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Abstract Parkin, an E3 ubiquitin ligase, plays a role in maintaining mitochondrial homeostasis through

targeting damaged mitochondria for mitophagy. Accumulating evidence suggests that the acetylation

modification of the key mitophagy machinery influences mitophagy level, but the underlying mechanism

is poorly understood. Here, our study demonstrated that inhibition of histone deacetylase (HDAC) by

treatment of HDACis activates mitophagy through mediating Parkin acetylation, leading to inhibition

of cervical cancer cell proliferation. Bioinformatics analysis shows that Parkin expression is inversely

correlated with HDAC2 expression in human cervical cancer, indicating the low acetylation level of Par-

kin. Using mass spectrometry, Parkin is identified to interact with two upstream molecules, acetylase

acetyl-CoA acetyltransferase 1 (ACAT1) and deacetylase HDAC2. Under treatment of suberoylanilide
etyltransferase 1; CCK-8, cell counting kit-8; COXⅣ, cytochrome c oxidase Ⅳ; GAPDH, glyceraldehyde-3-

e deacetylase; HIF-1a, hypoxia inducible factor-1a; HSP60, heat shock protein 60 kDa; LC3, microtubule-

S, mass spectrometry; MFN2, mitofusion 2; PINK1, PTEN induced putative kinase 1; PARK2, Parkin; ROS,

nilide hydroxamic acid; TOMM20, translocase of outer mitochondrial membrane 20; TIM23, translocase of the

ULK1, unc-51 like autophagy activating kinase 1; VDAC1, voltage-dependent anion-selective channel protein 1.
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hydroxamic acid (SAHA), Parkin is acetylated at lysine residues 129, 220 and 349, located in different

domains of Parkin protein. In in vitro experiments, combined mutation of Parkin largely attenuate the

interaction of Parkin with PTEN induced putative kinase 1 (PINK1) and the function of Parkin in mito-

phagy induction and tumor suppression. In tumor xenografts, the expression of mutant Parkin impairs the

tumor suppressive effect of Parkin and decreases the anticancer activity of SAHA. Our results reveal an

acetylation-dependent regulatory mechanism governing Parkin in mitophagy and cervical carcinogenesis,

which offers a new mitophagy modulation strategy for cancer therapy.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mitophagy refers to the process of selective removal of damaged or
dysfunctional mitochondria via the autophagy/lysosome pathway,
which plays an important role in mitochondrial quality control. In
the past decade, the molecular mechanisms underlying mitophagy
have been extensively studied. The well-studied pathway is
PINK1eParkin mediated ubiquitin pathway1. Under normal con-
dition, PINK1 is localized in mitochondrial inner membrane and
cleaved by PARL protease2. Parkin is an E3 ubiquitin ligase and
initially found to be closely related to Parkinson’s disease3. Upon
mitochondrial damage, PINK1 cleavage is inhibited and PINK1 is
translocalized to mitochondrial outer membrane, where phosphor-
ylates ubiquitin and Parkin at Ser654. After phosphorylation, Parkin
is activated and ubiquitinates mitochondrial outer membrane pro-
teins, which are further recognized by autophagy adaptor pro-
teins5,6. Finally, they bind to microtubule-associated protein 1A/1B-
light chain 3 (LC3) on the autophagosome membrane and are
degraded by the lysosomal pathway7.

In addition to phosphorylation and ubiquitination modification,
the key mitophagy machinery may undergo extensive acetylation
modification8. Acetylation of mitochondrial proteins has been
revealed to influence mitophagy process9. Under starvation,
mitochondrial acetyltransferase GCN5-like protein 1 deletion di-
minishes mitochondrial protein acetylation and augments mito-
chondrial enrichment of autophagy mediators10. With the
activation of transcription factor EB, mitochondrial degradation is
enhanced11. Phosphorylation of ubiquitin leads to the activation of
Parkin12 while acetylation of ubiquitin represses the formation and
elongation of ubiquitin chains13. In addition, there are also many
HDACs regulating mitophagy, which are aberrantly expressed in
multiple cancers, including cervical cancer14. HDAC6 is recruited
to mitochondria and positively regulates mitophagy upon mito-
chondrial damage15. Sirtuin 1 deletion increases production of
reactive oxygen species (ROS) and recruits Parkin to mitochondria
and induces mitophagy16. Other mitochondrial deacetylase Sirtuin
2 ablation leads to heat shock protein 70 (HSP70) acetylation and
mitophagy induction17; Sirtuin 3 has also been found to associate
with mitophagy process9,18. When Sirtuin inhibition, mitophagy is
observed to be activated that is selective for depolarized mito-
chondria19. Given the regulatory effect of acetylation on mitoph-
agy, it is necessary to investigate the acetylation of the key
mitophagy machinery, which could offer a unique window of
opportunity for the control of mitophagy-related diseases, such as
cancer.

Increasing evidence demonstrate that dysfunction in mitoph-
agy has a close connection with tumorigenesis and tumor devel-
opment20. But the role of mitophagy in carcinogenesis remains
largely unclear. On the one hand, mitophagy serves as tumor
suppression by eliminating dysfunctional mitochondria21. Certain
mitophagy receptors or adaptor proteins are tumor suppressor in
cancer and their loss, mutation or functional changes result in
tumorigenesis22,23. Parkin is downregulated in multiple tumors
including cervical cancer24, which results in mitotic instability25

and also attenuates its regulatory role in glucose metabolism
and antioxidant defense26. Loss of PINK1 expression activates
hypoxia inducible factor-1a (HIF-1a)-dependent Warburg effect
and inflammasome in cancer cells27. The key mitophagy receptor
BCL-2 interacting protein 3 is epigenetically silenced28, leading to
drug resistance while BCL-2 interacting protein 3L/NIX activates
cell apoptosis29. FUN14 domain containing 1 is hypoxia-induced
mitophagy receptor and suppresses tumor development through
inhibiting inflammasome activation30. On the other hand, mito-
chondrial maintenance is crucial for cancer cell survival and
mitophagy serves to eliminate the dysfunctional mitochondria to
relieve stress21,31. In tumor microenvironment, HIF-1a-driven
mitophagy leads to hypoxia adaption and cancer cell survival,
promoting tumorigenesis32,33. Moreover, HIF-1a quenches mito-
chondrial biogenesis, which in turn stabilizes HIF-1a in a regu-
latory loop mechanism34. Hence, the study of mitophagy
regulatory mechanisms in cancer-related events is of great sig-
nificance, which is helpful for the discovery of novel mitophagy
interventional strategies for cancer therapy.

In the present study, we investigated the acetylation modifi-
cation of Parkin and observed that Parkin acetylation had an
important impact on Parkin-dependent mitophagy and tumor
suppression. Our results reveal an acerylation-dependent molec-
ular mechanism regulating the function of Parkin in cancer. Using
mass spectrometry, we successfully identify the upstream mole-
cules controlling Parkin acetylation, which are ACAT1 and
HDAC2, and the acetylation sites of Parkin are also identified and
validated. Mutation assay reveals the importance of Parkin acet-
ylation in mitophagy and tumor suppression, indicating the tumor
suppressive role of mitophagy in cervical cancer. Thus, the acet-
ylation of Parkin may be a novel target in mitophagy-modulated
cancer therapy.
2. Materials and methods

2.1. Cell culture

HeLa, SiHA and HEK293 cells were obtained from ATCC
(American Type Culture Collection). Cells were maintained in
DMEM (Sigma, D1152) containing 10% fetal bovine serum
(HyClone, SV30160.03) in a 5% CO2 atmosphere at 37 �C.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Reagents and antibodies

The antibodies used in our experiments included: ACAT1 (CST,
44276), acetylated-lysine (CST, 9441), BAX (Proteintech, 50599-
2-Ig), BCL-2 (Proteintech, 12789-1-AP), COXⅣ (CST, 11967),
cleaved-PARP-1 (CST, 5625), cleaved-caspase3 (CST, 9661),
EP300 (Abcam, ab14984), FLAG (Sangon Biotech, D191041),
anti-FLAG� M2 Affinity Gel (MERCK, F2426), GAPDH (Pro-
teintech, 600004-1-lg), HDAC1 (Proteintech, 10197-1-AP),
HDAC2 (Proteintech, 12922-3-AP), HDAC3 (Proteintech, 10255-
1-AP), HSP60 (CST, 12165), HA (Sangon Biotech, D110004),
Ki67 (Proteintech, 27309-1-AP), LC3 (MERCK, L7543), MFN2
(Proteintech, 12186-1-AP), PINK1 (CST, 6946), Parkin (Pro-
teintech, 14060-1-AP; CST, 4211), Parkin (phospho-Ser65, Bio-
rbyt, orb312554), P62 (MERCK, P0067), TOMM20 (CST,
42406), TIM23 (Santa Cruz Biotechnology, sc-514463), ubiquitin
(Proteintech, 10201-2-AP), ULK1 (CST, 8054), VDAC1 (Pro-
teintech, 10866-1-AP), a-tubulin (Sigma, T6199), b-actin
(ABclonal, AC004).

The chemicals used in our experiments were: bafilomycin A1
(Sigma, B1793), chloroquine (MedChemExpress, HY-17589A),
Hoechst (Beyotime, 33342), suberoylanilide hydroxamic acid
(SAHA; MedChemExpress, HY-10221), and trichostatin A (TSA,
MedChemExpress, HY-15144).

2.3. Small interfering RNA (siRNA) and plasmids transient
transfection

The siRNAs targeting PINK1 (Santa Cruz Biotechnology, sc-
44598), ULK1 (GenePharma, Shanghai), ACAT1 (Santa Cruz
Biotechnology, sc-96390), HDAC1 (GenePharma, Shanghai),
HDAC2 (Santa Cruz Biotechnology, sc-29345), HDAC3 (Gene-
Pharma, Shanghai) or the plasmids for Flag-Parkin, GFP-Parkin
were transfected into HeLa or HEK293 cells using Lip-
ofectmine™ 3000 Transfection Reagent (Invitrogen, L3000015)
according to the manufacturer’s protocols.

2.4. Western blotting

After indicated treatment, cells were collected by scraping and
washed twice with PBS. Then, cells were lysed with RIPA Lysis
Buffer (Beyotime, P0013). Protein concentrations in the su-
pernatant were measured by a BCA Protein Assay Kit (Solar-
bio, PC0020). Equal amounts of proteins were separated by
SDS-polyacrylamide gels and then electroblotted onto Immun-
Blot� PVDF membrane (polyvinylidene fluoride, Bio-Rad,
1620184). After blocking with 5% skimmed milk, the mem-
brane wad incubated with primary and secondary antibodies,
respectively. Finally, the immunoblots were visualized with an
ECL system.

2.5. Transmission electron microscopy assay

Cells were seeded into 5-cm Petridishes and treated with SAHA.
After washing with PBS, cells were scraped and harvested with
4% glutaraldehyde and centrifuged at 4 �C. The precipitated cells
were continued to fix with 4% glutaraldehyde for another 2 h at
room temperature and stored at 4 �C. Electron photomicrographs
of the HeLa cells were taken by Wuhan Goodbio Technology Co.
2.6. Immunofluorescence staining and confocal microscope

Cells were first seeded to Nunc™ Lab-Tek™ II Chamber Slide™
(Lab-Tek, NUNC, 155411). After the designated treatments, cells
were fixed with 4% paraformaldehyde and permeabilized by
0.25% Triton X-100. After incubation with first antibody and
fluorochrome-conjugated secondary antibody. Fluorescence in-
tensity of cells was observed using Leika TCS SP5 Confocal
(Leica MICROSYSTEMS, Germany) and representative cells
were selected and photographed. ImageJ was used to analyze the
colocalization.

2.7. Immunohistochemistry assay

Tumor tissue samples were embedded in paraffin and antigen
retrieval was performed. Following the blockade of endogenous
peroxidase activity, the samples were incubated with the primary
antibodies of interest and the appropriate secondary antibodies and
reacted with DAB Detection Kit (Servicebio, G1212). The
immunoreactive staining of proteins in tumor tissue was detected
using Immunofluorescence Microscopy (Nikon, Japan).

2.8. Mito-Keima assay

HeLa cells were transfected with the mKeima-Red-Mito-7
(Addgene, 56018) plasmid using Lipofectamine 3000 for 24 h
and then treated with SAHA for another 12 h. The cells were
imaged using Leika TCS SP5 Confocal (Ex Z 550 nm,
Em Z 620 nm for acidic red fluorescence; Leica Microsystems,
Germany).

2.9. Immunoprecipitation assay

Briefly, the cells were lysed on ice for 30 min with RIPA Lysis
Buffer (Beyotime, P0013) with phosphatase and protease inhibi-
tor. Cell lysates were incubated with indicated antibodies over-
night with gentle rocking at 4 �C. The immunoprecipitates were
then washed three times in IP buffer and the immunoprecipitated
complexes were eluted by boiling in sample buffer. Immuno-
blotting was performed to analyze the precipitated proteins.

2.10. In vitro acetylation assay

The acetylation reaction was performed based on a reported
protocol with modifications35. Briefly, in 30 mL of reaction
mixture containing 20 mmol/L Tris-HCl, pH 8.0, 20% glycerol,
100 mmol/L KCl, 1 mmol/L dithiothreitol, 0.1 mmol/L EDTA,
2 mmol/L SAHA, 1 mmol/L PMSF, 100 mmol/L acetyl-CoA
(Sigma, A2056), 200 ng ACAT1 recombinant protein and
100 ng of Parkin recombinant protein were added and incubated at
30 �C for 1 h. The reaction was stopped by adding SDS sample
buffer. The samples were subjected to SDS-PAGE and analyzed
using immunoblotting.

2.11. Mitochondria isolation and analysis

After indicated treatment, cells were harvested, resuspended in
mitochondria isolation reagent, and transferred to Dounce Tissue
Grinder. After homogenization, cellular mitochondria were iso-
lated using Cell Mitochondria Isolation Kit (Beyotime, C3601)
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according to the manufacturer’s instructions. The isolated mito-
chondria were lysed with RIPA Lysis Buffer (Beyotime, P0013).
The sample was separated on 12% (w/v) SDS-PAGE gels through
electrophoresis.

2.12. Mass spectrometry (MS) analysis

In this study, we used MS analysis for two objectives. First, to
determine the interaction proteins with Parkin, HEK293 cells with
Flag-Parkin overexpression were treated with SAHA for 12 h and
anti-FLAG� M2 Affinity Gel was used for immunoprecipitation.
Immunoprecipitation of FLAG-Parkin from cell lysates were
performed as described36. Immunoprecipitates were washed with
lysis buffer and resolved on an SDS-PAGE gel. And gel slices
from SDS-PAGE separation of cell lysates were subjected to in-
gel tryptic digestion. The resulting peptides were analyzed by
LCeMS (Thermo Fisher Easy-nLC 1000, Thermo Fisher LTQ
Obitrap ETD). The results are retrieved by MASCOT software
according to the following conditions. After label-free relative
quantitation, GO (gene ontology) analysis, KEGG (kyoto ency-
clopedia of genes and genomes) pathway analysis and IPA (in-
genuity pathways) analysis were conducted to analyze the protein-
interaction network among the identified proteins by LCeMS.
The analysis was performed by Jiyun Biotech (Shanghai, China).

Second, to identify the acetylation sites of Parkin,
HEK293 cells with Flag-Parkin overexpression were treated
with SAHA and cell lysates were immunoprecipitated using
anti-FLAG� M2 Affinity Gel. The proteomic sample prepa-
ration was performed as described previously. The peptides
were analyzed with an MS system which comprised a Dionex
Ultimate 3000 RSLC nano LC system (Thermo Fisher, Wal-
tham, MA, USA) coupled to a Q-Exactive mass spectrometer
(Thermo Fisher, Waltham, MA, USA). The UniProt human
database was used for data searches using an in-house Mascot
server (version 2.4.1, Matrix Science, Boston, MA, USA).
Shortlisted acetylated peptides were further confirmed by
manual inspection of MS/MS spectra to identify the exact
acetylation sites.

2.13. Determination of mitochondrial membrane potential

JC-1 dye (Thermo Fisher SCIENTIFIC, T3168) is a membrane
permeable dye to determine mitochondrial membrane potential. It
can selectively enter the mitochondria where it reversibly changes
color with membrane potential changing. Upon membrane po-
larization, the formation of JC-1 aggregates cause shifts in emitted
light from 530 to 590 nm when excited at 488 nm. The treated
cells were labeled with 10 mg/mL JC-1 dye and fluorescence was
determined using BD FACSCanto™ II Cell Analyzer (BD
Biosciences-US) or Immunofluorescence Microscopy (Nikon,
Japan).

2.14. Mitochondrial ROS measurement

Cells were seeded in 12-well plate and treated with SAHA for the
indicated times. Then, the cells were exposed to MitoSOX™ Red
Mitochondrial Superoxide Indicator (Thermo Fisher Scientific,
M36008, 5 mmol/L) for 30 min at 37 �C in the dark. Cells were
harvested and prepared for measurement. BD FACSCanto™ II
Cell Analyzer (BD Biosciences-US) was used to measure the
fluorescence intensity (Ex/Em 510/580 nm).

2.15. Cell viability assay

Cell viability was measured using the cell counting kit-8 (CCK-8;
Yeasen, 40203ES60) assay. Cells were first seeded in 96-well
plates and allowed to attach overnight in a 5% CO2 incubator
(Thermo Fisher Scientific). The cells were then treated with drugs
as indicated. 10 mL CCK-8 was added to each well and incubated
for 1e4 h at 37 �C. The absorbance at 450 nm was measured with
a Thermo Scientific Multiskan Sky Microplate Spectrophotometer
(Thermo Fisher Scientific).

2.16. In vivo xenograft tumor model

Four-week-old female BALB/c nude mice were purchased from the
Institute of Zoology, Zhejiang Chinese Medical University. All
experiments were performed in accordance with the official rec-
ommendations of the Chinese Zoological Society, and animals
received humane care according to the criteria outlined in Guide for
the Care and Use of Laboratory Animals. A suspension containing
2 � 106 HeLa cells with empty vector, wild-type or mutant Parkin
expression, was subcutaneously injected into the right flanks of the
nude mice. After 7 days, mice were randomly divided into five
groups: Empty vector; Parkin-WT control and SAHA treatment;
Parkin-KR control and SAHA treatment. Tumor-bearing mice were
intraperitoneal injected with SAHA (50 mg/kg) or saline, respec-
tively. The tumor dimensions were measured using a Vernier caliper
twice per week. Mice were killed 30 days after inoculation, and
xenograft tumors were removed and weighed.

2.17. Statistical analysis

All Western blotting data and image data presented were repre-
sentative of 3 independent experiments. The numeric data were
presented as mean � standard deviation (SD) from 3 independent
experiments. An analysis of variance and Student’s t-test were
used for comparison among groups. A P-value less than 0.05 was
significant (*P < 0.05, ***P < 0.01, ***P < 0.001) and a P-value
higher than 0.05 was not statistically significant (#P > 0.05).

3. Results

3.1. HDACi SAHA activates mitochondrial-dependent apoptosis
through inhibition of HDAC1/2/3 activity

Cervical cancer cells are characterized with the expression of
human papillomavirus oncoproteins E6 and E737. The onco-
gencity of E6 is mediated in part by targeting P53 and PDZ-family
tumor suppressor proteins for rapid proteasomal degradation38,
whereas E7 oncoprotein acts in part by co-operating with class I
HDACs39,40. Oncomine database analysis shows that HDAC1/2
were significantly upregulated in human cervical cancer tissue
while HDAC3 was only highly overexpressed in human cervical
cancer cell lines (Fig. 1A), including C4-I, CaSki, C-33A, HT-3,
SiHa, SW756, MS751, ME-180 and HeLa. In HeLa and SiHA
cells, HDACis SAHA treatment decreased the expression of
HDAC1/2/3 in a dose-dependent manner (Fig. 1B). Cell
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morphology changes showed the shrinked, round and low-density
cells under SAHA treatment and more dead cells were observed
with the dose increasing (Supporting Infromation Fig. S1A). We
next analyzed the type of cell death and detected a significant
increase of cell fluorescence using annexin V staining (Fig. 1C),
indicating cell apoptosis. Meanwhile, Western blotting analysis
also showed that SAHA treatment increased the expression of the
pro-apoptotic proteins, including BAX, cleaved poly (ADP-ribose)
polymerase 1 (PARP-1) and caspase3, and decreased the expres-
sion of anti-apoptotic protein BCL-2 (Fig. 1D).

As is well established, a variety of key events in apoptosis
occur in the mitochondria41, including the release of caspase ac-
tivators, the participation of pro- and anti-apoptotic BCL-2 family
proteins. In SAHA-treated cells, JC-1 staining showed the
reduction of red fluorescence (J-aggregate formation, Fig. 1E, F)
and the ratio of J-aggregates to J-monomers was significantly
decreased, indicating a lower mitochondrial polarization. In
addition, we also evaluated mitochondrial oxidation using flow
cytometry and found that there was more mitochondrial ROS
production under SAHA treatment (Fig. 1G). Consequently,
mitochondria could be damaged due to oxidative stress and we
performed the mitochondria-selective probe MitoTracker staining
Figure 1 SAHA treatment decreases HDACs expression and induces m

of HDAC1/2/3 in human cervical cancer cell lines, tumor & nontumor tiss

HeLa and SiHA cells were treated with different doses of SAHA (1.0, 2.5,

for Western blotting. a-Tubulin was used as loading control. (C) as in (B)

measured by BD FACS™. Cell fluorescence was calculated and statistically

SAHA-treated SiHA cell and subjected to Western blotting analysis using

first treated with SAHA (5 mmol/L, 12 h) and then stained with 2 mmol/L J

monomers (green) was examined either by confocal microscope (scale ba

was calculated as indicated and statistically analysed. *P < 0.05. (G) as

indicator (5 mmol/L, 30 min) and flow cytometry graph was shown. (H)

CMXRos (100 nmol/L, 15 min) for mitochondrial length. Confocal Micro
and observed the decrease of mitochondria length and excessive
mitochondria fragmentation (Fig. 1H).

3.2. SAHA treatment induces mitophagy in human cervical
cancer cells

Our previous studies42 demonstrated that HDACis activate auto-
phagy and autophagy inhibition enhanced the therapeutic efficacy
of HDACis. Under SAHA treatment, there was too much mito-
chondria damage. To maintain mitochondrial quality control,
mitophagy could be induced to remove malfunctioning or
damaged mitochondria through the lysosome, which is also
essential for normal cellular physiology43. We thus examined the
level of mitophagy in SAHA-treated SiHA cells. As shown in
Fig. 2A, Western blotting analysis shows that SAHA treatment
decreased mitochondrial protein levels of heat shock protein 60
(HSP60), translocase of outer membrane 20 (TOMM20), and
translocase of the inner membrane 23 (TIM23) through inducing
autophagy, which was accompanied with the increase of LC3
protein level (autophagosome marker) and the decrease of P62
protein level (autophagy substrate). Under confocal microscope,
we found that in HeLa cells stably expressing GFP-LC3, SAHA
itochondria-dependent apoptosis. (A) Analysis of the expression levels

ues from Oncomine database. *P < 0.05, ***P<0.001, #P>0.05. (B)

and 5.0 mmol/L) for 24 h as designated. Cells were harvested and lysed

, cells were stained with the Annexin V, Pacific Blue™ conjugate and

analysed. *P < 0.05, **P< 0.01. (D) Cell lysates were prepared from

antibodies against PARP-1 and caspase3. (E) and (F) SiHA cells were

C-1 dye for 15 min at 37 �C. Fluorescence of J-aggregates (red) and J-

r Z 10 mm) or BD FACS™. The ratio of J-aggregates to J-monomers

in (F), mitochondrial ROS was detected by mitochondrial superoxide

as in (E), SAHA-treated cells were stained using MitoTracker™ Red

scope was performed for evaluation. Scale bar Z 10 mm.



Figure 2 Mitophagy induction occurs in SAHA-treated human cervical cancer cells. (A) SiHA cells were treated with 5 mmol/L SAHA for

different time (6, 12, and 24 h). Cell lysates were then prepared and subjected to Western blotting analysis for mitochondrial proteins TOMM20,

TIM23 and HSP60. a-Tubulin was used as loading control. (B) HeLa cells stably expressing GFP-LC3 were treated with SAHA (5 mmol/L, 12 h).

After immunostaining with LAMP1 (red) and COXⅣ (blue), cells were examined under confocal microscope. Scale bar Z 10 mm. (C)

Transmission electron microscopy images of the ultrastructure of SiHA cells under SAHA treatment (scale bar Z 2 mm). AP and AL refer to

double-membrane autophagosomes or autolysosomes. (D) HeLa cells were transfected with the mKeima-Red-Mito-7 plasmid, followed by

treatment with SAHA. The fluorescence was detected by confocal microscope. Scale bar Z 10 mm. (E) Mitochondrial fractions were prepared

from SAHA-treated SiHA cells and subjected to Western blotting analysis of LC3 and P62. TIM23 was used as a representative of mitochondrial

fraction. (F) SiHA cells were treated with 5 mmol/LSAHA in the presence or absence of chloroquine (10 mmol/L) for 12 h. Then mitochondrial

protein levels were detected by Western bolting with a-tubulin was used as loading control. (G) SiHA cells were first transfected with the ULK1-

specific siRNA and then cells were treated with SAHA (5 mmol/L, 12 h, left panel). The same treatment was also performed in both Ulk1þ/þ and

Ulk1�/� MEFs. Western blotting was used to determine the mitochondrial protein levels. (H) as in (G), after SAHA treatment, 10 mL CCK-8

solution was added into each well of the plate and the absorbance was measured at 450 nm using microplate spectrophotometer.

**P < 0.01,***P < 0.001.
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treatment increased the colocalization of GFP-LC3 with LAMP1
in mitochondria, indicating the enhanced formation of mitopha-
gosomes and its fusion with lysosomes (Fig. 2B). Transmission
electron microscopy revealed high electron-density substances and
abnormal mitochondria surrounded by double membranes (auto-
phagosomes) or inside the autolysosomes, indicating the presence
of mitophagosomes (Fig. 2C). To further confirm the occurrence
of mitophagy, mito-Keima, a pH-sensitive fluorescent protein35,
was transfected into HeLa cells to determine mitochondrial
movement from the cytoplasm to the lysosome. As shown in
Fig. 2D and Fig. S1C, red spots appeared in the cytoplasm under
SAHA or TSA treatment, indicating that mitochondria tend to
form autolysosomes. In addition, we prepared the mitochondrial
fractions of SAHA-treated SiHA cells and detected the increase of
LC3 (autophagosome marker) and P62 (a selective autophagy
adaptor) in mitochondria (Fig. 2E).
Pharmacologic or genetic inhibition of autophagy was also
performed to further examine the mitophagy level change. As
shown in Fig. 2F, Western blotting analysis shows that autophagy
inhibitor chloroquine impaired the decrease of mitochondrial
proteins, including HSP60, TIM23 and cytochrome c oxidase
Ⅳ(COXⅣ). In the presence of lysosomal inhibitor bafilomycin
A1, the increase of mitochondrial ROS generation by SAHA
treatment was also impaired (Fig. S1B). Unc-51 like autophagy
activating kinase 1 (ULK1) is critical for the induction of auto-
phagy, which is upregulated and translocates to fragmented
mitochondria and induces mitophagy in response to hypoxia or
mitochondrial uncouplers44. Here, we knocked down ULK1 in
SiHA cells and observed that SAHA treatment failed to diminish
the level of mitochondrial proteins (Fig. 2G), including HSP60,
TIM23 and mitofusion 2 (MFN2). The similar results were also
shown in Ulk1 knockout cells, where SAHA treatment only led to
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a large reduction of mitochondrial proteins in Ulk1 wild-type
cells. Moreover, knockdown or knockout of ULK1 attenuated
the growth-inhibitory effect of SAHA on SiHA cells (Fig. 2H),
suggesting the tumor-suppressive role of mitophagy.

3.3. The involvement of PINK1eParkin signaling pathway in
SAHA-induced mitophagy

PINK1eParkin mitophagy is a key mechanism to maintain
mitochondrial quality control7. Upon loss of mitochondrial
membrane potential, PINK1 and Parkin are activated to promote
the proteasomal degradation of mitochondrial proteins and se-
lective elimination of damaged mitochondria by autophagy31. To
reveal the molecular mechanism of SAHA-induced mitophagy, we
performed quantitative proteomics to identify the targets of Par-
kin. HEK293 cells with Flag-Parkin overexpression were treated
with SAHA and cell lysates were then subjected to affinity
enrichment using FLAG-fusion beads. MS (mass spectrometry)
was used to pool and analyze the derived peptides and finally the
target proteins were identified and quantified. In our study, 2619
proteins were identified as the specific targets of Parkin under
Figure 3 SAHA treatment activates the PINK1eParkin signaling p
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2619 proteins were profiled as target proteins of Parkin using LCeMS ana

targets. (B) Top molecular and cellular functional classes to which the Par
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analysis. TIM23 was used as a representative of mitochondrial fraction. (G

then cells were treated with SAHA (5 mmol/L, 12 h). After JC-1 dye sta

aggregates to J-monomers was calculated and statistically analysed. *P <

PINK1 knockdown were either lysed or subjected to isolate mitochondria

proteins (left panel) or autophagy and ubiquitin proteins (right panel).
SAHA treatment (Supporting Information Table S1). Subse-
quently, we performed GO (gene ontology) analysis of the Parkin
targets under SAHA treatment. It was shown that these targets
were broadly distributed in different parts of the cell, especially in
the cytosol, nucleolus, mitochondria, ribosome, endoplasmic re-
ticulum, Golgi apparatus etc. (Fig. 3A). KEGG (kyoto encyclo-
paedia of genes and genomes) analysis of pathways demonstrated
that Parkin has multiple molecular functions (Fig. 3B), which are
closely related with mitochondrial function, including proteaso-
mal degradation, energy metabolism, phagosome formation, HIF-
1a, etc. Among them, a large number of Parkin-targeted mito-
chondrial metabolic enzymes were listed (Supporting Information
Table S2), which were involved in cellular energy metabolism,
including glucose, amino acid, lipid etc. The above results indicate
that Parkin may target and ubiquitinate mitochondrial proteins to
initiate mitophagy.

In addition, we examined the effect of SAHA treatment on
PINK1 expression and found that in HeLa cells expressing Parkin,
SAHA treatment markedly increased the level of full-length
PINK1 in a time-dependent manner (Fig. 3C). Meanwhile, the
expression of phospho-Ser65 Parkin was also increased with time.
athway and enhances Parkin-dependent mitophagy. SAHA-treated

d to immunoprecipitation using anti-FLAG� M2 affinity gel. Total

lysis. (A) GO analysis of cellular component distribution of the Parkin

kin-targeted proteins are associated. (C) HeLa cells stably expressing
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Parkin expression were treated with 5 mmol/L SAHA at different time.

ti-PINK1 antibody. The associated Parkin protein was detected using

g, confocal microscope was performed to evaluate the localization of

ared from SAHA-treated SiHA cells and subjected to Western blotting

) SiHA cells were first transfected with the PINK1-specific siRNA and

ining, BD FACS™ was performed for evaluation and the ratio of J-

0.05. (H) and (I) as in (G), SAHA-treated SiHA cells with or without

. Western blotting was used to determine the level of mitochondrial



Figure 4 SAHA treatment inhibits HDAC2 activity and leads to Parkin acetylation. (A) Analysis of Parkin level in human cervical cancer cell

lines, tumor and nontumor tissues from Oncomine database. *P < 0.05, ***P < 0.001. (B) HEK293 cells were transiently transfected with Flag-

Parkin and then treated with 2.5 mmol/L SAHA for 12 h. Cells were lysed and subjected to acetyl-lysine immunoprecipitation followed by

immunoblotting for Parkin (above panel). In the below panel, cell lysates were immunoprecipitated with anti-FLAG� M2 affinity gel and the

level of acetyl-lysine was detected by Western blotting. (C) as in (B), LCeMS was performed to analyze Parkin-interacting proteins and the

associated acetylase and deacetylase were listed. (D) as in (B), cell lysates were subjected to FLAG immunoprecipitation and immunoblotting for

acetyl-lysine, ACAT1 and HDAC2. (E) The correlation of Parkin level with HDAC1/2/3 levels was analyzed from gene expression profiling

interactive analysis. (F) Immunohistochemistry analysis of Parkin and HDAC2 expression was performed in human cervical cancer tissue and

noncancer tissue. (G) HEK293 cells were transiently transfected with Flag-Parkin, together with specific siRNA for ACAT1 or HDAC2. After

SAHA treatment, cell lysates were prepared and immunoprecipitated with acetyl-lysine and immunoblotted for Parkin. (H) Human recombinant

Parkin was incubated with recombinant ACAT1 in the presence of 100 mmol/L Ac-CoA for 1 h at 30 �C. Western blotting was performed for

acetyl-lysine. (I) Identification of Parkin acetylation sites (K76, K129, K220, K349, and K408) using LCeMS analysis. Fragment ions containing

acetylated lysine are denoted by *. (J) The LCeMS spectrum of the peptide contains the acetylated K129. Fragment ions containing acetylated

lysine are denoted by red color. (K) Illustration of Parkin protein fragment domains with different acetylation sites of Parkin. (L) HEK293 cells

were transfected with Flag-tagged WT Parkin or K76R, K129R, K220R, K349R, K408R mutant Parkin (left panel) and 3 KR mutant Parkin

(K129/220/349R, right panel). After the FALG pulldown, the basal acetyl-lysine level was detected by immunoblotting.
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An immunoprecipitation assay was also performed and revealed
that SAHA treatment enhanced the interaction of PINK1 with
Parkin (Fig. 3D). As a result, the recruitment of Parkin (green) to
mitochondria (MitoTracker, red) was promoted in SAHA-treated
cells (Fig. 3E), leading to the ubiquitination of mitochondrial
proteins. Consistently, mitochondrial fractions from SAHA-
treated cells showed the increased translocation of both PINK1
and Parkin proteins (Fig. 3F). These findings indicate that SAHA
treatment stabilizes the expression of PINK1 at the mitochondrial
surface and in turn recruits more Parkin to mitochondria.

To further confirm the role of the PINK1-dependent pathway in
mitophagy induction by SAHA, we used siRNA to knock down
PINK1 expression. As shown in Fig. 3G, SAHA treatment
significantly increased mitochondrial depolarization, which was
indicated by a decrease in the red/green fluorescence intensity
ratio. When PINK1 was knocked down, depolarized regions
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indicated by the green fluorescence of the JC-1 monomers were
decreased. The decrease of red to green fluorescence was also
reversed with PINK1 knockdown (Fig. 3G). Confocal imaging
also revealed that PINK1 knockdown attenuated the movement of
mitochondria to the lysosome (Supporting Information Fig. S2).

Western blotting results showed that when PINK1 knockdown,
the decrease of mitochondrial proteins COXIV and TIM23 levels
following SAHA treatment was attenuated (Fig. 3H). In the
mitochondrial fractions, knockdown of PINK1 also impaired the
SAHA-induced increase in mitochondrial P62, LC3 and ubiquitin
levels (Fig. 3I). These results indicate that SAHA treatment fails
to induce mitophagy with PINK1 knockdown and SAHA-induced
mitophagy is dependent on the PINK1 pathway.

3.4. SAHA treatment leads to Parkin acetylation through
inhibition of HDAC2 activity

Parkin, a tumor suppressor, becomes inactivation due to loss of
heterozygosity and plays an important role in human cervical
cancer45,46. Oncomine database analysis also showed that Parkin
was significantly downregulated in either human cervical cancer
cells or cancer tissues (Fig. 4A). Parkin is mainly regulated by
protein kinase PINK1 in a phosphorylation-dependent manner.
Upon mitochondrial depolarization, PINK1 phosphorylates and
activates both ubiquitin and Parkin at their respective Ser65 resi-
dues47,48. It is still not known whether there are other forms of
post-translational modification in regulation of Parkin activity.
Lysine acetylation is a reversible post-translational modification
that plays a crucial role in regulating protein function, chromatin
structure, and gene expression36,49. Thus, the acetylation level of
Parkin was investigated in SAHA or TSA-treated HEK293 cells
with Parkin overexpression using an immunoprecipitation assay.
As shown in Fig. 4B and Supporting Information Fig. S3A and a
significant increase in Parkin acetylation level was observed by
SAHA or TSA treatment. The immunoprecipitated Parkin protein
complex was further analyzed by MS and the associated acetylase
and deacetylase were identified. As listed in Fig. 4C, ACAT1 and
HDAC1/2/3 are revealed as the top candidates interacting with
Parkin. It was further confirmed by immuoprecipitation with
Parkin. As shown in Fig. 4D, SAHA treatment enhanced the
interaction between ACAT1 and Parkin and attenuated the inter-
action between HDAC2 and Parkin.

In human cervical cancer, a negative correlation of Parkin with
HDAC1/2/3 was revealed at the mRNA level from gene expres-
sion profiling interactive analysis, (Fig. 4E) and cBioPortal for
Cancer Genomics (Fig. S3B). But only the correlation between
Parkin and HDAC2 was significant, indicating that HDAC2 may
be the upstream deacetylase of Parkin. Consistently, their inverse
correlation was also observed at the protein level. In human cer-
vical cancer tissue, HDAC2 protein was highly overexpressed
while the expression level of Parkin was lower (Fig. 4F). But in
non-cancer tissue, the opposite results were displayed. To further
confirm this mechanism, we performed knockdown experiments
with siRNA for ACAT1 or HDAC1/2/3 and then determined Parkin
acetylation level in SAHA-treated cells. As expected, knockdown
of ACAT1 resulted in decreased Parkin acetylation level under
SAHA treatment (Fig. 4G). On the contrary, knockdown of
HDAC2 resulted in a significant increase of Parkin acetylation
level under SAHA treatment (Fig. 4G) while knockdown of
HDAC1 only led to a slight increase of Parkin acetylation level
and there was little change of Parkin acetylation level in HDAC3
knockdown cells (Fig. S3C). Moreover, the presence of ACAT1
can directly acetylate Parkin protein in an in vitro acetylation
assay (Fig. 4H). These results demonstrate that ACAT1 and
HDAC2 are closely involved in control of Parkin acetylation.

MS-based proteomic analysis was performed to identify
the acetylation sites of Parkin protein36. To do this, ectopically
expressed Parkin was immunoprecipitated from cells and
then analyzed as described in Methods. Accordingly, we identified
five high confident acetyl-lysine-containing peptides K(Ac)
GQEMNATGGDDPR (pep_score Z 70.56, pep_expect Z 3.20E-
07), K(Ac)DSPPAGSPAGR (pep_score Z 83.53, pep_expect Z
8.00E-08), CGAHPTSDK(Ac)ETSVALHLIATNSR (pep_score Z
46.27, pep_expect Z 0.00083), K(Ac)VTCEGGNGLGCGFAFCR
(pep_score Z 35.07, pep_expect Z 0.0017), WEAASK(Ac)
ETIKK (pep_score Z 38.84, pep_expect Z 0.0041). They were
mapped to regions containing K76, K129, K220, K349, and K408
on human Parkin (Fig. 4I, J, Supporting Information Fig. S4, the
detailed MS spectra were shown in Supporting Information Table
S3). All these acetylation sites within Parkin protein fragment do-
mains were also illustrated in Fig. 4K. Next, we set to examine the
biological importance of these acetylation sites by creating the
mutants. When we mutated each lysine (K) to arginine (R), single
mutation on K129, K220 and K349 resulted in a weak reduction in
Parkin acetylation (Fig. 4L). More importantly, the combined mu-
tations of all the 3 sites (Parkin-3KR) led to more evident decrease
in the acetylation level of Parkin, indicating their significant impact
on the regulation of Parkin acetylation.

3.5. Acetylation modification enhances Parkin-dependent
mitophagy

As an E3 ubiquitin ligase, Parkin mediates mitophagy as a
downstream of PINK11. Following translocation to the mito-
chondrial surface, Parkin ubiquitinates numerous mitochondrial
outer membrane proteins, which in turn recruit other proteins to
mitochondria to initiate mitophagy50. Here, we first examined the
effect of acetylation modification on the interaction of Parkin with
its upstream protein PINK1. As shown in Fig. 5A, SAHA treat-
ment increased the interacted wild-type Parkin level in PINK1
immunoprecipitated protein complexes. But in SAHA-treated
mutant Parkin-expressing cells, the immunoprecipitated Parkin
level was lower than that of wild-type Parkin. In addition, we also
manipulated the acetylation level of Parkin indirectly through its
upstream molecules. As presented in Fig. 4, ACAT1 and HDAC2
control the Parkin acetylation level together. Thus, HeLa cells
with Parkin expression were interfered by siRNA for ACAT1 or
HDAC2. As shown in Fig. 5B, ACAT1 knockdown attenuated the
enhanced interaction of Parkin with PINK1 under SAHA treat-
ment while an opposite effect was detected in HDAC2 knockdown
cells, indicating that acetylation modification of Parkin has a
positive role in the interacting with PINK1. It also represents a
high phosphorylation level of Parkin with acetylation level
increasing. Consequently, the colocalization of Parkin with
mitochondria and P62 was increased by SAHA treatment, which
was further enhanced in HDAC2 knockdown cells when compared
to ACAT1 knockdown cells (Supporting Information Fig. S5A and
S5B). It demonstrates that SAHA treatment results in the trans-
localization of Parkin into mitochondria through acetylating
Parkin.

Next, we examined the regulatory effect of Parkin acetylation
on mitophagy. As shown in Fig. 5C, Parkin overexpression led to
more colocalization of autophagy adaptor P62 and mitochondrial
protein TOMM20 and SAHA treatment further enhanced their



Figure 5 Parkin acetylation is required for mitophagy induction by SAHA treatment. (A) HEK293 cells were transfected with WT or mutant

Parkin, respectively. SAHA treatment (5 mmol/L, 12 h) was applied to cells and cell lysates were prepared and subjected to immunoprecipitation

using anti-PINK1 antibody. The associated Parkin protein was detected using immunoblotting. (B) as in (A), HEK293 cells with Parkin expression

were transfected with specific siRNA for ACAT1 or HDAC2, respectively. Immunoprecipitated Parkin was subjected to Western blotting analysis.

(C) HeLa cells were transiently transfected with WT Parkin or mutant Parkin and then treated with SAHA (5 mmol/L, 12 h). Confocal imaging of

P62 (pink) and TOMM20 (red) was performed in cells with or without Parkin overexpression (blue). Scale bar Z 10 mm. (D) HeLa cells were

transfected with empty vector, WT Parkin or mutant Parkin, respectively. Cell lysates were prepared for Western blotting analysis (left panel). On

the right panel, SAHA treatment was given to cells with WT Parkin or mutant Parkin expression. (E) as in (D), mitochondrial fractions were

isolated from the above cells and used for Western blotting analysis. VDAC1 was used as a representative of mitochondrial fraction. (F) SiHA

cells were first transfected with specific siRNA for ACAT1 or HDAC2, and then treated with SAHA (5 mmol/L, 12 h). After fixation and per-

meabilization, cells were immunostained with LAMP1 (red) and TIM23 (blue), and examined under confocal microscope. Scale bar Z 10 mm.

(G) as in (F), after ACAT1 or HDAC2 knockdown, SiHA cells were given SAHA treatment. Western blotting was performed to determine

mitochondrial proteins level. b-Actin was used as loading control. (H) as in (G), mitochondrial fractions were isolated and subjected to Western

blotting analysis. TIM23 was used as a representative of mitochondrial fraction.
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colocalization, indicating the recruitment of ubiquitinated pro-
tein aggregates to autophagosomes. But in mutant Parkin-
expressing cells, the colocalization of P62 and TOMM20 was
less than that of wild-type Parkin. Even under SAHA treatment,
only a slight increase of their colocalization was observed
(Fig. 5C). Consistently, Western blotting analysis also showed
Parkin mutation attenuated the clearance of mitochondrial pro-
teins, including voltage dependent anion channel 1 (VDAC1),
MFN2, TIM23, and HSP60 (Fig. 5D). Under SAHA treatment,
damaged mitochondria were degraded much more in wild-type
Parkin-expressing cells than that of mutant Parkin. Similarly,
in mitochondrial fractions, wild-type Parkin caused more accu-
mulation of autophagy proteins LC3, P62 and ubiquitin protein,
but when Parkin mutation, their translocation into mitochondria
was diminished (Fig. 5E). In response to SAHA treatment, wild-
type Parkin overexpression resulted in more recruitment of
autophagy and ubiquitin proteins into mitochondria than that of
mutant Parkin. The above results demonstrate the participation
of Parkin acetylation in mitophagy induction.

In addition, we also determined the positive regulation of
Parkin acetylation in mitophagy through knocking down the
Parkin upstream proteins. As shown in Fig. 5F and Fig. S5C, in
HeLa cells expressing GFP-LC3, SAHA treatment significantly
increased the colocalization of GFP-LC3, lysosomal associated
membrane protein 1 and TIM23, indicating the enhanced fusion of
mitophagosomes and lysosomes. But in ACAT1 knockdown cells,
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the increased formation of mitolysosomes was impaired under
SAHA treatment. On the contrary, HDAC2 knockdown signifi-
cantly increased the formation of mitolysosomes to degrade
damaged mitochondria (Fig. 5F and Fig. S5C). Consistently, in
ACAT1 knockdown cells, SAHA treatment resulted in decreased
mitochondrial protein degradation, including HSP60, TIM23 and
COXⅣ, while HDAC2 knockdown resulted in increased mito-
chondrial protein degradation under SAHA treatment (Fig. 5G). In
mitochondrial fractions, ACAT1 knockdown attenuated the trans-
location of autophagy and ubiquitin proteins into mitochondria
under SAHA treatment (Fig. 5H). But in HDAC2 knockdown
cells, SAHA treatment resulted in increased translocation of
autophagy and ubiquitin proteins into mitochondria. The above
results demonstrate that ACAT1 and HDAC2 influence the
mitophagy level through regulating Parkin acetylation.

3.6. Parkin acetylation is required for tumor suppression of
SAHA treatment

Parkin, a gene implicated in autosomal recessive juvenile
parkinsonism, is a candidate tumor suppressor gene on
Figure 6 SAHA treatment exerts anticancer activity through mediat
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chromosome 6q25eq2751. Indeed, Parkin overexpression was
characterized with low-confluence cells when compared with
control under the Phase Contrast Microscopy, indicating a slow
cell proliferation (Fig. 6A, B). When the essential autophagy gene
ATG7 knockdown, the inhibitory effect of Parkin on cell prolif-
eration was abolished (Supporting Information Fig. S6), suggest-
ing that Parkin-dependent mitophagy serves as tumor suppression.
Under SAHA treatment, cell morphology changes showed the
shrinked, round and low-density cells and more dead cells floating
in the medium were also detected with Parkin expression. Quan-
titatively, the cell proliferation rate was also significantly
decreased in CCK-8 assay (Fig. 6B). But when Parkin mutation, a
slight increase of cell density was observed and SAHA treatment
resulted in a weaker growth-inhibitory effect when compared with
wild-type Parkin. In cell colony formation assay, wild-type Parkin
overexpression resulted in a significant decrease in the formed
colonies. The number and size of colonies were further decreased
with SAHA-mediated Parkin acetylation (Fig. 6C). When Parkin
mutation, the ability of colony formation was stronger than that of
wild-type Parkin, either in the presence or absence of SAHA
treatment. Moreover, cell growth curve was also drawn to detect
ing Parkin acetylation. (A) HeLa cells with WT or mutant Parkin
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the cell growth dynamics for consecutive 5 days. As shown in
Fig. 6D, wild-type Parkin overexpression significantly decreased
cell growth rate while acetylation-defective mutant attenuated the
growth inhibitory effect of Parkin. Under SAHA treatment, either
cells with wild-type or mutant Parkin expression grow slowly
when compared with control, but cells with mutant Parkin
expression still grew faster than that of wild-type Parkin (Fig. 6D).
In addition, HDAC2 knockdown enhanced the cytotoxic activity of
SAHA treatment in HeLa cells (Supporting Information Fig. S7),
accompanied with shrinked and low-confluence cells. But in
ACAT1 knockdown cells, the cytotoxic effect of SAHA treatment
seemed to be weaker. The above results demonstrate that acety-
lation modification plays a positive role in tumor suppression of
Parkin and SAHA treatment exerts the cytotoxic activity through
Parkin acetylation.

Based on the above results, xenograft model was used to
further confirm the inhibitory-effect of Parkin acetylation on
tumor growth in vivo. When HeLa cells with empty vector, wild-
type or mutant Parkin expression were injected subcutaneously
into the right flanks of nude mice, mice were divided into 3
groups. As shown in Fig. 6E, Parkin overexpression resulted in a
significant tumor suppression when compared with empty vector.
But with Parkin mutation, its tumor suppressive effect was
markedly attenuated, indicating the importance of acetylation
modification in anticancer activity of Parkin. One week after
inoculation, tumor-bearing mice were given an intraperitoneal
injection of SAHA. As shown in Fig. 6E, under wild-type Parkin
expression, a significant difference in tumor suppression was
observed between the SAHA-treated group and the PBS-treated
control group. However, when Parkin mutation, there was no
significant difference under SAHA treatment, suggesting that
SAHA treatment exerts anticancer activity through acetylating
Parkin. Three weeks after inoculation, all mice were sacrificed and
tumor was removed from mice. As expected, a significant differ-
ence in the tumor size and weight was shown between Parkin
overexpression group and empty vector group (Fig. 6F, Supporting
Information Fig. S8). Under wild-type Parkin expression, SAHA
treatment resulted in a further decrease of tumor size and weight.
However, with Parkin mutation, the tumor-suppressive effect of
Parkin was markedly attenuated, either in the presence or absence
of SAHA treatment. It was also confirmed in the histopathological
and immunohistochemical analysis. SAHA treatment decreased
the expression level of Ki67 (cell proliferation marker) and
increased the expression level of cleaved caspase3 (cell apoptosis
marker) (Fig. 6G). HE staining showed less live cells, reduced cell
sizes and more chromatin condensed under SAHA treatment when
compared with control group. But this inhibitory effect was
attenuated with Parkin mutation (Fig. 6G). These results indicate
that Parkin acetylation is required for the tumor suppression of
SAHA treatment.

4. Discussion

The association of mitochondrial protein acetylation with
mitophagy initiation has been implied in many studies. More
importantly, many acetylases and deacetylases are involved in
mitophagy process and directly regulate the level of mitophagy. In
the current study, we explored the acetylation modification of the
key mitophagy machinery effector Parkin and revealed the
importance of Parkin acetylation in mitophagy induction and
tumor suppression. It may be a novel target for cervical cancer
therapy and offers an opportunity to develop mitophagy-
modulated anticancer drugs. The detailed molecular mechanism
regulating Parkin acetylation is summarized in Fig. 6H.

Parkin, as a tumor suppressor, is downregulated in cervical
carcinoma due to allelic loss of 6q25eq2744,52. Structurally,
Parkin protein contains 5 domains, referring to UBL, RING1,
RING2, IBR, Linker domain (Fig. 4K). Under normal condition,
Parkin distributes in the cytosol and exists in a closed-inactive
conformation through intraprotein domainedomain in-
teractions53. Upon mitochondrial depolarization, Parkin is rapidly
recruited to mitochondria and activated54. The activity of Parkin is
mainly regulated by phosphorylation and the turnover of Parkin
phosphorylation is very rapid. Many protein kinases have been
revealed to interact with Parkin and phosphorylate it55e57, such as
casein kinase-1, protein kinase A, protein kinase C, cyclin-
dependent kinase 5, c-ABL, PINK1, etc. Phosphoamino acid
analysis showed that Parkin phosphorylation occurred mainly on
serine residues, including Ser65 (located in the UBL region),
Ser101, Ser131, and Ser136 (located in the Linker region) as well
as Ser296 and Ser378 (located in the RINGeIBReRING motif).
The tyrosine residue 143 of Parkin is also phosphorylated by c-
ABL55. After phosphorylation, the auto-ubiquitylation of Parkin is
also inhibited, followed by the increase of Parkin protein stability.
Among them, phosphorylation of Parkin by PINK1 is widely
studied and plays an important role in mitophagy initiation58. On
the one hand, PINK1 directly phosphorylates Parkin at Ser65 of
the UBL domain4. On the other hand, it is mediated by
pSer65eubiquitin, which is phosphorylated ubiquitin at Ser65 by
PINK159. pSer65eubiquitin binds to RING1 domain of Parkin
and changes the conformation of Parkin protein, leading to the
translocation of Parkin from cytosol to mitochondria12. Here, we
detected the increase of PINK1 interaction with Parkin and the
phosphorylation level of Parkin under SAHA treatment (Fig. 3C
and D). Meanwhile, the acetylation level of Parkin was also
increased in SAHA-treated cells. These two forms of modification
reciprocally resulted in the enhanced function of Parkin in
mitophagy and tumor suppression. Undoubtedly, in response to
SAHA treatment, the influence of Parkin acetylation is far more
than the phosphorylation of Parkin, either on mitophagy or tumor
suppression. When Parkin mutation, the interaction of PINK1 with
Parkin was also attenuated under SAHA treatment (Fig. 5A and
B), indicating the decrease of the phosphorylation level of Parkin.
But we did not examine the regulatory effect of phosphorylation
modification on the acetylation of Parkin.

Cervical cancer cells are characterized with the expression of
the HPV oncoproteins E6 and E7. The oncogencity of E6 is
mediated by targeting P53 and PDZ-family tumor suppressor
proteins for proteasomal degradation while the E7 oncoprotein
acts by co-operating with HDAC1/260. In addition, HDAC8
shows functional redundancy with HDAC6 and are highly
overexpressed in cervical cancer, where deacetylaes a-tubulin
and leads to cervical cancer proliferation and progression61.
HDAC10 exerts an opposite effect and suppresses cervical can-
cer metastasis through expression inhibition of matrix metal-
loproteinases 2 and 962. Thus, class I of HDAC family seems to
be closely associated with cervical cancer development,
including HDAC1/2/3 and -8. Indeed, Oncomine database
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analysis also demonstrated the upregulation of HDAC1/2/3 in
human cervical cancer cells and tissues (Fig. 1A). As is known,
HDACs are capable of suppressing the activity of tumor sup-
pressors through deacetylation modification63e65. Here, it is
speculated that aberrant expression of HDACs dacetylates tumor
suppressor Parkin and leads to loss of function of Parkin and the
development of cervical cancer. To reveal the underlying
mechanism, we performed mass spectrometry to identify the
acetylase and deacetylase interacting with Parkin protein. In
Table S1, there are several acetylases associated with Parkin,
including ACAT1, ACAT2, EP300, N-acetyltransferase 10, N-a-
acetyltransferase 10, and N-a-acetyltransferase 30. The associ-
ated deacetylases included HDAC1/2/3 (class I), HDAC4/6/7
(class II) and sirtuin 1/2 (class III). Due to low protein detection
score, we only chose and analyzed the mitochondrial acetylase
ACAT1 in controlling Parkin acetylation. For deacetylase, only
HDAC1/2/3 had a high protein detection score and among them,
only HDAC2 had a significant inverse correlation with Parkin
level based on correlation analysis from GEPIA and cBioPortal
for cancer genomics. Thus, HDAC2 was selected to study the
regulation of Parkin acetylation. Although other molecules were
not analyzed, we could not exclude their regulatory effect on
Parkin acetylation and cervical cancer.

Metabolic reprogramming in tumors is now recognized as a
hallmark of cancer, participating both in cancer development and
cancer progression. Cancer cells develop global metabolic adap-
tations allowing them to survive in the low oxygen and nutrient
tumor microenvironment23. Among these metabolic adaptations,
one particular adaptation of cancer cell metabolism is the use of
mitophagy to recycle the dysfunctional or damaged mitochondria
in condition of metabolic stress66, demonstrating the protective
effect of mitophagy. Similarly, in response to anticancer treat-
ments, mitophagy also serves as a cell survival mechanism
because inhibition of mitophagy pathways sensitizes cancer cells
to death67,68, although the increased mitophagy level is accom-
panied with anticancer therapies. Knockdown of key mitophagy
receptors, such as PINK1, FUN14 domain containing 1 or auto-
phagy and beclin 1 regulator 1, increases the sensitivity of cancer
cells to chemotherapy67,69. With the decrease of PINK1- or
RAB9A-mediated mitophagy, cancer cells also become more
sensitive to radiotherapy70. It seems that the induction of
mitophagy exerts a function in modulating the cytotoxic effect of
anti-cancer treatments23, leading to cancer cell survival. But in
our study, mitophagy serves as a cell death mechanism, which is
in contrast to the above findings. We guess that this discrepancy
may be associated with the cellular context. In the current study,
overexpression of Parkin increased the level of mitophagy and
inhibited cervical cancer cell growth. When Parkin mutation or
ATG7 knockdown, mitophagy induction was disrupted and the
inhibitory effect of Parkin on cancer cell proliferation was also
attenuated (Fig. S7). Similarly, under SAHA treatment, mitoph-
agy level was increased and cervical cancer cell growth was
inhibited. But ULK1 knockdown impaired the mitophagy induc-
tion by SAHA treatment and attenuated the growth-inhibitory
effect on cervical cancer cells (Fig. 2G and H). To achieve the
goal of anti-cervical cancer, the strategy of mitophagy enhance-
ment should be taken and Parkin acetylation may be a novel
target through HDAC inhibition. Collectively, our findings also
provide a mechanistic rationale for the use of HDAC inhibitors in
cancer therapeutics71e73. Thus, mitophagy modulation would be
a promising approach in cervical cancer therapy with a great
potential.

5. Conclusions

In human cervical cancer, in response to HDACis, tumor sup-
pressor protein Parkin is acetylated with HDAC2 inhibition. Mass
spectrometry analysis reveals the acetylation sites of Parkin pro-
tein and the important role of Parkin acetylation is also validated
using mutation assay in Parkin-dependent mitophagy and tumor
suppression. Our results reveal an acerylation-dependent molec-
ular mechanism regulating the function of Parkin in cancer.
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