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Restoration of Osimertinib sensitivity in
lung cancer through BRD4 inhibitor-
mediated depalmitoylation of mutant

EGFR via APT1
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Non-small cell lung cancer (NSCLC) with epidermal growth factor receptor (EGFR) mutations initially
responds to the third-generation EGFR-tyrosine kinase inhibitor (TKI) Osimertinib. However, acquired
resistance inevitably develops through various mechanisms, including secondary mutations and
activation of bypass signaling pathways. Nuclear translocation of EGFR has been implicated in
resistance to targeted therapies, but the molecular mechanisms linking EGFR subcellular localization
to Osimertinib resistance remain poorly understood. Our findings suggested that CMPK2 mediates
Osimertinib resistance independently of EGFR mutations. Importantly, BRD4 inhibitor NHWD870
significantly reversed this resistance by inhibiting the nuclear translocation of EGFR and subsequent

transcriptional activation of CMPK2. Moreover, upregulated APT1-mediated depalmitoylation of
EGFR at C19 site was observed in Osimertinib resistant cells. BRD4 inhibitor treatment efficiently
repressed viability and proliferation of Osimertinib-resistant cells, with APT1 silencing additionally
enhancing these inhibitory effects. In conclusion, BRD4 inhibitor inhibited APT1-mediated
depalmitoylation modification of EGFR, resulting in reduction of nuclear EGFR and subsequent
downregulation of CMPK2, enhancing Osimertinib sensitivity in NSCLC. This study provides a novel
therapeutic strategy for overcoming Osimertinib resistance in NSCLC treatment.

The landscape of non-small cell lung cancer (NSCLC) therapy has been
profoundly transformed by the understanding of molecular mechanisms
driving tumor progression and drug resistance. One such pivotal mechan-
ism involves mutations in the epidermal growth factor receptor (EGFR),
notably in the tyrosine kinase domain spanning exons 19-21'. These
mutations are implicated in about 90% of EGFR-mutant NSCLC cases, with
exon 19 deletions and L858R point mutations in exon 21 being the most
common'. The development and application of epidermal growth factor
receptor tyrosine kinase inhibitors, including gefitinib, icotinib, and erloti-
nib (first-generation agents), dacomitinib, afatinib and dacomitinib (sec-
ond-generation), and Osimertinib (third-generation), have significantly
improved the survival and clinical outcomes of NSCLC patients harboring

EGFR mutation’”. While Osimertinib demonstrates superior efficacy with a
median progression-free survival of ~19 months in the first-line setting’,
acquired resistance inevitably develops in most patients™, highlighting the
critical need to understand resistance mechanisms.

The role of BRD4 is increasingly recognized as pivotal in cancer
biology’. For instance, BRD4 inhibitors JQ1 and ARV-771 have shown
promising potential in NSCLC treatment by disrupting the BRD4-IRF1
complex formation on the PD-LI promoter, effectively blocking cisplatin
and radiation-induced PD-L1 expression and enhancing anti-tumor
immune responses'’. As a member of bromodomain and extra-terminal
(BET) family, BRD4 is also distinguished by two tandem bromodomains,
BD1 and BD2. These domains exhibit selective affinity for acetylated lysine
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residues on target proteins and show enhanced binding to proteins with
multiple acetylation sites'""”. Importantly, this enhanced interaction facil-
itates the accumulation of BRD4 at transcriptionally active sites, thereby
influencing both the initiation and elongation phases of gene transcription’.
Moreover, publications have underscored the importance of BRD4 phos-
phorylation in enhancing its interaction with transcription factors, thereby
promoting chromatin remodeling". This process supports the transcrip-
tional programs that promote tumorigenesis. Inhibitors targeting BRD4,
such as NHWD870, function by inhibiting this phosphorylation, thereby
obstructing the transcription of downstream target genes that are crucial in
the development of tumor resistance mechanisms'. Intriguingly, the
combined use of a BET degrader, which can induce the degradation of
BRD4, and Osimertinib in both in vivo mouse models and in vitro lung
cancer cells yields a synergistic tumor suppressive effect””. This highlights
that the combination of a BRD4 inhibitor with Osimertinib may offer a
potent therapeutic strategy, potentially overcoming resistance to existing
therapies.

A key player in the development of Osimertinib resistance is the
nuclear translocation of EGFR, a phenomenon that contributes to altered
gene expression and survival pathways'®. Several publications have indi-
cated that nuclear EGFR (nEGFR) increases the expression of oncogenes,
promotes protein translation, and induces resistance to radiotherapy'”".
The post-translational modifications may mediate the membrane/nuclear
translocation of EGFR. Palmitoylation emerges as a significant post-
translational modification in the context of NSCLC". Palmitoylation
increases the hydrophobicity of proteins and then enhances their affinity for
the cell membrane, momentarily targeting cytoplasmic proteins to the
membrane™. A previous study has suggested that palmitoylation of EGFR
aids in its sustained membrane localization*'. Notably, mutations of pal-
mitoylated cysteine residues to alanine in the C-terminal tail are sufficient to
activate EGFR signaling, facilitating cell migration and transformation®,
indicating that the depalmitoylation of EGFR may reduce membrane
localization and activate EGFR signaling pathways. The enzymes respon-
sible for protein depalmitoylation, particularly acyl-protein thioesterases
(APTs), have been implicated in various cancer types™*, but their specific
roles in EGFR regulation and Osimertinib resistance in NSCLC remain to be
elucidated.

Cytidine monophosphate kinase 2 (CMPK2) is involved in the phos-
phorylation of nucleoside monophosphates and plays a crucial role in cel-
lular nucleotide metabolism™. Alterations in CMPK2 expression or activity
have been implicated in various human diseases™. Interestingly, the nuclear
translocation of EGFR activated nucleotide synthesis-related genes, such as
the thymidylate synthase gene promoter, leading to tumor resistance to
thymidylate synthase inhibitor-based anticancer drugs”. However, it has
not yet been reported whether the nEGFR in NSCLC affects Osimertinib
resistance by controlling CMPK2 expression.

Herein, we found that BRD4-mediated transcriptional activation of
APT1 leads to depalmitoylation of mutant EGFR, facilitating its nuclear
translocation and subsequent upregulation of CMPK2. This newly identi-
fied signaling axis provides insights into the mechanisms of Osimertinib
resistance and suggests potential therapeutic strategies for overcoming
resistance in NSCLC.

Results

CMPK2 expression was associated with Osimertinib resistance
in lung cancer cells independent of additional EGFR kinase
domain mutations

To investigate the molecular mechanisms underlying Osimertinib resis-
tance, we first generated Osimertinib-resistant cell lines (PC-9/OR and
HCC827/0R) from the EGFR-mutant NSCLC cell lines PC-9 and HCC827
(both harboring EGFR 19del). Next-generation sequencing analysis
revealed that these resistant cell lines do not acquire common resistance
mutations in the EGFR kinase domain (amino acids 712-968), including
C797S and T790M mutations, nor did they exhibit MET amplification (Fig.
S1A). In addition, BRD4 inhibitors have been identified as one of the most
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promising drugs in NSCLC resistant cells". To identify potential targets
involved in Osimertinib resistance, we performed RNA sequencing analysis
of H1975/OR cells under different treatment conditions, including Osi-
mertinib, and the combination of Osimertinib with BRD4 inhibitor (BRDj,
NHWD870). Hierarchical clustering analysis revealed distinct gene
expression patterns across treatment groups (Fig. S1B). Notably, CMPK2
was significantly downregulated in cells treated with BRD4 inhibitor in
combination with Osimertinib, compared with Osimertinib-treated cells
(Figure S1B-D). This expression pattern raised the possibility that CMPK2
is regulated in a BRD4-dependent manner and may be involved in Osi-
mertinib resistance. Interestingly, the sensitive cells (PC-9) were observed to
exhibit a dose-dependent decrease in cell viability (Fig. 1A) and CMPK2
expression (Fig. 1B, C), while EGFR levels remained unchanged (Fig. 1C). In
contrast, PC-9/OR cells showed no change in cell viability, CMPK2, or
EGEFR expression (Fig. 1A-C). Importantly, compared with that in PC-9
cells, enhanced nuclear localization of EGFR was presented in PC-9/OR cells
(Fig. 1D), however, treatment with increased concentrations of Osimertinib
did not alter the nuclear localization of EGFR in PC-9/OR cells (Fig. 1D).
Furthermore, knockdown of CMPK2 in PC-9/OR cells resulted in reduced
cell viability and proliferation (Fig. 1E, F), with a decrease in CMPK2
expression (Fig. 1G, H), but no change in EGFR expression (Fig. 1H).
Interestingly, the addition of Osimertinib did not alter these effects
(Fig. 1E-H). We also performed parallel experiments using HCC827 and
HCCB827/OR cells to further validate these findings. As expected, similar
trends were observed in these cell lines (Fig. S2A-H). These consistent
results supported a model where CMPK2 upregulation contributes to
Osimertinib resistance in cells maintaining original EGFR mutations,
potentially through EGFR nuclear translocation.

BRD4 inhibition reduced CMPK2 expression and sensitized lung
cancer cells to Osimertinib

Next, we began to investigate the efficacy of the BRD4 inhibitor in CMPK2-
mediated Osimertinib resistance. Elevated BRD4 expression was observed
in PC-9/OR cells compared to their sensitive counterparts (Fig. 2A). Then,
cells were treated with different concentrations of NHWD870 (0, 0.1, 0.5, 1,
5, or 10 nM). We found no change in cell viability at concentrations low to
0.1 nM, however, a significant reduction in the viability of resistant cells at
doses above 0.5 nM was observed; interestingly, NHWD870 treatment led
to less impact in sensitive cells (Fig. 2B). BRD4 inhibitor (at doses above
0.5 nM) also effectively reduced BRD4 and CMPK?2 expression, particularly
in resistant cells (Fig. 2C). Notably, NHWD870 treatment attenuated the
nuclear translocation of EGFR observed in resistant cells (Fig. 2D). In
experiments combining Osimertinib with NHWD870, treatment with
Osimertinib alone did not significantly affect BRD4, CMPK2, or nEGFR
levels in resistant cells (Figs. 2E and S3A), nor cell viability and proliferation
(Figs. S3B and 3C). However, NHWD870 treatment markedly inhibited the
expression of BRD4 and CMPK2, decreased nEGFR translocation, and
reduced cell viability and proliferation (Figs. S3B and 3C), indicating that
BRD4 inhibitor sensitizes resistant cells to Osimertinib. Additionally,
CMPK2 knockdown led to reduced CMPK2 expression without affecting
nEGEFR levels (Figs. S3D and 3E) in resistant cells, and also suppressed cell
viability and proliferation (Figs. S3F and 3G). Importantly, NHWD870
treatment further inhibited CMPK2 and nEGFR expression and exacer-
bated the reduction in cell viability and proliferation in resistant cells
silencing CMPK2 (Fig. S3F, G), suggesting a potential additive effect of this
combination. To complement these findings, similar experiments were
conducted using HCC827 and HCC827/OR cells, which showed parallel
responses to BRD4 inhibition. The HCC827/OR cells also displayed ele-
vated BRD4 expression and responded to NHWD870 treatment with
reduced cell viability and decreased nEGFR localization (Fig. S4A-H). The
combination of CMPK2 knockdown and BRD4 inhibition showed
enhanced efficacy in these cells as well (Fig. S4I-L). These findings suggested
that BRD4 inhibition reduces CMPK2 expression and nEGFR localization,
and when combined with CMPK2 knockdown, may increase the sensitivity
of resistant NSCLC cells to Osimertinib.
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BRD4 inhibition attenuated nuclear EGFR-associated CMPK2 predominantly cytoplasmic (Fig. 3A, B). To further investigate nEGFR’s
transcriptional activation role, we transfected 293T cells with Flag-nEGFR. Immunofluorescence
Next, we began to explore how BRD4 inhibitors restore Osimertinib sen-  analysis revealed that while control cells show EGFR distribution in both
sitivity in EGFR-mutant NSCLC cells. In PC-9/0OR and HCC827/OR cells,  cytoplasm and cell membrane, Flag-nEGFR-transfected cells exhibit
an increase in nEGFR and a corresponding decrease in cytoplasmic EGFR  increased nEGFR localization without altering membrane EGFR expression
were observed, contrasting with the sensitive cells where EGFR remained  (Fig. 3C). Using these transfected cells, ChIP analysis detected binding of
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Fig. 1 | CMPK2 expression was associated with Osimertinib resistance in lung
cancer cells independent of additional EGFR kinase domain mutations. PC-9 and
PC-9/0OR were treated with different concentrations of Osimertinib (0, 5, 10, 20, or
40 nM), and then A cell viability was determined by CCK-8 assay; B the expression of
CMPK?2 was measured by qRT-PCR; C the expression of CMPK2 and EGFR was
measured by western blot; D immunofluorescence staining of EGFR (green) and
nuclei (DAPI, blue). Red arrows indicated representative cells with prominent
nuclear EGFR accumulation. Nuclear EGFR fluorescence intensity was quantified
using Image] (scale bar = 25 um). E, F The viability and proliferation of PC-9/OR

cells were detected by CCK-8 and colony formation after silencing CMPK2 alone or
simultaneously silencing CMPK2 and treating with Osimertinib. G, H The
expression of CMPK2 and EGFR was examined by qRT-PCR and western blot in
PC-9/OR cells silenced CMPK?2 alone or simultaneously silenced CMPK2 and
treated with Osimertinib. Mean + SD, n =3, *p < 0.05, **p < 0.01, ***p < 0.001.
Statistical analysis was carried out by one-way ANOVA. CMPK?2 cytidine mono-
phosphate kinase 2, EGFR epidermal growth factor receptor, CCK-8 cell counting
kit-8, qQRT-PCR quantitative real-time polymerase chain reaction, PC-9/OR
Osimertinib-resistant PC-9 cells.

nEGFR and BRD4 to the CMPK2 promoter, with enhanced occupancy
upon nEGFR or BRD4 overexpression (Fig. 3D, E). Moreover, the binding
of nEGFR to the CMPK2 WT promoter increased luciferase activity upon
nEGFR overexpression, an effect reduced by the addition of NHWD&870.
This suggested that BRD4 inhibitor may reduce CMPK2 promoter activity
enhanced by nEGFR (Fig. 3F). Similarly, BRD4 binding to the CMPK2 WT
promoter enhanced luciferase activity upon BRD4 overexpression, which
was repressed upon adding NHWD870, indicating that the BRD4 inhibitor
attenuates BRD4-mediated transcriptional activation of CMPK2 (Fig. 3G).
Moreover, PPA-Pred2 prediction (https://www.iitm.ac.in/bioinfo/PPA_
Pred/prediction.html#) suggested that the free energy of binding between
BRD4 and nEGFR mutants is —9.83 kcal/mol, implying a potential stable
interaction. Supporting this, Co-IP analysis detected a physical association
between BRD4 and nEGFR in 293T and Osimertinib-resistant cells
(Fig. 3H). We then observed that nEGFR overexpression increases CMPK2
promoter activity (Fig. 3I) and CMPK2 mRNA and protein levels (Fig. 3], K)
in Osimertinib-resistant cells, as well as promoted cell viability (Fig. 3L) and
proliferation (Fig. 3M). However, these effects were reversed by treating of
NHWD870 (Fig. 3I-M). Taken together, BRD4 inhibition suppressed both
nEGFR accumulation and its transcriptional activation of CMPK2, con-
tributing to restored drug sensitivity.

Depalmitoylation of EGFR at C19 site was elevated in
Osimertinib-resistant lung cancer cells

A previous study has indicated that the depalmitoylation of EGFR may
reduce its membrane localization”’, we therefore further investigated its
palmitoylation levels in Osimertinib-resistant cells. The results revealed that
EGFR palmitoylation levels are higher in Osimertinib sensitive cells than
that in the resistant cells (Fig. 4A). The palmitoylation inhibitor 2-BP
decreased EGFR palmitoylation in sensitive cells (Fig. 4B), the palmitoyl-
transferase activator Palm B restored palmitoylation in resistant cells
(Fig. 4C). Subsequently, a conservation analysis of cysteine residues in EGFR
across different species (human, mouse and rat) highlighted the high con-
servation of the C19 palmitoylation site (Fig. 4D). When 293T cells were
transfected with HA-tagged EGFR mutants at the C19 site, there was a loss
of palmitoylation, indicating the critical role of this site in the process
(Fig. 4E). Similarly, transfection with the C19 site mutant EGFR did not alter
palmitoylation levels in PC-9/OR and HCC827/OR cells, whereas EGFR
WT transfection increased its palmitoylation (Fig. 4F). Furthermore, EGFR
WT enhanced CMPK2 promoter activity, while the mutant EGFR had no
significant effect (Fig. 4G). EGFR WT increased CMPK2 expression,
whereas the mutant EGFR did not influence CMPK?2 expression (Fig. 4H).
Thus, the palmitoylation of EGFR regulated CMPK2 levels in Osimertinib-
resistant cells.

APT1 promoted EGFR depalmitoylation and contributes to Osi-
mertinib resistance in NSCLC cells

Palmitoylation modification involves attaching a palmitoyl group via a
thioester bond to a cysteine residue in the proteins, while depalmitoylation is
mainly achieved by the APTs, which cleaves the thioester bond*. Herein,
APT1 (acyl-protein thioesterase 1) was observed to be up-expressed in
NSCLC. We therefore explored the role of APT1 in mediating the depal-
mitoylation of EGFR in Osimertinib-resistant NSCLC cells. The results
indicated an increased expression of APT1 in PC-9/OR cells compared to

PC-9 cells (Fig. 5A). Subsequently, APT1 expression was inhibited by
transfecting with shAPT1 (Fig. 5B). Immunofluorescence studies revealed
that this knockdown leads to a reduction in the colocalization of APT1 and
EGEFR at the cell membrane (Fig. 5C). Moreover, EGFR palmitoylation
levels remained unchanged in PC-9 cells after APT1 knockdown, while the
palmitoylation of EGFR in PC-9/OR cells increased (Fig. 5D). Immuno-
fluorescence observations showed that knockdown of APT1 leads to a
downregulation of EGFR nuclear translocation in PC-9/OR cells, an effect
not observed in sensitive cells (Fig. 5E). To further investigate this phe-
nomenon, we examined the effect of APT1 knockdown on EGFR phos-
phorylation status and subcellular localization. Western blot analysis
revealed that PC-9 sensitive cells lacked nEGFR expression, and APT1
knockdown has no effect on nEGFR or p-EGFR levels in these cells. In
contrast, PC-9/OR resistant cells exhibited substantial n-EGFR expression,
and APT1 knockdown significantly reduces nEGFR levels while increasing
p-EGFR expression (Fig. 5F). This result was further confirmed by analyzing
EGFR cytoplasm and nucleus distribution in resistant and sensitive cells
(Fig. S5A). Additionally, knockdown of APT1 in PC-9/OR cells caused a
reduction of CMPK2 mRNA and protein levels, while no significant change
was observed in PC-9 cells (Fig. S5B). Functionally, knockdown of APT1 did
not affect the viability and proliferation of sensitive cells, while resulting in
an inhibition in cell viability and proliferation in PC-9/OR cells
(Fig. S5C, D). APT1 knockdown suppressed viability and proliferation in
resistant cells, but had no effect in sensitive cells (Fig. SSC-F). Interestingly,
APT1 knockdown partially restored Osimertinib sensitivity in PC-9/OR
cells, as evidenced by reduced viability and proliferation (Fig. S5E, F). To
validate these findings in an additional cell model, we performed parallel
experiments with HCC827 and HCC827/OR cells. Similar results were
observed, with increased APT1 expression in resistant cells and APT1
knockdown effects on EGFR palmitoylation, nuclear translocation, and cell
viability showing consistent patterns (Fig. S6A-L). Taken together, by
influencing the palmitoylation status of EGFR, APT1 directly impacted the
downstream signaling pathways, including the nuclear translocation of
EGEFR and the expression of CMPK2, thereby affecting Osimertinib sensi-
tivity in NSCLC cells.

BRD4 inhibitor restored Osimertinib sensitivity by suppressing
CMPK?2 transcription via modulation of nNEGFR and APT1

Next, we examined whether the BRD4 inhibitor NHWD870 restores Osi-
mertinib sensitivity by regulating nEGFR and APT1 in vitro. To assess the
role of EGFR palmitoylation at the C19 site in nuclear translocation and
CMPK?2 regulation, PC-9/OR cells were transfected with either WT EGFR
or a C19-site mutant, followed by NHWD870 treatment. Transfection with
WT EGEFR increased CMPK2 levels and promoter activity, but these effects
were not observed after transfecting with mutant EGFR. Importantly,
NHWD870 treatment reduced CMPK2 expression and promoter activity in
both scenarios (Fig. 6A-C). Furthermore, the nuclear translocation of EGFR
was enhanced with WT EGEFR transfection, an effect not seen after trans-
fecting with mutant EGFR. NHWD870 treatment effectively decreased this
nuclear translocation (Fig. 6D). As expected, EGFR WT transfection pro-
moted the viability and proliferation of Osimertinib-resistant cells, while
NHWD870 treatment blocked these effects (Fig. 6E, F). Additional
experiments involving APT1 knockdown followed by NHWD870 treat-
ment revealed a decrease in both APT1 and CMPK2 expression, with the
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Fig. 2 | BRD4 inhibition reduced CMPK2 expression and sensitized lung cancer
cells to Osimertinib. A Western blot analysis of BRD4 in PC-9 and PC-9/OR cells.
Cells were treated with different concentrations of BRD4 inhibitor (NHWD870) (0,
0.1, 0.5, 1, 5, or 10 nM), and then B CCK-8 measured cell viability; C Western blot
analyzed the expression of BRD4 and CMPK2; D immunofluorescence staining of
EGEFR (green) and nuclei (DAPI, blue). Nuclear EGFR intensity was quantified by
measuring the fluorescence ratio using Image]J (scale bar = 25 um). PC-9/OR cells
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combination of APT1 knockdown and NHWD870 showing the greatest
reduction (Fig. 6G, H). Similarly, APT1 knockdown alone reduced CMPK2
promoter activity, and this effect was further amplified when combined with
NHWD870 (Fig. S7A). This combination also led to an increase in EGFR
palmitoylation (Fig. S7B) and a decrease in its nuclear translocation
(Fig. S7C), along with a significant reduction in cell viability and

proliferation (Fig. S7D, E). To confirm the consistency of these findings, we
conducted similar experiments using HCC827/OR cells, which demon-
strated comparable results regarding the effects of EGFR WT/mutant
transfection and NHWD870 treatment on CMPK2 expression, EGFR
nuclear translocation, and cell viability. Likewise, the combination of APT1
knockdown with NHWD870 showed enhanced effects in HCC827/OR cells
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(Fig. SSA-M). These findings position as a potential strategy to counteract
resistance via the APT1/nEGFR/CMPK2 axis.

BRD4 inhibitor enhanced the Osimertinib sensitivity in vivo

To investigate the efficacy of BRD4 inhibitor NHWD870 in enhancing
Osimertinib sensitivity in vivo, mice were injected with PC-9/OR or
HCC827/OR  cells, followed by treatment with Osimertinib and

NHWD870
+NC

NHWD870
+nEGFR

PC-9/0R

HCC827/OR

NHWD870. The results revealed that while Osimertinib alone has minimal
impact on tumor size, NHWD870 treatment significantly reduces tumor
size, with the most pronounced effect seen in the combination treatment
(Fig. 7A). Ki67 expression showed no significant change with Osimertinib
alone. In contrast, NHWD870 treatment led to a notable decrease in Ki67
expression, indicating reduced tumor proliferation. The combination
therapy yielded the most significant reduction in Ki67 expression (Fig. 7B).

npj Precision Oncology | (2025)9:305


www.nature.com/npjprecisiononcology

https://doi.org/10.1038/s41698-025-01048-8

Article

Fig. 3 | BRD4 inhibition attenuated nuclear EGFR-associated CMPK2 tran-
scriptional activation. A Immunofluorescence observation of EGFR entering the
nucleus (scale bar = 25 pm). B The expression of EGFR in the cytoplasm and nucleus
of PC-9, PC-9/OR, HCC827, and HCC827/OR cells. C Immunofluorescence
showing EGFR distribution in 293T cells transfected with control or Flag-tagged
nuclear EGFR (Flag-nEGFR) (scale bar = 25 um). D ChIP assay in 293T cells
transfected with Flag-nEGFR mutant fusion expression vectors was used to detect
the binding of nEGFR mutants to the CMPK2 promoter region. E ChIP assay in
293T cells transfected with HA-tagged BRD4 fusion expression vectors was used to
analyze the binding of BRD4 to CMPK2 promoter region. F, G Dual-luciferase
reporter assay determined the interactions between nEGFR mutants and the CMPK2
promoter region or BRD4 and CMPK2 promoter region in 293T cells treated with or
without BRD4 inhibitor. H Co-IP assay in 293T, PC-9/OR, or HCC827/OR cells was
performed to detect the interaction between exogenous and endogenous nEGFR

mutants and BRD4. I Dual-luciferase assay in PC-9/OR and HCC827/OR cells
overexpressing nEGFR mutants with or without NHWD870 treatment was per-
formed to assess the promoter activity of CMPK2. J, K qRT-PCR and western blot
analysis of CMPK2 levels in PC-9/OR and HCC827/OR cells overexpressing nEGFR
mutants with or without NHWD870 treatment. L, M CCK-8 and colony formation
measured cell viability and proliferation of PC-9/OR and HCC827/OR cells over-
expressing nEGFR mutants with or without NHWD870 treatment. Mean # SD,
n=3,*p<0.05, **p<0.01, ***p < 0.001. Statistical analysis was carried out by a
one-way ANOVA. BRD4 bromodomain-containing protein 4, CMPK2 cytidine
monophosphate kinase 2, EGFR epidermal growth factor receptor, nEGFR nuclear
EGFR, ChIP chromatin immunoprecipitation, Co-IP co-immunoprecipitation,
CCK-8 cell counting kit-8; PC-9/OR Osimertinib-resistant PC-9 cells, HCC827/OR
Osimertinib-resistant HCC827 cells.
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Fig. 4 | Depalmitoylation of EGFR at C19 site was elevated in Osimertinib-
resistant lung cancer cells. A Acyl-RAC assay of EGFR palmitoylation in PC-9, PC-
9/OR, HCC827, and HCC827/OR cells. B Examination of EGFR palmitoylation in
PC-9 and HCC827 cells treated with 2-BP (100 uM) for 0, 2, or 4 h using Acyl-RAC
assay. C Acyl-RAC assay of EGFR palmitoylation in PC-9/OR and HCC827/OR cells
treated with Palmitate B (Palm B, 50 uM) for 0, 2, 4, and 8 h. D Conservation analysis
of cysteine residues in EGFR protein sequences across different species (human,
mouse, and rat). E Acyl-RAC assay of palmitoylation levels in 293T cells transfected
with HA-tagged EGFR mutants at the C19 palmitoylation site. F Acyl-RAC assay of
palmitoylation levels in PC-9/OR, and HCC827/OR cells transfected with HA-
tagged wild-type or C19 palmitoylation site mutant EGFR. G Dual-luciferase assay

assessed the impact of wild-type or mutant EGFR transfection on CMPK2 promoter
activity in PC-9/OR, and HCC827/OR cells. H qRT-PCR and western blot analysis
of CMPK2 levels in PC-9/OR and HCC827/OR cells transfected with wild-type or
mutant EGFR. Mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Statistical
analysis was carried out by a student’s ¢-test or a one-way ANOVA. EGFR epidermal
growth factor receptor, Acyl-RAC acyl-resin-assisted capture, 2-BP 2-bromo-
palmitate, Palm B Palmitate B, CMPK2 cytidine monophosphate kinase 2, qRT-PCR
quantitative real-time polymerase chain reaction, PC-9/OR Osimertinib-resistant
PC-9 cells, HCC827/OR Osimertinib-resistant HCC827 cells, HAM hydroxylamine
hydrochloride.
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Fig. 5| APT1 promoted EGFR depalmitoylation and contributes to Osimertinib
resistance in NSCLC cells. A Western blot analysis of APT1 expression in PC-9 and
PC-9/0R cells. B The knockdown efficiency of ShAPT1 in PC-9 and PC-9/OR cells was
measured by western blot. C Immunofluorescence assessment of the colocalization
between APT1 and EGFR in cells transfected with sh-APT1 (scale bar = 25 um).

D Acyl-RAC assay analyzed the palmitoylation status of EGFR at C19 site in cells
transfected with shAPT1. E Immunofluorescence staining of EGFR (green) and nuclei
(DAPI, blue) in cells transfected with shAPT1. Red arrows indicated cells with
enhanced nuclear EGFR accumulation in shAPT1 groups. Nuclear EGFR intensity was

quantified as the ratio of EGFR fluorescence within DAPI-defined regions to total
cellular EGFR intensity using Image]J (scale bar = 25 um). F Western blot analysis of
nEGEFR, p-EGFR, and t-EGFR expression in cells transfected with shAPT1. Mean + SD,
n=3,*p<0.05, **p <0.01, ***p < 0.001. Statistical analysis was carried out by a stu-
dent’s t-test or a one-way ANOVA. APT1 acyl protein thioesterase 1, EGFR epidermal
growth factor receptor, nEGFR nuclear EGFR, p-EGFR phosphorylated EGFR, t-EGFR
total EGFR, Acyl-RAC acyl-resin-assisted capture, CMPK2 cytidine monophosphate
kinase 2, PC-9/OR Osimertinib-resistant PC-9 cells.
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Furthermore, treatment with Osimertinib alone did not markedly alter the ~ Additionally, Osimertinib treatment alone did not change the palmitoyla-
expression of BRD4, APT1, and CMPK2. However, Combination therapy  tion status of EGFR. However, NHWD870 treatment resulted in an increase
further reduced CMPK2 expression compared to NHWD870 alone in EGFR palmitoylation (Fig. 7E). These in vivo findings align with cellular
(Fig. 7C), consistent with in vitro data. Osimertinib treatment did not sig-  phenotypes, supporting further exploration of BRD4 inhibition as a com-
nificantly affect the nuclear co-localization of BRD4 and EGFR. In contrast,  binatorial strategy with Osimertinib.

NHWD870 treatment reduced their co-localization in the nucleus (Fig. 7D).
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Fig. 6 | BRD4 inhibitor restored Osimertinib sensitivity by suppressing CMPK2
transcription via modulation of nEGFR and APT1. PC-9/OR cells were trans-
fected with HA-tagged C19 palmitoylation site mutant EGFR, followed by treating
with BRD4 inhibitor. The groups include: NC, WT-HA-EGFR, Mut-HA-EGFR,
NC + NHWD870, WT-HA-EGFR + NHWD870, and Mut-HA-EGFR +
NHWD870, and then A, B CMPK2 levels were measured by qRT-PCR and western
blot. C Dual-luciferase reporter assay analyzed CMPK2 promoter activity.

D Immunofluorescence observed the nuclear translocation of EGFR (scale

bar =25 um). E, F CCK-8 and colony formation determined cell viability and pro-
liferation. PC-9/OR cells were transfected with shAPT1, followed by treating with

BRD4 inhibitor, the groups include: shNC, shAPT1, NHWD870+shNC, and
NHWD870+shAPT1, and then G CMPK2 levels were measured by qRT-PCR,

H APT1 and CMPK2 levels were measured by western blot. Mean + SD, n = 3,

*p <0.05, ¥*p < 0.01, ***p < 0.001. Statistical analysis was carried out by a one-way
ANOVA. BRD4 bromodomain-containing protein 4, CMPK2 cytidine monopho-
sphate kinase 2, nEGFR nuclear EGFR, APT1 acyl protein thioesterase 1, HA
hemagglutinin, NC negative control, WT wild-type, Mut mutant, NHWD870 BRD4
inhibitor, QRT-PCR quantitative real-time polymerase chain reaction, Acyl-RAC
acyl-resin-assisted capture, CCK-8 cell counting kit-8, PC-9/OR Osimertinib-
resistant PC-9 cells.

Discussion

EGFR mutation occurs in a considerable number of NSCLC cases, especially
Asian cases™, and therefore has been established as one of driver oncogenes
for NSCLC™. The third-generation EGFR-TKI Osimertinib has granted
approval for clinical application in NSCLC patients with EGFR T790M
mutation’’, and has made a great breakthrough in clinical treatment.
However, resistance to Osimertinib poses a substantial obstacle. Intrigu-
ingly, recent evidence suggested that the nuclear translocation of EGFR may
play a critical role in the development of Osimertinib resistance'. In this
study, BRD4 was found to increase APT1 expression, inducing the depal-
mitoylation of EGFR and subsequently upregulation of nEGFR, upregulated
nEGFR activated CMPK2 expression and enhanced Osimertinib resistance
in NSCLC.

CMPK?2 is a mitochondrial enzyme that plays a crucial role in the
synthesis of deoxyribonucleotides, which are essential for DNA
replication and repair”. A previous study has indicated an interesting
conclusion, nEGFR induces the activation of thymidylate synthase
gene promoter, a nucleotide synthesis-related gene, leading to drug
resistance in tumor”’. Herein, our data supported a role for CMPK2 in
Osimertinib resistance independent of secondary EGFR mutations,
adding to the complexity of resistance mechanisms. More importantly,
we introduced the BRD4 inhibitor NHWD870, which significantly
reduced CMPK2 expression and enhanced sensitivity to Osimertinib in
resistant cells. Targeting BRD4-related modification sites or enzymes
may be an effective strategy for cancer prevention and treatment”. The
inhibitor targeting BRD4 has displayed sensitivity in Osimertinib-
tolerant persisters®. Indeed, inhibition of BRD4 has been suggested to
enhance Osimertinib sensitivity in both in vivo mouse models and
in vitro lung cancer cells””. Our study highlighted that BRD4 induces
Osimertinib resistance by regulating CMPK2, providing a new target
for an in-depth understanding of the complexity of drug resistance
mechanisms.

EGEFR localization can change between the cell membrane, cytoplasm,
and nucleus”. Notably, increasing publications confirmed the key roles of
nEGFR in cancer development’®”, including in drug-resistant cancer cells.
For instance, nuclear expression of ErbB-3 (a receptor tyrosine kinase of
EGFR) can be a prognostic marker or a therapeutic target for advanced
prostate cancer with resistance to androgen ablation®. Rong et al. suggested
that nEGFR can be recognized as a key factor in the process of Osimertinib
resistance'®. Here, we observed that the upregulated BRD4 in Osimertinib-
resistant cells promotes nEGFR levels, thereby activating CMPK2 activity.
Therefore, the BRD4 inhibitor NHWD870 impeded the transcription of
CMPK2 mediated by the nuclear translocation of EGFR, thereby restoring
Osimertinib sensitivity. These findings added to the evidence that nEGFR
blockade may attenuate certain resistance pathways in EGFR-
mutant NSCLC.

The dynamic and reversible process of palmitoylation influences
protein properties such as accumulation, distribution, function, secretion,
and stability by modifying membrane affinity”. Previous research has
uncovered lots of cancer-related proteins that undergo palmitoylation**",
suggesting that targeting this post-translational modification or the enzymes
catalyzing it could be an efficacious approach for cancer prevention and
treatment strategies.

The palmitoylation of EGFR in tumorigenesis has received increasing
attention. It has been suggested that the palmitoyltransferase DHHC20
palmitoylates EGFR on the C-terminal domain and played important roles
in signal regulation during oncogenesis”’. Hence, we explored the palmi-
toylation of EGFR in Osimertinib-resistant cells and observed the upregu-
lation of EGFR depalmitoylation at C19 site. Moreover, palmitoylation
could be reversed by APTs, including APT1 and APT2". Here, we thor-
oughly analyzed the enzymes responsible for depalmitoylation in NSCLC
and confirmed the upregulation of APT1 in NSCLC. Intriguingly, we
observed and subsequently verified the interaction between BRD4 and
APT1, suggesting that BRD4 transcriptionally regulates APT1 expression.
Functionally, the combination of APT1 knockdown and BRD4 inhibitor
treatment further decreased nEGFR levels and repressed the viability and
proliferation of Osimertinib-resistant cells. These findings shed light on the
novel role of the BRD4 axis in modulating EGFR activity through APT1-
mediated depalmitoylation, providing a new perspective on how post-
translational modifications of EGFR can influence drug sensitivity
in NSCLC.

While our findings elucidate a potential BRD4/APT1/nEGFR/
CMPK2 axis in Osimertinib resistance, several limitations should be
acknowledged. First, the reliance on cell line models may not fully
recapitulate the tumor microenvironment or intratumoral hetero-
geneity observed in patients. Second, although we demonstrated cor-
relative relationships between BRD4 inhibition, nEGFR reduction, and
CMPK?2 downregulation, direct mechanistic links (e.g., whether BRD4
transcriptionally regulates APT1 or whether CMPK2 is the sole critical
downstream effector) remain to be experimentally validated. Third, the
in vivo efficacy was evaluated only in xenograft models; patient-derived
xenografts or genetically engineered mouse models might provide more
clinically relevant validation. Finally, the therapeutic window and
potential toxicity of combining BRD4 inhibitors with Osimertinib in
humans require further investigation, as systemic BRD4 inhibition could
affect normal tissues. Addressing these limitations in future studies will
strengthen the translational potential of targeting this pathway.

In conclusion, BRD4 enhanced the nuclear translocation of mutant
EGFR by APT1-mediated depalmitoylation, thereby increasing CMPK2
levels and subsequent mitochondrial nucleotide metabolism, ultimately
resulting in Osimertinib resistance in NSCLC. Based on this mechanism, the
BRD4 inhibitor was demonstrated to restore Osimertinib sensitivity
through regulating APT1/nEGFR/CMPXK?2 axis (Fig. 8). This discovery not
only enhances our understanding of the mechanisms underlying Osi-
mertinib resistance but also points to potential therapeutic interventions
targeting EGFR palmitoylation.

Methods

RNA extraction and next-generation sequencing

Total RNA was extracted from cell lines using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), with RNA integrity verified by Agilent 2100 Bioana-
lyzer (#5067-1511, Agilent Technologies, Santa Clara, CA, USA). Poly-
adenylated mRNA was enriched using NEBNext Poly(A) mRNA Magnetic
Isolation Module (#E7490, New England Biolabs, Ipswich, MA, USA), and
strand-specific libraries were prepared with NEBNext Ultra II Directional
RNA Library Prep Kit (#E7760, New England Biolabs). RNA fragmentation
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Fig. 7 | BRD4 inhibitor enhanced the Osimertinib sensitivity in vivo. Mice were
divided into four groups by injecting with PC-9/OR or HCC827/OR cells and
treating with BRD4 inhibitor (n = 6): control, Osimertinib, NHWD870, Osimerti-
nib + NHWD870, and then the following analyses were conducted: A Live imaging
observed tumor size. B Ki67 staining assessed tumor proliferation (scale

bar = 50 um). C IHC staining detected the expression of BRD4, APT1, and CMPK2
in tumors (scale bar = 50 um). D Fluorescence dual-staining determined the loca-
lization of BRD4 and EGEFR in cell nucleus (scale bar = 50 pm). E Acyl-RAC assay
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analyzed the palmitoylation modification of EGFR. Mean + SD, *p < 0.05,

**p < 0.01, ¥**p < 0.001. Statistical analysis was carried out by a one-way ANOVA.
BRD4 bromodomain-containing protein 4, APT1 acyl protein thioesterase 1,
CMPK?2 cytidine monophosphate kinase 2, EGFR epidermal growth factor receptor,
IHC immunohistochemistry, NHWD870 BRD4 inhibitor, Acyl-RAC acyl-resin-
assisted capture, PC-9/OR Osimertinib-resistant PC-9 cells, HCC827/OR
Osimertinib-resistant HCC827 cells, HAM hydroxylamine hydrochloride.

(94 °C, 8 min) generated 200-300 bp fragments for cDNA synthesis using
ProtoScript II Reverse Transcriptase (#M0368, New England Biolabs) and
dUTP-based strand marking. Adapter-ligated libraries were size-selected
(200-500 bp, BluePippin, Sage Science, Beverly, MA, USA) and quantified
by Quantitative PCR (qPCR). Paired-end sequencing (2 x 150 bp) was
performed on Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA)
using sequencing-by-synthesis technology to a depth of 50 million reads per
sample (Q30 > 85%), with demultiplexing using bcl2fastq2 v2.20 (Illumina).

Transcriptomic data analysis

Raw reads were trimmed with Trimmomatic v0.39 (Usadel Lab, RWTH
Aachen University, Germany) (ILLUMINACLIP:2:30:10) and aligned to
GRCh38 using HISAT2 v2.2.1 (Center for Computational Biology, Johns
Hopkins University, Baltimore, MD, USA) (parameters: dta rna-strandness
RF). Transcript abundance was quantified as TPM values with StringTie
v2.2.1 (Center for Computational Biology, Johns Hopkins University), and
differential expression analysis was performed using DESeq2 v1.34.0
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Fig. 8 | Schematic diagram illustrating the mechanism of BRD4 inhibitor-
mediated reversal of Osimertinib resistance in NSCLC cells through the APT1/
nEGFR/CMPK?2 axis. In the resistant state (left panel), APT1 mediates the depal-
mitoylation of EGFR, facilitating its nuclear translocation. Within the nucleus,
nEGEFR interacts with BRD4 to form a transcriptional complex at the CMPK2
promoter region. This interaction leads to transcriptional activation of CMPK2,
which catalyzes the conversion of ATP + CMP to ADP + CDP. Elevated CMPK2
expression ultimately confers resistance to Osimertinib. In contrast, the sensitive
state (right panel) shows palmitoylated EGFR anchored to the cell membrane, where
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it remains accessible to Osimertinib inhibition. The BRD4 inhibitor prevents BRD4
from interacting with acetylated histones, thereby disrupting the transcriptional
activation of CMPK2. Consequently, CMPK2 expression is reduced, and cells
maintain sensitivity to Osimertinib. BRD4 bromodomain-containing protein 4,
NSCLC non-small cell lung cancer, APT1 acyl protein thioesterase 1, nEGFR nuclear
EGFR, CMPK?2 cytidine monophosphate kinase 2, EGFR epidermal growth factor
receptor, ATP adenosine triphosphate, CMP cytidine monophosphate, ADP ade-
nosine diphosphate, CDP cytidine diphosphate, S-CoA stearoyl-CoA, Pol II RNA
polymerase II.

(Bioconductor) (thresholds: [log2FC| > 1, FDR < 0.05). Hierarchical clus-
tering of differentially expressed genes (DEGs) was visualized by heatmaps
(ComplexHeatmap v2.10.0, Bioconductor, z-score normalized TPM), and
volcano plots (ggplot2 v3.3.5, R Foundation, Vienna, Austria) highlighted
significant DEGs (FDR < 0.05).

Cell culture and treatment

PC-9 (RIKEN Cell Bank, Ibaraki, Japan) and HCC827 (ATCC, VA, USA),
harboring a deletion in exon-19, were kept in RPMI1640 medium con-
taining 10% (v/v) fetal bovine serum, 50 g/mL streptomycin, and 100 U/mL
penicillin (all from Gibco, Carlsbad, USA) at 37 °C supplied with 5% CO..
Osimertinib-resistant cells (PC-9/OR and HCC827/OR) were established
through continuous exposure to gradually increasing concentrations of
Osimertinib (0, 5, 10, 20, or 40 nM, Selleck Chemicals, Houston, TX, USA)
over a period of ~6 months. Initially, multiple resistant clones (n = 5) were
generated for each parental cell line, and the most stable ones were selected
for further experiments. Cancer cells and Osimertinib resistance cells were
treated with different concentrations BRD4 inhibitor NHWDS870, 0, 0.1,
0.5, 1, 5, or 10 nM), Palmitate B (Palm B, 50 uM) for indicated time, or
2-bromopalmitate (2-BP, 100 um) for indicated time as needed.

Cell transfection

Short hairpin RNA (shRNA) targeted CMPK2, APT1 (shCMPK2, shAPT1)
or Synthetic scrambled oligonucleotide sequences, procured from Gene-
Pharma (Shanghai, China), were inserted into the pGLVHI1 vector back-
bone for cloning purposes. Plasmid transfection into PC-9/OR and
HCCB827/OR cells was achieved through Lipofectamine 3000 (Invitrogen).

CCK-8 assay

Following treatment, the cells were dispensed into 96-well plates, with each
well accommodating a seeding density of 5000 cells. After an overnight
incubation period, a colorimetric cell viability assay was performed by
introducing CCK-8 reagent (10 pL, Beyotime, China) into each well. Sub-
sequent incubation for 2 h at 37 °C allowed for the formation of a formazan
dye, the absorbance of which was quantified at 450 nm using a microplate
spectrophotometer (BioRad, Hercules, CA, USA).

Colony formation assay

After trypsinizing and counting, treated cells were placed into in six-well
plates (600 cells/well) and maintained for 2 weeks, allowing colony for-
mation. During this period, the medium was replaced every 3 days to
maintain optimal growth conditions. Next, cells underwent fixation in a 4%
paraformaldehyde solution for 15 min. Following fixation, they were sub-
jected to staining with a 0.1% crystal violet reagent. The stained cells were
visualized and enumerated under a microscopic instrument. Colonies were
defined as groups of more than 50 cells.

Immunofluorescence

The immunofluorescence assay was conducted to evaluate EGFR expres-
sion, its nuclear translocation, and its colocalization with APT1. Initially,
cells were seeded on coverslips in a 24-well plate and allowed to adhere
overnight. After reaching appropriate confluency, cellular fixation was
executed utilizing a 4% paraformaldehyde reagent (15 min). Subsequently,
permeabilization was facilitated through the employment of a 0.1% Triton
X-100 solution (10 min). To mitigate nonspecific binding, cells underwent
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blocking with a 5% bovine serum albumin solution (1 h), after which they
were subjected to incubation with primary antibodies (4 °C, overnight)
against EGFR (ab52894, Abcam, Cambridge, UK), Flag (F3165, Sigma-
Aldrich, St. Louis, MO, USA) and APT1 (A07249, Boster, Pleasanton, CA,
USA). For Flag-nEGFR expression visualization in 293T cells, anti-EGFR or
anti-Flag antibodies were used to confirm nuclear localization after trans-
fection. Subsequently, cells were rinsed again for three times followed by
incubation with indicated secondary antibodies (room temperature, dark,
1h). DAPI was applied for nuclei staining. After final washes, coverslips
were mounted on slides with an anti-fade mounting medium. Fluorescence
microscopy was utilized to visualize and capture images of the stained cells.
Quantitative analysis of EGFR nuclear localization was performed using
Image] software (NIH, Bethesda, MD, USA) by measuring the nuclear-to-
total EGFR fluorescence intensity ratio from at least 50 cells per condition
across three independent experiments.

Subcellular fractionation

Treated cells were lysed in a lysis buffer and homogenized by 30 strokes in a
tightly fitting Dounce homogenizer. Next, Nuclei were pelleted at 1500 x g
for 5 min, and the supernatant was taken as the cytoplasmic fraction. of
EGFR distribution in cytoplasm and nucleus was determined vis
Western blot.

Chromatin immunoprecipitation (ChiP)

ChIP was performed by constructing with Flag-tagged nEGFR mutants and
HA-tagged BRD4 in 293T cells. For Flag-nEGFR expression, 293T cells were
transfected with the Flag-nEGFR plasmid, which resulted in increased
nEGFR localization. Specifically, cells were cross-linked with 1% for-
maldehyde and quenched with glycine. After washing, nuclei were isolated
and sonicated to shear DNA into fragments of ~200-500 base pairs. The
fragmented chromatin was then subjected to immunoprecipitation using
specific antibodies: anti-Flag nEGFR (F3165, Sigma-Aldrich), anti-HA
BRD4 (ab9110, Abcam), anti-IgG (as a negative control, ab218427, Abcam).
Following overnight incubation at 4 °C, protein G magnetic beads were
added to bind the antibody-chromatin complexes. The beads were then
washed to remove nonspecifically bound DNA. The bound DNA-protein
complexes were eluted from the beads and treated with RNase and pro-
teinase K to purify the DNA. Finally, qRT-PCR was performed on the
purified DNA using primers specific to the CMPK2 promoter region.

Dual-luciferase reporter assay

Wild-type (WT) or mutated (MUT) CMPK2 promoter sequences con-
taining the binding regions for BRD4 and nEGFR were constructed in
Genechem Co., Ltd (Shanghai, China) and then inserted into a pGL3 vector
(Promega Corporation) as luciferase reporter gene vectors. CMPK2-WT
contains the intact binding sites for BRD4 and nEGFR in the CMPK2
promoter region, while CMPK2-MUT contains specific mutations in these
binding sites to disrupt transcription factor binding. It is important to note
that as nEGFR lacks a direct DNA binding domain, it requires interaction
with other transcription factors like BRD4 to exert its transcriptional reg-
ulatory functions, as described in a previous study*. CMPK2 WT/MUT
were transfected into 293T, PC-9/OR, or HCC827/OR cells overexpressing
nEGFR or BRD4. Post-transfection, cells were treated with NHWDS870.
Similarly, EGFR WT/MUT transfected into PC-9/OR, or HCC827/OR cells
transfected C19 palmitoylation site mutant EGFR vectors. After 48 h, cells
were lysed and subjected to the Dual-Luciferase Reporter Assay according to
the manufacturer’s protocol. Firefly luciferase activity was measured as a
reporter of promoter activity, normalized to Renilla luciferase activity,
serving as an internal control.

Co-immunoprecipitation (Co-IP)

Co-IP was performed in extracts of 293T, PC-9/OR, or HCC827/OR cells.
Briefly, cells were lysed in lysis buffer, placed on ice for 20 min and cen-
trifugated to obtain supernatant. The supernatant was transferred to a new
tube, with a fraction pipetted out as Input. Following a 1-h incubation with

below antibodies: anti-Flag nEGFR (F3165, Sigma-Aldrich) and anti-IgG
(ab218427, Abcam) at 4 °C, immune complexes were captured overnight on
protein G magnetic beads. Coimmunoprecipitates were resolved by SDS-
PAGE and measured by Western blotting as described below using anti-
BRD4 (ab128874, Abcam).

Acyl resin-assisted capture (Acyl-RAC)

Acyl-RAC assay was used to isolated and measured palmitoylated EGFR in
treated cells and mouse tissues. Briefly, membrane fractions prepared from
treated cells dissolved in the buffer containing 100 mM HEPES, pH 7.5,
1 mM EDTA, 2.5% SDS at a concentration of 1 mg protein/mL. To block
free thiols, samples were incubated with 0.3% S-methyl methanethiosulfo-
nate for 20 min at 42 °C. The proteins were then precipitated using pre-
chilled acetone at —20 °C for 1 h, followed by two washes with 70% cold
acetone. The precipitated proteins were resuspended in the buffer con-
taining 100 mM HEPES, pH 7.5, 1 mM EDTA, and 1% SDS. Afterwards,
samples were diluted to equal concentrations. For affinity purification of
palmitoylated proteins 450 uL lysate was combined with 200 uL of 100 mM
HEPES pH 7.4 with 1 mM EDTA, 300 uL of 1M NH2OH pH 7.4 or
150 mM TrissHCI pH 7.4 as a negative control, and 30 uL thiopropyl
sepharose and incubated at room temperature for 3 h. Finally, the fractions
eluted in the buffer containing 100 mM HEPES, pH 7.5, 1 mM EDTA, 1%
SDS were treated with SDS loading buffer at 37 °C for 1 h and subjected to
SDS-PAGE for western blot analysis.

In vivo mouse model

All murine experiments were performed in accordance with protocols
sanctioned by the Animal Ethics Committee of Xiangya Hospital, Central
South University (N0.:2023030370). BABL/c nude mice (aged 6 weeks and
weighing between 16 and 20 g) purchased from human SJA laboratory
animal Co., Ltd (Hunan, China) were subcutaneously injected into the
flanks with a total of 5 x 10° PC-9/OR or HCC827/OR cells suspended in
200 pL of Matrigel/PBS, and then fed with food and water ad libitum and at
specific pathogen-free conditions (20 °C; 60% humidity and alternating 12-
h light/dark cycles). Afterwards, the cohort of tumor-bearing mice was
stratified into four experimental groups when tumor volume reached an
average size of 200 mm’® (n=6): control, Osimertinib, NHWD870, and
Osimertinib + NHWD870. Osimertinib (1.25 mg/kg) was given once
per day by oral gavage. NHWD870 (1.5 mg/kg) was given intraperitoneally
every 3 days. Combined treatment (Osimertinib+NHWD870) was given
half the dose of each. The tumor volumes were observed and recorded every
2 days. After 3 weeks of treatment, mice were euthanized by CO, asphyx-
iation followed by cervical dislocation to ensure death, and tumor tissues
were collected for subsequent experiments.

Immunohistochemistry (IHC)

Antigen unmasking was achieved by subjecting the tissue sections to heat-
mediated retrieval in a 10 mM citrate buffer solution, using a microwave
oven for 3 min. The sections were then incubated overnight at 4 °C with
primary antibodies targeting Ki-67 (ab16667, Abcam), BRD4 (ab128874,
Abcam), anti-APT1 (A07249, Boster), and anti-CMPK2 (PA5-34461,
ThermoFisher). Subsequent to primary antibody labeling, the sections were
exposed to poly-peroxidase-conjugated anti-mouse/rabbit IgG secondary
antibodies. The immunogenic reaction was developed by employing 3,3'-
diaminobenzidine (DAB; Bioss, Beijing, China) as the chromogenic sub-
strate, followed by counterstaining with hematoxylin. The stained sections
were then examined under a light microscope for visualization and analysis.

qRT-PCR

Subsequent to the treatment regimen, total RNA was isolated from samples
using Trizol reagent (Invitrogen), adhering to the manufacturer’s protocol.
The extracted RNA underwent reverse transcription to cDNA using the
Prime-Script RT-PCR master mix (Takara, Tokyo, Japan). qRT-PCR was
employed to evaluate mRNA expression levels of CMPK2, utilizing SYBR
Green gPCR (Applied Biosystems, Carlsbad, CA, USA; 4309155) as the
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Table 1 | Primer sequences for RT-qPCR

Gene Forward (5’-3’) Reverse (5’-3’)
CMPK2 CTTCTGACTGATGGACCCGT CACCTGGTGCTGTCTGAGTA
GAPDH GGGAAACTGTGGCGTGAT GAGTGGGTGTCGCTGTTGA

detection method. GAPDH was regarded as the internal control. The gene
expression levels were presented as fold changes relative to the expression
levels of appropriate controls using the 2**“ method. Please see Table 1 for
primer sequences.

Western blot analysis

After extracted from indicated cells and tissues, proteins were sub-
jected for concentration determination, and then equal amounts of
protein samples were isolated in 10% SDS-polyacrylamide gels. Iso-
lated proteins were then transferred to a polyvinylidene difluoride
membrane, which was subjected to an incubation with 5% skim milk
over 1 h. Afterwards, after three times washes with PBS, the membrane
was subjected for an incubation with primary antibodies overnight at
4°C, followed by another incubation with horseradish peroxidase-
conjugated secondary antibody (1 h, sc-2004, Santa Cruz Biotechnol-
ogy). The antibody-reactive bands were detected with ECL reagent
(Millipore, Billerica, MA, USA). Band intensities were quantified using
Image]. For nuclear protein extraction, the Nuclear and Cytoplasmic
Extraction Reagents kit (NE-PER, #78833, Thermo Scientific) was used
according to the manufacturer’s instructions. Histone H3 (ab1791,
Abcam) was used as a nuclear fraction loading control, while B-actin
(ab8245, Abcam) was used as a cytoplasmic or total protein loading
control. The following primary antibodies were used: anti-EGFR (total
EGFR, t-EGFR, ab52894, Abcam), anti-phospho-EGFR (p-EGFR,
Tyr1068, #3777, Cell Signaling Technology, Danvers, MA, USA), anti-
BRD4 (ab128874, Abcam), anti-APT1 (A07249, Boster), and anti-
CMPK2 (PA5-34461, ThermoFisher). nEGFR was detected using the
anti-EGFR antibody (ab52894, Abcam) in nuclear fractions.

Statistical analysis

The collected data were summarized as mean + standard deviation.
GraphPad Prism 8.0 software was employed for statistical computations.
Survival distributions were estimated using the Kaplan-Meier method, and
differences in overall survival (OS) between groups were assessed through
log-rank tests. Comparisons between two groups were conducted using
Student’s t-test, while multiple group comparisons were performed via one-
way analysis of variance (ANOVA). A p value threshold of 0.05 was con-
sidered statistically significant for all analyses.

Data availability
We have instead uploaded it to the OSF database. Please visit the website
https://osf.io/cmb7s/files/osfstorage for details.
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