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Abstract

Chromosome instability (CIN) generates genetic and karyotypic diversity that is com-

mon in hematological malignancies. Low to moderate levels of CIN are well tolerated

and can promote cancer proliferation. However, high levels of CIN are lethal. Thus,

CIN may serve both as a prognostic factor to predict clinical outcome and as a predic-

tive biomarker. A retrospective study was performed to evaluate CIN in acute mye-

loid leukemia (AML). Chromosome mis-segregation frequency was correlated with

clinical outcome in bone marrow core biopsy specimens from 17 AML cases. Addi-

tionally, we induced chromosome segregation errors in AML cell lines with AZ3146,

an inhibitor of the Mps1 mitotic checkpoint kinase, to quantify the phenotypic

effects of high CIN. We observed a broad distribution of chromosome mis-

segregation frequency in AML bone marrow core specimens. High CIN correlated

with complex karyotype in AML, as expected, although there was no clear survival

effect. In addition to CIN, experimentally inducing chromosome segregation errors by

Mps1 inhibition in AML cell lines causes DNA damage, micronuclei formation, and

upregulation of interferon stimulated genes. High levels of CIN appear to be immuno-

stimulatory, suggesting an opportunity to combine mitotic checkpoint inhibitors with

immunotherapy in treatment of AML.
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1 | INTRODUCTION

Chromosome instability (CIN) refers to an increased rate of chromosome

losses or gains due to mitotic errors. CIN arises from multiple

mechanisms, including (a) weakened mitotic checkpoint signaling,

(b) centrosome amplification, (c) impaired microtubule attachment error

correction, (d) cohesion defects, and (e) telomere dysfunction.1-3 The

mitotic checkpoint (also called the spindle assembly checkpoint) monitors
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microtubule-kinetochore attachments and delays anaphase onset until

all replicated chromosome pairs are properly bioriented (with sister

chromatids attached to microtubules emanating from opposite spin-

dle poles). Thus, the weakened mitotic checkpoint permits premature

entry into anaphase in cells with chromosomes that are unattached

or improperly attached to the mitotic spindle. Centrosome amplifica-

tion often results in multipolar spindles during early mitosis, which

can generate inappropriate microtubule-kinetochore attachments,

such as merotelic attachments (in which the kinetochore from a sin-

gle chromatid is bound to microtubules emanating from both spindle

poles). Notably, merotelic attachments satisfy the mitotic check-

point, permitting anaphase onset.4-6 Chromosome cohesion defects

produce either premature sister chromatid separation or chromatid

nondisjunction, depending on if cohesion loss occurs early or is del-

ayed. Telomere erosion results in fusion of the chromosome lacking

a telomere with an intact chromosome, producing one chromosome

with two kinetochores, resulting in a chromosome bridge. Overall,

these mechanisms of CIN can yield mitotic defects including mis-

aligned or lagging chromosomes, chromatin bridges, and multipolar

divisions. Lagging chromosomes and chromatin bridges are readily

observable during late stages of mitosis (anaphase and telophase).

Although lagging chromosomes do not always mis-segregate, they

are useful indicators of chromosome mis-segregation events.7-9

Therefore, quantification of chromosome segregation abnormalities

by direct observation of tumor samples in anaphase and telophase

can be used as a surrogate marker to assess CIN.

In addition to whole chromosome gains and losses, chromosome

segregation errors can result in DNA damage. Lagging chromosomes

can become damaged during cytokinesis10 or, if they fail to rejoin the

bulk mass of segregating chromosomes, form a separate nucleus ter-

med a micronucleus, in the ensuing interphase. DNA replication in

these micronuclei is delayed, resulting in DNA fragmentation and cat-

astrophic rearrangement of the one or two chromosomes in the

micronucleus, termed “chromothripsis.”11 Although DNA damage

from segregation errors may be tumorigenic, these errors may also

activate immune surveillance. Specifically, the nuclear envelopes of

micronuclei are prone to rupture, which allows DNA to enter the

cytoplasm, generating an innate immune response.12-16

In acute myeloid leukemia (AML), CIN is thought to be an impor-

tant mechanism for generating aberrant complex karyotypes, which

carry a poor prognosis and confer resistance to chemotherapy.17 Yet

a paradoxical relationship exists between CIN and tumor progression:

low and intermediate levels of CIN are beneficial for tumor clonal evo-

lution, whereas high levels of CIN may be detrimental for cell sur-

vival.18-21 Thus, CIN could be both a prognostic factor (to predict

clinical outcome) and may provide a targetable vulnerability.22,23 The

dual specificity protein kinase, monopolar spindle 1 (Mps1, also

known as TTK), critically regulates the mitotic checkpoint and proper

microtubule binding to the kinetochore.24-28 Inhibition of Mps1 cau-

ses anaphase chromosome mis-segregation, resulting in aneuploid

daughter cells and, in many cases, cell death.29-33 As a result, several

Mps1 inhibitors are currently under investigation in clinical trials

(NCT02792465, NCT02366949, NCT03328494).

Despite the promise of CIN as a potential biomarker and thera-

peutic target, little is known about CIN in AML. Therefore, we per-

formed a retrospective analysis of bone marrow biopsy samples in

17 subjects with AML to determine if clinical outcome correlated with

levels of CIN. We anticipated that a low frequency of chromosome

segregation errors (low CIN) may correlate with worse outcome, while

extremely high frequency (high CIN) may predict better outcome.

Additionally, we used the Mps1 inhibitor AZ3146 to exacerbate chro-

mosome segregation errors in AML cell lines, to evaluate if the high

rate of CIN induced DNA damage and increased type I interferon

signaling.

2 | MATERIALS AND METHODS

2.1 | Tissue specimens

AML bone marrow core biopsy specimens were collected, fixed, and

H&E stained with consent waived under the Institutional Review

Board-approved research protocol UW16097 (MR-IRB 2016-1065).

Slides from 30 patient samples were examined using a Nikon Eclipse

Ti inverted microscope equipped with a 100×/1.4NA (Plan Apo) DIC

oil immersion objective and ORCA Flash4.0 V2+ digital sCMOS cam-

era (Hamamatsu, Hamamatsu, Japan). Samples were included only if

>4 anaphase cells were observed, and 17/30 samples met this inclu-

sion criteria. Anaphase cells were surveyed for evidence of chromo-

some mis-segregation and percentage of anaphase cells exhibiting

chromosome mis-segregation was calculated for each sample. The

median value was used to classify samples into “high” or “low” mis-

segregation frequency groups.

Patient clinical data (Table S1) were obtained by chart review.

Overall and cancer-specific survival was calculated by time period

from the date of diagnosis to study endpoint (death or last follow-up).

Survival curves were plotted using Prism 8 (GraphPad, San Diego, CA)

using the Kaplan-Meier method, and log-rank (Mantel-Cox) tests were

used to compare patients with high vs low mis-segregation frequency.

2.2 | Cell lines and culture conditions

Kasumi-1 cells were obtained from American Type Culture Collection

(ATCC, Manassass, Virginia). MV4-11 and K562 cells were gifts from

Emery Bresnick. THP-1 cells were a gift from David Beebe. All cell

lines were validated at UW-Madison using polymorphic short tandem

repeat loci and were free of mycoplasma. All cell lines were

maintained at 37�C and 5% CO2 in a humidified incubator in RPMI

1640 medium containing 2 mM L-glutamine, supplemented with

100 units/mL penicillin-streptomycin and 10% (THP-1, K562, and

MV4-11) or 20% (Kasumi-1) fetal bovine serum.

For thymidine synchronization, cells were challenged with

2.5 mM thymidine for 24 hours, washed once with HBSS, then

replenished with normal media for 8 hours prior to further chemical

treatments.
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2.3 | Chemicals, antibodies, and probes

Thymidine (#6060) was purchased from Calbiochem (San Diego, CA).

Nocodazole (#M1404) was purchased from Sigma-Aldrich (St. Louis,

MO). AZ3146 (#S2731) was purchased from Selleck Chemicals

(Houston, TX). Stat1 (Cell Signaling, #9172S, Danvers, MA) and pStat1

(Y701) (Cell Signaling, #9167S) were used at 1:1000 for western blot-

ting. pH2AX (Millipore, #07-164, Burlington, MA) was used at 1:1000

for IF. FISH probes targeting alpha-satellite sequences of chromosome

6 (LPE006) and chromosome 8 (LPE008) were purchased from Cyto-

cell (Lincolnshire, IL).

2.4 | Lentiviral production and transduction

Lentiviral particles were produced by seeding 4 × 106 HEK 293 T cells

into a 10 cm dish. The day after plating, cells were transfected with

10 μg of pBobi-H2B-mScarlet vector together with 6.5 μg pMDLg/

pRRE packaging vector, 3.5 μg pCMV-VSV-G, and 5 μg pRSV-Rev using

the calcium phosphate method. The medium was replaced after 10 to

12 hours incubation, and 48 hours later the supernatant containing viral

particles was collected, centrifuged at 500g for 5 minutes and filtered

through a 0.45 μm PES filter. One millilitre of filtered virus supernatant

was then used to infect 50% to 60% confluent cells in a six-well plate.

Transduced cells were collected and selected via FACS sorting after

48 hours. Polyclonal populations were used in imaging experiments.

2.5 | Imaging

2.5.1 | FISH in Suspension

K562 cells were grown in media untreated or containing 8 μM

AZ3146 for 24 hours and pelleted by centrifugation at 2000 rpm for

3 minutes. Media was removed, cell pellets were gently re-

suspended in freshly prepared 3:1 methanol: acetic acid fixative, and

allowed to incubate at room temperature (RT) for 10 minutes. After

re-pelleting at 2000 rpm for 3 minutes, fixative was removed, and

cells were washed twice in 5 mL 2× SSC + 0.05% Tween 20 (re-

pelleting in between rinses). After second rinse and pelleting, cells

were resuspended in PBS and transferred to 1.5 mL Eppendorf

tubes. Cells were re-pelleted at 1000 rpm for 3 minutes, PBS was

aspirated, and the cells were resuspended by adding staining mix

(8 μL nuclease-free H2O, 4 μL probe, 28 μL hybridization solution B)

dropwise to each pellet. The cell mixtures were then transferred to

0.2 mL, sterile PCR tubes and cycled in a thermal cycler using the fol-

lowing program: 5 minutes at 80�C and then >12 hours at 42�C.

After cycling, 200 μL of 2× SSC + 0.05% Tween 20 was added to

each PCR tube (at RT) and the contents were mixed by gentle

pipetting. Cells were then transferred to 1.5 mL Eppendorf tubes

and pelleted at 1200 rpm for 3 minutes. Supernatant was removed

and pellets were resuspended in 50 μL PBS (at RT) and stored in dark

until cytocentrifugation.

2.5.2 | Cytocentrifugation

Cells were grown in suspension, collected, pelleted and resuspended

in PBS to a concentration of approximately 8 × 104 cells/mL 500 μL

of each cell suspension was inserted into a funnel and then spun onto

coverslips at 800 rpm for 3 minutes using a Cytopro cytocentrifuge

(Wescor, Logan, UT). Cells were allowed to air dry prior to fixation

and staining.

2.5.3 | Fixed immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS for 15 minutes at RT,

washed 3 times in PBS, and then blocked for 30 minutes at RT in 3%

bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS (PBSTx

+ BSA). Primary antibodies were pooled and diluted in PBSTx+BSA.

Coverslips were incubated in primary antibodies for 1 hour at RT and

washed 3 times in PBSTx. Alexa Fluor (Invitrogen, Carlsbad, CA) sec-

ondary antibodies were pooled and diluted at 1:350 in PBSTx+BSA.

Coverslips were incubated in secondary antibody for 45 minutes at

RT and then washed twice with PBSTx. Coverslips were counter-

stained with DAPI and mounted on glass slides with Prolong Diamond

anti-fade medium (Invitrogen) and allowed to cure overnight. Image

acquisition was performed on a Nikon Eclipse Ti inverted microscope

equipped with motorized stage, LED epifluorescence light source

Spectra X (Lumencor, Beaverton, OR), 60x/1.4 NA (Plan Apo) objec-

tive, and ORCA Flash4.0 V2+ digital sCMOS camera (Hamamatsu).

2.5.4 | Live cell imaging

For mitotic checkpoint experiments, AML cell lines stably expressing

H2B-mScarlet were seeded onto poly-L-lysine coated glass-bot-

tomed plates and grown to 90% confluency. Prior to imaging, cells

were challenged with 0.2 μg/mL nocodazole for 4 hours or left

untreated. Image acquisition was performed on a Nikon Eclipse Ti

inverted microscope equipped with motorized stage, LED epi-

fluorescence light source Spectra X (Lumencor), 20×/0.45 NA (Plan

Apo) objective, and ORCA Flash4.0V2+ digital sCMOS camera

(Hamamatsu). Environmental control was maintained at 37�C and

5% CO2. Images were acquired every 2 minutes for 10 hours. For

Mps1 inhibitor experiments, K562 cells stably expressing H2B-

mScarlet were seeded onto poly-L-lysine coated glass-bottomed

plates and grown to 90% confluency. Prior to imaging, cells were

challenged with 2 μM AZ3146 for 2 hours or left untreated. Image

acquisition was performed as described above. Images were

acquired every 3 minutes for 24 hours.

2.6 | RNA extraction and RT-qPCR

For each sample, 3 × 106 cells were harvested, resuspended in 1 mL

of TRI Reagent (Molecular Research Center, Cincinnati, OH,
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#TR11850mL) and RNA was extracted per manufacturer's instruc-

tions. Up to 2 μg of RNA from each sample was then used to gener-

ate cDNA using the High Capacity cDNA Reverse Transcription kit

(Applied Biosystems, Foster City, CA, #4368814) with random

primers according to the manufacturer's instructions. Quantitative

PCR reactions were prepared using iQ SYBR Green Supermix

(BioRad, Hercules, CA, #1708884) 100 ng cDNA, and 300 nM of

each primer (see Table S2 for sequences/annealing temps). Reac-

tions were carried out in a MyiQ LiqhtCycler (BioRad) using the fol-

lowing program: 3 minutes 95�C; 40× (15 seconds 95�C, 60 seconds

55�C or 57�C); 60 seconds 95�C; 60 seconds 55�C. Fold changes in

gene expression were assessed using the 2 ‑̂ΔΔCt method.34 Signifi-

cant upregulation or downregulation was determined by a two-fold

increase or decrease, respectively, against untreated control cells.

2.7 | Western blot

For all experiments, cells were lysed, frozen, and stored at −80�C

prior to use. Cell pellets were lysed in buffer (50 mM HEPES pH 7.5,

100 mM NaCl, 0.5% NP-40, 10% glycerol) containing phosphatase

inhibitors (10 mM sodium pyrophosphate, 5 mM

β-glycerophosphate, 50 mM NaF, 0.3 mM Na3VO4), 1 mM PMSF,

1× protease inhibitor cocktail (Thermo-Scientific, Waltham, MA) and

1 mM dithiothreitol. A 25-gauge syringe was used to provide addi-

tional mechanical lysis to the cell membrane before incubating lysate

on ice and centrifuging at 4�C to remove insoluble pellet. Protein

concentration was measured by Bradford assay. Proteins were sepa-

rated by SDS-PAGE, transferred to Immobilon PVDF membrane

(Millipore), and blocked for 30 minutes in 0.1% Tween-20 Tris buff-

ered saline pH 7.4 supplemented with 5% BSA or 5% milk. Mem-

branes were incubated with gentle agitation for 24 hours at 4�C

with primary antibodies diluted in TBST supplemented with 5% BSA

or 5% milk, washed 3× with TBST, incubated for 1 hour at room tem-

perature in secondary antibodies conjugated to horseradish peroxi-

dase diluted 1:10 000 in TBST supplemented with 5% milk.

Membranes were washed and developed with luminol/peroxide

(Millipore) and visualized with film.

2.8 | Chromosome analysis

Chromosome analysis was performed on K562 cells untreated or

24 hours post-challenge with 2 μM AZ3146. Colcemid was added to a

final concentration of 0.05 μg/mL for the final 20 minutes. Cells were

swollen in a hypotonic solution (0.075 M KCl) for 20 minutes at 37�C,

and then fixed three times in fresh Carnoy's fixative. Cells were

dropped onto slides and dried in a drying chamber. Slides were

banded by GTG banding technique. Chromosomal abnormalities were

identified and described according to the 2016 International System

of Human Cytogenetic Nomenclature.35For each condition, 20 cells

were fully analyzed and an additional 19 cells were counted for chro-

mosome number only (Table S3).

2.9 | Statistical analysis

Data analysis was performed using Prism 8 (GraphPad).

Statistical significance was determined using two-tailed Mann-

Whitney tests.

3 | RESULTS

3.1 | Chromosome mis-segregation frequency is
variable in AML with higher rates suggestive of better
overall survival

To understand the effects of CIN on immunogenicity in AML, we first

surveyed the incidence of CIN in AML patient samples. There are sev-

eral different methodologies to assess CIN.36 We chose direct obser-

vation of anaphase segregation errors in bone marrow core biopsy

specimens to assess CIN because of easy access to samples and rela-

tively high proliferative indices in AML. We defined chromosome mis-

segregation frequency as the number of anaphase cells with lagging

chromosomes (a chromosome that lags between the two masses of

segregating DNA) or chromatin bridges (a chromosome that

completely spans the segregating masses) divided by the total number

of anaphase cells observed.

We analyzed bone marrow core biopsy tissue slides from

17 AML patients treated in the hematology clinic at the University

of Wisconsin Hospital and Clinics. Clinical outcomes including over-

all survival, recurrence-free survival and cancer-specific survival

were obtained by chart review with a follow up time of 3 years. We

observed both lagging chromosomes and chromosome bridges in the

samples (Figure 1A), with frequencies ranging from 0% to 67%

(Figure 1B). To determine if chromosome mis-segregation frequency

correlates with overall survival, we separated patients into high or

low mis-segregation frequency groups using a median 45% cutoff

(Figure 1B). We observed a nonstatistically significant trend of

extremely high chromosome mis-segregation frequency associated

with better overall survival (median 13.8 months in high mis-

segregation frequency group vs 7.6 months in low mis-segregation

frequency group, P = .8343) (Figure 1C), particularly with mis-

segregation rates above 50% (Figure S1). We observed a similar

trend for recurrence-free survival (median 7.2 months in high mis-

segregation frequency group vs 5.2 months in low mis-segregation

frequency group, P = .3420) (Figure 1C). Because complex karyotype

is a prognostic marker for AML, we correlated mis-segregation fre-

quency with karyotype complexity. Elevated mis-segregation rates

were more frequently associated with complex karyotypes

(Figure 1D), and patients with complex karyotypes were more likely

to progress sooner (median 3.3 months in complex karyotype group

vs 7.3 months in simple karyotype group, P = .9691) (Figure 1E).

Chromosome mis-segregation frequency does not strongly correlate

with cancer specific survival—a difference that could be attributed

to multiple factors such as comorbidities, gene mutation, age, or

treatment side effects.
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3.2 | Mps1 inhibitor AZ3146 weakens the mitotic
checkpoint and induces chromosomal instability in
AML cell lines

To study the immunogenic effects of CIN in AML cell lines, we chose a

commercially available Mps1 inhibitor, AZ3146, for our experiments.

AZ3146 dramatically accelerates mitotic exit at 2 μM, disrupting mitosis

in about 90% of treated cells.30 First, we determined the baseline

mitotic checkpoint strength in AML cell lines by time-lapse

videomicroscopy. We stably expressed H2B-mScarlet to visualize DNA

in three AML lines: K562, Kasumi-1, and MV4-11. We challenged each

cell line with the microtubule poison nocodazole to produce unattached

kinetochores and activate the mitotic checkpoint. Cells with strong

checkpoints arrest in prometaphase for prolonged periods in the pres-

ence of nocodazole. Cells with weak checkpoints, however, exit mitosis

more rapidly. Since the mitotic spindle is disrupted by nocodazole, cells
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often exit mitosis without a discernible anaphase or cytokinesis, termed

“mitotic slippage.” As a control, we imaged cells without the addition of

nocodazole. Without nocodazole, AML cells typically entered anaphase

within about 30 minutes of mitotic entry (Figure S2A). In the presence

of nocodazole, the three AML cell lines demonstrated varying abilities

to sustain a mitotic arrest. K562 cells frequently exhibited a prolonged

arrest (10 hours), characterized by numerous chromosomes failing to

align at the cell midline. In contrast, MV4-11 cells underwent apoptosis

after only several hours of mitotic arrest. Finally, Kasumi-1 cells

exhibited a mixture of sustained arrest and apoptosis (Figure S2A,B and

Videos S1-S4). Importantly, we rarely observed a cell exiting mitosis

after only a brief arrest, consistent with all three cell lines possessing

functional mitotic checkpoints.

Next, we sought a working concentration of AZ3146 sufficient to

silence the mitotic checkpoint and generate chromosome segregation

errors. We challenged AML cell lines with nocodazole for 8 hours to

accumulate cells in prometaphase and titrated in AZ3146 to identify

the concentration that forces mitotic exit. For all cell lines tested, con-

centrations of 2 to 4 μM AZ3146 sufficiently decreased the percent-

age of prometaphase cells by half (Figure S2C).

Next, we asked if AZ3146 treatment enhances CIN in AML cells.

To do so, we performed fluorescent in situ hybridization (FISH) in

cell suspension as previously described.37 The FISH analysis rev-

ealed a baseline variance of 10% in copy number for chromosomes

6 and 8 in untreated K562 cells, suggesting that these cells exhibit

basal levels of chromosome mis-segregation. Importantly, a 24-hour

incubation in 8 μM AZ3146 increased this variation to 30%

(Figure 2A,B). We next performed chromosome analysis on K562

cells challenged with or without 2 μM AZ3146 for 24 hours. Chro-

mosome analysis revealed K562 cells to be mostly triploid with a

common set of structural and numerical abnormalities (Figure 2C-D

and Table S3). Consistent with the FISH results, addition of 2 μM

AZ3146 shifted modal chromosome number (Figure 2C,D). More-

over, it exacerbated the number and type of unbalanced structural

abnormalities observed (Figure 2D-F and Table S3). Combined, our

results indicate that AZ3146 weakens the mitotic checkpoint, exac-

erbating CIN in AML cells.

3.3 | AZ3146 generates lagging chromosomes
followed by micronuclei and DNA damage in AML
cells

Evidence suggests that mitotic errors can cause chromosome break-

age, inducing DNA damage.38 Mechanistically, chromosome breakage

may arise from merotelic attachments. In one model, opposing micro-

tubule forces at the kinetochore tears the underlying chromosomal

DNA.39 In a second model, chromatin is cleaved during cytokinesis,

when the cleavage furrow encounters lagging chromosomes trapped

within the cleavage plane.38 In a third model, DNA in micronuclei is

damaged due to aberrant and incomplete replication in S phase. Fol-

lowing mitosis, γ-H2AX foci are observed at DNA damage

sites.10,40,41

To determine if AZ3146-induced chromosome mis-segregation

produces DNA damage, we probed for γ-H2AX in fixed, synchronized

K562 cells challenged with 4 μM AZ3146 for 24 hours. Compared

with untreated controls, we observed a modest, but significant,

increase in γ-H2AX intensity in AZ3146-treated cells (Figure 3A,B),

indicating that Mps1 inhibition produces DNA damage.

We next sought to link weakened mitotic checkpoint signaling,

chromosome mis-segregation and DNA damage together. To do this,

we monitored mitotic events using time-lapse video microscopy on

K562 cells stably expressing H2B-mScarlet, in the presence or

absence of 2 μM AZ3146. We scored each mitosis for duration, pres-

ence or absence of misaligned or lagging chromosomes during ana-

phase, and presence or absence of micronuclei in daughter cells.

Untreated K562 cells typically progressed to anaphase within

40 minutes of mitotic entry, exhibited a normal anaphase lacking mis-

aligned or lagging chromosomes, and produced 2 daughter nuclei

without additional micronuclei (Figure 3C-E and Video S5). In contrast,

K562 cells challenged with 2 μM AZ3146 typically progressed to ana-

phase within 20 minutes of mitotic entry, frequently exhibited mis-

aligned or lagging chromosomes during anaphase (“abnormal”) and

produced 2 daughter nuclei often accompanied by a micronucleus

(Figure 3C-E and Video S6). In a few cases, we observed resultant

micronuclei from apparently normal anaphases. We interpret these

findings as a failure to identify mis-segregation events with our sam-

pling parameters during imaging. Overall, our findings are consistent

with prior observations of Mps1 inhibition dramatically accelerating

mitotic exit and producing mis-segregation events.30 Moreover, the

results link lagging or misaligned chromosomes to micronuclei forma-

tion in the ensuing interphase. Given the concomitant increase in

DNA damage, we speculate that Mps1 inhibition is generating ana-

phase mis-segregation that leads to micronuclei formation and DNA

damage, although Mps1 is also known to function in DNA repair path-

ways during interphase.42,43

3.4 | AZ3146 activates a type I interferon
response and the JAK-STAT pathway

We next tested the effect of Mps1 inhibition on innate immune

response in AML cell lines. Both DNA damage16 and ruptured micro-

nuclei14,15 activate the cytosolic DNA sensor STING (stimulator of

interferon genes). STING, an adaptor protein, functions downstream

of several DNA sensors, including cGAS, IFI16, and MRE11 in the set-

ting of bacterial or viral infection.44-48 Recent work has demonstrated

that the DNA sensor cGAS can recognize self-DNA exposed in the

cytoplasm and initiate innate immune response.14,15 We did not

observe increased cGAS staining in micronuclei compared with cyto-

plasmic background by fixed immunofluorescence after AZ3146 treat-

ment in AML cells (data not shown).

Binding of cytoplasmic DNA to a DNA sensor triggers the synthe-

sis of the second messenger 2030cGAMP, which binds to and activates

STING. STING then activates transcriptional factors, such as inter-

feron regulatory factor 3 (IRF3) and nuclear factor κB (NF-κB). The

6 JIN ET AL.



translocation of IRF3 and NF-κB into the nucleus induces interferon

stimulated genes (ISGs) and elicits a type I interferon (IFN) response.49

Type I IFN response can stimulate the innate immune system by acti-

vating natural killer cells, macrophages, dendritic cells and T helper

1 (Th1) cells.50

Therefore, we investigated the change in gene expression in a

panel of IFNs and ISGs in AML cells in the presence AZ3146 by

reverse transcription quantitative PCR (RT-qPCR). Expression of IFN-β

and ISGs (IRF3, IRF7, IRF9, OAS1, OAS2, IFI16, IFI27, NLRC5) are sig-

nificantly upregulated in several AML cell lines treated with 2 μM

AZ3146 for 4 days (Figure 4A). Moreover, elevated p-STAT1 in K562

and THP-1 cells challenged with AZ3146 (Figure 4B) indicates

activation of the JAK–STAT pathway. Combined, our results suggest

global upregulation of type I IFN response and inflammatory pathway

induction in response to Mps1 inhibition.

4 | DISCUSSION

4.1 | The relationship between CIN and clinical
outcome

Our findings reveal a wide range of chromosome mis-segregation

frequency in AML bone marrow core biopsies. High CIN correlated
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with complex aneuploidy AML, as expected. Consistent with litera-

tures, patients with complex karyotypes tend to have a shorter

recurrence-free survival compared with patients with simple karyo-

type. However, there was no clear correlation between CIN and

recurrence-free survival or overall survival in our analysis. As we

know, CIN has been associated with adverse clinical outcome and

linked with treatment resistance.17,51 However, the relationship

between CIN and prognosis is complex and may be dependent on

the type of malignancy. In diffuse large B-cell lymphoma, increased

rates of chromosome mis-segregation correlate with inferior

outcome and poor prognosis.52 Conversely, high CIN is associated

with improved patient outcome in ER-negative breast cancer as well

as ovarian, gastric, and nonsmall cell lung cancer.53-55 Our findings

support a model of extremely high chromosome mis-segregation

leads to cell death and tumor suppression, whereas low to moderate

CIN promotes tumorigenesis and is associated with a poorer clinical

outcome.20

One limitation to our results is the small sample size. Some speci-

mens exhibited slower proliferative rates compared with other speci-

mens, which were excluded from our final analysis. Fewer anaphase
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cells may skew the chromosome mis-segregation rate for that specific

sample. It shows that there is an unmet need to develop nonbiased,

less labor-intensive assay to evaluate the CIN.

4.2 | Chromosome mis-segregation leads to DNA
damage, both during interphase and mitosis

Using low micromolar concentrations of AZ3146 to inhibit Mps1, we

successfully weakened the mitotic checkpoint (Figure 2C), generating

chromosome segregation errors in AML cells (Figures 2D,E and 3C-E).

These segregation errors frequently produced micronuclei in the

resulting interphase (Figure 3C-E). Furthermore, we observed

increased γ-H2AX immunofluorescence in interphase cells after Mps1

inhibition (Figure 3A,B), indicating an increase in DNA damage. Cyto-

plasmic double stranded DNA was shown to trigger a robust innate

immune response.

Chromosomal instability is linked with DNA damage.56 Mechanis-

tically, single chromosome mis-segregation may deregulate expression

of hundreds of genes critical to DNA replication and repair.57,58 Repli-

cation stress can generate unreplicated or intertwined chromosomal

segments as well as dicentric chromosomes, leading to anaphase chro-

matin bridges59,60 and further chromosomal instability. Additionally,

micronuclei can undergo delayed DNA replication and replication fork

stalling, with an aggregation of double-stranded DNA breaks due to

replication stress.59 These micronuclei may persist for several cell

cycles, leading to extensive fragmentation of micronuclear DNA and

chromothripsis.

Besides producing DNA damage and replication stress in G1/S

interphase, impaired chromosome segregation can directly generate

DNA breaks during mitosis. In Dido-null murine cells, γ-H2AX foci

appear near merotelically attached kinetochores, suggesting pull-

ing forces from merotelic attachments can tear DNA near the

centromere.61 During cytokinesis, furrow ingression can cause

A

R
e
la

ti
v
e
 f
o
ld

-c
h
a
n
g
e
 m

R
N

A
 e

x
p
re

s
s
io

n
(c

o
m

p
a
re

d
 t
o
 n

o
 t
re

a
tm

e
n
t)

1000

100

10

1

0.1

0

STA
T1

STA
T2

IR
F3

IR
F9

O
AS1

IF
N
-

IR
F7

O
AS2

N
LR

C
5

IF
I1

6

IF
I2

7

1000 265K1PHT

R
e
la

ti
v
e
 f
o
ld

-c
h
a
n
g
e
 m

R
N

A
 e

x
p
re

s
s
io

n
(c

o
m

p
a
re

d
 t
o
 n

o
 t
re

a
tm

e
n
t)

1000

100

10

1

0.1

0

1000

STA
T1

STA
T2

IR
F3

IR
F9

O
AS1

IF
N
-

IR
F7

O
AS2

N
LR

C
5

IF
I1

6

IF
I2

7

R
e
la

ti
v
e
 f
o
ld

-c
h
a
n
g
e
 m

R
N

A
 e

x
p
re

s
s
io

n
(c

o
m

p
a
re

d
 t
o
 n

o
 t
re

a
tm

e
n
t)

1000

100

10

1

0.1

0

1-imusaK11-4VM

STA
T1

STA
T2

IR
F3

IR
F9

O
AS1

IF
N
-

IR
F7

O
AS2

N
LR

C
5

IF
I1

6

IF
I2

7

STA
T1

STA
T2

IR
F3

IR
F9

O
AS1

IF
N
-

IR
F7

O
AS2

N
LR

C
5

IF
I1

6

R
e
la

ti
v
e
 f
o
ld

-c
h
a
n
g
e
 m

R
N

A
 e

x
p
re

s
s
io

n
(c

o
m

p
a
re

d
 t
o
 n

o
 t
re

a
tm

e
n
t)

1000

100

10

1

0.1

0

1000

B

p-Stat1p-Stat1

Stat1

- + - +
K562 THP-1

2 M AZ3146

*

* * * * * * *

* *

* *

* * *

*

* * * * * * * * * *

*

*

*

F IGURE 4 AZ3146 activates a type I interferon response and the JAK-STAT pathway. A, Graphs represent the average relative fold-change
(+/− SD) mRNA expression of selected genes in AML cells after 4 days of 2 μM AZ3146 (n = 3 independent experiments). Dashed lines indicate a
2-fold increase or decrease against untreated control cells. Asterisks indicate genes significantly upregulated or downregulated. B, Immunoblot of
phosphorylated Stat1 (p-Stat) protein expression in AML cells after 4 days with or without AZ3146 [Color figure can be viewed at
wileyonlinelibrary.com]

JIN ET AL. 9

http://wileyonlinelibrary.com


double-stranded DNA breaks to chromatin trapped in the cleavage

plane.10,62

4.3 | Chromosome mis-segregation and
immunogenicity

In our study, chromosome mis-segregation from Mps1 inhibition gen-

erated micronuclei, and induced a robust type I interferon response

(Figure 4A) in a panel of AML cell lines. Endogenous genotoxic events

from radiation and chemotherapy agents can induce DNA damage,

DNA replication stress or oxidative stress. DNA damage induced by

loss of ataxia-telangiectasia mutated (ATM) kinase primes the type I

IFN response via STING.13 Several DNA sensors can act as the

upstream signal to stimulate STING after double-stranded DNA trans-

fection or microbial infection, including cGAS,63 MRE11,47 IFI16,44,46

DNA-PK,64 and DDX41.65 Upon STING activation, a signaling cascade

occurs and leads to induction of type I IFN and ISGs.

Of particular interest, recent data have suggested that cGAS can

bind to cytoplasmic DNA upon micronuclei rupture and initiate type I

IFN in tumor cells.14,15 We investigated if cGAS is involved after

AZ3146 treatment in AML cells; however, elevated cGAS staining

above background levels is not observed in K562 and Kasumi-1 cells. It

is possible that another upstream DNA sensor initiates the type I IFN

response in AML cells, likely due to the different cellular context.

4.4 | The type I IFN pathway in AML

We observe robust interferon gene upregulation following Mps1 inhi-

bition in K562 and THP-1 AML cell lines, with a modest effect

observed in MV4-11 cells. Recent data indicate that chemotherapy

agents induce type I IFNs and ISGs and stimulate immunity through

transcriptional modulation in peripheral blood mononuclear cells.66

Notably, tumors lacking a type I IFN response are resistant to chemo-

therapy, unless type I IFN is supplied.67 There is a rationale for the

use of type I IFN to treat AML.68-70

Type I IFNs (primarily α and β) stimulate proliferation in primary

human cells, but arrest growth and/or induce apoptosis in neoplastic

cells.71-73 In addition, type I IFNs activate a variety of immune cells, and

promote antigen presentation and improve antibody/T-cell responses

and soluble antigen/memory T-cell responses.74-76 Therefore, our study

provides evidence for the immunostimulating effect of high CIN in AML.

In summary, we find that Mps1 inhibition with AZ3146 causes

chromosome segregation errors and induces DNA damage and subse-

quent type I IFN response. Immunomodulation of IFN response in the

bone marrow leukemia microenvironment remains incompletely

understood, but the addition of an Mps1 inhibitor may potentiate the

effects of immunotherapy in AML.
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