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1 | INTRODUCTION

Abstract

Although small-cell lung cancer (SCLC) accounts for a small fraction of lung cancer
cases (~15%), the prognosis of patients with SCLC is poor with an average overall sur-
vival period of a few months without treatment. Current treatments include standard
chemotherapy, which has minimal efficacy and a newly developed immunotherapy
that thus far, benefits a limited number of patients. In the current study, we screened
a natural product library and identified 5 natural compounds, in particular tuberci-
din and lycorine HCI, that display prominent anti-SCLC activities in vitro and in vivo.
Subsequent RNA-sequencing and functional validation assays revealed the anti-SCLC
mechanisms of these new compounds, and further identified new cellular factors such
as BCAT1 as a potential therapeutic target with clinical implication in SCLC patients.
Taken together, our study provides promising new directions for fighting this aggres-

sive lung cancer.
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with early-stage or locally advanced disease include radiation and

Small-cell lung cancer (SCLC) is an aggressive neuroendocrine
carcinoma that represents approximately 15% of all lung cancer
cases.t Numerous data indicate that SCLC is strongly associated
with tobacco use.? Currently, the standard treatments for patients

platinum-based chemotherapy.! However, most patients have dis-
tant metastatic disease at initial diagnosis and require systemic
chemotherapy with or without a recently developed immunother-
apy. Tumours are initially responsive to these therapies, but the re-
sponses are transient in most SCLC patients resulting in a median
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<2 year survival period for patients with early-onset disease while
only ~1 year for patients with metastatic disease. Although there
have been many recent discoveries on the genetic and biological
pathways driving SCLC, the current treatments for this disease do
not significantly improve the prognosis of the patients, thus still em-
phasizing the need to develop new and effective treatment.

Recent studies have shown that many natural products from
plant or other resources display anti-cancer activities, or are able
to enhance the efficacy of chemotherapy and/or other treatments
while not affecting normal cell viability.3’5 In contrast to these other
cancers, there are few natural products which have been reported
with anti-SCLC activities, most likely due to the lack of including
SCLC cells in the high-throughput screening. One recent study re-
ported 3-bromoascochlorin (BAS), a marine natural product iso-
lated from the coral-derived fungus Acremonium sclerotigenum,
GXIMDO02501 displays activity against SCLC cell proliferation.® In
the current study, we first screened a natural product library and
identified hit compounds with selective and prominent anti-SCLC
activities in vitro and in vivo. RNA-sequencing analyses revealed
the anti-SCLC mechanisms of these natural compounds and further
identified a list of new cellular factors (especially BCAT1) required
for SCLC cell survival with clinical implication in SCLC patients. Our
results provide new insights into the mechanisms of SCLC pathogen-
esis and offer promising therapeutic directions for this aggressive

lung cancer.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

SCLC cell lines, DMS 53 and DMS 114, as well as primary bron-
chial/tracheal epithelial cells (PBTEC) were all purchased from the
American Type Culture Collection (ATCC) and cultured as recom-
mended by the manufacturer. All experiments were carried out using
cells harvested at low (<20) passages. A compound library consisting
of 756 natural products was purchased from Selleck Chemicals. The
SCLC formalin-fixed, paraffin-embedded (FFPE) tissue arrays, which
contained 80 cases (Cat. #LC818c), and normal lung tissue arrays,
which contained 24 cases (Cat. #LCN241), were purchased from US
Biomax.

2.2 | High-throughput screening

SCLC cell line DMS 114 was seeded into 96-well plates for 24 h;
then, the natural product compounds were added into the wells
at a final concentration of 10 uM for an additional 72-h treatment.
The cytotoxicity against SCLC was measured using the WST-1 cell
proliferation assays (Roche). Briefly, after the period of treatment
of cells, 10 pL/well of cell proliferation reagent, WST-1 (4-[3-(4-lod
ophenyl)-2-4-2H-5-tetrazolio]-1,3-benzene disulfonate), was added

and incubated for 3 h at 37°Cin 5% CO,. The absorbance of samples
was measured by using a microplate reader at 490 nm. Data were

normalized as the inhibition ratio to the DMSO control.

2.3 | Cell apoptosis assays

Flow cytometry was used for the quantitative assessment of ap-
optosis with the FITC-Annexin V/propidium iodide (PI) Apoptosis
Detection Kit | (BD Pharmingen) on a FACS Calibur 4-colour flow
cytometer (BD Bioscience).

2.4 | Colony formation assays

The tumour cell anchorage-independent growth abilities were as-
sessed using the Elplasia round-bottom plates (Corning) according
to the manufacturer's protocol with brief modifications as follows.
In 96-well plates, a volume of 50 pL containing cell culture medium
with the tested drugs or DMSO vehicle per well was added to pre-
wet the wells, and then, the plate was centrifuged at 500 g for 1 min.
Next, the same volume of cell suspension (~5 x 10* cells/ml) was
added into the wells and cultured in an incubator at 37°C for about
1 week. The number of colonies in each well was recorded and cal-
culated by using the Olympus IX83 microscope.

2.5 | SCLC xenograft models

Cells were counted and washed once in ice-cold sterile PBS; then,
6 x 10° DMS 114 cells in 50 pL PBS plus 50 uL growth factor-
depleted Matrigel (BD Biosciences) were injected subcutane-
ously into the flank of nude mice, 6- to 8-week-old, male/female
(Jackson Laboratory). When tumours reached 8-10 mm in diam-
eter (~1.5 weeks), the mice were randomly separated into differ-
ent groups (4 mice per group) and received in situ subcutaneous
injection with either vehicle, tubercidin (5 mg/kg) or lycorine HCI
(10 mg/kg), 3 days/week. The mice were observed and measured
every 2-3 days for the size of palpable tumours for an additional
3 weeks. At the end of experiment, the tumours were excised and
compared. All the animal protocols were approved by the UAMS
Animal Care and Use Committees in accordance with national

guidelines.

2.6 | RNA-sequencing and enrichment analysis

RNA-sequencing of triplicate samples was performed by BGI
Americas Corporation using their unique DNBSEQ™ sequencing
technology. The completed RNA-sequencing data were submitted
to NCBI Sequence Read Archive (SRA# PRIJNA770672). Raw se-
quencing reads were analysed using the RSEM software (version
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FIGURE 1 High-throughput screening 150
and identification of new natural

compounds with anti-SCLC activities.

Primary screening results of 756 natural T
compounds against SCLC, which are
arranged in order of inhibition rate. The
natural compounds in source plates were
delivered at 10 uM (final concentration)
to 96-well plates seeded with SCLC cell
line DMS 114 for 72 h treatment; then,
cell proliferation was examined using the
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TABLE 1 Prominent anti-SCLC
activities of hit natural products
Compounds
Chaetocin

Combretastatin A4
Lycorine HCI
Shikonin

Tubercidin

200 300 600 700 800
CC50 (FM)a

CAS DMS 53 DMS 114 PBTEC SI¢
28097-03-2 0.016 0.024 ~20 ~1000
117048-59-6 0.0033 0.0045 >30 >7692.31
2188-68-3 1.9 0.68 >30 >23.26
54952-43-1 1.75 2.04 >30 >15.83
69-33-0 0.19 0.14 >30 >181.82

CCq,: the 50% cytotoxic concentration determined by using the WST-1 assay.

PPBTEC: primary bronchial/tracheal epithelial cells.
Sl (Selective Index): CC,, of PBTEC / CCg of SCLCs.

1.3.0; human GRCh38 genome sequence and annotation), and gene
expression was quantified as previously described.” The EBSeq soft-
ware was utilized to call differentially expressed genes that were
statistically significant using a false discovery rate (FDR) less than
0.05. Differentially expressed genes between natural compounds-
and vehicle-treated SCLC cells were used as input for the GO_en-
richment analyses.

2.7 | RNA interference (RNAI)

For RNAI assays, BCAT1 On-Target plus SMARTpool small interfer-
ing RNA (siRNA; Dharmacon) or negative control siRNA were deliv-
ered using the DharmaFECT transfection reagent as recommended

by the manufacturer.

2.8 | Western blot

Total cell lysates (20 ug) were resolved by 10% SDS-PAGE, trans-
ferred to nitrocellulose membranes and immunoblotted with anti-
bodies to BCAT1 (Abcam), Ras, phosphor (p)-BRaf (Ser445)/total
(t)-BRaf, p-MEK (Ser217/221)/t-MEK, p-ERK (Thr202/Tyr204)/t-
ERK and p-Akt (Ser473)/t-Akt (Cell Signaling). p-Actin served as the

loading control (Cell Signaling). Inmunoreactive bands were identi-
fied using an enhanced chemiluminescence reaction (Perkin-Elmer)

and visualized by autoradiography.

2.9 | Immunohistochemistry

Immunohistochemistry was performed using the Avidin-Biotin-
Peroxidase complex, according to the manufacturer's instructions
(Vector Laboratories) as described previously.8'9 The rabbit poly-
clonal anti-BCAT1 (Abcam) was used at 1:50 dilution. Tissue array
slides were then scanned with an Aperio CS2 digital pathology scan-
ner. Images were obtained with Aperio ImageScope software (Leica)
at 40x magnification. The percentage of DAB stained pixels were
determined by analysing the raw images with the QuPath software
(version 0.2.3).1°

2.10 | Statistical analysis

Significant differences between experimental and control groups
were determined using the two-tailed Student's t-test. The 50%
cytotoxicity concentrations (CC,,) were calculated by using SPSS
v20.0.
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3 | RESULTS

3.1 | High-throughput screening and identification
of new natural compounds displaying anti-SCLC
activities

One of commercial SCLC cell lines, DMS 114, derived from a surgical
biopsy of a SCLC patient, was used for our screening assays. After
screening a chemical library containing 756 natural products, we
found 94 hit compounds induced prominent cytotoxicity (>50%) at
10 uM concentration (Figure 1). After searching published literature,
we then excluded molecules with known anti-cancer activities (e.g.
paclitaxel, docetaxel, doxorubicin and rapamycin), which yielded
76 novel compounds. After calculating the CC,, using drug-killing
curves on both DMS 52 and DMS 114 cell lines, we ultimately identi-
fied 5 hit compounds with 50% cytotoxicity concentrations (CCs)
<10 uM, most of them effective at nM levels (Table 1 and Figure 2A).
These remaining compounds were Chaetocin (a histone methyltrans-
ferase inhibitor), Combretastatin A4 (a microtubule-targeting agent),
lycorine HCI (a putative inhibitor of focal adhesion kinase pathway),
Shikonin (a putative cell cycle and apoptosis inducer) and tuberci-
din (an adenosine analogue). Notably, all of the final hit compounds
showed little or no cytotoxicity on normal primary bronchial/tra-
cheal epithelial cells (PBTECs), making them highly selective towards
SCLC cells and suitable for drug development with a selective index
(SI) of ~15-8000 (Table 1).

Next, using the colony formation assays, we observed all 5 hit
compounds dramatically inhibited anchorage-independent growth of
SCLC cells when compared to the vehicle control. The vehicle-treated
SCLC cells tended to form numerous, large colonies, in contrast, treat-
ment with the hit compounds significantly reduced the number of col-
ony formation with observable cell debris in the wells (Figure 2B,C).
Using FITC-Annexin V/propidium iodide (Pl) staining combined with
flow cytometry analysis, we found that 3 of the 5 hit compounds
(Chaetocin, Combretastatin A4 and Shikonin) significantly induced
SCLC cell apoptosis, including the increased subpopulation of both
early (Annexin V+/Pl-) and late (Annexin V+/Pl+) apoptotic cells,

when compared to the vehicle-treated cells (Figure 2D,E).

3.2 | The new natural compounds effectively
repress SCLC cell growth in vivo

To assess in vivo efficacy of our new natural compounds, we tested
tubercidin and lycorine HCl in an established SCLC xenograft mice
model. Our results indicated that both tubercidin and lycorine HCI
treatments significantly repressed DMS 114 tumour growth in mice
(Figure 3A). At the end of treatments, the tumours were excised for
size and weight comparison. We found that the mice from both tu-
bercidin and lycorine HCl-treated groups formed much smaller tu-
mours when compared to the vehicle-treated group. Notably, the
tumours from one mice in both tubercidin and lycorine HCl-treated
groups exhibited a complete response and were no longer detectable

at the end of treatment (Figure 3B,C). Together, these data demon-
strate significant in vivo efficacy of the two new natural compounds

against SCLC, positing them as promising therapeutic agents.

3.3 | Transcriptomic analysis of gene profiling in
SCLC cells altered by natural compounds

To determine the global cellular changes induced by these hit com-
pounds, we compared the gene profiles of vehicle- to compound-
treated tumour cells (Chaetocin, Combretastatin A4, Shikonin and
tubercidin) by using RNA-sequencing analyses. The volcano plots
showed the scattering of genes which were significantly up-regulated
or down-regulated (FDR <0.05) in these hit compound-treated DMS
114 cells (Figure 4A). Combretastatin A4, Shikonin and tubercidin
caused fewer changes in cellular gene expression in SCLC cells rela-
tive to the significant changes induced by Chaetocin. This differential
impact on the transcriptome profile was confirmed by intersection
analysis shown in a heat map (Figure 4B). The heat map indicated
that there were ~300 transcripts, including some non-coding RNAs,
which were commonly and significantly altered in all of 4 natural
compound-treated SCLC cells. Interestingly, we discovered even if
the same genes were targeted by more than one compound in the
SCLC-treated cells, the gene may display a different trend in expres-
sion (up- or down-regulation) in response to different compounds,
indicating these compounds may use varied mechanisms or targets
to cause SCLC cell death. However, the GO_enrichment analysis
of these common gene-target candidates altered by the four com-
pounds identified several major functional categories are potentially
involved. The biological process module analysis indicated many of
the genes belong to pathways important for mitotic cell cycle phase
transition, tRNA aminoacylation, cellular macromolecule biosyn-
thetic process and cytoskeleton-dependent cytokinesis (Figure 4C).
In support, the molecular function module analysis showed the ma-
jority of the genes associate with similar processes such as RNA bind-
ing, aminoacyl-tRNA ligase activity, microtubule/tubulin binding and
purine ribonucleoside triphosphate binding (Figure 4D).

3.4 | Identification of BCAT1 as a new cellular gene
required for SCLC cell survival

We propose that certain gene candidates identified from RNA-
sequencing analysis are potentially related to SCLC survival and/
or pathogenesis. Thus, we selected BCAT1 (branched-chain amino
acid transaminase 1) for subsequent functional validation, since its
expression was dramatically down-regulated in SCLC cells following
treatment of all 4 natural compounds. BCAT1 is the predominant
isoform of BCAT that initiates the catabolism of branched-chain
amino acids (BCAAs).*! Recent data report that BCAT1 expression
is highly expressed in multiple cancers and required for individual
cancer progression.'?'* Consistent with this previous work, we

demonstrated successful knockdown of BCAT1 by RNAi effectively
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FIGURE 2 Hit natural compounds prominently inhibit SCLC cell growth. (A) The structures of the final 6 hit compounds and their dose-

dependent ‘killing curves’ on SCLC cells. (B, C) The inhibition of DIPG anc

horage-independent growth ability by new natural compounds,

using colony formation assays. (D, E) DMS 114 cells were treated with natural compounds or vehicle for 48 h; then, cell apoptosis was

measured by Annexin V-PI staining and flow cytometry analysis. Error ba
vehicle control)

repressed SCLC cell proliferation through inducing tumour cell
apoptosis (Figure 5A-D). To determine a potential mechanism for
loss of BCAT1-induced cell death, we screened several signalling
pathways related to cell proliferation. We found knockdown of
BCAT1 significantly reduced the activities of Ras/BRaf/MEK/ERK
signalling kinases in SCLC cells (Figure 5E), indicating this pathway

rs represent S.D. for 3 independent experiments, **p < 0.01 (vs the

is involved in BCAT1-mediated cancer cell proliferation. We also
observed a synergistic effect on inducing SCLC cell apoptosis with
a combination of knockdown of BCAT1 and tubercidin treatment
(Figure 5F). Taken together, our data confirmed an important role
of BCAT1 in SCLC cell survival and proliferation, which may repre-
sent an attractive therapeutic target for SCLC.
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FIGURE 3 New natural compounds displaying effective anti-SCLC activities in vivo. (A) 6 x 10° DMS 114 cells in 50 uL PBS plus 50 uL
growth factor-depleted Matrigel were injected subcutaneously into the flank of nude mice. When tumours reached 8-10 mm in diameter
(~1.5 weeks), the mice were randomly separated into different groups (4 mice per group) and received in situ subcutaneous injection with
either vehicle, tubercidin (5 mg/kg) or lycorine HCI (10 mg/kg), 3 days/week. The mice were observed and measured every 2-3 days for the
size of palpable tumours for additional 3 weeks. (B, C) At the end of treatments, the tumours were excised for weighing and size comparison,
**p < 0.01 (vs the Vehicle control)
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FIGURE 4 Transcriptome analysis of new natural compound-treated SCLC cells. (A) RNA-sequencing was used to investigate changes in
the transcriptome between natural compounds and vehicle-treated DMS 114 SCLC cells. The significantly altered genes (p < 0.05) are shown
in the volcano plot panels. (B) The heat map of commonly altered genes expression by 4 hit natural compounds in SCLC. (C, D) The GO_
enrichment (biological process and molecular function) analysis of the commonly changed cellular genes by 4 hit natural compounds in SCLC

3.5 | Clinical implications of BCAT1 in SCLC patients clinicopathological role of BCAT1 in SCLC progression through

immunohistochemistry (IHC) staining. The IHC results indicated
SCLC tissue arrays containing 80 cases together with normal lung that the expression levels of BCAT1 protein were significantly up-
tissue arrays composed of 24 cases, were used to explore the regulated in SCLC tumour tissues compared to normal lung tissues
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(Figure 6A,B), although its expression was variable among tumour especially Stages IIB, IlIA and IlIB (Figure 6C). Furthermore, based
tissues from different SCLC patients. Based on clinical character- on TNM scores, the expression of BCAT1 was significantly higherin
istics of the patient cases, we observed the expression levels of T3 and T4 (Figure 6D). Taken together, these clinical data strongly

BCAT1 were significantly increased in advanced stages of SCLC, support a role of BCAT1 in SCLC development and progression.
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4 | DISCUSSION

Although SCLC accounts for a small portion of lung cancer cases,
SCLC patients present with a worse prognosis than non-small-cell
lung cancer (NSCLC), the major histological type of lung cancer.*>®
The advent of recently developed immune checkpoint inhibitors
(ICls) has resulted in significant survival benefits in NSCLC patients.
In contrast, clinical trials testing ICls in SCLC patients have thus far
yielded modest benefits, and only a small subset of patients achieve
long-term benefit.)” Therefore, new treatments against SCLC are
still an urgent clinical need. In the current study, we identified new
natural compounds with prominent anti-SCLC activities (while
showing almost no cytotoxicity on normal lung epithelial cells), using
high-throughput screening methods. Notably, all of the final hit com-
pounds have no known association with SCLC treatment, although
previous studies show anti-cancer activity in NSCLC or other can-
cers. For example, Chaetocin, a fungal metabolite, has been shown
to suppress NSCLC cell growth through inducing endoplasmic re-
ticulum (ER) stress and cell apoptosis mediated by death receptor
5 (DR5).!8 Interestingly, Chaetocin has also been found to induce
glioma cell apoptosis in a reactive oxygen species (ROS)-dependent
manner, which potentially occur through the ATM-YAP1 signalling
axis and JNK-dependent inhibition of glucose metabolism.'” Another
hit compound, Shikonin, a natural naphthoquinone compound
has been shown to inhibit a wide range of human cancer cell lines
growth, mainly through inducing a robust up-regulation of p21 ex-
pression and eventual apoptotic cell death.?’ These observations are
consistent with our findings in this current study, as both Chaetocin
and Shikonin induced strong apoptosis of SCLC cells. However,
we also noticed apoptosis did not occur in SCLC cell response to
treatment with lycorine HCL and tubercidin, which requires further
investigation.

Although our next-generation sequencing (NGS) analysis
indicated that the hit compounds potentially utilize different
mechanisms to kill NSCLC cells, we still see overlapping func-
tional categories affected by these compounds, which supports
some common targets in cancer cell survival and proliferation.
One interesting category is tRNA aminoacylation, which is per-
formed by aminoacyl-tRNA synthetases (ARSs). ARSs represent
essential and ubiquitous house-keeping enzymes responsible for
charging amino acids to their cognate tRNAs, then providing the
substrates for protein synthesis. However, some recent studies
revealed a role of multiple ARSs in pathology and their poten-
tial use as pharmacological targets and therapeutic agents.?! In
particular, the up-regulation of ARSs has been observed in sev-
eral types of cancer.?%2% |n addition, the polymorphisms in ARSs
genes have been reported to be associated with breast cancer
risk?*; however, the roles of ARSs in SCLC pathogenesis remain
largely unknown. Interestingly, the expression of a specific ARSs,
methionyl-tRNA synthetase (MRS), has been found elevated in
NSCLC tissues, and its overexpression is associated with poor
clinical outcomes in NSCLC patients.25 Recently, MRS is further
reported to serve as a useful diagnostic marker for lymph node

metastasis in NSCLC.?® Therefore, we are interested in under-
standing how these natural product treatments may affect tRNA
aminoacylation in SCLC cells.

Here, we selected BCAT1, one of the gene candidates identified
by RNA-sequencing analysis significantly down-regulated in SCLC
cells treated with all 4 hit compounds, for functional validation. We
found that knockdown of BCAT1 effectively repressed SCLC cell
proliferation potentially through the regulation of Ras/BRaf/MEK/
ERK signalling pathway. Interestingly, a study last year reported that
knockdown of BCAT1 suppressed melanoma cell proliferation and
migration, which was associated with reduced oxidative phosphory-
lation.?” Another recent study found that BCAT1 was able to activate
PI3K/Akt/mTOR signalling pathway, contributing to the angiogene-
sis and tumorigenicity of gastric cancer cells,?® although we did not
observe repression of Akt phosphorylation by knockdown of BCAT1
in SCLC cells (Figure 5E). Therefore, we propose that BCAT1 may
interact and regulate multiple cellular signalling pathways to exert
its functions, which are most likely cancer type-specific. Our tissue-
array analysis further confirmed the clinicopathological role of
BCAT1 in SCLC progression. In addition, other studies report high
BCAT1 expression was associated with poor patient survival in sev-
eral types of cancer.?®?? One of the remaining questions is how
these natural compounds can affect BCAT1 expression. Currently,
there are limited data about the regulation of BCAT1 expression,
although one study suggests that BCAT1 may be regulated by the

transcription factor c—Myc.30
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