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Purpose: Acquired chemoresistance is a frequent event in small
cell lung cancer (SCLC), one of the deadliest human malignancies.
Histone deacetylase inhibitors (HDACi) have been shown to
synergize with different chemotherapeutic agents including cisplat-
in. Accordingly, we aimed to investigate the dual targeting of HDAC
inhibition and chemotherapy in SCLC.

Experimental Design: The efficacy of HDACi and chemother-
apy in SCLC was investigated both in vitro and in vivo. Synergistic
drug interactions were calculated based on the HSA model (Com-
benefit software). Results from the proteomic analysis were con-
firmed via ICP-MS, cell-cycle analysis, and comet assays.

Results: Single entinostat- or chemotherapy significantly
reduced cell viability in human neuroendocrine SCLC cells. The
combination of entinostat with either cisplatin, carboplatin, irino-
tecan, epirubicin, or etoposide led to strong synergy in a subset of

Introduction

Small cell lung cancer (SCLC) accounts for approximately 13%-
15% of all lung cancers and is still classified as a recalcitrant malignancy
ensued from a dismal prognosis (1). Characteristically, rapid tumor
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resistant SCLC cells. Combination treatment with entinostat and
cisplatin significantly decreased tumor growth in vivo. Proteomic
analysis comparing the groups of SCLC cell lines with synergistic
and additive response patterns indicated alterations in cell-cycle
regulation and DNA damage repair. Cell-cycle analysis revealed
that cells exhibiting synergistic drug responses displayed a shift
from G; to S-phase compared with cells showing additive features
upon dual treatment. Comet assays demonstrated more DNA
damage and decreased base excision repair in SCLC cells more
responsive to combination therapy.

Conclusions: In this study, we decipher the molecular processes
behind synergistic interactions between chemotherapy and HDAC
inhibition. Moreover, we report novel mechanisms to overcome
drug resistance in SCLC, which may be relevant to increasing
therapeutic success.

growth and early metastasis along with the almost universal inacti-
vation of the tumor suppressor genes TP53 and RBI potentiate the
aggressive nature of SCLC (2). Most patients with SCLC are not eligible
for surgical resection due to already present metastatic lesions or
mediastinal lymph node involvement at the time of initial diagnosis (3).
SCLC carcinogenesis is significantly associated with excessive expo-
sure to tobacco carcinogens, resulting in characteristic genetic altera-
tions including a drastic increase in tumor mutational burden (4).

Although emerging evidence from preclinical studies indicates the
existence of unique molecular subtypes of SCLC based on the expres-
sion profiles of four transcription factors, including achaete-scute
homolog 1 (ASCL1), neurogenic differentiation factor 1 (NEUROD1),
POU class 2 homeobox 3 (POU2F3), and yes-associated protein 1
(YAP1), the current treatment regimen of SCLC patients does not
consider the biological background (5). The standard systemic therapy
consists of a platinum compound (either cisplatin or carboplatin)
combined with a topoisomerase inhibitor (etoposide or irinotecan;
refs. 6-9). Additionally, epirubicin is of therapeutic interest and has
been investigated in several clinical trials in SCLC (10).

In contrast to non-small cell lung cancer (NSCLC), where major
improvements in personalized therapy have recently been achieved,
only a small number of novel therapeutic agents such as immune-
checkpoint inhibitors targeting PD-L1 have gained approval for
SCLC (11, 12). Although SCLC is initially highly sensitive to stan-
dard-of-care cytotoxic agents, acquired therapeutic resistance with the
consequence of disease recurrence is a common phenomenon and
remains a significant challenge in SCLC patients (9).

Histone deacetylase inhibitors (HDACi) were recently described to
display cytotoxic activity in different malignant entities including
melanoma (13), acute leukemia (14), and SCLC (15). Five agents with

AAC_R American Association
for Cancer Research’

AACRJournals.org | 4644

20z Jequisidag 6z uo 3senb Aq Jpd yy9y/./SO08EE/YYIYIZZ/6Z/IPd-0loNe/sa11e0uUBdUIO/B10"S|BUINOIORE)/:d}}Y WOI) papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-23-1795&domain=pdf&date_stamp=2023-10-25
http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-23-1795&domain=pdf&date_stamp=2023-10-25

Translational Relevance

Small cell lung cancer (SCLC) is characterized by rapid disease
recurrence and acquired resistance to systemic therapy. In this
study, we evaluated the efficacy of the histone deacetylase (HDAC)
inhibitor entinostat in combination with clinically relevant che-
motherapeutic agents in human SCLC. The vast majority of cell
lines demonstrated additive response to dual entinostat and che-
motherapy. A synergistic response upon combinational therapy
was predominantly seen in cell lines that were resistant to mono-
therapy. Moreover, cisplatin combined with entinostat demon-
strated higher efficacy in vivo. Proteomic analysis and experimental
validation revealed that distinct cell-cycle checkpoint regulation
and concomitant changes in DNA repair are highly associated with
these synergistic drug interactions. Altogether, our findings suggest
that resistant SCLC cells may benefit from concomitant treatment
using entinostat and chemotherapy to overcome drug resistance.

a confirmed HDAC-mediated mechanism of action in various hema-
tologic indications have been approved (including multiple myeloma;
ref. 16). Entinostat (MS-275) is currently being tested in clinical trials
for the treatment of various malignancies such as breast, lung, bladder,
colorectal, and renal cancers (17). Unfortunately, although preclinical
results on HDACi have been promising, these agents have only shown
moderate success as monotherapy in early-phase clinical trials for
NSCLC and prostate cancer (18).

HDAC] are commonly proposed to act synergistically with numer-
ous standard chemotherapies in preclinical settings. Mathematical
models are, therefore, used to investigate pharmacodynamic interac-
tions, where synergy between two drugs refers to enhanced potential
compared with each drug’s individual activity. However, the terms
synergism, additivity, and antagonism are based on in silico models
and need further validation in a human pharmacologic context (19).
Recent research has focused on the application of HDAC] in combi-
nation with cytotoxic agents in NSCLC in an effort to increase their
efficacy and reduce drug resistance (18, 20). Entinostat, a classTHDAC
inhibitor, has been demonstrated to synergize with various other
agents such as the epidermal growth factor receptor (EGFR) inhibitor
erlotinib or the DNA methyltransferase inhibitor decitabine in
NSCLC (21, 22). It remains elusive whether the addition of entinostat
to systemic therapy has a direct impact on tumor growth in SCLC.

In this study, we used a stepwise approach testing the potency of the
HDAC:I entinostat on an extended panel of human SCLC cell lines as a
single agent followed by a combination with cisplatin and other
clinically relevant chemotherapeutic agents. Next, we confirmed the
effect of entinostat and cisplatin using a xenograft mouse model. In
order to examine the molecular characteristics of SCLC cell lines
showing differential responses to therapy and to identify the under-
lying mechanisms, we reanalyzed our recently published proteomic
data set of human SCLC cell lines (23). Overall, the aim of this study
was the development of an improved therapeutic strategy for this
devastating disease.

Materials and Methods

Cell culture

Commercially available human SCLC cell lines (N = 16) as well as
the lung adenocarcinoma cell line A549 (RRID:CVCL_0023) were
cultured in RPMI-1640 medium (with L-glutamine, Sigma) supple-
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mented with 10% heat-inactivated fetal bovine serum. Cells were
maintained in a humidified atmosphere at 37°C and 5% CO,. Unless
stated otherwise, all treatments with inhibitors were started 24 hours
after seeding. Cells were purchased from the American Type Culture
Collection (ATCC; authenticated by STR profiling) in 2017. All
experiments were performed within 15 passages. Cells were tested
for Mycoplasma contamination once a month (MycoAlert, Lonza).

Proteomic analysis

The proteomic data set used in this study was recently published
by our group (23). Briefly, 26 SCLC cell lines were subjected to nLC
MS/MS. In this study, the data set was reanalyzed, comparing only
the Enti**™ (H82, H524, H1694, CLR-L311, and DMS53) with Enti"®*
(H372, H841, H1048, and CRL-2177) cells as well as SYN (H841,
H372, H2171, H196, H1048, and SHP77) versus ADD (GLC4,
COR-L311, CRL-2177, H1694, H524, and HLHE) groups. Differ-
entially expressed proteins were subjected to ToppCluster analysis
(P < 0.05) and 1D annotation enrichment was done considering
all proteins (24). Additionally, gene set enrichment analysis (GSEA,
RRID:SCR_003199) was performed using the GSEA software version
432 (25, 26).

Drug treatment and cell viability assays

Adherent cells and cells in suspension were stained with trypan blue
before counting. Live cells (5-10 x 10°) were seeded in a 96-well plate.
On the next day, drug dilutions were prepared and added as indicated.
Entinostat (MedChemExpress) was diluted in DMSO and a corre-
sponding vector control was included. Cisplatin, carboplatin, etopo-
side (all Accord Healthcare), and epirubicin (Teva) were diluted in
PBS. Irinotecan (MedChemExpress) was diluted in DMSO. Single
drugs as well as combinations were administered for 72 hours. Plates
were incubated at 37°C/5% CO,. MTT solution (EZ4U, Biomedica)
was prepared according to the manufacturer’s specifications, added to
each well, and incubated between 30 minutes and 2 hours. Absorbance
was measured at 450 nm and 620 nm (Varioskan Lux; Thermo Fisher
Scientific).

Protein isolation and western blots

Cells (5 x 10°) were seeded in a 6-well plate. Cells were treated with
entinostat (2.5 umol/L), cisplatin (5 tmol/L), or a combination of both
drugs on the following day and harvested 24 hours later in RIPA buffer
supplemented with halt proteinase inhibitor cocktail (Thermo Fisher
Scientific). Protein content was determined using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Proteins (10 pg unless
stated otherwise) were separated by SDS/PAGE and semi-dry blotted
onto nitrocellulose membranes. Immunodetection was performed
with the Super Signal West Femto Chemiluminescent Substrate
(Thermo Fisher Scientific) using primary antibodies against total and
cleaved PARP (#9,542, Cell Signaling Technology, RRID:AB_2160739,
1:1,000), YH2AX (SAB5600038, Sigma, 1:1,000), Histone3 (sc517576,
Santa Cruz, 1:200), Acetyl-H3 (#9677, Cell Signaling Technology,
1:1,000), and GAPDH (#5174, Cell Signaling Technology, 1:10,000)
as loading controls.

Inductive-coupled plasma mass spectrometry (ICP-MS)

For the analysis of the intracellular platinum (Pt) content in vitro,
cells (2 x 10°) were seeded in a 6-well plate in triplicates. After 48 hours
of incubation, cisplatin (10 wmol/L) was either added alone or in
combination with entinostat (5 umol/L) for 3 hours. Additionally, cells
were exposed to entinostat (1 wmol/L) 24 hours prior to the 3-hour
treatment with cisplatin (10 umol/L). Following drug exposure, cells
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were washed twice with PBS and subsequently dissolved in 500 uL
HNO; (67%-69%, suprapur for trace metal analysis, NORMATOM;
VWR). After 1-hour incubation at room temperature, samples were
diluted 1:20 in ultrapure water. Meanwhile, cells of two additional
wells were counted, and the total cell number was determined for
normalization.

For Pt levels in vivo, digestion of tumors (approximately 15-30 mg
gravimetrically weighted) was performed with 2 mL of approximately
20% HNO; and 100 uL H,O, suprapur (Merck, 30%) using an open
vessel graphite digestion system (coated graphite heating plate, coated
sample holder-top for 25 mL vials, PFA vials and PFA lids; Labter,
ODLAB; Distributor: AHF Analysentechnik AG). Pt content was
determined using an Agilent 7800 instrument (Agilent Technologies),
equipped with an Agilent SPS 4 autosampler (Agilent Technologies)
and a MicroMist nebulizer at a sample uptake rate of approximately
0.2 mL/minute. Pt and rhenium standards for ICP-MS measure-
ments were derived from CPI International. The Agilent MassHunter
software package (Workstation Software, version C.01.04, Build
544.17, Patch 3, 2018, RRID:SCR_016657) was used for data proces-
sing. The experimental parameters for ICP-MS 7800 were as follows:
RF power: 1550W; cone material: nickel; carrier gas: 1.08 L/minute;
plasma gas: 15 L/minute; monitored isotopes: 185Re, 1%°pt, %Py
integration time: 0.1 s; number of sweeps: 100; number of replicates:
12. The instrument was tuned daily to achieve maximum sensitivity.

Cell-cycle analysis

Cells (5 x 10°) were seeded in 6-well culture plates and incubat-
ed overnight at 37°C, 5% CO,. The following day, cells were treated
either with ICs, concentrations of entinostat, cisplatin, a combined
regimen, or vehicle for 24 hours, respectively. After centrifugation,
the supernatants were removed and cell pellets were immediately put
on ice. Cells were fixed by adding 1 mL of 70% ethanol (precooled at
—20°C) and incubated on ice for 30 minutes. Samples were centri-
fuged prior to resuspension in 200 UL of propidium iodide (PI) solu-
tion (50 pug/mL PI, 500 pg/mL RNAse in PBS). After incubation for
15 minutes at 37°C, the cells were stored on ice until data acquisition
by flow cytometry using a DxFlex Flow Cytometer (Beckman Coulter).

Apoptosis assay

Cells (5 x 10°) were seeded in a 6-well culture plate and
incubated overnight at 37°C. After cell harvesting and centrifuga-
tion, cells were resuspended in PBS +/+ (Gibco). After centrifu-
gation, cells were resuspended in 1x annexin-binding buffer
containing FITC annexin V (556419; BD Pharmingen) and PI
(HY-D0815, MedChemExpress). After 15 minutes of incubation
at RT in the dark, data acquisition was performed on a DxFlex Flow
Cytometer (Beckman Coulter).

Singe cell gel electrophoresis (comet) assay

These assays were performed according to the international guide-
lines for single-cell gel electrophoresis (SCGE) experiments (27, 28).
Cells (5 x 10%) were seeded in a 6-well culture plate and viability was
determined using trypan blue before analysis (DNA damage was
analyzed only in samples with viability >70%). For standard comet
assays, cells (2 x 10°) were mixed with 0.5% LMPA (UltraPure Low
Melting Point Agarose, Invitrogen) and transferred to agarose-coated
slides (1.0% normal melting point agarose, SERVA Electrophoresis
GmbH). After 1 hourlysis (2.5 M NaCl, 0.1 MNa2EDTA, 10.0 mmol/L
Trizma base, pH 10.0, before using, 1% Triton X-100 was freshly
added), unwinding (30 minutes) and electrophoresis (30 minutes,
300 mA, 1.0 V/cm, at 4°C) was carried out under alkaline condi-
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tions (0.3 M NaOH, 1.0 mmol/L Na2EDTA, pH > 13). Subsequently,
the slides were washed twice with dH,O (8 minutes), air-dried, and
stained with PI (10 pug/mL, Sigma-Aldrich). In SCGE experiments
under standard conditions, H,O, (50 pimol/L, 5 minutes on ice, Sigma-
Aldrich) was used as a positive control. Negative controls were exposed
to PBS (Ca and Mg free, PAA Laboratories GmbH).

Nuclei (150) were evaluated randomly per experimental point. Cells
were examined under a fluorescence microscope (Nikon EFD-3) using
a 20-fold objective. DNA migration was determined by a computer-
aided image analysis system (Comet Assay IV, Perceptive Instru-
ments). The percentage of DNA in the tail (% DNA) was measured as
an endpoint.

Repair enzyme comet assay

A modification of the SCGE assay was used to measure base excision
repair (BER) and nucleotide excision repair (NER; ref. 29). This
approach is based on the ability of repair proteins in cell extracts to
recognize and cut substrate DNA containing specific lesions that are
repaired by different repair enzymes (28). Protein extracts were
prepared from 5 x 10° cells by centrifugation (700 x g, 10 minutes,
4°C) after addition of 200 uL of extraction buffer (45 mmol/L HEPES,
0.4 M KCI, 1 mmol/L EDTA, 0.1 mmol/L dithiothreitol, 10% glycerol,
pH 7.8) with 1% of Triton X-100 (buffer A). Samples were vortexed
at maximum speed and snap-frozen in liquid nitrogen. Lysates were
thawed and centrifuged at 15,000 x g (5 minutes at 4°C). Superna-
tants (200 uL) were collected and mixed with 60 UL cold buffer B
(40 mmol/L HEPES, 0.5 mmol/L EDTA, 0.2 mg/mL BSA, 0.1 M KCl,
pH 8.0). Protein concentrations of extracts were quantified with a
Protein Assay Kit (BCA Protein Assay Kit, Pierce).

A549 cells (a human lung fibroblast carcinoma cell line, provided by
the ATCC; RRID:CVCL_0023) were used as substrate cells and were
cultivated in RPMI-1640 medium (low glucose, with L-glutamine)
supplemented with 10% FCS under humidified conditions (37°C, 5%
CO,). Cells were washed with Dulbecco’s PBS at 85%-90% confluence
and harvested with 0.25% trypsin-EDTA.

As for the BER measurements, the photosensitizer Ro 19-8023
(Chiron AS), which causes oxidation of DNA bases, was used at
1.0 umol/L. Substrate cells were treated in the presence and absence
of visible light (400 W, 60 cm distance, 4 minutes). Subsequently, cells
were centrifuged (700 x g for 10 minutes), and resulting pellets were
resuspended in a freezing medium and cryopreserved at —80°C. For
NER measurements, UVC (2.0 Jm-2, 0.4 minutes on ice) was used to
produce cyclobutane pyrimidine dimers.

Chemically treated substrate cells (2.0 x 10* per gel) were
embedded in agarose and lysed (1 hour). For NER measurements,
slides were washed twice for 10 minutes in buffer N (45 mmol/L
HEPES, 0.25 mmol/L EDTA, 0.3 mg/mL BSA, 2% glycerol, pH 7.8)
and buffer B was used for BER (40 mmol/L HEPES, 0.5 mmol/L
EDTA, 0.2 mg/mL BSA, 0.1 M KCl, pH 8.0). Subsequently, nuclei
were incubated (30 minutes) with either 50 UL “extract mix” (cell
extract, extract buffer with Triton X-100, and reaction buffers) or
with 50 pL control buffer. FPG (BER experiments) and T4EndoV
(NER measurements) were used as positive controls. Negative
controls contained buffer B (for BER) and buffer N (for NER).
Alkaline unwinding (30 minutes) and electrophoresis (30 minutes)
were performed as in standard comet experiments.

In vivo xenograft model

H841 cells (5 x 10°) dissolved in serum-free medium were inocu-
lated subcutaneously into 8-10-week old female SCID mice. Upon
tumor formation after 21 days, mice were randomly assigned into four
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groups (control, entinostat, cisplatin, entinostat + cisplatin, N = 8 per
group). Entinostat was administered twice a week via oral gavage at
25 mg/kg in 5% DMSO in 10 pL/g corn oil. Cisplatin was injected
intraperitoneally once a week at 3 mg/kg. Respective controls were
treated with NaCl or DMSO in corn oil. Mice were checked daily for
water and food consumption; body weight and tumor size were
measured three times a week by using a caliper. Mice were sacrificed
after 30 days, one day after the last treatment. All in vivo experiments
were carried out in accordance with the NIH guidelines for the use of
experimental animals and were approved by the Animal Care and Use
Committee of the Semmelweis University, Hungary (permission No.
PEI/001/2457-6/2015).

Histological analysis of tumors

Xenografts from the in vivo experiment were harvested, fresh-
frozen, and cryosectioned into 6-um sections. Sections were fixed
using phosphate-buffered 4% formaldehyde and incubated with 0.3%
H,O0, for 10 minutes. Slides were incubated with primary antibodies
against Ki-67 (ab15580, Abcam, RRID:AB_443209, 1:100) and cleaved
PARP (#5625, Cell Signaling Technologies, RRID:AB_10699459, 1:50)
for 1 hour and with the respective secondary antibodies for 30 minutes.
Sections were further developed using 3,3'diaminobenzidine (DAB).
The TUNEL reaction was carried out using an in situ cell death
detection fluorescein kit (Roche) according to the manufacturer’s
instructions. Nuclei were counterstained with hematoxylin or DAPI
for IHC and the TUNEL reaction, respectively. Slides were scanned
using SCAN II (3DHistech) and MIDI (3DHistech) for bright field and
fluorescence. Six to 20 representative images per group were randomly
taken and manually evaluated using Image] (RRID:SCR_003070).

Statistical analysis

Unless stated otherwise, all data were statistically analyzed using
GraphPad Prism 8.0 (RRID:SCR_002798). Evaluation of the proteo-
mic data was performed using v4.0 (30) and Perseus v1.6 (31). Drug
interactions were evaluated using the Combenefit software, which
calculates synergism scores based on the mathematical HSA mod-
el (32). Negative values define antagonistic, whereas positive values
suggest synergistic drug interactions. A value of zero indicates additive
effects. In our study, we defined a cutoff of 35 of the maximum
synergism score to differentiate between “additive” and “synergistic”
activities of the drugs in our cell models. Unless stated otherwise, all
data are shown as the mean of at least three independent experi-
ments performed in triplicate. Error bars represent the standard
error of the mean (SEM). Differences between two or multiple
groups were calculated by Students ¢ test and one-way ANOVA
combined with Kruskal-Wallis multiple comparisons test, respec-
tively. Correlation analysis was performed using the Anderson—
Darling test for normal distribution, and Spearman r was calculated
accordingly. Results were considered statistically significant if
P < 0.05 (), P < 0.01 (**), P < 0.001 (***).

Data availability statement

All proteomic data used in this study were previously publish-
ed by Szeitz and colleagues (23). The data generated in this study
are available upon request from the corresponding author. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE 85 partner repository
with the data set identifiers PXD029805 and 10.6019/PXD029805
(cell pellet data), PXD029821 and 10.6019/PXD029821 (culture
media data). The scripts for the proteomic data analyses can be
obtained at: https://github.com/bszeitz/SCLC_proteomics.
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Results

SCLC cell lines respond differently to entinostat

To evaluate the in vitro efficacy of entinostat, 16 cell lines
representing all four molecular SCLC subtypes (SCLC-A, SCLC-N,
SCLC-P, and SCLC-Y) were treated with entinostat. The com-
pound dose-dependently decreased cell viability, with ICs, values
ranging between 0.3 nmol/L and 29.1 umol/L (calculated from
dose-response curves, Fig. 1A; Supplementary Fig. S1). Although
no molecular subtype showed a significant response to entinostat
treatment, SCLC-Y demonstrated a trend toward resistance. How-
ever, cell lines with high neuroendocrine (NE) expression patterns
(SCLC-A, SCLC-N) were significantly more sensitive to entinostat
than cell lines established from nonneuroendocrine SCLC (NNE,
SCLC-P, SCLC-Y; Fig. 1B).

Next, by defining entinostat ICs, thresholds of below 1 pmol/L
and above 7 pumol/L, cell lines were grouped as entinostat-sensitive
(Enti**™, N = 5) and entinostat-resistant (Enti"*, N = 4) and compar-
ed by using our recently published proteomic data set (23). This
analysis revealed 327 and 410 significantly upregulated proteins in
the Enti**™ and Enti" groups, respectively (Supplementary Table S1).
As expected, we found several NE markers to be overrepresented
in Enti*™ cells, including synaptophysin (SYP), chromogranin A
(CHGA), insulinoma-associated protein 1 (INSM1), and NEUROD1
as well as delta-like protein 3 (DLL3), which is regulated by the
transcription factor ASCL1 (Fig. 1C; Supplementary Table S1). Of
note, histone deacetylase 2 (HDAC2), along with HDAC 1 and 3, has
recently been described to be selectively inhibited by entinostat.
HDAC?2 was significantly upregulated in Enti**™® cells of our study
(Fig. 1C, red dots; Supplementary Table S1). Besides the SCLC-Y
marker YAP1, the Enti" group exhibited increased expression of
several proteins associated with cancer aggressiveness and metastasis,
including EGFR, ephrin type-A receptor 2 (EPHA2), signal transducer
and activator of transcription 3 (STAT3), and caveolin 1/2 (CAV1/2;
Fig. 1C, blue dots; Supplementary Table SI).

To further characterize the underlying proteomic profile affecting
the response to entinostat, we conducted a 1D annotation enrichment
analysis considering the KEGG database. Significantly overrepresent-
ed pathways in Enti**"™ cells encompassed various metabolic processes
and molecular mechanisms including “DNA replication” and “Base
excision repair” (Fig. 1D, red dots; Supplementary Table S1). Signif-
icant pathways in the Enti"* group comprised the “Ras signaling
pathway” and “Apoptosis,” among others (Fig. 1D, blue dots; Supple-
mentary Table S1). Furthermore, the KEGG pathways “Small cell lung
cancer” and “Platinum drug resistance” emerged in Enti"* cells (Fig. 1D;
Supplementary Table S1). A summary of all dysregulated pathways
in Enti" and Enti*"™ groups is listed in Supplementary Table S1.

Next, we compared our proteomic data with previously published
sensitivity and resistance profiles of pan-HDAC inhibitors in SCLC.
The comparison between the significant Enti" proteins and the
resistant gene signature revealed 14 overlapping proteins (Supple-
mentary Fig. S2A). We found that normalized log2 intensities of six
proteins (RHOC, CAST, PLIN3, IQGAP1, ANXA, and LMN) corre-
lated positively with entinostat ICs, values (Supplementary Fig. S2A).
The two proteins INSM1 and HDAC2 overlapped in the Enti*™
comparison, of which HDAC2 protein expression based on proteo-
mics significantly correlates with entinostat ICs, values (Supplemen-
tary Fig. S2B).

Entinostat resistance correlates with cisplatin resistance
Next, we exposed the SCLC cell lines to cisplatin and calculated
corresponding ICs, values ranging between 0.9 and 32.8 umol/L
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Figure 1.

Sensitivity to HDACi is associated with neuroendocrine features and cisplatin responsiveness in SCLC. A, Heat map depicting the percentage of viable cells (right
Y-axis) after 72-hour treatment with entinostat at the indicated doses (left Y-axis). A: SCLC-A, P: SCLC-P, N: SCLC-N, Y: SCLC-Y. B, ICsq values for entinostat
with respect to molecular subtypes. Each dot represents one cell line. NE: neuroendocrine, NNE: nonneuroendocrine, A: SCLC-A, P: SCLC-P, N: SCLC-N, Y: SCLC-Y.
t test, *, P < 0.05. C, Significantly upregulated proteins in Enti**" (red) and Enti"* (blue) cells. The dotted line indicates P = 0.05. D, Results from 1D annotation
enrichment analysis show significantly overrepresented KEGG pathways in Enti**™ (red) and Enti"™* (blue) cell lines. E, ICso values of entinostat and cisplatin. A:
SCLC-A, P: SCLC-P, N: SCLC-N, Y: SCLC-Y. F, Spearman correlation of entinostat and cisplatin ICso values (r = 0.8079, P = 0.0003). Each dot represents one
cellline. G, ICsq values were calculated from dose-response curves from cisplatin treatment for 72 hours. A: SCLC-A, P: SCLC-P, N: SCLC-N, Y: SCLC-Y. ANOVA with

Dunn multiple comparisons tests; *, P < 0.05.
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(Fig. 1E; Supplementary Fig. S3). Interestingly, we found a significant
correlation between the ICsy values of cisplatin and entinostat, sug-
gesting multidrug resistance in a predominantly YAP1-driven subset
of SCLC cell lines (Fig. 1F). Regarding the molecular subtypes, cell
lines from the NNE SCLC-Y subtype were more cisplatin-resistant
(Fig. 1G), reflecting the resistance profile previously observed with
entinostat (Fig. 1B).

Entinostat shows strong synergism with chemotherapy in
chemoresistant SCLC cell lines
Based on the aforementioned results, we performed combination
treatments with different doses of entinostat and cisplatin with all 16
cell lines (Fig. 2A; Supplementary Fig. S4). Synergistic, additive, or
antagonistic drug interactions were assessed using the HSA model of
the Combenefit software. Interestingly, we found diverging responses
ranging from highly synergistic to weak antagonistic effects. These
effects are portrayed in HSA synergy maps, whereas blue, green, and
red colors indicate synergistic, additive, and antagonistic drug inter-
actions, respectively (Fig. 2B; Supplementary Fig. S4B, S4D, and S4F).
In total, six cell lines displayed synergistic responses (SYN) by
showing a corresponding maximum synergism score above 35, while
the remainder demonstrated mostly additive to slightly synergistic
effects (ADD; Fig. 2C). Importantly, all cell lines associated with
synergistic effects were both cisplatin (ICs, > 5 umol/L) and entinostat
(ICsp >1 umol/L) resistant, suggesting a particularly strong synergism
in chemoresistant SCLC cell lines. This finding was further supported
by a significant correlation between the maximum synergism scores
and the IC5, values for cisplatin and entinostat, respectively (Fig. 2D).
ICP-MS quantification of intracellular platinum (Pt) levels after
3-hour treatment with cisplatin alone or in combination with entino-
stat (pretreated for 24 hours) in four cell lines representative for the
SYN and ADD groups (two per group, marked in blue and green
in Fig. 2C) showed significantly higher Pt levels when combined with
entinostat in all cell lines (Fig. 2E). Accordingly, both basal and
combination Pt levels were significantly higher in the SYN group.
To assess whether the observed synergistic and additive effects with
entinostat are specific to cisplatin, we performed multiple combination
experiments with entinostat, carboplatin as another Pt compound, as
well as etoposide, irinotecan, and epirubicin, which are all clinically
relevant in SCLC. Strikingly, we observed a similar response pattern in
all four representative cell lines with a mean maximum synergism
score above and below 35 in cells from the SYN and ADD group in all
drug combinations, respectively (Fig. 2F; Supplementary Fig. S5). We
found a clear trend toward enhanced synergism in drug-resistant cells
in the case of entinostat combined with epirubicin, irinotecan, and
carboplatin (Supplementary Fig. S6). These data strongly support our
previous findings that the combination of chemotherapy with entino-
stat is more effective in resistant SCLC cells.

Entinostat enhances the effects of cisplatin in vivo

To further validate our findings in vivo, the double-resistant cell line
H841 with previously determined synergistic in vitro effects was
injected subcutaneously into female SCID mice. After tumor forma-
tion, mice were treated via intraperitoneal injection of 3 mg/kg
cisplatin once a week and received 25 mg/kg entinostat twice a week
for 30 days. Entinostat treatment alone resulted in no difference in
tumor size compared with the vehicle-treated control mice. Reduced
tumor growth was observed in cisplatin-treated mice and to a higher
extent in mice receiving combinational therapy as opposed to the
control (Fig. 3A). Tumor weights were significantly different between
the control and combination treatment groups (Fig. 3B). Also, the
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intratumoral Pt content was significantly higher in the combination
group compared with the cisplatin-monotreatment group (Fig. 3C).
Histologic analyses of the xenografts by TUNEL staining revealed
significantly greater areas of necrosis (green) in the combination group
compared with the control (Fig. 3D and E). Enhanced apoptosis was
observed by evaluation of cleaved PARP expression in the nonnecrotic
areas, showing significantly more positive cells in the combination
group (vs. all other groups; Fig. 3D and E). Furthermore, the assess-
ment of Ki67 indicated less cell proliferation in the entinostat and
combination groups (Fig. 3D and E).

Proteomic evaluation suggests changes in cell cycle and DNA
repair

In order to identify molecular differences between cell lines showing
synergistic or additive effects upon combination treatment with
entinostat and chemotherapy, we compared the previously defined
SYN versus ADD cell panels using our proteomic data (according to
their maximum synergism scores for entinostat/cisplatin we used all
six cell lines from the SYN as well as the bottom six cell lines from the
ADD group (Fig. 2C)). The list of significantly differentially expressed
proteins between the two groups was subjected to ToppCluster
analysis using the Hallmark gene set (33). Interestingly, the ADD
group (green) was defined by dysregulation of “DNA Repair,” “MYC
Targets,” and “PI3K-Akt-mTOR Signaling” (Fig. 4A; Supplementary
Table S2). Additionally, a more strictly defined cell line panel (N = 8,
top and bottom four cell lines, shown in Fig. 2C) was subjected to 1D
annotation enrichment analysis using the KEGG database (Fig. 4B;
Supplementary Table S2). Multiple DNA-repair processes such as
NER, BER, and “DNA replication” were significantly higher in cell
lines displaying additive effects (green). Additionally, the terms “oxi-
dative phosphorylation,” “DNA replication,” and “cell-cycle” defined
this group. On the contrary, multiple cellular pathways associated with
cell plasticity including “ECM-receptor interaction,” “focal adhesion,”
and “regulation of actin cytoskeleton” were overrepresented in cell
lines showing synergistic features (Fig. 4B, blue; Supplementary
Table S2).

Next, GSEA was performed, which confirmed previously reported
dysregulation between SYN and ADD groups. SCLC cells with additive
drug responses significantly overexpressed the gene panel associated
with DNA repair (Fig. 4C) were indicated by normalized enrichment
scores (NES) of 1.20. In contrast, genes defining epithelial-to-
mesenchymal transition (EMT, NES = —1.16) or mediating apoptosis
by activation of caspases (NES = —1.13) were enriched in cell lines
where synergistic drug interactions occurred (Fig. 4C).

A representative panel of six cell lines for the ADD (CRL-2177,
H1694, HLHE) and SYN (H372, H841, H2171) groups was defined for
the following experiments, aiming to validate the mechanisms sug-
gested by these data.

Entinostat levels are not affected by cisplatin

As described above, we found that cisplatin in combination with
entinostat results in higher levels of intracellular/intratumoral
amounts of Pt (Figs. 2E and 3C). However, the increase was similar
between SYN and ADD cell lines and did not explain the observed
differential responses. Therefore, we next aimed to assess whether
combination treatment results in different intracellular levels of
entinostat and chose the acetylated Histone 3 (acetyl-H3) as a readout
for entinostat efficacy. As expected, we found a dose-dependent
increase in acetyl-H3 levels when cells were treated with entinostat
alone (Fig. 5A, top). However, there was no further increase observed
when various doses of cisplatin were added, suggesting no effect on
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entinostat levels by cisplatin in the SYN or ADD group (Fig. 5A,
middle). This was also reflected in a treatment setting containing the
vehicle, entinostat alone, or in combination with cisplatin. Entinostat
resulted in a strong increase in acetyl-H3 level; however, no superior
increase with the combination was seen in either group (Fig. 5A,
bottom).

Entinostat plus cisplatin leads to increased apoptosis in cells
with synergistic responses

Next, we used flow cytometry and looked at cell death using
AnnexinV and PI as markers for early apoptotic and dead cells.
Double-positive cells were considered late apoptotic. Although no
difference between the groups was found in the control cells, we
observed significantly higher rates of apoptotic cells and cell death
in the SYN cell panel in all treatments (Fig. 5B; Supplementary Fig. S7).
Additionally, we performed immunoblots for cleaved PARP
(cPARP; Fig. 5C). Pooled results showed that cells from the ADD
group had slightly higher cPARP levels in all treatment groups.
However, the highest levels were detected in the combination setting.

Combination of entinostat with cisplatin results in S-phase
arrest and increases DNA damage in cells showing synergistic
responses

Since the proteomic results indicated altered cell-cycle regulation,
we also performed a FACS-based cell-cycle analysis (Fig. 6A). Similar
cell-cycle distributions were observed with and without single treat-
ments, with the majority of cells in the Gy—G; phase in the case of
control and entinostat. Cisplatin-treated cells exhibited similar dis-
tributions in the Go-G; phase and in the S-phase, respectively.
Notably, combination therapy with entinostat and cisplatin resulted
in a significant S-phase arrest in SYN compared with ADD cells,
indicating increased DNA damage and higher repair activities in these
cell lines (Fig. 6A; Supplementary Fig. S7).

Immunoblots for YH2AX as a marker for DNA damage demon-
strated that YH2AX levels indeed peaked when the two agents were
combined. However, when cell lines were pooled according to SYN and
ADD responsiveness, no significant difference between the two groups
was observed (Fig. 6B). Nevertheless, the results of comet assays,
which reflect single- and double-strand breaks, showed significantly
higher tail intensities in the cell lines with synergistic responses in
untreated SYN and ADD groups, indicating higher levels of DNA
damage in this group (Fig. 6C).

Cells showing additive effects are characterized by enhanced
base excision repair

To further assess the DNA damage repair capacity of our cell line
panel, we used an advanced SCGE approach. DNA damage was
induced in A549 lung adenocarcinoma cells (RRID:CVCL_0023) by

Entinostat Enhances the Efficacy of Chemotherapy in SCLC

UVC exposure or Ro 19-8022 + Light to measure for nucleotide (NER)
or base excision repair (BER), respectively. These cells were then
incubated with lysates from untreated SCLC cells characterized by
synergistic or additive responses to allow DNA repair by the present
enzymes. In this assay, longer tail intensities are related to higher
DNA-repair activity. Although there was no difference in NER, we
found significantly higher BER activity in the ADD group (Fig. 6D;
Supplementary Fig. S8). This represents a plausible explanation for the
reduced DNA damage and for the high rate of apoptosis observed in
experiments by entinostat and cisplatin in these cell lines.

Discussion

SCLC has been characterized by limited therapeutic innovation and
lack of significant clinical breakthroughs for more than three decades.
Further, SCLC was considered a homogeneous disease until recently,
and the common standard-of-care therapy has been independent of
the distinct molecular background or neuroendocrine features (2).
Histone deacetylase inhibitors induce histone acetylation, resulting in
altered gene-expression, cell-cycle progression, cell migration, and
apoptosis. HDACis including entinostat (MS-275) have been demon-
strated to be cytotoxic in vitro in multiple solid tumors including
NSCLC and ovarian cancer (18, 34). Additionally, entinostat has been
investigated in numerous phase I/II studies in melanoma as well as
acute leukemia patients, resulting in moderate tolerability and long-
term plateau of tumor growth (13, 14). However, the efficacy of
HDACi monotherapy was limited due to its respective pleiotropic
effects on cancer cells. Thus, its administration has been superseded
through combination with cytotoxic agents because of a significant
synergistic potential (35-37). Hence, we aimed to investigate the
therapeutic efficacy of entinostat in a panel of human SCLC cell lines
with respect to their molecular and NE specificities and dual therapy
with relevant chemotherapeutic agents regarding SCLC.

In vitro studies in SCLC have already evaluated entinostat as
a single agent among other HDACis such as vorinostat, belinostat,
panobinostat, or apicidin (38). Results indicated a preferential re-
sponse to HDAC inhibition in non-YAP1-driven subtypes. Of note,
this is partly in line with our observation of significantly higher
sensitivity in neuroendocrine SCLC subsets (SCLC-A/N) compared
with nonneuroendocrine subtypes (SCLC-P/Y). The corresponding
proteomic analysis identified differentially regulated proteins in
Enti**™ and Enti"™® SCLC cell lines including the transcription
factor NEURODI1 and the notch inhibitory ligand DLL3, a direct
transcriptional target of ASCL1 (39). These two lineage-defining
transcription regulators of neuroendocrine differentiation (ASCL1
and NEURODI) are both located in active chromatin regions
encompassed within super-enhancers in SCLC cells (39-41). Such
super-enhancers are commonly associated with enriched chromatin

Figure 2.

Entinostat synergizes with chemotherapy in the chemoresistant subset of SCLC cell lines in vitro. A, Dose-response curves after 72 hours of treatment with
entinostat and cisplatin at indicated doses showed synergistic (H841 and H372) and additive (CRL-2177 and COR-L311) effects. Data, mean & SEM of at least
three experiments performed in triplicates. B, Corresponding HSA synergy maps, generated with the Combenefit software. Green areas indicate additive,
blue areas highlight synergistic, and red areas show antagonistic drug interactions. C, Maximum synergism score derived from HSA analysis ranking all
16 cell lines from highly synergistic to additive. The red line (max. synergism score: 35) indicates the cutoff between SYN and ADD cells. D, Spearman
correlation analysis of the maximum synergism score with entinostat and cisplatin, respectively. *, P < 0.05. E, Pooled results of intracellular Pt measure-
ments via ICP-MS of 2 cell lines per group (SYN: H841, H372; ADD: CRL-2177, H1694). Cells were treated with either cisplatin for 3 hours or pretreated with
entinostat for 24 hours followed by 3 hours of cisplatin exposure. Data are shown as mean + SEM of two experiments performed in triplicates. ANOVA
and Sidak’s multiple comparisons tests; *, P < 0.05; **, P < 0.01; ***, P< 0.001. F, Pooled maximum synergism scores of entinostat in combination with
carboplatin, etoposide, epirubicin, and irinotecan in SYN (blue = H841, H372) and ADD (green = CRL-2177, H1694) cells. Representative synergy maps of
two representative cell lines treated with entinostat (Enti) and etoposide (Eto) were created with Combenefit.
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domains that are modified with acetylation of histone H3 lysine 27,
resulting in active transcription (42).

It was recently reported that entinostat does not exclusively
target HDACI and HDAC3 but also inhibits the deacetylation of
HDAC2 (43). Here, we observed that HDAC2 was increased in
entinostat-sensitive SCLC cell lines, indicating a potential predic-
tive biomarker of entinostat responsiveness. Exome sequencing of
primary and metastatic tumor samples obtained from research
autopsies revealed clonal tumoral heterogeneity and identified
resistance-associated truncal and subclonal alterations in relapsed
SCLC, including alterations in the epigenetic modifiers CREBBP
and HDAC?2 (44). Along with TP53 and RBI mutations, alterations
of these two epigenetic regulators occur during early SCLC tumor-
igenesis (44). Altogether, these findings reinforce the hypothesis
that cell lines featuring NE characteristics are more affected by
HDAC inhibition.

In addition to the varying responses of SCLC cell lines to HDAC
inhibition, we observed a strong positive correlation between entino-
stat and cisplatin resistance. Recently, belinostat was reported to
display significant cross-resistance to multiple other HDAC inhibi-
tors (45, 46). However, cross-resistance seen between HDACI and
cytotoxic agents has not been described so far. Results from our
pathway analysis indicated “platinum drug resistance” in Enti"* SCLC
cell lines. In support of this, several research groups reported that
HDACi enhance the cytotoxic activity of alkylating agents (21, 35, 36).
Consequently, we tested the dual therapy using entinostat and che-
motherapy in SCLC. Intriguingly, combinational treatment with
entinostat and common chemotherapeutic agents, including cisplatin,
carboplatin, and epirubicin, as well as the topoisomerase inhibitors
irinotecan and etoposide resulted in synergistic effects in a subset of
SCLC cell lines. Although synergistic drug interactions in in vitro
studies have been previously described (47, 48), these calculations are
based on a mathematical in silico HSA model. Therefore, further
investigation is necessary to profoundly affirm the underlying modes
of interaction between entinostat and chemotherapies in a more
translational setting.

Intriguingly, the synergistic potential of combined therapy has been
frequently observed in SCLC cell lines that showed cross-resistance
between entinostat and cisplatin. Hence, combination approaches
including HDAC inhibition and standard chemotherapy may offer
a novel strategy to overcome chemoresistance in SCLC, which remains
a major problem in the clinical management of this hard-to-treat
disease (49). In SCLC, the combination of mocetinostat or vorinostat
(HDAC:I) and topoisomerase inhibitors (topotecan or etoposide) have
been described to improve synergistic drug interactions, especially
when using sequential administration (50). Intriguingly, our mouse
xenograft model confirmed the superior efficacy of DNA platination
and HDAC inhibition, which resulted in tumor regression of a double-
resistant SCLC cell line. This finding is in accordance with data from
previous publications verifying the synergistic potential of HDACi and
other chemotherapeutic agents (paclitaxel, trametinib) in vivo (51, 52).

Entinostat Enhances the Efficacy of Chemotherapy in SCLC

The dual PI3K-HDACi fimepinostat was recently reported to con-
tribute to overcome platinum resistance in SCLC (53).

The initial hypothesis of increased cellular Pt uptake or decreased
Pt efflux as the rationale behind synergistic drug response was not
verified as all SCLC cell lines exhibited elevated Pt levels following
combination treatment. Cisplatin is commonly eliminated from
cancer cells via glutathione adduct formation. Enriched glutathione
synthesis is highly associated with the overexpression of antiapop-
totic proteins (54). However, apoptosis assays could not confirm
differentially regulated pathways between SCLC cell lines asso-
ciated with either synergistic or additive drug responses. Entinostat
caused PARP cleavage in all cell lines; this has likewise been de-
scribed in Hodgkin lymphoma cells in addition to synergistic drug
interaction with Bcl-2 family inhibitors (55).

Human SCLC cells are highly associated with the biallelic loss of
the tumor suppressors TP53 and RBI, both of which are major
modulators of the G;-S$ transition of the cell cycle (56, 57). Altered
expression results in the disruption of G;-S checkpoint and cell-cycle
arrest at the G,—M phase with increased occurrence of DNA damage
(58). In addition to these underlying molecular alterations in SCLC,
cell-cycle distributions of SCLC cell lines upon entinostat single treat-
ment led to an accumulation at the G; phase. Accordingly, entinostat
treatment alone has been described to result in an accumulation of
cells in the G; phase and a decrease in the S phase in B-cell lympho-
ma (59). Contrarily, cisplatin-treated SCLC cells were arrested in
the S phase in our experiments; this is in line with observations in
leukemia cells (60). However, the combined effect of entinostat and
cisplatin in synergistic cells resulted in a shift from G; to S phase,
further indicating the retention of the cells during synthesis. Of note,
histone deacetylases 1 and 2 modulate the maintenance of S-phase
chromatin (61). We hypothesize that prolonged synthesis may facil-
itate increased DNA platination. However, the exact mechanistic
interactions between entinostat and cisplatin resulting in S-phase
arrest remain to be elucidated.

When DNA damage occurs, cell-cycle checkpoints are activated,
resulting in the retention of cells in G; (the G,/S-phase checkpoint),
delayed S phase (S-phase checkpoint), or prevented mitotic entry (the
G,-M-phase checkpoint). HDACis interfere with multiple DNA-
repair processes and disrupt cell-cycle checkpoints (62). HDACi-
induced histone hyperacetylation can cause structural alterations in
chromatin, which also exposes parts of the DNA that are normally
protected by heterochromatin to DNA-damaging agents including
UV, radiation, cytotoxic drugs, or reactive oxygen species (63). Cor-
respondingly, entinostat has been shown to potentiate the effect of
radiation in combination with PD-1 inhibition in a murine lung cancer
model (64) and FK228, an HDAC and PI3K inhibitor, has been
demonstrated to act as radiosensitizer in SCLC (65).

In this study, we found that entinostat promotes the accumulation
of the phosphorylated histone H2AX (yYH2AX), an early marker of
DNA double-strand breaks. Exposure of human lung adenocarcino-
ma, prostate, or renal carcinoma cells to vorinostat or entinostat has

Figure 3.

Entinostat and cisplatin synergize in vivo in a double-resistant SCLC cell line. A, Calculated tumor volumes over 30 days of treatment with vehicle (Co),
entinostat (Enti), cisplatin (Cis), or a combination of both (Enti + Cis). Green and red arrows indicate days of cisplatin and entinostat treatment, respectively.
Data are shown as mean + SEM of 6-8 mice per group. Multiple ¢ tests with Holm-Sidak correction, ***, P < 0.001 vs. Co, #*#P < 0.001 vs. Enti. B, Tumor weight
and (C) amount of intratumoral Pt measured by ICP-MS. ANOVA and Kruskal-Wallis multiple comparisons test in B, t test in C. *, P < 0.05. D, Quantification
of TUNEL (green, nuclei: blue), cPARP, and Ki-67 (brown, nuclei: blue) in xenografts. Between 6 and 20 representative images were evaluated. ANOVA and
Dunn multiple comparisons test; *, P < 0.05; **, P < 0.01; ***, P < 0.001. E, Representative images of xenografts used for evaluation. Scale bars, TUNEL: 2 mm,

CcPARP: 50 pum, Ki-67: 25 um.
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Figure 4.

Pathway analysis reveals alteration in cell-cycle and DNA damage repair. A, ToppCluster analysis of the differentially expressed proteins between the top six
synergistic and bottom six additive cell lines according to the maximum synergism score shows associated hallmark gene sets within each group (blue: SYN; green:
ADD). Gene sets with a P value cutoff of 0.05 using Bonferroni correction are depicted. B, 1D annotation enrichment analysis using KEGG pathways highlighting
dysregulated pathways in SYN (blue) or ADD (green) cell lines. This analysis included a strict grouping of the top four synergistic and bottom four additive cell lines
according to the maximum synergism score. The dotted line indicates the significance cutoff (FDR = 0.05). C, GSEA based on data from the strict grouping of SYN and
ADD groups shows enrichment in DNA repair (ADD), EMT, and apoptosis (SYN). The Y-axis indicates the enrichment score (ES) and the x-axis shows identified genes

(vertical black lines) represented in each pathway.
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Figure 5.

Combination therapy of entinostat and cisplatin results in enhanced apoptosis in synergistic SCLC cell lines. A, Representative immunoblots of SYN/ADD cell line
panels after 24 hours of treatment with entinostat (Enti) or cisplatin (Cis) at indicated doses. Densitometric quantification was performed using ImageJ of at least two
repeats. AcH3 was normalized to H3 and the results are shown as the mean + SEM. B, Flow cytometry-based apoptosis assay using Annexin V and propidium iodide
(PI) staining after 48 hours of treatment with 2.5 umol/L entinostat, 5 umol/L cisplatin, a combination of both or solvent. Data, mean & SEM of three repeats
performed in triplicate of pooled results of three cell lines per group, respectively (blue, synergistic; green, additive). ANOVA and Sidak’s multiple comparisons tests,
*,P<0.05;**, P<0.01;***, P< 0.001. C, Representative immunoblots of SYN/ADD cell line panels after 24 hours of treatment with 2.5 umol/L entinostat or 5 umol/L
cisplatin alone or in combination. cPARP was normalized to PARP, and the results shown are mean + SEM. The same GAPDH lane is used in A and C; the same lysates
were used to study different protein expressions and at least one of the proteins shown in each figure was detected on the same membrane.
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Figure 6.

Cell-cycle analysis indicates S-phase arrest and less BER capacity in SCLC cell lines related to synergistic responses upon combination therapy with entinostat
and cisplatin. A, Cell-cycle distribution was analyzed via flow cytometry after 24 hours of treatment with respective ICsq values of each cell line (calculated
after 72 hours). Experiments were performed in triplicate and data are shown as mean + SEM of pooled results of three cell lines per group, respectively (blue,
synergistic; green, additive). ANOVA and Sidak’s multiple comparisons tests; *, P < 0.05; **, P < 0.01; ***, P < 0.001. B, Representative immunoblots of
SYN/ADD cell line panels after 24 hours of treatment with 2.5 umol/L entinostat (Enti) or 5 umol/L cisplatin (Cis) alone or in combination. Densitometric
quantification was performed using ImageJ of at least 2 repeats. YH2AX was normalized to GAPDH and is shown as the mean & SEM. The GAPDH lane is the
same as in Fig. 5A and 5C; the same lysates were used to study different protein expressions and at least one of the proteins shown in each figure was
detected on the same membrane. C, Standard comet assay of SYN and ADD cell lines (N = 3, respectively) determined baseline DNA-damage levels, and
data, mean 4+ SEM of at least two independent experiments. Mann-Whitney test; *, P < 0.05; **, P < 0.01; ***, P < 0.001. D, Repair enzyme comet assay of
pooled results (ADD or SYN cell lines, N = 3, respectively) elucidating the NER or BER capacity. Data, mean + SEM of at least two independent experiments.
Mann-Whitney test; *, P < 0.05; **, P < 0.0T; ***, P < 0.001.

yielded similar outcomes (66, 67). Moreover, these HDACi mediate
the suppression of certain DNA-repair proteins in cancer cells, which
may facilitate the failure of DN'A double-strand break repair (63, 66,67).
Entinostat in combination with cisplatin demonstrated even higher
levels of yH2AX in SCLC cell lines and proved to be superior to
entinostat monotreatment.

We demonstrate the synergistic potential of dual entinostat and
cisplatin therapy in SCLC cells to higher levels of baseline DNA

4656 Clin Cancer Res; 29(22) November 15, 2023

damage in combination with decreased activity of BER. DNA-
repair mechanisms such as BER are known to be involved in resistance
to chemotherapy in a wide variety of cancer cells (68). BER is assumed
to be mainly accomplished in the G, phase of the cell cycle by removing
small base lesions and preparing DNA for subsequent replication (69).
Similar to our findings, entinostat increased DNA tails in a dose- and
time-dependent manner, indicating DNA damage in renal cancer
cells (66).
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Although the distinct genetic and proteomic landscape of SCLC
molecular subtypes is becoming increasingly comprehensive, insights
into underlying and considerable differences shaping differential
responses to therapy remain to be elucidated. In the present study,
we found that the HDACi entinostat is highly effective in SCLC cells
with neuroendocrine characteristics. Additionally, our data show that
resistant SCLC cells, specifically of nonneuroendocrine subtypes, are
highly sensitive to a combined treatment with entinostat and cisplatin
as well as other clinically relevant chemotherapeutic agents for SCLC.
Furthermore, we identified reduced BER to be the driving molecular
mechanism in cells showing superior effects to combination treatment,
resulting in more therapy-induced DNA damage and cell death.
Ultimately, further preclinical and clinical studies are warranted to
investigate the effects of HDACIi entinostat as a novel therapeutic
option for SCLC.
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