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SUMMARY

DDX5 is a DEAD-box RNA helicase that is overexpressed and implicated in the progression of several can-
cers, including small cell lung cancer (SCLC). Our laboratory has demonstrated that DDX5 is essential for the
invasive growth of SCLC and mitochondrial respiration. SCLC is an extremely lethal, recalcitrant tumor, and
currently lacking effective treatments. Supinoxin (RX 5902), a compound having anti-cancer activity, is a
known target of phosphor-DDX5. We now report that Supinoxin inhibits the proliferation of chemo-sensitive
and chemo-resistant SCLC lines, H69 and H69AR, respectively. Additionally, Supinoxin mitigates both the
growth of HG9AR xenograft tumors and SCLC PDX tumors in vivo. Finally, we find that Supinoxin inhibits
expression of mitochondrial genes and effectively blocks respiration. These studies suggest that Supinoxin
functions in anti-tumor progression by reducing cellular energy levels through DDX5.

INTRODUCTION

DDX5 belongs to the DEAD-box RNA helicase family, which is
the largest class of RNA-dependent helicases in all forms of
life." DEAD-box proteins exhibit both RNA-dependent ATPase
activity and ATP-dependent helicase activity.” These enzymes
are involved in all aspects of RNA biology, including transcrip-
tion, pre-mRNA processing, RNA degradation, and ribosome
biogenesis.”® Despite identification of various roles of DEAD-
box proteins in vitro, specific in vivo mechanisms of action for
the vast majority of members have remained elusive. Results
from our lab have shown that DDX5 exhibits RNA helicase activ-
ity in vitro and shares functional similarities with its counterpart
DBP2 in Saccharomyces cerevisiae.® Deleting DBP2 in S.cerevi-
siae results in significant changes to mRNA secondary struc-
tures, which, in turn, affect transcriptional termination.® Other
studies have also demonstrated that DDX5 regulates alternative
splicing through potential secondary structure remodeling.”®
Thus, DDX5 and Dbp2 likely remodel RNA secondary structures
in nascent RNA during transcription and pre-mRNA maturation
phases, contributing to the regulation of gene expression.
DEAD-box family members have been linked to various human
diseases, including neurological disorders and cancers.” '
DDX5 overexpression has been associated with a range of can-
cers, such as breast, colon, lung, prostate, and others.>%"""12
DDX5 also serves as a cofactor for oncogenic transcription fac-

tors in various cancer types.'*'* The expression of DDX5 acti-
vates the oncogenic Wnt and mammalian target of rapamycin
(mTOR) signaling pathways, which play crucial roles in cell-fate
determination and cell growth.'>™'” Phosphorylation of DDX5
(pDDX5) at tyrosine 593 (Y593) has been suggested to promote
epithelial-mesenchymal transition (EMT) and facilitating the nu-
clear translocation of B-catenin in colon cancer cell lines.'®"°
Additionally, pDDX5 has been demonstrated to activate the
transcription of Cyclin D1 and c-Myc, as well as promote cell
proliferation.”°

Supinoxin, also referred to as RX-5902, is a compound that
has been suggested to target pDDX5, with potential anticancer
effects.”’?> These properties were initially discovered during a
screening of novel quinoxalinyl-piperazine compounds,®® which
identified RX-5902 (referred to as compound 25).”° In this study,
Supinoxin demonstrated encouraging ICsq values in various can-
cer cell lines, including MDA-MB-231, which is a type of breast
adenocarcinoma.”® Studies conducted in rats showed that Supi-
noxin has promising bioavailability properties, making it a poten-
tial candidate for the development of an anticancer drug.?** It
was then found that Supinoxin specifically binds to pDDX5
and decreases the expression of p-c-Jun, c-Myc and Cyclin
D1.2"25 |t was suggested that Supinoxin acts by interfering
with a novel interaction between pDDX5 and B-catenin, resul-
ting in the inhibition of B-catenin nuclear localization and
decreased expression of B-catenin-dependent genes.21 Data
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from molecular dynamics simulation assays suggest that Supi-
noxin binding to pDDX5 could potentially lead to conformational
changes in pDDX5 which could preclude binding of $-catenin to
pDDX5.26 A decrease of nuclear B-catenin and the B-catenin-
dependent gene MCL-1 has also been shown in upon Supinoxin
treatment in triple negative breast cancer (TNBC) cell lines.?
Moreover, MDA-MB-231 xenograft tumors showed a significant
reduction in pDDX5, c-Myc, and B-catenin protein levels after
treatment with Supinoxin.?®> Thus, the prevailing model was
that Supinoxin interferes with the interaction between pDDX5
and B-catenin, precluding the nuclear translocation of -catenin
and the expression of B-catenin-dependent genes.

Data from our lab shows that DDX5 is upregulated in SCLC, an
extremely aggressive and lethal, recalcitrant tumor.?” Despite
being the sixth-most common cause of cancer-related deaths
worldwide, the unfortunate reality is that the life expectancy for
patients diagnosed with SCLC remains short and treatment op-
tions have seen little improvement over the past three de-
cades.”® The current treatment involves a combination of etopo-
side/platinum-based chemotherapy and anti-programmed
death-ligand 1 (anti-PD-L1) immunotherapy.®® Sadly, the major-
ity of these patients relapse and only 10-20% survive beyond 2
years, with a median survival time from 7 to 12 months.?%:28:30-52
Previously, our lab showed that DDX5 knockdown reduces pro-
liferation and soft agar colony formation of human SCLC.*’
Furthermore, we found that DDX5 is critical for proper expres-
sion of genes required for respiration and mitochondrial func-
tions.?” Together, these data implicate DDX5 in playing a role
in SCLC growth via respiration.

Herein, we show that our previously reported overexpression
of DDX5 in SCLC cell lines®’ is due to increased DDX5 protein
stability in these cancer cells. Prior studies from other labora-
tories identified the small molecule Supinoxin (RX-5902) as an in-
hibitor of tumor progression and further suggested that it acts by
inhibiting the nuclear localization and transcriptional function of
B-catenin through DDX5.?? Consistently, we report that Supi-
noxin is highly effective in inhibiting the growth of SCLC both in
in vitro SCLC cell lines and in vivo mouse models. However,
we find that the proposed mechanism of Supinoxin action is
incorrect. Rather, we find that Supinoxin inhibits cellular respira-
tion and expression of genes necessary for oxidative phosphor-
ylation, paralleling our prior findings upon knockdown of DDX5.%”
Taken together, these studies suggest that Supinoxin may be an
effective chemotherapy with a unique mode of action, providing
an entry point for future therapeutic endeavors.

RESULTS

DDX5 protein is more stable in SCLC cell lines

Previous studies conducted in our lab have shown that the levels
of DDX5 protein are significantly higher in H69 (chemo sensitive)
and H69AR (chemo resistant) cell lines in comparison to the
bronchial epithelial cell line HBEC-3KT (HBEC).>” DDX5 has
been found to play a role in the progression of different types
of cancers.'®*>3* We revalidated our prior studies to assess
the levels of DDX5 proteins in three cell lines: H69, H69AR, and
HBEC-3KT (HBECQC). In this study, we utilized a different mono-
clonal antibody specific to DDX5 for this study, as the level of
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DDX5 expression in normal lung epithelial HBEC cells was below
the detection threshold in our previous report.?” Consistent with
our prior findings, we find that the DDX5 protein is significantly
overabundant in SCLC cell lines compared to the noncancerous
human bronchial epithelial cell line HBEC-3KT (Figures 1A and
1B). The levels of RFC1 protein were comparable in both
SCLC lines and the noncancerous bronchial epithelial cell line
HBEC-3KT (Figures 1A and 1B). Previous analysis®® of 23 clinical
small cell lung cancer (SCLC) samples from patients undergoing
pulmonary resection revealed that DDX5 gene expression is ac-
tually downregulated in comparison to a normal individual®® (Fig-
ure 1C; data obtained from Gene Expression Omnibus (GEO):
GDS4794/225886_at). Similarly, gene expression profiling inter-
active analysis (GEPIA) (ENSG00000108654) indicates that,
exceptinafew cases such as DLBC, LAML, LGG, THYM cohorts
etc., DDX5 expression is significantly downregulated or has re-
mained at similar levels in almost 62.5% (20 out of 32) of tumor
samples and paired normal tissues (Figures 1D and S1).

Consistent with publicly available data, we also found that the
levels of DDX5 transcripts are significantly downregulated in H69
and not statistically different in HG9AR SCLC cell lines compared
to the noncancerous human bronchial epithelial cell line HBEC-
3KT (Figure 1E). Thus, the overabundance of DDX5 protein is
not due to increased gene expression. To understand the mech-
anism, we then measured the relative stability of DDX5 protein
using cycloheximide (CHX) chase assays in H69, H69AR, and
HBEC-3KT cell lines (Figures 1F-1H). CHX hinders protein syn-
thesis by blocking the elongation phase of protein translation.*®
In comparison to HBEC-3KT, DDX5 is significantly more stable in
both H69 and HB69AR SCLC cell lines. On the other hand, the
relative stability of RFC1 remains comparable across all the
cell lines (Figures 1F-1J). Thus, the increased stability of DDX5
protein, rather than the increase in DDX5 transcripts is respon-
sible for the observed overexpression in SCLC.

Supinoxin inhibits the growth of H69 and H69AR cells

In 2015, the Liu lab discovered the initial link between Supinoxin
and DDX5.?" Through a drug affinity responsive target stability
experiment (DARTS) and a filter binding assay, they found that
Supinoxin specifically binds to Y593 phosphorylated DDX5
(pDDX5), identifying DDX5 as a cellular target of Supinoxin.”’
Data from our lab shows that, just like triple negative breast can-
cer cells (TNBC), DDX5 is also upregulated in SCLC.?” Based on
previous studies, we asked whether Supinoxin could potentially
be repurposed for treatment of SCLC. To examine the effects of
Supinoxin in SCLC, we initially asked if this small molecule could
block growth of H69 and/or HE9AR by measuring cell prolifera-
tion across a range of Supinoxin concentrations. This revealed
that Supinoxin inhibits the proliferation of both H69 and H69AR
cell lines, with 1Csq values of 39.81 + 4.41 nM and 69.38 +
8.89 nM, respectively (Figures 2A and 2B). Next, we measured
the impact of Supinoxin on anchorage-independent growth of
SCLGC, a hallmark of carcinogenesis, via soft agar colony assays
with Supinoxin concentrations at the ICsg or without the inhibitor.
Interestingly, we found that Supinoxin inhibits colony formation
of both H69 and HB9AR cells in soft agar (Figures 2B and 2C).
Based on these results, we conclude that Supinoxin prevents
the growth of H69 and H69AR SCLC cells and hypothesize
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Figure 1. DDX5 protein is more stable in SCLC

(A) Representative western blot images showing the amount of DDX5, RFC1, and GAPDH proteins in HBEC-3KT, H69 and H69AR cells.

(B) Bar graphs depict the quantification of DDX5, RFC1, and GAPDH protein from three different biological replicates in the form of mean + standard deviation
(SD).

(C) DDX5 gene expression profile of 23 clinical small cell lung cancer (SCLC) samples from patients in comparison to normal lung tissue obtained from Gene
Expression Omnibus (GEO): GDS4794/225886_at.

(D) Profile of DDX5 gene expression across all tumor samples and paired normal tissues from Gene Expression Profiling Interactive Analysis (GEPIA):
ENSG00000108654.11. LogoFC cutoff was set at 1 and the p value cutoff was set at 0.01.

(E) RT-gPCR was used to quantify levels of DDX5 transcripts in HBEC-3KT, H69 and H69AR samples, which were normalized to the expression levels of GAPDH
mRNA in the form of mean + standard deviation (SD) from three biological replicates.

(F-H) The stability of DDX5 and RFC1 proteins in HBEC-3KT, H69 and H69AR cells was measured by cycloheximide (CHX) chase assay. RFC1 is a positive control
and GAPDH is used as a loading control.

(I and J) Graphical representation of DDX5 and RFC1 protein degradation using the CHX assay. The half-lives were determined from three biological replicates
and the signals were normalized to GAPDH. The p values are *<0.05, **<0.005, and ***<0.001; ns, not significant.

that it will be an effective antitumor agent against H69AR xeno- mors were treated with different concentrations of Supinoxin
graft and SCLC patient-derived xenograft (PDX) tumors. (17.5, 35, 70 mg/kg) over 25 days. Strikingly, and consistent

with in vitro studies aforementioned, we observed significant tu-
Supinoxin inhibits H69AR tumors and SCLC PDX tumors mor growth inhibition of SCLC tumors in mice with the most strik-
in mice ing results observed at a 70 mg/kg dosage (Figure 3A). To test
Next, we investigated the effect of Supinoxin on SCLC in vivo to  Supinoxin in conditions more representative of cancer patients,
determine if it can reduce the growth of H69AR xenografts. To  we used an SCLC PDX tumor model from Jackson Laboratory
test this, immunocompromised mice with HB9AR xenograft tu-  (PDX# TM00194). Immunohistochemical (IHC) staining revealed

iScience 28, 112219, April 18, 2025 3
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Figure 2. Dose-response curve of Supinoxin in H69 and H69AR cells
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(A and B) Varying concentrations of Supinoxin were tested in H69 cells (A) and HE9AR cells (B) grown in a 96-well plate for 24 h, after which cell viability was
measured using a CyQUANT direct cell proliferation assay Kit. ICso was calculated from three biological replicates.

(C and D) Soft agar colony formation assays were also performed with 0 and 40 nM Supinoxin in H69 cells (C) and 0 and 70 nM Supinoxin in HE9AR cells.

(E and F) Quantification of H69 (E) and HE69AR (F) soft agar colony assays from three biological replicates in the form of mean + standard deviation (SD). The p

values are *<0.05, **<0.005, and ***<0.001; ns, not significant.

a significant upregulation of DDX5 in patient-derived xenograft
(PDX) SCLC tumors compared to normal lung tissue (Figures
3B, S2, and S3), consistent with cell line studies. We then tested
the effects of Supinoxin on tumor growth in immunocompro-
mised mice with SCLC PDX tumors versus a vehicle-only con-
trol. Results showed Supinoxin treatment was sufficient to
improve survival (Figure 3C) and inhibit tumor growth (Figure 3D)
in a PDX model. We stopped drug treatment after 39 days to
see if Supinoxin permanently inhibited tumor growth, however,
the tumors resumed growth upon drug removal. This sugg-
ests that Supinoxin is effective in tumor growth inhibition, but us-
age may require combination therapy approaches to prevent
relapse.

The expression of c-myc, DDX5, and p-catenin remain
unaltered upon treatment Supinoxin

Previous data from other labs suggested that Supinoxin acts by
interfering with the interaction of pDDX5 and B-catenin, resulting
in decreased expression of -catenin-dependent genes like c-
Myc, Cyclin D1, etc. responsible for cancer progression in MDA-
MB-231, a triple negative breast cancer cell line.”> We found out
that the relative steady state levels of c-Myc, Cyclin-D1, and
DDX5 transcripts remained significantly unaltered upon Supinoxin
treatmentin HG9AR SCLC cells (Figure 4A). To independently vali-
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date previous claims that treatment with Supinoxin decreases the
protein levels of B-catenin-dependent genes, we performed Supi-
noxin treatment on HB9AR cells using the same conditions (0, 20,
and 70 nM incubation for 24 h) described in Kost et al.?' However,
western blotting showed no significant change in the protein levels
of c-Myc, a B-catenin-dependent gene, upon Supinoxin treat-
ment. We also did not observe any significant change in DDX5
or B-catenin protein levels (Figures 4B-4E). We wondered if this
difference from prior reports could be due to the tumor type,
thus we then analyzed the protein levels of c-Myc, DDX5 and
B-catenin upon Supinoxin treatment in MDA-MB-231 cells, the
same cell line used in prior studies.”’ Consistent with Supinoxin
treatment of SCLC cells, we observed that the transcript levels
(Figure 5A) and protein levels (Figures 5B-5E) of c-Myc, DDX5
and B-catenin were unaltered in breast cancer cells.

The localization of B-catenin and pDDX5 are unaffected
upon treatment with Supinoxin

Data suggest®'****" that Supinoxin treatment results in a
decrease in nuclear B-catenin levels. To test this, we performed
immunofluorescence microscopy on MDA-MB-231 and H69AR
cells treated for 24 h with (70nM) or without Supinoxin and found
no significant difference in nuclear B-catenin localization in both
the conditions (Figure 6A). Given that Supinoxin is thought to
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Figure 3. Supinoxin inhibits tumor growth
and increases the survival of mice with
H69AR-based tumors and patient-derived
xenograft (PDX) SCLC tumors

(A) Immunocompromised NOD-Rag1null IL2rgnull
(NRG) mice bearing H69AR xenograft tumors were
treated with 17.5, 35, or 70 mg/kg Supinoxin or
vehicle only for 25 days to identify the best dose
for tumor growth inhibition in the absence of sig-
nificant toxicity based on weight gain. The statis-
tics were calculated using Tukey’s multiple com-
parisons test.

(B) Overexpression of DDX5 in PDX SCLC sam-
ples used to generate PDX tumors. Histological
staining was performed on SCLC PDX tumors and
normal human lung tissues, Scale bar, 200 pum.
Images were taken using a Leica DM6 microsc-
ope with 10x objective. Brown indicates DDX5
staining.

J (C) Immunocompromised NRG mice bearing PDX

-e- Vehicle

*ERK - Supinoxin

tumors were administered Supinoxin at 70 mg/kg
as a slurry using saline with 10% DMSO as the
vehicle. Supinoxin or vehicle was administered for
a duration of 8 weeks to assess the survival curve
in each group. The statistical evaluation was per-

0 50 100 150 0
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40 60 80
Day

formed using the log rank Mantel-Cox test. The p
value is 0.022.
(D) PDX mice were treated with 70 mg/kg Supi-

noxin or vehicle for 39 days. The data were no longer collected when mice needed to be euthanized. The sample size for mouse experiments is n = 9 per group and
is representative of 3 independent experiments. Statistical evaluation was performed using the two-way ANOVA test. The p values are *<0.05, **<0.005, and

Hokk

<0.001; ns, not significant.

specifically target pDDX5%2%° and that Supinoxin treatment has
no effect on DDX5 protein levels, we investigated whether Supi-
noxin treatment might change the localization of pDDX5 in
HB69AR and MDA-MB-231 cells. pDDX5 is primarily cytoplasmic,
in contrast to the total DDX5, which is predominantly nuclear.
However, we did not observe any significant changes in
pDDX5 localization in HB9AR or MDA-MB-231 cells (Figure 6B).
We also investigated the localization of pDDX5 at various time
points upon treatment with 100 mM of Supinoxin in MDA-MB-
231 cells, in case aresponse was time-dependent. Again, no sig-
nificant change in pDDXS5 localization was observed (Figure 6C),
indicating that DDX5 in our system does not function through the
B-catenin pathway as previously thought.?'%:57

Mitochondrial functions are downregulated in H69AR
cells upon Supinoxin treatment

In order to identify the genes impacted by Supinoxin treatment on
a global level, RNA-seq was conducted on H69AR cells treated
with or without Supinoxin. We obtained approximately 3x 107
mapped reads for each of the three biological replicates. The
genome mapping for all samples were ~95%. The separation
of samples by their group and the localization of samples within
groups were then visualized using principal-component analysis
(PCA) using DESeq2 and edgeR (Figure S4). We chose to use
three replicates of H69AR, both with and without Supinoxin,
based on the variance. The PCA algorithm offers a comprehen-
sive analysis of the primary directions of greatest variability in
the data, making it suitable for clustering purposes. This success-
fully identified a significant number of differentially expressed
genes (DEGs) upon the addition of Supinoxin with a false discov-

ery rate (FDR) of <0.05. We then compared the list of Supinoxin-
responsive genes with our prior RNA-seq data of HB9AR cells +/—
DDX5 knockdown.?’ This revealed that a total of 433 transcripts
(Figure 7A) are significantly downregulated upon both Supinoxin
treatment and DDX5 knockdown.?” The expression patterns of
selected genes across treated and untreated samples were
then illustrated in a heatmap generated in RStudio (Figure 7B).
Genes clustered at the top were found to be predominantly
downregulated upon treatment. Statistically significant changes,
aiding in the identification of critical molecular players, were then
visualized using a volcano plot (Figure 7C).

We then determined the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways that were altered to investigate
the cellular processes impacted by Supinoxin. Pathway analysis
and functional annotation for up and downregulated genes were
performed using the R software package enrichR and gene set
enrichment analysis (GSEA). A total of 1227 genes were found
to be upregulated, while 1405 genes were downregulated that
mapped to a total of 152 KEGG pathways. Figure 8A displays
the top 10 that were enriched. Interestingly, DEGs were closely
grouped in a number of pathways, including those involving ribo-
somal components, oxidative phosphorylation, and cytochrome
p450-mediated xenobiotic metabolism, indicating that Supi-
noxin exerts its effects through the mitochondrial pathway. In
our prior study we found mitochondrial dysfunction upon DDX5
knockdown.?” It is worth noting that Supinoxin treatment as
well as DDX5 knockdown resulted in significant alterations in
oxidative phosphorylation (OXPHOS) (Figure 8A).” Consiste-
ntly, GSEA analysis showed that oxidative phosphorylation is
significantly downregulated with the treatment of Supinoxin.

iScience 28, 112219, April 18, 2025 5
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Figure 4. The expression of c-Myc, DDX5 and B-catenin does not change significantly upon treatment with various concentrations of

Supinoxin in H69AR cells

(A) RT-gPCR was used to quantify levels of DDX5, Cyclin D1, and c-Myc transcripts, which were normalized to the expression levels of GAPDH mRNA in the form

of mean + standard deviation (SD) from three biological replicates.

(B) Representative western blot images showing the amount of c-Myc, DDX5, B-catenin and B-actin proteins following Supinoxin treatment in HG9AR cells.
(C-E) Bar graphs depict the quantification of c-Myc, DDX5 and B-catenin proteins from three different biological replicates in the form of mean + standard
deviation (SD). The p values are *<0.05, **<0.005, and ***<0.001; ns, not significant.

The OXPHOS pathway appears to be deactivated by Pathview
with a p value of 0.0021 (Figure 8B). This deactivation is accom-
panied by the downregulation of 74 genes that are involved in the
formation of complex |-V (Figure 8C). Also noteworthy is that
oxidative phosphorylation was similarly impacted upon DDX5
knock down in HB9AR cells in our previous investigation.”’

Cellular respiration is compromised in H69AR cells upon
Supinoxin treatment

To independently validate our RNA-seq results, we conducted
RT-gPCR on select genes (Figure 9A) following Supinoxin treat-
ment. This revealed significant downregulation of the relative
steady state levels of SDHAF3, SUCLG1, COX5B, UQCRH,
MDH1B, and NDUFAT1 transcripts, consistent with our RNA-
seq analysis. The genes impacted upon Supinoxin treatment
are nuclear encoded mitochondrial genes similar to that found
in our previous study with DDX5 knockdown.?” Finally, we eval-
uated the impact of Supinoxin on the function of mitochondria in
H69AR cells. We measured the rate of oxygen consumption
(OCR) in HB9AR cells treated with and without Supinoxin to
assess the rate of mitochondrial respiration. First, we injected oli-
gomycin (1.5 pM)*® into the assay, which inhibits ATP synthase
by reducing the flow of electrons through the electron transport
chain (ETC), leading to a decrease in OCR. The reduction in OCR
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is associated with cellular ATP production. The second injection
included FCCP (carbonyl cyanide-p-[trifluoromethoxy] phenyl-
hydrazone) (1 uM), which functions as an uncoupler by facilita-
ting the transport of protons across mitochondrial cell membra-
nes, thereby disrupting ATP synthesis.®° The FCCP is utilized to
assess the maximal respiratory capacity of the cell. The third in-
jection was composed of a mixture of rotenone, which acts as a
complex | inhibitor, and antimycin A, which functions as a com-
plex lll inhibitor (Rot/AA). Rot/AA (0.5 uM) inhibits mitochondrial
respiration and allows for the assessment of nhonmitochondrial
respiration.’® This analysis revealed a significant decrease in
both basal and maximal oxygen consumption rates following Su-
pinoxin treatment. The spare respiratory capacity is also dimin-
ished, indicating a lowered capacity to meet heightened energy
demands (Figures 9B and 9C). Taken together, our studies sug-
gest that Supinoxin treatment leads to the suppression of nu-
clear encoded mitochondrial genes related to oxidative phos-
phorylation, which in turn causes mitochondrial dysfunction in
HB9AR SCLC cell lines (Figure 9D).

DISCUSSION

SCLC is a highly aggressive form of lung cancer, accounting for
around 15% of all bronchogenic carcinomas, with an estimate of
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Figure 5. The expression of c-Myc, DDX5 and B-Catenin does not change significantly upon treatment with various concentrations of

Supinoxin in MDA-MB-231 cells

(A) RT-gPCR was used to quantify levels of DDX5, Cyclin D1 and c-Myc transcripts, which were normalized to the expression levels of GAPDH mRNA in the form

of mean + standard deviation (SD) from three biological replicates.

(B) Representative western blot images showing the amount of c-Myc, DDX5, p-Catenin and B-Actin proteins following Supinoxin treatment in MDA-MB-231

cells.

(C-E) Bar graphs depict the quantification of c-Myc, DDX5 and B-catenin expression from three-four different biological replicates in the form of mean + standard
deviation (SD). The p values are *<0.05, **<0.005, and ***<0.001; ns, not significant.

~250,000 new cases diagnosed in the U.S. in 2022 (www.
cancer.gov) and is most strongly linked to smoking. It is worth
noting that only 2% of cases are found in individuals who have
never smoked.”®*"*> The most common genetic alterations
observed in SCLC involve the inactivation of tumor-suppressor
genes, TP53 and RBT, in addition to copy-number gains of
genes encoding MYC family members, receptor tyrosine kinases
and their downstream effectors, chromatin remodeling enzymes,
as well as Notch family proteins.?®“*>** Individuals with lung-
confined, localized SCLC cancer without detectable metastases
may opt for surgical resection to remove their primary tumor,
which has been linked to enhanced survival rates.*****” Unfor-
tunately, close to 70% of SCLC patients are diagnosed with met-
astatic disease, frequently with macro-metastases in the brain,
liver, lymph nodes, and bones.*° The median survival rate for pa-
tients with SCLC is typically between 7 and 12 months following
diagnosis.*°*2“® Previous studies have shown that SCLC cells
tend to spread through the lymphatic system and blood vessels
at earlier stages compared to other types of lung cancer cells,
making surgical resection less effective.”*°° As a result, the
treatment approach was redirected toward radiation and
chemotherapy. However, even though SCLC tumors exhibit a

high sensitivity to chemotherapy initially,”°>° the rapid onset of
chemoresistance in SCLC poses a significant challenge for treat-
ment.*® An etoposide/platinum (EP) combination was widely
used as the standard treatment for SCLC until ~5 years ago
when the incorporation of anti-programmed death-ligand 1
immunotherapy to EP chemotherapy slightly enhanced survival
rates.>%°*=°% |n the last three decades, there has been a lack of
significant advancements in standard chemotherapy and radia-
tion therapies for SCLC, with the exception of immune check-
point inhibitors. Unfortunately, these inhibitors prolong sur-
vival by only a few months.*%°>57°® To combat SCLC, it is
crucial to develop highly effective and innovative therapies for
treatment.

DEAD-box RNA helicases represent the most abundant cate-
gory of enzymes within the RNA helicase family. These enzymes
function as non-processive, ATP-dependent RNA-binding pro-
teins, exerting their effects on remodeling secondary structures
and/or RNA-protein complexes. They play crucial roles in various
aspects of RNA biology, including transcription, translation, and
RNA decay.*® Interestingly, increased expression of individual
DEAD-box protein family members has been associated with
cellular transformation and is found in various types of cancers
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Figure 6. Supinoxin has no effect on the
localization of pB-catenin or pDDX5 in
H69AR or MDA-MB-231 cells

(A) The localization of B-catenin does not change
in the presence or absence of Supinoxin in HG9AR
cells or MDA-MB-231 cells. Cells were seeded
onto coverslips and allowed to grow overnight.
Supinoxin was then added and incubated on cells
for 24 h, after which cells were fixed. The cells
were then prepared for immunofluorescence mi-
croscopy (IF) to visualize the localization of
B-catenin protein, Scale bar, 50 um. Cells were
visualized using Leica DM6 microscope using 40 x
objective.

(B) The localization of pDDX5 does not change in
the presence of various concentrations of Supi-
noxin in HB9AR cells or MDA-MB-231 cells.
pDDX5 is shown in green and DAPI in blue, Scale
bar, 10 um.

(C) The localization of pDDX5 does not change in
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such as breast, colon, bone, and prostate cancer.?%° DDX5 it-
self has been implicated in the development of various types of
cancers '°333461.62 and previous studies from our lab showed
that the RNA helicase DDX5 plays a crucial role in the invasive
growth of SCLC.?” Knockdown of DDX5 leads to significant de-
fects in mitochondrial respiration through downregulation of nu-
clear-encoded mitochondrial genes in SCLC, thereby reducing
the capacity of these cancer cells to generate the necessary en-
ergy to sustain cellular functions.?” Nuclear DNA-encoded mito-
chondrial genes play a crucial role in regulating mitochondrial
homeostasis through the modulation of mitochondria-related
gene expression in cancer cells.®*%°

Previous investigations from our laboratory demonstrated that
the levels of DDX5 protein are significantly elevated in the H69
and H69AR SCLC cell lines,”’ a finding that has been recon-
firmed in this study. We have extended this observation by
showing that this increase is due to stabilization of DDX5 in
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10 pm 10 um

the presence of 100 mM of Supinoxin over time in
MDA-MB-231 cells, Scale bar, 10 um.

SCLC cell lines rather than increased
gene expression. Overexpression was
also observed in PDX SCLC tumors
when compared to normal lung tissue
by IHC staining. This finding emphasizes
the importance of DDX5 in the develop-
ment of SCLC. The finding that enhanced
protein stability in SCLC accounts for
overexpression may solve a puzzle
regarding DDX5 and links to cancer, as
a multitude of studies have not been
able to reconcile DDX5 overabundance
with decreased mRNA.*° Thus, these
data extend beyond small cell lung can-
cer, as DDX5 mRNA abundance tends
; to be lower or remained similar in most tu-
mor samples compared to normal tissues
(data obtained from Gene Expression
Omnibus (GEO): GDS4794/225886_at).

We currently do not know why DDX5 is more stable in SCLC
than normal, noncancerous cells or tissues. However, prelimi-
nary data from our lab suggests that post-translational modifica-
tions may be involved. This may involve the previously reported
phosphorylation of Y593 or other post-translational modifica-
tions that have been identified on DDX5 including O-GlcNAcyla-
tion, sumoylation, and phosphorylation.?'*”:°® Regardless, our
studies show the importance of analyzing both the proteome
as well as steady-state levels of MRNA to understand the under-
lying basis of human disease states.

Supinoxin has been shown to abolish the growth and metas-
tasis of TNBC cells both in vitro and in vivo.?*?® Studies indicate
that treatment with Supinoxin led to apoptosis, G2/M cell-cycle
arrest, and aneuploidy in certain breast cancer cell lines.®” Our
studies illustrate the potential of repurposing Supinoxin as a
treatment for both chemo sensitive and chemo resistant SCLC.
The vast majority of extensive-stage SCLC patients experience
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Figure 7. RNA-seq analysis reveals downregulated mitochondrial function following Supinoxin treatment
(A) A Venn diagram illustrating the total number of transcripts upregulated and downregulated following Supinoxin treatment and DDX5 knockdown. It was

generated using the Venn diagram package in R Studio (version 2023.12.0).

(B) A heatmap was generated to display the differential expression patterns of transcripts affected by Supinoxin treatment. Red indicates upregulation, while blue
represents downregulation, based on Log,FC values. Z scores were applied to enhance gene clustering in response to Supinoxin treatment. Expression intensity

values were calculated using RStudio to analyze gene expression levels.

(C) Volcano plot depicting differentially expressed genes (DEGs) between H69AR cells with or without Supinoxin treatment. The plot was generated from the p
values (*<0.05, not significant) and LogoFC values (>1; <—1). The colored dots indicate genes with significant expression differences. Blue dots represent genes
with significant differences based on p value alone, green dots on Log,FC alone, red dots represent genes with significant differences based on both p value and

LogoFC, and gray dots are not significant in either term.

relapses and develop resistance to initial chemotherapy within a
year.®®"% Immune checkpoint inhibitors have improved the treat-
ment of SCLC. However, due to the significant variability in
SCLC, immune checkpoint inhibitors only provided dramatic im-
provements to a limited subset of patients; overall, the benefits
are negligible.”" Therefore, it is crucial to explore new therapeu-
tic options to combat the chemo resistant SCLC.”%"? The find-
ings from our study indicate that Supinoxin has the potential to
effectively suppress the growth of chemo resistant SCLC cell
lines in vitro. However, Supinoxin does not completely eradicate
the tumor, only slowing or pausing growth in both H69AR and
PDX mouse models. This indicates that Supinoxin has a static
rather than cytotoxic effect on tumor growth. This is an important
observation which suggests that a combination therapy
approach involving Supinoxin may be an effective future treat-
ment for SCLC patients.

Another important finding from our studies is that Supinoxin
does not function through the currently prevailing model in the
field in either SCLC or MDA-MB-231 cells used in prior
studies.?"?? In those studies, there was a decreased expression
of B-catenin target genes, while we did not. A previous study?’
used a western blot with no replicates and no quantification. In
our study, we have three biological replicates with proper quan-
tification. Moreover, we measured both protein and mRNA
levels, the latter of which is more representative of the role of
beta-catenin as a transcription factor. We currently cannot
explain how prior studies came to this model, as our findings
do not indicate any role for B-catenin in the mechanism of Supi-
noxin. Rather, we find that administration of Supinoxin results in
the inhibition of genes associated with oxidative phosphoryla-
tion, leading to impaired mitochondrial function in H69AR
SCLC cell lines. These findings align with our previous studies
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(A) Table showing the top canonical pathways associated with differentially expressed genes (DEGs) upon Supinoxin treatment in H69AR cells, analyzed using
DESeq2 and Pathview. A comparison of the enriched pathways was performed upon Supinoxin treatment and DDX5 knockdown. The pathways were analyzed
by using the Kyoto Encyclopedia of Genes and Genome (KEGG) pathway analysis.

(B) Gene set enrichment analysis (GSEA) of oxidative phosphorylation pathway genes in HB9AR with or without Supinoxin-treatment from KEGG collections.
(C) The Pathview tool was used to analyze the oxidative phosphorylation pathways affected upon Supinoxin treatment. Red indicates high expression and green

indicates low expression.

of DDX5.%” This suggests that SCLC cells exhibit a diminished
ability to fulfill increased energy demands when treated with Su-
pinoxin. It is of note that our studies revealed no significant toxic
effects of Supinoxin in mice, suggesting specificity for cancerous
cells.

The link between upregulation of ATP and cellular building
block generation has been well established for decades as a hall-
mark of cancers.”>”’® Several recent investigations have shown
that oxidative phosphorylation (OXPHOS) is increased in
different types of cancers, which could make them more suscep-
tible toward its inhibition. In addition, OXPHOS inhibition has
been demonstrated to decrease the oxygen consumption rate
which can help alleviate tumor hypoxia.””~’® In addition,
research findings indicate that lung tumors possess a high level
of oxidative activity, and that lung cancer development relies on
OXPHOS.”"®° Interestingly, mitochondrial respiration and
OXPHOS are regulated by apoptosis-inducing factor, which
plays a role in the advancement of non-small cell lung cancer.”®
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Multiple reports indicate that cancer stem cells (CSCs) also
heavily depend on oxidative phosphorylation (OXPHOS) rather
than glycolysis.®®* In a study conducted by Lagadinou
et al.,®° it was found that leukemia CSCs exhibited a higher
dependence on OXPHOS for their energy supply. It was pro-
posed that inhibiting oxidative phosphorylation could effectively
eliminate CSCs in the H446 small cell lung cancer cell line.®*
Interestingly, we observed a decrease in Cytochrome c oxidase
subunit 5B (COX5B) transcripts following Supinoxin treatment. It
has been reported that COX5B could potentially play a signifi-
cant role in predicting the prognosis of breast cancer.®®
Reducing the expression of COX5B in breast cancer cell lines
have been found to inhibit cell growth and trigger cell senes-
cence, resulting in an increase in the production of IL-8 and other
cytokines.®® Developing more effective therapeutic options re-
quires a deeper understanding of the molecular mechanisms
involved in the initiation, cellular transformation, progression,
and establishment of SCLC chemoresistance.
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Figure 9. Supinoxin induces mitochondrial
dysfunction in SCLC
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SCLC is commonly diagnosed through fine needle aspiration.
However, conducting biopsies upon relapse is not a standard
practice. Additionally, obtaining research biopsies poses chal-
lenges because of the rapid progression of this cancer type
and the presence of patient comorbidities.®” While SCLC PDX
models can be difficult to establish, it is possible to generate
SCLC PDX lines in settings where a well-established clinical-
translational pipeline for tissue collection is available. Addition-
ally, organoids can be generated for PDX creation via an
automated microfluidic system for the enrichment of circulating
tumor cells (CTCs).?® However, these methods are not widely
available to most researchers. As a result, many reports use
small numbers of PDX due to these difficulties.® Our report
uses two human SCLC tumor models, the H69AR cell line and
the TM00194 PDX cell line. While our data demonstrates remark-
able similarities between the two, the formal argument exists that
the data do not account for potential variability and tumor hetero-
geneity between patients. This is certainly a caveat; however, our
investigation holds significant value not only for future treatment
of SCLC but also for targeted therapies across various types of
cancers. Moreover, our studies illustrate that exploration of
RNA biology can lead to potential new targets for human disease
intervention.

Limitations of the study

In this study, we utilized two human SCLC tumor models: the
HB9AR cell line and the TM00194 PDX cell line. Although our
data reveal remarkable similarities between the two, there is
a formal argument that the data do not account for potential
variability and tumor heterogeneity among patients. Addition-
ally, we did not independently confirm the binding of Supinoxin
to DDX5; however, our RNA-sequencing data from both DDX5
knockdown and Supinoxin treatment indicates that Supinoxin
acts through DDX5, resulting in mitochondrial dysfunction
in SCLC.

Time (minutes)

Sa
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cells with or without Supinoxin were measured
using the Seahorse XFe24 metabolic flux analyzer.
The data represents the mean + standard devia-
tion (SD) of three biological replicates. The p
values are *<0.05, **<0.005, and ***<0.001; ns, not
significant.

(D) Model depicting the mechanism of Supinoxin
in SCLC. Supinoxin interacts with DDX5, and
down-regulates nuclear-encoded mitochondrial
genes involved in oxidative phosphorylation,
leading to mitochondrial dysfunction in SCLC.
This suggests that Supinoxin acts through DDX5
by inhibiting an as-of-yet unknown role for this
enzyme in promoting cellular respiration in SCLC.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be
directed to Elizabeth J. Tran (ejtran@purdue.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus database and are publicly available as of the date of publica-
tion. The accession number (GEO Database: GSE255741) is listed in the
key resources table.

e Original western blot images have been deposited at Mendeley at Men-
deley Data (V1): https://doi.org/10.17632/r6ryb6ckps.1 and are publicly
available as of the date of publication. Microscopy data reported in this
paper will be shared by the lead contact upon request.

e This article does not report any original code.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti--Catenin monoclonal Invitrogen Cat#13-8400; RRID: AB_2533039
antibody (CAT-5H10)

Rabbit anti-DDX5 monoclonal antibody (EPR7239) Abcam Cat#ab126730; RRID: AB_11130291
Rabbit anti-RFC1 polyclonal antibody Abcam Cat#ab3853; RRID: AB_2238314
Rabbit anti-DDX5 polyclonal (phospho Y593) antibody Abcam Cat#ab62255; RRID: AB_942233

Rabbit anti-c-Myc (D84C12) monoclonal antibody
Mouse anti-B-Actin monoclonal antibody
Goat anti-Rabbit IgG (H + L) Secondary Antibody, HRP

Peroxidase AffiniPure™ Goat
Anti-Mouse IgG (H + L)

Cell Signaling Technology
Sigma-Millipore
Invitrogen

Jackson ImmunoResearch
Laboratories Inc.

Cat#5605; RRID: AB_1903938
Cat#A5441; RRID: AB_476744
Cat#31460; RRID: AB_228341
Cat#115-035-003; RRID: AB_10015289

Biological samples

Patient-derived xenografts (PDX)

The Jackson laboratory

TMO00194 (https://tumor.informatics.jax.
org/mtbwi/pdxDetails.do?
modellD=TM00194)

Chemicals, peptides, and recombinant proteins

RPMI 1640 medium ATCC 30-2001
DMEM medium ATCC 30-2002
Keratinocyte-SFM medium Gibco, Life Technologies 17005042
Penicillin-Streptomycin (10,000 U/mL) Gibco, Life Technologies 15140122
Fetal Bovine Serum - Premium Biotechne (R&D systems) S11150
Supinoxin (RX-5902) ChemieTek CT-RX5902
TRIzol™ Reagent Invitrogen 15596026
SYBR™ Green Universal Master Mix Applied Biosystems 4309155
TrypLE™ Express Enzyme (1X), phenol red Gibco, Life Technologies 12605010
Cell Lysis Buffer (10X) Cell Signaling Technology 9803
cOmplete™, EDTA-free Protease Inhibitor Cocktail Roche, Sigma Millipore 11873580001
Immobilon® Crescendo Western HRP substrate Sigma-Millipore WBLURO0500
VECTASTAIN® Elite® ABC-HRP Kit, Vector Laboratories PK-6100
Peroxidase (Standard)
DAB Substrate Kit, Peroxidase (HRP), Vector Laboratories SK-4100
with Nickel, (3,3'-diaminobenzidine)
Harris Hematoxylin Solution, Modified Sigma-Millipore HHS16
Fisher Chemical™ Permount™ Mounting Medium Fisher Scientific SP15-100
Seahorse XFp Media & Calibrant Agilent 103681-100
Critical commercial assays
CyQUANT™ Direct Cell Proliferation Assay Invitrogen C35011
QuantiTect Reverse Transcription Kit Qiagen 205310
Seahorse XF Cell Mito Stress Test Kit Agilent 103015-100
PCR Mycoplasma Detection Kit Applied Biological Mat. Inc. G238
Deposited data
RNA Sequencing NCBI Gene Expression GSE255741
Omnibus (*this study)
RNA Sequencing NCBI Gene Expression GSE142024
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Omnibus (Xing et al.?")

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA Sequencing NCBI Gene Expression GSE43346 (GDS4794/225886_at)

Original Western Blot Data

Omnibus (Sato et al.*")
Mendeley Data (*this study)

https://doi.org/10.17632/r6ryb6ckps.1

Experimental models: Cell lines

HBEC-3KT Gift from Andrea Kasinski N/A
(Purdue University)

NCI-H69 (H69) ATCC HTB-119

NCI-H69AR (H69AR) ATCC CRL-11351

MDA-MB-231 Gift from Michael Wendt N/A
(Purdue University)

Oligonucleotides

Primer for RT-gPCR This paper Table S1

Software and algorithms

GraphPad Prism GraphPad version 9.3.0

Gene Expression Profiling http://gepia.cancer-pku.cn/ N/A

Interactive Analysis (GEPIA)

TrimGalore toolkit https://www.bioinformatics.babraham. version 0.4.4
ac.uk/projects/trim_galore/

R-software the R Core Team and the R Foundation version 4.3.3
for Statistical Computing

Tableau Salesforce version 2023.3.0

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human SCLC cell lines NCI-H69 (H69) and NCI-H69AR (H69AR) cells were purchased from American Type Culture Collection
(ATCC). HBEC-3KT (HBEC) cell line was a gift from Dr. Andrea Kasinski (Purdue University). The triple negative breast cancer cell
line, MDA-MB-231 cell line was a gift from Dr. Michael Wendt (Purdue University). H69 cells were grown in RPMI 1640 medium
(ATCC, 30-2001) with 10% fetal bovine serum (FBS; Biotechne R&D systems, S11150) and 1% penicillin-streptomycin solution
(Gibco, Life Technologies, 15140122). H69AR cells were grown in RPMI 1640 medium with 20% fetal bovine serum and 1% peni-
cillin-streptomycin solution. MDA-MB-231 cells were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM; ATCC, 30-2002)
with 10% fetal bovine serum and 1% penicillin-streptomycin solution. HBEC-3KT cells were grown in Keratinocyte-SFM medium
(Gibco, Life Technologies 17005042) supplemented with bovine pituitary extract (BPE), human recombinant epidermal growth factor
(rEGF) and 1% penicillin-streptomycin solution. All cell lines were cultured at 37°C in a humidified environment, supplemented with
5% COs.. All cell lines were systematically and routinely tested for the absence of mycoplasma contamination using the PCR Myco-
plasma Detection Kit (Applied Biological Mat. Inc., G238).

Animal experiments

Severely immunocompromised NRG mice (The Jackson Laboratory stock #007799) 10-16 weeks old (male or female) were used
for all tumor implantations. Tumor volume was measured with digital calipers by taking 3 perpendicular measurements of LxWxH.
Mice were monitored 2x/week for tumor growth and weight gain/loss and were euthanized when tumor volume reached
2000 mm?® or if other humane criteria were met. HB9AR cells still in log-phase growth were harvested from culture flasks and in-
jected subcutaneously in the flank at 5 x 10° cells/mouse using a 25 ga needle. Cells were mixed 1:1 with Matrigel (50 uL:50 ulL)
for injection in mice. PDX tumors were implanted subcutaneously in the flank after harvesting tumors from donor mice. Donor tu-
mors were minced into a paste with a razor blade, large fibrous chunks were removed, and the remaining paste was mixed 1:1
with Matrigel (50 pL:50 pL) for injection with 14 ga needles in mice. PDX tumors were purchased from the Jackson Laboratory
(PDX# TMO00194). It is a pleural effusion sample. The details can be found at https://tumor.informatics.jax.org/mtbwi/
pdxDetails.do?modellD=TM00194.

Ethics committee approval

All animal experiments were approved by the Purdue Institutional Animal Care and Use Committee prior to initiating studies. The pro-
tocol #1112000342 was approved 1/16/2022. The studies were also approved by the Purdue University Institutional Biosafety
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Committee protocol #12-007, approved 2/3/2019. All animal procedures and euthanasia were performed consistent with the recom-
mendations of the panel of the American Veterinary Medical Association. All mice used in the studies were 10-16 weeks old, and both
males and females were used (not all studies are shown).

METHOD DETAILS

Growth analysis

H9 and H69AR cells were seeded at a density of 10000 cells per well in 96-well plates (Corning, 3603). Supinoxin (ChemieTek, CT-
RX5902) was dissolved in DMSO in order to prepare a stock solution of 5mM. Following a 24-h growth period, cells were treated with
different concentrations of Supinoxin (0, 0.1, 1, 5, 10, 20, 40, 70, 100 and 1000 nM) diluted in appropriate growth media. The
CyQUANT direct cell proliferation kit (Invitrogen, C35011) was then used to measure the number of live cells. Relative fluorescence
was calculated after subtracting background fluorescence from unlabeled cells. Soft agar assays were carried out as described.”®
GraphPad Prism 9 was used to determine the IC5q (half maximal inhibitory concentration) of Supinoxin.

RT-gPCR

TRIzol Reagent (Invitrogen, 15596026) was used to extract total RNA from H69AR and MDA-MB-231 cells. cDNAs were then pre-
pared from total RNA using the QuantiTect kit (Qiagen, 205310). To examine the expression levels of particular mRNAs, gPCR
was carried out using SYBR green master mix (Applied Biosystems, 4309155) (Table S1 showing the list of primers used for the
study). The relative expression level of specific RNAs was calculated using the Pfaffl method using the reference gene glyceralde-
hyde-3-phosphate dehydrogenase. RT-qgPCRs were performed using MIQE guidelines."

Western Blot

MDA-MB-231 and H69AR cells were seeded and allowed to adhere for 24 h in 6-well plates. Supinoxin was dissolved in DMSO in
order to prepare a stock solution at 100uM. Cells were treated with different concentrations of Supinoxin (0, 20, 70, or 100 nM) diluted
in appropriate growth media for 24 to 48 h. Cells were then trypsinized and collected using 1X TrypLE Express (Gibco, Life Technol-
ogies 12605010) followed by lysis in Cell Lysis Buffer (Cell Signaling Technology, 9803), with EDTA-free protease inhibitor cocktail
(Roche, Sigma Millipore, 11873580001). 20-50 mg of total protein was loaded onto an 8% SDS-PAGE gel, which was then electro-
phoresed and transferred to nitrocellulose membrane using the Mini PROTEAN Tetra Cell device (Bio-Rad). After being blocked in
2% skimmed milk for 5 min, membranes were incubated at 4°C overnight with primary antibodies B-catenin (Invitrogen, 13-8400),
DDX5 (Abcam, ab126730), RFC1 (Abcam, ab3853), phosphor-DDX5 (Y593) (Abcam, ab62255), c-Myc (Cell Signaling Technology,
5605), B-Actin (Sigma-Millipore, A5441). HRP-conjugated secondary antibodies were used to image western blots: anti-rabbit (Invi-
trogen, 31460) anti-mouse (Jackson ImmunoResearch, 115-035-003). The blots were detected using Milipore Immobilon Crescendo
Western HRP Substrate reagent (Sigma-Millipore, WBLURO0500).

Microscopy

Cells were seeded onto glass coverslips coated with poly-L-lysine and given 24 h to adhere. Following a 24-h period (or as specified)
of treatment with Supinoxin at increasing concentrations (0, 20, 70, or 100 nM), the cells were fixed with 1.6% formaldehyde in Phos-
phate Buffered Saline (PBS) (1:10 dilution of stock in PBS). Cells were then blocked with 2% BSA followed by incubation with primary
antibodies for 2 h. Primary antibodies include phosphor-DDX5 Y593 (Abcam, ab62255) and B-catenin (Invitrogen, 13-8400). DNA
was stained with 300 nM DAPI to serve as a nuclear marker. Cells were visualized using a Leica DM6 microscope with a 40x
objective.

Histological staining

Histological staining was performed on paraffin-embedded samples of SCLC PDX and normal lung tissues. Tissue sections were
taken at a thickness of 4 um using a microtome (Thermo Scientific, HM355S). Sections were mounted on charged slides and dried
on a 60°C oven. Slides were cleaned three times in xylene to deparaffinize the samples. Slides were then rehydrated by being sub-
merged in decreasing concentrations of ethanol (100, 90, 70, 35%) followed by water Antigen unmasking was performed by pressure
cooking slides for 20 min in a buffer made from Tris Base (1M), EDTA (100mM), and Tween 20 (5%), with a pH adjusted to 9.0. Slides
were then cleaned with TBST three times before being incubated in 3% hydrogen peroxide for 5 min. After an additional wash in
TBST, sections were blocked using 2.5% goat serum in 1X TBST for 20min in a humidified chamber. Primary antibody diluted in
blocking solution was added to each section followed by incubation for 30 min at room temperature in a humidified box. Sections
were washed once more in TBST and then incubated with secondary antibody in blocking solution for 30 min at room temperature
in a humidified chamber. ABC Reagent (Vector Laboratories, PK-6100) and DAB Stock Solution (Vector Laboratories, SK-4100) kits
were used in accordance with the manufacturer’s instructions to stain the section. Hematoxylin (Sigma-Millipore, HHS16) was then
used to counterstain the sections for 1 min. The sections were then dehydrated by washing in increasing concentrations of ethanol
(95 and 100% ethanol), followed by a xylene wash. Coverslips were then mounted onto slides using Permount (Fischer Scientific,
SP15-100). Images were taken using a Leica DM6 microscope with a 10X objective.
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RNA-seq and data analysis

Three biological replicates of HB9AR cells treated with or without 70nM of Supinoxin were used for RNA sequencing. Total RNA
extraction was performed using TRIzol Reagent (Invitrogen, 15596026). Library construction and RNA sequencing were performed
by Novogene Co., Ltd., Beijing, China. The libraries were sequenced using lllumina NovaSeq PE150 cassettes for paired-end
sequencing with a 150-bp read length. Data quality control was conducted using the TrimGalore toolkit (version 0.4.4)
(RRID:SCR_011847), with a minimum Phred score of 30 and a minimum read length of 50 bp. The quality trimmed reads were aligned
to the human reference genome (GRCh38) obtained from the Ensembl database. The RNA-seq protocol included quality control
(FastQC), trimming (Trimmomatic), alignment (HISAT2), and quantification (Feature Counts) in a bash (Linux) environment. Differential
expression analysis was performed using both DESeq2 and edgeR methods.®>° The analysis identified genes that were significantly
differentially expressed (DEGs) based on a false discovery rate (FDR) threshold of <0.05. The DESeqg2 object included a pool of 3495
DEGs, which were used to investigate Gene Ontology (GO) and KEGG pathways. The oxidative phosphorylation pathway was visu-
ally represented using Pathview and the gage package, while GSEA conducted a comprehensive enrichment analysis of oxidative
phosphorylation. The heatmap was created using heatmap and the Complex Heatmap package in R-Studio. The pathways’ direction
was determined by utilizing the assigned Z-scores. The volcano plot was prepared using the Enhanced Volcano package in RStudio.
In addition, the comparison table for the enrichment pathway was created using Tableau Desktop Public Version 2023.3.0, incorpo-
rating KEGG data from Supinoxin treatment and DDX5 knockdown.*’

Seahorse assay

HB9AR cells were seeded in a 24-well microplate (Seahorse Bioscience) at a density of 20,000 cells per well and allowed to incubate
in a standard 37°C CO, incubator overnight. Before the experiment, cells underwent two washes with Assay Media (Seahorse Biosci-
ence) and were then incubated in a 37°C non-CO, incubator with 500 puL Assay Media per well for 1 h. The mitochondrial profile was
assessed by measuring the oxygen consumption rates (OCR) using the Mito Stress Test Kit (Seahorse Bioscience). The OCR was
calculated using the Seahorse XF Stress Test Report Generator (Seahorse Bioscience).

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures were plotted using Prism 9.0 (version 9.3.0). The data from Figures 1, 2, 4A, 5A, and 9 were presented as mean + standard SD.
Student’s T-test was utilized for comparisons between the two groups. The IC5q values presented in Figure 2 were determined using
GraphPad Prism 9 software. The P- values are *<0.05, **<0.005, and ***<0.001; ns, not significant. The statistics for Figure 3A were
calculated using Tukey’s multiple comparisons test. The statistical evaluation for Figure 3C was performed using the log rank Mantel-
Cox test. The statistical evaluation for Figure 3D was performed using the two-way ANOVA test. The data from Figures 4C-4E and
5C-5E were analyzed using one-way ANOVA for comparisons between two groups. Differences with P-values <0.05 were regarded
as statistically significant.
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