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Abstract

Recent studies highlight the importance of the RB1 tumor suppressor as a target for cancer
therapy. Canonically, RB1 regulates cell cycle progression and represents the down-stream target
for CDK4/6 inhibitors that are in clinical use. However, newly discovered features of the RB1-
pathway suggest new therapeutic strategies to counter resistance and improve precision medicine.
These therapeutic strategies include deepening cell cycle exit with CDK4/6 inhibitor
combinations, selectively targeting tumors that have lost RB1, and expanding the therapeutic index
by mitigating therapy-associated side effects. In addition, RB1 impacts immunological features of
tumors and the microenvironment that can enhance sensitivity to immunotherapy. Lastly, RB1-
specifies epigenetically determined cell lineage states that are disrupted during therapy resistance
and could be re-installed through the direct use of epigenetic therapies. Thus, new opportunities
are emerging to improve cancer therapy by exploiting the RB1-pathway.
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The canonical RB1-pathway and FDA-approved therapy:

Our current understanding of the RB1 pathway is based on decades of research that together
provide a frame-work which also accurately describes numerous clinical observations
(Figure 1). Conventionally the RB1-pathway is used to describe the mechanisms through
which mitogenic or oncogenic signals drive the progression from G1 to S-phase of the cell
division cycle (reviewed in [1-4]). These signals elicit the activation of cyclin dependent
kinases CDK4 or CDK®6. This is believed to represent the key interface between signal
transduction pathways (e.g. receptor tyrosine kinases) and the cell cycle. The activation of
CDK4 or CDKG is driven by multiple factors, including the induction of D-type cyclins that
are required for catalytic activity[5, 6]. CDK4/6 initiates the phosphorylation and
inactivation of the RB1 tumor suppressor. RB1 has multiple functions that will be discussed
in more detail. However, one function is clearly the repression of a transcriptional program
that includes multiple genes that are essential for DNA-replication and mitotic progression
(see Box 1)[7]. Inactivation of RB1 thus allows for the expression of down-stream genes that
are necessary for the cell cycle to progress into S-phase and beyond. Genes that drive RB1
inactivation in this circuit are well-established oncogenes (e.g. CDK4 and Cyclin D1). In
contrast genes that antagonize CDK4/6 activity (e.g. the CDKN2A gene encoding the
p16INK4a protein) are tumor suppressors[5, 8]. This simple linear pathway has stood the
test of substantial scrutiny through the years, but two key findings underpin the overall
framework. First, preclinical studies demonstrated that RB1 is required for growth inhibition
associated with inhibiting CDK4/6 activity. This has been shown by directly targeting
CDKA4/6 (ie. using antibodies or RNAI)[9], expressing the CDK4/6 inhibitor p161NK4a[10],
and more recently by using pharmaceutical CDK4/6 inhibitors[11]. Second, genetic and
epigenetic alterations of different components within the RB1-pathway are mutually
exclusive in clinical cancer specimens. This finding was first illustrated by
immunohistochemistry and targeted analysis in cell lines[12], but has remained a constant
feature of essentially all tumor-types that have been subjected to DNA sequencing[13].
Combined, these findings support a linear pathway, highly conserved across cancers,
wherein several mechanisms of pathway alteration have similar down-stream effects on the
cell division cycle.

Multiple targeted therapeutic agents impinge on this canonical RB1 pathway[14, 15]. For
example endocrine therapy in breast and prostate cancer is known to elicit clinical activity, at
least partially, by inhibiting CDK activity and activating RB1[16, 17]. Similarly, many
therapies that impact on mitogen signaling (e.g. MEK or EGFR inhibitors) lead to G1 cell
cycle inhibition as part of the mechanism of action. However, EGFR and MEK inhibitors
can also elicit tumor cell death by other mechanisms and many pharmaceutical CDK-
inhibitors target multiple different CDK complexes and elicit toxicity through mechanisms
independent of the RB1 pathway[6]. Only the advent of highly selective CDK4/6 inhibitors
allowed an unambiguous case to be made that therapeutic efficacy was a direct feature of
targeting the RB1 pathway[6, 18].

Currently, there are three FDA-approved CDK4/6 inhibitors (palbociclib, ribociclib, and
abemaciclib)[18-20]. Interestingly, although CDK4/6 inhibitors were initially evaluated in
multiple tumor types, the main clinical activity has emerged in ER+ breast cancer [21, 22].
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This likely reflects a unique dependence of luminal breast cancer cells on CDK4/6 activity.
As would be expected, the mechanism of action of CDK4/6 inhibitors is largely cytostatic
and the drugs limit proliferation of tumor cells typically without inducing substantial cell
death in most tumor types[11, 23-25]. This is largely consistent with observations in the
clinic. Neoadjuvant studies in ER+ breast cancer show that palbociclib elicits profound
suppression of Ki67 as a single agent and in combination with endocrine therapy[26, 27].
Interestingly, the effects on cell proliferation appears to be reversible in clinical cases,
illustrating one of the limitations associated with the utilization of CDK4/6 inhibitors[26].
While CDK4/6 inhibitors elicit a profound impact on delaying the progression of ER+
metastatic breast cancer and have transformed the treatment of disease, veritably all patients
ultimately progress on treatment [28, 29]. Thus, while targeting the RB1 pathway is
clinically useful, there are clearly opportunities to better improve durable disease control and
to counter disease progression.

Cell cycle plasticity and enhancing depth of cell cycle exit as a therapeutic

strategy:

While CDK4/6 inhibitors have had clinical success and can clearly suppress the progression
of disease, in many disease settings the effect is rather modest or negligible [22]. It had been
surmised that RB1-proficient tumors should be largely incapable of bypassing CDK4/6
inhibition, as is supported by the general observation that the vast majority of RB1-
proficient tumor cells respond to CDK4/6 inhibitors[24, 30]. However, emerging data
indicates that the cell cycle has considerably more plasticity than otherwise appreciated and
resistance to CDK4/6 inhibition can clearly occur in the presence of RB1. It now appears
that in many tumor contexts, there exist parallel or adaptive pathways that allow for cell
cycle progression in spite of pharmacological CDK4/6 inhibition (Figure 2). Multiple
studies over the last year have begun to shed-light on this “dark-side” of the cell cycle,
where other CDK complexes compensate for the pharmaceutical suppression of CDK4/6
and limit therapeutic efficacy[31-34]. These finding are congruent with prior observations
indicating cells can divide in the genetic absence of CDK4 and 6 activity and clearly
illustrate the involvement of compensatory pathways [35].

There are several features of the response to CDK4/6 inhibitors that likely represent
determinants of transient vs. durable response. A commonly observed feature of response to
CDKa4/6 inhibition is the upregulation of cyclin D1[31-33, 36]. Limiting this adaptive
response enhances cell cycle exit. This can be achieved by combining CDK4/6 inhibitors
with endocrine therapy in hormonally dependent cancers, or MEK, EGFR, PI3K, and
MTOR inhibitors depending on the tumor context [31, 34, 36, 37] (Figure 2). The presence/
accumulation of cyclin E and CDK2 activity represents another common adaptation that
contributes to CDK4/6 inhibitor resistance[31, 36]. In fact, in recently published studies
cyclin E transcript levels have emerged as a predictor of response to palbociclib and
fulvestrant in metastatic ER+ breast cancer[38]. What dictates which of these mechanisms
mediate cell cycle plasticity and resistance to CDK4/6 inhibition in RB1-proficient tumors
remains unclear. However, it would appear that maintenance of CDK2 activity in the
presence of CDK4/6 inhibitors is commonly used by cancer cells to resist therapy[31].
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Whether the tissue of origin or the genetic milieu of the tumor dictates the mechanism of
resistance is largely unknown. Since this intrinsic resistance can be ameliorated via
suppression of specific oncogenic signaling pathways (e.g. EGFR)[39, 40], it suggests
oncogenic events prevalent in some tumor types can drive a cell cycle that is only partially
dependent on CDKA4/6 activity. Conversely, tumor types such as melanoma appear to be
more sensitive to CDKA4/6 inhibition than other tumor types (e.g. colon cancer and
pancreatic cancer) that have analogous oncogenic drivers in the RAS/RAF pathway[22].
Similarly, luminal ER+ breast tumors appear to be particularly sensitive to CDK4/6
inhibition and less prone to adaptation. Thus, the cell of cancer origin likely also influences
this cell cycle plasticity.

Interestingly, nearly all drug combinations that cooperate with CDK4/6 inhibition do so by
enforcing the full-blockade of RB1 phosphorylation, inhibiting CDK2 activity, and
suppressing core RB1 target genes (Figure 2 and Box 1). These combinations include
targeting the MEK/RAF, PI3K, MTOR, EGFR, and endocrine pathways and are being tested
in multiple clinical settings [34, 36, 37, 39-41]. Importantly, there appears to be a tissue
context for cooperation between therapies. For example, PI3K inhibitors appear to be potent
in cooperating in breast cancer[37] while MEK inhibitors are particularly potent in RAS-
driven tumor[32, 42]. There are approximately 300 genes that have been demonstrated to be
repressed by RB/E2F complexes[43]. These genes are involved in a variety of cellular
functions including DNA damage repair, chromosome segregation, DNA replication,
transcription, and regulation of chromatin structure. Thus, the RB1 pathway function affects
multiple, fundamental cancer cell properties. Nonetheless, many of these genes are essential
for cellular proliferation and viability as determined by Crispr/Cas9 screens[44]. From a
therapeutic perspective, therefore, as long as this feature of the RB1-pathway can be
effectively engaged, ostensibly no cell should be able to divide. Deep, RB1-mediated cell
cycle arrest has characteristics of senescence, and CDK4/6 inhibition in select combinations
has been shown to induce a senescent-like, complete cell cycle arrest [41, 45]. Whether such
a response occurs clinically is less clear since ER-positive breast cancers rapidly regain
proliferative potential with the cessation of therapy[26]. Presently, a large number of clinical
trials are utilizing targeted agents to enhance the durability of clinical response with CDK4/6
inhibitors, potentially to deepen cycle arrest. However, outside of ER-positive breast cancer
and endocrine therapy, the results of only a few of these trials have been reported. Therefore,
whether the potent synergies that have been observed in pre-clinical studies will make a
difference clinically remains largely unknown.

Tumor heterogeneity and targeting RB1-deficient cells:

Loss of RBL1 is one of the key mechanisms that yields acquired resistance to endocrine
therapies, oncogenic pathway targeted therapies, and CDK4/6 inhibitors [46-48].
Presumably, this reflects evolutionary selection for RB1 loss as a means to circumvent
therapies that inhibit the cell cycle as their primary mechanism of action. This acquired
resistance may occur through selection of tumor sub-clones with a pre-existing RB1 loss of
function mutation (Figure 3). Such sub-clonal selection has been observed in clinical
settings[47, 49]. Alternatively, emergence of de novo RB1 loss of function also appears to
occur[46, 47, 50]. However, underlying mutagenic processes (either point-mutation or gene
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deletion) are presumably dependent on cell cycle progression. Therefore, if it is possible to
therapeutically yield complete cell cycle exit, tumor evolution would ostensibly cease.
Consistent with the importance of ongoing cell cycle progression, experimentally inducing
acquired resistance to CDKA4/6 inhibition in breast cancer models requires using of low,
partially active, concentrations of CDK4/6 inhibitor to enrich for RB1 loss or cyclin E
amplification that drive resistance in the clinical setting[46, 51]. Irrespective of how or when
RBL1 is lost, treating tumors that have lost RB1 is becoming a progressively more significant
element of clinical practice.

One therapeutic approach for treating RB1-deficient tumors is the use of conventional
cytotoxic chemotherapy that typically targets rapidly dividing cells (e.g. taxanes). RB1-
deficient tumors appear to remain sensitive to standard of care chemotherapy. Indeed, breast
cancers that are RB1-deficient are more prone to have a complete response to neoadjuvant
chemotherapy[52, 53]. Similarly, small cell lung cancer, which is largely driven by RB1
loss, is highly responsive to chemotherapy (combination chemotherapy overall response
rates greater than 50% with multiple regimens). Presumably, this sensitivity reflects the lack
of critical cell cycle checkpoints that would protect slower proliferating tumors. While
effective initially, it is also clear that RB1-deficient tumors evolve to chemotherapy
resistance as is particularly apparent in the context of small cell lung cancer where systemic
therapy is rarely curable[54].

Over the last year substantial effort has been directed at defining synthetic lethal
vulnerabilities in cancer cells lacking the RB1 tumor suppressor (ie. mutated, deleted, or
silenced). From this work a number of clinically testable therapeutic approaches have
emerged. Interestingly, the drugs that have emerged from this work fall into categories that
largely target elements of the cell cycle checkpoint machinery (ie. DNA replication
checkpoint or spindle assembly checkpoint). Preclinical research focused on triple negative
breast cancer (which exhibits RB1 loss in approximately 30% of cases) identified sensitivity
to checkpoint kinase (CHK), CDC25 phosphatase, polo-like kinase (PLK) or aurora kinase
(AURK) inhibitors as being modified by the status of RB1[55, 56]. Independent drug
screening efforts identified RB-loss selective sensitivity to AURK inhibitors across large
panels of cell lines[57, 58]. Although the mechanisms of sensitivity appear to be largely
dependent on changes in cell cycle dynamics manifest through RB1 loss, different studies
have focused on distinct targets for RB1-deficient specific activity. For example, AURKB
and AURKA were each defined as targets of vulnerability, and in both cases the deregulation
of genes controlling the spindle assembly checkpoint (e.g. BUB1B or PTTG1) was
associated with increased sensitivity [57, 58]. While provocative and providing important
approaches for potentially treating RB1-deficient tumors, there could be a degree of context
specificity that will need to be determined for optimal clinical implementation.

Routine clinical evaluation of RB1 status to inform treatment assignment is not currently
standard of care. In the context of CDK4/6 inhibitors, it was initially thought that screening
for RB1 status would be important to identify patients most likely to respond favorably.
Although it is clear from recently published studies that RB1-deficient tumors rapidly
progress on CDK4/6 inhibitor therapy[46], evaluation of RB1 status is not part of the FDA-
approved indication in ER+/HER2- tumors. At present there is only one clinical trial open
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that specifically screens for RB1 loss for inclusion, and this is a trial of the CHKZ1 inhibitor
prexasertib for advanced solid tumors (i). This trial is complemented by a clinical trial in
small cell lung cancer, where >90% of tumors are expected to be RB1-deficient ("). While
biomarker-directed clinical trials with PLK1 and AURK inhibitors have heretofore not
included the synthetic vulnerability of RB1-deficient tumors, there are likely developing
trials based on the compelling preclinical data. In general, advancing a precision approach
for exploiting the RB1-pathway will require more common assessment RB1-status in
clinical practice (especially in recurrent and/or metastatic disease). Only through well-
controlled clinical trials can promising pre-clinical findings inform a rational approach to
treating tumors that have acquired RB-deficiency in response to targeted therapies.

Role of CDK4/6 inhibitors in reducing treatment related morbidity and
expanding therapeutic index against RB1-deficient tumors:

Standard of care cancer treatments based on genotoxic chemotherapy and radiation carry
substantial risk of morbidity and mortality [59]. In the case of breast cancer, it has been
estimated that one to three deaths from overtreatment occur for every one cancer death
avoided [60]. CDK4/6 inhibition has been advanced as a means of suppressing
chemotherapy related cytotoxicity for RB1-pathway null cancers[61-63]. Simultaneous
administration of the CDK4/6 inhibitor G1T28 with cytotoxic chemotherapy (5-fluorouracil)
was shown to suppress hematopoietic exhaustion during repeated treatments and enhance
survival in mice where the protective effect is shown to overlap with the period of CDK4/6
inhibitor induced cell cycle arrest[61]. This approach has been extended to clinical trials for
metastatic triple negative breast cancer and small cell lung cancer, where the ability of
G1T28 to mitigate myelosuppression is being assessed in conjunction with gemcitabine,
carboplatin, topotecan, and etoposide in various studies (11l IV, V, Vi) Topline data from these
studies have shown significant myeloprotection. Surprisingly, RB1-pathway null status was
not an inclusion criterion for these studies and a complete block of cell division by CDK4/6
inhibition in RB1-pathway competent tumor cells might be expected to suppress the efficacy
of chemotherapies targeting events during the cell cycle[62, 64]. Nonetheless, approximately
1/3 of metastatic triple negative breast cancers and nearly all small cell lung cancer tumors
are expected to have lost RB1 function and re-purposing CDK4/6 inhibitors for
myeloprotection may be useful in this subset of tumors.

Most chemotherapeutic agents are administered by infusion and have relatively short half
lives in vivo (e.g. gemcitabine, ~1 hr; carboplatin, ~6 hrs; etoposide, ~7.5 hrs; topotecan, ~3

I-https://clinicaltrials.gov/ct2/show/NCT02873975: A Study of LY2606368 (Prexasertib) in Patients With Solid Tumors With
Replicative Stress or Homologous Repair Deficiency

II-https://clinicaltrials.gov/th/show/NCT02735980: A Study of Prexasertib (LY2606368) in Participants With Extensive Stage Disease
Small Cell Lung Cancer

III-https://clinicaltrials.gov/ct2/show/NCT02978716: Trilaciclib (G1T28), a CDK 4/6 Inhibitor, in Combination With Gemcitabine and
Carboplatin in Metastatic Triple Negative Breast Cancer (mMTNBC)

IV-https://clinicaltrials.gov/ct2/show/NCT02514447: Trilaciclib (G1T28), a CDK 4/6 Inhibitor, in Patients With Previously Treated
Extensive Stage SCLC Receiving Topotecan Chemotherapy

V-https://clinicaltrials.gov/th/show/NCT02499770: Trilaciclib (G1T28), a CDK 4/6 Inhibitor, in Combination With Etoposide and
Carboplatin in Extensive Stage Small Cell Lung Cancer (SCLC)

V'-https://clinicaltrials.govlotZIshow/NCT03041311: Carboplatin, Etoposide, and Atezolizumab With or Without Trilaciclib (G1T28),
a CDK 4/6 Inhibitor, in Extensive Stage Small Cell Lung Cancer (SCLC)
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hrs). G1T28 infused with these drugs results in G1 arrest lasting ~32 hrs which is sufficient
to allow significant clearance of the cytotoxic drugs and underpins the myeloprotection
afforded by G1T28[61]. However, cell cycle position may impact susceptibility to
chemotherapeutic treatments, and it is known that cells that have recently entered GO/G1 are
protected from the effects of cytotoxic drugs[65, 66]. The incomplete antitumor activity of
chemotherapeutics administered intermittently by infusion may, at least in part, reflect the
presence of cells that are retractile to drug treatment simply because they are in a phase of
the cell cycle in which they are protected from the effects of the drug. Slowly dividing
tumors and tumor stem cells are expected to be particularly resistant due to extended lengths
of GO/G1 phases[67]. Although CDK4/6 inhibitors are not without side-effects, patients can
be maintained on treatment for extended periods with apparent lack of cumulative toxicity.
To the extent that prolonged CDK4/6 inhibition affords protection of normal cells in which
the RB-pathway is intact, it may be possible to use these drugs to extend the duration over
which chemotherapeutic treatments are tolerated by patients and target a larger proportion of
the RB-pathway null tumor cells that would otherwise survive.

RB1-pathway status: implications to immune-evasion and immunotherapy:

RB1 is an important mediator of specific functions in both tumor and normal cells that can
be leveraged to improve response to immunotherapy (Figure 4). RB1 plays a pivotal, albeit
complex, role in modulating the expression of genes associated directly with immune system
function (Box 1). Notably, several studies have indicated that multiple interferon-response
genes cannot be efficiently activated in the absence of RB1[68-71]. This property of “non-
inducibility” is believed to represent one important consequence of RB1 disruption by viral
oncoproteins (e.g. HPV-E7) that allow escape from immune surveillance[72]. Multiple
mechanisms have been ascribed to how RB1 regulates these immunological related genes.
RB1 contributes to CIITA and NF-KappaB activity that are key determinants of such
responses[45, 71].

These findings have gained more attention recently with the advent of means to activate RB1
with CDK4/6 inhibitors in the clinic. Multiple recent studies have shown that treatment with
CDKA4/6 inhibitors and activation of RB1 induces a number of immunologically relevant
genes[45, 73]. These induced genes include those involved in canonical interferon response
as well as multiple genes associated with antigen presentation (Box 1). This gene expression
signature is generally considered immunogenic, and exhibits some similarities to the
senescence activated secretory phenotype (SASP) activated as part of the senescence
program[45], although this remains controversial[73, 74]. It has been shown that the gene-
expression signature induced by CDK4/6 inhibitors alone, and in select combinations, is
dependent on RB1, further illustrating the importance of this tumor-suppressive node beyond
cell cycle regulation[45, 73]. While the immunological gene expression signatures have been
observed by multiple groups, the exact mechanism of activation and its consequence remains
a matter of debate. One hypothesis is that RB1 activation elicits the transcriptional
repression of DNMTZ, which in turn is critical for the suppression of endogenous
retroviruses that are known to elicit an interferon response[73]. Interestingly EZH2, which is
also a target for RB1-mediated transcriptional repression, has also been implicated in pro-
immunogenic responses that are similarly linked to aberrant expression of endogenous
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retroviral elements[75]. Paradoxically, RB1 loss has been associated with de-silencing of
specific repeat elements that can also lead to the engagement of an interferon response[76].
Thus, it is possible that RB-deficient cells become desensitized to such signals over the
course of extended culture. In spite of this complexity, multiple factors involved in
epigenetic regulation controlled through RB1-pathway could drive an immunological
response via de-repression of aberrant/pro-inflammatory transcripts. Alternatively, it has
been proposed that cytoplasmic nucleases are down-regulated during senescence, and the
accumulation of cytoplasmic DNA drives the response[77]. Irrespective of the specific
mechanism, nucleic-acid sensing mechanisms in the cytoplasm (ie STING or MAVS) are
believed to transduce this signal to the activation of NF-Kappa B and interferon regulatory
factors (IRFs) to effect the down-stream activation of the overall interferon response and
antigen presentation. Importantly, these responses are tumor cell intrinsic and clearly link
the activation state of RB1 to features (ie. MHC Class1 expression) that are positive
determinants of the response to immunotherapy. Correspondingly, multiple studies have
illustrated that CDK4/6 inhibitors enhance the response to contemporary immune
checkpoint inhibitors[73, 74, 78, 79].

Importantly, the effects of RB1-pathway transcend the tumor and have wide-ranging impact
within the tumor microenvironment and systemically. Within the tumor microenvironment,
the use of CDK4/6 inhibitors has been associated with reduction in T-regulatory and
myeloid-derived suppressor cells that are immune-suppressive. This effect of CDK4/6 in
suppressing T-regulatory cells is clearly linked to the suppression of their proliferation. The
impact of CDK4/6 inhibition on myeloid-derived suppressor cells remains less clear.
Conflicting studies suggest CDK4/6 inhibitor stroma can function to facilitate chemotaxis
into the tumor microenvironment; while systemic treatments with CDK4/6 inhibitors can
limit myeloid-derived suppressor cells. Potent RB1-dependent cell cycle inhibition has been
associated with an ICAM1 mediated engagement of NK cells that would drive a more potent
immunological anti-tumor response[45, 73]. Additionally, it has been proposed that
treatment with CDK4/6 inhibitors increases influx of cytotoxic T cells and limits intrinsic
immunological exclusion in tumors [79]. Interestingly, it would appear that these features
are not completely consistent across disease models and likely are modified by tumor
context. Whether this heterogeneity of response is related to tumor genetics or the tissue of
origin remains unclear, but will obviously have significance in considering clinically
targeting such features of response to CDK4/6 inhibition alone and in combination.

Interestingly, these effects in the tumor environment would seem at odds with the critical
role of CDK4/6 and cell cycle progression in the activation and maturation of T-cell
response. However, effects of CDK4/6 inhibition on NFAT and differential dependence of
various T cells subsets on CDKG levels appear to enhance rather than limit anti-tumor T cell
responses[78]. Thus, over the last year a number of studies have been published illustrating a
clear cooperative effect between CDK4/6 inhibition and immune checkpoint inhibitors.
While it is appealing to consider that direct effects of CDK4/6 inhibitor on the immune
system are responsible for these effects, it is also possible that slower tumor cell cycling by
CDKA4/6 inhibition could also be contributing to effective cooperation with
immunotherapies. In spite of the complexities related to systemic action CDK4/6 inhibitors,
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there are now multiple clinical trials that have been advanced based on published preclinical
studies that have been published (V"' V!I!, 1X),

These trials are all in the earliest phases monitoring safety and preliminary efficacy.

RB1 and cancer lineage plasticity:

Molecularly targeted cancer therapies often rely on cell lineage specific dependencies for
their superior cancer selective effects. Breast and prostate tissue, for example, requires
hormone receptor signaling for normal growth and development;cancers deriving from these
tissues often retain this cell lineage specific dependence. Therapeutic hormone signaling
blockade, therefore, can be very effective in treating these cancers, but is rarely curative.

Acquired resistance to such molecularly targeted therapies is often associated with genetic
alteration of the molecular target itself, blocking or circumventing drug action. For example,
lung adenocarcinomas driven by EGFR mutation are effectively treated with EGFR selective
tyrosine kinase inhibitors like erlotinib, but disease relapse can occur upon acquisition of
second site EGFR mutations that reduce drug binding (e.g. T790M)[80]. With development
and application of newer generation therapies countering these genetic resistance
mechanisms (e.g. osimertinib selective for T790M EGFR), it is becoming increasingly
apparent that a significant fraction of cancers can acquire therapeutic resistance via cancer
lineage plasticity[81, 82], the transcriptional reprogramming of cancer cells to a state no
longer dependent on the lineage specific therapeutic target. In some cases these resistant cell
states express markers of alternative cell lineages like the neuroendocrine variants observed
in lung and prostate adenocarcinoma patients relapsing from anti-EGFR or anti-androgen
therapies, respectively[83, 84].

Cancer lineage plasticity can have profound effects on disease progression because
transcriptional reprogramming is an adaptive, albeit potentially reversible, response to
therapy[85-87]. Analogous to plasticity-dependent evolution of species[88], it allows more
rapid and directed sampling of phenotypic space compared to evolution driven by stochastic
genetic mutation. This is particularly useful in highly selective, rapidly changing
environments like those faced by cancer cells. This hypothesis suggests there may be a
vulnerable window in which cancers adapting to therapy require lineage plasticity for
survival. Indeed, small numbers of drug tolerant cells have long been recognized in cultured
cancer cell lines that are otherwise sensitive to therapy as a population. In the absence of
therapeutic selection, these tolerant cells revert to drug sensitivity. Analogous observations
have been observed in the clinic upon drug re-challenge [89]. Targeting the lineage plastic
state[90] would thus be expected to suppress acquired therapeutic resistance. Effectively
targeting of lineage plasticity will require a better understanding of the underlying molecular
mechanisms.

V"-https://clinicaltrials.gov/ct2/show/NCT02791334: A Study of Anti-PD-L1 Checkpoint Antibody (LY3300054) Alone and in
Combination in Participants With Advanced Refractory Solid Tumors (PACT)
V"'-https://clinicaltrials.gov/th/show/NCT03294694: Ribociclib + PDR001 in Breast Cancer and Ovarian Cancer
Ix-https://clinicaltrials.gov/th/show/NCT03498\’378: Avelumab, Cetuximab, and Palbociclib in Recurrent or Metastatic Head and
Neck Squamous Cell Carcinoma
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As noted above, RB1 has traditionally been thought to suppress tumorigenesis by virtue of
its ability to restrain the cell division cycle. It does so by binding E2F transcription factors
and recruiting chromatin regulatory factors to E2F regulated genes. In general, these factors
modify a gene’s chromatin state to one that is non-permissive for transcription. Thus
RB1/E2F complexes repress gene expression required for continuous cell cycling. While this
paradigm is well established, there has been increasing focus on RB1-mediated chromatin
regulation as fundamental to its function, with potential effects beyond the cell cycle.
Emerging evidence suggests one of these effects is restricting lineage plasticity.

RBL1 can suppress lineage plasticity in at least three ways. One, it represses the cell division
cycle. Since the cell’s epigenome has to be re-established subsequent to each round of DNA
replication, reducing cell division cycles indirectly stabilizes the epigenome. Two, RB1 is
required for the organization and maintenance of constitutive and facultative
heterochromatin.[91-94] Heterochromatin serves not only to stabilize gene expression
patterns defining differentiated cell states, it also provides chromosome structure necessary
for centromere and telomere function. Thus RB1 loss can compromise cell
differentiation[95], chromosome segregation[96], and telomere maintenance[97]. Three,
RB1/E2F complexes directly repress pluripotency genes including SOX2[98] and EZH2[99,
100]. In normal differentiated fibroblasts, RB1 loss promotes reprogramming into induced
pluripotent stem cells, essentially replacing the requirement for the Yamanaka factor
SOX2[98]. In prostate cancer cells, RB1 loss also induces SOX2 and EZH2 activity that
drives reprogramming of prostate adenocarcinoma to neuroendocrine lineage variants[101,
102]. Consistent with the clinical observation that RB1 pathway dysregulation is ubiquitous
in neuroendocrine cancers arising in several tissues[103], suppression of RB1 pathway
activity can facilitate direct reprograming of normal human lung and prostate epithelial cells
to neuroendocrine cancers[104].

Given this emerging role for RB1 in maintaining epigenetic stability (Figure 5), can the RB1
pathway be targeted to suppress cancer progression and therapeutic resistance associated
with cancer lineage plasticity? In theory, activating the RB1 pathway could in inhibit both
the cell cycle and pluripotency gene networks to stabilize the cancer epigenome, slowing
cancer progression. Experimental evidence characterizing effects of CDK4/6 inhibitors on
pluripotency gene networks or chromatin structure in cancers retaining RB1 is lacking.
Nonetheless, CDK4/6 inhibitors are being evaluated in several different cancers by
combining them with therapies targeting cell lineage specific factors (e.g. X, I, Xii). While
suppressing cancer lineage plasticity is not the rationale cited for these trials, how the
addition of CDK4/6 inhibitors affects the durability of therapeutic responses and the nature
of therapeutic resistance that develops may provide evidence relevant to this therapeutic
concept.

X-https://clinicaltrials.gov/th/ShOW/NCT02555189: Enzalutamide With and Without Ribociclib for Metastatic, Castrate-Resistant,
Chemotherapy-Naive Prostate Cancer That Retains RB Expression

XI-https://clinicaltrials.gov/th/show/NCT03455829: G1T38, a CDK 4/6 Inhibitor, in Combination With Osimertinib in EGFR-Mutant
Non-Small Cell Lung Cancer

XII-https://clinicaltrials.gov/ct2/show/NCT02747004: A study of Abemaciclib plus tamoxifen or abemaciclib alone in patients with
metastatic breast cancer
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Cancers lacking RB1 are predicted to have elevated lineage plasticity. Inhibiting the
downstream epigenetic regulators mediating these effects would thus be predicted to
suppress phenotypic reprogramming and cancer progression. Again, clinical evidence
directly relevant to this hypothesis is not yet available, but preclinical experiments support
potential feasibility. In experimental models of prostate cancer lineage plasticity associated
with RB1 and TP53 loss, genetic or pharmacological inhibition of SOX2 or EZH2 can
reverse reprogramming to neuroendocrine lineage variants and restore sensitivity to anti-
androgen therapies[101, 102]. A clinical trial is underway to test the utility of combining
EZH2 inhibitors with anti-androgen therapy for the treatment of prostate cancers that have
progressed on anti-androgen therapy alone (X“i). Another potential therapeutic approach for
exploiting lineage plasticity is to encourage cancer cell reprogramming to a more benign or
treatable phenotype by manipulating cues that normally influence epithelial differentiation.
For example, bipolar androgen therapy, rapid cycling between high and low testosterone
concentrations, has demonstrated some efficacy in prostate cancer patients progressing on
the anti-androgen enzalutamide (XiV)[105]. While the molecular mechanisms underlying
observed clinical responses are unclear, brief exposure to high serum androgen
concentrations clearly re-sensitizes the prostate cancer to enzalutamide. This implies
androgen signaling may drive prostate cancer differentiation to a more luminal epithelial
phenotype, consistent with its role in normal prostate development. Targeting the RB1
pathway to more effectively counter or exploit cancer lineage plasticity will require a more
detailed understanding of how RB1 loss affects chromatin in different cancer contexts as
well as the identification of the epigenetic regulators mediating these effects.

Concluding Remarks:

While the text-book description of the RB1-pathway remains largely valid today in
describing processes of cell cycle control, there are ever increasing complexities that provide
insights into therapeutic failure and new opportunities for therapeutic intervention.
Leveraging these advances to develop new precision therapies based on targeting the RB1-
pathway represents an opportunity to improve and extend clinical responses across multiple
tumor sites. However, important questions remain that will need to be addressed in the clinic
to further guide our implementation of targeting this crucial pathway for cancer therapy.

Since deregulated cellular proliferation is the central hallmark of tumor biology, it is
appealing to specifically prevent cell division as a therapeutic strategy. However, in the face
of tumor heterogeneity and tumor evolution it seems that such a strategy would represent a
“ticking time-bomb”. Presumably a permanent and complete tumor cell cycle exit could
block tumor evolution; however, whether such a state can be achieved clinically remains
unknown and feasibility will be dependent on outcomes from multiple clinical studies.
Complementary, ongoing efforts are focused on finding means to selectively target dormant
tumor cells and perhaps the use of senolytic agents or immunotherapy which are not

X"'-https://clinicaltriaIs.gov/th/show/NCT03480646: ProSTAR: a study evaluating CPI-1205 in patients with metastatic castration
resistant prostate cancer
-https://clinicaltrials.gov/ct2/show/NCT02090114: re-sensitizing with supraphysiologic testosterone to overcome resistance (the

RESTORE study)
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dependent on tumor proliferation for efficacy may represent a key approach to leverage the
delay in tumor progression for long-term therapeutic responses.

Although a complete block of cell division by CDK4/6 inhibition in RB-pathway competent
tumor cells is expected to suppress the efficacy of genotoxic chemotherapies, cells which are
re-entering the cell cycle following a CDK4/6 block, or cycling slowly due to partial
CDKA4/6 inhibition may show increased susceptibility to such agents. For example, cells
reentering the cell cycle from GO show a unique requirement for cyclin E in DNA
replication origin licensing[106] and a heighted sensitivity to reduced levels of replication
licensing factors (minichromosome maintenance proteins, MCM) resulting in genome
instability[107]. In fact, multiple studies are evaluating “metronomic” approaches of using
CDK4/6 inhibitors with genotoxic chemotherapies (e.g. gemcitabine (X, XVi), carboplatin
(il “and taxanes (XVii). While preliminary indications of efficacy are emerging, to date, no
randomized studies have reported findings.

In many instances RB1 loss occurs during the course of disease progression and selection
for therapy resistance. In this context one must expect that a tumor contains both RB1-
proficient and deficient tumor cells. Therapeutically, with progression on targeted therapies
(e.g. hormonal therapy, CDK4/6 inhibitors, or EGFR inhibitors) ostensibly an RB1-deficient
population can drive resistance. However, in this same tumor there would be expected to be
a dormant RB1-proficient tumor population. How to coordinately target both features of the
tumor is complicated, but potentially measuring intra-tumoral heterogeneity with treatment
could represent a means to tailor therapies in such a way to ultimately control the
heterogeneous tumor.

Given the multi-faceted effect of CDK4/6 inhibition on immunological features of the tumor
cell and the microevironment, there is substantial interes in combinations with
immunotherapy. Based on the preclinical findings, it would seem that pre-treatment with an
active regimen to activate RB1 within the tumor would heighten the subsequent efficacy of
immune checkpoint inhibitors. However, since engagement of an immunological anti-tumor
response requires time to mature, there is a strong argument to delay tumor progression with
the CDKA4/6 inhibitor based therapy while the immunotherapy is being delivered. Since
immune checkpoint therapy can elicit complete or durable response, it would be predicted
that at the point immunotherapy is discontinued there would be no need to maintain
treatment with CDKA4/6 inhibitors. Conversely whether CDK4/6 inhibition to activate RB1
can make a non-responsive tumor responsive is currently unknown, although recent studies
suggest that it could be used as a general strategy to increase the immunological “hotness”
of the tumor which would significantly expand efficacy of immune checkpoint inhibitors.

XV-https://clinicaItrials.gov/ct2/show/NCT03434262: SIDAWN: St. Jude Children’s Research Hospital Phase 1 Study Evaluating
Molecularly-Driven Doublet Therapies for Children and Young Adults With Recurrent Brain Tumors
I-https://clinicaltrials.gov/th/show/NCT03237390: Ribociclib and gemcitabine hydrochloride in treating patients with advanced or
metastatic solid tumors
V"-https://clinicaltrials.gov/th/show/NCT03056833: Ribociclib (Ribociclib (LEE-011)) With Platinum-based Chemotherapy in
Recurrent Platinum Sensitive Ovarian Cancer
XVIIL.: https://clinicaltrials.gov/ct2/show/NCT01320592: PD0332991/Paclitaxel in Advanced Breast Cancer
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The RB1 pathway has long been recognized to regulate key aspects of chromatin structure
that influence gene expression patterns[108, 109]. RB1 has also been linked to the
suppression of pluripotency regulatory networks[98, 99]. Cancer lineage plasticity is
emerging as an important mechanism of acquired resistance to therapies targeting lineage
specific dependencies[101, 102, 110]. In principle, therefore, CDK4/6 inhibitors could be
used to suppress acquired therapeutic resistance in cancers retaining RB1. In cancers lacking
RB1, epigenetic modulating drugs, either approved or in development for clinical use, could
be applied to blunt effects of RB1 loss on pluripotency regulatory networks. However, the
context dependent effects of RB1 loss or hyperactivation on cancer lineage plasticity are not
well characterized at the molecular level, nor are the effects of most epigenetic modulating
drugs. These gaps will likely need to be filled before the RB1 pathway can be effectively
targeted to counter acquired therapeutic resistance mediated by cancer lineage plasticity.

Multiple new approaches for considering RB1 as a key therapeutic node in the treatment of
cancer have emerged. These findings are challenging the simple canonical role of RB1 and
suggest varied and complex mechanisms to exploit the status of this key tumor suppressor in
cancer treatment (see Outstanding Questions)
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Highlights:

Sensitivity to CDK4/6 inhibitors can be expanded by ameliorating cell cycle
plasticity and deepening cell cycle exit with combination therapies.

Targeting the vulnerabilities of tumors lacking RB1 provides a new precision
means to attack tumors that escape from cytostatic interventions.

RB1-pathway activation in normal tissue can limit the side-effects of specific
therapeutic interventions and provide a means to expand the therapeutic index
against RB-deficient tumors.

Exploiting the impact of RB1 on immunological features of the tumor
compartment and microenvironment can expand sensitivity to immunotherapy
and provides hope for yielding highly durable combinatorial therapies.

Understanding disparate roles of RB1 in coordinating epigenetic states that
drive histologic transformation and resistance to targeted therapies will
provide new opportunities to prevent resistance and intercede in advanced
disease.
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Box 1.
RB1 transcriptional targets
Common repression target genes:

Gene expression analysis from multiple models of RB1 deletion or RB1 activation have
identified a highly conserved signature of genes. These genes are involved in multiple
processes relevant to the cell cycle, but also play key roles in DNA repair and epigenetic
programming. Notably, the genes control multiple different steps in critical features of
proliferation control. For example, amongst genes involved in DNA replication are those
involved in licensing, initiation, and polymerization. Similarly there are numerous genes
that control different sepis in mitosis including entry, exit and cytokinesis. In tumor
samples these genes are co-regulated and exhibit a high-degree of correlation indicative
of being controlled through a single pathway.

Context dependent activation target genes:

In contrast with genes that are repressed through by RB1, the genes that are upregulated
are more variant and a consistent signature has not emerged across the multitude of gene
expression studies. However, with CDK4/6 inhibitor mediated RB1 activation there is a
signature of antigen presentation and interferon inducible genes that has been identified
across several independent studies. While this signature bears some similarities to the
senescence-activated secretory phenotype (SASP), key hallmark SASP genes (e.g. IL6,
IL8, IL1B) are not significantly induced in the context of CDKA4/6 inhibition in several
studies.
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Figure 1. Canonical RB1-pathway:
In the canonical pathway mitogenic signals lead to the activation of CDK4/6 complexes with

D-type cyclins. These kinases initiate the phosphorylation and inactivation of the
retinoblastoma tumor suppressor, thereby leading to the de-repression of E2F regulated
genes. These proliferative signals can be antagonized by multiple anti-proliferative signals
which can directly limit the activation of CDK4/6 or induce the expression of endogenous
inhibitors exemplified by p16ink4a.
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Hormone therapy,

Figure 2. Deepening cell cycle exit with combination therapies:
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Oncogenic signaling
pathways

While the RB1-pathway is generally considered linear, the activity of both CDK4/6 and
CDK2 can be induced by oncogenic signaling pathways. In the context of CDK4/6
inhibition, there can be adaptive upregulation of both cyclin D1 and cyclin E. These
processes are linked to oncogenic signaling and can be ameliorated by productive
combination therapies with agents targeting different signaling pathways. The basis for this
cooperation is believed to involve the inhibition of CDK2 activity and maintenance of RB1

activity.
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Figure 3. Distinct forms of genetic heterogeneity that drive RB1 loss with therapeutic selection:
In the presence of different cytostatic therapies, there is a selective pressure for tumors that

have lost RB1. This selection can allow for enrichment of pre-existing subclonal mutations

or provide the basis for selection of de novo RB1 mutations. Tumors that are deficient in
RB1 have been shown to be selectively sensitive to agents that target DNA-replication
(CHK1 inhibitors) and mitotic segregation (PLK1 and AURK inhibitors).
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Figure 4. Impact of RB-pathway on tumor immunology and the tumor microenvironment:
CDKA4/6 inhibition and the activation of RB1 can lead to cell cycle inhibition in the tumor

and tumor cell intrinsic effects relative to antigen presentation (e.g. MHC expression),
interferon response (e.g. cytokine release). These events can enhance the mobilization of
immune cells and NK cells into the tumor microenvironment. In parallel with these effects,
the CDKA4/6 inhibition has critical effects on T-regulatory cells, Myeloid-derived
suppressors, and T-effector cells that have distinct effects on tumor biology.
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Figure 5. Impact of the RB1 pathway on cancer lineage plasticity and acquired therapeutic

resistance.

The figure depicts the increasingly appreciated effects of RB1 on epigenetic instability
mediated by the cell cycle and pluripotency regulatory networks aberrantly re-activated in
cancer. This epigenetic instability can facilitate adaptation of cancer cells to therapies
targeting lineage specific dependencies (e.g. androgen receptor, EGFR, etc.). Points of
possible therapeutic intervention to counter cancer lineage plasticity include activation of the
RB1 when it is present or suppressing downstream effects of RB1 loss using epigenetic

modulating drugs.
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