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DEAD-box helicase 5 (DDX5) is a founding member of the
DEAD-box RNA helicase family, a group of enzymes that regu-
late ribonucleoprotein formation and function in every aspect
of RNA metabolism, ranging from synthesis to decay. Our labo-
ratory previously found that DDX5 is involved in energy homeo-
stasis, a process that is altered in many cancers. Small cell lung
cancer (SCLC) is an understudied cancer type for which effec-
tive treatments are currently unavailable. Using an array of
methods, including short hairpin RNA-mediated gene silenc-
ing, RNA and ChIP sequencing analyses, and metabolite profil-
ing, we show here that DDX5 is overexpressed in SCLC cell lines
and that its down-regulation results in various metabolic and
cellular alterations. Depletion of DDXS5 resulted in reduced
growth and mitochondrial dysfunction in the chemoresistant
SCLC cell line H69AR. The latter was evidenced by down-regu-
lation of genes involved in oxidative phosphorylation and by
impaired oxygen consumption. Interestingly, DDXS5 depletion
specifically reduced intracellular succinate, a TCA cycle inter-
mediate that serves as a direct electron donor to mitochondrial
complex II. We propose that the oncogenic role of DDX5, at
least in part, manifests as up-regulation of respiration support-
ing the energy demands of cancer cells.

The DEAD-box RNA helicase DDX5 is overexpressed in
multiple types of cancers in which its expression is necessary
for cell proliferation and tumor growth (1-4). Similar to other
RNA helicases, DDX5 is involved in many steps of RNA metab-
olism, such as rRNA biogenesis, transcriptional regulation, al-
ternative splicing, and microRNA processing (5). Our laboratory
showed that DDX5 is an active RNA helicase in vitro that is func-
tionally conserved with its Saccharomyces cerevisiae ortholog
DBP2 (6). We also found that deleting DBP2 leads to global
changes of mRNA secondary structures in S. cerevisiae that corre-
late with altered transcriptional termination (7). Similarly, other
groups have shown that DDX5 controls alternative splicing in a
manner that may involve secondary structure remodeling (8, 9).
This suggests that DDX5 and Dbp2 remodel RNA secondary
structures in nascent RNA during transcription and pre-mRNA
maturation steps, likely altering gene expression in the process.

In addition to RNA remodeling, DDX5 also acts as cofactor
for oncogenic transcription factors in several cancer types (2, 10).

This article contains supporting information.
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DDX35 expression activates the oncogenic Wnt and mammalian
target of rapamycin signaling pathways involved in cell-fate deter-
mination and cell growth (3, 11, 12). Interestingly, depletion of
DDX5 in mammalian cells or deletion of DBP2 in S. cerevisiae
lead to differential expression of metabolic genes (13, 14) and
alteration of glycolysis and mitochondrial respiration activity
(6, 15). Moreover, a DDX5 S480A polymorphism has been con-
nected to metabolic syndrome in humans, which is typified by
abnormalities in primary metabolic pathways (16). This sug-
gests that the DDX5 family is involved in energy metabolism, a
process that is misregulated in many cancers (17).

Small cell lung cancer (SCLC) accounts for 15% of lung can-
cer cases and has a 5-year survival rate of less than 10% (18).
SCLC is an aggressive disease because of its fast growth rate
and early development of metastases. This cancer shows posi-
tive initial response to chemotherapies but develops resistance
rapidly, resulting in relapse within 2 years. SCLC originates
from neuroendocrine cells, with the classic subtype of SCLC
defined by expression of the neuroendocrine-specific transcrip-
tional factor achaete-scute homolog 1, a lineage-specific onco-
gene (18, 19). SCLC invariably inactivates the tumor suppressor
genes TP53 and RB transcriptional corepressor 1. Factors such
as the MYC family of oncogenes, the apoptosis regulator Bcl-2,
and the tetraspanin cell-surface family member CD151 have
been correlated with SCLC (20). However, SCLC still remains
largely uncharacterized, and there are currently no effective
pharmacological strategies to prevent recurrence of the disease.

Despite diverse genetic landscapes, a common theme of cel-
lular transformation is up-regulation of metabolic pathways to
support rapid growth and biomass production (21). The obser-
vation by Otto Warburg in the 1920’s that cancer cells continue
to convert glucose to lactate through lactic acid fermentation,
despite the availability of oxygen to support respiration, has
now been observed in multiple cancer cell lines and within solid
tumors (22). It is now established that this type of “reprog-
ramed” metabolism is not used for ATP production but rather
to produce glycolytic intermediates that form building blocks
for rapid cellular growth. Importantly, cancer cells still generate
ATP through mitochondrial respiration to fuel biosynthesis
(21). Thus, mitochondrial defects can be a barrier for malig-
nancy, suggesting the necessity of mitochondrial functions in
carcinogenesis. Herein, we show that DDX5 depletion leads to
growth defects and global changes of gene expression in drug-
resistant SCLC cells. Moreover, we find that DDX5 is necessary
for mitochondrial function and production of the TCA cycle
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Figure 1. Knockdown of DDX5 reduces proliferation and soft agar colony formation of SCLC cells. A, Western blotting of DDX5 in HBEC, SCLC, and
NSCLC cell lines. B, Western blotting of DDX5 and PARP in H69 and H69AR cells stably transfected with shRNAs targeting DDX5 or with a nontargeting control
(shCtr). Cand D, soft agar colony formation assays of H69 or H69AR cells, with or without DDX5 knockdown. 10,000 cells/well of H69 cells or 5000 cells/well of
H69AR cells were seeded in a 0.3% agar layer in 6-well plates. H69 and H69AR cells were grown for 30 and 21 days, respectively, with growth medium added
twice a week. The bar graphs in the right panels show colony counts from at least three replicates, whereas the left panels show representative pictures of wells.
E, growth curve of H69AR cells with or without DDX5 knockdown. H69AR cells were seeded at 200 cells/well in 96-well plates on day 0, and the relative cell
number was measured on the indicated days. Cell growth was measured using CyQuant fluorescent DNA dye to quantify cell number on the days indicated.
The data show the means = S.D. of four biological replicates. F, measurement of cell proliferation by quantifying newly synthesized DNA using the nucleotide
analog EdU after 24 h of growth. Incorporated EdU was measured using the Click-iT EdU Alexa Fluor 647 Assay (Invitrogen, C10356). G, Western blotting of
DDX5 in H69AR cells expressing shRNA-resistant GFP-DDX5. GFP-DDX5 is overexpressed as compared with endogenous DDX5. H, soft agar assays of cells
expressing GFP-DDX5. Ectopic overexpression of GFP-DDX5 partially rescues the ability of H69AR cells to form colonies in soft agar. The bar graph shows col-
ony counts from three biological replicates, and the left panel shows one representative picture for each cell line. Colonies were quantified using OpenCFU.

The data show the means =+ S.D. of three biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001. EV, empty vector; Dox, doxycycline.

intermediate succinate. This suggests that DDX5 may be a
novel drug target for small cell lung cancer in the future.

Results
DDXS5 is required for the growth of SCLC cell lines

SCLC is an aggressive cancer that rapidly develops chemore-
sistance and currently lacks effective therapy options. DDX5 is
an RNA helicase whose overexpression is correlated with mul-
tiple cancer types, including breast, colon, and prostate (23),
and is associated with resistance to therapeutics in the non—
small cell lung cancer cell line H1299 (24). To determine
whether DDXS5 is necessary for SCLC growth, we first meas-
ured DDX5 protein levels in transformed and nontransformed
cell lines. Analysis of DDX5 levels by Western blotting of the
noncancerous human bronchial epithelial cell line HBEC-3KT
(HBEC); two SCLC cell lines, H69 (chemosensitive) and H69AR
(chemoresistant); and three non-small cell lung cancer cell
lines, A549, H441, and H332M, shows that DDXS is expressed
in both chemosensitive and chemoresistant SCLC cells but is
below detection in the other cell lines (Fig. 1A4). This is consist-
ent with prior reports that DDX5 may be dispensible for some
tissue functions in whole animals (13). To determine whether
DDXS expression supports the transformed properties of SCLC,
such as cell invasion and aberrant growth, we knocked down
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DDXS5 in H69 and H69AR cells using inducible, short hairpin
RNAs (shRNAs). Two shRNAs (s#DDXS5 and shDDXS5-2) with
different target sites were used to knockdown DDX5. A Western
blotting showed efficient knockdown of DDX5 using either
shDDXS5 construct (Fig. 1B). Thus, we used shDDXS5 for simplic-
ity in further experimentation.

To determine whether DDX5 promotes anchorage-inde-
pendent growth in SCLC, a hallmark of carcinogenesis, we
measured the abilities of H69 and H69AR cells to form colonies
in soft agar. Although both H69 and H69AR cells readily form
colonies, cells expressing either s#DDX5 or shDDX5-2 showed
decreased colony formation, with decreases of >90% in H69
cells and >60% in H69AR cells (Fig. 1, C and D). To validate
that DDX5 is required for growth of H69AR in normal culture
conditions, we measured the cell density of H69AR cells over 8
days and plotted the growth curves. This showed that cells
expressing shDDX5 and shDDX5-2 grew slower than cells
expressing shCtr but similar to each other (Fig. 1E). By the end
of the 8th day, the density of DDX5-depleted cells was less than
50% of the control cells. Consistently, DDXS5 depletion reduces
proliferation of H69AR cells by more than 50%, as evidenced by
measurement of EAU incorporation into newly synthesized
DNA after 24 h (Fig. 1F). Negative regulators of tumorigenesis
often inhibit tumor growth via inducing apoptosis. To test
whether this is true for DDX5 in SCLC, we analyzed the
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Figure 2. RNA-Seq reveals dysregulated mitochondrial function upon DDX5 depletion. A, Western blotting of factors known to be involved in SCLC tu-
morigenesis. H69AR cells with or without DDX5 knockdown were used. GLUTT, glucose transporter type 1; CD151, tetraspanin CD151 molecule; Bcl-2, apoptosis
regulator. B, table of the top canonical pathways (from IPA) associated with DEGs upon DDX5 knockdown. Canonical pathways were identified using the Qiagen
IPA toolkit. C, independent validation of misregulated mitochondrial function upon depletion of DDX5 using RT-gqPCR. Primer sets spanning exon junctions were
used to quantify mRNA levels, which were then normalized to the expression levels of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The rela-
tive expression levels of each gene in H69AR + shCtr cells were arbitrarily set to 1. The data represent the means = S.D. of three biological replicates. *, P < 0.05;
** P < 0.01;*** P < 0.001. D, schematic depicting down-regulation of genes involved in the OxPhos pathway. DEGs are shown as rhombuses. Green or pink fill in
the rhombus indicates down-regulation or up-regulation, respectively. Green background indicates that the pathway is predicated to be down-regulated.

cleavage of poly(ADP-ribose) polymerase (PARP) using Western
blotting. Interestingly, an increase in PARP cleavage was not
observed after knocking down DDXS5 above levels of the shCtr
control alone (Fig. 1B), suggesting that apoptosis is not triggered.
To confirm that the growth defects are due to DDX5 knockdown,
we ectopically expressed an shRNA-resistant, N-terminally GFP-
tagged DDX5 construct in our DDXS5 knockdown cells (Fig. 1G).
Soft agar assays demonstrated that GFP—DDX5 expression par-
tially rescues the anchorage-independent growth of cells express-
ing shDDXS5 as compared with the control (shCtr) (Fig. 1H). Cells
ectopically expressing DDX5 showed a 10-fold increase in colony
count as compared with cells expressing the empty vector, but
only to 40% of WT. This partial rescue may be attributed to
reduced functionality of the N-terminally tagged DDX5. Regard-
less, rescue to 40% suggests that growth defects are attributed to
DDX5 knockdown. Taken together, these data indicate that
DDX35 depletion slows down growth of H69AR cells but does not
trigger programed cell death.

Genes involved in respiration are down-regulated upon DDX5
depletion in SCLC cells

To explore the target of DDX5 in chemoresistant SCLC cells,
we first used a Western blotting to analyze the levels of several
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proteins whose overabundance has been linked to SCLC (20).
This includes the MYC oncogenes, the GLUTI gene encoding
the major glucose transporter, the tetraspanin CD151, and the
apoptosis regulator BCL-2 (20). None of these factors showed
altered protein levels upon DDX5 depletion (Fig. 24).

To globally identify genes that are affected by DDX5, RNA-
Seq was performed with H69AR cells expressing either shCtr or
shDDX5. We obtained ~2 X 10® mapped reads for each of
three biological replicates, with genome mapping rates from
90% to 95% (Table S4) and high correlation between replicates
(Pearson correlation coefficient » > 0.99 for shCtr and r > 0.96
for shDDX5; Fig. S1). Statistical analysis of the data using
DESeq2 and edgeR revealed 6727 differentially expressed genes
(DEGs) upon DDXS5 knockdown with a false discovery rate
(FDR) < 0.05 (Table S5). Five mitochondria-encoded tran-
scripts (cytochrome c oxidase II, NADH:ubiquinone oxidore-
ductase core subunit 2, and three tRNA genes) were also identi-
fied as DEGs in the analysis. Pathway analysis of the DEGs was
performed using the Ingenuity Pathway Analysis (IPA) toolkit,
which uses a curated database to identify significantly altered
gene expression pathways. This analysis revealed oxidative
phosphorylation (OxPhos) and mitochondrial function among
the top significantly altered pathways upon DDXS5 knockdown
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(Fig. 2B). Most DEGs found in OxPhos and mitochondrial
function pathways are down-regulated upon DDXS5 depletion
(Table S5) and as confirmed by RT-qPCR of select genes (Fig.
2C). Other top scoring pathways were molecular mechanism of
cancer, EIF2 signaling pathway linked to cellular stress, and aryl
hydrocarbon receptor signaling involved in response to envi-
ronmental stimuli (Fig. 2B). The OxPhos pathway is predicted
to be deactivated by IPA (z score = —6.03; Table S6), with
down-regulation of 37 genes involved in the formation of com-
plex -V (Fig. 2D).

To determine whether DDX5 might directly regulate ex-
pression of genes involved in mitochondrial respiration, we
remapped reads from published DDX5-ChIP-Seq from HelLa
cells (25). This revealed that DDX5 binds 11,281 genes, consist-
ent with the prior report. A total of 37,924 DDX5 peaks were
detected, 25,996 of which were found within 1KB of the tran-
scription start site (TSS). Approximately half (3138 of 6727
genes) of the DEGs identified through our RNA-Seq of SCLC
lines have a corresponding DDX5 ChIP peak within 1KB of the
TSS, with an equal distribution between down-regulated (1436)
and up-regulated (1313) genes (59-62) (Fig. 3A). In addition to
promoter binding, DDX5 is also found associated with termina-
tors (Fig. S2A). Comparison of all DDX5 ChIP-Seq peaks (pro-
moter + terminator) to our RNA-Seq also revealed a similar
distribution between up- and down-regulated genes upon
DDXS5 knockdown (Fig. S2B). Interestingly, all of the DEGs
linked to mitochondrial dysfunction or oxidative phosphoryla-
tion by IPA are bound by DDX5 at or near the promoter (within
1 kb of the TSS) with the vast majority (28 of 34 genes, or 82%)
down-regulated upon DDXS5 knockdown (Fig. 3, B and C), sug-
gesting that DDX5 promotes expression of these genes.

Cellular respiration is compromised upon DDX5 depletion

Gene expression analysis suggests that DDX5 facilitates cel-
lular respiration in SCLC. To test this, we analyzed the rates of
oxygen consumption using the Seahorse extracellular flux ana-
lyzer, which measures dissolved oxygen concentration in the
culture medium in real time. Analysis of respiration using the
Seahorse revealed that the basal and maximal oxygen con-
sumption rates are decreased by ~80% upon DDX5 depletion
(Fig. 4A). The spare capacity is also decreased, revealing a
reduced ability to respond to increased energy demand.

Next, we reasoned that reduced oxygen consumption may be
due to decreased mitochondria activity. To test this, we first
measured the mitochondrial DNA (mtDNA) content using
qPCR. Interestingly, we observed a 1.7-fold, statistically signifi-
cant increase in mtDNA content, relative to the nuclear ge-
nome (Fig. 4B). This increase in mtDNA is consistent with mi-
tochondrial dysfunctions observed in other cancer types (26).
To determine whether there is a mitochondrial morphology
defect upon knockdown of DDXS5, we stained H69AR cells with
MitoTracker to visualize mitochondria (Fig. 4C). This revealed
a pronounced mitochondrial clustering defect, a phenotype
that correlates with reduced inner membrane potential and mi-
tochondrial function (27, 28). 76% of cells expressing the
shDDXS5 construct showed a clustering phenotype compared
with 13% of the cells expressing the nontargeting s#RNA con-
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trol. Interestingly, we also observed a decrease in cell size of
~30% upon DDXS knockdown. We then asked if overexpres-
sion of shDDX5-resistant GFP—DDX5 in H69AR cells could
rescue the respiration defects upon DDX5 knockdown. GFP-
DDXS5 expression partially rescued the reduced oxygen con-
sumption rates upon DDX5 knockdown to ~50% of the control
(Fig. 4D), similar to rescue of colony formation activity (Fig.
1F). To determine whether DDXS5 overexpression is sufficient
to increase respiration in nontransformed cells, we ectopically
overexpressed a GFP-tagged DDX35 in the normal lung HBEC
cells (Fig. 4E). This showed that overexpression of DDX5
increases oxygen consumption rates by one-third in nontrans-
formed lung cells (Fig. 4F). Taken together, our studies suggest
that DDX5 expression facilitates invasive growth behavior of
SCLC by promoting mitochondrial function.

DDX5 knockdown reduces intracellular succinate
concentrations

The almost complete loss of mitochondrial respiration upon
DDXS knockdown in SCLC seems inconsistent with the statis-
tically significant but modest (30—60%) decrease in expression
of OxPhos genes (Fig. 2C and Table S5). Thus, we hypothesized
that DDX5 knockdown induces a respiratory bottleneck that
abolishes respiration. To identify the bottleneck, we conducted
metabolite profiling to quantify the relative amount of intracel-
lular TCA cycle intermediates using HPLC-MS/MS (29). This
revealed that succinate, a product of succinyl-CoA ligase, is
specifically and significantly reduced (80%) upon depletion of
DDXS (Fig. 5A). This suggests that succinate accumulation/uti-
lization is uniquely controlled and that insufficient succinate
may be the bottleneck for mitochondria function in cells lack-
ing DDXG5.

Succinate is not only an intermediate in the TCA cycle (Fig.
5B) but also a direct electron donor for the electron transport
chain through succinate dehydrogenase (complex II) (30).
Because lung cancers rely heavily on mitochondrial respiration
for growth (31), these cancers may be particularly susceptible
to inhibition of mitochondrial function. The findings herein
implicate the RNA helicase DDX5 in this process, suggesting
that DDX5 may be a new target for the development of lung
cancer therapies.

Discussion

DEAD-box RNA helicases are the largest class of enzymes in
the RNA helicase family, acting as nonprocessive, ATP-de-
pendent RNA-binding proteins, whose activity can be coupled
to remodeling of secondary structure and/or RNA-protein
complexes (32). Somewhat paradoxically, up-regulation of
members of the DEAD-box protein family, including DDX1,
DDX2, DDX3, and DDX35, has been linked to cellular transfor-
mation and correlates with multiple cancer types including
breast, colon, bone, and prostate (33, 34). Herein, we assessed
the role of DEAD-box helicase DDX5 in drug-resistant SCLC, a
highly aggressive, metastatic cancer with a high mortality rate.
Our results show that DDX5 is required for anchorage-inde-
pendent growth and normal respiration of SCLC cells, consis-
tent with the notion that mitochondrial functions are necessary
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Figure 3. Differentially expressed genes upon DDX5 knockdown are also bound by DDX5 at promoters. ChIP-Seq data were downloaded from Gene
Expression Omnibus (GSE24126), processed, and aligned to the genome. The significance of overlap between DDX5-bound (ChIP-Seq) and DDX5-misregu-
lated (up-regulated or down-regulated) genes was determined using the R-Bioconductor package GeneOverlap (59). Venn diagram, heat map, and genomic
visualization figures were generated using the R packages VennDiagram, ComplexHeatmap, and Gviz, respectively (60-62). A, overlap between DDX5-bound
(within 1 kb of promoter) and differentially expressed genes from RNA-Seq. B, heat map of selected genes from oxidative phosphorylation and mitochondrial
dysfunction pathways with log2 fold change values denoting the direction of gene expression (RNA-Seq, left column) and DDX5-binding strength (ChIP-Seq,
right column). C, genomic visualization showing the DDX5-bound peak signal for the gene COX5B.

for carcinogenesis (35, 36). Moreover, we find that DDX5
expression is necessary for accumulation of succinate, an
oncometabolite whose up-regulation correlates with che-
moresistance (37), suggesting that up-regulation of DDX5
may be part of the underlying mechanism for drug resist-
ance in SCLC.
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DDXS5 was one of the first members of the DEAD-box heli-
case family to be enzymatically characterized and, in the 30
years since, has now been implicated in multiple transcriptional
and cotranscriptional processes suggestive of a role as an RNA
chaperone for nascent transcripts (5). This raises the question
of how a general chaperone that acts in a wide array of gene
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Figure 4. DDX5 promotes mitochondrial function and respiration. A, oxygen consumption rates of H69AR cells with or without DDX5 knockdown were
measured using the Seahorse XF€24 metabolic flux analyzer. The data show the means = S.D. of four biological replicates. B, measurement of mitochondrial
DNA content. The relative amount of the mitochondria-specific NADH-ubiquinone oxidoreductase chain 1 (ND-T) gene to the nuclear ribosomal protein lateral
stalk subunit PO (36B4) gene was measured by qPCR, with the ratio in H69AR + shCtr cells arbitrarily set to 1. C, mitochondrial staining in H69AR cells stably
transfected with doxycycline-inducible shRNAs targeting DDX5 or with a nontargeting control as visualized by fluorescence microscopy. The cells were grown
overnight on polylysine-treated coverslips and then treated with 500 nm MitoTracker Deep Red for mitochondrial visualization. The cells were then fixed in
0.6% formaldehyde, and DNA was stained with 300 nm DAPI and serves as a nuclear marker. The cells were manually counted and individually categorized
as exhibiting a “clustered” or “nonclustered” morphological phenotype. D, oxygen consumption rates of H69AR cells in the presence of shDDX5-resistant
DDX5 or empty vector. E, Western blotting of DDX5 in HBEC cells stably transfected with empty vector (EV) or pGFP-DDX5. F, oxygen consumption rates of

HBEC cells = GFP-DDX5. The data show the means = S.D. of six biological replicates. **, P < 0.01; ***, P < 0.001.

expression steps could promote uncontrolled cell growth.
Although we do not know the precise molecular basis of this ac-
tivity, two possibilities exist for a putative mechanism for
DDX5 in supporting rapid cellular proliferation. First, a bio-
chemically distinct pool of DDX5 may exist in vivo that regu-
lates transcription of specific genes directly. DDX5 is both poly-
ubiquitinated and phosphorylated, modifications that appear
to correlate with distinct activities. Specifically, phosphoryla-
tion of Tyr-593 at the C terminus of DDX5 promotes cellular
proliferation and expression of genes involved in cell growth
such as c-MYCand Cyclin D1 (11, 23). Interestingly, DDX5 was
recently shown to unwind a transcriptionally repressive G-
quadraplex in the c-MYC promoter, illustrating an unexpected,
DNA-dependent activity for this enzyme (38). Direct regulation
of transcriptional activity is supported by ChIP profiles, which
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show enrichment of DDX5 at promoters of genes required for
mitochondrial function (Fig. 3, B and C). Second, the secondary
structure of a given pre-mRNA may determine the requirement
for DDX5. In support of this, studies from our laboratory have
shown that the budding yeast counterpart of DDX5, termed
Dbp2, promotes cellular metabolism and expression of genes
involved in energy homeostasis (15). Interestingly, Dbp2 ap-
pears to regulate gene expression at the level of transcription
termination by remodeling mRNA structure, suggesting that
the underlying secondary structure of RNA may confer Dbp2
dependence to the expression of specific genes (7). DDX5 is
functionally equivalent to S. cerevisiae Dbp2 (6, 39), suggesting
that DDX5 may function similarly, depending primarily on sig-
natures that reside in the nascent gene transcript itself. A recent
study showing that DDX5-binding sites are in close proximity
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to structured regions near exons suggests that a similar mecha-
nism may be involved in alternative splicing (9), although is
unknown whether DDX5 functions in termination in mamma-
lian cells. Future studies are necessary to determine the precise
mechanism by which DDX5 promotes respiration.

Our studies show that loss of DDX5 in SCLC cells impairs
mitochondrial function, a defect that is consistent with up-reg-
ulation of mtDNA and, likely, accumulation of defective mito-
chondria (26). This is in contrast to our previous results in
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mouse liver cells whereby DDXS5 knockdown leads to down-
regulation of glycolysis and up-regulation of respiration (6).
DDXS expression is below detection by Western blotting in
normal lung epithelial HBEC cells and tested NSCLC cells (Fig.
1A), suggesting that DDX5 is not required for the growth of
these cell lines. Similarly, ablation of DDX5 expression in
mESC or human MCF-7 cells does not impact cell prolifera-
tion, and knockdown in HeLa cells (to 5% of control siRNA)
only slightly alters the proliferation rate (2, 40, 41). DDX5
expression is developmentally regulated and is not detectable
in mouse embryos until embryonic day 11.5 (42). Moreover,
DDX5 is dispensable for normal hematopoiesis and tissue func-
tions in adult mice (13) and for the function of mature adipo-
cytes, despite being required to initiate adipogenesis (43).
These data suggest that DDX5 is dispensable in many, fully dif-
ferentiated cell types, and we reason that the differences are
likely due to cell type—/tissue-specific metabolism (i.e. mouse
hepatocyte versus transformed human lung cell). For example,
the hepatocyte-specific glucose transporter 2 and glucokinase
regulator encode proteins that mediate glucose import and regu-
late glucose metabolism through inhibiting glucokinase, respec-
tively (44, 45). We also observed down-regulation of glycolysis in
S. cerevisiae cells upon deletion of DBP2 (15), consistent with the
fact that budding yeast also rely predominantly on glycolysis over
respiration when glucose is abundant (46).

In addition to mitochondrial dysfunction, we also observed
a striking decrease in succinate accumulation in SCLC cells
upon DDXS5 knockdown. This decrease in necessary metabo-
lites may account for loss of respiration and slowed growth
because succinate is necessary for both oxidative phosphory-
lation and the TCA cycle (Fig. 5B). Interestingly, succinate has
been described as an oncometabolite, along with fumarate
and 2-hydroxyglutarate, that functions both in primary me-
tabolism but also facilitates epigenetic changes by inhibiting
a-ketoglutarate dioxygenases (47). Tumors with succinate de-
hydrogenase mutations that cause succinate accumulation are
highly metastatic and aggressive, displaying decreased expres-
sion of genes needed for cellular differentiation and/or stabi-
lizing HIF1a, which promotes cell growth and survival (48,
49). One possible explanation for the accumulation of succi-
nate in SCLC cells involves tumor necrosis factor receptor—
associated protein 1 (TRAP1), a member of the heat shock
protein 90 family shown to be overexpressed in SCLC and
associated with drug resistance in various cancers (47, 50, 51).
TRAP1 down-regulates SDH activity and induces succinate
accumulation and HIFla stabilization (52). Regulation of
TRAPI expression by DDX5 could then help explain the
decrease of succinate accumulation and proliferation observed
upon DDX5 knockdown. Future studies are needed to deter-
mine both how DDX5 promotes succinate accumulation and
whether reduction of succinate is both necessary and sufficient
to inhibit SCLC growth and invasion.

SCLC is a highly aggressive lung cancer with a median sur-
vival of 9 months that encompasses ~15% of all lung cancer
cases worldwide (RRID:SCR_018570). There are currently no
effective treatment options or early detection methods to date,
making SCLC a major health challenge around the world.
Studying SCLC has been a challenge for the community
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because of the dearth of patient samples, however, with charac-
terization of cell lines and limited tissue samples providing the
majority of mechanistic insight. Understanding the underlying
mechanisms of cellular transformation and establishment of
chemoresistance in SCLC requires defining key pathways that
support this aggressive cancer with the goal of developing
future targeted chemotherapies.

Experimental procedures
Plasmids and shRNAs

Plasmids and primers used for cloning and expression can be
found in Tables S1 and S2, respectively. DDX5 cDNA (Gene ID:
1655, Dharmacon: 3528578) was subcloned into the PAcGFP1-
Hyg-C1 vector to generate pAcGFP-Hyg-DDX5, using PCR pri-
mers HindIll DDX5 forward and Sall DDX5 reverse. The
shDDX5 (sh2)-resistant pGFP-DDX5 was then generated
using site-directed mutagenesis with primers shDDX5-resistant
DDX5 forward and reverse.

The SMARTvector-inducible lentiviral shRNAs (Dharma-
con) were used for depleting DDX5. A nonsilencing shRNA
was used as a control (VSC11651), and two shRNAs were used
to target DDX5 (V3SH11252): shDDX5 (ATCCAATCCACT-
TAGAGCA) and shDDX5-2 (TTAGAACCCAGTCACGCTC).
We generated the lentiviral particles for transduction of the
shRNAs using the Trans-lentiviral packaging system (Dharma-
con, TLP5917).

Cell culture, transfection, and lentivirus transduction

H69 and H69AR cells were obtained from the American Type
Culture Collection and cultured as instructed. The HBEC-3KT
(HBEC) cell line was a gift from Dr. Andrea Kasinski (Purdue
University) and was cultured with Keratinocyte-SFM medium
(Gibco, 17005042). Transfection was performed with Lipofect-
amine 2000 reagent (Invitrogen, 11668027). For lentivirus trans-
duction (TU), a multiplicity of infection of <0.3 TU/cell was
used to prevent multiple genome insertion events. Briefly, the
cells were mixed with 6 pig/ml Polybrene and virus in the ab-
sence of serum (fetal bovine serum). 10% or 20% fetal bovine se-
rum was added to the mixture after a 6-h incubation in a
humidified CO, incubator for H69 or H69AR cells, respectively.
After 24 h, the virus-containing medium was replaced with fresh
medium. For H69 cells, the cell-virus mixture was centrifuged
at 300 X gfor 1 h at 25°C before being put into the incubator.

Western blotting

The cells were lysed using 1X lysis buffer (Cell Signaling,
9803) with the addition of protease inhibitor (Roche,
11873580001). Protein levels were analyzed using the following
antibodies: anti-DDX5 (Millipore, 05-850), anti—B-actin (Sigma,
A5441), anti-PARP (Cell Signaling, 9532), anti—-N-Myc (Abio-
code, R1281-2), anti—c-Myc (Cell Signaling, D84C12), anti-Glut1l
(Santa Cruz, SC377228), anti-CD151 (Santa Cruz, SC271216),
and anti-Bcl-2 (Santa Cruz, SC7382).
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Growth analysis

To measure growth in normal culture conditions, H69AR
cells were treated with 1 pg/ml doxycycline for 3 days and sub-
sequently seeded at 400 cells/well in 96-well plates (Corning,
3603). Live cells were labeled with DNA-binding fluorescent
dye on indicated days using the CyQUANT® direct cell prolif-
eration kit (Thermo Fisher, C35011) during an 8-day period.
We used the relative fluorescence to infer the cell count. Back-
ground fluorescence from unlabeled cells was subtracted from
the relative fluorescence. Doubling times were calculated using
GraphPad Prism.

Soft agar assays were conducted as described (53). H69
(10,000 cells/well) or H69AR (5000 cells/well) were treated
with 1 pg/ml doxycycline for 3 days and then seeded in 6-well
plates. Assays with H69 cells were incubated for 30 days, and
assays with H69AR cells were incubated for 21 days.

RNA-Seq and data analysis

Three biological replicates of the H69AR cells stably trans-
fected with shCtr or shDDX5 were used for RNA-Seq. Total
RNA was extracted using TRIzol (Thermo Fisher, 15596026),
treated with DNase (Thermo Fisher, AM2238), and then sub-
jected to library preparation using the TruSeq® stranded total
RNA library prep kit (Illumina, 20020596). Unique dual index
adapters (TruSeq RNA UD Indexes Illumina, 20022371) were
substituted for the single index adapters. Libraries were clus-
tered on Illumina NovaSeq S4 (300 cycle) cassettes for paired-
end, 150-bp read sequencing.

Data quality control (minimum Phred score, 30; minimum
read length, 50 bp) was performed using the TrimGalore toolkit
(version 0.4.4) (RRID:SCR_011847). Quality trimmed reads
were mapped to human reference genome (GRCh38) down-
loaded from the Ensembl database, using the STAR aligner
(version 2.5.4b) (54). Reads aligned to each gene feature were
counted via HT Seq package, followed by differential expres-
sion analysis using DESeq2 and edgeR methods (55, 56).
Genes with FDR < 0.05 and differential expression by both
methods were denoted as significant. Functional and pathway
analysis was performed with 6727 significant DEGs using IPA
(57). Pathways with IPA assigned p values of <0.05 were
denoted as significant, and pathway direction was deter-
mined by assigned z scores.

DDX5 ChIP-Seq reanalysis

The DDX5 ChIP-Seq data were derived from published data
sets (25). Raw reads of DDX5 ChIP and input were downloaded
from Gene Expression Omnibus with accession number
GSE24126. Adaptor sequences were removed using Trimmo-
matic (version 0.36). Reads were aligned to the human genome
(GRCh38) using bowtie (version 1.2.2). Duplications are marked
and removed using Picard tools (version 1.9). The peaks were
determined by MACS2 narrow peak calling (version 2.1.2) with
EDR (g value) cutoff of 0.05. The figure of peaks and signal in-
tensity was generated through Gviz R package (version 1.28.1).
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RT-gPCR

Total RNA was extracted and subjected to reverse transcrip-
tion using the QuantiTect kit (Qiagen, 205310). qPCR was con-
ducted using the SYBR green master mix (Applied Biosystems,
4309155) to analyze the expression levels of specific mature
mRNAs using primer pairs spanning exon-junctions (Table
S3). The relative expression level is calculated using the AACyg
method using glyceraldehyde-3-phosphate dehydrogenase as
the reference gene.

EdU incorporation

H69AR cells were seeded in 96-well plates at 40000 cells/well
24 h prior to the experiment. The cells were incubated with 10
M EAU for 4 h, fixed with 3.7% formaldehyde, and permeabil-
ized. The relative amount of incorporated EdU was then quan-
tified using the Click-iT™ EdU Alexa Fluor™ 647 HCS assay
(Invitrogen, C10356).

Metabolic analysis

To measure extracellular flux, 20,000 cells/well of H69AR
cells or 40,000 cells/well of HBEC cells were seeded in 24-well
plates. H69AR cells were treated with 1 pg/ml doxycycline for 3
days before seeding. The respiration profiles of these cells were
measured using the Seahorse XF24 metabolic flux analyzer
according to the Mito-stress test kit (Agilent, 103015-100) pro-
tocols. Basal glycolysis rates were measured at the same time,
but before adding any drug from the kit. Data analysis was per-
formed using the Seahorse report generator (Agilent). For
assays with metformin treatment, metformin was added to the
cells 24 h prior to the experiment. H69 cells could not be ana-
lyzed because they are nonadherent and form aggregates.

For lactate quantification, H69AR cells were treated with 1
pg/ml doxycycline for 3 days and then seeded in 6-well plates.
After 40 h, the cells were washed using PBS and lysed. Intracel-
lular lactate concentrations were measured according to the
lactate assay kit (Sigma, MAKO064).

Mitochondrial morphology characterization

H69AR cells stably transfected with doxycycline-inducible
shRNAs targeting DDX5 or with a nontargeting control were
treated with 1 pg/ml doxycycline for 48 h to induce shRNA expres-
sion. Both cell lines were seeded at 0.5 X 10° cells/well onto polyly-
sine-treated coverslips in a 6-well plate and left to grow overnight
with 1 pg/ml doxycycline. The cells were then treated with 500 nm
MitoTracker Deep Red (Thermo Fisher Scientific, M22426) for
mitochondrial visualization, according to the manual. The cells
were fixed using 0.6% formaldehyde, and DNA was stained with
300 nm DAPI to serve as a nuclear marker. The cells were visual-
ized using a Leica DM6 microscope with a 40X objective.

DAPI-stained nuclei were measured to compare cell size,
because typical nuclei boundaries are more easily defined than
the irregularly shaped outer boundaries of the cell. Leica LAS X
software was utilized for nuclei measurement.
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TCA metabolite profiling

Sample preparation—H69AR cells were grown in the pres-
ence of 1 ng/ml doxycycline for 3 days, and 100 mg of cells were
pelleted and washed. A Bligh—Dyer extraction, a standard pro-
cedure used to isolate total lipid fractions from biological sam-
ples (58), was performed to lyse the cells and extract the TCA
cycle intermediates. 300 pl of methanol and 150 pl of water was
added to the microcentrifuge tube, followed by sonication for 5
min. 300 pl of chloroform and 150 pl water was added. The
samples were vortexed and then centrifuged. The top layer was
lyophilized and reconstituted in 100 pl of 50% acetonitrile and
50% water prior to HPLC-MS/MS analysis.

HPLC-MS/MS—TCA cycle intermediates were analyzed as
described (29), using an Agilent 1290 Infinity Il HPLC and 6470
triple quadrupole mass spectrometer. An Agilent HILIC-Z
(2.1 X 150 mm, 2.7 um) column was used at a flow rate of 0.3
ml/min. Mobile phase A was 90% acetonitrile, 5% isopropa-
nol, and 5% 200 mMm ammonium acetate in water at pH 9. Mo-
bile phase B was 90% water, 5% isopropanol, and 5% 200 mm
ammonium acetate in water at pH 9. A linear gradient elution
was used as follows: initial conditions 5% B; 0—5 min: isocratic at
5% B; 5-15 min: gradient to 100% B; 15-16 min: isocratic at
100% B. Column re-equilibration was 16—17 min: gradient to
5% B; 17-20 min: isocratic at 5% B. Effluent was transferred to
the mass spectrometer using negative electrospray ionization.
Identification was based on retention time of authentic stand-
ards (pure TCA metabolites) and multiple reaction monitoring.

Data availability

All of the data described herein is within this article. RNA-
Seq data have been deposited in the NCBI Gene Expression
Omnibus database (GSE142024). The reagents, cell lines, plas-
mids, etc., are available upon request by contacting the corre-
sponding author.
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