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Abstract  23 

Lack of sustained response to therapeutic agents in patients with K-Ras mutant lung 24 

cancer poses a major challenge and arises partly due to intratumor heterogeneity that defines 25 

phenotypically distinct tumor subpopulations. To attain better therapeutic outcomes it is important 26 

to understand the differential therapeutic sensitivities of tumor cell subsets. Epithelial-to-27 

mesenchymal transition (EMT) is a biologic phenomenon that can alter the phenotypic state and 28 

cause transcriptional rewiring to produce distinct tumor cell populations. We utilized functional 29 

shRNA screens, in vitro and in vivo models to identify and confirm an increased dependence of 30 

mesenchymal tumor cells on CDK4 for survival, as well as a mechanism of resistance to MEK 31 

inhibitors. High ZEB1 levels in mesenchymal tumor cells repressed p21, leading to perturbed 32 

CDK4 pathway activity. Increased dependence on CDK4 rendered mesenchymal cancer cells 33 

particularly vulnerable to selective CDK4 inhibitors. Co-administration of CDK4 and MEK 34 

inhibitors in heterogeneous tumors effectively targeted different tumor subpopulations, subverting 35 

the resistance to either single agent treatment.    36 
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Introduction 37 

Activating KRAS mutation is one of the most frequent oncogenic events in lung cancer, 38 

occurring in about 30% of lung adenocarcinoma patients1-3. Despite the identification of the 39 

oncogene over 20 years ago and efforts to effectively treat this subset of patients, 5-year survival 40 

rates remain dismal4. Unlike EGFR mutant lung cancer, K-Ras oncoproteins are largely 41 

undruggable, with the very recent exception of the KRASG12C allele5,6. Pharmacological inhibitors 42 

of the MAPK pathway (e.g., MEK), such as selumetinib and trametinib are available, but 43 

preclinical and clinical trials have demonstrated poor responses to MEK inhibitors7. Combination 44 

of MEK inhibitors with conventional chemotherapy did not demonstrate any added benefit to 45 

progression free survival8.  Resistance to MEK inhibitors may be intrinsic (de novo) due to tumor 46 

cell heterogeneity or acquired due to tumor evolution as an adaptive response to pharmacological 47 

agents. In either case, the presence of phenotypically distinct tumor cell subpopulations with 48 

reprogrammed cellular machinery makes it difficult to effectively eliminate the broader tumor cell 49 

population. To address this, we need to understand the differences in the tumor cell 50 

subpopulations within a heterogeneous tumor.  51 

Genetically identical tumor cells possess the ability to undergo transcriptional 52 

reprogramming to activate alternate survival pathways and evade therapeutic targeting. Research 53 

from our group and others has extensively demonstrated that epithelial-to-mesenchymal 54 

transition (EMT) is a central phenomenon occurring in K-Ras mutant lung cancer. A subset of 55 

cancer cells undergoing EMT contribute to intracellular tumor heterogeneity, increased metastatic 56 

potential, therapeutic resistance to pharmacological agents and poor patient outcomes9-11. A 57 

previously described murine lung cancer models driven by Kras and p53 mutations recapitulated 58 

EMT-mediated tumor cell heterogeneity with the ZEB1/miR-200 double negative feedback loop 59 

playing a central role in dynamically altering the cellular phenotype10. Cancer cell lines derived 60 

from this model were classified into two groups: metastasis-incompetent, epithelial-like phenotype 61 
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with low ZEB1, high miR-200 and metastasis-competent, mesenchymal-like phenotype with high 62 

ZEB1, low miR-200. This model is capable of recapitulating cellular phenotypes within the 63 

spectrum of EMT. Our previous research highlighted the reliance of K-ras mutant epithelial lung 64 

cancer cells on activated MAPK signaling pathway and increased susceptibility to MEK inhibitors. 65 

On the other hand, tumors demonstrating a mesenchymal phenotype remained largely 66 

unresponsive to MEK inhibitors. Moreover, after an initial response to MEK inhibition, epithelial 67 

tumors acquired therapeutic resistance by undergoing EMT11,12. The study identified an unmet 68 

need to develop therapeutic approaches to target distinct tumor subpopulations within 69 

heterogeneous K-ras mutant lung tumor to achieve a robust therapeutic response. Utilizing 70 

multiple loss-of-function shRNA screens, we analyzed the transcriptome of the phenotypically 71 

different tumor subpopulations and identified CDK4-RB as a major survival pathway in 72 

mesenchymal tumor cells. We validated our finding using multiple in vitro, ex vivo and in vivo 73 

models well suited for studying EMT-mediated tumor cell heterogeneity.  74 

CDK4 acts as a master integrator of mitogenic signaling cascades by initiating the 75 

inactivation of the central tumor suppressor RB and cell cycle commitment at the restriction point 76 

allowing cells to transition to S phase13. The CDK4 axis is altered in many cancers, with clinically 77 

approved pharmacologic inhibitors showing promising antitumor activity14. Breast cancers are 78 

frequently treated with CDK4 inhibitors in combination with hormone therapy to achieve significant 79 

tumor suppression. Some studies have shown that CDK4 and cyclin D1 expression is correlated 80 

with the presence of KRAS mutation in lung tumors15 and a synthetic lethal interaction occurs 81 

between K-rasG12V and CDK4 in lung cancer tumor progression16,17. We found that the differential 82 

activation of the CDK4 pathway in epithelial and mesenchymal cancer cells was determined by 83 

ZEB1-mediated transcriptional regulation of p21. As an intrinsic regulator of CDK4, p21 levels in 84 

cells determine the downstream CDK4 pathway activity. Our study demonstrates in multiple 85 

preclinical models that intrinsic and acquired MEK inhibitor resistance is associated with a rewired 86 
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kinome in tumors by which the mesenchymal phenotype activates the CDK4 pathway as a 87 

common occurrence across models. This CDK4 signaling dependence resulted in a potential 88 

therapeutic approach to combine MEK and CDK4 inhibitors to target different tumor 89 

subpopulations for a more robust tumor response and combat resistant outgrowth of epigenetic 90 

subsets in a heterogeneous tumor.  91 
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Results 92 

Mesenchymal lung cancer cells exhibit increased dependency on CDK4 for growth  93 

In order to effectively target the mesenchymal tumor subpopulations within heterogeneous 94 

tumors, we sought to identify the survival dependencies of these tumor cells. A loss of function 95 

screen with a barcoded, pooled small hairpin RNA (shRNA) library targeting about 500 genes with 96 

known kinase activity (Kinome) was conducted. Each gene was targeted with 10 unique shRNA 97 

sequences to limit false hits due to off-target effects. This library of shRNAs was transduced into 98 

representative non-metastatic, epithelial (393P) and metastatic, mesenchymal (344P) murine 99 

lung cancer cell lines derived from a previously described KP genetically engineered mouse 100 

model (GEMM) 10. The cell lines stably expressing the shRNAs from the Kinome library were 101 

either cultured in vitro or implanted subcutaneously in nude mice (Fig. 1A). Tumors were 102 

harvested, shRNA barcodes were quantified by deep sequencing and referenced with the 103 

respective in vitro cell population and quality control measures were completed to ensure 104 

sufficient barcode coverage across the library was maintained in vivo (supplementary Fig. S1A, 105 

supplementary Table S1). The phenotypic impact of gene knockdown was inferred by the 106 

redundant shRNA activity (RSA) algorithm, where a lower rank of the shRNA barcodes signified 107 

dropout from the population and greater dependency on the gene for tumorigenesis 108 

(supplementary Table S2). Although both cell line models have activating KrasG12D and p53R172H 109 

mutations, comparison of the results of the Kinome screen revealed that the mesenchymal cell 110 

line (344P) and the matched syngeneic tumors were more reliant on Cdk4 for in vitro and in vivo 111 

growth (Fig. 1B). Other top hits identified in the screen as more significant in mesenchymal than 112 

epithelial cells were Aurka, Atr, Pik3Ca, Plk1, and Adrbk2 (Fig. 1B), consistent with recent 113 

publications about the role of the spindle assembly checkpoint in mesenchymal cells18. We also 114 

compared these results to our previously published FDAome shRNA11 screen performed in a 115 

similar manner and identified Cdk4 as the most consistent hit across in vitro and in vivo conditions 116 
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in both screens (Fig.1B, supplementary S1A, supplementary Table S3, and supplementary Table 117 

S4). CDK4 mRNA expression in a panel of 118 human NSCLC cell lines showed a positive 118 

correlation with our previously reported 76-gene EMT signature19 (Fig. 1C) and higher expression 119 

in murine mesenchymal lung cancer cells (supplementary Fig. S1B).  TCGA dataset analysis of 120 

lung adenocarcinoma patients revealed alterations in the CDK4-RB core pathway in about 30-121 

40% of the cases (supplementary Fig. S1C), which represents over 40,000 new patients annually. 122 

These analyses demonstrate the importance of CDK4 pathway in patients with lung 123 

adenocarcinoma.  124 

To functionally validate the shRNA screen and determine whether response to CDK4 125 

inhibitors is dependent on the EMT status of tumor cells, we treated a panel of human and murine 126 

KRAS mutant NSCLC cell lines, stratified as either epithelial or mesenchymal based on previous 127 

profiling10,19, with CDK4 inhibitors. Both human and murine mesenchymal NSCLC cells were more 128 

sensitive to the CDK4 inhibitors palbociclib, abemaciclib and ribociclib (Fig. 1D, Table 1). 129 

Alteration of EMT status by manipulation of the ZEB1/miR-200 axis can induce an epithelial or 130 

mesenchymal shift in tumor cells. We therefore utilized isogenic pairs of human (H441) and 131 

murine (393P) epithelial cell lines with ZEB1 expression to produce a mesenchymal phenotype20 132 

and isogenic pairs of human (H1299) and murine (344SQ) mesenchymal cells with miR-200 133 

expression to push the cells to an epithelial state21. Comparisons across the different cell line 134 

pairs revealed that sensitivity to all CDK4 inhibitors was determined by the EMT status 135 

(supplementary Fig. S1D, S1E and Table 1). 136 

RB and FoxM1 are important readouts for CDK4 kinase activity, whereas phospho-CDK4 137 

may continue to be present for another 24 hours post inhibitor treatment. Suppression of the RB 138 

and FoxM1 was observed in mesenchymal cells upon treatment with abemaciclib and ribociclib 139 

for 24 and 48 hours (Fig. 1E). Epithelial tumor cells showed an initial suppression of CDK4 targets, 140 

but it was not a sustained response. The mesenchymal 344SQ cells showed a more robust 141 
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response to the inhibitor palbociclib over a range of concentrations and at shorter treatment times 142 

compared to epithelial cells (393P) in terms of suppression of downstream signaling and induction 143 

of apoptosis (supplementary Fig. S1F). In addition to pharmacologic inhibition, we also employed 144 

a genetic approach to confirm the dependency of mesenchymal tumor cells on CDK4 for survival. 145 

Mesenchymal cell lines with an inducible shRNA targeting CDK4 showed a greater reduction in 146 

tumor cell growth (Fig. 1F), with suppression of phospho-RB (Fig. 1G) compared to epithelial 147 

cells. In fact, epithelial 393P tumor cells appeared to have slightly greater growth rate with CDK4 148 

knockdown than the control cells (Fig. 1F) and continued RB phosphorylation.  149 

The CDK4 pathway is dynamically regulated by the EMT status of tumor cells 150 

Because the primary role of CDK4 is cell cycle regulation at the G1-S transition, we next 151 

tested if there are phenotypic differences in the manner which epithelial and mesenchymal 152 

NSCLC cell lines undergo cell cycle progression. Upon serum starvation for 48 hours, epithelial 153 

393P cells almost completely (~90% of the cells) arrested in the G0-G1 phase of the cell cycle 154 

with a complete suppression of the CDK4 pathway (Fig. 2A, B). In contrast, the mesenchymal 155 

cells resisted cell cycle arrest in serum free conditions, with ~80% of the cells in G0-G1 state but 156 

20% of cells continuing to cycle through S or G2/M (Fig. 2A). This observation corresponded to 157 

higher levels of CDK4, Cyclin D1 and phospho-RB in the cells when assayed by subcellular 158 

fractionation (Fig. 2B), suggesting that CDK4 activity in mesenchymal tumor cells could be 159 

uncoupled from extrinsic mitogenic signals. After release of cells from the arrested state by 160 

addition of serum containing media, the mesenchymal cells transitioned into S phase more readily 161 

(within 20 hours) than the epithelial cells, which remained arrested in G1 phase up to 36 hours 162 

before returning to the baseline cycling state (Fig. 2A). Although cell cycle arrest in G1 phase with 163 

palbociclib was essentially similar between 393P and 344SQ cells, a significant increase in the 164 

percentage of 344SQ cells in G0 state (apoptotic cells) was detected (supplementary Fig. S2A, 165 

B), corresponding to increased cleaved caspase-3 (supplementary Fig. S1F).  166 
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Using reverse phase protein arrays (RPPA), we screened a panel of previously 167 

characterized isogenic murine epithelial and mesenchymal lung cancer cell lines and observed 168 

an increase in CDK4 axis related molecules, phospho-RB and Cyclin D1 (as downstream markers 169 

for CDK4 signaling pathway activation), in cells with a mesenchymal phenotype (supplementary 170 

Fig. S2C). A subcellular fractionation assay also showed higher levels of phospho-RB, Cyclin D1 171 

and CDK4 in mesenchymal cells (supplementary Fig. S2D). Immunofluroscent staining of tumor 172 

cells also demonstrated an activated CDK4/RB axis with a higher percentage of 344SQ tumor 173 

cells with positive nuclear staining for phospho-CDK4 and phospho-RB and a stronger staining 174 

for total CDK4 (Fig. 2C). 175 

We next tested the effects of altering the EMT status of tumor cells on the CDK4 signaling 176 

pathway using the previously described isogenic cell line pairs. ZEB1 overexpression in murine 177 

(393P) and human (H441) epithelial cells produced higher levels of CDK4 and phospho-RB (Fig. 178 

2D, 2E). Conversely, miR-200 expression in murine (344SQ) and human (H1299) cells caused a 179 

suppression of the CDK4 axis (Fig. 2D, 2E). Additionally, stable ZEB1 knockdown rendered the 180 

mesenchymal KP 344SQ cells less sensitive to palbociclib (supplementary Fig. 2SE). 181 

Immunohistochemistry on mesenchymal 344SQ syngeneic tumors revealed higher phospho-182 

CDK4 and phospho-RB staining with absent phospho-Erk, and the reverse was observed in the 183 

epithelial 393P syngeneic tumors (Fig. 2F).  184 

We have previously observed that epithelial 393P tumors initially respond to MEK 185 

inhibitors (e.g. AZD6244), however, long-term exposure leads to acquired resistance with the 186 

acquisition of a mesenchymal phenotype (393P-AZDR) 11. We investigated whether tumors that 187 

have acquired resistance to MEK inhibitors have an activated CDK4 pathway. 393P-AZDR tumors 188 

showed higher phospho-CDK4 and phospho-RB staining, with suppressed phospho-Erk, an 189 

observation similar to the de novo 344SQ mesenchymal tumors (Fig. 2F). Cell lines derived from 190 

393P-AZDR tumors showed higher phospho-CDK4 and ZEB1 expression, with generally lower 191 
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levels of phospho-Erk (Fig. 2G). Resistant cells were no longer sensitive to AZD6244, and instead 192 

became sensitive to palbociclib with an IC50 similar to 344SQ cells (Fig. 2H), and greater 193 

suppression of phospho-RB and phospho-CDK4 in 393P-AZDR than in 393P-vehicle cell lines. In 194 

contrast, there was an accumulation of phospho-CDK4 in 393P-vehicle cells (supplementary Fig. 195 

S2F). We conclude that tumor cells with a mesenchymal-like phenotype, either due to intrinsic 196 

factors or arising from epithelial cells undergoing EMT as an adaptive resistance mechanism, 197 

have rewired survival pathways that activate CDK4 signaling.   198 

ZEB1 regulates p21 expression and causes differential CDK4 pathway activation  199 

To identify the mechanistic basis of the differential dependency on the CDK4 pathway 200 

between the phenotypic epithelial and mesenchymal cancer cells, we investigated the intrinsic 201 

regulators of CDK4 activity, p21 (WAF1/CIP1) and p27 (KIP1). Transient knockdown of p21 had 202 

a more significant impact on the phosphorylation of CDK4 and RB compared to p27 (Fig. 3A and 203 

supplementary S3A). The much higher phospho-RB in 393P cells indicated that p21 maintains a 204 

check on the CDK4-RB pathway in the epithelial cells and when disrupted causes increased 205 

activation of the pathway. Loss of p21 in mesenchymal cells only modestly increased phospho-206 

RB compared to the control cells, suggesting that an intrinsic deficiency of p21 protein in the 207 

mesenchymal cells could lead to a dysregulated CDK4 pathway. Immunofluorescence assay on 208 

393P, 393P-AZDR and 344SQ cells revealed that a higher percentage of epithelial cells had 209 

nuclear p21 than mesenchymal cells, along with higher co-localization of CDK4 and p21 in 210 

epithelial tumor cells (Fig. 3B).  Since alterations in the tumor suppressor TP53 is one of the most 211 

commonly occurring co-mutation events in KRAS driven lung cancer and because p21 is a direct 212 

target of p53, we wanted to determine the effect of p53 and whether any differences might account 213 

for CDK4 pathway regulation in the epithelial and mesenchymal tumor cells. With transient 214 

knockdown of p53, we did not observe any significant difference in downstream pathway signaling 215 

(supplementary Fig. S3B, S3C). Additionally, we also utilized previously published KrasG12D 216 
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mutant (K1) and KrasG12D/p21-/- (KC3 and KC4) murine tumor cells22 to determine if p21 could 217 

regulate the sensitivity of tumor cells to CDK4 inhibitors. Absence of p21 in tumor cells sensitized 218 

KC cell lines to palbociclib with an increase in CDK4 signaling (supplementary Fig. S3D, S3E). 219 

This further emphasized that p21-mediated CDK4 dysregulation was independent of p53 control.  220 

Our previously published microarray datasets10 that interrogated differential gene 221 

expressions demonstrated that epithelial-like cancer cells have a higher expression of Cdkn1a 222 

(gene encoding for p21), including comparisons of 344SQ vs 393P cells (fold change 0.57, 223 

p=0.003) and 393P-ZEB1 vs 393P-vector (fold change 0.27, p<0.0001). We confirmed and 224 

extended this observation with a panel of murine cell lines and found that p21 mRNA levels 225 

inversely correlated with ZEB1 mRNA levels across the panel (Fig. 3C, supplementary S3F). 226 

Analysis of CDKN1A mRNA expression in 29 KRAS mutant human lung adenocarcinoma cell 227 

lines revealed an inverse correlation with a previously published EMT gene signature19 (Fig. 3D). 228 

Immunohistochemistry analysis of epithelial (393P) and mesenchymal (344SQ) and 393P-AZDR 229 

tumors also showed an inverse correlation between p21 and ZEB1 levels (Fig. 3E). Pathologic 230 

analysis of human NSCLC samples for ZEB1 and p21 by IHC staining revealed an inverse 231 

correlation between nuclear ZEB1 and p21 H-scores (Fig. 3F). We also grouped the samples 232 

based on low ZEB1 (<4 H-Score) or high ZEB1 (>4 H-score) staining and found a significant 233 

difference in p21 H-score (supplementary Fig. S3G). Combined together the data support the 234 

regulation of p21 by EMT status and more specifically by ZEB1. 235 

We further tested this observation by inducing EMT or MET by overexpression of ZEB1 236 

or miR-200 in human and murine isogenic cell line pairs. We observed p21 transcriptional and 237 

translational repression with ZEB1 expression. Conversely, with miR-200 expression, there was 238 

an upregulation of p21 (Fig. 3G, 3H). Transient and stable knockdown of ZEB1 in human and 239 

murine cells, respectively, caused p21 expression (supplementary Fig. S3H, S3I and S3J). Cells 240 

treated with the HDAC inhibitor mocetinostat undergo an MET by upregulation of the miR-200 241 
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family and ZEB1 suppression11,23. Treatment also produced increased expression of p21 242 

(supplementary Fig. S3K, S3L and S3M). Induction of miR-200 in tumor cells by different means 243 

pushes the cells to a more epithelial state, which is generally considered a less aggressive 244 

phenotype for tumor cells and more akin to a “normal” cell state. Expression of p21 in an epithelial 245 

like state restores the cell cycle checkpoint that is lost or blunted in mesenchymal tumor cells with 246 

high ZEB1 activity and a more aggressive phenotype.  247 

Luciferase reporter assays were utilized to investigate ZEB1 mediated transcriptional 248 

regulation of p21. The promoter region of p21 was cloned upstream of a luciferase reporter and 249 

transfected into human lung cancer cells with either ZEB1 or miR-200 expression. H358 and H441 250 

cells expressing ZEB1 led to a decrease in relative luciferin signal confirming transcriptional 251 

repression of the p21 promoter in the presence of high ZEB1. Conversely, an increase in luciferin 252 

signal was detected in H1299 cells with miR-200 induction, which suppresses the endogenous 253 

cellular ZEB1 expression and relieves transcriptional repression of the p21 promoter (Fig. 3I). 254 

Binding of ZEB1 to the endogenous p21 promoter was  confirmed by ChIP qPCR assays in cells 255 

with inducible ZEB1 or miR-200 expression, using previously published primer pairs24 (Fig. 3J). 256 

Using GAPDH as the negative control and miR-200c as a positive control, we confirmed direct 257 

binding of ZEB1 to the p21 promoter.  258 

Suppression of p21 in mesenchymal cells regulates CDK4 pathway 259 

We next explored the effect of p21 on CDK4 activity in epithelial and mesenchymal lung 260 

cancer cells. With transient knockdown of CDK4 (supplementary Fig. S4A), phosphorylation of 261 

RB was continuously suppressed in mesenchymal cells for 48 hours (Fig. 4A). On the contrary, 262 

CDK4 knockdown in epithelial tumor cells appeared to have only slightly muted downstream 263 

signaling (phosphorylation of RB), which coincided with a rather surprising accumulation of 264 

phosphorylated CDK4, even with very low levels of total CDK4 protein (Fig. 4A). The CDK4 265 
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accumulation corresponded to a continued presence of p21 protein in the epithelial cells (Fig. 4A). 266 

The intriguing findings observed here recapitulated the data in a previous report by Bisteau et 267 

al.25, which showed that a sustained presence of p21 protein in cells was able to maintain the 268 

phosphorylation status of CDK4 (and hence the stability of the complex), but still inhibit its kinase 269 

activity. A similar observation was made in our epithelial model, but not mesenchymal, where the 270 

presence of p21 maintains the CDK4 in the phosphorylated state. To further demonstrate this 271 

point, we co-immunoprecipitated CDK4 and p21 in mesenchymal and epithelial cancer cells (Fig. 272 

4B). In mesenchymal 344SQ and 344SQ_vector cells, lower amounts of CDK4-p21 complex co-273 

immunoprecipitated together compared to epithelial 393P and 344SQ_miR-200 cells where an 274 

increased binding of CDK4 and p21 was detected. We also observed the seemingly contradictory 275 

presence of phospho-RB in epithelial cells alongside p21 expression (Fig. 4A). An explanation for 276 

this observation is the sequestration of p21 into the CDK4 complex, alleviating the repression 277 

from the CDK2-Cyclin E complex, which can then phosphorylate RB to maintain cell cycle 278 

progression. In fact, we observed that epithelial cells are more sensitive to the CDK2 inhibitor 279 

(miciclib) than mesenchymal cells (supplementary Fig. S4B), indicating that CDK2 may be the 280 

primary regulator of cell cycle in epithelial cells. A similar outcome was observed with 281 

pharmacological inhibition of CDK4 (supplementary Fig. S4C), including a partial suppression of 282 

phospho-RB, an accumulation of phospho-CDK4 with the presence of p21 in epithelial cells, 283 

versus a lack of p21 with a near complete suppression of phospho-RB in the mesenchymal cells 284 

by 48 hours. Lower binding of p21 to CDK4 in mesenchymal cancer cells is only sufficient to 285 

maintain the activity of the CDK4 complex but not in abundant enough to exert an inhibitory effect 286 

on the downstream pathway. 287 

Constitutive (344SQ_pCMV6) or doxycycline-induced (344SQ_pTripZ) expression of p21 288 

in the mesenchymal 344SQ cells was used to determine the direct effect of p21 on CDK4 activity. 289 

Upon p21 expression, there was suppression of phospho-RB and phospho-CDK4, which 290 
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correlated with detection of higher amounts of the CDK4-p21 complex (Fig. 4C, 4F). These cells 291 

also demonstrated slower in vitro growth compared to the vector only cells (Fig. 4D, 4G) and a 292 

decreased sensitivity to palbociclib (supplementary Fig. S4D, S4F). When the cells were 293 

implanted subcutaneously in syngeneic wildtype mice, the p21 overexpressing tumors grew 294 

significantly slower (Fig. 4E, 4H and supplementary Fig. 4SE, 4SG), with about one-third of 295 

tumors undergoing complete regression. We also generated 393P cells with stable or 296 

doxycycline-inducible knockdown of p21 (supplementary Fig. S4H, S4L). A modest increase in 297 

phospho-RB was detected with p21 knockdown (supplementary Fig. S4I, S4M), along with slightly 298 

higher growth rates (supplementary Fig. S4J, S4N) and enhanced sensitivity of the epithelial 393P 299 

cells to palbociclib (supplementary Fig. S4K, S4O). 300 

Since we observed that CDK4 levels are critically linked with the EMT status of cells, we 301 

wanted to exploit this observation for therapeutic purposes. With doxycycline-mediated induction 302 

of CDK4 shRNA, we observed an MET and decreased ZEB1 levels and an accumulation of 303 

phospho-Erk (Fig. 4I), which indicated that targeting CDK4 shifts the tumor population to a more 304 

epithelial state, that would prime the tumor cells for MEK inhibitor treatment. To test this 305 

hypothesis, we transiently knocked down CDK4 in mesenchymal cells and treated with AZD6244, 306 

which sensitized the previously unresponsive mesenchymal 344SQ and 344P cells to MEK 307 

inhibition (Fig. 4J). We also tested the effect of combination palbociclib and AZD6244 treatment, 308 

using a series of fixed concentrations and calculated the fraction affected (Fa) values after 309 

exposure to the drugs. The Chou-Talalay method26 was used to determine the combination index 310 

(CI) and drug reduction index (DRI). The favorable DRI, shown in yellow (Fig. 4K), was used to 311 

confirm the CI data. The drug combinations showed favorable DRI (DRI>1) and evidence of 312 

synergism (CI<1) at Fa>0.5 for palbociclib and AZD6244 (Fig. 4K). Additionally, when tumor cells 313 

were treated with single-agent MEK or CDK4 inhibitor, there was a reciprocal activation of the 314 

CDK4 or MEK signaling pathways, respectively (Fig. 4L), showing a dynamic switching of 315 
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signaling pathway activation and survival dependencies in the face of pharmacological 316 

treatments.  317 

Co-targeting CDK4 and MAPK pathways targets different tumor cell subsets 318 

We have previously described that MEK inhibitors preferentially target epithelial K-ras 319 

mutant tumor cells11,12 and with the evidence presented here that CDK4 inhibitors have a greater 320 

impact on mesenchymal tumor cells, we set out to test the effects of combination treatment on 321 

the tumor cell subpopulations. To test if the pharmacological inhibitors have differential apoptotic 322 

effects on tumor subpopulations, we treated human (H1299 and H358) and murine (393P and 323 

344SQ) tumor cells with AZD6244 and palbociclib and stained the cells with annexin V and 324 

propidium iodide. Both human (H1299) and murine (344SQ) mesenchymal tumor cells underwent 325 

greater apoptosis in response to CDK4 inhibitors and epithelial tumor cells (H358 and 393P) were 326 

highly sensitive to MEK inhibition (Fig. 5A, 5B and supplementary Fig. S5A, S5B).  327 

Given that tumors are heterogeneous and consist of cell subsets with distinct phenotypes, 328 

we utilized a previously described sensor model, which can detect the epithelial or mesenchymal 329 

state of individual tumor cells in real time12,27. Briefly, the 344SQ_Z-cad cell line expresses dual 330 

fluorescent sensors: a destabilized GFP with the ZEB1 3’ UTR cloned downstream and E-331 

cadherin promoter driving expression of RFP. This tool exploits the ZEB1/miR-200 double 332 

negative feedback loop, which tightly regulates EMT. In an epithelial state, with high miR-200 and 333 

E-cadherin, the cells express RFP and emit red fluorescence and the presence of miR-200 334 

suppresses GFP production by binding to the ZEB1 3’UTR and preventing translation. 335 

Conversely, in a mesenchymal state with high ZEB1 and low miR-200, cells emit green 336 

fluorescence on account of GFP translation, whereas ZEB1 binds to the E-cadherin promoter to 337 

suppress transcription of RFP. As seen in Fig. 5C, the majority of the cells in 2D culture were 338 

mesenchymal and GFP+. With treatment of mocetinostat, there was an enrichment of RFP+ 339 
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epithelial cells. We utilized this system to test if CDK4 and MEK inhibitors differentially target 340 

epithelial and mesenchymal subpopulations. We observed a reduction of epithelial RFP cells with 341 

MEK inhibitor (AZD6244) treatment and mesenchymal GFP cells with CDK4 inhibitor (palbociclib)  342 

treatment (Fig. 5C, 5D). With dose escalation of single agent treatment, reciprocal pathway 343 

activation occurred, while combination treatment with both drugs suppressed MAPK and CDK4 344 

pathways (supplementary Fig. S5D) and enhanced tumor cell killing. Since western blots are bulk 345 

assays, we wanted to assess which specific populations undergo apoptosis within this 346 

heterogeneous dynamic system. We utilized a DNA binding dye that is cleaved by caspases 347 

present in the cells undergoing apoptosis to produce blue fluorescence, which can be detected 348 

by microscopy and flow cytometry. Co-localization of blue/green fluorescence with palbociclib 349 

treatment and blue/red fluorescence with AZD6244 treatment demonstrated the specificity of each 350 

individual drug to target specific cell types, whereas the combination of both drugs targeted both 351 

subpopulations (Fig. 5E, supplementary Fig. S5E).   352 

In vitro three dimensional assays very closely recapitulate the tumor growth in vivo. An 353 

established ex vivo tumor (EVT) model to culture lung tumors that retains tumor cell 354 

heterogeneity28 was utilized to test the therapeutic sensitivity of distinct tumor cell subpopulations 355 

(Fig. 5F). Similar to the observations in 2D cultures, we found different subpopulations being 356 

targeted by individual drugs when EVTs were cultured in laminin-rich Matrigel (MG). Since MG is 357 

known to promote an epithelial phenotype10,28,29, MEK inhibition effectively eliminated this cell 358 

subtype and resulted in an enrichment of the GFP+ cells. The CDK4 inhibitor, conversely, caused 359 

a depletion of mesenchymal tumor cells within the heterogeneous EVTs and enrichment of the 360 

RFP+ cells. We also noted a change in phenotype of EVTs treated with palbociclib, producing 361 

more structures with a central lumen as compared to other groups (supplementary Fig. S5F). 362 

Lumen formation and organization in a 3D matrix is characteristic of epithelial cells. Clearly, 363 

treatment with CDK4 inhibitor not only targets mesenchymal cells but also promotes an epithelial 364 
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phenotype, which makes it ideal to be combined with MEK inhibition. In combination treatment, 365 

both populations were targeted, which produced a net decrease in size and viability of EVTs (Fig. 366 

5F and supplementary Fig. S5G). EVTs were also cultured in a matrix containing MG and collagen 367 

I, and as previously noted collagen promotes a mesenchymal phenotype in tumor cells21,28, which 368 

made it ideal to test the efficacy of CDK4 inhibitor on this specific subpopulation. MEK inhibitor 369 

remained ineffective on the GFP+ mesenchymal tumor cells, however, there was a significant 370 

reduction in the viability of EVTs with CDK4 treatment (Fig. 5G). Combination treatment proved 371 

to be significantly better over the individual treatments in both Matrigel and collagen matrices in 372 

terms of suppression of viability of tumor cells. In summary, these results demonstrate the efficacy 373 

of CDK4 and MEK inhibitors in combination for effective therapeutic targeting of the lung cancer 374 

subpopulations.   375 

Combination of CDK4 and MEK inhibitors controls syngeneic tumor growth and prevents 376 

emergence of EMT-mediated resistance 377 

We next evaluated in vivo tumor response to the combination of CDK4 and MEK inhibitors. 378 

Mesenchymal (344SQ) or epithelial (393P) tumor cells were subcutaneously implanted in 379 

syngeneic wildtype mice. Tumor growth in response to either single agent (palbociclib or 380 

AZD6244) or combination was monitored over a period of 6-14 weeks. Mice bearing 344SQ 381 

tumors remained unresponsive to AZD6244, but responded to palbociclib alone or in combination 382 

with AZD6244 (Fig. 6A). The short treatment for ~6 weeks scored as additive using Bliss effect 383 

analysis30 (supplementary Fig. S6A). This promising tumor response in the short term led us to 384 

repeat the experiment to determine if there was a durable and sustained response to the 385 

combination treatment. Treatment of the cohorts for up to 10 weeks produced the emergence of 386 

resistance to palbociclib treatment alone (Fig. 6B). The tumors acquired resistance to single agent 387 

palbociclib over an extended period of time, which was prevented with combination treatment, 388 

and the group initially treated with only palbociclib was resensitized upon addition of AZD6244 at 389 
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week 10, either as measured by tumor growth or fold change of tumor volume (Fig. 6B/C). We 390 

also observed an increase in E-cadherin and a decrease in nuclear ZEB1 with single-agent 391 

palbociclib treatment (Fig. 6D), demonstrating the selection for an epithelial phenotype. The 392 

combination treatment for a period of 14 weeks scored as an additive response (supplementary 393 

Fig. S6A). The number of lung metastatic nodules in short- and long-term experiments were also 394 

significantly lower with palbociclib or combination treatment (supplementary Fig. S6B, S6D, S6E).  395 

Epithelial tumors that initially respond to AZD644 will develop resistance to treatment by 396 

undergoing EMT. When treated with single agents, 393P tumors were resistant to palbociclib 397 

alone and responded to AZD6244 for about 7 weeks (Fig. 6E). However, the combination of both 398 

the drugs suppressed tumor growth with a durable response for ~10 weeks. In the 393P tumor 399 

model, combination of CDK4 and MEK inhibitor scored as synergistic using the Bliss effect 400 

analysis (supplementary Fig. S6A). Since 393P is a non-metastatic model, there were no 401 

significant differences in lung metastases (supplementary Fig. S6C, S6F). Previously described 402 

393P-vehicle and 393P-AZDR cells were also implanted subcutaneously in syngeneic wildtype 403 

mice to assess the sensitivity to CDK4 and MEK inhibitors. 393P-vehicle tumors retained their 404 

sensitivity to AZD6244 and resistance to palbociclib (supplementary Fig. S6G), whereas the 405 

tumors derived from 393P-AZDR cells were unresponsive to AZD6244, and responsive to 406 

palbociclib, with one mouse showing complete tumor regression (Fig. 6F and supplementary Fig. 407 

S6H).  408 

Primary tumor tissues were collected at the end of the mouse experiments and stained for 409 

the CDK4 and MAPK signaling pathway markers. Untreated 344SQ tumors showed higher 410 

phospho-CDK4 and phospho-RB compared to untreated 393P tumors, which had higher 411 

phospho-Erk (Fig. 6G). In 344SQ tumors, treatment with palbociclib led to suppression of 412 

phospho-CDK4 and phospho-RB staining, with an activation of MAPK signaling as marked by 413 

phospho-Erk; AZD6244 treatment lead to an increase in phospho-CDK4, and the combination 414 
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drug treatment suppressed both CDK4 and MAPK signaling. 393P tumors, on the other hand, 415 

showed suppression of phospho-Erk when treated with AZD6244, accompanied with an 416 

increased expression of phospho-Cdk4. Palbociclib caused an increase in phospho-Erk in 393P 417 

tumors as well. Combination drug treatment in both models suppressed both pathways 418 

significantly compared to either single agent (Fig. 6G).  419 

To determine the effect of single and combination agent treatments on cell proliferation 420 

and cell death, we performed Ki67 staining and TUNEL assay on the tumor tissues. 344SQ tumors 421 

treated with palbociclib for 6 weeks had fewer proliferating and more apoptotic cells (Fig. 6H, 6I). 422 

393P tumors treated with AZD6244 had fewer proliferating cells and higher apoptotic cells (Fig. 423 

6H, 6J). However, combination inhibitor treatment in both models significantly suppressed cell 424 

proliferation and produced apoptosis in >60% of the tumor cells. We also compared the cell 425 

proliferation and death in the 344SQ tumors treated long term (10 weeks) with the single agents 426 

and combination. As noted, the 344SQ tumors acquired resistance to palbociclib alone after 10 427 

weeks. This was reflected in the Ki67 and TUNEL staining, which were similar to 344SQ tumors 428 

treated with AZD6244, which were unresponsive (supplementary Fig. S6I, S6J). With co-429 

administration of AZD6244 after 10 weeks of single agent palbociclib, tumors underwent 430 

apoptosis with limited cell proliferation, similar to the tumors treated with combination from the 431 

start of the experiment (supplementary Fig. S6I, S6J). Tumor growth and histological staining 432 

collectively demonstrate the efficacy of utilizing a combinatorial approach for treatment of 433 

heterogeneous tumors with different tumor subpopulations. 434 

Concomitant targeting of CDK4 and MAPK pathways augments response in Kras mutant 435 

autochthonous lung tumors 436 

Autochthonous lung tumor models represent powerful and accurate preclinical models for 437 

recapitulating human cancer and exploration of treatment efficacy. Three different Kras mutant 438 
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GEM models were utilized to interrogate the CDK4 pathway in lung tumors, as well as response 439 

to palbociclib alone or in combination with AZD6244. Lung tumors in these models harbor either 440 

Kras point mutation G12D (KrasLSL/+ (Kras)) alone or coupled with homozygous deletion of p53 441 

(KrasLSL/+; Pflox/flox (KP)) or homozygous deletion of miR-141/200c (KrasLSL/+; M-/- (KM)) 11,31. 442 

Schematic representations of the different alterations are presented in supplementary Fig. S7A. 443 

These conditional autochthonous lung tumors were generated through intratracheal 444 

administration of adenovirus expressing Cre recombinase31. Histological analyses on lung tumors 445 

displayed differences in signaling pathways across the different genetic backgrounds (Fig.7A). 446 

Tumors with mutant Kras alone showed greater MAPK pathway activation compared to KP and 447 

KM tumors, which instead showed an activation of CDK4 pathway as demonstrated by phospho-448 

CDK4 and phospho-RB staining (Fig. 7A). We also utilized these models to interrogate if the 449 

ZEB1-p21 axis was altered within these tumors and could determine their sensitivity to palbociclib. 450 

Tumor regions with high nuclear ZEB1 corresponded to lower levels of nuclear p21 in KP and KM 
451 

tumors as compared to Kras tumors alone (Fig. 7B).  452 

Three months after induction, lung tumor formation was confirmed and monitored over 6-453 

8 weeks by micro-CT scans for changes in overall lung tumor burden in response to 454 

pharmacological agents. Response to AZD6244 alone across all three genotypes was similar to 455 

our previous11 results where K-ras tumors showed complete regression upon treatment and only 456 

partial response was achieved in KP and KM tumors (supplementary Fig. 7C, S7B, S7C). 457 

Palbociclib alone had more significant tumor growth control in KP and KM mice than AZD6244 458 

alone with ~30% of tumors undergoing complete regression (Fig. 7B, supplementary Fig. S7B, 459 

S7C). Histological staining showed that treatment with each single agent led to an activation of 460 

reciprocal signaling pathway in KP and KM tumors (Fig. 7D, 7E). Palbociclib led to suppression 461 

of ZEB1 indicating a shift to an epithelial phenotype and AZD6244 led to an accumulation of ZEB1 462 

indicating the presence of mesenchymal tumor cells (Fig. 7D, 7E). Combination of palbociclib and 463 
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AZD6244 produced a more significant reduction of tumors over a period of 8 weeks with complete 464 

regression in ~80% mice across the three genotypes (Fig. 7C, supplementary Fig. S7B, S7D). 465 

Lack of sufficient tumor burden precluded us from staining the lung sections obtained from 466 

combination treatments.  467 

Fig. 7F shows the working model for the activation of the different survival pathways in the 468 

phenotypically distinct epithelial and mesenchymal tumor cells. Normal cells or epithelial cancer 469 

cells have an intact cell cycle regulation mediated by the intrinsic regulator p21. Increased binding 470 

of p21 to CDK4 prevents the kinase activity, limits RB phosphorylation and arrests cells in the G1 471 

phase. However, this pathway is dysregulated in cancer cells undergoing EMT. ZEB1 is highly 472 

upregulated in mesenchymal cancer cells, which exerts transcriptional repression on p21. Lack 473 

of p21 leads to low or no binding of p21 to CDK4, allowing the kinase activity of CDK4 to occur 474 

unchecked. Such high dependency on CDK4 makes mesenchymal cells especially vulnerable to 475 

CDK4 inhibitors such as palbociclib. In heterogeneous tumors, with epithelial and mesenchymal 476 

cancer cells, net tumor killing requires drug combinations that preferentially target the 477 

vulnerabilities of each subpopulation (e.g., MEKi and CDK4i). 478 

Discussion  479 

 Phenotypic switching and subsequent transcriptional rewiring in cancer cells in response 480 

to the tumor microenvironment or selective pressures of drug treatments allows the escape of 481 

cancer cells from cell death. An understanding of the mechanisms by which tumor cells alter their 482 

cellular state and molecular pathways can provide the basis for designing effective therapeutic 483 

strategies. Epithelial to mesenchymal transition is a dynamic phenomenon that contributes to 484 

tumor heterogeneity in cancer. We demonstrate that lung tumors with high ZEB1 that display 485 

mesenchymal phenotype have increased dependence on the CDK4 pathway for survival, which 486 

renders them especially vulnerable to CDK4-specific pharmacological inhibitors. Combined with 487 
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the results previously published from our lab that showed higher sensitivity of epithelial cancer 488 

cells to MEK inhibitors11, we investigated the combination of CDK4 and MEK inhibitors in multiple 489 

in vitro and in vivo models that recapitulate EMT-mediated tumor heterogeneity and demonstrated 490 

that the combination of CDK4 and MEK inhibition in Kras mutant lung adenocarcinoma is an 491 

effective strategy to combat EMT-mediated heterogeneity and therapeutic resistance.  492 

CDK4 plays a key role in determining the progression of cells from G1 to S phase of the 493 

cell cycle. Disruption of the checkpoint leads to unregulated growth in cancer cells. Ordinarily, the 494 

cell cycle is regulated by extracellular mitogenic signals that are integrated by the MAPK 495 

pathway14,32. However, aberrant CDK4 activation in Kras mutant mesenchymal cancer cells can 496 

occur in a cell autonomous manner, without being coupled with extrinsic signals or the MAPK 497 

pathway. Thus, the independent activation of CDK4 serves as a survival mechanism activated in 498 

mesenchymal cancer cells allowing escape from MEK inhibitors. Interestingly, epithelial tumor 499 

cells are less dependent on CDK4 for survival, as shown by the stable knockdown of CDK4 and 500 

insensitivity to pharmacological inhibitors. Instead, CDK2-dependent RB phosphorylation seems 501 

to be the major cell cycle pathway in epithelial cancer cells. A previous study identified that MAPK 502 

mediated activation of CDK2 keeps a check on RB activity and prevents progression of Kras 503 

mutant lung cancers33. This is in line with our observations in the epithelial cancer cells that have 504 

activated MAPK pathway and a proper cell cycle regulation. Although the results from Walter et 505 

al.33 were not studied in the context of EMT, our results show that the epithelial tumor cells are 506 

equally receptive to CDK2 and MEK inhibitors, whereas mesenchymal cancer cells are resistant. 507 

These findings reiterate the fact that CDK4 and MAPK pathways are closely linked in lung cancer 508 

and present an opportunity for therapeutic co-targeting.  509 

Separate studies have presented contradictory findings for the correlation of EMT with 510 

CDK4 pathway signaling. CDK4 inhibition in triple negative breast cancer reversed the EMT status 511 

of cancer cells34,35, as seen in the 344SQ mesenchymal tumors treated with palbociclib in the 512 
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present study. Within Kras-mutant pancreatic cancer, one study showed that tumor cells 513 

underwent EMT with palbociclib monotherapy36 and MET in another37. Another study in colorectal 514 

cancer noted no difference in EMT status of tumor cells in response to palbociclib38. These 515 

findings highlight the fact that there are cell-type or context-specific phenomena that warrant 516 

further investigation in different cancer types. In our studies, we found that modulation of the EMT 517 

status of cancer cells by perturbing the ZEB1/miR-200 axis lead to CDK4 pathway modulation 518 

and determined the sensitivity to CDK4 inhibitors both in vitro and in vivo.  519 

Mechanistically, we identified that high ZEB1 in mesenchymal cancer cells was 520 

responsible for transcriptional repression of CDKN1A (gene encoding for p21) by direct binding 521 

to the promoter region. Conventionally, p21 is described as a suppressor of CDK4 kinase activity 522 

and a downregulation/loss in patients predicts poor survival39,40. Studies in the recent years have 523 

further explored the role of p21 and revealed a dual function of p21, acting in some cases as an 524 

activator for CDK4 activity41. Lower levels of p21 binding are generally required for the assembly 525 

and stability of the CDK4-cyclin D complex. p21 binding to CDK4 partially accounts for maintaining 526 

phosphorylation of CDK4, primes CDK4 for catalysis by releasing the activation segment without 527 

affecting kinase function (e.g. phosphorylation of RB) 25. On the other hand, a sustained presence 528 

of p21 at higher stoichiometric concentrations can render CDK4 ineffective25. We found that 529 

mesenchymal cancer cells had lower levels of p21 in the CDK4-p21 complex, which explains 530 

increased CDK4 activity. Continued presence of an activated CDK4 rendered the mesenchymal 531 

cells highly dependent on CDK4 for survival. Increased addiction to CDK4 translated to de novo 532 

vulnerability to CDK4 inhibitors. With p21 overexpression in mesenchymal cancer cells, we 533 

detected increased CDK4-p21 complex, reduced in vitro and in vivo growth of tumors. 534 

Interestingly, 344SQ cells demonstrated reduced sensitivity to palbociclib with p21 535 

overexpression. A previous study had shown that p21 can interfere with the binding of small 536 

inhibitors to CDK4 complex, as we observe in wild type epithelial tumor cells and in p21 537 
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overexpressing mesenchymal cells42. Thus, p21 serves as a regulator of CDK4 activity and 538 

sensitivity to inhibitors in mesenchymal lung cancer cells.  539 

ZEB1 mediated p21 regulation was demonstrated by utilizing isogenic pairs of cell lines 540 

expressing ZEB1 or miR-200 as well as by treatment by mocetinostat, an HDAC inhibitor. 541 

Mocetinostat induces miR-200 expression, which can relieve ZEB1 repression on the p21 542 

promoter. Mocetinostat can also regulate the HDACs that are present in co-repressor complexes 543 

with ZEB123. Evidence from past studies suggested that class I HDACs (HDAC1, 2 and 3) repress 544 

the p21 promoter as part of NuRD, Sin3A, NCoR-SMRT co-repressor complexes43. Recent work 545 

from our lab demonstrated that ZEB1 is present in such co-repressor complexes to regulate 546 

promoter activity of important genes altered in cancer progression44. There is also evidence that 547 

a trimeric complex of ZEB1, HDAC1/2 and p53 in stromal fibroblasts promotes breast cancer 548 

progression45. Independently, p53 is a well-established regulator of p21 expression which occurs 549 

in response to oncogenic stress to induce cell cycle arrest and/or apoptosis46,47. Loss of p53 in 550 

cancer can lead to the downregulation of p21 and unchecked cell growth47, however we did not 551 

observe a direct effect of p53 on p21 expression to regulate the CDK4 pathway. Evidently, a 552 

complex network of transcriptional regulators determine p21 levels in the cells and further 553 

investigations are warranted to understand these intricacies. Our findings do highlight that 554 

correlation of EMT status and p21 levels can serve a biomarker for response to CDK4 inhibitors 555 

in lung cancer patients.  556 

With an understanding of how lung cancer cells adapt to therapeutic intervention, we 557 

interrogated the combination of CDK4 and MEK inhibitors. Normal cells possess intact cell cycle 558 

checkpoints and are spared by selective CDK4 inhibitors. CDK4 inhibition causes tumor cell 559 

senescence or apoptosis in addition to cell cycle arrest making these cancer cells particularly 560 

vulnerable to the inhibitors48. The remarkable success of CDK4 inhibitors in combination with 561 

endocrine therapy in breast cancer patients have encouraged investigations into the role of CDK4 562 
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inhibitors in other cancer types, including lung cancer49-52. K-RasG12V driven lung cancers were 563 

particularly susceptible to ablation of CDK4 with an induction of senescence and prevention of 564 

tumor progression17. A sustained tumor response was also achieved with concomitant CDK4 565 

inactivation and RAF1 ablation in Kras/p53 driven lung cancers16. A phase II trial in NSCLC 566 

patients with inactivated CDKN2A treated with palbociclib monotherapy showed modest response 567 

with stable disease in 50% of the patients53. Partial response to CDK4 inhibitor in a subset of lung 568 

cancer patients warranted an exploration of combination with other targeted therapies to achieve 569 

durable response. Zhou et al.54 demonstrated a synergistic growth inhibition in KRAS and 570 

CDKN2A mutant NSCLC xenografts with AZD6244 and palbociclib. Ongoing phase I/II clinical 571 

trials (NCT03170206 and NCT02022982) in advanced K-Ras driven NSCLC patients are 572 

investigating the combinatorial effect of MEK and CDK4 inhibitors. Additionally, the combination 573 

of CDK4 and MAPK pathway inhibitors have shown tumor regression in multiple other cancer 574 

types utilizing xenografts models, especially with KRAS, NRAS or BRAF mutations30. BRAF- and 575 

NRAS-mutant melanoma are particularly receptive to combinatorial therapy55-58 and phase I 576 

clinical studies have shown promising activity in these tumor types as well59. Clinical trials are 577 

currently investigating BRAF and MEK inhibitors in combination with ribociclib in BRAF-mutant 578 

melanoma and other solid tumors with BRAFV600 mutations60. In K-Ras mutant colon cancer, 579 

monotherapy with either MEK or CDK4 inhibitors has been disappointing61,62; however synergistic 580 

effects were observed in xenograft models of K-Ras mutant colorectal cancer upon treatment with 581 

a combination38,63, which led to a phase II clinical trial in KRAS- or NRAS-mutant colorectal cancer 582 

patients testing binimetinib and palbociclib in combination60. Not only are the two therapies 583 

synergistic, but studies have also shown that CDK4 inhibitors are able to overcome MEK inhibitor 584 

resistance64 and vice versa65. These findings are corroborated by our results in the present study 585 

demonstrating the efficacy of CDK4 and MEK inhibitors.  586 
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Results in our immunocompetent syngeneic models will allow us to further extend our 587 

investigation into effects on the immune microenvironment. Evidence from past studies indicated 588 

that CDK4 depletion reduced infiltration of CD4+ FoxP3+ Tregs66 and CDK4 inhibitors increased 589 

tumour immunogenicity and cytotoxic T-cell mediated clearance of tumor cells67. CDK4 inhibitors 590 

also enhanced effector T-cell infiltration and activation 68. Additionally, PD-L1 degradation stability 591 

was shown to be regulated by CDK4 through cullin 3–SPOP E3 ligase via proteasome-mediated 592 

degradation which primed the tumors for effective response to combination treatment with CDK4 593 

inhibitor and PD-1-PD-L1 immune checkpoint blockade69. Other investigations revealed that PD-594 

L1 expression was modulated RB-NF-κB axis which could be exploited to overcome cancer 595 

immune evasion triggered by conventional or targeted therapies70. Combination of CDK4 and 596 

MEK inhibitor induced a senescence-associated secretory phenotype (SASP) that provoked a 597 

natural killer cell surveillance program and resulted in tumor cell death71.  598 

The application of combinatorial treatments with MEK and CDK4 inhibitors in multiple pre-599 

clinical in vitro (dual fluorescent sensor system, 3D assays) and in vivo models (syngeneic and 600 

autochthonous mouse models) effectively prevented outgrowth of resistant tumor subpopulations 601 

and was significantly better than either monotherapy. Such findings demonstrate that CDK4 and 602 

MAPK pathway are intertwined in lung cancer progression and durable response can be attained 603 

if these pathways are targeted judiciously. Fighting cancer at two fronts: by interfering with two 604 

distinct regulatory networks and targeting tumor subpopulations should benefit patients and help 605 

to prevent resistance development. Additionally, timing of administration of drugs may be an 606 

important criteria to consider where a sequential regimen could provide improved targeting of 607 

tumor subpopulations that arise due to tumor plasticity. 608 

Methods 609 

shRNA screens  610 
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Murine lung cancer cell lines (393P and 344P) were infected at a multiplicity-of-infection 611 

(MOI) of 0.3 with a pooled shRNA lentiviral library targeting genes associated with known kinase 612 

activity (10 shRNA/gene, for target list and shRNA sequences see Table S2 and S4). Parallel in 613 

vivo and in vitro screens were performed, and the shRNA-coupled barcodes were detected by 614 

high-throughput sequencing technology [for detailed procedures and primer sequences see72]. In 615 

vivo and in vitro screens were carried out in triplicate and duplicate, respectively. Raw counts for 616 

the screen endpoints and a reference population, isolated after transduction, were normalized 617 

using the variance stabilizing transformation with the DESeq2 in R. The normalized counts were 618 

divided by the reference cells that were isolated immediately following transduction to estimate a 619 

fold change in barcode abundance. Four independent shRNAs targeting essential genes (RPL30, 620 

PSMA1) or luciferase (LUC) were cloned with 5 unique barcodes each and incorporated in the 621 

library as positive and negative controls (20 reagents/control, see Table S1 and S3). One LUC 622 

hairpin showed apparent off-target effect, which has been observed over a wide-spectrum of in 623 

vitro and in vivo screens. One hairpin for PSMA1 did not show robust drop out, and this pattern 624 

was consistent across the 5 barcodes, indicating that this result was not reflective of poor screen 625 

performance. The separation of positive and negative controls was evaluated by the robust strictly 626 

standardized mean (SSM, Table S1 and S3), excluding the hairpins mentioned above. Fold 627 

change distribution was converted to percentiles, and biological replicates were collapsed for RSA 628 

analysis. The RSA logP-values and ranks are provided in Tables S2 and S4.  629 

Immunoprecipitation assay 630 

Cells were washed twice with PBS on ice, scraped and pelleted. Supernatant was 631 

removed and the pellet was lysed in 500 µl lysis buffer [150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 632 

0.5% NP-40, 50 mM NaF, 1 mM Na orthovanate, 1 mM β-glycerophosphate, 10% glycerol, PMSF 633 

and protease inhibitor] and incubated on ice for 30 min. Samples were sonicated for 1 min and 634 

centrifuged at 13,000 rpm for 10 min. The supernatant was collected and precleared for 1 hourat 635 
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4OC with non-specific IgG and protein A/G agarose beads. Dynabeads were incubated for 1h with 636 

2μg of antibody at 4°C on a rotating platform. 500 µg of pre-cleared lysate was subjected to 637 

immunoprecipitation overnight at 4°C.  Antibody-antigen complexes were washed with lysis buffer 638 

and then eluted with 2x SDS sample Buffer at 100OC and analyzed by western blot. 639 

Chromatin Immunoprecipitation (ChIP) 640 

Cells were cross-linked with 1% formaldehyde at room temperature for 10 min. Glycine 641 

was added to a final concentration of 0.125 M for 5 min at room temperature. Cells were then 642 

washed with PBS with protease inhibitor, scraped and centrifuged (12,000 rpm, 4OC for 2 min). 643 

The supernatant was removed and the pellet was resuspended in 1 ml of lysis buffer [50mM Tris-644 

HCl (pH 8.1), 10mM EDTA, 1% SDS, protease inhibitor] incubated on ice for 10 min. Samples 645 

were sonicated on ice for 30 cycles at 50% amplitude with 5 seconds pulse intervals and 10 646 

seconds rest intervals. Supernatants were recovered by centrifugation at 12,000 rpm for 5 min. 647 

Lysates are diluted 1:10 in ChIP dilution buffer [16.7 mM Tris-HCl (pH 8.1), 16.7 mM NaCl, 1.2 648 

mM EDTA,  0.01% SDS, 1.1% Triton X-100,  protease inhibitor]. Sheared DNA was precleared 649 

with 2 μg sheared salmon sperm DNA and 30 μL protein A/G beads (sc-2003) at 4OC for 1 hour 650 

with rotation. Beads were pelleted, the supernatant was collected and an aliquot (1/20th) of the 651 

chromatin preparation was set aside and designated as the Input Fraction. The rest of the sample 652 

was divided into parts for incubation with 2 μg rabbit IgG (sc-2027) and ZEB1 (santacruz) 653 

antibodies overnight at 4OC with rotation. The immune complexes were captured the next day by 654 

incubation with 30 μL of pre-cleared beads and 2 μg sheared salmon sperm DNA for 2 h at 4OC. 655 

Beads were pelleted by centrifugation for 1 min at 4OC at 100 g and washed sequentially for 10 656 

min at 4oC with rotation with 1 ml of the following buffers: low salt wash buffer [20 mM Tris-HCl 657 

(pH 8.1), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS]; high salt wash buffer [20 mM 658 

Tris-HCl (pH 8.1), 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS]; LiCl wash buffer [10 659 

mM Tris-HCl (pH 8.1), 1 mM EDTA, 1% sodium deoxycholate, 1% NP-40, 0.25 mM LiCl]. Finally, 660 



29 

 

the beads were washed twice with 1 ml TE buffer [1 mM EDTA, 10 mM Tris–HCl (pH 8.0)] for 5 661 

min at 4OC. The immuno-complexes were then eluted in 120 µl elution buffer [1% SDS, 100 mM 662 

NaHCO3] for 15 min with rotation at room temperature. Reverse cross-linking was done by adding 663 

NaCl to the final concentration of 200 mM to ChIP and input samples and incubating at 65OC for 664 

6 hrs. This followed by treatment with RNAase and proteinase K (40 µg/ml) incubating for 1 hourat 665 

45OC. DNA was purified using QIAquick PCR Purification Kit (Qiagen), and 50 ng of eluted DNA 666 

was used for each qPCR reaction with primers listed in Table S10 to quantify relative ChIP signal. 667 

Synergy determination  668 

 The Chou-Talalay method was used to determine possible synergistic effects between 669 

inhibitors26. Compusyn software (ComboSyn Inc.) was used to determine synergy between drug 670 

combinations. Drug-drug interactions were analyzed based on combination index whereby 671 

interactions can be additive (CI=1), antagonistic (CI>1), or synergistic (CI<1). Drug concentrations 672 

in the combination were compared to the amount of drug alone required to reach same effects. 673 

This is expressed as the dose reduction index, DRI. The amounts of drugs in each combination 674 

were pre-determined from each inhibitors IC50 values and inhibitors were assayed in defined 675 

dilution series and at a constant ratio. 676 

Animal studies 677 

All animal experiments were reviewed and approved by the Institutional Animal Care and 678 

Use Committee (IACUC) at The University of Texas MD Anderson Cancer Center. All mice used 679 

in the studies were immunocompetent and assessed for health daily by the Department of 680 

Veterinary Medicine and Surgery (DVMS). All mice were genotyped to determine the mutational 681 

status by tail snips 2 weeks after birth. For in vivo tumor growth assays with transplantation of 682 

mouse lung cancer cell lines, male and female wild-type 129/Sv mice ages 3 months and up were 683 
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used. Cells were implanted subcutaneously into the right flanks of 129/Sv mice and allowed to 684 

form tumors for 2 to 3 weeks, at which point tumor volumes were approximately 150 to 200 mm3 685 

measured using digital calipers. For conditional mouse models of lung adenocarcinoma (KrasLSL/+, 686 

KrasLSL/+p53flox/flox and KrasLSL/+miR-200c-/-) (previously describes in ref.11), adenovirus-expressing 687 

Cre recombinase was administered into mouse lungs at 3 months of age by intratracheal 688 

intubation at a viral titer of 2.5x107 viruses per mouse. Mice were housed specifically in suites 689 

designated for biohazard handling as approved under the IACUC protocol. Two weeks post-690 

infection, mice were returned to the regular housing suite.  At 3 months post-induction, mouse 691 

lungs were visualized by micro-CT scans to confirm tumor formation and measure tumor areas. 692 

For drug treatment experiments, mice were randomized to either treatment or vehicle control 693 

groups AZD6244 (Selleckchem) and palbociclib (MedChemExpress) were administered daily by 694 

oral gavage at a dosage of 25 mg/kg mouse weight and 50 mg/kg mouse weight, respectively. 695 

Tumor sizes were measured weekly after treatment began. AZD6244 was dissolved at 5 mg/mL 696 

in solvent (4% DMSO, 30% PEG 300, 5% Tween 80), and palbociclib was dissolved at 10 mg/mL 697 

in solvent (Lactic acid buffer (50 mM, pH 4.0)). Control mice received solvent at a volume equal 698 

to the drug dosage at the indicated drug concentrations. Mouse weights were measured weekly 699 

to adjust total dosage and assess the effects of drug combinations on mouse health. After 700 

euthanasia by CO2 exposure at 3 L/min, syngeneic primary tumors and/or mouse lungs were 701 

formalin-fixed, paraffin-embedded, and sectioned for histological analysis.  702 

Bliss model for tumor models 703 

In vivo combination synergy analysis was done using the method of Bliss Independence 704 

as previously described30. A primary analysis day was specified for each study, usually at or near 705 

the last day of treatment. On that day, the expected additive response (EAR) tumor volume for 706 

the combination group was defined, per the Bliss method, as EAR=(V1*V2)/VC, 707 

where V1 and V2 are the mean tumor volumes in the single-agent groups, and VC is the mean 708 
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volume in the control group. Next, the control group tumor volume change from baseline was 709 

defined as ΔV=VC−V0. Then an additive range around the EAR was defined, via upper and lower 710 

limits, as EARU = min(2*EAR, EAR + 0.15*dV) and EARL=max(EAR/2,EAR-0.15*dV). If the 711 

observed mean combination volume on that day was larger than the mean volume of either single 712 

agent, the combination was called antagonistic. If it was smaller than that but larger than EARU, 713 

the combination was called less than additive. If it was between EARU and EARL, then the 714 

combination was called additive; otherwise, the combination was called synergistic. 715 

Statistical analysis 716 

Statistical analysis was carried out as described in each corresponding figure legend. A 717 

p-value of <0.05 was considered statistically significant. Data are presented as mean + SD unless 718 

otherwise noted. All analyses were performed in GraphPad Prism software (version 8). 719 
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Figure Legends 720 

Fig 1: Mesenchymal lung cancer cells exhibit increased dependency on CDK4 for growth. 721 

(A) Schematic illustration of the workflow of the shRNA dropout screens. A library of lentiviral 722 

particles expressing 10 different barcoded shRNAs was transduced into murine KP mutant lung 723 

cancer cells. The cells were cultured in vitro or implanted in nude or syngeneic 129/Sv mice and 724 

later sequenced for barcoded shRNAs and compared to reference cells. (B) Results from Kinome 725 

and FDAome shRNA dropout screens in 393P (epithelial) and 344P (mesenchymal) cell lines and 726 

tumors compared based on the redundant shRNA activity (RSA). Top differential hits are labeled 727 

on the graphs, most important being CDK4 (red). Venn diagram shows comparisons across 728 

different conditions and top hits identified. (C) Cluster plot analysis of Spearman’s rank correlation 729 

between EMT score and CDK4 mRNA expression of 118 human NSCLC cell lines. (D) In vitro 730 

cell viability after 48 hour palbociclib treatment in a panel of epithelial and mesenchymal murine 731 

(393P, 344SQ) and human (H358, H1299) lung cancer cell lines. n=8 per drug concentration. The 732 

curve was generated using a nonlinear regression fit model.  (E) Western blot showing the effect 733 

on signaling in 393P and 344SQ tumor cells upon treatment with abemaciclib (A: 2 µM) and 734 

ribociclib (R: 2 µM) for 24 and 48 hours. (F) Top: Relative mRNA expression of CDK4 upon 735 

doxycycline mediated induction of shRNAs targeting CDK4 at 72 hours.   Bottom: Growth rates 736 

of 393P and 344SQ cells with or without CDK4 knockdown over 72 hours measured by MTT 737 

assay. One and two-way ANOVA test was used for statistical analysis, respectively.  (G) Western 738 

blot analysis of CDK4 pathway after 72 hours of CDK4 knockdown. **** p<0.0001; ** p<0.001. 739 
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Fig 2: The CDK4 pathway is dynamically regulated by the EMT status of tumor cells (A) Cell 740 

cycle analysis 393P and 344SQ cells using propidium iodide (PI). Baseline cell cycle was 741 

determined by staining cells in culture with PI. Cell cycle arrest was induced by serum starvation 742 

of cells for 24 hours followed by release into cell cycle by addition of FBS containing media and 743 

analyzed after 10, 20 and 36 hours. (B) Subcellular fractionation followed by western blot analysis 744 

of indicated cell cycle markers. (C) Top: Representative images of immunofluorescence on 393P 745 

and 344SQ wild type cells for indicated markers. Scale bar: 50 µM. Bottom: 4-6 biological 746 

replicates were analyzed for quantification of the fluorescent signal. One-way ANOVA was used 747 

for statistical analysis. (D-E) Western blot analysis of murine (D) and human (E) cells with ZEB1 748 

and miR-200 expression. Cells were induced with 2 µg/ml of doxycycline for times indicated. (F) 749 

Immunohistochemistry on tumors derived from 393P, 344SQ and 393P_AZDR tumors for 750 

indicated markers. Scale bar: 50 µM (G) Western blot analysis on cell lines derived from 393P 751 

tumors treated with vehicle or AZD6244 for indicated markers. (H) In vitro cell viability assay on 752 

393P, 344SQ, 393P_vehicle and 393P_AZDR after 48 hours of AZD6244 and palbociclib 753 

treatment. n=8 per drug concentration. The curve was generated using a nonlinear regression fit 754 

model. **** p<0.0001; *** p<0.005; ** p<0.001.  755 
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Fig 3: ZEB1 regulates p21 expression and causes differential CDK4 pathway activation. (A) 756 

Transient knockdown of p21 and p27 using 20 nM si-RNAs for 48 hours in 393P and 344SQ cells 757 

followed by western blot analysis. (B) (Left) Immunofluroscent staining of 393P, 393P_AZDR and 758 

344SQ cells. Scale bar top: 100 µM, bottom: 10 µM. (Right) Quantification of cells co-staining 759 

positive for CDK4 and p21 in each cell lines. 4-6 biological replicates were analyzed for 760 

quantification of the fluorescent signal. (C) Relative expression of Cdkn1a mRNA in a panel of 761 

epithelial and mesenchymal murine lung cancer cells (left) and 393P vehicle and AZDR cell lines 762 

(right). (D) Cluster plot analysis of Pearson’s correlation between CDKN1A mRNA and EMT score 763 

in 29 KRAS mutant human lung adenocarcinoma cell lines. (E) Immunohistochemistry on tumors 764 

derived from 393P, 344SQ and 393P-AZDR cells Scale bar: 50 µM. (F) Cluster plot analysis of 765 

Pearson’s correlation between ZEB1 and p21 H scores in NSCLC specimens. (G and H) Relative 766 

expression of Cdkn1a mRNA and p21 protein levels upon induction of EMT or MET. ZEB1 767 

induction for 48 hours with 2 µg/ml of doxycycline in murine (G, top) and human (G, bottom) 768 

epithelial lung cancer cell lines. miR-200 induction for 48 hours with 2 µg/ml of doxycycline in 769 

murine (H, top) and human (H, bottom) mesenchymal lung cancer cell lines. (I) Luciferase reporter 770 

assay to determine relative luciferase activity of CDKN1A promoter reporter construct transfected 771 

into epithelial H358 and H441 cells with induced ZEB1 expression or mesenchymal H1299 with 772 

induced miR-200 expression. Relative luciferin signal was normalized to promoter-less vector 773 

control signal. (J) Fold enrichment by qPCR analysis of CDKN1A promoter containing ZEB1 774 

binding site after endogenous ZEB1 ChIP in H441 cells with inducible ZEB1 expression or H1299 775 

cells with inducible miR-200 expression, using ZEB1 antibody or immunoglobulin G (IgG) control 776 

antibody. One-way ANOVA was used for statistical analysis in all the panels. **** p<0.0001; *** 777 

p<0.005; ** p<0.001; * p< 0.05; ns: not significant.  778 
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Fig 4: Suppression of p21 in mesenchymal cells regulates CDK4 pathway. (A) Transient 779 

knockdown of CDK4 using 20 nM si-RNAs for 12, 24 and 48 hours in epithelial and mesenchymal 780 

cancer cells followed by western blot analysis. (B) (Left) Graphical representation of the 781 

differences in CDK4-p21 complex formation in epithelial and mesenchymal cancer cells. (Right) 782 

Co-IP of endogenous CDK4 and p21 in epithelial (393P and 344SQ_miR-200) and mesenchymal 783 

(344SQ and 344SQ_vec) cell lines and analyzed by western blot with anti-CDK4 and anti-p21 784 

antibodies. (C) Constitutive overexpression of Cdkn1a in 344SQ cell lines. Relative mRNA 785 

expression of Cdkn1a (left), western blot analysis of CDK4 pathway (middle) and co-IP of CDK4 786 

and p21 in 344SQ cells (right). (D) Growth rates of 344SQ cells ± p21 constitutive overexpression 787 

over 4 days measured by WST-1 assay. (E) Tumor volume measurements at indicated time points 788 

of 344SQ tumors + p21 (n= 5 per group). Data are presented as mean ± SEM. (F) Doxycycline 789 

induced overexpression of Cdkn1a in 344SQ cell lines for 48 hours. Relative mRNA expression 790 

of Cdkn1a (left), western blot analysis of CDK4 pathway (middle) and co-IP of CDK4 and p21 in 791 

344SQ cells (right). (G) Growth rates of 344SQ cells ± p21 overexpression (doxycycline induced) 792 

over 4 days measured by WST-1 assay.  (H) Tumor volume measurements at indicated time 793 

points of 344SQ tumors + p21 expression with doxycycline feed (n=9-10/group). Dox feed was 794 

started after tumors reached a size of 100-150 mm3 (indicated by arrow). Data are presented as 795 

mean ± SEM. (I) Western blot of EMT markers with CDK4 knockdown for 72 hours. (J) In vitro 796 

cell viability assay on 344SQ (top) and 344P (bottom) lung cancer cell lines with or without 797 

transient knockdown of CDK4 and treatment with a range of concentrations of AZD6244 for 48 798 

hours. n=8 per drug concentration. The curve was generated using a nonlinear regression fit 799 

model. (K) Palbociclib and AZD6244 were used to determine the Drug Reduction Index (DRI) and 800 

Combination Index (CI) using Chou-Talalay method on 344SQ cells. (L) Western blot analysis on 801 

cells treated with AZD6244 (5µM) and palbociclib (5µM) for 48 hours. Cleaved caspase-3 was 802 

used as an apoptotic marker. Statistical analysis for C, E, F and H:  Unpaired t-test and for D and 803 

G: Two-way ANOVA test. **** p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05.  804 
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Fig 5: Co-targeting CDK4 and MAPK pathways targets different tumor cell subsets. (A-B) 805 

Apoptosis was determined by annexin V and propidium iodide staining of murine and human lung 806 

cancer cells after treatment with AZD6244 (5 µM) or palbociclib (5 µM) for 48 hours. The data are 807 

presented as the mean ± SD from three replicates. (C) 344SQ_Z-cad cells were treated with 808 

DMSO, mocetinostat (1 μM), AZD6244 (5 μM), or palbociclib (5 µM) for 48 hours followed by 809 

fluorescent image acquisition. Scale bar: 50 µM. (D) Images from (C) were quantified for the 810 

percentage of RFP or GFP color pixels calculated per field of view (FOV). n=4-6 FOVs. (E) 811 

344SQ_Z-cad cells were treated with DMSO, AZD6244 (5 μM), palbociclib (5 μM) or the 812 

combination. NucView® 405 Caspase 3 substrate was added to each condition as a readout for 813 

apoptosis. Representative fluorescent images were acquired 48 hours after addition of drugs 814 

(left). Scale bar = 25 μM. Arrows indicate apoptotic cells. Images were quantified for total caspase-815 

3+ cells as a percentage of total cells in 4-6 FOVs (right). (F-G) Ex vivo tumors (EVTs) were plated 816 

in a Matrigel (MG) or a Collagen/Matrigel (Coll/MG) matrix. After 24 hours, EVTs were treated 817 

with DMSO, AZD6244 (5 μM), palbociclib (5 μM) or the combination.  (F) Treatment in MG was 818 

continued for 9 days with representative images from last day of the culture shown (left panel, 819 

scale bar: 200 μM). Percentage of RFP and GFP color pixels in 4-6 FOVs (middle panel). Data 820 

are represented as mean. At the end of the treatment, Cell Titer-Glo reagent was added and 821 

relative luciferin signal was measured (right panel). (G) EVTs in Coll/MG matrix were treated for 822 

5 days. Representative images at the end of experiment shown (left panel, scale bar: 100 μM), 823 

quantification of percentage RFP and GFP color pixels in 4-6 FOVs (middle panel) and relative 824 

luciferin signal using Cell Titer-Glo reagent (right panel). Treatment groups were compared to 825 

DMSO using one-way ANOVA in all the panels. **** p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05; 826 

ns: not significant.  827 
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Fig 6: Combination of MEK and CDK4 inhibitors controls syngeneic tumor growth and 828 

prevents emergence of EMT mediated resistance. (A) In vivo volume measurements at the 829 

indicated time points for 344SQ subcutaneous tumors in syngeneic WT mice (n=5 per group) after 830 

daily treatment with solvent, AZD6244 (25 mg/kg), palbociclib (50 mg/kg) or combination. Arrow 831 

indicates start of the treatment. (B) 344SQ subcutaneous tumors were treated with solvent (n=5), 832 

AZD6244 (25 mg/kg) (n=10), palbociclib (50 mg/kg) (n=10) or combination (n=5) for 7 weeks at 833 

which point resistance to palbociclib emerged. 5 mice from palbociclib treatment alone arm were 834 

converted to combination arm and treatment was continued for another 3 weeks (marked by 835 

purple X). (C) Fold change in 344SQ tumors in the palbociclib and combo arms over 13 weeks. 836 

(D) Immunohistochemical analysis on 344SQ tumors treated with solvent or palbociclib for 7 837 

weeks with indicated markers. Scale bar: 50 μM. (E) In vivo volume measurements at indicated 838 

time points for 393P subcutaneous tumors in syngeneic WT mice (n=5 per group) after daily 839 

treatment with solvent, AZD6244 (25 mg/kg), palbociclib (50 mg/kg) or combination. Arrow 840 

indicates start of treatment. (F) In vivo volume measurements of 393P-AZDR subcutaneous 841 

tumors in syngeneic WT mice (n=5 per group) after daily treatment with AZD6244 (25 mg/kg) or 842 

palbociclib (50 mg/kg). Arrow indicates start of treatment at day 14. (G) IHC analysis on 344SQ 843 

and 393P tumors harvested from (A) and (E) respectively, with indicated markers. Scale bar: 50 844 

μM. (H-J) Tumors from the experiments described in (A) and (E) were stained with Ki67 and 845 

TUNEL assay to measure cell proliferation and cell death respectively. Representative IHC 846 

images are shown in (H). Scale bar: 50 μM. Images were quantified for Ki67 (I) and TUNEL (J) 847 

staining in each treatment group. n=2-3 per group with 3-6 FOV per mouse. Statistical significance 848 

was determined by one-way ANOVA in all the panels. **** p<0.0001; *** p<0.005; ** p<0.001; * 849 

p< 0.05; ns: not significant.  850 
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Fig 7: Concomitant targeting of CDK4 and MAPK pathways augments response in Kras 851 

mutant autochthonous lung tumors. (A) Immunohistochemistry for indicated markers on 852 

KrasLSL/+, Kras LSL/+Pflox/flox and Kras LSL/+M-/- lung sections 18-20 weeks post Ad-Cre infection. Scale 853 

bar: 50 μM. (B) Immunohistochemistry for indicated markers on KrasLSL/+, Kras LSL/+Pflox/flox and 854 

Kras LSL/+M-/- lung sections 18-20 weeks post Ad-Cre infection. Scale bar: 50 μM. (C)  Percentage 855 

change in overall lung tumor area of KrasLSL/+, Kras LSL/+Pflox/flox and Kras LSL/+M-/- mice after 6-8 856 

weeks of daily treatment with AZD6244 (25 mg/kg), palbociclib (50 mg/kg) or both as assessed 857 

by micro-CT imaging of mouse lungs. Significance was determined using Brown-Forsythe and 858 

Welch ANOVA tests. (D and E) Immunohistochemistry for indicated markers on lung sections 859 

from mice treated Kras LSL/+Pflox/flox (D) and Kras LSL/+M-/- (E) treated with AZD6244 and palbociclib 860 

for 6-8 weeks. Scale bar: 50 μM. (F) Proposed working model demonstrating differential CDK4 861 

and MAPK signaling pathway activation and sensitivity to CDK4 and MEK inhibitor treatments 862 

between epithelial and mesenchymal lung cancer cells due to ZEB1 regulation of p21 expression. 863 

Table 1. IC50 of epithelial and mesenchymal cell lines for indicated CDK4 inhibitors as determined 
by viability assay. 

CDK4 inhibitor Epithelial cells IC50 Mesenchymal cells IC50 

Palbociclib  

393P 10.8 344SQ 2.2 

393P_Vector 5.2 393P_ZEB1 0.6 

344SQ_miR-200 5.2 344SQ_Vector 0.8 

H358 9.6 A549 1.1 

H441 10 H1299 0.5 

H441_Vector 16 H441_ZEB1 2.6 

H1299_miR-200 3 H1299_Vector 0.6 

Abemaciclib 
393P 15 344SQ 2.2 

H358 1 H1299 0.2 

Ribociclib 
393P 19.2 344SQ 3.8 

H358 29 H1299 3.3 

864 
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Figures

Figure 1

Mesenchymal lung cancer cells exhibit increased dependency on CDK4 for growth. (A) Schematic
illustration of the work�ow of the shRNA dropout screens. A library of lentiviral particles expressing 10
different barcoded shRNAs was transduced into murine KP mutant lung cancer cells. The cells were



cultured in vitro or implanted in nude or syngeneic 129/Sv mice and later sequenced for barcoded
shRNAs and compared to reference cells. (B) Results from Kinome and FDAome shRNA dropout screens
in 393P (epithelial) and 344P (mesenchymal) cell lines and tumors compared based on the redundant
shRNA activity (RSA). Top differential hits are labeled on the graphs, most important being CDK4 (red).
Venn diagram shows comparisons across different conditions and top hits identi�ed. (C) Cluster plot
analysis of Spearman’s rank correlation between EMT score and CDK4 mRNA expression of 118 human
NSCLC cell lines. (D) In vitro cell viability after 48 hour palbociclib treatment in a panel of epithelial and
mesenchymal murine (393P, 344SQ) and human (H358, H1299) lung cancer cell lines. n=8 per drug
concentration. The curve was generated using a nonlinear regression �t model. (E) Western blot showing
the effect on signaling in 393P and 344SQ tumor cells upon treatment with abemaciclib (A: 2 μM)
and ribociclib (R: 2 μM) for 24 and 48 hours. (F) Top: Relative mRNA expression of CDK4
upon doxycycline mediated induction of shRNAs targeting CDK4 at 72 hours. Bottom: Growth rates  of
393P and 344SQ cells with or without CDK4 knockdown over 72 hours measured by MTT assay. One and
two-way ANOVA test was used for statistical analysis, respectively. (G) Western blot analysis of CDK4
pathway after 72 hours of CDK4 knockdown. **** p<0.0001; ** p<0.001.



Figure 2

The CDK4 pathway is dynamically regulated by the EMT 740 status of tumor cells (A) Cell cycle analysis
393P and 344SQ cells using propidium iodide (PI). Baseline cell cycle was determined by staining cells in
culture with PI. Cell cycle arrest was induced by serum starvation of cells for 24 hours followed by release
into cell cycle by addition of FBS containing media and analyzed after 10, 20 and 36 hours. (B)
Subcellular fractionation followed by western blot analysis of indicated cell cycle markers. (C) Top:



Representative images of immuno�uorescence on 393P and 344SQ wild type cells for indicated markers.
Scale bar: 50 μM. Bottom: 4-6 biological replicates were analyzed for quanti�cation of the �uorescent
signal. One-way ANOVA was used for statistical analysis. (D-E) Western blot analysis of murine (D) and
human (E) cells with ZEB1 and miR-200 expression. Cells were induced with 2 μg/ml of doxycycline for
times indicated. (F) Immunohistochemistry on tumors derived from 393P, 344SQ and 393P_AZDR tumors
for indicated markers. Scale bar: 50 μM (G) Western blot analysis on cell lines derived from 393P tumors
treated with vehicle or AZD6244 for indicated markers. (H) In vitro cell viability assay on 393P, 344SQ,
393P_vehicle and 393P_AZDR after 48 hours of AZD6244 and palbociclib treatment. n=8 per drug
concentration. The curve was generated using a nonlinear regression �t model. **** p<0.0001; ***
p<0.005; ** p<0.001.

Figure 3

ZEB1 regulates p21 expression and causes differential 756 CDK4 pathway activation. (A) Transient
knockdown of p21 and p27 using 20 nM si-RNAs for 48 hours in 393P and 344SQ cells followed by
western blot analysis. (B) (Left) Immuno�uroscent staining of 393P, 393P_AZDR and 344SQ cells. Scale
bar top: 100 μM, bottom: 10 μM. (Right) Quanti�cation of cells co-staining positive for CDK4 and p21 in
each cell lines. 4-6 biological replicates were analyzed for quanti�cation of the �uorescent signal. (C)
Relative expression of Cdkn1a mRNA in a panel of epithelial and mesenchymal murine lung cancer cells
(left) and 393P vehicle and AZDR cell lines (right). (D) Cluster plot analysis of Pearson’s correlation
between CDKN1A mRNA and EMT score in 29 KRAS mutant human lung adenocarcinoma cell lines. (E)



Immunohistochemistry on tumors derived from 393P, 344SQ and 393P-AZDR cells Scale bar: 50 μM. (F)
Cluster plot analysis of Pearson’s correlation between ZEB1 and p21 H scores in NSCLC specimens. (G
and H) Relative expression of Cdkn1a mRNA and p21 protein levels upon induction of EMT or MET.
ZEB1 induction for 48 hours with 2 μg/ml of doxycycline in murine (G, top) and human (G,
bottom) epithelial lung cancer cell lines. miR-200 induction for 48 hours with 2 μg/ml of doxycycline
in murine (H, top) and human (H, bottom) mesenchymal lung cancer cell lines. (I) Luciferase
reporter assay to determine relative luciferase activity of CDKN1A promoter reporter construct
transfected into epithelial H358 and H441 cells with induced ZEB1 expression or mesenchymal H1299
with induced miR-200 expression. Relative luciferin signal was normalized to promoter-less vector control
signal. (J) Fold enrichment by qPCR analysis of CDKN1A promoter containing ZEB1 binding site after
endogenous ZEB1 ChIP in H441 cells with inducible ZEB1 expression or H1299 cells with inducible miR-
200 expression, using ZEB1 antibody or immunoglobulin G (IgG) control antibody. One-way ANOVA was
used for statistical analysis in all the panels. **** p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05; ns: not
signi�cant.



Figure 4

Suppression of p21 in mesenchymal cells regulates 779 CDK4 pathway. (A) Transient knockdown of
CDK4 using 20 nM si-RNAs for 12, 24 and 48 hours in epithelial and mesenchymal cancer cells followed
by western blot analysis. (B) (Left) Graphical representation of the differences in CDK4-p21 complex
formation in epithelial and mesenchymal cancer cells. (Right) Co-IP of endogenous CDK4 and p21 in
epithelial (393P and 344SQ_miR-200) and mesenchymal (344SQ and 344SQ_vec) cell lines and analyzed



by western blot with anti-CDK4 and anti-p21 antibodies. (C) Constitutive overexpression of Cdkn1a in
344SQ cell lines. Relative mRNA expression of Cdkn1a (left), western blot analysis of CDK4 pathway
(middle) and co-IP of CDK4 and p21 in 344SQ cells (right). (D) Growth rates of 344SQ cells ± p21
constitutive overexpression over 4 days measured by WST-1 assay. (E) Tumor volume measurements at
indicated time points of 344SQ tumors + p21 (n= 5 per group). Data are presented as mean ± SEM. (F)
Doxycycline induced overexpression of Cdkn1a in 344SQ cell lines for 48 hours. Relative mRNA
expression of Cdkn1a (left), western blot analysis of CDK4 pathway (middle) and co-IP of CDK4 and p21
in 344SQ cells (right). (G) Growth rates of 344SQ cells ± p21 overexpression (doxycycline induced) over 4
days measured by WST-1 assay. (H) Tumor volume measurements at indicated time points of 344SQ
tumors + p21 expression with doxycycline feed (n=9-10/group). Dox feed was started after tumors
reached a size of 100-150 mm3 (indicated by arrow). Data are presented as mean ± SEM. (I) Western blot
of EMT markers with CDK4 knockdown for 72 hours. (J) In vitro cell viability assay on 344SQ (top) and
344P (bottom) lung cancer cell lines with or without transient knockdown of CDK4 and treatment with a
range of concentrations of AZD6244 for 48 hours. n=8 per drug concentration. The curve was generated
using a nonlinear regression �t model. (K) Palbociclib and AZD6244 were used to determine the Drug
Reduction Index (DRI) and Combination Index (CI) using Chou-Talalay method on 344SQ cells. (L)
Western blot analysis on cells treated with AZD6244 (5μM) and palbociclib (5μM) for 48 hours. Cleaved
caspase-3 was used as an apoptotic marker. Statistical analysis for C, E, F and H: Unpaired t-test and for
D and G: Two-way ANOVA test. **** p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05.



Figure 5

Co-targeting CDK4 and MAPK pathways targets d 805 ifferent tumor cell subsets. (A-B) Apoptosis was
determined by annexin V and propidium iodide staining of murine and human lung cancer cells after
treatment with AZD6244 (5 μM) or palbociclib (5 μM) for 48 hours. The data are presented as the mean ±
SD from three replicates. (C) 344SQ_Z-cad cells were treated with DMSO, mocetinostat (1 μM), AZD6244
(5 μM), or palbociclib (5 μM) for 48 hours followed by �uorescent image acquisition. Scale bar: 50 μM.



(D) Images from (C) were quanti�ed for the percentage of RFP or GFP color pixels calculated per �eld of
view (FOV). n=4-6 FOVs. (E) 344SQ_Z-cad cells were treated with DMSO, AZD6244 (5 μM), palbociclib (5
μM) or the combination. NucView® 405 Caspase 3 substrate was added to each condition as a readout
for apoptosis. Representative �uorescent images were acquired 48 hours after addition of drugs (left).
Scale bar = 25 μM. Arrows indicate apoptotic cells. Images were quanti�ed for total caspase- 3+ cells as
a percentage of total cells in 4-6 FOVs (right). (F-G) Ex vivo tumors (EVTs) were plated in a Matrigel (MG)
or a Collagen/Matrigel (Coll/MG) matrix. After 24 hours, EVTs were treated with DMSO, AZD6244 (5 μM),
palbociclib (5 μM) or the combination. (F) Treatment in MG was continued for 9 days with representative
images from last day of the culture shown (left panel, scale bar: 200 μM). Percentage of RFP and GFP
color pixels in 4-6 FOVs (middle panel). Data are represented as mean. At the end of the treatment, Cell
Titer-Glo reagent was added and relative luciferin signal was measured (right panel). (G) EVTs in Coll/MG
matrix were treated for 5 days. Representative images at the end of experiment shown (left panel, scale
bar: 100 μM), quanti�cation of percentage RFP and GFP color pixels in 4-6 FOVs (middle panel) and
relative luciferin signal using Cell Titer-Glo reagent (right panel). Treatment groups were compared
to DMSO using one-way ANOVA in all the panels. **** p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05; ns: not
signi�cant.

Figure 6

Combination of MEK and CDK4 inhibitors cont 828 rols syngeneic tumor growth and prevents emergence
of EMT mediated resistance. (A) In vivo volume measurements at the indicated time points for 344SQ
subcutaneous tumors in syngeneic WT mice (n=5 per group) after daily treatment with solvent, AZD6244



(25 mg/kg), palbociclib (50 mg/kg) or combination. Arrow indicates start of the treatment. (B) 344SQ
subcutaneous tumors were treated with solvent (n=5), AZD6244 (25 mg/kg) (n=10), palbociclib (50
mg/kg) (n=10) or combination (n=5) for 7 weeks at which point resistance to palbociclib emerged. 5 mice
from palbociclib treatment alone arm were converted to combination arm and treatment was continued
for another 3 weeks (marked by purple X). (C) Fold change in 344SQ tumors in the palbociclib and combo
arms over 13 weeks. (D) Immunohistochemical analysis on 344SQ tumors treated with solvent or
palbociclib for 7 weeks with indicated markers. Scale bar: 50 μM. (E) In vivo volume measurements at
indicated time points for 393P subcutaneous tumors in syngeneic WT mice (n=5 per group) after
daily treatment with solvent, AZD6244 (25 mg/kg), palbociclib (50 mg/kg) or combination.
Arrow indicates start of treatment. (F) In vivo volume measurements of 393P-AZDR subcutaneous tumors
in syngeneic WT mice (n=5 per group) after daily treatment with AZD6244 (25 mg/kg) or palbociclib (50
mg/kg). Arrow indicates start of treatment at day 14. (G) IHC analysis on 344SQ and 393P tumors
harvested from (A) and (E) respectively, with indicated markers. Scale bar: 50 μM. (H-J) Tumors from the
experiments described in (A) and (E) were stained with Ki67 and TUNEL assay to measure cell
proliferation and cell death respectively. Representative IHC images are shown in (H). Scale bar: 50 μM.
Images were quanti�ed for Ki67 (I) and TUNEL (J) staining in each treatment group. n=2-3 per group with
3-6 FOV per mouse. Statistical signi�cance was determined by one-way ANOVA in all the panels. ****
p<0.0001; *** p<0.005; ** p<0.001; * p< 0.05; ns: not signi�cant.



Figure 7

Concomitant targeting of CDK4 and MAPK 851 pathways augments response in Kras mutant
autochthonous lung tumors. (A) Immunohistochemistry for indicated markers on KrasLSL/+, Kras
LSL/+P�ox/�ox and Kras LSL/+M-/- lung sections 18-20 weeks post Ad-Cre infection. Scale bar: 50 μM.
(B) Immunohistochemistry for indicated markers on KrasLSL/+, Kras LSL/+P�ox/�ox and Kras
LSL/+M-/- lung sections 18-20 weeks post Ad-Cre infection. Scale bar: 50 μM. (C) Percentage change in



overall lung tumor area of KrasLSL/+, Kras LSL/+P�ox/�ox and Kras LSL/+M-/- mice after 6-8 weeks of
daily treatment with AZD6244 (25 mg/kg), palbociclib (50 mg/kg) or both as assessed by micro-CT
imaging of mouse lungs. Signi�cance was determined using Brown-Forsythe and Welch ANOVA tests. (D
and E) Immunohistochemistry for indicated markers on lung sections from mice treated Kras
LSL/+P�ox/�ox (D) and Kras LSL/+M-/- (E) treated with AZD6244 and palbociclib for 6-8 weeks. Scale
bar: 50 μM. (F) Proposed working model demonstrating differential CDK4 and MAPK signaling pathway
activation and sensitivity to CDK4 and MEK inhibitor treatments between epithelial and mesenchymal
lung cancer cells due to ZEB1 regulation of p21 expression.
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