Received: 7 May 2020

Revised: 9 July 2020

Accepted: 27 July 2020

DOI: 10.1111/cas.14603

ORIGINAL ARTICLE

(A R WILEY

DRP1 promotes lactate utilization in KRAS-mutant non-small-

cell lung cancer cells

Mangze Hu' | YuZhao' | Yuejiao Cao® | QianruTang! | Zigin Feng! | Jun Ni®® |

Xiaorong Zhou'**

!Department of Immunology, School of
Medicine, Nantong University, Nantong,
China

’Department of Rehabilitation, The
Affiliated Hospital of Nantong University,
Nantong, China

3Department of Rehabilitation Medicine,
The First Affiliated Hospital of Fujian
Medical University, Fujian, China

“Nantong Key Laboratory of Translational
Medicine in Cardiothoracic Diseases,

and Research Institution of Translational
Medicine in Cardiothoracic Diseases in
Affiliated Hospital of Nantong University,
Jiangsu, China

Correspondence

Xiaorong Zhou, Department of Immunology,
Nantong University, School of Medicine,

19 Qixiu Road, Nantong, Jiangsu 226001,
China.

Email: zhouxiaorong@ntu.edu.cn

Jun Ni, Department of Rehabilitation, The
Affiliated Hospital of Nantong University, 20
Xisi Road, Nantong, Jiangsu 226001, China.
Email: Nijun@ntu.edu.cn

Funding information

Jiangsu Six Elite Units Foundation, Grant/
Award Number: WSW-058; Jiangsu Key
Foundation of Social Development, Grant/
Award Number: BE2018670; Nantong
Science and technology project, Grant/
Award Number: XG202008-5; National
Natural Science Foundation of China, Grant/
Award Number: 81771681

Abstract

Metabolic alterations are well documented in various cancers. Non-small-cell lung
cancers (NSCLCs) preferentially use lactate as the primary carbon source, but the
underlying mechanisms are not well understood. We developed a lactate-depend-
ent cell proliferation assay and found that dynamin-related protein (DRP1), which is
highly expressed in KRAS-mutant NSCLC, is required for tumor cells to proliferate
and uses lactate as fuel, demonstrating the critical role of DRP1 in the metabolic re-
programming of NSCLC. Metabolic and transcriptional profiling suggests that DRP1
orchestrates a supportive metabolic network to promote lactate utilization and redox
homeostasis in lung cancer cells. DRP1 suppresses the production of reactive oxygen
species (ROS) and protects cells against oxidative damage by enhancing lactate uti-
lization. Moreover, targeting DRP1 not only reduces HSP90 expression but also en-
hances ROS-induced HSP90 cleavage, thus inhibiting activation of mitogen activated
protein kinase and PI3K pathways and leading to suppressed lactate utilization and
increased ROS-induced cell death. Taken together, these results suggest that DRP1 is
a crucial regulator of lactate metabolism and redox homeostasis in KRAS-mutant lung
cancer, and that targeting lactate utilization by modulating DRP1 activity might be an

effective treatment for lung cancer.
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1 | INTRODUCTION

Although metabolic alterations are important hallmarks of cancer,
tumors of different tissue origins may adopt different metabolic
programs.t KRAS mutations occur in approximately 30% of lung ad-
enocarcinomas and are the primary oncogenic drivers of non-small-
cell lung cancer (NSCLC).? Many studies have shown that mutant
KRAS plays a key role in the metabolic reprogramming of cancer
cells by orchestrating multiple metabolic pathway alterations.®* It
was thought that mitochondria were dysfunctional in cancer cells,
resulting in persistently enhanced glucose uptake and glycolysis
(the Warburg effect), but recent studies have demonstrated that
despite histological and genetic heterogeneity, human lung tumors
concurrently oxidize glucose through glycolytic and oxidative phos-
phorylation (OXPHOS) pathways.>>° Studies using a mouse model
of KRAS-mutant lung cancer also demonstrated that mitochondrial
metabolism is essential for tumor growth and that disruption of mi-
tochondrial function reduced lung tumorigenesis.7'8

Interestingly, human NSCLC tumors actively take up lactate
from circulation and use it as the primary source of energy to sup-
port tumor growth.’ Lactate was once considered a waste prod-
uct of glycolysis, and it was thought that pyruvate is generated
in proliferating tumor cells through the glycolysis pathway, which
consumes NAD+, and then pyruvate is converted to lactate by
lactate dehydrogenase (LDH), which is important because LDH
simultaneously converts NADH back to NAD+, replenishing the
cytosolic NAD+ pool and allowing glycolysis to persist. Moreover,
to maintain pH homeostasis inside the cell, the resulting lactate
needs to be secreted into circulation.’ In lung cancer cells, the in-
flux of extracellular lactate, followed by its conversion to pyruvate
for OXPHOS in mitochondria, could presumably suppress glyco-
lytic flow. Therefore, it is intriguing that lung tumors can metab-
olize glucose through both the glycolysis and OXPHOS pathways
while actively taking up lactate from circulation. We hypothesize
that lung cancer cells have adopted a unique metabolic program
that enables them to use lactate as the primary fuel for tumor
progression.

Here, we show that dynamin-related protein (DRP1), which is
encoded by the DNMIL gene, is required for lactate utilization in
KRAS-mutant lung cancer cells. DRP1 has been reported to be a
regulator of mitochondrial dynamics and is responsible for mi-
tochondrial division in many cell types.'®2 High levels of DRP1
cause apoptosis of nerve cells and neurodegeneration in vitro and
in vivo, probably due to increased oxidative damage.13 DRP1 is also
implicated in cancers; for example, DRP1 is highly expressed and
required for the progression of a KRAS-driven orthotopic pancre-
atic cancer mouse model.* It was also reported that knocking down
DRP1 reduced the proliferation of lung cancer cell lines in vitro and
suppressed the growth of human lung cancer xenografts.'®> Our
findings expand the function of DRP1 and suggest that targeting
DRP1-mediated lactate utilization might be a novel therapeutic

strategy for the treatment of KRAS-mutant lung cancer.
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2 | MATERIALS AND METHODS
2.1 | Celllines and cell culture

Beas-2B and A549 cells were purchased from FuHeng Biology.
H1975 and H358 cells were obtained from Herb Source
Biotechnology, and H460 and H23 cells were from ATCC. Beas-2B
and A549 cells were cultured in high glucose DMEM, and H1975,
H358, H460 and H23 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin/streptomycin.
Cells were grown at 37°C in an incubator in a 5% CO, in air at-
mosphere The lentiviral vector pLX304-KRASG12V was used as
previously described to generate cells expressing KRASCG'?Y 16
The LentiCRISPR technique and single-cell cloning were used
to generate DNM1L-knockout cell lines. Sequences of the single
guide RNA (sgRNA) targeting the DNM1L gene or control sgRNA
are as follows: DNM1L, GCCTGTAGGTGATCAACCT and Control,
CGCTTCCGCGGCCCGTTCAA.

2.2 | Cell proliferation and colony formation assays

Cell proliferation was examined with a CCK8 assay, and the soft
agar assay was performed as previously described.* For the tumor-
sphere formation assay, 500 cells were seeded in 96-well ultra-low
attachment plates (Corning Inc) with DMEM supplemented with 2%
B-27 supplement (Invitrogen), 10 ng/mL basic fibroblast growth fac-
tor (Novus), 20 ng/mL epidermal growth factor (PeproTech), 5 pg/mL
insulin (Solarbio), and 0.4% bovine serum albumin (Absin). Colonies

were counted after 7 d of incubation.

2.3 | Flow cytometry analysis (FACS)

Apoptosis was detected with a PE-Annexin V apoptosis detection kit
(BD Pharmingen), and reactive oxygen species (ROS) were measured
with the Total ROS Assay Kit 520 nm (Thermo Fisher), according to
the manufacturer's instructions, followed by FACS analysis using a

flow cytometer (ACEA Bioscience).

2.4 | Immunofluorescence and confocal imaging

Cells were fixed to glass coverslips with 4% paraformaldehyde for
20 min and then permeabilized with 0.1% Triton X-100 for 20 min.
Immunofluorescence staining was performed using a primary an-
tibody against Tom20 (1:100, Cell Signaling Technology) and sec-
ondary anti-mouse IgG labeled with Alexa Fluor 488 (1:100, Cell
Signaling Technology). Cells were mounted with ProLong Gold
Antifade Mountant with DAPI (Thermo Fisher). Images were cap-
tured using a confocal microscope (Leica) and were processed using

Imagel) software.
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2.5 | Measuring superoxide dismutase (SOD)
activity, glutathione (GSH) levels, NAD+/NADH and
NADP/NADPH ratios

SOD activity was measured using the SOD Typed Colorimetric
Assay Kit (Elabscience), glutathione was measured using the
Glutathione Fluorometric Assay Kit (BioVision), and NAD+/NADH
and NADP/NADPH ratios were measured using the NAD+/NADH
Quantification Kit (Sigma) and NADP/NADPH assay kit (Abcam), re-

spectively, according to the manufacturers’ instructions.

2.6 | Transcriptional and metabolic profiling

RNA-seq was performed by Novogene. Differential expression analy-
sis was performed using the DESeq2 R package (1.16.1), and the genes
with adjusted P-values < .05 were designated differentially expressed
genes (DEGs). Gene Ontology (GO) enrichment analysis was per-
formed using the clusterProfiler R package, in which the gene length
bias was corrected. GO terms with corrected P-values < .05 were con-
sidered significantly enriched. Metabolic profiling with liquid chroma-
tography mass spectrometry (LC-MS) was performed by SENSICHIP,
and the results were analyzed based on the HMDB (https://hmdb.ca/)
and METLIN (https://metlin.scripps.edu/) datasets.

2.7 | Transfection, western blotting and data mining

Materials and methods for siRNA transfection in lung cancer cells,
western blotting, and The Cancer Genome Atlas (TCGA) data mining
are available in Supplementary Material Doc S1.

2.8 | Statistical analysis

Statistical analyses were conducted using GraphPad Prism 7 soft-
ware (GraphPad Software). In general, values were plotted as the
mean =+ standard deviation (SD). Comparisons of means between
independent groups were conducted using Student t test (2 groups)
or Kruskal-Wallis one-way ANOVA (3 or more groups) with pairwise
comparisons, and a P-value < .05 was considered statistically signifi-

cant. Supplemental materials and methods are available in the Doc S1.

3 | RESULTS

3.1 | DRP1is upregulated in KRAS-mutant lung
adenocarcinomas (LUADs)

To identify genes that are responsible for KRAS-induced metabolic
changes, we searched for genes that were differentially expressed
between KRAS-mutant tumors and KRAS-wild-type LUAD tumors in

TCGA database, focusing on DEGs whose levels correlated positively

with the expression of mutant KRAS (P < .05, FC > 1.5). As a result,
DNMI1L was identified as one of the genes that strongly correlated
with mutant KRAS gene expression andLUAD stages (Figures 1A,
S1A,B). Previous studies have suggested that DRP1 is overexpressed
in lung cancer,'” but controversy still exists.'® Interestingly, by ex-
ploring TCGA database, we found that KRAS-mutant LUAD exhib-
ited higher levels of DRP1 than KRAS-wild-type LUAD, whereas
EGFR-mutant LUAD tumors displayed lower DRP1 levels than EGFR-
wild-type tumors (Figure 1B). LUAD tumors that were categorized by
BRAF or TP53 mutational status showed comparable DRP1 expres-
sion (Figure 1B).

In KRAS-mutant lung cancer, the mutant KRAS genes are frequently
amplified and overexpressed and contributed to distinctive metabolic
reprogramming that promoted aggressive tumor growth and metasta-
sis.!” Copy number variation (CNV) analysis also indicated that DRP1
expression in LUAD was correlated positively with KRAS gene amplifi-
cation (Figure 1C). These results suggested that DRP1 expression may
be regulated by mutant KRAS. To test this hypothesis, we treated sev-
eral lung cancer cell lines with the MEK inhibitor PD-0325901, which
blocks the mitogen activated protein kinase (MAPK) pathway cascade
(RAS/RAF/MEK/ERK). As expected, PD-0325901 inhibited the ex-
pression of both DRP1 and p-DRP1 in A549 (KRAS®?%) and H460
(KRASR®M) cells, this inhibition was consistent with findings in a pre-
vious study showing that DRP1 is phosphorylated at Ser-616 by ERK
(Figure 1D)‘20 In H1975 cells harboring EGFR mutations, PD-0325901
also inhibited DRP1 and p-DRP1 levels, demonstrating the involve-
ment of MAPK signaling in DRP1 regulation in these cells (Figure 1D).
The levels of both p-DRP1 and DRP1 in H1299 cells (KRASWT) were not
changed significantly by PD-0325091, suggesting that DRP1 might be
regulated by a MAPK-independent mechanism in the KRAS wild-type
cells (Figure 1D). Treatment with mdivi-1, which is considered a DRP1
inhibitor but may function as a mitochondrial complex | inhibitor,?* re-
duced DRP1 phosphorylation at Ser616 but not total DRP1 levels in
the KRAS and EGFR-mutant cells.

ARS-1620 is an inhibitor that explicitly targets mutant KRAS®2¢
proteins. In H23 cells (KRAS®'2%), DRP1 and p-ERK levels were sup-
pressed by ARS-1620 (Figure 1E). H358 cells are very sensitive to
ARS-1620 (Figure S1C). Surprisingly, these cells quickly developed
drug resistance to ARS-1620, and DRP1 expression was correlated
positively with levels of ERK activation, again suggesting a close re-
lationship between DRP1 and mutant KRAS (Figure 1F). To further
test whether DRP1 is regulated by mutant KRAS-mediated signal-
ing, we introduced mutant KRAS®*2Y cDNA into Beas-2B cells, which
are derived from normal bronchial epithelium. Western blot analysis
showed that KRASGuV-expressing Beas-2B (KB) cells exhibited in-
creased levels of both DRP1 and p-ERK (Figure 1G).

3.2 | DRP1is critical for lactate utilization in
glutamine-free medium

When cultured in conventional medium containing glutamine, lung

cancer cells did not utilize lactate and adding lactate suppressed
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FIGURE 1 DRP1isregulated by mutant KRAS. A, The genes whose levels were upregulated in KRAS-mutant LUAD and correlated with
the levels of KRAS. B, DRP1 expression in LUAD with or without mutations in KRAS or EGFR. C, The correlation between DRP1 expression
and KRAS copy number in LUAD. D, Western blot showing the levels of DRP1, p-DRP1, ERK, and p-ERK in lung cancer cells treated with
PD-0325901 (1 pmol/L) or mdivi-1 (50 pmol/L). E, Western blot showing the levels of DRP1, ERK, and p-ERK in H23 cells treated with PD-
0325901, mdivi-1, or ARS-1620 (500 nmol/L). F, Western blot showing the levels of DRP1 and p-ERK in H358 cells treated with ARS-1620
for the indicated periods and in drug-resistant H358 cells collected 2 wk (R1) and 6 wk (R2) after treatment. Vinculin was used as a loading
control. G, The levels of DRP1, MFN2, and p-ERK in KB cells were determined by western blotting
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loss of DRP1 in KBD cells was confirmed by western blotting. F, CCK8 assays showing the growth of KB and KBD cells. G, Tumorsphere
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FIGURE 3 DRP1 regulates metabolic pathways. A-C, The levels of ROS, SOD, and GSH in KB and KBD cells were measured 24 h after
adding lactate. D, Confocal imaging showing the mitochondrial network. E, Quantification of the results in E; P =.0116 for group 1 vs group
4; P =.0006 for group 2 vs group 5. F, Apoptosis was induced in control KB cells or DRP1-knockdown KB cells by treatment with H,0,

(0.5 mmol/L) for 2 h, and the percentage of apoptotic cells (Annexin V-positive staining) was determined by FACS analysis. G, The effects
of mdivi-1 and lactate on KB cell apoptosis were determined by FACS analysis. All data in bar graphs are the mean + SD (n > 3). *P < .05,

P <.01

cell proliferation (Figure 2A). Park et al?? showed that breast cancer
cells could metabolize lactate in vitro when glucose was unavailable.
However, culture in glucose-free medium caused severe cell death
in lung cancer cells, which prevented us from harvesting enough live
cells for further studies (Figure S2A,B). Studies suggest that lung

tumors take up very little glutamine from circulation in vivo,>® and
glutaminase (GLS), the critical enzyme for glutamine metabolism,
is dispensable for tumor growth in a mouse model of lung cancer.®
Therefore, we removed glutamine and assessed cell growth in the

presence or absence of lactate at various concentrations. While
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glutamine deprivation (GIn") suppressed lung cancer cell prolifera-
tion by approximately 30%-40%, cell viability was well maintained.
Importantly, adding lactate (Lac+, 8 mmol/L) significantly enhanced
cell proliferation, suggesting that glutamine deprivation altered
the metabolic programs in lung cancer cells for lactate utilization
(Figure 2B). The proliferation-promoting effect of lactate was more
dramatic in KB cells than in Beas-2B cells, suggesting that the effects
were associated with KRAS mutations (Figure 2B). The amount of
lactate used was within a physiological range, as the concentration
of lactate in circulation is approximately 1.5-3 mmol/L and can be
up to 10~30 mmol/L in cancer tissues.?® Therefore, we established
a condition in which lactate was utilized to promote lung cancer cell
proliferation.

Silencing DRP1 diminished the ability of lung cancer cells to use
lactate for proliferation (Figure 2C,D and Figure S2C), suggesting that
DRP1 is essential for this process. DNM1L-knockout cell lines were
then established, and the complete loss of DRP1 expression was
confirmed by western blotting (Figure 2E). These DRP1-depleted KB
(KBD) cells grew normally in conventional medium but grew signifi-
cantly slower than the control KB cells in GIn™ and Lac* conditions
(Figure 2F). Moreover, lactate promoted colony formation of KB cells
in the tumorsphere formation assay, but the effects were diminished
with KBD cells or in the presence of mdivi-1 (Figure 2G,H). KBD cells
also failed to use lactate to promote colony formation in the soft
agar assay (Figure 2l). Collectively, these findings suggested that
DRP1 is indispensable for lung cancer cells to use lactate for prolif-

eration in glutamine-free conditions.

3.3 | Lactate improves redox homeostasis in a
DRP1-dependent way

Drpl depletion in mouse Purkinje cells led to increased oxidative
damage and neurodegeneration.?* We reasoned that active lac-

tate oxidization would increase ROS levels and that DRP1 might be

essential for lung cancer cells to control potential oxidative damage.
To test this hypothesis, we measured ROS levels before and 24 h
after lactate treatment in GIn™ conditions. We found that, after add-
ing lactate, ROS levels decreased in KB cells but increased in KBD
cells (Figure 3A). As a result, KBD cells displayed higher SOD activity
and reduced levels of GSH 24 h after lactate was added (Figure 3B,C).
These findings suggested that, instead of causing more oxidative
stress, lactate metabolism improves the ability of lung cancer cells to
neutralize excessive ROS and, importantly, this effect requires intact
DRP1 function.

Silencing DRP1 caused mitochondrial fusion in KB cells, as indi-
cated by the increased mitochondrial lengths in DRP1 knockdown
cells (Figure 3D,E), this was consistent with previous studies show-
ing that DRP1 promoted mitochondrial fission.?>2° Interestingly,
lactate induced significant mitochondrial division in KB cells, but
this phenomenon was lost in DRP1-knockdown KB cells (Figure 3E).
Therefore, lactate utilization not only requires intact DRP1 but also
enhances DRP1-mediated mitochondrial division.

To further test the effects of lactate on ROS balance, we treated
the cells with H,0, (0.5 mmol/L) for 2 h. FACS analysis demon-
strated that lactate suppressed apoptosis in control KB cells, but
the protective effects largely disappeared upon DRP1 knockdown
(Figure 3F). Lactate also suppressed H,O,-induced apoptosis in
KB cells treated with DMSO, but not in cells treated with mdivi-1
(Figure 3G). Collectively, these findings suggested that lactate me-
tabolism protects cells against endogenous and exogenous ROS in a
DRP1-dependent way.

3.4 | DRP1 regulates multiple metabolic pathways

Metabolic profiling was conducted to study how DRP1 regulates
lactate metabolism. Interestingly, DRP1 knockdown did not signifi-
cantly alter the levels of lactate and pyruvate in KB cells or most

intermediates of the tricarboxylic acid (TCA) cycle, except that the
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levels of malate and fumarate were significantly increased upon
DRP1 knockdown (Figure 4A,B). We found that the NAD+/NADH
ratio was reduced in DRP1-knockdown cells (Figure 4C,D). As NADH
is mainly generated in mitochondria through the TCA cycle, these
findings suggested that DRP1 depletion may not significantly impair
mitochondrial OXPHOS in KB cells. Further analysis revealed that
both the glycolysis and Warburg effect pathways were marginally
enhanced upon DRP1 knockdown, but did not reach statistical sig-
nificance (Figure S3A). Nevertheless, these findings suggested that
DRP1 may make lung cancer cells less reliant on glycolysis for energy
supply when lactate is available. The levels of some significant me-

tabolites and their related pathways are shown in Figure S3B.
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3.5 | DRP1 promotes a lactate supportive
metabolic network

Metabolic profiling indicated that the GSH/GSSG and NADPH/
NADP+ ratios decreased in DRP1-knockdown cells, and this was
confirmed using 2 DRP1-knockdown cell lines (Figure 5A,B). As
NADPH is required for the conversion of GSSG to GSH for redox
homeostasis,?> we reasoned that the decreased GSH/GSSG ratio
in DRP1-depleted cells was probably due to a shortage in NADPH
supply. The malic enzyme 1 (ME1)-dependent NADPH supply is
critical for redox balance in various cancers.?®?” We found that
ME1 levels were reduced in DRP1-depleted cells (Figure 5C-E),
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FIGURE 5 DRP1 regulates a lactate Hone
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suggesting that the decreased NADPH/NADP+ ratio may be as-
sociated with reduced ME1 levels in DRP1-depleted cells. In addi-
tion, cytosolic malate dehydrogenase 1 (MDH1) is critical for redox
balance by converting NADH to NAD+ (Figure 5E).?% The levels of
MDH1 were reduced in DRP1 knockdown cells (Figure 5C), this
is consistent with the decreased NAD+/NADH ratios in DRP1-
depleted cells (Figure 3C). These findings suggested that there
might be a supportive metabolic network for lactate utilization, as
shown in Figure 5E, through which DRP1 promotes lactate utiliza-
tion in KRAS-mutant lung cancer cells. To test whether the malate-
aspartate shuttle (MAS) is involved in lactate utilization, we treated
KB cells with AOA, an inhibitor of aspartate aminotransferase, to
block the MAS and the metabolic network (Figure 5E). The results
indicated that AOA treatment suppressed lactate-induced prolifer-
ation in KB cells (Figure 5F). We showed that lactate induced mito-
chondrial fission only when DRP1 was intact (Figure 3D), however
this phenomenon disappeared when MAS was blocked by AOA
(Figure 5G,H).

Treatment with the antioxidant N-acetyl-1-cysteine (NAC) sup-
pressed ROS-induced apoptosis in KB cells. However, when DRP1
was inhibited, the protective effects of NAC were decreased
(Figure 51). NAC is a precursor of GSH, and recycling GSSG to regen-
erate GSH required NADPH.?? Because of NADPH deficiency, it is
not surprising that NAC could not adequately protect DRP1 knock-
down cells from ROS-induced apoptosis. Collectively, these results
suggested that DRP1 regulates a metabolic network to maintain
redox balance when lactate is metabolized.

3.6 | Transcriptional profiling revealed DRP1-
regulated genes and pathways

Transcriptional profiling identified multiple DRP1-regulated genes
and pathways (Figure S4A,B). Notably, lactate metabolism was sig-
nificantly suppressed upon DRP1 knockdown (Figure S4B). By an-
alyzing the DEGs, we found that lactate dehydrogenase B (LDHB)
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expression was downregulated in KBD cells compared with that in
KB cells. lactate dehydrogenase A (LDHA) preferentially converted
lactate to pyruvate, whereas LDHB favored the reverse reaction.”
Western blot analysis confirmed that DRP1 inhibition reduced
LDHB expression in lung cancer cells (Figure 6A). TCGA analysis
showed that LDHB was highly expressed in KRAS-mutant LUAD and
associated with KRAS copy numbers and survival times (Figure 6B-
D). Treatment with PD-032590 reduced the levels of LDHB in lung
cancer cell lines (Figure 6E). However, treatment with mdivi-1 did not
consistently inhibit LDHB in the tested cell lines (Figure 6E).

Downregulation of HSP90 upon DRP1 depletion caught our
attention (Figure 6F-H). HSP90 supports a large number of client
proteins that are implicated in various cancer-related signaling path-
ways.>? In addition, ROS induce HSP90 cleavage and apoptosis.®* We
found that in KB cells cultured without glutamine, adding lactate or
NAC could reduce cell death induced by 10 umol/L H,0, treatment
for 3 d (Figure 6l, groups 1-4), but these effects were inhibited by
the HSP90 inhibitor ganetespib, and adding lactate actually caused
more cell death in the presence of ganetespib (Figure 61, groups 5-7).
In addition, pretreatment with mdivi-1 greatly sensitized the cells
to H,0,-induced cell death, and the protective effects of lactate or
NAC were also diminished by mdivi-1 (Figure 6l, groups 8-10).

DRP1 knockdown suppressed the levels of HSP90, confirming
the RNA-seq results (Figure 6J). We showed that 0.5 mmol/L H,0,
treatment for 2 h quickly induced HSP90 cleavage (Figure 6J). H,0,
treatment also reduced the levels of p-AKT and p-ERK, suggesting
that excessive ROS and the resulting HSP90 cleavage dampen onco-
genic pathways (Figure 6J). Treatment with NAC alleviated HSP90
cleavage; as a result, the levels of HSP90 were increased (Figure 6J).
Importantly, these effects seemed to depend on DRP1 because, in
DRP knockdown cells, the NAC-mediated recovery of HSP90 was
diminished (Figure 6J). Surprisingly, treatment with H,O, + NAC
markedly induced p-AKT and p-ERK (Figure 6J), suggesting that in-
termediate ROS could enhance the oncogenic pathway, which is con-
sistent with a recent study showing that NAC accelerated a mouse
model of KRAS-mutant lung cancer.®? However, in DRP-depleted
cells, the induction of p-AKT and p-ERK by H,0, + NAC was greatly
diminished (Figure 6J). We obtained similar results with A549 cells
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(Figure 6K). These findings suggested that DRP1 regulates HSP90
at both the transcriptional and posttranscriptional levels and thus

modulate the activation of oncogenic pathways.

4 | DISCUSSION

Lactate, once considered a dead-end product of glycolysis, is
emerging as an essential regulator of multiple biological processes,
including tumor metabolism, the immune response, and signal trans-
duction.?%%% Increased lactate uptake is a characteristic of lung can-
cer metabolism.® Here, we showed that KRAS-mutant lung cancer
cells use lactate to not only provide energy but also prevent ROS-
induced oxidative damage, thereby promoting cell proliferation.
Importantly, DRP1, previously known as a key regulator of mito-
chondrial dynamics,'! plays a critical role in lactate utilization in lung
cancer cells.

KRAS mutation has been linked to high oxidative stress in lung

cancer cells,®+%>

and when lactate is actively oxidized, excessive
ROS are generated in mitochondria; if not neutralized, excessive
ROS may cause oxidative damage and hinder tumor growth. In ad-
dition, the conversion of lactate to pyruvate by LDH would likely
interfere with NAD+ recycling. Our results suggest that the upregu-
lated DRP1 in KRAS-mutant lung cancer is able to resolve these con-
flicts, as depicted in our model (Figure 7). However, when DRP1 is
inhibited, redox control is impaired, lactate utilization is suppressed
and, consequently, lung cancer cells may become more reliant on
glycolysis and susceptible to ROS-induced apoptosis. This model is
in agreement with the findings from a patient with the DNM1L gene
mutation.3¢ The patients showed abnormal development of the ner-
vous system and persistently elevated lactate levels in the blood and
died at the age of 37 d.%® The elevated lactate was thought to be
caused by enhanced glycolysis and lactate production due to sup-
pressed mitochondrial respiration.®® However, the roles of DRP1 in
mitochondrial division and respiration seem to vary depending on
cell type and physiological context. For example, skin fibroblasts iso-
lated from the abovementioned patient showed normal respiratory
capacity, and analysis of muscle biopsy samples from the patient

DNM1LWT DNM1LK®

KRASMUT Lactate Oxidization *\ KRASMUT Lactate Oxidizatioh
FIGURE 7 The model of DRP1-
dependent lactate utilization. DRP1
is highly expressed in KRAS-mutant =y NADPH* ROS* Oxidative* ROSH
lung cancer cells and promotes lactate | Damage
oxidization and ROS neutralization. LDHB* LDHB+
DRP1 enhanced HSP90 function and
thus augmented the activation of MAPK HSP90 HSP90 ¥
and PI3K pathways, leading to tumor Tumor Tumorl
progression. In contrast, DRP1 inhibition Progression Regression
disrupted cellular homeostasis in KRAS-

mutant cancer cells and eventually leads
to tumor regression

K MAPK, PI3K*
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did not reveal defects in mitochondrial networking.>¢ Recently,
Dai et al showed that DRP1 depletion did not affect oxidative me-
tabolism in lung cancer cell lines cultured in conventional medium.
However, when Drpl was deleted in mouse Purkinje cells, which
highly express Drp1, mitochondrial respiration was decreased, and
Purkinje cells underwent apoptosis due to oxidative damage.13
Based on these findings, as well as our findings, we hypothesized
that suppressed lactate utilization contributed to the elevated blood
lactate levels in the patient and that the loss of the DRP1-mediated
redox balance might be the underlying mechanism of the develop-
mental defects in the patient's nervous system, as neurons are highly
sensitive to oxidative damage.%”

Targeting DRP1 suppresses the growth of lung cancer cells in
vitro and in vivo.3® Recently, in a KRAS-driven mouse model of pan-
creatic cancer, mice with pancreatic tissue-specific Drpl knockout
exhibited prolonged survival compared with that of their wild-type
counterparts, although the tumor burden was similar between the 2
groups, suggesting that targeting DRP1 may benefit pancreatic can-

cer treatment.!*

Our study suggested that DRP1 might be a promising
therapeutic target, especially in KRAS-driven lung cancer. Notably,
Drpl knockout caused embryonic lethality in mice, suggesting the
requirement of Drp1 for normal development,® and the patient with
the DRP1 mutation had a devastating outcome.®® Therefore, target-
ing DRP1 has to be carefully monitored, as it might result in unwanted
side effects. We found that HSP90 is involved in the function of
DRP1 in KRAS-mutant lung cancer cells, although the precise mecha-
nism needs further investigation. The antitumor effects of HSP90 in-
hibitors in lung cancer models, as single agents or in combination with
other drugs, have been demonstrated, and novel HSP90 inhibitors
are under development.‘m'42 We suggest that targeting lactate utili-
zation by modulating DRP1, or more practically by inhibiting HSP90,
might be useful for the treatment of KRAS-mutant lung cancer.
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