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Salt-inducible kinase 3 is a novel mitotic regulator
and a target for enhancing antimitotic therapeutic-
mediated cell death

OPEN

H Chen'?2, S Huang'?, X Han', J Zhang', C Shan', YH Tsang', HT Ma' and RYC Poon*'

Many mitotic kinases are both critical for maintaining genome stability and are important targets for anticancer therapies.
We provide evidence that SIK3 (salt-inducible kinase 3), an AMP-activated protein kinase-related kinase, is important for mitosis
to occur properly in mammalian cells. Downregulation of SIK3 resulted in an extension of mitosis in both mouse and human cells
but did not affect the DNA damage checkpoint. Time-lapse microscopy and other approaches indicated that mitotic exit but not
mitotic entry was delayed. Although repression of SIK3 alone simply delayed mitotic exit, it was able to sensitize cells to various
antimitotic chemicals. Both mitotic arrest and cell death caused by spindle poisons were enhanced after SIK3 depletion.
Likewise, the antimitotic effects due to pharmacological inhibition of mitotic kinases including Aurora A, Aurora B, and polo-like
kinase 1 were enhanced in the absence of SIK3. Finally, in addition to promoting the sensitivity of a small-molecule inhibitor of
the mitotic kinesin Eg5, SIK3 depletion was able to overcome cells that developed drug resistance. These results establish the

importance of SIK3 as a mitotic regulator and underscore the potential of SIK3 as a druggable antimitotic target.
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Mitosis is associated with a profound surge in protein
phosphorylation. A remarkably large portion of the kinome is
involved to ensure the timely and proper execution of mitosis,
including archetypal mitotic kinases such as cyclin-dependent
kinase, Aurora kinases, NIMA-like kinases, and polo-like
kinases (PLKs)." By depleting all Drosophila kinases in
cultured S2 cells, Bettencourt-Dias et al.? found that down-
regulation of a large subset of the kinome (60 out of 228
kinases) results in mitotic dysfunction. In addition to estab-
lished mitotic kinases such as PLK, many candidates were
unexpected either because they had not been previously
characterized or were known to have other functions. The
mammalian protein kinase complement is about double the
size of Drosophila's.® Whether a similar set of mammalian
protein kinases are involved in mitotic control as in Drosophila
remains to be deciphered.

SIK1 (salt-inducible kinase 1) (also called SIK or SNF1LK)
was isolated from adrenal glands of high-salt diet-fed rats.*
Together with two other isoforms, SIK2 (also called QIK or
SNF1LK2) and SIK3 (also called QSK), they belong to a
subfamily of serine/threonine protein kinase with similarity to
the kinase domain of the AMP-activated protein kinase
(AMPK) family. Similar to most AMPK-related proteins,
the T-loop of SIK3 can be phosphorylated in vitro by LKB1.2

This phosphorylation generates a 14-3-3 binding site, which
promotes the catalytic activity and localization of SIK3 to
punctate structures within the cytoplasm.®

Several functions have been implicated for SIK3, including
energy balance and growth control. SIK3 phosphorylates
class lla histone deacetylases (HDACs), thereby stimulating
14-3-3 binding and nucleocytoplasmic trafficking.” SIK3 is
also inactivated during fasting in Drosophila, leading to the
dephosphorylation and nuclear accumulation of HDAC4. The
HDACA4 then deacetylates the forkhead factor FOXO, allowing
the shift from glucose to fat burning to maintain energy
balance.® Accordingly, SIK3-deficient mice is characterized
by defects in glucose and lipid homeostasis.® The mislocali-
zation of HDAC4 may also explain the severe inhibition of
chondrocyte hypertrophy during skeletal development in
SIK3-deficient mice."® In Drosophila, SIK3 is also a negative
regulator the Hippo pathway, a major mechanism for
promoting cell cycle exit and apoptosis.'" SIK3 was found to
be overexpressed in a subset of ovarian cancer.'? Moreover,
overexpression of SIK3 in ovarian cancer cells stimulates cell
growth by attenuating the expression of the p21°"F""WAF" and
p27K/P1_12

Deregulation of many of the mitotic kinases contributes to
genome instability and cancer. On the other hand, targeting
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several mitotic kinases can enhance the effectiveness of
antimitotic drugs in clinical use. In this study, using a kinome-
wide screen for siRNAs that extended mitotic length in mouse
fibroblasts, we identified a number of novel kinases involved in
mitotic progression. We further demonstrated that SIK3 is
important for mitotic exit in human and mouse cells. Depletion
of SIK3 could increase the sensitivity of cancer cells to several
antimitotic drugs, including inhibitors microtubules, kinesin,
and several mitotic kinases.

Results

Kinome-wide screen identifies Sik3 to be important for
mitosis in mouse fibroblasts. An NIH3T3 mouse fibroblast
cell line expressing GFP-tagged histone H3 was generated
to facilitate the imaging of mitosis in living cells. The NIH3T3/
H2B-GFP cells were transfected with an siRNA library
targeting the mouse kinome complement (also included
some phosphotransferases and protein kinase regulators).
Each of the 588 genes in the library was targeted by three
siRNAs (Supplementary Figure S1). We used a strategy that
involved addition of a DNA-damaging agent (Adriamycin) at
2.5h before analysis. Activation of the G, DNA damage
checkpoint prevented entry into mitosis but not the progres-
sion of cells already in mitosis. Therefore, while the mitotic
population in siRNA transfection not affecting mitosis was
effectively reduced to nil, it remained elevated for siRNAs
that resulted in a delay in mitotic progression. Using this
approach, 20 candidates were found to increase the mitotic
index above 2 x S.D. of the mean (Figure 1a). Although the
screen should also reveal kinases important for the DNA
damage checkpoint, we found that most of the candidate
siRNAs increased the mitotic index even in the absence of
DNA damage (Figure 1b), suggesting that these kinases
were involved in regulating mitosis instead of the DNA
damage checkpoint.

Intriguingly, the protein kinases identified in our screen has
only limited overlap with those identified in a pioneering
kinome RNAI screen using Drosophila S2 cells.? Four protein
kinases were found to be common targets for mitotic
regulation in both mouse and Drosophila cells (Figure 1c).
As expected, the PLK1 (polo in Drosophila) was a potent
mitotic regulator in both mouse and Drosophila models. Other
common candidates include Sik3 (CG15072), Scyl
(CG1951), and Tbk1 (ik2) (Drosophila proteins are indicated
in the brackets). Given that Sik3 was found to be important for
mitosis in both mouse and Drosophila cells, and that other
AMPK-related kinases (such as Brsk2; Figure 1a) were also
identified in both screens, we further characterized the role of
Sik3 in mitosis in this study.

Depletion of SIK3 increases the duration of mitosis.
SIK3 (salt-inducible kinase 3, also called QSK) is a member of
AMPK family. As the original screen involved the use of a
mixture of siRNAs against each kinase, we first verified the
results for Sik3 using the different siRNAs individually. Figure 2a
shows that transfection with the three Sik3 siRNAs increased
the mitotic index in NIH3T3 fibroblasts irrespective of the
presence or absence of Adriamycin-mediated DNA damage,
supporting the specificity of the mitotic effects for Sik3.

Cell Death and Disease

We next investigated if the mitotic effects of SIK3 are
conserved in human cells. Figure 2b shows that SIK3 was
expressed in most cell lines we examined, including several
relatively normal (fibroblasts and immortalized normal epithe-
lial cells from liver and nasopharynx) and cancer cell lines
(from liver and nasopharynx, except C666-1). To evaluate if
the expression of SIK3 affects mitosis in human cells, HelLa
cells were transfected with three siRNAs targeting different
regions of human SIK3. All three siRNAs were able to
downregulate SIK3 protein effectively (Figure 2c¢). While the
results from siSIK3 no. 1 were mainly used in this paper,
similar results were obtained with at least one other siSIK3s.
As in mouse fibroblasts, knockdown of SIK3 in HelLa cells
increased the mitotic index by 1.5-2-fold (Figure 2d). Similar
results were obtained using H1299 cells (Figure 2e), indicat-
ing that the effect was not only specific for HelLa cells.
Although the increase in mitotic index was less impressive
than after depletion of the classic mitotic kinase PLK1 (Figures
2d and e), it was nevertheless significant and reproducible.

We further analyzed the mitotic population using bivariate
flow cytometry to measure DNA contents and histone H35°"°
phosphorylation together. Figure 2f shows that more siSIK3-
transfected cells displayed phosphorylated histone H3%°"°
than in control cells, verifying that depletion of SIK3 increased
the mitotic population.

To demonstrate more directly the increase in mitotic
duration, Hela cells expressing histone H2B-GFP were
transfected with siSIK3 and followed at single-cell levels with
time-lapse microscopy. The average duration of mitosis was
increased following siSIK3 transfection (Figure 3a) (the
complete fates of individual cells are shown in
Supplementary Figure S2A). The increase in mitotic duration
was reproducible with two siSIK3s (Figure 3b), both of which
were able to reduce the expression of endogenous SIK3
(Figure 3c). Finally, siSIK3 also extended mitosis in another
cell line (Hep3B), excluding the possibility that the effect was
only specific for HeLa cells (Figure 3d).

As SIK3 was originally identified in our screen in the
presence of DNA damage (Figure 1), we also verified that
siSIK3 did not abrogate the DNA damage checkpoint in
human cells. Exposing HelLa cells to ionizing radiation
abolished mitotic entry (Supplementary Figure S2B). While
incubation with a CHK1 inhibitor (UCN-01) overrode the
checkpoint and triggered precocious mitotic entry as
expected, depletion of SIK3 did not affect the cell cycle arrest.
Collectively, these data show that downregulation of SIK3
resulted in an increase in mitotic duration in both mouse and
human cells but did not affect the DNA damage checkpoint.

SIK3 is required for proper mitotic exit. More detailed
analysis revealed that metaphase plate could form normally
after SIK3 depletion. However, onset of anaphase was
significantly delayed. The metaphase plate typically flipped
and rotated for an extensive period of time before anaphase
(Figure 3e). Another example is shown in Supplementary
Video S1.

To examine the mitotic defects in more synchronized
population, cells were trapped at prometaphase with noco-
dazole after they were first released from a double thymidine
block. Flow cytometry revealed that after they were released
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Figure 1

Identification of kinases important for mitosis in mouse fibroblasts. (a) Screening of the mouse kinome for mitotic kinases. NIH3T3/H2B-GFP cells were

transfected with a small interfering RNA (siRNA) library targeting the mouse kinome and related genes. Each of the 588 genes in the library was targeted by three different
Stealth siRNAs. After 24 h, the cells were treated with 0.2 g/ml of Adriamycin for 2.5 h. Images of the cells were then captured automatically using a fluorescent microscopy
and the mitotic index of each transfection was scored. Cutoff was set to candidates with mitotic index above 2 x S.D. of the mean. The mitotic index of these candidate genes
are shown. Note that non-protein kinases are also included in the library: Dgkg (diacylglycerol kinase gamma); Mpp2 (MAGUK p55 subfamily member 2 guanylate kinase);
Prps1 (ribose-phosphate pyrophosphokinase 1); Sphk2 (sphingosine kinase 2). (b) The candidates obtained from the initial screen (a) were subjected to secondary
confirmation assays in the absence of Adriamycin. NIH3T3/H2B-GFP cells were transfected with siRNAs against the indicated candidates. Each gene was targeted by three
different Stealth siRNAs. After 26.5 h, the mitotic index was quantified using a fluorescent microscopy. The dotted line indicates the mitotic index of the control. (¢) Comparison
between mouse and Drosophila kinome required for mitosis. The protein kinases found to be important for mitosis in mouse cells in this study are compared with protein
kinases found to contribute to mitosis in Drosophila.? Only four homologous candidates are common in the two screens

from the nocodazole-mediated block, control cells were in G4
at t=2h. In contrast, entry into Gy was delayed in siSIK3-
expressing cells (Figure 4a). In agreement with this, degrada-
tion of several anaphase-promoting complex/cyclosome

(APC/C) targets, including cyclin B1 and securin, as well as
dephosphorylation of histone H3%¢"'°, was delayed in siSIK3-
transfected cells (Figure 4b). Finer temporal resolution using
time-lapse microscopy confirmed the delay of anaphase onset

Cell Death and Disease
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Figure 2 Depletion of SIK3 increases the mitotic population in mouse and human cell lines. (a) Transfection of Sik3 small interfering RNA (siRNA) increases the mitotic
index in mouse fibroblasts. NIH3T3/H2B-GFP cells were transfected with control siRNA or three independent siRNAs against Sik3 (siSik3). After 24 h, the cells were treated
with either buffer (lower panel) or 0.2 uig/ml of Adriamycin (upper panel) for 2.5 h. The mitotic index was then quantified using fluorescent microscopy (average + S.D. from
three independent experiments). At least two out of the three siSik3 used in the original screen were able to increase the mitotic index significantly (P< 0.05; unpaired t-test).
(b) SIK3 is ubiquitously expressed in human cells from different origins. Lysates of various cell lines were prepared and analyzed with immunoblotting for SIK3. Cells from
normal fibroblasts (IMR90), immortalized normal nasopharyngeal epithelial (NP460, NP361, and NP550), nasopharyngeal carcinoma (CNE2, HNE1, HONE1, and C666-1),
immortalized normal liver epithelial (LO2 and MIHA), and liver cancer (Hep3B and HepG2) were analyzed. Same amount of total protein was loaded for different cell lines.
(c) Depletion of SIK3 in human cells. HeLa cells were transfected with control siRNA or three independent siRNAs against SIK3 (siSIK3). The cells were harvested after 24 h.
Lysates were prepared and subjected to immunoprecipitation (IP) with an SIK3 antiserum. Both the total lysates and immunoprecipitates were analyzed with immunoblotting
with antibodies against SIK3. Actin analysis was included to assess protein loading and transfer. (d) Depletion of SIK3 increases the mitotic index in HeLa cells. HeLa/H2B-
GFP cells were transfected with control siRNA or siSIK3. Transfection with siPLK1 served as a positive control. After 24 h, the mitotic index was quantified (average + S.D.
from three independent experiments). Depletion of SIK3 significantly increased the mitotic index (P< 0.05; unpaired t-test). () Depletion of SIK3 increases the mitotic index in
H1299 cells. H1299/H2B-GFP cells were transfected with control siRNA, siPLK1, or siSIK3. After 24 h, the mitotic index was quantified (average £ S.D. from three
independent experiments). Depletion of SIK3 significantly increased the mitotic index (P< 0.05; unpaired ttest). (f) Depletion of SIK3 increases population containing
phosphorylated histone H3%°°. Hela cells were transfected with either control SIRNA or siSIK3. After 24 h, the cells were fixed and analyzed with bivariate flow cytometry
analysis (DNA content and phosphorylated histone H35°"'). Histone H3%¢""® phosphorylation-positive cells (arrows) were quantified (lower panel; average + S.D. from three
independent experiments)
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Figure 3 Depletion of SIK3 increases the duration of mitosis in mouse and human cell lines. (a) Depletion of SIK3 increases the duration of mitosis in HeLa cells. HeLa/
H2B-GFP cells were transfected with control small interfering RNA (siRNA), siSIK3, or siPLK1. After 24 h, the cells were analyzed with time-lapse microscopy. Individual cells
were tracked for 24 h to measure the duration of mitosis (from DNA condensation to anaphase or cell death). Each horizontal bar represents the duration of mitosis for one cell
(n=50). (b) siSIK3 increases the duration of mitosis in HeLa cells. HeLa/H2B-GFP cells were transfected with control siRNA or two different siSIK3. After 24 h, the cells were
analyzed with time-lapse microscopy. The duration of mitosis was quantified (average £ 95% Cl). Unpaired ttest: P<<0.05 and 0.01 for siSIK3 no. 1 and siSIK3 no. 2,
respectively. (¢) Downregulation of SIK3 with siRNAs. HeLa/H2B-GFP cells were transfected with control siRNA or two different siSIK3. The cells were harvested after 24 h
and analyzed with immunoblotting. FLAG-HA-tagged SIK3 expressed in HeLa cells was used as a standard. (d) siSIK3 increases the duration of mitosis in Hep3B cells.
Hep3B/H2B-GFP cells were transfected with control siRNA or siSIK3. After 24 h, the cells were analyzed with time-lapse microscopy. The duration of mitosis was quantified
(average + 95% Cl). (e) siSIK3 delays mitotic exit. HeLa/H2B-GFP cells were transfected with control siRNA or siSIK3. After 24 h, the cells were analyzed with time-lapse

microscopy. Representative control siRNA- and siSIK3-transfected cells are shown

(Figure 4c). To determine if mitotic entry is also affected by
siSIK3, cells were synchronized at the G, phase with the
CDK1 inhibitor RO3306 and released into mitosis. We found
that while the timing of entry into mitosis was not affected,
anaphase onset was delayed in the absence of SIK3
(Figure 4d). Taken together, these results indicate that mitotic
exit but not mitotic entry was delayed in the absence of SIK3.

SIK3 expression modulates the sensitivity to spindle
poisons. Given that depletion of SIK3 results in aberrant
mitotic exit, we next investigated if the efficacy of antimitotic
chemicals can be altered by SIK3. Classic spindle poisons
such as nocodazole (an inhibitor of microtubule polymeriza-
tion) activate the spindle-assembly checkpoint and trap cells
in mitosis. A relatively low concentration of nocodazole was
used in these experiments with the aim of delaying mitosis
without inducing extensive mitotic cell death. As expected,
mitosis was extended after treatment with siSIK3 or
nocodazole individually (Figure 5a). When siSIK3 and
nocodazole were applied together, the cells were trapped

in mitosis for an extensive period of time before undergoing
apoptosis. Similar to siSIK3 alone, the metaphase—anaphase
transition was markedly delayed when siSIK3 and nocoda-
zole were added together (Figure 5b and Supplementary
Video S2).

The stimulation of spindle poison-mediated cell death by
siSIK3 was not limited to HelLa cells, as similar results were
found with the colon carcinoma HCT116 cells (Supplementary
Figure S3). Depletion of SIK3 also enhanced mitotic cell death
following challenge with Taxol (an inhibitor of microtubule
depolymerization), indicating that siSIK3 enhanced the effects
of multiple spindle poisons (Supplementary Figure S3). Taken
together, these results suggest that downregulation of SIK3
can sensitize cells to mitotic arrest and cell death induced by
spindle poisons.

SIK3 expression affects the sensitivity to pharmacological
inhibition of multiple mitotic kinases. The shortcomings
of spindle poisons as chemotherapeutic agents include
neuropathy and drug resistance. Newer generations of

o

Cell Death and Disease



@ SIK3 as a mitotic kinase
H Chen et al
6
aTime: Oh 1h 2h 3h
100
Control ? 80
2 60
Q
(8]
s 40
N siSIK3
siSIK3 ¢ 20
(O T Control
0 12 3
8 N 4N 2N 4N 2N 4N oN 4N Time (h)
DNA
b Control siSIK3 (o]
r 1 1
NOCrel(h): 0 1 2 3 0 1 2 3
Control
H3(S10- - A - 1007
( & 100 siSIK3
< 2
Cyclin B1 Wil i— > 75 < 751
= 3
@ 50 . 5
Securin | - — £ siSIK3 5 50
. > 25 I
© Control §
CDK1 T — . . . = | 04 . . : 2 251
<
0 1 2 3
Actin —————— ——| Time (h) 0 T T T T r )
0 20 40 60 80 100 120
1 2 3 4 5 6 7 8 Time after NOC release (min)
d Mitotic entry Anaphase onset
1 r 1
Control Control .
100 1 siSIK3 siSIK3
X
o 751
=5
593 50
g8
5o
S¢S 251
<}
0 10 20 30 40 50 60 70 80 90 100

Time after RO3306 release (min)

Figure 4 Depletion of SIK3 induces defective mitotic exit. (a) SIK3 depletion delays mitotic exit. HeLa cells expressing histone H2B-GFP were transfected with control
small interfering RNA (siRNA) or siSIK3. The cells then synchronized at prometaphase by blocking cells with nocodazole after they were released from a double thymidine
procedure. After releasing from the nocodazole-mediated block, the cells were harvested at the indicated time points and analyzed with flow cytometry. The percentage of Go/M
cells was quantified and plotted on the right (average + S.D. from three independent experiments). Mitotic exit was significantly slower in siSIK3-treated cells (P<0.01 at2h
after release; unpaired t-test). (b) SIK3 depletion delays degradation of APC/C targets. HeLa/H2B-GFP cells were transfected and synchronized with nocodazole as described
in a. Cell-free extracts were prepared and the expression of the indicated proteins was detected with immunoblotting. Equal loading of lysates was confirmed by
immunoblotting for actin. The abundance of cyclin B1 was quantified with densitometry (average + S.D. from three independent experiments). Degradation of cyclin B1 was
significantly slower in siSIK3-treated cells (P< 0.05 at 2and 3 h after release; unpaired t-test). (¢) SIK3 depletion delays mitotic exit. HeLa/H2B-GFP cells were transfected and
synchronized with nocodazole as described in a. Individual cells were tracked with time-lapse microscopy to measure the time of anaphase onset. Transfection of siSIK3
significantly delayed anaphase onset (P = 0.0087; log-rank (Mantel-Cox) test). (d) SIK3 depletion does not affect mitotic entry. HeLa/H2B-GFP cells were transfected with
control siRNA or siSIK3. The cells were then synchronized at the G, phase with the CDK1 inhibitor RO3306 and released into mitosis. Individual cells were tracked with
time-lapse microscopy to measure the time of entry into mitosis and anaphase onset. Transfection of siSIK3 did not affect the time of mitotic entry (P> 0.1) but significantly
delayed anaphase onset (P<0.0001; log-rank (Mantel-Cox) test)

antimitotic drugs are developed to target specific mitotic
components such as Aurora kinases. Aurora A (AURKA) is a
centrosomal protein that regulates the maturation and
separation of centrosomes and formation of bipolar spindle;
Aurora B (AURKB) is a component of the chromosomal
passenger complex that mainly regulates late mitotic
events." We used a small-molecule inhibitor Alisertib (also

Cell Death and Disease

called MLN8237) that inhibits both AURKA and AURKB, 34
as well as newer generations of specific inhibitors of AURKA
(MK-5108, also called VX-689)'® and AURKB (Barasertib,
also called AZD1152-HQPA)."® As complete pharmacological
inhibition of AURKA and AURKB triggers an early mitotic
arrest and mitotic slippage, respectively,14 cells were treated
with relatively low concentrations of the drugs that were
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Figure 5 Downregulation of SIK3 increases the cytotoxicity of spindle poisons.
(a) SIK3 depletion increases nocodazole-mediated mitotic cell death in HeLa cells.
Hela cells expressing histone H2B-GFP were transfected with control small
interfering RNA (siRNA) or siSIK3. After 24 h, the cells were treated with 6.25 ng/ml
of nocodazole. After 2 h, individual cells were tracked using time-lapse microscopy
for 24 h. Each horizontal bar represents one cell (n = 50). Key: gray = interphase;
black = mitosis (from DNA condensation to anaphase or cell death); truncated
bars =cell death. (b) The duration of mitosis after nocodazole treatment is
increased after SIK3 depletion. HeLa/H2B-GFP cells were transfected, challenged
with nocodazole, and imaged with time-lapse microscopy as described in a.
The duration from prometaphase to metaphase and from metaphase to anaphase
was quantified (average £ 90% Cl). Transfection of siSIK3 significantly increased
the duration of mitosis after nocodazole challenge (P<0.0001; unpaired ttest)

insufficient to trigger these effects on their own. Figure 6a
shows that depletion of SIK3 significantly enhanced the G,/M
delay induced by these Aurora inhibitors.
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The main effect of AURKB inhibition is mitotic slippage,
encompassing of premature mitotic exit without sister
chromatid separation.' Live-cell imaging indicated that the
increase in Go/M population after codepletion of SIK3 was
caused by an exacerbation of mitotic slippage (Figure 6b and
Supplementary Video S3).

In contrast to inhibition of Aurora kinases, inhibition of the
PLK1 induces a metaphase arrest. We found that siSIK3
collaborated with the PLK1 inhibitor BI-2536'” in promoting
G./M delay (Figure 6a). Live-cell imaging indicated that the
cells were trapped in mitosis before undergoing apoptosis
(Figure 6¢). As both siSIK3 and BI-2536 individually delayed
metaphase—anaphase transition, it is not surprising that cells
treated with both reagents were arrested at metaphase
(Figure 6d and Supplementary Video S4). Collectively, these
data indicate that the mitotic defects and cytotoxicity induced
by small-molecule inhibitors of AURKA, AURKB, and PLK1
are substantially enhanced in the absence of SIKS.

Antimitotic drug resistance can be overcome by SIK3
depletion. Eg5 (also called kinesin family member 11,
KIF11) is a plus-end-directed microtubule motor of the
kinesin-5 family. Eg5 is implicated in various mitotic micro-
tubule functions, including microtubule crosslinking, anti-
parallel microtubule sliding, and bipolar spindle formation,
ensuring the fidelity of chromosome segregation. We found
that the effects of pharmacological inhibition of Eg5 could be
enhanced in the absence of SIK3. While depletion of SIK3 or
a relatively low concentration of the Eg5 inhibitor
SB743921'® alone did not affect cell cycle distribution,
treatment of siSIK3 and SB743921 together triggered a
significant Go/M delay (Figure 7a). Live-cell imaging revealed
that the cells were arrested in mitosis before undergoing
apoptosis (Figure 7b).

Notably, inhibition of Eg5 or SIK3 produced rather different
effects on mitosis. While SB743921 delayed early mitosis with
monopolar spindle, siSIK3 delayed mitosis mainly after the
formation of metaphase plate. Interestingly, when both
SB743921 and siSIK3 were added together, the cells were
trapped in early mitosis without forming the metaphase plate
(Figure 7c and Supplementary Video S5). This suggested
that the effect of Eg5 inhibition was exacerbated in the
absence of SIK3.

Development of drug resistance is one of the major
obstacles of anticancer therapies. To generate SB743921-
resistant cells, we propagated HeLa cells in medium contain-
ing progressive increasing concentrations of SB743921.
Figure 7d shows that while the parental HelLa cells could be
arrested at mitosis with 10 nM of SB743921, the SB743921-
resistant cells were unaffected by the same concentration of
SB743921 (two independent clones are shown). Significantly,
after SIK3 was depleted with siSIK3, both drug-resistant
clones could be arrested at mitosis with SB743921.

Taken together, these results suggest that depletion of
SIK3 can potentiate the effects of several antimitotic drugs on
cancer cells as well as drug-resistant clones, implying that
SIK3 could be a potential target for anticancer therapies.

SIK3 may exert mitotic functions through HDACs. As
only a few substrates of SIK3 are known, the molecular basis
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Figure 6 Downregulation of SIK3 increases the sensitivity to inhibitors of Aurora kinases and PLK1. (a) SIK3 depletion increases the sensitivity to inhibitors of Aurora
kinases and PLK1. HeLa cells were transfected with control small interfering RNA (siRNA) or siSIK3. After 24 h, the cells were treated with buffer, AURKAI (MK-5108), AURKBI
(Barasertib), AURKA/BI (Alisertib), or PLK1i (BI-2536), as described in Materials and Methods. After another 24 h, the cells were harvested and analyzed with flow cytometry.
(b) SIK3 depletion promotes AURKBi-induced mitotic slippage. HeLa cells expressing histone H2B-GFP were transfected with control siRNA or siSIK3. After 24 h, the cells
were treated with 12.5nM of Barasertib. After 2 h, individual cells were tracked using time-lapse microscopy for 24 h. Each horizontal bar represents one cell (n=50). Key:
light gray = interphase; black = mitosis (from DNA condensation to anaphase or mitotic slippage); dark gray = interphase after mitotic slippage; truncated bars = cell death.
(c) SIK3 depletion promotes PLK1i-mediated mitotic cell death. HeLa cells expressing histone H2B-GFP were transfected with control siRNA or siSIK3. After 24 h, the cells
were treated with 1.25 nM of BI-2536. After 2 h, individual cells were tracked using time-lapse microscopy for 24 h. Each horizontal bar represents one cell (n = 50). Key: light
gray = interphase; black = mitosis (from DNA condensation to anaphase or mitotic slippage); truncated bars = cell death. (d) The onset of anaphase is delayed after inhibition
of PLK1 and depletion of SIK3. HeLa/H2B-GFP cells were transfected, challenged with BI-2536, and imaged with time-lapse microscopy as described in ¢. The duration from
prometaphase to metaphase and from metaphase to anaphase was quantified (average + 90% Cl). Transfection of siSIK3 significantly increased the duration of mitosis after

BI-2536 challenge (P<0.05; unpaired t-test)
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of how SIK3 regulates mitosis remains to be defined. As
class lla HDACs can be phosphorylated by SIK3,” one
possibility is that SIK3 exerts its effects on mitosis indirectly
through HDACs. For example, downregulation of HDAC4
with RNAi in HeLa cells was shown to induce mitotic arrest;'®
and small chemical inhibitors of HDACs were found to cause
a variety of chromosome segregation defects.?°

In this connection, we have tested if SIK3 depletion
enhances the mitotic defects of HDAC inhibition. SAHA (also
called Vorinostat or Zolinza or MK0683) is an FDA-approved
pan-HDAC inhibitor for cutaneous T-cell lymphoma.?’ Incu-
bation of HeLa cells with 1 nM of SAHA resulted in a delay of
mitotic exit. However, depletion of SIK3 did not further delay
mitosis induced by SAHA (Figure 7e), indicating that depletion
of SIK3 did not act synergistically with all antimitotic drugs.
These data are also consistent with the model that SIK3 may
function in the same pathway as HDAC in disrupting mitosis.

Discussion

SIK3 as a novel mitotic regulator and target for
antimitotic drugs. Using a simple kinome-wide RNAi
screen, we found that downregulation of Sik3 increased the
mitotic population in mouse fibroblasts (Figure 1). We
characterized Sik3 in particular because downregulation of
the Drosophila homolog (CG15072) was also reported to
affect mitosis, in particular on spindle morphology,? suggest-
ing a possible conservation of mitotic functions for this
kinase. Another determining factor is that downregulation of
several AMPK-related proteins, including SNF1A in Drosophila?
and BRSK2 in mouse (Figure 1b) and human cells (data not
shown), also affected mitosis.

Interestingly, downregulation of another AMPK-related
protein BRSK2 also increased the mitotic duration in mouse
and human cells (Figure 1). Given that both SIK3 and BRSK2
are downstream targets of LKB1 Sitis possible that LKB1-
deficient cells are also sensitized to antimitotic drugs.
However, the effect will probably be complicated by the fact
that LKB1 is a master regulator of 13 AMPK-related kinases.

We first confirmed that SIK3 could be effectively down-
regulated with siRNAs in human cells (Figure 2c). Several
methods including mitotic index count (Figure 2d), histone
H3%e"° phosphorylation (Figure 2f), and live-cell imaging
(Figure 3) showed that depletion of SIK3 increased the mitotic
duration in human cell lines. Live-cell imaging analysis also
indicated that mitotic exit was delayed in the absence of SIK3
(Figure 4).

A broad implication of this study is that if specific inhibitors
of SIK3 can be developed, they may be able to act
synergistically with conventional antimitotic drugs. Inactiva-
tion of SIK3 may allow lower doses of antimitotic drugs to be
used, and thus may benefit patients by lowering the side
effects of the drugs. As a test of principle, depletion of SIK3
enhanced mitotic arrest and cell death induced by classic
spindle poisons, including nocodazole and Taxol (Figure 5).
Downregulation of SIK3 also promoted mitotic arrest induced
by newer classes of antimitotic drugs, including those
targeting AURKA, AURKB, PLK1 (Figure 6), and Eg5
(Figure 7). Remarkably, siSIK3 could also restore drug
sensitivity of cells resistant to the Eg5 inhibitor SB743921
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(Figure 7d). Another possibility is that cancer cells with low
expression of SIK3 may be more sensitive to antimitotic drugs.

It is interesting that while siSIK3 delayed mitosis mainly
after the metaphase was formed, treatment with siSIK3 and
antimitotic chemicals together did not necessarily delay cells
after metaphase. For example, treatment of cells with siSIK3
and the Eg5 inhibitor SB743921 together arrested cells in
early mitosis similar to treatment with SB743921 alone
(Figure 7c), suggesting that SIK3 may have multiple roles in
mitosis. Interestingly, siSIK3 did not act synergistically with
HDAC inhibitors including SAHA (Figure 7e) and an HDAC6-
specific inhibitor (data not shown). Although this is consistent
with a model that SIK8 may act through HDACs to regulate
mitosis, more refined approaches will be required in the future
to test this hypothesis.

As repression of SIK3 alone resulted in a mild extension of
mitosis (Supplementary Figure S2A) rather than the extensive
cell death induced by inhibition of classic mitotic kinases such
as PLK1 (Figure 3a), SIK3 probably may not be a very
effective stand-alone target. On the other hand, it can be
argued that inhibition of essential mitotic kinases such as
PLK1 is too toxic for normal cells. Less critical mitotic kinases
such as SIK3 may actually provide better opportunities for
combined anticancer therapies.

Mitotic kinases in mammalian cells. One surprising
finding of the present study is the small number of genes
that overlap with the mitotic kinome using Drosophila cells.?
Of the 60 genes that affect some aspects of mitosis in
Drosophila cells, only four homologs were also found to
affect the mitotic index in mouse cells (Figure 1c). Betten-
court-Dias et al.? also specifically examined the mitotic index
and found six candidates (polo, for, fray, gw1, CG7156, inaC)
that increase the mitotic index to outside 90% CI. Among
these, only the polo kinase homolog was also found in our
screen.

It is reasonable to surmise a bona fide difference of mitotic
regulators between Drosophila and mammalian cells. While
the mouse kinome (540 genes) is similar in size to the human
kinome (518 genes),? the Drosophila kinome is considerably
smaller (228 genes). Furthermore, many of the mouse kinome
siRNAs probably affected aspects of mitotic regulation but did
not significantly influence mitotic duration (which was the only
parameter designed to be addressed in this study). Another
more trivial explanation that is inherited in most RNAi screens
is the unpredictable differences in the efficiency and specifi-
city of RNAI. Indeed, although several established mitotic
kinases, such as PLK1, was identified in our screen, some
notable ones including AURKA was missing. As we have
subsequently found using human cell lines, knockdown of
AURKA also only marginally extended mitosis (our unpub-
lished data), suggesting that it is perhaps challenging to
deplete AURKA to a level that induces mitotic delays.
However, knockdown of other established mitotic kinases is
expected not to increase the mitotic index, as they would
either prevent entry into mitosis (e.g. CDK1) or promote
mitotic slippage (e.g. AURKB).

Finally, several candidates we identified have already been
linked to some aspects of mitotic control, including Erbb3,2®
Lats2,2* Pim1,2® Scyl1,26 and Stk381.2” It would be important

o
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Figure 7 Downregulation of SIK3 increases the sensitivity to antimitotic drugs. (a) SIK3 depletion enhances the sensitivity to the Eg5 inhibitor (Eg5i) SB743921. HeLa cells
were transfected with control small interfering RNA (siRNA) or siSIK3. After 24 h, the cells were treated with buffer or 1.25 nM of SB743921. After another 24 h, the cells were
harvested, fixed, and analyzed with flow cytometry. (b) SIK3 depletion promotes SB743921-mediated mitotic arrest. HeLa cells expressing histone H2B-GFP were transfected
with control SiRNA or siSIK3. After 24 h, the cells were treated with 1.25 nM of SB743921. After 2 h, individual cells were tracked using time-lapse microscopy for 24 h. Each
horizontal bar represents one cell (n=50). Key: light gray = interphase; black = mitosis (from DNA condensation to anaphase or mitotic slippage); truncated bars = cell
death. (c) Early mitotic delay after inhibition of Eg5 and depletion of SIK3. HeLa/H2B-GFP cells were transfected, challenged with SB743921, and imaged with time-lapse
microscopy as described in b. The duration from prometaphase to metaphase and from metaphase to anaphase was quantified (average = 90% Cl). Transfection of siSIK3
significantly increased prometaphase delay after SB743921 challenge (P < 0.0001; unpaired ttest). (d) SIK3 depletion enhances the sensitivity to SB743921 in drug-resistant
cells. HeLa cells and two independent clones of SB743921-resistant cells (SBR no. 1 and SBR no. 4) were transfected with control SiRNA or siSIK3. After 24 h, the cells were
treated with buffer or 10 nM of SB743921. After another 24 h, the cells were harvested, fixed, and analyzed with flow cytometry. (e) SIK3 depletion does not enhance the
mitotic defects induced by the HDAC inhibitor SAHA. HeLa cells expressing histone H2B-GFP were transfected with control siRNA or siSIK3. After 24 h, the cells were treated
with 1nM of SAHA. After 2 h, individual cells were tracked using time-lapse microscopy for 24 h. The duration from prometaphase to metaphase and from metaphase to
anaphase was quantified (n= 50, average + 90% Cl). There is no significant additive effects of the two treatments (P> 0.1; unpaired ttest)

to corroborate these and other novel candidates and establish mitotic kinases in mammalian and Drosophila cells, delayed
if they are promising antimitotic targets. mitotic exit and increased the overall mitotic duration.

In conclusion, our whole-kinome screening revealed a Furthermore, depletion of SIK3 enhanced the mitotic delay
number of potentially interesting mitotic kinases in mamma- and cytotoxicity induced by a number of antimitotic chemicals,
lian cells. Downregulation of SIK3, one of the conserved highlighting the potential of SIK3 as an antimitotic drug target.
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Materials and Methods
Materials. All reagents were obtained from Sigma-Aldrich (St. Louis, MO,
USA), unless stated otherwise.

siRNA library screening. Mouse kinase RNAI collection was obtained from
Life Technologies (Carlsbad, CA, USA). Each gene in the library was targeted by
three different Stealth siRNAs. The Stealth siRNA was diluted 1: 10 in Opti-MEM
Reduced Serum Medium and transferred to 96-well plates (10 ul each well). The
Stealth siRNA was mixed with 0.2 ul of Lipofectamine RNAIMAX reagent and 10 p
of Opti-MEM Reduced Serum Medium, and incubated at 25°C for 20 min.
NIH3T3/H2B-GFP cells were then added to the wells (5 x 10° cells in 100 ul of
medium). The plates were incubated at 37 °C in a humidified incubator at 37 °C in
5% CO, for 24 h. The cells were then incubated with 0.2 1«g/ml of Adriamycin for
2.5h. Images of the cells were then captured automatically using a fluorescent
microscopy. For each well, bright-field and fluorescent images from nine random
positions were captured. The mitotic index of each transfection was scored
independently by three individuals.

Plasmid constructs. GFP-HA-SIK3 in pEGFP-C1 was obtained from the
University of Dundee (Cat no. DU1338). It was cut with Sacl and BamH| and
ligated into pGEX-KG (GE Healthcare, Amersham, UK) to generate GST-HA-
SIK3®A%" in pGEX-KG. GFP-HA-SIK3 in pEGFP-C1 was cut with BamHI and
ligated into BamHI-cut and phosphatase-treated pUHD-P3T/PUR® to generate
FLAG-HA-SIK3 in pUHD-P3T/PUR.

Cell culture. Hep3B, HepG2, and IMR90 were obtained from the American
Type Culture Collection (Manassas, VA, USA). The HeLa used in this study was a
clone that expressed the tTA tetracycline repressor chimera.2® Nasopharyngeal
carcinoma cell lines C666-1,% CNE2,*' HNE1,% and HONE1* were obtained
from NPC AoE Cell Line Repository (The University of Hong Kong, Pokfulam,
Hong Kong). Normal liver cells LO2 and MIHA were gifts from Irene Ng (The
University of Hong Kong). Cells were propagated in RPMI1640 (for C666-1) or
Dulbecco’'s modified Eagle’s medium (for other cell lines) supplemented with
10% (v/v) calf serum (Life Technologies) (for HelLa) or fetal bovine serum
(Life Technologies) (for other cell lines) and 50 U/ml penicillin streptomycin
(Life Technologies). IMR90 cells were cultured in minimum essential medium
(Eagle’s) (Life Technologies) supplemented with 2 x essential and non-essential
amino acid and 15% uninactivated fetal bovine serum. Telomerase-immortalized
nasopharyngeal epithelial cell lines NP361, NP460, and NP550 * (gifts from
George Tsao, The University of Hong Kong) were propagated in keratinocyte
serum-free medium (Life Technologies) supplemented with 50% (v/v) Epilife. Cells
were cultured in humidified incubators at 37 °C in 5% CO,. H1299,% HCT116,%*
Hela,® Hep3B,% NIH3T3% that stably expressed histone H2B-GFP were used
for live-cell imaging. Unless stated otherwise, cells were treated with the following
reagents at the indicated final concentration: Adriamycin (0.2 ug/ml), Alisertib
(Selleck Chemicals, Houston, TX, USA) (62.5 nM), Barasertib (Selleck Chemicals)
(12.5nM), MK-5108 (Selleck Chemicals) (125 nM), BI-2536 (1.25nM), nocodazole
(0.1 pug/ml), RO-3306 (Alexis) (10 uM), SB743921 (Selleck Chemicals) (10 nM),
SAHA (Selleck Chemicals) (1 nM), Taxol (20 ng/ml), thymidine (2 mM), and UCN-
01 (100 nM). Synchronization at mitosis was performed by first releasing cells from
a double thymidine block®” for 6h before adding nocodazole for another 6h.
Mitotic cells were then collected by mechanical shake off and released by washing
three times with PBS before replating in fresh medium. To release cells from the
Gy phase, Hela were first treated with 10 uM of RO-3306 for 18 h. The cells were
washed two times with PBS and replated in fresh medium. Cell-free extracts were
prepared as described previously.*®

Generation of SB743921-resistant cells. Hela cells were cultured in
the presence of 2.5 nM of SB743921 for 2 weeks. The cells were then subcultured
with limited dilution in 5nM of SB743921 for three weeks. Individual colonies were
isolated and tested for resistance to 10 nM of SB743921-induced G,/M arrest with
flow cytometry. The cells were subsequently propagated in the absence of
SB743921.

lonizing radiation. IR was delivered with a caesium™’ source from an MDS
Nordion (Ottawa, ON, Canada) Gammacell 1000 Elite Irradiator.

siRNA and transfection. Cells were transfected with siRNA by Lipofecta-
mine RNAIMAX (Life Technologies). The following siRNAs were obtained from the
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indicated suppliers: 5'-UUCUUCGAACGUGUCACGUTT-3' or 5'-ACGUGACACG
UUCGGAGAATT-3' (control siRNA; GenePharma, Shanghai, China); 5’-GCUGCA
CAAGAGGAGGAAATT-3' (siPLK1; RiboBio, Guangzhou, China); 5'-CCACAGAA
UGUGAGCAUUUTT-3 (siSIK3 no. 1; RiboBio); 5'-CCUGAAGCAUUGGUGCGCU
AUUUGU-3 (siSIK3 no. 2; Life Technologies; Stealth siRNA); CCAAAUUGCCCU
UGUGUUUTT (siSIK3 no. 3; RiboBio). Unless stated otherwise, siSIK3 no. 1 was used.

Flow cytometry. Flow cytometry analysis after propidium iodide staining was
performed as described previously.3® Bivariate analysis of DNA content and
histone H3%""° phosphorylation was performed as described previously.*°

Live-cell imaging. The setup and conditions of time-lapse microscopy of
living cells were as described previously.3*

Antibodies and immunological methods. Antibodies against $-actin,*’
CDK1,2 cyclin B1,% and FLAG tag*® were obtained from sources as described
previously. Antibodies against phospho-histone H3%°"'* and securin (sc-56207)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GST-HA-
tagged SIK3®A%°' was expressed in bacteria and purified with GSH-agarose
chromatography. Rabbit antibodies against SIK3 were raised against a bacterially
expressed GST-HA-tagged SIK3®2%°" protein.** Immunoblotting and immuno-
precipitation were performed as described.®®
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