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ARTICLE INFO ABSTRACT

Keywords: Background: Small cell lung cancer (SCLC) is the most aggressive type of lung cancer. The overall survival has not
SKP2 improved significantly over the last decades because no major therapeutic breakthroughs have been achieved for
Small cell lung cancer

over 15 years.

Methods: We analyzed a genome-wide loss-of-function screening database to identify vulnerabilities in SCLC for
the development of urgently needed novel therapies.

Results: We identified SKP2 (encoding S-phase kinase-associated protein 2) and CKS1B (encoding CDC28 protein
kinase regulatory subunit 1B) as the two most essential genes in that order in SCLC. Notably, SKP2 and CKS1B
comprise the p27 binding pocket of the E3 ubiquitin ligase SCFS€P2 complex. Immunohistochemistry on tissue
microarrays revealed that SKP2 was expressed in >95% of samples at substantially higher levels than that
observed for commonly used neuroendocrine markers. As expected, SCLC cell lines were sensitive to SKP2 in-
hibition. Furthermore, SKP2 or CKS1B knockdown induced apoptosis in RBI mutant cells, whereas it induced
senescence in RB1 wild-type cells.

Conclusion: Although the mechanism underlying SKP2 knockdown-induced growth inhibition differs between
RB1-wild-type and -mutant SCLC, SKP2 can be considered a novel therapeutic target for patients with SCLC
regardless of the RBI mutation status. Our findings indicate that SKP2 is a potential novel clinical diagnostic
marker and therapeutic target in SCLC.

Apoptosis
Senescence
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1. Introduction [3-6]. However, a better understanding of the molecular mechanisms
underlying SCLC initiation and progression is warranted to identify

Small cell lung cancer (SCLC) accounts for approximately 15% of novel therapeutic targets for developing more effective chemotherapies.
lung cancers and is characterized by poor prognosis [1,2]. Current Whole-genome approaches have identified genetic alterations that
therapeutic options for SCLC are limited. The standard treatment has have provided new insights into the molecular events in NSCLC, leading
been immune-checkpoint inhibitor with or without platinum doublet to identifying genetic alterations and activated signaling pathways as

Abbreviations: CCLE, Cancer Cell Line Encyclopedia; CKS1B, CDC28 protein kinase regulatory subunit 1B; GO, Gene Ontology; ICso, half-maximal inhibitory
concentration; IHC, immunohistochemistry; INSM1, insulinoma-associated protein 1; NSCLC, non-small cell lung cancer; RNAi, RNA interference; RT-qPCR,
quantitative reverse transcription PCR; SCF, Skp1-Cullin 1-F-box; SCLC, small cell lung cancer; shRNA, short hairpin RNA; SKP2, S-phase kinase-associated protein 2;
TMA, tissue microarray.
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potential chemotherapeutic targets [7-10]. A large-scale molecular
study in SCLC did not reveal any targetable driver mutations; however,
genetic alterations in tumor suppressor genes such as TP53 and RB1 that
are not yet targetable were frequently observed [11], warranting a novel
approach for target identification. Genome-wide loss-of-function
screening is an effective approach to identify cancer vulnerabilities or
essential genes involved in cancer development and progression to
discover novel therapeutic targets in SCLC.

The F-box protein S-phase kinase-associated protein 2 (SKP2) is one
of four subunits of the Skpl-Cullin 1-F-box (SCF) complex, SCFSKP2,
SKP2 is the substrate specificity factor of the SCF**2 E3 ubiquitin ligase
that is involved in multiple cellular processes through degradation of
ubiquitinated targets [12]. The cell-cycle inhibitor p27, which is a SKP2
substrate, is targeted by SCFS¥* for ubiquitination and degradation [13,
14]. The binding and recognition of p27 as a substrate requires CKS1B,
which is an essential accessory protein for SCFSKP2 [15]. Other SCFSKP2
substrates include p21, p57, E2F1, p130, cyclin D, cyclin E, Smad4, Myc,
and FOXO1 that are involved in cell-cycle regulation, cell proliferation,
and apoptosis [16]. However, SKP2 is an oncogene that critically reg-
ulates essential cellular processes in cancer development and progres-
sion. SKP2-knockdown induces apoptosis in RB1-deficient cells,
including SCLC cells, by inducing synthetic lethality [17,18]. Therefore,
SKP2 is a novel potential therapeutic target.

In this study, we analyzed the online database of Broad Institute
genome-wide shRNA screening project, Project Achilles, which is
genome-wide loss-of-function screening project aimed at identifying
gene-knockdown viability effects (dependencies) with the aim of iden-
tifying vulnerabilities in SCLC and obtain potential therapeutic targets.

2. Materials and methods

Additional detailed methods are provided in the Online Data
Supplement.

2.1. Cell lines

The following cell lines were used: SCLC: SBC3, SBC5, H69, H82,
DMS114, H196, DMS273, H187, H446, and CORL279; NSCLC: A549,
H2170, Calu3, PC9, HCC827, H1975, H226 and H460; mesothelioma:
H2452, H28, MSTO-211, ACC-MESO-1, ACC-MESO-4, and Y-MESO-14;
breast cancer: MCF7; hematopoietic cancer: U937 and THP-1; immor-
talized human mesothelial cells: Met-5A; and immortalized human
bronchial epithelial cells: BEAS-2B.

2.2. RNA interference (RNAi)

Lipofection was performed to transfect the cells with three specific
small interfering (si)RNAs targeting SKP2 and a non-specific control.
The SKP2 target sequences are provided in the Online Data Supplement.

2.3. Viral infection

Lentiviral short hairpin (sh)RNA constructs were purchased from
The RNAi Consortium (Sigma-Aldrich, St. Louis, MO, USA). Lentiviral
vectors pHCMV-VSV-G and pCMV 08.91 were co-transfected into 293T
human embryonic kidney cells by lipofection. After 48 h, the superna-
tants containing the infective virus were used to directly infect the target
cells. After incubation for 24 h in growth medium, the transfected cells
were selected using puromycin or G418 and pooled for further experi-
ments. The SKP2 shRNA sequences are provided in the Online Data
Supplement.

2.4. Quantitative reverse transcription (RT-q) PCR

The RNeasy Mini Kit (Qiagen, Hilden, Germany), ReverTra cDNA
Synthesis Kit (Toyobo, Osaka, Japan), and Fast SYBR Green Master Mix
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(Applied Biosystems, Foster City, CA, USA) were used to extract RNA,
generate cDNA, and perform qPCR, respectively. The SKP2 primer se-
quences are provided in the Online Data Supplement.

2.5. Western blotting

Cells were lysed in RIPA buffer containing protease and phosphatase
inhibitors. The proteins (10 pg/lane) were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis followed by immu-
noblotting. Details of the reagents, antibodies, and methods used for
immunoblotting are provided in the Online Data Supplement.

2.6. Immunohistochemistry (IHC)

Tumor samples tissues that were obtained from SCLC patients at
Juntendo University Hospital. The study was approved by the Institu-
tional Ethics Committee of Juntendo University School of Medicine with
waiver of consent (21-019, June 4, 2021; 18-083, Feb 4, 2021). and all
participants gave written informed consent. Tumor tissues were stained
with anti-SKP2, anti-synaptophysin, anti-chromogranin, anti-CD56,
anti-INSM1, anti-ASCL1, anti-POU2F3, and anti-NEUROD1 antibodies.
The relevant details are provided in the Online Data Supplement.

2.7. Chemosensitivity assay

Cytotoxicity was assayed using a WST-8/Cell Counting Kit-8 (Wako,
Osaka, Japan) after 72 h of incubation with a SKP2 inhibitor (C1; Mil-
lipore, Sigma-Aldrich, Darmstadt, Germany).

2.8. Apoptosis assay

The cells were transfected with shSKP2 or shNT and incubated for
five days and stained using the MEBCYTO Apoptosis Kit (Annexin V-
FITC Kit, Tokyo, Japan). Apoptosis was assessed using fluorescence-
activated cell sorting.

2.9. Public datasets

The gene expression data from the Cancer Cell Line Encyclopedia
(CCLE) (https://portals.broadinstitute.org/ccle/data) were analyzed
using the Project Achilles v2.20.2 dataset (https://portals.broadins
titute.org/achilles) to identify genes involved in SCLC dependencies
with enriched genes having a p-value <0.0005. The enriched gene set
was functionally annotated using the Gene Ontology (GO) tool in DAVID
[19], and GO terms having a Benjamini-Hochberg-corrected p-value of
<0.05 were selected.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, USA). Unpaired, two-tailed Student’s
t-test, and ANOVA were used as appropriate to compare mean values.
Statistical significance was set at p < 0.05.

3. Results
3.1. Identification of SCLC vulnerabilities

Analyzing the Project Achilles data, we identified 197 genes enriched
in SCLC (p < 0.0005) (Supplementary Table 1). GO analysis of the
enriched genes revealed pathways involved in p27 regulation and E2F1
destruction (Table 1). Notably, SKP2 and CKS1B, which encode com-
ponents of the E3 ubiquitin ligase complex SCF**2 and form the p27
binding pocket, were ranked in the top two. Analyzing SKP2 expression
in various cell lines to identify potential correlation between SKP2
expression and dependency showed that SKP2 expression was higher in
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Table 1
Enrichment analysis of the 197 genes.

Pathway analysis P-Value Related Gene

Regulation of p27 0.000647  S-phase kinase associated protein 2 (SKP2)
pathway E2F transcription factor 1 (E2F1)

E2F1 Destruction 0.008052  CDC28 protein kinase regulatory subunit 1B
Pathway (CKS1B)

Transcription factor Dp-1 (TFDP1)

SCLC cell lines than in NSCLC cell lines in the CCLE (Fig. 1A). However,
SKP2 expression and dependency was significantly negatively correlated
in SCLC but not in NSCLC, indicating that SKP2 may play an important
role in SCLC (Fig. 1B and C). Validating SKP2 expression in SCLC cell
lines using qPCR and western blotting showed that SKP2 expression was
significantly higher in SCLC cell lines than in non-lung cancer and
NSCLC cell lines (p < 0.001) (Fig. 1D and E). The protein expression of
SKP2 and p27, but not p21, tended to be negatively correlated (Fig. 1F).
We also investigated the expression of the SKP2 substrates p21 and p27
(Fig. 1G).
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3.2. Immunohistochemistry analysis of SKP2

The results of hematoxylin and eosin staining and IHC analysis of
SKP2 in Fig. 2A showed that SKP2-positive staining was distributed in
the nucleus, whereas synaptophysin and chromogranin A staining were
distributed in the cytoplasm and cytomembrane, respectively.

SKP2 staining was more intense than that of synaptophysin and
chromogranin A. IHC analysis of samples from 73 patients with SCLC
and large cell neuroendocrine carcinoma and had undergone surgical
tumor resection was performed using a tissue microarray (TMA). To
compare the sensitivity of SKP2 staining with that of commonly used
SCLC markers, staining for SKP2, synaptophysin, chromogranin A, CD56
and insulinoma-associated protein 1 (INSM1) was classified as positive
or negative. It was observed that SKP2 and INSM1 showed comparable
positivity (Fig. 2B). Notably, SKP2 was positive in 95.8% of samples, and
the positive rate for SKP2 was higher than that for the other markers
(Table 2). We determined whether SKP could be detected in small tissue
specimens by performing SKP2 IHC staining of small biopsy specimens,
such as transbronchial lung biopsies (Fig. 2C). Similar to that observed
for the surgical specimens, SKP2 and INSM1 had comparable positive
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Fig. 1. Identification of small cell lung cancer (SCLC) vulnerabilities

B-actin 1---_ - — --*4}

(A) SKP2 gene expression in SCLC and non-small cell lung cancer (NSCLC) cell lines in the cancer cell line encyclopedia (CCLE) database. *p < 0.05, two-tailed
unpaired Mann-Whitney test. (B, C) Correlations between SKP2 expression and dependency in SCLC (B) and NSCLC (C) in the CCLE database. Pearson’s correla-
tion coefficients are shown. (D) SKP2 mRNA levels in various cancer cell lines including SCLC (SBC3, SBC5, DMS114, H196, H69, H82, DMS273, H187, CORL279,
and H446), NSCLC (A549, H1975, HCC827, PC9, H2170, Calu3, and H226), mesothelioma (ACC-MESO-1, ACC-MESO-4, Y-MESO-14, MSTO-211, H2452, and H28),
breast cancer (MCF7), hematopoietic cancer (U937 and THP-1) cells lines, immortalized human mesothelial cells (Met-5A), and immortalized human bronchial
epithelial cells (BEAS-2B). (E) Comparison of SKP2 mRNA expression levels in others, NSCLC and SCLC; data are expressed as mean +SD; *p < 0.05, two-tailed
unpaired Mann-Whitney test. (F) Left: Correlation between SKP2 expression and p27 expression. Right: Correlation between SKP2 expression and p21 expres-
sion. Pearson’s correlation coefficients are shown. (G) Protein expression of SKP2, p21, and p27. p-actin was the loading control.
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Fig. 2. IHC analysis of SKP2 and neuroendocrine markers in SCLC
(A) Representative hematoxylin and eosin staining and IHC staining of SKP2, synaptophysin, and chromogranin A in SCLC. Upper panel: 4 x magnification. The scale
bar represents 500 pm. Lower panel: 80 x magnification. The scale bar represents 25 pm. (B) IHC staining of SKP2, synaptophysin, chromogranin A, CD56, and
INSM1 on TMA slides. Representative images of IHC slides to illustrate positive (+) and negative (—) staining of SKP2, chromogranin A, synaptophysin, INSM1, and
CD56. Upper panel: 4 x magnification. The scale bar represents 500 pm. Middle and lower panels: 20 x magnification. The scale bar represents 100 pm. (C) IHC
staining of SKP2 on small specimens collected used bronchoscopy. 20 x magnification. The scale bar represents 100 pm.

Table 2

Positive SKP2, chromogranin A, synaptophysin, INMS1, and CD56 staining on a
tissue microarray (TMA).

N=73 SKP2 Synaptophysin ~ Chromogranin INSM1 CD56
A
Positive 70 66 (90.4%) 29 (39.7%) 62 58
(95.8%) (84.9%) (79.4%)
Negative 3 7 44 11 15
Table 3

Positive SKP2, INSM1, synaptophysin, chromogranin A, and CD56 expression in
immunohistochemistry (IHC) staining of small biopsy specimens.

N=234 SKP2 INSM1 Synaptophysin ~ Chromogranin CD56
A
Positive 31 31 25 (73.5%) 23 (67.6%) 32
(91.2%) (91.2%) (94.1%)
Negative 3 3 9 11 2

904

rates but the positive rate for SKP2 was higher than those for other
markers, indicating that SKP2 staining can diagnose SCLC (Table 3). To
determine the accuracy of SKP2 as a diagnostic marker, we used a TMA
consisting of 175 lung adenocarcinoma samples. The positive rate was
18.2% (32/175 cases), which was significantly lower than the positive
rate observed in SCLC samples. These results indicated that SKP2 has a
high sensitivity (95.8%) and specificity (81.7%) in the diagnosis of
SCLC, suggesting that it is a useful discriminative biomarker (Supple-
mentary Table 2). Moreover, in the TMA, all three SKP2-negative cases
stained INSM1-positive and all 11 INSM1-negative cases were SKP2-
positive (Supplementary Table 3). Similarly, in small biopsy speci-
mens, all three SKP2-negative cases were INSM1-positive and all three
INSM1-negative cases were SKP2-positive (Supplementary Table 4).
These results suggested an inverse relationship between SKP2 and
INSM1. Recently, large transcriptomic data have been used to classify
novel molecular subtypes of SCLC [20]; Therefore, additional staining
for ASCL1, NEUROD1, and POU2F3 was performed on the SCLC TMA
(Supplementary Table 5); however, none of these subtypes showed a
correlation with the SKP2 staining results (Supplementary Table 6).
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Similarly, we evaluated the subtype expression of cell lines based on
literature. The results showed diverse expressions among cell lines, and
no bias in subtypes was observed in the cell lines used in our experiments
[21].

3.3. SKP2 and CKS1B knockdown induces apoptosis in RB1-mutant cells
but not in RB1-wild-type cells

We validate the dependency identified in the Project Achilles data by
performing chemosensitivity assays of SCLC and NSCLC cell lines. As
expected, the ICsg values of the SKP2 inhibitor C1 were significantly
lower in SCLC cell lines than in the NSCLC cell lines (Fig. 3A and B). ICsq
values did not significantly differ between RBI-mutant and RBI-wild-
type SCLC cell lines, indicating that SCLC is sensitive to SKP2 inhibition
regardless of the RB1 mutation status. To address the potential mecha-
nism underlying the high dependency of SCLC on SKP2, we knocked

Respiratory Investigation 62 (2024) 901-909

down endogenous SKP2 using lentivirus-driven shRNA constructs
(shSKP2) and siRNAs. Two shRNAs (#1 and #2) and three siRNAs (#1,
#2, and #3) effectively knocked down endogenous SKP2 protein levels,
as confirmed using western blotting (Fig. 3C). Investigating whether
SKP2 knockdown induces apoptosis showed that cleaved caspase 3
expression was induced following SKP2 knockdown in RBI-mutant
SCLC cell lines, H196, and DMS273 but not in DMS114 RB1-wild-type
SCLC and A549 NSCLC cells (Fig. 3C). Annexin V staining confirmed
apoptosis induction in RBI-mutant SCLC (Fig. 3D). In addition, we
knocked down CSK1B, an essential accessory protein of SCFSKP2 and
also ranked in the top two in the Project Achilles data analysis, in RB1-
mutant/wild-type cell lines. The knockdown efficiencies of siCKS1B and
shSKS1B are shown in Supplementary Figs. 1A and B. The results
showed that RB1-mutant cells were induced into apoptosis, which were
the same results as those observed after SKP2 knockdown (Fig. 3E).

(A) (B)
150 —e— DMS273
—— H196 10
—8- SBC3 -
—A— SBC5 =
<100 -¥- DMS114 £ 8-
: TET :
=5 —a—  H460 < 67 1
g m;
= 50 k= 4
S <
& 24
N~
w
0 0-
S A DO ™ ® DD
0.1 1 10 %Q)C)()Qq‘)], &O&c{/\&\\ \2:\0: ng ?(Qb\
SKP2 inhibitor (C1) (umol/L) 5 R
(€)
A549  DMS114 H196 DMS273 H196 DMS273
SKP2 [gm - = | =] = - 37
Cleaved |l S SN W = W0 S S
caspase-3 — - 25

Bactin e — = = = | [ - -

[ e e e | [ —— - - |__37

NT #1 #2 NT #1 #2 NT #1 #2 NT #1 # NT#1 #2 #3 NT #1 #2 #3 (kDa)
shSKP2  shSKP2 shSKP2 shSKP2 SiSKP2 SiSKP2
(RB1-wild) (RB1-mutant) (RB7T-mutant) (RBT-mutant) (RB1-mutant)
(D) (E)
801 * o
— i
A4

60—

. E_ DMS114 DMS273 DMS114 DMS273
§40- Cleaved e — i - | | e e g |
o caspase-3

7 'i' B-actin [me == we=] [ . S [ | [ -]

ﬂ,_,_:}_,_
NT shSKP2 NT shSKP2 NT shSKP2

A549 DMS273 H196
(RB1-mutant)

NT #1 #2 NT #1 #2 NT #1 #2 NT #1 #2
shCKS1B shCKS1B siCKS1B siCKS1B
(RB1-wild) (RB1-mutant) (RB1-wild)  (RB7-mutant)

Fig. 3. SKP2 suppression induces apoptosis in RBI-mutant cells but not in RBI-wild-type cells

(A, B) Chemosensitivity assay in SCLC cell lines and other cancer cell lines in t

he absence or the presence of the indicated concentrations of the SKP2 inhibitor C1.

ICs0 values are shown in the bar graph. Data from at least three independent experiments are presented as mean +SD. (C) Left: Protein expression of SKP2 and
cleaved caspase 3 in A549, DMS114, H196, and DMS273 cells infected with shNT or shSKP2 (#1 and #2). p-actin was the loading control. Right: Protein expression
of SKP2 and cleaved caspase 3 in H196 and DMS273 cells transfected with si-control or siSKP2 (#1, #2 and #3). p-actin was the loading control. (D) Percentage of
apoptotic cells determined using Annexin V staining. A549, DMS273, and H196 cells transfected with si-control or si SKP2 #1. Data from three independent ex-
periments are presented as mean +SD; *p < 0.05, two-tailed unpaired Student’s t-test. (E) Left: Protein expression of cleaved caspase 3 in DMS114 and DMS273 cells
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3.4. Mechanism underlying SKP2 knockdown-induced apoptosis in RB1-
mutant cells

We investigated the mechanism underlying SKP2 knockdown-
induced apoptosis in RBI-mutant SCLC by focusing on p27 as C1 pre-
vents p27 from binding to the pocket housing the interface of SKP2 and
CSK1B, which were the top two dependencies identified in Project
Achilles. Western blotting following SKP2 knockdown showed that p27
protein expression levels increased in both RBI-mutant and RBI-wild-
type cell lines (Fig. 4A). We investigated p27 involvement in SKP2
knockdown-induced apoptosis by generating p27-overexpression RBI-
mutant cell lines. Unexpectedly, p27 overexpression did not induce
cleaved caspase 3 (Fig. 4B), indicating that other molecules are involved
in SKP2 knockdown-induced apoptosis. Furthermore, western blotting
was performed in RB1-mutant cell lines to investigate the expression of
the SKP2 substrates c-Myc, FOXO1, CDK2, cyclin D, cyclin E, cyclinA,
p27, and p21, which are involved in apoptosis and the cell cycle
(Fig. 4C). Cyclin A plays a critical role in SKP2 knockdown-induced
synthetic lethality [22]; however, apoptosis showed no correlation
with the expression of these proteins.

3.5. SKP2 knockdown induces senescence in RB1-wild-type SCLC

To analyze RB1-wild-type SCLC sensitivity to SKP2 knockdown even
in the absence of apoptosis induction, we elucidated the mechanisms
underlying the high dependency on SKP2 in RBI-wild-type SCLC by
investigating whether SKP2 knockdown induces senescence as observed
previously in cancer cells [23]. As expected, SKP2 knockdown sup-
pressed cell growth in RB1-wild-type, DMS114, and SBC3 cells (Fig. S5A).
B-Galactosidase staining revealed that p-galactosidase stain-positive
RB1-wild-type cell numbers increased following SKP2 knockdown, and
their morphology was drastically altered with cells presenting a
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flattened, enlarged, and irregular shape—indicative of SKP2
knockdown-induced senescence (Fig. 5B). The percentage of p-galacto-
sidase stain-positive cells in shSKP2-infected SBC3 and DMS114 cells
was significantly higher than that in control cells (Fig. 5C). Thus, SKP2
knockdown induced either apoptosis or senescence depending on the
RB1 mutation status. Interestingly, CKS1B knockdown inhibited cell
proliferation and increased the number of f-galactosidase stain-positive
cells with a senescent morphology in RB1-wild-type DMS114 and SBC3
cells, indicating that CKS1B knockdown induces senescence in
RB1-wild-type SCLC cells (Fig. 5D-F). These results suggested that the
SCFS¥P2 E3 ubiquitin ligase, which is composed of SKP2 and GSK1B, may
be a potential therapeutic target for RB1-mutant and wild-type SCLC
patients.

4. Discussion

IHC analysis of the neuroendocrine markers effectively improves
SCLC diagnosis and its differential diagnosis [24,25]. Synaptophysin
and chromogranin A staining are typically weak in SCLC, whereas CD56
is the most sensitive neuroendocrine marker for SCLC. However, 10% of
SCLCs are negative for all three commonly used neuroendocrine markers
[26-28]. In this study, we demonstrated that SKP2 is highly expressed in
SCLC. To our knowledge, this is the first study to compare SKP2 with
established SCLC immunostaining markers; SKP2 staining was sub-
stantially clearer, intense, and more sensitive than synaptophysin,
chromogranin A, and CD56. INSM1 is essential for neuroendocrine dif-
ferentiation and a recently reported marker for SCLC [29]. In this study,
INSM1 and SKP2 showed comparable sensitivity, and as both are nuclear
markers, their combined use with conventional cytoplasmic markers
may facilitate diagnosis. While the incidence of false negatives for
conventional SCLC markers is considerably elevated in limited biopsy
specimens, our analysis showed that SKP2 IHC had a sensitivity of 91.2%
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(A) Proliferation of DMS114 and SBC3 cells infected with shNT or shSKP2. Data from three independent experiments are presented as mean +SD; *p < 0.05, two-
tailed unpaired Student’s t-test. (B) p-Galactosidase staining images of DMS114 and SBC3 cells infected with shNT or shSKP2. (C) Quantification of p-galactosidase
staining in cells infected with shNT or shSKP2. Data are shown as mean +SD; *p < 0.05, two-tailed unpaired Student’s t-test. (D) Proliferation of DMS114 and SBC3
cells infected with shNT or shCKS1B. Data from three independent experiments are presented as mean +SD; *p < 0.05, two-tailed unpaired Student’s t-test. (E)
B-Galactosidase staining images of DMS114 and SBC3 cells infected with shNT or shCKS1B. (F) Quantification of p-galactosidase staining in cells infected with shNT
or shCKS1B. Data are shown as mean +SD; *p < 0.05, two-tailed unpaired Student’s t-.test.

in small biopsies. Notably, SKP2 staining demonstrated superior sensi-
tivity to synaptophysin, chromogranin A, and CD56 staining, and com-
parable sensitivity to INSM1 staining. Furthermore, all SKP2-negative
cases were INSM1-positive and all INSM1-negative cases were-SKP2
positive in both the TMA and small biopsies. In contrast, conventional
neuroendocrine markers did not show a relationship with SKP2 or
INSM1. This indicates a complementary marker relationship between
SKP2 and INSM1, and the combination of SKP2 and INSM1 is expected
to further improve diagnostic sensitivity.

SCLCs appear to be converging on a new model of SCLC subtypes
defined by differential expression of several transcription factors [30].
Classification into these subtypes reportedly predicts the efficacy of
immune checkpoint inhibition [20]. Our TMA analysis showed that
SKP2 was present in 95.3% of cases, suggesting its widespread and
subtype-independent expression. Consequently, we did not find any
potential correlations between these subtypes and SKP2, possibly
because of the extremely high positivity rate of SKP2, which allows
targeting all subtypes.

TP53 and RBI are the most frequently genetically altered SCLC
tumor suppressor genes [11]. The primary challenge in targeting tumor
suppressor genes is the difficulty in restoring their function, which is
overcome by using synthetic lethality [31]. Zhao et al. showed that SKP2
knockdown induced robust apoptosis in RB1-deficient cells by inducing
synthetic lethality [18] Thus, SKP2 could be a therapeutic target for
patients with RB1-deficient SCLC.

We confirmed the screening findings using chemosensitivity assays
using the SKP2 inhibitor C1, which inhibits p27 binding to the SCFS¥?2
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complex [32,33]. As expected, SCLC cells were sensitive to C1, sug-
gesting that p27 is involved in apoptosis in RB1-deficient cell lines.
Moreover. SKP2 deletion sufficiently prevented tumorigenesis in
RB1-deficient mice. Moreover, these effects of SKP2 deletion were
phenocopied by knock-in of a p27T187A mutant that cannot be ubiq-
uitinated by SKP2 [22], indicating that the antitumor effect induced by
SKP2 deletion in RB1-deficient mice depends on p27. However, p27
overexpression failed to induce apoptosis in RBI-mutant SCLC cell lines.
Furthermore, although p27-dependent induction of apoptosis via cyclin
A in RB1l-deficient cells has been shown [22], cyclin A showed no
consistent expression trend and was not involved in the mechanism of
action of SKP2. Further studies are required to clarify this.

Next, we investigated the mechanism underlying the high SKP2 de-
pendency in RB1-wild-type SCLC. Besides genetic RB1 alteration, pRb is
inactivated by several mechanisms such as p16 loss, cyclin D over-
expression, and epigenetic regulation [34,35]. Therefore, the pRb
pathway may be inactivated by one of these mechanisms in RB1-wild--
type SCLC. SKP2 knockdown induced apoptosis in RB1-mutant cells but
not RBI-wild-type cells, indicating that different mechanisms are
involved in SKP2 dependency. p-Galactosidase staining results
confirmed that SKP2 knockdown induces senescence in RBI-wild-type
SCLC. Notably, we extended our investigation to CKS1B, a binding
partner of SKP2 that forms a complex with SCF’%*2, and found that
CKS1B knockdown had similar effects as SKP2 suppression. These results
suggest that the SKP2-CKS1B complex plays a critical role in regulating
apoptosis or senescence in SCLC cells. Further investigations are
required to unravel the mechanism of senescence induced by
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suppression of the SKP2-CKS1B complex.

A major limitation of the present study is that the data demonstrating
the sensitivity of SCLC cells to SKP2 knockdown were solely obtained
from in vitro experiments. Validation of the observed inhibitory effects
in an in vivo setting using murine models is warranted. SCLC sensitivity
to SKP2 inhibitors resulted in apoptosis in RBI-mutant SCLC and
senescence in RBI-wild-type SCLC. The reasons for the varying out-
comes in the presence or absence of RB1 mutation remain unclear and
require further analysis.

5. Conclusions

In conclusion, SKP2 staining is more intense and sensitive than
staining for synaptophysin, chromogranin A, or CD56, common neuro-
endocrine IHC markers of SCLC, and comparable to that of INSM1. There
is a complementary relationship between SKP2 and INSM1, suggesting
that the combination of SKP2 and INSM1 is expected to further improve
diagnostic sensitivity. Both RB1-wild-type and -mutant SCLC cells are
sensitive to SKP2 and CKS1B inhibition. Both RBI-wild-type and
-mutant SCLC cells are sensitive to SKP2 and CKS1B inhibition. Although
the detailed underlying mechanisms have not been elucidated, targeting
SCFS¥"2 E3 ubiquitin ligase, which is composed of SKP2 and CSK1B,
induced apoptosis in RB1-mutant SCLC and senescence in RB1-wild-type
SCLC. As SKP2 is critical to SCLC biology, in addition to aiding clinical
diagnosis, SKP2 is a promising therapeutic target for patients with SCLC
regardless of the RB1 mutation status.
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