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Abstract

In non-small cell lung cancer (NSCLC), activating mutations in the epidermal growth

factor receptor (EGFR) induce sensitivity to EGFR tyrosine kinase inhibitors. Despite

impressive clinical responses, patients ultimately relapse as a reservoir of drug-

tolerant cells persist, which ultimately leads to acquired resistance mechanisms. We

performed an unbiased high-throughput siRNA screen to identify proteins that abro-

gate the response of EGFR-mutant NSCLC to EGFR-targeted therapy. The

deubiquitinase USP13 was a top hit resulting from this screen. Targeting USP13

increases the sensitivity to EGFR inhibition with small molecules in vitro and in vivo.

USP13 selectively stabilizes mutant EGFR in a peptidase-independent manner by

counteracting the action of members of the Cbl family of E3 ubiquitin ligases. We

conclude that USP13 is a strong mutant EGFR-specific cotarget that could improve

the treatment efficacy of EGFR-targeted therapies.
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1 | INTRODUCTION

Oncogenic epidermal growth factor receptor (EGFR) kinase domain

mutations occur in 15% to 30% of non-small cell lung cancers

(NSCLC).1 EGFR is a transmembrane tyrosine kinase receptor regulat-

ing vital cellular functions, including proliferation, cell growth and sur-

vival.2,3 The most prevalent mutational hotspots, EGFR E746-A750

and EGFR L858R, sensitize patients to first-line EGFR tyrosine kinase

inhibitor treatment in NSCLC.4-7

EGFR-targeted therapies result in impressive clinical response, lead-

ing to increased overall survival compared to chemotherapy. However,

the inescapable limitation of these therapies is acquired resistance cau-

sed by the acquisition of secondary genomic alterations leading to dis-

ease progression and ultimate fatality. Recent studies show that a

period of drug tolerance precedes these genomic alterations in various

cancer types.8-17 The mechanisms underlying such drug tolerance in

EGFR-mutant NSCLC remain poorly understood. Understanding these

mechanisms could lead to the development of therapies that reduce the

residual pool of drug-tolerant cells and the likelihood of the emergence

of secondary resistance, leading to improved outcomes.

We aimed to identify molecular mechanisms that reduce the sensi-

tivity to EGFR-targeted therapy using an unbiased strategy. We per-

formed a high-throughput siRNA screen with two libraries covering

approximately 1500 proteins associated with the ubiquitin and

ubiquitin-like cellular processes with simultaneous inhibition of EGFR

with the pan-HER inhibitor afatinib. We identified the deubiquitinase

USP13 as a top-hit in making EGFR-mutant lung cancer cells tolerant to

afatinib. Accordingly, inhibition of USP13 led to a significant decrease in

the survival of lung cancer cells treated with afatinib in vitro and in vivo.

USP13 specifically counteracts the downregulation of mutated EGFR

by the ubiquitin ligases of the Cbl family. We thus identify USP13 as a

novel cotarget to reduce the number of drug-tolerant cells and hence

the pool of cells in which permanent genomic resistance can arise. This

opens a window for the improvement of the outcome of these patients.

2 | MATERIALS AND METHODS

2.1 | Cell culture, transfections and treatments

PC9 (CVCL_B260; Merck), HCC827 (CVCL_2063; ATCC), H1975

(CVCL_1511; ATCC) and BEAS-2B (CVCL_0168, kindly provided by

Prof. Didier Cataldo, Université de Liège, Belgium) cells were

cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine

serum (FBS) (Greiner). HEK293T ((CVCL_0063); ATCC) cells

were cultured in Dulbecco's modified Eagle medium (Gibco) sup-

plemented with 10% FBS. All human cell lines were authenticated using

STR profiling within the past 3 years. The cell cultures were in a humid

incubator at 37�C and 5% CO2 and maintained according to standard

procedures. Cell lines were tested for mycoplasma regularly, and experi-

ments were performed on mycoplasma free cells. Lipofectamine

RNAiMAX (Thermo) was used for reverse transfection of siRNA and

Lipofectamine 2000 (Thermo) was used for transfection of plasmids.

siRNA and plasmid constructs are listed in supplementary materials. The

concentrations of compounds used in our study (unless otherwise men-

tioned in the figure legends) were afatinib and osimertinib, 5 nM in

PC9, BEAS-2B and HEK293T cells and 1 nM in HCC827 cells;

spautin-1, 5 μM in PC9 and HEK293T and 10 μM in HCC827.

2.2 | High-throughput siRNA screening targeting
ubiquitin(−like) pathways

Two arrayed libraries containing, respectively, 1505 (Qiagen Gen-

eSolutions for human genes custom made) and 1525 (Dharmacon ON-

target plus SMART pool custom made) siRNA pools (composed of

4 siRNAs each pool) targeting different ubiquitin and ubiquitin-related

human mRNA transcripts were employed. Assay plates contained 1 μL

of 0.5 μM siRNA per well, and reverse transfection was performed

using Lipofectamine RNAiMAX. The final siRNA concentration was

10 nM. PC9 and HCC827 cells were resuspended in RPMI-1640 sup-

plemented with 10% FBS and seeded onto assay plates (500 and 1000

cells per well, respectively). Cells were incubated for 48 hours and sub-

sequently treated with 5 (PC9) and 1 nM (HCC827) afatinib or DMSO

for an additional 48 hours. Cell viability was measured using CellTiter-

Glo (Promega). The experiment was performed in duplicates. Analysis

of the viability results was based on a robust Z-score.18 The

Z-score = ([mean viability ratio of afatinib and DMSO (siRNA pool)] −

[mean viability ratio afatinib and DMSO of the 384 well-plate])/mean

absolute deviation (MAD). The MAD was calculated as follows:

MAD = 1.4826 (k is a constant scale factor for normal distribution) ×

absolute value ([mean viability ratio of afatinib and DMSO (siRNA

pool)] − [mean viability ratio afatinib and DMSO of the 384-well plate]).

2.3 | Lentiviral vector production

Lentiviral vectors were produced in HEK293T cells. Briefly, cells were

then transfected with either control pLKO.1-puro or USP13-targeting

What's new?

Mutations in epidermal growth factor receptor (EGFR) are

present in as many as 30 percent of patients with non-small-

cell lung cancer (NSCLC). EGFR mutations render NSCLC

sensitive to EGFR tyrosine kinase inhibitors, though over

time many lung tumors become resistant to these therapies.

This investigation shows that receptor stabilization and drug

resistance in EGFR-mutant NSCLC is mediated at least in

part by the deubiquitinase USP13. Co-targeting EGFR and

USP13 increased NSCLC sensitivity to EGFR inhibitors

in vitro and in vivo. The study identifies USP13 targeted

therapy as a promising means for overcoming EGFR inhibitor

resistance in EGFR-mutant NSCLC.

2580 GIRON ET AL.



pLKO.1-USP13-shRNAs vectors (MISSION, Sigma-Aldrich), GAG, REV

and VSV-G using PEI (Polysciences, Eppelheim, Germany). The superna-

tants were collected, filtered and supplemented with 10 μg/mL prot-

amine sulfate according to standard procedures. Cells were transduced

by incubation with lentiviral vectors-containing medium for 24 hours.

2.4 | Cell viability assays

Cells were seeded in clear bottom 384-well plates (Greiner Bio-One)

in a total volume of 50 μL per well. At the end-point analysis, viability

was determined by using the ATP-based luminescence CellTiter-Glo

(Promega). Luminescence output was measured using a Spectramax

M3 (Molecular Devices).

2.5 | Cell confluence assays

Cell confluence was measured in 384- and 96-well plates using the

IncuCyte ZOOM system (Essen BioScience). Phase-contrast images

were taken hourly using the 10× objective during the indicated periods.

Data analysis was performed using the IncuCyte ZOOM software.

2.6 | Apoptosis assays

2.6.1 | Molecular kits

Cells were seeded in white 384-well plates (1000 cells per well) for via-

bility and caspases 3/7 assays. Cells were transfected, and drugs were

added at the indicated concentrations and time-points. Viability and

cleaved-caspases 3/7 were quantified using the CellTiter-Glo lumines-

cent kit and the Caspase-Glo 3/7 kit (Promega). Caspase signals were

normalized to the CellTiter-Glo signals of the same conditions.

2.6.2 | Flow cytometry

Cells were seeded in 24-well plates (50,000 cells per well). Drugs were

added 24 hours postseeding and incubated for the indicated periods.

Cells were detached and resuspended in Annexin-V-binding buffer (BD

Pharmingen) and stained with Annexin-V-APC and 7-AAD

(BD Pharmingen). The samples were subsequently analyzed with a BD

Canto flow cytometer.

2.7 | Cell cycle assays

Cells were cultured in 24- or 6-well plates and subsequently detached

via trypsinization. Cells were washed and resuspended in 500 μL cold

phosphate-buffered saline (PBS). Cells were then fixed using 70% ice-

cold ethanol and then washed with ice-cold PBS. A total of 106 cells

were used per analysis and stained with 5 μL 7-AAD in 100 μL flow

cytometry buffer (PBS containing 1% bovine serum albumin (BSA) and

0.05% sodium azide). After 10 minutes, 200 μL of flow cytometry

buffer was added, and the 7-AAD signal in the cells in suspension was

measured via flow cytometry (BD Canto).

2.8 | qRT-PCR

Total mRNA extraction was extracted using the Nucleospin RNA

plus kit (Macherey-Nagel). First-strand cDNA was synthesized using

SuperScript II Reverse Transcriptase (Life Technologies). Target and

reference genes were quantified in duplicates on a LightCycler480

(Roche) using SYBR Green I Master (Roche). The mean CT values

of the target genes were normalized to the geometric mean of

two housekeeping genes (SDHA and TBP). Primers are listed in

supplementary materials.

2.9 | Western blotting

Cells were lysed in a standard Triton X-100 lysis buffer containing

25 mM Tris-HCl (pH = 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton

X-100, supplemented with protease and phosphatase inhibitors.

Lysates were cleared by centrifugation, and protein concentrations

were determined by the Bradford protein assay kit (Bio-Rad). Equal

amounts of total proteins were loaded per lane on 10% polyacrylamide

gels, and proteins were separated by electrophoresis and blotted on

nitrocellulose membranes. Membranes were blocked with 5% non-fat

milk dissolved in dissolved in tris‐buffered saline ‐ tween 20 (TBS‐T)

and stained overnight with the primary antibody (listed in supplemen-

tary materials) and subsequently labeled with near-infrared fluorescent

secondary antibodies (LI-COR). Membranes were developed using the

LI-COR Odyssey FC system. Protein quantifications and image ana-

lyses were performed using the Image Studio Software (LI-COR).

2.10 | Immunoprecipitation

Cells were lysed in Triton X-100 lysis buffer. Equal amounts of total

proteins were used for every immunoprecipitation condition. Samples

were incubated with 1 μg of an antibody recognizing the protein of

interest and 10 μL of Protein G Sepharose 4 Fast Flow antibody puri-

fication resin slurry (GE Healthcare). After 2 hours incubation, beads

were washed three times with cold PBS and subsequently boiled in

Western blotting loading buffer. Immunoprecipitation and whole cell

lysate samples were then processed by Western blotting.

2.11 | Confocal imaging

Cells were fixed with 4% paraformaldehyde and blocked with 1% BSA

in PBS-T (PBS + 0.1% Tween-20) and finally washed twice with

PBS-T. Cells were stained with primary antibodies (mouse EGFR and
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rabbit USP13) for 1 hour and with secondary fluorescently labeled

antibodies and washed three times with PBS-T. Hoechst 33342 was

used for nuclear counterstaining. Images were acquired using a ZEISS

LSM710 NLO confocal microscope using the ZEN 2009 software

(Carl Zeiss).

2.12 | Mouse xenograft model

Female Swiss nu/nu homozygous mice (4 weeks old; Crl:NU-Foxn1nu;

strain code: 088-Homozygous) were purchased from Charles River Lab-

oratories. PC9 cells were stably transduced with pLKO.1-puro (empty

vectors), pLKO.1-USP13-shRNA 1 or 2, and selected using 3 μg/mL

puromycin. The transduced PC9 cells were resuspended in cold 50%

Matrigel in RPMI 1640 and injected subcutaneously into the mice's

right flank (106 cells per mouse). For each transduced cell line, 20 mice

were injected. Tumor volumes were measured using a Vernier caliper

and calculated using the formula: Volume = Length × Width × [(Length

+ Width)/2] x π/6. Every 3 days, tumor volumes and mice body weights

were determined. At an average tumor volume of 100 mm3, mice were

assigned to a control (vehicle) or an afatinib (5 mg/kg) group; each

group consisted of 10 mice with an equal average in tumor volumes.

Mice were treated daily with 5 mg/kg afatinib or vehicle (DMSO) dis-

solved in 0.4% Tween-80 and 1% methylcellulose via oral gavage. The

experiment was terminated before tumor volumes reached 1000 mm3.

All the procedures related to animal handling, care and treatments were

performed according to the guidelines approved by the University of

Gent Animal Care and Use Ethical Committee.

2.13 | Sensitivity and toxicity index

Calculation of the sensitivity (assessed in the cancer cells) and toxicity

(assessed in the normal epithelial cells) indexes was as follows: Sensi-

tivity index = (Viability NT siRNA plus Afatinib/Viability NT)/(Viability

siRNA x plus afatinib/viability siRNA x); Toxicity index = Viability NT

siRNA/Viability siRNA x, in which x refers to every gene included in

the siRNA screen.

(A)

(C) (D)

(B)

F IGURE 1 Ubiquitin system-wide siRNA screen identifies targets of intrinsic insensitivity to afatinib. A, Screen methodology. Cells were

reverse-transfected in 384 well plates with pools of four siRNAs per target and treated with DMSO (vehicle) or afatinib 48 hours
posttransfection. Cell viability was measured 96 hours posttransfection. B, Screen results. Z-scores represent the relative viability differences of
DMSO vs afatinib-treated cells. Negative scores represent stronger effects on cell viability caused by afatinib compared to the median effects of
the drug. Red dots indicate siRNA pools that did not decrease viability below 65% (DMSO) and had a Z-score of at least −1.5. C, Sensitivity index
for the individual siRNAs, which were common hits in PC9 and HCC827. Green intensity increasing indicates higher sensitivity indexes. D,
Toxicity index for different siRNAs in normal lung epithelial BEAS-2B cells. Green and red indicate low and high toxicity values, respectively
[Color figure can be viewed at wileyonlinelibrary.com]
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(A)

(C) (D) (E)

(F)

(I)

(J) (K) (L) (M)

(G) (H)

(B)

F IGURE 2 Legend on next page.
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2.14 | Statistical analysis

Statistics for the cell viability and apoptosis data were performed with

the one-way analysis of variance (ANOVA) (using the Tukey post hoc

test) to compare the means of three independent experiments mea-

suring viability and apoptosis in vitro. The sample size for the in vivo

experiment (mouse tumor xenografts) was calculated using the power

analysis software Gpower 3.1. Input values were based on the in vitro

results obtained in Figure 2. The paired two-way ANOVA (using the

Tukey post hoc test) was performed to compare the means of the

tumor volumes and over the duration of the experiment. The means

correspond to five mice per condition. The unpaired, two-tailed t-test

with Welsh's correlation was used to compare the means of the tumor

weights for the control shRNA plus afatinib and the USP13 shRNA B

plus afatinib. The means correspond to five mice per condition. West-

ern blots are representative images of experiments that were inde-

pendently repeated at least two times and on several occasions more

than three times. qRT-PCR results were obtained from at least three

independent repeats. Flow cytometry experiments were repeated at

least two times (cell cycle) or at least four times (apoptosis). Error bars

represent the SEM unless otherwise specified.

3 | RESULTS

3.1 | Ubiquitin system-wide high-throughput
siRNA screen reveals specific mediators of EGFR TKI
drug tolerance

To identify proteins that affect drug tolerance for EGFR TKIs, we

performed a broad ubiquitin and ubiquitin-like siRNA screen in

treatment-naive EGFR-mutant NSCLC cells exposed to the pan-HER/

EGFR TKI afatinib. To enhance the likelihood of finding cell-context-

independent mechanisms, we performed the screen in parallel using

two human lung adenocarcinoma cell lines, PC9 and HCC827. These

cell lines are the two most frequently studied, gold-standard cell lines

representing treatment-naive EGFR mutant NSCLCs. We chose the

pan-HER inhibitor afatinib as it has the lowest IC50 values for

the inhibition of EGFR ΔE746-A750 and EGFR L858R among the

clinically approved inhibitors (including osimertinib) and to increase

the likelihood of identifying mechanisms that have a pan-HER signifi-

cance.19 The afatinib concentrations were based on titration experi-

ments of clinically achievable doses (Figure 1A and Figure S1).

Candidate proteins were selected based on their capacity to

increase afatinib sensitivity upon protein knockdown (Z-scores ≤

−1.5) without strongly reducing cell viability in the absence of afatinib

(viability >65%). With these criteria, we identified 75 and 121 siRNA

pools in PC9 and HCC827, respectively (Figure 1B and Table S1).

From these two datasets, we continued to validate the 11 siRNA

pools effective in both cell lines. We repeated the viability assays

using the individual siRNAs from each pool (Figure S2) and calculated

a sensitivity index corresponding to the effect of each siRNA on the

sensitivity of the cells to afatinib under each condition. A sensitivity

factor > 1.25 was the threshold to determine that a specific siRNA

sufficiently increased the effect of afatinib. In the four final top hits

(USP13, POLQ, TBL1X and HGS), we found at least two different

siRNAs that sensitized NSCLC cells to afatinib (Figure 1C). To gain

insight into the potential effect on non-malignant epithelial cells and

exclude EGFR mutation-independent effects, we assessed the knock-

down of the top candidates in the normal lung epithelial (EGFR wild-

type) BEAS-2B cell line (Figure S3). In this case, we calculated a toxic-

ity index for each siRNA by calculating the ratio between the effect of

the individual siRNAs and the non-targeting control siRNA

(Figure 1D). Among the four top candidates, USP13 showed little tox-

icity in the BEAS-2B model. At the same time, TBL1X, HGS and POLQ

knockdown resulted in higher toxicity indexes. Overall, knockdown of

USP13 displayed the most potent afatinib-sensitizing effect on the

viability of PC9 and HCC827 cells (Figure 1C), with a minimal impact

on the viability of BEAS-2B cells (Figure 1D).

3.2 | USP13 cotargeting decreases drug tolerance
and sensitizes EGFR-mutant NSCLC to EGFR inhibition

We identified USP13 as the most potent candidate target to reduce toler-

ance and increase afatinib sensitivity in EGFR mutant NSCLC. We con-

firmed the knockdown efficiency by qRT-PCR using the same USP13

siRNAs employed in the screen. We found that three out of four

F IGURE 2 USP13 targeting increases sensitivity for EGFR inhibition through apoptosis. A, Quantitative RT-PCR for USP13 mRNA in PC9 and
HCC827 reverse-transfected with non-targeting (NT) and USP13 siRNAs 1-4. Analyses were performed 24 hours posttransfection. Values were
normalized to NT siRNA condition. Bars represent mean ± SEM. B, USP13 expression levels in PC9 reverse-transfected with NT and USP13 siRNAs
2 and 4 for 72 hours. β-Actin is a loading control. C,D, Cell viability analysis of PC9 (C) and HCC827 (D) cells reverse-transfected with indicated
siRNAs and treated with afatinib or vehicle (DMSO) 48 hours posttransfection. Cell viability was measured 96 hour posttransfection. Results were
normalized to the NT siRNA DMSO control. Bars represent mean viability (%) ± SEM. E, Cell viability analysis of H1975 reverse-transfected with
indicated siRNAs and treated with osimertinib or vehicle (DMSO) 48 hour posttransfection. Cell viability was measured 96 hours posttransfection.
Bars represent mean viability (%) ± SEM. F,G, Cell viability analysis of PC9 (F) and HCC827 (G) treated with afatinib, spautin-1 or their combination
for 72 hours. Bars represent mean ± SEM. H, Cell viability analysis of PC9 treated with osimertinib, spautin-1 or their combination for 72 hours. I,
Confluence analysis of PC9 and HCC827 treated with afatinib, spautin-1 or their combination for 120 hours. Lines represent lowess curve through
actual data points, the SEM is shown by bars per data point. Confluence was determined every hour. Graph is representative of three independent
experiments. J,K, Caspases 3/7 cleavage analysis in PC9 (J) and HCC827 (K) cells reverse-transfected with indicated siRNAs and treated with
afatinib or vehicle (DMSO) 48-hour posttransfection. Caspases 3/7 cleavage was measured 96-hour posttransfection and normalized to the cell

viability results for the same experiment. Results were normalized to non-targeting (NT) siRNA DMSO control. Bars represent the mean ± SEM.
L,M, As in (J,K) but with cells treated with afatinib, spautin-1 or their combination [Color figure can be viewed at wileyonlinelibrary.com]
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downregulated USP13 in both PC9 and HCC827 cells (Figure 2A). The

knockdown of USP13 was confirmed by Western blotting in PC9 cells

(Figure 2B).

The downregulation of USP13 in PC9 cells decreased their

viability to 44% to 66%, while afatinib reduced it to 53%. When com-

bined, cell viability decreased to 7% to 18% (Figure 2C). Similar results

(A)

(D)

(E) (F)

(B) (C)

F IGURE 3 Legend on next page.
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were obtained in HCC827 cells (Figure 2D), confirming that USP13

knockdown strongly enhances afatinib in treatment-naive lung cancer

cell lines. We subsequently tested whether USP13 inhibition could

sensitize cells harboring the EGFR L858R/T790M double resistance

mutation. We treated H1975 cells with USP13 siRNA and the EGFR

inhibitor osimertinib. The knockdown of USP13 also led to a substantial

cell viability reduction upon osimertinib treatment (Figure 2E).

The combination of spautin-1, a chemical inhibitor of USP1320

and afatinib decreased the viability significantly in PC9 and HCC827

cells compared to the respective single-agent treatments (Figures 2F,

G). To evaluate whether these observations could also apply to other

EGFR inhibitors, we treated PC9 and H1975 cells with spautin-1 and

osimertinib. We found the same combined effect suggesting that

the USP13 inhibition also decreases the tolerance to other EGFR

inhibitors than afatinib (Figure 2H and Figure S4).

We further confirmed these findings using a confluence-based life

cell imaging technique in which PC9 and HCC827 cells treated

with afatinib, spautin-1 or both were monitored for 120 hours. After

72 hours, the combination of afatinib and spautin-1 decreased the con-

fluence levels (Figure 2I), comparable to our previous findings (Figure 2F,

G). The effects of the combination of afatinib and spautin-1 escalated in

the first 48-72 hours and were subsequently maintained (Figure 2I).

Afatinib treatment of PC9 and HCC827 cells stably expressing USP13

shRNA caused more potent growth suppression than the nontargeting

(NT) shRNA control cell line treated with afatinib (Figure S4), supporting

the specificity of the effects seen with spautin-1.

3.3 | USP13 suppression induces apoptosis upon
EGFR inhibition of mutant NSCLC cells

USP13 downregulation or inhibition severely compromised the

viability of PC9 and HCC827 cells when cotreated with afatinib. This

effect was not observed in the lung epithelial BEAS-2B cell line

(Figure S4), suggesting specificity for lung cancer cells carrying an

EGFR mutation. We then analyzed the effect of USP13 levels/activ-

ity modulation on the cell cycle and apoptosis rate in NSCLC cells

treated with afatinib. USP13 silencing/inhibition resulted in a mod-

est accumulation of cells in G1/G0. However, it did not significantly

increase the G1/G0 cell cycle arrest caused by EGFR inhibition

(Figure S5).

Afatinib increased 2.4- and 1.7-times the apoptosis rate in PC9

and HCC827 cells transfected with control siRNA (Figures 2J,K), while

USP13 siRNA led to a 4.1- and 3.9-fold increase in apoptosis when

combined with afatinib in PC9 and HCC827 (Figure 2J,K). Spautin-1

also led to a modest but reproducible induction of apoptosis in PC9

(Figure 2L) and HCC827 (Figure 2M) cells. Still, the combination of

spautin-1 and afatinib increased caspases 3/7 cleavage by 12- and

2.5-fold in PC9 and HCC827 cells, respectively, compared to

untreated cells. We confirmed this substantial increase in caspase

cleavage/activation by flow cytometry (Figure S5).

3.4 | A positive feedback loop between EGFR and
USP13

USP13 is a protein involved in the deubiquitination and stabilization

of multiple substrates. To investigate the mechanism of action under-

lying the strong effect of USP13 and EGFR cotargeting, we investi-

gated whether USP13 could affect the protein expression of EGFR.

First, we overexpressed USP13 in PC9 cells and observed a significant

increase in the total protein levels of EGFR (Figure 3A). We excluded

that USP13 regulates EGFR at the transcript level, further establishing

that the effect is mediated via a posttranslational mechanism

(Figure 3B).

USP13 downregulation with siRNA decreased the total protein

levels of EGFR, indicating a clear connection between USP13 expres-

sion and EGFR protein levels (Figure 3C). Moreover, USP13 inhibition

and silencing lead to a decreased half-life of the mutant EGFR protein

in NSCLC cells, indicating that USP13 likely stabilizes EGFR

(Figure 3D).

On the other hand, we found that EGFR inhibition downregulated

the endogenous levels of USP13 (Figure 3A). EGFR appears to regu-

late transcription of USP13, as afatinib treatment resulted in a signifi-

cant reduction of USP13 mRNA and protein levels (Figure 3A,E,F).

Inhibition of the USP13-mediated stabilization of EGFR combined

with EGFR inhibition led to further dampening of ERK1/2 and Akt

activation, compared to EGFR inhibition alone. In addition, the

combined effect of USP13 downregulation by EGFR inhibition and

USP13 siRNA also increased the negative effect on EGFR stability

(Figure 3F). Taken together, these data indicate a feedback loop

between USP13 and EGFR.

F IGURE 3 Positive feedback loop between EGFR and USP13. A, USP13 and EGFR levels were determined in PC9 cells transfected with
either empty vector or pEF-FLAG-USP13, and treated with afatinib or DMSO (−) 24 hours posttransfection. Cells were lysed 48 hours
posttransfection. β-Actin was used as a loading control. B, USP13 and EGFR mRNA levels in PC9 cells reverse-transfected with NT or USP13
siRNAs 2 and 4. Cells were lysed 24 hours posttransfection. C, As in (A) using PC9 cells reverse-transfected with non-targeting (NT) or USP13
siRNAs 2-4. Cells were lysed 96 hours posttransfection. β-Actin was used as the loading control. D, EGFR degradation rates were determined in
the presence of cycloheximide (CHX) (40 μg/mL, 1 hour pretreatment). PC9 cells were also treated with spautin-1 or DMSO for 72 hours (left
graph), or NT or USP13 siRNA B (right graph) for 96 hours. EGFR and β-actin levels were quantified, and EGFR values normalized to the β-actin
(loading control) values. Graphs show mean ± SEM. E, USP13 mRNA levels were determined using qRT-PCR in PC9 cells 24 hours posttreatment
with afatinib or DMSO. F, Levels of indicated proteins were determined in reverse-transfected PC9 cells with NT or USP13 siRNAs 2 and 4. Cells
were treated with afatinib or DMSO (as indicated) for 48 hours and lysed 96 hours posttransfection. β-Actin was used as the loading control
[Color figure can be viewed at wileyonlinelibrary.com]
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3.5 | USP13 inhibits the ubiquitin-mediated
degradation of mutant EGFR

To understand the interplay between USP13 and mutant EGFR pro-

teins, we first analyzed their respective subcellular localization. In PC9

cells, most of the EGFR was in the cytosol, presumably in endosomes,

as previously reported.21 Only some localized at the plasma mem-

brane (Figure 4A). USP13 was diffusely found in the nucleus and the

cytosol, but also present in some areas of the plasma membrane,

where it colocalized with EGFR (Figure 4A, insets).

We found that endogenous USP13 coimmunoprecipitated with

endogenous mutant EGFR (Figure 4B). Treatment with spautin-1

abolished the interaction (Figure 4B). We then recapitulated the inter-

action between exogenous USP13 and EGFR in HEK293T cells. The

interaction of wild-type EGFR with USP13 was hardly detectable,

whereas USP13 coimmunoprecipitated with the EGFR ΔE746-A750

and L858R mutants (Figure 4C,I), indicating that USP13 associates

much more tightly with mutant than wild-type EGFR.

We then compared the half-life of the EGFR ΔE746-A750 mutant

in HEK293T cells treated with cycloheximide and overexpressing

wild-type USP13 or its catalytical inactive C345A mutant,22

(Figure 4D). Surprisingly, both versions of USP13 extended the half-

life of mutant EGFR, indicating that the stabilizing effect does not

require the isopeptidase activity of USP13.

The E3 ubiquitin ligases c-Cbl and Cbl-b control endosomal sorting

and degradation of EGFR within lysosomes.23 In HEK293T cells expressing

EGFR-ΔE740-A746, USP13 antagonized the destabilization of mutant

EGFR mediated by c-Cbl or Cbl-b (Figure 4E). c-Cbl enhanced the interac-

tion between EGFR-ΔE740-A746 and USP13, while Cbl-b increased the

binding of both c-Cbl and USP13 to mutant EGFR (Figure 4F).

These results suggest that c-Cbl controls the binding between

USP13 and mutant EGFR, and Cbl-b modulates c-Cbl binding and sub-

sequent recruitment of USP13 to mutant EGFR.

USP13 harbors two functional ubiquitin-associated domains (UBA).

The UBA domains of USP13 have been reported to preferentially bind

K63-linked ubiquitin chains,24 which are known to be involved in the

degradation of EGFR.24,25 Therefore, we considered the possibility that

USP13 binds to ubiquitinated mutant EGFR via its UBA domains and,

by doing so, prevents EGFR endosomal sorting and lysosomal

degradation. We found that the isolated UBA1 + 2 domains of USP13

were sufficient to mediate the interaction with mutant EGFR in cells

(Figure 4G). By employing the USP13-C345A mutant or versions

mutated in UBA1, UBA2 or both, we established that the UBA domains'

integrity is necessary for USP13 to bind to mutant EGFR (Figure 4H).

The USP13 wild type and C345A mutant were more efficient than ver-

sions mutated in their UBA domains to bind to and maintain the

ubiquitination of mutant EGFR (Figure 4H). Thus, USP13 is likely to sta-

bilize ubiquitinated mutant EGFR. We then analyzed the nature of the

ubiquitin chains found on mutant EGFR and found that the EGFR-

ΔE746-A750 mutant carried more ubiquitin chains of K48 and K63

types than wild-type EGFR (Figure 4I). The fraction of mutant EGFR

bound to USP13 was also enriched in those two types of ubiquitin

chains (Figure 4I). We hypothesize that USP13 stabilizes mutant EGFR

at the level of its endosomal sorting and/or lysosomal degradation,

which has been associated with K48 and K63 ubiquitination.

Overall, we showed that USP13 abrogates sorting/degradation of

ubiquitinated mutant EGFR, independent of its catalytic activity but

requiring its UBA domains that are known to bind to K63-type

ubiquitin chains preferentially.24

3.6 | In vivo USP13 downregulation sensitizes
EGFR mutant NSCLC tumors to afatinib

We set up a mouse xenograft tumor model using PC9 cells transduced

with lentiviral vectors containing USP13 shRNAs or control shRNA.

Three different groups of 20 female Swissnu/nu mice each were

injected subcutaneously with 106 cells. At a tumor volume of

100 mm3, each group was divided into two subgroups and treated

daily (for 21 days) by oral gavage with either afatinib or vehicle con-

trol. On Day 7, one mouse of each subgroup was sacrificed to check

the USP13 knockdown efficiency by Western blot. We found that

both USP13 shRNAs reduced USP13 expression in vivo compared to

the control shRNA although with different efficiencies (Figure 5A).

The most efficient USP13 shRNA also resulted in a decrease in the

levels of total and phosphorylated (ie, active) EGFR, which correlated

with a reduction in the activation of Akt and ERK1/2 (Figure 5A). The

downregulation of USP13 also increased active caspase 3, indicating

F IGURE 4 USP13-EGFR interaction relies on c-Cbl and the UBA domains of USP13. A, Confocal images of PC9 cells displaying localizations

of USP13 (red), EGFR (green) and DNA (Hoechst, blue). Insets show colocalization of USP13 and EGFR. B, Immunoprecipitation (IP) of
endogenous EGFR from PC9 cells treated with DMSO or spautin-1 for 24 hours was analyzed by Western blotting as indicated. Inputs
correspond to 5% of the sample used for IP. C, IP of EGFR from HEK293T cells overexpressing EGFR wild-type (WT) or ΔE746-A750 mutant and
USP13. IP was performed 24 hours posttransfection. Samples were treated as in (B). D, EGFR degradation rates were determined by
cycloheximide-chase experiments and Western blotting. HEK293T cells were transfected with EGFR ΔE746-A750 mutant and empty vector (EV),
USP13 wild-type or C345A mutant. Graph shows mean ± SEM. E, HEK293T cells were transfected with EGFR-ΔE746-A750, Cbl-b, c-Cbl and/or
USP13. Cells were lysed 24 hours posttransfection and analyzed by Western blotting. F, IP of EGFR ΔE746-A750 mutant from HEK293T cells
also overexpressing Cbl-b, c-Cbl and/or USP13. Samples were treated as in E. G, As in (F) using HEK293T cells overexpressing USP13 full-length
or its UBA1/2 domains. H, As in (F) using HEK293T cells overexpressing USP13 wild-type (WT) or mutants in its catalytic site (C345A), UBA1
(M664E) or UBA2 (M739E) domains (as indicated). I, IP of EGFR wild type, or mutants ΔE746-A750 or L858R from HEK293T cells in the absence
or presence of overexpressed USP13. IP product was immunoblotted using ubiquitin chain specifics K48 or K63 antibodies as indicated [Color
figure can be viewed at wileyonlinelibrary.com]
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tumor apoptosis (Figure 5A). We measured the volumes of the tumors

every 3 days and found that the USP13 shRNAs alone did not signifi-

cantly inhibit tumor growth. Afatinib alone induced a robust tumor

growth arrest, while the combination of afatinib with the most effi-

cient USP13 shRNA led to an almost complete disappearance of the

tumors (Figure 5B,C). The body weight of the mice was not affected

by our treatments (Figure 5D). We found a decreased cell density and

pronounced hyalinization in H&E-stained tumor samples having

reduced USP13 levels, especially in combination with afatinib. Those

effects were proportionate to the USP13 knockdown efficiency

(Figure 5E,F). Tumors in the control group were actively cycling, with

70% of Ki-67 positivity. Treatment with afatinib alone diminished the

number of proliferating cells to approximately 36%, while USP13

shRNA only slightly decreased cell proliferation. Afatinib, combined

with the most efficient USP13 knockdown, caused a near-complete

proliferation arrest in the tumors (Figures 5G,H). Overall, these data

indicate that targeting of USP13 strongly potentiates the anticancer

effects of afatinib in vivo.

4 | DISCUSSION

EGFR-targeted therapies have drastically improved patients' outcomes

with advanced EGFR mutant lung cancer, but acquired resistance con-

sistently leads to ultimate treatment failure, disease progression and

patient demise. Early functional drug tolerance to the therapy leads to

the accumulation of a pool of persisting cells that, over time, can gain

novel resistance mutations.16,17 Drug tolerance may be facilitated by

feedback activation of survival pathways,16,26-28 altered epigenetic

states29,30 or regulation by the microenvironment.31,32 Several mecha-

nisms of constitutive primary and secondary resistance have been iden-

tified in lung cancer,33 but the molecular mechanisms underlying early

drug tolerance to EGFR-TKI remain unknown.

To identify such mechanisms, we performed an unbiased siRNA

screen targeting the ubiquitin and ubiquitin-like systems. The

ubiquitin system can virtually regulate all cellular physiological and

pathological signaling and has recently emerged as a clinically relevant

and druggable pathway.34

Using this method, we have identified USP13 as a prominent regu-

lator of EGFR-TKI drug tolerance in EGFR-mutant NSCLC. Targeting of

USP13 by si/shRNA-mediated silencing or by the small-molecule

inhibitor spautin-1 sensitizes EGFR-mutant NSCLC cells to EGFR inhibi-

tion in vitro and in vivo. Although several studies have investigated E3

ubiquitin ligases (ie, c-Cbl and Cbl-b) and deubiquitination in the regula-

tion of EGFR,23,35,36 the uncovering of an interplay between the

ubiquitin system and the therapeutic targeting of mutant EGFR with

TKIs is novel. We demonstrate that USP13 targeting leads to an

increased sensitivity toward EGFR inhibition by both osimertinib and

afatinib in NSCLC harboring the most common EGFR mutations

(ΔE746-A750 and L858R/T790M) while sparing EGFR wild-type cells

and tumors. This observation is highly relevant since it could predict a

potential increased therapeutic ratio when applied in vivo and clinically.

Although both osimertinib and afatinib were included in our study, a

comparison between these compounds combined with USP13 was not

made as these compounds differ in IC50 and biological activity.37

USP13 is likely to stabilize mutant EGFR in a ubiquitinated state, and

inhibition of USP13 destabilizes mutant EGFR and abrogates signaling

of mutant EGFR in lung cancer cells. Cotargeting of EGFR and USP13

led to a robust increase in treatment efficacy both in vitro and in vivo,

mainly due to a strong induction of apoptosis rather than enhancing the

cell cycle arrest caused by afatinib alone.38,39

Given that USP13 targeting caused EGFR destabilization, some of

the effects may be independent of the EGFR kinase activity as EGFR

can suppress cell death in manners that are independent of its kinase

activity.40,41 Moreover, these findings are in line with our previous

work that showed that siRNA-mediated EGFR downregulation could

increase the biological effect of EGFR TKIs (including afatinib) com-

pared to single-agent drug targeting in EGFR mutant NSCLC.42

EGFR downregulation is regulated by several adaptor proteins,

including the E3 ubiquitin ligases c-Cbl and Cbl-b.23 They ubiquitinate

EGFR, provoking its internalization into early endosomes and sorting

into multivesicular particles (MVPs). EGFR is then either degraded in

lysosomes or recycled back to the cell membrane.43,44

Deubiquitinating enzymes also control EGFR turnover. One study

reported that up to 15 DUBs are directly or indirectly implicated in

EGFR regulation.45 Among those, USP8/UBPY, AMSH, USP9x, USP2a

and Cezanne-1/OTUD7B have been characterized more in detail but

only in the context of wild-type EGFR.45-48 Overall, those

deubiquitinases exert multiple effects depending on (a) their specific

substrate(s) (ie, EGFR itself or EGFR adaptor proteins); (b) the targeted

ubiquitin chains (ie, K48, K63 or others); and (c) their spatiotemporal

effects during the EGFR degradation process.

F IGURE 5 USP13 knockdown enhances the anticancer effects of afatinib in a human NSCLC mouse xenograft model. A, Xenograft tumors
from genetically engineered PC9 cells (as indicated) were harvested and lysed after 7 days of treatment (control or afatinib) and levels of
indicated proteins were analyzed by Western blotting. B, Growth of the indicated tumors during 21 days. Day 0 represents the start of afatinib
treatment. Data points represent the mean ± SEM of a minimum of eight mice per group. C, Weight of the indicated tumors after resection after

21 days of treatment. Dots represent the mass (mg) of individual tumors. Horizontal lines show mean ± SEM. D, Weight of the mice carrying the
indicated tumors over time. Day 0 represents the start of afatinib treatment. Data points represent the mean ± SEM of a minimum of eight mice
per group. E, Representative H&E staining of xenograft tumor tissues produced by the respective genetically engineered PC9 cells. Scale bar
indicates 100 μm. F, Quantification of the number of nuclei per mm2 found in (E). Bars represent the mean ± SEM of a minimum of three mice per
group. G, Representative Ki-67 staining of tumor tissues obtained from the indicated PC9 cells. Scale bar indicates 100 μm. H, Quantification of
the percentage of absent (−), weakly positive (+) or strongly positive (+++) Ki-67 nuclear staining in the tumors from (G). Bars show the relative
group distribution per condition [Color figure can be viewed at wileyonlinelibrary.com]
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We found that USP13 inhibits mutant EGFR degradation by a

process that leads to the accumulation of ubiquitinated (K48 and K63)

EGFR, which is bound to c-Cbl and USP13. We also report that the

interaction between USP13 and mutant EGFR is more robust than the

wild-type EGFR. The association is dependent on the presence of c-

Cbl, as we observed that increased expression of c-Cbl enhanced

USP13-mutant EGFR interaction. Of note, USP13 did not interfere

with the ubiquitin ligase activity of c-Cbl/Cbl-b since modulation of

USP13 levels/activity did not change the ubiquitination status of

EGFR. The general mechanism of action of USP13 remains poorly

understood, as both isopeptidase activity-dependent (eg, Skp249) and

-independent (eg, Siah-222) effects have been described. Since

ubiquitinated (K48 and K63) EGFR accumulated in the presence of

USP13, we propose that the control of EGFR stability by USP13 does

not require deubiquitination of the receptor. Also, we show that a

catalytically inactive form of USP13 (C345A mutant) is still capable

of stabilizing mutant EGFR. The isopeptidase-independent mecha-

nism of action proposed so far for USP13 relies on its UBA domains,

which bind to ubiquitinated substrates, possibly inducing structural

changes that stabilize them.22 Coincidentally, K63-linked ubiquitin

chains are required for EGFR sorting and degradation.25 This type of

chains has also been reported as the preferred substrates for the

USP13 UBA domains.24 We found that the UBA domains of USP13

were required for the binding to and stabilizing EGFR, as mutated

UBA domains in USP13 resulted in a loss of USP13-EGFR interaction

and of EGFR stabilization. We show that the C-terminal part of

USP13 (containing the UBA domains) is sufficient to bind to mutant

EGFR. We thus propose a model in which USP13 recognizes mutant

EGFR, K63-ubiquitinated by c-Cbl via its UBA domains; USP13 bind-

ing could then shield EGFR, which may even be further ubiquitinated

at K48, preventing its interaction with the downstream endosomal/

lysosomal machinery. Of note, since spautin-1 was able to abolish

the interaction between USP13 and mutant EGFR, it is conceivable

that spautin-1 binds to or somehow affects the function of the

USP13 UBA domains.

The extensive morphological transformation observed in vivo in

the EGFR mutant tumors in which USP13 and EGFR were targeted,

including massive hyalinization, is reminiscent of the effects seen in c-

KIT-mutant gastrointestinal stromal tumors treated with imatinib.50

Coincidentally, it was recently found that spautin-1 reduced the

expression of GLUT1 in prostate cancer cells,51 which is under the

control of EGFR. It is important to note that USP10/13 were not

involved in that context, which agrees with the selectivity of the bind-

ing of USP13 to mutant as opposed to wild-type EGFR in our study.

No other molecular mechanism was put forward to explain the effect

of spautin-1 on the EGFR signaling in prostate cancer cells.51. Imatinib

also determines the localization of GLUT1.52 Possibly, GLUT1 could

be the conduit to the similar in vivo morphological changes displayed

by the tumors in our study treated with combined USP13 shRNA and

EGFR inhibition.

Currently, spautin-1 is the only described USP13 inhibitor.

Although this compound is effective in combination with EGFR inhibi-

tors, little is known of its toxicological profile and stability in vivo. The

few studies in which spautin-1 was used in vivo focused on biological

effects but reported little or no toxicological parameters.53,54 Hence,

further studies are required to determine whether spautin-1 is a suit-

able compound for in vivo use and clinical studies. Our study under-

lines the need for clinically applicable USP13 inhibitors.

Another recent study gives additional support for further devel-

oping the therapeutic targeting of USP13 in lung cancer in addition to

the combined targeting with mutant EGFR we have discovered. Wu

et al demonstrate that amplification of USP13 in some NSCLC leads

to enhanced AKT and MAPK signaling that sustains cancer progres-

sion.55 Based on these and our data, we postulate that USP13 expres-

sion may serve as a predictive biomarker for the response to EGFR-

targeted therapies. Further studies are required to correlate USP13

expression in EGFR mutant NSCLC with the clinical outcome of

patients treated with EGFR TKIs.

In summary, our study unveils a critical role for USP13 in early

drug tolerance to the EGFR inhibitors afatinib and osimertinib by

controlling the turnover of mutant EGFR. Combined targeting of

USP13 and EGFR strongly reduces the viability of EGFR mutant

lung cancer cells in vitro and in vivo while sparing non-malignant

(EGFR wild-type) lung epithelial cells. Thus, we have identified

USP13 as an essential mediator of the innate therapy insensitivity in

the context of EGFR-mutant lung cancer treated with EGFR TKIs.

The EGFR mutant-specific effects suggest that USP13 is an excel-

lent candidate for further clinical exploration combined with EGFR

inhibition.
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