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C A N C E R

The spindle assembly checkpoint is a therapeutic 
vulnerability of CDK4/6 inhibitor–resistant ER+ breast 
cancer with mitotic aberrations
Isabel Soria-Bretones1,2,3†, Kelsie L. Thu1,4,5, Jennifer Silvester1, Jennifer Cruickshank1, 
Samah El Ghamrasni1, Wail Ba-alawi1, Graham C. Fletcher1‡, Reza Kiarash1‡, Mitchell J. Elliott1,6, 
Jordan J. Chalmers1, Andrea C. Elia1, Albert Cheng1, April A. N. Rose2,3, Mark R. Bray1‡, 
Benjamin Haibe-Kains1, Tak W. Mak1, David W. Cescon1,6*

Inhibitors of cyclin-dependent kinases 4 and 6 (CDK4/6i) are standard first-line treatments for metastatic ER+ 
breast cancer. However, acquired resistance to CDK4/6i invariably develops, and the molecular phenotypes and 
exploitable vulnerabilities associated with resistance are not yet fully characterized. We developed a panel of 
CDK4/6i-resistant breast cancer cell lines and patient-derived organoids and demonstrate that a subset of resistant 
models accumulates mitotic segregation errors and micronuclei, displaying increased sensitivity to inhibitors of 
mitotic checkpoint regulators TTK and Aurora kinase A/B. RB1 loss, a well-recognized mechanism of CDK4/6i resistance, 
causes such mitotic defects and confers enhanced sensitivity to TTK inhibition. In these models, inhibition of TTK 
with CFI-402257 induces premature chromosome segregation, leading to excessive mitotic segregation errors, 
DNA damage, and cell death. These findings nominate the TTK inhibitor CFI-402257 as a therapeutic strategy for 
a defined subset of ER+ breast cancer patients who develop resistance to CDK4/6i.

INTRODUCTION
Estrogen receptor (ER)–positive, human epidermal growth factor 
receptor 2 (HER2)–negative (ER+/HER2−) is the most common 
subtype of breast cancer, accounting for up to 70% of all cases diag-
nosed. Most patients with early ER+/HER2− breast cancer have 
good outcomes following treatment with local (surgery and/or radi-
ation) and (neo)adjuvant systemic endocrine therapies (i.e., selective 
estrogen receptor modulators and aromatase inhibitors), as well as 
chemotherapy for selected patients. However, relapses of ER+/
HER2− breast cancer remain a major problem, comprising 60% of 
metastatic breast cancer (1). While median survival has improved, 
metastatic ER+/HER2− disease is generally incurable (2).

In ER+ breast cancer, estrogen drives cell proliferation by induc-
ing the expression of cyclin D1 and activating the cyclin-dependent 
kinase 4/6 (CDK4/6) pathway (3, 4). In a complex with cyclin D, 
CDK4/6 phosphorylates the retinoblastoma protein (Rb), leading to 
release of the transcription factor E2F, which drives the expression 
of downstream cell cycle genes and promotes cell cycle progression 
through the G1-S checkpoint. This biology underlies the therapeutic 
effects of CDK4/6 inhibitors (CDK4/6i) (palbociclib, ribociclib, and 
abemaciclib), which were identified as clinically effective drugs for 
ER+ disease and have been rapidly adopted as standard of care ther-
apies for metastatic ER+/HER2− breast cancer in combination 
with endocrine therapy (5). Despite demonstrating improvements 

in overall and disease-free survival, resistance to combined CDK4/6i 
and endocrine therapy invariably develops (6–12). Thus, there is an 
urgent clinical need to understand CDK4/6i-resistant disease, its ge-
nomic and molecular features, as well as its vulnerabilities to identify 
and develop effective therapeutic strategies for these patients.

To date, numerous genomic alterations affecting cell cycle–related 
genes have been demonstrated to induce acquired resistance to CDK4/6i 
in patients and preclinical models. These alterations include loss of 
RB1 and FAT1; down-regulation of the intrinsic CDK4/6 repressors 
p27 and p21; activating mutations in the phosphatidylinositol 3-kinase 
(PI3K) signaling pathway; amplification of CDK6, CCNE1, FGFR1, 
and AURKA; and up-regulation of cyclin D1, cyclin D2, CDK2, 
MYC, PDK1, and SKP2, among others (4, 13–19). The diversity of 
mechanisms that have been associated with CDK4/6i resistance has 
complicated the understanding of this disease entity, as well as the 
development of second-line therapeutic strategies to effectively 
address it. However, most of the genomic alterations described in 
CDK4/6i-resistant tumors thus far converge on their capacity to di-
rectly or indirectly override the G1-S checkpoint imposed by Rb. 
The G1-S cell cycle checkpoint contributes to the maintenance of 
genome integrity by avoiding DNA replication in suboptimal con-
ditions (i.e., damaged DNA or insufficient cell size, low nutrient, 
growth factors, and nucleotide levels) and ensuring expression of 
genes that are necessary for downstream cell cycle progression. 
Therefore, weakened or nonfunctional G1-S checkpoint signaling 
leads to replication stress and the accumulation of DNA damage, 
genomic instability, and aberrant chromosome segregation (20–23). 
Consistent with CDK4/6i-resistant cells being able to escape G1-S 
checkpoint, analyses of clinical samples have identified increases in 
markers of genomic instability following progression on palbociclib 
treatment (24, 25). Mounting evidence suggests that the genomic 
instability and mitotic errors caused by G1-S checkpoint dysfunction 
represent a therapeutic vulnerability that can be exploited for the 
treatment of cancer by further deregulating cancer cell mitosis 
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with targeted inhibitors. For instance, RB1 loss, which causes chro-
mosome segregation errors, micronuclei, and DNA damage in dif-
ferent tumor models, induces sensitivity to targeted inhibitors of 
the mitotic regulators polo-like kinase 1 (PLK1) and Aurora kinase 
A/B (20, 22, 26–29). Moreover, Gallo et al. (30) have demonstrated 
that CCNE1 overexpression, which can override the G1-S check-
point and cause resistance to CDK4/6i, sensitizes cancer cells to 
PKMYT1 inhibition, causing cell death through premature entry into 
mitosis and mitotic catastrophe. A recent study by Crozier et al. (31) 
demonstrated that short-term CDK4/6i treatment induced replica-
tion stress and genomic instability in immortalized RPE1 cells. Given 
the specific importance of CDK4/6i in ER+ breast cancer, we inves-
tigated the impact of long-term CDK4/6i treatment on the induc-
tion of genomic instability and mitotic errors in preclinical breast 
cancer models and evaluated the activity of novel and clinically rele-
vant mitotic kinase inhibitors for the treatment of CDK4/6i-resistant 
ER+ breast cancer.

RESULTS
A subset of palbociclib-resistant models displays increased 
mitotic defects associated with genomic instability
To investigate genomic instability and mitotic defects caused by 
CDK4/6i resistance in different genomic backgrounds, we generated 
models of acquired resistance to palbociclib (Palbo-R) via sequen-
tial dose escalation in a panel of eight ER+ breast cancer cell lines 
and an ER+, CDK4/6i-sensitive, patient-derived breast cancer or-
ganoid model (PDO; designated BPTO.95) (Fig. 1A; fig. S1, A and 
B; and table S1). After dose escalation, palbociclib was withdrawn 
from Palbo-R culture medium to avoid the confounding effects of 
ongoing treatment on subsequent experiments. The degree of resist-
ance was variable across the panel of Palbo-R models, with some 
achieving strong insensitivity to palbociclib [median inhibitory 
concentration (IC50) > 1 M; T47D, LY2, HCC1428, and BPTO.95], 
while others retained partial sensitivity (Fig. 1, B and C, and fig. S2, 
A and B). Cross-resistance to the CDK4/6i abemaciclib was observed 
in most of the models (fig. S2, C and D). Consistent with the variety of 
mechanisms that can lead to CDK4/6i resistance and the variability in 
the degree of resistance we observed in our panel, analysis of specific 
cell cycle–related genes revealed heterogeneous expression profiles 
and genomic alterations across the Palbo-R models (fig. S2, E to H, 
and tables S2 and S3). We found diverse alterations in genes that have 
been reported in preclinical and clinical studies of CDK4/6i resistance, 
including RB1 [copy number (CN) loss in T47D, LY2, and ZR-75-1; 
splice mutations in LY2 and ZR-75-1; decreased gene expression in 
MDA-MB-361 and ZR-75-1; and complete loss of Rb gene and pro-
tein expression in LY2], FAT1 (shallow deletion in MDA-MB-361; 
decreased gene expression in MDA-MB-361, KPL-1, and ZR-75-1; 
and profound decreased expression in MCF7 and BPTO.95), CDK6 
(shallow amplification in CAMA-1 and HCC1428; over 10-fold in-
creased gene expression in HCC1428), CCND1 (shallow amplification 
and increased gene expression in MCF7), CCNE1 (shallow amplifica-
tions in T47D and KPL-1; amplification in MCF7; increased gene 
expression in T47D), CCNE2 (shallow amplification in MCF7, over 
2-fold increased gene expression in MCF7 and CAMA-1), CDKN1A 
(decreased gene expression below 0.5-fold in T47D, MDA-MB-361, 
and ZR-75-1), FGFR2 (over 2-fold increased gene expression in T47D 
and BPTO.95 #1), KRAS (amplification in T47D), PDK1 (increased 
gene expression in MCF7), and TK1 (amplification in MCF7).

To investigate whether Palbo-R models accumulate genomic in-
stability as a consequence of escaping long-term CDK4/6 inhibition, 
we first analyzed the incidence of micronuclei, which are well- 
established markers of chromosome missegregation leading to 
genomic instability (32). Three of the Palbo-R cell lines (T47D, 
MDA-MB-361, and LY2) exhibited notable increases in micro-
nuclei abundance compared to their parental lines (Fig. 1D and fig. 
S3A), suggesting that a subset of CDK4/6i resistance mechanisms 
are associated with genomic instability. Next, we hypothesized that 
the increased incidence of micronuclei observed could be the result 
of an increase in mitotic segregation errors. To analyze this, we 
performed live-cell microscopy and assessed mitotic phenotypes in 
dividing cells (fig. S3B). Supporting our hypothesis, Palbo-R cells 
with increased micronuclei displayed a higher frequency of abnormal 
mitoses, including mild segregation errors (i.e., micronuclei, anaphase 
bridges, and lagging chromosomes), severe segregation errors (i.e., 
multiple micronuclei, thick anaphase bridges, asymmetric segrega-
tion, multipolar spindles, and multinucleated cells), and mitotic exit 
without segregation (Fig. 1E). Palbo-R BPTO.95 PDO also displayed 
increased mitotic errors, with a clear increase in mitoses with multi-
polar spindles (Fig. 1, E and F). Along with increased mitotic errors, 
these Palbo-R models also spent more time in mitosis, suggesting 
an activation of the mitotic checkpoint in response to defects in mi-
totic progression (Fig. 1G). The DNA damage marker H2AX pSer139 
(H2AX) was elevated in most of the Palbo-R models relative to 
parental controls, including some with low incidences of micronuclei 
(fig. S3C), revealing an accumulation of endogenous DNA damage 
that appears distinct from chromosome segregation errors.

Together, these results show that ER+ breast cancer cells can 
accumulate hallmarks of genomic instability upon development of 
CDK4/6i resistance. We define a subset of CDK4/6i-resistant mod-
els with increased mitotic defects and micronuclei formation.

CDK4/6i-resistant models with increased mitotic aberrations 
are hypersensitive to TTK and Aurora kinase inhibitors
We next hypothesized that the subset of Palbo-R models with in-
creased mitotic defects, such as increased incidence of micronuclei 
and segregation errors, might be sensitive to mitotic kinase inhibi-
tors that potentiate genomic instability to induce lethality. To test 
this hypothesis, we performed drug dose-response assays in the 
matched Palbo-R and parental ER+ breast cancer cell lines using 
targeted inhibitors of different mitotic kinases. Our group has 
recently developed and characterized a potent and selective inhibi-
tor of the spindle assembly checkpoint (SAC) kinase TTK, CFI-
402257, which induces premature chromosome segregation and 
has demonstrated strong antitumor activity in triple-negative breast 
cancer cell lines (33). Therefore, we aimed to assess the sensitivity of 
Palbo-R cells to CFI-402257, as well as to additional inhibitors tar-
geting other relevant mitotic kinases, i.e., Aurora kinase B (barasertib), 
Aurora kinase A (alisertib), PLK1 (volasertib), CDK1 (RO-3306), 
and a pan-Aurora kinase inhibitor (tozasertib) (fig. S4A). Evaluation 
of area above the curve (AAC) and growth inhibition values for 
each drug showed that Palbo-R cell lines with increased micronuclei 
were hypersensitive to CFI-402257 and Aurora kinase A/B inhibition 
(Fig. 2, A and B) but not to PLK1 or CDK1 inhibition (fig. S4B). 
Consistent hypersensitivity to additional TTK inhibitors (TTKi) 
(NMS- P715 and MPI-0479605) was observed (fig. S4C). There was a 
strong positive correlation between drug sensitivity and micronuclei 
count for TTK and Aurora kinase inhibitors, when considering all 
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parental and Palbo-R cells together (fig. S4D). In addition, Palbo-R 
PDO models, which have increased mitotic errors, were also hyper-
sensitive to CFI-402257 and Aurora kinase inhibitors (Fig. 2C). To fur-
ther demonstrate the differential cytotoxic response of Palbo-R cells 
to these mitotic kinase inhibitors, we analyzed the apoptosis marker 
annexin V in the most responsive Palbo-R cell line, MDA-MB-361, 

after CFI-402257 and barasertib treatments, and observed a signifi-
cant and dose-dependent increase in apoptosis in the Palbo-R line 
compared to the parental (Fig. 2D).

Collectively, these results demonstrate that selective inhibitors 
of the mitotic checkpoint kinases TTK and Aurora A/B have in-
creased antiproliferative and cytotoxic effects in CDK4/6i-resistant 

Fig. 1. A subset of CDK4/6i-resistant models exhibit increased micronuclei and mitotic errors. (A) Dose-escalation strategy was followed to generate palbociclib 
resistance in cells and PDOs (BPTO.95). (B) Comparison of absolute IC50 values for palbociclib in Palbo-R and parental cells and BPTO.95 PDO (two resistant lines #1 and 
#2). A single IC50 value was calculated from the average of three independent experiments. Palbo-R T47D, LY2, ZR-75-1, and BPTO.95 values are capped at the maximum 
experimental dose of palbociclib. (C) Images of a representative pair of Palbo-R and parental cell lines showing cell survival after 14 days of palbociclib treatment. 
(D) Micronuclei were counted by immunofluorescence. At least 500 individual cells were counted per experiment. Mean ± SD of the relative micronuclei incidence per 
cell from three independent experiments is plotted. P values indicate significance for two-way analysis of variance (ANOVA) with uncorrected Fisher’s least significant 
difference test; ****P < 0.0001. (E) Quantification of the mitotic phenotypes observed in Palbo-R and parental models by live-cell imaging. Pooled data from at least two 
independent experiments are plotted. Numbers in brackets indicate the total number of cells analyzed. (F) Proportion of mitoses with multipolar spindles detected in 
Palbo-R and parental BPTO.95 PDO by live-cell microscopy. (G) Duration of mitosis was measured from nuclear envelope breakdown until mitotic exit. Pooled data from 
at least two independent experiments are plotted using the Tukey boxplot method. Numbers in brackets indicate the total number of cells analyzed per cell line. P values 
indicate significance for Kolmogorov-Smirnov nonparametric test. n.s., not significant.
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breast cancer models exhibiting higher levels of mitotic errors than 
in their parental, palbociclib-sensitive counterparts.

RB1 loss sensitizes ER+ breast cancer to the TTKi CFI-402257
Loss of function of Rb is one of the best-characterized clinically ob-
served mechanisms of resistance to CDK4/6i and is known to cause 
chromosome segregation errors, micronuclei, and DNA damage in 
different tumor models (20, 26, 29, 34). Furthermore, RB1 loss in-
duces sensitivity to Aurora kinase inhibitors (27, 28). Accordingly, 
one of our Palbo-R lines, LY2, acquired complete loss of Rb protein 
expression, increased micronuclei and mitotic errors, and displayed 
increased sensitivity to Aurora kinase B inhibition (Figs. 1, D and E, 
and 2, A and B, and fig. S2E). LY2 Palbo-R was also more sensitive 

to the TTKi CFI-402257. To experimentally test whether RB1 loss 
induces sensitivity to TTK inhibition, we inactivated RB1 using the 
CRISPR-Cas9 system in four ER+ breast cancer cell lines and the 
BPTO.95 PDO model (Fig. 3, A to C). As expected, Rb depletion 
conferred strong resistance to CDK4/6i in these models, confirmed by 
colony survival assays (fig. S5, A and B). All RB1-deficient (RB1−/−) 
clonal cell lines and the sgRB1-transduced PDO population were 
consistently more sensitive to CFI-402257 than were their matched 
parental models (Fig. 3, D and E, and fig. S5C). These effects were 
not associated with any differences in proliferation (fig. S5, D and E). 
In the p53 wild-type cell lines MCF7 and KPL-1, CFI-402257 treat-
ment activated the p53 pathway, evidenced by p53 stabilization 
and accumulation of the downstream cell cycle regulator p21. 

Fig. 2. Increased sensitivity to TTK and Aurora kinase A/B inhibitors in Palbo-R models with increased micronuclei and mitotic errors. (A) Comparison of sensitivity 
to TTK and Aurora kinase A/B inhibitors measured as area above the dose-response curve (AAC) for matched Palbo-R and parental lines. Each dot represents the mean 
AAC value from three independent dose-response curves for a given pair of cell lines. Dots above the dashed line show higher drug sensitivity (higher AAC) in Palbo-R 
relative to its matched parental line. Palbo-R cell lines with increased micronuclei incidence are depicted in orange. (B) Growth inhibition caused by TTK and Aurora kinase 
A/B inhibitors on Palbo-R lines with increased micronuclei and matched parentals. Drug concentrations were selected to reflect the maximum inhibitory effect (i.e., doses 
at which a plateau was reached in the dose-response assays). Data represent mean ± SD of three independent experiments. (C) Dose-response assay for TTK and Aurora 
kinase A/B inhibitors on BPTO.95 PDO treated for 14 days. Representative experiments out of three independent replicates are shown. Data represent mean ± SD of two 
technical replicates. (D) Apoptosis induced by CFI-402257 and barasertib (5-day treatment) in MDA-MB-361 measured by annexin V staining. Mean ± SD of three indepen-
dent experiments is shown. P values indicate significance for two-tailed Student’s t test (AAC values), two-way ANOVA with Sidak’s multiple comparison test (growth 
inhibition and annexin V). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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CFI-402257–induced activation of p53 was more pronounced in 
RB1−/− clones than in the matched parental lines (fig. S5, F and G). 
Levels of the apoptotic marker annexin V levels after CFI-402257 
treatment were higher (CAMA-1 and BPTO.95) and achieved at 
lower doses (MCF7) in RB1−/− models compared to matched control 
models (Fig. 3F). Induction of apoptosis in CAMA-1 RB1−/− was 
further confirmed by detection of cleaved caspase-3 72 hours after 
CFI-402257 treatment (fig. S5H). At the doses used in these experi-
ments, CFI-402257 demonstrated dose-dependent reduction of the 
mitotic marker phospho-histone H3 (Ser10), consistent with TTK 
inhibition even at low doses used in BPTO.95 organoids (fig. S5, 
I and J) (33, 35).

To determine whether the enhanced in vitro sensitivities ob-
served extend to tumor responses in vivo, we assessed the efficacy of 
CFI-402257 in xenografts derived from RB1-deficient MCF7 cells. 
CFI-402257 administered orally resulted in partial tumor growth 
inhibition (TGI) in parental, RB1-proficient tumors (6 mg/kg CFI-
402257 daily, TGI = 41%; 25 mg/kg CFI-402257 2 days on/5 days 

off, TGI = 34%). In contrast, CFI-402257 had profound antitumor 
activity in RB1-deficient xenografts, achieving nearly completed in-
hibition of tumor growth when dosed on the daily schedule (6 mg/kg 
CFI-402257 daily, TGI = 90%; 25 mg/kg CFI-402257 2 days on/5 days 
off, TGI = 70%) (Fig. 3G). Consistent with previous in vivo studies 
in various tumor models (33), CFI-402257 was well tolerated at the 
doses used, as demonstrated by mouse weight loss of no more than 
10% (fig. S5K).

We next asked whether loss of the Rb checkpoint, a phenome-
non that is recurrent in breast cancer, could serve as a biomarker for 
CFI-402257 sensitivity across breast cancer subtypes, in the absence 
of any previous CDK4/6i treatment. For this, we applied a pharma-
cogenomic approach and interrogated a comprehensive collection 
of 52 cell lines representing the main breast cancer subtypes [ER+, 
ER−/HER2− (triple-negative), and HER2+], in which we had previously 
characterized CFI-402257 response and which had gene expression 
profiles available (36). We leveraged independently established gene 
signatures indicative of Rb-E2F checkpoint deficiency (37–39) and 

Fig. 3. RB1 loss is synthetic lethal with TTK inhibition by CFI-402257. (A) CRISPR-mediated RB1 knockout (RB1−/−) in independent clonal cell lines confirmed by immu-
noblot. (B and C) Decrease in overall Rb expression in a polyclonal ER+ PDO population achieved through CRISPR-mediated RB1 editing (sgRB1) demonstrated by immu-
noblot (B) and immunohistochemistry (IHC) (C). Scale bar, 100 m. (D) Response of independent RB1−/− clones to CFI-402257. Dose-response curves were generated using 
SRB assays with serial drug dilutions. For each drug dose, cell viability is plotted as the proportion of viability observed in DMSO-treated control cells. Cells were treated 
for 5 days before fixing and staining with SRB. Mean ± SD of six technical replicates of a representative experiment is shown. (E) Quantitation of viable sgRB1 versus control 
organoids treated with CFI-402257 for 14 days. (F) Assessment of apoptosis induction by CFI-402257 in RB1−/− cell lines and sgRB1 PDO measured by annexin V staining. 
Mean ± SD of three independent experiments is shown. (G) In vivo activity of CFI-402257 on RB1−/− and wild-type MCF7-derived tumor xenografts. SCID mice with estab-
lished MCF7 xenografts were treated for up to 38 days (n = 6 mice per arm). P values indicate significance for two-way ANOVA with Sidak’s multiple comparison test 
(annexin V staining). *P < 0.05; **P < 0.01; ****P < 0.0001.
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calculated RB1-loss scores for each of the breast cancer cell lines 
(fig. S5L). All three of the tested signatures showed strong positive 
correlations with CFI-402257 AAC values, indicating that a weakened 
Rb checkpoint correlates with higher sensitivity to CFI-402257 in 
breast cancer cell lines, independently of their molecular subtype. 
This suggests that the increased sensitivity to CFI-402257 caused by 
RB1 deficiency that we observed in ER+ cell lines can be extended to 
all breast cancer subtypes, including those with a weakened Rb 
checkpoint, and independent of prior CDK4/6i treatment.

Together, these results indicate that the TTKi CFI-402257 is syn-
thetic lethal with RB1 loss and can efficiently induce cell death and 
TGI in RB1-deficient ER+ breast cancer. In light of the recognized 
occurrence of RB1 loss in some ER+ breast cancers following clinical 
progression on CDK4/6i, these findings nominate CFI-402257 as a 
candidate biomarker-directed therapeutic strategy in this setting. 
Moreover, these data suggest that in addition to loss of RB1, markers 
of impaired RB1 checkpoint could be used as a more general predic-
tive biomarker for CFI-402257 in breast cancer.

CFI-402257 potentiates chromosome missegregation 
and DNA damage in genomically unstable CDK4/6i-resistant 
breast cancer models
To study the effects of CFI-402257 treatment on different CDK4/6i- 
resistant models, we selected representative cell lines from our panel 
of Palbo-R (T47D) and RB1 loss (MCF7) models and performed 
live-cell microscopy to analyze mitotic progression for up to 24 hours 
after addition of the inhibitor to the medium. As expected, and con-
sistent with our previous characterization (33, 36), TTK inhibition 
by CFI-402257 (150 nM) induced premature segregation and re-
duced the time cells spent in mitosis (Fig. 4A). This reduction was 
similar across all tested parental and resistant cell lines (1.5- to 1.7-fold 
reduction). Because no differences were observed between CDK4/6i- 
resistant and parental models regarding the shortening of mitosis 
induced by CFI-402257, we then hypothesized that the outcomes of 
mitosis, and not the duration, may explain differences in CFI-402257 
sensitivity between these models. To test this, we analyzed the seg-
regation errors induced by CFI-402257 in these cell lines. T47D and 
MCF7 parental lines exhibited different types of mitotic aberrations 
when exposed to CFI-402257, likely due to different genomic back-
grounds (Fig. 4B). While CFI-402257 mainly caused mild segregation 
errors (i.e., micronuclei, anaphase bridges, and lagging chromosomes) 
in T47D, the main effect on MCF7 was early mitotic exit without 
segregation. Despite these phenotypic differences between the pa-
rental cell lines, T47D Palbo-R and MCF7 RB1−/− showed a higher 
incidence of severe segregation errors (i.e., multiple micronuclei, thick 
anaphase bridges, asymmetric segregation, multipolar spindles, and 
multinucleated cells) compared to their matched parental lines upon 
treatment. To analyze the effect of CFI-402257 on genomic instabil-
ity after longer treatment times, we scored the incidence of micro-
nuclei following 48 hours of continuous treatment in two Palbo-R 
and two RB1−/− cell lines. Consistent with the segregation errors 
observed by live-cell microscopy, Palbo-R and RB1−/− cells accumulated 
a higher number of micronuclei after 48 hours of CFI-402257 treat-
ment than matched parental cells (Fig. 4, C and D). This treatment- 
induced potentiation of genomic instability was accompanied by an 
increase in H2AX in all tested Palbo-R and RB1−/− cell lines and 
PDO (Fig. 4, E and F, and fig. S6A). Collectively, these experiments 
demonstrate that premature segregation caused by CFI-402257 in-
duces more severe mitotic phenotypes in Palbo-R and RB1−/− preclinical 

models compared to parentals, which drive higher levels of DNA 
damage and genomic instability.

Last, and given the association between genomic instability and 
induction of an innate immune signaling described in other settings 
(40), we asked whether CFI-402257 could induce a tumor cell– 
intrinsic interferon response in Palbo-R and RB1−/− cells. CFI-402257 
was able to induce STAT1 (signal transducer and activator of tran-
scription 1) phosphorylation, a bona fide marker of type I interferon 
pathway activation, in most of the ER+ breast cancer cell lines, 
although the relative induction in Palbo-R versus parental lines was 
variable across models (fig. S6B). Despite the variability in the Palbo-R 
panel, CFI-402257 consistently increased pSTAT1 levels in RB1−/− 
cell lines to a greater extent compared to their parental controls (fig. S6C). 
Activation of cancer cell–intrinsic interferon response was validated 
by analyzing the expression of a panel of genes involved in type I in-
terferon signaling in representative models of Palbo-R (T47D) and 
RB1 loss (CAMA1) (Fig. 4G and fig. S6D). Therefore, these results 
suggest that CFI-402257 treatment may activate the immune check-
point in CDK4/6i-resistant ER+ breast cancers, especially those with 
RB1 loss.

Together, our data suggest that a subset of CDK4/6i-resistant 
ER+ breast cancers that accumulate mitotic errors and genomic in-
stability, through either RB1 loss or alternative mechanisms, acquire 
an enhanced sensitivity to the TTKi CFI-402257 (Fig. 4H). Parallel-
ing what is described in triple-negative breast cancers that are prone 
to mitotic abnormalities, in this newly defined subset of ER+ breast 
cancers, inactivation of the SAC and premature chromosome segre-
gation caused by CFI-402257 leads to intolerable levels of genomic 
instability and cell death, triggering a tumor cell–intrinsic immune 
response. This creates an exploitable therapeutic vulnerability and 
nominates CFI-402257 as a potential therapy for CDK4/6i-resistant 
ER+ breast cancer that is characterized by RB1 loss and/or high 
genomic instability.

DISCUSSION
Drug resistance is a universal problem in the treatment of metastatic 
solid tumors. The development of resistance to CDK4/6i treatment 
ultimately limits the clinical impact of this important class of therapy for 
ER+ breast cancer, which is now used widely as standard initial treat-
ment of metastatic disease. The clinical success of CDK4/6i in this 
setting has stimulated their evaluation in earlier stage disease and 
other disease settings, including ER+/HER2+ breast cancer, and se-
lected solid tumors of different origins (e.g., melanoma, pancreas, and 
hepatic, among others) (41–44). The rapid implementation of these 
treatments and the clear evidence that effective therapy shapes sub-
sequent tumor evolution emphasize the urgent need to characterize and 
understand the therapeutic vulnerabilities of CDK4/6i-resistant tumors 
such that successive lines of therapy can be most rationally designed. 
Current standards include other endocrine therapies, investigational 
targeted therapies, or chemotherapy regimens, which are not specif-
ically linked to the biology of CDK4/6i- resistant disease. As a conse-
quence, empiric clinical evaluation of treatments in unselected patients 
is prone to failure, and biomarker- informed strategies that specifi-
cally target vulnerabilities of the resistance state are of interest.

Our studies have revealed an accumulation of mitotic errors and 
micronuclei in a subset of preclinical models of ER+ breast cancer 
with acquired resistance to the CDK4/6i palbociclib (Fig. 1). RB1 loss, 
a common mechanism of CDK4/6i resistance, is known to induce 
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Fig. 4. Genomic instability induced by CFI-402257 is potentiated in CDK4/6i-resistant breast cancer. (A) Duration of mitosis in representative Palbo-R (T47D) and 
RB1−/− (MCF7) lines treated with 150 nM CFI-402257, measured by live-cell imaging. Pooled data from two independent experiments are plotted. Kruskal-Wallis non-
parametric test, Dunn’s multiple comparison, ****P < 0.0001. (B) Classification of mitotic phenotypes observed in (A). (C and D) Immunofluorescence-based analysis of micro-
nuclei incidence in Palbo-R (C) and RB1−/− (D) cells treated with 150 nM CFI-402257 for 48 hours. Mean ± SD of three independent experiments is shown, and 200 cells 
were counted per condition in each experiment. (E and F) DNA damage induced by CFI-402257 demonstrated by H2AX immunoblot in Palbo-R and RB1−/− cell lines 
treated for 72 hours (E) and RB1-deficient PDO treated for 12 days (F). (G) RT-qPCR analysis of expression of IFNB1 and ISG15 after CFI-402257 treatment in selected Palbo-R 
and RB1−/− cell lines by RT-qPCR. Cells were treated with 150 nM CFI-402257 for 72 hours. Data for Palbo-R and RB1−/− models are presented as relative expression to that 
in matched parentals treated with DMSO. (H) Model of induced sensitivity to CFI-402257. Two general categories of CDK4/6i-resistant tumors are identified according to 
their accumulation of genomic instability. In RB1-proficient cells with low micronuclei incidence, CFI-402257 treatment causes low levels of genomic instability that are 
manageable for the cells. In CDK4/6i-resistant ER+ breast cancer cells with RB1 loss and/or high incidence of micronuclei, CFI-402257 treatment leads to intolerable levels 
of genomic instability, causing cell death.
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these phenotypes (34). However, our results demonstrate that, in 
addition to RB1 loss, alternative mechanisms of resistance that re-
tain intact Rb expression can also converge in the accumulation of 
genomic instability and enhance tumor cell sensitivity to mitotic 
kinase inhibitors (Fig. 2) known to potentiate genomic instability to 
intolerable levels (45). In addition to the mitotic aberrations we iden-
tified in a subset of models, we noticed that most of our CDK4/6i- 
resistant models had increased levels of endogenous DNA damage 
(measured by H2AX phosphorylation). In line with these results, 
Kettner et al. (25) reported increased evidence of DNA damage in 
palbociclib-resistant MCF7 and T47D cell lines and post-palbociclib 
ER+ breast cancer patient samples. In addition, Crozier et al. (31) 
have demonstrated that short-term treatment with CDK4/6i induces 
replication stress and genomic instability in RPE1 cells. These find-
ings suggest that the prolonged inhibition of CDK4/6i activity and/
or the mechanisms that allow cells to escape from CDK4/6 inhibition 
can lead to molecular alterations and phenotypes—i.e., RB1 loss, 
high incidence of mitotic aberrations, and endogenous DNA damage—
that were not characteristic of ER+ breast tumors before the adoption 
of CDK4/6i therapies, but are frequently found in highly genomi-
cally unstable tumors, typically triple-negative breast cancers. This 
switch in molecular subtype and the accumulation of genomic in-
stability have also been reported in patients treated with palbociclib 
at the time of progression treatment (24, 25). Accordingly, therapies 
that historically have attempted to leverage genomic instability 
characteristic of triple-negative breast cancers, such as poly(ADP- 
ribose) polymerase (PARP) and mitotic kinase inhibitors, may have 
newfound application in CDK4/6i-resistant ER+ breast tumors.

The kinase TTK, also known as monopolar spindle 1 (MPS1), is 
a key regulator of the mitotic SAC and an example of a target that 
was initially not considered for ER+ breast cancer. TTK-dependent 
SAC activation contributes to the maintenance of genome stability 
by delaying chromosome segregation (i.e., anaphase) until all chro-
mosomes are properly attached to the mitotic spindle in metaphase 
(46). Once this is achieved, the checkpoint is satisfied, TTK becomes 
inactive, and cells progress to anaphase. Consequently, pharmaco-
logic inactivation of the SAC by TTKi such as CFI-402257 induces 
premature chromosome segregation, leading to aneuploidy, genomic 
instability, and cell death (33, 47–51).

Initial preclinical investigation of TTKi demonstrated increased 
activity in tumors with high levels of genomic instability (33, 52, 53). 
However, as CDK4/6i have only recently been incorporated into 
standard therapy, models of CDK4/6i resistance could not be and 
were not considered. By developing the models used here, we generated 
a platform specifically relevant to the investigation of this important 
and emerging clinical context. Using these models, we found that 
CDK4/6i-resistant breast cancers with elevated mitotic aberrations 
relative to their parental CDK4/6i-sensitive derivatives were hyper-
sensitive to TTK inhibition. Furthermore, our data indicate that the 
abundance of micronuclei and gene signatures of RB1 loss of func-
tion represent promising predictive biomarkers of response to the 
TTKi CFI-402257. Rather than directly causing CFI-402257 sensi-
tivity, we hypothesize that the presence of micronuclei is indicative 
of underlying chromosome segregation errors and could be used to 
identify cancer cells [in solid or liquid biopsies following CDK4/6i 
progression, or perhaps in circulating tumor cells (54)] that rely on SAC 
activation to maintain tolerable levels of genomic instability. On the 
other hand, models with elevated levels of endogenous DNA damage 
without mitotic defects/micronuclei did not exhibit TTKi sensitization.

We report here that RB1 loss—a recurrent alteration that arises 
with the development of CDK4/6i resistance—enhances sensitivity 
to TTK inhibition (Fig. 3). Related to this finding, Gong et al. (27) 
and Oser et al. (28) demonstrated that a synthetic lethal interaction 
exists between RB1 loss and Aurora kinase A/B inhibition. We found 
similarities in the drug sensitivity profiles of Palbo-R models to 
CFI-402257, barasertib, alisertib, and tozasertib (Fig. 2 and fig. S4, 
A and C), suggesting that the underlying mitotic aberrations sensi-
tize the cells to TTK and Aurora kinase inhibitors. However, the 
cellular consequences of TTK inhibition demonstrated here differ 
from the mechanisms that have been described for Aurora kinase 
inhibitors. In the presence of an activated SAC in RB1-deficient cells, 
inhibition of Aurora kinases A and B causes an indefinite arrest in 
mitosis that ultimately leads to mitotic catastrophe (27, 28). In con-
trast, we have demonstrated that TTKi causes an accumulation of 
genomic instability in RB1-deficient cells due to premature chro-
mosome segregation, which is not sustainable for cell survival (Fig. 4). 
In addition to the different consequences observed in these sensi-
tive models, TTK and Aurora kinase inhibitors exhibit different 
tolerability profiles, which may affect their therapeutic index or 
clinical applications—especially in the context of second-line therapy 
for metastatic ER+ breast cancer.

Sensitization to CFI-402257 in models of CDK4/6i resistance was 
observed in both p53 wild-type (e.g., MCF7, KPL-1, and LY2 RB1−/−, 
LY2 Palbo-R) and p53 mutant (e.g., T47D and MDA-MB-361 Palbo-R, 
CAMA-1 RB1−/−) cell lines, suggesting that p53 status is not a determi-
nant of CFI-402257 sensitization. Previous studies have reported con-
tradictory data regarding p53 requirement for TTKi-induced cell 
growth inhibition and apoptosis, and suggest that these effects may 
be inhibitor specific and tumor context dependent (48, 51, 55, 56). 
Although we have not compared isogenic p53 cell lines, we observe 
high apoptotic levels in p53-mutated MDA-MB-361 Palbo-R and 
CAMA-1 RB1−/−, demonstrating the efficacy of CFI-402257 in 
p53-deficient tumors (Figs. 2D and 3F and fig. S5H). In addition, 
CFI-402257 had profound in vivo antitumor activity in xenografts 
derived from p53-proficient MCF7 RB1−/− cells. Although mecha-
nisms of cell death or growth inhibition may vary, these data suggest 
that p53 status may not affect CFI-402257 efficacy in CDK4/6i- 
resistant ER+ breast cancer.

Consistent with recognized effects of the DNA damage and 
micronuclei induced by CFI-402257 treatment, we have observed 
activation of the type I interferon pathway in Palbo-R and RB1−/− ER+ 
breast cancer cell lines after treatment (Fig. 4). Similarly, we have 
previously reported that the combination of CFI-402257 and PD-1 
blockade induces complete tumor regression in syngeneic colon 
carcinoma CT26 xenografts, suggesting that CFI-402257 can trigger 
an interferon response and immune checkpoint in this in vivo model 
(33). Although ER+ breast cancer patients have not been considered 
as a target population for immunotherapy in the past, these treat-
ments are gaining importance in the clinical context of CDK4/6i 
resistance. Multiple preclinical and clinical data demonstrate inter-
feron signaling and immune checkpoint activation by CDK4/6i 
treatment and correlation with intrinsic and acquired CDK4/6i 
resistance (57, 58). Accordingly, efforts are underway to evaluate 
immunotherapy in CDK4/6i-resistant disease (ClinicalTrials.gov 
ID: NCT03147287, NCT04895358). Although we recognize the limita-
tions of in vitro models to study cancer immunity, the observation 
of a cancer cell–intrinsic interferon response in our CDK4/6i-resistant 
models, which is potentiated by CFI-402257, suggests that further 

http://ClinicalTrials.gov
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consideration of antitumor immunity is deserved as CFI-402257 is 
evaluated in this clinical context.

Given the heterogeneity of potential mechanisms of resistance to 
CDK4/6i, alternative therapeutic approaches are being developed to 
target subsets of CDK4/6i-resistant tumors with distinct character-
istics. For instance, emerging data suggest that resistant tumors 
with up-regulated CDK6 expression may benefit from further 
targeting CDK6 protein stability (59). In another line of study, acti-
vation of PI3K/mammalian target of rapamycin (mTOR) signal-
ing pathway is found in CDK4/6i- resistant tumors, and targeted 
inhibitors of this pathway are being evaluated in combination with 
endocrine therapy and CDK4/6i to delay emergence of resistance 
(60, 61). These alterations, as well as the genomic instability and seg-
regation errors we describe here, may define distinct resistant pop-
ulations that can inform complementary therapeutic strategies. Such 
efforts will benefit from ongoing studies attempting to characterize 
predictors and anticipate trajectories of different modes of acquired 
resistance (62).

In summary, our data demonstrate that mitotic kinase inhibi-
tors, and in particular the selective TTKi CFI-402257, have en-
hanced antitumor activity in a subset of preclinical CDK4/6i-resistant 
ER+ breast cancer models characterized by high levels of micronuclei 
and mitotic segregation errors. Accordingly, an expansion of the 
phase 1 clinical trial of CFI-402257 is evaluating the clinical activity 
of TTK inhibition in patients with ER+ breast cancer with acquired 
resistance to CDK4/6i (ClinicalTrials.gov ID: NCT02792465). In an 
initial report, durable objective responses were recorded in 4 pa-
tients (of 10 enrolled) with metastatic ER+ breast cancer resistant to 
CDK4/6i and endocrine therapy who received CFI-402257 on a daily 
oral schedule at doses that were safe and tolerable (63). Correlative 
evaluation of measures of genomic instability (e.g., micronuclei) 
and somatic loss of RB1 in this trial and future clinical studies will 
provide an opportunity to validate the clinical relevance of our findings 
and inform the utility of these as selection biomarkers for CFI-402257. 
However, as our preclinical results demonstrate, contemporaneous 
sampling of CDK4/6i-resistant disease for correlative analysis will 
be essential to capture the correlates of therapy-induced TTKi sen-
sitivity. As RB1 loss can be detected in carculating tumor DNA 
(ctDNA) at the time of CDK4/6i resistance, liquid biopsy–based 
correlative and/or enrichment trials provide an attractive means to 
address the challenges imposed by the need for fresh biopsy (64). Our 
findings therefore provide a clinically tractable, rationally designed 
approach to stratified treatment that specifically addresses vulnera-
bilities that accompany CDK4/6i resistance. If validated clinically, 
such an approach would have immense potential to improve the out-
comes for this most common and ever-expanding cohort of patients 
with metastatic cancer, by providing a novel line of therapy to target 
the resistant state.

MATERIALS AND METHODS
Study design
This study aimed to investigate the accumulation of genomic insta-
bility and chromosome segregation errors after acquisition of resist-
ance to CDK4/6i in ER+ breast cancer and to test the efficacy of 
mitotic kinase inhibitors as a potential treatment for CDK4/6i- 
resistant breast cancer patients. To this end, we generated diverse 
laboratory models of CDK4/6i resistance through palbociclib dose 
escalation or through CRISPR-mediated RB1 knockout in breast 

cancer cell lines and PDOs. Genomic instability was measured by 
micronuclei formation, and chromosome missegregation was visu-
alized by live-cell imaging. Multiple mitotic kinase inhibitors were 
tested in these models, including our TTKi, CFI-402257. Sensitivity 
to these treatments was analyzed by dose-response assays. The 
effects of CFI-402257 treatment were analyzed by measuring apop-
tosis, DNA damage, genomic instability, and triggering of interfer-
on response. In vivo efficacy of CFI-402257 in breast cancer models 
with RB1 loss was analyzed by treating female SCID mice harboring 
RB1−/− or wild-type MCF7-derived tumors. The number of mice used in 
each experimental group was determined on the basis of statistical power 
analysis and equaled six mice per arm. Before treatment, mice were 
randomized on the basis of tumor volume to ensure evenly distrib-
uted average tumor sizes across each group. For all other experiments, 
at least two independent biological replicates were performed. Sample 
size, number of replicates, and statistical methods are indicated in 
the figure legends when relevant. For experiments in which technical 
replicates were used [i.e., reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) and cell survival in dose-response assays], 
outliers were excluded from the analysis when their standard varia-
tion value within one group of technical replicates was greater than 
0.3. Experimenters were not blinded during the study.

Cell lines and PDOs
Breast cancer cell lines were gifts from B. Neel. Short tandem repeat 
(STR) profiling was used to verify authenticity of the cell lines. 
Sixteen STR loci were simultaneously amplified in multiplex PCR at 
The Center for Applied Genomics at SickKids Hospital (Toronto), 
and the American Type Culture Collection database was used for 
comparison when possible. For PDOs, primary tumor tissue was 
collected with informed patient consent and University Health Net-
work (UHN) Research Ethics Board approval (17-5518). The tissue 
was minced and digested in advanced Dulbecco’s modified Eagle’s 
medium/F12 containing 1× GlutaMAX, 10 mM Hepes, and 1× 
antibiotic-antimycotic (AdDF+++) with Liberase TH (500 g/ml) 
for 1 hour at 37°C, followed by passage over a 100-m cell strainer, 
treatment with red cell lysis buffer, and centrifugation. Cells were 
counted and plated at a density of 80,000 cells per well in 50 l of 
basement membrane extract (BME) domes in 24-well plates. Once 
the BME domes had solidified for 10 to 15 min, they were overlaid 
with breast organoid medium, as previously described (65). The 
medium was changed every 3 to 4 days, and organoids were pas-
saged with TrypLE Express as previously detailed (65). Organoids 
were confirmed to match the original patient tissue by STR analysis 
and were verified to be of tumor origin by pathology review and by 
single-nucleotide polymorphism (SNP) analysis. Organoids were 
embedded in HistoGel and formalin- fixed for histology. Paraffin em-
bedding and immunohistochemistry were completed by the UHN 
Drug Development Program Biomarker Laboratory. Cells and organ-
oids were routinely tested for mycoplasma.

Generation of acquired resistance to palbociclib in cell lines 
and organoids
Palbociclib resistance was developed by continuous dose escalation 
of palbociclib up to 0.5 to 1 M until cell growth was observed in the 
presence of the drug (6 to 8 months for cell lines and 10 to 12 months 
for PDO). During this time, parental cell lines and organoids 
were cultured in regular medium to match the time spent in culture. 
Once resistance was established, Palbo-R cell lines and PDO were 

http://ClinicalTrials.gov
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cultured in regular growth medium without palbociclib. Cells were 
cultured without palbociclib for at least 2 weeks before evaluating 
resistance. STR profiling was performed after establishing resistance 
to confirm cell identity matching between Palbo-R and parental pairs.

RB1 gene editing
RB1−/− cell lines were generated by transient transfection of cells with 
pX330 plasmid (Addgene, #110403) containing a single-guide RNA 
targeting RB1 (AGAGCAGGACAGCGGCCCGG), followed by a 
24-hour pulse of puromycin selection. Individual clones of cells were 
selected and screened for Rb expression. RB1 gene editing in PDO 
was performed by lentiviral transduction of lentiCRISPR v2 plasmid 
(Addgene, #52961) containing the same sgRB1 sequence used for 
cell lines or sgGFP (GGGCGAGGAGCTGTTCACCG), followed by 
puromycin selection. A polyclonal population was used for experi-
ments. Rb protein loss was confirmed by immunoblotting. PDOs 
were also subjected to Rb immunohistochemistry.

Growth curves
RB1−/− and parental cell lines were seeded in 24-well plates at 5 to 
10% confluency. Cells were imaged (four fields per well) every 4 hours 
for 5 days using an IncuCyte system (Sartorius) with a ×4 magnifi-
cation objective, and confluency was calculated for each well and 
time point. Growth rate and doubling time were calculated using 
confluency data at the final and initial time points.

Exome sequencing
Genomic DNA was extracted from parental and Palbo-R cells and 
organoids using a NucleoSpin Tissue kit (Macherey-Nagel). Agilent 
SureSelect All Exon V5 probes were used for hybrid selection to 
prepare whole-exome sequencing libraries according to manufac-
turing protocol. Libraries were then sequenced with paired-end 
reads of 125 base pairs on Illumina HiSeq 2500. Median coverage of 
90× was achieved. Raw sequencing reads were aligned to the hg38 
human genome using bwa-mem (v0.7.17). Duplicates were marked 
using Picard (v2.26.0), and local realignment was performed using 
GATK (v3.8) (https://github.com/Cesconlab/ExomeSeq).

Mutation calling
Somatic single-nucleotide variants and small insertion and deletion were 
identified using four different callers: MuTect (v1.1.5), MuTect2 (GATK 
v3.8), Strelka (v2.9.10), and Varscan2 (v2.4.4). Somatic mutations from 
each caller were then compared using bcftools (v1.15.1). Alterations 
called by at least two callers were further filtered to remove regions of 
poor mappability (66) (https://github.com/Cesconlab/ExomeSeq).

Copy number
We sequenced DNA for shallow whole-genome sequencing (sWGS) to 
a mean coverage of 0.5×. Sequenced data were aligned to the human 
genome reference hg38 using bwa-mem (v0.7.17), and duplicates were 
marked and removed using GATK (v3.8). CN profiles were determined 
using the R package IchorCNA (https://github.com/Cesconlab/sWGS). 
CN profiles were stratified using log2 ratio (LR) with negative values 
being deletion and positive being amplification as follows: shal-
low < |0.5|, deep > |1|.

Genomic alteration analysis
Parental and resistant mutations were merged separately, and resistant 
exclusive mutations were identified using bedtools intersect. Similarly, 

alterations of CN profiles in resistance compared to parental sam-
ples were identified by analyzing the difference in LR and differential 
CN segments were annotated using GISTIC2. By focusing on genes 
involved in CDK4/6i resistance, functional mutations were anno-
tated using VEP (v98) and plotted using the R package maftools. 
Given the high rate of mutation found in FAT1, we focused our 
analysis on mutations identified by Li et al. (15).

Xenograft tumor growth
Parental or RB1−/− MCF7 cells (107) were mixed with Matrigel matrix 
(Sigma-Aldrich) in a 1:1 ratio (total volume of 100 l) and injected 
subcutaneously in female severe combined immunodeficient (SCID) 
mice. Before establishing xenografts, 17-estradiol pellets (0.35 mg, 
60-day release, Innovative Research of America) were implanted 
subcutaneously in the mice. When the tumors reached an average 
volume of 100 mm3, mice were randomized between treatment groups. 
Mice received control vehicle (90% Kollisolv PEG E 400, Sigma-Aldrich) 
or CFI-402257 at the indicated doses and schedules by oral gavage 
(n = 6 mice per treatment group). Tumors were measured with digital 
calipers, and tumor volume (V) was calculated as V = (length × 
width2)/2. Body weight of each mouse was recorded every 2 to 3 days. 
Xenograft studies were designed and conducted following the insti-
tutional animal care guidelines, according to a protocol approved 
by the UHN Animal Care Committee.

Drug dose-response assays
Response to palbociclib was evaluated by colony survival (cell lines, 
except MDA-MB-361, which does not grow well in colonies), 
sulforhodamine-B (SRB) assay (MDA-MB-361), or Presto Blue assay 
(BPTO.95 PDO). IC50 values for palbociclib were calculated using the 
methodology that was more appropriate for each model. Abemaciclib 
response was evaluated by SRB assay (cell lines) or Presto Blue assay 
(BPTO.95 PDO). Mitotic kinase inhibitors (CFI-402257, barasertib, 
alisertib, tozasertib, volasertib, and RO-3306) were evaluated by SRB 
assay (cell lines) or Presto Blue assay (BPTO.95 PDO). For palbociclib 
colony survival assays, cells were sparsely seeded in six-well plates and 
treated with the indicated doses of palbociclib or mock-treated for 12 
to 14 days. Colonies were then stained with SRB and counted. For 
SRB assays, cells were plated in 96-well plates (cell lines treated with 
mitotic kinase inhibitors) or 24-well plates (cell lines treated with 
abemaciclib and MDA-MB-361 cells treated with palbociclib) and 
treated with serial drug dilutions for 5 days (mitotic kinase inhibitors) 
or 14 days (palbociclib and abemaciclib). Cells were then fixed, stained 
with SRB, and solubilized, and absorbance was quantified on a spec-
trophotometer. For Presto Blue assays, PDOs were dissociated and 
2000 cells per well were plated in 48-well plates in 25-l BME domes. 
Once BME had solidified, the domes were overlaid with organoid 
medium containing the indicated concentrations of drugs. After 12 to 
14 days, the medium was removed and replaced by 1× PrestoBlue HS 
Reagent in breast organoid medium and incubated overnight at 37°C 
and 5% CO2. The next day, aliquots of medium supernatants were 
measured by fluorescence using a Clariostar instrument.

AAC was calculated for mitotic kinase inhibitors using the 
PharmacoGx pipeline (67).

CFI-402257 was synthesized as described previously (68), MPI-
0479605 was synthesized by HDH Pharma, and NMS-P715 was 
synthesized by Sundia. Palbociclib and abemaciclib were purchased 
from Medkoo, RO-3306 from Cedarlane, barasertib (AZD1152- 
hydroxyquinazoline) and alisertib (MLN8237) from AstaTech, 

https://github.com/Cesconlab/ExomeSeq
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tozasertib (VX-680) from Sundia MediTech Company, and volasertib 
(BI-6727) from Chemietek.

Immunoblotting
Cells were lysed in SDS sample buffer [62.5 mM tris-HCl (pH 6.8), 
2% SDS, and 10% glycerol] supplemented with benzonase (Sigma- 
Aldrich). Samples were then subjected to standard SDS–polyacrylamide 
gel electrophoresis and immunoblotting following LI-COR recom-
mendations for imaging with an Odyssey CLx system.

Primary antibodies are as follows: mouse anti-Rb (Cell Signaling 
Technology, 9309), rabbit anti-actin (Sigma-Aldrich, SAB5600204), 
rabbit anti-vinculin (Cell Signaling Technology, 13901), mouse 
anti-p53 (Santa Cruz Biotechnology, sc-47698), mouse anti-p21 
(Santa Cruz Biotechnology, sc-6246), rabbit anti-H2AX (Cell 
Signaling Technology, 9718), rabbit cleaved caspase-3 (Cell Signaling 
Technology, 9661), rabbit anti-pSTAT1 Tyr701 (Cell Signaling Technol-
ogy, 9167), mouse anti–phospho-histone H3 Ser10 (Cell Signaling 
Technology, 9706), and rabbit histone H3 (Cell Signaling Tech-
nology, 4499). Secondary antibodies are as follows: goat anti- mouse 
immunoglobulin G (IgG) IRDye 800CW (LI-COR, 926-32210) and 
goat anti- rabbit IgG (H+L) Alexa Fluor 594 (Thermo Fisher Scien-
tific, A32740).

Reverse transcription quantitative polymerase 
chain reaction
Standard RT-qPCR methods based on SYBR Green detection were 
used to analyze the expression of genes related to CDK4/6i resistance 
in Palbo-R and parental models, and genes of the type I interferon 
pathway in CFI-402257–treated cell lines. Sequences of the primers 
are included in table S4.

Live-cell, time-lapse microscopy
Cell lines and PDO were plated in LabTek chamber slides and incu-
bated with SiR-DNA stain (Cytoskeleton; 333 nM for cell lines and 
1 M for PDO) for 2 hours before imaging. For live-cell experiments 
with CFI-402257 treatment, 150 nM CFI-402257 or dimethyl sulf-
oxide (DMSO) was coadded to the medium with SiR-DNA. Cells 
were held in a humidified Chamlide stage incubator kept at 37°C 
and 5% CO2 (Live Cell Instrument). Time-lapse images were cap-
tured using Volocity 6.3 software (Quorum Technologies) on a 
Quorum WaveFX spinning disk confocal microscope (Quorum 
Technologies) equipped with a Hamamatsu ImageEM electron- 
multiplying charge-coupled device camera at ×20 magnification 
every 4 min for 20 to 24 hours. The time from nuclear envelope 
breakdown to mitotic exit (i.e., anaphase or chromatin decondensation) 
was recorded for each dividing cell. For all dividing cells, mitoses 
were scored as normal, mild segregation errors (i.e., micronuclei, 
anaphase bridges, and lagging chromosomes), severe segregation 
errors (i.e., several micronuclei, thick anaphase bridges, asymmetric 
segregation, multipolar spindles, and multinucleated cells), and mitotic 
exit without segregation.

Micronuclei detection
To detect micronuclei, cells were plated on coverslips, fixed, probed 
with mouse anti–-tubulin antibody (Sigma-Aldrich, T9026) and Cy2 
AffinityPure donkey anti-mouse IgG (Jackson ImmunoResearch) to 
detect cell boundaries, and stained with 4′,6-diamidino-2-phenylindole 
(DAPI) (Sigma-Aldrich). Mounted coverslips were imaged on a 
Zeiss AxioImager upright microscope equipped with a scientific 

complementary metal-oxide semiconductor (sCMOS) camera at 
×63 magnification.

Apoptosis assay
Drug-induced apoptosis was assessed by annexin V combined with 
propidium iodide (PI) staining. Cells and supernatants were col-
lected following treatment and stained with annexin V–fluorescein 
isothiocyanate at 2.25 g/ml (BioLegend) and PI at 10 g/ml (Sigma- 
Aldrich) and measured on a BD FACSCanto II flow cytometer.

RB1-loss scores
To calculate RB1-loss scores in the panel of breast cancer cell lines, 
we selected three independently generated gene lists consisting of 
genes that are up-regulated or down-regulated in RB1-deficient 
context (37–39). Breast cancer cell line gene expression profiles were 
obtained from Marcotte et al. (69). Eguchi and Knudsen signatures 
included only genes that were up-regulated after RB1 loss, and scores 
were calculated as the average fragments per kilobase of exon per million 
mapped fragments (FPKM) of genes included in the lists. Vernell signa-
ture included genes that were either up- or down-regulated after RB1 
loss, and the score was calculated by subtracting the average FPKM of 
down-regulated genes from the average FPKM of up-regulated genes.

Statistical analyses
Prism software (GraphPad Software LLC) was used for statistical 
analysis. Statistical tests used for each experiment and number of 
replicates are indicated in the corresponding figure legends. For all 
statistics, P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq4293
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