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Abstract

Intrinsic or acquired resistance to clinically approved CDK4/6 inhibitors has emerged as a major 

obstacle that hinders their utility beyond ER+ breast cancer. In this study, CDK4/6-dependent and 

-resistant models were employed to identify functional determinants of response to 

pharmacological CDK4/6 inhibitors. In all models tested, the activation of RB and inhibition of 

CDK2 activity emerged as determinants of sensitivity. While depleting CDK4 and 6 was sufficient 

to limit proliferation in specific resistance settings, RB loss rendered cells completely independent 

of these kinases. The main downstream target in this context was the activation status of CDK2, 

which was suppressed with CDK4/6 inhibition in an RB-dependent fashion. Protein levels of p27 

were associated with plasticity/rigidity of the cell cycle and correlated with sensitivity to CDK4/6 

inhibition. Exogenous overexpression and pharmacological induction of p27 via inhibition of 

SKP2 and targeting the MEK/ERK pathway enhanced the cytostatic effect of CDK4/6 inhibitors. 

Mice bearing ER+ xenografts displayed a durable ani-tumor response to palbociclib; however, 

over the course of treatment, few cells retained RB phosphorylation, which is associated with 

limited p27 protein levels as determined by multi-spectral imaging. Similarly, combination 

treatment of palbociclib with a MEK inhibitor in pancreatic cancer PDX models upregulated p27 

and further enhanced the in vivo tumor response to palbociclib. Collectively, these results suggest 

that the cell cycle plasticity that enables tumor models to evade palbociclib-mediated activation of 

RB could be targeted using a clinically applicable CDK2 inhibitor.
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Introduction:

Cyclin dependent kinases 4 and 6 (CDK4/6) regulate cell-cycle initiation by phosphorylating 

the retinoblastoma tumor suppressor protein (RB) thereby inactivating its transcriptional 

repression function (1, 2). RB is further hyper-phosphorylated and inactivated by CDK2 that 

enhances the transition from G1 to S-phase of cell-cycle (3). The activity of CDK4/6 kinases 

are mainly governed by their binding partners, D-type cyclins, which are the transcriptional 

targets of different mitogenic signaling pathways (4, 5). The deregulation in cell-cycle 

machinery is one of the major mechanisms that transforms a normal cell to become 

cancerous (6). Such phenomenon can be driven by constitutive activation of upstream 

oncogenic signaling pathways, amplification of cyclin D1 and CDK4, or inactivation of a 

tumor suppressor protein, p16 that acts as an endogenous inhibitor of CDK4/6 (6–8).

Owing to their role in tumor biology, CDK4/6 has been considered as a promising molecular 

target to pharmacologically activate the RB pathway in different cancer types (9). Three 

selective CDK4/6 inhibitors, palbociclib, ribociclib and abemaciclib have been clinically 

approved for the treatment of estrogen receptor (ER) + breast cancer in combination with 

endocrine therapy (10–12). In multiple clinical studies, CDK4/6 inhibitors significantly 

increased the progression free survival (PFS) in patients with metastatic ER+ breast cancer 

(13, 14). However, development of acquired resistance to CDK4/6 inhibition limits the 

overall survival benefit. In other tumor settings CDK4/6 inhibition has had less of a positive 

impact, commonly due to intrinsic or rapidly acquiring resistance mechanisms (15). Hence 

to improve the clinical success of CDK4/6 inhibitors, combination treatment options will be 

required to target molecular mechanisms that drive resistance (16).

Studies have demonstrated that both normal and cancer cells bypass CDK4/6 pathway and 

continue to proliferate due to plasticity in their cell cycle machinery. In embryonic 

fibroblasts from mice devoid of CDK4 and CDK6 kinases, cell-cycle progression resumes 

under mitogenic stimuli because of the compensatory role of other CDKs (17, 18). On the 

other hand, in mammalian cancer cells, high levels of CDK4 activity overcomes the loss of 

CDK2 and promotes cell-cycle progression through the inactivation of RB pathway (19). In 

the context of pharmaceutical CDK4/6 inhibitors, there are myriad of molecular mechanisms 

that enable the cancer cells to bypass the negative cell-cycle regulation (20). Importantly, 

loss of RB and enhanced CDK2 activity due to amplification of cyclin E1 can promote 

resistance by driving cell-cycle progression even in the presence of pharmacological 

CDK4/6 inhibitors (21–23). However, the complexity in cell cycle machinery in different 

tumor models results in differing outcomes in many preclinical or clinical analyses and 

defining precise functional determinants of response to CDK4/6 inhibitors has remained a 

challenge (24, 25). Deepening the understanding of different cell-cycle regulatory factors 

that drive cell cycle plasticity would facilitate rational therapeutic approaches to achieve 

durable disease control.
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Materials and Methods:

Cell culture and therapeutic agents:

Primary PDAC cells were grown in Keratinocyte SFM medium, supplemented with EGF 

(0.2 ng/mL), bovine pituitary extract (30 μg/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 stably infected to express H2B-GFP as an independent 

measure for proliferation. MCF7 cells were maintained in DMEM medium containing 10% 

FBS and T47D and HCC1806 cells were maintained in RPMI media containing 10% FBS. 

Lung cancer cell lines, A549 and H1975 were kindly provided by Dr. Pamela Hershberger at 

RoswellPark Cancer Center and were grown in DMEM and RPMI media respectively 

containing 10% FBS. All the cells lines were grown at 37°C and 5% CO2 and were 

confirmed to be mycoplasma free. Cell-line authentication were performed using STR 

analysis. Palbociclib (IBRANCE) and PF06873600 were purchased from MedChemExpress 

(NJ, USA). Trametinib was purchased from Selleckchem (Houston, TX).

Plasmids and infection procedures:

Lentiviral overexpression vectors (pLX304) containing the ORFs clones for CCND1, V5 

tag-CDK4 and CDKN1B were purchased from Cancer genetics and Genomics core; Roswell 

Park Cancer Center. Lentiviral infections were carried out in exponentially growing MCF7 

and PDAC cells in the presence of Polybrene (Sigma Aldrich). The infected cells were 

selected using Blasticidin (5 μg/ml) and the protein overexpression was validated using 

western blotting.

CSII-EF lentiviral vector containing the cDNA for HDHB fused to mCHERRY was a gift 

from Dr. Steven Pruitt’s laboratory (Roswell Park Cancer Center). Lentiviral infection was 

performed on H2B-GFP labelled 1222 cells and the double positive clones containing both 

GFP and mCHERRY, cells were sorted using BD FACSAria II cell sorter.

Mice and xenografts:

NSG mice were maintained at University of Arizona and Roswell Park Cancer Center 

animal care facilities. All animal care, drug treatments and sacrifice were approved by the 

University of Arizona and Roswell Park Cancer Center Institutional Animal Care and Use 

Committee (IACUC) in accordance with the NIH guide for the care and use of laboratory 

animals. Mice were subcutaneously implanted with the early passage PDX tumor fragments. 

Early passaged MCF7 cells (1X 10^7 cells/mouse) and HCC1806 cells (5X10^6 cells/

mouse) were subcutaneously injected into 8-10 weeks old female NSG mice. Mice were 

supplemented with estrogen pellet to promote the growth of MCF7 derived tumors. 

Treatment dosage and schedule are described in supplementary information.

RPPA and gene expression analysis:

The RPPA data for different breast cancer and pancreatic cancer cell lines were retrieved 

from the MD Anderson Cell Lines Project on the TCPA portal (26). Proteins with missing 

data across the cell lines were excluded for further analysis. The protein expression data for 

P21CIP1, p27 and cyclin E1 were compared between the breast and pancreatic cancer cell 
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lines and were represented in a boxplot. The p-values were calculated based on student’s t-

test. The IC50 values of palbociclib and abemaciclib in different breast cancer cell lines 

were retrieved from previously published studies (10, 27). Based on the IC50 values of 

palbociclib the cell lines were stratified as sensitive (IC50<0.2 μM) and resistant (IC50>0.2 

μM) to palbociclib. For abemaciclib, IC50<0.38 is considered as sensitive cell lines and 

IC50>0.38 is considered as resistant. Heat map was generated to depict the differential 

expression of cell-cycle genes across the cell lines that were sorted based on their IC50 

values of palbociclib. The gene expression data were retrieved from CCLE database. 

Correlation statistics were calculated based on the response to palbociclib and the expression 

of SKP2 and CCNE1 gene expression. Using the RPPA database correlation statistics were 

calculated based on the IC50 values and p27, cyclin E1 and P21CIP1 expressions in 

different breast cancer cell lines.

DepMAp Achilles :

The top 50 cell lines that are sensitive to CDK4, CDK6, CCNE1 and CDK2 based on their 

gene dependency scores were retrieved from the Project Achilles Portal (https://depmap.org/

portal/achilles/) (28). From the top 50 cell lines that are sensitive to CCNE1 and CDK2 there 

were 28 cell lines sensitive to both CDK2 and CCNE1 (CDK2/CCNE1). The sensitivity of 

these cell lines to loss of CDK4 and CDK6 were analyzed. Similarly, from the top 50 cell 

lines that are sensitive to loss of CDK4 and CDK6, their corresponding sensitivity to CDK2 
and/or CCNE1 was analyzed. To define differential sensitivity to other genes between the 

CDK4 or CDK6 (blue) and CCNE1/CDK2 (Orange) sensitive cell lines, the log fold change 

with a cut off of +/− 0.05 and p-value (0.05) were determined based on student t-test and a 

volcano plot was generated.

Data deposition:

RNA sequencing data are deposited in GEO: GSE113922 and GSE146788.

Detailed methods are described in supplementary information.

Results

Functional characterization of tumor models based on their response to CDK4/6 inhibition:

Using live-cell imaging we observed that three different patient-derived PDAC cell lines 

(1222, 226 and 3226) that harbor KRAS mutations (29, 30) displayed weak cytostatic 

response to palbociclib; whereas the proliferation of ER+ breast cancer models, MCF7 and 

T47D was robustly inhibited (Figures. 1A, Supplementary Figures S1A & S2A). Similar to 

palbociclib, another CDK4/6 inhibitor, abemaciclib, also showed a stronger cytostatic effect 

in ER+ breast cancer cells as compared to the PDAC models (Figure. 1A). The EC50 values 

of both palbociclib and abemaciclib in the PDAC cell lines were significantly higher than 

that of the ER+ breast cancer models (Figure. 1B). In lung adenocarcinoma models A549 

and H1975, which are driven by KRAS and EGFR mutations respectively, palbociclib 

elicited a better control on the growth of A549 cells while H1975 cells continued 

proliferation, similar to the PDAC models (Supplementary Figure. S2A) (31, 32). The 

differential cytostatic effect of palbociclib among these cancer models further correlated 
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with the inhibition of BrdU incorporation resulting in the most potent cell-cycle arrest in ER

+ breast cancer models. (Figure. 1C). Consistent with 2D cell culture assays, palbociclib also 

yielded a more potent cytostatic response in limiting the organoid growth in ER+ breast 

cancer cells (T47D) as compared to the PDAC model (1222) (Figure. 1D, Supplementary 

Figure S2B). Biochemical analysis revealed that palbociclib treated cells resulted in 

suppression of endogenous RB phosphorylation in all tumor models; however, the most 

sensitive ER+ breast cancer cells showed the highest degree of dephosphorylation (Figure. 

1E and Supplementary Figures S2C & S2D). Since CDK2 can potentially mediate RB 

phosphorylation, the effect of CDK4/6 inhibition on the enzymatic activity of CDK2 was 

determined using in vitro kinase assays (33). The ER+ breast cancer cells showed a robust 

inhibition of CDK2 kinase activity in the presence of palbociclib and abemaciclib whereas 

the PDAC models (1222 and 226) retained partial activity (Figures. 1F, 1G, 1H and 

Supplementary Figures S2E & S2F). Although abemaciclib is known to possess off-target 

activity against CDK2 kinase at higher concentration, the inhibitory effect observed in 

MCF7 and PDAC models is associated with CDK4/6 inhibition as confirmed by RB 

dephosphorylation and cyclin A downregulation (Supplementary Figure. S2G) (34). 

Consistent to the in vitro CDK2 kinase assays, the inhibitory effect of palbociclib on the 

intracellular CDK2 activity was more prominent in the ER+ breast cancer models as 

compared to the PDAC models as determined by its phosphorylation status (Supplementary 

Figure. S2H). Together, these data illustrate a spectrum of sensitivities to CDK4/6 inhibition 

that are not related to the presence of RB, but to the coordinated suppression of CDK2 

activity.

CDK4/6 regulate the proliferation of both ER+ breast cancer and PDAC models via RB 
dependent coupling to CDK2-activity:

To investigate whether the differential effect of palbociclib in ER+ breast cancer and PDAC 

cells is due to their differential addiction to CDK4 and CDK6, the endogenous expression of 

these kinases was depleted independently and concurrently using RNAi. In MCF7 cells, the 

inhibition of BrdU incorporation was more prominent following CDK4 knockdown as 

compared to CDK6 knockdown, indicating the dominant function of CDK4 in cell-cycle 

(Figure. 2A). However, the concurrent knockdowns yielded the most potent cell-cycle in 

both ER+ breast cancer and PDAC models (1222 and 226) (Figure. 2A). Biochemical 

analysis confirmed an enhanced inhibition of RB phosphorylation and cyclin A 

downregulation following the double knockdown in these models (Figure. 2B and 

Supplementary Figure S3A). Hence, the loss of CDK4 and CDK6 expressions have similar 

downstream effect on RB pathway in both ER+ breast cancer and PDAC cells, indicating 

that the resistance of PDAC is at least partly associated with the presence of target proteins 

CDK4 and CDK6. Hence, there could be a pool of CDK4/6 that is not particularly sensitive 

to pharmaceutical inhibition or that non-catalytic activities contribute to resistance.

To interrogate intra-cellular CDK2 kinase activity in response to CDK4 and 6 dual 

knockdown, we employed a fluorescent-tagged CDK2 sensor (HDHB-mCHERRY) as 

described in a previous study (35). The phosphorylation of this sensor due to CDK2 activity 

as cells proliferate, drives its export from nuclear to cytoplasm. Hence, the ratio of 

cytoplasmic to nuclear fluorescence serves as a measure of CDK2 kinase activity. In PDAC 
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models while palbociclib had a modest effect on the CDK2 activity, the depletion of 

CDK4/6 elicited a more pronounced impact that associated with a durable growth arrest 

(Figure. 2C and Supplementary Figure S3B). Conversely, overexpression of cyclin D1 and 

CDK4 in the palbociclib-sensitive MCF7 cells (MCF7 D1/K4) rendered them partially 

resistant to palbociclib as determined by BrdU incorporation (Figure. 2D). Furthermore, 

palbociclib-mediated RB dephosphorylation and suppression of cyclin A were rescued in the 

MCF7 D1/K4 cells, suggesting that this perturbation induces the ability to bypass 

pharmaceutical inhibition in ER+ breast cancer model (Figure. 2E). In accordance with the 

correlative analysis, MCF7 D1/K4 cells harbored active CDK2 kinase even in the presence 

of palbociclib (Figure. 2F).

To specifically dissect the role of RB in response to CDK4/6 inhibition on cell-cycle, RB 

knockout MCF7 cells were employed (Supplementary Figure. S3C). These cells were 

completely refractory to palbociclib as determined by BrdU incorporation, but unlike the 

PDAC models they were also resistant to CDK4/6 knockdown (Figures. 2G & 2H). Under 

these conditions the cells retained cyclin A expression (Figure. 2I). Like RB deficient ER+ 

breast cancer model, the pancreatic cancer cell line, 7310 that lacks RB displayed similar 

cellular response to CDK4/6 KD (Supplementary Figures S3D & S3E). Moreover, the RB 

deficient ER+ breast cancer models (MCF7 and T47D) cells maintained CDK2 kinase 

activity in the presence of palbociclib (Figure. 2J). These data indicate that RB acts as a 

central player in coupling the CDK4/6 kinase activity with CDK2 to mediate the cellular 

response to palbociclib in ER+ breast cancer, while in PDAC models there is a degree of 

plasticity in spite of the presence of RB.

Role of p27 expression in cell-cycle plasticity:

To determine additional determinants/biomarkers of response to CDK4/6 inhibition, we 

utilized DepMap data to stratify cell lines based on their degree of sensitivity to loss of 

CDK4 or 6 kinase (28). It was evident from our analysis that the dependency on CDK4 and 

CDK6 is mutually exclusive (Figure. 3A). Moreover, the cancer cells that are independent to 

both CDK4 and CDK6 were sensitive to loss of CDK2 and/or cyclin E1 (Figure. 3A). 

Analysis on the CDK4/6 resistant cell lines revealed the sensitivity to additional genes that 

are mainly involved in the regulation of CDK2 kinase activity (Figure. 3B). For example, 

SKP2, which is a negative regulator of p27 protein expression was associated with resistance 

to CDK4 and CDK6 kinases. To further validate this observation in response to CDK4/6 

inhibitor, we interrogated the previously published IC50 values of palbociclib in different 

breast cancer models (10). Gene expression analysis on those models revealed that among 

several cell-cycle related genes the expression of RB regulated genes significantly correlated 

with response to palbociclib (Supplementary Figures S4A & S4B). Consistent to the 

Achilles data, the cell lines that are resistant to palbociclib (IC50>0.2 μM) harbored high 

levels of CCNE1 and SKP2 (Figure. 3C). Moreover, RPPA analysis indicated that low cyclin 

E1 and high p27 protein levels are the determinants of sensitivity to CDK4/6 inhibitors, 

suggesting the plausible role of SKP2 in regulating p27 at the protein level (Figures. 3D & 

S4C). In accordance with our computational analysis, p27 expression was relatively higher 

in the palbociclib-sensitive MCF7 cells as compared to the PDAC models (Figure. 3E). 

Additionally, p21, which also regulates CDK4 and CDK2 kinases was expressed more 
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abundantly in MCF7 cells than the PDAC models (Figure 3E). Interestingly, MCF7 cells had 

higher cyclin D1 expression as compared to all the PDAC models due to its increased 

protein stability and CDK4 expression was modestly higher in MCF7 cells suggesting that 

the expression of these proteins cannot predict the response to palbociclib (Figure. 3E and 

Supplementary Figure S4D) (13, 36). Although loss of RB and amplification of cyclin E1 

has been previously shown to be one of the mechanisms of resistance to palbociclib (23), 

PDAC models do not harbor such aberrations (Figure. 3E). RPPA analysis from different 

breast and pancreatic cancer cell lines further confirmed that PDAC models harbored 

significantly lower levels of cyclin E1, p21 and p27 protein expressions as compared to 

breast cancer models (Supplementary Figure. S4E) (26). Unlike p27 expression, no 

significant correlation was observed between p21 expression levels and IC50 of palbociclib 

(Supplementary Figure. S4F).

To elucidate the functional role of differential p27 expression we investigated its association 

with different CDK binding partners using co-immunoprecipitation assays. In actively 

cycling MCF7 cells, p27 was associated predominantly with CDK4 rather than CDK2 

(Figure. 3F). This implicates the non-catalytic function of CDK4 in sequestering p27 to 

ensure that CDK2 is catalytically active (37, 38) Even in the presence of palbociclib (250 

nM), the entire pool of p27 was selectively bound with the CyclinD1/CDK4 complex, 

however, under this condition CDK2 is inactive due to limiting Cyclin A expression (Figure. 

3F). In PDAC models that have low basal expression of p27, either in the absence or 

presence of palbociclib, p27 did not show a detectable interaction with CDK2, whereas only 

a modest interaction with Cyclin D1/CDK4 complex was observed (Figure. 3G). Western 

blotting from the residual lysate following p27 immunoprecipitation (flow through) retained 

large amounts of cyclin D1 and CDK4, indicating that in PDAC models a larger fraction of 

cyclin D1/CDK4 complex is free from p27 (Figure. 3G). The high p27 expression in MCF7 

cells mediates assembly of cyclin D1/CDK4 complex because depletion of endogenous p27 

expression in MCF7 cells using siRNA resulted in the dissociation of the cyclin D1/CDK4 

complex (Supplementary Figure. S5A) (39, 40). Interestingly, such phenomenon was not 

observed in the PDAC model (1222), further confirming that only a very small fraction of 

cyclin D1 and CDK4 could form complex with p27 due to its low baseline expression 

(Supplementary Figure. S5A).

To examine how the differential association of p27 with Cyclin D1/CDK4 complex in MCF7 

and PDAC cells could modulate the inhibitory effect of palbociclib, we determined the 

kinase activity of CDK4 associated with cyclin D1 in these cell lines. Although, palbociclib 

treated cells resulted in more cyclin D1/CDK4 complex in both MCF7 and PDAC models, 

the corresponding increasing in the kinase activity was selectively observed in the pancreatic 

cancer cell line (Figure. 3H). Interestingly, addition of exogenous palbociclib (2 μM) to the 

kinase reactions interfered with the CDK4 kinase activity in both the models confirming in 

vitro activity against each recovered kinase complex (Figure. 3H). This suggest that the 

differential levels of p27 between these models might contribute to the differential intra-

cellular effect of palbociclib on the CDK4/6 kinase activity. Exogenous overexpression of 

p27 in the palbociclib partial-resistant PDAC models enhanced the cytostatic effect of 

palbociclib (Figure. 3I and Supplementary Figure S5B). Biochemical analysis revealed that 

p27 overexpression increased cyclin D1 protein levels without modulating the CDK4 

Kumarasamy et al. Page 7

Cancer Res. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression in all the PDAC models and this is due to the increased protein stability of cyclin 

D1 (Figure 3J and Supplementary Figure S5C). Following the overexpression of p27, 

palbociclib elicited an enhanced effect on RB phosphorylation and downregulation of cyclin 

A, which resulted in an enhanced inhibition of BrdU incorporation (Figures 3J & 3K). 

Overall these data confirm the functional role of high levels of p27 in enhancing the 

cytostatic effect palbociclib.

Induction of p27 using pharmaceutical inhibitors:

Since SKP2 is a negative regulator of p27, we examined its function on p27 expression and 

cellular response to palbociclib in the resistant models. Depletion of SKP2 in PDAC models, 

1222 and 226 significantly enhanced the anti-proliferative effect of palbociclib, which is 

accompanied by upregulation of p27 and dephosphorylation of RB (Figures 4A & B). 

Importantly, pharmacological inhibition of SKP2 by an NEDD8 inhibitor, pevonedistat 

resulted in a cooperative cytostatic effect in combination with palbociclib in PDAC models 

(Figure. 4C & D) (41). To investigate the involvement of other pathways in p27 regulation, a 

targeted drug screen using a panel of clinically approved and preclinically advanced agents 

was performed in PDAC cells (1222). Heatmap illustrating the relative growth rate of the 

cells in the presence of select classes of drugs in combination with vehicle (DMSO) and 

palbociclib (200 nM) indicates that the MEK inhibitors cooperate with palbociclib (Figure. 

4E). Validation studies using different MEK inhibitors in combination with palbociclib 

resulted in a robust inhibition of cell proliferation and trametinib was identified as the most 

potent molecule (Figure. 4F). Prior studies have demonstrated that p27 is a downstream 

target for the RAS-driven MEK/ERK pathway, which results in its phosphorylation and 

subsequent degradation (42). In PDAC cells (226), KRAS knockdown resulted in the 

accumulation of p27 protein expression and further enhanced RB dephosphorylation and 

Cyclin A downregulation (Figure. 4G). Interestingly, trametinib and pimasertib resulted in 

the accumulation of p27 expression, and under such condition palbociclib possessed 

enhanced inhibitory effect on the downregulation of cyclin A and RB dephosphorylation 

(Figure. 4H). Since, MEK inhibitors are known to elicit their cytostatic effect through the 

inhibition of cyclin D1 transcription (43), we investigated how such phenomenon in concert 

with p27 upregulation could affect the cyclin D1/CDK4 complex in the presence of 

palbociclib. In the PDAC cell line (1222), trametinib limited the palbociclib-mediated 

accumulation of the cyclin D1/CDk4 complex (Figure. 4I). However, the residual cyclin D1/

CDK4 retained p27 due to its increase in expression in the presence of Palbo/Tram and 

under such conditions the catalytic activity of this complex was prominently inhibited 

(Figures. 4I & J). Moreover, the high p27 expression in the Palbo/Tram treated cells also 

formed complex with CDK2, which in turn inhibited its kinase activity as determined by the 

nuclear localization of the HDHB-mCHERRY (Figures. 4K & L). Overall, these data 

indicate that the MEK inhibition cooperates with palbociclib and results in the dual 

inhibition of cyclin D1/CDK4 and CDK2 kinase activities thereby leading to a durable 

growth arrest. Additionally, cytostatic effect of Palbo/Tram treatment did not induce cell 

death as determined by PARP cleavage (Supplementary Figure. S5D).

Kumarasamy et al. Page 8

Cancer Res. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vivo evidence of cell cycle plasticity in response to palbociclib:

To investigate whether the in vitro observations apply in the tumor environment in vivo, we 

employed ER+ xenografts and PDAC PDX models to match the cell line data. Mice 

harboring MCF7 xenografts were treated with palbociclib (100 mg/kg) that resulted in a 

robust inhibition of tumor growth over the course of 21 days (Figures. 5A & 5B) and 

suppressed cell proliferation as determined by ki67 staining. (Figure. 5C). To delineate the in 
vivo mechanism of palbociclib, multi-spectral staining was employed in excised tumor 

tissue. The phosphorylation of RB was significantly inhibited in the palbociclib-treated 

tumor as compared to vehicle treatment, indicating the downstream effect of CDK4/6 

inhibition (Figure. 5D). The phosphorylation of histone H3 (pHH3) was also inhibited, 

confirming that palbociclib prevented the cells from entering into mitosis to stop cell-

division (Figure. 5D). Although a pronounced anti-tumor response was observed, there were 

subset of tumor cells that escaped the inhibitory effect of palbociclib (Figure. 5D). 

Interestingly those populations of pRB positive cells displayed a low expression of nuclear 

p27, whereas palbociclib-mediated RB dephosphorylation is largely observed in cells that 

have p27, mainly localized within the nucleus (Figure. 5D). The relationship between p27 

and the phosphorylation status of RB was analyzed from different regions of the tumor. In 

the vehicle treated group where tumor cells are actively proliferating, the expression of p27 

was surprisingly positively correlated with pRB suggesting that in this context p27 does not 

possess an intrinsic CDK inhibitory function (Fisher’s Exact test p<0.0001) (Figure. 5E). In 

contrast, palbociclib treatment resulted in a negative correlation between nuclear p27 and the 

phosphorylation of RB (Fisher’s Exact test p<0.0001). Tumor cells with nuclear p27 

harbored lower fraction of pRB positive cells while cells with cytoplasmic p27 had the 

higher fraction (Figure. 5E). In addition, the fraction of pRB positive cells with the nuclear 

p27 was significantly lower in the palbociclib treated group as compared to that of the 

vehicle treated group (Figure. 5F). Overall, these data imply that nuclear p27 expression in 

the presence of palbociclib exerts an inhibitory effect to cease tumor proliferation. To further 

define whether MEK inhibition increases p27 expression in vivo and enhance the anti-cancer 

effect of palbociclib, a PDAC PDX model (3226 PDX) was treated with palbociclib in 

combination with trametinib. The in vivo response of PDAC xenografts to palbociclib was 

not as potent as the MCF7 xenografts suggesting that the intrinsic cell-cycle plasticity in 

PDAC models was also observed in an in vivo setting (Supplementary Figure. S5E) (30). 

Moreover, immunohistochemical staining revealed that the baseline p27 expression in PDAC 

tumors was very low and the concurrent treatment of trametinib and palbociclib (Palbo/

Tram) resulted in increase in its nuclear expression (Figure. 5G). Under such condition, a 

robust decrease in the ki67 levels were observed, indicating an anti-tumor response in the 

presence of palbociclib and trametinib (Figure. 5G). Multispectral staining further confirmed 

that the Palbo/Tram treatment resulted in a significant decrease in RB dephosphorylation 

and inhibition of pHH3, suggesting a profound cell-cycle arrest at G1-phase in the tumor 

cells (Figure. 5H). Overall, these data demonstrate that the anti-cancer effect of palbociclib 

is more potent in cells that harbor high p27 expression.

Targeting CDK2 activity as an approach to rescue CDK4/6 inhibitor resistance:

Multiple mechanisms that limit the efficacy of CDK4/6 inhibitors (ie. RB loss, enhanced 

cyclin D1/CDK4 kinase and low p27 expression) coalesce to impact on CDK2 activity. 
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Thus, targeting CDK2 kinase activity could be an alternate therapeutic approach on models 

that are partially or completely refractory to CDK4/6 inhibition. CDK2 proved to be a valid 

target because depletion of this protein resulted in cell-cycle arrest at G1 phase, which is 

independent of RB status (Supplementary Figure. S6A). We employed a small molecule 

inhibitor, PF06873600, which is known to target both CDK4 (Ki = 1.37 nM) and CDK2 

(ki=0.12 nM) kinases and is currently being used in a phase I clinical trial (NCT03519178) 

(44). However, in our study we demonstrate that PF06873600 also inhibits CDK1 kinase 

activity with similar potency as it inhibits CDK2 (Supplementary Figure. S6B). To compare 

the cellular efficacies of PF068736 and palbociclib on multiple signaling pathways, we 

performed RNA sequencing on both MCF7-WT and MCF7 RB knockout cells. Gene 

expression analysis revealed that, following palbociclib and PF06873600 treatments the 

downregulated genes were significantly enriched in pathways that regulate cell-cycle 

progression (Figure. 6A). However, palbociclib is more potent in driving the repression of 

these genes (Supplementary Figure. S6C and Supplementary Table S1). The same sets of 

genes were not downregulated in the RB deficient MCF7 cells following the treatment with 

either of the drugs, indicating the activity of PF06873600 in driving transcriptional 

repression of cell cycle genes is RB-dependent (Figure. 6A and Supplementary Figure S6C, 

Supplementary Table S1). Interestingly, PF06873600 is very potent in inhibiting the 

proliferation of both MCF7-WT and MCF7 RB deleted cells (Figure. 6B). Similarly, in 

HCC1806 cell line, which is an RB proficient triple negative breast cancer model completely 

refractory to palbociclib, PF06873600 effectively ceased proliferation (Figure. 6C and 

Supplementary Figure S6D). Furthermore, PF06873600 resulted in the inhibition of BrdU 

incorporation in an RB independent manner and the overexpression of cyclin D1/CDK4 in 

MCF7 cells could not ameliorate this effect (Figure. 6D). Interestingly, the potent activity of 

PF06873600 against multiple CDKs and cell proliferation did not induce cytotoxic effects, 

such as induced by the pan-cdk inhibitor dinaciclib (Supplementary Figure. S7A). These 

data suggest that the cytotoxic effects associated with pharmacological inhibitors likely 

reflect inhibition of CDK molecules that regulate transcription, not cell cycle. PF06873600 

treatment resulted in a prominent change in cell morphology, leading to flat and enlarged 

cells, a phenomenon resembling senescence (Figure. 6E) (45). Consistent with this notion, 

prolonged inhibition of cell growth by PF06873600 increased senescence associated β-

galactosidase (SA- β-Gal) activity a marker for cellular senescence in MCF7 cells 

irrespective of their molecular perturbations (MCF7-WT, RB-del, D1/K4) (Supplementary 

Figure. S7B). Based on the DNA content it was evident that PF06873600 resulted in the 

accumulation of 4N cells suggesting that cell-cycle was blocked after DNA replication, 

which is distinct from CDK4/6 inhibition and CDK2 knockdown that prevent G1 to S phase 

transition (Figure. 6F and Supplementary Figure S7C) (46). Moreover, CDK2 inhibition by 

PF06873600 did not alter the p27 levels in MCF7 cells, which was upregulated by depleting 

CDK2 (Supplementary Figure. S7D). Biochemical analysis revealed that PF-06873600 

resulted in the accumulation of cyclin A, Cyclin B1 and stable expression of CDK1 

selectively in MCF7 RB depleted cells whereas it decreased the expression of these proteins 

in MCF7-WT cells (Supplementary Figure. S7E). Although PF-06873600 increased the 

population of cells with 4N DNA content in MCF7-WT model, the transcriptional repression 

of CCNA2, CCNB1 and CDK1 genes resulted in the downregulation of their target proteins 

(Figure. 6G and Supplementary Figure S7E). Similar to ER+ breast cancer models, the 
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PDAC cells (1222 and 226) that harbor intrinsic cell-cycle plasticity in the presence of 

CDK4/6 inhibition also yielded a durable cytostatic effect associated with BrdU 

incorporation (Figure. 6H and Supplementary Figure S7F). The RB deficient PDAC line, 

7310 cells was also sensitive to PF06873600 inhibition and the biochemical analysis 

matched with the MCF7 RB depleted cells (Supplementary Figure. S7G). Based on gene 

expression and cell-cycle analysis the impact of PF06873600 on the RB proficient PDAC 

models led to the downregulation of the E2F target genes and accumulation of cells with 4N 

DNA content (Figure. 6I and Supplementary Figure S7H, Supplementary Table S2).

To evaluate the in vivo efficacy of PF06873600 on tumor progression, we utilized the 

palbociclib-resistant HCC1806 xenografts. PF06873600 significantly delayed tumor growth 

as compared to the vehicle and palbociclib treated groups (Figures 6J & K). Histological 

analysis on tumor tissues from HCC1806 xenografts and 3226 PDX revealed that 

PF06873600 prominently alters the tumor morphology, resulting in fewer and more enlarged 

cells, which is consistent with the cell-culture results (Figure. 6L and Supplementary Figure 

S8A). Administration of PF06873600 was well tolerated in mice since no significant change 

in the body weight was observed among the treatment groups (Supplementary Figure. S8B). 

Moreover, PF06873600 had no major impact on the histo-architecture of different organs 

such a s gut, liver, and kidney (Supplementary Figure. S8C). Together, these findings 

suggest that dual inhibition of CDK4/6 and CDK2 would be a potent approach to achieve 

durable disease control and improved therapeutic efficacy.

Discussion:

Identifying the functional determinants of response or resistance to molecularly targeted 

therapies is vital to improve clinical outcomes. CDK4/6 inhibitors are successful treatment 

options for ER+ breast cancer patients, but the therapeutic limitations are mainly due to the 

development of acquired resistance mechanisms (21, 23). Multiple preclinical and clinical 

studies have indicated that loss of RB, which is a preferred CDK4/6 substrate is a 

mechanism that contributes to resistance to CDK4/6 inhibitors (47–49). However, multiple 

perturbations can limit the effectiveness of CDK4/6 inhibitors in the presence of RB, and as 

such to predict the response of cancers to CDK4/6 inhibitors has not progressed to the point 

of clinically actionable biomarkers (24, 25).

Genetic analyses in mice that lack both CDK4 and CDK6 have shown that most cell types 

undergo proliferation, indicating that the underlying ability to attain CDK4/6 independence 

could contribute to resistance to pharmaceutical inhibitors (17, 18). In ER+ breast cancer 

cells that respond potently to CDK4/6 inhibition by palbociclib, we believe there are two 

molecular responses that contribute to efficacy. First, RB is completely dephosphorylated or 

activated to configure robust cell-cycle arrest via the transcriptional repression of essential 

cell-cycle genes. Second, CDK2 activity is potently inhibited. This event in essence imparts 

the function of CDK4/6 inhibitors to further block the activities of other CDKs in select 

settings. In resistant models like PDAC, we have shown here there is a response relative to 

RB phosphorylation, but it is limited and downstream genes like cyclin A continue to be 

expressed. Furthermore, work with RB-deficient models further illustrates that the coupling 

of CDK4/6 to CDK2 is dependent on RB. Thus, there exists a form of cell-cycle plasticity 
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by maintaining an active CDK2 kinase even in the presence of CDK4/6 inhibition. This 

phenomenon is operable in PDAC highlighting the necessity for combinatorial treatment 

approaches using different molecularly targeted drugs along with CDK4/6 inhibitors (30, 

50). Additionally, recent studies have combined CDK4/6 inhibitors with chemotherapy 

agents in a sequential manner to prevent cell-cycle re-entry at least in part through the 

suppression of CDK2 activity (46, 51). Although these studies primarily focus to reverse 

cell-cycle plasticity in PDAC models by improving the response to CDK4/6 inhibition, the 

intrinsic mechanism that drives resistance still remains unaddressed.

Mixed results have emerged relative to the role of CDK4/6 and its associated D-type cyclins 

as markers of sensitivity or resistance to CDK4/6 inhibitors (52, 53). Genetic analyses of 

tumor cell lines indicated that signatures of cyclin D1 deregulation can be predictive of 

response; however, in several settings it has been shown that depletion of cyclin D1 

cooperates with CDK4/6 inhibitors and as shown here enforced expression can yield 

resistance (21, 30, 54). Although, the genetic alterations that initiate tumorigenesis in ER+ 

breast cancer and PDAC models are distinct, veritably all oncogenic signaling pathways 

coalesce to dysregulate cell-cycle machinery due aberrant CDK4 or 6 kinase activity. 

Consistent with this, both breast cancer and PDAC models depend on CDK4/6 for their 

proliferation. However, a differential sensitivity to pharmaceutical inhibitors is observed 

between these models, indicating that either the CDK4/6 inhibitors cannot inhibit the total 

pool of kinase, or the CDK4/6-cyclin D1 complexes can function non-catalytically in a 

tissue specific manner. This study sheds light on the differential regulation of CDK4 and 

CDK2 kinases in ER+ breast cancer and PDAC models to identify potential markers of 

resistance or sensitivity to CDK4/6 inhibitors.

Using broad-based approaches, it is clear that regulatory networks that control CDK2 are 

important for the acquisition of resistance. This analysis defined p27 as well as regulatory 

networks that control its stability (ie. SKP2). The functional role of p27 in regulating the 

kinase activities of CDK2 and CDK4/6 is more complex, and it remains controversial. In 

breast cancer models p27 acts as a scaffold and facilitates the assembly of Cyclin D1/CDK4 

to form a stable trimeric complex (55). Recent studies have reported that palbociclib binds 

the monomeric CDK4 and prevents its interaction with cyclin D1 thereby limiting kinase 

activity (39). Additionally, the trimeric complex in palbociclib-treated MCF7 cells harbors a 

non-phosphorylated p27 that renders this complex to exist in an inactive state (40). Hence 

the outcome of such a phenomenon in MCF7 cells in the presence of palbociclib is lower 

CDK4 activity, which is sufficient to block CDK2 through RB activation. On the other hand, 

in PDAC models, the low abundance of p27 limits its ability to assemble the entire pool of 

cyclin D1 and CDK4 and failed to exert a negative impact on the kinase activity in the 

presence of palbociclib. Therefore, our data implicates that the protein levels of p27 are 

associated with sensitivity to CDK4/6 inhibitors in vitro cell-culture and in individual cells 

within a tumor microenvironment. Pharmacological induction of p27 using a MEK inhibitor, 

trametinib enhances the cytostatic effect of palbociclib and reverses cell-cycle plasticity in 

PDAC models. MEK inhibition has been previously shown to attenuate the palbociclib-

mediated upregulation of cyclin D1 to induce a potent cytostatic effect in PDAC models 

(50). However, in this study we provide additional mechanistic evidence that the increase in 

stochiometric ratio of p27 to cyclin D1 and assembly of p27/CDK2 complex by palbo/tram 
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combination treatment leads to dual inhibition of both CDK4 and CDK2 kinase activities 

respectively to achieve robust cell-cycle arrest.

From our study it emerges that control over CDK2 activity represents the pivotal event in the 

response to CDK4/6 inhibition. Thus, targeting the function of CDK2 using a clinically 

applicable agent, PF06873600, exerted potent anti-proliferative effect in all the cancer 

models irrespective of cell-cycle plasticity. The impact of CDK2 activity on cell-cycle 

progression depends upon its binding partners, cyclin E1 and cyclin A because depletion of 

CCNE1 and CCNA2 blocked cell-cycle at G1 and G2/M phases respectively 

(Supplementary Figure. S8D). Interestingly, the cytostatic effect of PF06873600 in different 

tumor models is mediated through the inhibition of cyclin A/CDK2 activity because this 

drug mimics the effect of CCNA2 knockdown. This feature of PF06873600 explains that the 

CDK2 kinase activity in cell-cycle progression is predominantly regulated through Cyclin A 

binding. Hence, the use of a targeted agent to directly block CDK2 activity, which is a 

critical factor in cell-cycle plasticity serves as an alternate approach to enforce a durable 

cell-cycle exit.

Together, the study herein indicates the intersection between multiple factors in mediating 

the response to CDK4/6 inhibition. Notably RB, p27, and CDK2 activity are all involved, 

and are undoubtedly responsive to cyclin levels (e.g. Cyclin E) that can shift the overall 

balance of CDK2 activity in the cell. Although CCNE1 gene expression is associated with 

resistance to CDK4/6 inhibition in ER+ breast cancer based on preclinical studies, the 

clinical evidence to support this notion is very elusive (24, 25). Hence, the analysis of 

protein levels will be particularly important since much of the cell cycle machinery is under 

significant post-transcriptional regulation. Another critical factor to be considered is the 

complex interplay of several regulatory elements that determine the activities of these 

proteins will also need to be addressed for predictive value. Thus, multi-marker protein 

analyses will likely be crucial to accurately predict response vs. resistance with CDK4/6 

inhibitors and other cytostatic acting agents in a clinical setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

This work provides a mechanistic insight towards understanding the functional roles of 

multiple cell-cycle regulators that drive plasticity and sensitivity to CDK4/6 inhibition.
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Figure 1: Differential response of CDK4/6 inhibition in different models:
(A) Growth rates of 1222, 226, MCF7 and T47D cells, treated with palbociclib and 

abemaciclib. Bars indicate mean and SD. (B) Column graph represents the EC50 values of 

palbociclib and abemaciclib. Mean and SEM are shown (t-test). (C) BrdU incorporation on 

the indicated cell lines following 72 H exposure with palbociclib. Bars represent mean and 

SD (1-way ANOVA). (D) Growth of organoids derived from 1222 and T47D cells treated 

with palbociclib. Bars represent mean and SD. (E) Western blot analysis on MCF7 and 226 

cells following 48 H exposure with palbociclib. (F) In vitro CDK2 kinase assays on MCF7 
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and 1222 cells treated with palbociclib up to 48 H. Kinase activity was evaluated based on 

the phosphorylation of an exogenous RB fragment as substrate at S807/811. (G) 

Densitometry analysis on RB phosphorylation. Column represents the mean and SEM (1-

way ANOVA). (H) MCF7 and 226 cells treated were treated with up to 48 H and the CDK2 

kinase activity was evaluated. Representative blot images and mean and SEM are shown (1-

way ANOVA). Graphs represent 2 independent experiments with 3 replicates. (***p<0.001).
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Figure 2: Functional roles of CDK4 and CDK6 kinases
(A) BrdU incorporation in MCF7-WT, 1222 and 226 cell lines following the knockdowns of 

CDK4 and CDK6. Bars represent mean and SD (t-test) (B) Western blot analysis on MCF7 

and 1222 cells following CDK4/6 knockdowns. (C) Representative images of 1222 cells 

stably expressing the CDK2 sensor following CDK4/6 concurrent knockdowns. Column 

graph indicates ratio of number of cells with cytoplasmic localization to number of cells 

with nuclear localization of the HDHB-mCHERYY. (D) BrdU incorporation in MCF7 and 

MCF7D1/K4 cells following 72 H exposure with palbociclib. Bars represent mean and SD 
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(t-test) (E) Western blotting on MCF7 and MCF7D1/K4 cells following 48 H treatment with 

palbociclib (250 nM). (F) In vitro CDK2 kinase assays on MCF7 and MCF7D1/K4 cells 

treated with palbociclib (250 nM) up to 48 H. Representative blot images and mean and 

SEM are shown. (G) BrdU incorporation in MCF7-WT and MCF7-RB-del cells following 

72 H exposure with palbociclib. Bars represent mean and SD (t-test). (H) BrdU 

incorporation in MCF7 RB depleted (MCF7 RB del) cell lines following the knockdowns of 

CDK4 and CDK6. Bars represent mean and SD (t-test). (I) Western blot analysis on MCF7 

RB del following CDK4/6 knockdowns. (J) In vitro CDK2 kinase assays on MCF7 and 

T47D RB depleted cells treated with increasing concentrations of palbociclib up to 48 H. 

Representative blot images and mean and SEM are shown. Graphs represent 2 independent 

experiments with 3 replicates. (*p< 0.05, **p<0.01, ***p<0.001).
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Figure 3: Functional roles of P27 in PDAC and ER+ breast cancer models.
(A) Heat map represents the gene dependency score of different cancer cell lines that are 

sensitive to loss of CCNE1 (n=22), CDK2 (n=22) and to both CCNE1 and CDK2 (n=28) 

and their corresponding gene dependency scores to loss of CDK4 and CDK6 (Orange). Blue 

represents the top 50 cell lines that are only sensitive to loss of CDK4 and CDK6 
independently and their corresponding gene dependency scores to loss of CCNE1 and/or 

CDK2. (B) Volcano plot indicates the differentially sensitive genes between the orange and 

blue groups, which are defined by a cut-off value +/− 0.05 for fold change and p-value 0.05 
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as determined by t-test. (C) Box plot representing the distribution of fold change of SKP2 
and CCNE1 gene expression based on the IC50 values of palbociclib in different breast 

cancer cells. Heatmap indicates the distribution of fold change of the indicated genes based 

on the response to palbociclib. (D) Box plot and heat map representing the distribution of 

fold change of cyclin E1, P27 and cyclin E1/P27 based on the IC50 values of palbociclib in 

different breast cancer cells. (E) Western blot on the baseline expression of the indicated 

proteins from MCF7 and different PDAC cell lines. (F) Immunoprecipitation of P27 from 

MCF7 cells treated with palbociclib (250 nM) up to 48 H. Coimmunoprecipitated cyclin D1, 

CDK4, CDK2 and Cyclin A were determined by immunoblotting. (G) Immunoprecipitation 

of P27 from 1222 cells treated with palbociclib (250 nM) up to 48 H. Cyclin D1, CDK4 and 

CDK2 on the co-immunoprecipitated and flow through samples were determined by 

immunoblotting. (H) In vitro CDK4 kinase assay associated with cyclin D1 on MCF7 and 

1222 cells treated with palbociclib (250 nM) up to 48 H. Exogenous palbociclib (2 μM) was 

added to the kinase reaction mix. Kinase activity was evaluated based on the 

phosphorylation of an exogenous RB fragment as substrate at S780. Representative blot 

images and mean and SD are shown. (I) Growth rate of 1222-WT and 1222 P27 OE cells 

treated with palbociclib (500 nM). Bars represent mean and SD (2-way ANOVA). (J) 

Immunoblot analysis on 1222, 226 and 3226 cell lines and their respective P27 OE cells in 

the presence of palbociclib (250 nM) up to 48 H. (K) BrdU incorporation of 1222 and 1222 

P27 OE cells following 72 H exposure in the presence of palbociclib. Bars represent mean 

and SD (t-test). (*p< 0.05, **p<0.01, ***p<0.001).
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Figure 4: Pharmacological induction of p27 in PDAC models.
(A) Growth of 1222 and 226 cells following SKP2 knockdown. Bars represent mean and SD 

(2-way ANOVA). (B) Western blotting on 1222 and 226 cells following SKP2 knockdown. 

(C) Growth of 1222 and 226 cells that were treated with palbociclib (250 nM) in 

combination with SKP2 inhibitor, pevonedistat (500 nM). Graphs represent mean and SD (2-

way ANOVA). (D) Western blotting on 1222 and 226 cells following combination treatment 

with palbociclib and pevonedistat. (E) Heat map showing the changes in relative growth rate 

of 1222 cells to a panel of targeted therapies in combination with DMSO and palbociclib 

Kumarasamy et al. Page 24

Cancer Res. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(200 nM). (F) Growth of 1222 cells treated with palbociclib (200 nM) in combination with 

different MEK inhibitors, trametinib (Tram) (20 nM), pimasertib (500 nM) and PD318088 

(500 nM). Graph represents mean and SD (2-way ANOVA). (G) Western blot on 226 cells 

following kRAS knockdown. (H) Western blot on 1222 cells following the combination 

treatment with palbociclib (200 nM) and trametinib (20 nM) and pimasertib (Pima) (500 

nM). (I) Immunoprecipitation of cyclin D1 from 1222 cells treated with palbociclib (200 

nM) +/− trametinib (20 nM) up to 48 H. Coimmunoprecipitated P27 and CDK4 were 

determined by immunoblotting. (J) In vitro CDK4 kinase assay associated on 1222 cells 

treated with palbociclib (200 nM) +/− trametinib (20 nM) up to 48 H. (K) 

Immunoprecipitation of P27 from 1222 cells treated with palbociclib (200 nM) +/− 

trametinib (20 nM) up to 48 H. Coimmunoprecipitated P27 and CDK2 were determined by 

immunoblotting. (L) Representative images of 1222 cells stably expressing the CDK2 sensor 

following 48 H exposure with palbociclib (200 nM) +/− trametinib (20 nM). Column graph 

indicates ratio of number of cells with cytoplasmic localization to number of cells with 

nuclear localization of the HDHB-mCHERYY protein at the indicated conditions. Bars 

represent the mean and SD (t-test). Graphs represent 2 independent experiments with 3 

replicates. (*p< 0.05, **p<0.01, ***p<0.001).
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Figure 5: In vivo function of P27.
(A) Mice bearing MCF7 xenografts were randomized for treatment with Vehicle (n=8) and 

palbociclib (n=6). Graph represents mean and SEM (2-way ANOVA). (B) Representative 

images of tumors that were excised from mice at the end of treatments. Column graph 

represents the relative tumor weight from the palbociclib treated group with mean and SEM 

(t test). (C) Tumors from the vehicle and palbociclib treated mice were stained for ki67. 

Representative images are shown (scale bar = 100 μm). (D) Representative images of 

multispectral staining on the tumor tissues from vehicle and palbociclib treated mice. P27 
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(cyan), pRB(S807/811) (pink) and pHH3 (S10) (green). Arrows indicate the pRB positive 

cells in the palbociclib treated tumor tissue and the corresponding P27 localization. Graphs 

represent the fraction of pRB and pHH3 positive cells from the vehicle (n=2) and palbociclib 

(n=2) treated mice. Mean and SD are shown (t-test). (E) The correlation between pRB 

positive cells and nuclear localization of P27 from the vehicle and palbociclib treated tumor 

at 3 different region of interest (ROI) were determined using Fisher exact test. (F) Graph 

represents the fraction of pRB positive cells that harbor nuclear localization of P27 from the 

vehicle and palbociclib treated groups. Mean and SD are shown (t-test). (G) Tumors excised 

from the mice bearing 3226 PDX, treated with vehicle and palbociclib in combination with 

trametinib (palbo/tram) were stained for ki67 and p27. Representative images are shown 

(scale bar = 100 μm). (H) Representative images of multispectral staining on the tumor 

tissues from vehicle and palbo/tram treated mice. pRB(S807/811) (pink) and pHH3 (S10) 

(green). Graphs represent the fraction of pRB and pHH3 positive cells from the vehicle and 

palbo/tram treated mice. Mean and SD are shown (t-test). (**p<0.01, ***p<0.001).
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Figure 6: Cellular response to CDK2 inhibitor, PF06873600.
(A) ENRICHR analysis to display the top gene ontology sets that were significantly 

suppressed based on RNAseQ analysis on MCF7-WT and MCF7-RB-del cells treated with 

palbociclib (250 nM) (green) and PF06873600 (200 nM) (blue) up to 48 H. (B) Growth of 

MCF7-WT and MCF7-RB-del cells treated with different concentrations of PF06873600. 

Graphs indicate the mean and standard deviation (SD). (C) Growth of HCC1806 cells 

treated with different concentrations of PF06873600 up to the indicated number of days. 

Graphs represent mean and SD. (D) BrdU incorporation in MCF7-WT, MCF7-RB-del and 
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MCF7D1/K4 cells treated with different concentrations of PF06873600 up to 72 H. Bars 

represent mean and SD (t-test). (E) Phalloidin staining on MCF7-WT, MCF7-RB-del and 

HCC1806 cells following 48 H exposure with PF06873600 (200 nM). DAPI was used to 

stain for the nuclei. (F) Cell-cycle profile based on PI staining in MCF7-WT and MCF7-EB-

del cells following 48 H exposure with PF06873600. Error bars represent mean and SEM 

from 2 independent experiments. (G) Relative mRNA expression in MCF7-WT and MCF7-

RB-del cells treated with palbociclib (250 nM) (green) and PF06873600 (200 nM) (blue) up 

to 48 H. Mean and SD are shown. (t-test). (H) Growth of 1222 and 226 cells treated with 

PF06873600 Mean and SD are shown. (I) ENRICHR analysis to display the top gene 

ontology sets that were significantly suppressed based on RNAseQ analysis on 226 cells 

treated with palbociclib (250 nM) (green) and PF06873600 (200 nM) (blue) up to 48 H. (J) 

Mice bearing HCC1806 xenografts were randomized for treatment with Vehicle (n=8), 

palbociclib (n=4) and PF06873600 (n=6). Data show the mean and SEM (2-way ANOVA). 

(K) Box plot represents the weights of the tumors that were excised from mice treated with 

vehicle, palbociclib and PF06873600. Data show the mean and SEM (t-test). (L) H&E 

staining on tumor tissues excised from 3226 PDX treated with the vehicle, palbociclib and 

PF06873600 up to 6 days. Representative images are shown (scale bar = 100 μm). (*p< 0.05, 

**p<0.01, ***p<0.001).
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