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BID expression determines the apoptotic -
fate of cancer cells after abrogation
of the spindle assembly checkpoint by AURKB
or TTK inhibitors
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Abstract

Background Drugs targeting the spindle assembly checkpoint (SAC), such as inhibitors of Aurora kinase B (AURKB)
and dual specific protein kinase TTK, are in different stages of clinical development. However, cell response to SAC
abrogation is poorly understood and there are no markers for patient selection.

Methods A panel of 53 tumor cell lines of different origins was used. The effects of drugs were analyzed by MTT
and flow cytometry. Copy number status was determined by FISH and Q-PCR; mRNA expression by nCounter

and RT-Q-PCR and protein expression by Western blotting. CRISPR-Cas9 technology was used for gene knock-out
(KO) and a doxycycline-inducible pTRIPZ vector for ectopic expression. Finally, in vivo experiments were performed
by implanting cultured cells or fragments of tumors into immunodeficient mice.

Results Tumor cells and patient-derived xenografts (PDXs) sensitive to AURKB and TTK inhibitors consistently showed
high expression levels of BH3-interacting domain death agonist (BID), while cell lines and PDXs with low BID were
uniformly resistant. Gene silencing rendered BID-overexpressing cells insensitive to SAC abrogation while ectopic

BID expression in BID-low cells significantly increased sensitivity. SAC abrogation induced activation of CASP-2, lead-
ing to cleavage of CASP-3 and extensive cell death only in presence of high levels of BID. Finally, a prevalence study
revealed high BID mRNA in 6% of human solid tumors.
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Conclusions The fate of tumor cells after SAC abrogation is driven by an AURKB/ CASP-2 signaling mechanism,
regulated by BID levels. Our results pave the way to clinically explore SAC-targeting drugs in tumors with high BID

expression.

Keywords Spindle assembly checkpoint (SAC), Abrogation, BID, Biomarker, Tumor, CASP-2, AURKB inhibitor, TTK

inhibitor, Cell cycle

Background

The spindle-assembly checkpoint (SAC), active during
mitosis, ensures adequate segregation of sister chroma-
tids by preventing the metaphase-anaphase transition
until the spindle microtubules are properly attached to
the kinetochores [1]. The signaling activity of the SAC
is originated in the mitotic checkpoint complex (MCC),
located in the kinetochores, which arrests the cell cycle
by inhibiting the anaphase-promoting complex/cyclo-
some (APC/C) [2]. In addition to the core components
of the MCC, other proteins involved in the SAC include
Aurora kinase B (AURKB) and the dual specificity pro-
tein kinase TTK (also known as MPS1) [3-6].

In contrast to other cell cycle checkpoints, the SAC
is an essential device for survival in all metazoan cells,
including cancer cells; and agents against TTK, APC/C
or AURKB have been developed [7]. Several TTK
(TTKi) and AURKB inhibitors (AURKBI) are currently
in clinical trials in different malignancies and partial
responses have been observed [8-11]. However, the
clinical application of anti-SAC agents has been ham-
pered by on-target induced toxicity, resulting in a nar-
row therapeutic window, and by modest responses that
could be attributed to several factors. First, it is known
that SAC abrogation leads to abnormal segregation of
chromosomes and polyploidy/aneuploidy, but the cell
and molecular processes subsequently triggered are
poorly understood [7]. In particular, some tumor cells
experience cycle arrest and survival and others cell
death after SAC abrogation due to factors so far uni-
dentified [12-15]. Second, no predictive markers to
select patients for treatment with drugs overriding
SAC have been identified [8, 16]. Finally, in the case of
AURKB, most of the inhibitors also show some activ-
ity against Aurora kinase A (AURKA) and vice versa,
resulting in an imperfect differentiation of the effects of
AURKA vs. AURKB blockade [17-20].

Here, we show that upregulation of BH3-interacting
domain death agonist (BID) associates with sensitiv-
ity to SAC abrogation by AURKBi and TTKi, both
in vitro and in vivo. We also demonstrate that high lev-
els of BID, which are present in ~ 6% of human tumors,
switch an AURKB/caspase-2 (CASP-2) checkpoint
from arrest and survival to cell death after SAC abro-
gation. Our results indicate that BID expression could

be a bona fide candidate for patient selection, bringing
SAC-targeting drugs closer to the clinic.

Methods

Patients and tumor samples

The tumor samples used in the study derived from can-
cer patients diagnosed between 2015 and 2020 in three
hospitals in Barcelona (Spain), Hospital Universitario
Dexeus, Hospital de la Santa Creu i Sant Pau and Hos-
pital Clinic de Barcelona. Studies were conducted in
accordance with the Declaration of Helsinki, under an
approved protocol of the Institutional Review Boards
of the three participating hospitals (2020/122-ONC-
DEX). Samples were de-identified for patient confiden-
tiality and informed written consent was obtained from
all subjects.

Cell culture and animal models
Tumor cells were cultured and authenticated using
standard protocols, further details can be found in Sup-
plementary Methods. Parental cell lines used in the study
were acquired from different sources (Table S1). Resist-
ant cells were derived by exposing the corresponding
parental cells to EGFR TKIs, as described [19, 21] (Fig-
ure S1A) and were maintained as polyclonal populations
under concentrations of the appropriate drug > 2.5 M.
Animal studies were performed by Xenopat (Hospita-
let de Llobregat, Spain) (NCI-H1819 xenograft study),
Champions Oncology (Hackensack, NJ) (PC9-R5 xen-
ograft, CTG-3429, CTG-1059 and CTG-3283 PDXGs),
XenoSTART (San Antonio, TX) (ST3632 PDX) and
Astra Zeneca (Waltham, MA) (DCFI-403, CTG-2939
and DFCI-367 PDXs). All experiments were approved
by Astra Zeneca Oncology Animal Welfare Committee.
Experiments performed in Xenopat were additionally
approved by the Ethical Committee of Animal Experi-
mentation of the Parc Cientific de Barcelona (PCB),
following the Astra Zeneca Oncology Animal Welfare
Criteria and the guidance of the Association for Assess-
ment and Accreditation of Laboratory Animal Care
(AAALAC, Unit 1155). Animal experiments were per-
formed using standard protocols, further details can be
found in Supplementary Methods.
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Cell assays

For viability assays, cells were seeded at a density of
2000-8000 per well in 96-well plates, allowed to attach
for 24 h and treated with drugs for 2—3 doubling times,
except otherwise specified. AZD2811 was kindly pro-
vided by AstraZeneca (Cambridge, UK), the rest of the
drugs were purchased from Selleck Chemicals (Houston,
TX) or MedChem Express (Monmouth Junction, NJ).
Each concentration of drug was tested in six wells (tech-
nical replicates) in each experiment. After treatment, cell
mass was estimated by the Thiazolyl Blue tetrazolium
bromide (MTT) assay. Drugs and combinations were
tested in a minimum of two independent experiments
performed in different dates (biological replicates) [22].
Propidium iodide (PI), Annexin V and Beta-galactosidase
staining were used for cell cycle, cell death and senes-
cence analyses, respectively, using standard procedures.
Phenotypic reversion and essentiality score determina-
tions of transfected cells assays were performed using
Incucyte® Live-Cell Analysis System (Sartorius, Got-
inga, Germany). Phenotypic reversion refers to PC9-GR3
cells reverting from an apoptotic to a senescent pheno-
type after AZD2811 treatment when certain genes are
knocked-out. For further details about cell assays, see
Supplementary Methods.

Western blot and FISH

Western blotting was performed by standard procedures,
as described in Supplementary Methods. The primary
antibodies used are listed in Table S2.

FISH was performed with the ZytoLight® SPEC
DiGeorge Triple Color Probe and the ZytoLight® SPEC
DiGeorge/Phelan McDermid Dual Color Probe (ZytoVi-
sion, Bremerhaven, Germany), according to manufac-
turer’s instructions. The number of color signals per cell
in formalin-fixed paraffin embedded (FFPE) cell lines and
tumor samples was evaluated by an expert pathologist in
a minimum of 100 cells.

DNA and RNA analyses
DNA and RNA were purified from cultured cells, lym-
phocytes and FFPE samples using the high purity FFPE
RNA isolation kit (Roche Diagnostics, Mannheim, Ger-
many), the GeneRead DNA FFPE Kit, the QIAamp DNA
FFPE Tissue Kit, the DNeasy® Blood & Tissue Kit (Qia-
gen) and the High Pure RNA isolation Kit (Roche Diag-
nostics), according to the manufacturer’s instructions.
Quantitative PCR (Q-PCR) was used to estimate gene
copy numbers. Template genomic DNA was added to
Tagman Genotyping Master Mix (Applied Biosystems,
Pleasanton, CA) in 10 pl reactions containing spe-
cific primers and probes for each gene analyzed (BID,
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MAPKI, CRLK and SHANK3). The primer and probe
sets were purchased as Tagman~ Copy Number Assays
(Applied Biosystems), TERT was selected as a reference
gene and acquired as a Tagman" Copy Number Refer-
ence assay. The methodology was validated by compari-
son with the gold standard (FISH) in a panel of cell lines
and FFPE tumor tissues.

DNA-based next generation sequencing (NGS) was
performed with the GeneRead® QIAact Lung DNA
UMI Panel (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Results were analyzed using
the Clinical Insight Interpret (QCI-I) web. Whole exome
sequencing (WES) and whole transcriptome sequencing
(WTS) were performed as described [19, 21]. Further
details can be found in Supplementary Methods.

RNA expression levels were determined by reverse-
transcription quantitative PCR (RT-Q-PCR) and nCoun-
ter. For RT-Q-PCR, total RNA was converted into cDNA
using the M-MLV reverse transcriptase enzyme (Inv-
itrogen, Carlsbad, CA). Quantification of gene expres-
sion was performed using a QuantStudio 6 Flex (Applied
Biosystems). Levels of mRNA of different genes were
quantified with specific primers and probes (Table S3),
according to the comparative ACt method [23]. ACTB
(B-actin) was employed as endogenous gene for nor-
malization. nCounter was performed with a 45-gene
custom panel (Table S4), a fusion-specific panel [24] or
the 10360 panel, according to the manufacturer’s instruc-
tions (Nanostring, Seattle, WA); mRNA levels were sub-
sequently quantified as described [24, 25]. For further
details, see Supplementary Methods.

Gene silencing and ectopic expression

For CRISPR/Cas9-mediated knockout (KO) screen-
ing, a sgRNA library targeting 80 genes was designed,
synthesized, purified and provided in a 96-well plate by
Synthego Corporation (Redwood City, CA, US). CRISPR
edited PC9-GR3 screen ready cells were also provided
by Synthego Corporation. PC9-ER cells stably express-
ing Cas9 were generated by the Molecular Cytogenetics
and Genome Editing Unit, Centro Nacional de Investiga-
ciones Oncoldgicas (CNIO) (Madrid, Spain), using trans-
fection with Cas9-blasticidin lentiviral particles followed
by blasticidin selection. Expression of Cas9 was tested
by RT-Q-PCR and Western blotting. The 80-gene library
was lipofected into PC9-ER/Cas9 cells, using the manu-
facturer’s instructions. Selected colonies were expanded
and gene KO verified using RT-Q-PCR and Western
blotting. Silencing of BID and CRKL was also achieved
by stable transfection using shRNA Lentiviral Transduc-
tion Particles, designed and synthesized by the Molecular
Cytogenetics and Genome Editing Unit, Human Cancer
Genetics Program, CNIO (Madrid, Spain). Non-target
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shRNA particles were used as controls. Finally, for
ectopic expression of BID, a pTRIPZ-derived vector was
designed with the BID gene under the control of a dox-
ycycline-inducible promoter and a puromycin resistance
gene. The plasmid was encapsulated within lentiviral par-
ticles, which were used for cell transfection.

Statistical analysis

GraphPad Prism v6.0 (GraphPad Software, Inc., La Jolla,
USA) was used for all statistical analyses; statistical tests
are indicated in the figure and supplementary figure leg-
ends. Welch’s correction was applied to Student’s t tests
when variances in the two groups under comparison
were significantly different by an F test. Data are pre-
sented as mean+SEM or SD, as indicated; p-values of
<0.05 were considered statistically significant. In the case
of the MTT assays, the average viability of the technical
replicates was calculated for every experiment and drug
concentration. Then, the average cell viability values of
the >2 independent experiments (biological replicates)
were used to calculate the mean+SD and perform the
Student’s t tests, when needed. In the ectopic expression
experiments with a doxycycline gradient, results were
adjusted using the least squares fit method to a “Michae-
lis-Menten-like” or saturation kinetics, according to the
following equation

Bmax.(BID) .

®

Growth inhibition = ——— (i
Kd + (BID)

Where BID stands for the BID mRNA or protein levels
while Bmax and Kd are constants that could be experi-
mentally determined and are presented in the plots.

Results

Sensitivity to SAC abrogation in EGFR-mut tumor cells

does not depend on cell cycle regulators or EGFR signal
transduction pathway proteins

In previous studies, we had generated a panel of 18
EGFR TKI resistant clones from the EGFR-mut, non-
small cell lung cancer (NSCLC) lines PC9 and 11-18
(Table S5, Fig. S1A). Unexpectedly, we had found
that they showed dual responses to AURKBi but not
to other drugs such as MET, AXL or FGFR inhibitors
[19]. Here, we used this panel to explore cell fate after

(See figure on next page.)
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SAC abrogation and to investigate markers of sensitiv-
ity. First, we tested AZD2811, a drug~ 3700 fold more
potent for AURKB over AURKA in cell-free assays [26]
and discovered that twelve of the 18 clones presented
resistance (IC50>5 pM) while six were extremely
sensitive, with IC50s values<50 nM. We then used
BAY1217389, a highly specific TTKi currently in Phase
I trials [11, 13, 27], finding a perfect coincidence in cell
response with AZD2811; with the six clones sensitive
to the AURKBi showing IC50s<1 nM for the TTKi
and the twelve AZD2811-resistant clones presenting
IC50s>200 nM (Fig. 1A and S1B, Table S5). In con-
trast, the AURKA inhibitor LY3295668 and the DNA-
damaging agent cisplatin showed similar efficacy in the
18 clones (Fig. 1A and S1C). Subsequent flow cytom-
etry experiments revealed that, after G2/M arrest, SAC
abrogation by AZD2811 or BAY1217389 triggered
extensive cell death only in sensitive clones (Fig. 1B-C
and S1D).

Next, we determined the protein and mRNA levels of
relevant cell cycle proteins in the 18 clones of our panel;
including Rb, p21, p53, TTK or AURKB, together with
several cyclins and CDKs. Protein levels were analyzed
by Western blotting (Fig S 2) and mRNA expression by
nCounter, using a 45-gene custom panel (Table S4). We
did not find any consistent differences between clones
sensitive and resistant to SAC abrogation (Figs. S2 and
S3A, Table S6). We also tried to develop multi-gene
expression signatures of sensitivity to SAC abrogation
by using hierarchical and non-hierarchical clustering
methods, selecting subsets of genes functionally related
or comparing gene expression levels in presence and
absence of AZD2811, but our attempts systematically
failed (Fig. S3B). In addition, flow cytometry did not
reveal any association of early entry into the S phase
or a shorter doubling time with response to AURKBi/
TTKi, although some sensitive clones showed a higher
G2/M subpopulation 24 h after reentry into cell cycle
(Table S5, Fig. S3C, D). Finally, the levels and phospho-
rylation of key proteins in the EGFR pathway did not
correlate with cell fate after SAC abrogation (Fig. S2)
and the combination of a MEK or a PI3K inhibitor with
AZD2811 did not render resistant clones responsive to
AURKB inhibition (Fig. S4).

Fig. 1 SAC abrogation has different effects in EGFR TKl resistant clones. A Dose-response plots to AZD2811 (left), BAY1217389 (middle)

and LY3295668 (right panels) of EGFR TKI-resistant clones derived from the PC9 cell line. Values shown are means + SD of three independent
experiments. In each experiment, every concentration of drug was tested in six wells (n = 6). B Cell cycle analysis of PC9-ER, PC9-GR3, PC9-GR4

and PC-GR4AZD1 clones. Cells were serum-starved for 24 h, FBS (10%) and AZD2811 (150 nM) or BAY1217389 (50 nM) were added, and cultures
submitted to Pl staining at the indicated times. S (green) and R (blue), clones sensitive and resistant to SAC abrogation. C Percentage of apoptotic/
necrotic cells in PC9-ER, PC9-GR4, PC9-GR4 and PC-GR4AZD1 cultures. Cells were treated with AZD2811 (150 nM) or BAY1217389 (50 nM)

and cultures submitted to annexin V/propidium iodide staining at the indicated times. Bars indicate mean + SEM of two independent experiments.
**p<0.01, *p<0.05 (Student’s t test). S (green) and R (blue), clones sensitive and resistant to SAC abrogation
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Sensitivity to SAC abrogation is associated with acquired
Chr22q11 amplification in EGFR TKI resistant cells

Next, we performed Whole Exome Sequencing (WES)
on the 18 clones of our panel, together with the paren-
tal PC9 and 11-18 cell lines. We identified an amplifica-
tion of the 11q region in chromosome 22 exclusively in
the six clones sensitive to AURKBi and TTKi (Fig. 2A and
S5, Table S7). FISH confirmed amplification of Chr22q11
in all the WES-positive clones, with 7-10 copies and a
ratio > 2 to the telomere (Fig. 2B and S 6, Table S8). We
then analyzed 12 additional EGFR-mut, TKI-resistant
clones generated in different laboratories (Table S9).
Two of them (PC9-R5 and PC9-OR4) were sensitive to
SAC abrogation; amplification of the Chr22qll region
was found in both by FISH and/or NGS (Fig. S6; Tables
S7, $9). Although the eight clones with Chr22q11 ampli-
fication shared PC9 cells as the common ancestor, their
detailed phylogeny suggested several independent ampli-
fication events (Fig. S7A). The boundaries of the ampli-
fied region in Chr22qll were not fully coincident in all
clones and microscopic examination of 3,800 paren-
tal PC9 cells did not reveal any case of Chr22ql1 gain
(Tables S7-S8), further reinforcing this hypothesis.

A comparison of sensitivity profiles to several drugs in
the EGFR TKI-resistant clones revealed that Chr22q11
amplification was specifically associated with response to
SAC abrogation, with a>200-fold difference in IC50 for
AZD2811 and BAY1217389 between Chr22qll-positive
and negative clones; compared to <2-fold for LY3295668
and no significant differences for cisplatin (Fig. S7B,
Table S5). In a previous study we had found that the PC9-
ER clone (Chr22ql1-amplified) was sensitive to AURKBI
not only in vitro but also in xenografts, while the PC9-
GR4 (diploid) was resistant in both settings [19]. In
this study, the PC9-R5 clone was used for an additional
in vivo selection experiment since, according to FISH, it
was a mixed population with ~65% of cells carrying the
Chr22qll amplification (Table S9). Copy numbers of

(See figure on next page.)
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Chr22ql1 were preserved in xenografts treated with osi-
mertinib, while SAC abrogation by AZD2811 selectively
eliminated the amplified cells, as expected (Fig. S7C).

Chr22q11 amplification is associated with mRNA

and protein upregulation of the corresponding genes,
particularly BID

Whole transcriptome sequencing (WTS) revealed exten-
sive gene upregulation associated with Chr22q11 amplifi-
cation (Fig. 2C and S8A, Table S10), which was confirmed
by RT-Q-PCR of four Chr22qll genes (BCL2L13,
MAPKI, CRKL and BID) (Fig. 2D and S 8B). The levels of
BID mRNA were found to be particularly high in positive
vs. non-amplified clones (Fig. S8C).

Re-analysis of previous proteomics results [21] showed
widespread overexpression of Chr22ql1 proteins exclu-
sively in amplified clones. Among the top 40 upregulated
proteins in the Chr22qll-positive PC9-ER and PC9-
GR3 cells, 17 (42.5%) and 15 (37.5%) corresponded to
Chr22q11 genes; which only represent 1.5% (350/23,000)
of the human coding genome (Fig. S8D, Table S10). Also,
Western blotting analysis of B2L13 (coded by BCL2L13),
CRKL, BID and ERK2 (coded by MAPKI) revealed pro-
tein upregulation exclusively in the amplified clones
(Fig. 2E, F).

Silencing of BID renders EGFR-mut cells with Chr22q11
amplification resistant to SAC abrogation

A literature search revealed that none of the ~ 350 genes
in the Chr22q11 segment had a known association with
response to SAC abrogation. Consequently, we per-
formed CRISPRn screening in two Chr22qll-ampli-
fied, AZD2811 sensitive clones (PC9-GR3 and PC9-ER)
using a library targeting 72 relevant, protein-coding
Chr22ql1 genes (Table S11). The library also included
EGFR, CDK6, RB1, AURKB, TTK, BCL2 and, since
AURKB has been described to interact with CASP-2
[28], the three genes coding for the components of the

Fig. 2 Sensitivity to SAC abrogation in EGFR TKI resistant clones is associated with Chr22q11 amplification and upregulation of Chr22q11 genes.
A Chromosome 22 WES read density maps of four representative PC9-derived clones, sensitive (S, green) and resistant (R, blue) to SAC abrogation
by AURKBi and TTKi. Data were normalized using the parental cell lines. B FISH analysis of representative PC9-derived clones sensitive (S, green)
and resistant (R, blue) to SAC abrogation. Probes for the three Chr22q11 genes HIRA, CRKL and MAPKT (upper and middle panels) or for HIRA

and the Chr22 telomeric gene SHANK3 (lower panels) were used. C Chr22 genes significantly up- or down-regulated by Whole Transcriptome
Sequencing (WTS) in two representative PC9-derived clones with Chr22q11 amplification (A, green) or diploid (D, blue). Data were normalized
against parental PC9 as explained in Supplementary Methods. D mRNA levels of four Chr22q11 genes (BCL2L13,BID, CRKL and MAPKT) in PC9

and 11-18 derived clones, classified according to Chr22g11 status; amplified (A), green vs. diploid (D), blue. RT-Q-PCR was used for mRNA
quantification, data were normalized against beta-actin. A fifth gene not in Chr22 (MAPK3) was included as a control. Each point represents

a clone, lines indicate mean + SD. ****p<0.0001, ***p<0.001; ns, not significant (Student’s t test). E Western blotting analysis of four proteins coded
by Chr22g11 genes in PC9 and 11-18-derived clones. B2L13 is the protein codified by the BCL2L13 gene. Erk2 (codified by MAPKT) corresponds

to the lower band of the doublet and is indicated by an arrow, the upper band is Erk1 (codified by MAPK3). Green, clones with Chr22q11
amplification, sensitive to AURKBi and TTKi; blue, clones diploid for Chr22g11, resistant to both drugs. F Levels of four Chr22q11-codified

proteins (B2L13, BID, CRKL and Erk1) in PC9 and 11-18 derived clones, quantified from the Western blotting image presented in (H). The intensity
of the bands was normalized using 3-tubulin. Clones are classified according to Chr22g11 status; A, amplified, green vs. D, diploid, blue. The Erk1
protein, not codified by a Chr22 gene, was included as a control. Each point represents a clone, lines indicate mean + SD. ***p<0.001, **p<0.01,

*p<0.05; ns, not significant (Student’s t test)
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PIDDosome; CASP2, PIDD1 and CRADD [29]. Trans-
fected cells were analyzed by two different methods. In
the case of PC9-GR3, an assay measuring apoptosis and
nuclear size revealed that BID KO switched cells from
apoptosis to polyploidy in response to SAC abrogation
by AZD2811. KO of the three components of the PID-
Dosome had similar effects, while the abrogation of the
rest of the genes in the library did not result in pheno-
type reversal (Fig. 3A). In the case of PC9-ER, viabil-
ity assays revealed that only KO of BID, CASP2, PIDDI
and CRADD rendered cells resistant to AZD2811
(Fig. 3B). KO of AURKB in both PC9-ER and PC9-GR3
was found to be quickly lethal, confirming the AURKB
dependency identified with AZD2811. In agreement
with DeepMap data (Table S11), PC9-ER colonies KO
for ESS2, UFD1, CDC45, PI4KA and CRKL also showed
impaired growth and subcultures were not viable (Fig.
S9A). Additional experiments in PC9-GR3 revealed
that CRKL contributes to resistance to EGFR TKIs in
Chr22ql1-positive cells (Fig. S9B-E).

Dose-response curves confirmed the shift to complete
resistance to AZD2811 and BAY127389 in PC9-GR3 and
PC9-ER after BID, CASP2, PIDD1 and CRADD KO, with
IC50s increasing to >10 pM. In contrast, cells remained
relatively sensitive to LY3295668 and no changes were
observed in response to osimertinib (Figs. 3C, D and
S10A-C). To further investigate the role of BID in sen-
sitivity to SAC abrogation, we used shRNA-BID lentivi-
ruses. MTT assays revealed that BID silencing abolished
sensitivity to AZD2811 in Chr22qll-positive cells but
had a limited effect on response to LY3295668 (Figs. 3E,
E, S10D, E). Flow cytometry showed no effects on cell
cycle distribution while Annexin V and beta-galactosi-
dase staining demonstrated that AZD2811 triggered
senescence instead of apoptosis in Chr22qll-positive,
BID-silenced colonies (Fig. 3G-I, S11A); which showed
a response to SAC abrogation indistinguishable from the

(See figure on next page.)
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response previously observed in non-amplified clones
(Fig. 1A-C and [19]).

Ectopic expression of BID renders Chr22q11 negative cells
sensitive to SAC abrogation in a dose-dependent manner
Next, we determined the effects of BID ectopic expres-
sion in Chr22qll-negative, AURKBi/TTKi-resistant
cells using a pTRIPZ lentiviral vector wherein BID gene
expression was under the control of a doxycycline-
inducible promoter. (Figs. 4A, S11B). Viability assays
indicated that transfected colonies became extremely
sensitive to SAC abrogation in presence of doxycycline,
with IC50s ~50-100 nM for AZD2811 and a shift from
polyploidy to apoptosis after G2/M arrest (Fig. 4B-E). In
contrast, minor or no effects were observed on response
to LY3295668 (Fig. S11C).

We then investigated the kinetics of the association of
BID expression with response to SAC abrogation. To this
end, we first tested a doxycycline gradient in two trans-
fected PC9 colonies and found that BID mRNA and pro-
tein expression showed a statistically significant linear
correlation (r?=0.96), being both dependent on doxy-
cycline concentration (Fig. 4F-H). Next, we found that
sensitivity to AZD2811 in transfected cells was also dose-
dependent on doxycycline, with 50—-100 ng/mL of anti-
biotic inducing the maximum inhibitory effect (Fig. 4I).
Finally, when we plotted the BID mRNA or protein lev-
els vs. the percentage of growth inhibition by AZD2811
at each point of the doxycycline gradient, we observed a
“Michaelis-Menten-like” or saturation kinetics (r>=0.91
and 0.97) (Fig. 4J-K, see also Methods).

BID expression determines response to SAC abrogation

in cancer cell lines of diverse origins

The experiments presented so far firmly established the
association of BID expression with response to SAC
abrogation in EGFR-mut, NSCLC cells. Next, we decided

Fig. 3 BID expression drives sensitivity to SAC abrogation in cells with Chr22g11 amplification. A PC9-GR3 cells (AURKBi/TTKi sensitive) were
electroporated with a CAS9-gRNA ribonucleoprotein knock-out (KO) CRISPR library targeting genes located in Chr22g11 (Table S11). Resulting
clones were treated with AZD2811 and submitted to a functional assay to determine apoptosis and polyploidy, as described in Methods. Values
shown are means and range (n=2). B PCO-ER cells (AURKBI/TTKi sensitive) stably expressing Cas9 were lipofected with the same CRISPR library;
the resulting clones were treated with AZD2811 and cell viability determined by MTT at 72 h. Viability data were normalized against the viability
observed for PC9-ER Cas9 parental cells treated with AZD2811. A value >1 indicates that a lipofected clone is more resistant to the compound
than the parental PC9-ER cells. Values shown are means and range (n=2). C Dose-response curves for AZD2811 of PC9-GR3 and PC9-ER cells
CRISPR-KO for selected genes. Cells numbers were determined by MTT at 72 h. Values shown are means + SD of >2 independent experiments. In
each experiment, every concentration of drug was tested in six wells (n = 6). D Micrographs of PC9-GR3 and PC9-ER cells CRISPR-KO for selected
genes. AZD2811 was added at 150 nM. E PC9-ER, PC9-GR3, PC9, PC9-GR4 and PC9-GR4AZD1 cells were transfected with lentiviral particles

for shRNA-based silencing of BID. After puromycin selection, selected colonies were analyzed by Western blotting. Chr22q11-positive and negative
cells are indicated in green and blue, respectively. F Dose-response curves for AZD2811 of PC9-ER, PC9-GR3, PC9, PC9-GR4 and PC9-GR4AZD1
colonies with shRNA-based silencing of BID. Cells numbers were determined by MTT at 72 h. Values shown are means + SD of >2 independent
experiments. In each experiment, every concentration of drug was tested in six wells (n = 6). G Cell cycle analysis of PC9-GR3 and PC9-ER colonies
with shRNA-based silencing. Cells were allowed to attach for 24 h, AZD2811 (150 nM) was added and cultures submitted to Pl staining at 72 h. H
Percentage of apoptotic/necrotic cells in PC9-GR3 and PC9-ER colonies with shRNA-based silencing. Cells were treated as in (G) and submitted

to Annexin V staining. | Acidic beta-galactosidase staining of PC9-ER with shRNA-based silencing after a 72 h treatment with AZD2811
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to investigate tumor cells of other origins and genetic
backgrounds. To this end, we selected 21 lines derived
from lung, breast, pancreas, bladder, prostate, ovarian,
head and neck and brain carcinomas and determined
the dose-response curves to AZD2811 and BAY1217389
(Fig. 5A, Table S12). Five of the 21 cell lines were sensi-
tive to both drugs; experiencing extensive cell death
under visual inspection and showing IC50s<300 nM
for AZD2811 and <7 nM for BAY1217389. Two of them
were fusion-positive lung adenocarcinoma cell lines; the
other three were of breast, bladder and lung origin and
did not harbor known oncogenic drivers (Table S13). In
contrast, 14 cell lines were resistant to both AZD2811
and BAY1217389, with IC50s>1 uM and >50% survival
even at high concentrations of drugs. Finally, two cell
lines were sensitive to one of the SAC-targeting agents
but not to the other. When we determined the effects of
LY3295668 in the same panel, we found that some cell
lines sensitive to SAC abrogation were resistant to the
AURKAI (RT-112, NCI-H1819) and vice versa (HCC366,
NCI-H23, SK-MES-1) (Fig. S12A, Table S12).

The five cell lines sensitive to AZD2811 and
BAY1217389 expressed significantly higher levels of BID
mRNA and protein than the rest of the panel (Figs. 5B-D
and S12B). In fact, among the 6 lines with high BID
mRNA (274¢x100 > 0.5) and protein, only the HCC78
cells were not sensitive to SAC abrogation; while the 15
lines with low BID (27%“x100 < 0.3) were uniformly
resistant to both AZD2811 and BAY1217389 (Fig. S 12B,
Table S13). Interestingly, the two cell lines sensitive only
to one drug had intermediate BID levels (272100 ~
0.3). In contrast, the expression of other proteins such
as MDM2 or CASP3 did not correlate with sensitivity
to SAC abrogation (Fig. 5D) and BID upregulation did
not associate with response to LY3295668 (Fig. S12C).
Remarkably, when we plotted the BID mRNA levels vs.
the growth inhibition by AZD2811 and BAY1217389

(See figure on next page.)
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of all the and EGFR-mut clones and EGFR-wt cell lines
included in our study, a saturation kinetics was observed
again; with r*=0.75 and 0.58, respectively (Fig. S12D).

Regarding Chr22q11 status; Q-PCR of three Chr22q11
genes (BID, CRKL and MAPK]I) revealed BID copy num-
ber gains only in 2/21 cell lines (Fig. S13A-C). As previ-
ously described [30], NCI-H1819 cells were found to
harbor>6 copies of BID and CRKL but not MAPKI by
Q-PCR, a result that was confirmed by FISH for CRKL
and MAPKI (Fig. S13C, D); while the prostate DU-145
cells showed four copies of BID but were diploid for
MAPKI and CRKL. Interestingly, NCI-H1819 but not
DU-145 cells overexpressed BID according to the cut-off
mentioned above (272x100 > 0.5) and showed sensitiv-
ity to SAC-targeting agents (Fig. 5A).

Flow cytometry of NCI-H1819, MDA-MB-468, SK-
MES-1 and WM?793 cells revealed that SAC abrogation
by AZD2811 and BAY1217389 increased the fraction of
cells in G2/M or aneuploid/polyploid; while Annexin V
indicated subsequent, extensive induction of cell death
in the BID-high NCI-H1819 and MDA-MB-468 but
not in the BID-low SK-MES-1 and WM?793 (Fig. 5E-F).
Xenograft experiments showed significant inhibition in
the subcutaneous growth in NCI-H1819 tumors treated
with AZD2811 nanoparticles, without any effect on body
weight (Figs. 6A and S13E, F). The Chr22q11 amplifica-
tion was still present at the end of the experiment in vehi-
cle-treated tumors and primary cultures derived from
them maintained sensitivity to AZD2811 (Fig. S13D and
G). In addition, published studies had showed that the
BID-overexpressing MDA-MB-468 breast cancer cells
established in nude mice as xenografts were sensitive to
the TTK inhibitors CFI-402,257 [16] and BAY1217389
[14, 31].

To further confirm that BID is a general regulator of
response to SAC abrogation in tumor cells, we used two
approaches; (i) BID silencing with shRNA lentiviruses

Fig. 4 Ectopic expression of BID sensitizes Chr22g11 negative cells to SAC abrogation in a dose-dependent manner. A PC9, PC9-GR4 and PC9-GR3
BID KO cells (all of them resistant to AURKBI/TTKi) were transfected with a pTRIPZ lentiviral vector with the BID gene under the control

of a doxycycline-inducible promoter. Two transfected colonies per cell type (SE1 and SE2) were cultured in presence of doxycycline (1 pg/mL),
Western blotting was used to confirm ectopic expression of the BID protein. B Dose-response curves to AZD2811 of PC9, PC9-GR4 and PC9-GR3
BID KO cells transfected with the pTRIPZ BID vector (SET and SE2 colonies). Ectopic expression of BID was induced using 1 pg/mL doxycycline.
Cells numbers were determined by MTT at 72 h. Values shown are means + SD of >2 independent experiments. In each experiment, every
concentration of drug was tested in six wells (n = 6). C Micrographs of PC9-GR3 BID KO parental and pTRIPZ BID-transfected cells (clone SET)
treated with AZD2811 (150 nM) in the presence and absence of 1 ug/mL doxycycline. D Cell cycle analysis of PC9-SE1 cells treated with AZD2811
(150 nM) for 72 h, in the absence and presence of 1 ug/mL doxocyclin. E Percentage of apoptotic/necrotic cells by Annexin V analysis in PC9-SE1
cells treated with AZD2811 (150 nM) for 72 h, in the absence and presence of 1 pg/mL doxycycline. F Effect of increasing concentrations

of doxycycline on the ectopic expression of BID mRNA by PC9-SE1 and SE2 clones, as determined by RT-Q-PCR. G Correlation between the levels
of BID protein and BID mRNA ectopic expression in PC9-SE1 and SE2 colonies represented in (F) and (H). H Effect of increasing concentrations

of doxycycline on the ectopic expression of BID protein by PC9-SE1 and SE2 colonies, as determined by Western blotting. I Dose-response curves
for AZD2811 of PC9-SE1 (left panel) and PC9-SE2 (right panel) clones, ectopic expression of BID protein was induced with increasing concentrations
of doxycycline as shown. Cells numbers were determined by MTT at 72 h. Values shown are means + SD of >2 independent experiments. In each
experiment, every concentration of drug was tested in six wells (n = 6). J Plot of BID mRNA levels vs. cell growth inhibition at 100 nM AZD2811

(left panel) and 500 nM AZD2811 (right panel) in PC9-SET and SE2 cells. K Plot of BID protein levels vs. cell growth inhibition at 500 nM AZD2811

in PC9-SE1 and SE2 cells
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in two AURKBIi/ TTKi-sensitive cell lines, one of them
harboring the Chr22q11 amplification (NCI-H1819) and
another diploid (MDA-MB-468) and (ii) BID ectopic
expression with the pTRIPZ-BID vector described above
in resistant cell lines of different origins and genotypes;
MiaPaCa2 (KRAS GI2C, pancreas), SK-MES-1 (wt for
known drivers, lung squamous) and WM793 (BRAF
V600E, melanoma). We found that BID silencing ren-
dered NCI-H1819 and MDA-MB-468 cells resistant
to AURKBI and TTKi, with no effects on response to
AURKA:I (Figs. 6B-D, S14A-C). Conversely, doxycycline-
induced BID expression triggered sensitivity to AZD2811
but not to LY3295668 in SK-MES-1 and the BRAF-mut
WM793 cells (Figs. 6E, F, S14D, E). Finally, in the KRAS-
mut MiaPaCa-2 cells, BID mRNA levels in presence of
doxycycline were significantly lower than in SK-MES-1
or WM793 (Fig. S14D) and cells remained resistant to
AZD2811 (Fig. 6F).

SAC abrogation triggers cell death through a pathway
involving BID, CASP-2 and CASP-3

Sustained aberrant mitosis has been reported to ulti-
mately reduce AURKB activity, enabling CASP-2 dephos-
phorylation at S384 and subsequent activation [28].
Activated CASP-2 can then induce MDM-2 cleavage and
cell cycle arrest or caspase-3 (CASP-3) mediated apopto-
sis. In addition, TTK has been demonstrated to activate
AURKB through phosphorylation of Borealin [5]. Based
on these published data and the results presented thus
far; we hypothesized that SAC-targeting drugs activate
CASP-2 in tumor cells and ultimately trigger CASP-3
mediated apoptosis or aneuploidy/polyploidy and sur-
vival, the balance between the two outcomes being deter-
mined by BID levels (Fig. 7A).

We performed a series of experiments to validate
this hypothesis. First, we combined AZD2811 and
BAY1217389 with navitoclax, a compound that inhibits
pro-survival bcl-2 family proteins, mimicking the effect

(See figure on next page.)

Page 12 of 24

of BH3-only proteins such as BID [32]. We found that the
interaction was almost invariably synergistic in cells sen-
sitive to SAC abrogation. In contrast, the BH3 mimetic
had no effect on response to osimertinib in cells sensi-
tive to this drug (Figs S15, S16A). We also tested Q-VD-
Oph, a pan-caspase inhibitor targeting CASP-1, 3, 8 and
9 [33] and found that it suppressed cell death induced by
AZD2811 and BAY1217389 in the BID-high PC9-ER and
by AD2811 in NCI-H1819 cells (Fig. S16B).

Next, a time-course experiment in PC9-ER cells
revealed a decrease in full-length BID, CASP-2, CASP-3
and MDM2 levels by Western blotting, indicative of
cleavage, starting after 24 h of treatment with AZD2811.
Osimertinib, which was tested in parallel, failed to induce
any of these effects (Fig. 7B, C). Further testing in addi-
tional clones and cell lines revealed that AZD2811 but
not osimertinib triggered a widespread reduction in
full-length CASP-2 and MDM2 at 24 h, independently
of BID expression levels. In contrast, the AURKBi only
induced a detectable decrease in full-length BID and
CASP-3 in cells with high BID (Fig. 6D, E), while osi-
mertinib failed to show these effects (Fig. S16C). We also
found that AZD2811 did not alter BID or CASP-3 levels
in CASP2 KO cells while, in BID KO cells, the AURKBI
effectively reduced full-length CASP-2 but failed to trig-
ger CASP-3 cleavage (Fig. 7F, G). Finally, we observed a
48-kDa band recognized by anti-phospho-Ser antibod-
ies in PC9-ER but not in CASP-2 KO cells. After treat-
ment with AZD2811 for 6 h, the intensity of the band was
significantly reduced while total CASP-2 was unaltered,
indicating dephosphorylation of CASP-2 serine resi-
dues prior to cleavage (Fig. 7H, I). However, since there
are no commercially available antibodies specific for
pSer386, we could not determine if AZD2811 triggered
CASP-2 dephosphorylation in this particular position.
Two lines of evidence indicate that the CASP-2 dephos-
phorylation observed after AURKB inhibition is specific
and not a consequence of widespread changes in protein

Fig. 5 High expression of BID associates with sensitivity to SAC abrogation in cancer cell lines of diverse origins. A Dose-response plots to AZD2811
(upper panels) and BAY 1217389 (lower panels) of cancer cell lines of lung, prostate, breast, pancreas, ovarian, colon and other origins. Values

shown are means + SD of >2 independent experiments. In each experiment, every concentration of drug was tested in six wells (n = 6). B BID
mMRNA levels in cancer cell lines of diverse origins. Cells classified according to response to SAC abrogation in S, sensitive (n=>5) and R, resistant
(n=14) to both AURKBi and TTKi. Each point represents a cell line, lines indicate mean + SD. ****p<0.0001 (Student’s t test). C Western blotting
analysis of BID, MDM2 and CASP-3 protein levels in cancer cell lines of diverse origins. The seven cell lines sensitive to AURKBi and/or TTKi, together
with eight resistant cell lines, were selected for the analysis. Cells sensitive and resistant to both AURKBi and TTKi are indicated in green and blue,
respectively. The two cell lines sensitive exclusively to one of the inhibitors are indicated in grey. D BID, MDM2 and CASP3 protein levels in cancer
cell lines of diverse origins, quantified from the Western blotting image presented in (C). The intensity of the bands was normalized using 3-tubulin.
Cells are classified according to response to SAC abrogation in S, sensitive (n=5) and R, resistant (n=14) to both AURKBi and TTKi. Each point
represents a cell line, lines indicate mean + SD. **p<0.001; ns=not significant (Student’s t test). E Cell cycle analysis of the NCI-H1819, MDA-MB-468,
SK-MES-1 and WM793 cultures. Cells were allowed to attach, serum starved for 24 h, FBS (10%) and AZD2811 (150 nM) or BAY1217389 (50 nM)
were added and cultures submitted to Pl staining at the indicated times. Lines sensitive (S) and resistant (R) to SAC abrogation are indicated

in green and blue, respectively. F Percentage of apoptotic/necrotic cells in NCI-H1819, MDA-MB-468, SK-MES-1 and WM793 cultures. Cells were
treated with AZD2811 (150 nM) or BAY1217389 (50 nM) and cultures submitted to annexin V/PI staining at the indicated times. Bars indicate mean
+ SD of two independent experiments. *p<0.05 (Student’s t test). Lines sensitive and resistant to SAC abrogation are indicated in green and blue,

respectively
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phosphorylation levels. First, we had previously per-
formed a comprehensive phosphoproteomics study and
we had not observed widespread alterations in phosphor-
protein levels upon AZD2811 treatment [34]. Second,
AZD2811 is a drug highly selective for AURKB that, at
the nM concentrations and short incubation times used
in our study, does not reduce phosphorylation in proteins
other than AURKB substrates. This is apparent in Fig
S2B, where AZD2811 treatment does not alter the phos-
phorylation levels of pRb (Ser780) or pEGFR (pTyr1068);
in contrast with the strong decrease in phosphor-his-
tone H3 (Ser10) which can be observed, for instance, in
Fig. 7B.

Taken together, these results supported the hypothesis
in Fig. 7A, demonstrating universal cleavage and activa-
tion of CASP-2 after SAC abrogation by AZD2811, fol-
lowed by BID-mediated CASP-3 cleavage exclusively in
cells with high BID expression.

Amplification of Chr22q11 is a rare event in human tumors
During our study, we had found BID upregulation in sev-
eral cancer cell lines, accompanied by Chr22q11 ampli-
fication exclusively in one case (Table S13). Next, we
decided to explore the frequency of both alterations in
human tumors. In the cBioPortal database, we found a
frequency of 0.5-1.2% samples with CRKL and MAPKI
co-amplification with a trend to mutual exclusivity with
KRAS, NRAS and BRAF mutations in NSCLC and mela-
noma (Fig. S17A-C). In the Catalogue of Somatic Muta-
tions in Cancer (COSMIC) database; 135/13,389 (1.0%)
samples showed co-amplification of BCL2L13, BID,
CRKL and MAPKI and frequencies>2% were found
in ovarian or pancreatic carcinomas (Fig. 8A). The fre-
quency of BID copy number gains in COSMIC samples
was approximately the same as the frequency of co-
amplification of BCL2L13, BID, CRKL and MAPK1 in all
histologies with the only exception of pancreatic cancer
(Fig. 8A), indicating that copy number gains in BID are
almost invariably associated with co-amplification of
the other three Chr22ql1 genes. Finally, in The Cancer
Genome Atlas (TCGA), co-amplification of BCL2L13,
BID, CRKL and MAPK]I was present in 0.5% of reported
samples (Figure S17D, E), being >2% among sarcomas or
lung squamous cell carcinomas.

(See figure on next page.)
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Given the discrepancies among databases, we decided
to analyze by Q-PCR a cohort of 143 solid tumors from
patients of our institutions (Table S14). We identi-
fied three cases with copy numbers of BID, CRKL and
MAPK1 above the cut-off for positivity (Fig. S17F); which
were submitted to FISH. One of them, a squamous carci-
noma of the lung clearly showed Chr22q11 amplification
(Fig. 8B) and RT-Q-PCR analysis revealed high levels of
BID mRNA (272“x100=0.8). Of the other two samples
positive by Q-PCR, one was monosomic with 2.5 aver-
age copies of Chr22q11 (Fig. S18A) and the other showed
Chr22q11 focal amplification (Fig. S18B). In contrast, 14
samples with copy number values by Q-PCR relatively
high but below the cut-off, were consistently negative by
FISH.

BID upregulation is frequent across human tumors

and associates with response to SAC abrogation

in patient-derived xenografts

Regarding BID upregulation, COSMIC reports 445/9087
(5%) tumor samples as BID overexpressors. Frequencies
in the most common malignancies range between 4 and
6%, being higher in kidney, urinary tract, stomach, and
cervix tumors (Fig. 8A). We also found that, in COSMIC
samples, BID upregulation significantly associates with
TP53 mutations but shows a trend to mutual exclusivity
with KRAS or EGER driver mutations, which reaches sta-
tistical significance in the case of BRAF (Figure S18C).

To validate the COSMIC data, we performed a preva-
lence study of BID upregulation in samples from our
institutions. First, we re-analyzed the results previously
obtained in 67 FFPE Stage IIIB-IV lung cancer samples
tested with a 770-gene expression panel that includes
BID. When using the geomean plus two times the stand-
ard deviation (geomean+2xSD) as a cut-off value, as
described [24, 25]; four tumors (6.2%) showed BID
mRNA upregulation (Fig. 8C). Then, we prospectively
tested 96 FFPE tumor samples of different histologies
(Table S14) by RT-Q-PCR; together with FFPE blocks of
11 cell lines of known BID status (Table S13). Using the
geomean+2xSD as a cut-off, we found that 6/96 (6.3%)
samples presented BID upregulation. Remarkably, this
cut-off value (0.34) was very similar to the BID mRNA
levels in the FFPE blocks of the lowest-expressing cell

Fig. 6 High expression of BID associates with sensitivity to SAC abrogation in cancer cell lines of diverse origins (Il). A Athymic nude mice bearing
NCI-H1819 xenografts were treated with vehicle or AZD2811 nanoparticle formulation (25 mg/kg) once weekly, as indicated by arrows. Tumor
volumes were measured by caliper (mean + SEM, n=9 for each group). Two-way RMANOVA and Bonferroni post-hoc test detected significant
differences in Vehicle vs AZD2811 from Day 21 (Day 21,*p<0.05; Days 23 and 25, **p<0.01; Days 28 and 30, ***p<0.001). B Micrographs of SK-MES-1
and NCI-H1819 transfected cells, as explained in (). AZD2811 was used at 150 nM and doxycycline at 1 pug/mL. C The AURKBI/TTKi-sensitive
MDA-MB-468 and NCI-H1819 cells were transfected with shRNA lentiviral particles to silence BID. After puromycin selection, colonies were
analyzed by Western blotting. D Dose-response plots to AZD2811 of the colonies selected in (C). E The AURKBi/TTKi-resistant MiaPaCa-2, SK-MES-1
and WM793 cell lines were transfected with the pTRIPZ-BID vector. After puromycin selection, colonies were analyzed by Western blotting.
Doxycycline at 1 ug/mL was used to induce ectopic expression of BID. F) Dose-response plots to AZD2811 of the colonies selected in (E)
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lines sensitive to SAC abrogation (Fig. 8D). The six tumor
samples overexpressing BID by RT-Q-PCR were wt for
EGFR, NRAS, KRAS and BRAF but three of them har-
bored TP53 mutations (Table S15). In contrast, when
we tested lymphocytes from non-cancer individuals and
cancer patients together with FFPE biopsies from healthy
lung, we found low levels of BID mRNA, consistently
below the cut-off value mentioned above (Fig. S18D).

Next, we assayed the effects of SAC abrogation in a
melanoma (CTG-3429) and two estrogen-receptor posi-
tive breast carcinoma (CTG-1059, CTG-3283) patient-
derived xenografts (PDXs). AZD2811 nanoparticles
induced regression only in the case of CTG-3283, with
no effects on body weight (Fig. 9A, S18E). Fresh tumors
recovered at the end of the experiment showed upregu-
lation of BID mRNA and protein in CTG-3283 but not
in CTG-1059 or CTG-3429 (Fig. 9B-D). Remarkably, BID
mRNA levels in CTG-3283 were within the range previ-
ously observed in cell lines sensitive to SAC abrogation
(Fig. 9B). Western blotting also revealed reduced CASP-2
levels associated with AZD2811 treatment in CTG-3283
(Fig. 9E, S18F). Then, we tested response to AZD2811 in
four additional PDXs (Fig. 9F). One of them, an estro-
gen-receptor positive breast carcinoma with a Chr22q11
amplification (ST3632), as revealed by FISH, was found
to be sensitive to the AZD2811 nanoparticles (Fig. 9G).
The other three were NSCLC PDXs expressing different
levels of BID mRNA, according to RNAseq data. Growth
inhibition by AZD2811 nanoparticles was found to cor-
relate with BID expression, with the lowest-expressing
PDXs being resistant to the drug (Fig. 9F, H).

Discussion

The antitumor activity of SAC-abrogating drugs, such
as AURKBIi or TTKij, varies not only among patients in
clinical trials [8, 11, 35] but also in vitro; with some cell
lines showing high sensitivity and others almost com-
plete resistance. This diversity of responses, which was
discovered early during the development of SAC-target-
ing agents [36—39], prompted the search for predictive

(See figure on next page.)
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biomarkers [40]. We had previously found that 6/18
TKI-resistant clones generated in our laboratory from
EGFR-mut NSCLC cells were sensitive to AURKBI [19].
In this study, we used these clones to explore markers
of response to SAC-abrogating drugs. First, we tested a
TTKi (BAY12173899) and an AURKBi (AZD2811) in
the 18 clones and discovered a perfect coincidence in
response to both drugs. WES unveiled that all clones
sensitive to SAC abrogation harbored Chr22q11 ampli-
fication, associated with upregulation of the correspond-
ing genes. Amplification of Chr22ql1 has been reported
at low frequency in some malignancies [41, 42]; includ-
ing lung cancer patients progressing to EGFR TKIs [30],
although the finding was not confirmed in later studies
[43]. When analyzing a cohort of solid tumors from our
institutions, we also found that Chr22q11 amplification is
a rare event. The cohort included 20 EGFR-mut biopsies
at progression to TKIs (Table S14); all were negative for
Chr22q11 gains.

The Chr22qll segment contains>350 genes, 72 were
included in a silencing library that we used to trans-
fect two EGFR-mut clones sensitive to SAC abrogation.
Among the 72 Chr22qll genes, only the knock-out of
BID rendered cells resistant to AZD2811. The association
of BID levels with sensitivity to SAC abrogation was then
extensively validated, not only in a total of 32 EGFR-mut
clones but also in 21 tumor cell lines of different origins.
Independently of Chr22q11 status, only tumor cells with
high BID levels experienced extensive cell death after
SAC abrogation by AURKBi and TTKi, and cut-off val-
ues for sensitivity could be established. In addition, BID
silencing rendered high expressing cells resistant to SAC
abrogation and, conversely, ectopic expression of BID
conferred sensitivity to resistant cells.

Even though both are SAC-abrogating drugs, the
search for biomarkers of response to TTKi and AURKBI
has been performed independently so far. Our results
indicate that, at least in vitro, the sensitivity profiles of
tumor cells to both types of drugs are almost identical
and suggest BID upregulation as a candidate biomarker

Fig. 7 SAC abrogation triggers cell death through a pathway involving BID, CASP-2 and CASP-3. A Schematic depicting the hypothetical

transduction pathways triggered by TTK and AURKB inhibitors in cancer cells. Modified from [28]. B PC9-ER cells, sensitive to SAC abrogation, were
treated with the AZD2811 150 nM (AZD L), AZD2811 500 nM (AZD H) or Osimertinib 500 nM (osi) and selected proteins of the pathway presented
in (A) were assessed by Western blotting. The images shown are a representative of two different experiments. C Quantification of the immunoblots
shown in (B). Bars represent mean + SEM of two independent experiments. D Parental PC9, seven PC9-derived clones and NCI-H1819 cells were
treated with Osimertinib 500 nM (osi) or AZD2811 150 nM (AZD) for 24 h (48 h for NCI-H1819) and selected proteins of the pathway presented in (A)
were analyzed by Western blotting. Cells sensitive and resistant to SAC abrogation are indicated in green and blue, respectively. E Quantification

of the immunoblots shown in (D). The intensity of the bands was normalized against 3—tubulin. F NCI-H1819 cells silenced for BID and PC9-GR3
cells knocked-out for BID or CASP2 were treated with AZD2811 (150 nM) or osimertinib (500 nM) and selected proteins assessed by Western
blotting. G Quantification of the bands in the Western blottings in (D) and (F), showing changes in protein levels after AZ2811 treatment. The
intensity of the bands was normalized against 3—tubulin. H Parental PC9-ER cells and PC9-ER CASP-2 KO were treated with AZD2811 (150 nM)

and assessed by Western blotting. | Quantification of the bands corresponding to PC9-ER parental cells in the Western blotting shown in (H). The
intensity of the bands was normalized against HSP90
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to select patients for treatment. Remarkably, analysis of
databases indicates that BID overexpression is present
in a significant percentage of human tumors (5-6%), a
result that we validated in two cohorts from our insti-
tutions. Although there are no biomarkers in clinical
use for SAC-abrogating drugs, Myc amplification and/
or overexpression and RBI loss have been suggested as
predictors of sensitivity to AURKBI, particularly in SCLC
[17, 40, 44]. Regarding TTKi, mutations in 7P53 or PTEN
were initially associated with sensitivity [45, 46], although
additional studies yielded negative results [16, 39, 47]
and, more recently, activating CTNNBI mutations have
been proposed [47]. One of the limitations of our study
was that it did not include any SCLC cell line. However,
the 7 EGFR-mut clones and 3/5 cell lines sensitive to SAC
abrogation were pRb-proficient and did not harbor MYC
amplifications (Table S13). Regarding CTNNBI, none of
the clones and cell lines included in our study carried
activating mutations and the investigators proposing this
biomarker also recognized that CTNNBI cannot be the
only determinant of response to TTKi.

One of the major limitations for the clinical use of SAC
inhibitors is the narrow therapeutic window they have
shown in clinical trials, either as single agents [48-51] or
in combination with taxanes [11, 35, 48]. The dose-lim-
iting toxicities observed were primarily hematological,
neutropenia and febrile neutropenia; with fatigue, nausea
and diarrhoea being also common. Some attempts have
been made to mitigate these toxic effects, at least in the
case of AURKBIi. Examples are the investigation of non-
ATP-competitive inhibitors, which could show reduced
bone marrow toxicity [52] or the development of nano-
particle formulations allowing an extended exposure
profile of the drug [53, 54]. Our findings offer another
potential strategy to increase the therapeutic window
of SAC-targeting drugs by selecting the appropriate tar-
get population. According to the results presented here,
patients with high BID expression levels could be par-
ticularly sensitive to AURKBi and TTKi, opening the
possibility that they might respond to lower dosages,

(See figure on next page.)
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which reduced toxicities. However, only further explora-
tion in clinical trials could determine the adequateness of
this approach.

Our work also reveals the mechanism responsible for
the association of BID upregulation with sensitivity to
SAC abrogation. Although initially described as a pro-
apoptotic mediator of the BH3-only family [55], BID has
been subsequently recognized to be at the crossroads of
several damage-response pathways [56-59]. Here, we
demonstrate that BID levels regulate an AURKB/CASP-2
mitotic checkpoint that determines the fate of tumor
cells when the SAC is overridden; senescence if BID
expression is low but cell death in case of high BID levels
(Fig. 7A). This mechanism integrates previous, disperse
findings in a unified molecular framework. TTK has been
described to activate AURKB through the phosphoryla-
tion of borealin during chromosome alignment [5] and,
consequently, treatment of cancer cells with TTKi leads
to the inhibition of AURKB, as evidenced by a decrease
in phosphor-histone H3 levels [60]. AURKB, in its turn,
has been reported to phosphorylate CASP-2 during nor-
mal mitosis, maintaining the caspase in an inactive state.
However, in the case of cytokinesis failure, AURKB activ-
ity is reduced, leading to CASP-2 dephosphorylation and
activation [28]. Multiple studies have demonstrated that
SAC abrogation induces cytokinesis failure, aneuploidy/
polyploidy and cell cycle arrest [5, 6, 16, 60-63]. The
subsequent generation of extra centrosomes triggers the
association of PIDD1, CRADD and pro-CASP2 to form
the so-called PIDDosome, which activates CASP-2 by
dimerization followed by autoproteolytic cleavage [64,
65]. In addition, it has been shown that PIDDosome-acti-
vated CASP-2 can either lead to cell death through BID
cleavage and CASP-3 activation or to cell cycle arrest and
survival through MDM?2/p53/p21 dependent or inde-
pendent pathways [29, 66—69]. Interestingly, it has also
been recognized that PIDDosome-based activation of
CASP-2 is not necessarily toxic and that a second signal
is required for CASP-2 mediated apoptosis [29]. Finally,
BID was identified as one of the top 15 candidate genes

Fig. 9 High expression of BID associates with response to SAC abrogation in patient-derived xenografts (PDXs). A Athymic nude mice bearing
CTG-3429, CTG-1059 and CTG-3283 PDXs were treated with vehicle or an AZD2811 nanoparticle formulation (25 mg/kg) once weekly, as indicated
by arrows. Panels show tumor volumes as measured by caliper (mean + SEM). The number of mice per group is indicated in the plots. B Average
levels of BID mRNA, as quantified by RT-Q-PCR, in fresh tissue of CTG-3283 (inverted triangle, n=>5), CTG3429 and CTG-1059 (diamonds, n=6)
patient-derived xenografts. BID mRNA levels in fresh cultures of cell lines sensitive (green dots) and resistant (red dots) to SAC abrogation

are also plotted. C Quantification of the BID bands in the Western blotting analyses of PDXs (shown in Figs 91 and S18F). D Western blotting
analysis of BID protein in vehicle-treated (V1,VV2) PDXs. The results for the rest of PDXs tested are shown in Fig. S18F. E Western blotting analysis
of CASP-2 and the AURKB product phosphor-histone H3 (pH3) in CTG-3282 patient-derived xenografts. V1-V3, xenografts treated with vehicle;
A1-A2, xenografts treated with AZD2811. F Immunodeficient female mice bearing ST3632, DCFI-403, CTG-2939 and DCFI-367 PDXs were treated
with vehicle or an AZD2811 nanoparticle formulation (25 mg/kg) once weekly, as indicated by arrows. Tumor volumes as measured by caliper
are shown (mean + SEM). The number of mice per group is indicated in the plots. G FISH analysis of ST3632 xenografts, revealing 4.6 copies

of HIRA, CRKL and MAPKT per cell (upper panel) and a ratio of 2.1 of HIRA to the Chr22 telomeric gene SHANK3 (lower panel). (H) BID mRNA levels
in the NSCLC PDXs presented in (F), as calculated from RNA seq data. The Z-scores and log2 (value + 1) are presented
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associated with sensitivity to TTKi in a CRISPR/Cas9
screening of triple negative breast cancer cells, although
it was not further investigated [15] and, in a study pub-
lished when this manuscript was in preparation, Aurora
inhibitors combined with BH3-mimetics were shown
to induce apoptosis through a pathway involving select
BH3-only proteins and CASP-2 [70].

We observed CASP-2 cleavage after SAC abrogation
in all cell lines and clones tested; independently of cell
fate. However, cleavage of CASP-3 followed by apoptosis
was strictly dependent on BID upregulation. In addition,
silencing of PIDD1, CRADD or CASP-2 abolished BID
and CASP-3 activation and sensitivity to AURKBi and
TTKi. Taken together, these findings indicate that inhi-
bition of AURKB triggers PIDDosome-mediated CASP-2
activation and identify BID upregulation as the “second
signal” mentioned above, demonstrating that high levels
of BID switch cells from cycle arrest to cell death after
CASP-2 cleavage (Fig. 7A). Although low levels of trun-
cated BID seem to be sufficient to trigger cytochrome c
release [71], CASP-2 has been described to be relatively
inefficient at catalyzing BID cleavage [72]. Our results
prove that BID concentration is indeed the limiting factor
in CASP-2 induced apoptosis, resulting in a “saturation”
kinetics where BID acts as the substrate and cell death
as the ultimate “product” of the enzymatic reaction cata-
lyzed by CASP-2.

In our study, we focused on the pathway leading to cell
death after the AURKB/CASP-2 checkpoint. Further
research is needed to characterize the cell cycle arrest/
senescence pathway; in particular, if it is triggered by the
MDM2/p53/p21 cascade. It has been demonstrated that
active CASP-2 can cleave MDM2, resulting in p53 stabili-
zation and cell cycle arrest [73, 74], but p53-independent
CASP-2 activities have been also identified [66, 75]. Con-
tradictory evidence also exists in the case of senescence
after SAC abrogation, which has been described to be
mediated by ATM/Chk2 in some cells [76] but p53-p21
in others [77, 78]. In our panel of cell lines, no differ-
ences were apparent in response to SAC-targeting agents
between p53 wild-type and p53-null cell lines (Table
S13), suggesting p53-independence at least in the null
cases.

Conclusion

We have demonstrated that an AURKB/CASP-2 mecha-
nism, regulated by the levels of BID, determines the fate
of tumor cells after abrogation of the spindle assembly
checkpoint by AURKB or TTK inhibitors (Fig. 7A). If
BID is upregulated, CASP-3 and apoptosis are triggered;
but if BID expression is low, the tumor cell survives
and enters senescence. Our results pave the way for the
clinical exploration of drugs targeting SAC using BID
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overexpression, which appears in 6% of human tumors,
as a biomarker for patient selection.
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