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Significance

Mutations in epidermal growth 
factor receptor (EGFR) occur in 15 
to 20% of lung cancers. Patients 
with EGFR-mutant lung cancer 
are typically treated with 
anticancer drugs called EGFR 
inhibitors (EGFRi), but therapy 
often fails due to acquired drug 
resistance. Here, we show that 
loss of the epigenetic repressor 
CBX5 confers EGFRi resistance 
through a mechanism that 
involves upregulation of the 
transcription factor E2F1 and its 
target, the antiapoptotic protein 
BIRC5 (survivin). We demonstrate 
that pharmacological inhibition 
of this CBX5-E2F1-BIRC5 axis, 
through either restoration of 
CBX5 expression or inhibition of 
BIRC5, represents a therapeutic 
approach for treating EGFRi-
resistant lung cancer. Our results 
provide potential treatment 
opportunities for EGFR-mutant 
lung cancer patients who have 
failed EGFRi therapy due to the 
emergence of acquired 
resistance.

Author contributions: S.B., R.G., M.R.G., and N.W. 
designed research; S.B. performed research; R.G., 
M.R.G., and N.W. contributed new reagents/analytic 
tools; S.B., Y.J.K.E., R.G., M.R.G., and N.W. analyzed data; 
and S.B., R.G., M.R.G., and N.W. wrote the paper.

Reviewers: I.O., University of Southern California; B.R., 
University of Illinois at Chicago college of medicine; 
and S.S., University of South Alabama Mitchell Cancer 
Institute.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
nwajapey@uab.edu or Michael.Green@umassmed.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2218118120/-/DCSupplemental.

Published January 18, 2023.

MEDICAL SCIENCES

CBX5 loss drives EGFR inhibitor resistance and results in 
therapeutically actionable vulnerabilities in lung cancer
Suresh Bugidea, Yvonne J. K. Edwardsa , Romi Guptaa,b , Michael R. Greenc,1 , and Narendra Wajapeyeea,b,1

Contributed by Michael R. Green; received October 31, 2022; accepted December 15, 2022; reviewed by Ite Offringa, Basabi Rana, and Seema Singh

Although epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (EGFRi) 
are approved for treating EGFR-mutant lung adenocarcinoma (LUAD), emergence 
of acquired resistance limits their clinical benefits. Several mechanisms for acquired 
resistance to EGFRi in LUAD have been identified; however, the molecular basis for 
this resistance remains unknown in ~30% of LUAD. Chromatin and DNA modifiers 
and their regulators play important roles in determining response to anticancer thera-
pies. Therefore, to identify nongenetic mechanisms of EGFRi resistance in LUAD, we 
performed an epigenome-wide shRNA screen targeting 363 human epigenetic regulator 
genes. This screen identified loss of the transcriptional repressor chromobox homolog 5 
(CBX5) as a driver of EGFRi resistance in EGFR-mutant LUAD. Loss of CBX5 confers 
resistance to multiple EGFRi in both cell culture and mice. We found that CBX5 loss 
in EGFR-mutant LUAD cells leads to increased expression of the transcription factor 
E2F1, which in turn stimulates expression of the antiapoptotic gene BIRC5 (survivin). 
This E2F1-mediated upregulation of BIRC5 in CBX5-knockdown LUAD cells attenuates 
apoptosis induction following EGFRi treatment. Consistent with these results, knock-
down of E2F1 or BIRC5 partly rescues CBX5-knockdown-induced EGFRi resistance in 
cell culture and mice. EGFRi-resistant LUAD cell lines show reduced CBX5 expression 
compared to parental lines; however, bromo- and extra-terminal (BET)-domain inhib-
itors (BETi) restore CBX5 expression in these cells and sensitize them to EGFRi/BETi 
combination therapy. Similarly, treatment with a BIRC5 inhibitor suppresses growth of 
EGFRi-resistant LUAD cells. Collectively, these studies identify CBX5 loss as a driver 
of EGFRi resistance and reveal therapeutic opportunities for treating EGFRi-resistant 
LUAD.

drug resistance | transcription regulation | epigenetics | lung cancer | EGFR

Lung cancer is one of the most commonly diagnosed cancers and the leading cause of 
death due to cancer in both men and women (1–3). Genome-scale studies have discovered 
several actionable oncogenic mutational subtypes of lung cancer. Among these are onco-
genic mutations in the gene epidermal growth factor receptor (EGFR), which are found 
in approximately 15 to 20% of lung adenocarcinomas (LUADs), the most common form 
of non–small cell lung cancer (4–6). Oncogenic EGFR mutations result in its constitutive 
activation, producing cancer cells that are dependent on EGFR signaling for survival, as 
observed by the suppression of EGFR-mutant LUAD following inhibition of EGFR 
signaling (7, 8). These observations have led to the development of several highly efficacious 
EGFR tyrosine kinase inhibitors (EGFRi) for treating EGFR-mutant LUAD, which are 
currently approved for clinical use (9–11).

Initial overall response rates and disease control rates for EGFRi in patients with EGFR-
mutant LUAD are generally high (12, 13). However, a significant proportion of individuals 
that show strong early responses to EGFRi ultimately acquire resistance to these therapies 
(14, 15). Multiple mechanisms for acquired resistance to EGFRi in EGFR-mutant LUAD 
have been identified (16–18). However, the molecular basis for acquired resistance to 
EGFRi remains unknown in approximately 30% of LUAD cases (19).

Epigenetic regulators, such as chromatin and DNA regulators and modifiers, have been 
shown to play important roles in resistance to targeted therapeutic agents, including in 
the context of EGFRi (20). Furthermore, many of these epigenetic regulators can be 
effectively targeted using small-molecule inhibitors (20). Thus, epigenetic drivers of EGFRi 
resistance represent promising therapeutic targets for treating drug-resistant tumors.

In this study, to comprehensively identify epigenetic drivers of EGFRi resistance in 
LUAD, we conducted an unbiased large-scale short-hairpin (sh)RNA screen, targeting 
363 human epigenetic regulator genes. Using this strategy, we uncovered a role for chro-
mobox homolog 5 (CBX5), also known as heterochromatin protein 1alpha, in EGFRi 
resistance. CBX5 is a methyl-lysine–binding protein that localizes at heterochromatin 
sites (21, 22) and has been shown to function in gene silencing (21, 23). Here, we found 
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that loss of CBX5 confers resistance to multiple different EGFRi 
compounds. This resistance occurs, in part, due to upregulation 
of the transcription factor E2 promoter binding factor 1 (E2F1), 
leading to transcriptional activation of the antiapoptotic gene 
baculoviral inhibitorof apoptosis (IAP) repeat–containing 5 
(BIRC5; also known as survivin) and inhibition of cancer cell 
apoptosis following EGFRi treatment. Consistent with these 
observations, we find that CBX5 is down-regulated, whereas E2F1 
and BIRC5 are up-regulated in EGFRi-resistant LUAD cell lines 
compared to EGFRi-sensitive parental cells. Notably, however, 
bromo- and extra-terminal (BET)-domain inhibitors (BETi) can 
restore CBX5 expression in EGFRi-resistant cell lines, sensitizing 
cells to EGFRi/BETi combination therapy and blocking EGFRi-
resistant LUAD tumor growth. Similarly, a small-molecule BIRC5 
inhibitor induces apoptosis and suppresses growth of EGFRi-
resistant LUAD tumor cells in vitro and in vivo. Collectively, these 
findings demonstrate that loss of CBX5 confers EGFRi resistance 
and uncover therapeutic opportunities for treating EGFRi-
resistant LUAD.

Results

A Large-Scale Epigenome-Wide Human shRNA Screen Identifies 
CBX5 as a Modifier of EGFRi Response. The role of epigenetic 
regulators in conferring resistance to EGFRi therapies is not 
fully known, and only a few studies thus far have identified 
epigenetic mechanisms that drive EGFRi resistance (24–26). To 
comprehensively identify additional epigenetic regulators that 
confer resistance to EGFRi, we performed a large-scale unbiased 
epigenome-wide shRNA screen. To this end, we assembled a library 
of 1,862 shRNAs targeting 363 known and predicted epigenetic 
regulators (Dataset S1). We then infected EGFR-mutant, EGFRi-
sensitive HCC827 LUAD cells with lentiviral particles containing 
the shRNA library at 0.2 multiplicity of infection (MOI) to ensure 
that each cell received no more than one shRNA and selected 
with puromycin to enrich for shRNA-containing cells. After 
selection, cells were treated for 4 wk with the EGFRi erlotinib, 
which binds competitively and reversibly to the ATP-binding site 
of the EGFR kinase domain (27), and shRNA-expressing colonies 
that survived treatment were harvested and subjected to genomic 
DNA sequencing to identify integrated shRNAs (Fig. 1A). From 
this analysis, we identified shRNAs corresponding to six different 
epigenetic regulators (SI Appendix, Table S1).

To confirm these candidates in secondary validation experi-
ments, we knocked down expression of each gene individually in 
HCC827 cells, using two independent, knockdown-validated 
shRNAs (SI Appendix, Fig. S1 A and B and Materials and Methods). 
Cells expressing either the gene-specific shRNAs or a nonspecific 
(NS) control shRNA were then treated with erlotinib, and survival 
was measured. We found that knockdown of all genes except sir-
tuin 4 (SIRT4) confers resistance to erlotinib in HCC827 cells 
(Fig. 1B and SI Appendix, Fig. S1C). To further generalize our 
findings and determine whether these genes broadly act as drivers 
of erlotinib resistance, we individually knocked down expression 
of all five candidates in two additional EGFR-mutant, EGFRi-
sensitive LUAD cell lines (PC9 and HCC2935) (SI Appendix, Fig. 
S2A) and measured cell viability in the presence of erlotinib. We 
found that out of the five genes tested, only knockdown of CBX5 
and myeloid/lymphoid or mixed‐lineage leukemia translocated to 
6 (MLLT6) confers resistance to erlotinib in PC9 and HCC2935 
cells (Fig. 1B and SI Appendix, Fig. S2B).

We then rationalized that if a gene is involved in erlotinib resist-
ance, it might be down-regulated in EGFRi-resistant LUAD cells. 
To test this hypothesis, we generated erlotinib-resistant cell lines 

by treating EGFR-mutant LUAD cells (HCC827, PC9, and 
HCC2935) with erlotinib. As expected, we found that the result-
ing cells showed significant resistance to erlotinib compared to 
parental cells (SI Appendix, Fig. S3 A and B). We next measured 
expression of CBX5 and MLLT6 in all EGFRi-resistant and paren-
tal LUAD cell lines and found that, as expected, expression of the 
CBX5 protein was substantially down-regulated in EGFRi-
resistant cells compared to parental cells (Fig. 1C). In contrast, 
expression of MLLT6 was unchanged in resistant cells (SI Appendix, 
Fig. S3C). Based on these collective results, we focused on CBX5 
for our subsequent studies.

CBX5 Loss Confers Resistance to EGFRi in Long-Term clonogenic 
Assays and Mouse Models with EGFR-Mutant Human LUAD 
Xenografts. Patients in the clinic are treated for an extended 
period with EGFRi drugs. Therefore, to better mirror this clinical 
scenario, we determined whether CBX5 loss also confers resistance 
to erlotinib in long-term clonogenic assays. Consistent with the 
results from our short-term cell survival assays, we found that 
shRNA-mediated CBX5 knockdown leads to erlotinib resistance 
in clonogenic assays (Fig. 1D and SI Appendix, Fig. S4). We then 
tested whether CBX5 loss also drives resistance to other EGFRi 
compounds, such as gefitinib and osimertinib. Both erlotinib 
and gefitinib reversibly bind to the ATP-binding site of the 
EGFR kinase domain (27). In contrast, osimertinib is a third-
generation, covalent, irreversible, and mutant-selective EGFRi 
that shows superior efficacy to previous-generation drugs, such as 
erlotinib and gefitinib, and is also effective against LUAD with the 
EGFR T790M gatekeeper mutation (12, 28, 29). We found that 
similar to erlotinib, CBX5 knockdown results in resistance to both 
gefitinib and osimertinib, as observed by a significantly increased 
number of colonies produced by LUAD cells expressing CBX5 
shRNAs, compared to those expressing a negative-control NS 
shRNA, in clonogenic assays (Fig. 1D and SI Appendix, Fig. S4).

The above results establish a role for CBX5 loss in EGFRi resist-
ance for cells in culture. To determine whether CBX5 loss also 
confers EGFRi resistance in vivo, we used a mouse xenograft 
model of human EGFR-mutant LUAD. We injected EGFR-
mutant PC9 cells expressing either one of two independent, 
knockdown-validated CBX5 shRNAs or an NS shRNA subcuta-
neously into the flanks of NOD scid gamma (NSG) mice. Once 
tumors became palpable (~100 mm3), mice were treated with 
erlotinib three times a week, and tumor volumes were measured 
weekly. Consistent with the results from cell culture experiments, 
we found that CBX5 shRNA-expressing PC9 tumor Xenografts 
display significantly higher resistance to erlotinib compared to NS 
shRNA-expressing tumors (Fig. 1E). We then performed analo-
gous experiments to determine whether CBX5 knockdown in PC9 
Xenografts also induces resistance to osimertinib. Consistent with 
results in erlotinib-treated mice, we found that tumors produced 
from PC9 cells expressing CBX5 shRNAs also display increased 
resistance to osimertinib, as compared to those generated by NS 
shRNA-expressing cells (Fig. 1F). Collectively, these findings 
demonstrate that CBX5 loss drives resistance to different EGFRi 
in both cell culture and mice.

Loss of CBX5 Confers Resistance to EGFRi via Up-regulating 
the Transcription Factor E2F1. Previous studies have shown 
that activation of mitogen-activated protein kinase and the 
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) 
pathways by various mechanisms can promote resistance to EGFRi 
in LUAD (30, 31). Therefore, we tested whether CBX5 loss induces 
activation of EGFR or other key downstream antiapoptotic 
signaling pathways, such as PI3K/AKT and/or MEK/ERK, by 
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Fig. 1. A large-scale epigenome-wide human shRNA screen identifies CBX5 as a modifier of EGFRi response. (A) Schematic overview of the large-scale epigenome-
wide shRNA screen used to identify epigenetic regulators involved in erlotinib resistance. (B) MTT assay monitoring relative cell viability (%) of HCC827, PC9, 
and HCC2935 cells expressing an NSshRNA or one of two CBX5 shRNAs and treated for 5 d with the indicated concentrations of erlotinib or dimethyl sulfoxide 
(DMSO) control (0). (C, Left) Immunoblot analysis measuring CBX5 expression in the indicated EGFRi-sensitive (P) and EGFRi-resistant (R1 or R2) EGFR-mutant LUAD 
cell lines. ACTINB was used as the loading control. (C, Right) Bar graph showing quantification of the immunoblots. (D) The indicated LUAD cell lines expressing 
an NS shRNA or CBX5 shRNAs were treated with erlotinib (100 nM), gefitinib (100 nM), osimertinib (20 nM for HCC827; 20 nM for PC9; 100 nM for HCC2935), 
or DMSO control, for 2 wk, and survival was measured in clonogenic assays. Representative wells for cells grown under the indication conditions are shown. 
(E) NSG mice (n = 5) were subcutaneously injected with 5 × 106 PC9 cells expressing an NS or CBX5 shRNA and treated with either vehicle (0.5% methylcellulose) 
or erlotinib (25 mg/kg) 3 d per week until the end of the experiment. Average tumor volumes at the end of the experiment are shown. (F) NSG mice (n = 5) were 
subcutaneously injected with PC9 cells expressing an NS shRNA or CBX5 shRNA and treated with either vehicle (0.5% carboxy-propyl cellulose and 0.1% Tween 
80) or osimertinib (2.5 mg/kg) 3 d per week until the end of the experiment. Average tumor volumes at the end of the experiment are shown. Data are presented 
as the mean ± SEM. ns = not significant; ***P < 0.001, and ****P < 0.0001.
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measuring the activation of these pathways in LUAD cell lines 
expressing CBX5 shRNAs or a control NS shRNA. However, we 
did not detect any consistent or substantial pathway alterations 
in CBX5-knockdown EGFR-mutant cells (SI Appendix, Fig. S5), 
indicating that CBX5-loss–driven resistance to EGFRi occurs 
independently of these oncogenic signaling pathways.

To further explore the mechanism of CBX5-loss–induced 
EGFRi resistance, and based on the role of CBX5 as a known 
transcriptional repressor (32), we performed transcriptome-wide 
RNA-sequencing (RNA-seq) to measure changes in mRNA 
expression resulting from CBX5 knockdown in HCC827 cells. 
The results from this analysis revealed a significant increase in 
expression of the transcription factor E2F1, as well as enrichment 
of E2F1 as a major upstream regulator of genes altered in response 
to CBX5 knockdown by Ingenuity Pathway Analysis (Fig. 2A, 
SI Appendix, Fig. S6, and Datasets S2 and S3). Consistent with 
these findings, we further found that CBX5 knockdown in EGFR-
mutant LUAD cells (HCC827 and PC9) leads to increased expres-
sion of E2F1 (Fig. 2 B and C). Next, to determine whether E2F1 
is a direct target of CBX5, we measured the association between 
CBX5 and the E2F1 promoter using a Cleavage Under Targets 
and Release using Nuclease (CUT&RUN) assay. The results from 
this assay revealed enrichment of CBX5 at the E2F1 promoter, 

indicating that CBX5 directly promotes transcriptional repression 
of E2F1 (Fig. 2D).

We then determined whether E2F1 upregulation drives resist-
ance to EGFRi following CBX5 knockdown. We first asked 
whether ectopic expression of E2F1, similar to CBX5 knockdown, 
confers resistance to EGFRi. We found that ectopic E2F1 expres-
sion in EGFR-mutant LUAD cells (HCC827, PC9, and 
HCC2935) (SI Appendix, Fig. S7A) promotes EGFRi resistance, 
as evidenced by reduced levels of cleaved caspase 3 (CASP3) and 
increased colony formation following erlotinib treatment 
(SI Appendix, Fig. S7 A and B).

We then determined whether E2F1 knockdown could restore 
EGFRi sensitivity to CBX5-knockdown cells in culture. We simul-
taneously knocked down expression of E2F1 and CBX5 in LUAD 
cells and conducted clonogenic assays to assess whether double 
knockdown resensitizes cells to EGFRi. Our results show that 
E2F1 knockdown partly rescues CBX5-loss–induced resistance to 
EGFRi, as observed by a reduced number of colonies produced 
by E2F1/CBX5-double-knockdown cells relative to CBX5-
knockdown cells (Fig. 2E and SI Appendix, Fig. S8 A and B). 
Based on this finding, we then determined whether simultaneous 
knockdown of CBX5 and E2F1 could also restore sensitivity to 
EGFRi in vivo. We injected PC9 cells expressing both CBX5 and 

Fig. 2. Upregulation of the transcription factor E2F1 resulting from loss of CBX5 leads to increased EGFRi resistance in vitro and in vivo. (A) Heatmap showing 
the top 50 genes up-regulated in HCC827 cells expressing CBX5 shRNAs compared to cells expressing an NS shRNA, as measured by RNA-seq. (B) Expression 
of E2F1 mRNA in the indicated LUAD cell lines expressing a CBX5 shRNAs or NS shRNA, measured by qRT-PCR. Data were normalized to ACTINB, and the results 
with NS shRNA were set to 1. (C) Immunoblot analysis measuring expression of E2F1 and CBX5 in the indicated LUAD cell lines expressing an NS or CBX5 
shRNA. (D) Relative enrichment of CBX5 on the E2F1 and ACTINB promoters, as measured by CUT&RUN. (E) PC9 cells expressing an NS or CBX5 shRNA alone, 
or in combination with an E2F1 shRNA, were treated with erlotinib (100 nM) or DMSO, and survival was measured in clonogenic assays. Representative wells 
for cells grown under the indicated conditions are shown. (F) PC9 cells expressing an NS or CBX5 shRNA alone, or in combination with an E2F1 shRNA, were 
injected subcutaneously into the flanks of NSG mice (n = 5). Mice were treated with either vehicle (0.5% methylcellulose) or erlotinib (25 mg/kg) 3 d per week 
until the end of the experiment. Average tumor volumes at the end of the experiment are shown. Data are presented as the mean ± SEM. ns = not significant; 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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E2F1 shRNAs into NSG mice. The results from this experiment 
showed that simultaneous knockdown of E2F1 and CBX5 partly 
restored tumor sensitivity to EGFRi (Fig. 2F). Collectively, these 
results demonstrate that CBX5-loss-induced upregulation of E2F1 
mediates, at least in part, the observed increase in EGFRi resistance 
following CBX5 knockdown.

E2F1 Upregulates Expression of the Antiapoptotic Gene BIRC5 
to Promote EGFRi Resistance in CBX5-Depleted LUAD Cells. 
To further explore the mechanism by which E2F1 upregulation 
resulting from loss of CBX5 promotes EGFRi resistance, we 
reanalyzed our RNA-seq data, specifically focusing on genes that 
might be involved in apoptotic or antiapoptotic responses. We 
found that BIRC5, a well-known antiapoptotic gene (33, 34), 
is up-regulated in LUAD cells following CBX5 knockdown, as 
confirmed by quantitative reverse transcription (qRT)-PCR and 
immunoblot analysis (Fig. 3 A and B). We, therefore, determined 
whether E2F1 is necessary for BIRC5 upregulation downstream 
of CBX5 depletion. We measured expression of BIRC5 in EGFR-
mutant LUAD cells expressing shRNAs targeting both CBX5 and 
E2F1. Consistent with a role for E2F1 in up-regulating BIRC5 
after CBX5 knockdown, we detected decreased expression of 
BIRC5 in CBX5 and E2F1 double-knockdown EGFR-mutant 
LUAD cells, as compared to cells knocked down for CBX5 alone 
(Fig. 3C). Next, to test whether E2F1 directly regulates BIRC5 
expression, we performed a CUT&RUN assay and found that 
E2F1 directly associates with the BIRC5 promoter (Fig. 3D). We 
then measured expression of E2F1 and BIRC5 in EGFRi-resistant 
LUAD cell lines and found that consistent with our above data, 

expression of both proteins was up-regulated in EGFRi-resistant 
LUAD cells compared to parental cells (Fig.  3E). Collectively, 
these results suggest a key role for the CBX5-E2F1-BIRC5 axis 
in conferring EGFRi resistance in LUAD.

Based on our data showing that loss of CBX5 leads to increased 
E2F1 expression, which in turn upregulates expression of the 
antiapoptotic protein BIRC5, we hypothesized that CBX5 deple-
tion promotes EGFRi resistance by conferring protection from 
apoptosis following EGFRi treatment. To test this possibility, we 
measured levels of cleaved CASP3 and annexin V in CBX5-
knockdown cells following erlotinib treatment. As expected, we 
detected reduced levels of cleaved CASP3 following erlotinib 
treatment in CBX5-knockdown EGFR-mutant LUAD cells com-
pared to control cells expressing an NS shRNA (Fig. 4A). Similarly, 
knockdown of CBX5 reduced the percentage of annexin V-positive 
cells after erlotinib treatment compared to NS shRNA control 
cells (Fig. 4B). Thus, our data demonstrate that CBX5 knockdown 
protects LUAD cells from apoptosis following EGFRi 
treatment.

Collectively, the above findings indicate that the antiapoptotic 
gene BIRC5, a downstream target of E2F1 that is up-regulated in 
CBX5-knockdown cells, may mediate resistance to apoptosis in 
response to CBX5 loss. To test this possibility, we first determined 
whether ectopic BIRC5 expression, similar to CBX5 loss, could 
block apoptosis induction following EGFRi treatment. The results 
showed that ectopic expression of BIRC5 in EGFR-mutant LUAD 
cells leads to reduced levels of cleaved CASP3 following erlotinib 
treatment (SI Appendix, Fig. S9A). Consistent with these data, we 
further found that ectopic BIRC5 expression promotes EGFRi 

Fig. 3. CBX5 loss results in E2F1-induced transcriptional activation of the BIRC5 gene. (A) Relative expression of BIRC5 mRNA in the indicated LUAD cell lines 
expressing an NS or CBX5 shRNA, as measured by qRT-PCR. (B) Immunoblot analysis measuring expression of BIRC5 and CBX5 in the indicated LUAD cell lines 
expressing an NS or CBX5 shRNA. (C) Immunoblot analysis measuring expression of CBX5, E2F1, and BIRC5 in the indicated LUAD cell lines expressing an NS or 
CBX5 shRNA alone, or in combination with an NS or E2F1 shRNA. (D) Relative enrichment of E2F1 on the BIRC5 or ACTINB promoters measured by the CUT&RUN 
assay. (E) Immunoblot analysis measuring expression of E2F1 and BIRC5 in the indicated parental or EGFRi-resistant LUAD cell lines. Data are presented as the 
mean ± SEM. ns = not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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resistance, as evidenced by increased colony formation following 
EGFRi treatment (SI Appendix, Fig. S9B).

Next, to test whether BIRC5 upregulation downstream of E2F1 
in CBX5-knockdown cells directly leads to reduced induction of 
apoptosis following EGFRi treatment, we simultaneously knocked 
down expression of both CBX5 and BIRC5 and measured markers 
of apoptosis. We found that simultaneous knockdown of CBX5 
and BIRC5 results in elevated levels of cleaved CASP3 and 

increased numbers of annexin V-positive cells following treatment 
with EGFRi relative to CBX5 knockdown alone (Fig. 4C and 
SI Appendix, Fig. S9 C–E). These findings are consistent with a 
direct role for BIRC5 in EGFRi resistance downstream of CBX5.

We then determined whether BIRC5 knockdown could restore 
EGFRi sensitivity to CBX5-knockdown cells in culture and our 
mouse xenograft model of LUAD. We first performed clonogenic 
assays with LUAD cells expressing a CBX5 shRNA or shRNAs 

Fig. 4. BIRC5 inhibits EGFRi-induced apoptosis in the context of CBX5 loss in EGFR-mutant LUAD. (A) Immunoblot analysis measuring levels of CASP3 in LUAD 
cell lines expressing an NS or CBX5 shRNA and treated with erlotinib (50 nM) or DMSO for 24 h. (B) The indicated LUAD cell lines expressing an NS or CBX5 shRNA 
were treated with erlotinib (50 nM) or DMSO for 24 h and then analyzed by fluorescence-activated cell sorting (FACS)-based annexin V-PE staining. (C) Immunoblot 
analysis measuring levels of cleaved CASP3 in PC9 cells expressing an NS or CBX5 shRNA alone, or in conjunction with an NS shRNA or BIRC5 shRNA, and treated 
with erlotinib (50 nM) or DMSO for 24 h. (D) PC9 cells expressing an NS or CBX5 shRNA alone, or in conjunction with an NS or BIRC5 shRNA, were treated with 
erlotinib (100 nM) or DMSO, and survival was measured in clonogenic assays. Representative wells for cells grown under the indicated conditions are shown. 
(E) PC9 cells expressing an NS or CBX5 shRNA alone, or in conjunction with an NS or BIRC5 shRNA, were injected subcutaneously into the flanks of NSG mice 
(n = 5). Mice were treated with either vehicle (0.5% methylcellulose) or erlotinib (25 mg/kg) 3 d per week until the end of the experiment. Average tumor volumes 
at the end of the experiment are shown. Data are presented as the mean ± SEM. ns = not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials


PNAS  2023  Vol. 120  No. 4  e2218118120 https://doi.org/10.1073/pnas.2218118120   7 of 12

targeting both CBX5 and BIRC5. Consistent with our above data 
suggesting that BIRC5 protects CBX5-knockdown EGFR-mutant 
cells from EGFRi-induced apoptosis, we found that simultaneous 
knockdown of CBX5 and BIRC5 resensitizes these cells to erlotinib 
(Fig. 4D). We then tested the role of BIRC5 in vivo by injecting 
NSG mice with PC9 cells expressing an NS shRNA, a CBX5 
shRNA, or both CBX5 and BIRC5 shRNAs. Animals were treated 
with erlotinib, and tumor volumes were measured weekly to monitor 
the response rate of each experimental group. In complete agreement 
with our cell culture studies, we found that simultaneous knock-
down of CBX5 and BIRC5 resensitizes tumors derived from EGFR-
mutant LUAD cells to erlotinib (Fig. 4E). Collectively, these results 
show that E2F1-mediated transcriptional activation of BIRC5 pro-
motes resistance to EGFRi in EGFR-mutant LUAD cells.

BETi Restore CBX5 Levels and EGFRi Sensitivity in EGFRi-Resistant 
Cells. Based on our finding that loss of CBX5 results in EGFRi 
resistance and the observation that CBX5 levels are significantly 
reduced in EGFRi-resistant LAUD cells, we next tested whether 
pharmacological restoration of CBX5 expression could resensitize 
EGFRi-resistant cells to EGFRi. To identify compounds that could 
restore CBX5 expression, we treated EGFRi-resistant PC9 cells 
with a library of 33 small-molecule inhibitors targeting 25 different 
epigenetic regulators, which is available from the Structural 
Genome Consortium (SI  Appendix, Table S2), and measured 
CBX5 expression. We found that two BETi, JQ1 and PFI-1, 
restored CBX5 expression in EGFRi-resistant PC9 cells and other 
EGFRi-resistant, EGFR-mutant LUAD cell lines (Fig.  5A and 
SI Appendix, Fig. S10). BET proteins are a family of transcriptional 
regulators characterized by the presence of two acetyl-lysine (Kac)-
binding bromodomains (35–37). The BETi JQ1 and PFI act as 
Kac mimetics and competitively bind to the Kac-binding pocket of 
BET proteins, thereby displacing them from chromatin (35–37).

Because the loss of CBX5 expression is associated with increased 
resistance to EGFRi, we then determined whether the elevated 
CBX5 levels observed in BETi-treated EGFRi-resistant cells could 
restore EGFRi sensitivity. To this end, we treated EGFRi-resistant 
LUAD cells with either erlotinib alone or erlotinib in combination 
with BETi (JQ1 or PFI-1) and performed clonogenic assays. The 
results show that combination treatment with erlotinib and BETi 
resensitizes EGFRi-resistant cells, whereas no resensitization is 
observed with EGFRi or BETi alone (Fig. 5B). We then tested 
whether this effect is mediated by CBX5 by measuring resensiti-
zation in CBX5-knockdown EGFRi-resistant cells (SI Appendix, 
Fig. S11A). Our results show that CBX5 knockdown partially 
impairs the ability of BETi to resensitize resistant cells to EGFRi 
(Fig. 5C and SI Appendix, Fig. S11B), indicating a key role for 
CBX5 in this process. Notably, we further found that simultane-
ous treatment with BETi and EGFRi forestalls the emergence of 
EGFRi resistance in LUAD cells (SI Appendix, Fig. S12A).

We then tested the effect of treatment with BETi in combination 
with EGFRi in mice containing xenograft tumors derived from 
EGFRi-resistant LUAD cells. We injected mice with EGFRi-
resistant PC9 cells and treated the animals with erlotinib, JQ1, or 
PFI-1 alone, as well as with each BETi in combination with erlo-
tinib. We found that combination treatment with BETi and erlo-
tinib results in significant tumor inhibition, as compared to 
treatment with erlotinib, JQ1, or PFI-1 alone (Fig. 5D). Thus, these 
findings indicate that combination treatment with BETi and EGFRi 
resensitizes EGFRi-resistant cells in both cell culture and in mice.

BIRC5 Inhibitors Show Tumor Suppressive Effects against 
EGFRi-Resistant LUAD Cells. Our above studies have shown that 
increased BIRC5 expression downstream of CBX5 suppression 

mediates EGFRi resistance in EGFR-mutant LUAD cells. We, 
therefore, aimed to test the feasibility of BIRC5 suppression as 
a therapeutic approach for treating EGFRi-resistant LUAD. For 
these experiments, we used YM155, a small-molecule inhibitor 
that functions by transcriptionally repressing BIRC5 (38). 
As expected, we found that treatment with YM155 represses 
BIRC5 expression in EGFRi-resistant LUAD cells (Fig.  6 A 
and B) and blocks their growth in clonogenic assays (Fig. 6C). 
Furthermore, combination treatment with YM155 and EGFRi 
forestalls development of drug-resistant LUAD cells (SI Appendix, 
Fig. S12B), and as expected, treatment with YM155 induces 
apoptosis of EGFR-mutant LUAD cells (Fig.  6D). Lastly, to 
determine whether BIRC5 inhibition suppresses EGFRi-resistant 
LUAD tumor growth in  vivo, we injected mice with EGFRi-
resistant HCC827 cells and treated tumor-bearing animals 
with YM155 or vehicle. Consistent with the results from our 
cell culture experiments, we found that treatment with YM155 
potently suppresses growth of EGFRi-resistant LUAD tumors 
in mice (Fig. 6E). These results further support a key role for 
the CBX5→E2F1→BIRC5 pathway in conferring resistance to 
EGFRi in LUAD and identify BIRC5 suppression as a strategy 
for treating EGFRi-resistant LUAD.

Discussion

Successful therapeutic targeting of EGFR-mutant LUAD with 
EGFRi is a major accomplishment of modern-day cancer medi-
cine. However, acquired resistance to EGFRi is frequent and, in 
most instances, inevitable (15, 21), which poses a significant hur-
dle to achieving long-term clinical benefits in patients with EGFR-
mutant LUAD. One approach to overcoming this limitation 
involves identifying drivers of EGFRi resistance and utilizing this 
information to develop improved treatments for EGFRi-resistant 
tumors. Previous studies have documented the success of such 
approaches. For example, the third-generation EGFRi osimertinib 
is effective against LUAD with the EGFR T790M mutation, 
which is insensitive to other EGFRi compounds, such as erlotinib 
and gefitinib (11, 12). Combination therapy using drugs that 
work by different mechanisms may decrease the likelihood that 
resistant cancer cells will develop, and thus, there is great interest 
in testing the efficacy of EGFRi combination therapies in preclin-
ical studies and clinical trials (27, 39).

A number of nongenetic mechanisms, including epigenetic 
alterations, have been shown to promote development of acquired 
drug resistance (20). In particular, several previous studies have 
identified important roles for epigenetic regulatory proteins and 
epigenetic mechanisms in EGFRi resistance (24–26, 40) In this 
study, we conducted a comprehensive epigenome-wide screen and 
identified CBX5 as a protein whose loss drives resistance to EGFRi 
in LUAD. CBX5 is a methyl-lysine–binding protein that localizes 
at heterochromatin sites and is implicated in both gene silencing 
and supranucleosomal chromatin structure (21). This protein is 
targeted to specific loci by the histone lysine methyltransferase 
SUV39H1, which selectively methylates histone H3 on lysine-9 
to generate a binding site for CBX5, leading to gene repression 
(41). Notably, aberrant CBX5-mediated gene regulation has been 
implicated in multiple pathological conditions, including lung 
fibrosis (32) and cancer (42–44). Notably, we observed substantial 
reduction in CBX5 protein levels in EGFRi-resistant LUAD cells 
in vitro, suggesting that loss of CBX5 may underlie EGFRi resist-
ance in LUAD patients. In the future, it would be important to 
determine whether EGFR-mutant LUAD patients treated with 
EGFRi show similar reduction in CBX5 when they acquire resist-
ance to this therapy.

http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
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E2Fs are a large family of transcription factors that directly 
associate with a retinoblastoma (RB) protein, or other RB-related 
pocket proteins, such as p107 and p130, and together, are core-
cruited to E2F target promoters (45–47). Loss of RB leads to 
deregulation of E2F transcription factor activity, resulting in cell 
proliferation and/or cell death (48–50). E2F1 is a member of the 
E2F transcription factor family that functions as a transcriptional 
activator (51). Here, we show that loss of CBX5 results in upreg-
ulation of E2F1 and consequently, an E2F1-mediated increase in 
expression of the antiapoptotic protein BIRC5 (Fig. 7). We also 
establish a role for E2F1 in EGFRi resistance downstream of 
CBX5 by showing that E2F1 knockdown partially restores EGFRi 
sensitivity in cells lacking CBX5.

BIRC5, a member of the IAP family that plays a role in cell 
cycle regulation and both apoptotic and nonapoptotic cell death, 
is a known target of E2F1 (33, 34, 52, 53). In particular, BIRC5 
is known to be expressed in the G2/M phase of the cell cycle in a 
cell cycle-dependent manner (54). BIRC5 also associates with 
microtubules of the mitotic spindle, and disruption of BIRC5-
microtubule interactions results in loss of the antiapoptotic func-
tion of BIRC5 (54). BIRC5 is overexpressed in some cancers 
(55, 56), and it is speculated that this overexpression thus poten-
tially overcomes an antiapoptotic checkpoint and thereby facili-
tates progression of cancer cells through mitosis. Related to its role 
in mitosis, BIRC5 is also part of the so-called chromosome passen-
ger complex that is essential for chromosome segregation during 

Fig. 5. BETi upregulate CBX5 expression and sensitize EGFRi-resistant LUAD cell lines to erlotinib. (A) Immunoblot analysis measuring expression of CBX5 in 
the indicated EGFRi-resistant LUAD cell lines treated with the BETi JQ1 (2 μM) or PFI-1 (2 μM) for 48 h. (B) The indicated EGFRi-resistant LUAD cell lines were 
treated with erlotinib (100 nm), JQ1 (1 μM), or PFI-1 (1 μM) alone, or with a combination of erlotinib (100 nM) + JQ1 (1 μM) or erlotinib (100 nM) + PFI-1 (1 μM), and 
survival was measured in clonogenic assays. Representative wells for cells grown under the indicated conditions are shown. (C) HCC827-R2 cells expressing an 
NS or CBX5 shRNA were treated with DMSO, erlotinib (25 nM), or JQ1 (0.125 μM) alone, or with a combination of erlotinib (25 nM) + JQ1 (0.125 μM), and survival 
was measured in clonogenic assays. Representative wells for cells grown under the indicated conditions are shown. (D) EGFRi-resistant PC9 cells (PC9-R2) were 
injected subcutaneously into the flank of NSG mice (n = 5), and mice were treated with vehicle (0.5% methylcellulose/5% dextrose), erlotinib (25 mg/kg), JQ1 
(50 mg/kg), or erlotinib (25 mg/kg) + JQ1 (50 mg/kg). Average tumor volumes at the end of the experiment are shown. Data are presented as the mean ± SEM. 
ns = not significant; *P < 0.05, **P < 0.01.
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mitosis (57). BIRC5 has also been implicated in other processes 
relevant to its role in promoting tumor growth and progression, 
such as suppression of the host immune response (58). Similarly, 
nonapoptotic functions of BIRC5, such as enhancing aerobic gly-
colysis by altered regulation of mitochondrial fusion/fission 
machinery, have also been reported (59).

In addition, BIRC5 has been implicated in the progression and 
survival of several different cancer types (33, 60). Here, consistent 
with these findings and a previous study that reported altered 
regulation of BIRC5 in response to the disruption of RB/E2F 
family proteins (52), we found that BIRC5 is an E2F1 target in 
EGFR-mutant LUAD. BIRC5 was previously shown to be regu-
lated by EGFR signaling and to modulate response to EGFRi 
(61). However, to our knowledge, its role as a mediator of 

CBX5-loss–driven EGFRi resistance has not been documented. 
In particular, our findings show that BIRC5 is a key downstream 
target of E2F1 that is up-regulated in CBX5-depleted cells and 
functions to promote EGFRi resistance by blocking EGFRi-
mediated induction of apoptosis. Consistent with this model, we 
found that CBX5 is down-regulated, whereas both E2F1 and 
BIRC5 are up-regulated, in EGFRi-resistant cell lines. However, 
as indicated above, due to the role of BIRC5 in mitosis, it is pos-
sible that knockdown of BIRC5, or its pharmacological inhibition 
by YM155, induces apoptosis indirectly by regulating mitosis.

In addition to the CBX5-E2F1-BIRC5 axis, there are likely 
other pathways downstream of CBX5 that play a role in mediating 
EGFRi resistance in LUAD. In this regard, we note that our RNA-
seq analysis identified several other biological pathways that were 

Fig. 6. The BIRC5 inhibitor YM155 blocks growth of EGFRi-resistant LUAD cells in cell culture and mice. (A) Relative expression of BIRC5 mRNA in the indicated 
EGFRi-resistant LUAD cell lines treated with DMSO or BIRC5 inhibitor YM155 (10 and 20 nm for HCC827-R1, HCC827-R2, HCC2935-R1, and HCC2935-R2; 20 and 
40 nm for PC9-R1 and PC9-R2) for 48 h, as measured by qRT-PCR. (B) Immunoblot analysis measuring expression of BIRC5 in the indicated EGFRi-resistant 
LUAD cell lines treated with DMSO or YM155 (10 and 20 nm for HCC827-R1, HCC827-R2, HCC2935-R1, and HCC2935-R2; 20 and 40 nm for PC9-R1 and PC9-R2) 
for 48 h. (C) The indicated EGFRi-resistant LUAD cell lines were treated with DMSO or YM155 (10 and 20 nm), and survival was measured in clonogenic assays. 
Representative wells for cells grown under the indicated conditions are shown. (D) The indicated LUAD EGFRi-resistant cell lines were treated with YM155 (20 nM 
for HCC827-R1, HCC827-R2, HCC2935-R1, and HCC2935-R2; 50 nM for PC9-R1 and PC9-R2) or DMSO control for 48 h and then analyzed by FACS-based annexin 
V-PE staining. (E) EGFRi-resistant HCC827 cells (HCC827-R2) were injected subcutaneously into the flanks of NSG mice (n = 5), and animals were treated with 
vehicle (0.9% saline) or YM155 (3.5 mg/kg). Average tumor volumes at the end of the experiment are shown. Data are presented as the mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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enriched among genes up- or down-regulated in CBX5-
knockdown cells, including those related to oxidative phospho-
rylation, mitochondrial dysfunction, sirtuin signaling, and 
GADD45 signaling (SI Appendix, Fig. S6A). Future work system-
atically evaluating the role of other CBX5 targets may shed light 
on additional pathways that mediate the downstream function of 
CBX5 in conferring EGFRi resistance in LUAD.

Based on our elucidation of the CBX5-E2F1-BIRC5 axis, 
we explored several therapeutic strategies for targeting 
CBX5- loss–driven EGFRi resistance in LUAD. Notably, we 
found that treatment with BETi restores CBX5 expression in 
EGFRi-resistant LUAD, and this resensitizes EGFRi-resistant 
cells to BETi/EGFRi-based combination therapy. Moreover, 
when used preemptively in conjunction with EGFRi, BETi also 
forestalls development of EGFRi resistance. These findings are 
reminiscent of results from a previous study that identified a role 
for regulators of histone acetylation and histone methylation in 
controlling the emergence of drug-tolerant cells in response to 
various targeted and chemotherapeutic agents (26). Lastly, con-
sistent with the role of BIRC5 as an IAP downstream of CBX5, 
we found that treatment with the BIRC5 inhibitor YM155 sup-
presses growth of EGFRi-resistant LUAD both in cell culture 
and in mice.

Taken together, our findings uncover a CBX5-loss–driven antia-
poptotic pathway that confers resistance to EGFRi. Moreover, we 
identify two unique therapeutic approaches for treating EGFRi-
resistant LUAD, that is, by blocking BIRC5 expression with a 
BIRC5 inhibitor or by restoring CBX5 expression via BETi treat-
ment. Therefore, collectively, these results provide a hope for 
LUAD patients who have failed EGFRi treatment due to the 
emergence of acquired resistance.

Materials and Methods

Cell Culture. Human LUAD cell lines (HCC827, HCC2935, and PC9) and HEK293T 
cells were obtained from the American Type Culture Collection (ATCC; Manassas, 
VA, USA). HEK293T cells were grown in Dulbecco’s Modified Eagle Medium with 
high glucose and L-glutamine, supplemented with 10% fetal bovine serum (FBS; 
Sigma-Aldrich, St. Louis, MO, USA) and 1× penicillin/streptomycin (Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA). HCC827, HCC2935, and PC9 cells 

were grown in Roswell Park Memorial Institute (RPMI)-1640 media, supple-
mented with 10% FBS and penicillin/streptomycin. All cells were grown under 
5% CO2 at 37 °C.

To establish erlotinib-resistant cell lines, HCC827, HCC2935, and PC9 cells 
were treated with increasing concentrations of erlotinib (1 to 5 μM) for 2 to 3 mo, 
changing the medium every 3 d and adding fresh drug. Resistant colonies were 
pooled, and resistance was confirmed using MTT and clonogenic assays with 
different concentrations of erlotinib and assessing growth compared to parental 
cell lines.

Large-Scale Epigenome-Wide shRNA Screen. HCC827 cells were infected 
with eight lentiviral shRNA pools containing 1,862 shRNAs targeting 363 
known or predicted chromatin modifier genes, or as a control a lentivirus 
containing an NS shRNA, at 0.2 MOI to prevent superinfection and ensure 
that each cell received no more than one shRNA. After infection, HCC827 cells 
were selected with puromycin (0.6 μg/mL) for 1 to 2 wk to enrich for cells 
expressing the shRNAs. After selection, cells were grown in erlotinib (2 μM) 
for 4 wk. Surviving colonies were collected, and genomic DNA was isolated. 
Integrated shRNAs were PCR-amplified using primers specific to the shRNA 
vector (pLKO.1), listed in SI Appendix, Table S3. Samples were sequenced using 
primer SP6 to identify candidate shRNAs. The epigenetic regulator shRNA 
library was obtained from the University of Massachusetts Chan Medical School 
RNAi Core Facility.

Drug Treatments. EGFRi (erlotinib, gefitinib, and osimertinib), BETi (JQ1 and 
PFI-1), and the BIRC5 inhibitor YM155 were purchased from Selleck Chemicals, 
LLC. All inhibitors were dissolved in hybridoma-grade dimethyl sulfoxide (DMSO; 
Sigma-Aldrich) at a stock concentration of 10 mM. Cells were treated with DMSO or 
drugs at the concentrations indicated in the figure legends. An epigenetic inhib-
itor library containing 33 small-molecule compounds that target 25 epigenetic 
genes was purchased from SGC Chemicals (Bang Sue, Krung Thep, Thailand), and 
cells were treated with indicated concentrations of inhibitors listed in SI Appendix, 
Table S2. For mouse studies, erlotinib and PFI-1 were dissolved in 2% DMSO in 
0.5% methylcellulose, osimertinib was dissolved in 0.5% carboxy propyl cellulose 
and 0.1% Tween80, JQ1 was dissolved in 5% DMSO in 5% dextrose solution, and 
YM155 was dissolved in 0.9% saline.

shRNAs, Lentivirus Preparation, and Stable Cell Line Generation. Gene-
specific shRNAs were obtained from Open BioSystems (Thermo Fisher Scientific); 
catalog numbers for the shRNAs used in this study are listed in SI Appendix, 
Table S3. For lentivirus production, shRNAs and the packaging plasmids 
PDM2.G and psPAX2 were transfected into HEK293T cells using Effectene 
Transfection Reagent (QIAGEN). After 48 h, lentivirus-containing supernatants 

Fig. 7. Proposed model for the mechanism by which EGFRi resistance in LUAD is regulated by the CBX5-E2F1-BIRC5 axis. Our findings are consistent with a 
model wherein loss of CBX5 promotes resistance to EGFRi via E2F1-mediated upregulation of BIRC5 expression, which leads to inhibition of EGFRi-induced 
apoptosis. CBX5 is down-regulated in EGFRi-resistant cells; however, expression can be restored by treatment with BETi. Consistent with this observation, 
combined treatment with EGFRi and BETi shows potential therapeutic benefits in cell culture and in a mouse model of EGFRi-resistant LUAD. In addition, similar 
therapeutic benefits can be achieved by treating EGFRi-resistant cells with a BIRC5 inhibitor.

http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218118120#supplementary-materials
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were harvested, filtered, and used for infections. Lentiviral shRNA-infected cells 
were selected using puromycin, at the following concentrations: 0.6 μg/ml for 
HCC827 cells and 0.70 μg/ml for HCC2935 and P9 cells. For E2F1/CBX5 and 
BIRC5/CBX5 double-knockdown experiments, PC9 or HCC827 cells were first 
infected with an E2F1 shRNA, BIRC5 shRNA, or TRC NS shRNA. Cells were selected 
with puromycin (0.70 μg/mL), and knockdowns were validated by immunoblot 
analysis. Cells expressing an E2F1, BIRC5, or TRC NS shRNA were then infected 
with PZIPZ NS shRNA or CBX5 shRNA and GFP-positive cells were sorted by 
fluorescence-activated cell sorting (FACS) using a BD FACSAria Flow Cytometer. 
E2F1/CBX5 and BIRC5/CBX5 double-knockdown cells were validated by immu-
noblot analysis.

clonogenic Assays. Cells were seeded at 5 × 103 cells per well in 6-well plates 
and allowed to attach overnight. After 2 d, cells were treated with the indicated 
concentrations of EGFRi (erlotinib, gefitinib, or osimertinib), BIRC5 inhibitor 
(YM155), or BETi (JQ1 and PFI1), alone or in combination, as indicated in the 
text and figure legends. Cell culture media was changed every 3 d, adding fresh 
drug each time. After 2 wk of treatment, surviving colonies were fixed in a solution 
containing 50% methanol and 10% acetic acid and then stained with 0.05% 
Coomassie Brilliant Blue-R250 (Sigma-Aldrich).

Mouse Tumorigenesis Experiments. Animal experiments were conducted 
under the ethical guidelines and protocols approved by the Institutional Animal 
Care and Usage Committee at the University of Alabama at Birmingham. NOD 
scid gamma (NSG) mice (Stock No. 005557) were obtained from The Jackson 
Laboratory (Bar Harbor, ME, USA). In all mouse experiments, tumor size was meas-
ured once a week using calipers. The average tumor volume in each experimental 
group was expressed in cubic millimeters and calculated using the following 
formula: π / 6 × (large diameter) × (small diameter)2. The relevant details for 
individual experiments are presented below.

Mouse Experiments with Erlotinib or Osimertinib. A total of 5 × 106 PC9 
cells expressing either a CBX5 or NSshRNA were suspended in 200 μL Matrigel/
phosphate-buffered saline (PBS), combined at a 1:1 ratio, and subcutaneously 
injected into the flanks of 5- to 6-wk-old NSG mice. Once tumor volumes reached 
~100 mm3, mice were randomly split into two groups (n = 5); one group received 
vehicle control and the other received an EGFRi. For erlotinib treatment, 25 mg/
kg erlotinib was administered intraperitoneally (i.p.), three times per week until 
the end of the experiment; the vehicle control was 0.5% methylcellulose. For 
osimertinib treatment, 2.5 mg/kg osimertinib was administered orally three times 
per week until the end of the experiment; the vehicle control was 0.5% carboxy 
propyl cellulose and 0.1% Tween80.

CBX5/E2F1 and CBX5/BIRC5 Double-Knockdown Mouse Experiments. 
A total of 5 × 106 PC9 cells with shRNA-mediated double knockdown of E2F1/
CBX5 or BIRC5/CBX5, or cells expressing an NS (TRC/PZIPZ) shRNA were sus-
pended in 200 μL Matrigel/PBS (1:1) and subcutaneously injected into the flanks 
of 4 to 5-wk-old NSG mice. Mice were randomly split into two groups (n = 5); one 
received vehicle control (0.5% methylcellulose), and the other received 25 mg/kg 
erlotinib (i.p.), three times per week until the end of the experiment.

Mouse Experiments with BETi. A total of 5 × 106 EGFRi-resistant PC9 cells (PC9-R2) 
were suspended in 200 μL Matrigel/PBS (1:1) and subcutaneously injected in the 
flanks of 5- to 6-wk-old NSG mice. Mice were randomized to receive vehicle control 
(0.5% methylcellulose), 25 mg/kg erlotinib alone (i.p.), 50 mg/kg JQ1 alone (i.p.), 
5 mg/kg PFI-1 alone (i.p.), a combination of erlotinib + JQ1, or a combination of 
erlotinib + PFI-1, three times per week until the end of the experiment.

Mouse Experiments with the BIRC5 Inhibitor YM155. A total of 1 × 107 
EGFRi-resistant HCC827 cells (HCC827-R2) were suspended in 200 μL Matrigel/
PBS (1:1) and subcutaneously injected in the flanks of 4 to 5-wk-old of NSG mice. 
Mice were randomly split into two groups; one group received vehicle control 
(0.9% saline), and the other received 3.5 mg/kg YM155 (i.p.), five times per week 
until the end of the experiment.

Statistical Analysis. All experiments were conducted with at least three bio-
logical replicates. Results for individual experiments are expressed as the mean 
± SEM. P-values for all other experiments were calculated using the two-tailed 
unpaired Student’s t  test in GraphPad Prism v.9.0 for Macintosh (GraphPad 
Software). P-values < 0.05 were considered statistically significant, with 
 significance indicated as follows: ns, not significant; *P < 0.05; **P < 0.01, 
***P < 0.001, and ****P < 0.0001.

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited in [GEO] (GSE114563) (62). All additional data shown in the paper are avail-
able in the main manuscript and/or SI Appendix.
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