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ARTICLE INFO ABSTRACT

The mitogen-activated protein kinase (MAPK) signaling pathway member T-LAK cell-originated protein kinase/
PDZ-binding kinase (TOPK/PBK) is closely involved in tumorigenesis and progression. Its overexpression in
colorectal carcinoma (CRC) exacerbates tumor malignancy, promotes metastasis and results in dismal prognosis.
Therefore, targeting TOPK is a promising approach for CRC therapy. Here, we report the development of a TOPK
selective inhibitor SKLB-C05, with subnanomolar inhibitory potency. In vitro, SKLB-CO5 exhibited excellent
cytotoxicity and anti-migration and invasion activity on TOPK high-expressing CRC cells and induced cell
apoptosis. These activities could attribute to its inhibition of TOPK downstream signaling including extracellular
signal-regulated kinase 1/2 (ERK1/2), p38, and c-Jun N-terminal kinase 1, 2, and 3 (JNK1/2/3), as well as
downregulation of FAK/Src- MMP signaling. Furthermore, SKLB-CO5 disrupted cell mitosis and blocked CRC cell
cycle. In vivo, oral administration of SKLB-CO5 at concentrations of 20 and 10 mgkg™*day ! dramatically
attenuated CRC tumor xenograft growth and completely suppressed hepatic metastasis of HCT116 cells, re-
spectively. Thus, these findings suggest that SKLB-CO5 is a specific TOPK inhibitor with potent anti-CRC on-
cogenic activity in vitro and in vivo.
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1. Introduction formation. TOPK was reported to activate the p38 pathway to help
cancer cells surmount DNA damage [9] and TOPK was reported to
correspond with ultraviolet B (UVB)-induced JNK activation [10].

Furthermore, it can also promote tumorigenesis by inhibiting p53 and

PBK/TOPK, a serine-threonine kinase, is a member of the MAPK
kinase (MAPKK) family [1], and the MAPKK signaling pathway is a

component of the RAS/RAF/MAPKK [MEK]/ERK signaling axis. The
evolutionary branch of TOPK is between that of MEK1/2 and MKK7
while it is closer to MEK1/2 [2], and TOPK is known as a downstream
target of EWS-FLI1 chimeric fusion protein [3]. PBK/TOPK was initially
identified as a mitotic-related protein kinase that phosphorylated his-
tone H3 at Ser10, which are important for cytokinesis and cell pro-
liferation [4-6]. Furthermore, during mitosis, TOPK and the cyclin B1/
CDK1 complex promote cytokinesis through the phosphorylation of
PRC1 [7,8]. Previous report indicated that positive feedback between
TOPK and ERK2 promotes colorectal cancer (carcinoma, CRC)

its downstream target [11]. In this context, TOPK serves as an upstream
activator of MAPK and mitosis relevant kinase, and plays a pivotal role
in cancer-advancing activities such as tumor proliferation, apoptosis,
inflammation, and metastasis [10,12-15]. TOPK was reported aber-
rantly expressed in cancers such as CRC [16], breast [17], prostate [18],
lung [19], and cholangiocarcinoma [20], etc.

CRC is one of the most common cancer types worldwide. According
to the statistics of the American Cancer Society in 2018, it was esti-
mated that CRC cases accounted for 8% of 1,735,350 increased patients
with cancer, and the rate of CRC-related deaths accounted for 8% of the
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estimated cancer-related moralities [21]. There is a need and an op-
portunity to identify new targets for both the prevention of CRC and
development of effective therapies [22]. After estimating the prognostic
value of TOPK in 2000 cases of CRC, ZlobeclI et al. [23] proposed that
cases with high expression of TOPK are associated with poor prognosis
and tolerance to tyrosine kinase inhibitors, and TOPK inhibition would
benefit 30-40% of patients with CRC.

Additionally, as a major factor responsible for poor prognosis, me-
tastasis of CRC demonstrates tissue and organ specificity [24]. The
liver, lung, and lymph nodes are the main metastasis sites, and liver
metastasis is the most common and major cause of death in patients
with CRC [25]. TOPK was reported to be closely correlated with me-
tastasis in numerous types of cancers [18,26], therefore, its suppression
is expected to attenuate metastasis of CRC. Studies have indicated that
TOPK induced metastasis via PB-catenin-mediated MMP production
[271, or modulation of signaling such as the PI3K/PTEN/AKT pathway
[19]. However, we found that FAK, which plays important roles in cell
adhesion and migration [28], also functions in TOPK-mediated metas-
tasis.

TOPK has been confirmed to have an oncogenic role in CRC, espe-
cially in patients with tolerance to other tyrosine kinase inhibitors [29],
therefore, the development of specific inhibitors would be appropriate
for CRC treatment. Although several extracts and novel small-molecule
inhibitors have been found to act by inhibiting the activity of TOPK
[30-36], there is still necessity to develop more selective and effective
TOPK inhibitors. Our previous screening experiment discovered the
compound (R)-1-(4-(1-aminopropan-2-yl) phenyl)-2-hydroxy-4-me-
thylphenanthridin-6(5H)-one hydrochloride (SKLB-C05) as a potent
TOPK inhibitor. SKLB-CO5 demonstrated excellent in vitro inhibitory
activity against TOPK kinase and in vitro cellular assays revealed that it
selectively and strongly inhibited TOPK-positive CRC cell proliferation
and migration through the inhibition of TOPK-regulated signaling
pathways. Moreover, we found that SKLB-CO5 suppressed tumor
growth in CRC xenograft mouse model and inhibited the hepatic me-
tastasis in HCT116 model. Taken together, our data indicated that
SKLB-CO5 could be a superior TOPK inhibitor for the treatment of CRC
and provide a foundation for further investigation.

2. Materials and methods
2.1. Solubility and log D test

In order to determine the solubility of this compound, a sufficient
amount of compound was added to the solvent. After 30 min of soni-
cation, the solution was shaken at 37 °C water bath for 24 h to form a
supersaturated solution. Then the solution was filtrated and diluted,
and the final concentration, which is solubility of compound, was de-
termined by HPLC.

LogD value is used to evaluate the lipophilicity of a compound,
which is an important determinant of most drug properties. 1 < Log
D; 4 < 3 is an ideal range. These compounds generally have good in-
testinal absorption, owing to a good balance of solubility and passive
diffusion permeability. To test the Log D, 4 of SKLB-CO05, the compound
was added to a mixed solution of n-octanol and 10 mM phosphate
buffer (pH 7.4), and the mixture was stirred overnight at room tem-
perature. The aqueous phase and the organic phase were separated,
filtered and diluted for appropriate times, and the compound con-
centration in organic phase and the aqueous phase were determined by
HPLC respectively. The distribution ratio was calculated to get Log D
value, and Log D value is calculated according to the following formula:

LOg DpHx = lOg( [Compoundorganic] / [Compoundaqueous])

Log D of the compound between an organic phase (e.g., octanol)
and an aqueous phase (e.g., buffer) at a specified pH (x).
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2.2. Kinase assay

Inhibition of kinase activity by the compounds SKLB-C05 was as-
sessed against TOPK and a panel of other 368 diverse human protein
kinases by Reaction Biology Corp. Activity of individual protein kinases
was assessed by the Hot Spot assay platform, which contains specific
kinase/substrate pairs along with required cofactors [37]. The reaction
mixture containing the compound and **P-ATP was incubated at room
temperature for 2 h and spotted onto P81 ion exchange paper. The ki-
nase activity was measured as >3P intensity of the spots. The extent of
the kinase activity was expressed as a percentage relative to the kinase
activity obtained in the absence of the compound. The percent inhibi-
tion by the compound was then defined as the percentage by which
kinase activity decreases in the presence of the compound.

2.3. Thermal shift assay

Thermal shift assay was concluded to evaluate whether SKLB-C05
binds with TOPK protein. HCT116 cells were harvested, washed with
PBS, and then lysed by RIPA lysis buffer containing cocktail (1:1000)
and scraped by cell scraper to move into the tube. The soluble fraction
(lysate) was separated from the cell debris by centrifugation
at13000 rpm at 4 °C for 20 min. The cell lysates were divided into two
aliquots, with one aliquot being treated with SKLB-CO05 (10 uM) and the
other aliquot with control. After 30 min of incubation at room tem-
perature, the respective lysates were divided into smaller (50 uL) ali-
quots and heated individually at different temperatures (45, 50, 55, 60,
65, 70, 85, 100 °C) for 6 min to determine the degradation temperature
of TOPK protein under SKLB-CO5 or control treatment, followed by
cooling at room temperature for 3 min. Then the heated lysates were
centrifuged at 20000 rpm at 4 °C for 20 min in order to remove the
denatured proteins. 20 puL. of supernatants were transferred to new mi-
crotubes and analyzed by immunoblotting analysis [38].

2.4. Cell culture and regents

All cell lines were purchased from American Type Culture
Collection (ATCC). Human colon cancer cell Colo205 were cultured in
minimum Eagle's medium (MEM) media supplemented with 20% fetal
bovine serum (FBS) and Penicillin-Streptomycin under humidified
conditions with 5% CO,, at 37 °C, and other CRC cells were cultured in
Rosewell Park Memorial Institute (RPMI) 1640 media supplemented
with 10% FBS and Penicillin-Streptomycin under humidified conditions
with 5% CO, at 37 °C.

2.5. Cell proliferation and colony formation assay

Cells were seeded (~1 x 10>cells per well) in 96-well plates and
incubated for 24 h and then treated with different doses of the com-
pound. After indicated times, cell viability was determined using an
MTT (Sigma-Aldrich, St. Louis, MO, USA) assay. The ICso values were
calculated using the GraphPad Prism 7 software. For the colony for-
mation assay, cells were treated with SKLB-CO5 for 14 days, fixed with
4% paraformaldehyde, and then stained with 0.05% crystal violet.
Then, the images were captured under an inverted microscope, and
colonies > 50 cells (analyzed by Image J) were counted.

2.6. Wound healing and cell invasion assay

HCT116 and SW480 cells were allowed to grow into full confluence
in 12-well plates and then scratched by pipette tips and washed with
PBS. Then complete medium with different concentrations of SKLB-C05
or vehicle were added in. Images were taken by an OLYMPUS inverted
digital camera after 24 h incubation. Transwell assay was conducted as
the protocol. Briefly, the upper chambers of 24-well transwell plates
(Millipore) were coated with matrigel diluted in serum-free medium
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(1:4) while the lower chambers were filled with 600 uL. of complete
medium. After the matrigel polymerization, the cells in serum-free
medium added with indicated doses of SKLB-CO5 were placed in the
upper chambers. After a 24 h's incubation, the non-migrated cells were
removed from the upper side of the filter, and the migrated cells were
fixed with 4% paraformaldehyde and stained with 0.05% crystal violet.
Images were taken using a ZEISS digital microscope and invading cells
were counted by manual counting.

2.7. Cell cycle and apoptosis analysis

The cell cycle and apoptosis assays were both conducted on flow
cytometry (FCM), and before analysis, cells were treated by SKLB-C05
for 48 h. For cell cycle analysis, cells were harvested and washed thrice,
fixed by 70% ethanol and then stained with PI staining solution for
10 min in dark for analysis. For apoptosis analysis, cells were harvested
and stained by an Annexin V— Fluorescein isothiocyanate (FITC)
apoptosis detection kit (Roche, Indianapolis, IN, USA) according to the
manufacturer's protocol. The data were analyzed by NovoExpress 1.1.2
Software.

2.8. Immunoblotting analysis

Cells were treated by SKLB-CO5 for indicated time. Then harvested
cells were lysed in RIPA buffer (Beyotime, Beijing, China) contained
cocktail (1:1000) and phosphatase inhibitors (Roche, Basel, CH) for
30 min and equalized before loading. The samples were separated on
SDS-PAGE gel and transferred onto nitrocellulose (NC) filter mem-
branes (Merck Millipore, MS, USA). Then the membranes were in-
cubated with appropriate primary antibody and corresponding sec-
ondary antibody. Specific protein bands were detected via
chemiluminescence detection. The antibodies used in this article are
listed in the Supplementary Tab. S1.

2.9. Quantitative real time-PCR (qRT-PCR) analysis

The CRC cells were treated with different dose of SKLB-CO5 and
control. Total cellular RNAs were extracted 48 h after treated by SKLB-
CO05. RNAs were reverse transcribed into cDNA with the Gene touch
System (Bioer, CN) according to the manufacturer's protocol (Mei 5
Biotechnology, Co., Ltd). Q RT-PCR analysis of p21 and p53 gene ex-
pression was carried out using SYBR Green RT-PCR Kit from Takara on
a BIO-RAD CFX96 Real-Time PCR System, according to the manufac-
turer's instructions. The PCR primer sequences for p21: forward 5 -
GGCAGACCAGCATGACAGATT-3’ and reverse 5 GCGGATTAGGGCTT
CCTCTT - 3’; primer for p53: forward 5-ACCAGGGCAGCTACGGTTTC -
3’ and reverse 5’ -CCTGGGCATCCTTGAGTTCC- 3’; primer for GAPDH:
forward 5’ - GAAGGTGAAGGTCGGAGTC-3’ and reverse 5’ — GAAGAT
GGTGATGGGATTTC-3'.

2.10. Immunofluorescence (IF) and immunohistochemistry (IHC) analysis

The IF and IHC analyses were conducted according to standard
protocols with minor modifications due to antibody optimization. Cells
were fixed and co-labeled with antibody. The antibodies are listed in
the Supplementary Tab. S1.

2.11. Lentiviral infection

The lentiviral expression vectors, including 4 in 1 Gipz-shTOPK,
vehicle control Gipz-shMOCK and packaging vectors, including
pMD2.0G and psPAX2, were purchased from VigeneBioscience. Inc. To
prepare TOPK viral particles, each viral vector and packaging vectors
(pMD2.0G and psPAX2) were transfected into HEK293T cells using PEI
following the manufacturer's suggested protocols. The transfection
medium was changed at 6h after transfection and then cells were
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cultured for 36-72h. The viral particles were harvested by filtration
using a 0.45-um syringe filter, then combined with 8 ug/mL of ADV-HR
(lentivirus coinfection regent, Vigene Bioscience) and infected into 60%
confluent colorectal cells overnight. The cell culture medium was re-
placed with fresh complete growth medium for 24 h and then cells were
selected with puromycin (1.5ug/mL) for 36 h. The selected cells were
used for experiments.

2.12. Xenograft mouse model

All animal experiments have been approved by the Institutional
Animal Care and Treatment Committee of Sichuan University in China
(Permit Number: 20170135) and were carried out in accordance with
the approved guidelines. BALB/c nude mice (6- to 9-week-old) used in
this study were obtained from Beijing HFK bioscience CO. LTD, Beijing,
China and were maintained in a specific-pathogen-free (SPF) condition
facility. Mouse injected subcutaneously with ~1 x 10”7 CRC cells were
randomly divided into three groups when tumor volumes were around
100 mm?>: (i) untreated control group; (ii) 10 mg SKLB-C05/kg of body
weight; (iii) 20 mg/kg SKLB-C05/kg of body weight. SKLB-CO5 or the
control consisting of 2.5% DMSO in normal saline (NS) solution was
administered at the indicated doses once a day for 21 days by oral
gavage. Two diameters of the individual tumor were measured by
electronic slide caliper every three days. Tumor volume was calculated
using the following formula: tumor volume
(mm®3) = 0.52 X length x width?. Mice were monitored for 21 days, at
which time mice were euthanized and tumors and organs were ex-
tracted. The TGI values were calculated with the following formula:
TGI = [1—(T,—Tp)/(C,—Co)] X 100%, Ty and T, represent average
tumor volume before treatment and that of n days after treatment in
SKLB-CO5-treated group. Cy and C, represent average tumor volume
before treatment and that of n days after treatment in vehicle control
group, in this assay, n is 21st day.

2.13. Hepatic metastasis model

Balb/c nude mice were anesthetized using an i.p. injection of a
chloral hydrate solution. Under aseptic conditions, a small longitudinal
incision was made in the left upper flank to visualize the spleen, and
5 x 10° HCT116 cells in 100 L. of medium (FBS and antibiotic free)
were injected under the spleen capsule. Then animals were randomly
divided into three groups and treated with indicated dose of SKLB-C05
or control once daily by oral gavage. Animals were sacrificed at 28
days, and livers were isolated at that time. After photographs were
taken, livers were fixed in 10% buffered formalin and paraffin-em-
bedded. Tumors were enumerated by visual inspection and liver sec-
tions were stained with H&E and also subjected to IHC.

2.14. Pharmacokinetic analysis

For the pharmacokinetic analysis, blood from Sprague-Dawley rats
dosed with SKLB-CO5 was collected in pre-chilled K*-ethylenediami-
netetraacetic acid (EDTA) tubes at pre-specified time intervals. The
plasma samples were isolated by centrifugation, and the concentrations
of SKLB-CO5 were determined using LC-MS/MS. The compound was
dissolved in NS consisting of 2.5% DMSO.

2.15. Statistical analysis
All quantitative results are expressed as mean values = SD.

Statistically significant differences were obtained using the Student's t-
test. P < 0.05 was considered to be statistically significant.
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3. Results
3.1. Development of SKLB-CO5

We identified the potent TOPK inhibitor SKLB-CO5 (Fig. 1A) and in
vitro kinase assays revealed its excellent inhibition of TOPK kinase with
a median-inhibitory concentration (ICso) of 0.5nM. To confirm the
specificity of SKLB-CO5, its activity against 369 human kinases was
measured at a concentration of 0.05uM. The result showed that the
inhibition ratio of SKLB-CO5 against most of the kinases tested was
minimal, whereas numerous kinases displayed an inhibition ratio above
50% (Fig. 1B, Supplementary Tab. S2). Thus, the ICso of SKLB-C05
against these kinases were tested, and there is an over 10 times dis-
parity of ICsy between TOPK and eight other kinases tested (Fig. 1C,
Supplementary Tab. S3). To investigate whether SKLB-CO5 would
combine with TOPK protein in vitro, we conducted thermal shift assay
in HCT116 cell line and as shown in Fig. 1D and E, SKLB-CO5 increased
the thermal stability of TOPK, with a temperature shift of approxi-
mately 5 °C, indicating a combination of SKLB-C0O5 and TOPK protein.
These results illustrated that SKLB-CO5 specifically inhibited TOPK.

To determine the properties of compound, the solubility of SKLB-
CO5 in six solvent and Log D, 4 between water and n-caprylic alcohol
were tested, and the results are shown in Supplementary Tab. S4. From
the results, we conclude that SKLB-CO5 can be well dissolved in both
lipid and aqueous solution, and a log D value of 1.62 is beneficial for its
bioavailability.

3.2. SKLB-CO05 inhibited TOPK-positive CRC cell growth and migration and
induced apoptosis

To evaluate the anticancer activity of SKLB-CO5 on CRC cells,
HCT116, SW480, SW620, and DLD-1 cell lines were exposed to graded
concentrations of SKLB-CO5 (3.91, 7.81, 15.63, 31.25, 62.5, 125, 250,
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500, and 1000 nM) for 24, 48, and 72 h, and the cell viability index was
calculated relative to the untreated control cells. The results showed
that treatment with SKLB-CO5 for 48 and 72h but not 24h lead to a
significant decrease of active CRC cells (Fig. 2A). Colony formation
assays showed that treatment of HCT116, SW480, DLD-1, and
SW620 cells with SKLB-CO5 significantly reduced the colony number
and size in a concentration-dependent manner (p < 0.05, Fig. 2B,
Supplementary Fig. S1A). Furthermore, FCM analysis showed an in-
crease in the population of apoptotic cells (Annexin V-positive) with
increasing concentrations of SKLB-CO5 (Fig. 2C). IF staining also
showed that exposure of HCT116, SW480, and DLD-1 cells to SKLB-C05
for 48 h significantly decreased the cell number and induced nuclear
fragmentation, cell shrinkage, and formation of condensed nuclei with
bright-blue fluorescence (arrows, Supplementary Fig. S1C), suggesting
that SKLB-CO5 efficiently induced apoptosis.

In the wound healing assay, the scratch created in the SKLB-CO05-
treated cell culture healed slower than that in the untreated cell culture
did (Fig. 2D). The Transwell assay indicated that after exposure to
SKLB-CO5 for 24 h, fewer CRC cells penetrated the matrigel than those
in the untreated control group (Fig. 2E). In summary, these results
demonstrated that SKLB-CO5 suppressed the migration and invasion
capacity of CRC cells.

These data all indicate that SKLB-CO5 exhibited potential anti-tu-
morigenic effects in CRC cells.

3.3. Inhibition of CRC cell proliferation by SKLB-CO5 is TOPK-dependent

To verify if SKLB-C05's anti-tumorigenic effect is mediated by tar-
geted inhibition of TOPK, we examined the sensitivity of a panel of CRC
cells (human colon cancer HCT116, SW620, caco2, SW480, LOVO, HT-
29, co0lo205, HCT-15, DLD-1, and human rectum cancer SW837 cells) to
SKLB-CO5 using the MTT method. Furthermore, the expression of TOPK
in these cells was also examined using immunoblotting method. As
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Fig. 2. SKLB-CO5 suppressed proliferation, migration and invasion of CRC cell and induced cell apoptosis. (A) HCT116, SW480, DLD-1, SW620 cell lines were treated
with increasing dose of SKLB-CO5 for 24 h, 48 h and 72 h, respectively. The graphic data shown are mean + SD from 3 independent experiments. The cell viability
indexes were the percentage of cells contrast to DMSO-treated group at respect time. (B) Effects of SKLB-CO5 on cell colony formation after treated by SKLB-CO5 for
two weeks. (C) FCM analysis of Annexin V/PI staining CRC cell lines after SKLB-CO5 treatment for 48 h, quantification was shown in the right panel, *p < 0.05,
**p < 0.01 vs vehicle control. (D) SKLB-CO05 decreased CRC cell migration in vitro. HCT116 and SW480 colon cancer cells were subjected to a wound healing assay.
Photographs were taken when cells were treated with SKLB-CO5 or vehicle control for 24 h after scratching (20 X ). Experiments were repeated twice. (B) SKLB-C05
decreased CRC cell invasion in transwell assay. HCT116, SW480 and DLD-1 cells were planted in the upper chamber membrane which were pre-treated with matrigel
and photographs were taken after treated with indicated dose of SKLB-CO5 for 48 h (20 X ). Invading cells were counted from five random fields and experiments
were repeated twice (right panel), *p < 0.05, **p < 0.01 vs vehicle control.
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Fig. 3. SKLB-CO5 selectively inhibited proliferation of TOPK-positive CRC cells. (A) Western blots show expression of TOPK in 10 CRC cell lines. (B) Graph indicates
ICs values of SKLB-CO5 in these cell lines. (C) Immunoblotting analysis of efficiency of TOPK knockdown by shRNA in HCT116, SW480, SW620 and DLD-1 cells (D)
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CO05 exposure. Cells were treated by SKLB-CO5 for 72 h. Each experiment was repeated thrice.

shown in Fig. 3A, TOPK was relatively highly expressed in HCT116, were obviously less sensitive to SKLB-C05 treatment than the parental
SW480, DLD-1, and SW620 but not SW837, colo205, caco2, and espe- cell lines were (Fig. 2D). This observation indicated that the TOPK-
cially HT-29 cell lines. Moreover, SKLB-CO5 also exhibited markedly knockdown CRC cells acquired resistance to SKLB-CO5 treatment. These
prioritized inhibitory activity on TOPK-positive CRC cells than TOPK- results confirmed that TOPK played a critical role in CRC cell pro-
negative cells. Treatment with SKLB-CO5 for 72 h showed ICs, values liferation and, more importantly, the anti-proliferative effect of SKLB-
against HCT116, SW620, SW480, and DLD-1 cells of 96.17, 72.13, CO05 on CRC cells was largely TOPK-dependent.

80.39, and 320.90 nM, respectively (Fig. 3A), while values against the

other cell lines were both above 1 uM. Besides, SKLB-C05 exhibited an 3.4. SKLB-CO5 inhibited TOPK and downstream target activation in human
over 10 times selective inhibitory rate on HCT116, SW480 and SW620 CRC cells

than non-cancer cell line Vero, the ICs, of SKLB-C05 against which is

over 1 uM (Supplementary F1g S1B). . o o Evidence has indicated that hyperactivation of TOPK upregulates
Knockdown of PBK/TOPK in CRC cells using lentiviral short hairpin MAPK pathway molecules and further induces uncontrolled cell pro-
RNA (shRNA) vectors obviously reduced the protein level of TOPK and liferation [13,39]. To determine the molecular mechanism of the anti-

decreased the cell growth compared with that of the shMOCK group proliferative and apoptotic induction effect of SKLB-C05, we in-

(Fig. 3B and C). Exposure of shTOPK and shMOCK cells to different  yestigated its effect on TOPK-related signaling pathways in CRC cells.
concentrations of SKLB-CO5 for 72h revealed that shTOPK cell lines As shown in Fig. 4A, we detected an obvious concentration-dependent
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SD(n = 3), *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control. (C) p53 and p21 protein level determined by immunoblotting after treated by

SKLB-CO5 for 48 h. (D) Immunoblotting analyses of apoptosis cascade related protein level, including JNK targeted Mcl-1, and Bcl-2, Bax and cleaved caspase-3, after
treated by SKLB-CO5 for 48 h. (E) Parental and TOPK-deficiency SW480 cells were exposure to DMSO or doxorubicin (0.1 ug/mL) for 4 h and then treated by SKLB-
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decrease in the expression of phosphorylated TOPK (p-TOPK) at Thr9
following SKLB-CO5 treatment, without a change in the total TOPK
protein level, consistent with previous results in the kinase assay. We
also found that SKLB-CO5 treatment markedly downregulated the ex-
pression of p-ERK1/2, p-p38 and p-JNK1/2/3, without changing the
global expression of ERK1/2 and JNK1/2/3. Our results suggested that
SKLB-CO5 suppressed TOPK kinase activity, and then blocked the
phosphorylation of ERK1/2, p38, and JNKs, which are the downstream
factors of TOPK. Reports indicated that cMyc can be stabilized by Ras/
MAPK pathway activation, and ERK1/2 can phosphorylate Ser62 of
Myc and enhance its stability [40,41], so we further investigated
whether the inhibition of MAPK pathway would influence the stability
of cMyc protein. The results showed that SKLB-CO5 significantly

17

downregulated c-Myc protein levels, which likely mediated its sup-
pression of cell proliferation and induced apoptosis (Fig. 4A).

A previous study verified that TOPK inhibited p53 and its down-
stream target [11], so we inferred that the suppression of TOPK by
SKLB-CO5 might rescue p53 and its downstream target. Therefore, qRT-
PCR analysis was performed in HCT116, SW480, and DLD-1 cells after
treatment with different concentrations of SKLB-CO5 for 48 h. As shown
in Fig. 4B, mRNA quantitation of p53 and p21 in SKLB-CO5-treated
groups significantly increased compared with control groups. Con-
sistent with this result, the protein levels of p53 and p21 were also
highly induced by increasing concentrations of SKLB-C05 (Fig. 4C),
indicating that SKLB-CO5 activated p53 by inhibiting TOPK, which
contributed to inducing apoptosis.
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(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Our immunoblotting analyses also indicated that SKLB-CO5 ac-
celerated apoptosis by targeting members of the Bcl-2 family, including
Mcl-1, Bcl-2, and Bax, and triggered the caspase-regulated cascade
(Fig. 4D). In addition, activation of H2AX contributes to DNA damage
reparations and previous studies have reported that suppression of
TOPK by shRNA inhibited the activation of H2AX through inhibition of
p38 activation [9]. In our study, SKLB-CO5 treatment for 24 h markedly
inhibited the expression of y-H2AX activated by exposure to doxor-
ubicin (Fig. 4E). Taken together, these results suggested that SKLB-C05
accelerated apoptosis relevant signaling and inhibited DNA self-re-
parations in CRC cells.
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3.5. SKLB-CO5 disturbed spindle during mitosis and induced cell
accumulation in G2/M phase

TOPK was initially identified as a mitotic protein kinase [4], and
accumulating reports have focused on the critical roles of TOPK in
cancer cell mitosis. When TOPK expression was suppressed, formation
of spindle midzone was thinned and dimmed and cytokinesis was dis-
turbed, which likely deserve to a block of the function of TOPK/cy-
clinB1/CDK1 complex [42]. We performed IF imaging to observe the
nuclei and tubulin during the mid-term phase of mitosis after treatment
with or without (control) SKLB-C05. As shown in Fig. 5A, the spindle
midzone was dimmed in SKLB-CO5-treated HCT116 cells in contrast to
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the control cells.

Studies indicate that disturbing TOPK functions contributes to dis-
rupting the uncontrolled cell cycle [8,33]. Cell cycle progression is
regulated by various cyclins, CDKs and CDK inhibitors (CKI). TOPK was
reported to enhance the activity of cyclinB1/CDK1 in promoting cyto-
kinesis by phosphorylating PRC1 [7]. Moreover, p21, which acts as a
CKI, binds to and inhibits the activity of cyclinB1/CDK1 [43]. There-
fore, we detected the cellular protein levels of these regulating factors.
As shown in Fig. 5B, after treatment with SKLB-CO5 for 48h, the ex-
pressions of cyclinB1 and CDK1 were both inhibited. Furthermore, the
expression of p-PRC1 and histone H3 were also downregulated while
that of cdc25¢ was upregulated (Fig. 5B), indicating mitosis progression
was blocked.

Cytokinetic failure, leading by inhibition of spindle formation in the
midterm stage of mitosis, may increase cell distribution in G2/M phase
in TOPK-inhibited cells. We conducted FCM analysis of SKLB-CO5-
treated cells and discovered that the cell cycle distribution was trans-
formed, and a substantial accumulation of cells in G2/M phase was
detected after exposure to SKLB-CO5 for 48 h. The percentage of cells in
G2/M phase rose with increasing concentrations of SKLB-C05 compared
with control group, while cells in GO/G1 and S phases decreased
(Fig. 5C).

These results confirmed that SKLB-CO5 exhibited anti-proliferative
activity by directly inhibiting TOPK function.

3.6. In vivo efficacy of SKLB-C0O5

Pharmacokinetic assays were conducted in SD rat to evaluate the
compound circulation in vivo. The result showed that 20 mg/kg oral
administration of SKLB-CO5 was rapidly absorbed with a maximum
concentration (Cp.y), mean residence time, and elimination half-life
(t1,2) of 8800ng/mL, 3.29h, and 4.36h in rats. In addition, the >
100% oral bioavailability compared to that following intravenous in-
jection proved that SKLB-CO5 could be well absorbed in the gastro-
intestinal tract (Supplementary Table 5 and Fig. S2). This finding sug-
gested that oral administration of 20 mg/kg is suitable for treatment.

We investigated the in vivo antitumor effect of SKLB-C05 in xeno-
graft models of HCT116, SW480, and DLD-1 cells. The results showed
that oral administration of 10 and 20 mg kg ™' SKLB-C05 once daily for
3 weeks showed TGI values of 64.3 and 92.4% in the HCT116 xenograft
model, 54.2 and 88.9% in the SW480 xenograft model, and 46.3 and
67.5% in the DLD-1 xenograft model on day 21, respectively (Fig. 6A).
Furthermore, a significant tumor weight slide was also observed
(Fig. 6B). In addition, we observed no hematopoietic toxicity and pa-
thological changes of main organs but there was a mild decrease in
body weight compared with the vehicle-treated group (Supplementary
Fig. S3A, B, C, and F), suggesting the mice were tolerant to SKLB-C05
treatment. To validate the results of the in vivo assays, we investigated
the expression of downstream targets of TOPK proliferation, migration,
and apoptosis markers using immunoblotting and IHC analyses of the
CRC tumor samples. The p-H3 and p-ERK1/2-positive area of the IHC
staining was markedly decreased in the SKLB-CO5-treated groups. The
Ki-67-positive cells (proliferative) declined, whereas the cleaved cas-
pase-3 positive cells increased (Fig. 6C, Supplementary Fig. S3E). Fur-
thermore, the immunoblotting results showed that the expression of
p21 was strongly induced, and phosphorylated but not total histone H3,
ERK1/2, p38, and JNK1/2/3 was markedly inhibited in the SKLB-CO05-
treated group (Fig. 6D). We also detected a decrease in phosphorylated
FAK and MMP9, even a decrease of total FAK. Overall, these findings
suggested that SKLB-CO5 blocked proliferation and metastasis of human
CRC by regulating specific TOPK downstream signaling.

3.7. SKLB-CO5 blocked FAK/Src medicated migration-related signaling and
inhibited hepatic metastasis of HCT116 model

Our cellular results indicated that SKLB-CO5 markedly suppressed
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CRC cells migration and invasion. To mechanistically expound and
confirm this discovery, we determined the protein expression correlated
with cell migration and invasion using TOPK shRNA and SKLB-C05
treatment. Our data showed that the protein level of TOPK, p-ERK1/2,
and p-H3 in the shTOPK group were decreased compared with the
control group, confirming knocking-down efficacy of shRNA. The re-
sults also showed downregulation of p-Src, p-FAK, and MMP9 in TOPK-
knockdown HCT116 and SW480 cell lines. (Fig. 7A), suggesting that
inhibition of TOPK significantly blocked the activation of FAK-MMPs
pathway. Furthermore, similar result was also observed in the SKLB-
CO5-treated group where both FAK, p-FAK, Src, p-Src, MMP9, and
MMP2 were down-regulated in HCT116, SW480, and DLD-1 cells
(Fig. 7B). This finding suggested that SKLB-C05 suppressed migration
and invasion of CRC cells by blocking the Src/FAK-related migration
signaling pathway by targeting TOPK.

We investigated the effect of SKLB-CO5 on CRC metastasis in
HCT116 hepatic metastasis mouse model. Cells were injected into the
spleen of Balb/c nude mice, and indicated doses of SKLB-CO5 were
administrated by oral gavage 1 week after inoculation. After 28 days,
the mice were euthanized and the livers were excised to evaluate me-
tastasis. There was no obvious decline in body weight during treatment
(Fig. 7E). The liver nodal metastasis found in mice in the
5mgkg~“day "' SKLB-CO5-treated group was significantly decreased
compared to that in the vehicle group, while nearly no metastatic tu-
bercles were found in the 10 mg kg~ “day ! SKLB-CO05-treated group.
Representative liver metastases (arrows) and quantification (Fig. 7C
and D) are shown. H&E and IHC staining showed that the tumor area
and amount of Ki-67 were both markedly decreased with SKLB-C05
treatment (Fig. 7F and G), indicating that SKLB-C05 validly suppressed
hepatic metastasis of CRC.

4. Discussion

TOPK, firstly discovered in lymphokine-activated killer T cells (T-
LAK), is a member of MAPKK family. Abnormal expression of TOPK in
colorectal and other cancers triggers excessive activation of a series of
signaling pathways, such as the ERK1/2, p38, c-Jun, and NF (nuclear
factor)- kB pathways [29,39,44] and, thus, correlated with prolifera-
tion, inflammation, and metastasis of tumor cells. TOPK was regarded
as one of the most valuable biomarker in colon carcinoma and, so,
studies targeting this molecule as a therapeutic strategy are worth
conducting [45]. To date, there is no TOPK-targeted inhibitor under
clinical trials or coming into the market. However, some potential
TOPK inhibitors including HI-TOPK-032, OTS514, OTS964, and ADA-
07 have been reported, but the discovery of specific and highly active
inhibitors with novel structures is still necessary.

In our present study, a novel, potential TOPK selective inhibitor
SKLB-C05 was demonstrated. Concordantly with previous reports, in-
hibition of TOPK activity by SKLB-CO5 attenuated the malignant pro-
liferation and metastatic phenotype associated with aberrant expression
of TOPK in CRC. One of the most highlighted actions of SKLB-COS5 is its
suppression of TOPK activity with an ICsy of 0.5nM in vitro, which is
considerably lower than the simultaneously measured values of
OTS514 and OTS964 (10.7 and 353.7 nM, respectively). Moreover,
SKLB-CO5 also exhibited a prominent antitumorigenic activity on CRC,
and its anti-proliferative effect was TOPK- dependent—— knockdown
of TOPK rendered the CRC cells less sensitive to SKLB-CO5 treatment
than the parental cell lines were. More importantly, we found that
TOPK promote metastasis via FAK/Src-MMP signaling, and knockdown
of TOPK or its inhibition by SKLB-C05 downregulated FAK, Src, MMP2,
and MMP9 and inhibited CRC metastasis in vitro and in vivo.

TOPK is an upstream kinase of p38 and JNKs, which are subgroups
of the MAPK family, and at the same time, TOPK phosphorylate ERK1/
2, too [39]. We found that the expression levels of p-ERK1/2, p-p38,
and p-JNK1/2/3 were inhibited by SKLB-CO5 treatment in HCT116,
SW480, and DLD-1 cells, which further regulated their downstream
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Fig. 6. In-vivo efficacy of SKLB-CO5 in CRC xenograft models. Nude mice bearing HCT116 (left panel), SW480 (middle panel) or DLD-1 (right panel) (n = 6) were
orally treated with vehicle control or SKLB-CO5 once every day for 3 weeks. Mean tumor volumes * SD (A) and weight of tumors from sacrificed mice (Horizontal
lines represent the means + SD) (B) are shown, *p < 0.05, **p < 0.01, ***p < 0.001. (C) Tumor tissues from HCT116 xenograft treated with vehicle control,
SKLB-CO05 (10 mg/kg) or SKLB-CO05 (20 mg/kg) for 21 days were immunohistochemically analyzed with anti-p-ERK1/2, anti-p-histone H3, anti-Ki-67, anti-cleaved
caspase-3 and anti-p-FAK antibodies (n = 3). Representative images and quantitative analysis of percentage of positive staining are shown. *P < 0.05, **p < 0.01.
(D) SKLB-CO5 inhibits TOPK-target protein expression in HCT-116 colon tumor tissues. The tumor tissues from groups treated with vehicle control, 10 mg or 20 mg/
kg SKLB-CO5 per body weight were immunoblotted with antibodies to detect p-TOPK, total histone H3, p-histone H3, p-ERK1/2, p-p38, p-JNK1/2, p21, p-FAK and
MMP9. GAPDH was used to verify equivalent loading of protein.

signaling such as cMyc and H2AX, leading to apoptosis and the failure [4,7]. In this study, we discovered that SKLB-CO5 disturbed the for-

of DNA damage reparation of CRC cells. The expression of p53 and its mation of spindles in the midterm stage of mitosis, and blocked CRC
downstream target p21 was highly induced through inhibition of TOPK cell cycle progression along with suppression of the cyclinB1/CDK1
by SKLB-CO5. As a mitosis relevant kinase, over-expressed TOPK pro- complex and p-histone H3.

mote uncontrolled cell cycle and mitosis progression in tumor cells In xenograft mouse models, SKLB-CO5 optimally suppressed
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(4 X magnification).

HCT116, SW480, and DLD-1 tumor growth at 20 mgkg ™' with once
daily dosing for 21 days, and some tumors even regressed after short-
term treatment. SKLB-CO5 also potently inhibited hepatic metastasis in
the HCT116 model.

In summary, we demonstrated a novel specific TOPK inhibitor,
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SKLB-CO05, which exhibited excellent anti-tumorigenic activity on CRC.
Importantly, SKLB-CO5 displayed highly selectivity on TOPK kinase and
antitumor and anti-metastasis activity at lower doses following oral
administration. Taken together, our findings indicate that SKLB-CO5 is a
potential TOPK inhibitor that may be useful in treating a variety of
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malignancies, especially CRC.
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Abbrevations

PI3K phosphoinositide 3-kinase

PTEN phosphatase and tensin homolog

FAK focal adhesion kinase

Src steroid receptor coactivator

MMP matrix metalloproteinase

PRC1 protein regulator of cytokinesis 1

Bcl-2 B-cell lymphoma 2

Mcl-1 myeloid cell leukemia 1

Bax Bcl-2-associated X protein

H2AX  H2A histone family member X

CDK cyclin-dependent kinase

Log D  Log of the distribution coefficient:

MTT Propidium Iodide: PI; 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide

DMSO  dimethyl sulfoxide

PEI polyetherimide

LC-MS  liquid chromatography-tandem mass spectrometry

H&E Hematoxylin and eosin

TGI tumor growth inhibition
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