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Abstract

Aurora kinases are a family of serine/threonine kinases vital for cell division. Because of the
overexpression of Aurora kinases in a broad range of cancers and their important roles in mitosis,
inhibitors targeting Aurora kinases have attracted attention in cancer therapy. VX-680 is an
effective pan-Aurora kinase inhibitor; however, its clinical efficacy was not satisfying. In this
study, we performed CRISPR/Cas9 screens to identify genes whose depletion shows synthetic
lethality with VVX-680. The top hit from these screens was GSG2 (also known as Haspin), a serine/
threonine kinase that phosphorylates histone H3 at Thr-3 during mitosis. Moreover, both Haspin
knockout and Haspin inhibitor-treated HCT116 cells were hypersensitive to VX-680. Furthermore,
we showed that the synthetic lethal interaction between Haspin depletion and VX-680 was
mediated by the inhibition of Haspin with Aurora kinase B (AURKB), but not with Aurora kinase
A (AURKA). Strikingly, combined inhibition of Haspin and AURKB had a better efficacy than
single-agent treatment in both head and neck squamous cell carcinoma and non-small cell lung
cancer. Taken together, our findings have uncovered a synthetic lethal interaction between
AURKB and Haspin, which provides a strong rationale for this combination therapy for cancer
patients.
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INTRODUCTION

Aurora Kinases are a family of serine/threonine kinases comprising Aurora kinase A
(AURKA), Aurora kinase B (AURKB), and Aurora kinase C (AURKC). AURKA, AURKB,
and AURKC share a highly conserved kinase domain but have quite different subcellular
localizations and functions during mitosis (1-3). AURKA mainly localizes at centrosomes
and spindle poles and plays a vital role in centrosome maturation and separation as well as
bipolar spindle assembly. AURKA deficiency results in abnormal chromosome segregation,
mitotic spindles, and eventually aneuploid cells. AURKB is a component of the chromosome
passenger complex (CPC), which localizes to chromosomes arms and is highly enriched at
the inner centromere from prophase till metaphase. AURKB is essential for the
condensation, attachment to kinetochores, and alignment of chromosomes during mitosis. In
mammals, the AURKC gene has a high similarity with AURKB, but AURKC expression is
mainly detected in meiotically active germ cells. The function of AURKC is less clear than
those of AURKA and AURKB (4).

AURKA and AURKB are overexpressed in a number of human cancer types, and their
important roles in cell division have led to the development of small molecule Aurora kinase
inhibitors for clinical cancer treatment (3,5-8). AURKA is highly overexpressed in primary
colorectal carcinoma, glioma, and ovarian, pancreatic, and breast cancers (9-13).
Meanwhile, AURKB is overexpressed in glioma, seminoma, colon cancer, thyroid
carcinoma, head and neck squamous cell carcinoma (HNSCC), and non-small cell lung
cancer (NSCLC) (14-18). Many inhibitors targeting the Aurora kinase family have been
assessed in clinical trials, and some exhibited favorable effects on hematologic
malignancies. Alisertib and barasertib are potent and specific inhibitors of AURKA and
AURKRB, respectively that are currently undergoing clinical testing (3,19-22). VX-680
(tozasertib) inhibits all the Aurora kinases, but it is 100 times more selective for AURKA
than AURKB or AURKC. Its antitumor efficacy has been confirmed in a human HL-60
xenograft model (7,23). VX-680 has also been tested in phase 2 clinical trials, but its
efficacy in patients was not satisfactory (23-25).

VX-680 has potential as a treatment for many types of cancers. However, its clinical trials in
colorectal cancer, NSCLC, and advanced solid tumors have been terminated (7). Revealing
the genes and/or pathways that exhibit synthetic lethal interaction with VVX-680 could
potentially improve its clinical efficacy.

With the development of genome-wide clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 screening and analytic tools for their assessment, pooled genome-
wide CRISPR/Cas9 screening has been recognized as a powerful and hypersensitive
approach to uncover genetic interactions in human cells (26,27). CRISPR/Cas9 has been
applied to decipher synthetic lethal relationships with anticancer drugs (28-30), with the
hope of uncovering genetic vulnerabilities and/or new combination therapies that can direct
future clinical trials. Therefore, in this study we performed single guide RNA (sgRNA)
screening of VX-680 in 293A cells and found synthetic lethality relationship between
Haspin depletion and VVX-680.
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Haspin (haploid germ cell-specific nuclear protein kinase, also known as GSG2), an atypical
serine/threonine kinase, is the only known kinase that directly phosphorylates threonine 3 of
histone H3 (H3T3ph) (31). H3T3ph functions as a docking site for survivin (32-34), a
subunit of the CPC complex; facilitates the recruitment of CPC to chromosomes; and
subsequently leads to the activation of AURKB and mitosis transition (32). Overexpression
or deficiency of Haspin leads to abnormal mitosis (31). However, Haspin knockout (KO)
mice appear to be normal and fertile, which implies the existence of compensatory
mechanisms that operate in the absence of Haspin (35). Because of Haspin’s roles in H3T3
phosphorylation and mitosis, several Haspin inhibitors have been developed as potential
antitumor drugs (36,37). However, it remains to be determined whether these inhibitors are
effective in cancer patients.

In this study, we found a previously unknown synthetic lethal interaction between Haspin
depletion and VX-680 via unbiased whole genome CRSPR/Cas9 screening. We further
confirmed the screen results using both Haspin KO cells and Haspin inhibitors. In addition,
we revealed that CHR-6494 specifically potentiated the inhibitory effect of the AURKB
inhibitor barasertib but not AURKA inhibitor alisertib, which underlay the synthetic lethality
between Haspin depletion and VX-680. Our study provides a rational and promising
approach, i.e., combining CHR-6494 (or 5-iodotubercindin) and barasertib, for cancer
therapy.

MATERIALS AND METHODS

Cell lines

293A and HCT116 cells were purchased from ATCC. 293A cells were cultured in DMEM
(Corning) with 10% fetal calf serum (FCS; HyClone). McCoy’s 5A medium (Gibco) with
10% fetal bovine serum (FBS; Sigma) was used to culture HCT116. SQCCY1 and HN5 cell
lines (HPV-negative HNSCC) were gifts from Drs. Jeffrey N. Myers and Faye M. Johnson
and were cultured in DMEM/F12 (Corning) supplemented with 10% FBS. A549, H1299,
H1975, H358, and H460 cell lines (NSCLC) were gifts from Dr. Jae-1l Park, culturing in
RPMI 1640 (Corning) with 10% FBS.

Antibodies and inhibitors

Antibodies against H3T3ph (Cat. No. 13576S) and H3S10ph (Cat. No. 9701S) were
purchased from Cell Signaling Technology. Anti-Haspin antibody (Cat. No. A302-241A)
was purchased from Bethyl Laboratories. Antibodies against H3 (Cat. No. ab1791) and
tubulin (Cat. No. T6199) were purchased from Abcam and Sigma, respectively. These
antibodies were used for Western blot analysis.

CHR-6494 (Cat. No. 11478) and VVX-680 (Cat. No. 1595-25) were purchased from Cayman
Chemical and BioVision, respectively. Alisertib (Cat. No. S1133), barasertib (Cat. No. 1147)
and 5-iodotubercidin (Cat. No. S8314) were purchased from Selleck Chemicals.

Oncogene. Author manuscript; available in PMC 2020 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al. Page 4

CRISPR/Cas9-based screening

The TKOv3 library was a gift from Dr. Glen Traver Hart’s laboratory. The library includes
71,090 gRNAs, consisting of 70,948 protein-coding gene-targeted gRNAs (4 gRNAs/gene)
and 142 EGFP-, LacZ-, and luciferase-targeted control gRNAs. The library generation and
virus preparation were described previously (27).

SgRNA screening was performed as described (29). Briefly, 293A cells were first infected
with the TKOv3 library lentivirus. Twenty-four hours later, cells were cultured with fresh
medium containing 2 pg/mL puromycin for selection. Then selected cells were treated with
dimethyl sulfoxide (DMSQO) or VX-680 and incubated for about 20 doubling passages. The
ICyg value of VX-680 was used for the screens. Cells from the initial infected cell
populations and final cell populations were collected and extracted for genomic DNA
(Qiagen kit). Genomic DNA were further amplified and labeled with barcodes via PCR
followed by deep sequencing.

Generation of Haspin/GSG2 knockout cells

HCT116 cells were transiently transfected with PX459-GSG2-gRNA. Twenty-four hours
after transfection, cells were selected with 2 ug/mL puromycin. Then single cells were
seeded into 96-well plates. After 10 days, single clones were examined by Western blot to
identify Haspin KO clones. The sequence of GSG2 sgRNA was:
TGCACACTTCACCGGATAAG.

Colony formation assay

For clonogenic assay, HCT116 cells were seeded in 6-well plates in triplicate (wild-type:
200 cells/well; Haspin KO: 220 cells/well) and further cultured overnight. Then the cells
were treated with CHR-6494, 5-iodotubercindin, VVX-680, alisertib, and barasertib, alone or
in combination. After 9 days, cells were stained with crystal violet solution (Sigma-Aldrich).
Image J software was used to perform unbiased analysis of colony numbers.

Western blot analysis

HCT116 cells were seeded in 24-well plate and treated with inhibitors (VX-680, CHR-6494,
alisertib, and barasertib), either single or combined treatment, for 24 hours. Then cells were
directly lysed by SDS gel-loading buffer and boiled for further analysis. Samples were
separated by SDS-PAGE and analyzed by immunoblotting with indicated antibodies.

Cell viability assay

For short-term survival assays, cells were plated in 96-well plates. The seeded cell numbers
ranged from 600 to 1000 cells depending on the cell growth rate. After seeding overnight,
cells were cultured with medium plus inhibitors (VX-680, CHR-6494, and barasertib) for 3
days. Cell viability was then evaluated with CellTiter-Glo luminescence assay (Promega).

Statistical analysis

All statistical analyses were performed using GraphPad Prism software, version 8.0.0. The
detailed statistical methods are described in the main text and each experiment was repeated
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twice or more, unless otherwise stated. Differences between 2 groups were analyzed by
Student #test analysis. A Pvalue < 0.05 was considered statistically significant.

Live imaging of HCT116 cells

RESULTS

HCT116 cells were incubated with CellLight Histone 2B-GFP BacMam reagent (Life
technologies; Cat. No. C10594) overnight and exposed to inhibitors immediately before
imaging. Images were acquired with an oil immersion 60x 1.4NA Nikon objective using a
Yokogawa CSU-X1 spinning disk that is currently integrated to an inverted Nikon Ti-
microscope by 3i (Intelligent Imaging Innovations). Samples were excited with a 3i 488 nm
solid state laser line and emission was collected with a 525/30 nm emission filter. Images
were collected every 5 minutes for 18 hours, then processed and analyzed with 3i Slide
Book software.

CRISPR/Cas9-based genome-wide screens conducted with VX-680 treatment reveal GSG2/
Haspin as the top candidate

To identify genes whose depletion potentiates sensitivity or resistance to VX-680, we
conducted pooled CRISPR/Cas9-based screens in 293A cells, which were treated with
DMSO or VX-680. Briefly, cells infected with TKOv3 library virus were selected with
puromycin. Then cells were cultured with DMSO or VX-680 and passaged for about 20
doublings. We collected cells at each passage point, and each group had 2 biological
replicates. Genomic DNA extracted from the initial infected and final cell populations
following DMSO or VX-680 treatment was amplified and labeled with barcodes via PCR.
The PCR products were deep-sequenced and analyzed (Fig. 1A). We also performed
bioinformatic analysis as described previously (29) to confirm that the screen data were
reliable (Supplementary Fig. S1).

We compared DMSO- and VX-680-treated cells (Fig. 1B). The results showed that the
levels of sgRNAs targeting GSG2 were dramatically reduced in VVX-680-treated group but
not in the DMSO-treated group (Fig. 1C). Moreover, we analyzed gene set enrichment for
the genes identified in our screens, and GSG2 was linked with chromosome segregation
(Fig. 1D). Of note, many genes identified in this screen were closely related to mitotic
functions (Fig. 1D), with GSG2 as the top hit (Fig. 1B). Taken together, our data suggest a
synthetic lethal interaction between pan-Aurora inhibitor VX-680 and GSG2 (also called
Haspin, which is the common name that will be used below) depletion.

Depletion or inhibition of Haspin sensitizes cells to VX-680 treatment

To validate the screening results, we generated HCT116 Haspin KO cells using CRISPR/
Cas9 gene editing technology. We chose 3 Haspin KO clones for further analysis (Haspin
KO#1, #2, and #3), and Western blot demonstrated the depletion of Haspin in these KO cell
lines (Fig. 2A). These clones were also verified by sequencing (Supplementary Fig. S2). As
Haspin is known as the serine/threonine kinase that phosphorylates histone H3 at
threonine-3 site (31), we examined H3T3ph level in Haspin KO cell lines. Indeed, H3T3ph
was significantly reduced or abolished in Haspin KO cells (Fig. 2A). We also examined the
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level of H3S10ph, the target of Aurora kinase B, to determine whether Haspin KO affects
other mitotic phosphorylation events. The data showed that Haspin ablation had no effect on
H3S10ph level (Fig. 2A).

To test whether depletion of Haspin has a synergistic effect with VVX-680, we determined the
sensitivity of HCT116 wild-type and Haspin KO#1, #2, and #3 cell lines to VX-680
treatment. As shown in Fig. 2B, Haspin depletion sensitized cells to VX-680 treatment, a
finding that was consistent with our screening results. We further compared Haspin
expression in normal tissues and cancer samples from Human Protein Atlas
(vi8proteinatlas.org) and found no obvious difference of Haspin protein level in cancer
cells or tissues (https://www.proteinatlas.org/ENSG00000177602-HASPIN/pathology),
suggesting that unlike Aurora kinases, Haspin expression did not vary significantly in
cancers. Therefore, we explored whether Haspin inhibition by CHR-6494 would sensitize
cells to VX-680. Similar to Haspin KOs, cells treated with both VX-680 and CHR-6494
showed greater sensitivity to treatment than did cells treated with either agent alone (Fig.
2B). In addition, CHR-6494 displayed limited cytotoxicity to cells (Fig. 2B), a finding
congruous with apparent normal proliferation of Haspin KO cells. Together, our data suggest
that Haspin inhibitor CHR-6494 augments the effect of VX-680 without additional
cytotoxicity by itself.

We also performed Western blot analysis to determine the synergistic effect of Haspin
inhibition and VVX-680 by. We used H3S10ph level, which was dramatically decreased by
V' X-680 treatment, to assess the inhibitory effect of VX-680. Since high concentrations of
inhibitors often result in off-target effect and cytotoxicity, we first tested a broad range of
concentrations of VX-680 and CHR-6494, aiming to find proper inhibitor concentrations for
follow-up experiments. As shown in Fig. 2C, cells treated with high concentrations of
VX-680 (0.3 uM) or CHR-6494 (1 uM) exhibited off-target effects as they started to affect
other substrates. Thus, we chose lower concentrations that only target their respective and
specific substrates for combinational experiments. Indeed, treatment of cells with VX-680
(0.1 uM) and CHR-6494 (0.6 uM) dramatically inhibited H3S10ph levels compared with
cells treated with single agents. We further determined the level of H3S10ph under the
combinations of each VX-680 concentration with CHR-6494 concentration gradient
increases. Except for the lowest concentration of VX-680 (0.03 uM), cells treated with
VX-680 (0.05 and 0.1 pM), when combined with increasing concentrations of CHR-6494
(0.05, 0.1, 0.15, and 0.2 uM), exhibited gradually reduced H3S10ph levels. For example,
under the concentration of 0.1 uM VX-680, single-agent treated cells did not display
inhibited or reduced H3S10ph levels (Fig. 2C). However, even when combined with lowest
CHR-6494 concentration (0.05 uM), treatment with 0.1 pM VX-680 dramatically decreased
the H3S10ph level (Fig.2D). The H3T3ph level showed the inhibition effect by CHR-6494
treatment (Fig. 2D). Consistently, even at the highest concentration of single-agent
CHR-6494 we used for this assay (0.2 uM), there was no obvious change in H3S10ph level
compared with cells treated with DMSO (Fig. 2D). This finding excluded not only the
possibility of off-target effect but also the direct impact of CHR-6494 on H3S10ph level.

To assess whether VVX-680 affects Haspin expression, we also examined the Haspin protein
levels under the aforementioned VVX-680 treatment. As shown in Fig. 2E, VX-680 did not
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affect Haspin protein level, as well as the H3T3ph level. Together, these results confirmed
the synergistic effect of VX-680 and Haspin inhibition or depletion.

Haspin inhibitor potentiates the efficacy of AURKB inhibitor but not AURKA inhibitor

VX-680 inhibits AURKA, AURKB, and AURKC. To gain insights into the specificity of
synergistic effect between Haspin inhibition and Aurora kinase inhibition, we performed
combinational treatments of CHR-6494 with alisertib or barasertib which respectively
inhibit AURKA or AURKB.

We first evaluated the effect of alisertib, alone or combined with CHR-6494, in wild-type or
Haspin KO HCT116 cells. The proliferative capacity of cells treated with CHR-6494 and
alisertib was compared with cells treated only with alisertib in clonogenic assays. Although
Haspin KO cells (Haspin KO#2 and #3) exhibited a little sensitivity to alisertib, there was no
obvious difference between combined and single-agent treatments in HCT116 cells (Fig. 3A
and Supplementary Fig. S3A). Here we also used the level of H3S10ph as an indirect marker
for AURKA inhibition. Consistent with the colony formation assays, Western blot analysis
also supported that Haspin inhibition did not enhance the efficacy of alisertib (Fig. 3B).

We then compared cells treated with CHR-6494 and barasertib or barasertib only. Unlike our
experiments with alisertib, colony formation assays showed that only half concentration of
barasertib (10 nM) combined with CHR-6494 displayed cytotoxicity equal to that of
barasertib alone (20 nM). Haspin KO cells also exhibited hypersensitivity to barasertib (Fig.
3C and Supplementary Fig. S3B). In addition, Western blot analysis showed that barasertib
treatment drastically reduced the level of H3S10ph when used with increasing
concentrations of CHR-6494 (Fig. 3D). Treatment with 0.03 pM barasertib did not affect the
level of H3S10ph in cells. However, in cells treated with 0.03 uM barasertib and 0.1 uM
CHR-6494, H3S10ph almost disappeared, which was equal to the effect of 0.1 UM barasertib
treatment (Fig. 3D and 3E).

To further confirm our results, we chose 5-iodotubercidin (Itu) (38,39), another selective
Haspin inhibitor, to test whether Itu would also show a synergistic effect with barasertib. We
first compared the inhibitory effect of these two different Haspin inhibitors, CHR-6494 and
Itu, on H3T3ph level. The result showed that both inhibitors are very effective in inhibiting
H3T3ph level (Fig. S4A). In addition, the broad range of concentrations of Haspin inhibitors
(from 0.03 uM to 0.5 pM) used also suggest that they are quite specific, since only H3T3ph,
but not H3S10ph, was affected by these treatments (Fig. S4A). Furthermore, we compared
the sensitivity of HCT116 cells exposed to combination of Itu and barasertib with cells only
exposed to barasertib. Consistent with data obtained using combination with CHR-6494, the
concentration of barasertib needed to kill most of the cells could be lowered to 10 nM when
it was combined with Itu (Fig. S4B). Together, these results further support our conclusion
of the synergistic effect of simultaneously inhibiting Haspin and AURKB.

Since both Haspin and AURKB are mitosis closely related kinases, we determined whether

combination of Aurora B and Haspin would affect mitotic progression. HCT116 cells were

labeled with GFP-H2B, then treated with either single treatment (0.1 uM CHR-6494 or 0.03
UM barasertib) or combination treatment (0.1 pM CHR-6494 and 0.03 pM barasertib)
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immediately before live cell imaging acquisition (Videos 1-4). We calculated the
percentages of cells exhibiting normal mitotic progression or mitotic defects (Fig. S5A) and
the elapsed time from prometaphase to anaphase onset (Fig. S5B). These results showed that
combination treatment dramatically affected mitotic progression, including increased
percentage of lagging chromosome in anaphase, multipolar spindle configuration as well as
prolonged elapsed time from prometaphase to anaphase.

To test whether the inhibitory effect of the combination treatment is permanent or reversible,
cells were treated with inhibitors for 9 consecutive days or only 3 days and then allowed to
grow for an additional 6 days. Cells treated with inhibitors for 3 days exhibited similar
survival rates as cells treated for 9 days, which confirmed that treatment with barasertib
alone or with CHR-6494 resulted in irreversible cytotoxicity (Fig. S6).

These results strongly suggest that the synergistic antitumor effect observed in combination
treatment with VX680 and CHR-6494 is likely to be mediated by inhibiting AURKB and
Haspin. However, since there are no inhibitors targeting AURKC, we could not rule out that
AURKC inhibition may also have similar synergistic effect with Haspin inhibition.

Combined inhibition of AURKB and Haspin exhibits better anti-tumor efficacy for HNSCC

and NSCLC

The above data indicate that barasertib with CHR-6494 has the potential to be an effective
combination therapy for cancer patients. HNSCC and NSCLC are both common cancers
worldwide that lack effective treatment strategies. Moreover, the HPV-negative HNSCC
patients show worse prognosis than HPV-positive patients (40). NSCLC, which accounts for
about 85% of lung cancer, remains to have low overall survival rate (41). Therefore,
developing new therapies for these patients are needed to improve patient outcomes.
Therefore, we chose several HNSCC and NSCLC cell lines and evaluated the efficacy of this
combination therapy in these cell lines.

We first assessed whether combined treatment of barasertib with CHR-6494 had a better
effect than single-agent barasertib on SQCCY1 and HN5 human HPV-negative HNSCC cell
lines. We found that combination treatment suppressed cell viability 1.7 to 3 times more
efficiently compared with either inhibitor alone in both cell lines (Fig. 4A). We also tested
the efficacy of VX-680 with CHR-6494, which had an effect similar to that of barasertib
with CHR-6494 (Fig. 4A) in the HNSCC cell lines.

We then estimated the inhibitory effect these combination treatments in 5 NSCLC cell lines.
Intriguingly, NSCLC cell lines harboring KRAS mutation (A549, H358, and H460) were
more sensitive to combination treatment than were cell lines with other mutations (H1299
and H1975; Fig. 4B and 4C). This is consistent with the previous report that Aurora kinases
are downstream effectors of KRAS and that both AURKA and AURKB were promising
targets in KRAS-induced lung cancer (42). Consistent with previous data, combined
treatment with CHR-6494 and VVX-680 displayed better antitumor effect than single-agent
treatment (Fig. 4B and 4C), which confirmed the potential application of this combination
therapy.
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DISCUSSION

In this study, genome-wide CRSPR/Cas9 screening revealed synthetic lethality between pan-
Aurora inhibitor VX-680 and Haspin depletion. Particularly, combined inhibition of Haspin
and Aurora kinase B underlays the synthetic lethal relationship. Although clinical trials with
barasertib were completed and there was no further clinical progress (7,8), our findings raise
a possibility that combined treatment of barasertib and CHR-6494 could be an effective
therapeutic option for cancer patients, including HNSCC and NSCLC patients who lack
effective treatment strategies.

Here, we demonstrated by colony formation assays that not only Haspin KO cells but also
Haspin inhibitor-treated cells are more sensitive to VX-680 than wild-type cells. Western
blot analysis confirmed that Haspin inhibitor CHR-6494 potentiates the effect of VVX-680 by
decreasing H3S10ph levels. Moreover, we showed that CHR-6494 as well as Itu specifically
augments the efficacy of AURKB inhibitor barasertib but not AURKA inhibitor alisertib.
Notably, CHR-6494 and Itu alone showed very mild cytotoxicity in cells. Based on these
data, we conclude that combined inhibition of Haspin and AURKB is a potential new
combination for cancer therapy.

Previous studies also indicated the existence of a positive feedback loop involving Haspin
and AURKB. Namely, AURKB phosphorylates Haspin directly, which further promotes
H3T3 phosphorylation during mitosis (43). Moreover, H3T3ph accurately positions CPC
complex and modulates the activation of AURKB (32-34,44-46). Another study showed the
concentration of Itu needed to drive mitotic exit could be 10-fold lower when combined with
Aurora B inhibitor, again hints the synergistic interaction between Haspin and AURKB (47).
On the other hand, AURKA was demonstrated to regulate the association of AURKB and
Haspin in early mitosis and to prime the Haspin-AURKB feedback loop in late G2 phase
(48). It is possible that AURKA acts upstream of Haspin-AURKB loop (49,50), which may
explain why we observed an enhanced inhibition effect with barasertib, but not alisertib, by
CHR-6494.

We expanded our combination treatment to NSCLC, which accounts for a major fraction of
lung cancers and carries poor survival outcomes (41,51). Our data showed that combinatorial
inhibition of Haspin and AURKB was more efficacious in NSCLC cell lines harboring
KRAS mutation than in cell lines harboring other mutations. Consistently, AURKA and
AURKB have been reported as the targets of KRAS in lung cancer (42). Moreover, a
previous study reported that H358 and A549 cell lines treated with either knockdown of
AURKA or AURKB, or AURKA or AURKB inhibitors, showed decreased cell growth and
viability (42). Based on these published data and observations made in our study, we
hypothesize that combined treatment with barasertib and CHR-6494 may be an effective
approach to improve the outcome of patients with KRAS-mutant lung cancer.

Our study has several limitations. First, although cells treated with CHR-6494 alone showed
very mild inhibition of cell survival, we cannot rule out potential cytotoxicity caused by the
addition of CHR-6494 when this agent is used in vivo. Second, we only examined H3T3ph

and H3S10ph levels after cells were treated with these inhibitors. We cannot exclude the
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possibility that these inhibitors may also inhibit other kinases and have off-target effects.
Third, our conclusions were based on studies of cancer cell lines. It remains to be
determined whether similar results will be observed in clinical trials. Nevertheless, our study
will provide a rationale to further test combination therapies with barasertib in clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CRSPR/Cas9-based genome-wide screens in VVX-680-treated cells reveal GSG2 (also called
Haspin) as the top candidate. (A) The flow chart of CRISPR/Cas9 screening in 293A cells
treated with DMSO or VX-680. (B) Ranking of the co-essential genes in VX-680-treated
samples compared with those treated with DMSO. The Z score from DrugZ analysis of the
CRSPR/Cas9 screening results showed the genes with possible synthetic lethal relationships
with VX-680. (C) Normalized sgRNA fold changes of GSG2 in DMSO- and VX-680-
treated groups from the original screen sequencing data. (D) The top 6 enriched biological
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processes analyzed through gene ontology (GO; P < 0.01). Genes used for the analysis were
high-confidence candidates from (B).
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Figure 2.

Depletion or inhibition of Haspin sensitizes cells to VX-680 treatment. (A) Confirmation of
Haspin depletion in Haspin KO cell lines. HCT116 wild-type and Haspin KO cells were
collected and directly lysed by SDS loading buffer. The expression of Haspin, H3T3ph, and
H3S10ph were detected with indicated antibodies. Anti-Tubulin and anti-H3 blots,

respectively, were included as loading controls for Haspin, H3T3ph and H3S10ph blots. The

arrow indicates nonspecific bands. (B) Cells treated with Haspin depletion or inhibition
exhibit hypersensitivity to VX-680 treatment. HCT116 wild-type and Haspin KO cells were
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treated with CHR-6494 and VX-680 for consecutive 9 days, either in combination (VX
combined with 0, 40, 80, and 120 nM CHR) or single-agent treatment (CHR; VX). Colonies
were fixed, stained, and further analyzed by Image J. Experiments were performed in
triplicate with duplicate biological replicates. Representative images and results are shown.
Student ttests were performed to estimate differences between 2 groups. Error bar
represents SE (n = 3); *** P<0.001; **** £<0.0001. (C) HCT116 cells were treated with
indicated concentrations of VX-680 and CHR-6494 and further incubated for 24 h. Then
cells were lysed by SDS loading buffer and examined by immunoblotting with indicated
antibodies. The H3T3ph and H3S10ph levels were determined with indicated antibodies. H3
served as loading control. (D) HCT116 cells were incubated with VVX-680 (0.03, 0.05, and
0.1 uM) and CHR-6494 (0.05, 0.1, 0.15, and 0.2 uM) in combination or single agent
treatment. After 24 h, cells were lysed and examined by Western blotting with indicated
antibodies. (E) Western blots show the effect of single-agent treatment (0.03, 0.05, and 0.1
UM VX; 0.2 uM CHR). Samples were collected and blotted as described in (D).
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Figure 3.

Haspin inhibitor potentiates the efficacy of AURKB inhibitor but not AURKA inhibitor. (A)
Depletion or inhibition of Haspin has no effect on cellular sensitivity to alisertib. HCT116
wild-type (WT) or Haspin knockout (KO) cells were treated with CHR-6494 (CHR; 0, 40,
80, 120, or 160 nM) and alisertib (Ai; 0, 0.5, 2, 8, or 32 nM) and further cultured for 9 days
followed by fixation and staining. Experiments were performed in triplicate with duplicate
biological replicates. Representative results are shown. Student #tests were performed to
estimate differences between 2 groups; ns, not significant; *** P£< 0.001; **** P< 0.0001.
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(B) Addition of CHR-6494 has no effect on H3S10ph reduction by alisertib. HCT116 cells
were plated in 24-well plate overnight and treated with alisertib, CHR-6494, or the
combination of CHR-6494 (0.05, 0.1, 0.15, and 0.2 uM) and alisertib for 24 h. Then cells
were lysed and analyzed by Western blotting using indicated antibodies. (C) CHR-6494
potentiates the inhibitory effect of barasertib. Cells treated with barasertib (Bi; 0, 10, 20, or
40 nM) or CHR-6494 (CHR; 0, 40, 80, 120, or 160 nM) were grown for 9 days followed by
fixation and staining. Experiments were performed in triplicate with duplicate biological
replicates. Representative results were shown. Student #tests were performed to estimate
differences between 2 groups; error bar represents SE (n = 3); ** £< 0.01;*** P< 0.001;
**** P<0.0001. (D) Combination of CHR-6494 and barasertib dramatically reduces the
level of H3S10ph. Cells were treated with barasertib or CHR-6494 for 24 h, in combination
(Bi combined with 0.05, 0.1, 0.15, and 0.2 uM CHR) or alone (CHR; Bi), and followed by
lysis with SDS loading buffer. The samples were then examined by immunoblots with
indicated antibodies. H3 was included as loading control. (E) Cells were cultured with
barasertib or CHR-6494 for 24 h and then analyzed by Western blotting using indicated
antibodies.
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Figure 4.
Combined inhibition of Haspin and AURKB exhibits better antitumor efficacy for HNSCC

and NSCLC compared with single-agent treatment. (A) Combination treatment with
CHR-6494 with either barasertib or VX-680 shows better antitumor efficacy for HNSCC.
SQCCY1 or HNS cell lines were plated in 96-well plate and treated with DMSO, CHR-6494
(CHR; 50, 100, or 200 nM), VX-680 (VX; 30, 50, or 100 nM) and barasertib (Bi; 10, 30, or
50 nM) for 3 days, in combination (C+V; C+B) or alone. Cells were examined with
CellTiter-Glo luminescence assays. Results are representative of duplicate biological
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replicates. Student #tests were performed to estimate differences between 2 groups; error bar
represents SE (n = 6); ns, not significant; *** P< 0.001; **** < 0.0001. (B and C)
Combination treatment with CHR-6494 and barasertib dramatically inhibits cell viability in
KRAS-mutated NSCLC cell lines. NSCLC cell lines, including KRAS-mutated cell lines
Ab49, H358, and H460 in (C) and non-KRAS-mutated cell lines (H1299 and H1975 in (B),
were treated with indicated inhibitors for 3 days and further analyzed with CellTiter-Glo
luminescence assays. Results are representative of duplicate biological replicates. Student ¢
tests were performed to estimate differences between 2 groups; error bar represents SE (n =
6); ns, not significant; * £< 0.05; ** P< 0.01; *** P<0.001; **** P< (0.0001.
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