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Abstract

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths in the US. Understanding the mechanisms of
CRC progression is essential to improve treatment. Mitochondria is the powerhouse for healthy cells. However, in tumor
cells, less energy is produced by the mitochondria and metabolic reprogramming is an early hallmark of cancer. The
metabolic differences between normal and cancer cells are being interrogated to uncover new therapeutic approaches.
Mitochondria targeting PTEN-induced kinase 1 (PINK1) is a key regulator of mitophagy, the selective elimination of
damaged mitochondria by autophagy. Defective mitophagy is increasingly associated with various diseases including CRC.
However, a significant gap exists in our understanding of how PINK1-dependent mitophagy participates in the metabolic
regulation of CRC. By mining Oncomine, we found that PINK1 expression was downregulated in human CRC tissues
compared to normal colons. Moreover, disruption of PINK1 increased colon tumorigenesis in two colitis-associated CRC
mouse models, suggesting that PINK1 functions as a tumor suppressor in CRC. PINK1 overexpression in murine colon
tumor cells promoted mitophagy, decreased glycolysis and increased mitochondrial respiration potentially via activation of
pS53 signaling pathways. In contrast, PINK1 deletion decreased apoptosis, increased glycolysis, and reduced mitochondrial
respiration and p53 signaling. Interestingly, PINK1 overexpression in vivo increased apoptotic cell death and suppressed
colon tumor xenograft growth. Metabolomic analysis revealed that acetyl-CoA was significantly reduced in tumors with
PINK1 overexpression, which was partly due to activation of the HIF-la-pyruvate dehydrogenase (PDH) kinase 1
(PDHK1)-PDHEla axis. Strikingly, treating mice with acetate increased acetyl-CoA levels and rescued PINK1-suppressed
tumor growth. Importantly, PINK1 disruption simultaneously increased xenografted tumor growth and acetyl-CoA
production. In conclusion, mitophagy protein PINK1 suppresses colon tumor growth by metabolic reprogramming and
reducing acetyl-CoA production.

Introduction

Colorectal cancer (CRC) is the third most common cancer
as well as the third leading cause of cancer-related death in
Edited by M. Oren industrialized countries when data from men and women are
combined [1]. Understanding the mechanisms of CRC
development and progression is essential to improve treat-
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the first to show that mitochondrial iron homeostasis is
critical for colon carcinogenesis.

Generally, rapidly proliferating tumor cells have
increased energy requirements in comparison to normal
cells. Therefore, a more efficient energy source is needed
for continual tumor growth. Though aerobic glycolysis, or
the Warburg effect [3], has long since been accepted as an
early hallmark of cancer cells [4], the latest cancer research
confirms that mitochondrial respiration plays a critical role
in tumorigenesis. Mitochondria act as the powerhouse for
healthy cells as they consume nutrients such as glucose and
generate most of the cell’s energy through oxidative phos-
phorylation [5]. However, in tumor cells, less energy is
produced by the mitochondria and the nutrients are reor-
ganized as building blocks to better support tumor cell
growth [6]. The metabolic differences between normal and
cancer cells are being interrogated to uncover potential new
targeted therapeutic approaches [7]. Compared to cells from
healthy colon tissues, mitochondrial number is increased in
CRC cells, which leads to increased maximal respiratory
rate [8]. However, metabolic reprogramming still occurs
early at the adenoma stage and leads to induction of the
Warburg effect in CRC [9].

Mitophagy, an essential mitochondrial quality control
process in cells, removes damaged mitochondria through
autophagic degradation [10, 11]. Defective mitophagy is
implicated in various diseases, including neurodegenerative
disorders and cancer [12]. One recent study showed that
enhanced mitophagy caused by signal transducer and acti-
vator of transcription 3 inhibition in intestinal epithelial
cells promotes anti-tumor immunity [13]. Another study
showed that the expression level of mitochondria targeting
PTEN-induced kinase 1 (PINK1), a critical mediator of
mitophagy [14], was decreased in CRC compared to normal
colorectal tissue and was regulated by MYC [9]. Moreover,
PINK1 disruption promotes pancreatic tumorigenesis
through increasing mitochondrial iron accumulation [15].
Furthermore, loss of PINK1 leads to increased mitochon-
drial reactive oxygen species (ROS), which activates
hypoxia-inducible factor 1-alpha (HIF-1a) and reprograms
glucose metabolism to sustain increased cell proliferation in
mouse embryonic fibroblasts [16]. However, how PINK1
participates in metabolic reprogramming in CRC is
not known.

In this study, we demonstrate that PINK1 acts as a tumor
suppressor in CRC. Ablation of PINKI increased colon
tumorigenesis in two mouse models of colitis-associated
CRC. In-depth analysis revealed that PINKI1 is sufficient
and required for suppressing tumor growth via metabolic
reprogramming through activation of p53 signaling and
HIF-1o/ pyruvate dehydrogenase (PDH) kinase 1 (PDHK1)/
PDHEla pathways, which consequently impede acetyl-
CoA production in tumor cells. Supplying tumors with
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acetyl-CoA from acetate rescued PINK1-suppressed tumor
growth, demonstrating that acetyl-CoA serves as fuel for
tumor growth.

Materials and methods
Animals

Animal studies were performed in accordance with the
Institute of Laboratory Animal Resources guidelines,
approved by the Institutional Animal Care and Use Com-
mittee (JACUC) at the University of New Mexico Health
Sciences Center (Protocol# HSC-18-200699, 20-201060-
HSC) and followed the National Institutes of Health guide
for the care and use of laboratory animals (NIH Publications
No. 8023, revised 1978). All mice were maintained in a
standard cage on a 12-h light-dark cycle, in a temperature-
controlled room and were allowed ad libitum access to a
standard chow diet and water. Both male and female ani-
mals were used in this study. Pinkl knockout (Pinkl—/—)
mice were obtained from the Jackson laboratory (Stock No:
017946) and then were crossed with C57BL/6 mice to
generate Pinkl heterozygous (Pinkl+/—) mice, which were
used as breeders. CDX25RT? Apcf* mice were generated as
described previously [17], and were crossed with Pinkl—/—
mice to generate Pinkl+/—; CDX?2FRT2 Ach/+ mice, which
were then used as breeders. For the azoxymethane (AOM)
/dextran sulfate sodium (DSS) induced colitis-associated
CRC model, Pinkl—/— and littermate control mice were
intraperitoneally (i.p.) injected with AOM (10 mg/kg body
weight) or saline at 6- to 8-week of age. It should be noted
that no dysplasia was observed in mice receiving a single
AOM dose, suggesting that the dose of carcinogen used was
insufficient to induce colorectal tumors in the absence of
inflammation. One day following the AOM injection mice
received water with 1.5% DSS for 7 days (inflammatory
phase). Then the mice were placed on regular drinking
water for 14 days (recovery phase). Mice were subjected to
two more inflammatory and recovery cycles to induce
tumor formation and subsequently euthanized 2 weeks
following the final recovery phase. For the colitis-associated
CRC model under the Apc gene deletion setting, 6- to 8-
week-old Pinkl—/—; CDX2ERT? Ach/ " mice and littermate
controls were treated with 100 mg/kg tamoxifen for 3 days
by i.p. injection and then 7 days later received water with
1.5% DSS for 7 days, followed by regular drinking water
for 28 days before euthanization. For the subcutaneous
xenograft study, to test the role of PINK1 and metabolic
rewiring under immune-intact conditions, murine MC38
cells with PINK1 overexpression or ablation were trypsi-
nized and resuspended in sterile 1x phosphate-buffered
saline (PBS). Cells were counted and diluted with 1x PBS
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to a concentration of 1x 107 cells/mL, and then 100 uL
containing 1 x 10° total cells were injected into the flanks of
C57BL/6 mice. Two weeks later, mice were sacrificed and
tumors were collected. For acetate treatment, mice were i.p.
injected with 500 mg/kg sodium acetate weekly for three
weeks. Proton linked monocarboxylate transporters (MCTs)
and sodium coupled monocarboxylate transporters
(SMCTs) are responsible for acetate transport across the cell
membrane in mammals [18, 19]. Acetate then crosses the
mitochondrial inner membrane through passive diffusion or
via an unknown mitochondrial carrier [20, 21].

Real-time qPCR analysis

RNA was extracted using an IBI reagent Kit (IB47602, IBI
Scientific, Dubuque, IA). gPCR was performed on a
LightCycler 480 instrument (Roche Diagnostics, Indiana-
polis, IN). The mRNA level was measured by qPCR (the
primers are listed in Supplementary Table 1). The gene
levels were normalized by 18S. Expression level changes
were calculated by comparing to the control.

Histology and immunofluorescence staining

Colon tissues were removed and washed with 1x PBS, and
fixed with 10% formalin at room temperature overnight and
embedded in paraffin. Tissue sections (5 pm) were depar-
affinized in xylene and rehydrated in ethanol gradient.
Histologic analysis was done on hematoxylin and eosin
(H&E)-stained paraffin sections and microscopically ana-
lyzed by a gastrointestinal pathologist in a blinded manner.
Immunofluorescence analysis was performed with primary
antibodies for Ki-67 (12202T) and cleaved Caspase-3 (CC3,
9664) from Cell Signaling Technology (Danvers, MA) at a
dilution of 1:100. Secondary antibodies were used at 1:200
for staining. 4’,6-diamidino-2-phenylindole (DAPI) was
used for nuclei staining. The images were taken and ana-
lyzed under a fluorescence microscope (EVOS, Thermo
Fisher Scientific).

Cell culture

Murine MC38 syngeneic CRC cells were a kind gift from
Dr. Weiping Zou at University of Michigan and the
authentication of this cell line was performed by the ATCC
using mouse short tandem repeat profiling (137XV). These
cells were maintained at 37 °C in 5% CO, and cultured in
Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin
(VWR, Radnor, PA). To establish MC38 cells with stable
PINK1 overexpression, MC38 cells were transfected with a
pLenti6-DEST PINK1-V5 WT plasmid obtained as a gift
from Mark Cookson (Addgene Plasmid #13320) and then

selected with blasticidin at 0.5—1 pg/mL. To establish MC38
cells with stable PINK1 knockout (sgPINK1) or control
(sgEV), MC38 cells were infected with lentivirus targeting
mouse PINK1 (CRISPRLV MMPD0000074951, CCAAG
CCCGGCCCGCTGTT, 1x 10° VP/mL, Lentivirus Back-
bone: (LVOIl) U6-gRNA: efla-puro-2A-Cas9-2A-tGFP,
Sigma all-in-one lentivirus) or CRISPRLV NegativeCon-
troll (CGCGATAGCGCGAATATATT) and then selected
with 1pg/mL puromycin. pLenti6.3/V5-DEST TIGAR
(HsCDO00943600) and  pLenti6.3/V5-DEST  SCO2
(HsCD00938914) were obtained from DNASU Plasmid
Repository (Arizona State University, Tempe, AZ), trans-
fected into MC38 sgPINKI1 and sgEV cells, and then
selected with blasticidin at 0.5-1 pg/mL.

3-(4,5-dimethylthiazol-2-YI)-2,5-diphenyltetrazolium
bromide (MTT) cell proliferation assay

MC38 cells with PINK1 overexpression or disruption were
seeded at a concentration of 5x 10* cells/mL in 24-well
plates. 125 pL 5 mg/mL MTT (Sigma, St Louis, MO) was
added to each well and plates were incubated for 30 min.
Dimethyl sulfoxide was added and absorbance was mea-
sured at 570 nm using a SpectraMax M2 Microplate Reader
(Molecular Devices, Radnor, PA).

Cellular bioenergetic profile

MC38 cells were seeded at a total number of 4 x 10* cells/
well 24 h prior to the beginning of the experiment. The
extracellular acidification rate (ECAR) was monitored in a
Seahorse XF24 instrument using the standard glycolysis
stress test protocol of 3 min mix, 2 min wait, and 3 min
measure. For the glycolysis stress test, cells were challenged
with glucose (10 mM), oligomycin (1uM), and 2-
deoxyglucose (50 mM), allowing 3 measurements after
each injection. For the oxygen consumption ratio (OCR)
measurements, cells were stimulated with oligomycin (1
uM), FCCP (1 uM) and antimycin A (0.5 uM), also allow-
ing 3 measurements after each injection. For the normal-
ization of respiration to protein content, cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer and protein
concentrations were measured using the Pierce BCA kit
(5000006, Bio-Rad, Hercules, CA).

Western blot analysis

Tumor tissues were lysed with RIPA buffer and incubated
on ice for 30 min. After incubation, cell extracts were cen-
trifuged for 10 min at 4 °C. The supernatant was collected
for protein concentration quantification using the Bradford
assay. Equal amounts (30-50 pg) of protein were loaded for
sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE), along with molecular weight markers. The
gels were run for 1 h 30 min at 120 V. The proteins inside
the gels were transferred onto nitrocellulose membranes for
1h at 100V using the wet transfer method as previously
described [22]. The membranes were blocked with 3% milk
for 1 h. Primary antibodies against p62 (sc-10117), pS3 (sc-
6243), PDHKI1(sc-293160), Dynamin-related protein 1
(DRP1, sc-271583), TP53-induced glycolysis and apoptosis
regulator (TIGAR, sc-166290), p21 (sc-6246), p38 (sc-
7972), p-p38 (sc-166182), HIF1-a (sc-10790), succinate
dehydrogenase complex flavoprotein subunit A (SDHA, sc-
390381), SDHB (sc-271548), damage-regulated autophagy
modulator (DRAM, sc-81713), translocase of outer mito-
chondrial membrane 20 (TOM?20, sc-17764), actin (sc-8432)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
sc-47724) were from Santa Cruz Biotechnology (Dallas,
TX). Primary antibodies against ATG16L1 (8089), LC3A/B
(12741), LC3B (2775), p-P53 (9284), p-PDHKI1 (3062T),
Pyruvate dehydrogenase E1, alpha (PDHE1a, 3205T) and p-
PDHEla (31866) were from Cell Signaling Technology
(Danvers, MA). V5 (14440-1-AP) synthesis of cytochrome ¢
oxidase 2 (SCO2, 21223-1-AP), and p53 upregulated mod-
ulator of apoptosis (PUMA, 55120-1-AP) were from Pro-
teintech (Rosemont, IL). Secondary antibodies against rabbit
(7074S) or mouse IgG (7076S) were from Cell Signaling
Technology (Danvers, MA).

Mitophagy assay with confocal imaging

We acquired a fluorescent mitophagy reporter plasmid
pCLBW cox8-EGFP-mCherry as a gift from Dr. David
Chan (Addgene, #78520) [23], and transiently transfected it
into MC38 PINKI1 overexpression cells and their parental
controls using DreamFect™ Gold Transfection Reagent
(DG81000, OZ Biosciences, San Diego, CA). We plated
2000 cells into each chamber of the §-well Nunc™ Lab-
Tek™ II Chambered Coverglass (155409, Thermo Scien-
tific, Waltham, MA). GFP and mCherry fluorescent signals
were visualized using a Leica TCS SP8 Confocal imaging
system (Leica Microsystems Inc., Buffalo Grove, IL) and
images were collected using the LAS X life science
Microscope software platform.

ImageStream analysis

pCLBW cox8-EGFP-mCherry plasmid were transiently
transfected into MC38 PINKI1 overexpressing cells and
their parental controls. After 24 h, cells were trypsinized to
prepare single cell suspensions. Single cell images were
acquired with ImageStreamxMark II (Amnis). Collected
data were analyzed with IDEAS 5.0 software (Amnis). Cells
were gated for single cells with the area and aspect ratio and
for focused cells with the Gradient RMS feature.

SPRINGER NATURE

Caspase-3/7 activity assay

We seeded 5000 MC38 PINKI overexpressing and
knockout cells and their parental controls into a white-wall
96-well plate. Background luminescence was measured
using a BioTek Synergy HTX Multi-Mode Microplate
Reader (BioTek Instruments, Inc., Winooski, VT) and
subtracted from blank wells before seeding. Caspase-3/7
activity was measured by a Caspase-Glo3/7 Assay (Cat No:
G8090, Promega) following the manufacturer’s protocol.

Metabolomic analysis

Targeted quantitative analysis was performed on 10 samples
of tumors from MC38 with or without PINK1 overexpression
at Human Metabolome America Technologies (HMT), Inc.,
(Boston, MA), using capillary electrophoresis mass spectro-
metry (Agilent CE-TOFMS system and Agilent CE-QqQMS)
in the cation and anion analysis modes for analyzing cationic
and anionic metabolites, respectively. A total of 116 meta-
bolites (54 and 62 metabolites in the cation and anion mode,
respectively) involved in glycolysis, pentose phosphate
pathway, tricarboxylic acid (TCA) cycle, urea cycle, and
polyamine, creatine, purine, glutathione, nicotinamide, cho-
line, and amino acid metabolisms were annotated based on
the HMT metabolite database. The samples were mixed with
750 uLL of 50% acetonitrile in water (v/v) containing internal
standards (20 uM) and homogenized (3500 rpm, 60s x5
times). The same amount of 50% acetonitrile in water (v/v)
was then added and centrifuged. The supernatant (400 uL)
was then filtrated through 5-kDa cut-off filter (ULTRAFREE-
MC-PLHCC, Human Metabolome Technologies, Yamagata,
Japan) to remove macromolecules. The filtrate was cen-
trifugally concentrated and resuspended in 50 uL of ultrapure
water immediately before the measurement.

Measurement of acetyl-CoA levels

The levels of acetyl-CoA in xenograft tumors were determined
by an acetyl-CoA kit (K317-100, Biovision, Milpitas, CA)
according to the manufacturer’s instructions. Briefly, tumor
tissues were sonicated and the lysis was collected. Following
the deproteinizing protocol, fluorescence was measured at
excitation and emission wavelengths of 535 nm and 587 nm,
respectively. The acetyl-CoA concentration in tissue samples
were calculated based on the measured standard curves.

Statistical analysis

Data are expressed as mean=+SD with individual data
points. We excluded any data point that was more than
2 standard deviation as an outlier. p values were calculated
by independent two-sided #-test, paired #-test, one-way and
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Fig. 1 PINKI1 deficiency
promotes colon tumorigenesis
in an AOM/DSS-induced
colitis-associated CRC mouse
model. A PINK1 mRNA
expression is decreased in
human CRC patient tumor
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two-way analysis of variance (ANOVA) as indicated. p <
0.05 was considered significant.
Results

PINK1 deficiency promotes tumor development in
two colitis-associated CRC mouse models

By mining the gene expression database Oncomine [24], we
found that PINK1 expression is significantly downregulated

in human colon tumors compared to adjacent normal colon
tissues in The Cancer Genome Atlas (TCGA) cohort sam-
ples (Fig. 1A), which is consistent with a previous report
[9]. To test the hypothesis that PINK1 is a colon tumor
suppressor, we first confirmed that the gene expression of
Pinkl was dose-dependently reduced in the colon tissues of
wild-type (Pinkl+-/+), Pinki+/— and Pinkl—/— mice by
real-time qPCR analysis (Fig. 1B). We then treated these
mice with a classical AOM/DSS protocol to induce
colitis-associated CRC. Under macroscopy, we found that
Pinkl—/— mice developed more and bigger tumors and
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Fig. 2 PINKI1 deficiency
promotes colon tumorigenesis
in an DSS/Apc deletion-
induced colitis-associated CRC
mouse model. Representative
images for (A) dissected colon
tissues, (B) colon tumors under
macroscope, (C) tumor number,
(D) tumor burden, (E) H&E
staining (Bar =400 um),

(F) histological score,
immunofluorescent staining and
quantification of (G, H) Ki67
and (I, J) cleaved caspase 3
(CC3) (n = 13) for colon tumor
tissues from Pinkl—/—;
CDX2ERT2 AchH' mice (n =
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most of them were located in the proximal colon, whereas
the tumors from PinkI+4/— and Pinkl+/+ mice were
located in the distal colon (Fig. 1C). Quantitative analysis
confirmed that Pink/—/— mice had significantly increased
average tumor numbers and tumor burden than Pinkl+/4+
mice (Fig. 1D). Histological examination indicates that
Pinkl—/— and Pinkl+/— mice had more severe inflam-
matory cell infiltration than Pinkl/+/+ mice (Fig. 1E). We
also confirmed that the gene expression of Pinkl was dose-
dependently reduced in both normal and tumor colon tissues
of Pinkl+/+, Pinkl+/— and Pinkl—/— mice (Fig. S1).
Though the AOM/DSS model is a widely accepted
mouse model of colitis-associated CRC, recently it was
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criticized that this model may not reflect human colon
tumorigenesis at the genomic level because some highly
mutated genes in human CRC, such as APC, p53, KRAS
and PIK3CA, were rarely identified in this model [25].
Thus, we also tested the effect of PINKI1 deficiency on
colon tumorigenesis using a recently developed CDX2ERT?
Ach "+ mouse model [17]. We found that after treating with
tamoxifen and DSS, Pinkl—/— mice lost more body weight
(Fig. S2A), had shorter colon length (Fig. S2B), and
developed more and bigger tumors under macroscopy
(Fig. 2A, B). The average tumor number (Fig. 2C), tumor
burden (Fig. 2D), as well as the average tumor number at
size of 1-2mm were increased after PINKI deletion
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(Fig. S2C). However, the average tumor size was not
changed in Pinkl—/— mice (Fig. S2D). Histological H&E
staining showed that the percentage of high-grade dysplasia
involved colon tissues was significantly increased in the
Pinkl—/— mice (Fig. 2E, F). Furthermore, adenoma was
found in 2 out of 4 examined PinkI—/— mice, 1 out of
3 examined PinkI+/— mice, and 0 out of 3 examined
Pinkl+/4 mice, respectively. The cell proliferation marker
Ki-67 was significantly increased in Pink/—/— mice com-
pared with Pinkl+/4+ mice, whereas the cell apoptosis
marker CC3 was not significantly changed (Fig. 2G-J).
gPCR analysis confirmed again that the gene expression of
Pinkl was significantly reduced in both normal and tumor
colon tissues of Pinkl—/— mice compared to Pinkl+/+
mice (Fig. S2E). Interestingly, several proinflammatory
cytokines including TNFa, IL-1f8, IL-6 and IFN-f were

significantly increased in Pinkl—/— mice (Fig. S2F-I).
Together, these data suggest that PINK1 is a tumor sup-
pressor in CRC.

PINK1 is critical for cell death in vitro

To further investigate the function of epithelial PINK1, we
generated murine colon tumor MC38 cells with stable
overexpression of human PINK1 and PINK1 knockout cells
(sgPINK1). qPCR analysis confirmed that PINK1 was
successfully overexpressed (Fig. 3A) or decreased
(Fig. 3B). As PINKI1 deficiency leads to increased tumor
growth and it is a mitophagy regulating gene, we hypo-
thesized that PINK1 might regulate cell proliferation and/or
cell death. Firstly, we performed an MTT cell proliferation
assay. Our results showed that PINKI overexpression
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suppressed, whereas PINKI1 deficiency increased cell
growth in vitro at 48 h and 72 h (Fig. 3C, D). Western blot
analysis demonstrated that several autophagy related genes
including p62 and ATG16L, and the ratio of LC3II/LC3I
were significantly increased by PINKI1 overexpression,
whereas PINK1 deletion cells exhibited significantly
decreased ATG16L (Fig. 3E, F). We also validated that
PINK1 itself and the vector tag V5, but not the mitochon-
drial fission protein DRPI, were increased by PINKI
overexpression (Fig. S3A). To test whether PINK1 over-
expression leads to increased mitophagy, we transfected a
fluorescent mitophagy reporter plasmid pCLBW cox8-
EGFP-mCherry into MC38 PINKI1 overexpressing cells
and their parental controls. The cox8-EGFP-mCherry ret-
roviral vector consists of the cox8 mitochondrial targeting
sequence placed N-terminal to an EGFP-mCherry fusion
[23]. Normal mitochondria are yellow, having both green
and red fluorescence in the matrix, whereas mitochondria
within acidic compartments show red-only fluorescence,
due to the selective sensitivity of EGFP fluorescence to low
pH [23]. We observed an increased ratio of red to green
fluorescence signaling in MC38 PINKI1 overexpressing
cells compared to parental MC38 cells (Fig. 3G, H) under
confocal microscopy. To efficiently quantify this change
in more cells, we performed ImageStream analysis.
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Consistently, we found an increased ratio of red to green
fluorescence signaling in MC38 PINKI1 overexpressing
cells due to decreased GFP signals (Fig. S3B, C). To
examine the impact of PINK1 on apoptosis, we also mea-
sured caspase-3/7 activity in MC38 cells. Interestingly,
PINK1 disruption significantly decreased caspase-3/7
activity, while PINK1 overexpression had no effect (Fig.
S3D). Together, these data suggest that PINK1 may impact
tumor cell growth by modulating cell death.

PINK1 is important for metabolic homeostasis
in vitro

As PINK1 is a mitochondrial protein and mitochondria are
important for regulating cellular respiration, we further
analyzed oxygen consumption and glycolysis after PINK1
overexpression and deletion using Seahorse analysis.
Interestingly, we found that PINK1 overexpression in
MC38 cells leads to increased mitochondrial respiration
indicated by OCR (Fig. 4A), but decreased glycolysis
indicated by ECAR (Fig. 4B). Specifically, the maximum
respiration and spare respiration capacity were increased,
whereas glycolysis and glycolytic capacity were decreased.
To be noted, there was no change in basal ECAR, glyco-
lytic reserve, basal respiration, ATP production and proton
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leak by PINKI1 overexpression (Figs. S4A and S4B). In
contrast, PINK1 knockout in MC38 cells leads to decreased
mitochondrial respiration including basal respiration,
maximum respiration, spare respiration capacity, ATP
production and proton leak (Figs. 4C and S4C), and
increased glycolysis including glycolytic capacity and
glycolytic reserve (Figs. 4D and S4D). Activation of p53
has shown a similar metabolic effect and p53 is a direct
target of PINK1 [26-30]. Thus, we examined the levels of
p53, its active form phospho-p53 ser392 as well as p53
target proteins p21, TIGAR, SCO2, DRAM and PUMA
after PINK1 overexpression or deletion. Western blot
analysis showed that all of the above p53 related proteins
were significantly increased by PINK1 overexpression but
decreased by PINK1 deletion (Fig. 4E). Interestingly, the
active form of a pro-survival protein p38, phospho-p38,
was significantly decreased by PINK1 overexpression but
increased in PINKI1 knockout cells (Fig. 4E). Together,
these data indicate that the metabolic changes and
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decreased cell survival after PINK1 overexpression may be
at least partly due to the activation of p53 signaling
pathways.

PINK1 overexpression suppresses tumor growth
in vivo

To study whether PINKI overexpression can suppress
tumor growth in vivo, we injected MC38 parental and
PINK1 overexpressing cells into C57BL/6 mice. PINK1
overexpression significantly reduced MC38 xenograft
tumor size and weight (Fig. 5SA, B). By qPCR analysis, we
confirmed that the PINK1 expression level was still higher
in xenograft tumors derived from MC38 PINKI1 over-
expressing cells than parental cells (Fig. 5C). Furthermore,
using immunofluorescence staining analysis, we found that
PINK1 overexpression did not change the percentage of
Ki67 positive cells (Fig. 5D), but increased the percentage
of CC3 positive cells (Fig. SE). Together, these data suggest
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that PINK1 overexpression leads to reduced tumor growth
by promoting cell death in vivo.

PINK1 drives metabolic reprogramming in xenograft
tumor

To further understand the impact of PINK1 on cellular
metabolism in vivo, we performed an unbiased metabo-
lomic analysis of xenograft tumors with or without PINK1
overexpression. We found the glycolytic product acetyl-
CoA was decreased, whereas the TCA intermediates
fumarate and malate were increased in tumor xenografts
derived from MC38 cells with PINKI overexpression
(Fig. 6A, Supplementary Table 2). PDHEl« is the enzyme
that can catalyze pyruvate to acetyl-CoA, whereas PDHK1

phosphorylates and inactivates PDHEla (Fig. 6B). In
addition, PDHKI1 is a known target gene of HIF-la [31].
The mitochondrial protein complex SDH is critical in
transforming succinate to fumarate (Fig. 6B). Indeed,
Western blot analysis confirmed that HIF-1o/PDHK1/
PDHEla, SDHA and SDHB were significantly increased
by PINKI1 overexpression, but decreased by PINKI1 dis-
ruption in MC38 cells (Fig. 6C, D). Importantly, we also
confirmed the activation of PDHKI1 indicated by increased
p-PDHK1 and the induction of mitophagy indicated by
decreased mitochondrial protein TOM20 and LC3B accu-
mulation in xenograft tumors derived from MC38 cells with
PINK1 overexpression (Fig. S5). Interestingly, we found
that the expression of PINKI1 was correlated with SDHA,
whereas the expression of SDHA was also correlated with
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pS3 expression in colorectal adenoma tissues from the
TCGA database (Fig. S6A, B). We then overexpressed
SDHA in MC38 cells to test the effect of SDHA on colon
tumorigenesis. qPCR analysis confirmed the successful
overexpression of SDHA (Fig. S6C, D), but it didn’t change
the tumor growth as indicated by xenograft tumor weight
(Fig. S6E). Together, these data suggest that PINK1 over-
expression drives metabolic reprogramming in tumors by
activating p53, glycolytic and mitochondrial enzymes.

Acetyl-CoA is a critical metabolite for driving colon
tumor growth

It has been reported that acetyl-CoA is a critical determinant
for tumor growth [32]. In addition to the production of
acetyl-CoA from pyruvate oxidation through PDHEla
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Fig. 7 Acetyl-CoA is a determinant metabolite in PINK1-repressed
tumor growth. A Acetate can be catalyzed by ACSS directly into
acetyl-CoA. (B) Representative images, (C) tumor weight (n = 8-10)
and (D) acetyl-CoA levels (n = 3-4) for MC38 PINK1 overexpression
xenograft tumors from C57BL/6 mice treated with or without 500 mg/

mediated glycolysis, acetyl-CoA can also be produced by
acetyl-coenzyme A synthetase (ACSS) from acetate
(Fig. 7A) [32-34]. Thus, we examined whether acetate
treatment could increase acetyl-CoA levels in xenograft
tumors and rescue the PINK1-mediated tumor suppression
effect. Strikingly, PINK1 overexpression reproducibly
inhibited tumor growth, whereas acetate treatment
decreased tumor growth in MC38 parental cells but rescued
PINK1-repressed tumor growth in mice (Fig. 7B, C). We
also confirmed that the acetyl-CoA levels in tumors were
decreased by PINKI1 overexpression, whereas acetate
treatment increased the acetyl-CoA levels in the tumor with
PINK1 overexpression but not in the control group
(Fig. 7D). Furthermore, PINKI1 disruption significantly
increased tumor growth and acetyl-CoA levels (Fig. 7TE-G).
To test whether p53 activation by PINKI1 is responsible for
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the metabolic and tumor cell growth suppressing effects, we
overexpressed a p53 target TIGAR or SCO2 in
MC38 sgPINKI1 cells and sgEV cells (Fig. STA, B). TIGAR
overexpression increased, whereas SCO2 overexpression
decreased cell survival rate in both MC38 sgPINKI1 and
sgEV cells (Fig. S7C). This was further validated by a
xenograft study (Fig. S7D). Together, our data suggest that
mitophagy protein PINK1 suppresses colon tumor growth
by activation of p53 signaling pathways and inhibiting the
production of acetyl-CoA.

Discussion

CRC is the third most commonly diagnosed cancer world-
wide and a leading cause of cancer-related deaths [1].
Mitochondria is a major intracellular organelle known for
energy and ROS production via utilizing macronutrients.
Thus, proper mitochondrial dynamics and quality control is
required for normal mitochondrial functions. However, little
is known about the exact role of mitochondrial quality
control in the progression of CRC. In this paper, we
demonstrate that mitophagy protein PINK1 suppresses

tumor development by metabolic reprogramming.
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Mechanistically, PINK1 overexpression leads to the acti-
vation of p53 signaling pathways and the HIF-1o/PDHK1/
PDHEla/acetyl-CoA axis (Fig. 8). Importantly, we
demonstrate that acetyl-CoA is a limiting factor for CRC
tumor growth.

PINKI1 is a negative regulator of growth and the War-
burg effect in glioblastoma [35]. PINK1 overexpression
suppressed the expression of HIF-la and its downstream
target PDHK1 in glioblastoma [35]. On the contrary,
PINK1 deficiency sustains cell proliferation by upregulating
the expression of HIF-1a and its downstream target PDHK 1
in cultured Pinkl—/— mouse embryonic fibroblasts and
primary cortical neurons as well as in vivo [13]. PDHKI
activation is known to promote the Warburg effect by
phosphorylation of PDHEla, which impedes pyruvate
binding and increases tumor development [36]. However,
PINK1 overexpression upregulated expression of HIF-la
and PDHK1 despite reduced glycolysis in CRC. One pos-
sibility is that this reduced glycolysis is caused by p53
activation since p53 inhibits glycolysis by inducing TIGAR
[26, 27]. In addition, pS3 promotes mitochondrial respira-
tion via induction of the protein SCO2 [28] and activates the
gene expression of SDHA [37]. Consistent with this, we
found that PINK1 overexpression increased mitochondrial
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Fig. 8 Working model for PINK1-suppressed colon tumor growth.
PINK1 phosphorylates and activates p53, which induces its down-
stream target genes including TIGAR, SCO2, DRAM, PUMA and p21
[26-29]. TIGAR decreases glycolysis by dephosphorylating fructose-
2,6-bisphosphate and modulates apoptosis [26, 27]. SCO2 is targeted
to the inner membrane (IMM) of the mitochondria where it facilitates
the assembly of the cytochrome ¢ oxidase (COX) complex in the
electron transport chain (ETC), and thus increases mitochondrial
respiration and potential utilization of acetyl-CoA [28]. DRAM reg-
ulates autophagy and apoptosis [29]. PUMA is a known positive
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regulator for apoptosis [26]. Meanwhile, PINK1 can also induce
HIFla and its downstream target PDHKI1, which phosphorylates
PDHElwx and thus inhibits the conversion of pyruvate to acetyl-CoA.
Exogenous acetate can be transported across the cell membrane via
monocarboxylate transporters (MCTs) and sodium coupled mono-
carboxylate transporters (SMCTs) into the cell [18, 19]. It is then
transported across the mitochondrial IMM through passive diffusion or
via an unknown mitochondrial carrier into the mitochondrial matrix
[20, 21] where it is catalyzed by ACSS2 to form acetyl-CoA and
support tumor growth.
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respiration, whereas our metabolomics study showed that
the fumarate levels were elevated after PINKI1 over-
expression. Thus, we propose that the upregulation of p53
and its downstream targets is responsible for the increased
mitochondrial respiration by PINKI overexpression.
Indeed, PINK1 deficiency decreased p53 signaling and
mitochondrial respiration, and increased glycolysis. TIGAR
overexpression increased cell survival rate and xenograft
tumor growth in both MC38 sgPINK1 and sgEV cells. This
seems contradictory to our hypothesis that TIGAR over-
expression inhibits glycolysis and suppresses PINKI
disruption-mediated tumor growth. However, expression of
TIGAR may also protect cells from p53-induced apoptosis
by reducing intracellular ROS [27]. In a mouse model of
intestinal adenoma, TIGAR disruption decreased tumor
burden and increased survival, while TIGAR expression is
increased in human colon tumors indicating that TIGAR
promotes cancer progression [38]. SCO2 overexpression
was able to repress PINK1 depletion-enhanced tumor cell
growth both in vitro and in vivo. This is consistent with our
hypothesis that induction of oxidative phosphorylation may
consume more acetyl-CoA and decrease colon tumor
growth. Thus, SCO2 may be one key driver mediating the
tumor suppressing effect of p53 and PINK1. However, the
upregulation of SDHA may not be a major contributor to
the tumor suppressive effect of PINKI1 overexpression.
SDHA overexpression in MC38 cells didn’t inhibit the
xenograft tumor growth. Future studies will test the role of
phosphomimetic p53 and SDHB in metabolic regulation
and colon tumorigenesis.

We found when PINKI1 is overexpressed in MC38 cells
in vitro, mitophagy but not apoptosis was increased. This
may have resulted from the simultaneous activation of anti-
apoptosis proteins (p21, TIGAR and DRAM) and pro-
apoptosis proteins (pS3 and PUMA) [26, 27, 29, 39, 40].
However, when PINKI1 was overexpressed in MC38
xenograft tumors in vivo, both mitophagy and apoptosis
were increased. This may be due to the fact that nutrients
are more restricted in the in vivo tumor environment com-
pared to nutrient-rich in vitro cell culture conditions. In
addition, we showed that autophagy markers and apoptosis
were decreased in PINK1 knockout cells. Together, we
believe PINK1 is a critical modulator of cell survival.

Our paper highlights the determinant role of acetyl-CoA
in the growth of tumor xenografts. Acetyl-CoA is an
important metabolic signal for growth and proliferation
[41]. As mentioned above, acetate can provide an alter-
native source of acetyl-CoA in addition to pyruvate oxida-
tion [42]. Interestingly, a recent paper showed that
exogenous acetate supplementation suppresses intestinal
stem cell loss in HNF4oryPX® mutant organoids but impairs
the growth of wild-type organoids [43]. This is similar to
our observation that acetate reduced tumor growth in MC38

parental cells but rescued PINK1-repressed tumor growth in
mice. Under metabolically stressful conditions, ACSS2
promotes acetate utilization and tumor growth [44]. How-
ever, ACSS2 is downregulated in CRC tumor tissues
compared with normal colonic mucosa and low expression
of ACSS2 is an independent prognostic factor for poor 5-
year progression-free survival [45]. This may be due to the
fact that normal colonocytes use short chain fatty acids
including acetate derived from intestinal microbiota fer-
mentation as an energy source [45, 46]. Thus, future
experiments are needed to examine the metabolic changes
in colon tumor tissues derived from Pinkl/—/— mice com-
pared to Pinkl+/+ mice. Increased acetate percentage in
short chain fatty acids was found in enema samples from
CRC patients compared to normal subjects [47]. Thus, it
would also be interesting to test whether decreasing acetate
producing bacteria through modulation of gut microbiota
would lead to decreased acetyl-CoA amounts and provide
any benefits to CRC patients [48].

Mitochondrial damage can lead to broken mitochondrial
membranes and subsequent mitochondrial DNA leakage,
which can activate the NLRP3 inflammasome to release IL-
1P and activate cGAS/STING to induce IFN-f3 [49]. Indeed,
NLRP3 inflammasome activation has been found in cells
from Pinkl—/— mice under stressed conditions [50-52]. A
recent landmark paper found that PINK1/Parkin alleviated
the cGAS/STING pathway induced inflammation upon
mitochondrial stress [53]. Considering that cytokines
including IL-1f8 and IFN-f were increased in colon tumor
tissues from our Pinkl—/— mice, it would be important to
investigate the involvement of the NLRP3 inflammasome
and the cGAS/STING pathway in PINK1-suppressed colon
tumorigenesis in the future.

In conclusion, we have demonstrated that mitophagy
protein PINKI1 is a tumor suppressor that modulates cellular
metabolism and promotes cell death in CRC. Mechan-
istically, we showed that PINK1 suppresses colon tumor-
igenesis by metabolic reprogramming through p53
activation and reducing acetyl-CoA production. This study
provides new insights that can be potentially used as ther-
apeutic strategies for the treatment of CRC.
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