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Abstract
Background  Small cell lung cancer (SCLC) stands as one of the most lethal malignancies, characterized by a grim 
diagnosis and prognosis. The emergence of multi-drug resistance poses a significant hurdle to effective therapy. 
Although previous studies have implicated the long noncoding RNA LYPLAL1-DT in the tumorigenesis of SCLC, the 
precise role of the highly expressed LYPLAL1-DT in SCLC chemoresistance and the underlying mechanism remain 
inadequately understood.

Methods  cDDP-, VP-16- and PTX-resistant SCLC cells lines were established. The viabilities of SCLC cells were assessed 
by CCK-8 assay in vitro and xenograft tumor formation assay in vivo. Apoptosis was evaluated by FACS, Western 
blot and JC-1 fluorescence staining, while autophagy was explored via autophagic flux detection under confocal 
microscopy and autophagic vacuole investigation under transmission electron microscopy (TEM). The functional role 
and mechanism of LYPLAL1-DT were further investigated by gain- and loss-of-function assays in vitro. Furthermore, 
the therapeutic efficacy of the combination of venetoclax and HCQ with cDDP, VP-16 or PTX was evaluated by cell 
line, cell-derived xenograft (CDX) and patient-derived xenograft (PDX) mice model.

Results  Our findings revealed that LYPLAL1-DT is upregulated in chemoresistant SCLC cell lines. Gain- and loss-of-
function assays demonstrated that LYPLAL1-DT impairs sensitivity to cDDP, VP-16, or PTX both in vitro and in vivo. 
Overexpression of LYPLAL1-DT significantly enhanced autophagy and inhibited apoptosis in SCLC cells. Further 
analyses, including RIP and RNA pull-down assays, revealed that LYPLAL1-DT promotes the expression of BCL2 
by sponging miR-204-5p and is implicated in the assembly of the autophagy-specific complex (BECN1/PtdIns3K 
complex). Combining venetoclax and HCQ with cDDP, VP-16, or PTX effectively mitigated chemoresistance in SCLC 
cells and suppressed tumor growth in CDX and PDX models without inducing obvious toxic effects.
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Introduction
Small cell lung cancer (SCLC), which accounts for 13%–
15% of all lung cancers, stands as the sixth most common 
cause of cancer-related mortality worldwide [1–3]. SCLC 
is characterized by a rapid doubling time, high prolifera-
tion capacity and early extensive metastasis [4]. Despite 
advancements in diagnosis and treatment modalities, 
the prognosis for SCLC remains grim, primarily due to 
the rapid emergence of resistance to various therapeutic 
agents.

Etoposide-platinum remains the most common initial 
treatment regimen for SCLC. While most patients ini-
tially respond to chemotherapy, only approximately 10% 
remain disease-free after 2 years, remains would experi-
ence relapse after first-line treatment [5]. Chemoresis-
tance even occurs for the second line treatments such 
as paclitaxel. Thus, multi-drug resistance (MDR) has 
emerged as a paramount concern in the management of 
SCLC.

The development of MDR in SCLC is a multifaceted 
process, involving a complex interplay of genetic, epi-
genetic, and microenvironmental factors. Dysregulated 
apoptosis and autophagy pathways are two key molecular 
contributors to this process [6]. Decreased apoptotic sig-
naling, particularly the activating anti-apoptotic system, 
allows cancer cells to evade chemotherapy, leading to 
uncontrolled cell proliferation, tumor survival, drug resis-
tance and cancer recurrence [7]. Aberrantly increased 
levels of B-cell lymphoma 2 (BCL2) is correlated with the 
development and poor prognosis of various cancers [8–
10]. Targeting BCL2 inactivation has emerged as one of 
the most promising approaches combating various types 
of cancers [11, 12]. The small molecule BCL2 inhibi-
tor ABT-199, known commercially as venetoclax, has 
shown considerable clinic efficacy in chronic leukemia, 
acute myeloid leukemia, and multiple myeloma [13–15]. 
Timothy L Lochmann et al. demonstrated that veneto-
clax induces regressions in high BCL2-expressing SCLC 
tumors in vivo, suggesting its potential application in a 
substantial fraction of SCLC cases. However, venetoclax-
based regimens also confront dilemma of drug resistance 
[16–18]. Autophagy is a cellular survival mechanism 
that could be induced by various of stimuli or stress, 
such as food deprivation, hypoxia and chemotherapeu-
tics [19, 20]. Numerous studies have shown that autoph-
agy empowers tumor cells to overcome stresses and 

contributes to the chemoresistance [21, 22]. Inhibition 
of autophagy potentiates the chemosensitivity of breast 
cancer, prostate cancer and gastrointestinal stromal 
tumor cells [23–25]. Our previous study also illustrated 
that autophagy plays a protective role in the cisplatin-
resistant SCLC cell line H446/cDDP and inhibition of 
autophagy enhances cisplatin-induced cell death [26]. 
The underlying molecular mechanism is an obscurity.

Long noncoding RNAs (lncRNAs) consist of more 
than 200 nucleotides and do not encode functional pro-
teins. Accumulating evidence indicates that lncRNAs 
closely participate in cancer drug resistance by regulat-
ing miRNA, signaling pathways, cancer stem cells, pro- 
and anti-apoptosis, and autophagy [27–30]. Our previous 
studies revealed that lncRNA LYPLAL1-DT (Ensembl ID: 
ENSG00000228063) plays a protective role for endothe-
lial cell under high-glucose and inflammatory condition 
[31] and is closely related to the malignant phenotype of 
SCLC [32]. This fact intrigues us to explore its effects on 
the chemoresistance of SCLC and the molecular mecha-
nism behind.

In the current study, we show for the first time that 
LYPLAL1-DT promotes multi-drug resistance of SCLC 
by suppressing apoptosis and enhancing autophagy 
pathway. Combination of venetoclax and HCQ can sig-
nificantly potentiate the sensitivity of SCLC cells to the 
primary chemotherapy regimens with no observed toxic 
effect. It offers a novel solution for SCLC and might even-
tually prolong the survival of patients.

Methods
Tissue specimens and serum samples
Serum samples of 8 chemotherapy-sensitive patients 
and 9 chemotherapy-resistance patients were collected 
from the Beijing Chest Hospital. Six paraffin-embedded 
tissue specimens from chemotherapy-sensitive patients 
and six from chemotherapy-resistance patients were also 
obtained from Beijing Chest Hospital. All samples were 
confirmed via pathologic examination. Informed consent 
was obtained from all patients prior to specimen collec-
tion, in accordance with institutional guidelines. All pro-
tocols were approved by the Institutional Review Board 
and informed consent was obtained from the patients or 
their guardians.

Conclusions  Our findings demonstrate that upregulation of LYPLAL1-DT sequesters apoptosis through the 
LYPLAL1-DT/miR-204-5p/BCL2 axis and promotes autophagy by facilitating the assembly of the BECN1/PtdIns3K 
complex, thereby mediating multi-drug resistance of SCLC. The triple combination of venetoclax, HCQ, in conjunction 
with cDDP, VP-16 or PTX overcomes refractory SCLC, shedding light on a potential therapeutic target for combating 
SCLC chemoresistance.

Keywords  LYPLAL1-DT, BCL2, BECN1, Apoptosis, Autophagy, Multi-drug resistance, Small cell lung cancer



Page 3 of 20Li et al. Molecular Cancer          (2024) 23:243 

Cell lines, reagents, and antibodies
The lung cancer cell lines NCI-H446, NCI-H196 were 
obtained from the Chinese National Infrastructure of 
Cell Line Resource. Cells were maintained in RPMI1640 
supplemented with 10% FBS (VisTech, New Zealand). 
All cell lines were cultured at 37 ℃ with 5% CO2. The 
H446/cDDP, H446/VP-16, H446/PTX, H196/cDDP, 
H196/VP-16, H196/PTX chemo-resistant SCLC cell 
lines were established by our laboratory. H446 cells or 
H196 were treated with increased concentration of cis-
platin, VP-16, or PTX. After 9–11 months of induction 
and screening, the final surviving cells showed resis-
tance against cisplatin, VP-16 or PTX. Cisplatin and 
venetoclax were purchased from MedChemExpress 
(Cat#HY-17394, Cat#HY-15531). Hydroxychloroquine 
(HCQ) was purchased from MedChemExpress (Cat#HY-
W031727) and Chongqing Kangle Pharmaceutical Co., 
Ltd (Cat#747-36-4). Etoposide (VP-16) and Paclitaxel 
(PTX) was purchased from meilunbio (Cat#MB1102-1 
and Cat#MB1178-S). Commercially available antibod-
ies are as follows: Anti-β-actin (HUABIO, Cat#R1207-
1), anti-p62/SQSTM1 (Proteintech, Cat#18420-1-AP), 
anti-LC3B (HUABIO, ET1701-65), anti-casepase3 
(Abcam, ab184787), anti-BCL2 (Abways, Cat#CY6717), 
anti-Beclin1/BECN1(Proteintech, Cat#11306-1-AP), 
anti-PIK3C3/VPS34 (Proteintech, Cat#12452-
1-AP), anti-ATG14 (ABclonal, Cat#A7526), anti-
Ago2 (CST, Cat#2897S), ANTI-FLAG (Proteintech, 
Cat#80010-1-RR).

Lentivirus package, plasmids construction, siRNAs, and 
transfection
The DNA fragment of LYPLAL1-DT was inserted into 
pLenti-GIII-EF1α-Luc-2  A-Puro Kan vector (Can-
ada, ABM) and the LYPLAL1-DT shRNA fragment 
was ligated to the pHBLV-U6-MCS-CMV-ZsGreen-
PGK-PURO vector (HANBIO, Shanghai, China). The 
overexpression lentivirus vector of LYPLAL1-DT, the 
knockdown and negative controls infected the H446, 
H446/cDDP and H196 cell lines for 48  h. Subsequently, 
cells were selected with 2 µg/mL puromycin (Invivogen, 
Cat#ant-pr-1) for 3 weeks. Furthermore, qRT-PCR was 
used to examine the overexpression and knockdown 
efficiency of these cells. The mRFP-GFP-LC3 lentivirus 
(HANBIO, Shanghai, China) was also infected into the 
H446 and H446/cDDP cells. The BCL2 expression vector 
and control vector were purchased from HANBIO and 
transfected into the cells by using Lipofectamine 3000 
(Invitrogen, CA, USA, Cat#L3000015). For the knock-
down of LYPLAL1-DT and BCL2, siRNAs or negative 
control siRNA were transfected via an RNAfit reagent 
(HANBIO, Shanghai, China), following the manufactur-
er’s instruction. The miR-204-5p mimics, inhibitors and 
negative controls were also purchased from HANBIO. 

The sequences of miR-204-5p and siRNAs for LYPLAL1-
DT and BCL2 are listed in Table S1.

Western blot
Cells were lysed and then heated in 1×loading buf-
fer (ROBY, Cat#RBU111-1) for 10  min at 99 ℃. The 
protein samples were separated using SDS-PAGE and 
transferred onto a nitrocellulose filter membrane (Pall, 
Cat#51146359). The membranes were blocked with 5% 
skimmed milk (BD, Cat#232100) for 1 h at room temper-
ature and incubated with primary antibody overnight at 
4 °C. Subsequently, the membranes were incubated with 
secondary antibody for 1  h at room temperature. Pro-
tein signals were detected using NcmECL Ultra (NCM 
Biotech, Cat#P10300) according to the manufacturer’s 
instructions.

RNA extraction and qRT- PCR
Total RNA was extracted using TRIzol (Vazyme, 
Cat#R401-01) and mRNA was reverse transcribed using  
5X All-In-One RT MasterMix  (with AccuRT Genomic 
DNA Removal Kit)  (ABM, Cat#G492). qRT-PCR was 
performed using EvaGreen 2X qPCR MasterMix (ABM, 
Cat#MasterMix-S). mRNA level was quantified by the 
2-ΔΔCt algorithm with β-actin as the normalizer gene, 
and miRNA expression was normalized to U6. All the 
primers used are listed in Table S2.

Cell viability assay
For CCK-8 assays, cells were seeded into 96-well plates 
at a density of 3,000 cells per well for 100 µL. After 12 h 
of culture, the cells were treated with chemotherapeutic 
drugs, venetoclax or HCQ, at the indicated concentration 
for 12 to 72 h. Then, 10 µL of CCK-8 (Gene-Protein-Link, 
Cat#P04D30X) was added to each well. The cells were 
then incubated at 37 ℃ for 2 h, and the optical density 
was measured at 450 nm using a BioTek ELx800 Micro-
plate reader.

Combenefit analysis
Combenefit plots for the combination-dose response 
of venetoclax with cisplatin and HCQ were generated. 
H446/cDDP cells were treated with a combination of 
2 µg/mL cisplatin and venetoclax (0–160 µM) or a com-
bination of 2 µg/mL cisplatin and HCQ (0–50 µM). Cell 
viability was then measured by CCK-8 assay after 72  h. 
Synergy was mapped to drug-dose response using the 
Loewe model, calculated by SynergyFinder ​(​​​h​t​​t​p​s​​:​/​/​s​​y​n​​
e​r​g​y​f​i​n​d​e​r​.​f​i​m​m​.​f​i​​​​​)​. Loewe model is based on expected 
response corresponding to a combination rather than the 
single drugs with increasing dose. Relative synergy scores 
are color-coded, where red indicates synergy, white indi-
cates a lack of synergy and green indicates antagonism 
based on respective synergy scoring. For any doses xA, 

https://synergyfinder.fimm.fi
https://synergyfinder.fimm.fi
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xB, …,xN of drugs A,B,…,N, Loewe synergy score, SLOEWE, 
is defined as: SLOEWE= EA, B,…,N- ELOEWE, where ELOEWE 
should satisfy: Σk = A, B,…,N(xkfk

-1(ELOEWE)) = 1.

Hoechst-33342 staining for detecting cell apoptosis
Hoechst-33342 staining was performed according to pre-
vious report [32]. After cell culture and treatment with 
chemotherapeutic drugs, the medium was discarded, and 
the cells were fixed in 4% paraformaldehyde for 15 min. 
Subsequently, 200 µL of 100  µg/mL Hoechst-33342 
(Solarbio, Cat#C0021) was added to cover the cells, and 
incubated for 15 min in the dark. Afterwards, cells were 
gently washed three times with phosphate buffer saline 
(PBS) to prevent the loss of apoptotic cells, and cellular 
morphology was observed using fluorescence micros-
copy. Cells showing intensely condensed nuclei and/or 
nuclei fragments were considered apoptotic.

Annexin V-FITC/PI apoptosis detection
After the cell treatment, both floating and adherent 
cells were collected together. Using Annexin V-FITC/
PI Apoptosis Detection Kit (Vazyme, Nanjing, China, 
Cat#A211-01) following the manufacturer’s instruc-
tions, the cells were washed with PBS and resuspended 
in 100 µL binding buffer (1 × 105 cells per group). Next, 
5 µL Annexin V-FITC and 5 µL propidium iodide stain-
ing solution were added to each tube. After mixing, cells 
were incubated at 37 ℃ for 10  min in the dark. Subse-
quently, an additional 400 µL of binding buffer was added 
to each tube, and the flow cytometry analysis was carried 
out using BD LSRFortessa flow cytometry.

RNA immunoprecipitation (RIP) assay
RIP analysis was performed using Magna RIPTM RNA-
Binding Protein Immunoprecipitation Kit (Millipore, 
Billerica, MA, USA, Cat#17–700) following the manufac-
turer’s protocol. H446 and H446/cDDP cell lysates were 
incubated with magnetic beads conjugated with anti-
BECN1, anti-PIK3C3 or Ago2 antibody (CST, USA) and 
IgG antibody at 4  °C for 6  h. The magnetic beads were 
washed 4–6 times with RIP washing buffer to remove 
non-specific adsorption as much as possible. The protein-
RNA complex with magnetic beads were digested with 
0.5  mg/mL proteinase K at 55 ℃ to purified RNA and 
eluted RNA from magnetic beads. Finally, the extracted 
RNA was reverse transcribed and analyzed by qRT-PCR.

Dual-luciferase reporter assay
The LYPLAL1-DT sequence, containing 2577  bp, and 
the 3’-UTR of BCL2, containing 5279  bp, were cloned 
and inserted into the psi-check2 plasmid. The miR-
204-5p target site mutations of LYPLAL1-DT and BCL2 
3’-UTR luciferase reporter plasmids were generated by 
HANBIO (Shanghai, China). H446 and H446/cDDP cells 

were seeded in a 6-well plate and co-transfected with 
the constructed recombinant plasmids (2  µg/well) or 
control plasmids along with miR-204-5p mimics. After 
48  h, luciferase and Renilla luciferase activities were 
measured separately using the Dual-Luciferase Reporter 
Assay Kit, following the manufacturer’s instruction 
(Vazyme, Cat#DL101-01). The ratio of renilla luciferase 
luminescence to firefly luciferase luminescence was then 
calculated.

Determination of mitochondrial membrane potential
The enhanced mitochondrial membrane potential assay 
kit with JC-1 (Beyotime, Cat#C2003S) was used. JC-1 was 
diluted by adding 1 mL JC-1 dyeing buffer per 5 µL JC-1 
(200×). The cells were inoculated in confocal small dish. 
Removed the dish after drug treatment and cleaned with 
PBS. Next, 1 mL of cell culture medium and 1 mL of JC-1 
dyeing solution were added and incubate at 37 ºC for 
20  min, and then removed the supernatant and washed 
the cell with JC-1 staining buffer. Finally, added 2 mL of 
cell culture medium and observed under laser confocal 
microscope. Set excitation wavelength to 490  nm and 
the emission wavelength to 530 nm to detect JC-1 mono-
mers. Set excitation wavelength to 525 nm and the emis-
sion wavelength to 590 nm to detect JC-1 aggregates.

Determination of caspase activity
The activity of caspase-3 was measured using the Cas-
pase3 Activity Detection Kit (NJJCBIO, Cat#G015-1). 
Briefly, cells were collected after drug treatment. Next, 50 
µL of lysis buffer with 1% DTT was added for 30 min, fol-
lowed by the addition of 50 µL 2×reaction mixture, 5 µL 
acety-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA), 
and overnight incubation at 37  °C. The related caspase 
activity was quantified at 450 nm using a BioTek ELx800 
Microplate reader.

Colony formation assay
H446/cDDP cells were seeded into 6-well plates with 200 
cells per well. After 12 h of incubation at 37 °C, the cells 
were treated with cisplatin for 3 days every week, veneto-
clax and HCQ for 14 days, during which the medium was 
changed every 3 days. The cells were fixed with 4% para-
formaldehyde fix solution (APPLYGEN, Cat#B1057) for 
30  min and strained with 0.01% crystal violet (APPLY-
GEN, Cat#B1087). Images were obtained, and the num-
ber of colonies was counted.

Transmission electron microscopy (TEM)
Cells were collected and fixed in 2.5% glutaraldehyde for 
30 min at room temperature. Subsequently, the fixed cells 
underwent dehydrated using a graded ethanol series. 
A graded series of acetone was applied to the samples, 
which were then embedded in Epon. The embedding 
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blocks were sliced at a thickness of 50–70 nm for follow-
up observation. Electron microscopy was performed 
using the HT7700 transmission electron microscope 
(HITACHI, Japan).

Immunofluorescence and confocal microscopy
Cells were seeded into glass bottom cell culture dishes 
(NEST, Cat#801001) at 2 × 105 cells per well. After treat-
ment with the indicated chemotherapeutic drugs for a 
specific duration, cells were washed with PBS and fixed 
in 4% paraformaldehyde for 30  min. Subsequently, the 
cells were blocked for 1 h with 5% BSA, followed by over-
night incubation with a primary antibody at 4 ℃. The 
next day, cells were washed with PBS three times, and 
then incubated with secondary antibodies for 1 h at room 
temperature. Finally, 1 mg/mL Hoechst-33342 was added 
to stain nuclei, and the cells were photographed under a 
fluorescence microscope.

IF/FISH
Fluorescence-conjugated probes, designed and pur-
chased from GenePharma (Shanghai, China), were used 
for IF/FISH. Cells treated with chemotherapeutic drugs 
were hybridized to fluorescence-conjugated probes 
according to the manufacturer’s instructions (GenePh-
arma, Shanghai, China). The probe sequences were as 
follows: LYPLAL1-DT, 5′-​G​G​G​T​T​T​C​G​T​C​G​A​G​G​C​T​T​
G​G​G​T​C​G​G-3′. Anti-BECN1, anti-PIK3C3 and second-
ary antibodies were added for immunofluorescence. The 
samples were counterstained with Hoechst and observed 
by confocal microscopy.

Autophagic flux analysis
To analyze autophagic flux, cells were stably transfected 
with mRFP-GFP-LC3 Lentivirus (HANBIO, Shanghai, 
China) following the manufacturer’s instructions. Subse-
quently, the cells were treated with chemotherapy drugs 
for the designated time, and the expression levels of GFP 
and mRFP were observed using confocal fluorescence 
microscopy.

Co-immunoprecipitation (Co-IP)
For Co-IP, cells were lysed in RIPA buffer on ice for 
30 min, and the supernatants were collected by centrifu-
gation at 4 °C and 15,000 g for 15 min. Discard the pre-
cipitate, the cleared protein lysates were then incubated 
overnight at 4  °C with magnetic beads bound with pri-
mary antibody. The following day, the beads were col-
lected, washed 5 times with 0.5 mL washing buffer and 
SDS loading buffer was added. The samples were dena-
tured at 99 °C for 10 min. Finally, the supernatants were 
collected, stored at -80  °C, or immediately analyzed by 
Western blot.

Immunohistochemistry (IHC)
For immunohistochemical study, after dehydration and 
antigen repair, tissue sections were blocked using 10% 
BSA, then incubated overnight at 4  °C with primary 
antibodies (1: 200 dilution) against BCL2 and BECN1. 
Subsequently, the sections were incubated with a second-
ary antibody (1: 200 dilution) at room temperature for 
1  h. IHC staining was visualized using the DAB Immu-
nohistochemistry Color Development Kit (ZSGB-BIO, 
Cat#ZLI-9019) according to the manufacturer’s instruc-
tions. After washing 3 times and counterstaining with 
hematoxylin, slides were dehydrated with sequential eth-
anol washes and sealed. The expression of BCL2 and p62 
was analyzed and evaluated using optical microscopy.

Subcutaneous xenograft experiments and patient-derived 
xenograft studies
For subcutaneous xenograft studies, H446 cells (sta-
bly overexpressing LYPLAL1-DT or an empty vector) 
or H446/cDDP cells (2 × 106 / 200 µL) were inoculated 
subcutaneously into 4- to 6-week-old NTG male mice 
(SiPeiFu, Beijing, China). For patient-derived xeno-
graft studies, NTG mice were obtained from IDMO 
(Beijing, China). Cryopreserved PDX tumors (No.
A7391, No.21031902, No.20090907, No.19111114) were 
implanted subcutaneously into the mice. Subsequently, 
four replicates were randomly selected per group for the 
following experiments. Mice were treated with cDDP, 
PTX, VP-16, venetoclax and HCQ after the tumor vol-
ume reaches 50–100 mm3. cDDP (1.5  mg/kg), VP-16 
(5  mg/kg) and PTX (5  mg/kg) were administered via 
intraperitoneal injection (i.p.) once a week. Venetoclax 
(50  mg/kg) was administered by oral gavage (i.g.) and 
HCQ (15  mg/kg) was given by intraperitoneal injection 
(i.p.) every 2 days. Treatment study continued for 2–3 
weeks. The lengths and widths of tumors were mea-
sured every two days until the endpoint. Tumor volume 
was calculated as height×width×width×0.5. The studies 
were approved by the Committee on the Ethics of Ani-
mal Experiments of Capital Medical University (No. 
AEEI-2019-089).

Statistical analysis
Graphing and Statistical analysis were performed using 
Graphpad Prism. Data were presented as mean ± SEM, 
and statistical significance was determined by Student’s 
t-test (t-test) or two-way ANOVA, as indicated in the fig-
ure legend. The sample size (n) is also reported in the fig-
ure legend for each experiment, with ‘n’ representing the 
number of identically treated replicates. All tests were 
two-tailed, and P values < 0.05 were considered statisti-
cally significant.
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Results
LYPLAL1-DT contributes to multi-drug resistance in SCLC
Our previous studies indicated that lncRNA LYPLAL1-
DT was closely correlated with SCLC progression [32]. 
To investigate the role of LYPLAL1-DT in the chemo-
therapy sensitivity of SCLC, we first detected the cir-
culating level of LYPLAL1-DT, which were remarkably 
higher in the serum of chemoresistant patients (n = 9) 
compared to chemosensitive patients (n = 8). We also 
found that higher LYPLAL1-DT levels were associ-
ated with poor progression-free survival (PFS) (Fig.  1A, 
S1A). To explore this notion, we then established cis-
platin (cDDP) resistant SCLC cell line H446/cDDP or 
H196/cDDP, etoposide (VP-16) resistant cell line H446/
VP-16 or H196/VP-16 and paclitaxel (PTX) resistant cell 
line H446/PTX or H196/PTX cells (Fig. S1B-C). Intrigu-
ingly, we found that the LYPLAL1-DT level was much 
higher in chemo-resistant cell lines than the parental 
cells (p < 0.001, Fig. 1B-C). Furthermore, both H446 and 
H196 cells treated with chemotherapeutic drugs (cDDP, 
VP-16, or PTX) showed an upregulation of LYPLAL1-DT 
expression in both a dose- and time-dependent manner 
(Fig.  1D-G, S1D-E). Except for the stably overexpressed 
LYPLAL1-DT of H446 cells as previously reported [32], 
we stably knocked it down in H446/cDDP and H196 cell 
lines via lentivirus transduction (Fig. S1F-G). Cell viabil-
ity assay showed that overexpression of LYPLAL1-DT 
promoted the chemoresistance of H446, and the IC50 
value increased significantly compared to control cells 
(Fig. 1H-J, S1H). Data also revealed that the down-regu-
lation of LYPLAL1-DT increased the sensitivity of H446/
cDDP and H196 to cisplatin, VP-16, and PTX (Fig.  1K, 
S1I). These data indicates that LYPLAL1-DT may play 
important roles in SCLC multiple-chemoresistance.

LYPLAL1-DT reduces the chemosensitivity of SCLC cells by 
inhibiting apoptosis
The cytotoxicity of antineoplastic drugs mainly depends 
on their ability to induce cell death. Deregulation of apop-
tosis is a fundamental characteristic of cancer cells that is 
involved in both tumorigenesis and multi-drug resistance 
[33]. To investigate whether LYPLAL1-DT participates 
in the regulation of apoptosis, we detected cell apopto-
sis by Hoechst staining, flow cytometry, and caspase 3 
level analysis. The data revealed that after treatment with 
chemotherapeutic drugs, the ratio of apoptosis cells with 
typical features (nuclei condensation) decreased remark-
ably in the LYPLAL1-DT overexpressing group com-
pared to the control group, while the opposite trend was 
observed in LYPLAL1-DT knockdown cells (Fig.  2A-B, 
S2A). To define the apoptosis pathway adopted by tumor 
cells under chemotherapy, we detected the expression of 
caspase 3. Compared with control cells, caspase 3 activ-
ity was lower in LYPLAL1-DT overexpressing cells but 

higher in cells with LYPLAL1-DT knockdown under 
cDDP, VP-16, or PTX treatment (Figs.  2C-D, S2B-C). 
Flow cytometry confirmed that LYPLAL1-DT over-
expression decreased the sensitivity of H446 cells to 
chemotherapeutic drugs, as indicated by the reduced 
number of annexin V-PI-positive cells (Fig. 2E-F). Addi-
tionally, Cytochrome C released into the cytoplasm was 
much lower in LYPLAL1-DT-overexpressed H446 cells 
than in control cells (Fig.  2G); JC-1 fluorescence stain-
ing showed that the green fluorescence intensity of 
LYPLAL1-DT-overexpressed H446 cells was significantly 
lower than that of the control group with cDDP treat-
ment, indicated mitochondrial membrane potentials 
(MMP) were reduced in LYPLAL1-DT-overexpressed 
H446 cells (Fig.  2H). All the results above demonstrate 
that LYPLAL1-DT decreases chemosensitivity of SCLC 
by inhibiting the mitochondrial apoptotic pathway.

LYPLAL1-DT reduces the chemosensitivity by promoting 
autophagy
Increasing evidence reveals that autophagy plays a cen-
tral role in chemoresistance of tumor cells, enabling 
them to survive chemotherapy and eventually leading to 
relapse. Our previous results also showed that autophagy 
increased in H446/cDDP cells [26]. To determine if there 
is correlation between LYPLAL1-DT and autophagy 
under various chemotherapeutic drug treatments, we 
detected the expression levels of LC3 and p62/SQSTM1, 
indicators of autophagosome formation, in LYPLAL1-DT 
overexpressed H446, LYPLAL1-DT knockdown H446/
cDDP and H196 cells by Western blot. It was observed 
that LC3-II levels were positively correlated with the 
expression of LYPLAL1-DT, while p62 showed a negative 
correlation (Fig. 3A-B, S3A-B).

To further confirm the roles LYPLAL1-DT played 
in autophagy, we used mRFP-GFP-targeted LC3 fluo-
rescence to visualized autophagy flux. As showed in 
Fig.  3C-D and S3C-D, LYPLAL1-DT overexpression 
increased the level of autolysosomes (red dots) after 
chemotherapeutic drugs treatment and was blocked in 
siRNA-transfected cells after cisplatin treatment com-
paring with control cells. Furthermore, transmission 
election microscopy (TEM) showed that the number of 
intracellular autophagosomes significantly increased with 
LYPLAL1-DT overexpression (Fig.  3E-F). These results 
suggest that LYPLAL1-DT participates in the modulation 
of both autophagy and apoptosis under chemotherapeu-
tic exposure.

LYPLAL1-DT upregulates BCL2 expression by direct 
targeting miR-204-5p
One of the ways lncRNA functions is by acting as a com-
peting endogenous RNA (ceRNA). ceRNAs can seques-
ter miRNAs, thereby protecting their target RNAs from 
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Fig. 1  LYPLAL1-DT contributes to multi-drug resistance of SCLC. (A) Comparing the expression level of LYPLAL1- DT in the serum of chemoresistant 
patients (n = 9) and chemosensitive patients (n = 8) by qRT-PCR. (B) Comparing the expression of LYPLAL1-DT in H446/cDDP, H446/VP-16 and H446/PTX 
with parental cells. (C) Comparing the expression of LYPLAL1-DT in H196/cDDP, H196/VP-16 and H196/PTX with parental cells. The expression level of 
LYPLAL1-DT in H446 (D) or H196 cells (E) under cDDP treatment at different times or concentrations. The expression level of LYPLAL1-DT in H446 cells 
under VP-16 (F) or PTX (G) treatment at different times or concentrations. (H-J) Comparing the cell viability of LYPLAL1-DT overexpressed H446 cells with 
their control cells under cDDP, VP-16 or PTX treatment at various time or concentration. (K) Comparing the cell viability of LYPLAL1-DT knockdown H446/
cDDP cells or H196 cells with their control cells under cDDP treatment at various time or concentration. (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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Fig. 2  LYPLAL1-DT reduces chemosensitivity of SCLC cells by inhibiting apoptosis. (A-B) H446 and H446/cDDP cell lines transfected with the indicated 
vectors or LYPLAL1-DT or shLYPLAL1-DT and treated with cDDP at different times as determined by Hochest staining assay. The number of positive cells 
was quantified. (C-D) Comparing the relative caspase-3 activity of LYPLAL1-DT overexpression or knockdown cells and their control cells by caspase-3 
activity assay kit. (E-F) The apoptosis rates of H446 cells transfected with vectors or LYPLAL1-DT, and H446/cDDP cells transfected with scramble or 
LYPLAL1-DT siRNA were analyzed by Flow cytometry under cDDP, VP-16, or PTX treatment. The number of Annexin V-PI-positive cells was quantified. (G) 
The expression level of cytochrome C in mitochondrial fractions or cytosolic fraction of H446 cells with or without cDDP treatment. (H) JC-1 fluorescence 
staining was analyzed in LYPLAL1-DT-overexpressed H446 cells and the control group with cDDP treatment (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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Fig. 3  LYPLAL1-DT reduces the chemosensitivity of SCLC cells by promoting autophagy. (A-B) H446 cells transfected with vectors or LYPLAL1-DT and 
H446/cDDP or H196 cells transfected with scramble or shLYPLAL1-DT, were treated with cDDP. The expression of LC3 and p62 were analyzed by Western 
blot. The expression ratio of p62/β-actin and LC3-II/LC3-I were determined. (C-D) LYPLAL1-DT overexpressing cells and LYPLAL1-DT knockdown cells 
were treated with cDDP and the autophagy flux were visualized by mRFP-GFP-targeted LC3 fluorescence. The number of autophagosomes and autoly-
sosomes was quantified. (E-F) Transmission electron microscopy showed the changes of autophagosomes (as indicated by the arrows) in LYPLAL1-DT-
overexpressing H446 or -knockdown H446/cDDP cells under cDDP, VP-16, or PTX treatment (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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Fig. 4 (See legend on next page.)
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repression. Our previous study illustrated that miR-
204-5p is one the regulatory microRNAs of LYPLAL1-
DT [32]. By RIP assay, we confirmed the enrichment of 
LYPLAL1-DT in miR-204-5p/ago2 complex (Fig. S4A). 
To determine whether LYPLAL1-DT/miR-204-5p axis 
plays a role in response to chemotherapeutic drugs treat-
ment, we assessed the expression level of miR-204-5p 
under various conditions. It showed that its expression 
decreased significantly in H446/cDDP, H446/VP-16, 
and H446/PTX, as well as in H446 after cDDP, VP-16, 
or PTX treatment in both a concentration- and time- 
dependent manner (Fig. 4A, S4B-C). Simultaneous over-
expression of LYPLAL1-DT with miR-204-5p mimics 
significantly decreased cell viability compared to that in 
LYPLAL1-DT-overexpressed cells in a time-dependent 
manner, while miR-204-5p inhibitors increased the IC50 
value and restored the decreased cell viability caused by 
LYPLAL1-DT knockdown (Fig. S4D-G).

To further explore the target genes of miR-204-5p, 
we used 5 bioinformatics algorithms (miRanda, PicTar, 
TargetScan, miRDB and starBase) to predict its poten-
tial regulatory targets. Among the upregulated genes 
in H446/cDDP, BCL2, one of the key arbiters of apop-
tosis, emerged in the overlapping gene pool of the bio-
informatic algorithms (Fig.  4B). Overexpression of 
LYPLAL1-DT significantly increased the expression of 
BCL2 (Fig.  4C). To verify whether miR-204-5p targets 
the 3’-UTR of BCL2, we constructed luciferase report-
ers containing BCL2 3’-UTR (WT) or with binding site 
mutation (MUT). Co-transfection of the miR-204-5p 
mimics significantly reduced the luciferase activity of 
BCL2 in the cells transfected with BCL2 WT, but not 
in those transfected with MUT BCL2 3’-UTR (Fig. 4D). 
The RNA immunoprecipitation (RIP) assay indicated that 
BCL2 binds to the RISC complex formed by LYPLAL1-
DT, miR-204-5p and Ago2 (Fig. 4E). Furthermore, a res-
cue assay was performed to clarify the regulatory axis of 
LYPLAL1-DT/miR-204-5p/BCL2 in SCLC MDR. Over-
expression of LYPLAL1-DT significantly increased the 
expression of BCL2, while the miR-204-5p mimics par-
tially rescued the upregulation (Fig. 4F). Overexpression 
of miR-204-5p mimics significantly ameliorate the apop-
tosis inhibition induced by LYPLAL1-DT (Fig.  4G-H). 

Moreover, Western blot and qRT-PCR unveiled the sig-
nificant upregulation of BCL2 in cDDP-, VP-16- and 
PTX-resistant cell lines (Fig. 4I, S4H). The similar results 
were observed in the tumor sections of chemotherapy-
resistant patients (Fig.  4J). While under chemodrug 
treatment, its increasement is concentration- and time-
dependent (Fig.  4K, S4I-J). CCK-8 assay showed the 
cell viability and IC50 of H446/cDDP cells decreased 
remarkably when silencing BCL2 under cDDP treatment 
(Fig. 4L, S4K).

Taken together, our data has verified LYPLAL1-DT 
upregulates BCL2 expression by suppressing miR-
204-5p, which contributes to the MDR of SCLC cells.

LYPLAL1-DT facilitates the assembly of the BECN1/PIK3C3 
complex
Beclin1(BECN1) is a protein that plays a crucial role 
in the initiation of autophagy by forming a complex 
with PIK3C3, which is essential for the formation of 
the autophagosome. Our data showed that the expres-
sion level of BECN1 increased significantly after cDDP, 
VP-16 or PTX treatment, both in a concentration- and 
time-dependent manner (Fig. 5A-B). This was proved in 
H446/cDDP, H446/VP-16 and H446/PTX cell lines by 
Western blot and immunofluorescence of tumor sections 
(Fig.  5C-D). However, the activity of BECN1 is nega-
tively regulated by BCL2, which binds the BH3 domain 
of BECN1. This traditional pathway is contradicted to 
what we observed that the autophagy increased in che-
moresistant cells despite of the upregulation of BCL2. 
The observation prompts us to explore the underlying 
mechanism involved in the enhancement of autoph-
agy. We found that the interaction of BCL2 and BECN1 
decreased sharply with the increase of cDDP concentra-
tion in cDDP-resistant H446 cells by co-IP assay (Fig. 
S5A). Interestingly, upregulation of LYPLAL1-DT also 
suppressed the interaction of BCL2 and BECN1 and 
prompted the assembly of class III PI3K complex (Fig. 
S5B). With the help of RNA-protein interaction predic-
tion tool RPISeq (RPISeq, ​h​t​t​​p​:​/​/​​p​r​i​​d​b​​.​g​d​c​b​.​i​a​s​t​a​t​e​.​e​d​u​
/​/​R​P​I​S​e​q​/​​​​​)​, we predicted that LYPLAL1-DT is probably 
involved in the assembly of the BECN1/PIK3C3 com-
plex (Fig. S5D-E). IF/FISH indicated the colocalization of 

(See figure on previous page.)
Fig. 4  LYPLAL1-DT/BCL2/miR-204-5p axis is involved in the chemoresistance of SCLC cells. (A) The expression level of miR-204-5p in H446/cDDP, H446/
VP-16, H446/PTX and their control cells. (B) Five bioinformatics algorithms were used to predict the potential regulatory targets of miR-204-5p and the 
sequences of miR-204-5p, BCL2-WT and BCL2-MUT. (C) Western blot showed the expression level of BCL2 in LYPLAL1-DT-overexpressing H446 cells and 
control cells. (D) Dual-luciferase reporter assay indicated the luciferase activity in 293T cells co-transfected with WT or mutant BCL2 and miR-204-5p 
mimic or miRNA-NC. (E) RIP assay showed the binding possibilities of BCL2 with Ago2 or IgG. (F) Western blot showed the expression of BCL2 in LYPLAL1-
DT-overexpressing H446 cells co-transfected with miR-204-5p mimics or miRNA-NC with cDDP, VP-16, or PTX treatment. (G-H) Flow cytometry analysis of 
apoptosis in LYPLAL1-DT-overexpressing H446 cells co-transfected with miR-204-5p mimics prior to the stimulation of cDDP, VP-16, or PTX treatment for 
24 h. (I) Western blot showed the expression level of BCL2 in cDDP-, VP-16-, PTX-resistant H446 or H196 cells. (J) Immunofluorescence staining of BCL2 in 
the sections of tumor tissues from drug-resistant (n = 6) and drug-sensitive (n = 6) groups. (K) The expression level of BCL2 in H446 and H196 cells were 
detected under cDDP treatment at different times and concentrations. (L) The relative cell viability to 0 h of H446/cDDP cells transfected with siBCL2 or 
scramble were analyzed by CCK-8 assay under cDDP treatment at different times (*, P < 0.05; **, P < 0.01; ***, P < 0.001)

http://pridb.gdcb.iastate.edu//RPISeq/
http://pridb.gdcb.iastate.edu//RPISeq/
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Fig. 5 (See legend on next page.)
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LYPLAL1-DT with BECN1 and PIK3C3 in H446/cDDP 
cells by fluorescence confocal microscopy (Fig.  5E), 
while LYPLAL1-DT inhibition impaired the interac-
tion of BECN1 and PIK3C3 (Fig. 5F). RIP indicated that 
LYPLAL1-DT was significantly enriched by BECN1 and 
PIK3C3 compared with IgG (Fig. S5C). Furthermore, 
overexpression of LYPLAL1-DT significantly increased 
the expression of BCL2 (Fig. 5G). co-IP also showed that 
the BECN1/PIK3C3 complex was impaired by LYPLAL1-
DT knockdown (Fig.  5H). To determine whether 
LYPLAL1-DT directly binds to BECN1 and PIK3C3, we 
transfected an MS2-tagged LYPLAL1-DT plasmid into 
H446 cells (Fig.  5I) and found that LYPLAL1-DT may 
act as a scaffold involved in the assembly of BECN1/
PIK3C3 complex. These data provided the evidence that 
LYPLAL1-DT is involved in the assembly of the BECN1/
PIK3C3 complex to promote autophagy in chemoresis-
tant SCLC.

Combinations of cDDP/VP-16/PTX, venetoclax and HCQ 
enhance cell death in chemoresistant SCLC in vitro and in 
vivo
When unveiling the roles of apoptosis and autophagy in 
chemotherapy resistant SCLC cells, we attempted to use 
venetoclax (an antagonist of the antiapoptotic protein 
BCL2) and hydroxychloroquine (HCQ, an autophagy 
inhibitor) to improve the treatment of SCLC cells. A 
combenefit analysis revealed that the triple combina-
tion of cDDP + venetoclax + HCQ resulted in a dramatic 
reduction in cell growth compared to other options 
(cDDP + venetoclax or cDDP + HCQ) and the sensitivity 
of H446/cDDP cells to cDDP was significantly restored 
when combined with venetoclax and HCQ (Fig.  6A-C). 
The Loewe synergy score reached to 13.703 in H446/
cDDP cells and 12.679 in H196/cDDP cells. The colony 
formation assay demonstrated the remarkable effective-
ness of the triple combination when treated with various 
medications over a 14-day period (Fig. 6D). The caspase-3 
activity increased sharply in triple combination (Fig. 6E), 
and the autophagy level induced by venetoclax was sup-
pressed remarkably through HCQ treatment (Fig.  6F, 
S6A). It showed similar trends when we extended the 
triple combination strategy to cDDP, VP-16 or PTX treat-
ment, chemotherapy resistant H196 cells also exhibited 

excellent response to triple combination drugs (Fig. 6G-
H, I-K, S6B-C).

Additionally, we established cell line-derived xenograft 
(CDX) mice models by subcutaneously injecting H446/
cDDP, LYPLAL1-DT-overexpressed H446 cells or the 
empty vector control cells, and treated with a myriad 
combination of chemotherapeutic drugs. It indicated that 
the triple combination remarkably alleviated chemore-
sistance in H446/cDDP-derived xenograft mice models 
(Fig.  7A-B). The expression of BCL2 and p62 in tumor 
tissues were accessed by immunohistochemistry (Fig. 
S7A). This phenomenon coincided with VP-16 and PTX 
treated mouse models (Fig.  7C-D, S7B-C). Moreover, 
mice exhibited similar body weight through drug treat-
ment (Fig. S7D).

To further evaluate the therapeutic potential of this tri-
ple combination, we utilized patient-derived xenografts 
(PDX) from four patients (No.A7391, No.21031902, 
No.20090907, No.19111114). The expression level of 
LYPLAL1-DT in the first three examples is much higher 
than that in the last one (Fig. S8A). Data showed that 
venetoclax and HCQ significantly increase cDDP-, VP-16 
or PTX-induced cell death in the three samples with high 
LYPLAL1-DT expression, while showing little respon-
siveness in xenografts with low LYPLAL1-DT expression 
(Fig.  8A-E). Immunohistochemistry showed a remark-
ably reduced expression level of BCL2 and increased 
p62 in tumor tissues under triple-drug treatment (Fig. 
S8B-E). However, it was unapparent in the No.19111114-
derived tumor tissues with relatively lower expression of 
LYPLAL1-DT (Fig. S8H).

To further assess the safety of the triple therapy regi-
men, we compared liver and kidney damage across dif-
ferent treatment approaches through histological analysis 
(Fig. S8F-G, S8I). Also, we measured various serum indi-
cators of liver function and kidney function (Fig. S8J). 
The results showed no significant differences between all 
the groups (p > 0.05), indicating the promising prospects 
of the triple therapy regimen in clinical application.

Discussion
SCLC is an aggressive malignancy with early dissemina-
tion and an extremely poor prognosis. One of the hall-
marks of SCLC is that acquired resistance to cytotoxic 
develops rapidly and occurs in nearly all patients with 

(See figure on previous page.)
Fig. 5  LYPLAL1-DT facilitates the assembly of the core players of autophagy, BECN1/PIK3C3 complex. (A-B) The expression level of BECN1 of H446 or 
H196 cells with cDDP, VP-16 or PTX treatment at different times and concentrations. (C) The expression level of BECN1 in cDDP-, VP-16- and PTX-resistant 
H446 or H196 cells. (D) The sections of tumor tissues from chemosensitive patients (n = 6) and chemoresistant patients (n = 6) patients were stained 
with BECN1. (E) IF/FISH images showing the colocalization of LYPLAL1-DT and BECN1, PIK3C3 in H446/cDDP cells with cDDP treatment by fluorescence 
confocal microscopy. (F) IF/FISH images showing the colocalization of LYPLAL1-DT and BECN1, PIK3C3 in H446/cDDP cells transfected with scramble or 
LYPLAL1-DT shRNA with cDDP treatment by fluorescence confocal microscopy. (G) Western blot showed the expression level of BECN1 in LYPLAL1-DT-
overexpressing H446 cells or LYPLAL1-DT-knockdown H446/cDDP cells. (H) H446/cDDP cells were transfected with scramble or shLYPLAL1-DT, and the 
coupling between BECN1 and PIK3C3 was shown by immunoprecipitation. (I) RNA pull-down assay confirmed the interaction of LYPLAL1-DT and BECN1/
PIK3C3 complex (**, P < 0.01; ***, P < 0.001)
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Fig. 6  Combinations of cDDP/VP-16/PTX, venetoclax and HCQ enhance cell death in chemoresistant SCLC in vitro. (A-B) The combenefit analysis was 
performed to identify the synergistic interaction of drug combinations (cDDP + venetoclax, cDDP + HCQ, or cDDP + venetoclax + HCQ) in H446/cDDP or 
H196/cDDP cells. (C) CCK-8 assay was used to detect the relative cell viability of H446/cDDP under various drug combinations indicated above. (D) The 
colony formation assay demonstrated and analyzed the effectiveness of various medications over a 14-day period. (E) The caspase-3 activity of H446/
cDDP cells under various medications treatment. (F) Western blot showed the expression level of p62, LC3 I and LC3 II in H446/cDDP cells under vari-
ous medications treatment. (G-H) The cell viability was detected in LYPLAL1-DT-overexpressing H446 cells with VP-16 or PTX combined with HCQ or 
venetoclax treatment. (I-K) CCK-8 assay was used to detect the relative cell viability of H196/cDDP, H196/VP-16 and H196/PTX cells under various drug 
combinations (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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relapsed SCLC. Growing evidence showed that many 
malignant phenotypes may be driven by epigenetic fac-
tors, such as histone modification, chromatin remodel-
ing and non-coding RNAs. For instance, high expression 

of EZH2, a histone methyltransferase gene, is a distinct 
feature of SCLC. The suppression of its target gene, 
SLFN11, was demonstrated by multiple chemoresistant 
SCLC models [34]. MYC, a key stemness-associated 

Fig. 7  Triple combination strategies remarkably induce cell death of chemoresistant SCLC in CDX mice model. (A) The schematic diagram of the in vivo 
experimental drug administration protocol. (B-D) Cell line-derived xenograft tumors were excised at the end of various drug treatments and the mean 
tumor volumes and weights were compared between groups (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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Fig. 8  Combinations of cDDP/VP-16/PTX, venetoclax and HCQ shrink the tumor volume of chemoresistant SCLC in PDX mice model. (A-D) Patient-de-
rived xenograft tumors were excised at the end of various drug treatments and the mean tumor volumes and weights were compared between groups 
(*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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transcription factor, commonly amplified and drives 
proliferation, transdifferentiation of SCLC, is also asso-
ciated with resistance to targeted therapies [35]. The 
treatment strategy targeting the EZH2/SLFN11 axis and 
MYC expression has yielded encouraging results [36, 
37]. In the present study, we have identified that lncRNA 
LYPLAL1-DT is significantly upregulated in cDDP-, 
VP-16-, and PTX-resistant SCLC cells. It sequesters 
apoptosis through the LYPLAL1-DT/miR-204-5p/BCL2 
axis and promotes autophagy by facilitating the assem-
bly of the BECN1/PIK3C3 complex, thereby mediating 
multi-drug resistance of SCLC  (Fig. 9). Furthermore, 
we have proposed a novel triple combination of veneto-
clax, HCQ, in conjunction with cDDP, VP-16 or PTX to 
combat refractory SCLC. Our experiments, conducted 
both in vitro and in vivo, have yielded promising results. 
Notably, our PDX model from four individuals has dem-
onstrated that the triple combination is more effective in 
cases with high LYPLAL1-DT expression level compared 
to those with lower expression levels, all without any 
observed toxic effect. These findings define the prospect 
of our triple combination for future clinical applications.

More than three decades, cisplatin or plus etoposide 
is the standard first-line treatment. Despite initially high 
response rates to chemotherapy, most patients relapse 
within 6 months [5, 38]. Paclitaxel is commonly used in 
relapsed patients, with a response rate only about 20% 
[39], indicating the patient resistant for cisplatin or eto-
poside would not have benefit from paclitaxel due to 
MDR. Therefore, MDR has always been a major obstacle 
in improving the SCLC patients’ survival. Several theories 
surrounding MDR have been proposed, of which apop-
tosis evasion and deregulation of autophagy are more 
intriguing ones [6, 20, 40]. Considering the characteris-
tics of apoptosis inhibition and increased autophagy in 
refractory SCLC, we have developed a novel combination 
therapy approach to address this challenge. Venetoclax is 
a highly selective BCL2 inhibitor that has shown promise 
in hematologic malignancies [41]. Timothy L. Lochmann 
et al. demonstrated that venetoclax is effective in SCLC 
with high BCL2 expression [42]. However, venetoclax 
treatment did not exhibit high efficiency in some case 
since inhibition of BCL2 would activate autophagy, there-
fore induce new resistant mechanism [43]. Researchers 
have attempted to advance the antitumor effect of HCQ 

Fig. 9  The schematic diagram of LYPLAL1-DT involved in chemoresistance of SCLC
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in clinical trials, either as a single agent or in combina-
tion with other agents [44, 45]. Here we create a novel 
protocol in which inhibiting BCL2 and autophagy simul-
taneously with venetoclax and HCQ, effectively shrank 
tumors in CDXs and PDX models with high LYPLAL1-
DT expression, while showing little response in xeno-
grafts with low LYPLAL1-DT expression. This excellent 
protocol even caused the tumor cell to disappear in two 
PDX mice! We believe this strategy not only offers a novel 
treatment approach but also provides a basis for the 
development of LYPLAL1-DT as a promising biomarker 
for SCLC prognosis.

Current frontier has revealed that lncRNAs are impli-
cated in various cancer progressing. However, only a few 
reported the profile, function and mechanism of lncRNA 
in SCLC [46–48]. More recently, Zhang C et al. made effort 
to construct the ceRNA networks in SCLC, further expand-
ing the boundaries of lncRNAs [49]. LncRNA LYPLAL1-
DT was screened and confirmed to have protective effects 
on endothelial cell in our previous work [31]. Furthermore, 
we identified the circulating levels of LYPLAL1-DT were 
significantly higher in SCLC compared to the normal con-
trol, indicating its potential roles in SCLC [32]. In the pres-
ent study, we selected two SCLC cell lines, H446 and H196, 
as experimental cell models. According to the molecu-
lar subtypes of SCLC defined in 2019 and the report by 
Camille Tlemsani et al. in 2020, the H446 cell line is clas-
sified as N-type cells, whereas H196 is classified as Y-type 
cells [50, 51]. This distinction enables us to explore the role 
of LYPLAL1-DT across diverse cellular contexts and to 
assess the broader applicability of the triple-drug regimen. 
We illustrated the regulatory profile of LYPLAL1-DT under 
cDDP-, VP-16 and PTX treatment. We detected its upregu-
lation in cDDP-, VP-16 and PTX-resistant SCLC cells and 
the positive correlation between its expression and dose or 
time under various drug treatment. We also unraveled that 
the high expression of LYPLAL1-DT is closely correlated to 
apoptosis inhibition and increased autophagy, with BCL2 
and BECN1 identified as its downstream targets, which are 
the ideal target for clinical treatment. The results of PDX 
model further confirm that we identified LYPLAL1-DT as 
a chemoresistant biomarker in response to triple combina-
tion of ordinary chemicals, plus venetoclax and HCQ. Actu-
ally, a newest report demonstrated the role of LYPLAL1-DT 
in breast cancer [52]. An analysis of pan-cancer revealed 
that LYPLAL1-DT is related to the prognosis of thyroid 
cancer [53]. Based on GEO data, our pan-cancer analysis 
also showed positive relations of LYPLAL1-DT and vari-
ous tumors (data not shown). These evidences indicate that 
LYPLAL1-DT may play a crucial role in cancers.

BCL2 and BECN1 are the key factors in regulating apop-
tosis and autophagy [54]. BCL2 is a well-established regu-
lator that bridges apoptosis and autophagy. During the 
controlled scenario of autophagy, BCL2 is bound with the 

BH3-domain of BECN1, preventing the erroneous activa-
tion of autophagy according traditional theory [55]. Here we 
first revealed the molecular mechanism of LYPLAL1-DT as 
decoys to sponge the target miR-204-5p, further identifying 
BCL2 as a target gene for miR-204-5p to explain the down-
regulating level of apoptosis in cDDP-, VP-16-, and PTX-
resistant SCLC cells. However, high-expression of BCL2 
contradicts the observation of abnormally high autophagy 
in SCLC cells following treatment of chemotherapy drugs. 
To explain the contradiction, we performed RIP experi-
ments first, revealed an unexpected discovery of BECN1 
and PIK3C3 in the immunoprecipitation complex associ-
ated with LYPLAL1-DT. The discovery was further vali-
dated through an RNA pull-down assay. Consequently, we 
propose that LYPLAL1-DT may induce the dissociation of 
BCL2 from BECN1, thereby contributing to the assembly of 
BECN1 and PIK3C3 complex, and consequently promoting 
autophagy in SCLC cells.

Some limitations still exist in our study. While we have 
demonstrated the involvement of LYPLAL1-DT in the 
assembly of BECN1/PIK3C3 complex through RIP and 
RNA pull-down assay, the exact binding sites still need 
to determine. If there are dynamic relations between 
the binding of BCL2 and BECN1, or LYPLAL1-DT and 
BECN1 are also needed to decode. Furthermore, the 
efficacy of the combined therapeutic approach has been 
confirmed by in vitro and in vivo experiments; however 
more clinical trials are required to assess its clinical effi-
ciency in the future. Finally, if LYPLAL1-DT could be 
regarded as a biomarker for chemoresistance should be 
proven further in fresh SCLC tissues or serum samples of 
refractory patients.

Conclusion
In summary, we reported that upregulation of LYPLAL1-
DT sequesters apoptosis through the LYPLAL1-DT/
miR-204-5p/BCL2 axis and promotes autophagy by facil-
itating the assembly of the PtdIns3K complex, thereby 
meditating multi-drug resistance of SCLC. The triple 
combination of venetoclax, HCQ, in conjunction with 
cDDP, VP-16 or PTX overcomes refractory SCLC, espe-
cially in those with high LYPLAL1-DT expression. Our 
work deciphers a new molecular mechanism of chemo-
resistant SCLC, based on which offer a novel therapeutic 
approach for clinical trials, therefore provides a hopeful 
road for SCLC.
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