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Abstract: Background: Small cell lung cancer (SCLC) is commonly recognized as the most fatal lung cancer type. Despite

substantial advances in immune checkpoint blockade therapies for treating solid cancers, their benefits are limited to a

minority of patients with SCLC. Objective: In the present study, novel indicators for predicting the outcomes and

molecular targets for SCLC treatment were elucidated. Methods: We conducted bioinformatics analysis to identify the

key genes associated with tumor-infiltrating lymphocytes in SCLC. The functional role of the key gene identified in

SCLC was determined both in vitro and in vivo. Results: A significant correlation was observed between patient survival

and CD56dim natural killer (NK) cell proportion. Furthermore, we noted that the hub gene ubiquitin-specific protease

1 (USP1) is closely correlated with both CD56dim NK cells and overall survival in SCLC. Bioinformatics analysis

revealed that USP1 is upregulated in SCLC. In addition, gene set enrichment analysis revealed that USP1 overexpression

hinders NK cell-mediated immune responses. By co-cultivating NK-92 cells with SCLC cells, we demonstrated that NK

cell cytotoxicity against SCLC could be improved either via USP1 knock-down or pharmacological inhibition.

Furthermore, using a nude-mice xenograft tumor model, we noted that USP1 inhibition effectively suppressed tumor

proliferation and increased the expression of NK cell-associated markers. Conclusions: Our study findings highlight the

importance of NK cells in regulating SCLC. USP1 overexpression can inhibit NK cell-mediated immunity; therefore,

USP1 may serve not only as a prognostic biomarker but also as a potential molecular target of SCLC therapy.

Introduction

Small cell lung cancer (SCLC) is considered the most fatal type
of lung cancer; it accounts for approximately 15% of all lung
cancers [1]. Although most patients with SCLC initially
respond positively to cytotoxic chemotherapy, they
frequently develop resistance over time, resulting in a low
5-year survival rate of <7% [2,3]. Despite the application of
immune checkpoint blockade (ICB) to platinum-based
chemotherapy, there has been limited progress in patient

survival, with a large proportion of SCLC patients not
responding to ICBs [4,5]. To enhance the effectiveness of
therapeutic approaches, it is crucial to further elucidate the
patterns of immune infiltration and the interactions between
the immune system and tumors in SCLC.

The goal of ICB therapy is to enhance T-cell-mediated
responses by targeting T-cell checkpoints [6]. The
insensitivity of patients with SCLC to these T-cell-based
immunotherapies has increased the interest of researchers in
other cytotoxic immune cells, including natural killer (NK)
cells [7,8]. In the present study, a comprehensive analysis
was conducted to elucidate the correlation between immune
infiltration and the overall survival of individuals with SCLC
from two previously published cohorts [9,10]. We observed
a significant association between patients survival and
CD56dim NK cells. Ubiquitin-specific protease 1 (USP1) was
identified as a hub gene closely associated with these cells.
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USP1 is an important deubiquitinating enzyme that plays
a vital role in various cellular and biological processes,
including genome integrity maintenance, cell cycle
regulation, migration, and cellular homeostasis [11–13].
Recent evidence suggests the vital role of USP1 in both
innate and adaptive immunities; however, its specific role in
regulating the immune system remains unclear [14,15].
Furthermore, USP1 may contribute to cancer development
and metastasis [16,17]. In addition, studies have revealed
that increased USP1 expression is associated with a poorer
prognosis in different cancer types [18–20]. Nevertheless,
the role of USP1 in SCLC remains unclear.

In the present study, we found that USP1 was highly
expressed in SCLC and associated with poorer outcomes.
Furthermore, we have demonstrated that increased levels of
USP1 can hinder the immune responses of NK cells in
laboratory settings. Therefore, USP1 can serve as a
promising prognostic factor and therapeutic target in SCLC.

Materials and Methods

Data collection
RNA sequencing data and the clinical information of two
publicly available cohorts, namely, the George’ [9] and
GSE60052 [10] cohorts, were used to determine the
correlation between tumor-infiltrating lymphocyte (TILs)
and the overall survival of patients with SCLC. The George’s
cohort consists of 81 patients, while GSE60052 includes
79 patients. In addition, these two datasets were used to
identify the differentially expressed genes (DEGs) between
the high- and low-USP1 expression groups.

To identify the DEGs between cancer and normal
samples, the microarray dataset GSE149507 [21] was used;
this dataset comprises 18 paired SCLC and normal samples.
Furthermore, the datasets from the Oncomine database
(https://www.oncomine.org) and Cancer Cell Line
Encyclopedia (CCLE) database (https://portals.broadinstitute.
org/ccle/) were used to validate USP1 expression.

Immune infiltration analysis
Single-sample gene set enrichment analysis (GSEA) [22] of
the George’s et al. [9] and GSE60052 [10] cohorts was
performed to elucidate the relative abundance of 28 TILs.
The marker genes for immune cells were obtained from
Bindea et al. [23]. The following TILs were identified in this
analysis: activated B cell, memory B cells, immature B cells,
activated CD4 T cell, effector memory CD4+ T cells, central
memory CD4+ T cells, activated CD8 T cell, central memory
CD8+ T cells, effector memory CD8+ T cells, activated
dendritic cell, immature dendritic cells, NK cells, CD56bright

NK cell, CD56dim NK cell, eosinophil, gamma delta T cell,
NK T cells, regulatory T cells, T follicular helper cells, type
1 T helper cells, type 17 T helper cells, type 2 T helper cells,
macrophage, mast cell, myeloid-derived suppressor cell,
monocyte, neutrophil and plasmacytoid dendritic cell.

DEG analysis
DEGs in various subgroups were identified using the
limma R package. The p-values were adjusted using the

Benjamini-Hochberg false discovery rate correction to
account for multiple testing. We used the following
thresholds to determine differentially expressed genes
(DEGs): an absolute log2 fold change greater than 1.0 and a
false discovery rate adjusted p-value less than 0.05. The
SCLC samples from the George’s [9] and GSE60052 [10]
cohorts were analyzed by comparing samples with a high
proportion of CD56dim NK cells with those with a low
proportion. Furthermore, the GSE149507 cohort [21] was
used to identify the DEGs between tumor and normal
samples. Venn analysis was performed to identify the
common DEGs. Moreover, DEG analysis was performed by
comparing high-USP1 expression samples with low-USP1
expression samples in the George’s and GSE60052 cohort.

GSEA
The biological functions of USP1 were annotated via GSEA
[22] using the R package clusterProfiler. A gene set was
considered to be significantly enriched if the adjusted p-value
was <0.05. The enrichment analyses for Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways and Gene
Ontology (GO) terms were carried out using clusterProfiler.

Cell culture
The NCI-H446 SCLC cell line was purchased from the
American Type Culture Collection (USA). The cells were
cultured in RPMI-1640 medium (Gibco, USA) supplemented
with 10% fetal bovine serum (Gibco) in a humidified
incubator at 37°C with 5% CO2. The Department of
Hepatobiliary Surgery at Zhujiang Hospital of Southern
Medical University kindly provided NK-92 cells. The cells
were purchased from the Chinese National Collection of
Authenticated Cell Cultures and were cultured in RPMI-1640
medium supplemented with stable L-glutamine, 10% Fetal
Bovine Serum, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 200 IU/mL IL-2 (Cellcook, Guangzhou, China).

Cell transfection
To knock down USP1, Lipofectamine 3000 (Thermo
Scientific, USA) was used according to the manufacturer’s
instructions to transiently transfect the cells with a siRNA
against USP1 (GenePharma, Shanghai, China). The siRNA
sequences were as follows: USP1 siRNA-1, sense (5′-3′)
GGAUUUCACAGAUUCUCAATT, antisense (5′-3′)
UUGAGAAUCUGUGAAAUCCTT; and USP1 siRNA-2,
sense (5′-3′) GGUUAAAGUCUGCAACUAATT, antisense
(5′-3′) UUAGUUGCAGACUUUAACCTT.

Quantitative real-time polymerase chain reaction (qRT-PCR)
TRIzol reagent (Invitrogen, USA) was used to extract total
RNA from the cells. Subsequently, cDNA was synthesized
using 2 μg of RNA and the PrimeScript RT reagent kit
(Tiangen, Beijing, China), following the manufacturer’s
instructions. The ABI Illumina instrument (Foster, USA)
with SYBR Green (Tiangen) was used to perform qRT-PCR.
The PrimeScript RT reagent kit (Tiangen, Beijing, China)
was used to perform reverse transcription. Gene expression
was measured using the relative quantification (2−ΔΔCt)
method and normalized to GAPDH. The primer sequences
were as follows:
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USP1: F 5′-CTTGTTACCATTTGTGGGACTG-3′, R5′-
ATTGGCTTCATCCTTTAGAGCT-3′.

GAPDH: F 5′-AAATCAAGTGGGGCGATGCT-3′, R5′-
CAAATGAGCCCCAGCCTTCT-3′.

Western blotting
RIPA buffer (Thermo Scientific) was used to lyse the cells. The
bicinchoninic acid (BCA) protein assay kit (Beyotime,
Shanghai, China) based on the BCA method was used to
measure protein concentrations. Then, the cell protein
lysates were electrophoresed on 10% SDS-polyacrylamide
gels (Solarbio, beijing, China), transferred to polyvinylidene
fluoride membranes (Solarbio) and incubated with primary
and secondary antibodies. GAPDH served as the loading
control. Anti-GAPDH (ab8227) was purchased from Abcam
(UK) and anti-USP1 (DF2257) was purchased from Affinity
Biosciences (USA).

Immunofluorescence analysis
Cells were seeded into 24-well plates and incubated for 24 h,
with different concentrations of ML323 (Selleck, China).
Then, the cells were washed three times with PBS and
fixed with 4% paraformaldehyde (Solarbio). After
permeabilization with 0.1% Triton X-100 (Solarbio) for
10 min, the cells were blocked with PBS plus 1% BSA for
1 h. Cells were then incubated with the anti-USP1 primary
antibody (DF2257, Affinity) overnight at 4°C. After washing
three times with PBS, the cells were incubated with a
fluorescent secondary antibody (Alexa Fluor 488-conjugated
anti-rabbit antibody, Thermo Scientific) at room
temperature for 1 h. Then, 4′,6-Diamidino-2-phenylindole
(Sigma, USA) was used to stain the nucleus. A confocal
microscope (Nikon, ECLIPSE Ti2-E) with a 63× oil
objective lens was used to capture the images.

Lactate dehydrogenase (LDH)-release assay
The LDH release assay was performed to determine the
inhibitory effect of USP1 on NK cell cytotoxicity in SCLC
cells. Briefly, NCI-H446 cells transfected with either siRNA-
USP1 or control siRNA were seeded into 96-well plates at a
density of 3 × 104 cells/well and incubated for 24 h. Then,
NCI-H446 cells were cocultured with different densities of
NK-92 cells (described as effector to target ratio (E/T ratio)
= 25:1, 5:1 and 1:1). After coculturing for 4 h, cell-free
supernatants were harvested. The LDH levels in the
supernatants, released by damaged SCLC cells, were
determined using an LDH cytotoxicity assay kit (Beyotime,
China) following the manufacturer’s instructions.
Absorbance readings were taken at 490 nm using a
microplate reader (Spectra Max iD5).

Flow cytometry analysis
First, NCI-H446 cells were labeled with calcein violet AM
(Invitrogen) and then cocultured with NK-92 cells at a ratio
of 1:2 (target:effector) for 6 h. Thereafter, cells were
harvested using EDTA-free trypsin (Gibco), washed three
times with PBS, and resuspended in a binding buffer. Cells
were incubated with propidium iodide (Invitrogen) and
annexin V–fluorescein isothiocyanate (Beibo, China) in the
dark for 10 min, followed by measurements in a flow

cytometer (Beckman CytoFLEX). Annexin V-stained cells
were considered apoptotic cells. The results were expressed
as the percentage of apoptotic cells in total cells.

Tumor xenograft experiments
The Ethics of Animal Experiments of Guangdong Medical
University (Ethical number: GDY2302565) approved all
animal experiments. The Declaration of Helsinki was strictly
followed. Ten 3–4-week-old male BALB/c nude mice were
purchased from Guangdong Experimental Animal Center
and housed in a SPF-grade animal room; the mice were
randomly divided into two groups. Mice were
subcutaneously injected with 1 × 107 tumor cells (NCI-
H446) suspended in 150 µl PBS. On day 9 after
implantation, the tumors became palpable, with a diameter
of approximately 5 mm. Then, the USP1 inhibitor ML323
[19,24] (Selleck, USA) or vehicle solution was
intraperitoneally injected (days 10–21, every day) into mice.
After tumor formation, tumor size was monitored every
3 days. Four weeks after injection, all mice were euthanized
under general anesthesia. The following formula was used to
calculate tumor volume: (length × width2)/2.

Statistical analysis
R version 4.0.0 was used to perform statistical computations.
Univariate and multivariate Cox regression models were
used to determine the factors independently contributing to
overall survival. For multivariate Cox regression analysis,
we considered several potential confounding variables,
including age, sex, smoking history, and clinical stage as
covariates in our analysis. Survival curves were generated
using the Kaplan-Meier method and compared statistically
using the log-rank test. Comparisons between groups were
performed using the unpaired t-test or Mann-Whitney U
test. The two-tailed approach was used to conduct all
statistical tests. A p-value of <0.05 was considered
statistically significant. The statistical significance was
described as follows: ns, not significant; *p < 0.05; **p ≤
0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

Results

CD56dim NK cell abundance was an independent prognostic
factor for patients with SCLC
We investigated 28 types of TILs in SCLC samples from
George’s cohort [9] and the GSE60052 cohort [10] using the
single-sample GSEA algorithm. The correlation between
TILs and prognosis was analyzed using univariate Cox
regression analysis and KM survival analysis. Only CD56dim

NK cell abundance was significantly associated with patient
survival (George’s cohort: hazard ratio = 8.90E-07 [95%
confidence interval, 7.6E-10 to 0.001], p = 0.0001; GSE60052
cohort: hazard ratio = 0.00025 [95% confidence interval,
2.4E-7 to 0.26], p = 0.019; Figs. 1A and 1B and Suppl.
Table 1). Furthermore, multivariate analysis revealed that
even after adjusting for age, gender, smoking and clinical
stage, CD56dim NK cell abundance positively correlated with
overall survival in both cohorts (George’s cohort: hazard
ratio = 3.3E-6 [95% confidence interval, 2.7E-9 to 0.004],

USP1 FACILITATES TUMOR IMMUNE ESCAPE IN SMALL CELL LUNG CANCER 3



p < 0.001; GSE60052 cohort: 0.0001 [95% confidence interval,
2.1E-08 to 0.49], p = 0.03; Figs. 1C and 1D).

USP1 was identified as the hub gene correlated with CD56dim

NK cells
Fig. 2A illustrates a flowchart for hub gene identification. First,
the DEGs between high- and low-CD56dim NK cell samples
were analyzed to identify the hub gene associated with
CD56dim NK cells in SCLC. In George’s cohort [9], 691
upregulated genes and 304 downregulated genes were
identified in high-CD56dim NK cell samples (Fig. 2B).
Similarly, 650 upregulated genes and 82 downregulated
genes were identified in the GSE60052 cohort [10] (Fig. 2B).
Next, the differential gene expression of 18 paired SCLC
tumor and adjacent lung tissues from the GSE149507 [21]
cohort was analyzed; 2542 DEGs, with 1136 upregulated
genes and 1406 downregulated genes were identified
(Fig. 2B). Finally, 34 overlapping DEGs were identified
(Fig. 2B).

Seventy-seven patients with survival data from George’s
cohort [9] were subjected to survival analysis to determine
the potential prognostic value of the 34 candidate genes.
Among the identified genes, only USP1 was notably
correlated with overall survival (Fig. 2C). To further assess
the robustness and reliability of this association, we

performed a sensitivity analysis by comparing the
prognostic significance of USP1 expression at different
cutoff values. The sensitivity analysis, presented in Suppl.
Table 2, consistently demonstrated significant associations
between USP1 expression and overall survival across various
cutoff values. Furthermore, multivariate Cox regression
analysis revealed that USP1 gene expression was an
independent prognostic factor for overall survival; the
hazard ratio and 95% confidence interval were 1.03 and
1.03–3.60, respectively (p < 0.001, Fig. 2D). Subsequently,
USP1 was identified as the key gene in SCLC.

USP1 overexpression inhibited NK cell-mediated immunity
We compared USP1 expression in tumor and normal samples
from the GSE149507 cohort [21]. USP1 was significantly
expressed in the tumor samples (Fig. 3A). Furthermore,
using the Oncomine database, we observed that USP1
expression was markedly increased in SCLC tissues than in
Non-SCLC and normal lung tissues (Fig. 3B). Moreover,
using the CCLE database, we observed that USP1 expression
was the most elevated in SCLC cell lines compared to any
other type of cancer cell lines (Fig. 3C).

GSEA was performed to annotate the biological
functions of USP1. We noted the negative association
between USP1 and several NK cell-related pathways,

FIGURE 1. CD56dim NK cell abundance was an independent prognostic factor for patients with SCLC. (A) Kaplan-Meier curves depicting the
overall survival in the George’s cohort (Log-rank test). (B) Kaplan-Meier curves depicting the overall survival in the GSE60052 cohort (Log-
rank test). (C) Multivariate Cox regression analysis conducted on the George’s cohort to analyze the impact of CD56dim NK cell abundance on
overall survival. (D) Multivariate Cox regression analysis conducted on the GSE60052 cohort to analyze the impact of CD56dim NK cell
abundance on overall survival.
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including NK cell-mediated cytotoxicity, NK cell activation,
and NK cell-mediated immunity (Fig. 3D and Suppl. Fig. 1).

USP1 inhibition enhanced SCLC sensitivity to NK cell
cytotoxicity
To determine the effect of USP1 on NK cell cytotoxicity
against SCLC, we downregulated USP1 expression in NCI-
H446 cells via siRNA transfection and cocultured the cells
with NK-92 cells. Then, western blotting was performed to
assess the changes in USP1 protein levels (Fig. 4A). The
LDH assay revealed that USP1 knockdown significantly
enhanced NK cell cytotoxicity against SCLC cells (Fig. 4B).
Furthermore, flow cytometry analysis revealed a notable
increase in apoptosis levels when USP1 expression was
downregulated, in contrast to the control group (Figs. 4C
and 4D).

We next investigated whether pharmacological
inhibition of USP1 using ML323, a selective USP1 inhibitor,
can enhance NK-cell cytotoxicity against SCLC. NCI-H446
cells were treated with different concentrations of ML323
for 24 h. Immunofluorescence analysis and western blotting
revealed that ML323 significantly decreased USP1
expression (Figs. 4E and 4F). Subsequently, the apoptosis of
NCI-H446 cells cocultured with NK92 cells was assessed via
flow cytometry. There was an increase in the apoptosis of
ML323-treated SCLC cells (Figs. 4G and 4H).

USP1 inhibition suppressed SCLC growth in vivo
To determine tumor cell killing by NK cells, studies have
identified athymic nude mice with robust NK cell function

as appropriate models [25–27]. Therefore, we applied a
nude-mice xenograft tumor model to further confirm the
significance of USP1 inhibitors in SCLC. Nine days after
tumor transplantation, ML323 or PBS were intratumorally
injected into the mice daily for 11 days. After 28 days of
transplantation, mice were euthanized, followed by the
collection of xenograft tumors (Figs. 5A and 5B). Tumor
size was assessed at intervals of 3 days. We observed that
USP1 inhibition substantially impeded tumor growth (Figs.
5C and 5D). Immunohistochemical staining revealed
increased expression of NCR1, a reliable marker for NK
cells, in the USP1 inhibition group compared with the
negative control group (Fig. 5E).

Discussion

Considering the paucity of efficient molecular targets and the
unfavorable overall outcomes observed in individuals with
SCLC, performing investigations to identify prognostic
biomarkers and therapeutic molecular targets is vital. In this
study, we successfully identified USP1 as a prognostic marker
for SCLC. USP1 was strongly associated with CD56dim NK
cell infiltration, and USP1 overexpression in SCLC cells
suppressed NK cell-mediated cytotoxicity. These findings
suggest that USP1 impedes NK cell-mediated antitumor
immune responses, negatively affecting overall prognosis.

USP1 serves as a pivotal regulator of DNA repair
responses, particularly in the Fanconi anemia pathway and
DNA translation [11,12]. Moreover, USP1 can deubiquitinate
and stabilize DNA-binding protein inhibitors [28], which

FIGURE 2. USP1 was identified as the hub gene correlated with CD56dim NK cells. (A) The flowchart for hub gene identification. (B) Venn
diagram of hub genes identification. (C) USP1 expression was notably correlated to overall survival (Log-rank test). (D) Multivariate Cox
regression analysis revealed that USP1 gene expression was an independent prognostic factor for overall survival.
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play vital roles in various cancer-related processes, including
cell differentiation, migration, invasion, and metastasis
[29,30]. Consistent with our findings, USP1 levels are
increased in osteosarcoma, colorectal cancer, non-small cell
lung cancer, and gastric cancer [17,28,31,32]. Additionally,
high USP1 expression is correlated with the unfavorable
prognosis of renal cell carcinoma, ovarian cancer, and liver
cancer [18,19,33]. Many research studies have revealed the
role and mechanisms of USP1 in cancer growth and
metastasis. USP1 is involved in various tumor-related
activities, including controlling autophagy [24,34],
developing chemotherapy resistance [35,36], promoting cell
growth [37–39], and facilitating cellular movement [38,39].

Although researchers have acknowledged the essential role
of USP1 in oncogenesis and metastasis, its precise function in
SCLC remains unclear. Recent evidence has highlighted the
vital function of USP1 in immune regulation, encompassing
its role in controlling inflammation, promoting T helper type
17 cell differentiation, and inhibiting immunosuppressive
regulatory T cell differentiation [14,15,40]. In the present
study, we revealed that USP1 may inhibit NK cell-mediated
immune responses in cancer cells. GSEA revealed that USP1
is negatively correlated with various NK cell-related
pathways, including NK cell-mediated cytotoxicity, NK cell

activation, and NK cell-mediated immunity. Furthermore,
coculture experiments revealed that NK cells can efficiently
kill USP1-depleted SCLC cells and that USP1 inhibition
suppresses SCLC growth in vivo.

The effect of TILs on prognosis is different among
various cancer types because of the diverse tumor
microenvironment. Studies have revealed the correlation
between TILs and clinical results for different cancer types
[41–44]. To improve our understanding of the tumor
microenvironment in SCLC, we investigated different
immune cell populations and determined their effect on
clinical outcomes. Our study findings suggest that a high-
CD56dim NK cell count can serve as a positive prognostic
marker for SCLC. Two distinct human NK cell types are
known: CD56bright and CD56dim subsets. CD56dim NK cells
can promote antitumor responses owing to their intrinsic
cytotoxic capabilities [45]. In the present study, we
discovered that increased levels of CD56dim NK cells are
associated with the improved survival of patients with
SCLC, as revealed by both univariate and multivariate
analyses. Using genetically modified mouse models, Best
et al. [7] reported that the cytotoxic function of NK cells
regulates SCLC metastasis. Interestingly, the absence of
CD8+ T cells did not affect distant metastasis in vivo [7].

FIGURE 3. USP1 overexpression inhibited NK cell-mediated immunity. (A) USP1 expression was compared between tumor and normal
samples in the GSE149507 cohort. The statistical significance was determined using the Mann-Whitney U test. ****p ≤ 0.0001. (B) USP1
expression was compared between SCLC, NSCLC, and normal lung samples in Oncomine database. The statistical significance was
determined using the Mann-Whitney U test. **p ≤ 0.01; ****p ≤ 0.0001. (C) The expression of USP1 was evaluated in various types of
cancer cell lines from the CCLE database. (D) GSEA analysis was performed to analyze NK cell-related pathways.
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Considering the exceptional success of ICB therapy in
cancer treatment, tumor evasion from T cell immunity and
T cell-based immunotherapy has been the primary focus.

However, our study underscores the importance of NK-cell-
mediated immune response evasion in SCLC progression
and growth. T cells can identify cancer cells by detecting

FIGURE 4.USP1 inhibition enhanced SCLC sensitivity to NK cell cytotoxicity. (A) Western blotting was performed to assess USP1 expression
in NCI-H446 cells following siRNA transfection. (B) The cytotoxicity of NK-92 cells against NCI-H446 cells was measured using LDH assay at
different effector–target (E:T) ratios. The unpaired t-test was used to perform statistical analysis (**p < 0.01). (C) Flow cytometry was employed
to detect apoptosis in NCI-H446 cells co-cultured with NK-92 cells after siRNA transfection. (D) The apoptosis rate was calculated using the
mean and standard deviation. The unpaired t-test was used to perform statistical analysis (ns, not significant; **p < 0.01). (E)
Immunofluorescence assay was conducted on NCI-H446 cells after exposure to different doses of ML323 (Scale bar, 10 μm). (F) Western
blotting was performed to assess the expression of USP1. (G) Flow cytometry was utilized for apoptosis detection in NCI-H446 cells co-
cultured with NK-92 cells after treatment with ML323. (H) The apoptosis rate was calculated using the mean and standard deviation. The
unpaired t-test was used to perform statistical analysis (ns, not significant; **p < 0.01).

USP1 FACILITATES TUMOR IMMUNE ESCAPE IN SMALL CELL LUNG CANCER 7



altered or distinct peptide sequences presented by human
leukocyte antigen (HLA); however, the overall response rate
of ICBs is significantly low in patients with SCLC, despite
the substantial mutational burden observed in these
individuals. Decreased HLA expression may contribute to
this limited response. In contrast, NK cells can be a
compelling alternative for cancer immunotherapy because
they can eliminate cancer cells without relying on
neoantigens or HLA expression.

Animal models have demonstrated that NK cells can
hinder tumor metastasis [46,47]. In clinical settings, NK cell
activity is inversely correlated with cancer incidence [48,49].
On the other hand, NK cell infiltration into tumors is
associated with a better prognosis in several cancer types
[44,50,51]. In our study, we demonstrated that ML323
[19,24], a specific USP1 inhibitor, increases the susceptibility
of SCLC cells to NK cell-mediated cytotoxicity in vitro and
inhibits SCLC growth in vivo. ML323 was designed to

selectively target USP1, exhibiting potent inhibitory activity
with excellent selectivity over other deubiquitinases,
proteases, and kinases [52]. Compared to previous USP1
inhibitors with promiscuous profiles, ML323 offers superior
selectivity and limited cross-reactivity [52]. Its exceptional
specificity towards USP1 minimizes off-target effects,
ensuring the credibility and reliability of our results.

Collectively, our findings suggest that USP1 contributes
to the poor prognosis of SCLC by suppressing NK cell-
mediated antitumor immune responses. Considering its
observed overexpression and crucial role in various aspects
of cancer treatment, targeting USP1 emerges as a promising
therapeutic strategy for SCLC. Notably, the ongoing phase I
clinical trial (NCT05240898) is assessing the safety and
effectiveness of KSQ-4279, a USP1 inhibitor, in patients
with advanced cancer. USP1 plays a crucial role in DNA
damage repair, immune regulation, and chemotherapy
sensitization, making it an attractive target for SCLC

FIGURE 5. USP1 inhibition suppressed SCLC growth in vivo. (A) NCI-H446 cells (1 × 107) were subcutaneously injected into athymic nude
mice. Nine days after tumor transplantation, mice were intratumorally injected with either ML323 or PBS daily for 11 days. (B) Representative
pictures depicting the excised subcutaneous tumors on day 28. (C) Subcutaneous tumor size was measured every 3 days using calipers. Tumor
volume was calculated using the following formula: (length × width2)/2. The calculation was performed using mean and standard deviation.
The unpaired t-test was used to perform statistical analysis (***p < 0.001). (D) Tumor weight was measured during harvest; the results were
presented as mean ± standard deviation (unpaired t-test, ***p < 0.001). (E) Representative pictures of immunohistochemical staining of NCR1
in SCLC (Scale bar, 100 μm).
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treatment. However, it is important to recognize that the
development and clinical translation of USP1 inhibitors
pose certain challenges and risks. Achieving selectivity
among the USP family members is a major challenge due to
their high homology. To address this, Ongoing efforts aim
to enhance selectivity against the entire USPs or DUBs
family to minimize off-target effects. Another challenge lies
in determining optimal dosing strategies and treatment
regimens for USP1 inhibitors. The appropriate dosage and
scheduling of these agents would need to be carefully
established through preclinical studies and clinical trials to
achieve maximum efficacy with minimal side effects.
Furthermore, the potential benefits of targeting USP1 should
also be considered. While our study primarily focuses on
the role of NK cells in SCLC, it is important to consider the
possible involvement of other immune cell populations in
the tumor microenvironment. Investigating the interplay
between USP1 and various immune cell populations, such
as T cells, macrophages, and dendritic cells, would provide a
more comprehensive understanding of the complex immune
responses in SCLC. Overall, while targeting USP1 holds
promise as a therapeutic strategy for SCLC, further research
efforts are needed to fully comprehend their therapeutic
potential and determine the optimal application in SCLC
and other cancer types.

This study has several limitations. First, it is important to
acknowledge that the study sample size was relatively small,
which may limit the generalizability of the findings.
Therefore, further validation with larger independent cohorts
will be necessary to confirm and strengthen the observed
correlations. Second, we acknowledge that the quantification
of immune cell populations in our study was based on bulk
tumor gene expression data. While this approach provides
valuable insights into the overall immune landscape, it may
not fully capture the cellular heterogeneity within the tumor
microenvironment. To obtain more detailed insights, future
studies utilizing single-cell RNA sequencing or other
methods capable of capturing cellular heterogeneity are
warranted. Third, although we demonstrated an association
between increased USP1 expression and poor survival
prognosis as well as NK cell evasion, it is important to
acknowledge the limitations of inferring causation from
observational data. Future research aimed at investigating the
causal relationship between USP1, NK cells, and SCLC
would be valuable for further understanding the underlying
mechanisms. One potential direction for future research is
the use of interventional trials or genetically engineered
animal models to assess the effects of USP1 inhibition on
NK cell function and SCLC progression. Additionally, the
precise molecular mechanism by which USP1 inhibits NK
cell-mediated immunity remains incompletely understood.
Therefore, future investigations should focus on unraveling
the specific pathways and molecular events through which
USP1 influences NK cell responses.

In summary, USP1 is associated with the poor prognosis
of SCLC possibly by inhibiting NK cell-mediated cytotoxicity
against SCLC cells and inducing immune evasion. Additional
investigation on the role of USP1 as a potential therapeutic
target in SCLC is warranted and should be pursued in both
preclinical and clinical studies.
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FIGURE S1. GSEA revealed that USP1 was negatively associated with NK cell related pathways, including KEGG natural killer cell mediated
cytotoxicity (A), Go natural killer cell activation (B) and Go natural killer cell mediated immunity (C).
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SUPPLEMENTARY TABLE 1

Univariate Cox regression analysis of TILs in SCLC

George’s study (n = 77) GSE60052 dataset (n = 48)

HR 95% CI p-value HR 95% CI p-value

Activated B cell 0.53 (0.082–3.4) 0.5 0.02 (0.00038–1) 0.052

Activated CD4 T cell 1.1 (0.051–23) 0.96 0.028 (6.1e−05–13) 0.25

Activated CD8 T cell 0.73 (0.09–5.9) 0.77 0.00035 (6.5e-07–0.19) 0.013

Activated dendritic cell 0.095 (0.00076–12) 0.34 0.009 (1.6e−05–5) 0.14

CD56bright natural killer cell 850000 (13–5.7e + 10) 0.016 2.90E-06 (6.9e−10–0.012) 0.0028

CD56dim natural killer cell* 8.90E-07 (7.6e−10–0.001) 0.0001 0.00025 (2.4e−07–0.26) 0.019

Central memory CD4 T cell 0.042 (0.00019–9.4) 0.25 0.05 (0.00016–16) 0.31

Central memory CD8 T cell 0.14 (0.00054–37) 0.49 0.019 (8.4e−05–4.4) 0.15

Effector memeory CD4 T cell 26000 (20–3.5e+07) 0.0055 1.6 (0.0076–330) 0.87

Effector memeory CD8 T cell 0.49 (0.038–6.2) 0.58 0.035 (8e−04–1.6) 0.084

Eosinophil 0.21 (0.0069-6.1) 0.36 0.71 (0.011–44) 0.87

Gamma delta T cell 13 (0.032–5400) 0.4 0.043 (1.1e−05–170) 0.46

Immature B cell 0.89 (0.12–6.7) 0.91 0.051 (0.0016–1.6) 0.091

Immature dendritic cell 17 (0.041–7000) 0.36 0.0092 (5.6e−06–15) 0.22

Macrophage 0.85 (0.03–24) 0.93 0.27 (0.0032–22) 0.56

Mast cell 1.2 (0.049–27) 0.93 0.36 (0.015–8.8) 0.53

MDSC 0.62 (0.1–3.8) 0.61 0.043 (0.0014–1.3) 0.071

Memory B cell 0.1 (0.00025–40) 0.45 0.36 (0.0014–97) 0.72

Monocyte 0.00013 (2.7e−09–5.9) 0.1 0.046 (8.1e−05–26) 0.34

Natural killer cell 0.039 (7.1e−05–21) 0.31 2.70E-08 (2.8e−13–0.0027) 0.003

Natural killer T cell 6.1 (0.022–1700) 0.53 0.01 (4.2e−05–2.4) 0.1

Neutrophil 16 (0.066–4100) 0.32 0.55 (0.035–8.6) 0.67

Plasmacytoid dendritic cell 0.084 (3.9e−05–180) 0.53 8.20E-06 (5.3e−10–0.13) 0.017

Regulatory T cell 0.53 (0.038–7.2) 0.63 0.077 (0.00091–6.5) 0.26

T follicular helper cell 0.89 (0.011-70) 0.96 0.0016 (2.6e−06–0.92) 0.047

Type 1 T helper cell 0.54 (0.0067–44) 0.78 0.0064 (1.9e−05–2.1) 0.088

Type 17 T helper cell 0.29 (0.00063–140) 0.7 0.0046 (1.2e−06–18) 0.2

Type 2 T helper cell 1 (0.00076–1400) 1 0.15 (1e−04–220) 0.61
Note: *CD56dim NK cell abundance was significantly associated with patient survival in both George’s cohort and the GSE60052 cohort.

SUPPLEMENTARY TABLE 2

Sensitivity analysis of USP1 expression and overall survival at different cutoff values

Cutoff value
(USP1 high expression)

Hazard ratio 95% confidence interval p-value

>75% 2.1 1.1–3.9 0.019

>50% 2.2 1.2–3.9 0.011

>25% 5.2 2.2–13 <0.001
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