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Abstract
Background  Overcoming resistance to Osimertinib in epidermal growth factor receptor (EGFR) mutant non-small 
cell lung cancer (NSCLC) is clinically challenging because the underlying mechanisms are not fully understood. The 
murine double minute 2 (MDM2) has been extensively described as a tumor promotor in various malignancies, 
mainly through a negative regulatory machinery on the p53 tumor suppressor. However, the significance of MDM2 
on the sensitivity to Osimertinib has not been described.

Methods  Osimertinib resistant cells were generated by standard dose escalation strategy and individual resistant 
clones were isolated for MDM2 testing. The MDM2 and its mutant constructs (ΔPBD, ΔRING, C464A) were introduced 
into PC-9, HCC827 and H1975 cells and evaluated for the sensitivity to Osimertinib by MTT assay, colony formation, 
EdU assay and TUNEL assay. MDM2 expression in resistant cells was manipulated by pharmacological and molecular 
approaches, respectively. Proteins that were implicated in PI3K/Akt, MAPK/Erk and apoptosis signaling were measured 
by Western blot analysis. Candidate proteins that interacted with MDM2 were captured by immunoprecipitation and 
probed with indicated antibodies.

Results  In comparison with parental PC-9 cells, the PC-9 OR resistant cells expressed high level of MDM2. Ectopic 
expression of MDM2 in PC-9, HCC827 and H1975 sensitive cells generated an Osimertinib resistant phenotype, 
regardless of p53 status. MDM2 promoted resistance to Osimertinib through a PI3K/Akt and MAPK/Erk-independent 
machinery, in contrast, MDM2 selectively stabilized MCL-1 protein to arrest Osimertinib-induced cancer cell apoptosis. 
Mechanistically, MDM2 acted as a E3 ligase to ubiquitinate FBW7, a well-established E3 ligase for MCL-1, at Lys412 
residue, which resulted in FBW7 destruction and MCL-1 stabilization. Targeting MDM2 to augment MCL-1 protein 
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Introduction
The gain-of-function alterations in epidermal growth fac-
tor receptor (EGFR) lead to its auto-phosphorylation and 
increased kinase activity, as a result, two major down-
stream signaling associated with cell survival and pro-
liferation, PI3K/Akt and MAPK/Erk, are constitutively 
activated [1, 2]. Blockade of EGFR pathway by small 
molecule tyrosine kinase inhibitors (TKIs) has become 
the standard-of-care in patients with EGFR mutant non-
small cell lung cancer (NSCLC) and defines a milestone 
of biomarker-based precision medicine [3]. The evolu-
tion of different generations of EGFR TKIs also provided 
increasing treatment options over the past two decades. 
Importantly, all the EGFR inhibitors have been dem-
onstrated to be superior to platinum-doublet chemo-
therapy and substantially improved the quality of life in 
EGFR mutant patients [4, 5]. The third-generation EGFR 
TKIs Osimertinib is an irreversible EGFR inhibitor that 
selectively targets mutant EGFR and T790M resistance 
mutation. It significantly extends progression-free sur-
vival (PFS) in both previously untreated and heavily 
treated populations, and also in adjuvant settings [6–8]. 
Moreover, Osimertinib is a brain penetrable TKI and 
shows excellent central nervous system activity against 
brain and leptomeningeal metastatic diseases [9]. Thus, 
Osimertinib is licensed for first-line treatment of stage IV 
NSCLC with EGFR activating mutations and for patients 
who developed central nervous system metastasis and 
for whom progressed on first/second-generation EGFR 
TKIs due to T790M resistance mutation. Unfortunately, 
resistance to Osimertinib invariably emerges after years 
of treatment.

The most prominent mechanisms underlying Osimer-
tinib treatment failure include: (1) A tertiary point muta-
tion at the C797 residue that prevents covalent bond 
between EGFR and Osimertinib [10]. This C797S muta-
tion occurs in 10–26% of Osimertinib-resistant cases in 
second line and 6–10% cases in first line settings [11], 
and the fourth-generation EGFR TKIs BLU-945 target-
ing C797S mutation is under early phase clinical evalua-
tion. (2) Activation of bypass kinases, in particular c-Met 
amplification, which restores downstream survival out-
puts despite EGFR inhibition. The ongoing TATTON 

trail evaluating the efficacy of Osimertinib combined 
with Savolitinib, a potent c-Met inhibitor, in NSCLC 
patients who progressed on Osimertinib with c-Met-
mediated machinery got encouraging results and rep-
resented a promising therapy to overcome resistance to 
Osimertinib [12]. (3) Histology transformation to small 
cell lung cancer (SCLC). This group of treatment toler-
ant patients mostly harbored p53 and Rb1 mutation with 
a response rate of 54% to etoposide/platinum chemo-
therapy [13]. Therefore, moving chemotherapy upfront 
to delay SCLC transformation is clinically considered. 
Although the current knowledge regarding resistance 
to Osimertinib is impressive, there is still a big gap in 
the understanding of resistance since the mechanism 
of resistance in more than 40% of cases has not been 
identified. Fortunately, clinicians are able to discover 
novel tumor promoting genes and resistance mutations 
with the broad implement of next generation sequenc-
ing (NGS). The NGS testing also yielded a panel of non-
kinase co-occurring alterations that may not directly 
promote tumorigenesis, while they may have a remark-
able impact on therapeutic outcomes. For example, co-
mutation with p53 confers decreased sensitivity to EGFR 
TKIs and shortened PFS compared with patients without 
p53 mutation [14]. While the biological function of these 
non-kinase alterations is certainly underestimated, and 
one of these genetic events that attracts our attention is 
the aberration of murine double minute 2 (MDM2).

The MDM2 proto-oncogene is frequently amplified 
or overexpressed in human malignancies, especially in 
liposarcoma and melanoma. According to a large scale 
screening of 10,587 biopsy samples from 7,121 patients 
with NSCLC, 6% of patients harbored MDM2 amplifica-
tion, with an enrichment in patients concurrently carry-
ing EGFR mutation (8%) and ALK translocation (10%) 
[15]. Overexpression of MDM2 protein as a consequence 
of genetic amplification contributes to tumorigenesis, 
by which the best characterized model is MDM2 acting 
as a prime negative regulator for the tumor suppressor 
p53 [16]. The MDM2-p53 regulatory loop is therefore 
expected to be targetable in cancers with defined MDM2 
aberration and p53 inactivation. While in early phase 
clinical trials evaluating the efficacy of small molecule 

breakdown overcame resistance to Osimertinib in vitro and in vivo. Finally, the clinical relevance of MDM2-FBW7-
MCL-1 regulatory axis was validated in mouse xenograft tumor model and in NSCLC specimen.

Conclusion  Overexpression of MDM2 is a novel resistant mechanism to Osimertinib in EGFR mutant NSCLC. MDM2 
utilizes its E3 ligase activity to provoke FBW7 destruction and sequentially leads to MCL-1 stabilization. Cancer cells 
with aberrant MDM2 state are refractory to apoptosis induction and elicit a resistant phenotype to Osimertinib. 
Therefore, targeting MDM2 would be a feasible approach to overcome resistance to Osimertinib in EGFR mutant 
NSCLC.
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inhibitors targeting MDM2, the inhibitors elicited limited 
single-agent activity. As such, MDM2 probably endowed 
tumor promoting potency independent of p53 [17].

In this study, we demonstrated that MDM2, a largely 
underestimated candidate for targeted therapy, as a novel 
resistance mechanism to Osimertinib in EGFR mutant 
NSCLC. The protein level of MDM2-FBW7-MCL-1 are 
inversely regulated in a coordinated manner in Osimer-
tinib resistant cells. We found that MDM2 targets FBW7 
for K48-linked polyubiquitination and proteolysis, which 
leads to defects in Osimertinib-induced cell apoptosis 
process. Notably, concurrent inhibition of EGFR and 
MDM2 efficiently triggered MCL-1 degradation and 
overcame Osimertinib resistance. Our study thus estab-
lished a previously undefined apoptosis restriction cas-
cade integrating E3 ligases and BCL-2 family proteins to 
determine the sensitivity to Osimertinib through sequen-
tially targeting each other for degradation.

Materials and methods
Cell culture and reagents
The human NSCLC PC-9 (EGFR E746_A750 del) and 
H1975 (EGFR L858R/T790M) cells were purchased from 
ATCC and have been extensively described. HCC827 
(EGFR E746_A750 del) cells were generously gifted by 
Jeffrey Engelman (Novartis Institutes for BioMedical 
Research). These cells were authorized by short tandem 
repeat analysis and tested for mycoplasma contamina-
tion before use. Cells were maintained in RPMI-1640 
medium supplied with 10% fetal bovine serum (FBS) and 
1% penicillin–streptomycin in 37 °C with an atmosphere 
of 5% CO2. The HEK293 cells were cultured with DMEM 
medium with 10% FBS and 1% penicillin–streptomycin.

Osimertinib and AZD5991 were purchased from Sell-
eck Chemicals. Cycloheximide, MG132, MTT, puro-
mycin and DAPI were purchase from Sigma-Aldrich. 
Matrigel was purchased from BD Bioscience. MX69 was 
purchased from MedChemExpress.

Generation of Osimertinib resistant cells
Cells with acquired resistance were derived by treating 
parental PC-9 cells with increasing concentrations of 
Osimertinib starting at 20 nmol/L, followed by a stepwise 
dose escalation every 48 h up to 5 µmol/L until the emer-
gence of resistant clones. Cells were washed and replen-
ished with fresh drug every 48  h. Resistant cells were 
maintained in 1 µmol/L of Osimertinib.

Western blot analysis and immunoprecipitation
Protein lysates were prepared with cell lysis buffer with 
protease and phosphatase inhibitors and protein con-
centrations were determined using BCA methods. Equal 
amount of protein samples was separated on SDS-PAGE 
gels and transferred to nitrocellulose membranes. The 

membranes were blocked in 5% non-fatty milk for 1 h at 
room temperature and incubated with indicated primary 
antibodies overnight at 4  °C, followed by corresponding 
horseradish peroxidase-conjugated IgG for additional 
1  h. Protein bands were visualized by the chemilumi-
nescence detection system (BioRad) and analyzed with 
ImageJ. Protein bands were quantified and normalized to 
GAPDH. The source of antibodies was listed in Table S1.

For immunoprecipitation assay, whole cell lysate 
(WCL) was incubated with specific antibodies or isotype 
IgG with gentle rotation overnight at 4  °C. The mixture 
was incubated with 50 µL of protein A/G sepharose beads 
(Santa Cruz) for additional 2 h before centrifugation. The 
deposition was mixed with equal volume of SDS buffer 
and boiled for 10 min. The supernatant was collected and 
loaded for electrophoresis.

Plasmids generation and mutagenesis
HA-tagged FBW7, Myc-tagged FBW7, His-tagged Ub 
WT, Ub K48, and Ub K63 plasmids were preserved in our 
in-house plasmid bank as previously described [18]. Full 
length MDM2 cDNA with an N-terminal Flag tag was 
PCR amplified from pENTR221-MDM2 (Invitrogen) and 
inserted into pCMV3 vector. The Flag-MDM2 ΔRING, 
ΔPBD, ΔNLS, C464A and HA-FBW7 ΔQ and K412R 
mutants were generated using the Quick-Change Site-
Directed Mutagenesis Kit (Stratagene). All constructs 
used in this study have been thoroughly sequenced.

To generate MDM2 lentivirus, the MDM2 cDNA or 
its mutants with N-terminal Flag tag was constructed 
into pCDH-puro vector. The pCDH-MDM2 construct 
was transfected into HEK293 cells together with pack-
ing plasmids (psPAX2 and pMD2.G) using Lipofectamine 
3000 (Invitrogen). Forty-eight hours after transfection, 
the lentivirus particles containing supernatant was col-
lected and then concentrated by superhigh speed cen-
trifugation at 4 °C. Cells with stably expression of MDM2 
or its mutant were obtained by infecting with indicated 
lentivirus and selecting with 2 µg/mL puromycin.

Cycloheximide chase assay
After indicated treatment, cycloheximide (CHX) at final 
concentration of 25  µg/mL was added into cell culture 
medium. Cells were collected at different time intervals 
and prepared for Western blot analysis as previously 
described.

MTT and EdU assays
Cells were seeded into 96-well plates at the density of 
5000 cells per well. After indicated treatment, cells were 
incubated with 20 µL of MTT solution for additional 4 h. 
The formazan crystals were dissolved in DMSO and the 
plates were read in a microplate reader (BioRad, USA) at 
absorbance values at 490 nm.
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For 5-Ethynyl-2’-deoxyuridine (EdU) labelling assay, 
cells were seeded on the coverslips in 6-well plates and 
incubated with or without 1 µmol/L Osimertinib for 24 h. 
EdU (RiboBio, China) was added to each well for addi-
tional 2  h, and the cells were fixed and permeabilized 
with 0.5% Triton X-100 at room temperature for 10 min. 
Cells were incubated with an Apollo® reaction cocktail for 
30 min and counter stained with Hoechst for 5 min. Cell 
proliferation was assessed with the proportion of EdU-
positive nucleus under a fluorescence microscope (Olym-
pus, Japan).

Colony growth assay
Cells were seeded in 6-well plates at a density of 1000 
cells per well. Appropriate drugs were added after 24 h. 
Cells were exposed to indicated drug or DMSO for 9–10 
d, with medium and drug refreshed every 72 h. Cell colo-
nies were fixed with 4% formaldehyde and stained with 
0.5% crystal violet. Pictures of cell colonies were taken 
using a scanner.

Subcutaneous xenograft tumor model
The NSCLC cells (5 × 105) were suspended in 200 µL 
of diluted Matrigel and injected into the left flank of 
4-weeks old nude mice. After the size of subcutaneous 
tumor reached 200 mm3, treatment was initiated. Mice 
were administrated with saline or inhibitors as indi-
cated, including gastric gavage of Osimertinib (5  mg/
kg), intraperitoneal injection of MX69 (20  mg/kg) and 
their combination. Tumor sizes were measured using 
a caliber twice a week and calculated using formula: 
length×width2/2. Animal care and experiments were per-
formed in accordance with institutional ethical guide-
lines approved by the Institutional Animal Care and Use 
Committee (#2023JLHGZRDWLS-00032).

Small interfere RNAs transfection
Small interfere RNAs (siRNAs) were synthesized by 
GenePharma (Shanghai) and dissolved in ddH2O. Cells 
were transfected with siRNAs at concentration of 10 
nmol/L against MDM2, p53 or scrambled siRNAs control 
using Lipofectamine 3000 transfection reagent according 
to manufacturer instructions. Medium was refreshed 6 h 
after transfection, and cells were harvested for experi-
ments 24 and 48  h post-transfection. Target sequences 
for siRNAs were available in Table S2.

Patient selection for screening MDM2 data
We retrospectively collected a cohort of EGFR mutant 
NSCLC patients from 6 medical centers between 
August 2015 and March 2020 via chart review under 
an Institutional Review Board–approved protocol. The 
major inclusion criteria include EGFR activating muta-
tion, treatment with Osimertinib without concurrent 

chemotherapy and eventually failed on Osimertinib, suf-
ficient pre-treatment tissue available for NGS analysis, 
pre- and post-treatment radiographic images available 
for tumor measurements. Radiographs were reviewed by 
two experienced radiologists who were blinded to MDM2 
results. RECIST methods were used to determine tumor 
burden and best response. Time-to-progression (TTP) 
was calculated as the time from the start of Osimertinib 
until documented progression by RECIST.

Patient samples and immunohistochemistry
All patient tumor samples analyzed were obtained under 
Institutional Review Board Approved protocols with 
informed consent obtained from each patient under the 
guidance of Ethics Committee of Jinling Hospital, Affili-
ated Hospital of Medical School, Nanjing University 
(#2023DZGZR-030). Tissues were fixed in 4% parafor-
maldehyde overnight and embedded in paraffin. The 
xenograft tumor and patient samples were sectioned on 
slides with 4  μm thickness. The paraffin sections were 
deparaffinized in xylene and rehydrated in a graded alco-
hol series. Antigen retrieval was performed by boiling the 
slides in citrate buffer (pH = 6.1). Peroxidase activity was 
blocked using 0.3% H2O2. The slides were incubated with 
primary antibodies against MDM2 (1/50), FBW7 (1/50), 
MCL-1 (1/200) and cleaved caspase-3 (1/400) at 4  °C 
overnight. After 3 times washes in PBS, slides were incu-
bated with horseradish peroxidase-conjugated secondary 
antibodies and DAB substrate (K3468, Dako). Two-steps 
Anti-Rabbit IgG Peroxidase Polymer Kit (PV-6001, 
ZSGB-BIO) and Anti-Mouse IgG Peroxidase Polymer Kit 
(PV-6002, ZSGB-BIO) were used according to the manu-
facturer’s instructions. Counterstain was performed with 
hematoxylin. The protein expression was scored based 
on the intensity of staining and the extent of staining. 
The staining area was scored as follows: 0, 0–5% of tis-
sue stained positive; 1, 6–25% stained positive; 2, 26–50% 
stained positive; 3, 51–75% stained positive; and 4, > 75% 
positive cells. The staining density score index was desig-
nated as follows: 0, negative expression; 1, weakly posi-
tive; 2, moderate positive; 3, strongly positive. The IHC 
score was generated by multiplied the intensity score 
with density score from three different areas of the slides.

Statistical analysis
Each experiment was performed at least in triplicate and 
all data were processed using GraphPad Prism Software. 
The experimental data were presented as mean ± standard 
deviation. Two-tailed unpaired or paired Student’s t-tests 
were performed for group comparisons. P value < 0.05 
was viewed as significant.
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Results
Identification of MDM2 amplification in Osimertinib 
resistant NSCLC patients
We accidently noticed MDM2 amplification by NGS test-
ing in a panel of NSCLC patients who failed on Osimer-
tinib treatment. Notably, MDM2 amplification was 
detected as a solely additional genetic alteration after 
Osimertinib progression, without other defined resis-
tance mutations. Although EGFR activating mutations 
still existed in the repeated biopsy samples, these MDM2 
amplified tumors failed to respond to Osimertinib 
(Fig. 1A). Patients with de novo MDM2 amplification also 
rapidly progressed on Osimertinib (Fig.  1B). Thus, we 
speculated that amplification of MDM2 may contribute 
to resistance to Osimertinib in EGFR mutant NSCLC.

To validate this hypothesis, we first screened the 
MDM2 state in a total number of 6,093 cases of NSCLC 
in our NGS datasets. Among these patients, 3,160 
cases (51.86%) harbored an EGFR activating mutation 
(Fig.  1C). Aberrance of MDM2 was found in 375 cases 
(6.16%), in which the frequency of SNP and amplification 

was 0.53% and 5.63%, respectively. Thus, the most promi-
nent aberration of MDM2 in NSCLC is genetic amplifica-
tion. Of noted, 241 patients concurrently harbored EGFR 
mutation and MDM2 amplification (Table  1). These 
patients tended to display distinct clinicopathological 
features, such as no smoking history, adenocarcinoma 
histology, and more advanced disease. Genetic profiling 
suggested an enrichment of tumor promoting gene sets 
(including CDK4, RBM10 and GLI1) in the EGFRMut/
MDM2Amp cohort (Fig. 1D), while these candidate genes 
did not directly affect cell proliferation or cell death pro-
grams, we therefore concluded that MDM2 may not reg-
ulate sensitivity to Osimertinib at transcriptional level.

Osimertinib resistant cells overexpressing MDM2
We modeled acquired resistance to Osimertinib by gen-
erating polyclonal acquired resistant cell pools on the 
basis of stepwise dose escalation over a period of 10 
days followed by maintenance in 1 µmol/L of Osimer-
tinib over 3 months. We isolated 7 resistant clones and 
tested MDM2 expression individually and found clone 

Fig. 1  Identification of MDM2 amplification in NSCLC with resistance to Osimertinib. (A) The 61-years old female with stage IVB EGFR exon21 
L858R mutant adenocarcinoma progressed on gefitinib due to T790M mutation. She began to receive Osimertinib as anti-cancer treatment in December 
2016 and developed resistance in September 2019. The NGS testing of the repeated biopsy specimen showed the EGFR activating mutation and T790M 
mutation still existed after disease progression. However, MDM2 amplification was noted after Osimertinib resistance. (B) A 58-years old man with stage 
IVB lung adenocarcinoma referred to our institution in June 2023. The NGS result showed EGFR exon19 del and de novo MDM2 amplification. The patient 
was treated with first-line Osimertinib 80 mg per day and rapidly progressed on the treatment. Chest CT examination in September 2023 showed the 
emergence of multiple metastatic lesions indicated by red arrows. (C) Venn diagram showing the overlapping (purple part) of EGFR mutant NSCLC (red 
circle) and MDM2 amplified NSCLC (blue circle) according to NGS datasets consisting of 6,093 cases. (D) A patient cohort consisting of 241 cases of NSCLC 
concurrently harboring EGFR activating mutations and MDM2 amplification was analyzed. Tumor samples were arranged from left to right. Alterations of 
cooccurring genes were annotated for each sample according to the color panel below the image. The somatic mutation frequencies for each candidate 
gene were plotted on the right panel. Enrichment analysis and ranking of cooccurring genes in GO terms was performed using the online Metascape 
bioinformatic tool
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#3 (denoted by PC-9 OR cells) yielded significantly ele-
vated MDM2 transcripts when compared with parental 
PC-9 cells (Fig. S1). To characterize whether MDM2 is 
sufficient to drive resistance to Osimertinib, we over-
expressed MDM2 in a panel of NSCLC cell lines har-
boring EGFR activating mutations. In comparison with 
NSCLC cells overexpressing empty vector as a negative 
control (NC), MDM2 readily induced a stable resistant 
phenotype to Osimertinib in PC-9 and HCC827 cells, 
as demonstrated by MTT cell viability assay and colony 
formation assay (Fig. 2A–C, Fig. S2A-S2C). Consistently, 
aberrant MDM2 expression also conferred resistance 
to Osimertinib in the T790M-positive H1975 cells (Fig. 
S2D-S2F). To explore whether MDM2 also promoted 
resistance to Osimertinib in vivo, we stably expressed 
MDM2 in PC-9 cells and seeded the cells in the flanks 
of nude mice. Treatment was initiated when the tumor 
nodules reached approximately 100 mm3. It was noted 
that PC-9 NC nodules were highly responsive to treat-
ment, whereas the PC-9 MDM2 nodules continued to 
grow despite administration of Osimertinib (Fig.  2D). 
At the end of experiment, the average size and weight of 
xenograft tumor in PC-9 MDM2 group was 12-fold and 
5-fold than that in PC-9 NC group, respectively (Fig. 2E 
F). Therefore, aberrant expression of MDM2 is sufficient 
to drive resistance to Osimertinib.

The PI3K/Akt and MAPK/Erk signaling has been 
extensively described as major proliferative outputs 
of tyrosine kinases, thus, restoration of PI3K/Akt and 
MAPK/Erk signaling is a well-established mechanism 
underlying resistance to targeted therapeutics [19]. In 
order to clarify whether MDM2-induced Osimertinib 
resistance follows this dogma, we treated NSCLC cells 
with increasing concentrations of Osimertinib and deter-
mined the phosphorylation state of Akt and Erk. As 
shown in Fig.  2G and Fig. S2G-S2H, Osimertinib dose-
dependently suppressed the phosphorylation of EGFR, 
along with efficient suppression of PI3K/Akt and MAPK/
Erk signaling, in NSCLC cells infected with a NC lenti-
virus. Immunoblotting analysis of cellular extracts from 
MDM2 overexpressing cells showed that Osimertinib 
treatment also blocked EGFR phosphorylation, as well 
as Akt and Erk phosphorylation, to a comparable level. 
These findings implied that MDM2 may drive resistance 
to Osimertinib without restoring PI3K/Akt and MAPK/
Erk signaling, and it was convincible to believe that over-
expression of MDM2 minimally augmented cell prolif-
eration. Indeed, the cell proliferation EdU fluorescence 
labeling assay showed that Osimertinib suppressed the 
EdU-positive signal in MDM2 overexpressing cells to a 
similar magnitude of that in NC cells (Fig. 2H, Fig. S2I-
S2J). Thus, MDM2 aberration promoted resistance to 
Osimertinib independent of PI3K/Akt and MAPK/Erk 
machinery.

MDM2 arrests cell apoptosis through stabilization of MCL-1 
protein
Aside from enhanced cell proliferation, defects in apop-
tosis program also enable cancer cells to escape tar-
geted therapy-induced cell death. On the basis of the 
fact that MDM2 overexpression did not affect cancer 
cell proliferation, we sought to determine the apoptotic 
state in Osimertinib resistant NSCLC cells. In response 
to Osimertinib treatment, the sensitive cells under-
went pronounced apoptosis, as measured by TUNEL 
assay, whereas the proportion of TUNEL-positive sig-
nal in PC-9 OR and other MDM2 overexpressing resis-
tant cells was largely decreased (Fig. 3A, Fig. S2K-S2M). 
Because p53 participates in most biological events driven 
by MDM2, we therefore investigated whether the arrest 
in apoptosis was affected intracellular p53 content. We 
found that depletion of endogenous p53 in PC-9 OR 
cells minimally affected the sensitivity to Osimertinib 
(Fig.  3B–E). When the sensitive PC-9 cells were engi-
neered to express a MDM2 truncated mutant that lacked 
the p53 binding domain (MDM2 ΔPBD), the resultant 
cells were still resistant to Osimertinib-induced apoptosis 
(Fig. 3G and I). As such, aberrant apoptotic response may 
contribute to Osimertinib resistance driven by MDM2, 
which was not likely caused by the canonical MDM2-p53 
protein regulatory loop.

To clarify this aberrant apoptotic response, we probed 
cell lysates with antibodies targeting BCL-2 family mem-
bers known to facilitate apoptosis. Immunoblotting assay 
showed that Osimertinib treatment dose-dependently 
triggered a decline in anti-apoptotic proteins MCL-
1, BCL-2 and BCL-xL in sensitive cells, together with 
increased expression of pro-apoptotic protein BAX, BIM 
and the fragmentation of caspase-3 and PARP. In PC-9 
OR and other MDM2 overexpressing resistant cells, it 
was noted that Osimertinib suppressed BCL-2 and BCL-
xL, and increased BAX and BIM protein, to a similar 
magnitude compared with sensitive cells. Notably, the 
MCL-1 anti-apoptotic protein was refractory to Osimer-
tinib treatment and there was no detectable reduction in 
MCL-1 protein abundance following treatment (Fig. 4A, 
Fig. S2N, Fig. S3A-S3B). Because prompt MCL-1 pro-
tein destruction was crucial for apoptosis induction [20], 
we speculated that MCL-1 stabilization in these MDM2 
overexpressing cells mediated resistance to Osimertinib.

In support of this idea, we found Osimertinib primarily 
repressed MCL-1 protein through the ubiquitin-protea-
some system, which could be restored by a proteasome 
inhibitor MG132 (Fig.  4B). The cycloheximide (CHX) 
chase experiments revealed that MCL-1 protein in sensi-
tive cells was rapidly destabilized upon Osimertinib treat-
ment, and its abundance drop to half of baseline within 
2  h after stalling protein synthesis. Importantly, MDM2 
antagonized Osimertinib-induced MCL-1 protein 
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destruction and extended its half-life to different degrees 
(Fig. 4C, Fig. S3C-S3D), whereas depletion of endogenous 
MDM2 in PC-9 OR cells accelerated the degradation of 
MCL-1 protein (Fig. 4D). These results indicated MDM2 

was required for the stabilization of MCL-1. To assess 
whether the stabilization of MCL-1 protein was sufficient 
to confer Osimertinib resistance, we treated PC-9 OR 
and PC-9 MDM2 cells with a combination of AZD5991, 

Fig. 2  Overexpression of MDM2 drives resistance to Osimertinib in EGFR mutant NSCLC. (A-C) The parental PC-9 sensitive cells were engineered 
to stably express ectopic MDM2 or empty vector as a negative control (NC) and tested for the sensitivity to Osimertinib by MTT assay and colony forma-
tion assay, respectively. ***P < 0.001. (D-F) PC-9 cells stably expressing NC or MDM2 were seeded in nude mice and treated with Osimertinib (5 mg/kg) 
or equal amount of Vehicle. The tumor volume was routinely monitored. At the end of the experiment, the xenograft tumors were carefully removed, 
weighted and photographed. **P < 0.01 (G) PC-9 cells stably expressing NC or MDM2 were treated with increasing concentrations of Osimertinib (0, 0.1, 
0.5, 1 µmol/L) for 6 h. After indicated treatment, whole cell lysate (WCL) was prepared following standard protocol and analyzed for the phosphorylation 
status of EGFR, Akt and Erk by immunoblotting. GAPDH was used as an equal loading control. (H) Representative images of EdU labelling assay. PC-9 NC 
and PC-9 MDM2 cells were treated with 1 µmol/L Osimertinib or equal amount of DMSO for 24 h. Cell proliferation was evaluated by EdU staining. Scale 
bar = 200 μm. NS: not significant
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a selective and potent MCL-1 inhibitor [21]. While most 
Osimertinib or AZD5991 single agent-treated resistant 
cells remained alive and formed cell colonies, a signifi-
cant percentage of cells underwent apoptosis upon their 
combination (Fig.  4E and I, Fig. S3E-S3F). In contrast, 

transient expression of a degradation resistant MCL-1 
S159A mutant in PC-9 OR cells arrested cell apop-
tosis even in the presence of combinational treat-
ment (Fig.  4J). These data implied that MDM2 arrested 

Fig. 3  MDM2 drives resistance to Osimertinib independent of the canonical MDM2-p53 regulatory loop. (A) Representative fluorescent images 
of TUNEL assay. PC-9 NC and PC-9 MDM2 cells were treated with 1 µmol/L Osimertinib or equal amount of DMSO for 24 h. Cell apoptosis was visualized 
and calculated by TUNEL assay. NS: not significant. Scale bar = 200 μm. ***P < 0.001. (B-E) The Osimertinib resistant PC-9 OR cells were transfected with 
siRNA targeting p53 to deplete endogenous p53 expression and evaluated for the sensitivity to Osimertinib by MTT assay, colony formation assay, and 
TUNEL assay, respectively. Scale bar = 200 μm. NS: not significant. (F-I) The Osimertinib sensitive PC-9 cells were engineered to stably express the MDM2 
ΔPBD mutant that was unable to interact with p53. The resultant cells were treated with Osimertinib or DMSO. Therapeutic response to Osimertinib was 
determined by cytotoxic assays, including MTT, colony formation and TUNEL assay. Scale bar = 200 μm. NS: not significant. **P < 0.01. ***P < 0.001
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Osimertinib-induced cancer cell apoptosis at the step of 
defected MCL-1 destruction.

Overcoming osimertinib resistance by dual inhibition of 
EGFR and MDM2
Although inhibiting MCL-1 could overcome resistance 
to Osimertinib in our experimental setting, the clini-
cal application of MCL-1 inhibitors is challenging due 
to undesirable hematologic and cardiac toxicity [22]. 
We therefore sought to answer whether concurrently 

targeting EGFR and MDM2 as an alternative strategy to 
overcome Osimertinib resistance. We knockdown endog-
enous MDM2 in PC-9 OR cells with siRNAs oligos and 
found Osimertinib perturbed cell viability and led to a 
noticeably reduction in colony number (Fig. 5A). Results 
from TUNEL assay also yielded cancer cells responded 
to Osimertinib and underwent apoptosis after MDM2 
depletion (Fig. 5B). Immunoblotting analysis showed the 
reversal of resistance was accompanied by MCL-1 desta-
bilization (Fig.  5C), suggesting that MDM2 launched 

Fig. 4  MDM2 arrests Osimertinib-induced cancer cell apoptosis through manipulating MCL-1. (A) PC-9 NC and PC-9 MDM2 cells were treated 
with increasing concentrations of Osimertinib (0, 0.1, 0.5, 1 µmol/L) for 48 h. Cell apoptosis indicators (PARP and Cleaved caspase-3) and BCL-2 family 
proteins involved in cell apoptosis program (MCL-1, BCL-2, BCL-xL, BAX, BIM) were analyzed by immunoblotting. GAPDH was used as an equal loading 
control. (B) PC-9 cells were treated with DMSO or 1 µmol/L Osimertinib for 48 h. To block proteasome-mediated protein degradation, MG132 at a final 
concentration of 20 µmol/L was added into the cell culture medium 8 h before cell harvest. MCL-1 protein level was determined by Western blot. (C) 
PC-9 MDM2 cells and PC-9 NC cells were split into 6 cm cell culture dishes and treated with 25 µg/mL CHX for indicated time intervals. Proteins of interest 
were separated by electrophoresis, transferred to nitrocellulose membrane and probed with indicated antibodies. (D) PC-9 OR cells were transfected with 
siRNA targeting MDM2 or NC. The half-life of candidate proteins was assessed by CHX chase assay. (E) Representative images of colony formation assay in 
PC-9 OR cells treated with DMSO, Osimertinib, AZD5991 or their combination. (F) Western blot analysis of PARP and caspase-3 fragmentation after 48 h 
of indicated treatment. (G) Evaluation of PC-9 OR cell apoptosis by TUNEL assay. The magnitude of apoptosis was calculated by the percentage of TUNEL-
positive cells. Scale bar = 200 μm. (H-I) Cytotoxicity assessment of PC-9 MDM2 cells treated with DMSO, Osimertinib, AZD5991 or their combination. Scale 
bar = 200 μm. (J) Transient expression of the degradation resistant MCL-1 S159A mutant and its effect on cancer cell apoptosis induction in PC-9 OR cells 
treated with the Osimertinib + AZD5991 combinational strategy. **P < 0.01. ***P < 0.001
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a defense mechanism against MCL-1 destruction in 
response to Osimertinib.

Small molecule inhibitors targeting MDM2 expres-
sion, such as MX69 (Fig. S4A), and inhibitors targeting 
MDM2-p53 interaction, such as Nutlin-3, have been 
developed. To evaluated the feasibility of pharmaco-
logically targeting MDM2 to overcome resistance, we 

treated PC-9 OR and PC-9 MDM2 resistant cells with a 
combination of MDM2 inhibitors. Intriguingly, MDM2-
conferred resistance was only reversed by MX69 (Fig. 5D 
and E, Fig. S4B-S4C), which dissected MDM2 and invigo-
rated MCL-1 destruction to boost an apoptotic response 
to Osimertinib. While Nutlin-3 mechanistically bound to 
the hydrophobic pocket domain of MDM2 to selectively 

Fig. 5  Overcoming resistance to Osimertinib by targeting MDM2. (A-B) The PC-9 OR cells were seeded in 6 well plate and transfected with siRNA 
targeting MDM2 or NC. Representative images of colony formation assay and TUNEL assay after DMSO or Osimertinib treatment were shown. Scale 
bar = 200 μm. (C) The PC-9 OR cells transfected with MDM2 siRNA or NC siRNA were treated with increasing concentrations of Osimertinib (0, 0.1, 0.5, 1 
µmol/L) for 48 h. Expression of indicated BCL-2 family members and fragmentation of PARP and caspase-3 were analyzed by immunoblotting. GAPDH 
was used as an equal loading control. (D-E) The PC-9 OR cells were seeded in 6 well plate and treated with DMSO, Osimertinib, Osimertinib + Nutlin-3, and 
Osimertinib + MX69 for 10 days. Representative images of colony formation assay and TUNEL assay after treatment were shown. Scale bar = 200 μm. (F) 
The PC-9 OR cells were treated with Osimertinib (0, 0.1, 0.5, 1 µmol/L) and MDM2 inhibitors (5 µmol/L Nutlin-3 or 5 µmol/L MX69) for 48 h. The apoptosis 
state and MCL-1 protein level were assessed by immunoblotting
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disrupt its interaction with p53, leaving MCL-1 protein 
intact and functional (Fig. 5F, Fig. S4D), failed to reverse 
resistance. These features heightened the necessity of 
rational MDM2 inhibitors selection and strategy design 
for effective combinations.

The MDM2 E3 ubiquitin ligase and osimertinib resistance 
converge at FBW7
The C-terminal RING domain possesses E3 ubiquitin 
ligase activity and is required for the proteolytic efficacy 
of MDM2. In our study, overexpression of MDM2 antag-
onized MCL-1 protein turnover, which seemed to be 
in sharp contrast to its pro-proteolytic activity. To gain 
insight into the biological event elucidating how MDM2 
engaged MCL-1 protein stabilization, we generated the 
MDM2 ΔRING truncated mutant and the C464A mutant 
within the C-terminal RING domain that abolished its 
E3 ubiquitin ligase activity. Ectopic expression of these 
constructs defective in E3 ligase activity failed to induce 
a resistant phenotype, as judged by a panel of cytotoxicity 
assays (Fig. 6A and B). Immunoblotting analysis further 
demonstrated that cells underwent substantial apopto-
sis, together with accelerated MCL-1 proteolysis, when 
MDM2 was replaced by its E3 ligase activity deficient 
mutants (Fig.  6C). Thus, the E3 ubiquitin ligase activ-
ity of MDM2 was required for maintaining an Osimer-
tinib resistant phenotype through stabilization of MCL-1 
protein.

We speculated that proteins complexed and ubiq-
uitinated by MDM2 may be responsible for MCL-1 
proteolysis. This was motivated by previous reports 
describing MCL-1 protein as a substrate of FBW7 E3 
ubiquitin ligase, by which FBW7 directly ubiquitinates 
MCL-1 protein for degradation [20, 23]. It was therefore 
proposed that MDM2 E3 ubiquitin ligase may stabilize 
MCL-1 protein through manipulating FBW7 E3 ubiqui-
tin ligase. To explore whether the interaction of MDM2 
and FBW7 constituted the mechanistic basis for MDM2-
mediated MCL-1 stabilization and Osimertinib resis-
tance in NSCLC, we screened in silico prediction and 
literature reports and noticed a consensus recognition 
motif enriched in glutamine (Q) across a panel of MDM2 
substrates. We grouped FBW7 amino acid sequence and 
found the Q-enriched motif within the N-terminal region 
was highly conserved among the orthologues in differ-
ent vertebrate species (Fig. 6D), raising a possibility that 
MDM2 may restore MCL-1 protein abundance through 
binding and catalyzing FBW7 destruction. In agreement 
with this idea, we detected co-precipitation of endog-
enous MDM2 when FBW7 was captured by an antibody 
for IP. When reciprocal experiment was performed, 
FBW7 was pulled down and complexed with MDM2 
(Fig. 6E, Fig. S5A-S5B). Likewise, Flag-tagged MDM2 and 
HA-tagged FBW7 were found to complex with each other 

upon transient expression in HEK293 cells (Fig. 6F). The 
binding to MDM2 resulted in K48-linked polyubiquiti-
nation, but not K63-linked polyubiquitination, of FBW7 
protein (Fig.  6G and I, Fig. S5C-S5D), whereas FBW7 
engineered to lose the Q-enriched consensus motif (ΔQ) 
failed to complex with MDM2 as efficiently as FBW7 
(Fig. 6J). To this end, it is conceivable that ectopic expres-
sion of the ubiquitination resistant FBW7 ΔQ mutant in 
PC-9 OR resistant cells ensured prompt MCL-1 proteoly-
sis and rescued sensitivity to Osimertinib (Fig. 6K and L, 
Fig. S5E).

Biological interaction between MDM2 and FBW7 and its 
clinical relevance
Consistent with a role as E3 ubiquitin ligase, overexpres-
sion of MDM2 accelerated the turnover of FBW7 protein 
in multiple NSCLC cell lines, along with the stabilization 
of proteins targeted by FBW7, such as MCL-1, cyclin 
E and c-Myc (Fig.  4C). In contrast, depletion of endog-
enous MDM2 enhanced FBW7 stability and prompted 
degradation of MCL-1, cyclin E and c-Myc (Fig.  4D), 
supporting the physiological role of MDM2 in regulating 
FBW7 protein abundance and biological functions. To 
precisely map the MDM2 ubiquitination site on FBW7, 
we used computational prediction that yielded the evo-
lutionarily conserved Lys412 residue within C-terminal 
WD40 domain as a putative ubiquitination site targeted 
by MDM2. To validate this site of interest, we generated 
the FBW7 K412R mutant for ubiquitination analysis. 
Notably, the ubiquitination state of FBW7 was largely 
compromised when the Lysine was replaced by Arginine 
(Fig. 7A), supporting the Lys412 residue is indeed a major 
site for MDM2-mediated ubiquitination of FBW7.

Finally, we investigated the therapeutic efficacy of co-
targeting MDM2 to overcome resistance to Osimertinib 
in vivo. PC-9 OR cells were subcutaneously seeded in 
nude mice and treated with Osimertinib, MX69, or their 
combination. It was noted that Osimertinib elicited very 
limited single agent anti-tumor efficacy to Osimertinib 
since the xenograft tumor continued to grow in the pres-
ence of Osimertinib and the tumor volume and tumor 
weight in the Osimertinib group was comparable to that 
in Vehicle group. Treatment with MX69 revealed mod-
est anti-tumor activity with a slight decrease in tumor 
size and a slight increase in tumor weight. However, a 
significant reduction in xenograft tumor outgrowth was 
noticed when these two drugs were combined with each 
other (Fig.  7B–D). This combinational strategy was the 
most effective in reducing tumor volume and weight, 
probably mainly through the induction of extensive 
apoptotic cell death (Fig.  7E). Histological evaluation of 
the isolated xenograft tumor showed the drug combina-
tion strategy provoked the strongest inhibitory potency 
on MCL-1 protein expression and the strongest capacity 
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on apoptosis induction, together with the breakdown of 
MDM2 oncoprotein and the restoration of FBW7 tumor 
suppressor (Fig.  7F and G). Indeed, the reverse correla-
tion between MDM2 and FBW7 was clinically relevant. 
We evaluated the expression of MDM2 and FBW7 in 23 
cases of surgical resected NSCLC by IHC staining and 

found that the MDM2low tumors tended to have a rela-
tive higher expression level of FBW7, whereas FBW7 
expression in the MDM2high tumors was largely dimin-
ished (Fig.  7H). The regression analysis of correspond-
ing IHC scores confirmed a negative correlation between 
MDM2 and FBW7 with a R value of -0.52 (Fig.  7I). 

Fig. 6  MDM2 as a potential E3 ubiquitin ligase for FBW7 tumor suppressor. (A-B) The parental PC-9 cells were engineered to stably express the 
MDM2 ΔRING or MDM2 C464A mutants that lacked E3 ubiquitin ligase activity. Cells were seeded in 6 well plate and treated with DMSO or Osimertinib. 
Representative images of colony formation assay and TUNEL assay were shown. Scale bar = 200 μm. (C) PC-9 cells stably expressing MDM2 ΔRING or 
MDM2 C464A mutants were treated with increasing concentrations of Osimertinib (0, 0.1, 0.5, 1 µmol/L) for 48 h. Expression of indicated BCL-2 family 
members and fragmentation of PARP and caspase-3 were analyzed by immunoblotting. GAPDH was used as an equal loading control. (D) Sequence 
alignment of MDM2 recognition motif across FOXO3, HEXIM1, IRS1, HIPK1 and FBW7. The conservation of Q-enriched domain in the N-terminal propor-
tion of FBW7 was assessed across different species. (E) The WCL of PC-9 cells was precipitated with anti-MDM2/anti-FBW7 antibody or equal amount of 
isotype IgG. The resultant immunoprecipitates were subjected to immunoblotting. (F) HEK293 cells were transfected with HA-FBW7 together with Flag-
MDM2 construct. Forty-eight hours after transfection, WCL was prepared and precipitated with anti-HA/anti-Flag antibody or equal amount of isotype 
IgG. The cell lysates and immunoprecipitates were subjected to immunoblotting. β-actin was used as an equal loading control. (G) The effect of MDM2 on 
the ubiquitination status of FBW7. MDM2 was stably expressed in PC-9 cells. The ubiquitination level of FBW7 was determined by immunoprecipitation 
with an anti-FBW7 antibody and probed with an anti-Ub antibody. (H) HA-FBW7 and His-Ub, together with Flag MDM2 or its ΔRING and C464A mutant 
were transiently expressed in HEK293 cells. HA-FBW7 protein was pull down by an anti-HA antibody and probed with an anti-His antibody. (I) Myc-FBW7 
and Flag-MDM2, together with His-Ub or its K48-only and K63-only construct were transfected into HEK293 cells. Forty-eight hours after transfection, 
Myc-FBW7 protein was precipitated with an anti-Myc antibody and probed with an anti-His antibody. (J) Flag-MDM2, His-Ub and HA-FBW7 or its ΔQ 
mutant were expressed in HEK293 cells. The ubiquitination status of HA-FBW7 was determined by immunoprecipitation. (K-L) The PC-9 OR cells stably 
expressing FBW7 or its ΔQ mutant were treated with increasing concentrations of Osimertinib and evaluated for cytotoxicity by MTT assay and apoptosis 
immunoblotting assay, respectively. *P < 0.05. **P < 0.01
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Hence, MDM2 is a physical negative regulator of FBW7 
in NSCLC. Finally, MDM2 overexpression as a mecha-
nism of resistance to Osimertinib has been validated in 
repeated biopsy samples upon disease progression. Eval-
uation of MDM2 expression in paired treatment-naïve 
and treatment-failure specimens yielded higher MDM2 
IHC scores after Osimertinib resistance (Fig.  7J and K). 
Collectively, these findings demonstrated that FBW7 
expression in NSCLC is tightly regulated by MDM2 E3 
ligase. The protein interaction between MDM2 and 
FBW7 definitely exists in clinical setting and their bal-
ance determines the sensitivity to Osimertinib in EGFR 
mutant NSCLC. Disruption of the balance, such as 
MDM2 amplification, promotes FBW7 protein destruc-
tion and impairs the cell apoptosis program to lead resis-
tance to targeted therapy (Fig.  8). Thus, manipulating 
MDM2-FBW7 interaction would be a feasible approach 

to overcome resistance to Osimertinib in EGFR mutant 
NSCLC.

Discussion
Although secondary mutations and compensatory bypass 
pathways have been demonstrated to lead resistance 
to Osimertinib in EGFR mutant NSCLC, there is still a 
big gap of knowledge regarding resistance machineries. 
Herein, we exploited the inhibitory potency of MDM2 
on the sensitivity to Osimertinib. We found patients with 
MDM2 amplification failed on Osimertinib treatment. 
Overexpression of MDM2 selectively resulted in resis-
tance to EGFR targeted therapy, but not chemotherapy, 
in NSCLC (Fig. S6). Resistance driven by MDM2 is not 
associated with reactivation of PI3K/Akt and MAPK/Erk 
signaling. Instead, MDM2 disrupts cell apoptosis pro-
gram through K48-linked polyubiquitination of FBW7 

Fig. 7  Targeting MDM2 is a feasible approach to overcome resistance to Osimertinib in vivo and its clinical relevance during Osimertinib pro-
gression. (A) HA-FBW7 or its K412R mutant was expressed in HEK293 cells. The ubiquitination status of FBW7 was determined by immunoprecipitation 
assay. (B-D) Representative images of PC-9 OR cells xenograft tumors grew in nude mice receiving Vehicle, Osimertinib (5 mg/kg), MX69 (20 mg/kg) and 
their combination. The tumor volume was routinely monitored. At the end of the experiment, the xenograft tumors were carefully removed, weighted 
and photographed. *P < 0.05, **P < 0.01, ***P < 0.001. (E) Evaluation of cell apoptosis in xenograft tumors by TUNEL assay. Scale bar = 200 μm. ***P < 0.001. 
(F) IHC staining of MDM2, FBW7, MCL-1 and cleaved caspase-3 in xenograft tumors. The enlarged window indicated protein intensity and distribution 
pattern. Scale bar = 100 μm. (G) Analysis of MCL-1 IHC score after indicated treatment. NS: not significant. **P < 0.01, ***P < 0.001. (H-I) A total number of 
23 cases of surgical resected NSCLC were analyzed for MDM2 and FBW7 expression by IHC staining. Scale bar = 100 μm. Each NSCLC sample yielded an 
IHC score for MDM2 and FBW7, respectively. The correlation between MDM2 and FBW7 was determined by linear regression analysis. (J-K) IHC analysis of 
MDM2 expression in matched treatment-naïve and Osimertinib resistant NSCLC patients. Scale bar = 100 μm. NS: not significant. ***P < 0.001
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tumor suppressor. Combined targeting EGFR and MDM2 
stabilize FBW7, as a result, accelerates prompt MCL-1 
protein turnover and augments cancer cell apoptosis 
(Fig. 8). Thus, screening MDM2 state to select patients to 
receive MDM2 inhibitors would be a promising strategy 
to overcome resistance to Osimertinib in patients with 
EGFR mutant NSCLC.

Unlike the currently identified resistance mechanisms, 
MDM2 does not rescue the phosphorylation state of Akt 
and Erk, which is dominantly implicated in cell prolif-
eration. We showed that MDM2 selectively impairs cell 
apoptosis process to evade targeted therapy-induced cell 
death. The evasion of EGFR inhibitor-induced apopto-
sis as a mechanism of resistance has also been validated 
in patient-derived MGH134 resistant cells by scientists 

Fig. 8  A schematic diagram of MDM2-mediated resistance machinery and its implications for overcoming resistance to Osimertinib in EGFR 
mutant NSCLC. In EGFR mutant/MDM2low NSCLC, Osimertinib treatment triggers MCL-1 anti-apoptotic protein ubiquitination catalyzed by FBW7 E3 
ligase that leads to MCL-1 protein destruction and substantial apoptosis. These MDM2low tumors manifest as Osimertinib sensitive NSCLC. However, when 
cancer cells gain high expression of MDM2, MDM2 acts as an E3 ubiquitin ligase for FBW7 to degrade this tumor suppressor, which results in the accu-
mulation of MCL-1 anti-apoptotic protein. MCL-1 in MDM2high tumors is refractory to FBW7-mediated protein destruction and therefore cancer cells are 
resistant to Osimertinib-induced apoptotic cell death. Hence, targeting MDM2 to augment prompt destruction of MCL-1 protein would be a promising 
strategy to overcome resistance to Osimertinib in EGFR mutant NSCLC
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from MGH Cancer Center. In their study, the third gen-
eration EGFR inhibitor WZ4002 readily diminished 
EGFR and downstream PI3K/Akt and MAPK/Erk sig-
naling in MGH134 cells [24]. By unbiased drug screen-
ing, the authors found the resistant cells were sensitive 
to combined treatment with ABT-263, a dual BCL-xL 
and BCL-2 inhibitor, presumably by induction of pro-
apoptotic BH3-only protein BIM. Interestingly, the pro-
apoptotic activity of BIM is antagonized by its binding 
partner MCL-1, which has been extensively studied in 
the present study. The binding to MCL-1 sequesters 
BIM and blocks BIM-mediated mitochondrial apoptotic 
cascade [25, 26]. Prompt destruction of MCL-1 thus 
releases MCL-1-free BIM to initiate apoptosis signaling. 
In NSCLC cells with EGFR activating mutations, block-
ade of EGFR signaling accelerates MCL-1 degradation 
and triggers cancer cell apoptosis [27]. To this end, inhi-
bition of cell survival pathways and initiation of apopto-
sis pathway underlie the robust clinical efficacy of EGFR 
inhibitors in sensitive cells. When these pathways are not 
coincidentally suppressed, cancers are unresponsive to 
targeted therapy and resistance eventually develops. Our 
study complements these findings, showing that Osimer-
tinib resistance driven by MDM2 is associated with the 
stabilization of MCL-1 protein and the arrest in apopto-
sis induction. Given the importance of MCL-1 proteoly-
sis for apoptosis priming, prompt destruction of MCL-1 
as an immediate response to anti-cancer treatment there-
fore underlies sensitivity to Osimertinib in EGFR mutant 
NSCLC. MDM2-mediated stabilization of MCL-1 pro-
vides a survival advantage over Osimertinib, and thus 
leads to resistance to targeted therapy. Unfortunately, the 
MCL-1 inhibitor AZD5991 elicited limited single agent 
efficacy in inducing resistant cell death, probably because 
it does not efficiently repress cell proliferation. Hence, 
manipulation of protein regulators upstream of MCL-1 
would be a promising strategy to overcome resistance to 
Osimertinib driven by MDM2 in NSCLC.

Our results provide proof-of-principle that MDM2 uti-
lizes its E3 ubiquitin ligase activity to disrupt cancer cell 
apoptosis through stabilization of MCL-1 protein, inde-
pendent of the canonical MDM2-p53 interaction loop. 
While these findings might provide a rational explanation 
for apoptosis evasion and drug resistance, it is confusing 
how the proteolytic activity affects MDM2 to stabilize 
MCL-1 protein. We proposed a model that protein regu-
lators upstream of MCL-1 could be harnessed by MDM2 
E3 ubiquitin ligase, and the key motivation in our study 
is to identify the molecule connecting MDM2 and MCL-
1. We demonstrated that FBW7 E3 ubiquitin ligase might 
be positioned downstream of MDM2 in a signaling cir-
cuit to cooperate with MDM2 in the regulation of MCL-1 
protein stability and apoptotic response to Osimertinib. 
Specifically, MDM2 degrades FBW7, a process that 

requires the E3 ubiquitin ligase activity to catalyze the 
labeling with ubiquitin chain to FBW7, which in return 
resulted in the accumulation of FBW7 substrates, such 
as MCL-1, to induce resistance to Osimertinib. FBW7 
substrates are recruited to MDM2 by docking to FBW7 
and therefore their interactions with MDM2 are indirect 
and less sufficient [28]. Thus, FBW7 acts as a molecu-
lar hub integrating MDM2 and MCL-1. Overexpression 
of MDM2 catalyzes ubiquitination and degradation of 
FBW7, as a consequence, stabilizes MCL-1 protein for 
implementing resistance to Osimertinib-induced apop-
totic cell death.

In addition to providing the mechanisms underly-
ing MDM2’s E3 ligase activity-dependent control of cell 
apoptosis program, our study also highlighted a novel 
regulatory machinery that governs intracellular FBW7 
E3 ubiquitin ligase protein abundance. In sharp contrast 
to prolyl isomerase Pin that has been shown to promote 
degradation of FBW7 through increasing self-ubiquitina-
tion [29], MDM2 accelerates FBW7 protein turnover by 
directly augmenting K48 polyubiquitination at Lys412 
residue. To this end, MDM2 is recognized as an E3 ubiq-
uitin ligase for FBW7 E3 ubiquitin ligase, the balance 
between FBW7’s ubiquitination promoting enzymes (Pin, 
MDM2) and ubiquitination removing enzymes (USP28, 
USP9X) therefore maintains FBW7 homeostasis and 
restrains the oncogenic function of FBW7 substrates [30, 
31]. Overexpression of MDM2 disrupts the balance and 
results in a FBW7low/MCL-1high state, leading to defects 
in cell apoptosis program and resistance to Osimer-
tinib. Targeting MDM2 by small molecule inhibitors to 
remodel the aberrant FBW7/MCL-1 state is expected 
to be a promising strategy for overcoming resistance to 
Osimertinib. Intriguingly, Nutlin-3 and MX69 as para-
digms of two types of MDM2 inhibitors revealed different 
therapeutic outcome, again, highlighting the E3 ubiquitin 
ligase activity of MDM2 is required for driving resistance 
to Osimertinib. While selectively targeting MDM2’s E3 
ligase activity is still technical challenging, targeted deg-
radation of MDM2 using the emerging PROteolysis TAr-
geting Chimera (PROTAC) technique therefore enables 
a feasible approach for governing MDM2 expression 
and function. Several designated MDM2 PROTACs have 
already entered early phase clinical trials and prelimi-
nary data showed on-target anti-tumor efficacy in triple 
negative breast cancer [32]. It is speculated that MDM2 
PROTACs may permit more efficacious engagement and 
selective destruction of MDM2 protein in NSCLC cells, 
and combining MDM2 PROTACs and targeted therapy 
would be a promising strategy to overcome resistance to 
Osimertinib in patients with EGFR mutant NSCLC.
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Conclusion
In summary, our study deciphered a novel and clinically 
relevant resistance mechanism to Osimertinib in EGFR 
mutant NSCLC. MDM2 amplification prominently 
destructs FBW7 tumor suppressor and stabilize MCL-1 
anti-apoptotic protein to evade apoptotic cell death. Tar-
geting MDM2 to restore the FBW7-MCL-1-apoptosis 
cascade would be a feasible approach to overcome resis-
tance to targeted therapy in NSCLC.
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