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KIFC1 is a novel potential therapeutic target
for breast cancer

Yonghe Li'*, Wenyan Lu', Dongquan Chen?, Rebecca J Boohaker', Ling Zhai', Indira Padmalayam', Krister Wennerberg'~,
Bo Xu', and Wei Zhang'

'Drug Discovery Division; Southern Research Institute; Birmingham, AL USA; 2Division of Preventive Medicine and Comprehensive Cancer Center; Department of Medicine;
University of Alabama at Birmingham; Birmingham, AL USA; 3Institute for Molecular Medicine Finland (FIMM); University of Helsinki; Helsinki, Finland

Keywords: breast cancer, centrosome clustering, drug target, KIFC1, PJ34

Abbreviations: ER, estrogen receptor; FBS, fetal bovine serum; FPKM, fragments per kilobase of exon per million fragments mapped;
HMEC, Normal human mammary epithelial cells; PARP, poly(ADP-ribose) polymerase; PR, progesterone receptor; TCGA, The

Cancer Genome Atlas.

Kinesin-like protein KIFC1, a normally nonessential kinesin motor, plays a critical role in centrosome clustering in
cancer cells and is essential for the survival of cancer cells. Herein, we reported that KIFC1 expression is up-regulated in
breast cancer, particularly in estrogen receptor negative, progesterone receptor negative and triple negative breast
cancer, and is not associated with epidermal growth factor receptor 2 status. In addition, KIFC1 is highly expressed in all
8 tested human breast cancer cell lines, but is absent in normal human mammary epithelial cells and weakly expressed
in 2 human lung fibroblast lines. Moreover, KIFC1 silencing significantly reduced breast cancer cell viability. Finally, we
found that PJ34, a potent small molecule inhibitor of poly(ADP-ribose) polymerase, suppressed KIFC1 expression and
induced multipolar spindle formation in breast cancer cells, and inhibited cell viability and colony formation within the
same concentration range, suggesting that KIFC1 suppression by PJ34 contributes to its anti-breast cancer activity.
Together, these results suggest that KIFCT is a novel promising therapeutic target for breast cancer.

Introduction

The centrosome is a cytoplasmic organelle consisting of a pair
of centrioles surrounded by an amorphous mass of protein
termed the pericentriolar material. Normally, centrosomes
undergo duplication precisely once before cell division, and each
cell contains one or 2 centrosomes.' During mitosis, the 2 cen-
trosomes form the poles of a bipolar mitotic spindle, a function
that is essential for accurate chromosome segregation. However,
increased centrosome number, or centrosome amplification, has
been reported in a variety of human primary cancers (e.g., breast
cancer, lung cancer, bladder cancer, pancreatic cancer, and pros-
tate cancer),”® and correlates with aneuploidy, chromosomal
instability and tumorigenesis.'™ In mitosis, supernumerary cen-
trosomes can form multipolar spindles which cause aneuploidy,
and ultimately cell death. However, cancer cells can avoid multi-
polar mitosis by clustering the extra centrosomes into 2 spindle
poles thereby enabling bipolar division.'” As a cancer cell-spe-
cific phenomenon, extra-centrosomes de-clustering emerges as an
attractive strategy for cancer therapy.”

KIFC1, also known as HSET, is normally a nonessential kine-
sin motor protein, and plays a critical role in centrosome cluster-
ing in cancer cells.”'® Knockdown of KIFC1 induced multipolar
spindle mitotic defects in cancer cell lines containing extra
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centrosomes, and induced cancer cell death.” A recent study fur-
ther demonstrated that KIFC1 is required for proper spindle
assembly, stable pole-focusing and survival of cancer cells irre-
spective of normal or supernumerary centrosome number, thus
indicating a more general and critical role for KIFC1 in cancer
cells.'” PJ34 is a potent hydrophilic inhibitor of poly(ADP-
ribose) polymerase (PARP). It has been demonstrated that PJ34
was able to prevent the clustering of extra centrosomes in mitosis
and exclusively eradicate human cancer cells with supernumerary
centrosomes without impairing normal proliferating cells.'' In
the present study, we demonstrated that KIFC1 is upregulated in
breast cancer tissues and breast cancer cell lines, and that KIFC1
silencing in breast cancer cells significantly reduced cell viability.
Furthermore, we found that PJ34 acts as a small molecule
KIFC1 inhibitor by suppressing KIFC1 expression in breast can-

cer cells.
Results
KIFCI1 expression in malignant breast cancer tissues
To examine whether KIFCI is upregulated in human breast

cancer, we analyzed KIFC1 expression in breast cancer tissues by
quantitative real-time RT-PCR using a Breast Cancer TissueScan
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Real-Time qPCR Arrays (Origene). This array contains 5 normal
control breast tissues and 43 breast cancer tissues representing differ-
ent clinical stages. All the samples were from female patients with
ages ranging from 32 to 84. As scen in Figure 1A, we found that
KIFC1 expression was significantly up-regulated in breast tumors.
TCGA is a national collaborative program for a comprehen-
sive genomic characterization of a large number of clinical sam-
ples of different tumor types (http://cancergenome.nih.gov).
Through the TCGA Data Portal, we further characterized
KIFC1 expression in breast cancer patients. Comparison of
tumor N stages (N2, 3, 4 vs. N1) and metastasis M stages
(M1 vs. M0) did not show any significant differences in KIFC1
expression (data not shown). However, we found that the level of
KIFC1 expression is higher in estrogen receptor (ER) negative

and progesterone receptor (PR) negative than in corresponding
ER positive and PR positive breast tumors (Table 1). Although
KIFC1 expression is not associated with human epidermal
growth factor receptor 2 (HER2) status, the level of KIFCI
expression is higher in triple-negative breast cancer (TNBC; ER,
PR, and HER2-negative breast cancer) than in non-TNBC
(Table 1). Together, these results indicate that KIFC1 expression
is upregulated in human breast cancer, particularly in ER nega-
tive breast cancer, PR negative breast cancer and TNBC when all
3 markers are taken into account.

KIFC1 expression in breast cancer cell lines
To further characterize KIFCI expression in breast cancer, we
performed Western blotting to examine KIFCI expression in
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Figure 1. KIFC1 is upregulated in human breast cancer. (A) Breast cancer TissueScan Real-Time qPCR array was analyzed for KIFC1 expression by real-time
PCR. The relative levels of KIFC1 expression are plotted with clinical status. (B) KIFC1 expression in human normal mammary epithelial cells (HMEC), 8
breast cancer cell lines and 2 human lung fibroblast cell lines LL24 and LL47 was examined by Western blotting. Samples were also probed with the
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Table 1. KIFCT expression as related to TNBC markers”

(—) vs. (+) comparison

KIFC1 expression Numbers of
(Mean + SE)”~ patients fold p value
ER(+) 508.7 &= 14.7 786
(=) 1138.9 £ 51.1 229 2.24 1.10E-52
PR(+) 4912 +15.3 683
(-) 983.7 +40.5 329 2.00 1.09E-39
HER2(+) 6314 + 353 168
(-) 635.9 + 259 547 1.01 0.9303
TNBC vs. non-TNBC
fold p value
non-TNBC 5708+ 157 959
TNBC 1283.2 + 789 m 225 4.16E-37
*Data were collected from TCGA Data Portal and analyzed as described in Materials and Methods.
**FPKM-normalized counts.
HMEC and breast cancer cell lines. As seen in Figure 1B,
KIFC1 was highly expressed in all 8 tested breast cancer cell
lines, but was undetectable in HMEC. Moreover, we also found A
that the levels of KIFC1 expression were very low in human MDA-MB-231 HS578T
lung fibroblast lines LL.24 and LL47.
< N o << L0 N
s 3 3 £ % 3
Knockdown of KIFC1 expression in breast cancer cells % & & % = &
inhibits cell viability 5 b o - - 2
e e
We next examined the effects of modulating KIFC1 expres- € o o = o o
. . . . 5] L w o w L
sion on breast cancer growth. Using two independent siRNAs o (¥ 3 (3] 4 4

targeting distinct regions of KIFC1, we knocked down KIFC1
expression in TNBC MDA-MB-231 and HS578T cells
(Fig. 2A), and found that cell viability was significantly inhib-
ited when KIFC1 expression was knocked down in breast can-
cer cells (Fig. 2B). It was noted that while both siRNAs
efficiently knocked down KIFC1 expression in HS578T cells,
KIFC1 siRNA-2 was more potent in killing HS578T cells than
KIFC1 siRNA-1, suggesting that there are some off-target
effects of KIFC1 siRNA-2 in HS578T cells. Nevertheless, these
results indicate that inhibition of KIFC1 might be an effective
strategy to suppress the growth of breast cancer.

Small molecule PJ34 suppresses KIFC1 expression
in breast cancer cells

PJ34 is a potent small molecule inhibitor of poly(ADP-
ribose) polymerase (PARD).'? Recently, it has been found that
PJ34 is a centrosome declustering agent exclusively eradicating
human cancer cells.'"" However the molecular mechanism
underlying PJ34-induced centrosome declustering was unclear.
Interestingly, we found that PJ34 at 7-56 uM was able to
markedly suppress KIFC1 expression in breast cancer MDA-
MB-231, HS578T and BT549 cells (Fig. 3A). To test whether
PJ34 regulates KIFC1 expression at the transcription level too,
we examined KIFC1 mRNA levels by real-time RT-PCR. As
shown in Figure 3B, KIFC1 mRNA levels were also signifi-
cantly decreased after PJ34 treatment in MDA-MB-231,
HS578T and BT549 cells.
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Figure 2. Depletion of KIFC1 in breast cancer cells results in loss of cell
viability. (A) Western blots showing the depletion of KIFC1 after 2 d of
transiently transfection of 50 nM KIFC1 siRNA (Dharmacon) in MDA-MB-
231 and HS578T cells. (B) Breast cancer cells in 96-well plates were tran-
siently transfected with KIFC1 siRNAs. After 7 d of culture, cell viability
was measured by the CellTiter-Glo assay. All the values are the average
of quadruple determinations with the s.d. indicated by error bars.
*P < 0.05 verse cells treated with transfected with control siRNA.
**P < 0.01 verse cells treated with transfected with control siRNA.
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Figure 3. PJ34 suppresses KIFC1 expression in breast cancer cells. (A) Breast cancer MDA-MB-231, HS578T
and BT549 cells in 6-well plates were treated with PJ34 at the indicated concentrations for 24 h. The levels
of KIFC1 were analyzed with Western blotting. Samples were also probed with the anti-actin antibody to
verify equal loading. (B) Breast cancer MDA-MB-231, HS578T and BT549 cells in 96-well plates were treated
with PJ34 (56 wM) in quadruplicate for 24 h. At the end of treatment, total RNA was extracted and KIFC1
mRNA was determined by real-time RT-PCR and normalized to the message levels of 18s rRNA. All the val-
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ues are the average of 3 independent experiments with the SD indicated by error bars.

It has been demonstrated that PJ34 at 10-30 wM markedly
induced multipolar spindle formation in MDA-MB-231 cells."’

agent, we performed multipolar
spindle formation assay in BT549
cells. As shown in Figure 4, PJ34
at 14 and 28 uM significantly
enhanced the percentage of BT549
cells containing multipolar spin-
dles, suggesting that PJ34 causes
declustering of extra centrosomes
by suppressing KIFC1 expression
in breast cancer cells.

PJ34 inhibits breast cancer cell
growth

Given that PJ34 can suppress
KIFC1 expression in breast cancer
cells, we then examined the effect
of PJ34 viability of
breast cancer cells. As shown in
Figure 5A, PJ34 inhibited breast

cancer cell viability at concentra-

on cell

tions shown to suppress KIFC1
expression and induce multipolar
spindle formation in breast cancer

cells. Colony formation is generally considered as the most accu-
rate measure of viability after drug treatment. Therefore, we per-

To confirm PJ34 acting as an extra-centrosome declustering  formed colony formation assays, and found that PJ34 at 14 pM
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Figure 4. PJ34 induced multiple spindle formation in breast cancer BT549 cells. (A) BT549 cells were
treated with PJ34 at 14 wM. After 24 h incubation, the cells were fixed, permeabilized and immunola-
beled for a- and y-tubulin for the detection of spindles and centrosomes (green and red fluorescent
labeling, respectively). DNA was labeled with NucRed647 (blue). (B) The percentage of mitotic cells
with multipolar spindles was calculated in BT549 cells treated with DMSO control or PJ34 at 14 and
28 M. All the values are the average of triplicate determinations with the s.d. indicated by error
bars. *P < 0.05, **P < 0.01 versus corresponding BT549 cells treated with DMSO control.
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significantly suppressed colony forma-
tion in breast cancer cells (Fig. 5B). It is
interesting to note that the effects of
PJ34 at 14 .M on breast cancer cell col-
ony formation were greater than on cell
viability. Together, these results indicate
that suppression of KIFC1 expression by
PJ34 contributes to its anti-breast cancer
activity.

Discussion
In cancer cells with supernumerary

KIFCI functions as an
important force to cluster amplified cen-

centrosomes,

trosomes into 2 functional spindle poles
for bipolar mitotic division, and is essen-
tial for the survival of cancer cells, but
not normal cells.”'? Tt was reported that
KIFC1 expression was significantly ele-
vated in a broad panel of cancer tissues, '©
and that KIFC1 expression in primary
non-small cell lung cancer was associated
with metastatic spread to the brain."?
Moreover, overexpression of KIFC1
mediates the resistance of docetaxel, a
clinically well-established chemothera-
peutic agent for cancer, in breast

cancer MDA-MB-231 and MDA-MB
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468 cells.'® In the current study, A B
we found that KIFC1 expression is 5. 120 - MDA-MB-231
up-regulated in human breast can- = 100 4 &
cer, particularly in TNBC. This is i 80 - *k Control
consistent with the finding from a : 60 - .
recent study showing that KIFC1 S 40 - >
expression is high in triple negative R 20
subtype of breast cancer.'” Impor- 0 PJ34
tantly, we also demonstrated for ;
the first time that KIFCI expres- PJ34(uM) 0 7 14 28 56
sion was higher in ER-negative
and .PR—negative 'breast cancer 120 - HS578T
than in corresponding ER positive >
. = 100 ~
and PR positive breast cancer, but = . Contrat |
was not associated with HER2 sta- = 807 ontro
tus. Furthermore, in the present : 60 - *k
study we demonstrated that S 40+ A%
KIFC1 was expressed in breast X 20+
cancer cell lines, but was absent in 04 PJ34
HMEC. Finally, we confirmed PJ34(uM) 0 7 14 28 56
that cell viability was significantly
inhibited when KIFC1 expression
was knocked down in breast cancer
cells. All together, these findings . 120+ BT549
suggest that KIFC1 is a novel ther- £ 100 . Control
apeutic target for breast cancer. £ 80+ i
PARP inhibitors are currently E 60 = *k
being clinically developed either as g 40 *ok
single agents in BRCA'? deficient < 20- PJ34
cancers and  cancers  with oA
BRCAness,” or in combination PJ34(uM) 0 7 14 28 56 7 i /

therapy with other DNA damaging

agents to derive additional thera-

peutic benefit from DNA dam-
age.'®” PJ34 is a potent
hydrophilic PARP inhibitor.
Castiel er al. reported that PJ34
was able to prevent clustering of
extra centrosomes in mitosis and

Figure 5. PJ34 inhibits breast cancer cell growth. (A) Breast cancer MDA-MB-231 and HS578T cells in 96-well
plates were treated with PJ34 at the indicated concentrations for 72 h. Cell viability was measured by the
12 CellTiter-Glo assay. All the values are the average of triplicate determinations with the s.d. indicated by error
bars. **P < 0.01 vs. corresponding control value. (B) Cancer cells in 6-well plates were treated with PJ34 (14
wM) for 10-12 d The media were changed every 3 d Colonies were fixed with formaldehyde and stained
with crystal violet. All the values are the average of triplicate determinations with the s.d. indicated by error
bars. *P < 0.05, **P < 0.01 compared to cells treated with DMSO.

exclusively eradicate human cancer
cells with supernumerary centro-
somes without impairing normal
proliferating cells.'" Tt has been found that several PARP members
including PARP-1 and PARP-3 can be localized to the centrosome
of cancer cells, and that correct regulation of poly(ADP-ribosyl)
ation levels 7z vivo is important for maintenance of proper centro-
some duplication and chromosomal stability.'"®*! However,
recent studies indicate that PJ34 displays some PARP-1-indepen-
dent effects in cancer cells.'"”**** It was demonstrated that,
despite acting as a PARP inhibitor, the action of PJ34 on centro-
some clustering in cancer cells was not attributed to PARP inhibi-
tion.'" In the present study, we found that PJ34 was able to
suppress KIFC1 expression in breast cancer cells, and that PJ34
inhibited breast cancer cell viability at concentrations shown to
suppress KIFC1 expression. Therefore, our results present a novel
mechanism underlying PJ34-mediated breast cancer cell death.
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An ideal cancer treatment should selectively kill cancer
cells without harming normal cells. However, standard che-
motherapy not only destroys cancer cells but also unavoid-
ably damage normal cells. KIFCI is essential for bipolar
mitotic division of cancer cells, but is not required for nor-
mal cells,”!° suggesting that targeting KIFC1 is a promising
strategy to develop highly selective anti-cancer agents. AZ82
and CW069 are 2 small molecule KIFC1 inhibitors reported
so far, which inhibit microtubule-stimulated KIFC1 ATPase
activity.”** In the present study, we have identified PJ34 as
a KIFCI inhibitor by suppressing KIFC1 expressing in
breast cancer cells. This finding supports the notion that
PJ34 may be developed into an effective agent in treating
breast cancer.
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Materials and Methods

Materials

PJ34 was purchased from Tocris. Rabbit polyclonal antibody
to KIFC1 (ab72452) was purchased from Abcam. Peroxidase
labeled anti-mouse antibody and ECL system were purchased
from Amersham Life Science. Tissue culture media, fetal bovine
serum (FBS), and plastic-ware were obtained from Life Technol-
ogies, Inc. Proteinase inhibitor cocktail CompleteTM was
obtained from Boehringer Mannheim.

Cell Culture

All breast cancer cell lines and lung fibroblast lines were
obtained from ATCC, and cultured in cultured in DMEM
medium containing 10% fetal bovine serum, 2 mM of L-gluta-
mine, 100 units/ml of penicillin, and 100 pg/ml of streptomy-
cin. Normal human mammary epithelial cells (HMEC) were
purchased from Lonza, and cultured with mammary epithelial
growth medium (Lonza). Cells were grown under standard cell
culture conditions at 37°C in a humidified atmosphere with 5%

COa,.

Quantitative Real-Time PCR

Human KIFCI real-time primer set (PPH08277A) and 18s
rRNA real-time primer set (PPHO5666E) were from Qiagen.
TissueScan Breast Cancer cDNA Array II was purchased from
Origene. This product contains first-strand ¢cDNAs prepared
from 48 human breast tissues including both malignant and nor-
mal controls. These 48 cDNAs have been normalized against
B-actin by RT-PCR, and arrayed onto PCR plates. KIFC1
expression was quantitatively measured by real-time PCR using
SYBR Green (Qiagen) in 96-well format in a total volume of 30
wl over 42 2-step cycles using the following temperature proto-
col: 95°C for 15 seconds and 55°C for 60 seconds. For analysis
KIFC1 mRNA in breast cancer cell lines, 1-2 x 10* breast cancer
cells were seeded into 96-well plates. After overnight culture, the
cells were treated with PJ34 for 24 h. Total RNA was extracted
from 96-well cultured cells using RNeasy 96 kit (Qiagen), and
One-step RT-PCR amplification was performed using Quanti-
Fast SYBR Green RT-PCR kit (Qiagen) in 384-well format. The
relative amount of KIFC1 mRNA was normalized to 18s rRNA
level as a housckeeping gene, and the data were analyzed accord-

ing to the 2—AACT method.

Analysis of KIFC1 Expression with Breast Cancer Dataset
Obtained from The Cancer Genome Atlas (TCGA)

TCGA Data Portal (https://tcga-data.nci.nih.gov/tcga) was
used to download expression data of breast invasive carcinoma
samples (n = 1, 100). The RNAseqV2 level 3 data that includes
fragments per kilobase of exon per million fragments mapped
(FPKM)-normalized gene level data were used before statistics.
In addition, idf file and sdrf file were also downloaded for sample
mapping and annotation. The clinical outcome data was down-
loaded for correlation and model building. Group wise compari-
son as well as ANOVA was used to select genes of significance.
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False Discovery Rate (FDR)-corrected p values were used for
multiple hypothesis testing purpose.

siRNA depletion of KIFC1

Two different oligos of siRNAs against human KIFClwere
purchased from Dharmacon: siRNA KIFC1-1: sense, 5'-UAA-
CUGACCCUUUAAGUCCUU-3’; siRNA KIFC1-2, 5'-
UGGUCCAACGUUUGAGUCCUU-3'. Non-specific scram-
bled siRNA was used as control (Ambion). Cells were transfected
with Lipofectamine RNAIMAX (Invitrogen) with a final siRNA
concentration of 50 nM according to the manufacturer’s
instructions.

Western Blotting

Cells in 6-well plates were lysed in 0.5 ml of phosphate-
buffered saline containing 1% Triton X-100, 1 mM PMSF
and 1 X protease inhibitor cocktail (lysis buffer) at 4°C for
10 min. Equal quantities of protein were subjected to SDS-
PAGE under reducing conditions, and transferred to immobi-
lon-P transfer membrane. Membranes were blocked with 5%
nonfat milk in PBS containing 0.1% Tween 20 (blocking
buffer) for 0.5 h at room temperature, and incubated over-
night at 4°C with anti-KIFC1 (Abcam) or anti-actin (Sigma-
Aldrich) antibody diluted in the blocking buffer. After several
washes with PBS containing 0.1% Tween 20, membranes
were incubated in the blocking buffer with horseradish perox-
ide conjugated secondary antibody for 60 min at room tem-
perature. After washing, the immunoreactive proteins were
then detected using the ECL system. Films showing immuno-
reactive bands were scanned by Kodak Digital Science
DC120 Zoom Digital Camera.

Confocal microscopy

BT549 cells were grown on glass coverslips in 24-well plates.
After 24 h treatment of PJ34, the cells were fixed with 4% para-
formaldehyde in phosphate-buffered saline for 20 min, and per-
meabilized with 0.2% Triton X-100 for 10 min at room
temperature. The cells were then incubated with anti-a-tubulin-
FITC antibody (Sigma) and anti-y-tubulin Cy3 conjugate
(Sigma) for 45 min, and nuclei were stained with NucRed647
(Life Technologies) for 10 min. The cells were then examined by
a laser-scan confocal microscope (Leica DMI 4000 B), and the
percentage of mitotic cells with multipolar spindles was calcu-
lated out of a total number of a minimum of 20 mitotic cells per
coverslip that were detected in different and randomly chosen
microscopic fields. Images were processed and analyzed using
Leica’s LAS Image Analysis software.

Cell viability assay

Cells were seeded into 96-well tissue culture treated microtiter
plates at a density of 5000 cells/well. After overnight incubation,
the cells were treated with PJ34 for 72 h. Cell viability was mea-
sured by the CellTiter-Glo Assay (Promega).
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Colony formation assay

Cancer cells were seeded at a density of 500 cells/well into
6-well plates. Sixteen hours after the plates had been set up,
PJ34 was added, and media were replenished every 3 d After
being incubated for 10-14 days, colonies were fixed with 4%
formaldehyde, stained with 0.5 mg/mL crystal violet, and
imaged on a FluorChem HD2 Imager System (Alpha
Innotech).
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