubulin protein were determined by a biolayer
interferometry assay using Octet RED 2 (ForteBio,
Fremont, CA). After prewetting for 10 minutes, the
SSA biosensor tip (ForteBio) was immobilized with 20
pg/ml biotin-labeled tubulin proteins (T333P-B,
Cytoskeleton) in GTP-General tubulin buffer (G-PEM)
for 600 seconds. The G-PEM buffer was used as a
working buffer to maintain the activity of tubulin
protein which contains 80 mM PIPES pH 6.9, 2 mM
MgCl2, 0.5 mM EGTA, and 1 mM GTP. At the same
time, a duplicate biosensor tip was incubated in
G-PEM buffer containing 0.2 pM biotin as background
binding control. Then the two tips were inserted
parallel into buffer wells or the wells contained the
diluted drugs, executing the procedures: baseline 60s,
association 90s, and dissociation 90s in turn. All
assays were performed in 96-well black plates with a
total volume of 250 ul/well at 22 °C. All the data were
analyzed by Octet Data Analysis HT software 11.1
(ForteBio).

2.14. Tumor xenograft mouse model

All animal experiments were approved by the
Animal Research Ethics Committee of the University
of Macau. Six- to seven-week female athymic nude
mice were used for tumor xenograft and maintained
at the University of Macau, a specific pathogen-free
(SPF) Animal Facility. 786-O VHL/- cells were
suspended in Matrigel (Corning) and implanted in the
right flanks of nude mice (5x10¢ cells per mouse).
When tumors were palpable, mice were randomized
into 5 groups (n = 5 mice per group) and treated with
vehicle alone (sterile saline containing 5% DMSO, 5%
tween-80 and 5% polyethylene glycol-400), SKPin C1
(10 and 20 mg/kg), or Vinorelbine (2.5 and 5 mg/kg)
by intraperitoneal (i.p.) injection once a day. Mice
weight and tumor volume were measured every 5
days. Tumor volumes were calculated according to
the following modified ellipsoid formula: long axis
xshort axis? x 1/6. After 55 days, all the mice were
euthanized and the tumor tissues were collected for

weighing and stored in a liquid nitrogen tank for
further analysis.

2.15. Statistical analysis

All experiments were repeated at least three
times. Statistical significances were analyzed by
Student’s t-test or ANOVA analysis with GraphPad
Prism software 9.3.1. The P value <0.05 was
considered to be statistically significant.

3. Results

3.1. SKPin CI1 induced synthetic lethality in
VHL-deficient RCC cells in a
SKP2-independent manner

To screen and identify synthetic lethal targets of
VHL in RCC, we first generated VHL-isogenic RCC
cell pair using 786-O RCC cell line that has VHL
loss-of-function mutation (786-O VHL+ cells). We
stably transfected HA-VHL plasmid into 786-O cells
and established a VHL-stable overexpressing cell line
(786-O wtVHLee cells) (Supplementary Fig. SIA-B). To
verify the functional expression of wildtype VHL in
786-O wtVHLee cells, we analyzed the protein level of
HIF-2a, a target protein of VHL E3 ubiquitin ligase
complex, and HIF-2a transcriptional target genes,
including VEGF and GLUT-1. The protein levels as
well as mRNA levels of VEGF and GLUT-1 were all
significantly decreased in 786-O wtVHLo cells
compared to its isogenic parental 786-O VHL” cells
(Fig. 1A; Supplementary Fig. S1C-E), verifying the
functional VHL expression. We wused the
VHL-isogenic cell pair to screen synthetic lethal
targets against a compound library, containing 318
highly selective inhibitors targeting various human
druggable proteins. The screen was carried out in an
8-dose titration format to determine IC50 values of
individual drugs against VHL7” and wtVHLee cells
(Fig. 1B). Synthetic lethal compounds that selectively
inhibit VHL-deficient cells were identified based on
the Selective Index (SI) value calculated by the
following formula: SI= IC50 for 786-O wtVHLee / IC50
for 786-O VHL+. To examine the feasibility of our
screening system, we tested the inhibitor of glucose
metabolism 2-Deoxy-D-glucose (2-DG), a known drug
inducing synthetic lethality in VHL-deficient cells[19],
in the 8-dose titration format. 786-O VHL* cells were
significantly more sensitive to 2-DG than 786-O
wtVHLee cells with an SI value of 9 (Fig. 1C). With this
screening system, we identified 11 compounds as top
candidate synthetic lethal compounds with SI values
bigger than 15, including 4 AURKA (aurora kinase A)
inhibitors, 1 SKP2 inhibitor, 2 BET (bromodomain and
extra-terminal motif) inhibitors, 3 PLK1 (polo-like
kinase 1) inhibitors, and 1 HSP (heat shock protein)
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inhibitor (Fig. 1D). Among the candidates, AURKA  been reported to be more selective toward
inhibitors including alisertib (Fig. 1E) appeared as = VHL-deficient cells[24], reaffirming the feasibility of
most abundant hits. In fact, AURKA inhibitors have  our screening system.
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Figure 1. SKPin C1 induced synthetic lethality in VHL-deficient RCC cells in a SKP2-independent manner. A Verification of VHL-isogenic RCC cell line. Western
blotting analysis of VHL, HA tag and its downstream target genes HIF-2a, VEGF, GLUT expression in VHL-isogenic RCC cell line. Data are shown as the mean + SD, n=3. B
Schematic illustration of highly selective inhibitor library screening for synthetic lethality. VHL-isogenic RCC cell pairs were parallelly seeded and treated with 318 selective
inhibitors with 8-dose in 384-well plates, after 72 hours incubation, the cell viability was detected by alarm blue assay and analyzed the IC50 to identify the potential hits. C Dose
response curve of 786-O VHL-isogenic cell pair treated with 2-DG- for 72 hours which has been already reported to induce synthetic lethality. Data are shown as the mean *
SD, n=3. **P<0.001 between two indicated groups, two-way ANOVA. D Ranking of drugs according to the Log (Selectivity index). SI (Selectivity index) =IC50(786-O VHL-") /
1C50(786-O wtVHLee). SI> 15 were identified as the synthetic lethal hits which were marked in colors. E Dose response curve of 786-O VHL-isogenic cell pair treated with
Alisertib for 72 hours originated from screening result. F-1 Validation of the SKPin C1 induced-synthetic lethality. VHL-isogenic RCC cell pair (F) and VHL non-isogenic RCC cell
pair (H) were treated with SKPin C1 for 72 hours, the cell viability was detected by alarm blue assays. Data are shown as the mean * SD, n=3. *P<0.05, **P<0.01, ***P<0.001
between two indicated groups, Student’s t-test. (F). The representative images of cell density in VHL-isogenic RCC cell pair (G) and VHL non-isogenic RCC cell pair (l) treated
with the indicated concentration of SKPin C1. J-K SKP2 inhibition on cell viability in VHL-isogenic cell pair. 786-O VHL--and786-O wtVHLee cells were transfected with 25 nM,
50 nM SKP2 siRNA and incubated for 48 hours. Western blotting analysis of SKP2 protein level GAPDH was used as a loading control (J). The cell viability was evaluated by
AlarmBlue assays. Data are shown as the mean + SD, n=3. ns denotes not significant (K).
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SKPin C1, a small molecule inhibitor of the
E3-ubiquitin ligase SKP2, appeared as the second top
candidate from the screen and was selected for further
investigation for synthetic lethality with VHL in this
study (Fig. 1D). SKPin C1 was originally developed as
an inhibitor of the interaction between SKP2 and
p27KIP1 by binding to the interaction interface[25]. The
compound then inhibits SKP2-mediated degradation
of p27 (and other CDK inhibitors such as p21<1) and
causes cellular accumulation p27, inducing cell cycle
arrest and apoptosis[26]. To verify the screening
results, we tested the effect of SKPin C1 on the cell
viability in VHL-isogenic 786-O cell pair and in VHL
non-isogenic RCC cell pair, including 769-P (VHL
mutant) and Caki-1 (VHL wildtype) cells. The result
showed that SKPin C1 selectively inhibited the cell
viability of VHL-deficient RCC cells compared to the
VHL-wild type ones (Fig. 1F-I). Since SKPin C1 is an
inhibitor of SKP2, we wondered whether SKP2
inhibition was responsible for the synthetic lethality
with VHL. Silencing of SKP2 expression by specific
siRNA could not recapitulate the synthetic lethal
effect shown by SKPin C1 in VHL-deficient RCC cells
(Fig. 1J-K). To verify the inhibitory effect of SKPin C1
on SKP2 in RCC cells we used, we analyzed the levels
of p27 and p21 in 786-O VHL-isogenic cell pair treated
with SKPin C1. SKPin C1 successfully increased the
levels of p27 and p21 in both VHL”/- and wtVHLee
cells, verifying that SKP2 function was inhibited by
the compound in both cells (Fig. S2). These results
indicated that the synthetic lethal effect of SKPin C1 in
VHL-deficient RCC cells was independent of its
inhibitory effect on SKP2.

3.2. SKPin CI1 increased mitotic cell population
and up-regulated mitotic kinases and cyclins in
VHL-deficient RCC cells

To identify the biological target responsible for
the synthetic lethal effect of SKPin C1, we analyzed
various cellular phenotypes in RCC cells treated with
the compound. The most striking phenotypes of
SKPin C1 that differentially appeared in VHL
wildtype and mutant cells were cell morphological
change and cell cycle distribution. SKPin C1 induced a
rounding cell morphology (while adherent to the
bottom) in VHL-deficient RCC cells, which was
similar to a typical mitotic cell morphology (Fig.
2A-B). Wildtype VHL-expressing cells did not show
this kind of morphological change upon SKPin C1
treatment. Cell cycle analysis showed that SKPin C1
reduced G1 population but significantly increased
G2/M population in VHL-deficient RCC cells (Fig.
2C-F). Based on these phenotypes, we analyzed the
changes in cell cycle and mitosis-related proteins in

RCC cells treated with SKPin C1. The levels of most of
Gl1, S and G2 cyclins, including cyclins D, E, and A
were not changed by SKPin C1 treatment in both
VHL-wildtype  and deficient =~ RCC  cells
(Supplementary Fig. S3A-B). CDK4, CDK6 and p53
levels also were not changed in both cells treated with
SKPin C1. Interestingly, majority of mitotic kinases
and mitosis-related cyclins were significantly changed
by SKPin C1 in VHL-deficient RCC cells (Fig. 2G-H).
The levels of mitotic kinases AURKA and AURKB
were increased in VHL-deficient RCC cells treated
with SKPin C1, while they were not changed in
VHL-expressing cells (Fig. 2G-H). The level of
phosphorylated CDC25C at Ser216 (inhibitory
phosphorylation) was dose-dependently reduced,
while the level of its downstream CDK1
phosphorylation at Thr161 (activating
phosphorylation) was increased by SKPin C1 in
VHL-deficient RCC cells. The level of cyclin B, a
mitotic cyclin and a partner of CDK1l, was
significantly increased by SKPin C1 in VHL-deficient
RCC cells (Fig. 2G-H). These data suggested that
SKPin C1 increased the population of mitotic cells in
VHL-deficient RCC cells and AURKA/B-CDC25C-
CDK1/cyclin B  pathway was  persistently
up-regulated in VHL-deficient RCC cells upon
treatment with SKPin C1.

3.3. SKPin C1 induced mitotic arrest in
VHL-deficient RCC cells via disrupting spindle
formation and microtubule networks

To explore mitotic phenotypes of VHL-deficient
RCC cells treated with SKPin C1 in greater detail, we
analyzed cyclin B expression in RCC cells using
immunofluorescent labeling. Cyclin B is a mitotic
cyclin whose expression reaches the highest-level
during mitosis. It forms a complex with CDK1 and
plays a critical role in mitotic progression to
metaphase. After successful metaphase alignment of
sister chromatids on the spindle, cyclin B/CDK1
complex activates the anaphase promoting
complex/cyclosome (APC/C), which in turn
stimulates the destruction of cyclin B and securin,
leading to anaphase transition and mitotic exit[27].
Therefore, cyclin B protein level is reduced sharply
during the metaphase-anaphase transition. In 786-O
wtVHLee cells, a high cyclin B level was observed in
metaphase cells, while very little level was observed
in anaphase cells (Fig. 3A). SKPin C1 treatment did
not change this pattern in the VHL-expressing cells.
However, in 786-O VHL cells, SKPin C1 treatment
results in a high level of cyclin B in the majority of
cells (Fig. 3B, Fig. S4A).
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Figure 2. SKPin C1 increased mitotic cell population and up-regulated mitotic kinases and cyclins in VHL-deficient RCC cells. A-B The images of cell
morphology change after SKPin C1 treatment. VHL-isogenic RCC cell pairs were treated with 10 uM SKPin C1 for 24 hours (A), and VHL non-isogenic RCC cell pairs were
treated with 6 uM SKPin C1 for 24 hours (B), the representative images of cell morphology were taken by IncuCyte ZOOM. The arrow indicates the rounding cell. C-F SKPin
Cl1 effect on the cell cycle. VHL-isogenic RCC cell pair (C) and VHL non-isogenic RCC cell pair (E) were treated with the indicated concentration of SKPin C1. After staining with
propidium iodide (Pl), the cell cycle was detected by flow cytometry. The percentage of VHL-isogenic RCC cell pair (D) and VHL non-isogenic RCC cell pair (F) distributed in the
Gl, S, and G2/M phases from the flow cytometry analysis. Data are shown as the mean % SD, n=3. ***P<0.0001 between two indicated groups, Student’s t-test. G-H Western
blot analysis of cell cycle kinase and cyclin protein levels in SKPin Cl-treated VHL-isogenic RCC cell pair (G) and VHL non-isogenic RCC cell pair (H).
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Most cells were synchronized in pro-metaphase,
and no anaphase cells, there is a significant
increasement of cyclin B-positive cells were observed
in 786-O VHL cells treated with SKPin C1. A very
similar cell synchronization phenotype was observed
in VHL non-isogenic RCC cell pair treated with SKPin
C1 (Fig. 3C-D, Fig. 54B). To verify whether the cells
were synchronized in mitotic phase, we labeled the
cells with phospho-histone H3 (Ser 10), a specific
nuclear marker for cells undergoing mitosis[28, 29].
The results showed that there are significantly more
mitotic cells in 786-O VHL+ cells treated with SKPin
Cl1 than in 786-O wtVHLee cells treated with the
compound (Fig. 2E-F). To examine whether the
increase in the number of mitotic cells by the
compound was due to the promotion of mitotic entry
or induction of mitotic arrest and death, we analyzed
an apoptosis marker (caspase-3 cleavage) in RCC cells
treated with SKPin C1. SKPin C1 dose-dependently
increased the level of cleaved caspase 3 in
VHL-deficient RCC cells, implying that the
compound induced mitotic arrest and death in the
cells (Fig. 3G-H). To further analyze mitotic
phenotypes of cells treated with SKPin C1, we
observed mitotic spindle and centrosomes using
o-tubulin and AURKA immunofluorescent labeling.
SKPin C1 treatment slightly shortened the spindle
length in 786-O wtVHLee cells, but the cells underwent
mitosis progression with normal centrosomal
distribution of AURKA (Fig. 3I). However, it
completely disrupted spindle formation in VHL” cells
and caused a significant increasement of abnormal
spindle/chromosome (Fig. 31, Fig. S4C). Moreover,
high AURKA level was observed throughout the
nucleus without centrosomal localization in these
cells. These results suggested that cyclin B/CDK1
pathway was activated and AURKA level was
increased normally during G2/M transition and early
mitotic entry steps in VHL-deficient cells treated with
SKPin C1. However, the step of spindle formation and
centrosome segregation was completely disrupted by
the compound, leading to mitotic frozen of the cells at
the pro-metaphase and accumulation of cyclin B and
AURKA levels. We hence suspected that the mitotic
phenotypes induced by SKPin C1, ie. defective
spindle formation and centrosome segregation, in
VHL-deficient cells was attributable to the possible
defect in microtubule structure or assembly. We then
analyzed microtubule networks in mitotic and
non-mitotic RCC cells treated with SKPin C1. SKPin
C1 slightly reduced microtubule network intensity in
786-O wtVHLee cells, while the cells underwent
normal mitosis (Fig. 3]). In 786-O VHL” cells, SKPin
Cl1 largely disrupted microtubule networks in
non-mitotic cells and there were no normal mitotic

cells observed (Fig. 3K). Similar mitotic phenotypes
were observed in VHL non-isogenic RCC cell pair
treated with SKPin C1 (Supplementary Fig. S4D-F).
These data demonstrated that SKPin C1 induced
mitotic arrest in VHL-deficient RCC cells at the
pro-metaphase via disrupting spindle formation and
microtubule networks. Again, silencing of SKP2 had
no effect on microtubule network formation in either
VHL-deficient or expressing cells, further confirming
that SKP2 was not the target protein responsible for
the SKPin C1 effect on mitotic phenotypes
(Supplementary Fig. 54G).

3.4. SKPin C1 binds to tubulin and destabilizes
microtubule

As we observed that SKPin C1 disrupted the
microtubule network in VHL-deficient RCC cells, and
this seemed to be the primary cause of the compound
to induce mitotic arrest, we investigated the effect of
SKPin C1 on microtubule at the molecular level. We
first analyzed the microtubule network and mitotic
phenotypes of SKPin C1 in comparison with those of
known anti-microtubule agents, including the
microtubule destabilizer vinorelbine and the
microtubule stabilizer paclitaxel[30]. SKPin C1 effect
on microtubule network was more similar to that of
vinorelbine, which caused weaken and disrupted
microtubule networks in non-mitotic VHL-deficient
cells (Fig. 4A). Moreover, in mitotic cells, SKPin C1
and vinorelbine disrupted spindle poles with almost
no detectable spindle fibers, while paclitaxel caused
the formation of thick, misaligned spindles with
multiple spindle poles (Fig. 4B). We next conducted a
cell-based microtubule polymerization assay by
fractionating cells into polymeric microtubule fraction
(containing polymerized microtubules) and soluble
fraction (containing non-polymeric, free tubulins) and
quantitated the effect of SKPin C1 on microtubule
polymerization in 786-O VHL” cells. As a result,
SKPin C1 and vinorelbine significantly reduced the
level of polymeric microtubules in the cells, while
paclitaxel increased it (Fig. 4C-H). These results
suggested that SKPin C1 destabilized microtubules in
a manner similar to vinorelbine. Next, we performed
an in vitro tubulin polymerization assay with an assay
kit containing purified tubulin protein and fluorescent
reporter chemical that is incorporated into tubulin
polymers during the polymerization reaction. SKPin
Cl1 weakly but dose-dependently inhibited tubulin
polymerization in vitro (Fig. 4I). Paclitaxel highly
increased the tubulin polymerization rate, while
vinorelbine almost completely inhibited the
polymerization.
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Figure 3. SKPin CI induced mitotic arrest in VHL-deficient RCC cells via disrupting spindle formation and microtubule networks. A-D SKPin CI effect on
the expression and localization of Cyclin B. RCC cells were treated with 5 uM SKPin C1 for 24 hours. Inmunofluorescence analysis of Cyclin B (green) and DNA (DAPI, blue)
in SKPin Cl-treated 786-O VHL-- cells (A), 786-O wtVHLe=cells (B), 769-P cells (C), Caki cells (D). Enlarged images showed the representative cells in metaphase, pro-metaphase
and anaphase. E-F Immunofluorescent analysis of Phospho-Histone H3 (Mitotic Marker). VHL-isogenic RCC cell pair were treated with 5 pM SKPin C1 for 24 hours,
subsequently stained with phospho-Histone H3 antibody (red) and DAPI (blue) to show the cells undergoing mitosis (E). Quantification of the percentage of mitotic cells, the total
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condition were analyzed), *P<0.05 between two indicated groups, Student’s t-test (F). G-H Western blot analysis of cleaved caspase-3 in SKPin Cl-treated VHL-isogenic RCC
cell pair (G) and VHL non-isogenic RCC cell pair (H). I Inmunofluorescent analysis of mitotic spindle. VHL-isogenic RCC cell pair were treated with 5 uM SKPin C1 for 24 hours,
subsequently stained with a-tubulin antibody (green), Aurora A (red), and DAPI (blue) to show the mitotic spindle morphology. Aurora A localizes at the centrosome in
metaphase to present the spindle pole. J-K Immunofluorescent analysis of microtubule network. 786-O wtVHLee cells (J),786-O VHL-- (K) were treated with 5 uM SKPin CI for
24 hours, subsequently stained with a-tubulin antibody (green) and DAPI (blue). Enlarged images showed the representative microtubule. The arrow showed the mitotic cells.

Higher concentrations of SKPin C1 further
inhibited the tubulin polymerization, but, unlike
vinorelbine, it did not completely inhibit it (Fig. 4]J).
Lastly, we conducted a molecular interaction assay for
SKPin C1 and tubulin protein using the Biolayer
Interferometry (BLI) assay where biotinylated-tubulin
was immobilized onto a streptavidin-coated
biosensor. The BLI result showed that SKPin C1
directly bound to tubulin protein with an estimated
Kp value of 71 pM (Fig. 4K-L). Vinorelbine was used
as a positive control and decitabine, a DNA
methyltransferase inhibitor that is unrelated to
microtubule, was used as a negative control for
tubulin binding (Fig. 4M-N). Collectively, these
results indicate that SKPin C1 binds to tubulin and
acts as a microtubule destabilizing agent. Our data
further suggest that microtubule dynamics could be a
relevant target of SKPin C1 for its abnormal mitotic
phenotypes in VHL-deficient RCC cells.

3.5. Microtubule dynamics and stability are
altered in VHL-deficient RCC cells

We next explored potential mechanisms
underlying the hypersensitivity of VHL-deficient cells
to microtubule destabilizing agents. It has been
reported that VHL is a microtubule-associated protein
that could protect microtubules from
depolymerization[31]. To verify the effect of VHL
deficiency on the microtubule stability in RCC cell
lines, we first analyzed the microtubule growth
dynamics in VHL-isogenic RCC cells using live-cell
EB1 imaging analysis. EB1 is a plus-end-tracking
protein (+TIP) that accumulates at growing
microtubule ends[32], and thus it can show the
growth and shrinkage of microtubules in live cells.
EB1-EGFP plasmid was stably expressed in 786-O
VHL-isogenic cells and microtubule growth dynamics
was analyzed with the time-lapse live-cell imaging of
EB1 fluorescence (Fig. 5A-B). Microtubule growth
lifetime and length were similar between 786-O
wtVHLee and VHL“ cells, but microtubule growth
speed was increased in 786-O VHL* cells (Fig. 5C-E).
We next analyzed the microtubule stability difference
between 786-O wtVHLee and VHL+ cells using the
GTP-tubulin  immunofluorescence. ~ GTP-to-GDP
transition on the microtubule end is a crucial
determinant  for  microtubule  growth  and
catastrophe[33]. GTP-tubulin cap at the growing end
of the microtubule can facilitate microtubule
polymerization and stability[34]. Immunofluores-

cence staining of GTP-tubulin and total tubulin
showed that the intensity ratio of GTP-tubulin to total
tubulin was higher in 786-O wtVHLee cells than in
VHL+ cells (Fig. 5F-G). We further analyzed the
difference in microtubule stability between the two
VHL-isogenic cell lines using in-cell microtubule
polymerization assay and acetylated-tubulin
staining[35]. Our results showed that VHL-deficient
RCC cells have significantly reduced polymeric
microtubules (Fig. 5H-I) and acetylated-tubulin level
(Fig. 5J-K). These data indicate that VHL deficiency
increases microtubule growth speed, but the stability
of polymeric microtubule is significantly weakened in
VHL-deficient RCC cells.

3.6. SKPin CI1 sensitizes microtubule dynamics
in VHL-deficient RCC

Since we observed that VHL deficiency
significantly decreased microtubule stability in RCC
cells, we wondered whether SKPin C1 sensitizes the
altered microtubule dynamics in VHL-deficient RCC
cells. We first evaluated the effect of SKPin C1 on
microtubule dynamics using the EB1 live-cell imaging
analysis. EB1-GFP expressing cells were treated with
SKPin C1 and the EB1 live-cell fluorescence was
observed for 105 min under a Spinning Disk Confocal
Microscope. In 786-O VHL cells treated with SKPin
C1, the EB1 comets became dim rapidly within an
hour, while the compound did not affect the EB1
comets until the end of the tracking experiment (105
min) in 786-O wtVHLee cells (Fig. 6A), demonstrating
that SKPin C1 rapidly shut down microtubule growth
in VHL-deficient RCC cells. Moreover, SKPin C1
significantly reduced the ratio of GTP-tubulin to total
tubulin in VHL-deficient cells compared to
VHL-expressing ones (Fig 6B-C). In addition, the level
of polymeric microtubule was significantly decreased
in SKPin Cl-treated 786-O VHL+ cells, but was
marginally reduced in 786-O wtVHLee cells treated
with the compound (Fig. 6D-E). Lastly, SKPin C1
almost completely reduced the level of acetylated
tubulin within 6-hour treatment in 786-O VHL“ cells,
while 786-O wtVHLee cells exhibited a decent level of
acetylated tubulin at the same treatment condition
(Fig. 6F-G). These results demonstrate that
VHL-deficient RCC cells have altered microtubule
dynamics and SKPin C1 sensitizes the altered
microtubule dynamics in the cells, leading to a
significant microtubule destabilization.
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Figure 4. SKPin C1 binds to tubulin and destabilizes microtubule. A-B Comparison the effect of SKPin CI with representative microtubule targeting agents on
microtubule network and spindle formation. 786-O VHL-- cells were treated with 5 uM SKPin C1, 400nM Vinorelbine, 200nM Paclitaxel for 24 hours, stained with a-tubulin
antibody(green) and DAPI (blue) to monitor the cell microtubules (A) and mitotic spindle morphology (B). C-H Evaluation of the effect of drugs on microtubule polymerization
in a cell population. 786-O VHL-- cells were treated with the indicated concentration of SKPin CI (C), vinorelbine(E), or paclitaxel(G) for 24 hours, the a-tubulin protein in
soluble fractions (S) and polymerized fractions (P) were analyzed by western blotting, GAPDH was used as loading control. Quantification of the ratio of the polymerized/total
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a-tubulin (sum of the soluble and polymerized fractions) with the treatment of SKPin C1 (D), vinorelbine (F), or paclitaxel (H). Data are shown as mean * SD (n=3). **P < 0. 01
between two indicated groups, one-way ANOVA (D, F, H). I-J Tubulin polymerization assay in vitro performed to determine drugs effect on tubulin polymerization activity with
the indicated concentration. Paclitaxel was used as a positive control, Vinorelbine was used as a negative control. K-N Biolayer interferometry (BLI) analysis of the interaction
between drugs and tubulin protein. Biotin-labeled tubulin was dipped in increasing concentration of SKPin C1 (K), vinorelbine (M) or decitabine (N) to measure their binding
affinity with tubulin. L Steady state graph showed the KD (M) value between SKPin C1 and tubulin protein.
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Figure 5. Microtubule dynamics and stability are altered in VHL-deficient RCC cells. A-B Overexpression of EBI-EGFP in VHL-isogenic RCC cell pair. Western blot
analysis of EB1-EGFP expression (A). EBI-EGFP comets were taken by Nikon confocal Al and indicated with the white arrows (B). C-E Evaluation of microtubule dynamics in
VHL-isogenic RCC cell pair. The EBI-EGFP videos were recorded by a Nikon TiE Widefield Microscope. Parameters of microtubule dynamics were analyzed with the plusTip
Tracker, including growth speed (C), growth lifetime (D), and growth length (E). Data are shown as the mean + SD, n=5 independent experiments. For each experiment, at least
9 cells from each treatment condition were analyzed. **P < 0.01, Student’s t-test. ns denotes not significant. F-G Analysis of the GTP-tubulin amount in VHL-isogenic RCC cell
pair. Inmunofluorescence staining for GTP-tubulin (green), a-tubulin (red) and DAPI (blue), the fluorescence intensity in the green and red channels was quantified using image
], followed by calculating the fluorescence intensity ratio (green/red). Data are shown as the mean % SD, n=5, **P < 0.01 between two indicated groups, Student’s t-test (G). H-I
Detection of the polymerized tubulin amount in VHL-isogenic RCC cell pair. The a-tubulin protein in soluble fractions (S) and polymerized fractions (P) were analyzed by western
blotting, GAPDH was used as loading control (H). Quantification of the ratio of the polymerized/total a-tubulin (sum of the soluble and polymerized fractions). Data are shown
as mean * SD (n=3). **P < 0.01 between two indicated groups, Student’s t-test (I). J-K Comparation of the acetyl-a-Tubulin in VHL-isogenic RCC cell pair via
immunofluorescence staining (J), and the immunofluorescence intensity of acetyl-a-Tubulin were quantified, data are shown as mean * SD. **P<0.001 between two indicated
groups, Student’s t-test (K).
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Figure 6. SKPin C1 sensitizes microtubule dynamics in VHL-deficient RCC. A SKPin CI effect on microtubule dynamics in VHL-isogenic RCC cell pairs. Single frame
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24 hours, the a-tubulin protein in soluble fractions (S) and polymerized fractions (P) were analyzed by western blotting, GAPDH was used as loading control (D). Quantification
of the ratio of the polymerized/total a-tubulin (sum of the soluble and polymerized fractions). Data are shown as mean + SD (n=3). **P<0.01 between two indicated groups,
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Student’s t-test (E). F-G VHL-isogenic cell pair were treated with 10 uM SKPin Cl1 for different times and subsequently stained with Acetyl-a-Tubulin antibody (green) and DAPI
(blue) to monitor the stabilized microtubule changes (F). Quantification of the ratio of cells with Acetyl-a-Tubulin and the total number of the cells which defined by DAPI (blue)
staining. Data are shown as mean * SD (n=3), ¥**P<0.01 between two indicated groups, Two-way ANOVA (G).

3.7. VHL loss is synthetic lethal with
anti-microtubule agents in RCC cells

To verify whether the synthetic lethality of VHL
and SKPin Cl is mediated by the disruption of
microtubule dynamics, we examined various
anti-microtubule agents with different classes,
including microtubule destabilizing agents such as
vinorelbine, vinblastine, colchicine and nocodazole,
and microtubule stabilizing agents such as paclitaxel
and epothilone B. Results showed that 786-O VHL+
cells were generally more sensitive to
anti-microtubule agents than 786-O wtVHLoe cells
(Fig. 7A), but the synthetic lethal effect varies
depending on the class of agents. Among the tested
anti-microtubule agents, vinorelbine and vinblastine,
both vinca alkaloid class drugs, showed the highest
differential sensitivity between 786-O VHL7 and
wtVHLee cells. These data imply that anti-microtubule
agents can induce synthetic lethality in VHL-deficient
RCC cells, but the synthetic lethal effect may vary
depending on microtubule binding site and inhibitory
mechanism. We also analyzed a docking simulation to
explore a potential binding site of SKPin Cl1 on
microtubules and found that SKPin C1 fits well into
the B-/oa-tubulin interface, similar to the colchicine
binding site (Supplementary Fig. S5A-F). The precise
binding site and inhibition mechanism of SKPin C1 on
microtubule need to be further elaborated with crystal
structure analysis of microtubule-drug complex.

Next, to evaluate the synthetic lethal effect of
anti-microtubule agents in vivo, we performed mouse
tumor xenograft experiments for SKPin Cl and
vinorelbine with VHL-deficient 786-O cells. Both
SKPin C1 and vinorelbine significantly inhibited the
tumor growth of 786-O VHL7 xenografts in nude mice
(Fig. 7B-E). Both drugs did not show reduction in mice
body weights (Fig. 7F-G), suggesting that there was
no apparent toxicity to the mice at the indicated doses.
We noticed that there was no further reduction in
tumor size at the higher dose of SKPin C1 (10 mg/kg
vs 20 mg/kg), and vinorelbine showed much stronger
antitumor effect than SKPin C1 on VHL-deficient RCC
tumor xenograft. It is possibly due to the poor
solubility and limited bioavailability of SKPin C1 in
the in vivo condition. Since SKPin C1 was originally
designed to inhibit the binding interface between
SKP2 and p27, it is necessary to optimize the
compound for better fit into microtubule and in vivo
bioavailability to develop more potent leads for VHL
synthetic lethal drug.

3.8. Combination of anti-microtubule agent
and HIF-2a inhibitor enhanced the antitumor
effect on VHL-deficient RCC cells

It has been reported that metastatic and
advanced RCC are generally resistant to
chemotherapy drugs. Anti-microtubule drugs, such as
vinblastine and docetaxel, when applied as single
agents or combined  with  conventional
immunotherapy drugs, also produced very limited
antitumor efficacy in advanced RCC[36]. However,
the precise mechanism of the RCC resistance to
chemotherapy drugs has not been understood yet,
implying a concern for applying our findings in the
clinical setting. Giannakakou and coworkers reported
interesting observations that microtubules regulate
trafficking and activity of HIF-a, and anti-microtubule
drugs can reduce the level and activity of HIF-a in
cancer cells[37]. However, the connection between
microtubule and HIF-a regulation was not present in
RCC cells[38]. Therefore, it was postulated that the
drug resistance of metastatic RCC to anti-microtubule
drugs could be due to HIF-a accumulation following
the drug treatment. We then tested SKPin C1 and
vinorelbine in combination with HIF-a inhibitors,
including HIF-2a siRNA and a small molecule
inhibitor belzutifan, which binds to HIF-2a and
prevents the complex formation with HIF-1B[39]. As
expected, both SKPin C1 and vinorelbine could not
reduce the level of HIF-2a in VHL-deficient RCC cells
(Fig. 8A and C). The silencing of HIF-2a using specific
siRNA significantly enhanced the sensitivity of 786-O
VHL7 cells to both SKPin C1 and vinorelbine (Fig.
8A-D). Moreover, the HIF-2a inhibitor belzutifan also
enhanced the vinorelbine sensitivity on 786-O VHL”
cells (Supplementary Fig. S6A-B). However,
belzutifan could not enhance SKPin Cl1’s effect on
VHL-deficient RCC cells (Supplementary Fig. S6C),
implying that there could be a varying combination
effect of HIF-2a specific inhibitor with different
classes of anti-microtubule agents. Taken together,
our study shows that VHL-deficient RCC cells are
synthetic lethal with anti-microtubule agents via
disrupting mitotic progression and provides a
rationale for potential drug combination with newly
developed RCC targeted therapies, such as HIF
inhibitors.

4. Discussion

VHL is the most frequently mutated or
inactivated tumor suppressor in RCC, with over 50%
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of RCC patients exhibiting a loss of VHL, making it a
crucial biomarker for the discovery of therapeutic
vulnerability in RCC. In this study, we report that
SKPin C1, a small molecule inhibitor of the E3
ubiquitin ligase SKP2, induces synthetic lethality in
VHL-deficient RCC cells. In our detailed mechanistic
study, we discovered that the synthetic lethal effect of
SKPin C1 in VHL-deficient RCC cells was due to its
impact on microtubule dynamics, rather than SKP2
inhibition. We provided a series of evidence to
support our model of the synthetic lethality: (1) SKPin
C1 selectively induces mitotic arrest by disrupting

microtubule networks in VHL-deficient cells. (2)
SKPin C1 binds to tubulin and inhibits tubulin
polymerization in vitro and in cells. (3) VHL
contributes to microtubule dynamics, and VHL loss
reduces microtubule stability. (4) VHL-deficient RCC
cells are hypersensitive to anti-microtubule agents,
including the clinical drug vinorelbine. These results
were further validated in mouse xenograft tumor
model. This study suggests that the microtubule
dynamics is a therapeutic vulnerability in
VHL-deficient RCC.
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Figure 7. VHL loss is synthetic lethal with anti-microtubule agents in RCC cells. A Dose-response curve of 786-O VHL-isogenic cell pair treated with different
microtubule targeting agents for 72 hours. Data are shown as the mean + SD, n=3. ***P<0.0001, **P<0.01 between two indicated groups, two-way ANOVA. ns denotes not
significant. B-G SKPin C1, vinorelbine inhibited tumor growth in the 786-O cell xenograft mice model. Tumor growth curve analysis of 786-O cell xenograft mice treated with
SKPin C1 (B) or vinorelbine (D). Data are shown as the mean * SD, n=5, **P < 0.01, between two indicated groups, one-way ANOVA. Tumor wet weight of 786-O cell xenograft
mice treated with SKPin C1 (C) or vinorelbine (E). Data are shown as the mean + SD, n=5, *P < 0.05 between two indicated groups, two-way ANOVA. Body weight analysis of
786-O cell xenograft mice treated with SKPin C1 (F) or vinorelbine (G). Data are shown as the mean * SD, n=5.
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between microtubule dynamic disruption and VHL deficiency.

SKPin C1 is a small-molecule inhibitor of
SKP2-mediated p27 degradation. SKP2 (S-phase
kinase-associated protein 2) is a key component of the
SKP2-SCF E3 ubiquitin ligase complex where it acts as
the substrate recognition factor[40, 41]. SKP2 is
involved in the ubiquitin-mediated degradation of
several key cell cycle regulators, including p27
(CDKN1B)[42]. SKPin C1 was designed to impede the
binding between SKP2 and p27, thus preventing
SKP2-mediated degradation of p27[25]. As p27 is an
inhibitor of cyclin D/CDK4 or cyclin E/CDK2, the
accumulation of p27 upon SKPin C1 treatment leads
to the blockade of G1/S transition. Indeed, SKPin C1
has been observed to block G1/S transition in a
p27-dependent manner in several cancer types[26, 43].
Since we initially found SKPin C1 as an inducer of
synthetic lethality in VHL-deficient RCC cells, we
sought to determine the causal relationship between
SKP2 inhibition and VHL loss in the cells. However,
SKPin C1 strongly induced G2/M cell cycle arrest in

VHL-deficient cells, and SKP2 depletion had no effect
on the cell viability in VHL-deficient RCC cells.
Furthermore, SKPin Cl disrupted microtubule
networks in VHL-deficient cells, causing spindle
deformation and mitotic arrest, while SKP2 depletion
had no effect on these phenotypes. These data
suggested that the synthetic lethal effect of SKPin C1
was due to its off-target effect. We therefore
attempted to identify the causative target protein of
SKPin C1 for its synthetic lethal effect with VHL loss.
Our detailed biochemical and phenotypic studies
revealed that SKPin C1’s synthetic lethal effect was
primarily due to its anti-microtubule activity. SKPin
Cl1 directly bound to tubulin and inhibited
microtubule polymerization. We also showed that
VHL loss altered microtubule dynamics, i.e.
promoting microtubule growth speed while reducing
microtubule stability. SKPin C1 treatment strongly
reduced microtubule stability, followed by the
disruption of mitotic spindles in VHL-deficient RCC
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cells, making the cells hypersensitive to the
compound. This phenomenon was also observed with
clinical anti-microtubule agents, particularly with the
microtubule destabilizer vinorelbine, demonstrating
that microtubule is a causative target protein of SKPin
C1 for its synthetic lethal effect on VHL-deficient RCC
cells.

Although SKPin C1 was shown to bind and
inhibit microtubule polymerization, the inhibition
profile was mnot identical to the microtubule
destabilizing agent vinorelbine. SKPin C1 could not
completely inhibit tubulin polymerization in vitro,
even at the concentrations 20 times higher than its
IC50, while vinorelbine completely shut down the
tubulin polymerization. Microtubule has many
different binding sites for small molecules, and at
least 4-5 different classes of anti-microtubule agents
that bind to different sites within microtubule
complex were known. Based on our molecular
docking simulation, SKPin C1 fits well into the
B-/a-tubulin interface of the microtubule, which is
very similar to the colchicine binding pocket.
Furthermore, SKPin C1’s in vivo antitumor effect was
not as strong as vinorelbine. It is presumably due to
its nature of a protein-protein interaction inhibitor,
which needs very precise molecular structure to
impede the interaction between two huge proteins in
their interface. This would limit the structural
modification for better pharmacological profile and
druggability. However, there should be much bigger
room for structural modifications when SKPin C1 is
developed for microtubule inhibitor. Further studies
on its precise binding site on microtubule and the
mode of interaction are needed to design better drug
leads with acceptable pharmacological profile.

VHL has multifaceted roles in diverse biological
processes. In addition to its canonical role in
HIF-dependent pathways, VHL is also involved in
transcriptional regulation[44], senescence[45] and the
formation of the extracellular matrix[46] as
HIF-independent pathways. In particular, it was
reported that VHL is associated with tubulin and
regulates microtubule stability. Hergovich et al,
demonstrated that VHL colocalizes and binds with
microtubules in cells, preventing nocodazole-induced
microtubule depolymerization[31]. Thoma and
colleagues demonstrated that VHL inactivation leads
to destabilization of astral microtubules, resulting in
spindle misorientation and chromosome
instability[47]. Using a real-time EB3 tracking on
microtubules, they also found that VHL could reduce
the turnover rate of microtubule growth and
shrinkage,  thereby = promoting  microtubule
stability[48]. These observations were further
corroborated by the study conducted by Frew et al.,

showing the HIF-independent,  microtubule-
regulating functions of VHL in mouse primary cells
derived from VHL knockout mice[49]. Our study also
showed that 786-O VHL” cells exhibited increased
microtubule growth speed and a higher level of
GTP-tubulin compared to the 786-O wtVHLee cells.
We further showed that 786-O VHL“7 cells have
significantly lower levels of acetylated microtubules
and polymerized microtubules compared to those
observed in 786-O wtVHLo cells. Treatment of
VHL-deficient cells with anti-microtubule agents,
including SKPin C1 and vinorelbine, significantly
worsen these microtubule phenotypes, leading to the
disruption of mitotic spindles and subsequent cell
death (Summarized in Fig. 8E). We therefore
concluded that microtubule dynamic instability in
VHL-deficient cells is a therapeutic vulnerability to
anti-microtubule agents.

Microtubules are one of the most important
components of the cytoskeleton, providing structure
and shape for eukaryotic cells, and play an important
role in many cellular processes, including intracellular
transport, cell migration and cell division[50, 51].
Given the importance of microtubules in cell division,
it has become an effective target for cancer
treatment[30, 52]. Microtubule-targeted drugs,
including microtubule stabilizing agents and
destabilizing agents, have achieved great success as
chemotherapy drugs in a number of types of cancer
the clinic. However, metastatic and advanced RCC are
known to be very resistant to chemotherapy drugs,
including anti-microtubule agents. In particular, the
microtubule destabilizing agent vinblastine and the
stabilizing agent docetaxel have been used in the
clinical trials for advanced RCC, but failed to achieve
meaningful clinical outcomes[36]. Although the
mechanism of the resistance to anti-microtubule
agents in advanced RCC has not been elucidated yet,
it has been postulated that RCC cells have a distinct,
microtubule-independent HIF-a nuclear transport
mechanism, and thus anti-microtubule agents are
unable to reduce HIF-a level in RCC cells[38].
Combining an anti-microtubule agent with a HIF-a
inhibitor, such as belzutifan[39] shown in our study,
may improve the antitumor efficacy of
anti-microtubule agents in advanced RCC. Moreover,
personalized application of anti-microtubule agent
alone or combination with a HIF-a inhibitor in
VHL-mutant subtypes of RCC will be a potential
precision medicine strategy for the treatment of
advanced RCC.

Supplementary Material

Supplementary figures and tables.
https:/ /www.ijbs.com/v21p3286s1.pdf

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

3304

Acknowledgements

We are grateful to the Animal Research Core,
Biological Imaging and Stem Cell Core and Genomics
Bioinformatics and Single Cell Analysis Core at the
University of Macau for technical supports. This
study was supported by the Science and Technology
Development Fund of Macao S.A.R (FDCT/0139/
2024/AF] and FDCT/0049/2022/A), Shenzhen
Science and Technology Innovation Commission
(SGDX20220530111004031  or  EF2023-00070-FHS),
Multi-Year Research Grant of University of Macau
(MYRG-GRG2023-00124-FHS-UMDF and MYRG-
GRG2024-00056-FHS), and Ministry of Education
Frontiers Science Centre for Precision Oncology,
University of Macau (SP2023-00001-FSCPO).

Author contributions

YP, YD and JSS led and designed the study. YP,
ZW, ST, EJY, SW, GR, LJC, XZ and KT were involved
in designing and conducting the experiments,
developed the methodologies, analyzed the data and
interpreted the results. YP wrote the initial draft of the
manuscript and created the figures, and YD and ]SS
helped draft the manuscript. JSS and YD supervised
the research and provided material or funding
support. All authors read and approved the final
manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L, Schmidinger M, et al.
Renal cell carcinoma. Nat Rev Dis Primers. 2017; 3: 17009.

2. Kjaer M, Frederiksen PL, Engelholm SA. Postoperative radiotherapy in stage II
and III renal adenocarcinoma. A randomized trial by the Copenhagen Renal
Cancer Study Group. Int J Radiat Oncol Biol Phys. 1987; 13: 665-72.

3. Amato R]. Chemotherapy for renal cell carcinoma. Semin Oncol. 2000; 27:
177-86.

4. Gez E, Libes M, Bar-Deroma R, Rubinov R, Stein M, Kuten A. Postoperative
irradiation in localized renal cell carcinoma: the Rambam Medical Center
experience. Tumori. 2002; 88: 500-2.

5. Koneru R, Hotte SJ. Role of cytokine therapy for renal cell carcinoma in the era
of targeted agents. Curr Oncol. 2009; 16 Suppl 1: S40-4.

6. Rini BI, Atkins MB. Resistance to targeted therapy in renal-cell carcinoma.
Lancet Oncol. 2009; 10: 992-1000.

7. Massari F, Santoni M, Ciccarese C, Santini D, Alfieri S, Martignoni G, et al.
PD-1 blockade therapy in renal cell carcinoma: current studies and future
promises. Cancer Treat Rev. 2015; 41: 114-21.

8. Gossage L, Eisen T. Alterations in VHL as potential biomarkers in renal-cell
carcinoma. Nat Rev Clin Oncol. 2010; 7: 277-88.

9. Stebbins CE, Kaelin WG, Pavletich NP. Structure of the
VHL-ElonginC-ElonginB complex: implications for VHL tumor suppressor
function. Science. 1999; 284: 455-61.

10. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME,
et al. The tumour suppressor protein VHL targets hypoxia-inducible factors
for oxygen-dependent proteolysis. Nature. 1999; 399: 271-5.

11. Carroll VA, Ashcroft M. Role of hypoxia-inducible factor (HIF)-lalpha versus
HIF-2alpha in the regulation of HIF target genes in response to hypoxia,
insulin-like growth factor-I, or loss of von Hippel-Lindau function:
implications for targeting the HIF pathway. Cancer Res. 2006; 66: 6264-70.

12. Kim WY, Kaelin WG. Role of VHL gene mutation in human cancer. J Clin
Oncol. 2004; 22: 4991-5004.

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gossage L, Eisen T, Maher ER. VHL, the story of a tumour suppressor gene.
Nat Rev Cancer. 2015; 15: 55-64.

Li M, Kim WY. Two sides to every story: the HIF-dependent and
HIF-independent functions of pVHL. ] Cell Mol Med. 2011; 15: 187-95.

Ji], XuY, Xie M, He X, Ren D, Qiu T, et al. VHL-HIF-2a axis-induced SEMA6A
upregulation stabilized p-catenin to drive clear cell renal cell carcinoma
progression. Cell Death Dis. 2023; 14: 83.

Iglehart JD, Silver DP. Synthetic lethality--a new direction in cancer-drug
development. N Engl ] Med. 2009; 361: 189-91.

Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M, et al. Inhibition
of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers. N
Engl ] Med. 2009; 361: 123-34.

Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B, Bell-McGuinn
KM, et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients
with  BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a
proof-of-concept trial. Lancet. 2010; 376: 245-51.

Sourbier C, Scroggins BT, Ratnayake R, Prince TL, Lee S, Lee M-], et al.
Englerin A stimulates PKCB to inhibit insulin signaling and to simultaneously
activate HSF1: pharmacologically induced synthetic lethality. Cancer Cell.
2013; 23: 228-37.

Chakraborty AA, Nakamura E, Qi J, Creech A, Jaffe JD, Paulk ], et al. HIF
activation causes synthetic lethality between the VHL tumor suppressor and
the EZH1 histone methyltransferase. Sci Transl Med. 2017; 9: eaal5272.

Hu L, Xie H, Liu X, Potjewyd F, James LI, Wilkerson EM, et al. TBK1 Is a
Synthetic Lethal Target in Cancer with VHL Loss. Cancer Discov. 2020; 10:
460-75.

Dimitrov A, Quesnoit M, Moutel S, Cantaloube I, Poiis C, Perez F. Detection of
GTP-tubulin conformation in vivo reveals a role for GTP remnants in
microtubule rescues. Science. 2008; 322: 1353-6.

Applegate KT, Besson S, Matov A, Bagonis MH, Jagaman K, Danuser G.
plusTipTracker: Quantitative image analysis software for the measurement of
microtubule dynamics. J Struct Biol. 2011; 176: 168-84.

Ding XF, Zhou J, Chen G, Wu YL. VHL loss predicts response to Aurora kinase
A inhibitor in renal cell carcinoma cells. Mol Med Rep. 2018; 18: 1206-10.

Wu L, Grigoryan AV, Li Y, Hao B, Pagano M, Cardozo TJ. Specific small
molecule inhibitors of Skp2-mediated p27 degradation. Chem Biol. 2012; 19:
1515-24.

Yang Y, Yan W, Liu Z, Wei M. Skp2 inhibitor SKPin C1 decreased viability and
proliferation of multiple myeloma cells and induced apoptosis. Braz ] Med
Biol Res. 2019; 52: e8412.

Hershko A. Mechanisms and regulation of the degradation of cyclin B. Philos
Trans R Soc Lond B Biol Sci. 1999; 354: 1571-5; discussion 5-6.

Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T, Brinkley BR, et al.
Mitosis-specific phosphorylation of histone H3 initiates primarily within
pericentromeric heterochromatin during G2 and spreads in an ordered fashion
coincident with mitotic chromosome condensation. Chromosoma. 1997; 106:
348-60.

Goto H, Tomono Y, Ajiro K, Kosako H, Fujita M, Sakurai M, et al.
Identification of a novel phosphorylation site on histone H3 coupled with
mitotic chromosome condensation. ] Biol Chem. 1999; 274: 25543-9.

Steinmetz MO, Prota AE. Microtubule-Targeting Agents: Strategies To Hijack
the Cytoskeleton. Trends Cell Biol. 2018; 28: 776-92.

Hergovich A, Lisztwan ], Barry R, Ballschmieter P, Krek W. Regulation of
microtubule stability by the von Hippel-Lindau tumour suppressor protein
pVHL. Nat Cell Biol. 2003; 5: 64-70.

Vaughan KT. TIP maker and TIP marker; EB1 as a master controller of
microtubule plus ends. J Cell Biol. 2005; 171: 197-200.

Drechsel DN, Kirschner MW. The minimum GTP cap required to stabilize
microtubules. Curr Biol. 1994; 4: 1053-61.

Caplow M, Shanks ]. Evidence that a single monolayer tubulin-GTP cap is
both necessary and sufficient to stabilize microtubules. Mol Biol Cell. 1996; 7:
663-75.

Portran D, Schaedel L, Xu Z, Théry M, Nachury MV. Tubulin acetylation
protects long-lived microtubules against mechanical ageing. Nat Cell Biol.
2017;19: 391-8.

Motzer RJ, Russo P. Systemic therapy for renal cell carcinoma. J Urol. 2000;
163: 408-17.

Mabjeesh NJ, Escuin D, LaVallee TM, Pribluda VS, Swartz GM, Johnson MS, et
al. 2ME2 inhibits tumor growth and angiogenesis by disrupting microtubules
and dysregulating HIF. Cancer Cell. 2003; 3: 363-75.

Carbonaro M, Escuin D, O'Brate A, Thadani-Mulero M, Giannakakou P.
Microtubules regulate hypoxia-inducible factor-la protein trafficking and
activity: implications for taxane therapy. J Biol Chem. 2012; 287: 11859-69.
Hasanov E, Jonasch E. MK-6482 as a potential treatment for von
Hippel-Lindau disease-associated clear cell renal cell carcinoma. Expert Opin
Investig Drugs. 2021; 30: 495-504.

Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, et al. Structure
of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature. 2002;
416: 703-9.

Cardozo T, Pagano M. The SCF ubiquitin ligase: insights into a molecular
machine. Nat Rev Mol Cell Biol. 2004; 5: 739-51.

Carrano AC, Eytan E, Hershko A, Pagano M. SKP2 is required for
ubiquitin-mediated degradation of the CDK inhibitor p27. Nat Cell Biol. 1999;
1:193-9.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21 3305

43. Zhao H, Pan H, Wang H, Chai P, Ge S, Jia R, et al. SKP2 targeted inhibition
suppresses human uveal melanoma progression by blocking ubiquitylation of
p27. Onco Targets Ther. 2019; 12: 4297-308.

44. Kuznetsova AV, Meller ], Schnell PO, Nash JA, Ignacak ML, Sanchez Y, et al.
von Hippel-Lindau protein binds hyperphosphorylated large subunit of RNA
polymerase II through a proline hydroxylation motif and targets it for
ubiquitination. Proc Natl Acad Sci U S A. 2003; 100: 2706-11.

45. Young AP, Schlisio S, Minamishima YA, Zhang Q, Li L, Grisanzio C, et al.
VHL loss actuates a HIF-independent senescence programme mediated by Rb
and p400. Nat Cell Biol. 2008; 10: 361-9.

46. Tang N, Mack F, Haase VH, Simon MC, Johnson RS. pVHL function is
essential for endothelial extracellular matrix deposition. Mol Cell Biol. 2006;
26: 2519-30.

47. Thoma CR, Toso A, Gutbrodt KL, Reggi SP, Frew IJ, Schraml P, et al. VHL loss
causes spindle misorientation and chromosome instability. Nat Cell Biol. 2009;
11: 994-1001.

48. Thoma CR, Matov A, Gutbrodt KL, Hoerner CR, Smole Z, Krek W, et al.
Quantitative image analysis identifies pVHL as a key regulator of microtubule
dynamic instability. J Cell Biol. 2010; 190: 991-1003.

49. Frew IJ, Smole Z, Thoma CR, Krek W. Genetic deletion of the long isoform of
the von Hippel-Lindau tumour suppressor gene product alters microtubule
dynamics. Eur ] Cancer. 2013; 49: 2433-40.

50. Ezratty EJ, Partridge MA, Gundersen GG. Microtubule-induced focal
adhesion disassembly is mediated by dynamin and focal adhesion kinase. Nat
Cell Biol. 2005; 7: 581-90.

51. Ganguly A, Yang H, Sharma R, Patel KD, Cabral F. The role of microtubules
and their dynamics in cell migration. ] Biol Chem. 2012; 287: 43359-69.

52. Jordan MA, Wilson L. Microtubules as a target for anticancer drugs. Nat Rev
Cancer. 2004; 4: 253-65.

https://www.ijbs.com



