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SUMMARY

Approximately 30% of triple-negative breast cancers (TNBCs) exhibit functional loss of the RB
tumor suppressor, suggesting a target for precision intervention. Here, we use drug screens to
identify agents specifically antagonized by the retinoblastoma tumor suppressor (RB) using
CDKA4/6 inhibitors. A number of candidate RB-synthetic lethal small molecules were identified,
including anti-helmenthics, chemotherapeutic agents, and small-molecule inhibitors targeting
DNA-damage checkpoints (e.g., CHK) and chromosome segregation (e.g., PLK1). Counter-
screens using isogenic TNBC tumor cell lines and cell panels with varying endogenous RB
statuses confirmed that therapeutic effects were robust and selective for RB loss of function. By
analyzing TNBC clinical specimens, RB-deficient tumors were found to express high levels of
CHK1 and PLK1. Loss of RB specifically resulted in loss of checkpoint functions governing DNA
replication, yielding increased drug sensitivity. Xenograft models demonstrated RB-selective
efficacy of CHK inhibitors. This study supports the possibility of selectively targeting RB loss in
the treatment of TNBC.

In Brief

Witkiewicz et al. demonstrate that the activation state of the RB tumor suppressor is a critical
determinant for selected targeted therapies in models of TNBC. Loss of RB yields a selective
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vulnerability to replication and chromosome segregation stress. Drugs targeting CHK and PLK
have increased efficacy in RB-deficient tumors.
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INTRODUCTION

In general, triple-negative breast cancer (TNBC) harbors a poor prognosis relative to other
breast cancer subtypes (Foulkes et al., 2010; Reis-Filho and Tutt, 2008). This poor outcome
is due to the heterogeneous and aggressive nature of the disease, coupled with the lack of
highly recurrent and actionable biomarkers that can be used to direct therapy (Pareja et al.,
2016; Turner and Reis-Filho, 2013). Almost all patients with a TNBC diagnosis are treated
with chemotherapy regimens with varying efficacy (Anders et al., 2013). Despite an overall
poor prognosis, a subset of TNBC tumors is responsive to conventional chemotherapy
(Anders et al., 2013; Carey et al., 2007; Turner and Reis-Filho, 2013). However, for patients
who have recurrent disease after treatment or progressive disease during chemotherapy,
treatment options are limited.

One of the key clinical challenges in TNBC is to define actionable means for patient
stratification and to delineate targeted approaches to treatment. Genetic analyses have shown
that TNBC tumors carry a wide array of mutations (Cancer Genome Atlas, 2012); however,
many of the mutated genes represent tumor suppressors that currently cannot be targeted
(e.g., TP53or RBI). Despite the intrinsic difficulty in targeting tumor suppressor loss, the
ability to target BRCA1 or BRCAZ2 deficiency via a synthetic lethal approach with PARP
inhibitors suggests that, in principle, selective therapeutic sensitivities for tumor suppressor
loss can be developed (Farmer et al., 2005; Lord and Ashworth, 2017; McCabe et al., 2006).

The retinoblastoma tumor suppressor (RB) plays a key role in coordinating cell-cycle
transitions and is frequently lost in TNBC (Burkhart and Sage, 2008; Witkiewicz et al.,
2012; Witkiewicz and Knudsen, 2014). Functionally, RB acts downstream of CDK4/6
kinases to control cell-cycle progression into S phase (Asghar et al., 2015; Knudsen and
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Knudsen, 2008; Sherr et al., 2016). This action is largely dependent on RB-mediated
repression of the E2F-family of transcriptional regulators that coordinate the expression of
multiple genes required for DNA replication, mitosis, and DNA repair (Markey et al., 2007;
Nevins, 2001). In the absence of RB, there is deregulated cell-cycle progression, which can
contribute to tumor development. Additionally RB deficiency has been associated with
multiple forms of chromosomal instability and, therefore, could also fuel tumorigenesis by
removing safeguards that limit oncogenic transformation (Dyson, 2016; Manning and
Dyson, 2012). In TNBC, the RB gene (RBJ) is typically lost via homozygous deletion
(Cancer Genome Atlas, 2012) but has also been reported to be the subject of epigenetic
silencing. Depending on the TNBC cohort studied, RB dysfunction is estimated to occur in
~30% of cases (Witkiewicz and Knudsen, 2014). Thus, due to its frequency, the RB loss in
TNBC represents a potentially relevant event for treatment stratification.

Prior studies have suggested that RB can play multiple distinct roles in the context of
therapeutic interventions (Asghar et al., 2015; Knudsen and Knudsen, 2008; Knudsen and
Wang, 2010). RB is downstream of CDK4/6-cyclin D complexes and is critical for the
cytostatic activity of CDK4/6 inhibitors (Knudsen and Witkiewicz, 2017; Sherr et al., 2016).
In this context, the induction of RB function has been associated with resistance to specific
chemotherapeutic agents (e.g., carboplatin) (Johnson et al., 2010; Roberts et al., 2012). As a
result, RB activation has been proposed to ameliorate toxic side effects of chemotherapeutic
agents. In contrast, RB deficiency has been associated with sensitivity to chemotherapeutic
agents in preclinical models and retrospective analysis of breast cancer clinical cases
(Robinson et al., 2013; Stengel et al., 2008; Witkiewicz et al., 2012). In addition, RB loss
has been associated with resistance to multiple targeted agents, including endocrine therapy,
EGFR, and BRAF inhibitors (Bosco and Knudsen, 2007; Bosco et al., 2007; Niederst et al.,
2015; Xing et al., 2012). The goal of this study was to delineate functional sensitivities
related to RB activation status that could be actionable for the treatment of TNBC.

Functional Antagonism Screen to Define RB-Pathway-Dependent Therapeutic Agents

In recognition that RB has multiple roles in cell biology and therapeutic response, we
initially queried how activation of RB with CDK4/6 inhibition impinges on therapeutic
sensitivities. RB-positive MDA-MB231 cells (MB231) were treated with palbociclib (1 pM)
or DMSO for 24 hr and then exposed to the Prestwick library of 1,280 compounds, and
viability was assessed. Palbociclib treatment resulted in substantial cell-cycle inhibition in
MB231 cells (Figure S1). In total, 56 drugs from the Prestwick library were identified as
causing significant cell killing from the primary drug screen (Figures 1A and S1). Of these
agents, 21 were antagonized by palbociclib pretreatment. The drug sensitivity was reduced
for select chemotherapeutic agents (e.g., docetaxel and gemcitabine) as well as anti-
helmenthics (e.g., albendazole and mebandazole) (Figures 1A and S1). Evaluation of these
drugs relative to their principle targets suggested that in this library there was potent
selection for drugs that target microtubule dynamics or nucleotide metabolism. This finding
is consistent with the concept that CDK4/6 inhibition could serve to ameliorate the cytotoxic
effects of specific chemotherapies (Roberts et al., 2012). The primary screen results with
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anti-helmenthics were confirmed by dose-response analysis (Figure 1B). Since the targets of
anti-helmenthics are parasitic worms/larva, we could evaluate the potential for CDK4/6
inhibition to differentiate between human and lower organisms. This is particularly relevant,
as in basal organisms, there is either no CDK4/6 ortholog, or it is not associated with cell-
cycle progression (Cao et al., 2014; Meyer et al., 2000). Treatment with palbociclib
prevented colchicine-induced G2/M accumulation and cell death due to cell-cycle arrest in
the human tumor cell line MDA-MB231 (Figure 1C). In contrast, in D. melanogaster S2
cells, palbociclib had no effect on cell-cycle control or sensitivity to colchicine. Thus, in
principle, CDK4/6 inhibitors could be used to expand a therapeutic index relative to lower
eukaryotes, based on cell-cycle regulatory differences. The selective antagonism related to
specific chemotherapies was confirmed by dose response, wherein docetaxel and
gemcitabine were antagonized by palbociclib treatment, but sensitivity to epigenetic agents
5-azacytidine and vorinostat was independent of CDK4/6 inhibition (Figure 1D; data not
shown). To determine whether the sensitivities were intrinsically dependent on the presence
of RB in tumor cells, we used the RB-deficient TNBC cell line MB468 (Figures 1E and S1).
In this model, CDKA4/6 inhibition did not antagonize the response to docetaxel and
gemcitabine, and the MB468 cell line exhibited increased sensitivity to these
chemotherapeutics (Figure 1E). These findings indicate that CDK4/6 inhibition and RB-
activation status controls the sensitivity to a significant subset of agents present within the
Prestwick library.

Multiple Drugs Targeting PLK1 and CHK Are Antagonized by CDK4/6 Inhibition

Since the Prestwick library has only a limited number of targeted cancer therapeutics, the
screen was repeated with a library of 305 cancer drugs (Figure 2A) that are in preclinical or
clinical development (Witkiewicz et al., 2016). Consistent with the data from the Prestwick
library, palbociclib elicited significant protection against the cytotoxicity mediated by
chemotherapeutic agents, including gemcitabine and taxanes (Figure 2B). Because the drug
library includes multiple drugs for a given target, we focused on hits that occurred with
multiple drugs targeting the same protein/pathway. Using these criteria, we observed
significant protection against the toxicity induced by polo-like kinase 1 (PLK1), aurora
kinase (AURK), and checkpoint kinase (CHK) inhibitors (Figures 2C, 2D, and S2). In
measuring the biochemical response to AZD7762 and CHIR124 inhibitors, we observed the
expected increase in replication stress associated with CHK1 inhibition that is measured by
the phosphorylation of replication protein A (RPA). Conversely, treatment with volasertib
induced the phosphorylation of PLK1 on threonine 210 indicative of pharmacological kinase
inhibition (Figure 2E). To determine the relevance of RB for these responses, we employed
engineered MB231 models in which the RB protein was depleted as a consequence of a
synthetic microRNA (miRNA) targeting the RB transcript or CRISPR/Cas9 gene editing.
Immunofluorescence and immunoblotting were used to confirm homogeneous depletion of
RB in cell cultures (Figure 2F). Since pharmaceutical agents can have off-target effects, we
used RNA. to deplete CHK1 and PLKZ1. With this approach, CDK4/6 inhibition also resulted
in protection from the RNAi-mediated toxicities in RB dependent fashion, as the CRISPR-
RB derivatives were refractory to the effects of palbociclib. RB-deficient derivatives also
exhibited increased sensitivity to CHK1 or PLK1 depletion (Figure 2G). Similar effects were
observed through the acute depletion of RB using RNA. transfection (Figure S2). Therefore,
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the sensitivity to PLK1 and CHK1 depletion is coordinated by the activation status of RB,
and RB deficiency may be associated with increased sensitivity.

RB Loss Is Associated with Increased Sensitivity to PLK1 and CHK Inhibitors

To specifically define vulnerabilities occurring as a result of RB status, drug screening was
performed with a number of cell lines that exhibit endogenous RB expression (BT20,
MB453, MCF7, and MB231), intrinsically lack RB (MB468, BT549, AW23), or harbor RB
depletion via specific manipulation (MB231 miRB). These data revealed a diversity of
responses. RB-deficient models were consistently sensitive to CHK and PLK1 inhibitors
(Figures 3A, 3B, and S3). Similarly RB-deficient models were more sensitive to select
chemotherapies (taxanes and gemcitabine) (Figure 3C). Composite analysis of all agents and
the impact of RB loss or activation with palbociclib indicated that there were several select
response classes (Figure 3D): (1) agents that killed all cells irrespective of RB status (e.g.,
dinaciclib); (2) agents that had no therapeutic effect at the concentrations employed (e.g.,
AMG.208); (3) classes of drugs where RB loss was associated with drug resistance,
including a variety of drugs that impact on signaling pathways (e.g., the phosphatidylinositol
3-kinase [PI3K] inhibitor GDC0980); and (4) PLK1 inhibitors, CHK inhibitors, and
chemotherapy agents, where RB loss was associated with enhanced sensitivity while
palbociclib caused drug resistance. As a complimentary approach and to define the effect of
acute RB loss, RNAI was used to deplete RB protein from the MB453 model (Figure 3E). In
this context, RB deficiency was associated with increased sensitivity to the CHK inhibitor
AZD7762 and the PLK1 inhibitor volasertib.

To interrogate the selectivity of the observed therapeutic sensitivities for RB-deficient TNBC
models, heterogeneous cultures of RB-proficient and deficient cells were developed. This
approach could be viewed as a model for intrinsic intra-tumor heterogeneity. Upon vehicle
treatment, RB-deficient tumor cells dominated the heterogeneous cultures. In contrast, CHK
and PLK1 inhibitors limited growth of the RB-deficient tumor population and resulted in
cultures dominated by RB-proficient cells (Figures 3F and 3G), indicating that both drugs
were selectively lethal in tumor cells with RB defects.

To further confirm these findings, a number of additional studies specifically focused on
CHK1 inhibition were performed. Isogenic MCF10A and CALU1 subclones with RB
defects were developed by small hairpin RNA (shRNA) and CRISPR technologies,
respectively (Figure 4A). As observed in other models, depletion of RB caused increased
sensitivity to CHKZ1 gene silencing (Figure 4B; p < 0.05 in both model systems). Selective
sensitivity to the clinical CHK1 inhibitor PF-0047736 was then assessed in a larger panel of
TNBC cell lines, and we could show that loss of RB correlated with enhanced sensitivity
(Figures 4C and S4). To determine a specific role for RB in modulating responses to CHK
inhibitors, we restored functional RB using ectopic expression of the constitutively active
RB allele (7LP) by adenoviral transduction (Knudsen et al., 1998) (Figures 4D and S4). The
expression of this RB mutant was confirmed in the RB-deficient MB436 and MB468 cell
lines, and it reduced toxicity observed with the CHK inhibitor AZD7762 (Figure 4D).
Restored RB activity also limited sensitivity to volasertib (Figure S4).
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RB Loss Deregulates Mitotic and Replication Control in TNBC

To define how RB loss impacts the biology of TNBC tumors, immunohistochemically
defined RB-positive and RB-deficient clinical cases were selected (Figure 5A). As
previously reported, RB-negative cases showed upregulation of p16ink4a and a high
proliferation index (Witkiewicz et al., 2011). RB-proficient and RB-deficient TNBC cases
were matched for histologic grade and clinical stage (Figure S5), and both tumor tissue and
associated normal tissue were utilized for RNA sequencing. In these specimens, RB loss was
associated with a statistically significant change in 1,353 genes (p < 0.05). As expected, RB
expression was diminished in the immunohistochemically negative tumors, and the
compensatory upregulation of CDKN2A encoding p16ink4a was also evident (Figure 5B).
While we observed a large number of additional genes that were downregulated in RB-
deficient tumors, there was no strong enriched for a specific pathway or ontology (data not
shown). In contrast, there was a significant upregulation of a large collection of genes
associated with DNA replication and mitosis. The upregulated genes included CHK1 and
PLK1 (Figure 5C), suggesting that high levels of these genes play an important role in
sustaining viability upon RB loss. The upregulated genes were highly enriched for E2F-
target genes, confirming a direct role for RB in modulating their expression (Figure S5).
Additional breast cancer cases from The Cancer Genome Atlas (TCGA) Data Portal were
analyzed and also illustrated that RB genetic status was associated with the expression of
multiple factors involved in DNA replication and mitosis (Figure S5). Because these genes
could be reflective of cell-cycle stress, we evaluated an established DNA replication stress
signature in the RB-deficient versus RB-proficient tumors (Allera-Moreau et al., 2012).
These analyses showed overall enrichment of the replication stress signature in RB-deficient
tumors (Figure 5D).

Mechanistic Impact of RB Loss on Replication and Mitotic Stress

To decipher the impact of RB loss on sensitivity to CHK and PLK1 inhibitors, detailed cell-
cycle analysis was performed (Figures 6A and 6B). While both RB-proficient and deficient
TNBC cell lines had similar cell-cycle profiles and proliferation rates in the absence of
cellular stress, the response to therapeutic stresses was significantly different. With PLK1
inhibition RB-proficient MB231 cells progressed into G2/M, but further cell-cycle
progression was attenuated as noted by a reduction in bromodeoxyuridine (BrdU)
incorporation (Figure 6C). In contrast, RB-deficient cells maintained a high-level of DNA
replication and progressed to higher 8N ploidy (Figure 6D). These data indicate that RB
plays a critical role in coordinating G2/M arrest and preventing aberrant DNA replication.
These general findings were recapitulated in other RB-proficient and deficient cell lines
(Figure S6). In the case of CHK inhibition, RB-deficient cells experienced S phase collapse
that is indicative of irreparable damage occurring in S phase (Figures 6A and 6B). Treatment
with CHK inhibitors demonstrated substantial PCNA engagement with chromatin and the
appearance of fragmented nuclei (Figure 6E) that was accompanied by the selective
induction of cell death as indicated by PARP cleavage (Figures 6F and S6). Conversely,
restoration of RB expression in MB436 cells resulted in cell-cycle inhibition that limited
mitotic entry and nuclear fragmentation/mitotic catastrophe with volasertib (Figure 6G). In
the case of CHK inhibition, RB activation resulted in the suppression of DNA replication
and associated DNA damage as determined by -y-H2AX reactivity (Figure 6H). Similar
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results were observed with the protective effect of CDK4/6 inhibition on sensitivity to CHK

and PLK1 inhibitors in MB231 cells (Figure S6). Together, these data suggest that deficits in
DNA replication control are likely a key determinant of therapeutic sensitivities imparted by
RB loss.

Selective Efficacy of CHK Inhibitors in RB-Deficient Xenografts

To define the selective vulnerability imparted by RB loss /n vivo, xenograft studies were
performed. For this work, isogenic MB231 xenografts were established in NSG mice (Figure
7A). Mice were randomized to vehicle, AZD7762 or AZD7762 + gemcitabine treatment
arms on the indicated schedule (Figure 7B). To ensure that drugs were not overtly toxic at
the delivered doses, mouse weight was recorded throughout the study. There was minimal
effect on weight, and animals appeared healthy on treatment (Figure 7C). Mice were treated
for 21 days, with tumor volume measured daily. In MB231 xenografts, there was no
significant tumor growth inhibition with CHK inhibitor alone and only a minor reduction
with the gemcibabine + AZD7762 combination (Figures 7D and 7E). In contrast, the MB231
RB CRISPR model was markedly sensitive to both single and combination treatments
(Figures 7D and 7E). The same treatments were also performed in the RB-deficient MB436
model that was also highly responsive to the single agent and combination therapy (Figure
S7). Analysis of tumor histology demonstrated significant areas of necrosis and evidence of
mitotic catastrophe in the RB-deficient tumors (Figure 7F and not shown). Similarly the RB-
deficient tumors harbored more DNA damage as indicated by staining for y-H2AX (Figure
S7). These data indicate that RB loss translates into increased sensitivity to CHK inhibition
in vivo.

DISCUSSION

Despite substantial genetic analysis, few targeted therapies have emerged for the treatment
of TNBC (Herold and Anders, 2013; Turner and Reis-Filho, 2013). Here, we explored
whether loss of the RB tumor suppressor could represent a specific vulnerability for
therapeutic intervention. Unlike other breast cancer subtypes, TNBC does not have a clear
oncogenic driver, although there are defined subclasses of TNBC that harbor distinct
prognoses (Geyer et al., 2017; Lehmann et al., 2011). RB loss occurs in ~30% of TNBC
cases, and therefore, selectively targeting this event could have a substantial impact on
patients. Several groups have evaluated how RB deficiency impinges on therapeutic
sensitivity in breast cancer models (Jones et al., 2016; Knudsen and Wang, 2010; Robinson
et al., 2013). These studies have indicated that RB loss can sensitize to treatment with select
chemotherapies, radiation therapy, or agents that impact on mitochondrial translation. Both
preclinical analysis and evaluation of RB-deficient tumors support the premise that RB loss
is associated with increased sensitivity to select chemotherapies in breast cancer (Bosco et
al., 2007; Witkiewicz et al., 2012). However, the spectrum of agents for which therapeutic
responses are modulated by RB status has not been clearly defined, and the RB-targeted
therapeutic strategy in TNBC has yet to emerge.

By using a CDK4/6 inhibitor, we observed that activated RB antagonized a surprisingly
narrow spectrum of agents in TNBC cell lines. This included microtubule poisons that are
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used in chemotherapy and as anti-helmenthic agents. Additionally, CDKA4/6 inhibition
antagonized the action of agents that would be expected to function through replication
stress and represent both historical (e.g., mercaptopurine) and currently used (e.qg.,
gemcitabine) therapeutic agents. However, CDK4/6 inhibition did not antagonize a myriad
of additional compounds, including antibiotics, HDAC inhibitors, and targeted drugs against
multiple signaling pathways (e.g., MEK, PI3K, and MTOR inhibitors). Among molecularly
targeted agents, CDK4/6 inhibition consistently antagonized PLK, AURK, and CHK
inhibitors. Significantly, these were not single agent-specific effects, as similar results were
observed across multiple agents within a drug class. Because PLK (PLK1, PLK2, and
PLK3), AURK (AURKA and AURKB), and CHK (CHK1 and CHK?2) represent kinase
families, it is difficult to ascribe sensitivity to the specific inhibition of one member. Agents
targeting PLK are generally directed at PLK1 but can also inhibit other PLK family
members. Among CHK inhibitors utilized in this study, AZD7762 equivalently inhibits
CHKZ1 and CHK2, while other agents have more specificity toward CHK1. Biochemical
analysis as well as knockdown approaches also suggest that CHK1 and PLK1 are the
important targets for RB-dependent lethality. While the functional antagonism scored in
these assays is important for assessing a functional role of the RB pathway in the drug
response, it is important to note that short-term antagonism may not be representative of
long-term therapeutic responses with CDK4/6 combinations that are being tested in multiple
clinical trials (Knudsen and Witkiewicz, 2017). Carefully designed preclinical studies with
appropriate scheduling will be required to determine whether long-term combination
therapeutic approaches with CDK4/6 inhibitors could have a positive clinical effect in spite
of short-term antagonism.

Counter-screens using panels of RB-deficient cell lines and isogenic models confirmed a
number of the sensitivities elucidated by CDK4/6 antagonism. Using panels of cells lines
with intrinsically varying RB status is important, as it reflects genetic features of TNBC that
developed with or without RB tumor suppressor loss. However, isogenic models (e.g.,
shRNA knockdowns and CRISPR-mediated deletions) are also critical in confirming
specificity of the observed effects relative to RB status. These approaches were employed in
parallel to define specificity of RB status mediated sensitivities to CHK and PLK inhibitors.
Efficacy was further confirmed in xenografts, which demonstrated a significant increase in
the therapeutic index in models with RB loss. Importantly, the treatments were very well
tolerated in animals, suggesting that targeting CHK in RB-deficient tumors would be
clinically feasible.

That RB loss sensitizes to drugs that impact cell-cycle checkpoints provides an important
extension in understanding biological functions of this tumor suppressor. TNBC is a highly
aggressive tumor irrespective of RB status and, in fact, depleting RB has no discernible
effect on proliferation rate. However, analysis of clinical samples from RB-deficient TNBC
demonstrated that these tumor cells express high levels of DNA replication and G2/M
factors and overexpress the specific targets of both CHK1 and PLK1 inhibition.
Additionally, RB loss is associated with inherent DNA-replication stress and deficits in
G2/M progression that ostensibly cooperate with the inhibition of CHK1 and PLK1,
respectively (Manning and Dyson, 2012; Tort et al., 2006). Multiple agents that induce
replication stress were highly effective in RB-deficient tumor cells, suggesting that a greater
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dependence on CHK1 is an intrinsic feature associated with RB loss. Presumably the activity
of these parallel cell-cycle regulatory mechanisms allows for the survival of RB-deficient
TNBC and therefore served as a synthetic vulnerability. While CHK1 and PLK1 have been
the targets of robust clinical development, to date, clinical success has been modest
(Gutteridge et al., 2016; Thompson and Eastman, 2013). In part, this could reflect the lack of
biomarkers upon which to direct treatment. Clinical trials with CHK1 and PLK1 inhibitors
have largely been open to all patients with a specific malignancy diagnosis and not directed
with any biomarker. The one exception is a clinical trial of CHK1 inhibitors under
conditions of replicative stress or homologous repair deficiency (NCT02873975).
Importantly, only through rigorous prospective clinical trials will it be possible to fully
leverage preclinical findings to potentially advance TNBC treatment approaches. Given the
frequency of RB deficiency in TNBC, it would be possible to evaluate efficacy of CHK1 or
PLK1 inhibition in tumors exhibiting RB. In xenograft models, we observed strong disease
control with single-agent CHK1 inhibition over a 3-week period. Gemcitabine modestly
enhanced the response, suggesting potential for synergistic interactions. Together, the data
herein support selective targeting of RB loss in TNBC and indicate several different
strategies for a precision intervention in TNBC based on tumor suppressor loss.

EXPERIMENTAL PROCEDURES

Cell Culture

The cell lines used in the study were obtained from the ATCC, with the exception of the
AW23 cell line that was developed from a patient with RB-deficient triple-negative breast
cancer. Cell lines were cultured as denoted by the ATCC. The AW23 cell line was cultured
in DMEM + 10% fetal bovine serum (FBS). The identity of cell lines was confirmed by
short tandem repeat (STR) typing using the StemElite Kit (Promega). Profiles were
confirmed using the Children’s Oncology Group (COG) Cell Culture and Xenograft
Repository bank (http://strdb.cogcell.org) or JCRB cell bank (http://cellbank.nibiohn.go.jp/
english). In addition, cell lines were tested monthly throughout experimentation for
mycoplasma infection using the MycoAlert kit (Lonza).

Drug Screening

The Prestwick library was applied to MB231 cells growing in standard media or pretreated
with 1 pM palbociclib for 24 hr. Cell survival was evaluated after 72 hr by CellTiter-Glo
(CTG). Selection of hits for validation was determined by multi-point rich Z(RZ) scores
(Birminghamet al., 2009). Validation dose response analysis was performed in MCF7,
MB231, and MB468 cells. The oncology drug panel that contains 305 drugs covering
multiple distinct drug classes was previously described (Witkiewicz et al., 2016). This panel
was delivered at 250 nM and 1 pM to the indicated cell lines either alone or following
pretreatment with the CDKA4/6 inhibitor palbociclib. Cell viability was determined by CTG
analysis at 72 hr following delivery of the library. Drug screening was performed as
previously published (Witkiewicz et al., 2016). In determining the sensitivity of multiple
breast cancer lines to PF-00477736, the indicated cell lines were cultured at different drug
doses (1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005, and 0 uM) for five continuous days. Cell
viability was determined using CellTiter-Glo reagent (Promega). Luminescence values were
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normalized to the median of the per-plate DMSO vehicle only control wells and the dose-
response relationships modeled using 3-parameter logistic regression provided by the DRC
R-package. Area under the dose-response curve (AUC) measurements calculated using this
package were used as a readout of drug sensitivity. Each cell line was assessed in triplicate,
with median AUC values shown.

RNAIi Transfection and Adenovirus Transduction

TNBC cell lines were reverse transfected when growing in log phase in a 384-well plate
format with a CHK1 siRNA as previously described (Campbell et al., 2016). Alternatively,
cells were forward or reverse transfected with RNAI to PLK1, RB1, or CHK1 using standard
procedures (Dharmacon). After 3—4 days of culture, cell viability was determined using
CellTiter-Glo reagent or cells were utilized for western blotting or immunofluorescence
microscopy. Adenovirus encoding LacZ or PSM.7-LP have been previously described
(Braden et al., 2006). Titration was performed by immunofluorescence staining of infected
cultures to define a transduction efficiency of 90%-100%. Cells were employed 24 hr post-
infection for response to drug treatment.

Cell-Cycle Analysis

Cells were treated with drug (CHIR124 or volasertib) for 48 hr. Prior to harvesting, cells
were pulsed with BrdU or 5-ethynyl-2”-deoxyuridine (EdU) for 1 hr. Cells were trypsinized
after BrdU pulse and fixed in 70% ethanol overnight in 4°C. Cell pellets were washed once
with IFA buffer (1x HEPES, 4% FBS and 0.1% NaN3) and then with IFA + 0.5% Tween20.
Pellets were incubated in fluorescein isothiocyanate (FITC)-conjugated anti-BrdU (BD
Pharmingen) for 1 hr at room temperature. Cells were suspended in propidium iodide and
RNase before analysis in FASCanto Il flow cytometer. Cell-cycle analysis was performed
with FlowJo software. EdU incorporation was detected using Click-iT EdU imaging kits,
and percent incorporation was determined by counting random fields (Thermo Fisher).

Immunoblotting

Cells were seeded in 60-mm plates at 1.5 x 10° density and were treated the next. After 48
hr, cells were collected and subject to RIPA lysis buffer (50 mM Tris, 150 mM NacCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthovanadate, sodium fluoride,
EDTA, and leupeptin). Protein concentration was determined by Bradford Protein Assay dye
(Bio-Rad) and 30 pg of protein per sample was resolved by SDS-PAGE. Gel was transferred
to Immobilon-P membrane (Millipore). Blots were blocked with 5% milk for 1 hr at room
temperature and incubated with primary antibody overnight at 4°C. Incubation in secondary
antibody was at room temperature for 1 hr. Antibodies for specific proteins detected were
PARP (9542, Cell Signaling), RB (4H1, Cell Signaling), PLK1 (208G4, Cell Signaling),
pRPA32 (T21, Abcam), and phospho-PLK1 (Thr210, Cell Signaling).

Immunofluorescence

Cells were seeded on glass coverslips and treated with drug (AZD7762, CHIR124, and
volasertib) for 48 hr. For the staining of y-H2AX (2572, Cell Signaling), PCNA (PC10,
Santa Cruz), and phospho-serine 10 histone H3 (06-570, Millipore), cells were washed in
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PBS and fixed in 4% paraformaldehyde. They were then permeabilized in 0.5% Triton
X-100. For PCNA staining, cells were pre-extracted with CSK buffer (10 mM HEPES, 300
mM sucrose, 100 mM NaCl, and 3 mM MgClI,) and extraction buffer (50 mM NaF, 0.1 mM
sodium orthovanadate, 1 mM PMSF, 0.5% Triton X-100, and protease inhibitor). After
permeabilization, cells were blocked in immunofluorescence (IF) buffer (5% BSA, 0.4%
NP40 in PBS) and incubated with primary antibody diluted in IF buffer for 1 hr in 37°C.
Coverslips were washed in PBS and secondary antibody diluted in IF buffer was applied for
1 hrin 37°C. Coverslips were washed after staining after staining with the secondary
antibody and mounted on slides. Images were taken with a Leica confocal microscope at
63xmagnification. For the staining of RB, cells were fixed in methanol and stained with 4H1
antibody (Cell Signaling) as previously described (Franco et al., 2016).

Mixed Culture Analysis

The indicated RB-proficient and deficient cells were mixed at a 1:3 ratio and plated onto
collagen-coated coverslips. Cells were treated for 72 hr and fixed in methanol, and the
fraction of RB-positive cells was determined by immunofluorescence microscopy.
Experiments were performed in triplicate, with over 200 cells counted per condition from
random fields. The percentage of cells that were RB positive or negative was determined and
the average and SD determined. Differences in the percentage of RB-negative cells were
assessed for statistical significance using the Student’s t test.

Immunohistochemistry and RNA-Sequencing Analysis of TNBC Cases

Excess tissue from TNBC surgical resections was collected under an institutional review
board (IRB)-approved protocol. The immunohistochemistry for RB and p16ink4a was
performed on formalin-fixed paraffin-embedded specimens as previously reported (Knudsen
et al., 2012). Total RNA was prepared from frozen tissue for cases that were either RB*/
p16ink4al®V or RB~/p16ink4aNidh as determined by immunohistochemistry. Samples were
sequenced with Thermo Fisher’s SOLiD whole-transcriptome sequencing with 50-bp paired
ends. RNA reads were aligned using Thermo Fisher’s LifeScope Genomic Analysis software
v.2.5.1 and counts generated from aligned BAM files using HTSeq. The accession number
for the RNA sequencing data reported in this paper is GEO: GSE108757, deposited at the
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/), and can be accessed with
the manuscript title “Targeting the vulnerability of RB tumor suppressor loss in triple
negative breast cancer.” Counts were log-normalized using the edgeR R package. p values
were calculated between RB-positive and RB-negative samples using a Student’s t test,
assuming unequal variance. Genes were determined to be differentially expressed between
the two groups if p < 0.05. Zscores were calculated for each gene and heatmaps were
generated in R. Gene ontology analysis was run through PANTHER. Boxplots were
generated using log-normalized expression values for select genes in GraphPad Prism 7.

Analysis of TCGA Data

RB1 mutation status was determined for triple-negative breast cancer cases from TCGA
(Cancer Genome Atlas, 2012). Cases were considered RB negative if a truncating variant or
homozygous deletion was called in the sample. Log-fold changes and p values were
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calculated for genes with a p value less than 0.1 in our triple-negative breast cancer samples.
The volcano plot was created for these genes using R.

In Vivo Xenograft Studies

Female NSG mice were injected with MB231, MB231 RB CRISPR, or MB436 cells (2-3 x
108 cells per mouse). Mice were randomized to the control, AZD7762, and combination
(AZD7762 and gemcitabine) groups when tumor volumes reached 150-200 mm3. In the
control group, mice were administered with vehicle. AZD7762 group was administered
AZD7762 (25 mg/kg) via intra-peritoneal (IP) injections daily. Combination group was
injected with gemcitabine (50 mg/kg, IP) on day 1, followed by AZD7762 (25 mg/kg, IP) on
days 2 and 3. The therapy lasted for 21 days, unless tumor volumes reached 2,000 mm?3 at
the earlier time point. AZD7762 was prepared in 11.3% 2-hydroxyproply-p-cyclodextrin
(Sigma, St Louis, MO) and sterile saline. Gemcitabine was dissolved in sterile saline. Tumor
size was measured every day, and volume was calculated using the following equation: V =
0.5 x ([greatest diameter] x [shortest diameter]?).

Immunohistochemistry on Xenograft Tumors

Staining for RB1 and y-H2AX was performed on harvested formalin-fixed paraffin-
embedded tumor tissue as previously described (Knudsen et al., 2012; Witkiewicz et al.,
2016). Sections stained with for y-H2AX were scored manually by the same operator
(A.K.W.) using a Zeiss microscope with a 63x objective. y-H2AX-positive cells were scored
for nuclei with >5 -y-H2AX foci visible. Greater than 250 cells were scored per slide, and
the average number of positive cells was determined. The counts were performed on three
slides (corresponding to individual xenografts) for each treatment condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RB loss in TNBC drives increased DNA replication and mitotic gene
expression programs

CDKA4/6 inhibition yields RB-dependent protection against select
chemotherapeutics

CHK and PLK inhibitors exploit a vulnerability conferred by RB loss in
TNBC models

RB loss increases efficacy of select therapies in TNBC xenograft models
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Figure 1. CDK4/6 Inhibition Antagonizes Sensitivity to Select Agents
(A) Sensitivity of agents within the Prestwick chemical library is defined as individual dots.

The sensitivity in the presence (red) or absence (blue) of CDK4/6 inhibitor palbociclib (PD)
is plotted. Select agents, for which pretreatment with CDK4/6 inhibitor antagonized initial
cytotoxicity (robust Zscore less than —3.0), are shown in the table. The score shown is the
percent effect on viability, where —100 represents complete loss of viability.

(B) Dose response of cells treated with the indicated agents, either alone (black bars) or with
prior treatment with a CDK4/6 inhibitor (gray bars). The mean and SD are shown (***p <
0.001, as determined by t test).

(C) Flow cytometry showing the DNA-content of either MB231 cells or S2 cells treated with
colchicine, palbociclib (PD), or pretreated with palbociclib and then treated with colchicine.
Representative histograms are shown.

(D) Dose response of cells treated with the indicated agents, either alone (black bars) or with
prior treatment with a CDKA4/6 inhibitor (gray bars). The mean and SD are shown (***p <
0.001, as determined by t test).

(E) MB231 and MB468 cells were treated with the indicated agents at increasing dose. The
mean and SD are shown (***p < 0.001, as determined by t test).
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Figure 2. CDK4/6 Inhibition Selectively Inhibits Sensitivity to Cell-Cycle Active Agents
(A) Sensitivities of agents within the SelleckChem chemical library are defined as individual

dots. The sensitivity in the presence (red) or absence (blue) of CDK4/6 inhibitor palbociclib
(PD) is plotted.

(B) Dose-response relationship between naive and palbociclib-pretreated MB231 cultures
with the indicated chemotherapy agents. The mean and SD are shown (*p < 0.05, **p <
0.01, ***p < 0.001, as determined by t test).

(C) Dose-response relationship between naive and palbociclib-pretreated MB231 cultures
with the indicated PLK1 inhibitors. The mean and SD are shown (*p < 0.05, **p < 0.01,
***p < 0.001, as determined by t test).

(D) Dose-response relationship between naive and palbociclib pretreated MB231 cultures
with the indicated CHK inhibitors. The mean and SD are shown (*p < 0.05, **p < 0.01,
***p < 0.001, as determined by t test).

(E) Immunoblot analysis of the indicated proteins from MB231 cells treated with the CHK
(AZD7762 and CHIR124) and PLK1 inhibitors.

(F) Immunaoblot analysis of RB-proficient and deficient models developed with a synthetic
miRNA (miRB) or CRISPR/CAS9 mediated deletion. Immunofluorescence was used to
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confirm that less than 1% of the cells contained detectable nuclear RB staining (scale bar,
100 pm).

(G) Knockdown of PLK1 and CHK1 was performed in either RB-positive or RB-deficient
cell populations by RNAI transfection. The efficacy of the knockdown was confirmed by
immunoblot analysis of PLK1 and CHK1 in MB231 cells. Treatment with palbociclib was
protective only in cell lines that contain RB, and RB-deficient models were more sensitive to
the depletion of CHK1 and PLK1. The mean and SD are shown (**p < 0.01, ***p < 0.001,
as determined by t test).
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Figure 3. RB Loss Is Associated with Increased Sensitivity to PLK1 and CHK Inhibitors
(A) Relative sensitivity of the indicated RB-proficient (blue) and deficient (green) cell lines

is shown for the indicated CHK inhibitors at 1 uM. The mean and SD are shown. Dose-
response analysis is shown for the indicated RB-proficient and deficient cell lines to
AZD7762. Statistical analysis of the aggregated data for RB-proficient and deficient models
was determined by t test (**p < 0.01, ***p < 0.001). Rhe analysis of dose responses was
determined by ANOVA analysis (p < 0.001) for the comparison across RB statuses.

(B) Relative sensitivity of RB-proficient (blue) and deficient (green) cell lines is shown for
the indicated PLK1 inhibitors at 1 uM. The mean and SD are shown. Dose-response analysis
is shown for the indicated RB-proficient and deficient cell lines to volasertib. Statistical
analysis of the aggregated data for RB-proficient and deficient models was determined by t
test (**p < 0.01, ***p < 0.001). The analysis of dose responses was determined by ANOVA

analysis (p < 0.001) for the comparison across RB status.

(C) Relative sensitivity of RB-proficient (blue) and deficient (green) cell lines is shown for
the indicated chemotherapies at 1 uM. The mean and SD are shown. Statistical analysis of
the aggregated data for RB-proficient and deficient models was determined by t test (**p <

0.01, ***p < 0.001).
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(D) Heatmap illustrating different drug responses in RB-proficient, RB-deficient, and
palbociclib-treated cell lines. The color bar denotes the log fold change in cell viability, with
blue indicating sensitivity.

(E) MB453 cells were transfected with either control non-targeting (NT) or RB1-directed
RNA.I. The efficacy of the knockdown was confirmed by immunofluorescence staining for
RB protein (scale bar, 50 pm). Cells were treated with the indicated dose of AZD7762 or
volasertib, and cell viability was determined. The mean and SD are shown. RB deficiency
was associated with increased sensitivity (**p < 0.01, ***p < 0.001, as determined by t test).
(F) Representative immunofluorescence staining of mixed cultures of RB-proficient
(MB231) and RB-deficient cell lines (AW23) (scale bar, 50 pm).

(G) Two independent mixed cultures were developed (MB231/AW23 and MB453/MB468).
The relative fraction of RB-positive and RB-negative cells was determined for more than
250 cells in random fields from three independent experiments. Data for untreated cultures
versus those treated with CHIR124 (500 nM) or volasertib (500 nM) are shown. The
statistical difference in the percentage of RB-deficient cells was determined by t test (**p <
0.01, ***p < 0.001).
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Figure 4. RB Deficiency Is Associated with Increased Sensitivity to CHK Inhibitors in Multiple
Models of TNBC

(A) Immunoblot analysis of CALU1 and MCF10A cells with RB gene CRISPR-mediated
deletion and shRNA-mediated knockdown respectively.

(B) MCF10A or CAL51 cells and RB-deficient derivatives were reverse transfected with a
CHKZ1 containing RNA. library in 384-well plates. Cell viability was determined by the use
of CellTiter-Glo reagent (Promega). Luminescence values were log transformed and
converted into Zscores compared to the median effect of all sSiRNAs within the 384-well
plate. Negative Zscores indicate cell inhibition. Data show the mean effect from three
replica experiments. Error bars represent SEM; significance was determined using the t test.
(C) The indicated cell lines were plated when growing in log phase in 384-well plates and
exposed to a titration of PF-00477736 (1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005, and 0
uM) for five continuous days, at which point cell viability was determined. Values were
normalized to the median of the per-plate DMSO-vehicle-only wells, and area under the
dose-response curve (AUC) measurements were calculated. Each cell line was assessed in
triplicate, with median AUC values shown. Compared to RB wild-type tumor cell lines, RB-
defective tumor cell lines exhibited enhanced sensitivity to PF-00477736 (p = 0.0061, t test).
The heatmap provides a complementary visualization of the data.

(D) RB-deficient TNBC cell lines (MB436 and MB468) were transduced with adenoviruses
encoding LacZ or a constitutively active allele of RB (7LP). The degree of transduction was
evaluated by immunofluorescence staining, with >90% of cells expressing RB. A
representative image of MB436 cells is shown (scale bare is 50 um). 24 hr post-transduction,
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cells were treated with increasing concentrations of AZD7762, and cell viability was
evaluated after 72 hr. The mean and SD are shown. Expression of the constitutively active
RB was associated with resistance to AZD7762 (t test, ***p < 0.001).
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Figure 5. RB-Deficient TNBC Harbor High Levels of Genes Associated with Replication and
Mitosis

(A) Representative immunostaining for RB, p16ink4a, and Ki67 to define RB-deficient
TNBC cases.

(B) Heatmap of significantly altered genes as determined by RNA sequencing of RB-
proficient and RB-deficient cases. Gene ontology analysis of upregulated genes shows
highly significant enrichment for genes associated with DNA replication and mitosis.
Transcript levels of RB1 and CDKN2A support the immunohistochemical analysis (t test,
**p < 0.01, ***p < 0.001).

(C) Transcript levels of PLK1 and CHEKZ1 in normal, RB-positive, and RB-negative TNBC
cases. The mean and specific transcript levels are plotted (t test, *p < 0.05).

(D) Heatmap depicting the Zscore in the expression of genes in a replication stress
signature. Red and green color bars denote RB-negative and RB-positive cases, respectively.
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Figure 6. RB-Deficient Cells Are Prone to Replicative Catastrophe and Mitotic Dysregulation
(A) Flow-cytometry traces of MB231 and MB231 RB CRISPR cells treated with the

indicated agents (x axis, DNA content; y axis, BrdU incorporation). The positions of 2N,
4N, and 8N ploidy are indicated.

(B) Quantitation of BrdU intensity in control (red) or CHK inhibitor (CHIR124)-treated
(blue) cells. The mean and SD are shown. The BrdU collapse is indicative of increased S
phase DNA damage and failure or replication.

(C) Quantitation of the percentage of BrdU-positive cells treated with CHIR124. The mean
and SD are shown. Significant differences between RB-proficient and deficient cells were
determined by t test (**p < 0.01).

(D) Quantitation of cell ploidy in the RB-proficient and deficient cells with the indicated
treatments. The mean and SD are shown. Significant differences between RB-proficient and
deficient cells were determined by t test (**p < 0.01).

(E) Quantitation of chromatin-associated PCNA following treatment with AZD7762. The
mean and SD are shown (**p < 0.01). Representative immunofluorescence images of RB-
proficient and deficient cells following treatment with the CHK inhibitor AZD7762 (scale
bar, 25 um).
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(F) Immunoblotting of the indicated cell lines treated with increasing doses of CHK
inhibitor (AZD7762). PARP cleavage is a marker for apoptotic cell death.

(G) MB436 cells either transduced with control virus (LacZ) or expressing constitutively
active RB (7LP) were treated with volasertib, and the percentage of cells exhibiting mitotic
entry was determined by staining for phosphorylated serine 10 of histone H3. The mean and
SD are shown. Significant effect of constitutively active RB on the response to volasertib
was determined by t test (***p < 0.001). Representative images showing combined staining
for EAU and phosphorylated serine 10 histone H3 and DAPI (scale bar, 20 pm).

(H) MB436 cells either transduced with control virus (LacZ) or expressing constitutively
active RB (7LP) were treated with CHIR124, and the percentage of cells exhibiting -y-H2AX
reactivity was determined by immunofluorescent staining. The mean and SD are shown.
Significant effect of constitutively active RB on the response to CHIR124 was determined
by t test (***p < 0.001). Representative images showing combined staining for EdU and
phosphorylated y-H2AX and DAPI (scale bar, 20 um).
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Figure 7. Selective Efficacy of CHK Inhibitors in RB-Deficient Xenografts
(A) Representative RB immunohistochemistry for MB231 and MB231 RB CRISPR

xenografts. Scale bar, 50 um.

(B) Treatment schedules for xenograft models. Mice were randomized to the treatments
when tumors were ~250 mm?, and treatment proceeded for 21 days.

(C) Mouse weight was determined daily. No significant differences in mouse body weights
were observed through the treatment course.

(D) Relative tumor volume was determined by digital calipers daily for RB-proficient
tumors treated with vehicle (n = 11), AZD7762 (n = 11), or AZD7762 + gemcitabine (n =
11) and RB CRISPR tumors treated with vehicle (n = 7), AZD7762 (n = 8), or AZD7762 +
gemcitabine (n = 8). The mean and SD of tumor size are plotted. In the case of MB231
tumors, a statistically significant difference in tumor volume was observed only with
gemcitabine + AZD7762 treatment. In the case of MB231 RB CRISPR tumors, statistically
significant differences were observed with all treatments.

(E) Representative images of excised tumors at the end of 21 days of treatment. Scale bar, 1
cm.

(F) Representative images of H&E-stained sections showing large areas of tumor cell
necrosis in the MB231 RB CRISPR tumors treated with drug. Scale bar, 100 pm.
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