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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a therapy recalcitrant disease characterized by the
aberrations in multiple genes that drive pathogenesis and limit therapeutic response. While
CDKA4/6 represents a downstream target of both KRAS mutation and loss of the CDKN2A tumor
suppressor in PDAC, clinical and preclinical studies indicate that pharmacological CDK4/6
inhibitors are only modestly effective. Since chemotherapy represents the established backbone of
PDAC treatment we evaluated the interaction of CDK4/6 inhibitors with gemcitabine and taxanes
that are employed in the treatment of PDAC. Herein, we demonstrate that the difference in
mechanisms of actions of chemotherapeutic agents elicit distinct effects on the cellular response to
CDKa4/6 inhibition. Gemcitabine largely ablates the function of CDK4/6 inhibition in S-phase
arrested cells when administered contemporaneously; although, when cells recover from S-phase
block they exhibit sensitivity to CDK4/6 inhibition. In contrast, pharmacological inhibition of
CDKA4/6 yields a cooperative cytostatic effect in combination with docetaxel and prevents
adaptation and cell cycle re-entry, which is a common basis for resistance to such agents.
Importantly, using organoid and PDX models we could confirm the cooperative effects between
chemotherapy and CDKA4/6 inhibition. These data indicate that the combination of cytotoxic and
cytostatic agents could represent an important modality in those tumor types that are relatively
resistant to CDKA4/6 inhibitors.
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Introduction

Results

Pancreatic ductal adenocarcinoma (PDAC) is the most common and aggressive malignancy
of the pancreas with a 5-year survival rate of 5-10% (1-3). The reason for high mortality
rate is that most of the pancreatic cancer patients harbor metastatic disease at the time
diagnosis, which renders the standard therapeutic options, such as surgical resection and
radiation therapy, futile (4). Systemic therapy for advanced pancreatic cancer involves the
use chemotherapy drugs such as gemcitabine and taxanes (5, 6). To date, using molecular-
targeted agents (e.g. erlotinib) has had minimal positive impact on patient survival, thereby
illustrating the need for new potent therapeutic options (7). Since PDAC is a molecularly-
diverse disease exhibiting a range of genetic alterations, it provides potential opportunities to
develop a rationally targeted therapy (1, 8-10).

Multiple genetic aberrations occurring in PDAC converge in the deregulation of the cyclin
dependent kinases CDK4 and CDKG6 that drive G1-S phase transition of the cell cycle
through the inactivation of RB pathway (11-13). Mutant KRAS signaling coalesces in the
induction of D-type cyclins that enhances the kinase activities of CDK4 and CDKG6 (14, 15).
Moreover, the loss of a tumor suppressor gene, CDKNZA, which encodes an endogenous
CDKA4/6 inhibitor, further deregulates the kinase activity (8, 11, 16). While targeting the
function of CDK4/6 to re-establish cell cycle inhibition in PDACs would appear to represent
a successful therapeutic strategy, PDACs develop adaptive resistant mechanisms to CDK4/6
inhibitors (17, 18). Notably, in a previous study, PDAC models possessed cell cycle
plasticity that enabled them to escape CDK4/6 inhibition, which could be prevented by
combining with agents that target KRAS effector pathways (17, 19). This feature of PDAC
drives the focus on developing a therapeutic strategy by combining CDK4/6 inhibitors with
other agents that are clinically active.

Here we investigated whether combining CDKA4/6 inhibitors with the chemotherapy agents,
gemcitabine and taxane could represent a potential opportunity for enhancing disease control
and durability of response in PDAC models. Although there are preclinical evidences in
different cancer models to support that CDK4/6 inhibitors could cooperate with
chemotherapy to elicit improved disease control, the mechanism of interaction between
these agents remains unclear (20-22). For instance, CDK4/6 inhibitors have the potential to
antagonize acute cytotoxic response to different forms of chemotherapy in certain types of
breast cancer and normal hematopoietic stem cells (23-25). Conversely, in specific setting
there seems to be cooperative activities between CDK4/6 inhibition and chemotherapy that
appear clinically active (26, 27). Since there are multiple ongoing clinical trials involving the
combination of chemotherapy with CDKA4/6 inhibitors in patients, understanding both acute
and long-term responses to such combination treatment regimen is of clear importance.

PDAC models bypass pharmacological inhibition of CDK4/6 activity

In this study, we investigated the cellular response of CDK4/6 inhibition in different patient-
derived primary PDAC cells (1222, 3226, 226 and 7310) (19). These models exhibit genetic
features representative of the primary tumor from which they were isolated and harbor
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KRAS mutations, SMAD4, and TP53 mutations that are present in PDAC tumors (28) (Fig.
S1). Cell cycle analysis indicates that the PDAC models, 1222, 3226 and 226, possessed
only a partial cytostatic response as observed by a modest increase in the population of cells
at G1-phase (Fig. 1A). To validate the on-target effect of palbociclib, we utilized an RB-
negative PDAC model, 7310, which was completely unresponsive to palbociclib (Fig. 1A).
To demonstrate the cytostatic effect of palbociclib at these doses, we employed ER* breast
cancer MCF7 cell line as a control, which has been previously shown to be highly sensitive
to CDK4/6 inhibition (29, 30). Consistent with previous studies, MCF7 cells displayed
prominent G1-arrest, associated with a significant decrease in the population of cells at S-
phase (Fig. 1B). Similar differential responses were observed when the PDAC and MCF7
cells were treated with ribociclib and abemaciclib (Fig S1). Even after 5-day treatment with
CDKA4/6 inhibitors, the PDAC models only possessed partial cytostatic effect at non-
therapeutic doses (Fig. S1). Biochemical analysis revealed that PDAC cells exhibited partial
inhibition of RB phosphorylation in the presence of palbociclib and maintained the
expression of cyclin A, which is a downstream E2F-regulated target (Fig. 1C). However, in
MCFT7 cells, palbociclib resulted in complete dephosphorylation of RB and veritably
complete loss of cyclin A expression (Fig. 1C). We performed RNA sequencing in PDAC
models and MCF7 cells to determine the effect of palbociclib on RB/E2F-target genes. The
downregulated genes in all the PDAC models were identified based on average fold-
repression that is statistically significant. Gene ontology analysis indicates that these genes
are associated with cell-cycle, DNA replication and DNA repair (Fig S1, Table S1). In
MCFT7 cells, palbociclib displayed repression of similar genes but the magnitude of
repression was much stronger as compared to the PDAC models (Fig. 1D). The
transcriptional repression of the RB/E2F target genes by palbociclib was also observed in
multiple PDX models, indicating that CDK4/6 inhibition while not completely inhibiting
cell cycle in PDAC models does impinge on processes that are related to chemotherapy
response (Fig S1, Table S2).

It is emerging that the coupling of CDK4/6 inhibition with downstream suppression of
CDK2 activity is critically important for therapeutic response. We found that treatment with
palbociclib strongly inhibited the CDK2 activity in MCF7 cells, while in the PDAC cell line
(1222) the kinase activity was only modestly inhibited (Fig. 1E). The partial inhibition of
CDK2 kinase activity in PDAC by palbociclib is associated with increased complex of
cyclin E1 with CDK2, which was not observed in MCF7 cells (Fig. 1E). CDK2 kinase
activity was not modulated in the RB"!! 7310 cell line in the presence of palbociclib,
suggesting that the predominant cytostatic effect of RB-dependent action is driven through
CDK2 kinase blockade (Fig. 1E). Taken together, it is evident that the PDAC cells are
relatively resistant to CDK4/6 inhibition as monotherapy by escaping the negative cell-cycle
regulation through the CDK2 kinase axis.

Effect of CDK4/6 inhibition on the response to gemcitabine in PDAC models

Prior studies have evaluated the impact of CDK4/6 inhibitors on response to gemcitabine
and shown evidence for both antagonism and cooperation (22, 23). Therefore, we
interrogated the interaction between gemcitabine and palbociclib in our models. Following
the exposure to gemcitabine (500 nM), PDAC cells (1222 and 3226) exhibited an increase in
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the population of cells at S-phase (Fig. 2A and Fig. S2). However, concurrent or 24 h
pretreatment with palbociclib did not alter the cell-cycle distribution induced by gemcitabine
treatment (Fig. 2A and Fig. S2), which presumably reflects the dominant action of
gemcitabine in these models. To interrogate the impact of palbociclib on gemcitabine-
induced DNA damage, yH2AX foci formation was determined in the PDAC cells (1222 and
3226) by immunofluorescence (31). PDAC cells treated with gemcitabine harbored a
significant increase in the yH2AX foci, which was unaltered with palbociclib treatment
(Fig. 2B and Fig S2). Biochemical analysis revealed that gemcitabine leads to depletion of
cyclin D1 but results in the accumulation of cyclin A with corresponding increase in the
phosphorylation of RB (Fig. 2C) (32, 33). Strikingly, these molecular events were not
modulated by palbociclib indicating that the effect of CDK4/6 inhibition is largely obviated
in the context of the dominant S-phase arrested induced by gemcitabine in PDAC cell lines
(1222 and 3226) (Fig. 2C). Consistent with these features of response, rather than limiting
kinase activity, palbociclib in combination with gemcitabine leads to enhanced CDK?2
activity associated with cyclin A (Fig. 2D). Since, palbociclib had no effect relative to cell
cycle in S-phase, it further failed to modulate the acute cytotoxicity and apoptotic signaling,
induced by gemcitabine, as determined by cell-viability assays and PARP cleavage,
respectively (Fig. 2E and Fig S2) (34). These data are discordant with the concept that
CDKA4/6 inhibition can antagonize response to chemotherapy. To determine if these features
of combinatorial response was associated with limited cell cycle arrest, we depleted Cyclin
E1 using gene-specific siRNA that showed dramatic cooperation with palbociclib to inhibit
S-phase entry (Fig. 2F and Fig. S2). Under this condition the PDAC cell line (1222) was
significantly protected from the gemcitabine-induced S-phase arrest (Fig. 2F). These data
illustrate the importance of full vs. limited cell cycle inhibition on the interaction with
chemotherapeutic agents.

The effect of CDK4/6 inhibition on the viability of PDAC cells following gemcitabine
treatment was determined by colony out-growth assay. PDAC cells were treated with
gemcitabine (100 nM) for 48 h and then allowed to recover in the absence and presence of
palbociclib for the indicated time periods and stained with crystal violet to estimate the post-
treatment out-growth. Following gemcitabine treatment, PDAC cells have the potential to
retain their viability, which allows them to repopulate the culture (Fig 2G). This
phenomenon was inhibited in the presence of palbociclib, suggesting that the ability of
CDKA4/6 inhibitor to downregulate the genes required for cell-cycle and DNA repair could
prevent re-entry of cells to cell-cycle progression following the recovery from gemcitabine
(19). Consistent with this notion, palbociclib enhanced the suppressive effect on the G1-
phase cyclins, DNA replication as determined by BrdU incorporation and RB-regulated
DNA repair genes FANCD2 and RAD51 following the removal of gemcitabine (Fig. 2H, 21
and Fig. S2) (35, 36). Overall these data indicate that the dosing schedule of CDK4/6
inhibitor is critical to therapeutic outcome when used in combination with drugs that are
active in S-phase.

Cooperative effect of CDK4/6 inhibition with taxanes

Taxanes are used for the treatment of advanced pancreatic cancer patients, and as with
gemcitabine there are conflicting results related to the intersection with CDK4/6 inhibitors
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(6, 25). By flow cytometric analysis it is evident that docetaxel (taxane) resulted in the
accumulation of cells at 4N state, accompanied by a pronounced population of cells with
greater than 4N DNA content. (Fig. 3A, Fig S3) (37, 38). Interestingly, the inclusion of
CDKA4/6 inhibitors, palbociclib and ribociclib significantly suppressed the population of
cells with greater than 4N DNA content, with surprisingly limited impact on the 2N
population. To investigate whether the 4N cells correspond to mitotic arrest, immunoblot
analysis were performed in 1222 and 226 cells to determine the levels of cyclin B1 and
CDK1 (39). Docetaxel alone did not alter the expression of cyclin B1 and CDK1 and
concurrent and 24-h pretreatment with palbociclib resulted in cooperative suppression of
these proteins (Fig. 3B). Further examination of the nuclei of PDAC cells revealed that the
phosphorylation of Ser10-Histone H3 occurred as an acute response to docetaxel, whereas,
48-hour exposure resulted only in aberrant nuclei without pHH3 foci (Fig. 3C). Overall,
these data indicate that the 4N cells undergo re-replication following docetaxel treatment,
which is inhibited by CDKA4/6 inhibitors, leading to a tetraploid G1 arrest. To validate this
phenomenon, PDAC cells were subjected to bi-variate flow cytometry (BrdU and propidium
iodide). In the presence of docetaxel, the cells with 4N DNA content incorporated BrdU,
which confirms the re-replication of these cells, whereas, the inclusion of CDK4/6 inhibitors
cooperatively inhibited BrdU incorporation in both 2N and 4N cells (Fig. 3D, Fig S3). These
data demonstrate that there is a cooperative interaction between taxanes and CDK4/6
inhibition in limiting DNA replication.

analysis of cooperative interaction

To interrogate the mechanisms of cooperation between CDK4/6 inhibition and taxanes,
biochemical analysis was performed on proteins controlling the S-phase entry in the PDAC
models (3226, 1222, 226 and 97). The treatment with CDK4/6 inhibition increases the
protein levels of cyclin D1 and cyclin E1 in all the PDAC models, which is consistent with
previous studies (Fig. 4A, Fig S4) (17, 19, 29). Strikingly, combination treatment with
docetaxel prevented the accumulation of cyclin D1 and cyclin E1 that resulted in the
cooperative downregulation of cyclin A and dephosphorylation of RB, which are the
indicative markers of G1-arrest (Fig. 4A, Fig S4). These responses were also associated with
the enhanced inhibition of cyclin A associated CDK2 kinase activity that governs DNA
replication (Fig. 4B). These molecular events are consistent with the cell cycle analysis,
confirming that the accumulation of 4N cells in the presence CDK4/6 inhibitors in
combination with docetaxel is a result of cooperative response to limit DNA replication. To
investigate that palbociclib inhibits the re-replication of 4N cells through its mechanistic
target, we used the RB™! 7310 cells as control. In the presence of docetaxel, the 7310 cells
with 4N DNA content underwent re-replication, which was not inhibited by palbociclib,
confirming its dependency on RB (Fig. 4C). Immunoblot analysis further confirms that the
cyclin B1, CDK1 and cyclin A protein expressions in 7310 cells were not modulated in the
presence of palbociclib and docetaxel (Fig. 4D). To determine if cyclin E1 is the key
determinant in the response to the combination treatment, we depleted the endogenous
cyclin E1 expression using CCNE1L siRNA in 1222 and 226 PDAC models and the cells
were exposed to docetaxel and palbociclib. CCNE1 knockdown inhibited the replication of
4N cells in the presence of docetaxel as determined by BrdU incorporation (Fig. 4E).
Moreover, palbociclib in combination with docetaxel (Palbo/Doce) following CCNE1
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knockdown inhibited the accumulation of 4N cells with a corresponding increase in 2N
population and a pronounced inhibition of BrdU incorporation (Fig. 4E and Fig S4).
Biochemical analysis revealed that cyclin E1 knockdown enhances the effect of palbo/doce
on suppression of cyclin A, cyclin B1 and CDK1 proteins (Fig. 4F). Taken together, our data
indicates that the docetaxel-mediated replication of 4N cells is driven by the CDK4/6 kinase
that activates cyclin E1/CDK2 pathway and this mechanism could be potentially suppressed
by CDK4/6 inhibitors in an RB dependent manner. Moreover, docetaxel cooperates with
CDKA4/6 inhibition by blocking the adaptive regulation of cyclin E1.

CDK4/6 inhibition yields cooperative effect with chemotherapy regimens

The influence of CDK4/6 inhibition on the cytotoxic effects of docetaxel in PDAC cells was
by monitored by the poly ADP-ribose polymerase (PARP) cleavage. The basal levels of
PARP cleavage remains unaltered in the presence of palbociclib, whereas exposure to
docetaxel resulted in an enhanced PARP cleavage (Fig. 5A). However, concurrent treatment
or 24 h pretreatment with palbociclib did not modulate the cleaved PARP protein across the
evaluated cell models (Fig. 5A). Furthermore, the viability of the PDAC cells following 96 h
exposure to docetaxel was also not modulated in the presence of palbociclib, suggesting that
the acute cell-death mechanisms induced by taxanes remain unaltered irrespective of
CDKA4/6 inhibition (Fig. 5B, Fig S4). Since, docetaxel exerts its cytotoxic effect by targeting
cells with 4N DNA content, we depleted CDK2 expression using gene specific SIRNA,
which prevented the progression of cells through S-phase in the presence of palbociclib.
Under this condition, the PDAC cells were completely protected from the cellular and
cytotoxic effects of docetaxel (Fig. 5C & Fig S4). To assess the long-term impact of CDK4/6
inhibitors on cell viability, colony outgrowth assays were performed. Palbociclib addition
prevented clonal-outgrowth of PDAC cells (1222, 226 and 3226) that were released from
docetaxel, presumably by preventing the re-entry of cells back into the cell cycle (Fig. 5D).
Since gemcitabine in combination with taxanes is the standard of care for the PDAC
treatment in the clinical setting, we evaluated the impact of CDK4/6 inhibitors on this
therapeutic regimen. Following the release from the concurrent treatment of gemcitabine and
docetaxel only fewer cells possessed the potential to retain their viability as compared to the
single chemotherapeutic agent (Fig. 5E). Interestingly, both palbociclib and ribociclib
resulted in little to no colony outgrowth specifically in RB proficient PDAC models, as the
cellular outgrowth in the RB™! 7310 cell line was not inhibited by CDKA4/6 inhibition (Fig.
5E).

Effect of CDK4/6 inhibition in combination with chemotherapy in PDAC organoids and PDX

models

To determine the efficacy of multiple CDK4/6 inhibitors with single and combinatorial
chemotherapy (gemcitabine and docetaxel) organoid cell cultures were deployed. In all the
PDAC models evaluated, the combined chemotherapy treatment cooperatively inhibited the
organoid growth as compared to the single agents (Fig. 6A). Interestingly, the addition of
CDKA4/6 inhibitors significantly enhanced the effect of gemcitabine and docetaxel on the
viability of the organoids (Fig. 6A). To interrogate the /n vivo efficacy of the CDK4/6
inhibitors in combination with gemcitabine and docetaxel treatment multiple different PDX
models (1222, 3226 and 97) were employed. The treatment conditions were well tolerated as
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no significant mouse weight loss was observed (Fig. S5). As shown in the Fig. 6B & C the
triple combination treatment, involving palbociclib and ribociclib along with gemcitabine
and docetaxel significantly suppressed the tumor growth in both 1222 and 3226 PDX
models. Moreover, the CDK4/6 inhibitors potentiated the efficacy of gemcitabine and
docetaxel treatment regimen through a profound increase in disease control across the PDX
models, which was associated with the inhibition of tumor growth (Fig. 6D). In an additional
PDX model (97), the triple combination group significantly delayed the tumor progression
following the cessation of treatment (Fig. S5). These efficacy data are consistent with similar
findings with independent PDX models. Overall, CDK4/6 inhibitors enhance the therapeutic
efficacy of the chemotherapy drugs by inducing a durable control of tumor growth in
patient-derived PDAC models.

Discussion

The pathogenesis of pancreatic ductal adenocarcinoma (PDAC) is driven by multiple genetic
events (e.g. KRAS mutation and loss of CDKN2A) that yield deregulation of the CDK4/6-
cyclin D pathway and results in aberrant cell-cycle progression (8, 11, 40, 41). However, the
therapeutic efficacy of clinically approved CDK4/6 inhibitors as monotherapies in PDAC is
largely undermined by compensatory cell cycle regulatory pathways (17, 18). As shown in
our study, the degree of cell cycle inhibition by CDK4/6 inhibitors is considerably more
modest in PDAC models as compared to the response in ER* breast cancer models. This
condition of baseline resistance has also been observed in other RAS-driven tumors;
therefore, significant efforts have focused on developing novel combination therapies (42,
43). Typically, such combinatorial approaches involve the use of different molecular targeted
agents (e.g. MEK or MTOR inhibitors) along with CDK4/6 inhibitors to enforce durable
response in different tumor types including PDAC models (17, 19). Although
chemotherapeutic agents represent one of the most commonly used treatment options for
metastatic cancer types, in certain contexts, combination with CDK4/6 inhibitors could
potentially block the cells from cycling through chemotherapy-induced cytotoxicity (23, 44,
45). Such antagonistic modes of interaction are mainly observed in tumor models that are
highly sensitive to CDK4/6 inhibitors (24, 25). Given that PDAC models possess limited
response to CDK4/6 inhibitors that allows them to progress through cell-cycle, there could
be room to either enhance their cytostatic effect in combination with chemotherapy or limit
the recovery from the chemotherapy regimen.

In this study we investigated the efficacy of CDK4/6 inhibitors in combination with
gemcitabine and taxanes (docetaxel) that are employed in the treatment of pancreatic cancer
(6). Mechanistically, the anti-neoplastic activities of gemcitabine and docetaxel rely on
independent mechanisms (46, 47). Gemcitabine functions both to limit nucleotide pools and
incorporates into DNA to further disrupt DNA synthesis (48). Contrasting findings have
emerged relative to the influence of CDK4/6 inhibition on response to gemcitabine. In breast
cancer models, combination of CDKA4/6 inhibitor with gemcitabine led to an antagonistic
mode of interaction; however, in PDAC models there have been variant responses that
appear to be modified by the level of RB protein (23). In our models which are all RB
positive, gemcitabine treatment appears to be dominant where veritably all cells were
arrested in S-phase even in the presence of palbociclib. Gemcitabine-mediated S-phase arrest
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is characterized by limited cyclin D1 expression and hyperphosphorylated RB, which were
not modulated by palbociclib. Not surprisingly, the cytotoxic effect of gemcitabine was also
not altered in the PDAC models. However, in long-term outgrowth assays that mimics the
use of CDK4/6 inhibitors as maintenance therapy following chemotherapy, we observed the
cytostatic response of CDK4/6 inhibitors to be more prominent thereby limiting the colony
formation. These data suggest that following the cessation of chemotherapeutic agents that
target DNA replication, the cells re-enter cell-cycle with baseline DNA damage that primes
them to be more sensitive to the cytostatic effect of CDK4/6 inhibition. Previous studies
have shown antagonistic mode of interaction between CDK4/6 inhibitors and DNA
damaging drugs including gemcitabine in breast cancer models, which contradicts our
observation in PDAC models (22, 23). However, in this study we have clearly shown that the
effect of CDK4/6 inhibition in breast cancer derived MCF7 cells is more robust and
significantly blocks the cells to undergo G1-S phase transition. Such phenomenon could
protect the cells from the chemotherapy-induced toxicity that requires active cell-cycle
progression. In support of this notion, in our current study we induced a complete G1 arrest
in the PDAC cells by depleting cyclin E1 expression that enhances the cytostatic effect of
palbociclib thereby preventing the S-phase entry. Under this condition, the PDAC cells were
significantly protected from the cellular effects of gemcitabine. However, the likelihood to
achieve such robust cell-cycle arrest by CDKA4/6 inhibitor in a clinical setting is improbable
in PDAC or in other RAS-driven cancers. Therefore, concerns related to antagonism may be
overstated in the context of RB-proficient tumor types (24, 25).

In contrast to gemcitabine, taxanes impinge on spindle dynamics that lead to mitotic
catastrophe and other forms of chromosome damage due to inappropriate progression
through mitosis (37). In pancreatic cancer there is clear evidence that taxanes induce
transient mitotic arrest that allowed them to prematurely exit mitosis and undergo re-
replication. Interestingly, while CDK4/6 inhibition has little effect on progression into
mitosis in PDAC models, it potently prevents taxane-mediated DNA re-replication in an RB
dependent manner by cooperatively limiting CDK2-kinase activity through the
downregulation of cyclins that drive resistance. The enhanced cytostatic effect of CDK4/6
inhibition in combination with taxane further limited the outgrowth of PDAC cells. Similar
to gemcitabine, by inducing a stronger cell-cycle arrest, PDAC cells could be protected from
the cellular effects of docetaxel. Depletion of endogenous CDK2 enhances the cytostatic
effect of palbociclib and blocks the progression of cells through G2-phase. Under this
condition, the PDAC cells could be protected from the cellular and cytotoxic effects of
docetaxel.

Since the combination of gemcitabine and taxane is commonly used in the treatment of
metastatic PDAC, we also modeled this therapy in organoid cell cultures and /in vivo using
PDX models (6). Based on the organoid formation it is very clear that the combination of
gemcitabine and taxane is clearly superior to the individual chemotherapy agents. However,
the inclusion of CDK4/6 inhibitor to chemotherapy drugs clearly improved the cytotoxic
effects of these agents. Consistent with this observation, PDX models also showed a more
durable disease control in the presence of CDKA4/6 inhibitors in combination with
chemotherapy drugs as compared to chemotherapy alone. Additionally, the chemotherapy
treatment resulted in disease progression after the cessation of treatment; whereas inclusion

Oncogene. Author manuscript; available in PMC 2020 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kumarasamy et al. Page 9

of CDK4/6 inhibitor drove stable disease control. These findings agree with other studies
that there is a potential to use CDK4/6 inhibitors in concert with chemotherapy (26, 27).

In conclusion, we provide a preclinical proof of concept that the cellular response of
CDKA4/6 inhibitors could be enhanced in combination with chemotherapy agents by
exploiting their distinct mechanisms of actions (particularly taxanes). Moreover, the findings
from the present study would support the use of CDK4/6 inhibition in a “maintenance
setting” where they could limit selection during chemotherapy response and be continued
when chemotherapy has to cease due to cumulative toxicity. Notably the CDK4/6 inhibitor
could preclude the growth of residual cells that survive chemotherapy cytotoxicity, while
presumably the chemotherapy will kill those cells that evade the CDK4/6 inhibitor.

Methods

Cell lines and growth media

Primary PDAC cells were cultured in Keratinocyte SFM medium, supplemented with EGF
(0.2 ng/mL), bovine pituitary extract (30 ug/mL) (Life Technologies, Carlsbad, CA) and 2%
fetal bovine serum (FBS) on a collagen-coated (Millipore, Burlington, MA) tissue culture
dishes. Select PDAC models were transduced to express H2B-GFP as an independent
measure for proliferation. Breast cancer derived, MCF7 cells were maintained in DMEM
medium containing 10% FBS. All the cells lines were grown at 37°C and 5% CO» and were
confirmed to be mycoplasma free.

siRNA transfections
PDAC cells were reverse transfected using Dharmacon Human siGENOME siRNA: Cyclin
E1 (M-003213-02-0005) and non-targeting siRNA (D-001810-10-05) and CDK2 siRNA
(ID# 103569) was purchased from Thermo Fisher. Transfection was carried out using
Lipofectamine RNAiMax Transfection Reagent (Invitrogen, 13778150) by following the
manufacturer’s protocol. Following 24 h transfection, cells were exposed to different drugs
up to 48 H. Parallel experiments were performed using immunoblot analysis to confirm gene
silencing.

In vitro CDK2 kinase assay

The CDK2 kinase activity in the PDAC cells were determined by measuring the
phosphorylation of an exogenous RB C-terminal substrate, which was bacterially purified
(41). See Supplementary information for details.

Flow Cytometry Cell-cycle analysis

PDAC cells were pulsed with BrdU for 4 h before harvesting. The cells were then processed
for cell-cycle analysis using a BD LSRFORTESSA flow cytometer. See Supplementary
information for details.

Mice and xenografts

NSG mice were maintained at University of Arizona animal care facility. All animal care,
drug treatments and sacrifice were approved by the University of Arizona Institutional
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Animal Care and Use Committee (IACUC) in accordance with the NIH guide for the care
and use of laboratory animals. See Supplementary information for details.

Gene expression analysis

RNA was isolated form the PDAC cell line, MCF7 cells and the snap-frozen PDX tumor
tissues using RNeasy Plus kit (Quiagen). Resultant RNA was used for 50 bp paired-end
RNA sequencing as described before (19, 28). The differentially expressed genes were
generated based on the average log fold change of the palbociclib treated groups in the
PDAC models relative to the control and the p-value was calculated using Student’s one
sided lower tail t test. The genes with log fold change lesser than —0.5 and with the false
discovery rate greater than 0.05 were considered as downregulated genes and were used to
generate the volcano plot. The significantly downregulated genes were then used for Gene
Enrichment analysis using ENRICHR to identify the most common gene ontology terms that
were ranked based on the p-value. All log-fold change and statistical information is provided
in the supplemental data tables S1 and S2.

Data deposition
RNA sequencing data are deposited in GEO: GSE113922.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Celular response of PDAC modelsand ER* breast cancer derived MCF7 cell lineto

palbociclib:

(A) Representative flow cytometric analysis of the indicated PDAC cell lines and MCF7
cells, treated with increasing concentrations of palbociclib up to 48 h. Population of cells at
each phase of cell-cycle were quantified. (B) Change in S-phase population between DMSO
and palbociclib (200 nM) was determined and shown in the graph. Mean and SD are shown
(**p<0.01 as determined by t-test) (C) Immunoblot analysis of the indicated proteins from
1222, 226 and MCF7 treated with different concentrations of palbociclib up to 48 h. (D)
Heatmap shows the relative transcriptional repression achieved in the presence of palbociclib
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(250 nM) in the indicated cell lines. (E) /n vitro CDK2 kinase assays were performed using
the lysates from MCF7, 1222 and 7310 cell lines that were treated with palbociclib (500
nM). Kinase activity was evaluated based on the site-specific phosphorylation of an RB
substrate (S807/811) and the band intensities were quantified. Representative blots, mean
and SD are shown (***p<0.001 as determined by t-test).
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Figure 2: Impact of CDK 4/6 inhibition on the cellular effects of gemcitabine.
(A) Representative flow cytometry analysis in 1222 cells, treated with palbociclib (100 nM)

for 48 h, gemcitabine (500 nM) for 48 h, Concurrent treatment of palbociclib (100 nM) and
gemcitabine (500 nM) for 48 h and palbociclib (100 nM) pretreated for 24 h followed by
gemcitabine (500 nM) treatment for 48 h. Cellular population at different phases of cell-
cycle were quantified from 3 independent experiments (B) Immunofluorescence staining of
YH2AX on 1222 cells treated with palbociclib (100 nM) and gemcitabine (500 nM) under
the same conditions as mentioned in (A). (C) Immunoblot analysis on the indicated proteins
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from 1222 and 3226 cells treated with palbociclib and gemcitabine under the same
conditions as mentioned in (A). (D) /n vitrocyclin A associated CDK2 kinase assays were
performed using the lysates from 3226 cells that were treated with palbociclib and
gemcitabine. Kinase activity was evaluated based on the site-specific phosphorylation of an
RB substrate (S807/811). (E) Cell viability assay to evaluate the cytotoxic effect of
gemcitabine after 96 h exposure in the absence and presence of different concentrations of
palbociclib (100 and 200 nM) in 1222 cells. (F) Column graph representing the population
of 1222 cells in S-phase. Cells were transfected with non-target siRNA and treated with
DMSO (black) and palbociclib (100 nM) in combination with gemcitabine (500 nM)
(yellow). Cyclin E1 was depleted using CCNE1 siRNA and the cells were treated with
palbociclib (green) alone and in combination with gemcitabine (Orange). Three independent
experiments were done and the mean and SD are shown (**p<0.01 as determined by t-test).
Western blot analysis of cyclin E1 in 1222 cells to confirm the efficacy of RNAI
transfection. (G) Cellular outgrowth assay was performed by treating the PDAC cells with
gemcitabine (100 nM) up to 48 h and the cells were allowed to re-grow in the absence and
presence of palbociclib and stained with crystal violet after the indicated period of time. (H)
Immunoblot analysis on the indicated proteins in 1222 and 226 cells following 48 h
exposure to palbociclib (100 nM) after releasing the cells from gemcitabine (100 nM). (1)
Representative flow cytometry analysis of 1222 cells that were released from Gemcitabine
(100 nM) and exposed to palbociclib (100 nM) up to 48 H. X-axis and Y-axis represent
DNA content and BrdU incorporation respectively. Relative BrdU incorporation from 3
independent experiments was shown. The mean and SD were shown (* p<0.05 as
determined by t-test)
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Figure 3: Effect of docetaxel in combination with palbociclib on cell-cycle progression.
(A) Representative flow cytometry analysis of 1222 and 226 cell lines treated with

palbociclib (100 nM) for 48 h, docetaxel (Doce) (12.5 nM) for 48 h, Concurrent treatment of
palbociclib (100 nM) and docetaxel (12.5 nM) for 48 h and palbociclib (100 nM)
pretreatment for 24 h followed by docetaxel (12.5 nM) treatment for 48 h. Quantification of
cellular population at different phases of cell-cycle were also shown from 3 independent
experiments. (B) Immunoblot analysis in 1222 and 226 cells under the indicated treatment
conditions as described in (A), to determine the expression of cyclin B1 and CDK1. B Actin
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was included as a loading control. (C) Immunofluorescence staining of p-Histone H3 (S10)
on 1222 and 226 cells treated with docetaxel (12.5 nM) at different time points. (D)
Representative flow cytometry analysis of 1222 and 226 cell lines at the same treatment
conditions as (A). X-axis and Y-axis represent DNA content and BrdU incorporation
respectively. Quantification of BrdU positive cells in 1222 and 226 cell lines were shown.
The mean and SD are shown (** p<0.01 as determined by t-test) from 3 independent
experiments.
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Figure 4: Cooperative cytostatic effect between palbociclib and docetaxel in PDAC models.
(A) Immunoblot analysis on the indicated proteins from 3226, 1222, 226 and 97 PDAC cell

lines following 48 h exposure with palbociclib and docetaxel under the indicated conditions.
(B) /n vitro cyclin A associated CDK2 kinase assays in 1222 and 226 cell lines that were
treated with palbociclib and docetaxel. Kinase activity was evaluated based on the site-
specific phosphorylation of an RB substrate (S807/811) and the band intensities were
quantified. Representative blots and mean and SD are shown (*p<0.05 as determined by t-
test). (C) Representative flow cytometry analysis of 7310 cells following 48 H exposure with
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palbociclib alone and in combination with docetaxel. X-axis and Y-axis represent DNA
content and BrdU incorporation respectively. Quantification of BrdU positive cells in 7310
was shown. The mean and SD are shown from 3 independent experiments. (D) Immunoblot
analysis in 7310 cells, treated with palbociclib +/- docetaxel to determine the expression of
cyclin A and CDK1. (E) Flow cytometry analysis in 1222 and 226 cells that were transfected
with non-target siRNA (si-NT) and siCCNEZ1 followed by exposure to palbociclib +/-
docetaxel up to 48 h. X-axis and Y-axis represent DNA content and BrdU incorporation
respectively. (F) Immunoblot analysis in 1222 and 226 cells that were transfected with si-NT
and siCCNEL and treated with palbociclib alone and in combination with docetaxel to
determine the expression of the indicated proteins.
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Figure 5: Cooper ative cytotoxic effect between palbociclib and chemotherapeutic drugsin PDAC
models.

(A) Immunoblot analysis to examine the cleaved PARP levels in 1222 and 3226 cell lines
after 96 h exposure with palbociclib +/- docetaxel. (B) Cell viability assay to evaluate the
cytotoxic effect of docetaxel after 96 h exposure in the absence and presence of palbociclib
(concurrent and 24 h pretreatment) in 3226 and 226 cells. Each drug treatment was
performed in triplicates and the experiment was done at two independent times. Mean and
SD are shown (*p<0.05, **p<0.01 as determined by t-test). (C) Cell viability assay to
evaluate the cytotoxic effect of docetaxel following CDK2 knockdown in combination with
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palbociclib following 72 h exposure. Each drug treatment was performed in triplicates and
mean and SD are shown (***p<0.001 as determined by t-test). (D) Cellular outgrowth assay
was performed by treating 1222, 226 and 3226 cells with docetaxel (1.5 nM) up to 48 h and
the cells were allowed to re-grow in the absence and presence of palbociclib and stained
with crystal violet after the indicated period of time. (E) Cellular outgrowth assay was
performed in 1222, 226 and 7310 cells following the treatment with the single and the
combinatorial chemotherapeutic drugs (gemcitabine and docetaxel) up to 48 h and the cells
were allowed to re-grow in the absence and presence of palbociclib and ribociclib and
stained with crystal violet after the indicated period of time.
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Figure 6: Combination of CDK 4/6 inhibitorsand chemotherapeutic drugsin PDAC derived

organoids and PDX models.

(A) H2B-GFP labelled PDAC cell lines (1222, 226, 3226 and 97) were treated with
docetaxel, gemcitabine and gemcitabine in combination with docetaxel (Gem/Doce) up to 48
h and the cells were allowed to form organoids up to 10 days. Organoids from each
condition were grown in triplicates and the experiment was performed at two independent
times. The viable organoids were quantified using CTG assay and mean and SD are shown
(*p<0.05, **p<0.01, ***p<0.001 as determined by t-test). (B) The indicated PDX models
were randomized for treatment with vehicle, ribociclib, Gem/Doce, and ribociclib+Gem/
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doce when the tumor volume reached 150-200 mm3. Relative tumor volume was determined
every 48 h. Data shows the mean and standard error of mean (*p<0.05, **p<0.001 as
determined two-way ANOVA). (C) The indicated PDX models were randomized for
treatment with vehicle, palbociclib, Gem/Doce, and palbociclib+Gem/doce up to 21 days
when the tumor volume reached 150-200 mm3. The bar graphs represent the relative tumor
volume of the mice under each treatment groups at the end of last treatment. Data shows the
mean and standard error of mean (*p<0.05, ***p<0.001 as determined by t-test). The
number of mice for 3226 PDX are as follows: Control (n=5), Ribo (n=4), palbo (n=8), Gem
+Doce (n=4), Ribo+Gem+Doce (n=5) and Palbo+Gem+Doce (n=5). For 1222 PDX: Control
(n=5), Ribo (n=3), Palbo (n=4), Gem+Doce (n=5), Ribo+Gem+Doce (n=3) and Palbo+Gem
+Doce (n=3). (D) Representative images of the tumors that were excised from the mice at
the end of the treatments.
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