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Abstract 

Genetic interactions impact both normal human physiology and human diseases, such as cancer. 

Here, we study genetic interactions through the lens of human lung cancers driven by oncogenic 

forms of the epidermal growth factor receptor (EGFR), which we and others previously showed 

harbor a rich landscape of genetic co-alterations and potential genetic interactions. Among the 

most common genetic co-alterations with oncogenic EGFR are genomic amplifications of cell 

cycle regulators CDK4 or CDK6, which have been implicated in EGFR inhibitor clinical 

resistance, although the mechanism underlying this effect is not well characterized. We show that 

CDK4/6 upregulation overcomes EGFR inhibitor-induced G1/S cell cycle arrest in association 

with increased replication stress, DNA damage and genomic instability. These biological effects 

arising in CDK4/6 upregulated tumors help to enable resistance to EGFR targeted therapies 

through established genetic resistance mechanisms. Combinatorial EGFR and CDK4/6 inhibitor 

treatment alleviated genomic instability and EGFR inhibitor resistance in patient-derived 

preclinical models. This study reveals mechanistic and clinical impacts of the genetic interaction 

between oncogenic EGFR and CDK4/6 co-alterations in human lung cancer. 

 

Main Text 

Understanding how genetic interactions regulate physiologic and pathologic cell biology 

can shed light on the mechanisms governing cellular behaviors, including cell metabolism, 

proliferation, and apoptosis1,2, with therapeutic implications3. Such genetic interactions can 

contribute to ultimate cell and tissue phenotypes as well as phenotypic heterogeneity and 

plasticity1-3. Many diseases including cancer arise not just via single gene aberrations but also 
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through multiple complex genetic events4. The extent to which, and mechanisms by which genetic 

interactions promote cancer and its associated phenotypes is important and incompletely 

understood. Further characterization of these genetic interactions will allow us to more completely 

define disease pathogenesis and identify improved treatment strategies.  

We sought a deeper understanding of somatic genetic interactions affecting the 

pathogenesis and treatment of non-small cell lung cancer (NSCLC), which accounts for 

approximately 85% of lung cancers and is the leading cause of cancer-related mortality 

worldwide5,6. Among NSCLC, lung adenocarcinoma (LUAD) is the most common histologic 

subtype7. Targetable oncogenic driver mutations are now identifiable in the majority of LUAD 

cases8. Oncogenic activating mutations in epidermal growth factor receptor (EGFRmt) are present 

in ~ 15-30% of patients in the U.S. and more than 50% of cases in Asia9-11. Small molecule EGFR 

tyrosine kinase inhibitors (TKIs), including erlotinib, gefitinib, afatinib, dacomitinib, and the third 

generation EGFR inhibitor osimertinib improve overall response (ORR) rate as well as 

progression-free survival (PFS) compared to traditional cytotoxic chemotherapy. However, TKI-

resistance limits the effectiveness of these therapies after approximately one to three years for 

patients with metastatic disease12-14. Several mechanisms of acquired resistance to EGFR TKIs 

have been identified, including on-target mutations within EGFR, amplification of other receptor 

tyrosine kinases (RTKs), such as MET, oncogenic fusions involving ALK and RET, as well as 

activating mutations within the MAPK signaling pathway15. A role for genes known to regulate 

cell cycle progression, including CDK4 and CDK6, has also emerged as potential resistance 

mechanisms3,16,17. 

Interrogation of the genomic alteration landscape present in circulating tumor DNA 

(ctDNA) from 1,122 advanced stage EGFR mutant NSCLC patients previously allowed us to 
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uncover genetic co-alterations beyond oncogenic EGFR which could potentially impact response 

to EGFR targeted therapies3. Among the most common genetic co-alterations identified were 

alterations in cell cycle regulatory genes, which were clinically associated with decreased response 

to osimertinib, as well as reduced PFS and overall survival (OS) in advanced EGFR-mutant lung 

adenocarcinoma cases3. Importantly, these cell cycle gene alterations were also associated with 

acquired resistance to osimertinib, but the mechanism by which they promote EGFR TKI 

resistance was unclear3. Among the cell cycle regulatory genes, CDK4 and CDK6 copy number 

alterations (CNAs) were most closely associated with decreased PFS and resistance upon 

osimertinib treatment3. Recent clinical data further support a role for CDK4 and CDK6 gene 

alterations in de novo EGFR TKI resistance in EGFR mutant NSCLC patients17. CDK4 and CDK6 

proteins regulate G1/S cell cycle progression through phosphorylation of retinoblastoma protein 1 

(RB1). Phosphorylation of RB1 releases its inhibitory binding to transcription factor family E2F 

which mediates the transition from G1 to S-phase of the cell cycle18.  

Alterations in cell cycle genes have been shown to induce significant deregulation of cell 

cycle checkpoints, compromising DNA integrity, and contribute to the accumulation of DNA 

damage and abnormal chromosomal segregation19-21. The extent to which each cell cycle gene 

alteration affects DNA stability and integrity and the implications for cancer therapy are currently 

unknown. Here, we investigated the mechanistic roles and potential clinical impacts of concurrent 

alterations in cell cycle genes more generally and CDK4/6 CNAs specifically in EGFR-mt LUAD, 

with potentially important therapeutic implications. 
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Results 

CDK4/6 CNAs are associated with significantly increased genomic instability in 

EGFRmt LUAD patient tumors.  

To determine the impact of cell cycle gene alterations on EGFRmt NSCLC genomic 

stability, with a focus on CDK4/6 CNAs, we analyzed targeted exome sequencing datasets from a 

cohort of 660 EGFRmt advanced NSCLC cases profiled by Foundation Medicine (FM) with a 

panel of 401 cancer-relevant genes. These clinical cases were divided into two cohorts: those 

bearing alterations in any of the cell cycle genes defined by TCGA22, and cases negative for such 

alterations (Fig. 1a,b). In the cell cycle altered cohort, the most common cell cycle gene alterations 

were in the tumor suppressor genes CDKN2A/2B (49%-38.7%), and Rb1 (21.8%) (Fig. 1a). CDK4 

(15.7%), CCNE1 (10%), CCND1 (8%) and CDK6 (6.7%) alterations were the next most common 

cell cycle altered genes (Fig. 1a). CDK4 and CDK6 alterations were predominantly copy-number 

gains that were mutually exclusive from one another and with a higher frequency of representation 

in EGFRmt LUAD compared to LUAD cases with wild type EGFR (Fig. 1a and Supplementary 

Fig. 1a). Alterations in TP53, which could indirectly regulate cell cycle progression, were similarly 

represented across the two patient cohorts (68% of positive and 63% of negative patients; Fig. 

1a,b). As a measure of genomic instability (GIN), we assessed the fraction of genome alterations 

(FGA)23 and tumor mutational burden (TMB)24. EGFRmt NSCLC cases with concurrent cell cycle 

gene alterations demonstrated a significantly increased FGA and TMB compared to the negative 

cohort (Fig. 1c and Supplementary Fig. 1b). A significant increase in FGA and TMB in EGFRmt 

cell cycle gene alteration positive cases were also found in the MSK-IMPACT NSCLC dataset, 

which includes 95% LUAD cases (Fig. 1d and Supplementary Fig. 1c).  
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To determine the extent to which individual cell cycle genes contribute to GIN, we assessed 

the impact of specific cell cycle gene alterations on tumor FGA in FM and MSK-IMPACT 

datasets. Tumors with CDK4 or CDK6 CNAs demonstrated a significant increase in FGA (Fig. 

1e,f), but not in TMB (Supplementary Fig. 1d,e). Tumors that harbored RB1 alterations showed 

similar FGA increased to CDK4/6 CNAs positive tumors (Supplementary Fig. 1f), whereas 

CCND1 or CCND3 alterations showed a minimal increase in FGA (Supplementary Fig. 1g,h). In 

contrast, tumors with alterations in CDKN2A, CDKN2B, or CCNE1 demonstrated no difference in 

FGA (Supplementary Fig. 1i-k). FGA was also found to be positively correlated with the degree 

of CDK4/6 copy number gain in the FM dataset (Fig.1g).  

To determine whether increased FGA is associated with other commonly amplified genes 

in EGFRmt NSCLC, we assessed FGA in tumors with amplifications in NFKBIA (amplified in 

18% of cases), the most frequent gene amplification in this cohort and that is not known to be 

directly involved in cell cycle regulation, and in MDM2 (amplified in 14% of cases), the most 

frequent gene amplification in this cohort and that is indirectly associated with G1/S checkpoint 

regulation, compared to the FGA of non-amplified tumors. We found no significant difference 

among these subgroups (Supplementary Fig. 2a,b), suggesting that increased FGA is more 

common in tumors with cell cycle gene alterations. Next, we analyzed whether CDK4/6 CNAs are 

associated with whole genome doubling (WGD), an additional indicator of GIN25. As WGD 

analysis is enabled by whole exome sequencing (WES), we analyzed the TCGA NSCLC dataset 

and found a significantly higher number of WGD positive cases in the presence of CDK4/6 CNAs 

(Fig. 1h).  

Overall, these data suggest that of the co-occurring cell cycle gene alterations in EGFR-

mutated NSCLC, CDK4/6 CNAs and RB1 alterations are most associated with decreased genomic 
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integrity in EGFRmt lung cancers. The impact of RB1 alterations on EGFR inhibitor resistance 

has been extensively characterized26,27. RB1 alterations are only represented in a small percentage 

of CDK4/6 CNAs positive cases (Supplementary Fig. 2c,d), prompting us to investigate the 

potential role and underlying mechanisms of CDK4/6 CNAs in EGFR targeted therapy resistance 

in EGFRmt NSCLC. 

 
CDK4/6 overexpression or amplification increases genomic instability in EGFRmt LUAD 

CDX and PDX models.  

Given the increase in GIN observed in EGFRmt NSCLC cases with CDK4/6 CNAs, we 

tested whether CDK4 or CDK6 amplification or overexpression may cause increased genomic 

instability (GIN) in preclinical models. As a measure of GIN, we assessed the FGA in EGFRmt 

LUAD CDXs and primary, patient derived PDXs and PDOs. We observed a 20-fold increase in 

FGA in CDK4 and CDK6 overexpressing EGFRmt NSCLC tumor xenografts compared to EV 

controls (Fig. 2a and Supplementary Fig. 3a) and a 2-fold increase in FGA in CDK6 amplified 

TH116 and TH21 EGFRmt PDXs compared to patient derived TH107, CDK4/6 non-amplified, 

EGFRmt organoids (Supplementary Fig. 3b-h). We performed single-cell resolution, karyotypic 

characterization assays of CDK4/6 overexpressing H1975 CDXs using DNA content analysis by 

flow cytometry. A higher percentage of cells from CDK4 or CDK6 overexpressing H1975 CDXs 

were found to have > 2N DNA content compared to EV controls (Fig. 2b), indicating a higher 

degree of aneuploidy. CDK4 or CDK6 overexpressing CDXs also exhibited a significantly higher 

percentage of cells undergoing mitosis, as demonstrated by immunofluorescence staining for the 

centrosome marker g-tubulin (Fig. 2c-e). Pan-centromere FISH (Supplementary Fig. 4a-c) analysis 

of FFPE tumor tissues confirmed a higher degree of aneuploidy in CDK4 or CDK6 overexpressing 

CDXs (Supplementary Fig. 4d-e).  
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These collective data suggest that CDK4 or CDK6 upregulation induces an accumulation 

of chromosomal aberrations in EGFRmt NSCLC xenografts and that, despite this, a subset of cells 

retain the capacity to undergo mitosis. 

 

CDK4/6 upregulation bypasses the G1/S checkpoint leading to premature DNA synthesis in 

EGFRmt LUAD.  

To identify the mechanism by which CDK4/6 overexpression promotes GIN, we assessed 

gene expression changes induced by CDK4/6 overexpression in CDXs. Gene set enrichment 

analysis of CDK4 or CDK6 overexpressing H1975 tumor xenografts showed significant 

upregulation of E2F1 target genes, which mediate G1/S transition, together with significant 

enrichment of G2/M checkpoint, DNA repair genes and downregulation of epithelial-to-

mesenchymal transition (EMT), NFkB, p53, and apoptosis pathways (Fig. 3a and Supplementary 

Fig. 5a-c). These data suggest that NSCLC tumors overexpressing CDK4 or CDK6 may bypass 

the G1/S checkpoint, leading to pre-mature DNA synthesis while also exhibiting CDK4/6-

associated changes in lineage state and inflammatory and apoptotic programs.  

We tested this hypothesis by assessing the quantity of newly synthesized DNA through 

measurement of EdU incorporation in CDK4 and CDK6 overexpressing tumor xenografts 

compared to EV controls. Immunofluorescence analysis of EdU incorporation in CDK4 and CDK6 

overexpressing H1975 CDXs demonstrated a significant increase in DNA synthesis compared to 

EV controls (Fig. 3b,c). This was consistent with the higher Ki67 positivity in the CDK4/6 

overexpressing tumor xenografts versus controls (Supplementary Fig. 6a,b). Upon EGFR TKI 

treatment, CDK4/6 overexpressing CDXs retained higher DNA synthesis compared to controls 

(Fig. 3b,d). Furthermore, there were increased levels of Retinoblastoma-associated protein 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 14, 2024. ; https://doi.org/10.1101/2024.03.12.584638doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.12.584638


 9 

phosphorylation (p-Rb) and of the cell cycle gene cyclin E1 (CCNE1) during osimertinib treatment 

in CDK6 overexpressing HCC827 and H1975 EGFRmt NSCLC cells compared to controls (Fig. 

3e,f), suggesting that CDK6 overexpression is sufficient to overcome the G1/S arrest associated 

with osimertinib treatment. G1/S progression was further characterized using a FUCCI dual sensor 

assay28. There was a significantly higher percentage of cells in S/G2/M phases in HCC827 CDK6 

expressing 3D colonies versus control cells, both pre- and post-treatment with EGFR TKI 

(Supplementary Fig. 6c,d). Taken together, these data demonstrate that overexpression of CDK4 

or CDK6 results in enhanced entry into S phase of the cell cycle that is maintained during 

osimertinib treatment. 

 

CDK4/6 upregulation bypasses the G1/S checkpoint leading to replication stress in EGFRmt 

LUAD. 

Given that the G1/S checkpoint of the cell cycle is necessary to ensure cellular repair of 

DNA damage prior to DNA replication29, we hypothesized that CDK4/6 overexpression would 

lead to an accumulation of intracellular DNA damage. We tested this hypothesis using double 

immunofluorescence staining for gamma-H2AX and EdU in H1975 CDK4 and CDK6 

overexpressing tumor xenografts (Fig. 4a,b). Specifically, we quantified gamma-H2AX foci in 

proliferating, EdU positive cells, as a measure of double-strand DNA breaks (Fig. 4c). H1975 

CDK4 and CDK6 overexpressing CDXs showed significantly higher gamma-H2AX foci in 

proliferating cells than controls (Fig. 4a,c). This effect persisted during osimertinib treatment (Fig. 

4b,c and Supplementary Fig. 7a).  

Next, we tested whether the accumulation of DNA damage could be a consequence of 

additional replication stress caused by premature DNA synthesis entry in CDK4/6 overexpressing 
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NSCLC tumors. We evaluated the level of a panel of biomarkers indicative of DNA replication 

stress using immunoblotting30,31. The protein panel included: phosphorylation of Retinoblastoma-

associated protein (Rb1), TPX2 microtubule nucleation factor (TPX2), phosphorylation of 

replication protein A (RPA), as well as phosphorylation of ataxia-telangiectasia mutated (ATM). 

H1975 and PC9 CDK4 and CDK6 expressing CDXs demonstrated significantly higher expression 

levels of replication stress biomarkers compared to EV controls (Fig. 4d,e and Supplementary Fig. 

7b). Given the role of TPX2 during interphase as a protecting factor of DNA fork stability during 

replication stress31, we assessed nuclear expression of TPX2 in CDK4 and CDK6 overexpressing 

CDXs by immunohistochemistry and identified increased TPX2 nuclear expression compared to 

EV controls (Fig. 4f,g). Increased TPX2 nuclear localization in H1975 CDK4 and CDK6 

overexpressing CDXs was also observed post-osimertinib treatment, although it was decreased 

compared with pre-treatment levels (Fig. 4f,g). TPX2 gene expression has been shown to depend 

on the activity of transcription factor E2F132,33, which is in line with the downregulation of the 

TPX2 gene that we observed upon transient E2F1 knockdown (Supplementary Fig. 7c,d). CDK4 

and CDK6 overexpressing CDXs also demonstrated increased expression of phosphorylated ATM 

(Fig. 4d,e), indicative of DNA damage response (DDR) activation. Further analysis of RNA 

sequencing data obtained from CDK4/6 overexpressing H1975 CDXs revealed evidence of 

upregulation of key DDR inducers and effectors, including CHEK1, CHEK2, RAD51 and 

BRCA1, supporting this hypothesis (Supplementary Fig. 7e).  
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CDK4/6 overexpression induces resistance to EGFR targeted therapy and acquisition of 

secondary oncogenic alterations in EGFRmt LUAD. 

To better understand the effects of CDK4 or CDK6 CNAs induced GIN on EGFRmt lung 

cancer cell responsiveness to EGFR TKI treatment we assessed a panel of EGFRmt NSCLC cell 

lines (H1975, PC9, HCC827) and primary, patient-derived organoid (PDO) cultures from an 

EGFR Exon 19 deletion positive NSCLC patient (TH107) (Supplementary Table 1-2). CDK4 or 

CDK6 overexpression in NSCLC cells (Supplementary Figs. 3a and 8a and Supplementary Table 

2) conferred relative resistance to osimertinib treatment compared to control cells in long-term 2D 

assays (Supplementary Fig. 8b) and 3D cultures (Fig. 5a-c and Supplementary Fig. 8c-h), 

indicating that CDK4 or CDK6 upregulation induces osimertinib resistance. TH107 PDOs, which 

had no evidence of CDK4 or CDK6 CNAs (Supplementary Fig.3f,g), were genetically engineered 

to overexpress CDK4 or CDK6 through lentiviral infection to model CDK4/6 CNAs 

(Supplementary Fig.9a and Supplementary Table 1-2).34 CDK4/6 overexpressing TH107 PDOs 

were resistant to EGFR inhibitor (osimertinib) treatment in a 35-day assay (Fig. 5d,e and 

Supplementary Fig.9b,c).  

To test whether CDK4 or CDK6 upregulation affects response to EGFR TKI treatment in 

vivo, we compared the TKI sensitivity of CDK4/6 overexpressing H1975 and PC9 CDXs to empty 

vector (EV) controls (Supplementary Table 2). First, we observed significantly increased tumor 

volumes in vehicle-treated CDK6 overexpressing H1975 and PC9 CDXs compared to controls 

(Supplementary Fig. 10a,b), suggesting that CDK6 overexpressing tumors have a higher growth 

potential. We next assessed the osimertinib sensitivity of H1975 CDXs across a dose range from 

2.5 mg/kg/day to 10 mg/kg/day and found that 5 mg/kg/day was sufficient to inhibit EGFR 

phosphorylation and signaling in these models (Fig. 5f). Osimertinib treatment suppressed the 
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growth of H1975-EV xenografts, whereas CDK4 or CDK6 overexpressing tumor xenografts 

showed osimertinib resistance (Fig. 5g,h, Supplementary Fig. 10c). 

We classified the change in tumor volume under treatment using criteria in alignment with 

RECIST 1.1, which include complete response (CR), partial response (PR) being defined a 

decrease in tumor volume by at least 30%, progressive disease (PD) being defined as an increase 

in tumor volume by at least 20%, and stable disease (SD) between -30% and + 20%35. All EGFR 

L858R, T790M H1975 CDK6 overexpressing tumors (5/5) exhibited PD, whereas no E.V. control 

tumors met criteria for PD (Supplementary Fig. 10d-f and Supplementary Table 3). To determine 

whether these results were generalizable to other EGFRmt lung cancer models, we tested 

EGFRDel19 PC9 CDXs overexpressing CDK6 or EV control that were treated with osimertinib 

(Supplementary Fig. 11a and Supplementary Table 3). PC9 CDXs overexpressing CDK6 similarly 

exhibited osimertinib resistance compared to EV controls (Supplementary Fig. 11a-c), with higher 

degrees of CDK6 expression in tumors at PD versus PR and SD (Supplementary Fig. 11d,e). 

Overall, these results demonstrate that CDK4 or CDK6 upregulation induces resistance to EGFR 

inhibitor (osimertinib) treatment in multiple EGFRmt NSCLC models. 

Next, to understand the role that CDK4/6 induced GIN exerts on EGFR targeted therapy 

sensitivity, we assessed the degree of CNVs and non-synonymous SNVs acquisition upon 

osimertinib treatment in CDK4 or CDK6 overexpressing EGFRmt tumor xenografts. CDK4 or 

CDK6 overexpression induced significant karyotypic aberrations in the genome of osimertinib 

treated tumors compared to empty vector control (Supplementary Fig. 12a-c). This was 

accompanied by the acquisition of secondary oncogene and pathway alterations with relevant roles 

in EGFR TKI resistance (Supplementary Fig. 12d-e)15,36,37. Key genes contributing to EGFR 

inhibitor resistance identified were included in large scale38 (~ 50-100 Mb) copy number gains in 
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chromosome 7 in all CDK4/6 overexpressing EGFR-mt tumors, and including EGFR, MET, BRAF 

and CDK6 (Supplementary Fig. 12c) genes which can each (and together) induce EGFR TKI 

resistance.15 EGFR gene chromosomal gain co-localized with gain in CDK6 gene in one sample, 

whereas MET and BRAF gene chromosomal gains were detected and co-localized in 3 out of 4 

tumors, two of which also included gain in CDK6 gene (Supplementary Fig. 12c). These secondary 

gene alterations were also among the most frequent present in clinical cases carrying concurrent 

EGFR mutations and CDK4 or CDK6 amplification in a cBioPortal cross-analysis (Supplementary 

Fig. 13a-c). Compared to vehicle treated tumors, osimertinib induced significant acquisition of 

unique, non-synonymous SNVs in all xenografts, regardless of CDK4/6 status (Supplementary 

Fig. 12d), with no significant differences in TMB, consistent with our clinical data (Supplementary 

Fig. 1d-e). In line with these results, previous data reported increased DNA damage39 and enhanced 

APOBEC activity40 in LUAD tumors following EGFR TKI treatment, both of which could 

contribute to the accumulation of SNVs that we observed. In order to check whether, despite the 

general increase in TMB in all tumors, CDK4/6 upregulation triggers enrichment of SNVs 

belonging to specific TCGA-defined oncogenic pathways22, we performed pathway analysis of 

SNVs uniquely represented in CDK4/6 overexpressing EGFRmt tumor xenografts, with predicted 

functional impact. This analysis revealed previously recognized EGFR TKI resistance processes 

including TGF-b, NRF2, RTK/RAS and WNT signaling as the most enriched in these tumors 

(Supplementary Fig. 12e)41-43. Taken together, CNVs and SNVs analyses highlighted the presence 

of a subset of alterations associated with EGFR TKI resistance in CDK4 or CDK6 upregulated 

EGFRmt LUAD tumors. 
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Combination therapy with oncogenic EGFR (osimertinib) and CDK4/6 inhibitors decreases 

replication stress and genomic instability in EGFRmt LUAD models, reduces cell 

proliferation, and enhances apoptosis. 

We hypothesized that inhibition of CDK4/6 activity may decrease tumor cell proliferation, 

and subsequent replication stress (RS) and restore osimertinib sensitivity in CDK4/6-upregulated 

EGFRmt LUAD models. We treated EGFRmt, CDK4/6 overexpressing H1975 CDXs with the 

FDA-approved CDK4/6 inhibitor palbociclib in combination with osimertinib (Fig. 6a and 

Supplementary Table 2). Combinatorial therapy more potently suppressed growth of CDK4/6-

upregulated CDX models than osimertinib or palbociclib monotherapy, significantly decreasing 

tumor sizes (Fig. 6a,b, Supplementary Fig.14a). The response to combination therapy with 

osimertinib plus palbociclib was durable when we extended the treatment to 35 days, showing 

significant tumor regression (Supplementary Fig. 14b). Tumors regrew only upon treatment 

cessation (Supplementary Fig. 14b). These data indicate that the addition of a CDK4/6 inhibitor to 

EGFR TKI treatment can overcome EGFR TKI resistance associated with CDK4/6 upregulation. 

To test whether the increased sensitivity to combinatorial treatment of CDK4/6 

overexpressing CDXs was linked to downregulation of RS and DNA damage, we assessed nuclear 

expression of p-Rb, p-RPA and gamma-H2AX by immunohistochemistry in CDK4 

overexpressing H1975 CDXs. Combination treatment with osimertinib and palbociclib more 

significantly reduced the percentage of CDK4 and p-Rb positive nuclei compared to monotherapy 

with osimertinib or palbociclib (Fig. 6c-f and Supplementary Fig. 14c,d). Moreover, combination 

therapy more effectively suppressed p-RPA, gamma-H2AX positive nuclei (Fig. 6g-j) and induced 

a higher degree of tumor necrosis (Fig. 6k,l and Supplementary Fig. 14e). Overall, these results 

highlight a more effective inhibition of G1/S progression and DNA damage accumulation, with 
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enhanced cell death, in CDK4/6 overexpressing CDXs using combination of EGFR and CDK4/6 

inhibitors.  

To further assess the translational relevance of our findings, we performed preclinical trials 

using PDOs and PDXs. EGFR Del19 TH107 CDK6 overexpressing PDOs were used to test 

monotherapy and combination treatment with osimertinib and the CDK4/6 inhibitor abemaciclib 

(Supplementary Table 1-2). Combinatorial treatment enhanced sensitivity to osimertinib in the 

otherwise resistant CDK4/6 upregulated models (Supplementary Fig. 14f). 

The effect of combination with osimertinib plus palbociclib therapy was also assessed in a 

PDX tumor model (TH-116), developed from a LUAD biopsy at resistance to osimertinib 

treatment, which harbored a concurrent EGFR L858R mutation and CDK6 CNA (Supplementary 

Fig. 3b,c and Supplementary Table 1-2). This tumor also exhibits elevated FGA compared to a 

non-CDK6 amplified EGFRmt PDX (Supplementary Fig 3h). In this primary, patient-derived 

model we determined that osimertinib 5 mg/kg and palbociclib 150 mg/kg were sufficient to block 

EGFR and CDK4/6 activation, respectively (Fig. 7a). TH116 PDXs continued to grow during 

osimertinib treatment indicating EGFR TKI resistance (Fig. 7b,c, Supplementary Fig. 15a and 

Supplementary Table 3). However, tumor growth was significantly diminished by the addition of 

the CDK4/6 inhibitor palbociclib with no overt signs of substantial toxicity (Fig. 7c,d, 

Supplementary Fig. 15a and Supplementary Table 3). To evaluate whether palbociclib plus 

osimertinib co-treatment could impact RS and GIN, we assessed tumor gamma-H2AX expression 

(Fig. 7e,f) and FGA (Fig. 7g). Tumor gamma-H2AX protein expression was significantly reduced 

with palbociclib in monotherapy and combination therapy with osimertinib, without showing 

significant changes in the CDK6 protein expression (Fig. 7e,f and Supplementary Fig. 15b-d). A 

significant reduction of FGA compared to vehicle treated tumors was observed only when 
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osimertinib was combined with palbociclib (Fig. 7g). The data suggest that blocking the activity 

of CDK4/6 alleviates DNA damage, leading to diminished tumor GIN in primary, patient-derived 

in vivo NSCLC models. 

Next, we investigated whether the significant reduction of RS and GIN detected in tumors 

treated with combinatorial osimertinib plus palbociclib was concurrent with a more effective 

suppression of tumor proliferation and induction of apoptosis. We assessed nuclear expression of 

Ki67 and cleaved caspase 3 by immunohistochemistry as a measure of proliferation and apoptosis, 

respectively, in empty vector control and CDK4/6 overexpressing EGFRmt tumors treated with 

EGFR TKI (osimertinib) under monotherapy and combinatorial therapy (Fig. 8a-b). We observed 

significant suppression of Ki67 levels and increased cleaved caspase 3 in CDK4/6 overexpressing 

tumors specifically under the combinatorial treatment (Fig. 8c-d). These data suggest that 

concurrent inhibition of EGFR and CDK4/6 can significantly suppress tumor proliferation and 

induce apoptosis in CDK4/6 upregulated LUAD tumors. 

 

 

Discussion 

Overall, this study sheds light on the mechanistic role of complex somatic genetic 

interactions in mammalian cells that drive disease pathogenesis and cancer therapy resistance. The 

findings provide strong rationale to study genetic interactions and their functional and therapeutic 

relevance more deeply in human cancers. Our work highlights the clinical and functional 

significance of co-occurring tumor genomic alterations in oncogene-driven NSCLC, which are 

generally poorly understood in NSCLC and other cancer types. We demonstrate that CDK4 and 

CDK6 amplification are associated with increased FGA in EGFRmt lung cancers in multiple 
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clinical datasets. Increased FGA has been shown to associate with poor prognosis in patients with 

early-stage NSCLC23. Similarly, in the TRACERx study, increased copy number heterogeneity 

was associated with GIN and increased risk of recurrence or death in patients with NSCLC44,45. In 

our analysis of two large independent patient cohorts, approximately 50% of EGFRmt NSCLCs 

harbor concurrent alterations of cell cycle related genes, with CDK4 or CDK6 amplification 

observed in approximately 10% of tumors. Evidence of increased FGA with CDK4/6 CNAs was 

present in both cohorts, suggesting that CDK4/6 upregulation may play a role in promoting GIN 

and poor outcomes in EGFRmt NSCLC.  

We found that replication stress and genomic instability in EGFRmt tumors contribute to 

therapy resistance. Activating EGFR mutations, such as L858R or exon 19 deletions, drive 

constitutive signaling through the MAPK pathway, culminating in ERK phosphorylation and 

activation of transcription factors that promote G1/S cell cycle progression46. Osimertinib and 

other EGFR TKIs induce cell cycle G1 arrest and apoptosis in EGFRmt TKI-sensitive lung cancer 

cells (Fig. 8e)47. We demonstrate that when CDK4 or CDK6 genes are upregulated, EGFRmt lung 

cancer cells no longer arrest in G1 upon EGFR TKI treatment and instead continue cell cycle 

progression and become relatively resistant to EGFR targeted therapy (Fig. 8f). These data 

demonstrate that CDK4 or CDK6 overexpression and/or amplification cooperate with the EGFR 

pathway as convergent regulators of G1/S progression but play a more significant role in EGFR 

tumor biology than simply allowing the cells to overcome the G1 arrest induced by EGFR 

inhibition. Early entry into S phase of the cell cycle promoted by CDK4/6 overexpression and/or 

amplification can promote replication stress within tumor cells, as evidenced by increased p-Rb1, 

EdU incorporation, Ki67 and TPX2 expression. Upregulation of TPX2, which is a transcriptional 

target of E2F transcription factors32,33, is associated with AURORA Kinase A activation and EGFR 
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TKI resistance48, suggesting that this is one potential mechanism by which CDK4/6 upregulation 

may promote EGFR inhibitor resistance (Fig. 8f). The aberrant G1/S checkpoint and consequent 

replication stress induced by CDK4 or CDK6 overexpression leads to an accumulation of DNA 

damage, as evidenced by upregulation of pATM, pRPA and gamma-H2AX expression, which in 

turn leads to increased DNA replication stress response and a DDR (Fig. 8f). Activation of the 

DDR-related ATM pathway has been shown to promote tumor cell survival during EGFR inhibitor 

treatment, providing another potential mechanism through which CDK4/6 upregulation may 

induce EGFR inhibitor resistance39. These DNA repair mechanisms may allow CDK4 or CDK6 

overexpressing tumor cells to resolve DNA damage to a sufficient level to allow mitosis to 

proceed, as partially evidenced by a higher mitotic index in CDK4 and CDK6 upregulated tumor 

xenografts (Fig. 2c-e). In this regard, inhibition of the DDR ATM pathway induced more durable 

responses in NSCLC in vivo models treated with EGFR targeted therapy, indicating a dependence 

and vulnerability in EGFRmt tumors that may be linked to the CDK4/6-mediated effects we 

report39.  

The accumulation of karyotypic aberrations associated with CDK4/6 upregulation occurs 

concurrent with the increased whole genome doubling (WGD) and upregulation of the G2/M 

checkpoint (Fig. 1h and Fig. 3a). Therefore, these tumor cells undergoing mitosis and division 

have a high fraction of genome alterations. The increased genomic instability in the context of 

concurrent CDK4/6 amplification increases a pool of secondary oncogenic CNAs and mutations 

which each and in concert promote EGFR TKI resistance; examples include EGFR, CDK6, MET 

and BRAF gene copy number gains and enrichment in TGF-b, NRF-2, RTK/RAS and WNT 

pathway mutations (Fig. 8f and Supplementary Fig. 12c-e)15. Upfront combination therapy with 

EGFR and CDK4/6 inhibitors could suppress CDK4/6-driven GIN and ongoing evolution in 
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tumors harboring these concurrent genetic alterations. We find evidence for this in the decreased 

Ki67, RS, DNA damage, and FGA observed upon combinatorial treatment with osimertinib and 

palbociclib in CDK4/6 overexpressing EGFRmt CDXs and CDK6 amplified EGFRmt PDXs (Fig. 

8g). Combinatorial treatment reduced the proportion of CDK4- and phospho-Rb expressing cells 

as well as GIN, compared to osimertinib monotherapy, in CDK4 overexpressing EGFRmt tumors 

(Fig. 6c-j), inducing apoptosis (Fig. 8b) and necrosis in the CDK4/6 overexpressing tumors (Fig. 

6k,l and Supplementary Fig. 14e). Based on our data, one possible explanation for these findings 

is that the combination therapy results in negative selection of clonal and sub-clonal cell 

populations that harbor CDK4/6 upregulation and the downstream GIN and resistance-associated 

genomic alterations that accompany it (Fig. 6g-j and Fig. 7e-g). 

Of note, we identified CCNE1 amp, but not CDK2, in 5% of FM cases. CCNE1 amp was 

mutually exclusive with CDK4 and CDK6 amp respectively in 97% and 95% of FM patients. 

Furthermore, CCNE1 amp was not associated with significant changes in tumor FGA compared 

to CCNE1 wild type cases, suggesting a different mechanism than CDK4/6 amplification to induce 

EGFR TKI resistance, which is an area for future study.  

Our study has limitations. First, we analyzed tumor DNA through WES or targeted exome 

sequencing, potentially masking the detection of sub-clonal populations with low abundance and 

limiting the analysis to the coding DNA regions. Copy number fluctuation of trans- and cis- 

intronic regulatory elements might also contribute to the evolution of TKI resistance in CDK4/6 

amp, EGFRmt NSCLC and will be a subject of future analyses49. We also limited our investigation 

to canonical roles of CDK4/6 as cell cycle regulators, whereas their functions in regulating gene 

expression, cell metabolism and immune editing50 will be further evaluated in expanded clinical 

cohorts, including other cancer types.  
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In summary, our study highlights the impact of CDK4/6 amplification on replication stress 

and GIN in EGFRmt NSCLC, which persists upon EGFR TKI treatment and contributes to therapy 

resistance. Combination therapies that block both EGFR and CDK4/6 activity may prevent RS and 

GIN induced activation of TPX2 and ATM, known contributors to EGFR TKI resistance39,48. 

Reduction in GIN may in turn decrease the pool of GIN-associated secondary alterations that can 

contribute to EGFR TKI resistance (e.g., MET and BRAF gene amplifications), promoting more 

enhanced anti-tumor responses (Fig. 8g). More broadly, our study highlights the complex genetic 

interactions within cancers that can exert multifactorial downstream biological consequences and 

contribute to the limited long-term efficacy of therapies that target individual oncogenic-driver 

alterations such as oncogenic EGFR. 

 

 

Online Methods  

Cell Lines, Primary Organoids and Reagents 

All cell lines were obtained and cultured as recommended by the American Type Culture 

Collection (ATCC). Before testing, cell lines were authenticated through STR profiling and 

confirmed negative for mycoplasma contamination. EGFR mutant (EGFRmt) NSCLC cell lines 

used in the present study were H1975 (EGFR L858R, T790M), HCC827 (EGFR Del19), PC9 

(EGFR Del19). EGFRmt cells were cultured in RPMI 1640 medium (HyClone, GE Healthcare), 

containing 10% FBS (SAFC, Sigma-Aldrich) and 1X penicillin and streptomycin (HyClone, GE 

Healthcare). DMEM (HyClone, GE Healthcare) supplemented with 10% FBS, 0.1X penicillin and 

streptomycin was used for HEK293-FT cells and SAGM medium (Lonza) for AALE cells. All cell 

lines were cultured in a humidified incubator with 5% CO2 at 37 °C. Primary, patient-derived 
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organoid TH-107 cells were established from biopsy specimen and cultured in matrigel as 

described previously51,52. Drugs used in these studies were: Osimertinib, Abemaciclib 

(Selleckchem); Palbociclib (LC Laboratories). The antibodies used for immunoblotting, 

immunohistochemistry and immunofluorescence were: CDK4 (Cell Signaling Tech., 12790) 

CDK6 (Cell Signaling Tech., 3136), pEGFR-Tyr1086 (ThermoFisher, 369700), p-EGFR-Tyr1068 

(Cell Signaling Tech., 3777), EGFR L858R (Cell Signaling Tech., 3197), p-AURKA (Cell 

Signaling Tech., 3079), p-Akt (Cell Signaling Tech., 4060), p-ERK (Cell Signaling Tech., 4370), 

Actin (Sigma, A2228), Rb (Cell Signaling Tech., 9309), p-Rb-Ser780 (Cell Signaling Tech., 

9307), p-Rb-Ser807/811 (Cell Signaling Tech., 8516), CCNE1 (Cell Signaling Tech., 20808), 

TPX2 (Cell Signaling Tech., 12245), p-RPA (Bethyl Laboratories, A300 245A M), p-ATM (Cell 

Signaling Tech., 13050 and Sigma, HPA005487), RPA (Bethyl Laboratories, A300 244A), 

gamma-H2AX (EMD Millipore, 05-636), gamma-Tubulin (Sigma, T5326), ki67 (Leica, NCL-L-

Ki67-MM1). Small interfering RNAs for E2F1 and scramble control were purchased from 

Dharmacon and transient knock-down was induced following the manufacturer’s instructions. 

 

Lentiviral Infection, Soft Agar, and Crystal Violet Assays 

Mammalian expression vectors EGFP, CDK4, CDK6 were purchased from Origene. Transfection 

of HEK293-FT cells with the overexpressing vectors was performed using Mirus reagent, per 

manufacturer’s instructions. Viral particles were collected after 72 hrs transfection and used to 

infect EGFRmt NSCLC cells in medium containing polybrene (8 μg/ml; Sigma-Aldrich). After 72 

hrs, cells were either sorted for EGFP or selected with puromycin (1 μg/mL; Gibco). Selected cells 

were used in the in vitro and in vivo tests. Successful overexpression of CDK4 and CDK6 were 

confirmed by qPCR and/or immunoblotting.  
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In vitro, soft agar colony formation assay was performed as previously described53. Colonies 

growth was assessed in a timeframe up to 4 weeks. At the time of collection, 6-well soft agar plates 

were incubated with a solution of 0.005% crystal violet in water for three hours. Plates were then 

imaged using ImageQuant (GE Healthcare) and colonies were counted using ImageJ program 

(NIH). 

 

Preclinical Studies 

H1975, PC9 xenografts and TH-116 PDXs were established in compliance with the UCSF IACUC 

IRB-approved protocols. Each H1975 and PC9 flank xenograft was obtained after sub-cutaneous 

injection of 1 million cells in the flank of each 4-week-old female SCID or athymic mouse. NSG 

mice were used for propagation and establishment of TH-116 PDXs. Drug treatments were 

performed as follows: osimertinib (daily oral gavage, 2.5 mg/Kg, 5 mg/Kg or 10 mg/Kg); 

palbociclib (daily oral gavage, 100 mg/Kg or 150 mg/Kg). Mice euthanasia was done when 

xenografts reached 20 mm diameter. We used similar drug regimens for combination studies. Mice 

were randomly divided and kept unlabeled until the treatments started. The tumors were measured 

with a digitized caliper by multiple researchers.  

For assessing the degree of newly synthetized DNA, IP injections of 100 µL EdU (200 µg) solution 

in PBS were carried 48 hrs before xenografts resection (Click-iT EdU kit, Invitrogen)54. OCT 

blocks of tissues were collected from each tumor and used for deriving cryosections that were 

stained either following the manufacture’s protocol for single EdU stain (Click-iT EdU kit, 

Invitrogen) or double immunofluorescence stain with gamma-H2AX55.  
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RNA sequencing and GSEA 

Total RNAs were extracted from CDK4/6 overexpressing tissues and empty vector controls 

(Qiagen) and sent to Novogene for RNA sequencing (NovaSeq 6000, PE150). 

For the Gene Set Enrichment Analysis (GSEA), a gene expression matrix for CDK4, CDK6 

overexpressing tissues, and controls (cells expressing empty vector, E.V.), in triplicates, was 

imported into GSEA algorithm (v4.03, Broad Institute). MSigDB was used for gene set enrichment 

comparisons between CDK4/6 overexpressing and E.V. CDXs groups. The enrichment score (ES), 

normalized ES and False discovery rate (FDR) were provided from the algorithm. An FDR < 25% 

was used for exploratory enrichment analysis.  

 

Immunoblotting, Immunohistochemistry, Immunofluorescence and FUCCI assay 

Protein lysates were extracted in RIPA buffer, adding protease inhibitors (Roche) and phosphatase 

inhibitors (Roche). For the immunoblotting, 15 μg of proteins were loaded into precast 4–15% 

acrylamide gels (Bio-Rad), then transferred on nitrocellulose membranes with Trans-blot Turbo 

Transfer system (Bio-Rad). Blots were blocked for 1 hr at room temperature in Tris-buffered 

saline, 0.1% Tween20 (vol/vol) and 5% (vol/vol) BSA (Fisher Scientific). Incubation with the 

primary antibodies was performed overnight at 4 °C, after which the membranes were washed 

twice with Tris-buffered saline, Tween20 (0.1% vol/vol). Incubation with secondary HRP-

conjugated antibodies (Cell Signaling Technology, anti-rabbit IgG, no. 7074, anti-mouse IgG, no. 

7076) was run for 1 hr, at room temperature. Membranes were then incubated with ECL reagent 

(GE Healthcare) and the signal detected by chemiluminescence. The development and scanning 

of the blots were run with ImageQuant LAS4000 (GE Healthcare Life Sciences). ImageJ (NIH) 

allowed western blot quantification. 
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Formalin-Fixed, Paraffin Embedded tissue blocks and sections were provided by the UCSF 

histology core. Immunohistochemistry (IHC) was performed as previously described 3. The stained 

slides were scanned with Aperio ScanScope CS Slide Scanner (Aperio Technologies) using a 20x 

objective. ScanScope algorithm was applied for the IHC quantification considering 3-5 fields per 

section and calculating mean and S.E.M. CDK4, CDK6, pRb, g-H2AX, pRPA stains were 

quantified on same areas of adjacent xenograft, viable tissue sections. Immunofluorescence with 

gamma-Tubulin antibody was performed using cryosections from OCT blocks collected from 

H1975 tissue xenografts as previously described56.  

For the tissue necrotic area analysis, FFPE sections were stained with hematoxylin-eosin and 

necrosis was quantified as percentage of affected areas following pathological guidelines57. 

Premo FUCCI dual sensor (Invitrogen) assay was used for assessing the cell cycle stage in E.V. 

and CDK6 overexpressing HCC827 single cells28. Briefly, cells were transfected with the sensor 

plasmids for 24 hrs, following the manufacturer’s instructions, then cells were seeded in soft agar. 

Fluorescent cells were imaged using a Zeiss Axioplan II microscope. Cells at different cell cycle 

stages were quantified with ImageJ (NIH) and expressed as a percentage of the whole population. 

 

Karyotyping Analyses: Metaphase Spreads, pan-centromeres FISH, PI-Flow Cytometry  

Metaphase spreads from AALE and H1975 cells were prepared as previously described58. Spreads 

were imaged with a Nikon Ti inverted microscope using a 100X objective and chromosomes were 

counted using ImageJ software (NIH). Pan-centromere probe (PNA Bio) FISH was performed on 

fixed cells and FFPE59 according to the manufacturer’s instructions. Propidium iodide DNA 

staining and flow cytometry analysis were carried using xenograft derived single cell, prepared as 

previously described60, fixed in ethanol 70% then stained with a propidium iodide solution 
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(Sigma). Single cell PI quantification was run using a FACSCalibur flow cytometer and data were 

analyzed with FlowJo software.  

 

Fraction of Genome Alteration Analysis (FGA), SNVs and copy number calling from whole 

exome sequencing data from in vivo tumor tissues 

DNA was extracted from xenograft tissues using tissue-DNA extraction-specific kit (Qiagen) and 

sent to Novogene (Sacramento, USA) for whole exome sequencing (WES; NovaSeq 6000, PE150, 

200X). Pair-end fastq files were mapped to the hg19 genome. Mutation (SNVs) calling was done 

using the SeqMule pipeline. The vcf files were annotated using ANNOVAR software at a high-

performance computing cluster (UCSF Helen Diller Comprehensive Cancer Center). Further 

analysis of annotated variants was conducted under the RStudio/R environment. Cell-derived and 

patient-derived xenograft WES bam files were used to infer copy number alterations between 

treatment group and control group utilizing function “copynumber” in VarScan algorithm. The 

altered genomic segments were annotated at gene levels. Each gene length was retrieved from 

hsapiens.UCSC.hg19.knownGene database. The sum of altered CNA genes over size of captured 

WES was defined as Fraction of Genome Alteration (FGA). We normalized the CDK4/6 

overexpressing and CDK6 amp xenografts FGA with the FGA from empty vector, CDK4/6 wild 

type or vehicle treated control xenografts expressing it as a fold-change23. To infer absolute integer 

gene copy number, mapped BAM files were used as input along with 

hg19_SureSelect_Human_All_Exon_V5.bed and human_g1k_v37.fasta files, for CNVkit (default 

parameters, python library, https://cnvkit.readthedocs.io/en/stable/), and log2 ratio of estimated 

segmentation between two conditions was computed. 
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Foundation Medicine, MSK Impact and cBioPortal dataset analyses 

EGFRmt advanced stage NSCLC cases analyzed from Foundation Medicine (FM) were 660 and 

targeted exome sequencing data for a panel of 401 cancer-related genes were used to detect somatic 

mutations and copy number alteration. The annotated data matrix was provided from FM. FGA 

analysis was computed from FM dataset using a panel of 306 cancer-related gene with CNV (gains 

and deletions) following previously published methods23. Briefly, patients were stratified based on 

the presence of selected cell cycle gene copy number alterations22. For each patient, genes with 

copy number alterations annotated from FM were filtered in and the size of each gene retrieved. 

The sum of altered gene sizes over the captured genome was computed as FGA. Boxplots were 

created with interquartile range (lower quartile 25%, median and upper quartile 75%). Each dot 

represents the FGA value in each patient’s tumor. Statistical significance was assessed using 

Wilcoxon test. For the Tumor Mutation Burden (TMB) analysis, the total nonsynonymous 

mutations over the captured genome size were computed as tumor mutation burden (TMB, number 

of gene mutations/Mega-base).  

FGA analysis was computed from MSK IMPACT dataset using 1668 NSCLC cases stratified in 

EGFRmt NSCLC cases carrying concurrent Cell Cycle alterations (69) or negative for such 

alterations (339) and from GENIE MSK IMPACT dataset using 1657 NSCLC LUAD EGFRmt 

patient’s tumors stratified in CDK4/6 amp positive (128) or negative (1469).  

For the correlation analysis between FGA and CDK4/6 amplifications, patients harboring 

CDK4/CDK6 amplifications with copy number greater that 4 were selected, the value of 

log10(CNV CDK4/6 amp) versus FGA value were plotted with linear regression model for best fit 

line, and F-statistics was used to calculate p-value.  
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Oncoprint analysis was used to show the most frequent concurrent gene alterations in Cell Cycle 

(CC) alteration positive (n=357) or CC-alteration negative (n=303) Foundation Medicine dataset 

cohorts. Each column represents a patient, each row represents one gene. Gene alteration 

frequencies greater than 6% were shown in the oncoprints.  

Analysis of LUAD cases through cBioPortal was done selecting cases positive for CDK4/6 CNAs, 

with concurrent EGFR mutations or wild type EGFR. Cases with concurrent EGFR and CDK4/6 

alterations were further analyzed for frequencies of Rb1 alterations. 

 

Whole Genome Doubling (WGD) analysis 

Whole Genome Doubling (WGD) analysis from TCGA lung adenocarcinoma (LUAD) cohort 

dataset was downloaded from: 

https://github.com/judithabk6/ITH_TCGA/blob/master/external_data/TCGA_mastercalls.abs_tab

les_JSedit.fixed.txt 

Correlation analysis was run annotating WGD events along with the status of CDK4/6 amp. Fisher 

exact test was used for the statistical significance.  

 

Statistical analyses 

We used One-way ANOVA with Tukey’s multiple comparisons and Student's T-test to assess 

statistical significance in preclinical functional studies (GraphPad Prism); variations across 

samples were expressed as S.E.M. For the Fraction of Genome Alterations (FGA) and Tumor 

Mutational Burden (TMB) analyses, statistical significance was assessed by Wilcoxon non-

parametric two group comparison test and two-side student t-test. 
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Figure 1 - Concurrent EGFRmt and CDK4/6 CNAs enhance the percentage of genome alterations 
in NSCLC patient tumors. 
(A, B) Oncoprints highlighting recurrent gene alterations detected in advanced EGFRmt NSCLCs 
harboring cell cycle (CC) gene alterations (CC pos.; A) or negative for such alterations (CC neg.; B) 
(Foundation Medicine-FM, dataset). (C, D) FGA analysis in EGFRmt NSCLCs using Foundation 
Medicine targeted exome sequencing (C) or MSK-Impact (D) datasets, stratifying tumors carrying 
concurrent cell cycle CNAs (CC pos.) versus tumors negative for such alterations (CC neg.). (E, F) FGA 
analysis in EGFRmt tumors using Foundation Medicine targeted exome sequencing (E) or MSK-Impact 
(F) datasets, stratifying tumors carrying concurrent CDK4/6 CNAs (CDK4/6 pos.) versus patient’s 
tumors negative for such alterations (CDK4/6 neg). (G) Positive correlation plot showing degrees of 
CDK4/6 amplification (y-axis) and corresponding FGA (p-value calculated with F-statistics). (H) Whole 
Genome Doubling (WGD) analysis using TCGA data from NSCLC cases carrying CDK4/6 CNAs or 
negative for such alterations. 
(FGA boxplots represent interquartile range, lower quartile 25%, median and upper quartile 75%; each 
dot represents the FGA value in each patient’s tumor; p-value calculated with Wilcoxon test).  
See also Supplementary Figures 1-2. 
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Figure 2 - CDK4/6 upregulation enhances the percentage of genome alterations in NSCLC in 
vivo models. 
(A) Fraction of Genome Alterations (FGA) analysis with whole exome sequencing data from H1975 
CDXs genetically engineered to overexpress CDK4 or CDK6 proteins compared to empty vector (E.V.) 
controls (n = 2 xenografts per group; **P < 0.0001 ; p-value assessed by one-way Anova and Tukey’s 
multiple comparisons test; error bars representing SEM). (B) Single cell karyotype analysis with 
propidium iodide stain and flow cytometry of fixed cells derived from E.V. and CDK4/6 overexpressing 
H1975 CDXs (n = 1-2 xenografts per group; *P = 0.02, Student’s t-test). (C-E) Immunofluorescence 
assay of g-tubulin in centrosomes of dividing cells (C); double-centrosome positive, dividing cells 
quantified in (D-E) and expressed as a percentage of total, single- and double-centrosome positive cells 
(n = 1 xenograft per group, 4-5 images per tissue; *P < 0.05, Student’s t-test; error bars representing 
SD).  
(E.V.: empty vector; CDK4: CDK4 overexpressing xenografts; CDK6: CDK6 overexpressing 
xenografts).  
See also Supplementary Figures 3-4. 
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Figure 3 - CDK4/6 upregulation promotes premature DNA synthesis in EGFR mutant in vivo 
NSCLC models. 
(A) GSEA enrichment in H1975 CDK4/6 overexpressing CDXs compared to empty vector (E.V.) 
controls (n = 3 xenografts per group; p-value calculated as described in methods). (B-D) S-phase and 
active cell cycle progression analysis in H1975 CDK4/6 overexpressing tumors by quantification of 
EdU incorporation (B, red dots) in newly synthesized DNA in vehicle (C) and osimertinib-treated (D) 
tissues (n = 3-4 images/xenograft per group; **P = 0.003, *P = 0.02; p-value assessed by one-way 
Anova and Tukey’s multiple comparisons test). (E-F) Biochemical analysis of G1/S progression 
biomarkers and EGFR pathway inhibition in dose escalation time course with osimertinib (10-100 nM) 
using CDK6 overexpressing HCC827 and H1975 cells compared to E.V. controls.  
See also Supplementary Figures 5-6. 
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Figure 4 - CDK4/6 upregulation promotes DNA damage accumulation and RS in EGFR mutant 
in vivo NSCLC models. 
(A-C) Double immunofluorescence stain for g-H2AX (red) and EdU (green) (A, B) and quantification 
of g-H2AX foci number (C) in EdU positive cells for vehicle (A) and osimertinib (B) treated H1975 
CDXs (white arrows point to double positive cells; n = 50-100 EdU positive cells per sample, one 
xenograft per group; ***P < 0.0001, **P <  0.001, *P =  0.03). (D-E) Immunoblotting assay of 
replication stress biomarkers in CDK4/6 overexpressing H1975 CDXs (D) and relative quantification 
(E) versus empty vector (E.V.) controls. (F-G) Representative images of TPX2 IHC stain (F) and 
corresponding quantification (G) using tissues from CDK4/6 overexpressing H1975 CDXs and E.V. 
controls (n = 3-4 xenografts per group; **P = 0.003, *P < 0.05). 
(p-value calculated with one-way Anova and Tukey’s multiple comparisons test).  
See also Supplementary Figure 7. 
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Figure 5 - CDK4/6 upregulation promotes osimertinib resistance in preclinical models of EGFR 
mutant NSCLC.    
(A-C) Soft agar colony formation assay (A) and quantification (B-C) using CDK4/6 overexpressing PC9 
(**P = 0.003, ****P < 0.0001) EGFRmt NSCLC cell lines and E.V. control cells (p-value determined 
using Student’s t-test; error bars representing SEM; E.V.: empty vector; CDK4 and CDK6: CDK4 or 
CDK6 overexpressing cells; Osi.: osimertinib 10 nM - 100 nM). (D-E) Long-term (35 days) osimertinib 
(500 nM) treatment with genetically modified EGFR Del19 TH107 PDOs to overexpress CDK4 or 
CDK6 (D) and colony area’s quantification (E) (***P = 0.0007, ** P = 0.004, Student’s t-test). (F) 
Biochemical analysis of CDK4/6 overexpressing H1975 CDXs and Empty Vector (E.V.) overexpressing 
control CDXs, treated with vehicle or osimertinib 2.5-5 mg/Kg, analyzing EGFR and CDK4/6 signaling 
biomarkers. (G-H) Growth curves of osimertinib (5 mg/Kg) treated CDK4 (G) or CDK6 (H) 
overexpressing H1975 CDXs compared to empty vector overexpressing controls (**P < 0.01, n = 4 
xenografts per group, Student’s t-test).  
(E.V.: empty vector; CDK6: CDK6 overexpressing PDOs/CDXs; CDK4: CDK4 overexpressing 
PDOs/CDXs; Osi.: osimertinib; p-value calculated with one-way Anova and Tukey’s multiple 
comparisons).  
See also Supplementary Figures 8-13. 
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Figure 6 - Combination therapy with EGFR and CDK4/6 inhibitors suppresses tumor growth and 
decreases GIN and RS in CDK4/6 o/e EGFRmt CDXs. 
(A) Growth curves of CDK4/6 overexpressing H1975 and empty vector control CDXs treated with 
osimertinib (5 mg/Kg) and combinatorial treatments with palbociclib (100 mg/Kg) (n = 4 xenografts per 
group). Palbociclib treated tumors had similar growth curves than vehicle treated tumors (****P < 0.0001, 
***P < 0.001). (B) Percentage of tumor volume change of individual E.V. and CDK4/6 overexpressing 
H1975 CDXs treated with the combination treatment. (C-J) Representative IHC stain images and 
quantification of CDK4 (C, D), pRb (E, F), pRPA (G, H), γH2AX (I, J) using tissues from CDK4 
overexpressing H1975 CDXs treated with osimertinib (5 mg/Kg) and combinatorial treatments with 
palbociclib (100 mg/Kg) (n = 3-4 xenografts per group; *P < 0.05, **P < 0.01). (K-L) Representative 
hematoxylin stain (K) and quantification of necrotic areas in E.V. and CDK4 overexpressing H1975 CDXs 
treated with combinatorial treatment. 
(E.V.: empty vector; CDK4: CDK4 overexpressing CDXs; CDK6: CDK6 overexpressing CDXs; Veh.: 
vehicle; Palbo.: palbociclib; Osi.: osimertinib; p-value assessed by one-way Anova and Tukey’s multiple 
comparisons test and Student’s t-test; error bars representing SEM). 
See also Supplementary Figures 14. 
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Figure 7 - Combination therapy with EGFR and CDK4/6 inhibitors suppresses tumor growth and 
decreases GIN and RS in CDK6amp, EGFRmt PDXs. 
(A) Biochemical assay for EGFR pathway, CDK4/6 signaling and replication stress biomarkers from in 
vivo experiment with TH116 Patient-Derived Xenografts (PDXs), carrying EGFR L858R and CDK6 
amplification, treated with vehicle, palbociclib (150 mg/Kg) or osimertinib (5 mg/Kg); normalized 
quantification of the level of p-EGFR versus the expression of the total mutant protein is provided in 
the lower bar-plot. (B-C) Growth curves (B) and percentage of tumor volume change (C) for TH116 
Patient-Derived Xenografts (PDXs), carrying EGFR L858R and CDK6 amplification treated with 
vehicle, osimertinib (5 mg/Kg), palbociclib (100 mg/Kg) or combination of osimertinib and palbociclib 
(Osi. + Palbo.) (n = 7 xenografts per group; ***P < 0.001 , *P < 0.05). (D) Growth rate of TH116 PDXs 
treated with osimertinib (5 mg/Kg) or combination of osimertinib (5 mg/Kg) and palbociclib (100 
mg/Kg, Osi. + Palbo.) (*P = 0.01, Student’s t-test). (E-F) Representative hematoxylin/eosin and γH2AX 
IHC stain images (E) and quantification (F) using tissues from TH116 PDXs (n = 4 xenografts per 
group; **P < 0.01, Student T-test). (G) FGA analysis in TH116 PDXs, treated with vehicle, osimertinib 
(5 mg/Kg), palbociclib (100 mg/Kg) or combination of osimertinib and palbociclib (Osi. + Palbo.) (*P 
= 0.001, n = 2 xenografts per group).  
(Veh.: vehicle; Palbo.: palbociclib; Osi.: osimertinib; p-value assessed by one-way Anova and Tukey’s 
multiple comparisons test; error bars representing SEM). 
See also Supplementary Figure 15. 
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 Figure 8 - Combination therapy with EGFR and CDK4/6 inhibitors suppresses tumor 
proliferation and increases apoptosis in CDK4/6 o/e EGFRmt CDXs. 
(A-D) Representative IHC stain images (A-B) and quantification (C-D) of Ki67 (A-B top panels) and 
cleaved caspase 3 (A-B bottom panels) using tissues from E.V. and CDK4/6 overexpressing H1975 
CDXs treated with osimertinib (5 mg/Kg) in mono- (A) or combinatorial (B) treatments with palbociclib 
(100 mg/Kg) (n = 3-4 xenografts per group; E.V.: empty vector; CDK4: CDK4 overexpressing CDXs; 
CDK6: CDK6 overexpressing CDXs; Osi.: osimertinib; Osi. + Palbo.: osimertinib + palbociclib; ****P 
< 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; p-value assessed by one-way Anova and Tukey’s 
multiple comparisons test; error bars representing SEM). (E-G) Model showing the effects of CDK4/6 
AMP in EGFRmt LUAD: in the setting of CDK4/6 wild type, EGFR TKI treatment induces proliferation 
arrest and apoptosis (E). In the setting of CDK4/6 AMP, Rb phosphorylation is maintained and EGFR 
TKI treatment is not able to induce growth arrest (F). Tumor proliferation continues with accumulation 
of RS, GIN and activation of TPX2/AURKA and DDR protective mechanisms, which leads to 
accumulation of gene SNVs (e.g. SNVs belonging to TGF-β, NRF2, RTK/RAS and WNT pathways) 
and CNAs (e.g. EGFR, CDK6, MET, BRAF copy number gains) contributing to EGFR TKI resistance 
(F). The addition of a CDK4/6 inhibitor to EGFR TKI treatment blocks Rb phosphorylation and 
maintains Rb expression leading to G1/S arrest allowing cells with accumulated GIN to undergo 
apoptosis and cell death (G). The subsequent decrease in tumor cell proliferation and increase in cell 
death of tumor cells with GIN results in tumor karyotype selection and growth arrest (RS: Replication 
Stress; GIN: Genomic Instability; DDR: DNA Damage Response pathway; CNAs: Copy Number 
Alterations; SNVs: Single Nucleotide Variants). 


