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USP13 drives lung squamous cell carcinoma 
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Abstract 

Lung squamous cell carcinoma (LUSC) is associated with high mortality and limited targeted therapies. USP13 is one 
of the most amplified genes in LUSC, yet its role in lung cancer is largely unknown. Here, we established a novel 
mouse model of LUSC by overexpressing USP13 on KrasG12D/+; Trp53flox/flox background (KPU). KPU-driven lung 
squamous tumors faithfully recapitulate key pathohistological, molecular features, and cellular pathways of human 
LUSC. We found that USP13 altered lineage-determining factors such as NKX2-1 and SOX2 in club cells of the airway 
and reinforced the fate of club cells to squamous carcinoma development. We showed a strong molecular association 
between USP13 and c-MYC, leading to the upregulation of squamous programs in murine and human lung cancer 
cells. Collectively, our data demonstrate that USP13 is a molecular driver of lineage plasticity in club cells and provide 
mechanistic insight that may have potential implications for the treatment of LUSC.
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Graphical Abstract

Background
Lung cancer is the most common cancer and is the 
leading cause of cancer-related death worldwide [1, 2]. 
Non-small cell lung carcinoma (NSCLC) and small-cell 
lung carcinoma (SCLC) are the two most frequent lung 
cancers. NSCLC accounts for more than 85% of lung 
cancer cases and is classified into lung adenocarcinoma 
(LUAD, 50%), lung squamous cell carcinoma (LUSC, 
30-40%), and large cell carcinomas [1]. Unfortunately, 
most patients with LUSCs are diagnosed at an advanced 
stage with high mortality [3]. The lack of targeted ther-
apy specific to LUSC leaves advanced-stage patients with 
few treatment options. Targeted therapies for LUSC have 
been challenging due to the high level of tumor hetero-
geneity, fewer oncogenic mutations identified, a limited 
mechanistic understanding of oncogenic pathways, and a 
lack of representative mouse models [3, 4]. Recently, line-
age plasticity, the ability of a cell to change from one dif-
ferentiation state to a different identity, has been linked 
to intratumoral heterogeneity, histological transition 
among tumor subtypes, and potential mechanisms of 
therapeutic resistance in lung cancers [5, 6].

Cell-of-origin influences tumor histotypes, malig-
nancy, lineage plasticity, and tumor microenvironment 
[7–10]. Multiple stem/progenitor cells in the lung epi-
thelium with distinct capabilities of lineage plasticity 
have been reported in basal-like stem cells (BSCs) in the 

trachea, secretoglobin family 1A member 1 (SCGB1A1, 
also known as CC10)-positive secretory club cells in 
bronchioles, surfactant protein C (SFTPC, also known 
as SPC)-positive alveolar type 2 (AT2) pneumocyte cells 
in the alveolar ducts, and CC10/SPC dual-positive bron-
chioalveolar stem cells (BASCs) in the bronchioalveolar 
junctions (BADJs) [11–13]. LUSC is characterized by 
the expression of genes centered around squamous cell 
fate decisions and/or the squamous cell differentiation 
program [3, 14]. The cell of origin for LUSC has been 
hypothesized to be BSCs, AT2 cells, BASCs, and club 
cells of small airways [7, 14]. Cell lineage-specifying tran-
scription factors have driven diverse lung cancer types 
[15]. Specifically, SRY-box transcription factor 2 (SOX2) 
is a key determinant of squamous cell fate and promotes 
squamous cell carcinoma of the lung. NK2 homeobox 1 
(NKX2-1, or TTF-1) is another key factor for regulating 
lung lineage transcription programs and is enriched in 
LUAD [16–18].

Human LUSC develops from normal airway epithe-
lium and progresses through hyperplasia, squamous 
metaplasia, dysplasia, and carcinoma [19]. However, not 
all preneoplasia is destined to progress to invasive LUSC, 
and it is not fully understood which molecular changes 
establish each stage and drive progression. More than 
90% of human LUSC tumors exhibit chromosome 3q26 
copy number gains (CNGs) as a genetic hallmark of 
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LUSC [20, 21]. Ch.3q26 CNGs occur in preneoplastic 
lesions and at a higher frequency in subsequent malig-
nant lesions, suggesting that 3q26 CNGs may be asso-
ciated with the transition from the premalignant to the 
invasive LUSC [19, 22]. Notably, this 3q26 amplicon con-
tains SOX2 and a number of additional potential drivers 
or modifier genes that may be of biological and thera-
peutic relevance to LUSC tumorigenesis [20]. While 
KRAS mutations are frequently observed in human 
LUAD, various studies have also discovered KRAS muta-
tions in 1%-6% of LUSC [23–25]. Notably, in up to half 
of human LUSC tumors, the KRAS driving pathway is 
activated, most commonly due to transcriptional upreg-
ulation and amplification of KRAS and the upstream 
receptor tyrosine kinases EGFR (epidermal growth fac-
tor receptor) and FGFR1 (fibroblast growth factor recep-
tor 1) [26]. Nevertheless, it is not known whether KRAS 
mutations contribute to LUSC progression [23].

USP13 is located on chromosome 3q26 amplicon, 
alongside the oncogene PI3CA (phosphatidylinositol-
3-kinase catalytic subunit, α-isoform) and SOX2 in 
human LUSC [20]. As a deubiquitinase enzyme, USP13 
has been implicated in tumor promotion or suppression 
by regulating the stability of various substrate proteins 
via deubiquitination processes [27, 28]. USP13 functions 
as an oncogenic factor during tumorigenesis in ovarian 
cancer by regulating cancer metabolism and metasta-
sis [29, 30]. USP13 promotes tumorigenic potential, cell 
invasion, and cell survival in different human cancers 
[31–33]. Conversely, USP13 acts as a tumor suppressor 
by stabilizing PTEN (phosphatase and tensin homolog) 
in oral squamous cell carcinoma, breast cancer, and blad-
der cancer [34–37]. These findings highlight that the 
function of USP13 can be contextually influenced and 
vary across diverse tumor types. Here, we developed and 
employed a novel GEMM to elucidate the role of USP13 
in lung cancer development. USP13 is sufficient to repro-
gram lineage plasticity in murine bronchiole club cells 
and drive invasive squamous cell carcinoma development 
in the context of oncogenic Kras activation and Trp53 
deletion.

Methods
Mice
Usp13LSL/LSL (U) mouse strain was previously described 
[30]. C57BL/6J KrasLSL-G12D/+ (K) mouse and C57BL/6J 
Trp53flox/flox (P) mouse were purchased from The Jack-
son Laboratory (#008179, #008462). K, KU, KP, and KPU 
mice were established by breeding with different mice 
combinations. Genotypes were confirmed with allele-
specific primers (Table  S1) using tail-tip-derived DNA. 
Similar numbers of male and female mice with desired 
genotypes were used as experimental mice, and no 

histologic differences were observed between male mice 
and female mice. All mice were housed under standard 
housing conditions at the Division of Comparative Medi-
cine animal facilities, and all animal procedures were 
reviewed and approved by the Institutional Animal Care 
and Use Committee of Georgetown University.

Cell culture
Isolation of primary lung cancer cells from KP and KPU 
mice was performed as previously described with minor 
modifications [38, 39]. At the endpoint of experiments, 
tumor-bearing mice were sacrificed, and the lungs were 
perfused by D-PBS. The tissue was briefly rinsed in PBS 
and transferred to PBS-containing Petri dishes. Tumor 
lesions were excised with a scissor and minced with a 
sterile blade. The tumor-containing tissue was incubated 
with DMEM-supplemented collagenase/dispase (100 ul/
ml) (Sigma-Aldrich, Cat#11097113001) and DNase I (40 
ul/ml) (Sigma-Aldrich, Cat#11284932001) for 1 h at 37 
°C in 5% CO2 cell culture incubator. The reaction was 
stopped by the addition of a cold medium and filtered by 
70 µm cell strainer to generate single-cell suspensions. 
This mixture was briefly spun in a benchtop centrifuge 
and the supernatant was discarded. Digested tissue was 
re-suspended in DMEM supplemented with 10% FBS 
and 1% penicillin–streptomycin (PS), and washed three 
times with 1 ml solution prior to plating in a 6-well tis-
sue culture plate. During subsequent culture, fibroblasts 
were counter-selected by selective trypsinization, and 
cell clusters with a homogenous morphology were clon-
ally expanded. These clones were further character-
ized by genotyping PCR and western blotting. Human 
NSCLC cell lines were obtained from ATCC and cul-
tured in DMEM supplemented with 10% FBS and 1% PS. 
Except when a different concentration was indicated, the 
reagents were dissolved in dimethyl sulfoxide (DMSO) 
and added to the cells at the following concentrations: 
cycloheximide (CHX; 100 µg/ml) (Thermo Fisher Sci-
entific, Cat#J6690103), MG-132 (10 µg/ ml) (Cayman 
Chemical, Cat#10012628), Spautin-1 (10 µM) (Selleck-
chem, Cat#S7888), and 10058-F4 (10 µM) (Selleckchem, 
Cat#S7153).

Mouse lung tumor initiation
Anesthetized K, KU, KP, or KPU mice at 7-14 weeks of 
age were infected by intratracheal intubation [40] with 
3x107 pfu of Ad5-CMV-Cre, 5-10 x107 of Ad5-CC10-Cre, 
or 2.5-5 x109 pfu of Ad5-SPC-Cre adenovirus (University 
of Iowa). Viruses were administered in a Biosafety Level 
2+ room according to Institutional Biosafety Commit-
tee guidelines. For immunohistochemistry of murine tis-
sues, KP and KPU mice were sacrificed at 10-14 weeks 
post-adenoviral infection. K and KU mice were sacrificed 
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at 44-50 weeks post infections to match stages of tumor 
development and burden. Lung histopathological fea-
tures and stages were evaluated by a certified thoracic 
pathologist.

Immunohistochemistry
For formalin-fixed samples, mouse tissues were fixed 
in 10% neutral buffered formalin for 24 h at room tem-
perature (RT), washed in D-PBS and transferred to 70% 
ethanol. Formalin-fixed paraffin-embedded (FFPE) sec-
tions at 5 µm were dewaxed, rehydrated and subjected to 
high-temperature antigen retrieval by boiling 20 min in 
a 2100 Antigen retriever in 0.01 M citrate buffer (Vector 
laboratories) at pH6.0. Slides were quenched of endog-
enous peroxide in 3% H2O2 for 5 min, then blocked in 
2.5% goat serum in TBS/0.08% Tween-20 (TBS-T) for 
1 h, and then stained overnight with primary antibias in 
blocking buffer (2.5% goat serum). M.O.M Elite® Immu-
nodetection Kit (Vector Laboratories, Cat# PK-2200) was 
used for primary mouse antibodies following the manu-
factural instruction. HRP-conjugated secondary anti-
body (Vector Laboratories) was used at 1:200 dilution 
in TBS-T, incubated for 30 min at RT followed by DAB 
staining (Vector Laboratories, Cat#SK-4100). The primary 
antibodies include: USP13 (Santa Cruz, Cat# sc-514416) 
1:600, NKX2-1 (Abcam, Cat# ab76013) 1:2000, SPC 
(Abcam, Cat# ab211326) 1:500, SOX2 (CST, Cat# 3728) 
1:400, Cytokeratin 5 (Thermo Fisher Scientific, Cat# 
MA5-17057) 1:2000, MYC (Abcam, Cat# ab32072) 1:400. 
Images of H&E and IHC-stained slides were acquired 
on the inverted microscope with microscope cameras 
DFC7000 T (Leica Microsystems). Human tissue micro-
array (TMA) sections were purchased from Biomax 
(Cat#HLugA150CS02, LUAD; Cat#HLug-Squ150Sur-02, 
LUSC; Cat#LC2162, NSCLC). For IHC score quantifica-
tion, images were digitally scanned with Aperio GT 450. 
IHC score was quantified by Fiji software. IHC score = % 
of positive cells multiplied by intensity. IHC-stained slides 
were digitally scanned with Aperio GT 450 to quantify 
human tissue microarray. Tumor regions were manually 
annotated, and image analysis algorithms were applied to 
tumor regions. The algorithms distinguish cells as positive 
or negative based on the staining intensity per cell.

Immunofluorescence
Immunofluorescence staining of mouse lung tumors was 
conducted using primary antibodies of NKX2-1 (Abcam 
cat# ab76013), SOX2 (Santa Cruz, Cat# sc-365823), CC10 
(Santa Cruz, Cat# sc-365992), and SPC (Abcam, Cat# 
ab211326) flowed by Alexa Fluor™ Plus 594 and Alexa 
Fluor™ Plus 488-labeled secondary antibodies (Thermo 
Fisher Scientific, Cat# A32742 and Cat# A32731). Slides 

were then mounted with DAPI-containing Fluoroshield 
Mounting Medium (Sigma-Aldrich, Cat#ab104139), 
visualized under the microscope (Leica Microsystems, 
Cat#DFC7000 T)

Immunoblotting
Cell pellets were directly used or flash frozen and stored 
at -80℃ until use. Total protein lysates were prepared 
with 1% NP-40 lysis buffer, separated via SDS-PAGE, 
and transferred to a PVDF membrane. Membranes 
were blocked for 1 h in 5% milk followed by overnight 
incubation with primary antibodies directed against 
USP13 (Santa Cruz, Cat# sc-514416), NKX2-1 (Abcam, 
Cat#ab76013), SOX2 (CST, cat#14962), MYC (Abcam, 
Cat#ab32072), CK5 (CST, Cat#71536), p63 (Abcam, 
Cat#ab124762), SPC (Abcam, Cat#ab211326), β-actin 
(Santa Cruz, Cat# sc-47778), FLAG-tag (Sigma-Aldrich, 
Cat#F1804), Myc-tag (CST, Cat#2276), HA-tag (Thermo 
Fisher Scientific, Cat#14-6756-63) at 4℃. Membranes 
were washed for 3 x 10 min at RT in TBS-T. Mouse and 
rabbit HRP-conjugated secondary antibodies (Jack-
son ImmunoResearch, 1:10,000) were incubated for 50 
min in 1% milk at RT followed by washing 3 x 10 min 
at RT in TBS-T. Membranes were exposed to Clar-
ity Western ECL Substrate (Bio-rad, Cat# 1705061) and 
detected on ChemiDoc MP Imaging System (Bio-Rad, 
Cat#17001402). Quantification of immunoblots was per-
formed using ImageJ.

Quantitative real‑time PCR
Total RNA was extracted from cells using RNeasy Plus 
Micro Kit (Qiagen), processed for cDNA synthesis 
using the Reverse Transcription Kit (Applied Biosys-
tems, Cat#4374966), and subjected to the quantitative 
RT-PCR using SYBR Green Mix (Applied Biosystems, 
Cat#A25742). The expression genes were normalized to 
the expression of human actin as a housekeeping gene. 
Primers for qPCR: human USP13 (5’-ACA​GCC​AGG​
AGA​GGA​AGA​AC-3’ and 5’-TCA​ATT​GGTTC  ATC​
AGG​CGA-3’), human MYC (5’- CCT​GGT​GCT​CCA​TGA​
GGA​GAC-3’ and 5’- CAG​ACT​CTG​ACC​TTTT  GCC​
AGG​-3’), and human β-actin (5’-CAC​CAT​TGG​CAA​
TGA​GCG​GTTC-3’ and 5’-AGG​TCT​TTG​CGG​A TGT​
CCA​CGT-3’).

Knockdown and overexpression of USP13 and MYC
Cells were seeded into a 6-well plate at a 60% confluency 
for transient overexpression and transfected with desired 
plasmids using Lipofectamine 3000 (Thermo Fisher Sci-
entific, Cat#L3000001). The transfection was performed 
according to the manufacturer’s recommended protocol, 
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using a 3:1 ratio of Lipofectamine/DNA. The next day 
after transfection, the medium was changed.

To generate shRNA constructs against USP13, the fol-
lowing sequences are targeted: shUSP13-1: 5’- AAG​GGA​
ACA​TGT​TGA​AAG​ACAT-3’ and shUSP13-2: 5’-GCA​
TGT​CGC​AAG​GCT​GTG​T-3’. Those sequences were 
cloned into pLKO.1-puro (Addgen, Cat#8453) plasmid. 
pLKO.1-puro USP13 shRNA plasmids were confirmed 
by direct sequencing. pCDH-puro-cMYC was purchased 
from Addgene (Cat# 46970), and pCDH-puro-USP13 
was previously generated [29]. For the generation of the 
high-titer virus, HEK293T cells were transfected with a 
three-plasmid system including psPAX2 (Addgene, Cat# 
12260), pMD2.G (Addgene, Cat#12259), and lentiviral 
plasmid. Viruses were harvested at 48 and 72 h post-
transfection and stored at -80℃ until use. To establish 
stable cell lines, lentiviral transduced cells were selected 
with puromycin (2–3 µgml–1) 48 h post-infection, and 
individual colonies were propagated and validated by 
western blotting (protein).

To knock down MYC protein, the following control 
siRNA (Cat#sc-37007) and siMYC RNA (Cat#sc-29226) 
were purchased from Santa Cruz and transfected into 
cells using siRNA Transfection Reagent (Cat#sc-29528) 
followed by the manufacturer’s instructions.

Mouse tumor bulk RNA‑seq
Anesthetized KP and KPU mice at 7-14 weeks of age 
were infected by intratracheal intubation with 3x107 
pfu of Ad5-CMV-Cre adenovirus. After 12 weeks, mice 
were sacrificed, and lungs were perfused with 20 mL of 
PBS. Large tumors were dissected and homogenized and 
RNA was extracted using RNeasy Plus Micro Kit accord-
ing to manufacturer’s instructions (Qiagen, Cat#74134). 
Sequence reads were trimmed to remove possible adapter 
sequences and nucleotides with poor quality using Trim-
momatic v.0.36. The trimmed reads were mapped to the 
Mus musculus GRCm38 reference genome available on 
ENSEMBL using the STAR aligner v.2.5.2b. Reads were 
quantified using HTSeqv0.6.1. Rank-log transformed 
normalized counts from DESeq2 were used as inputs for 
PCA, GSEA, and IPA analysis [41].

Pathway enrichment
Gene set enrichment analysis (GSEA) was performed 
using GSEA 4.0 (Broad) with gene-set permutation [42]. 
Gene set annotations were taken from Molecular Signa-
tures Database (MSigDB v7.0.1) [43]. The significance 
level of enrichment was evaluated using permutation 
test, and the p-value was adjusted by Benjamini–Hoch-
berg procedure. Any enriched gene sets with adjusted 
p-value ≤ 0.05 were regarded as significant. Pathway 
and upstream factor analysis were performed through 

Ingenuity Pathway Analysis (IPA) software (Qiagen) [44]. 
Genes were analyzed using Core Analysis to identify sta-
tistically significant canonical pathways via right-tailed 
Fisher’s exact test. IPA pathway databases also estimate 
regulatory direction for a subset of the canonical path-
ways and statistical significance with activation z-score. 
Additionally, using the Comparison Analysis tool, the 
respective datasets (with padj < 0.01) were compared 
and a heatmap illustrating the activation z scores for each 
upstream factor in each dataset.

Immunoprecipitation
HEK293T cells were transiently transfected using 
Lipofectamine 3000. Cell lysis was carried out with 
lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM 
EDTA, and 0.1% NP-40) supplemented with protease 
and phosphatase inhibitors. Immunoprecipitation 
was performed using Protein G agarose beads (Roche, 
Cat#11719416001), 1 µg of the specific Ab, and 500 
µg of protein lysates. Beads were washed three times 
with immunoprecipitation buffer, boiled for 10 min 
in reducing 4X SDS Laemmli Sample Buffer (Bio-Rad, 
Cat#1610747), and denatured at 95 ℃ for 10 min. Total 
cell lysates and immunoprecipitants were separated by 
SDS–polyacrylamide gel electrophoresis and analyzed by 
western blotting

Ubiquitin assay
HEK293T cells were transiently co-transfected with indi-
cated plasmids. After 48 h, cells were treated with 10 µg/
ml MG-132 (Cayman Chemical, Cat#10012628) for 6 h 
before being collected. Cells were lysed and incubated 
with ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich, 
Cat#A2220). Beads were washed three times with immu-
noprecipitation buffer, boiled for 10 min in reducing 4X 
SDS Laemmli Sample Buffer and denatured at 95 ℃ for 
10 min. Total cell lysates and immunoprecipitants were 
separated by SDS–polyacrylamide gel electrophoresis 
and analyzed by western blotting.

Quantification and statistical analysis
Statistical analyses were conducted using GraphPad 
Prism 8 (GraphPad Software, CA, USA). To com-
pare two groups, a two-tailed Student’s t-test was used 
with significance considered at P < 0.05. Correlation 
between USP13 and MYC at mRNA and protein level 
was measured by Pearson correlation. Data were pre-
sented as means with SEM unless otherwise specified. 
Survival data was obtained from the Kaplan-Meier plot-
ter (https://​kmplot.​com/). All histopathological results 
were blinded to pathologists, and the evaluation reports, 
including the classification of different groups, are pro-
vided by pathologists.

https://kmplot.com/
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Results
USP13 is highly amplified in NSCLC and correlated 
with poor prognosis
The USP13 gene copy number is highly amplified in 
human LUSC and several other cancers, including ovar-
ian cancer, esophageal cancer, and head and neck cancer 
(Fig.  1A). Among 50 human ubiquitin-specific pepti-
dases (USPs), USP13 was specifically amplified in LUSC 
patients (Fig. S1A). The Cancer Genome Atlas (TCGA) 
genomics revealed USP13 amplification (≥ 5 copies) or 
gain (1-3 copies) in 91% (427 cases) of LUSC and 29% 
(145 cases) of LUAD (Fig.  1B). USP13 is closely located 
with squamous lineage factors SOX2 and TP63 within 
chromosome 3q26-28 locus and coamplified in LUSC 
and LUAD (Fig.  1B, Fig. S1B). Over half of the USP13 
copy number gain/amplification co-occurred with KRAS 
gene alteration in LUSC and LUAD (Fig.  1B). Interest-
ingly, the mRNA expression of LUSC markers (KRT16, 
KRT17, UPK1B, and ALOXE3) was upregulated in 
USP13-amplified LUAD with KRAS mutations (Fig. S1C). 
The USP13 mRNA level elevated with increasing gene 
copy number in both LUSC and LUAD (Fig. 1C). LUSC 
patients with high USP13 mRNA expression tended to 
have poor relapse-free survival (p < 0.05). LUAD patients 
with high USP13 expression showed reduced overall sur-
vival (p < 0.05) (Fig. 1D). Immunohistochemistry (IHC) 
analysis in human LUSC and LUAD tissue microarrays 
revealed that while USP13 protein is barely expressed in 
normal human lung tissues, LUSC samples have ∼16.7-
fold higher expression levels of USP13 (p < 0.0001). 
USP13 protein was increased in all grades of LUSC 
patients (Fig. 1E). LUAD tissue samples showed an ~1.5-
fold higher expression level of USP13 than normal adja-
cent tissues (p < 0.001) (Fig. 1F).

USP13 drives squamous cell carcinoma development in 
Kras/Trp53‑mutant mouse lung
To investigate the role of USP13 in the 3q26 amplicon 
in lung tumorigenesis, we crossed a conditional Usp13 

knock-in (KI) mouse model (named Usp13LSL/LSL, U) 
with KrasG12D/+ (K) and Trp53flox/flox (P) mice to gen-
erate the KrasG12D/+; Trp53flox/flox; Usp13LSL/LSL (KPU) 
model (Fig. S2A). Lung tumor development was induced 
via intratracheal administration of adenovirus express-
ing Cre recombinase (Ad5-CMV-Cre), leading to activa-
tion of oncogenic Kras, homozygous deletion of Trp53, 
and overexpression of Usp13 in murine lung epithelium 
(Fig.  2A). First, we observed that the survival of KPU 
mice was noticeably shorter than that of KrasG12D/+; Trp-
53flox/flox (KP) mice (Fig. 2B). Tumors were detectable in 
all lung lobes at 10-14 weeks post Ad5-CMV-Cre viral 
induction in both KP and KPU mice. Despite develop-
ing fewer tumor nodules, the sizes of each tumor driven 
by KPU were significantly larger than those driven by 
KP (Fig. 2C and D). Conditional activation of oncogenic 
KrasG12D and homozygous Trp53 targeting in the mouse 
(KP) lung is a well-established mouse model of human 
LUAD [45]. Indeed, LUAD-related histological features 
were observed in KP tumors (Fig. S2B). Surprisingly, 
KPU tumors driven by Usp13 overexpression exhibited 
squamous characteristics in their histology, such as kera-
tin material and intercellular bridges (Fig. S2C). Further-
more, KPU tumors displayed heterogeneous histological 
features, such as SCLC- or sarcoma-like characteristics, 
in a few lesions (Fig. S2C).

We further examined KP and KPU tumors using IHC 
analyses. KP tumors expressed LUAD markers, including 
NKX2-1 and SPC (Fig. 2E). KPU tumors exhibited strong 
expression of squamous markers (SOX2 and CK5), while 
adenocarcinoma markers were dramatically downregu-
lated (Fig. 2E). We also confirmed the differential expres-
sion of LUAD and LUSC markers in KP and KPU tumor 
lysates by immunoblot analysis. NKX2-1 and CK7 signals 
were downregulated, while altered expression of the p63 
isoform and upregulated SOX2 were detected in KPU 
tumor lysates (Fig.  2F). Based on IHC characteristics, 
we classified the tumor subtype in each tumor nodule of 
KP and KPU lungs. All KP tumors were determined to 

(See figure on next page.)
Fig. 1  USP13 is highly amplified in NSCLC and associated with poor survival. A Genomic alteration frequency of USP13 gene in multiple cancer 
types. B Oncoprint mutation profile of KRAS, TP53, USP13, SOX2, and TP63 in LUSC (top) and LUAD (bottom). USP13, SOX2, and TP63 genes are 
co-amplified in NSCLC. C The correlation between mRNA expression and copy number variations (CNVs) of USP13 in LUSC (left) and LUAD (right). 
D Kaplan-Meier plots of NSCLC patients stratified by USP13 expression: Overall survival (top) and relapse-free survival (bottom) in LUSC (left) 
and LUAD (right). p-values were calculated using the log-rank test. E USP13 protein level in human LUSC. Representative IHC-staining images 
in a tissue microarray of adjacent normal tissue and LUSC (top) (scale bar, 200 µm). The red boxed areas on the left images were magnified 
and shown on the right. Relative USP13 protein levels in LUSC (n=75) and normal tissues (n=75) (bottom, left). USP13 expression levels in different 
LUSC grades (bottom, right). Grade 1 (n=5), grade 2 (n=50) and grade 3 (n=20). F USP13 protein level in human LUAD. Representative IHC-staining 
images in a tissue microarray of adjacent normal tissue and LUAD (top) (scale bar, 200 µm). The red boxed areas on the left images were magnified 
and shown on the right. Relative USP13 protein levels in LUAD (n=75) and normal tissues (n=75) (bottom left). USP13 expression levels in different 
LUAD grades (bottom, right). Grade 1 (n=11), grade 2 (n=45) and grade 3 (n=19). a.u., arbitrary unit. In (C), (E), and (F), boxes indicate the 10-90 
percentile. Two-tailed unpaired t-tests, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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be adenocarcinoma (Fig. 2G). Two major lung subtypes, 
LUAD and LUSC, were observed in 100% of KPU mice 
with predominantly squamous histology in the large 
size of tumor nodules (Fig 2G and H). The small size of 
KPU tumors exhibited components of LUAD similar to 

KP tumors (Fig. S2D). Next, we wondered whether over-
expression of USP13 induces LUSC development in the 
KrasG12D/+ background (K). We compared lung tumors 
in K mice [46] and KrasG12D/+; Usp13LSL/LSL (KU) mice 
after Ad5-CMV-Cre viral infection (Fig. S2E). Similar to 
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KPU mice, KU mice developed fewer tumor nodules with 
increased tumor size than K mice (Fig. S2F). However, 
none of the LUSC components was observed in tumors 
of KU mice (Fig. S2G), suggesting that depletion of TP53 
is critical for LUSC development driven by USP13. Col-
lectively, these data revealed that overexpression of 
USP13 drives LUSC development in the context of onco-
genic Kras activation and deletion of Trp53.

Lineage reprogramming pathways are enriched in KPU 
tumors
To analyze the molecular characteristics of KPU tumors, 
we conducted bulk RNA sequencing. Compared to KP 
tumors, the KPU tumor transcriptome exhibited greater 
heterogeneity and was classified into two distinct clus-
ters (KPU type 1 and type 2) (Fig. 3A). Consistent with 
histopathological analysis, the expression levels of LUSC 
marker genes were increased, while the levels of LUAD 
markers were downregulated in KPU tumors (Fig.  3B), 
which resembles the molecular signature of human 
LUSC (Fig. S3A). Notably, KPU type 1 tumors exhibited 
upregulation of SCLC and LUSC marker gene expres-
sion together (Fig. 3B). We identified 1,050 differentially 
expressed genes (DEGs) in KPU tumors compared to 
KP tumors (657 upregulated and 393 downregulated; 
|log2FC| ≥ 3.5, p < 0.01, FDR < 0.01) (Fig. S3B; Table 
S2). Gene set enrichment analysis (GSEA) with hallmark 
gene sets revealed that KPU tumors were highly enriched 
in the epithelial-mesenchymal transition (EMT) path-
way (Fig.  3C; Table S3). Many EMT-related genes, such 
as Calu, Fn1, Vim, and Snai2, were upregulated in KPU 
tumors (Fig.  3D). Enhanced gene sets for KP tumors 
include xenobiotic metabolism, KRAS signaling down, 
and peroxisome (Fig. S3C).

We further found that different signaling pathways 
were enriched in KPU type 1 and type 2. The Hedgehog 
and Notch signaling pathways were enriched in KPU type 
1, and G2/M checkpoint and PI3K/AKT/mTOR signaling 
were enriched in KPU type 2 (Fig. 3E). The human LUSC 
transcriptome showed gene set enrichments related to 

E2F and MYC targets, along with G2/M checkpoint gene 
sets, compared to human LUAD (Figure S3D). Ingenuity 
pathway analysis (IPA) of KP and KPU transcriptomes 
indicated that USP13 overexpression led to alteration 
of gene expression related to CREB signaling, basal cell 
carcinoma signaling, stem cell pluripotency, and EMT 
(Fig. 3F; Table S4). These pathways were also commonly 
enriched in human LUSC data compared to LUAD data 
(Fig. S3E).

In IPA upstream regulator analysis, KPU tumors 
were predicted to activate gene networks regulated by 
TWIST1, SNAI2, SOX2, and MYC transcription factors 
that drive EMT, squamous, and lineage reprogramming 
(Fig.  3G) [47, 48]. On the other hand, LUAD lineage-
specific transcription factors (NKX2-1 and FOXA2) 
[49] were expected to be inactive in KPU tumors 
(Fig.  3G). A comparison analysis of KPU tumors and 
human LUSC found that they share common transcrip-
tion factors that are either coactivated or inactivated 
(Fig.  3G and H, Fig. S3F). Human LUSCs have been 
classified into four subtypes by distinct transcriptomic 
features: primitive, classical, secretory, and basal [50]. 
KPU T1, KPU T3, and KPU T4 exhibited signatures 
similar to those of classical, basal, and primitive human 
LUSCs, respectively (Fig. 3I). In summary, KPU tumors 
exhibit similar molecular characteristics to human 
LUSC and display strong tumor plasticity and lineage 
reprogramming activity, which seems to be associ-
ated with the upregulation of squamous lineage mark-
ers (SOX2), downregulation of NKX2-1 and FOXA2, 
and activation of pluripotency factors such as  MYC, 
NANOG, and KLF4.

USP13 and MYC exhibit a positive correlation in human 
LUSC and KPU squamous tumors
Our transcriptomic analysis suggests enhanced MYC 
activation and its mRNA expression in KPU tumors 
and human LUSCs (Fig.  3H; Table S2); therefore, we 
investigated the relationship between USP13 and MYC 

Fig. 2  USP13 overexpression drives LUSC development in the KP mouse model. A Schematic of the experimental procedure using KP and KPU 
mouse model. KP or KPU mice were infected with the Adeno-CMV-Cre virus (Ad5-CMV-Cre) via intratracheal administration. B Survival analysis of KP 
and KPU mice upon virus infection. The p-value was calculated using a log-rank test. C Representative hematoxylin and eosin (H&E) staining of KP 
and KPU lung at 12 weeks post-viral infection. Dotted lines indicate tumor nodules. Scale bar = 5 mm. D Quantification of individual tumor number 
and area in KP and KPU mice at 10-14 weeks post-Ad5-CMV-Cre virus infection (n=8 mice/group). E Representative images for H&E, USP13, NKX2-1, 
SPC, SOX2, and CK5 IHC stains of the KP and KPU tumors. The red boxed areas on the left images were magnified and shown on the right. Black 
scale bar = 50 µm, White scale bar = 20 µm. (F) Western blot showing the expression of USP13, NKX2-1, CK7, p63, and SOX2 in KP and KPU tumors. 
GAPDH is a loading control. G Quantification of tumor number and area for LUAD and LUSC components in KPU mice. n=8 for each group. H The 
ratio of NSCLC subtypes in each KPU mouse (n=8). In (D) and (G), error bars indicate mean ± SEM. Two-tailed unpaired t-tests, *p < 0.05, **p < 0.01, 
***p < 0.001

(See figure on next page.)
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in human NSCLC. There were positive correlations 
among USP13, MYC, and SOX2 at the protein level in 
human LUSC Clinical Proteomic Tumor Analysis Con-
sortium  (CPTAC) proteomic data (Fig.  4A). MYC and 
SOX2 protein abundance data were not available in the 
LUAD CPTAC dataset. The USP13 mRNA level was also 
positively correlated with MYC or SOX2 expression in 
human LUSC but not in LUAD (Fig. S4A and B). We fur-
ther examined USP13, MYC, and SOX2 protein expres-
sion in human NSCLC tissue microarrays using IHC. 
USP13, MYC, and SOX2 were significantly higher in 
LUSC tissues than in LUAD tissues (Fig. 4B, Fig. S4C-E). 
A positive correlation between MYC and USP13 protein 
expression levels was found in both LUSC and LUAD 
tissues (Fig. 4C and D, Fig. S4F). In addition, there were 
positive correlations between USP13 and SOX2, as well 
as MYC and SOX2, in LUSC tissues (Fig. S4G).

We next investigated the expression of MYC in KP 
and KPU tumors. MYC was strongly expressed in KPU 
tumors, predominantly in the nucleus (Fig.  4E). In par-
ticular, MYC was only elevated in the LUSC components 
but not in the LUAD components of KPU tumors (Fig. 4F 
and Fig. S4H), suggesting that elevated MYC expres-
sion might be implicated in the progression of LUSC in 
KPU lungs. The established primary KPU lung cancer 
cells expressed higher levels of MYC than KP primary 
cells (Fig.  4G). Notably, exogenous USP13 overexpres-
sion induced the upregulation of MYC expression lev-
els in multiple human NSCLC cell lines (Fig. 4H). These 
data reveal that USP13 is associated with the level and/
or activity of MYC in lung cancer and imply the potential 
contribution of USP13 and MYC to LUSC development.

USP13 stabilizes MYC protein via its deubiquitinating 
enzyme activity
Given that USP13 regulates the stability of MYC in 
glioblastoma and hepatocellular carcinoma, contribut-
ing to self-renewal or tumorigenic potential [31, 51], 
we hypothesized that USP13 would be directly asso-
ciated with MYC protein abundance in lung cancer. 

Overexpression of USP13 significantly increased the 
expression of MYC at the protein level but not at the 
mRNA level, indicating post-translational regulation 
of MYC by USP13 (Fig.  5A and Fig. S5A). Exogenous 
MYC expression levels were significantly decreased by 
USP13 knockdown (Fig.  5B). Co-immunoprecipitation 
showed the interaction of USP13 with MYC (Fig.  5C). 
In the cycloheximide (CHX) chase assay, exogenous 
USP13 overexpression enhanced the stability of MYC 
protein (Fig. 5D).

To investigate the impact of USP13’s deubiquitinating 
enzyme activity in stabilizing MYC, we first examined 
the level of FLAG-MYC in HEK293T cells treated with 
Spautin-1, a small molecule inhibitor of the deubiquit-
inase activity of USP10/USP13 [52]. Inhibition of USP13 
resulted in a reduction in FLAG-MYC protein abundance 
(Fig.  5E). It is intriguing to note that treatment with 
Spautin-1 also led to a decrease in USP13 level. USP13 
has delineated functional domains, namely, a zinc fin-
ger domain (ZnF) and two proximal ubiquitin-binding 
domains (UBA1/2) (Fig.  5F) [53]. We sought to deter-
mine which, if any, of these domains were essential for 
the stabilization of MYC. The deletion of either the ZnF 
or UBA1/2 domain of USP13 resulted in a decrease in its 
ability to increase MYC protein, whereas the deletion of 
both domains completely eliminated its ability to upregu-
late MYC protein levels (Fig. 5G).

Overexpression of wild-type USP13 decreased the 
ubiquitin-conjugated MYC level (Fig.  5H). However, 
mutant USP13∆Znf∆UBA did not have the same effect 
(Fig.  5H and I). In contrast, the knockdown of USP13 
increased the ubiquitin levels of MYC (Fig. 5J). To further 
investigate the chain specificity of MYC deubiquitylation 
by USP13, we co-expressed USP13 with HA-tagged ubiq-
uitin carrying a single lysine residue at positions K48, 
K63, or K48R. Immunoblotting data showed that USP13 
acted on the K48-linked ubiquitin chain on MYC, not 
K63 (Fig. 5K). The K48R mutation abolished USP13 from 
removing the ubiquitin molecule from MYC (Fig. S5B). 
These results indicate that USP13 increases MYC protein 

(See figure on next page.)
Fig. 3  Transcriptomic characterization of KPU tumors. A Principal component analysis on the transcriptome of KP and KPU samples. B Heatmap 
showing the expression of marker genes for LUAD, LUSC, and SCLC in KP and KPU tumors. C GSEA plot of the curated epithelial-to-mesenchymal 
transition (EMT) hallmark gene set from MSigDB using RNA-seq data of tumors from KP and KPU mice. D Heatmap showing genes significantly 
upregulated in the “EMT” gene set from (C). E Enrichment plots of hallmark gene set from MSigDB collection in KP versus KPU type 1 tumors (left) 
and KP versus KPU type 2 tumors (right) by GSEA analysis. F IPA analysis of RNA-seq data showing the top ten canonical pathways enriched in KPU 
tumors compared with KP tumors. Each bar’s color indicates predicted pathway activation or inhibition; Orange, positive z-score (activation); 
white, zero z-score; blue, negative z-score (inhibition); gray, no pattern. G Upstream regulator analysis exhibiting the predicted activation status 
of transcription factors in KPU tumors. A positive z-score indicates activation and a negative z-score indicates inactivation. H Heatmap visualization 
of IPA upstream regulators altered in KP versus KPU tumors and LUAD versus LUSC patients. The z-score predicts activation (orange) and suppression 
(blue). I Heatmap to show the LUSC subtypes of KPU tumors by the signature gene sets. Row for samples, columns for LUSC subtypes. Asterisk 
indicates p < 0.05
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Fig. 3  (See legend on previous page.)
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Fig. 4  MYC protein is upregulated in lung cancer by USP13. A Correlation between USP13 and MYC expression (left), USP13 and SOX2 expression 
(center), and MYC and SOX2 expression (right) in LUSC. Data was obtained from cBioportal (CPTAC, Cell 2021) (n=80). Axis represents the protein 
abundance ratio. B IHC score of USP13, MYC, and SOX2 in LUAD and LUSC patients. Data are shown as means ± SEM. **p < 0.01, and ****p < 0.0001 
(unpaired two-tailed t-test). C IHC analysis of USP13 and MYC protein abundance in LUSC samples (left) (n = 130) and their correlation (right). D IHC 
analysis of USP13 and MYC protein abundance in LUAD samples (left) (n = 51) and their correlation (right). E Representative images for IHC staining 
of MYC in the KP and KPU tumors post-Ad5-CMV-Cre infection. The red boxed areas on the left images were magnified and shown on the right. 
Black scale bar = 50 µm, white scale bar = 20 µm. F Expression of NKX2-1, SOX2, and MYC in LUAD and LUSC components in Ad5-CMV-Cre infected 
KPU lungs. Scale bar = 200 µm. See also Figure S4H. G Western blot of endogenous USP13, MYC, SOX2, NKX2-1, and β-actin in KP and KPU mouse 
cell lines. H Western blot of USP13, MYC, and β-actin in human NSCLC cells with or without USP13 overexpression. In (A), (C), and (D), data are 
analyzed using the Pearson correlation coefficient



Page 13 of 24Kwon et al. Molecular Cancer          (2023) 22:204 	

stability by cleaving the K48-linked ubiquitin conjugation 
of MYC.

Club cells are the origin of LUSC in the KPU model
In normal murine lungs, AT2 cells (SPC+) are NKX2-
1-positive but SOX2-negative, while club cells (CC10+) 
at the bronchioles are double positive for NKX2-1 and 
SOX2 (Fig. S6A and B). To investigate the effect of lung 
progenitors in KPU-driven mixed LUAD and LUSC 
tumor subtypes, we induced restricted expression of Cre 
recombinase in club cells and AT2 cells via intratracheal 
delivery of Ad5-CC10-Cre or Ad5-SPC-Cre adenovirus 
to KPU mice, respectively (Fig.  6A and B). The tumor 
burdens and histopathology of both groups of KPU mice 
were examined 12-14 weeks post-infection. AT2 cells 
targeting Ad5-SPC-Cre-infected KPU lungs showed an 
increase in the number of lung tumor nodules but were 
small in size and revealed the presence of adenocarci-
noma histology. When KPU mice were infected with the 
CC10-Cre virus in the club cells, they developed notably 
larger tumors with squamous histology features (Fig. 6C 
and Fig. S6C). We then analyzed the expression of the 
lung cancer lineage specifiers NKX2-1 and SOX2. Ad5-
SPC-Cre-infected KPU tumors were mostly positive for 
NKX2-1 but negative for SOX2, with only a small num-
ber of tumors showing negative staining for NKX2-1 
(Fig.  6D and E). The majority of tumors in KPU lungs 
by Ad5-CC10-Cre were identified as NKX2-1-negative 
and SOX2-positive (NKX2-1–/SOX2+), although a few 
tumors exhibited NKX2-1+/SOX2– or NKX2-1+/SOX2+ 
characteristics (Fig. 6D and E). Next, we examined how 
those factors are expressed during the tumor develop-
ment in KPU mice after being induced by either Ad5-
SPC-Cre or Ad5-CC10-Cre viruses. Tumors originating 
from AT2 cells continuously showed an NKX2-1+/SOX2– 
pattern from early hyperplastic lesions to invasive carci-
noma (Fig. 6F, left). Following CC10-Cre infection in the 
KPU lung, hyperplasia at bronchioles initially exhibited 

positive expression for both factors; however, NKX2-1 
expression was subsequently downregulated at the car-
cinoma in situ (CIS) stage and remained consistently 
negative in invasive carcinoma (Fig.  6F, right). NKX2-1 
levels were dramatically decreased, while SOX2 levels 
were increased in Ad5-CC10-Cre-infected KPU lungs 
(Fig.  6G). These data suggest that squamous tumors in 
KPU mice originate from club cells, not AT2 cells. Addi-
tionally, USP13 might contribute to the downregulation 
of NKX2-1 during the early stages of LUSC development.

USP13 suppresses NKX2‑1 while upregulating SOX2 in club 
cell‑originated LUSC development
Both AT2 cells and club cells are known as cells of origin 
for KP-induced LUAD development [54, 55]. In previ-
ous studies on KP GEMMs, it was found that bronchiolar 
hyperplasia and adenoma derived from CC10+ club cells 
showed positive staining for SOX2, but SOX2 expression 
was downregulated in adenocarcinoma, leading to LUAD 
lineage identity [55–57]. In the KPU model, USP13 over-
expression in club cells led to squamous cell carcinoma 
development in the KP genetic alteration background. 
Therefore, we further examined the tumor progression 
of KP and KPU models after delivering Ad5-CC10-Cre 
or Ad5-SPC-Cre virus, respectively (Fig.  7A, Fig. S7A). 
Similar to Ad5-CMV-Cre-infected KP and KPU mice 
(Fig.  2), Ad5-CC10-Cre-induced KPU lungs developed 
a small number of tumor lesions but large tumors com-
pared to KP lungs (Fig. 7B and C). As expected, club cell-
originated KP tumors showed adenocarcinoma histology 
with positive expression of LUAD markers (NKX2-1 
and SPC) (Fig. 7D). In contrast, KPU tumors were nega-
tive for LUAD markers but positive for squamous cell 
markers such as SOX2 and CK5. Interestingly, the AT2 
cell-originated KPU tumors developed a much smaller 
number of tumor lesions with smaller tumor sizes than 
AT2 cell-originated KP adenocarcinomas (Fig. S7B and 
C). Both KP and KPU lesions following Ad5-SPC-Cre 

(See figure on next page.)
Fig. 5  USP13 stabilizes MYC protein via its deubiquitinating enzyme activity. A Immunoblot analyses of HEK293T cells with or without USP13 
overexpression were performed with the indicated antibodies B Western blot showing USP13 and FLAG (MYC) and β-actin in control and USP13 
knockdown cells following transfection with an empty vector or FLAG-MYC. C Co-immunoprecipitation (Co-IP) of exogenous FLAG-USP13 
and HA-MYC in HEK293T cells. D CHX chase assay (100 µg/ml) of control or FLAG-USP13 transfected HEK293T cells for indicated time points. β-actin 
is a loading control. E Immunoblot of USP13 and MYC in transfected HEK293T cells upon treatment with either DMSO or indicated concentrations 
of Spautin-1 for 24 h. F Schematic diagram showing the domain organization of USP13 with deletion constructs used. G Immunoblot analysis 
of HEK293T cells transfected with Myc-tagged WT or deletion mutants of USP13. Lysates were blotted by anti-Myc-tag and anti-MYC antibodies. 
Band intensities were quantified and normalized using β-actin levels. H Lysates from HEK293T cells expressing the indicated plasmids treated 
with MG132 (10 μM) for 6 hr were subjected to IP for FLAG-tagged MYC and then immunoblotting for HA-tagged ubiquitin. Total cell lysates (TCL) 
correspond to 10% of the total protein amount used for the precipitation. I The ∆Znf∆UBA mutant form of USP13 fails to deubiquitinate MYC. J 
USP13 knockdown (KD) increased the ubiquitin level of MYC. HEK293T cells (shNS, KD1, and KD2) were transfected with FLAG-MYC and HA-Ub. K 
HEK293T cells were transfected with FLAG-MYC, HA-Ub (WT, K48, or K63), and Myc-tagged USP13
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Fig. 5  (See legend on previous page.)
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infections exhibited typical LUAD marker (NKX2-1 and 
SPC)-positive expression, with adenocarcinoma histol-
ogy (Fig. S7D).

In KP and KPU tumors following Ad5-CC10-Cre infec-
tion, we classified subtypes of KP and KPU tumors by 
NKX2-1 and SOX2 expression levels (Fig. S7E and F). 
NKX2-1–SOX2+ tumors were predominantly observed 
in the CC10-Cre-infected KPU (Fig. S7F). KPU tumors 
had ~5.2-fold higher expression levels of SOX2 than KP 
tumors (p < 0.0001) (Fig.  7E). Interestingly, CC10-Cre-
induced KP tumors also showed SOX2-positive expres-
sion, and its level was heterogeneous (Fig.  7E and E). 
Two subtypes (NKX2-1+SOX2– and NKX2-1+SOX2+) 
exhibited similar proportions in CC10-Cre-induced 
KP lungs (Fig. S7F). In Ad5-CC10-Cre-infected KP and 
KPU lungs, hyperplastic cells at bronchioles in KP and 
KPU were stained positive for both NKX2-1 and SOX2 
(Fig.  7F). Our data demonstrate that KP-driven hyper-
plastic lesions and adenomas transformed from club cells 
are positive for SOX2, but SOX2 expression becomes sig-
nificantly decreased and partially lost in more advanced 
lesions (Fig.  7F and G). During the CIS stage, there 
were noticeable differences in the expression patterns of 
NKX2-1 and SOX2 between the lungs of KP and KPU 
mice. In contrast to the KP model, NKX2-1 expression 
was dramatically decreased at the CIS stage in KPU mod-
els, while SOX2 levels were high throughout LUSC devel-
opment (Fig. 7F and G).

We next examined the expression of the cell identity 
markers CC10 and SPC during tumor development in KP 
and KPU mice after Ad5-CC10-Cre induction (Fig. 7H). 
Hyperplastic lesions in the bronchioles of both KP and 
KPU showed CC10+/SPC– staining. Then, KP-trans-
formed club cells underwent stepwise lineage marker 
conversion from CC10+/SPC– to CC10–/SPC+ from 
hyperplastic lesions to adenomas and invasive adenocar-
cinoma (Fig.  7H). In contrast, KPU carcinomas did not 
show elevated SPC expression, displaying different line-
age marker conversions of CC10+/SPC– to CC10–/SPC– 
(Fig. 7H). In both KP and KPU models, hyperplasia, CIS, 

and adenocarcinoma induced by Ad5-SPC-Cre showed 
AT2 cell-like lineage marker expression (CC10–/SPC+) 
(Fig. S7G). These data suggest that USP13 is involved 
in cell lineage reprogramming and switching the fate of 
oncogenic KRAS-mediated transformed CC10+/SPC– 
club cells to CC10–/SPC–, which leads to squamous cell 
differentiation instead of adenocarcinoma progression 
(Fig. 7I).

The elevation of MYC protein levels by USP13 contributes 
to promoting squamous carcinoma features
5Given the strong connections between USP13 and MYC 
in human LUSC and KPU lung squamous tumors (Fig. 4) 
and the stabilization of MYC protein through the deu-
biquitinating activity of USP13 (Fig. 5), we examined the 
expression pattern of MYC during KP and KPU tumori-
genesis following Ad5-SPC-Cre or Ad5-CC10-Cre infec-
tion. Ad5-SPC-Cre-derived KP and KPU tumors showed 
minimal detection of the MYC protein, regardless of 
USP13 overexpression (Fig. S8A, left). Elevated MYC 
expression was observed in both KP and KPU tumors 
derived from CC10+ cells (Fig. S8A, right). KP tumors 
showed positive but weaker MYC expression than KPU 
tumors (Fig. S8B and C). Strong expression of MYC was 
detected in both the cytoplasm and nucleus of invasive 
squamous carcinoma in KPU lungs (Fig. 8D). In the CIS 
stage of Ad5-CC10-Cre-infected KP lungs, the portion 
of MYC+ cells was drastically reduced and continued to 
decrease during adenocarcinoma tumorigenesis (Fig. 8A 
and B). In humans, MYC has been reported to be pre-
dominantly in the cytoplasm in the normal basal cells of 
the airways of patients with lung cancer, but cytoplas-
mic MYC is transferred into the nuclei of premalignant 
lesions and squamous cells [22]. Similarly, in Ad5-CC10-
Cre-infected KPU mice, MYC was translocated into 
the nucleus at the squamous CIS lesion, and the strong 
nuclear expression of MYC persisted during squamous 
carcinoma development (Fig.  8A, Fig. S8E). These find-
ings suggest that USP13’s deubiquitinating activity might 
stabilize MYC protein during the early stage of lung 

Fig. 6  LUSC originates from CC10+ club cells in the KPU model. A Schematic of two origins of lung adenocarcinoma. Cre recombinase expression 
was restricted to specific cell types in the adult lung by cell type-restricted Ad-Cre viruses; Cre recombinase is expressed in alveolar type II cells 
(orange) and club cells (blue) by Ad5-SPC-Cre and Ad5-CC10-Cre, respectively. Bronchioalveolar stem cells (BASCs, yellow) can express Cre 
recombinase by both viruses B Schematic of the experimental procedure using Ad5-SPC-Cre and Ad5-CC10-Cre viruses. KPU mice were infected 
with cell-type restricted Ad-Cre viruses via intratracheal administration. C Quantification of individual tumor number (left) and area (right) in KPU 
mice at 12-14 weeks post-virus infection (n=7 mice/group). D Representative images of H&E, NKX2-1, and SOX2 staining from lung tumors 
with indicated Cre infection. Scale bar = 25 µm E Quantification of proportion (top) and size (bottom) of lesions as indicated in D F Expression 
of NKX2-1 and SOX2 during cancer development in KPU mice infected with Ad5-SPC-Cre or Ad5-CC10-Cre. Arrow and dotted lines indicate 
hyperplasia and carcinoma in situ (CIS), respectively. Scale bar = 50 µm G IHC quantification for NKX2-1 (top) and SOX2 (bottom). Each dot 
represents one tumor nodule from seven mice per group. a.u., arbitrary unit. In C, E, and G, error bars indicate mean ± SEM. Two-tailed unpaired 
t-tests, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(See figure on next page.)
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squamous tumorigenesis and that this effect is limited to 
squamous tumors originating from club cells.

A recent study proposed MYC as a putative molecular 
driver linked to LUAD to LUSC histological transfor-
mation [58]. To determine whether USP13 can alter the 
lineage characteristics of advanced lung tumors through 
MYC, we overexpressed USP13 in the murine adeno-
carcinoma KP primary cell line and human LUAD cell 
lines followed by immunoblotting for squamous mark-
ers, such as SOX2, p40, or CK5. UPS13 overexpres-
sion alone induced the expression of squamous markers 
(Fig.  8C and D). In addition, MYC overexpression also 
increased the level of squamous markers (Fig.  8C and 
D), implying that USP13 can induce MYC and squamous 
cell lineage programs in murine and human LUAD cells 
and that MYC is sufficient to enhance LUSC characteris-
tics. To determine whether MYC is necessary for USP13 
to upregulate SOX2 expression, we knocked down or 
inhibited MYC and then overexpressed USP13 in H441 
cells. Despite MYC knockdown, the overexpression 
of USP13 still resulted in an increase in SOX2 levels in 
H441 cells (Fig. 8E). In addition, USP13 still upregulated 
the expression of SOX2 under inhibition of MYC using 
a small-molecule c-MYC inhibitor, 10058-F4 treatment 
(Fig. 8F), suggesting that USP13 could be associated with 
squamous cell markers in a MYC-dependent manner and 
MYC-independent manner. Based on these findings, it 
appears that overexpression of USP13 causes an increase 
in MYC protein during the initial stages of tumor devel-
opment originating from club cells, which may contrib-
ute to the development of LUSC. Moreover, we revealed 
that overexpression of USP13 and/or MYC induces squa-
mous cell lineage markers in human and murine LUAD.

Discussion
In this study, we found that USP13 is involved in shift-
ing lung club cell fate in the context of KP genetic altera-
tion by promoting lung lineage reprogramming and 
MYC upregulation, which leads to LUSC tumorigenesis. 

USP13 overexpression suppresses NKX2-1 expression 
while increasing SOX2 at the initial stages of lung tum-
origenesis, suggesting a role for USP13 in lung club cell 
lineage reprogramming for LUSC development (Fig. 8G). 
In addition, strong nuclear MYC expression throughout 
squamous cell carcinoma is a critical feature for KPU-
driven LUSC (Fig. 8G).

The inhibition of TP53 signaling and the activation 
of MYC have been identified as important molecular 
characteristics in early LUSC carcinogenesis in humans 
[22]. TP53 mutations are more prevalent in LUSC than 
LUAD [59, 60]. Lineage plasticity is associated with the 
loss of tumor suppressor genes such as RB1, PTEN, 
and TP53 [6]. The combined loss of RB1 and TP53 
promotes lineage plasticity and transdifferentiation 
in prostate and lung cancer in mouse models [61–63]. 
However, the loss of tumor suppressor genes appears 
insufficient to drive lineage plasticity in the context of 
the lung. RB1 and TP53 abrogation is not enough to 
promote a neuroendocrine feature in lung cancer cells 
[64]. Another study demonstrated that most LUAD 
patients with concurrent RB1 and TP53 alterations do 
not undergo histological transformation into SCLC 
[65]. p53 loss in club cells decreased ciliated cell differ-
entiation and increased self-renewal and proliferative 
capacity [66]. Moreover, club cells have the capacity to 
produce basal-like cells in vitro and, in vivo, give rise to 
bronchioalveolar stem cells as well as ciliated cells fol-
lowing p53 loss. Unlike KPU, which resulted in 100% 
LUSC tumor development, KU mice only developed 
LUAD tumors, similar to the K mice (Fig. S2F). This 
suggests a potential interaction between USP13 and 
TP53 signaling in lineage plasticity, and the functional 
alteration of TP53 could be crucial in LUSC progres-
sion mediated by USP13.

Recently, it has been reported that USP13-mediated 
deubiquitination is associated with MYC in cholangio-
carcinoma [67], glioma stem cells [31], and hepatocel-
lular carcinoma [51]. We identified critical domains of 

(See figure on next page.)
Fig. 7  Enhanced USP13 expression switches lineage factor expression in KP-transformed club cells. A Experiment design: KP or KPU mice received 
a single intratracheal injection of cell-type-restricted Ad5-CC10-Cre virus. The experiment was terminated 11-12 weeks post-viral infection. B 
Representative hematoxylin and eosin (H&E) staining of KP and KPU lung at 12 weeks post-Ad5-CC10-Cre infection. Dotted line indicates a tumor 
nodule. Scale bar = 5 mm. C Quantification of individual tumor number (left) and area (right) in KP and KPU mice at 11-12 weeks post-virus infection 
(n=5 mice/group). D Representative images for H&E, USP13, NKX2-1, SPC, SOX2, and CK5 IHC stains of the KP and KPU tumors post-Ad5-CC10-Cre 
infection. Scale bar = 50 µm. E Quantification of NKX2-1 (left) and SOX2 (right) levels in KP and KPU tumors. F Expression of NKX2-1 and SOX2 
during cancer progression in KP and KPU mice following Ad5-CC10-Cre infection. Hyperplasia (arrow) and carcinoma in situ (CIS) (dotted line) are 
indicated. Scale bar = 50 µm. G IHC quantification for NKX2-1 (top) and SOX2 (bottom). Each dot represents one tumor nodule. a.u., arbitrary unit. 
H SPC and CC10 expression during cancer progression in Ad5-CC10-Cre infected KP and KPU lungs. Hyperplasia (arrow) and carcinoma in situ (CIS) 
(dotted line) are indicated. Scale bar = 50 µm. (I) Schematic summarizing the expressional change of lineage factors and markers in KP and KPU club 
cells (CC10+) during lung cancer development. In (C), (E), (G), error bars indicate mean ± SEM. Two-tailed unpaired t-tests, ns = not significant, **p < 
0.01, ***p < 0.001, ****p < 0.0001
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Fig. 7  (See legend on previous page.)
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USP13 important for stabilizing MYC, and USP13 acts 
on K48-mediated polyubiquitination on MYC (Fig. 5). In 
addition to MYC stabilization, we also observed distinc-
tive nuclear translocation of MYC in the CIS lesion from 
Ad5-CC10-Cre-infected KPU club cells, and its high level 
was maintained in invasive squamous cell carcinoma, 
suggesting enhanced MYC activity during KPU-driven 

LUSC tumorigenesis. Enhanced MYC target gene expres-
sion together with a concomitant increase in the nuclear 
translocation of MYC were detected in human premalig-
nant lesions and LUSC tumors [22]. This provides strong 
evidence that enhanced MYC activity is associated with 
lung squamous carcinogenesis, even in the absence of a 
significant upregulation in MYC mRNA expression [22]. 

Fig. 8  USP13 elevates MYC expression in lung cancer, contributing to the elevation of LUSC features. A MYC expression during cancer progression 
in KP and KPU mice following Ad5-SPC-Cre (left) or CC10-Cre (right) infection. Hyperplasia (arrow) and carcinoma in situ (CIS) (dotted line) are 
indicated. Scale bar = 50 µm. B IHC quantification for the portion of MYC+ cells in the lesions. Each dot represents one tumor nodule. Error bars 
indicate mean ± SEM. Two-tailed unpaired t-tests, ns = not significant, ****p < 0.0001. C Western blot of USP13, MYC, SOX2, p40, and β-actin 
on mouse KP cell line expressing exogenous USP13 or MYC. D Western blot showing USP13, MYC, SOX2, p40, CK5, and β-actin in human LUAD 
cell lines expressing exogenous USP13 or MYC. E Western blot of USP13, MYC, SOX2, and β-actin in H441 cells with knockdown of MYC using 
siRNA followed by transfected with mock or USP13. F Western blot of USP13, MYC, SOX2, and β-actin in H441 cells treated with either DMSO or 10 
μM of 10058-F4 (MYC inhibitor) for 24 h followed by transfection with mock or USP13. G Schematic showing the proposed model of how USP13 
promotes LUSC tumorigenesis in club cells
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Intriguingly, in a KrasG12D  activation in combination 
with deletion of F-box/WD repeat-containing protein 7 
(Fbxw7) murine model, CC10+ bronchiolar club cells give 
rise to LUSC but not from the tracheal basal cells and 
alveolar AT2 cells [26]. FBXW7 encodes a component of 
the SCF ubiquitin E3 ligase complex involved in ubiqui-
tination and proteasome degradation of oncoproteins, 
including MYC, Cyclin E, c-JUN, and NOTCH1 [68, 69]. 
Collectively, these findings suggest that concurrent with 
an appropriate set of oncogenic stimuli, the molecular 
interaction among USP13-mediated deubiquitination, 
increased MYC activity, and p53 functional alteration 
may play a critical role in squamous differentiation from 
oncogenic transformed cells of origin. Moreover, ubiq-
uitin signaling could be directly associated with LUSC 
tumorigenesis by involving lineage reprogramming to the 
squamous cell carcinoma program.

Previous murine models have revealed that SOX2 
overexpression is necessary but not sufficient for lineage 
switching. To induce tumors with squamous histology 
in multiple cells of origin in the lung, SOX2 overexpres-
sion needs to collaborate with loss of NKX2-1 together 
with other oncogenic stimuli or loss of multiple tumor 
suppressor genes, including Pten, Cdkn1a, Cdkn2a/b, 
Lkb1, Keap1, Trp53, and Nkx2-1 [48, 70–76]. Activa-
tion of the Kras mutant in mouse models lacking Nkx2-1 
results in the loss of LUAD features and the subsequent 
acquisition of gut-related traits [16, 74, 77, 78]. FoxA1/2, 
another lineage-specifying transcription factor, drives 
gastric differentiation and suppresses squamous identity 
in NKX2-1-negative lung cancer [49, 79]. Loss of Nkx2-
1 and overexpression of Sox2 was sufficient to generate 
squamous differentiation [74]. Our KPU model dem-
onstrates that the deubiquitinating enzyme USP13 can 
switch on squamous carcinogenesis in club cells without 
direct genetic engineering of key lineage-defining factor 
genes, such as Sox2, Nkx2-1, and FoxA1/2. Interestingly, 
KPU-derived LUSC tumorigenesis showed a distinc-
tive loss of NKX2-1 and increased SOX2, demonstrat-
ing that USP13 is involved in cell lineage reprogramming 
at the initial stage of LUSC development. Therefore, in 
the oncogenic KRAS-mediated transformed club cells, 
USP13 seems to prevent those club cells from adopting 
an AT2-like adenocarcinoma identity, instead switching 
the fate of cells to squamous cell traits. USP13 directly 
deubiquitinates and upregulates MYC protein stabil-
ity (Fig.  5), and MYC overexpression alone upregulated 
SOX2 in NSCLC cell lines (Fig.  8). Therefore, it is pos-
sible that USP13 is associated with SOX2 and NKX2-1 
through MYC stabilization at the early stage of LUSC 
development. Future molecular mechanistic studies are 
required to elucidate whether USP13 is directly involved 
in the interplay between NKX2-1 and SOX2 and how 

USP13-mediated deubiquitination promotes lung lineage 
plasticity reprogramming.

Recently, the histological transformation (transdif-
ferentiation) of LUAD to LUSC or SCLC has emerged 
as a resistance mechanism to tyrosine kinase inhibi-
tor  (TKI)-targeted therapy or chemotherapy in clinics 
[6, 64, 80–84]. Squamous transformation has also been 
described in KRASG12C-mutated LUAD as a mecha-
nism of resistance to targeted therapy for KRAS muta-
tion [85].  Liver kinase B1 (Lkb1) has been proposed as 
a molecular driver of LUAD to LUSC transdifferentia-
tion using a mouse model [86, 87]. The KrasG12D-driven 
LUAD mouse model can progress to LUSC upon subse-
quent deletion of Lkb1. Inactivation of Lkb1 and Pten in 
the mouse lung leads to LUSC features [88]. However, 
due to the scarcity of well-annotated paired pre- and 
post-clinical samples and the lack of preclinical mod-
els, the molecular drivers underlying LUAD to LUSC 
transdifferentiation remain largely unknown. Our find-
ings in this study suggest that the upregulation of USP13 
might contribute to LUAD to LUSC transdifferentiation. 
Chromosome 3q amplification was found in squamous 
transformation tissues in osimertinib-resistant EGFR 
mutant lung cancers [83]. Quintanal-Villalonga et al. 
identified that lineage plasticity mechanisms leading to 
the histological transformation of human EGFR-mutant 
LUAD have been linked to the MYC, NOTCH, Hedge-
hog, PI3K/AKT, and WNT pathways [6, 58]. These path-
ways were enriched in KPU tumors (Fig. 3). KPU tumors 
displayed significant heterogeneity, leading to their cat-
egorization into two distinct clusters, KPU type 1 and 
type 2 (Fig 3A). Both clusters showed LUSC signature 
gene expression. In particular, KPU type 1 demonstrated 
heightened SCLC-like traits along with LUSC charac-
teristics (Fig 3B). Although different signaling path-
ways were enriched in each cluster (Fig 3E), Hedgehog, 
Notch, and PI3K/Akt/mTOR signaling play an important 
role in the development of LUSC and SCLC [89–91]. 
Molecular heterogeneity in KPU tumors can be caused 
by different mechanisms such as high plasticity of club 
cells and tumor microenvironment [92, 93]. Moreover, 
the USP13-mediated deubiquitination process directly 
upregulated MYC protein levels with increased expres-
sion of SOX2 and squamous features in KP mouse and 
human lung adenocarcinoma cells. MYC has been linked 
to histological transdifferentiation in SCLC and pan-
creatic cancer, suggesting a role in tumor lineage plas-
ticity [47, 94]. These findings suggest that the shared 
molecular networks and dysregulated pathways might 
be involved in USP13-mediated LUSC de novo develop-
ment and LUAD-to-LUSC transdifferentiation. Addi-
tionally, it will be intriguing to determine whether the 
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subsequent overexpression of USP13 from oncogenic-
mutant LUAD can lead to LUSC transdifferentiation.

Conclusions
In summary, our novel mouse model showed that 
USP13 switches on squamous carcinogenesis from club 
cells, and USP13-mediated lineage reprogramming is 
crucially defined in the cell of origin and genetic back-
ground. USP13-mediated deubiquitination leads to 
MYC upregulation, which may provide a novel molec-
ular mechanism for LUSC development and LUSC 
transdifferentiation. Future studies are warranted to 
determine how USP13 reprograms lineage plasticity 
in USP13-amplified lung cancers and whether target-
ing USP13 can overcome therapeutic-resistant LUSC-
transformed lung tumors.
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ment was terminated 11-12 weeks post-viral infection. (B) Representative 
hematoxylin and eosin (H&E) staining of KP and KPU lung at 12 weeks 
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bar = 5 mm. (C) Quantification of individual tumor number (left) and area 
(right) in KP and KPU mice at 11-12 weeks post-Ad-SPC-Cre virus infection 
(n= 5 mice/group). (D) Representative images for H&E, USP13, NKX2-1, 
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the cellular location of MYC protein; Black, cytoplasm; Green, whole cell; 
Orange, nucleus; Cyan, whole cell with nuclear enrichment. Black scale bar 
= 50 μm, white scale bar = 25 μm.

Acknowledgments
We thank Dr. David Robbins for a critical reading of the manuscript.

Authors’ contributions
Conceptualization, J. Kwon and C. Han; Methodology, J. Kwon; Investigation, 
J. Kwon, J. Zhang, B. Mok, S. Allsup; Data analysis, J. Kwon; Writing, J. Kwon and 

https://doi.org/10.1186/s12943-023-01892-x
https://doi.org/10.1186/s12943-023-01892-x


Page 22 of 24Kwon et al. Molecular Cancer          (2023) 22:204 

C. Han; Review & Editing, C. Kim and J. Toretsky; Funding Acquisition, C. Han; 
Supervision, C. Han.

Funding
Cecil Han was supported, in part, by NIH/NCI R01 CA262418.

Availability of data and materials
All software is commercially available or cited in previous publications. RNA 
sequencing data in this study is deposited in NCBI GEO (https://​www.​ncbi.​
nlm.​nih.​gov/​geo/) and is publicly available as the date of publication under 
accession GSE244847. TCGA lung adenocarcinoma and squamous cell carci-
noma gene expression data were obtained from the GDC data portal (https://​
portal.​gdc.​cancer.​gov/).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Oncology, Georgetown University School of Medicine, 
Washington D.C, USA. 2 Department of Biochemistry and Molecular & Cellular 
Biology, Georgetown University School of Medicine, Washington D.C, USA. 
3 Division of Hematology and Oncology, Georgetown University School 
of Medicine, Washington D.C, USA. 4 MedStar Georgetown University Hospital, 
Washington D.C, USA. 5 Lombardi Comprehensive Cancer Center, Washington 
D.C, USA. 6 Departments of Pediatrics, Washington D.C, USA. 

Received: 18 August 2023   Accepted: 27 October 2023

References
	1.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer 

J Clin. 2022;72(1):7–33.
	2.	 Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. Lancet. 

2021;398(10299):535–54.
	3.	 Lau SCM, Pan Y, Velcheti V, Wong KK. Squamous cell lung cancer: 

Current landscape and future therapeutic options. Cancer Cell. 
2022;40(11):1279–93.

	4.	 Pan Y, Han H, Labbe KE, Zhang H, Wong KK. Recent advances in 
preclinical models for lung squamous cell carcinoma. Oncogene. 
2021;40(16):2817–29.

	5.	 Le Magnen C, Shen MM, Abate-Shen C. Lineage Plasticity in Cancer 
Progression and Treatment. Annu Rev Cancer Biol. 2018;2:271–89.

	6.	 Quintanal-Villalonga A, Chan JM, Yu HA, Pe’er D, Sawyers CL, Sen T, Rudin 
CM. Lineage plasticity in cancer: a shared pathway of therapeutic resist-
ance. Nat Rev Clin Oncol. 2020;17(6):360–71.

	7.	 Ferone G, Lee MC, Sage J, Berns A. Cells of origin of lung cancers: lessons 
from mouse studies. Genes Dev. 2020;34(15–16):1017–32.

	8.	 Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, Shen R, Taylor AM, 
Cherniack AD, Thorsson V, et al. Cell-of-Origin Patterns Dominate the 
Molecular Classification of 10,000 Tumors from 33 Types of Cancer. Cell. 
2018;173(2):291-304 e296.

	9.	 Nagaraj AS, Lahtela J, Hemmes A, Pellinen T, Blom S, Devlin JR, Salmenkivi 
K, Kallioniemi O, Mayranpaa MI, Narhi K, et al. Cell of Origin Links Histo-
type Spectrum to Immune Microenvironment Diversity in Non-small-
Cell Lung Cancer Driven by Mutant Kras and Loss of Lkb1. Cell Rep. 
2017;18(3):673–84.

	10.	 Visvader JE. Cells of origin in cancer. Nature. 2011;469(7330):314–22.
	11.	 Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells 

in lung development, renewal and cancer. Nature. 2014;507(7491):190–4.

	12.	 Rock JR, Hogan BL. Epithelial progenitor cells in lung development, main-
tenance, repair, and disease. Annu Rev Cell Dev Biol. 2011;27:493–512.

	13.	 Tata PR, Rajagopal J. Plasticity in the lung: making and breaking cell 
identity. Development. 2017;144(5):755–66.

	14.	 Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-
cell lung cancers: a heterogeneous set of diseases. Nat Rev Cancer. 
2014;14(8):535–46.

	15.	 Garraway LA, Lander ES. Lessons from the cancer genome. Cell. 
2013;153(1):17–37.

	16.	 Morrisey EE, Hogan BL. Preparing for the first breath: genetic and cellular 
mechanisms in lung development. Dev Cell. 2010;18(1):8–23.

	17.	 Bass AJ, Watanabe H, Mermel CH, Yu S, Perner S, Verhaak RG, Kim SY, 
Wardwell L, Tamayo P, Gat-Viks I, et al. SOX2 is an amplified lineage-sur-
vival oncogene in lung and esophageal squamous cell carcinomas. Nat 
Genet. 2009;41(11):1238–42.

	18.	 Weir BA, Woo MS, Getz G, Perner S, Ding L, Beroukhim R, Lin WM, Province 
MA, Kraja A, Johnson LA, et al. Characterizing the cancer genome in lung 
adenocarcinoma. Nature. 2007;450(7171):893–8.

	19.	 Teixeira VH, Pipinikas CP, Pennycuick A, Lee-Six H, Chandrasekharan D, 
Beane J, Morris TJ, Karpathakis A, Feber A, Breeze CE, et al. Deciphering 
the genomic, epigenomic, and transcriptomic landscapes of pre-invasive 
lung cancer lesions. Nat Med. 2019;25(3):517–25.

	20.	 Fields AP, Justilien V, Murray NR. The chromosome 3q26 OncCassette: A 
multigenic driver of human cancer. Adv Biol Regul. 2016;60:47–63.

	21.	 Foster JG, Wong SC, Sharp TV. The hypoxic tumor microenvironment: 
driving the tumorigenesis of non-small-cell lung cancer. Future Oncol. 
2014;10(16):2659–74.

	22.	 Ooi AT, Gower AC, Zhang KX, Vick JL, Hong L, Nagao B, Wallace WD, 
Elashoff DA, Walser TC, Dubinett SM, et al. Molecular profiling of 
premalignant lesions in lung squamous cell carcinomas identifies 
mechanisms involved in stepwise carcinogenesis. Cancer Prev Res (Phila). 
2014;7(5):487–95.

	23.	 Acker F, Stratmann J, Aspacher L, Nguyen NTT, Wagner S, Serve H, Wild PJ, 
Sebastian M. KRAS Mutations in Squamous Cell Carcinomas of the Lung. 
Front Oncol. 2021;11:788084.

	24.	 Herbst RS, Morgensztern D, Boshoff C. The biology and management of 
non-small cell lung cancer. Nature. 2018;553(7689):446–54.

	25.	 Kerr KM, Dafni U, Schulze K, Thunnissen E, Bubendorf L, Hager H, Finn 
S, Biernat W, Vliegen L, Losa JH, et al. Prevalence and clinical associa-
tion of gene mutations through multiplex mutation testing in patients 
with NSCLC: results from the ETOP Lungscape Project. Ann Oncol. 
2018;29(1):200–8.

	26.	 Ruiz EJ, Diefenbacher ME, Nelson JK, Sancho R, Pucci F, Chakraborty A, 
Moreno P, Annibaldi A, Liccardi G, Encheva V, et al. LUBAC determines 
chemotherapy resistance in squamous cell lung cancer. J Exp Med. 
2019;216(2):450–65.

	27.	 Komander D, Clague MJ, Urbe S. Breaking the chains: structure and func-
tion of the deubiquitinases. Nat Rev Mol Cell Biol. 2009;10(8):550–63.

	28.	 Li X, Yang G, Zhang W, Qin B, Ye Z, Shi H, Zhao X, Chen Y, Song B, Mei Z, 
et al. USP13: Multiple Functions and Target Inhibition. Front Cell Dev Biol. 
2022;10:875124.

	29.	 Han C, Yang L, Choi HH, Baddour J, Achreja A, Liu Y, Li Y, Li J, Wan G, Huang 
C, et al. Amplification of USP13 drives ovarian cancer metabolism. Nat 
Commun. 2016;7:13525.

	30.	 Kwon J, Choi H, Ware AD, Morillo BC, Wang H, Bouker KB, Lu X, Waldman 
T, Han C. USP13 promotes development and metastasis of high-
grade serous ovarian carcinoma in a novel mouse model. Oncogene. 
2022;41(13):1974–85.

	31.	 Fang X, Zhou W, Wu Q, Huang Z, Shi Y, Yang K, Chen C, Xie Q, Mack SC, 
Wang X, et al. Deubiquitinase USP13 maintains glioblastoma stem cells 
by antagonizing FBXL14-mediated Myc ubiquitination. J Exp Med. 
2017;214(1):245–67.

	32.	 Zhang S, Zhang M, Jing Y, Yin X, Ma P, Zhang Z, Wang X, Di W, Zhuang 
G. Deubiquitinase USP13 dictates MCL1 stability and sensitivity to BH3 
mimetic inhibitors. Nat Commun. 2018;9(1):215.

	33.	 Zhao X, Fiske B, Kawakami A, Li J, Fisher DE. Regulation of MITF stability by 
the USP13 deubiquitinase. Nat Commun. 2011;2:414.

	34.	 Man X, Piao C, Lin X, Kong C, Cui X, Jiang Y. USP13 functions as a tumor 
suppressor by blocking the NF-kB-mediated PTEN downregulation in 
human bladder cancer. J Exp Clin Cancer Res. 2019;38(1):259.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/


Page 23 of 24Kwon et al. Molecular Cancer          (2023) 22:204 	

	35.	 Qu Z, Zhang R, Su M, Liu W. USP13 serves as a tumor suppressor via the 
PTEN/AKT pathway in oral squamous cell carcinoma. Cancer Manag Res. 
2019;11:9175–83.

	36.	 Xiang S, Fang J, Wang S, Deng B, Zhu L. MicroRNA-135b regulates the 
stability of PTEN and promotes glycolysis by targeting USP13 in human 
colorectal cancers. Oncol Rep. 2015;33(3):1342–8.

	37.	 Zhang J, Zhang P, Wei Y, Piao HL, Wang W, Maddika S, Wang M, Chen 
D, Sun Y, Hung MC, et al. Deubiquitylation and stabilization of PTEN by 
USP13. Nat Cell Biol. 2013;15(12):1486–94.

	38.	 Kasinski AL, Slack FJ. Generation of Mouse Lung Epithelial Cells. Bio 
Protoc. 2013;3(15):e837.

	39.	 Prieto-Garcia C, Hartmann O, Reissland M, Braun F, Fischer T, Walz S, 
Schulein-Volk C, Eilers U, Ade CP, Calzado MA, et al. Maintaining protein 
stability of ∆Np63 via USP28 is required by squamous cancer cells. EMBO 
Mol Med. 2020;12(4):e11101.

	40.	 DuPage M, Dooley AL, Jacks T. Conditional mouse lung cancer models 
using adenoviral or lentiviral delivery of Cre recombinase. Nat Protoc. 
2009;4(7):1064–72.

	41.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

	42.	 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. Gene set enrichment 
analysis: a knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545–50.

	43.	 Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, 
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics. 
2011;27(12):1739–40.

	44.	 Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches 
in Ingenuity Pathway Analysis. Bioinformatics. 2014;30(4):523–30.

	45.	 Jackson EL, Olive KP, Tuveson DA, Bronson R, Crowley D, Brown M, Jacks 
T. The differential effects of mutant p53 alleles on advanced murine lung 
cancer. Cancer Res. 2005;65(22):10280–8.

	46.	 Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya R, Jacks T, 
Tuveson DA. Analysis of lung tumor initiation and progression using con-
ditional expression of oncogenic K-ras. Genes Dev. 2001;15(24):3243–8.

	47.	 Farrell AS, Joly MM, Allen-Petersen BL, Worth PJ, Lanciault C, Sauer D, Link 
J, Pelz C, Heiser LM, Morton JP, et al. MYC regulates ductal-neuroendo-
crine lineage plasticity in pancreatic ductal adenocarcinoma associated 
with poor outcome and chemoresistance. Nat Commun. 2017;8(1):1728.

	48.	 Mollaoglu G, Jones A, Wait SJ, Mukhopadhyay A, Jeong S, Arya R, 
Camolotto SA, Mosbruger TL, Stubben CJ, Conley CJ, et al. The Lineage-
Defining Transcription Factors SOX2 and NKX2-1 Determine Lung Cancer 
Cell Fate and Shape the Tumor Immune Microenvironment. Immunity. 
2018;49(4):764-779 e769.

	49.	 Camolotto SA, Pattabiraman S, Mosbruger TL, Jones A, Belova VK, Orstad 
G, Streiff M, Salmond L, Stubben C, Kaestner KH, et al. FoxA1 and FoxA2 
drive gastric differentiation and suppress squamous identity in NKX2-
1-negative lung cancer. Elife. 2018;7:e38579.

	50.	 Wilkerson MD, Yin X, Hoadley KA, Liu Y, Hayward MC, Cabanski CR, 
Muldrew K, Miller CR, Randell SH, Socinski MA, et al. Lung squamous 
cell carcinoma mRNA expression subtypes are reproducible, clini-
cally important, and correspond to normal cell types. Clin Cancer Res. 
2010;16(19):4864–75.

	51.	 Huang J, Gu ZL, Chen W, Xu YY, Chen M. Knockdown of ubiquitin-specific 
peptidase 13 inhibits cell growth of hepatocellular carcinoma by reduc-
ing c-Myc expression. Kaohsiung J Med Sci. 2020;36(8):615–21.

	52.	 Liu J, Xia H, Kim M, Xu L, Li Y, Zhang L, Cai Y, Norberg HV, Zhang T, Furuya 
T, et al. Beclin1 controls the levels of p53 by regulating the deubiquitina-
tion activity of USP10 and USP13. Cell. 2011;147(1):223–34.

	53.	 He X, Kim JS, Diaz-Martinez LA, Han C, Lane WS, Budnik B, Waldman T. 
USP13 interacts with cohesin and regulates its ubiquitination in human 
cells. J Biol Chem. 2021;296:100194.

	54.	 Seguin L, Durandy M, Feral CC. Lung Adenocarcinoma Tumor Origin: A 
Guide for Personalized Medicine. Cancers (Basel). 2022;14(7):1759.

	55.	 Sutherland KD, Song JY, Kwon MC, Proost N, Zevenhoven J, Berns A. 
Multiple cells-of-origin of mutant K-Ras-induced mouse lung adenocarci-
noma. Proc Natl Acad Sci U S A. 2014;111(13):4952–7.

	56.	 Xu X, Rock JR, Lu Y, Futtner C, Schwab B, Guinney J, Hogan BL, Onaitis MW. 
Evidence for type II cells as cells of origin of K-Ras-induced distal lung 
adenocarcinoma. Proc Natl Acad Sci U S A. 2012;109(13):4910–5.

	57.	 Rosigkeit S, Kruchem M, Thies D, Kreft A, Eichler E, Boegel S, Jansky 
S, Siegl D, Kaps L, Pickert G, et al. Definitive evidence for Club cells as 
progenitors for mutant Kras/Trp53-deficient lung cancer. Int J Cancer. 
2021;149(9):1670–82.

	58.	 Quintanal-Villalonga A, Taniguchi H, Zhan YA, Hasan MM, Chavan SS, 
Meng F, Uddin F, Allaj V, Manoj P, Shah NS, et al. Comprehensive molecu-
lar characterization of lung tumors implicates AKT and MYC signaling in 
adenocarcinoma to squamous cell transdifferentiation. J Hematol Oncol. 
2021;14(1):170.

	59.	 Kishimoto Y, Murakami Y, Shiraishi M, Hayashi K, Sekiya T. Aberrations of 
the p53 tumor suppressor gene in human non-small cell carcinomas of 
the lung. Cancer Res. 1992;52(17):4799–804.

	60.	 Tammemagi MC, McLaughlin JR, Bull SB. Meta-analyses of p53 tumor 
suppressor gene alterations and clinicopathological features in resected 
lung cancers. Cancer Epidemiol Biomarkers Prev. 1999;8(7):625–34.

	61.	 Ku SY, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich ZW, Goodrich MM, 
Labbe DP, Gomez EC, Wang J, et al. Rb1 and Trp53 cooperate to suppress 
prostate cancer lineage plasticity, metastasis, and antiandrogen resist-
ance. Science. 2017;355(6320):78–83.

	62.	 Meuwissen R, Linn SC, Linnoila RI, Zevenhoven J, Mooi WJ, Berns A. Induc-
tion of small cell lung cancer by somatic inactivation of both Trp53 and 
Rb1 in a conditional mouse model. Cancer Cell. 2003;4(3):181–9.

	63.	 Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen CC, Wongvipat J, 
Ku SY, Gao D, Cao Z, et al. SOX2 promotes lineage plasticity and antian-
drogen resistance in TP53- and RB1-deficient prostate cancer. Science. 
2017;355(6320):84–8.

	64.	 Niederst MJ, Sequist LV, Poirier JT, Mermel CH, Lockerman EL, Garcia AR, 
Katayama R, Costa C, Ross KN, Moran T, et al. RB loss in resistant EGFR 
mutant lung adenocarcinomas that transform to small-cell lung cancer. 
Nat Commun. 2015;6:6377.

	65.	 Offin M, Chan JM, Tenet M, Rizvi HA, Shen R, Riely GJ, Rekhtman N, Daneshbod 
Y, Quintanal-Villalonga A, Penson A, et al. Concurrent RB1 and TP53 Alterations 
Define a Subset of EGFR-Mutant Lung Cancers at risk for Histologic Transfor-
mation and Inferior Clinical Outcomes. J Thorac Oncol. 2019;14(10):1784–93.

	66.	 McConnell AM, Yao C, Yeckes AR, Wang Y, Selvaggio AS, Tang J, Kirsch DG, 
Stripp BR. p53 Regulates Progenitor Cell Quiescence and Differentiation 
in the Airway. Cell Rep. 2016;17(9):2173–82.

	67.	 Zhou Q, Lin M, Feng X, Ma F, Zhu Y, Liu X, Qu C, Sui H, Sun B, Zhu A, et al. 
Targeting CLK3 inhibits the progression of cholangiocarcinoma by repro-
gramming nucleotide metabolism. J Exp Med. 2020;217(8):e20191779.

	68.	 Davis RJ, Welcker M, Clurman BE. Tumor suppression by the Fbw7 ubiqui-
tin ligase: mechanisms and opportunities. Cancer Cell. 2014;26(4):455–64.

	69.	 Welcker M, Clurman BE. FBW7 ubiquitin ligase: a tumour suppressor at 
the crossroads of cell division, growth and differentiation. Nat Rev Cancer. 
2008;8(2):83–93.

	70.	 Ferone G, Song JY, Sutherland KD, Bhaskaran R, Monkhorst K, Lambooij JP, 
Proost N, Gargiulo G, Berns A. SOX2 Is the Determining Oncogenic Switch 
in Promoting Lung Squamous Cell Carcinoma from Different Cells of 
Origin. Cancer Cell. 2016;30(4):519–32.

	71.	 Fukazawa T, Guo M, Ishida N, Yamatsuji T, Takaoka M, Yokota E, Haisa 
M, Miyake N, Ikeda T, Okui T, et al. SOX2 suppresses CDKN1A to sustain 
growth of lung squamous cell carcinoma. Sci Rep. 2016;6:20113.

	72.	 Jeong Y, Hoang NT, Lovejoy A, Stehr H, Newman AM, Gentles AJ, Kong 
W, Truong D, Martin S, Chaudhuri A, et al. Role of KEAP1/NRF2 and TP53 
Mutations in Lung Squamous Cell Carcinoma Development and Radia-
tion Resistance. Cancer Discov. 2017;7(1):86–101.

	73.	 Mukhopadhyay A, Berrett KC, Kc U, Clair PM, Pop SM, Carr SR, Witt BL, 
Oliver TG. Sox2 cooperates with Lkb1 loss in a mouse model of squamous 
cell lung cancer. Cell Rep. 2014;8(1):40–9.

	74.	 Tata PR, Chow RD, Saladi SV, Tata A, Konkimalla A, Bara A, Montoro D, 
Hariri LP, Shih AR, Mino-Kenudson M, et al. Developmental History 
Provides a Roadmap for the Emergence of Tumor Plasticity. Dev Cell. 
2018;44(6):679-693 e675.

	75.	 Watanabe H, Ma Q, Peng S, Adelmant G, Swain D, Song W, Fox C, Francis 
JM, Pedamallu CS, DeLuca DS, et al. SOX2 and p63 colocalize at genetic 
loci in squamous cell carcinomas. J Clin Invest. 2014;124(4):1636–45.

	76.	 Xu X, Huang L, Futtner C, Schwab B, Rampersad RR, Lu Y, Sporn 
TA, Hogan BL, Onaitis MW. The cell of origin and subtype of K-Ras-
induced lung tumors are modified by Notch and Sox2. Genes Dev. 
2014;28(17):1929–39.



Page 24 of 24Kwon et al. Molecular Cancer          (2023) 22:204 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	77.	 Maeda Y, Tsuchiya T, Hao H, Tompkins DH, Xu Y, Mucenski ML, Du L, Keiser 
AR, Fukazawa T, Naomoto Y, et al. Kras(G12D) and Nkx2-1 haploinsuf-
ficiency induce mucinous adenocarcinoma of the lung. J Clin Invest. 
2012;122(12):4388–400.

	78.	 Snyder EL, Watanabe H, Magendantz M, Hoersch S, Chen TA, Wang DG, 
Crowley D, Whittaker CA, Meyerson M, Kimura S, et al. Nkx2-1 represses a 
latent gastric differentiation program in lung adenocarcinoma. Mol Cell. 
2013;50(2):185–99.

	79.	 Orstad G, Fort G, Parnell TJ, Jones A, Stubben C, Lohman B, Gillis KL, 
Orellana W, Tariq R, Klingbeil O, et al. FoxA1 and FoxA2 control growth 
and cellular identity in NKX2-1-positive lung adenocarcinoma. Dev Cell. 
2022;57(15):1866-1882 e1810.

	80.	 Hou S, Han X, Ji H. Squamous Transition of Lung Adenocarcinoma and 
Drug Resistance. Trends Cancer. 2016;2(9):463–6.

	81.	 Kuiper JL, Ronden MI, Becker A, Heideman DA, van Hengel P, Ylstra B, 
Thunnissen E, Smit EF. Transformation to a squamous cell carcinoma 
phenotype of an EGFR-mutated NSCLC patient after treatment with an 
EGFR-tyrosine kinase inhibitor. J Clin Pathol. 2015;68(4):320–1.

	82.	 Park S, Shim JH, Lee B, Cho I, Park WY, Kim Y, Lee SH, Choi Y, Han J, Ahn JS, 
et al. Paired genomic analysis of squamous cell carcinoma transformed 
from EGFR-mutated lung adenocarcinoma. Lung Cancer. 2019;134:7–15.

	83.	 Schoenfeld AJ, Chan JM, Kubota D, Sato H, Rizvi H, Daneshbod Y, Chang 
JC, Paik PK, Offin M, Arcila ME, et al. Tumor Analyses Reveal Squamous 
Transformation and Off-Target Alterations As Early Resistance Mecha-
nisms to First-line Osimertinib in EGFR-Mutant Lung Cancer. Clin Cancer 
Res. 2020;26(11):2654–63.

	84.	 Toyokawa G, Bersani F, Bironzo P, Picca F, Tabbo F, Haratake N, Takenaka 
T, Seto T, Yoshizumi T, Novello S, et al. Tumor plasticity and therapeutic 
resistance in oncogene-addicted non-small cell lung cancer: from 
preclinical observations to clinical implications. Crit Rev Oncol Hematol. 
2023;184:103966.

	85.	 Awad MM, Liu S, Rybkin II, Arbour KC, Dilly J, Zhu VW, Johnson ML, Heist 
RS, Patil T, Riely GJ, et al. Acquired Resistance to KRAS(G12C) Inhibition in 
Cancer. N Engl J Med. 2021;384(25):2382–93.

	86.	 Han X, Li F, Fang Z, Gao Y, Li F, Fang R, Yao S, Sun Y, Li L, Zhang W, et al. 
Transdifferentiation of lung adenocarcinoma in mice with Lkb1 defi-
ciency to squamous cell carcinoma. Nat Commun. 2014;5:3261.

	87.	 Ji H, Ramsey MR, Hayes DN, Fan C, McNamara K, Kozlowski P, Torrice C, Wu 
MC, Shimamura T, Perera SA, et al. LKB1 modulates lung cancer differen-
tiation and metastasis. Nature. 2007;448(7155):807–10.

	88.	 Xu C, Fillmore CM, Koyama S, Wu H, Zhao Y, Chen Z, Herter-Sprie GS, 
Akbay EA, Tchaicha JH, Altabef A, et al. Loss of Lkb1 and Pten leads to 
lung squamous cell carcinoma with elevated PD-L1 expression. Cancer 
Cell. 2014;25(5):590–604.

	89.	 Becker W. Therapy of thyroid gland autonomy. Klin Wochenschr. 
1990;68(12):640–6.

	90.	 Chang WH, Lai AG. Aberrations in Notch-Hedgehog signalling reveal 
cancer stem cells harbouring conserved oncogenic properties associated 
with hypoxia and immunoevasion. Br J Cancer. 2019;121(8):666–78.

	91.	 Li X, Li C, Guo C, Zhao Q, Cao J, Huang HY, Yue M, Xue Y, Jin Y, Hu L, 
et al. PI3K/Akt/mTOR signaling orchestrates the phenotypic transition 
and chemo-resistance of small cell lung cancer. J Genet Genomics. 
2021;48(7):640–51.

	92.	 Chen Y, Toth R, Chocarro S, Weichenhan D, Hey J, Lutsik P, Sawall S, Statho-
poulos GT, Plass C, Sotillo R. Club cells employ regeneration mechanisms 
during lung tumorigenesis. Nat Commun. 2022;13(1):4557.

	93.	 Sun XX, Yu Q. Intra-tumor heterogeneity of cancer cells and its implica-
tions for cancer treatment. Acta Pharmacol Sin. 2015;36(10):1219–27.

	94.	 Ireland AS, Micinski AM, Kastner DW, Guo B, Wait SJ, Spainhower KB, 
Conley CC, Chen OS, Guthrie MR, Soltero D, et al. MYC Drives Temporal 
Evolution of Small Cell Lung Cancer Subtypes by Reprogramming Neu-
roendocrine Fate. Cancer Cell. 2020;38(1):60-78 e12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	USP13 drives lung squamous cell carcinoma by switching lung club cell lineage plasticity
	Abstract 
	Background
	Methods
	Mice
	Cell culture
	Mouse lung tumor initiation
	Immunohistochemistry
	Immunofluorescence
	Immunoblotting
	Quantitative real-time PCR
	Knockdown and overexpression of USP13 and MYC
	Mouse tumor bulk RNA-seq
	Pathway enrichment
	Immunoprecipitation
	Ubiquitin assay
	Quantification and statistical analysis

	Results
	USP13 is highly amplified in NSCLC and correlated with poor prognosis
	USP13 drives squamous cell carcinoma development in KrasTrp53-mutant mouse lung
	Lineage reprogramming pathways are enriched in KPU tumors
	USP13 and MYC exhibit a positive correlation in human LUSC and KPU squamous tumors
	USP13 stabilizes MYC protein via its deubiquitinating enzyme activity
	Club cells are the origin of LUSC in the KPU model
	USP13 suppresses NKX2-1 while upregulating SOX2 in club cell-originated LUSC development
	The elevation of MYC protein levels by USP13 contributes to promoting squamous carcinoma features

	Discussion
	Conclusions
	Anchor 29
	Acknowledgments
	References


