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A B S T R A C T   

Objectives: Small cell lung cancer (SCLC) is notorious for aggressive malignancy without effective treatment, and 
most patients eventually develop tumor progression with a poor prognosis. There is an urgent need for 
discovering novel antitumor agents or therapeutic strategies for SCLC. 
Materials and methods: We performed a screening method based on CCK-8 assay to screen 640 natural compounds 
for SCLC. The effects of Sanguinarine chloride on SCLC cell proliferation, colony formation, cell cycle, apoptosis, 
migration and invasion were determined. RNA-seq and bioinformatics analysis was performed to investigate the 
anti-SCLC mechanism of Sanguinarine chloride. Publicly available datasets and samples were analyzed to 
investigate the expression level of CDKN1A and its clinical significance. Loss of functional cancer cell models 
were constructed by shRNA-mediated silencing. Quantitative RT-PCR and Western blot were used to measure 
gene and protein expression. Immunohistochemistry staining was performed to detect the expression of 
CDKN1A, Ki67, and Cleaved caspase 3 in xenograft tissues. 
Results: We identified Sanguinarine chloride as a potential inhibitor of SCLC, which inhibited cell proliferation, 
colony formation, cell cycle, cell migration and invasion, and promoted apoptosis of SCLC cells. Sanguinarine 
chloride played an important role in anti-SCLC by upregulating the expression of CDKN1A. Furthermore, San-
guinarine chloride in combination with panobinostat, or THZ1, or gemcitabine, or (+)-JQ-1 increased the anti- 
SCLC effect compared with either agent alone treatment. 
Conclusions: Our findings identified Sanguinarine chloride as a potential inhibitor of SCLC by upregulating the 
expression of CDKN1A. Sanguinarine chloride in combination with chemotherapy compounds exhibited strong 
synergism anti-SCLC properties, which could be further clinically explored for the treatment of SCLC.   

Introduction 

Small cell lung cancer (SCLC) is a highly malignant neuroendocrine 
tumor, which is characterized by a short cell doubling time, high growth 
fraction, rapid progression and early occurrence of widespread metas-
tasis [1,2]. Although SCLC is highly sensitive to initial chemotherapy 
and radiotherapy, standard radiotherapy and chemotherapy have not 
significantly prolonged the overall survival (OS) of SCLC patients over 
the past decades, and many patients die of cancer recurrence and 

metastasis [3]. The OS of SCLC patients is not very optimistic at present 
[4]. Therefore, searching for new and effective therapeutic drugs to 
improve the clinical efficacy is of great importance. 

Increasing evidence has supported that many naturally occurring 
products possess remarkable anti-tumor activities, or enhance the effi-
cacy of chemotherapy [5]. Natural compounds are stable and safe as 
they are toxin-free, non-hazardous, residue-free, and pollution-free, 
provide opportunities for the management of cancer in the future [6]. 
In purpose of searching for effective pharmaceutical of SCLC, we 
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performed high-throughput screening with a natural compound library, 
and identified Sanguinarine chloride (Sg) with excellent anti-SCLC ac-
tivity. Sg is a natural compound derived from Macleaya cordata and 
recent studies have highlighted that Sg have different degrees of 
anti-tumor effects on prostate cancer [7,8], cervical cancer [9], breast 
cancer [10–12], colorectal cancer [13], gastric cancer [14], melanoma 
[15,16], pancreatic cancer [17] and non-small cell lung cancer (NSCLC) 
[18]. But the role of Sg in SCLC has not been elucidated. 

Our studies revealed Sg with excellent anti-SCLC activities, including 
inhibition of tumor cell proliferation, colony formation, cell cycle, 
migration and invasion, and acceleration of apoptosis by upregulating 
the expression of cyclin dependent kinase inhibitor 1A (CDKN1A). 
CDKN1A negatively regulates cell cycle progression as a member of the 
cyclin-dependent kinase inhibitors (CDKIs) family, and targeting 
CDKN1A is an important strategy for cancer therapy [19]. Our results 
showed that the expression of CDKN1A was upregulated in SCLC cells 
with the treatment of Sg and functioned as a tumor suppressor in SCLC. 
Furthermore, Sg in combination with panobinostat (Pa), or THZ1, or 
gemcitabine (GEM), or JQ1 increased the anti-SCLC effect compared 
with either agent alone treatment, which demonstrated that combina-
tion therapy of Sg with chemotherapy agents was a potentially effective 
treatment for SCLC. 

Materials and methods 

Cell culture and reagents 

Human SCLC cell line NCI-H1688 and human lung bronchial 
epithelial cell line BEAS-2B were obtained and authenticated from the 
Shanghai Institute of Cell Biology, Chinese Academy of Sciences 
(Shanghai, China). NCI-H82, NCI-H526 and 16HBE were purchased and 
authenticated from the ATCC. All cell lines were maintained in either 
RPMI-1640 medium or DMEM (Thermo Fisher Scientific, MA, USA) 
medium supplemented with 10% fetal bovine serum. Cells were cultured 
at 37 ◦C in a humidified atmosphere with 5% CO2. The natural com-
pound library containing 640 natural compounds and panobinostat 
(T2383), THZ1(T3664), Gemcitabine(T0251), (+)-JQ-1(T2110) were 
purchased from Target Mol (Shanghai, China). 

Cell viability assay 

Cell proliferation was determined using Cell Counting Kit-8 (CCK-8) 
kit (Dojindo Molecular Technologies, Inc) according to the manufac-
turer’s protocol. 

Colony formation assay 

For the formation assay, a total of 1000 cells were seeded into six- 
well plates and cultured in RPMI-1640 medium containing various 
concentrations of Sg (0, 0.5, 1, 1.5 µM). After 24 h treatment, cells were 
changed to fresh complete medium and cultured for 2 weeks. The col-
onies were then fixed with methanol and stained with a 0.1% crystal 
violet solution. 

Cell cycle assay 

Cells were collected after 24 h treatment with different concentra-
tions of Sg. The collected cells were fixed in 70% ethanol at 4 ◦C over-
night and stained with Propidium Iodide (P4170, Sigma). Cell cycle 
were then analyzed by flow cytometry (Accuri C6, BD Biosciences). 

Apoptosis assay 

Cells were collected after 24 h treatment with different concentra-
tions of Sg. Apoptosis was determined using FITC Annexin-V apoptosis 
detection kit (556547, BD Biosciences) according to the manufacturer’s 

protocol. Apoptotic cells were analyzed by flow cytometry (Accuri C6, 
BD Biosciences). 

Wound healing assay 

3 × 105 cells were seeded in six-well plates and grown to 90% con-
fluency in an incubator, followed by 48 h of starvation in serum-free 
medium. The culture medium was removed and the monolayers were 
scratched using a 200 μl pipette to create a uniform cell-free wound area. 
Debris was removed by gently washing with PBS. Cell migration into the 
wounded area was monitored and photographed at each designated time 
point under a microscope. 

Transwell cell migration and invasion assay 

Cell migration assay was carried out in a 24-well plate containing a 
polycarbonate membrane with a pore size of 8 mm. For cell invasion 
assay, the top side of the membrane was coated with Matrigel and was 
placed in the upper chamber. Cells were seeded into the upper cham-
bers. The lower chambers were filled with complete medium. After 24 h, 
the chambers were removed, and inner side was wiped with cotton 
swaps. The cells were fixed with 4% formaldehyde, stained with 0.1% 
crystal violet and counted under light microscope. 

High-throughput screening 

A library of 640 natural compounds (Target Mol) were prepared as 
stock solutions in DMSO at a concentration of 10 mM for use in this 
screening. For first round screeding, NCI-H1688 cells were treated with 
each compound at a concentration of 30 µM. After 48 h, the proliferation 
of NCI-H1688 cells was measured by CCK-8 assay. 100 compounds with 
an inhibition rate greater than 50% were selected for the second-round 
screening and cells were treated with each compound at 10 µM. Next, 58 
compounds with an inhibition rate greater than 50% were selected for 
the next screening process and cells treated with each compound at 5 
µM. 

Plasmids and cell transfections 

Short hairpin RNA (shRNA) sequences were cloned into psiF-copGFP 
vectors (System Biosciences, Mountain View, CA). The shRNA sequences 
for CDKN1A were as follows: 5′-GACACCACTGGAGGGTGACTT-3′(#1), 
5′-GACAGCAGAGGAAGACCATGT-3′(#2), 5′-ACAGATTTCTACCACTCC 
AA-3′(#3). The sequence for negative control(shControl) was 5′- 
GGTGTGCAGTTGGAATGTA-3′. To establish stably transfected cell lines, 
lentivirus was produced by HEK-293T cells with the second-generation 
packaging system pMD2.G and psPAX2, and harvested at 48 h after 
transfection. SCLC cell lines were transduced with virus in the presence 
of 8 μg/mL polybrene and screened them with puromycin for 7 days. 

Western blot 

Cells were lysed with RIPA buffer (Cell Signaling) supplemented with 
protease inhibitor, and boiled at 95 ◦C for 5 min. Equal amount of 
protein were added to sodium dodecyl sulfate polyacrylamide- 
polyacrylamide gel electrophoresis, then transferred to polyvinylidene 
difluoride membrane. After membrane transferred, the membrane was 
blocked with 5% nonfat dry milk for 1 h at room temperature, and then 
incubated with the primary antibodies at 4 ◦C overnight. Antibodies for 
CDKN1A (A19094), CDKN1B (A19095), CDKN1C (A2060) and p53 
(A0263) were purchased from ABclonal Technology. β-actin antibody 
(H11459) was purchased from Sigma as a loading control. Next day, the 
membranes were incubated for 1 h at room temperature with an HRP- 
conjugated anti-rabbit or anti-mouse secondary antibody, The immu-
noreactive proteins were visualized with SuperSignal West Dura 
Chemiluminescent (Thermo Fisher). 
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Quantitative real-time PCR (qPCR) 

Total RNA was isolated by using Trizol reagent and reverse tran-
scribed with a StarScript II First-strand cDNA Synthesis Kit (GenStar, 
A212-05) in accordance with a standard protocol. QPCR was performed 
using the SYBR Green Supermix (Bio-Rad, CA, USA) and CFX96 real- 
time PCR detection system (Bio-Rad). The mRNA expression of genes 
was evaluated by using the 2− △△Ct method. The primers for CDKN1A 
were: 5′-GGAAGGGACACACAAGAAGAAG-3′ and 5′-AGCCTCTACTGC-
CACCATCTTA-3′; the primers for CDKN1B were: 5′- 
GCTTCTTGGGCGTCTGCTC-3′ and 5′-TAACCCGGGACTTGGAGAAG-3′; 
the primers for CDKN1C were: 5′-GCGGCGATCAAGAAGCTGT-3′ and 5′- 
ATCGCCCGACGACTTCTCA-3′; the primers for β-actin were: 5′- 
TCGTGCGTGACATTAAGGAG-3′ and 5′-ATGCCAGGGTACATGGTGGT- 
3′. 

Xenograft model 

Animal experiments were performed according to protocols 
approved by the ethical committee of Guangzhou University of Chinese 
Medicine Institutional Animal Care and Use Committee. Five-week-old 
BALB/C nude mice were used for in vivo anti-SCLC effect of Sg. 2 ×
106 NCI-H1688 cells were injected subcutaneously into athymic nude 
mice. Tumor volume was measured as [(length × width × height)/2] 
every 3 days. When the tumor volume reached ~30 mm3, treatments 
were carried out via intraperitoneal injection. After treatment for 21 
days, the mice were sacrificed by cervical dislocation method, and 
tumor tissues were collected for immunohistochemical staining (IHC) 
and Western blot. 

Immunohistochemistry 

Tumors were collected at the indicated times and fixed with 10% 
neutral buffered formalin. After fixation for 24 h, the tissues were 
paraffin-embedded, sectioned (4 μm). For immunohistochemistry 
staining, deparaffinized and rehydrated sections were boiled in Na- 
citrate buffer (10 mM, pH 6.0) for 30 min for antigen retrieval. The 
sections were incubated with primary antibodies and developed by 
using the Ultra Vision Detection System (Thermo Fisher Scientific). 
Images were acquired using an Olympus IX51 microscope and processed 
using cellSens Dimension software. 

RNA-sequencing and bioinformatics analysis 

NCI-H1688 cells were treated with Sg at 1 µM. After 24 h, total RNA 
was extracted for RNA-sequencing (RNA-Seq) by using the TRI Reagent 
and Direct-zol RNA kit (Zymo Research, Irvine, CA, USA) following the 
manufacturer’s instructions. The sequencing was performed by a 
sequencing service company (Novogene, Beijing, China) using the Illu-
mina sequencing platform. Log2|Fold change| ≥ 1 and P < 0.05 were 
used as a cut-off to define overexpression or downregulation. Ingenuity 
Pathway Analysis (IPA) was used to identify enriched molecular path-
ways, gene networks, canonical pathways, and cellular biological con-
sequences. Protein-protein interaction (PPI) analysis of genes was 
processed by STRING (https://string-db.org/) and visualized by Cyto-
scape. The hub genes in the network defined as possessing a connective 
degree >10. 

Fig. 1. Natural compounds screening identified Sanguinarine chloride as a potential SCLC inhibitor. (A) Natural compound screening process. (B) The inhibition 
ratio of NCI-H1688 treated with 640 natural compounds at a concentration of 30 µM, 10 µM, 5 µM. (C) The inhibition ratio of NCI-H1688 and 16HBE after 48 h 
incubation with top 39 ranked natural compounds at 5 µM or 1 µM, respectively. (D) The inhibition ratio of top 5 ranked natural compounds against NCI-H1688 and 
16HBE after 48 h incubation at 1 µM and NCI-H1688 at 5 µM, respectively. All data are presented as mean ± SD of 3 replicates. *p < 0.05, **p < 0.01, vs. DMSO. 
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Gene expression analysis from the public database 

Data from the Gene Expression Omnibus (GEO, www.ncbi.nlm.nih. 
gov/geo) was used to analyze CDKN1A mRNA expression in SCLC, 
GSE6044 [20] and GSE40275 [21], a total of 19 normal lung and 17 
SCLC samples were included in the present study. Patient data from 
George [22] was used to conduct OS analysis, in brief, patients were 
grouped into the higher (CDKN1A-H) and lower (CDKN1A-L) group 
based on their relative expression of CDKN1A. 

Statistical analysis 

Data are presented as the means ± SD. All statistical analyses were 
carried out using SPSS software (version 22). An unpaired two-tailed 
Student’s t-test was performed for two-group comparisons and one- 
way ANOVA analysis (Post hoc: LSD) was performed for multiple 
group comparisons. For the survival analysis, Kaplan-Meier curves were 
analyzed by log rank test. The statistical significance was set at a p-value 
<0.05. 

Results 

Natural compounds screening identified Sanguinarine chloride as a 
potential SCLC inhibitor 

To identify small molecules that suppress SCLC cell growth, we 
performed a high-throughput screening of a compound library 
composed of 640 natural compounds in human SCLC cell NCI-H1688 
(Fig. 1A). In brief, all compounds were initially screened at a concen-
tration of 30 µM and the cytotoxicity against NCI-H1688 was measured 
by CCK-8 assay. One hundred compounds elicited greater than 50% 
reduction in cellular growth and were triaged for further inspection. 
Fifty-eight compounds had an IC50 at the concentration of 10 µM, and 
thirty-nine had an IC50 at 5 µM (Fig. 1B). These thirty-nine compounds 
were divided into several categories based on their putative targets, 
which including microtubules/Tubulin (9 compounds), Na+/K+ATPase 
(5 compounds), Topoisomerase (4 compounds) and other targets (21 
compounds) (Supplementary Fig. 1 and Table S1). Next, the top five 
ranked natural compounds that reduced cellular growth against NCI- 
H1688 were used to treat both NCI-H1688 and normal bronchial 
epithelial cell line 16HBE, at the concentration of 1 µM or 5 µM for 48 h. 
Compared with the other compounds, Sg could not only inhibited SCLC 
cells at the concentration of 1 µM, but also had a lower lethality rate 
against 16HBE (Fig. 1C and D). These results indicate that Sg is an ideal 

Fig. 2. Sanguinarine chloride inhibited cell proliferation, colony formation, cell cycle, migration, invasion and promoted cellular apoptosis. (A) The inhibitory effects 
of Sg (1 µM) on the cell proliferation of NCI-H1688, 16HBE and BEAS-2B cells at 24 h, 48 h, 72 h. (B) Dose- and time-dependent inhibitory effects of Sg on the growth 
and proliferation of NCI-H1688, NCI-H82 and NCI-H526 cells. (C) Colony formation assay of the dose-dependent inhibitory effect of Sg on NCI-H1688 cells. Cell 
viability was measured using CCK-8 assay while the number of colonies was counted using a microscope. (D) Evaluating the numbers of NCI-H1688 cells during G1/ 
S/G2-M phase after 24 h treatment with Sg at 0.5, 1, 1.5 µM or DMSO respectively. (E) NCI-H1688 were treated with Sg at 0.5, 1, 1.5 µM or DMSO for 24, followed by 
Annexin V-FITC and PI staining and flow cytometry analysis. Both Annexin V-FITC and PI double positive cells represent apoptotic cells. (F) The scratch area was 
measured at 0 and 24 h after treatment with Sg at 0.5, 1, 1.5 µM or DMSO, respectively. (G) The effect of Sg on transwell migration and invasion (H) of NCI-H1688 
cells after 24 h treatment with Sg at 0.3, 0.4, 0.5 µM or DMSO, respectively. Data are presented as mean ± SD of 3 replicates, *p < 0.05, **p < 0.01, vs. DMSO. 
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candidate compound for treating SCLC. 

Sanguinarine chloride inhibited SCLC cells in vitro and in vivo 

Firstly, we sought to determine the anti-SCLC activity of Sg in vitro. 
NCI-H1688, 16HBE and BEAS-2B were treated with 1 µM Sg for 24, 48 
and 72 h. We observed that the inhibitory effect of Sg on NCI-H1688 was 
significantly stronger than that on 16HBE and BEAS-2B (Fig. 2A). Three 
SCLC cell lines, NCI-H1688, NCI-H82 and NCI-H526, were treated with 
Sg at different concentrations for 24 h, 48 h and 72 h respectively. As 
shown in Fig. 2B, dose and time-dependent growth inhibition was 
observed in three SCLC cell lines with the treatment of Sg (Fig. 2B). In 
addition, we found the viability of SCLC cells was effectively reduced 
with Sg in a dose-dependent manner by using the colony formation assay 
(Fig. 2C). To further explore the role of Sg on cell cycle and apoptosis in 
SCLC cells, NCI-H1688 were treated with Sg at various concentrations 
for 24 h and then analyzed by flow cytometry. Results from flow 
cytometry showed that Sg arrested cell cycle in S phase (Fig. 2D), and 
increased apoptotic cell death in NCI-H1688 (Fig. 2E). Furthermore, 
wound-healing and trans-well assay demonstrated that Sg impaired the 
migration and invasion capability of NCI-H1688 (Fig. 2F–H). 

Next, we established mouse xenograft models using NCI-H1688 cells 
to determine the anti-SCLC of Sg in vivo. Significantly smaller tumor 
volumes and lower tumor weigh were observed in the Sg treated group 
than vehicle group (Fig. 3A and B). Immunohistochemical results 
demonstrated that the expression level of cell proliferation marker Ki67 
was significantly decreased, while the apoptotic marker Cleaved- 
caspase 3 was markedly increased in Sg-treated tumors compared to 
vehicle-treated tumors (Fig. 3C and D). These results indicate that Sg 
inhibits the development of SCLC in vitro and in vivo, which demonstrate 
Sg as an ideal candidate compound for further mechanistic studies in 
SCLC. 

Bioinformatic analysis of the molecular mechanism of Sanguinarine 
chloride against SCLC 

To explore the mechanism underlying Sg inhibited the growth of 
SCLC cells, we performed RNA-sequencing (RNA-seq) on NCI-H1688 
cells treated with Sg or dimethyl sulfoxide (DMSO) for 24 h. A total of 
891 differently expressed genes (DEGs) were identified (Fig. 4A). In-
genuity Pathway Analysis (IPA) revealed the most enriched canonical 
pathways involved in the inhibition of MMPs, fatty acid α-oxidation, 
sirtuin signaling pathway, oxidative phosphorylation and the methyl-
glyoxal degradation III (Fig. 4B). And the top three enrichment of IPA 
molecular and cellular functions analysis were protein trafficking, 
cellular movement and cell cycle (Fig. 4C). Considering the effect of Sg 
on the cell cycle of SCLC cells in vitro, we next focused on those forty- 
seven DEGs enriched in cell cycle. The expression levels of the forty- 
seven DEGs in RNA-seq data were detected, and most of them were 
upregulated in NCI-H1688 cells with the treatment of Sg, including 
CDKN1A and CDKN1C, which were two members of the cyclin- 
dependent kinase inhibitors (CDKIs) family (Fig. 4D and Supplemen-
tary Table S2). Notably, IPA interaction network analysis showed 
CDKN1A was present in the core modules in the merged network 
(Fig. 4E). Furthermore, protein-protein interaction (PPI) analysis of the 
forty-seven DEGs also revealed that CDKN1A and CDKN1C were the two 
most enriched core genes with a connective degree >10 (Fig. 4F). 
Collectively, these data indicate that CDKN1A and CDKN1C might 
positively correlate with the anti-SCLC activity of Sg. 

CDKN1A functions as a potential tumor suppressor gene against SCLC 

To validate the positively correlation of CDKN1A, CDKN1B and 
CDKN1C with anti-SCLC activity of Sg, we first measured the expression 
level of them in SCLC cells treated with Sg. CDKN1A and CDKN1B, but 
not CDKN1C, were significantly upregulated in NCI-H1688 and NCI-H82 
cells treated with Sg compared to vehicle treatment (Fig. 5A and B). We 

Fig. 3. Sanguinarine chloride inhibited SCLC cells in vivo. (A) Xenograft growth in nude mice injected with NCI-H1688 cells and treated with or without Sg (2.5 mg/ 
kg•bw, every three days for three weeks, n = 4 mice per group) and tumor volumes in the mice was showed. (B)Tumor weight in the mice. Immunohistochemical 
staining for Ki-67(C) and Cleaved caspase 3(D), Red arrows mark Cleaved caspase 3 positive, *p < 0.05, **p < 0.01, ***p < 0.001, vs. Vehicle. 
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also found that the protein level of p53 was not altered in cells treated 
with Sg. Correspondingly, Sg treatment markedly upregulated the 
CDKN1A expression in tumors from SCLC mouse xenograft models 
(Fig. 5C). By data mining GSE6044 and GSE40275, we confirmed the 
lower expression of CDKN1A in tumors from SCLC patients compared to 
their normal tissues (Fig. 5D). And the CDKN1A expression in three 
SCLC tumor cell lines were all significantly lower than the normal cell 
line 16HBE in both mRNA and protein level as expected (Fig. 5E and F). 
Moreover, overall survival (OS) analysis revealed a correlation between 
low CDKN1A expression level and poor OS (P = 0.0176) (Fig. 5G). To 
further investigate the role of CDKN1A in SCLC, we used loss-of-function 
method to evaluate the impact of CDKN1A on NCI-H1688 cells (Fig. 5H), 
and found that CDKN1A silencing effectively enhanced the ability of 
colony formation and promoted cell proliferation of NCI-H1688 (Fig. 5I 
and J). Collectively, our results suggest that Sg plays an important role of 
anti-SCLC by stimulating the expression of CDKN1A and stagnating cell 
cycle. 

Sanguinarine chloride synergistically interacts with chemotherapy agents 
in SCLC cells 

Several studies have shown that combination therapy is a potentially 
effective treatment for SCLC [23] and Sg was the best synergist in 
comparison with other alkaloids, phenolics and terpenoids [24]. Thus, 
we explored the potential synergistic anti-SCLC activity of Sg with four 
well known chemotherapeutic compounds. Firstly, the IC30 of pan-
obinostat (Pa), THZ1, gemcitabine (GEM) and (+)-JQ-1 (JQ1) in 

NCI-H1688 were determined to be 60 nM, 60 nM, 3 μM and 28 μM 
respectively, and this concentration was used for the following experi-
ments (Fig. 6A). Compared with each single-agent treatment, all the 
combination treatment was found to significantly decrease the cell 
viability of NCI-H1688 (Fig. 6B–E). Sg combined with Pa, JQ1 and GEM 
showed the higher and durable anti-SCLC activities according to the 
Combination index (CI) (Fig. 6F). Furthermore, the combination treat-
ment of Sg and Pa resulted in a significantly decreased cellular number 
in both G2M and S phase (Fig. 6G). Correspondingly, the expression of 
CDKN1A was significantly increased in three SCLC cell lines treated with 
Pa or Sg compared to vehicle treatment (Fig. 6H). Interestingly, our data 
showed that Sg and Pa induced high level of CDKN1B in NCI-H1688 and 
NCI-H82, but not in NCI-H69, which may suggest the complicated 
distinct subtypes of SCLC. 

Discussion 

Unlike the increasingly personalized therapy targets and compounds 
against lung adenocarcinoma, SCLC lacks identifying targets, tumor 
specific somatic mutants and effective therapies drugs. Standard 
chemotherapy regiment for SCLC, cisplatin combined with etoposide, 
has been used over the past four decades, however, only a small minority 
of patients benefit from surgery or concomitant chemotherapy. FDA 
approved a topoisomerase inhibitor, topotecan for recurrent SCLC, 
which has substantial toxicities in approximately 25% patients. Notably, 
natural-based alternatives with high biological activity and less toxicity 
have become more important against malignant tumors. Numerous 

Fig. 4. Bioinformatics analysis of the molecular mechanism of Sanguinarine chloride in SCLC. (A) Volcano plot showing the differentially expressed genes of NCI- 
H1688 cells treated with Sg (1 µM) or DMSO. Significantly differentially expressed genes were determined based on Log2|Fold change| ≥ 1 and P < 0.05. (B) IPA 
Canonical pathways analysis of the DEGs in NCI-H1688 after 24 h treatment with Sg (1 µM). (C) The top 5 ranked molecular and cellular functions in IPA analysis. (D) 
Heatmap shows the expression of the 47 DEGs in RNA-seq data. (E) IPA interaction network analysis of the 47 DEGs related to cell cycle. (F) PPI analysis of the most 
core 15 nodes (connective degree >10) in the cell cycle-related molecular network. 
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bioactive natural compounds have been shown to be useful in the pre-
vention and therapy of cancer by targeting various signaling molecules 
and pathways [25,26]. In this study, we performed high-throughput 
screening to identify promising natural compounds with anti-SCLC ac-
tivity. We found the top 39 effective compounds mostly target Na+/K+

ATPase, topoisomerase and Microtubule/Tubulin pathways, which 
represent prototype drug targets for SCLC therapy. We further identified 
Sanguinarine chloride as an ideal candidate for the treatment of SCLC. In 
vitro data and results from murine tumor models indicate that SCLC is 
sensitive to Sg treatment. 

The encouraging results prompted us to investigate the anti-SCLC 
mechanism of Sg. IPA and PPI analysis utilized RNA-seq data and sub-
sequently validation preliminarily revealed that CDKN1A was a candi-
date target gene of Sg. CDKN1A, also known as P21/WAF1/CIP1, which 
encodes a potent CDKI and the encoded protein functions as a regulator 
of cell cycle progression at G1 [27]. Given that the most promising 
clinical investigation in SCLC currently focuses on agents targeting DNA 
damage repair and cell cycle checkpoints, we speculate that CDKN1A 
could be a therapeutic potential target in SCLC. Results from public 
database demonstrated that the CDKN1A expression in both SCLC cell 
lines and tumors from patients was significantly lower than vehicle 
control, and this lower CDKN1A level had a correlation with poor OS of 
SCLC patients. After treated with Sg, CDKN1A expression was increased 
in SCLC cell lines. Following silencing of CDKN1A effectively enhanced 
the ability of colony formation and promoted cell proliferation in SCLC 

cell lines. We demonstrate that Sg stimulating the expression of CDKN1A 
to induce cell cycle arrest in SCLC, which ascertains that CDKN1A is a 
therapeutic target against SCLC. 

It has been reported that Sg sensitized doxorubicin, paclitaxel and 
cisplatin to multiple cancers, including colon, prostate, breast, ovarian 
and lung cancers [24]. Histone deacetylase inhibitors (HDACi) are 
anti-cancer agents and commonly used in chemotherapy for solid tu-
mors and hematological cancers [28]. Panobinostat (Pa), a pan-HDACi, 
has been proved the anti-tumor effects in SCLC preclinical models, but 
only modest single-agent activity was found in clinical trials [29]. Thus, 
combination strategy for Pa with other agents is a way to enhance its 
anti-tumor effects in SCLC [30]. Our data showed that Sg synergistically 
enhanced the anti-tumor activity of four chemotherapy compounds, 
including panobinostat, gemcitabine, THZ1 and JQ1 in SCLC. Espe-
cially, Sg combined with Pa, or GEM or JQ1 exhibits strong synergism 
anti-SCLC properties in cell culture experiments. When treated with Sg 
or panobinostat, SCLC cells displayed higher level of CDKN1A and 
increased number of G1 cells, which certainly confirmed the tumor 
suppressor role of CDKN1A. Moreover, CDKN1A was also robustly 
induced by panobinostat, and Sg combined with panobinostat could not 
further increase the expression level of CDKN1A compared to pan-
obinostat alone treatment, which suggested that additional signaling 
pathway and targets were involved in the synergist effective role of Sg 
and panobinostat against SCLC. In the future studies, it will be critical to 
determine whether additional therapeutic targets and precise 

Fig. 5. CDKN1A is a potential tumor suppressor gene in SCLC. (A) and (B) CDKN1A, CDKN1B, CDKN1C and p53 expression level in NCI-H1688 and NCI-H82 were 
measured by qPCR (A) and Western blot (B) after treated with 0.5, 0.75, 1 µM Sg or DMSO for 24 h. (C) Representative samples showing high and low intensity 
CDKN1A staining in tumor tissues derived from mice with Sg or DMSO treatment. (D) GEO database(GSE6044 and GSE40275) was used to analysis the expression of 
CDKN1A in SCLC and normal tissues. (E) qPCR and western blot (F) analyzed the expression level of CDKN1A in 16HBE, NCI-H1688, NCI-H82, and NCI-H526 cells. 
(G) OS analysis of SCLC patients based on CDKN1A expression, Patients were grouped into the higher (CDKN1A-H) and lower (CDKN1A-L) group based on their 
relative expression of CDKN1A. (H) Effect of shRNA knockdown on CDKN1A translation in NCI-H1688 cells. (I) The colony forming abilities of NCI-H1688 cells after 
stably knockdown of CDKN1A (shCDKN1A #3). (J) Cell viability of NCI-H1688 cells after knockdown of CDKN1A (shCDKN1A #3). Data are presented as mean ± SD 
of 3 replicates, *p < 0.05, **p < 0.01, vs. DMSO. 
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mechanism could be identified to explain the strong synergistic action of 
Sg and panobinostat in vitro and in vivo experiments. 
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