ARTICLE

www.nhature.com/emm

W) Check for updates

CYB5R3 functions as a tumor suppressor by inducing ER stress-
mediated apoptosis in lung cancer cells via the PERK-ATF4 and

IRETa-JNK pathways
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Cytochrome b5 reductase 3 (CYB5R3) is involved in various cellular metabolic processes, including fatty acid synthesis and drug
metabolism. However, the role of CYB5R3 in cancer development remains poorly understood. Here, we show that CYB5R3
expression is downregulated in human lung cancer cell lines and tissues. Adenoviral overexpression of CYB5R3 suppresses lung
cancer cell growth in vitro and in vivo. However, CYB5R3 deficiency promotes tumorigenesis and metastasis in mouse models.
Transcriptome analysis revealed that apoptosis- and endoplasmic reticulum (ER) stress-related genes are upregulated in CYB5R3-
overexpressing lung cancer cells. Metabolomic analysis revealed that CYB5R3 overexpression increased the production of
nicotinamide adenine dinucleotide (NAD™) and oxidized glutathione (GSSG). Ectopic CYB5R3 is mainly localized in the ER, where
CYB5R3-dependent ER stress signaling is induced via activation of protein kinase RNA-like ER kinase (PERK) and inositol-requiring
enzyme 1 alpha (IRE1a). Moreover, NAD ™ activates poly (ADP-ribose) polymerase16 (PARP16), an ER-resident protein, to promote
ADP-ribosylation of PERK and IRE1a and induce ER stress. In addition, CYB5R3 induces the generation of reactive oxygen species
and caspase-9-dependent intrinsic cell death. Our findings highlight the importance of CYB5R3 as a tumor suppressor for the

development of CYB5R3-based therapeutics for lung cancer.
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INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality
worldwide and has a 5-year survival rate of less than 20% [1, 2].
Lung cancer is histologically classified into two major types: small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
NSCLC is the most prevalent subtype, accounting for 80-85% of
lung cancer cases [3]. Genomic studies have revealed multiple
genetic alterations in oncogenes and tumor suppressor genes
(TSGs) in lung cancer [4, 5]. Although genetic alterations in TP53,
EGFR, EML4-ALK, PIK3CA, and KRAS have been identified as
biomarkers of lung cancer, difficulties remain in diagnosing,
predicting the prognosis of, and treating lung cancer patients.
Therefore, novel therapeutic targets must be developed to
improve lung cancer diagnosis and treatment.

Cytochrome b5 reductase 3 (CYB5R3) catalyzes one-electron
transfer from NADH to electron acceptors such as cytochrome b5
or coenzyme Q, resulting in the production of NAD™ [6]. CYB5R3
has two isoforms: soluble and membrane-bound. The soluble
isoform expressed in erythrocytes has a truncated N-terminal

binding domain and reduces methemoglobin [7], and the
membrane-bound isoform expressed in most cells is anchored
to the mitochondrial outer membrane, endoplasmic reticulum
(ER), and plasma membrane. Membrane-bound CYB5R3 partici-
pates in coenzyme Q (CoQ) reduction [8], heme iron reduction
[9, 10], fatty acid elongation and desaturation [11, 12], cholesterol
biosynthesis [13], drug metabolism [14, 15], and aging [6, 12].
CYB5R3 is a reductase of soluble guanylate cyclase (sGC) in
vascular smooth muscle cells that regulates cGMP production,
protein kinase G signaling, and hypertension [10, 16]. CYB5R3 is
transcriptionally regulated by FOXO3a and Nrf2 and controls both
nutrient and oxidative stress responses [17]. CYB5R3 is a target of
FoxO1 in B-cells and links mitochondrial dysfunction to B-cell
failure [18], and it also promotes cell colonization and metastasis
in estrogen receptor-negative breast cancer [19]. However, the
functions and mechanisms of CYB5R3 in cancer biology have not
yet been explored.

The ER plays key roles in protein folding, protein transport,
calcium homeostasis, and lipid synthesis. Alterations in cellular
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processes, such as protein folding and calcium regulation, lead to
the activation of the unfolded protein response (UPR), a
prosurvival response to restore normal ER function; however,
prolonged ER stress ultimately triggers cell death [20-22]. UPR
activation is mediated by three stress sensors: the transmembrane
receptors protein kinase RNA-like ER kinase (PERK), inositol-
requiring enzyme 1 alpha (IRE1a) and activating transcription
factor 6 (ATF6). These stress sensors bind to the ER chaperone
GRP78 (also known as BiP) under nonstress conditions. ER stress,
such as that induced by the accumulation of unfolded proteins,
activates the UPR by dissociating stress sensors from GRP78.
Activated PERK phosphorylates eukaryotic translation initiation
factor-2 (elF2), thereby inhibiting protein translation and increas-
ing the expression of activating transcription factor-4 (ATF4) and
its downstream target C/EBP-homologous protein (CHOP;
encoded by DDIT3), which are involved in ER stress-induced
apoptosis [23]. Similar to PERK, IRET1a splices the transcription
factor X box-binding protein 1 (XBP1), and the spliced form of
XBP1 induces the expression of genes involved in the UPR. When
the recovery of ER function fails, active IRE1a recruits TNF
receptor-associated factor 2 (TRAF2) and apoptosis signal-
regulating kinase-1 (ASK1), which activates Jun-N-terminal kinase
(JNK) and induces apoptosis [24, 25]. The transcription factor ATF6
is cleaved by the endopeptidases S1P and S2P in the Golgi
apparatus, and cleaved ATF6 induces UPR targets, including
GRP78 and XBP1 [23].

In this study, we provide evidence that CYB5R3 overexpression
induces ER stress by promoting ADP-ribosylation of PERK and
IRE1q, resulting in apoptosis in lung cancer cells. Our findings
suggest that CYB5R3 functions as a tumor suppressor and can be
utilized in the development of anti-lung cancer drugs.

MATERIAL AND METHODS

Reagents and antibodies

Sulforhodamine B, tunicamycin, and GSH-EE were purchased from Sigma—
Aldrich (St. Louis, MO, USA). A genomic DNA kit was obtained from
Promega (Madison, WI, USA). The anti-3-Tubulin (#2128), anti-ATF3
(#18665), anti-GADD45A (#4632), anti-ATF6 (#65880), anti-CHOP (#2895),
anti-GRP78 (#3177), anti-XBP1 (#40435), anti-IRE1a (#3294), anti-DR5
(#8074), anti-Bax (#2772), anti-ATF4 (#11815), anti-Puma (#4976), anti-
PERK (#3192), anti-p-elF2a (#9721), anti-elF2a (#9722), anti-p-JNK (#9251),
anti-JNK (#9252), anti-cytochrome c¢ (#4272), anti-COXIV (#4850), anti-
Calnexin  (#2679), anti-PARP1 (#9542), anti-Poly/Mono-ADP Ribose
(#83732), anti-Caspase 3 (#9662), anti-Caspase 8 (#9746), and anti-
Caspase 9 (#9502) antibodies were obtained from Cell Signaling
Technology (Beverly, MA, USA). The anti-PARP16 antibody (ab154510)
was obtained from Abcam (Cambridge, UK), the anti-Sestrin2 antibody
(10795-1-AP) was obtained from Proteintech (Rosemont, IL, USA), the anti-
CYB5R3 antibody (BS-12162R) was obtained from Bioss Antibodies Inc.
(Woburn, MA, USA), the anti-GAPDH antibody (LF-P-A0212) was obtained
from AbFrontier (Seoul, Korea), the anti-ARTC1 (SAB1300652) and anti-Flag
(F1804) antibodies were obtained from Sigma-Aldrich, and the mouse
anti-FITC (sc-2010) and rabbit anti-rhodamine (sc-2492) antibodies were
obtained from Santa Cruz Biotechnology (Dallas, TX, USA).

Cell culture and transfections
Human lung fibroblasts (IMR-90 and WI-38) and NSCLC cells (NCI-H1299
(H1299), NCI-H1703 (H1703), NCI-H226 (H226), NCI-H23 (H23), NCI-H460
(H460), NCI-H2009 (H2009), HCC827, and A549) were purchased from the
Korean Cell Line Bank (Seoul, Korea) and the KRIBB Cell Line Bank (Daejeon,
Korea). IMR-90, WI-38, and A549 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), while H226, H460, H2009, HCC827, H23, H1703,
and H1299 cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin (Invitrogen,
Carlsbad, CA, USA). All cell lines were tested for Mycoplasma contamination
using an e-Myco™ VALID Mycoplasma PCR Detection Kit (iNtRON
Biotechnology, Gyeonggi-Do, Korea).

siRNA pools (ON-TARGETplus SMARTpool, containing four different
siRNAs that target a single gene) against ATF3 (L-008663), DDIT3/CHOP
(L-004819), SESN2 (L-019134), ERN1/IRE1 (L-004951), EIF2AK3/PERK
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(L-004883), ATF6 (L-009917), ATF4 (L-005125), JNK1 (L-003514), JNK2
(L-003505), JNK3 (L-004324), ARTC1 (L-010387), and PARP16 (L-020837),
and a nontargeting control (D-001810-10-05) were obtained from
Dharmacon (Lafayette, CO, USA). The CYB5R3 siRNA was purchased
from Bioneer Corporation (Daejeon, Korea). The target sequences were
as follows: siCYB5R3 #1, 5'-GUUUACUUCAAGGACACCCAU-3’; siCYB5R3
#2, 5-AGAACCUCAGCAUUUCCUU-3’; siScrambled: 5'-CCUACGCCAC-
CAAUUUCGU-3'. Cells were transfected with siRNAs (40 nM) using an
electroporation instrument (Neon, Invitrogen) according to the manu-
facturer’s instructions.

Adenoviruses

The adenoviral CYB5R3-Flag (Ad-CYB5R3) vector and empty vector control
(EV) were obtained from Vigene Biosciences (Rockville, MD, USA). AD293
cells were reinfected with viral stocks to replicate the virus, and viral
particles were then purified by double cesium chloride gradient
ultracentrifugation. The infectious viral particles in the cesium chloride
gradient were collected, dialyzed against 10 mM Tris (pH 8.0), 2 mM MgCl,,
and 5% sucrose solution, and stored in a deep freezer. Viral titers were
determined using the Adeno-X™ Rapid Titer Kit (Takara Bio USA, Inc,,
Mountain View, CA, USA) according to the manufacturer’s protocol. Cells
were infected with adenoviruses at a multiplicity of infection (MOI) of 100.

Animal experiments

All mouse experiments were conducted in accordance with a protocol
approved by the Institutional Animal Care and Use Committee. Tumor
formation was induced in C57BL/6 (Orient Bio, Gyeonggi-Do, Korea) mice
by 10 weekly intraperitoneal (IP) injections of 0.5mg/g urethane (ethyl
carbamate, Sigma-Aldrich) [26]. The mice were sacrificed eight months
after urethane injection. Lungs were fixed, embedded, stained with
hematoxylin and eosin (H&E), and analyzed under an Olympus microscope
(BX51, Tokyo, Japan).

For the mouse xenograft assay, tumors were established by subcuta-
neously injecting NCI-H1299 cells (5 x10° cells/mouse) into six-week-old
BALB/c female nude mice (Orient Bio). Tumor volumes were estimated
using the following formula: (length (mm) X width (mm) X height (mm))/2.
When the average tumor volume reached 100 cm?®, the mice were
randomized into two groups (n =8 mice per group), and adenoviral EV or
CYB5R3 vector (1 x10° pfu per mouse) was administered intratumorally
every three days for a total of three treatments. The mice were euthanized
on Day 18, and the tumors were weighed.

Generation of CYB5R3 knockout mice

CYB5R3 knockout mice were generated by GH Bio (Daejeon, Korea). A
single-guide RNA (sgRNA) targeting the N-terminal region of CYB5R3 was
designed using the ZiFiT (http:/zifit.partners.org/ZiFiT/) program. The
spacer sequences of the sgRNAs were as follows: sgRNA1, 5'-
CTTGATGTCGGGGTTCTCGA-3'; sgRNA2, 5-AGACTCCGAGTAGCTGTTCC-3/;
and sgRNA3, 5-TCTGAGGCTCATCGACAAGG-3'. The two complementary
oligonucleotides of each sgRNA were annealed, and the sgRNAs were
cloned and inserted into the pT7-gRNA vector, a vector designed for
synthesizing sgRNAs [27]. In vitro transcription of the sgRNA for CYB5R3
and purification of short RNAs was performed using a MEGAshortscript T7
kit (ThermoScientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Microinjection was performed in fertilized eggs from C57BL/
6N (Orient Bio) mice. A mixture of the sgRNA (100 ng/pl) and the Cas9
protein (80 ng/pl) (ToolGen Inc., Seoul, Korea) was injected into the
cytoplasm of pronuclear-stage embryos. Injected embryos were cultured in
medium overnight prior to transfer into pseudopregnant mice (ICR strain).
Genomic DNA was extracted from the tails of the progeny mice and
subjected to PCR using the following primer pair: forward primer, 5'-T
GGAGTTCTCTGGTCAAGGC-3’; reverse primer, 5-TTGGCTGTCATTGTGCC
TGA-3'. PCR products were analyzed by agarose gel electrophoresis and
sequencing to confirm the identity of every allele.

Immunohistochemistry

Human tissue arrays were obtained from US Biomax (Rockville, MD, USA).
Immunohistochemical (IHC) analysis was performed as previously
described [28]. Briefly, slides were incubated overnight with an anti-
CYB5R3 antibody. After washing, the slides were incubated with a
biotinylated HRP complex (Vector Laboratories, Burlingame, CA, USA),
and 3,3'-diaminobenzidine (DAB substrate kit; Vector Laboratories) was

Experimental & Molecular Medicine (2024) 56:235 - 249


http://zifit.partners.org/ZiFiT/

used for color development. Then, the slides were stained with
hematoxylin and eosin (H&E).

Cell viability and IncuCyte system

Cell viability was determined using a sulforhodamine B assay, as previously
described [29]. A cell growth inhibition assay (3000 cells/well in a 96-well
plate) was performed in cells transduced with the adenoviral CYB5R3
vector and EV for 72h. Cell death was analyzed with the CellPlayer
reagent-based annexin V (red) or caspase-3/7 (green) reporter according to
the manufacturer’s protocols (IncuCyte ZOOM System, Essen Bioscience,
Ann Arbor, MI, USA). Green and red fluorescence images and phase
contrast images were acquired at 2 h intervals using a 10x objective lens.

RNA sequencing (RNA-seq) analysis

Total RNA was isolated using an mRNA isolation kit (QIAGEN, Valencia, CA,
USA) according to the manufacturer’s instructions. Four micrograms of
RNA was prepared using the TruSeq Stranded mRNA LT Sample Prep Kit.
The library was sequenced using the lllumina NovaSeq 6000 system
(lumina, San Diego, CA, USA) to generate 100 bp paired-end reads. The
sequencing reads were mapped to the human genome (GRCh38/hg38)
using STAR (v.2.7.3a), and gene expression was quantified using the count
module in STAR. Differentially expressed genes (DEGs) were identified from
the RNA-seq count data using the edgeR package (v.3.32.0).

Quantitative reverse transcription-polymerase chain reaction
(QRT-PCR)

Two micrograms of total isolated RNA was reverse transcribed into cDNA
using a TOPscript RT Kit (Enzynomics, Daejeon, Korea) according to the
manufacturer’s protocol. QPCR was performed using the SYBR Green
Master Mix Kit (QIAGEN) on a Rotor-Gene Q system (QIAGEN). The
following primers were obtained from Bioneer Corporation: DUSP1
(P199349), DUSP2 (P259112), DUSP5 (P197350), DUSP10 (P210086),
PPP1R15A (P192005), DDIT3 (P225750), ERN1 (P298108), XBP1 (190450),
GADDA45A (P230161), BBC3 (P150935), TNFRSF10B (P195586), TRAF1
(P141876), ATF3 (P292769), KLF4 (P154272), and SESN2 (P153243). All
reactions were performed in triplicate, and mRNA expression was
normalized to B-actin (QIAGEN) expression as an internal control.

Metabolomic analysis

Metabolomic analysis was performed by Human Metabolome Technolo-
gies, Inc. (Tsuruoka, Japan) using the CARCINOSCOPE (C-SCOPE) platform.
H1299 cells (2 x10°% were seeded into a 100 mm dish the day before the
assay and incubated with the adenoviral empty vector control (EV) or
CYB5R3-expressing vector for 24 or 36 h (n = 3 samples/group). Metabolite
extraction was performed according to the manufacturer’s protocol (HMT),
as described previously [30]. Absolute quantitative analysis of 116
metabolites (54 cations and 62 anions) was performed on 12 samples of
harvested cells using capillary electrophoresis—-mass spectrometry (CE-MS).

Immunoprecipitation and immunoblot analysis
Cells were lysed with 1x RIPA buffer (Millipore, Temecula, CA, USA)
containing 1 mM Na3zVO,;, 1mM sodium fluoride, 1 mM PMSF, and a
protease inhibitor cocktail (Roche, Basel, Switzerland), and the protein
concentrations in the lysates were quantified using a BCA protein assay kit
(Thermo Scientific, 23227). For immunoprecipitation, 1 mg of each lysate
was incubated with 2 pg of the indicated antibody or normal rabbit IgG at
4°C overnight and then with 20 pl of Protein A/G PLUS Agarose (sc-2003,
Santa Cruz Biotechnology) at 4 °C for 1 h. The agarose was washed three
times with wash buffer (0.1% NP40 in phosphate-buffered saline (PBS)).
Mitochondrial isolation was performed using H1299 cells and a
Mitochondrial Isolation Kit according to the manufacturer's protocol
(Thermo Scientific, 89874). The lysates were then subjected to immuno-
blotting using specific antibodies. Immunoblot signals were detected using
an Enhanced Chemiluminescence (ECL) Kit (Millipore).

Immunofluorescence and DCF-DA staining

Cells were plated onto a 8-well microslide plate (ibidi Inc., Fitchburg, WI,
USA), fixed in 4% paraformaldehyde for 30 min, permeabilized in PBS with
0.3% Triton X-100 for 10 min, and blocked with 3% bovine serum albumin
for 1Th at 25°C. The cells were incubated overnight with appropriate
antibodies. For mitochondrial tracker staining, cells were incubated with
the tracker dye for 30 min and washed with PBS. The cells were incubated
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with 10 pyM H2DCFDA (Invitrogen) for 30 min and washed with PBS to
measure ROS generation. Finally, the cells were counterstained with DAPI
for 10 min to label nuclei and were then analyzed using a confocal
microscope (LSM5 Live DuoScan, Carl Zeiss, Stuttgart, Germany).

H,0, measurement

H,O, was measured using the ROS-Glo H,0, assay according to the
manufacturer’s protocol (Promega, G8820). Cells were plated into a 96-well
plate (Thermo Scientific, 136101) at a density of 10,000 cells/well and
transduced with the adenoviral CYB5R3 vector and EV for 24 h. Cells were
incubated with H,O, substrate solution for 6 h and with ROS-Glo detection
solution for 20 min. Luminescence was measured with a multimode
microplate reader (BioTek Synergy HTX, Agilent, Santa Clara, CA, USA).

Generation of knockout cells with the CRISPR-Cas9 strategy
sgRNAs were cloned and inserted into the lentiCRIPR V2 plasmid as
previously reported [31]. Briefly, each sgRNA oligonucleotide annealed
with the T4 PNK enzyme (#M0201, NEB, Ipswich, MA, USA) was cloned and
inserted into the lentiCrispr V2 vector digested with BsmBI (#R0739, NEB).
To generate lentiviruses, 293T cells in 100-mm tissue culture dishes were
transfected with 6 ug of each sgRNA along with 3.34 pg of the pLP1 and
2.2 ug of the pLP2 packaging plasmids and 3.34 ug of the VSVg envelope
plasmid using polyethyleneimine. Viral particles were produced and used
to transduce cells, and puromycin (3-10 ug/mL) selection was then
performed. Gene targeting was confirmed using immunoblot analysis.
The target sequences of the sgRNAs are listed below. Negative control
(sgNeg): 5-GAAGATGGGCGGGAGTCTTC-3/, CYB5R3 #1: 5-AGGCAT-
CACCCCGATGCTGC-3/, CYB5R3 #2: 5-GTGTATAGGGCCGGACGACC-3/,
CYB5R3 #3: 5-TCCCGGTCGATGAGCCGCAG-3/, and CYB5R3 #4: 5'-GAAGAC-
GAAGCAGCGCTCCG-3'.

Statistical analysis

All data represent the results of at least three independent experiments.
The results are presented as the means+ SDs. Statistical analyses were
performed by unpaired, two-tailed Student’s t test or two-way ANOVA with
correction for multiple comparisons using GraphPad Prism ver 9.0 software
(GraphPad Software, Boston, MA, USA). The statistical significance thresh-
old was set at p <0.05.

RESULTS

CYB5R3 expression is downregulated in lung cancer

To investigate the relevance of CYB5R3 to tumorigenesis, we
analyzed the CYB5R3 expression profile in cohorts in The Cancer
Genome Atlas (TCGA) obtained via cBioPortal (http://
cbioportal.org) using R software. TCGA data analysis revealed that
CYB5R3 mRNA expression was significantly decreased in 13 of
24 subtypes of cancer tissues compared to the corresponding
normal tissues in patients represented in TCGA (Supplementary
Fig. 1a). CYB5R3 expression was downregulated in both lung
adenocarcinoma (LUAD) and lung squamous cell carcinoma
(LUSQC) (Fig. 1a). Immunohistochemical (IHC) analysis was per-
formed using a human tissue array containing 32 normal lung
tissues or adjacent normal lung tissues and 128 lung cancer
samples. Consistent with the analysis of public data, IHC analysis
revealed that CYB5R3 expression in lung cancer tissues was lower
than that in normal tissues (Fig. 1b and Supplementary Fig. 1b).
We also found that 91% (29 of 32) of the normal lung tissues
exhibited high CYB5R3 expression, while only 19% (24 of 128) of
the lung cancer tissues showed high CYB5R3 expression (Fig. 1c),
indicating that CYB5R3 expression is associated with lung
carcinogenesis. However, the expression levels of CYB5R1 and
CYB5R2 were not downregulated in LUAD tissue (Supplementary
Fig. 2a, b). Neither CYB5R1 nor CYB5R2 was detected in human
lung cancer cells (Supplementary Fig. 2c).

To examine the expression pattern of CYB5R3 in human lung
cancer cells, we measured CYB5R3 mRNA levels using quantitative
RT-PCR in two human lung fibroblast lines and eight NSCLC cell
lines. The mRNA levels of CYB5R3 in the NSCLC cell lines A549,
H1299, H1703, H226, H23, H460, H2009, and HCC827 were lower

SPRINGER NATURE

237


http://cbioportal.org
http://cbioportal.org

J.Im et al.

238
a P=1.05x104 P=1.49x10% P=149x10% c
141 H
| ki Chi-Square analysis
s 144 = B A S TR | N
S H A e A L ormallung  Lung Tumor  p value
i fooimm g W
Q= = 2 E 9 CYB5R3tow 2 81
87 %7 3 o R
X 12+ -3 CYB5R3High 30 47 p <0.00001
oS - o127
g S €9 g Total No. 32 128
g Gl 5
O 104 O 11 . > -
N - NCOOT N T
(n=110) (n=994) (n=59) (n=510) (n=51) (n=484)
LUAD LUSC

Normal Adenocarcinoma Large cell carcinoma Small cell carcinoma
d 2.0+ e
g 1.5+ b4 ) S
-_— . D <«
s 223885888
Ozsﬂgm. E=2ETIZ¥ITE Ka
% 0.5+ ’:I.‘ - .
5 TUDUIIN | S——————— -50
S JRMellllf P P e
. ! 1 L) 1 L) ) L U
K O O O O O O O O N~
223 _IRITFTEER
TE<zzI*T T2
= I
f WI-38 IMR-90
siCYB5R3 . #1#2 - #1#2 «kpa CYB5R3** CYB5R3

Btubulin | eeemem ===

*

37
50

R—

160 ll| A%
—
g 120
2 3
:5 80
E
T 40+
o
0-
siCYB5R3 - #1 #2 - #1#2
WI.38 IMR-90

Fig. 1 CYB5R3 is downregulated in lung cancer. a CYB5R3 expression profiles across lung tumor samples (T) and corresponding normal tissues
(N) in the TCGA database. The expression data were collected from the TCGA cohort via cBioPortal (http://cbioportal.org) and were then visualized
by ggplot2 (version 3.3.6). LUAD; lung adenocarcinoma, LUSC; lung squamous carcinoma. All statistical analyses were performed using R software.
b IHC analysis of CYB5R3 in normal lung tissue and lung cancer patient tissue. Representative images of CYB5R3 staining in the tissue array are
shown. Scale bar, 100 pm. ¢ CYB5R3 expression levels in normal lung tissues and lung cancer tissues. CYB5R3"°" indicates negative (0) or weak (1)
IHC staining, and CYB5R3"9" indicates moderate (2) or strong (3) IHC staining. CYB5R3 expression in two human lung fibroblast and eight lung
cancer cell lines. mRNA (d) and protein levels (e) were measured by quantitative RT-PCR and immunoblot analysis, respectively. f Effects of
CYB5R3 siRNA on the protein level of CYB5R3 (upper panel) and cell viability (lower panel) in WI-38 and IMR-90 cells. The values are presented as the
mean = SD of three independent experiments. *P < 0.05, **P < 0.01. g H&E staining of lung tissues in CYB5R3*/+ and CYB5R3 ™/~ mice 8 months after
IP injections of 0.5 mg/g urethane (n =3 mice per group). Scale bar, 100 pm.
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than those in the normal lung fibroblast lines WI-38 and IMR-90
(Fig. 1d). Similarly, the CYB5R3 protein was relatively abundant in
WI-38 and IMR-90 cells compared to the NSCLC cell lines (Fig. 1e).
To examine the effect of CYB5R3 depletion on cell growth, we
performed CYB5R3 knockdown using two different siRNAs
targeting CYB5R3 in WI-38 and IMR-90 cells. CYB5R3 expression
was significantly decreased in CYB5R3-knockdown cells (Fig. 1f,
upper panel). Compared with siScrambled (siScr) transfection,
CYB5R3 knockdown promoted the growth of WI-38 and IMR-90
cells (Fig. 1f, lower panel).

CYB5R3 is functionally associated with tumor suppression in a
mouse model

We evaluated the role of CYB5R3 in tumorigenesis using an in vivo
mouse model (Supplementary Fig. 3). First, we examined the
expression profile of CYB5R3 in mouse tissues and found that it
was abundantly expressed in the lungs, liver, testes, and ovaries in
mice (Supplementary Fig. 3a). However, unlike in mouse primary
lung fibroblasts, the CYB5R3 protein was not detected in Lewis
lung carcinoma (LLC) cells, a murine lung cancer cell line
(Supplementary Fig. 3b). CYB5R3 knockout (KO) mice were
generated using the CRISPR-Cas9 system (Supplementary
Fig. 3c). We observed that CYB5R3 KO mice were healthy and
exhibited normal fertility. No significant difference was observed
in body weight between the CYB5R3 KO and WT groups
(Supplementary Fig. 3d). Hematological analysis revealed that
CYB5R3 KO mice had fewer white blood cells than WT mice
(Supplementary Table 1). As expected, CYB5R3 protein expression
was not detected in the lungs, liver, spleen, or kidneys in
CYB5R3 ™~ mice (Supplementary Fig. 3e). We then evaluated the
incidence of lung cancer in CYB5R3™/~ mice eight months after
treatment with urethane. H&E staining showed a higher incidence
of tumors in the lung tissue in CYB5R3 ™/~ mice than in CYB5R3™*
mice (Fig. 1g). In the lung metastasis assay using LLC cells, the
incidence and size of tumors in the lung tissues were considerably
increased in CYB5R3™/~ mice compared with CYB5R3** mice
(Supplementary Fig. 3f, g). These results suggest that CYB5R3 acts
as a tumor suppressor in lung cancer.

CYB5R3 overexpression leads to apoptosis in lung cancer cells
To confirm the tumor-suppressive role of CYB5R3 in human lung
cancer cells, we investigated the effects of CYB5R3 overexpression
using Ad-CYB5R3, an adenovirus that expresses CYB5R3. CYB5R3
protein expression was detectable within 12h and showed the
highest values 24 h after infection with CYB5R3 (Fig. 2a). CYB5R3
overexpression dramatically inhibited the growth of A549, H1299,
H226, and H1703 cells compared to EV transduction but did not
inhibit the growth of WI-38 and IMR-90 cells (Fig. 2b). Cleavage of
PARP1 and capase-3 was detected in H1299 and H1703 cells
infected with Ad-CYB5R3 (Fig. 2¢). A caspase 3/7 activity assay and
annexin V staining showed that CYB5R3 significantly induced
apoptosis in lung cancer cells (Fig. 2d). To investigate the effect of
CYB5R3 on tumor growth in vivo, we performed a xenograft assay
using H1299 cells. Compared with EV-treated mice, CYB5R3-
treated mice exhibited reductions of 53.3% and 44.2% in tumor
volume and weight, respectively, without significant changes in
body weight (Fig. 2e-g). Immunoblot analysis of the resected
tumors revealed that the protein level of CYB5R3 was dramatically
increased in CYB5R3-treated tumors compared to EV-treated
tumors (Fig. 2h). These data imply that CYB5R3 functions as a
tumor suppressor in lung cancer.

CYB5R3 overexpression affects the transcriptional landscape
of lung cancer cells

To investigate the molecular mechanism by which CYB5R3
induces cancer cell death, we analyzed the gene expression
pattern induced by CYB5R3 overexpression in H1299 cells. RNA
sequencing analysis revealed 248 upregulated and 69
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downregulated genes in cells infected with Ad-CYB5R3 compared
with those infected with EV (Fig. 3a). Genes involved in
mitogen-activated protein kinase (MAPK) signaling, the TNF
signaling pathway, pathways in cancer, protein processing in ER,
and the apoptosis pathway were upregulated in CYB5R3-
overexpressing cells (Fig. 3b). The RNA sequencing data were
verified using real-time PCR. The upregulated genes included
DUSP1, DUSP2, DUSP5, and DUSP10 in MAPK signaling; DDIT3,
ERN1, PPP1R15A, and XBP1 in protein processing in the ER; BBC3,
GADD45A, TNFRSF10B, and TRAF1 in apoptosis; and ATF3, KLF4,
and SESN2 in other pathways (Fig. 3c). Interestingly, the levels of
the CHOP (DDIT3), DR5 (TNFRSF10B), ATF3, and SESN2 proteins
were dramatically increased in CYB5R3-overexpressing H1299 and
H1703 cells following Ad-CYB5R3 infection (Fig. 3d). In contrast,
the expression of the XBP1, IREla (ERN1), PUMA (BBC3), and
GADDA45A proteins remained unchanged. To evaluate how genes
upregulated by CYB5R3 overexpression are involved in cell death,
we transfected siRNAs against ATF3, DDIT3, or SESN2 into H1299
cells. DDIT3 silencing overcame CYB5R3-induced cell death
(Fig. 3e, lower panel). The knockdown efficiency of each siRNA is
shown in Fig. 3e (upper panel). These data suggest that CHOP
(DDIT3) induction is critical for CYB5R3-induced cell death in lung
cancer cells.

CYB5R3 triggers ER stress via the PERK-ATF4 and IRE1a-JNK
pathways

Since CHOP (DDIT3) expression is a major hallmark of ER stress
and induces ER stress-mediated apoptosis [32], we examined the
relationship between CYB5R3 overexpression and ER stress.
Immunofluorescence staining showed that CYB5R3 colocalized
with calnexin, an ER marker, in CYB5R3-overexpressing H1299 cells
(Fig. 4a). CYB5R3 also localized in mitochondria, consistent with
the results of previous studies [19, 33] (Supplementary Fig. 4).

To investigate whether CYB5R3 regulates ER function, we
analyzed the expression levels of the ER stress sensors PERK, IRE1q,
and ATF6 and their downstream targets. Similar to CHOP
induction (Fig. 3d), CYB5R3 overexpression increased the expres-
sion of ER stress signaling proteins, such as GRP78, p-elF2q, and
p-JNK, which triggered apoptosis in both H1299 and H1703 cells
(Fig. 4b). To assess the pathways involved in CYB5R3-induced cell
death, we performed gene knockdown assays using siRNAs
against PERK, IRE1q, or ATF6 in H1299 cells. Importantly, silencing
of PERK or IRETa but not ATF6 overcame CYB5R3-induced cell
death (Fig. 4c). Moreover, deletion of ATF4, which is a downstream
target of PERK, or deletion of the JNK isoforms JNK1 and JNK2,
which are downstream targets of IRE1q, restored CYB5R3-induced
cell death (Fig. 4d, e).

To examine the interplay between CYB5R3 and ER stress, we
generated CYB5R3 knockout H1299 and H1703 cells using the
CRISPR-Cas9 system. We used four different sgRNAs against
CYB5R3 (sgCYB5R3) and found that sgCYB5R3 #3 and #4
completely suppressed CYB5R3 expression (Fig. 4f, upper panel).
As expected, CYB5R3 knockout cells displayed a significant
increase in growth compared to control (sgNeg) cells (Fig. 4f,
lower panel), consistent with previous data from the normal lung
fibroblasts WI38 and IMR-90 (Fig. 1f). Following treatment with
tunicamycin, an ER stress-inducing antitumor agent, the levels of
GRP78, CHOP, and p-elF2a were increased in H1299-sgNeg and
H1703-sgNeg cells, whereas the induction of CHOP and level of p-
elF2a were attenuated in H1299-sgCYB5R3 and H1703-sgCYB5R3
cells (Fig. 4g). These data suggest that CYB5R3-induced cell death
is dependent on the PERK-ATF4 and IRE1a-JNK signaling
pathways.

CYB5R3 overexpression drives metabolic reprogramming

Given that CYB5R3 functions in energy and lipid metabolism [12],
we speculated that CYB5R3 leads to metabolic alterations. To
investigate the metabolic changes in H1299 cells infected with
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Fig.2 CYB5R3 overexpression induces cell death in lung cancer cells in vitro and in vivo. a Cells were infected with EV or CYB5R3 adenovirus
at an MOI of 100 for the indicated times, and cell lysates were analyzed by immunoblotting. b Cells were infected with EV or CYB5R3 adenovirus at
an MOI (multiplicity of infection) of 100 for 72 h. Cell viability was measured by an SRB assay. The data are presented as the mean + SD of three
independent experiments. ¢ Cleavage of PARP1 and caspase-3 in CYB5R3-infected H1299 and H1703 cells. d Caspase 3/7 activation and annexin
staining in CYB5R3-infected H1299 cells. Representative images are shown. Scale bar, 100 pm. e Tumor volume was measured at 2-3-day intervals in
xenografted H1299 mice (n = 8 mice/group). f Xenograft tumor weights (n = 8 mice/group). g Body weights (n = 8 mice/group). h CYB5R3 protein
level in H1299 xenograft tissues. The data are presented as the means + SDs. Statistical analysis was performed by two-way ANOVA with post hoc
Tukey’s test (e). *P < 0.05, **P < 0.01, ***P < 0.001.
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Ad-CYB5R3, we performed metabolomic analysis using capillary
electrophoresis and time-of-flight mass spectrometry (CE-TOFMS).
Principal component analysis (PCA) revealed that CYB5R3 over-
expression resulted in marked differences in metabolic signatures
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(Fig. 5a and Supplementary Table 2). Heatmap analysis revealed
that the cells transduced with EV and the CYB5R3 vector were
grouped into distinct metabolic clusters, and changes in 59 and 66
metabolites were observed in cells transduced with the CYB5R3
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Fig.4 CYB5R3 induces ER stress. a Immunofluorescence staining of CYB5R3 (green) and calnexin (red) was carried out in H1299 cells infected
with EV or CYB5R3. DAPI (blue) was used for nuclear staining. Scale bar, 20 pm. b Protein levels of ER markers in H1299 cells infected with EV or
CYB5R3 for 24 h. ¢ H1299 cells were transfected with the indicated siRNA and infected with CYB5R3 for 48 h. A cell viability assay (left panel)
and immunoblot analysis (right panel) were performed. d H1299 cells were transfected with siRNA against ATF4 and infected with CYB5R3 for
48 h. Cell viability (lower panel) or immunoblot analysis (upper panel) was performed. e H1299 cells were transfected with the indicated
siRNAs and infected with CYB5R3 for 48 h. A cell viability assay (left panel) and immunoblot analysis (right panel) were performed. f Protein
level of CYB5R3 (upper panel) and cell viability (lower panel) in H1299 and H1703 cells with CRISPR/Cas9-mediated CYB5R3 knockout.
g Protein levels of ER markers in tunicamycin-treated CYB5R3-knockout H1299 and H1703 cells. The values are presented as the mean £ SD of

three independent experiments. *P < 0.05, **P < 0.01.

vector for 24 and 36 h, respectively, relative to those in cells
transduced with EV (Fig. 5b). Subsequently, we conducted
pathway enrichment analysis of CYB5R3-related metabolites using
MetaboAnalyst 4.0 to comprehensively analyze the metabolic
changes. We found that metabolites significantly increased by
CYB5R3 expression were associated with the Warburg effect,
glutamate, purine metabolism, arginine and proline metabolism,
aspartate metabolism, urea cycle, glycine and serine metabolism,
and the citric acid cycle (Fig. 5¢, d). Redox homeostasis and purine
metabolism were simultaneously altered in cells infected with
CYB5R3 for 24h and 36h. Although the level of reduced
glutathione (GSH) was decreased, the levels of oxidized GSH
(GSSG), NAD™, AMP, and ADP were markedly increased 24 h after
CYB5R3 transduction (Fig. 5e-g). These data suggested that
CYB5R3 overexpression induces metabolic changes in lung cancer
cells.

CYB5R3 increases PARP16-mediated ADP-ribosylation of PERK
and IRE1a

Next, we explored how CYB5R3 activates PERK and IRE1a. NADH
oxidation induced by CYB5R3 overexpression can affect
NAD"-dependent signaling pathways and processes, such as
ADP-ribosylation and protein deacetylation [34, 35]. Metabolomic
analysis revealed that ADP-ribose levels were higher in CYB5R3-
overexpressing cells than in control cells (Fig. 6a). A previous study
demonstrated that ARTC1-mediated ADP-ribosylation of GRP78 is
inactive, which activates the ER stress response [36]. Moreover, ER-
resident PARP16 activates PERK and IRE1a via ADP-ribosylation in
the ER [37]. To investigate whether ADP-ribosylation is involved in
the activation of PERK and IRE1a induced by CYB5R3, we
examined total ADP-ribosylation, including mono-ADP-
ribosylation (MAR) and poly-ADP-ribosylation (PAR). Indeed,
CYB5R3 overexpression increased overall ADP-ribosylation
(Fig. 6b). We examined the effects of silencing ARTC1 and PARP16
on CYB5R3-induced cell death. Importantly, PARP16 depletion
reduced CYB5R3-induced cell death (Fig. 6¢). We found that the
increase in ADP-ribosylation in CYB5R3-overexpressing cells was
attenuated by PARP16 knockdown (Fig. 6d). Moreover, depletion
of PARP16 decreased the protein levels of ER stress markers, such
as CHOP, p-elF2a, and p-JNK, which were increased by CYB5R3
overexpression (Fig. 6e). We further investigated the role of
CYB5R3 in the ADP-ribosylation of PERK and IRETa and found that
it increased the ADP-ribosylation of PERK and IRETa (Fig. 6f).
Surprisingly, proteins immunoprecipitated with the anti-PERK or
anti-IRE1a antibody bound to CYB5R3-Flag (Fig. 6f). Moreover, an
immunoprecipitation assay using an anti-FLAG antibody showed
that CYB5R3-Flag interacted with endogenous PERK and IRE1a in
H1299 cells (Supplementary Fig. 5). These data suggest that
CYB5R3 promotes the PARP16-mediated ADP-ribosylation of PERK
and IRE1a to induce ER stress.

CYB5R3 activates caspase-9 through oxidative stress

Based on the increase in the level of oxidized GSH (GSSG) in
CYB5R3-overexpressing cells (Fig. 5f), reactive oxygen species
(ROS) generation was evaluated by DCF-DA staining. We observed
ROS production in CYB5R3-overexpressing H1299 cells (Fig. 7a).
Consistent with a previous report [33], we found that the H,0,
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level was significantly increased in CYB5R3-transduced cells
compared with EV-transduced cells (Fig. 7b). However, mitochon-
drial superoxide was not detected in CYB5R3-transduced cells
(Supplementary Fig. 6). CYB5R3-induced H,O, production was
obviously decreased in NOX4-depleted cells (Supplementary
Fig. 7). This result indicated that ROS production induced by
CYB5R3 overexpression is associated with NOX4 expression in
lung cancer cells. GSH-ethyl ester (GSH-EE), a cell-permeable
derivative of GSH, prevented CYB5R3-induced cell death (Fig. 7c).
To investigate whether CYB5R3 induces mitochondrial dysfunc-
tion, we isolated the mitochondrial and cytosolic fractions of
CYB5R3-transduced cells. The level of Bax was increased in the
mitochondrial fraction, whereas the level of cytochrome C was
increased in the cytosolic fraction (Fig. 7d). Moreover, we found
that knockdown of caspase-9 or caspase-3 decreased CYB5R3-
induced cell death (Fig. 7e). These results suggested that CYB5R3
induces cell death cia the intrinsic apoptotic pathway through
oxidative stress and caspase-9 activation.

DISCUSSION

Here, we showed that overexpression of CYB5R3 induces
apoptosis in lung cancer cells in vitro and in vivo. In addition,
the in vivo study in the CYB5R3 KO mouse model revealed the
tumor-suppressive function of CYB5R3 in lung cancer. Transcrip-
tome and metabolomic analyses indicated that CYB5R3 induces
ER stress by activating PARP16-dependent ADP-ribosylation of
PERK or IRETa. Moreover, ROS generation induced by CYB5R3
activates the caspase-9-mediated intrinsic apoptotic pathway.
Accumulated data on CYB5R3 have provided evidence that
CYB5R3 inhibits lung cancer growth (Fig. 8).

Members of the CYB5R family have antioxidant properties and
are expressed in several subcellular compartments, including the
ER, mitochondrial outer membrane, and plasma membrane
[38-41]. According to the Human Protein Atlas database, CYB5R1
is localized in mitochondria and the cytosol and is highly
expressed in skeletal muscle. CYB5R2 localizes in the Golgi
apparatus and nucleoplasm and is highly expressed in the testis.
In CYB5R3-overexpressing H1299 cells, CYB5R3 is mainly localized
in the ER and undergoes posttranslational modifications, leading
to changes in its subcellular localization [42-44]. Recent studies
have suggested that prenylated CYB5R3 translocates from
mitochondria to the ER, while nonprenylated CYB5R3 localizes to
mitochondria [43]. In particular, geranylgeranyl diphosphate
synthase (GGPPS), which is involved in CYB5R3 prenylation, is
overexpressed in lung adenocarcinoma [42]. In addition, ufmyla-
tion of CYB5R3, which negatively regulates its activity, occurs in
the ER, and ufmylated CYB5R3 is degraded via CDK5RAP3 (CDK5
Regulatory Subunit Associated Protein 3)-mediated macro-ER-
phagy [44].

NAD-dependent signaling events regulate numerous biological
processes, including transcription, DNA repair, apoptosis, and
metabolism. NAD" is an important metabolite and substrate for
enzymes such as poly(ADP-ribose) polymerases (PARPs) and
sirtuins [34]. ADP-ribosylation is catalyzed by members of two
different ADP-ribosyltransferase (ART) families, namely, the
clostridial-toxin-like ADP-ribosyltransferase (ARTC) and
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diphtheria-toxin-like ART (ARTD) families [45]. The human ARTC
family consists of four ecto-mono-ARTs: active mono-ARTs (ARTC1
and ARTC5) and inactive proteins (ARTC3 and ARTC4). The ARTD
(also known as PARP) family contains 17 members: mono-ARTs
(ARTD7-17), poly-ARTs (ARTD1-6), and the inactive protein
ARTD13, which have distant subcellular localizations and protein
substrates [46]. Recently, ARTC1 (ART1) and ARTD15 (PARP16)
have been identified as ER-resident ARTs that mediate the mono-
ADP-ribosylation of their substrates [36, 37]. Both ARTC1 and
PARP16 are activated during ER stress and regulate the UPR in the
ER. Mono-ADP-ribosylation of GRP78 by ARTC1 inactivates its
chaperone activity and activates ER stress by dissociating it from
its interactors, such as PERK, IRE1a, and ATF6 [36]. Mono-ADP-
ribosylation of PERK and IRETa by PARP16 increases their
enzymatic activity and enhances ER stress responses [37]. Our
data demonstrated that PARP16 plays a critical role in CYB5R3-
induced lung cancer cell death by increasing ADP-ribosylation of
PERK and IRE1a. Interestingly, we also found that CYB5R3 interacts
with PERK and IRE1a. Therefore, further research is needed to
determine whether the oxidation of PERK and IRE1a is required for
their binding.

Mitochondria are the main source of ROS. Recent studies have
suggested that the ER regulates redox homeostasis and retains
relatively high ROS levels [47]. Oxidative protein folding occurs in
the ER and generates ROS by catalyzing disulfide bond formation
between protein disulfide isomerase (PDI) and ERO1 during
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protein folding [48-50]. ER protein oxidation and mitochondrial
oxidative phosphorylation are sources of ROS generated during ER
stress [51]. ROS generation by NADPH oxidase 4 (NOX4) in the ER
membrane can induce apoptosis [52]. A recent study showed that
CYB5R3 regulates NOX4-dependent H,0, production and
endothelial inflammation [33]. As expected, CYB5R3 decreased
the GSH/GSSG ratio and increased NOX4-dependent H,O,
production, and treatment with cell-permeable GSH-EE attenuated
apoptosis mediated by CYB5R3 overexpression in lung cancer
cells. In addition, we observed that CYB5R3 significantly altered
the abundances of metabolites, such as AMP and ADP, which
induced the activation of the LKB1/AMPK pathway. Therefore,
further studies are required to explore the role of CYB5R3 in tumor
metabolism.

Although the role of CYB5R3 in cancer remains controversial, a
previous study showed that CYB5R3 promotes cell colonization
and metastasis formation in estrogen receptor-negative breast
cancer [19]. However, another study demonstrated that CYB5R3
overexpression protected against chemically induced liver cancer
in CYB5R3 transgenic mice [12]. In clear cell renal cell carcinoma,
HADHA overexpression inhibits tumor growth by increasing the
expression of CYB5R3 or ACAT1 [53]. The properties of CYB5R3 as a
tumor suppressor in cancer cells can be exploited to develop
anticancer drugs. CYB5R3-overexpressing vehicles, such as ade-
noviruses, lentiviruses, vaccinia viruses, and retroviruses, can be
used to infect lung tumor cells. In addition, combination
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treatments with a CYB5R3-overexpressing vehicle and immune
checkpoint inhibitors or cytokines can be developed to synergis-
tically inhibit the growth of lung cancer.

In conclusion, CYB5R3 deficiency promotes tumorigenesis and

lung metastasis in mouse models. CYB5R3 overexpression induces
apoptosis in lung cancer cells via ER stress and ROS generation,
suggesting approaches for the development of CYB5R3-based
therapeutics for lung cancer.
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