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Abstract

KRAS is frequently mutated in lung cancers and is associated with aggressive biology and 

chemotherapy resistance. Therefore, innovative approaches are needed to treat these lung cancers. 

Prior work implicated the interferon-stimulated gene 15 (ISG15) deubiquitinase (DUB) USP18 as 

having anti-neoplastic activity by regulating lung cancer growth and oncoprotein stability. This 

study demonstrates that USP18 affects the stability of the KRAS oncoprotein. Interestingly, loss of 

USP18 reduced KRAS expression and engineered gain of USP18 expression increased KRAS 

protein levels in lung cancer cells. Using the protein synthesis inhibitor cycloheximide (CHX), 

USP18 knockdown significantly reduced the half-life of KRAS, but gain of USP18 expression 

significantly increased its stability. Intriguingly, loss of USP18 altered KRAS subcellular 

localization by mislocalizing KRAS from the plasma membrane. To explore the biological 

consequences, immunohistochemical (IHC) expression profiles of USP18 were compared in lung 

cancers of KrasLA2/+ versus cyclin E engineered mouse models. USP18 expression was higher in 

Kras-driven murine lung cancers, indicating a link between KRAS and USP18 expression in vivo. 

To solidify this association, loss of Usp18 in KrasLA2/+/Usp18−/− mice was found to significantly 

reduce lung cancers as compared to parental KrasLA2/+ mice. Lastly, translational relevance was 

confirmed in a human lung cancer panel by showing USP18 IHC expression was significantly 

higher in KRAS mutant versus wild-type lung adenocarcinomas.
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Introduction

Kirsten rat sarcoma viral oncogene homolog (KRAS) is the most commonly mutated species 

of the RAS oncogenes (1). It functions as a molecular switch that controls cell growth, but 

when mutated, it is constitutively active resulting in uncontrolled cell growth and 

carcinogenesis (1). KRAS mutations occur in human lung cancers (1,2). Innovative 

strategies are needed to combat KRAS mutant lung cancers because these tumors are often 

resistant to therapy (3). Inhibiting activated KRAS is challenging, prompting investigators to 

examine other ways to inactivate KRAS (4). One potential approach is to reduce the stability 

of KRAS protein. Indeed, engaging protein destabilization pathways is a promising strategy 

for reduction of oncogenic proteins levels (5).

We previously found that specific oncogenic proteins including PML/RARα and cyclin D1 

were substrates of the ubiquitin-like interferon-stimulated gene 15 (ISG15) modification 

(ISGylation) pathway (6–8). This pathway engages the E1 activating enzyme UBE1L, the 

E2 conjugating enzyme UBCH8 and the E3 ligase that enables ISG15 to bind protein 

substrates and regulate their stability (9–11). The deubiquitinating (DUB) enzyme ubiquitin-

specific protease 18 (USP18) is the major enzyme involved in ISG15 removal from substrate 

proteins (12). USP18 activity reduces ISG15 protein conjugation and promotes 
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tumorigenesis if an oncogenic substrate is stabilized by USP18 (6–8). USP18 also functions 

as a negative regulator of interferon (IFN) signaling independent of its ISG15 deconjugase 

activity (13). DUB activity can affect carcinogenesis and these enzymes are potential 

antineoplastic targets (14).

We reported that altering USP18 levels affects stability of cyclin D1 protein in lung cancer 

(8). This study extends that prior work by showing loss of USP18 expression destabilizes 

KRAS protein in murine and human lung cancer cell lines. After observing this association 

between USP18 and KRAS proteins in lung cancer cells, it was hypothesized that reducing 

USP18 expression coordinately repressed KRAS protein. Repression of USP18 not only 

decreased KRAS protein stability, but also conferred KRAS mislocalization from the plasma 

membrane to the endomembrane compartment. In depth analyses of murine and human lung 

cancers confirmed an elevated level of USP18 occurred in murine and human lung cancers 

with mutant KRAS as compared to those with wild-type KRAS expression. Notably, in 

engineered compound mice having Kras activation and loss of USP18 expression there was 

a significant (P < 0.05) reduction in lung cancers when compared to mice with basal USP18 

levels. These and other findings presented here provide evidence that inhibiting the DUB 

USP18 is a way to combat lung cancers that express the KRAS oncoprotein.

Materials and Methods

Cell Culture

Murine (ED1, 344P, 393P and LKR13) lung cancer cell lines, human (H522, H2122 and 

HOP62) lung cancer cell lines and the immortalized murine pulmonary epithelial cell line 

C10 were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine 

serum (FBS) (Thermo Scientific). 293T human embryonic kidney cells and Platinum-E 

retroviral packaging cells (Plat-E) were cultured in DMEM medium (Invitrogen) 

supplemented with 10% FBS. Medium for Plat-E cells was supplemented with 10 μg/ml 

blasticidin (Invitrogen), 1 μg/ml puromycin (Invitrogen) and 1% penicillin-streptomycin 

(Invitrogen). Cells were cultured at 37°C in a humidified incubator with 5% CO2. Cell lines 

were obtained from American Type Culture Collection except for the murine ED1 lung 

cancer cell line (15), Plat-E cell line (Cell Biolabs), and 344P, 393P and LKR13 lung cancer 

cell lines (16). All cell lines were authenticated as previously described (15,16) and screened 

for mycoplasma using the MycoAlert PLUS Mycoplasma Detection Kit (Lonza). KRAS 
mutations were confirmed in studied cell lines, as previously reported (17).

Plasmids, siRNAs and Transient Transfection

Plasmids pCMV-HA-ISG15, pSG5-UBE1L, pCMV2-UBCH8, pcDNA4-USP18, pCGN-

KRAS(G12V), pPUR and pRetroX-IRES-ZsGreen1-USP18 were described before (6,8,18). 

Lentiviral pCMV-dR8.2 dvpr and pMD2.G plasmids were purchased (Addgene) along with 

the pCMV-GFP-USP18 plasmid (GeneCopoeia). Candidate TRC pLKO.1 lentiviral shRNAs 

repressing USP18 were purchased from GE Dharmacon. Respective vector controls were 

purchased. QuikChange II Site-Directed Mutagenesis Kits (Agilent) rendered pcDNA4-

USP18 enzymatically-inactive, as described (8). DNA sequence analysis confirmed desired 

engineered species. RISC-free control siRNA and two siRNAs independently targeting 
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USP18 were purchased (GE Dharmacon). These sequences were: murine USP18 siRNA 1 

(5′-CGTTGTTTGTCCAGCACGA-3′), murine siRNA 2 (5′-

AGGAACTCGAGGACGGAAA-3′), human USP18 siRNA 1 (5′-

CTGCATATCTTCTGGTTTA-3′), and human USP18 siRNA 2 

(5′GGAAGAAGACAGCAACATG-3′). Plasmids and siRNAs were transfected into desired 

cells using Lipofectamine 2000 reagent (Invitrogen) and Opti-MEM medium (Gibco 

Thermo Scientific).

Immunoblot Assays

Cells were washed with phosphate-buffered saline (PBS, Corning) and lysed with ice-cold 

Pierce RIPA Lysis and Extraction Buffer (Thermo Scientific) supplemented with Halt 

Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific). Proteins were resolved by 

SDS-PAGE before transfer to nitrocellulose membranes (Whatman). Membranes were 

blocked in 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for at least 1 

hour before overnight incubation at 4°C with primary antibody diluted in 5% nonfat milk or 

5% bovine serum albumin (BSA) in TBS-T. This was followed by three, 10 minute washes 

in TBS-T and a 40-minute incubation with secondary antibody diluted in 5% nonfat milk. 

After three additional, 10-minute TBS-T washes, antibody binding was visualized by 

Luminata Forte (EMD Millipore) and quantified by ImageJ software (imagej.nih.gov/ij). 

Antibodies independently used were: anti-USP18 (Cell Signaling #4813), anti-KRAS 

(Abcam #ab84573), anti-KRAS (Abcam #ab55391), anti-ISG15 (Cell Signaling #2743), 

anti-AKT (Cell Signaling #9272), anti-Phospho-AKT (Ser473) (Cell Signaling #9271), anti-

p44/42 MAPK (Erk1/2) (Cell Signaling #9102), anti-Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (Cell Signaling #9101) and anti-ß-Actin (Cell Signaling #3700). 

Antibodies that recognize USP18 were previously described (6). Secondary anti-mouse and 

anti-rabbit antibodies were purchased (Amersham Biosciences). Immunoblots were stripped 

using Restore PLUS Western Blot Stripping Buffer (Thermo Scientific). To assess KRAS 

protein stability, cells were treated with cycloheximide (CHX, 60 μg/ml) (Sigma-Aldrich) 

for 12 to 15 hours.

Quantitative Real-Time PCR Assays

For qRT-PCR assays, Kras forward primer (5′-AACAGGCTCAGGACTTAGCAA-3′) and 

reverse primer (5′-AAGGCATCATCAACACCCTGT-3′); murine Usp18 forward primer 

(5′-TTGGGCTCCTGAGGAAACC-3′) and reverse primer (5′-

CGATGTTGTGTAAACCAACCAGA-3′); murine Gapdh forward primer (5′-

AGGTCGGTGTGAACGGATTTG-3′) and reverse primer (5′-

TGTAGACCATGTAGTTGAGGTCA-3′); human USP18 forward primer (5′-

TGTGCCATGGAGAGTAGCAG-3′) and reverse primer (5′-

AGGTGGATTGTCAGGGTCTG-3′); human GAPDH forward primer (5′-

TGCACCACCAACTGCTTA-3′) and reverse primer (5′-

GGCATGGACTGTGGTCATGAG-3′) were used. Assays were performed, as before (6).

Stable Transfectants and Fluorescence Microscopy

Generation of stable KRAS transfectants was performed, as before (18). Retroviruses for 

stable gain of USP18 expression were generated in Plat-E cells and shRNA lentiviruses for 
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USP18 knockdown were generated in 293T cells, as described (8). KRAS expressing 

lentivirus to generate stable transfectants for immunofluorescence studies was described 

previously (19–21). Briefly, USP18 shRNA transfectants were infected with lentivirus co-

expressing mGFP-KRAS wild-type or KRAS G12V and mCherry-CAAX, an 

endomembrane marker (22). Colocalization of mGFP-KRAS with mCherry-CAAX was 

calculated using Manders coefficients (19).

Proliferation Assays

Cell proliferation was measured using the CellTiter-Glo Assay Kit (Promega). To assess for 

differences in interferon (IFN) response, cells were treated with or without Universal Type I 

IFNα (1000U/ml) (PBL Assay Science) for 3 days.

Immunohistochemistry

Formalin-fixed, paraffin-embedded non-small cell lung cancer (NSCLC) cases with adjacent 

histopathologically normal lung tissues were obtained from the Pathology Department of 

Dartmouth-Hitchcock Medical Center. In total, 82 adenocarcinomas with known KRAS 
mutational status were studied. USP18 immunohistochemistry (IHC) was with a Leica 

BOND-MAX™ automated stainer and Leica Bond Polymer Refine Detection reagents 

(Leica Microsystems Inc.) (6). Antibody specificity was confirmed using a blocking peptide 

(8). USP18 immunostaining was scored as follows: negative USP18 expression (0% of cells 

stained positive for USP18), low USP18 expression (+1 or 0–50% of cells stained for 

USP18) and high USP18 expression (+2 to +3 or 50–100% of cells stained for USP18). 

Cyclin D1 immunostaining of lung tumors from KrasLA2/+Usp18+/+ and KrasLA2/+Usp18−/− 

mice was described previously (23) with negative cyclin D1 expression (0% of cells stained 

positive for cyclin D1), low cyclin D1 expression (+1 or 0–50% of cells stained for cyclin 

D1) and high cyclin D1 expression (+2 to +3 or 50–100% of cells stained for cyclin D1). 

Average staining intensity and percentages of immunoreactive cells were recorded. USP18 

IHC was independently performed in paired normal-malignant lung tissues from cyclin E as 

well as Kras-driven lung cancers in engineered mouse models (24,25). Digital pathology 

image analysis (Aperio Image Toolbox, Leica Biosystems) determined H-score and 

measured percentages of stained cells (0–100%) and staining intensity (+0–3). This 

determined an IHC score ranging from 0 and 300. DAB (3,3-diaminobenzidine) HRP 

substrate was used for USP18 immunostaining and hematoxylin (Leica Biosystems) was 

used for counterstaining.

Mouse Models

FVB-Usp18 heterozygous mice were purchased (Jackson Laboratory). Mice were bred to 

generate FVB-Usp18 knockout mice, as before (26,27). FVB-KrasLA2/+ mice were provided 

by Dr. A. Balmain, University of California (25). Genotyping for Usp18 and Kras was with 

PCR assays and an established protocol (Jackson Laboratory) (Usp18 #007225 and Kras 
#008185). FVB-KrasLA2/+ and FVB-Usp18−/− mice were crossed to generate 

KrasLA2/+Usp18+/+, KrasLA2/+Usp18+/− and KrasLA2/+Usp18−/− mice. Mice were housed in 

a temperature- and humidity-controlled and pathogen-free environment with a 12 hour light/

dark cycle and ad libitum access to water and standard laboratory chow. Male mice that were 

KrasLA2/+Usp18+/+ (n = 25), KrasLA2/+Usp18+/− (n = 19) and KrasLA2/+Usp18−/− (n = 20) 
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were sacrificed at four months and lung tissues were harvested, formalin-fixed and paraffin-

embedded.

Study Approvals

All animal studies were reviewed and approved by the Institutional Animal Care and Use 

Committee (IACUC) at the Geisel School of Medicine at Dartmouth. The Dartmouth 

Committee for Protection of Human Subjects reviewed and approved studies with these 

human lung tissues that were unlinked to clinical identifiers. Studies were performed in 

accordance with the Institutional Review Board (IRB) oversight.

Statistics

Data are presented as mean with standard deviation bars, unless otherwise stated. Two-tailed 

Student’s t tests compared differences between groups. One-way ANOVA with Bonferroni 

correction was used for multiple comparisons. Results of independent experiments were 

pooled to assess statistical significance. Experiments were completed in triplicate with at 

least two replicates. Statistical significance was defined as P < 0.05.

Results

KRAS is Associated with USP18 in Lung Cancer Cell Lines

USP18 is a DUB that regulates stability of specific oncoproteins (6,8). Prior work reveals 

that repression of USP18 protein reduced growth of lung cancer cell lines (8). As expected, 

introduction of enzymatically-active USP18 (8) significantly (P < 0.01) overcame growth 

inhibition by USP18 knockdown (Supplementary Fig.S1). This indicates that loss of ISG15 

deconjugase activity is responsible for growth inhibition caused by engineered USP18 

repression in lung cancer cells. While investigating the effect of USP18 gain versus loss on 

cell growth in a broader panel of murine and human lung cancer cell lines, it was observed 

that proliferation of lung cancer cell lines expressing activated KRAS was affected by 

USP18 expression. Gain of USP18 expression enhanced (Fig.1A) and loss of USP18 

significantly (P < 0.05) reduced (Fig.1B and Supplementary Fig.S2) growth of KRAS 
mutant lung cancer cell lines. Prior work found these changes were accompanied by 

augmented apoptosis (8). Knockdown of USP18 increased growth inhibitory in response to 

IFNα treatment (8) in diverse lung cancer lines, including those with activated KRAS 
expression (Supplementary Fig.S3A and S3B).

These findings showed that reduced USP18 levels can antagonize growth of KRAS mutant 

lung cancers, Yet, destabilization of ISGylated proteins downstream of KRAS (8) might also 

be responsible for the growth inhibition observed after USP18 loss. To investigate whether 

there was a relationship between KRAS and USP18, basal expression levels of KRAS and 

USP18 were determined in immortalized lung epithelial and lung cancer cell lines. 

Quantitative real-time PCR (qRT-PCR) assays revealed differences in Kras and Usp18 
mRNA expression between the murine immortalized pulmonary epithelial line (C10), the 

cyclin E-driven murine transgenic lung cancer cell line (ED1) and murine lung cancer cell 

lines expressing activated Kras (Fig.1C). Immunoblot analyses revealed Kras mutant lung 

cancer cell lines that expressed high levels of KRAS protein also had abundant levels of 
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USP18 protein (Fig.1D). Given this, we hypothesized that manipulating USP18 levels 

altered KRAS protein expression.

USP18 Regulates KRAS Protein Stability

Because there is an association between endogenous KRAS and USP18 protein levels in 

lung cancer cell lines, we sought to learn if engineered loss or gain of USP18 expression 

influenced KRAS levels in these lung cancer cell lines. Independent engineered loss (Fig.

2A, Supplementary Fig.S4) and gain of USP18 expression (Fig.2B) respectively decreased 

and increased KRAS protein levels relative to controls, despite the presence of KRAS 
mutations. Changes in KRAS mRNA levels were not observed with loss of USP18 

expression (Supplementary Fig.S5) indicating USP18 regulates KRAS post-

transcriptionally. Restoration of USP18 levels in USP18-repressed cells augmented KRAS 

expression versus vector controls (Fig.2C). Lung cancer cell lines with repressed USP18 

displayed decreased phosphorylation of AKT and MAPK, major downstream signaling 

pathways of KRAS (Supplementary Fig.S6A (28). This was also observed in Usp18 null 

mouse lung tissues (Supplementary Fig.S6B) that showed significant (P < 0.001) and a trend 

towards significant (P < 0.1) declines in expression of phosphorylated-AKT and –MAPK, 

respectively, relative to Usp18 wild-type mouse lung tissues.

Enzymatic activity of USP18 enables this DUB to remove the post-translational ISG15 

modification from protein substrates (8,12,29). To determine that the ISG15-removing 

enzymatic activity of USP18 and not its IFN receptor inhibitory activity (13) conferred 

changes in KRAS protein levels, enzymatically-inactive USP18 was transfected into ED1 

lung cancer cells and KRAS protein expression was analyzed. Enzymatically-inactive 

USP18 did not affect KRAS protein relative to vector control (Fig.2D). Increased KRAS 

protein levels were only observed after transfection of enzymatically-active (wild-type) 

USP18. Recent work revealed that ISG15 and KRAS can regulate each other in breast 

cancer (30). This prior work was extended to show that the ISG15 pathway modifies KRAS 

in lung cancer cell lines (Supplementary Fig.S7A). This modification is decreased by gain of 

USP18 expression (Supplementary Fig.S7B). This indicates that USP18 likely regulates 

KRAS through its post-translational modification of ISGylation.

To explore consequences of USP18 repression on KRAS protein stability, KRAS expression 

in vector control transfectants were compared to those with gain versus loss of USP18 

expression in lung cancer cell lines. These cells were also studied following treatment with 

the protein synthesis inhibitor, CHX. USP18 levels are reduced in ED1 murine lung cancer 

cell lines, KRAS was substantially destabilized by ~50% after 8 hours of CHX treatment as 

compared to control cells that retained basal KRAS expression at the same time point (Fig.

3A). Expression of KRAS in USP18-repressed lung cancer cell lines was significantly 

reduced by 12 (P < 0.01) and 15 (P < 0.05) hours after CHX treatment. When overexpressed 

in HOP62 human lung cancer cell lines, USP18 stabilized KRAS after 12 hours of CHX 

treatment versus control cells where KRAS protein was destabilized after only 6 hours of 

treatment (Fig.3B). KRAS stability in USP18 expressed lung cancer cell lines significantly 

increased at 10 (P < 0.01) and 12 (P < 0.001) hours after CHX treatment. Since KRAS 
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protein is able to undergo degradation when mislocalized from the plasma membrane (31), it 

was determined whether loss of USP18 affected KRAS membrane localization.

Reduced USP18 Expression Mislocalizes KRAS Protein from the Plasma Membrane

KRAS protein localized to the plasma membrane can mediate downstream growth-

regulatory signals (32). Aberrant post-translational processing of KRAS interferes with 

KRAS plasma membrane localization and affects its oncogenic signaling (19,33). Whether 

reduced USP18 expression affected KRAS localization was investigated. Individual lung 

cancer cell lines engineered with reduced USP18 expression were co-transfected with wild-

type or mutant KRAS species along with the endomembrane marker CAAX. Subcellular 

localization and co-localization of each species with an endomembrane marker were 

analyzed by immunofluorescence. A greater proportion of wild-type KRAS (Fig.4A and 

Supplementary Fig.S8A) and mutant KRAS protein (Fig.4B and Supplementary Fig.S8B) 

was mislocalized from the plasma membrane when USP18 was repressed. USP18 

knockdown increased localization of both wild-type and activated KRAS protein to 

endomembrane compartments, providing a basis for the observed destabilization of these 

proteins.

Loss of USP18 Reduces Tumorigenicity of Kras-driven Lung Cancers in Mice

Studies that explored the relationship between KRAS and USP18 expression were extended 

to genetically-engineered mouse models of lung cancer. Activation of the Kras oncogene in 

KrasLA2/+ mice formed lung cancers that express high levels of KRAS protein (34). It was 

hypothesized that lung cancers in mice with somatic activation of Kras exhibited elevated 

USP18 protein levels. Normal and malignant lung tissues from FVB-KrasLA2/+ mice 

expressing activated Kras and also from a FVB-cyclin E-driven transgenic mice that do not 

express activated Kras species were each immunostained for USP18 expression. USP18 

expression levels were quantified and compared between malignant lung tissues from these 

respective mouse models. USP18 expression was significantly higher (P < 0.001) in lung 

tumors driven by activated Kras as compared to those driven by aberrant cyclin E expression 

(Fig.5A). These in vivo findings extend and support in vitro lung cancer cell line data shown 

in Fig.1C.

Since in vitro data revealed USP18 knockdown decreased KRAS protein stability it was 

sought to learn if Usp18 loss (Supplementary Fig.S9) affected lung cancer formation in the 

Kras-driven mouse model. Interestingly, KrasLA2/+Usp18−/− compound mice exhibited a 

significantly (P < 0.05) reduced average lung tumor number as compared to 

KrasLA2/+Usp18+/+ and KrasLA2/+Usp18+/− mice (Fig.5B). We next examined expression in 

these tissues of the growth-regulator cyclin D1 to determine if reduced USP18 levels 

affected this oncoprotein downstream of KRAS (8,35). Histological analyses of normal and 

neoplastic lung tissues revealed that KrasLA2/+Usp18−/− compound mice had significantly (P 
< 0.01) lower expression of cyclin D1 as compared to KrasLA2/+Usp18+/+ compound mice 

(Fig.5C). No significant differences were apparent in atypical adenomatous hyperplasia 

(AAH) or adenocarcinoma in-situ (AIS) lesions when comparing KrasLA2/+Usp18+/+ and 

KrasLA2/+Usp18−/− lung tissues (data not shown). The translational relevance of the 
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relationship between KRAS and USP18 expression was next examined in human lung 

adenocarcinomas.

USP18 is Augmented by Activated KRAS Expression in Human Lung Cancers

Activated KRAS is associated with increased KRAS mRNA (Supplementary Fig.S10A) and 

KRAS protein (36) expression in human lung cancers. It was proposed that human lung 

cancers with activated KRAS expression would have higher USP18 levels than wild-type 

KRAS lung cancer cases. This hypothesis was based on in vitro data showing that USP18 

protein was enhanced in lung cancer cell lines with engineered expression of activated 

KRAS (Supplementary Fig.S10B). USP18 expression profiles were then examined in 82 

lung adenocarcinoma cases and results were compared to adjacent histopathologically 

normal human lung tissues. Representative images are displayed for these NSCLC cases 

having low or high USP18 immunostaining (Fig.6A). Representative expression profiles of 

USP18 immunostaining in normal versus malignant lung tissues were shown in cases with 

wild-type or activating KRAS mutations (Fig.6B). As expected from prior work (8), 

quantitative analysis of USP18 immunostaining revealed that USP18 expression was 

significantly (P < 0.001) increased in malignant versus normal lung tissues (Fig.6C). 

Confirming translational relevance, KRAS mutant lung cancers had a significantly (P < 

0.05) larger proportion of cases with increased USP18 expression as compared to wild-type 

KRAS lung cancer cases (Fig.6D).

Discussion

Despite being one of the most frequently mutated oncogenes in cancer, there are currently 

no FDA-approved therapies for lung cancer cases with activated KRAS expression (1–3). 

This study adds to prior literature by reporting that the ISG15-specific DUB USP18 can 

regulate KRAS protein stability. This finding raised the prospect that inhibition of USP18 is 

useful in the treatment of KRAS mutant lung cancers. Of the many DUBs encoded in the 

human genome, the majority act in removal of ubiquitin from protein substrates (37). It is 

thus challenging to determine which DUB for ubiquitin optimally serves as an antineoplastic 

target. Conversely, USP18 is the major DUB for ISG15 and its loss substantially increases 

levels of ISG15-conjugated oncoproteins (8,12).

Prior work found that a regulatory loop exists between ISG15 and KRAS in breast cancer 

where ISG15 stabilizes KRAS by inhibiting its lysosomal degradation (30). This finding 

underscored that effects of KRAS ISGylation likely depend on tissue and cancer contexts. 

Indeed, this was observed in the ubiquitination of p53 (38). The data presented here 

demonstrate that ISG15 and KRAS can complex. Likewise, the ISG15-specific DUB USP18 

regulates KRAS protein stability. Preliminary mass spectrometry and site-directed 

mutational evidence points to potential ISG15 binding lysines within the C-terminal of 

KRAS that affect stability of this complexed protein (data not shown). Interestingly, these 

residues reside in the polybasic HVR region of KRAS that is involved in anchorage to the 

plasma membrane (32). Bulky post-translational modifications could interfere with the 

ability of KRAS to associate with the plasma membrane (33,39). ISG15 complex formation 

with the HVR domain of KRAS provides a mechanistic basis for mislocalizing KRAS from 
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the plasma membrane. Future studies will uncover whether mutations in the HVR domain 

can directly abrogate ISGylation and alter KRAS localization and stability. That work will 

determine the precise pathways involved in regulating KRAS stability once USP18 is 

repressed in lung cancer cells.

Both wild-type and mutant KRAS proteins are regulated by levels of USP18 expression. Yet, 

murine lung tumors and human lung cancer array data revealed that USP18 levels were 

significantly higher in cases with KRAS activation. Activated KRAS protein is known to be 

degraded more rapidly than wild-type KRAS protein (40). It is also possible that activated 

KRAS protein upregulates USP18 expression through IFN-ß-dependent signaling 

mechanisms (41). This would limit destabilization of proteins that undergo complex 

formation with ISG15. Thus, inhibition of USP18 would likely have a greater differential 

effect on mutant KRAS protein.

Findings revealed engineered KrasLA2/+/Usp18−/− mice developed significantly (P < 0.05) 

fewer lung cancers as compared to KrasLA2/+ mice. Previous work showed that enhanced 

immune response did not play a prominent role in tumor suppression in Usp18-deficient 

cells (42). Instead, lung cancers that formed in KrasLA2/+/Usp18−/−mice had decreased 

expression of USP18-regulated oncoproteins like cyclin D1. We hypothesize that decreased 

expression of KRAS and other USP18-regulated oncoproteins downstream of KRAS, such 

as cyclin D1 (35), antagonize Kras mutant lung cancer formation in KrasLA2/+/Usp18−/− 

mice. We also propose that destabilization of KRAS, cyclin D1 and other USP18-regulated 

oncoproteins downstream of KRAS contribute to the observed consequences of USP18 

reduced expression on lung cancer cells. Notably, engineered expression of oncogenic 

KRAS can induce senescence in cancer cells (43,44,45). Given this, it is not surprising that 

proteins downstream of KRAS like cyclin D1 (35) can rescue growth of USP18-repressed 

lung cancer cells (data not shown). It is interesting to note that many proteins regulated by 

ISG15 and USP18 are involved in the KRAS signaling pathway (8,46). Simultaneous 

destabilization of KRAS and other USP18-regulated proteins downstream of KRAS may 

play a functional role in reducing formation of Kras mutant lung cancers. Recent work 

indicates that many growth-regulatory proteins are altered by USP18 loss (46). Future work 

will establish whether these or other growth-regulatory proteins are affected by USP18, if 

they are downstream of KRAS signaling and whether they are repressed in KrasLA2/+/
Usp18−/− lung cancers.

Taken together, this study advances prior work by reporting that the DUB USP18 is a 

candidate enzyme for pharmacologic inhibition that triggers destabilization of the KRAS 

oncoprotein and possibly downstream signaling proteins. An optimal DUB inhibitor would 

simultaneously destabilize growth-promoting oncoproteins and thereby reduce 

tumorigenesis (47). Findings reported here and elsewhere provide a strong rationale for 

developing such an inhibitor of the DUB USP18. That inhibitor could act as a single agent 

or combined with other chemotherapeutic agents to combat lung cancers driven by the 

KRAS oncogene.
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Refer to Web version on PubMed Central for supplementary material.
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Implications

Taken together, this study highlights a new way to combat the oncogenic consequences of 

activated KRAS in lung cancer by inhibiting the DUB USP18.
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Figure 1. KRAS is associated with USP18 expression in murine lung cancer cells
(A) Engineered stable gain of USP18 expression increased lung cancer cell growth and (B) 
Constitutive loss of USP18 expression by shRNAs decreased cell growth in 393P and 

LKR13 murine lung cancer cell lines. Proliferation was monitored over 4 days. Growth of 

these cell lines was normalized to their respective proliferation on day 1. Representative 

immunoblots confirmed engineered expression and knockdown respectively of USP18 

protein in Figure 2A and B. (C) There is no association between Kras and Usp18 mRNA 

levels in murine lung cancer cell lines. Expression of Kras and Usp18 mRNAs were 

analyzed by qRT-PCR assays. Kras and Usp18 mRNA expression profiles were quantified 

relative to respective Gapdh mRNA and normalized to expression in C10 murine lung 

epithelial cells. (D) There is an association between KRAS and USP18 protein levels in 

murine lung cancer cell lines. Basal KRAS and USP18 protein expression profiles were 

quantified relative to respective actin expression and normalized to levels in C10 cells. The 

representative USP18 immunoblot was exposed for a brief time to avoid overexposure in 

lanes with abundant USP18 expression.
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Figure 2. Modifying USP18 expression alters KRAS protein levels
(A) Stable reduction of endogenous USP18 expression by shRNAs independently introduced 

into murine and human lung cancer cells decreased endogenous KRAS protein. Murine and 

human USP18 proteins were detected with mouse and human-specific antibodies, 

respectively. KRAS expression was quantified relative to actin expression and normalized to 

vector-transfected lung cancer cell lines. (B) Stable gain of expression of human USP18 by 

retrovirus introduced independently into murine and human lung cancer cells increased 

endogenous KRAS protein levels. Human USP18 protein was detected using a human-

specific USP18 antibody. Brief exposure times avoided overexposure of exogenous USP18 

protein. (C) Decreased KRAS protein conferred by reduced USP18 expression was restored 

by transiently overexpressing human USP18 in HOP62 lung cancer cells. Immunoblots were 

individually probed with KRAS and human-specific USP18 antibodies. KRAS was 

normalized to actin expression and compared between vector control and USP18 shRNA- as 
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well as USP18 shRNA/USP18 expression vector-transfected lung cancer cell lines. Reduced 

USP18 expression in HOP62 lung cancer cells after introduction of USP18-shRNA appears 

in panel A. (D) Expression of human enzymatically-inactive USP18 species did not change 

KRAS expression in ED1 lung cancer cells. Immunoblots were individually probed with 

KRAS and USP18 specific antibodies. KRAS levels were normalized to actin expression 

and compared between vector control, enzymatically-inactive USP18 and enzymatically-

active (wild-type) USP18 transfected lung cancer cell lines.
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Figure 3. USP18 regulates endogenous KRAS protein stability
(A) Endogenous KRAS protein stability decreased with USP18 knockdown. ED1 murine 

lung cancer cells stably expressing shRNA against USP18 were treated with cycloheximide 

(CHX) for 15 hours and results were compared to vector-transfected (control) cells. KRAS 

expression was quantified relative to actin expression at indicated times and normalized to 

the 0 hour time point (before CHX treatment). Murine USP18 protein expression was 

detected with a mouse-specific USP18 antibody. (B) Endogenous KRAS protein was 

stabilized by gain of USP18 expression. HOP62 lung cancer cells transiently overexpressing 

human GFP-tagged USP18 were treated with CHX for 12 hours and results were compared 

to vector transfected (control) cells. KRAS protein was quantified relative to actin 

expression at indicated times and normalized to the 0 hour time point (before CHX 
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treatment). Human USP18 protein expression was detected using a human-specific USP18 

antibody.
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Figure 4. Knockdown of USP18 protein redistributes KRAS protein from the plasma membrane 
to the endomembrane compartment
(A) ED1 murine lung cancer cells and H522 human lung cancer cells with constitutive 

knockdown of USP18 (Figure 2A) were stably transfected with mCherry-CAAX and mGFP-

KRAS (wild-type) or (B) mGFP-KRAS G12V (mutant) species. Cells were fixed and 

imaged by confocal microscopy. Manders coefficients were used to quantify the relative 

amount of KRAS associated with the endomembrane marker CAAX. Repression of USP18 

significantly (P < 0.001) mislocalized KRAS from the plasma membrane to endomembrane 

compartment. All magnifications are 60X.
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Figure 5. USP18 expression is higher in Kras mutant murine lung cancers and USP18 loss 
reduces tumorigenicity of Kras-driven murine lung cancers
(A) USP18 expression is significantly (P < 0.001) elevated in Kras-driven murine lung 

cancers relative to cyclin E-driven murine lung cancers. Representative USP18 

immunostaining of normal versus malignant lung tissues harvested independently from 

cyclin E-transgenic mice (n = 3) and KrasLA2/+ mice (n = 3). All magnifications are 20X. 

Average USP18 immunostaining in malignant lung was determined. (B) Loss of Usp18 
significantly (P < 0.05) decreased the number of Kras-driven murine lung cancers. Average 

lung tumor numbers of KrasLA2/+Usp18+/+ (n = 25), KrasLA2/+Usp18+/− (n = 19) and 

KrasLA2/+Usp18−/− (n = 20) mice were determined for each respective group. (C) Loss of 

Usp18 significantly (P < 0.01) decreased cyclin D1 expression in Kras-driven murine lung 

cancers. Representative cyclin D1 immunostaining of malignant lung with low versus high 

cyclin D1 expression are shown. All magnifications are 40X. Average cyclin D1 

immunostaining of lung cancer was determined in KrasLA2/+Usp18+/+ (n = 16) and 

KrasLA2/+Usp18−/− (n = 15) mice, respectively.
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Figure 6. USP18 immunostaining is augmented in human lung adenocarcinomas with activating 
KRAS mutations
Representative immunostaining of human lung adenocarcinomas with (A) low versus high 

USP18 expression. (B) Representative USP18 expression profiles are shown for KRAS 

wild-type versus mutant lung cancers relative to adjacent normal lung tissues. All 

magnifications are 40X. (C) USP18 immunostaining in normal (n = 76) versus malignant (n 
= 81) lung was compared and significantly higher (P < 0.001) USP18 levels were detected in 

the malignant lung. (D) USP18 immunostaining was compared in KRAS wild-type (n = 42) 

versus mutant (n = 39) lung cancer cases and significantly (P < 0.05) higher USP18 

expression was evident in cases where mutant KRAS was detected.
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