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Abstract

Chromosome instability, or CIN, defined as a high frequency of whole chromosome gains and
losses, is prevalent in many solid tumors. CIN has been shown to promote intra-tumor
heterogeneity and correspond with tumor aggressiveness, drug resistance and tumor relapse.
However, whether CIN promotes the acquisition of genomic changes responsible for drug
resistance remain unclear. Here we assess the role of CIN in the acquisition of drug resistance
in non small cell lung cancer. We show that impairment of centromeric cohesion underlies the
generation of whole chromosome segregation errors and CIN in non small cell lung cancer cells.
Further, we demonstrate that centromere-specific enhancement of chromosome cohesion
strongly suppresses CIN and reduces intra-tumor heterogeneity. We demonstrate that
suppression of CIN has no impact on NSCLC cell proliferation in vitro nor in tumor initiation in
mouse xenograft models. However, suppression of CIN alters the timing and molecular
mechanism that drive acquired drug resistance. These findings suggest mechanisms to
suppress CIN may serve as effective co-therapies to limit tumor evolution and sustain drug

response.
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Introduction

Whole chromosome instability (CIN), defined as a persistently elevated rate of chromosome
mis-segregation, is generated by underlying defects in mitosis[1, 2]. The aneuploid chromosome
content that results from mitotic segregation errors promotes intra-tumor heterogeneity and is a
driving force in cancer that contributes to tumor evolution and drug resistance [1-5].
Chromosome segregation is exquisitely sensitive to the regulation of dynamic microtubule
attachments and defects that either increase or decrease the stability of microtubule
attachments can corrupt mitotic fidelity and contribute to CIN [6, 7]. Conversely, perturbations
that reduce CIN are proposed to limit acquired drug resistance and may hold therapeutic

potential.

Aurora B kinase is a master regulator of kinetochore-microtubule dynamics during mitosis. Its
overexpression is common in many cancer contexts and recent analyses of over 10,000 cancer
genomes from the Cancer Genome Atlas shows that, across cancer subtypes, Aurora B
expression corresponds with degree of aneuploidy [8]. Increased expression of Aurora B also
correlates with poor patient prognosis in a variety of cancer contexts [9]. Aurora B is a
component of the Chromosome Passenger Complex (CPC). The CPC localizes to the
centromere where Aurora B kinase activity regulates localization and activity of numerous
kinetochore components involved in binding and stabilizing kinetochore microtubule
attachments, thereby promoting satisfaction of the spindle assembly checkpoint and regulating
chromosome segregation [10]. Consistent with this function, both decreased and increased

Aurora B centromere activity results in chromosome segregation errors [11-16].

The cohesin complex is loaded onto chromatin concurrent with replication and functions to hold
replicated sister chromatids together, termed cohesion, prior to anaphase onset. This role for

cohesin is important to ensure proper attachment of replicated sisters such that each chromatid
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attaches to microtubules emanating from opposite poles of the mitotic spindle. Here we
demonstrate that Aurora B is negatively regulated by cohesin such that global or centromere-
specific enhancement of cohesion reduces centromere-localized Aurora B. In a panel of non
small cell lung cancer (NSCLC) cell lines, where Aurora B is overexpressed and rates of
chromosome segregation are high, enhancement of centromere cohesion is sufficient to reduce
Aurora B at centromeres, minimize genomic heterogeneity and limit whole chromosome
amplifications, without altering cell proliferation. We additionally find that suppression of CIN
limits acquired drug resistance both in vitro and in vivo, and that sustained CIN is rate limiting

for tumor relapse.

Materials and Methods

Cell culture, protein expression and depletion

PC9, H1299, and A549 (ATCC) cells were grown in RPMI1640 (Gibco) medium supplemented
with 10% fetal bovine serum (Sigma) and 1% penicillin/streptomycin (Gibco). hnTERT-RPE-1
(RPE) (ATCC) cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) supplemented
with 10% fetal bovine serum (Sigma) and 1% penicillin/streptomycin (Gibco). All cells were
cultured at 37°C and 5% CO2. High resolution immunofluorescence imaging with DNA stain
(DAPI) is used to monitor and confirm cell lines are free of Mycoplasma contamination. For
short term knock down of targets, 50nM pool siRNAs (non-targeted pool or a pool of 4 siRNAs
to Wapl (Dharmacon-ON-TARGETplus Human Wapl siRNA-SMARTpool) were transfected
using RNAiMax (ThermoFisher) transfection reagent according to the manufacturer’'s
instruction, or alternatively infected with a lentiviral construct containing an shRNA hairpin for
constitutive (pLK0.1-Puro) or doxycycline inducible (tet-pLKO-Puro) depletion. Stable hairpin-
expressing clones were selected with Puromycin for 7-10 days. Induced depletion was achieved

by the addition of 2ug/ml doxycycline for a minimum of 48 hours. Expression of a centromere
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targeted GFP-sororin (CEN-Sororin-GFP) was achieved by sub-cloning human Sororin cDNA
into the CENP-B DBD INCENP GFP vector (45237, Addgene) using Nhe1/BamH1. Expression
vectors were transfected using Lipofectamine 3000 (Invitrogen) according to manufacturer’s

instructions and stable integrations selected with G418 for 7-10 days.

For quantification of mMRNA expression levels for Wapl, Aurora B, EGFR, Slug, Vimentin and
MET expression in cell lines, drug tolerant clones, or tumors following Gefitinib treatment with or
without Wapl depletion, RNA was extracted from cell lines or frozen tumors using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions. Complementary DNA was synthesized
from 2ug of total RNA using Superscript First-Strand Synthesis System (Invitrogen) and random
hex primers. Gene expression was determined by using the AA cycle threshold method
normalized to GAPDH. Primer sequences used for gRT-PCR can be found in Supplemental
Table 1. Samples were run as technical duplicates and the experiment performed in 3 biological
replicates. Data presented represents average and standard deviation between biological

replicates. A students’ 2-tailed t-test was used to determine statistical significance.

To assess protein levels, whole cell extracts were prepared using 2x Laemmli buffer (Sigma
Aldrich) with p—Mercaptoethanol. Protein concentrations were normalized to total cell number
and samples run on an SDS-PAGE gel. Proteins were transferred to PVDF membrane
(Millipore) and membranes blocked in 1XTBST supplemented with 5% milk powder. Antibodies
were diluted in 1XTBST/5% milk (phospho EGFR (Cell Signaling), total EGFR (Cell Signaling),
total MET (Cell Signaling), total ERK (Cell Signaling), WAPL (Bethyl), Aurora B (BD
Biosciences), Histone H3 (Abcam), and alpha-tubulin (Santa Cruz)) or 1xXTBST/5%BSA
(phospho MET (Cell Signaling), phospho ERK (Cell Signaling)) and incubated at 4° overnight.

Membranes were washed in 1XTBST and incubated 1h in corresponding secondary antibody
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(rabbit, mouse: GE Healthcare), washed in 1xTBST buffer and developed using ProSignal Pico

(Prometheus).

Immunofluorescence and Fluorescence in situ hybridization

Cultured cells or single cell suspensions derived from tumors were grown on coverslips fixed,
and stained for Aurora B (BD Biosciences), ACA (Antibodies Inc), tubulin (Santa Cruz), and
GFP (Abcam) as previously described [17]. Fluorescence in situ hybridization with centromeric
probes and quantification of numerical heterogeneity was performed as previously described in
[18] using alpha satellite-specific probes for chromosomes 2,6,7,8 and 10 (Cytocell). For FISH
from tumors, single cell suspensions were made by gently grinding tumors between two glass
slides and culturing with continued drug treatment for 3-5 days. Cells were then collected and
processed as above. Clonal Numerical Heterogeneity (NH) of a population was determined by
scoring >300 cells per clone/tumor for copy number for chromosome probe (assessed in pairs)
to determine the modal copy number, and the fraction of cells deviating from that number (i.e.
the numerical heterogeneity). A given copy number with greater than 20% prevalence in a
population was considered too be stable subclone and not included in the numerical
heterogeneity score. Data is represented for individual chromosomes, or alternatively, as
average NH across all chromosomes for a given sample. A students’ 2-tailed t-test was used to

determine statistical significance.

Images were captured using a Zyla sCMOS camera mounted on a Nikon Ti-E microscope, with
a 60X Plan Apo oil immersion objective and capturing 0.3 um z-stacks. To assess centromeric
Aurora B levels, NIS-elements Advanced Research software was used to perform line scans in
a single focal plane through individual ACA-stained kinetochore pairs where interkinetochore
distance is represented by the distance between ACA peaks, and the area under the curve in

the Aurora B-stained channel indicates centromere/kinetochore-localized Aurora B. For


https://doi.org/10.1101/2020.07.10.197350
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.10.197350; this version posted July 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

interkinetochore distances and Aurora B localization a minimum of 3 kinetochore pairs per 30
cells, per condition (90 kinetochore pairs/condition) were measured in each of 3 biological
replicates. Anaphase defects were assessed in a minimum of 30 cells per condition, in each of 3
biological replicates. Data presented represents average and standard deviation between
biological replicates. A students’ 2-tailed t-test was used to determine statistical significance.
For figure generation, images were prepared using NIS Elements deconvolution software and

represented as projections of 5 central plains. Insets represent a single focal plane.

Growth and survival analyses

Proliferation rates of PC9 clones stably expressing a doxycycline inducible construct to target
Wapl for depletion were plated in 6 well dishes at 5x10* cells per well in the presence or
absence of 2 ug/ml doxycycline. Cells were collected and counted for 5 consecutive days using
a Luna Il Automated Cell Counter. Anchorage-free proliferation assays were performed in PC9
cells with or without constitutive shRNA-depletion of Wapl. 4 x 10* cells were mixed with 0.4%
agarose in growth medium (RPMI 1640 supplemented with 10% FBS, 1%
penicillin/streptomycin), plated in a 6 well dish containing a solidified layer of 0.5% agarose in
growth medium and placed at 4° for 15 minutes to allow solidification. Cells were fed once a
week with 2% agarose in growth medium. At 4 weeks colonies were imaged and counted. Data
presented represents average and standard deviation between three biological replicates. A

students’ 2-tailed t-test was used to determine statistical significance.

To determine cell viability PC9 cells carrying an inducible shRNA construct to deplete Wapl
were plated in 96 well dishes at 3000 cells per well and treated with or without 2ug/ml
doxycycline (Sigma) in addition to treatment with either DMSO or 0.2uM, 0.4uM, 0.6uM, 0.8uM,

1.0uM or 1.2uM Gefitinib (Selleckchem). Cells were cultured for 3 days and viability was
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assessed using Presto Blue (Invitrogen). Absorbance values were normalized to the untreated
control. Each condition was plated in technical triplicate and the entire assay was performed in 3
biological replicates. Data is represented as average and standard deviation between biological
replicates. A students’ 2-tailed t-test was used to determine statistical significance. For in vitro
drug tolerance assays 1x10* PC9 shWapl cells were plated in a 10 cm dish with or without
2ug/ml doxycycline. Cells were then treated with 1uM Gefitinib (Selleckchem). Growth medium
containing drug was replaced twice per week. At 2 and 4 weeks cells were washed in 1xPBS
and fixed and stained with 0.5% (w/v) crystal violet (Gibco) in 25% methanol (v/v) (Sigma) for 30
min, rinsed 3 times with water, dried and colonies were counted. Data presented represents
average and standard deviation between three biological replicates. A students’ 2-tailed t-test

was used to determine statistical significance.

In vivo tumor growth and relapse assays

Eight-week old male and female Crl:NU-Foxn1" mice (stock #088) were purchased from
Charles River Laboratory and maintained in a pathogen-free facility. All animal experiments
were performed in accordance with institutional regulations after protocol review and approval

by Worcester Polytechnic Institute’s Institutional Animal Care and Use Committee.

For in vivo growth assays, three cohorts of 5 mice each were injected subcutaneously in the
flank with 5x10° PC9 cells. 2 cohorts received PC9 cells expressing a tetracycline-inducible
shWapl expression construct. One of these two cohorts was administered 2 ug/ml doxycycline
in the drinking water. All three cohorts were monitored daily and tumor size measured 3x/week.
Mice were humanly sacrificed, and tumor tissue collected when tumor volume reached 300mm?.
For tumor relapse studies, tumor xenografts were generated as described above in 40 mice.

Xenograft tumor formation was observed in 38 mice. Once tumors reached a size of 300mm?
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mice were randomized equally into a minus or plus doxycycline group. All mice were given
50mg/kg Gefitinib (Selleckchem) by oral gavage following a 5 day on and 2 day off cycle. Mice
were monitored daily and tumor size measured 3x/week to monitor tumor regression and
relapse. Once relapsed tumors reached a size of 300mm? mice were humanly sacrificed, tumors

harvested and frozen or cultured for subsequent experimental analysis.

EGFR sequencing

Total RNA was isolated from primary mouse tumors using Trizol (Invitrogen). cDNA was
transcribed with Superscript First-Strand Synthesis System (Invitrogen) and used as template
for subsequent PCR based studies. EGFR was amplified by PCR and products were cloned into
a TOPO TA cloning vector (Invitrogen), transformed into bacteria and the inserts from individual

clones sequenced. Primers are listed in Supplemental Table 1.

Results

Chromosome segregation errors in NSCLC cells are sensitive to cohesion regulation
Work from our group and others has demonstrated that compromised chromosome cohesion
promotes mitotic segregation errors. [19, 20]. To test whether defects in chromosome cohesion
may similarly underlie segregation errors and CIN in NSCLC cells, we first identified a panel of
NSCLC cell lines that exhibit mitotic defects and chromosome copy number heterogeneity
consistent with CIN (A549, H1299, and PC9; [18], Figure 1 and Supplemental Figure 1A & B).
Enhancement of chromosome cohesion was achieved using si- and sh-RNA approaches to
deplete Wapl, a well-characterized negative regulator of the cohesin complex [21] (Figure 1A &
Figure 2). Wapl is associated with the cohesin complex and regulates its dynamic association
with chromatin throughout the cell cycle [22]. Wapl depletion blocks cohesin complex
dissociation from chromosomes during early mitosis. We used immunofluorescence imaging of

metaphase cells to identify and measure inter-kinetochore distances as a readout of functional
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centromere cohesion. This demonstrated that Wapl knockdown (Wapl KD) enhanced cohesion,
as evidenced by a statistical reduction in interkinetochore distance (Figure 1B & C). We then
assessed mitotic fidelity in these cells. We demonstrate that enhancement of chromosome
cohesion, via Wapl depletion, is sufficient to reduce the incidence of lagging chromosomes

during anaphase (Figure 1D & E).

Frequent high rates of whole chromosome segregation errors during mitosis contribute to
genomic heterogeneity within a cell population that can be assessed using FISH-based
approaches to measure population-level numerical heterogeneity (NH) for individual
chromosomes. To assess if enhanced cohesion and reduction of anaphase defects is sufficient
to suppress CIN, PC9 cells were engineered to constitutively express one of two different
shRNA hairpin constructs designed to target Wapl mRNA for depletion. Single cell clones were
derived from parental and Wapl-deficient PC9 cells and analyzed for NH. Individual clones
derived from PC9 cells expressing an empty PLKO.1 vector exhibit NH values of 18-31% for
chromosome 6, and up to 20-40% for chromosome 2. NH for both chromosomes was reduced
~2-3-fold in Wapl-deficient PC9 cell clones (chromosome 6: 3-12%, chromosome 2: 5-24%)

(Figure 1F), indicating that enhanced cohesion is sufficient to suppress CIN.

Centromere localization of the mitotic Aurora B kinase is limited by cohesion.

Aurora B kinase, an important regulator of mitotic chromosome segregation and the mitotic
spindle assembly checkpoint, is commonly overexpressed in non small cell lung cancer where
CIN is also prevalent [23-25]. Our data confirm that global Aurora B protein levels are
dramatically higher in our panel of NSCLC cell lines than in a similarly proliferative epithelial cell
line (RPE) (Figure 2A). To test the hypothesis that Wapl depletion suppresses CIN by mitigating
high Aurora B levels or activity, western blot and immunofluorescence assays were employed to

assess global and centromere-specific Aurora B levels in the presence and absence of Wapl.

10
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We find that depletion of Wapl does not alter high Aurora B levels in these cell lines (Figure 2A),
but instead perturbs Aurora B localization such that centromere-localized Aurora B levels in all
three NSCLC lines is reduced by ~50% when Wapl is depleted (Figure 2B & C). Together, these

data support a model whereby increased Aurora B activity underlies CIN in NSCLC cells.

In addition to its role in mitotic chromosome cohesion and centromere regulation, the cohesin
complex also functions in gene regulation and nuclear architecture throughout the cell cycle.
Therefore, to specifically assess the role of centromere cohesion in regulating CIN in NSCLC,
we employed a centromere-targeted Sororin fusion protein. Sororin is a positive regulator of
cohesion and its targeted localization to centromeres has been demonstrated to enhance
cohesin complex enrichment specifically at the centromere [26, 27]. In these experiments, GFP-
tagged Sororin was targeted to centromeres through a fusion to the DNA binding domain of
CENTtromere Protein B (CENPB). CENPB binds specifically to a DNA sequence found at and
near centromeres [28-30] and the Sororin fusion protein (CEN-Sororin-GFP) is efficiently
targeted to mitotic centromeres in the H1299 cell line (Figure 2D). Consistent with its role in
enhancing centromere cohesion, expression of CEN-Sororin-GFP reduces inter-kinetochore
distance (Figure 2D & E). Similar to Wapl depletion, CEN-Sororin-GFP expression also results
in a decrease in centromere Aurora B levels (Figure 2D & F). Together these data suggest
Aurora B localization at centromeres is not dependent on Wapl activity per se but is instead

generally sensitive to enhanced centromere cohesion.

Suppression of CIN limits drug tolerance in NSCLC cells.

Activating mutations within the EGFR gene that drive tumor cell proliferation are present in
nearly a quarter of all NSCLCs [31]. Patients with such mutations are commonly treated with
EGFR tyrosine kinase inhibitors (TKIs) [32]. However, the majority of patients treated with

EGFR TKiIs ultimately develop resistance with nearly 60% of resistant or relapsed tumors
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exhibiting resistance-conferring mutations in the EGFR gene, making this the most frequent
mechanism of EGFR TKI resistance [33]. PC9 cells exhibit an activating deletion in exon 19 of
EGFR that drives cell proliferation and renders them sensitive to EGFR TKis [34]. Like tumors in
patients, these cells commonly acquire resistance to EGFR TKils via acquisition of a secondary
Threonine to Methionine mutation in EGFR (T790M) [33]. While CIN in NSCLC, and other
cancer contexts, has been correlated with acquired drug resistance [5, 23, 35], the impact of

CIN on mutation-based mechanisms of acquired drug resistance remain unclear.

Drug response is sensitive to cell proliferation rates and the impact of aneuploidies that result
from CIN have alternatively been demonstrated to promote tumor cell growth or to reduce
proliferative capabilities [36, 37]. Therefore, we first assessed proliferative capacity of PC9 cells
with and without constitutive CIN/Wapl depletion (Mock and Wapl KD, respectively). First,
doubling times were measured for clonal PC9 cells engineered to express a tetracycline-
regulated shWapl hairpin with and without induction of hairpin expression. Importantly, in all
clones tested, proliferation rates with or without Wapl depletion, when grown in the absence of
TKI treatment, were comparable (Figure 3A). Similarly, anchorage independent colony
formation assays of growth in soft agar revealed similar colony number and size, irrespective of
Wapl/CIN status (Figure 3B & C), indicating that suppression of CIN alone does not alter drug

naive PC9 cell growth.

Next we assessed the response of cells, with and without Wapl depletion, to the EGFR TKI
Gefitinib. EGFR activity results in phosphorylation of EGFR and downstream targets (such as
ERK) and promotes cell proliferation. Western blot and viability assays indicate that PC9 cells
with either mock or induced Wapl depletion are initially similarly responsive to Gefitinib: both
populations show dramatic reduction of EGFR-dependent phosphorylation (phospho EGFR:

Tyr1068 & phospho ERK: Tyr 202/Tyr 204) and similar dose-dependent reduction in viability

12
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following short term exposure (Figure 3D & E). Nevertheless, following 4 weeks of continuous
treatment with a sub-lethal dose of Gefitinib drug-tolerant cells slowly form colonies that can be
detected with crystal violet stain (Figure 3F). In contrast, following long-term exposure to
Gefitinib, Wapl depleted PC9 cells exhibit a dramatic reduction in the number and size of drug
tolerant colonies that arise while under TKI treatment (Figure 3F & G). These data suggest that

CIN promotes acquisition of drug tolerance to permit continued proliferation.

Chromosome Instability informs mechanism of TKI drug resistance.

To better understand the relationship between CIN-dependent genomic changes that may
promote or permit resistance to drug therapy we characterized four drug-tolerant clones from
each population exposed to long-term Gefitinib treatment. Clones were selected and expanded
under culture conditions that maintained 1uM Gefitinib and mock or induced Wapl depletion, as
appropriate. Importantly, in both Wapl-depleted and Wapl-proficient contexts, drug tolerant PC9
cells that persist following long term exposure to Gefitinib continue to exhibit features consistent
with Wapl status: single colonies derived from Mock-depleted cells have frequent anaphase
defects and a high measure of NH while Wapl-depleted cells have reduced anaphase defects

and less numerical heterogeneity (Figure 4A-C, Supplemental Figure 2A & B).

Cells that acquire tolerance or resistance to TKI activity do so by restoring or bypassing EGFR
kinase function to activate downstream pathway components and promote proliferation [33].
Although the emergence of drug tolerant clones is decreased significantly by Wapl depletion,
molecular characterization of EGFR pathway function indicates that drug tolerant clones that do
arise from both Mock- and Wapl-depleted populations similarly exhibit phosphorylation of ERK,
a downstream target in the EGFR pathway (Figure 4D). In contrast, Wapl-depleted PC9 clones,
but not Mock-depleted PC9 clones, additionally exhibit EGFR auto phosphorylation (Figure 4D).

This phosphorylation is dependent on EGFR kinase activity and suggests drug-tolerant clones
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that lack CIN (Wapl KD) primarily arise through the acquisition of resistance-conferring
mutations that impair TKI binding, while clones that sustain CIN (Mock) likely exploit other

mechanisms of drug tolerance [31-33, 38].

Alternative pathways reported to promote TKI resistance in NSCLC include amplification of
EGFR, amplification of the receptor tyrosine kinase MET [38], and/or activation of epithelial to
mesenchymal transition (EMT) [39-41]. To understand if these alternative pathways could
explain tolerance of Mock- depleted PC9 clones to Gefitinib treatment, we first assessed copy
number of chromosome 7, on which both EGFR and MET genes are located. Drug naive PC9
cells have a modal copy number of four for chromosome 7, as do drug tolerant Wapl-depleted
clones. In contrast, nearly 60% of drug tolerant Mock-depleted cells have >8 copies of
chromosome 7 (modal copy number in parental PC9 cells is 4; Supplemental Figures 1A, 2A &
2B). Nevertheless, protein and activation (phosphorylation) levels of EGFR and MET kinase
show no increase over that seen in drug naive PC9 cells (Figure 3D and Figure 4D & E) to
suggest either of these as a mechanism for resistance. We next looked at expression of key
EMT transcription factor SLUG and found it to be upregulated 2-fold in 3 out of 4 Mock-depleted
clones, but not in any of the Wapl-depleted clones (Figure 4E). The gene that encodes for
SLUG, SNAI2, is located on chromosome 8p, adjacent to the centromere. In support of a model
whereby CIN influences the mechanism of TKI resistance, single cell analysis of chromosome 8
copy number indicates that the same 3 Mock-depleted clones with increased SLUG expression
also exhibit amplification of chromosome 8 (Figure 4C and Supplemental Figure 2A). Consistent
with SNAI2 amplification and increased Slug expression, Vimentin, a widely used marker of
EMT and a Slug target gene is also increased 2 to12-fold in Mock-depleted clones (Figure 4E).
Together these data suggest that CIN influences the mechanism of acquired drug resistance.
Without CIN, mutation-driven mechanisms of drug resistance dominate, but the acquisition of

such mutations are slow, particularly in drug treated populations with limited proliferation and as
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a result drug resistant colonies are slow to emerge. Through whole chromosome gains and
losses hundreds to thousands of genes may become mis-regulated in a single cell division. In
this way CIN has the capacity to promote cellular changes that are selected for and that

contribute to drug tolerance.

Wapl depletion is sufficient to suppress CIN in vivo

To assess how cohesion-dependent suppression of CIN impacts tumor initiation and growth in
vivo, PC9 cells with or without a tetracycline-inducible shWapl construct were injected
subcutaneously into the flanks of nude mice to generate 3 cohorts: one with parental PC9 cells,
and two with PC9 cells that harbor the inducible shWapl construct (Figure 5A). One cohort of
PC9 shWapl mice then received doxycycline in the drinking water to induce expression of the
Wapl-targeting hairpin throughout the duration of tumor initiation and growth. The cohort
injected with the PC9 parental cell line similarly received doxycycline in the water as a negative
control. Tumor initiation was comparable in all three cohorts of mice, as was rate of tumor
growth (Figure 5B, Supplemental Figure 3A). To confirm the efficiency of Wapl depletion and
the suppression of CIN in response to doxycycline treatment in vivo, tumors from mice in each
cohort were excised when they reached 300cm?® and subjected to analysis. Quantitative PCR
analyses confirm that depletion of Wapl mRNA and protein levels were achieved and sustained
during tumor initiation in response to doxycycline (Figure 5C). Consistent with in vitro assays,
cells derived from Wapl-deficient tumors exhibit fewer anaphase defects (Figure 5D) and less
intra-tumor chromosome numerical heterogeneity (Figure 5E). Together these data indicate that
suppression of CIN in NSCLC cells is not in itself sufficient to limit tumor initiation and growth in

Vivo.

CIN is a driver of drug resistance in vivo
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To test the role of CIN in tumor relapse, the xenograft model described above was used to
establish mice that harbored inducible PC9 shWapl tumors. Once tumors reached a volume of
300mm?3, mice were put on a 5 days on, 2days off (5+2) regimen of 50 mg/kg Gefitinib treatment
and randomly assigned to two cohorts- one received doxycycline in the drinking water to induce
Wapl depletion concurrent with Gefitinib treatment, the other did not (Figure 6A). Both cohorts of
mice exhibited similar initial response to Gefitinib, with all tumors exhibiting >50% recession
within 2 weeks. In the 100 days following initial tumor recession mice were sustained on a 5+2
drug regimen. During this time 37% (7/19) of Mock-depleted tumors and 21% (4/19) of Wapl
depleted tumors relapsed. Relapse of Wapl depleted tumors was delayed by nearly 3 weeks
compared to those without induced Wapl depletion (66 days vs 46 days for Mock depleted
tumors) (Figure 6B & C, Supplemental Figure 3C). A similar frequency of the TKI resistance-
conferring EGFR T790M mutation was detected in relapsed tumors from both cohorts (Figure
6D & E). Interestingly, anaphase defects were similarly prevalent in all relapsed tumors,
regardless of cohort, indicating a selective pressure to maintain CIN during acquisition of drug
resistance (Supplemental Figure 3B). Consistent with this, all residual/non-relapsed tumors
analyzed from the Wapl depleted cohort sustained Wapl depletion while those that relapsed
expressed Wapl at levels comparable to the Mock-depleted cohort (Figure 6F). These data
support a model whereby re-establishment of Wapl expression/CIN, or expansion of clones that
fail to silence Wapl/sustain CIN, is limiting for acquired drug resistance and tumor relapse

(Figure 7).

Discussion

Clonal mutations that enable resistance to targeted or chemotherapeutic approaches pose a
clinical challenge and remain a major cause of death in many cancer types [42]. Clinically and
experimentally, the degree of intra-tumor genomic heterogeneity, and underlying defects in

mitotic cell division have been functionally linked to tumor evolution, drug resistance, and
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metastasis [3, 4, 43, 44]. In the context of NSCLC, identification of driver mutations in EGFR
and the initial clinical success of TKI treatment has been hampered by rapid and prevalent
acquisition of drug resistance [31]. Here, we present mechanistic evidence that, in the context of
NSCLC, CIN may arise from mis-regulation of cohesin-sensitive Aurora B kinase activity at
centromeres and that subsequent chromosome amplifications contribute to a high incidence of
acquired resistance to targeted therapy. The reduction in emergence of drug tolerant clones
following experimental suppression of CIN demonstrate that whole chromosome copy number
changes create a favorable environment for continued proliferation while resistance-conferring
EGFR mutations are attained. Consistent with this, we find that a selective pressure exists in
vivo to maintain or re-establish CIN to facilitate robust acquisition of drug resistance and tumor

relapse (Figures 6 & 7).

Whole chromosome segregation errors enable tumor evolution and drug resistance

Our analysis examined isogenic PC9 cells that primarily differ, at least initially, in their CIN
status. Our results indicate that CIN contributes to drug resistance by allowing for the generation
of whole chromosome amplifications that harbor key drug tolerance genes (like EGFR, MET,
and SNAI2/SLUG) and promote continued proliferation in the presence of TKI. In the absence of
an increased mutation rate, this continued proliferation is key to enable the acquisition of
replication-dependent mutations that confer robust drug resistance and tumor relapse. Such
adaptive mutability may be particularly relevant to the mis-segregation and subsequent
selection for amplification of chromosome 7, which contains both MET and EGFR genes.
Increased EGFR gene copy number both promotes proliferation [33] and, by virtue of having
more EGFR gene templates for replication-acquired mutation, increases the apparent mutability
of individual cells [45]. These findings are consistent with pervious studies showing selective

pressure for cancer cells to sustain CIN [46, 47].
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High mutation rates may preclude the need for CIN in acquired drug resistance.

In the absence of CIN, resistance is limited to the clonal amplification of cells with pre-existing
amplifications or mutations, and those that acquire chromosome ampilifications through rare
segregation errors. An increase in mutation rate may negate the need for CIN by increasing the
frequency at which resistance-conferring mutations are generated in each cell cycle. Consistent
with this view, high mutation rates and CIN have been found to be mutually exclusive in various

cancer contexts [48].

CIN as a therapeutic target

Similar to what we demonstrate here, work from other groups has shown that presence of CIN
can promote acquisition of drug resistance and is a mechanism to evade oncogene addition [5,
46]. Our data additionally show that suppression of segregation errors in cancer contexts is
achievable and that reduction of CIN can limit mechanisms of acquired drug resistance. Indeed,
due to its role in regulation of chromosome segregation, Aurora B is a provocative drug target
and its inhibition has recently been shown to be efficacious in limiting proliferation of TKI-
resistant NSCLC cells [49]. Together these data propose that pathways that promote CIN may
serve as valuable drug targets, alone, or as co-therapies to enhance or prolong response to

targeted therapeutic approaches.
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Figure 1: Wapl depletion suppresses CIN in NSCLC cells A) gPCR analysis of Wapl levels in
control (Mock) and Wapl-depleted (Wapl KD) NSCLC cells. B & C) Representation and
quantification of inter-centromere distances in PC9 cells with and without Wapl depletion. A
minimum of 90 kinetochore pairs were measured (3/cell for 30 cells), for each of 3 biological
replicates. Insets are of individual kinetochore pairs at 4x magnification. Scale bar is 5um. D &
E) Representation and quantification of anaphase lagging chromosomes in NSCLC cells with
and without Wapl depletion. White arrow heads indicate individual lagging chromosomes in a
PC9 anaphase cell. A minimum of 30 anaphase cells were scored per population for each of 3
biological replicates. F) Quantification of chromosome copy number heterogeneity (NH) in clonal
populations of PC9 cells carrying an empty expression vector (pLKO.1) or one of two different
shRNA constructs targeting Wapl for depletion (Wapl KD #1 and #2). Chromosome copy
number was scored in a minimum of 300 cells for 5 clonal populations of each condition. Here
and throughout *: p< 0.05, **: p<0.01; ***: p<0.001.
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Figure 2: Aurora B in NSCLC cells is overexpressed and sensitive to centromere
cohesion. A) Western blot analysis of Aurora B and Wapl levels in control (C) and Wapl-
depleted (W) NSCLC cells. B & C) Representation and quantification of Aurora B levels at the
centromere of NSCLC metaphase cells with (Wapl KD) and without (Mock) Wapl depletion. D-F)
Representation and quantification of centromere cohesion and Aurora B levels at the
centromere of control H1299 cells (Mock), and those expressing a centromere-targeted Sororin
construct (CEN-Sororin-GFP). Scale bar is 5um. A minimum of 90 kinetochore pairs were
measured (3/cell for 30 cells), for each of 3 biological replicates. Scale bars are 5um.
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Figure 3. Suppression of CIN limits drug tolerance without compromising cell
proliferation. A) Doubling times of 4 individual PC9 shWapl clones constitutively depleted of
Wapl (Wapl KD) or not (Mock). B & C) Representation and quantification of average colony
number formed by control (PLKO.1) and Wapl depleted (Wapl KD#1 & #2) cell lines cultured
under anchorage-free conditions. D) Total and phosphorylated levels of EGFR and ERK in PC9
cells with mock and induced Wapl depletion following 2h exposure to 1uM Gefitinib. E) Cell
viability following 3 days exposure to indicated concentrations of Gefitinib in mock and Wapl-
depleted PC9 cells. F & G) Crystal Violet staining and quantification of emergent drug tolerant
colony numbers following extended culture in media with 1uM Gefitinib. All experiments were
performed in biological triplicate.
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Figure 4: Suppression of CIN influences mechanisms of drug tolerance. A) Quantification
of anaphase cells exhibiting lagging chromosomes in clonal populations of drug tolerant cells
with (Wapl KD) or without (Mock) Wapl depletion. B & C) Gefitinib-tolerant PC9 cell clones
derived with or without Wapl depletion labelled with centromere enumeration FISH probes for
chromosomes 6, 7, 8, and 10 and quantified for intratumor numerical heterogeneity. D) Western
blot showing Wapl levels and EGFR pathway status in four each of mock and Wapl-depleted
drug tolerant clones. E) gPCR analysis of mRNA levels indicative of EMT pathway activation
(slug, vimentin) and MET expression in mock and Wapl-depleted drug tolerant clones.
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Figure 5. Wapl depletion is sufficient to suppress CIN in vivo. A) Diagram of experimental
set up: PC9 cells carrying an inducible shWapl construct were injected into the flanks of mice.
Doxycycline was administered in the drinking water of one cohort to induce Wapl depletion and
tumor initiation and growth were monitored. B) Measures of tumor volume, through duration of
initial growth of tumors with (Wapl KD) or without (Parental, Mock) depletion of Wapl. C) g°PCR
analysis of Wapl mRNA levels in tumors at 3 weeks of growth. D) Quantification of anaphase
lagging chromosomes in cells derived from mock and shWapl-depleted tumors. Graphs in B-D
reflect average values and standard deviations from 4 independent tumor populations per
condition. E) Tumor cells labelled with centromere enumeration FISH probes for chromosomes
6, 7, 8, and 10 and quantified for intratumor numerical heterogeneity.
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Figure 6. CIN is a driving force for acquired drug resistance. A) Diagram of experimental
set up: PC9 cells carrying an inducible shWapl construct were injected into the flank of the mice.
Once tumors reached 300mm? mice were split into two cohorts- one was administered
doxycycline in drinking water to induce Wapl depletion concurrent with Gefitinib via oral gavage,
the other received Gefitinib alone. All mice were monitored for initial tumor recession and
relapse. B & C) Time to relapse of tumors with uninduced (n=19) and induced Wapl depletion
(n=19). Red lines indicate tumors that relapsed in this time frame, gray lines indicate those that
remained responsive to treatment. Shaded box indicates the minimum relapse free response to
Gefitinib in each cohort. D and E) Visualization and quantification of C - T mutation that results
in the T790M mutation in EGFR that confers resistance to TKI. F) gPCR analysis of Wapl levels
in control (Mock) and induced Wapl depletion (Wapl KD) that relapsed or not following Gefitinib
treatment.
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Figure 7: Mitotic defects that promote CIN enable generation of drug tolerant aneuploidies
that permit continued growth and increased incidence of acquired drug resistance.
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