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ABSTRACT
Mitophagy, which selectively eliminates the dysfunctional and excess mitochondria by autophagy, is 
crucial for cellular homeostasis under stresses such as hypoxia. Dysregulation of mitophagy has been 
increasingly linked to many disorders including neurodegenerative disease and cancer. Triple- 
negative breast cancer (TNBC), a highly aggressive breast cancer subtype, is reported to be char
acterized by hypoxia. However, the role of mitophagy in hypoxic TNBC as well as the underlying 
molecular mechanism is largely unexplored. Here, we identified GPCPD1 (glycerophosphocholine 
phosphodiesterase 1), a key enzyme in choline metabolism, as an essential mediator in hypoxia- 
induced mitophagy. Under the hypoxic condition, we found that GPCPD1 was depalmitoylated by 
LYPLA1, which facilitated the relocating of GPCPD1 to the outer mitochondrial membrane (OMM). 
Mitochondria-localized GPCPD1 could bind to VDAC1, the substrate for PRKN/PARKIN-dependent 
ubiquitination, thus interfering with the oligomerization of VDAC1. The increased monomer of 
VDAC1 provided more anchor sites to recruit PRKN-mediated polyubiquitination, which consequently 
triggered mitophagy. In addition, we found that GPCPD1-mediated mitophagy exerted a promotive 
effect on tumor growth and metastasis in TNBC both in vitro and in vivo. We further determined that 
GPCPD1 could serve as an independent prognostic indicator in TNBC. In conclusion, our study 
provides important insights into a mechanistic understanding of hypoxia-induced mitophagy and 
elucidates that GPCPD1 could act as a potential target for the future development of novel therapy 
for TNBC patients.
Abbreviations: ACTB: actin beta; 5-aza: 5-azacytidine; BNIP3: BCL2 interacting protein 3; BNIP3L: 
BCL2 interacting protein 3 like; CCCP: carbonyl cyanide m-chlorophenyl hydrazone; ChIP: chromatin 
immunoprecipitation; co-IP: co-immunoprecipitation; CQ: chloroquine; CsA: cyclosporine; DOX: dox
orubicin; FIS1: fission, mitochondrial 1; FUNDC1: FUN14 domain containing 1; GPCPD1: glyceropho
sphocholine phosphodiesterase 1; HAM: hydroxylamine; HIF1A: hypoxia inducible factor 1 subunit 
alpha; HRE: hypoxia response element; IF: immunofluorescence; LB: lysis buffer; LC3B/MAP1LC3B: 
microtubule associated protein 1 light chain 3 beta; LC-MS: liquid chromatography-mass spectro
metry; LYPLA1: lysophospholipase 1; LYPLA2: lysophospholipase 2; MDA231: MDA-MB-231; MDA468: 
MDA-MB-468; MFN1: mitofusin 1; MFN2: mitofusin 2; MKI67: marker of proliferation Ki-67; OCR: 
oxygen consumption rate; OMM: outer mitochondrial membrane; OS: overall survival; PalmB: pal
mostatin B; PBS: phosphate-buffered saline; PINK1: PTEN induced kinase 1; PRKN: parkin RBR E3 
ubiquitin protein ligase; SDS: sodium dodecyl sulfate; TOMM20: translocase of outer mitochondrial 
membrane 20; TNBC: triple-negative breast cancer; VBIT-4: VDAC inhibitor; VDAC1: voltage depen
dent anion channel 1; WT: wild type.
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Introduction

Hypoxia is a hallmark of solid tumors. Mitophagy, a selective 
form of autophagy, occurs under hypoxic conditions as an 
adaptation to maintain oxygen homeostasis [1]. Under 
hypoxic conditions, mitochondria self-adaptively reduce oxi
dative phosphorylation and cytochrome c oxidase activity 
while increasing reactive oxygen species levels [2]. Because 
of these alterations, mitophagy is triggered to selectively 
remove unwanted or damaged mitochondria to control both 
mitochondrial quantity and quality [3]. Increasing evidence 

has shown that dysfunctional mitophagy may contribute to 
various conditions, including cancer, neurodegeneration, car
diovascular disease, and metabolic disorders [4]. To date, both 
PINK1-PRKN-dependent (ubiquitin-dependent) and PINK1- 
PRKN-independent (receptor-dependent) pathways have been 
described. Distinct mechanisms may be activated in response 
to different mitochondrial stresses [5]. PINK1-PRKN inde
pendent mitophagy was reported to be activated in response 
to hypoxia or mitochondrial oxidative stress [6]. Under 
hypoxic conditions, BNIP3, BNIP3L, and FUNDC1, located
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in the outer mitochondrial membrane (OMM), are transcrip
tionally induced by HIF1A (hypoxia inducible factor 1 sub
unit alpha). They then directly bind to MAP1LC3/LC3 via the 
LC3-interacting region/LIR motifs and subsequently induce 
mitophagy [7,8]. In previous studies, PRKN was reported to 
be upregulated under hypoxic conditions [9]; however, it 
remains unclear whether and to what extent the ubiquitina
tion-associated PINK1-PRKN pathway participates in the reg
ulation of hypoxia-induced mitophagy. Meanwhile, the role of 
hypoxia-induced mitophagy in cancer progression remains 
largely unexplored.

Triple-negative breast cancer (TNBC) lacks the expression 
of estrogen and progesterone receptors, along with ERBB2/ 
HER2 (erb-b2 receptor tyrosine kinase 2) [10]. Although 
TNBC constitutes only 10–15% of breast cancers, it accounts 
for one-third of breast cancer-specific deaths due to the lack 
of targeted therapies and its highly aggressive behavior [11]. 
Recent evidence suggests that among the different breast 
cancer subtypes, TNBC is the most characterized by hypoxia 
[12,13]. Identifying the underlying molecular mechanisms 
may assist in the design of innovative therapeutic strategies 
for TNBC. To investigate the detailed molecular mechanism 
by which hypoxia triggers mitophagy and how hypoxia- 
induced mitophagy contributes to TNBC progression, we 
applied ribonucleic acid (RNA)-seq to screen for genes altered 
under hypoxic conditions and treatment with carbonyl 
cyanide m-chlorophenyl hydrazone (CCCP, an uncoupling 
agent that induces mitophagy) in TNBC cells. After intersec
tion analysis, we identified 18 genes as potential factors med
iating hypoxia-induced mitophagy. GPCPD1 
(glycerophosphocholine phosphodiesterase 1), a key enzyme 
in choline metabolism, was identified as a novel regulator of 
hypoxic mitophagy using an mt-Keima high-content screen
ing system. Here, we report for the first time that the depal
mitoylation process of GPCPD1 assists its trafficking to the 
mitochondria under hypoxia. Mitochondria-localized 
GPCPD1 could hamper VDAC1 homo-oligomerization, 
which triggered mitophagy through polyubiquitination of 
VDAC1 by PRKN. We further investigated GPCPD1- 
mediated hypoxia-induced mitophagy during TNBC 
progression.

Results

Screening and identification of GPCPD1 as a regulator of 
hypoxia-induced mitophagy

To explore the key modulators of mitophagy, we utilized the 
mitochondria-localized fluorescent protein mt-Keima to 
screen for mitophagy activity. Changes in green to red fluor
escence are indicative of mitophagy (Figure S1A). In addition, 
dual staining with both mt-Keima and MitoTracker probes 
ensured the specific localization of mt-Keima to mitochon
dria, with representative confocal images displaying a perfect 
overlap of these two labeling methods (Figure S1B). We 
detected a notable elevation in the red to green fluorescence 
ratio induced by hypoxia (1% O2) and carbonyl cyanide 
3-chlorophenylhydrazone (5 µM) in MDA-MB-468 
(MDA468) cells expressing mt-Keima, indicating that 

mitophagy had accumulated over time (Figure 1A and 
Figure S1C). TOMM20 staining indicated that mitochondrial 
quantification was drastically reduced under hypoxic condi
tions and CCCP treatment, which is inconsistent with pre
vious findings (Figure 1A and Figure S1D). To screen the 
potential regulators of hypoxia-induced mitophagy, genes 
expressed differentially in hypoxia (1% O2, 48 h) and CCCP 
treatment (5 µM, 48 h) were evaluated by RNA-seq in two 
TNBC cell lines (MDA468 and MDA231) (Figure 1B). We 
then intersected the differentially expressed gene list from 
RNA-seq with the HIF1A target gene list from HIF1A chro
matin immunoprecipitation (ChIP-seq) (Figure 1C, Table S1- 
3), as the response to hypoxia is largely due to the transcrip
tional activity of HIF1A [14]. There were 18 genes at the end 
of the intersection, and we validated their mRNA expression 
in both lines using quantitative polymerase chain reaction 
(qPCR). Out of the 18 candidate genes, we selected six genes 
(ATF3, DNAJB9, GPCPD1, KDM7A, PNRC1, and TRIB3) 
whose mRNA expression increased twice-fold following 
hypoxia and CCCP treatment (Figure 1D). Finally, we applied 
mt-Keima-based flow cytometry to quantify hypoxia or 
CCCP-triggered mitophagy after knocking down these six 
candidate genes individually in MDA468 cells expressing mt- 
Keima (Figure 1E-G). GPCPD1 was identified as one of the 
most significant regulators of mitophagy. As expected, mito
phagy was significantly reduced after TRIB3 and ATF3 knock
down (Figure 1E-G). ATF3 and TRIB3 have been reported to 
be key players in mitophagy [15,16], which verified that our 
screening strategy was reliable.

GPCPD1 hydrolyzes glycerophosphocholine to choline and 
glycerol-3-phosphate and thus plays a key role in choline 
metabolism [17,18]. To evaluate its role in hypoxia-induced 
mitophagy, we treated MDA231 and MDA468 cells with 
hypoxia, CCCP, and cyclosporine (CsA) for specified time 
points. We detected a remarkably increased expression of 
GPCPD1 mRNA and protein with both hypoxia and CCCP 
treatment, whereas GPCPD1 decreased significantly with CsA 
treatment (Figure 1H and I, Figure S1E-G). Furthermore, we 
knocked down HIF1A in two cell lines, treated with and 
without hypoxia, and found that silencing of HIF1A signifi
cantly decreased the mRNA and protein levels of GPCPD1. 
Notably, hypoxia magnified the regulatory effect of HIF1A on 
GPCPD1 expression (Figure 1J and K, Figure S1H). These 
findings suggest that GPCPD1 is a key regulator of hypoxia- 
induced mitophagy.

GPCPD1 was transcriptionally regulated by HIF1A with 
the assistance of H3K4me3 and H3K27ac

Next, we explored the regulatory mechanism of HIF1A in 
GPCPD1 cells. Consistent with the results mentioned above, 
we found a positive relationship between GPCPD1 and HIF1A 
mRNA expression in the patient data from the METABRIC 
database (Figure 2A). Further bioinformatics predictions from 
multiple databases indicated that HIF1A is a transcriptional 
factor of GPCPD1 (Figure 2B, Table S4). To verify the tran
scriptional regulation of HIF1A on GPCPD1, we first selected 
the top three hypoxia response elements (HREs) residing in 
the GPCPD1 promoter region according to the prediction
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Figure 1. Screening and identification of GPCPD1 as a regulator of hypoxia-induced mitophagy. (A) Representative immunofluorescence analysis of TOMM20 (top) 
and mt-Keima (bottom) in MDA-MB-468 (MDA468) cells. Scale bar for TOMM20 images: 50 μm; Scale bar for mt-Keima images: 100 μm. (B) Heatmaps of differentially 
expressed genes in MDA-MB-231 (MDA231) and MDA468 cells with RNA-Seq analysis. (Z-score with log2 scale from – 1 to +1). (C) Venn diagram of overlap among 
upregulated genes from (B) and list of HIF1A target genes. Candidate genes are listed on the right panel. (D) Quantitative real-time PCR analysis of mRNA expression 
for indicated genes in MDA231 and MDA468 cells. The red dotted line indicated the fold change of log2 = 2. (E-G) Flow cytometry analysis of mt-Keima in MDA468 
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scores in the JASPAR database, and luciferase reporter con
structs were generated by inserting different lengths of the 
GPCPD1 promoter sequence (Figure 2C). The luciferase assay 
showed that, under hypoxic conditions, the luciferase activity 
of all three HREs was significantly increased (Figure 2C). 
Next, we observed a significant enrichment of HIF1A binding 
to the predicted HRE sites compared to immunoglobulin 
G controls using ChIP-qPCR assays, suggesting that 
GPCPD1 was a direct target of HIF1A (Figure 2D). 
Collectively, these data suggest that under hypoxic conditions, 
HIF1A transcriptionally upregulates GPCPD1 expression.

In this study, we noticed an interesting phenomenon: 
GPCPD1 mRNA upregulation by hypoxia could only last for 
three days and rapidly reduced after 72 h. Several studies have 
shown that histone methylation and acetylation markers 
increase in mammalian cells exposed to severe hypoxia [19– 
21]. We then screened several histone methylation and acet
ylation markers for their peaks in the GPCPD1 promoter 
region by analyzing the public ChIP-seq database and 
observed significant enrichment of H3K4me3 and H3K27ac 
in the GPCPD1 promoter region (Figure S2A and Figure 2E). 
Therefore, we treated MDA231 and MDA468 cells with tri
chostatin (a deacetylation inhibitor) or 5-azacytidine (5-aza, 
a methylation inhibitor), respectively, under hypoxic or nor
moxic conditions and observed an increased transcriptional 
activity of GPCPD1 with both trichostatin and 5-aza treat
ment, especially under hypoxic conditions (Figure 2F and 
Figure S2B and S2C). We then applied the ChIP-qPCR assay 
to dynamically estimate the enrichment of H3K4me3 and 
H3K27ac at the HREs site within the GPCPD1 promoter 
region. The results demonstrated that hypoxia could enrich 
H3K4me3 at the HREs site in the GPCPD1 promoter region; 
enrichment peaked at 24 h and vanished by 72 h (Figure 2G). 
We observed a similar result in the corresponding experiment 
for H3K27ac, with enrichment peaking at 48 h and vanishing 
by 96 h (Figure 2H). In summary, these findings suggest that 
H3K4me3 and H3K27ac facilitate dynamic hypoxia-mediated 
transcription of GPCPD1.

GPCPD1-regulated tumor progression and chemotherapy 
resistance in TNBC cells under hypoxic conditions

It has been widely recognized that hypoxia results in tumor 
progression and chemotherapy resistance, leading to a poorer 
prognosis [22]. To determine the effect of GPCPD1 on the 
progressive features and chemotherapy resistance of TNBC 
cells under hypoxic conditions, we established stably trans
fected cell lines (MDA231 and MDA468) with GPCPD1 over
expression or knockdown. We found that the proliferation 
rate of both cell types increased more under hypoxia than 
under normoxia, which was in accordance with previous 
evidence [23–25]. While silencing of GPCPD1 significantly 

suppressed proliferation in both cell types compared to their 
corresponding controls. Overexpression of GPCPD1 signifi
cantly increased the proliferation rate of both cells compared 
to that of the relative controls (Figure 2I). Additionally, the 
EdU assay showed that overexpression of GPCPD1 enhanced 
hypoxia-induced proliferation. In contrast, the knockdown of 
GPCPD1 alleviated this effect in TNBC cells (Figure S2D and 
S2E). We then assessed the effect of GPCPD1 on metastasis 
and found that GPCPD1 silencing reduced hypoxia-promoted 
migration (Figure 2(J and K)), which further demonstrated 
that GPCPD1 plays an important role in facilitating TNBC cell 
proliferation, especially under hypoxic conditions.

Doxorubicin (DOX) is a major first-line chemotherapeutic 
drug used for treating TNBC [26]. We observed a significant 
increase in GPCPD1 protein expression in DOX-resistant 
MDA231 cells (Figure S2F). Therefore, we investigated 
whether GPCPD1 affects chemotherapeutic resistance to 
DOX in TNBC cells. We found that the knockdown of 
GPCPD1 decreased the cellular viability to DOX treatment, 
while overexpression of GPCPD1 significantly increased the 
cellular viability to DOX treatment in both MDA231 and 
MDA468 cells (Figure S2G). GPCPD1 overexpression had 
a similar effect on cell migration after DOX treatment. We 
found that ectopic expression of GPCPD1 helped maintain the 
metastatic ability of TNBC cells under DOX treatment, 
whereas silencing of GPCPD1 combined with DOX treatment 
significantly reduced migration in both cell lines (Figure S2H 
and S2I). Collectively, our results imply that GPCPD1 may be 
a useful target for overcoming chemotherapeutic resistance in 
patients with TNBC.

GPCPD1 played an important role in hypoxia-induced 
mitophagy in TNBC cells

Considering that GPCPD1 was first identified as the key 
regulator of choline metabolism and that the effect of 
GPCPD1 in mitophagy has not been reported or explored 
before, we applied high-throughput RNA-seq in both 
MDA468 and MDA231 cells transfected with siRNA against 
GPCPD1 or non-targeted siNC (Figure 3A). To examine the 
involvement of GPCPD1 in mitophagy, we conducted a Gene 
Ontology analysis and, as expected, we consistently found that 
GPCPD1 was associated with multiple mitochondria-related 
terms including “mitochondrial protein complex”, “mito
chondrial gene expression”, and “mitochondrial inner mem
brane” (Figure 3B). Furthermore, GSEA analysis showed that 
GPCPD1 knockdown greatly suppressed choline metabolism, 
autophagy, and mitophagy-related pathways, which con
firmed our previous results that GPCPD1 was superior to 
mitophagy in full play (Figure 3C, Figure S3A, Table S5). To 
verify that GPCPD1 could influence mitochondrial metabo
lism and mitophagy in TNBC cells, we performed a Seahorse

cells with indicated genes knockdown. Mitochondria in the cytosol were represented by mt-Keima with an excitation of 405 nm, while mitochondria in lysosomes 
were represented by mt-Keima with an excitation of 561 nm. Mitophagy is reflected by the percentage of cells in the upper region. Numbers in the cytometry charts 
indicate the percentages of corresponding subpopulations. Quantification (E) and statistical diagrams (F) of cells in the upper gated region. (G) The mitophagy 
inhibition efficiency was defined as significant when the value of mitophagy inhibition efficiency was more than 0.5. (H) Quantitative real-time PCR (qPCR) analysis of 
GPCPD1 mRNA levels in MDA231 and MDA468 cells. (I) Western blot analysis of GPCPD1 and HIF1A in MDA231 and MDA468 cells. (J) The qPCR analysis of GPCPD1 
mRNA levels in MDA231 and MDA468 cells with the HIF1A knockdown. (K) Western blot analysis of GPCPD1 and HIF1A in MDA231 and MDA468 cells with HIF1A 
knockdown. Cells of all the experiments mentioned above were treated with hypoxia (1% O2) or CCCP (5 μM) as indicated. (D, F, H, J) Two-tailed unpaired t-test.
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Figure 2. GPCPD1 was transcriptionally regulated by HIF1A with the assistance of H3K4me3 and H3K27ac. (A) The scatter plot of the correlation between GPCPD1 and 
HIF1A mRNA from the METABRIC database. p = 5.221e-08, r = 0.1244. (B) HIF1A was identified as a transcription factor of GPCPD1 after intersection analysis. (C) 
Luciferase activity of wild-type or truncated GPCPD1 promoter in 293 T cells treated with hypoxia. (D) ChIP assay of enrichment of HIF1A on the GPCPD1 promoter. (E) 
ChIP-seq heatmap of the strong signal of H3K4me3 and H3K27ac on the GPCPD1 promoter region. (F) The qPCR analysis of GPCPD1 mRNA levels in MDA231 and 
MDA468 with indicated concentrations of TSA and 5-aza under hypoxia or not. (G and H) ChIP assay of enrichment of H3K27ac (G) and H3K4me3 (H) on the GPCPD1 
promoter in MDA468 cells in a time gradient. (I) Cell variability in MDA231 and MDA468 cells with GPCPD1 knockdown. (J and K) Transwell migration and invasion 
assays in MDA231 and MDA468 cells with GPCPD1 knockdown. Representative areas of invaded cells stained with crystal violet are shown and invaded cells of three 
random fields were quantitatively analyzed. Scale bar: 20 μm. (C, D, F-K) Cells in these experiments were treated with hypoxia (1% O2) or not as indicated. (C, D, F-I, 
K) Two-tailed unpaired t-test.
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experiment to measure the oxidative phosphorylation rate. As 
shown in Figure 3D and E, the knockdown of GPCPD1 
effectively decreased the O2 consumption rate (OCR) of 
TNBC cells, while overexpression of GPCPD1 effectively 
increased the OCR of TNBC cells, which implied that 
GPCPD1 could induce oxidative metabolism in TNBC cells. 
We also found that GPCPD1 knockdown retarded reactive 
oxygen species generation, whereas hypoxia enhanced this 
retarded effect (Figure 3F and Figure S3B). Furthermore, we 
found that overexpression of GPCPD1 led to a significant 
rescue of mitochondrial membrane potential (Δψm) and 
ATP level, as well as enhanced the extent of mPTP (mito
chondrial permeability transition pore) shutting under 
hypoxic conditions (Figure 3G and Figure S4C and S4D). In 
addition, we also found that CQ treatment decreased Δψm, 
ATP level, and enhanced the extent of mPTP opening in 
TNBC cells overexpressing GPCPD1 under hypoxic condi
tions (Figure S3E-G). And then immunofluorescence showed 
that TOMM20, a mitochondrial marker, decreased with 
GPCPD1 overexpression, especially under hypoxic conditions. 
In contrast, TOMM20 increased after the silencing of 
GPCPD1 (Figure S3H and S3I). Considering that dynamic 
change of the mitochondrial membrane is related to contin
uous fission and fusion [27], we then explored whether 
GPCPD1 could influence the fission and fusion of mitochon
dria. In concert with cell fate, mitochondrial fusion is thought 
to protect cells against death and is closely related to mito
phagy [28]. Immunofluorescence showed that MFN1, 
a mitochondrial fusion marker, was increased with GPCPD1 
overexpression and was decreased with GPCPD1 silence in 
TNBC cells treated with hypoxia (Figure S3J and S3K). We 
also treated TNBC cells with CQ in hypoxic conditions, 
a fusion inhibitor between autophagosomes and lysosomes, 
and a western blot assay indicated that MFN1 and MFN2 
were significantly increased after being treated with CQ. We 
then found that GPCPD1 overexpression could reduce mito
chondrial fusion with increased expression of MFN1 and 
MFN2 and decreased mitochondrial fission with downregula
tion of FIS1 in hypoxic conditions. In consistent with these 
results, GPCPD1 silence hampered mitochondrial fusion with 
the downregulation of MFN1 and MFN2 and enhanced mito
chondrial fission with the upregulation of FIS1 (Figure S3L). 
All these results indicated that GPCPD1 played an important 
role in maintaining mitochondrial membrane integrity and 
ATP production during hypoxic stress. Furthermore, upregu
lated GPCPD1 increased MT-ND2 (complex 1), MT-CYB 
/CYTB (complex III), and MT-CO2/COX2 (complex IV) 
under hypoxic conditions, but CQ decreased the protein levels 
of mitochondrial respiratory complexes following hypoxia 
treatment (Figure S4A), consistent with the immunofluores
cence results for MT-CO2/COX2 (Figure S4B and C). All 
these results indicated that GPCPD1 could regulate mitochon
dria quantity and quality under hypoxic stress, thus contribut
ing to the mitophagy process.

Furthermore, we utilized fluorescent mt-Keima in the 
mitochondria to detect mitophagy activity after overexpres
sion or knockdown of GPCPD1 (Figure 3H and Figure S4D). 
Microscopic analysis revealed that the ratio of red to green 
fluorescence was markedly increased in GPCPD1- 

overexpressing cells under hypoxia. In contrast, the red to 
green fluorescence ratio decreased in GPCPD1-knockdown 
cells under hypoxic conditions. Meanwhile, Electron micro
scopy was used to assess autophagosomes in MDA231 cells 
48 h after hypoxia. In control cells, autophagosomes were 
enclosed by typical double membranes (indicated by red 
arrows), and entire organelles (possibly mitochondria) were 
occasionally present. In contrast, GPCPD1-knockdown cells 
showed few autophagosomes or autolysosomes (Figure 3I and 
Figure S4E), suggesting that mitophagy might be suppressed 
by silencing GPCPD1 expression. Mitophagy flux is consid
ered of great importance as both protective and detrimental 
functions in cancer progression.

We further evaluated mitophagy flux and the results 
showed that overexpression of GPCPD1 promoted while 
knockdown of GPCPD1 suppressed the increased LC3B pro
tein levels induced by hypoxia or/and CQ treatment 
(Figure 3J and Figure S4F). A greater number of LC3B puncta 
were visible in GPCPD1-overexpressing TNBC cells than in 
the controls after hypoxia or/and CQ treatment, as shown by 
immunofluorescent LC3B staining (Figure 3K and 3L), indi
cating the critical role of GPCPD1 in mitophagy flux.

Next, we examined whether GPCPD1-mediated mitophagy 
could regulate TNBC cell proliferation and metastasis. We 
overexpressed GPCPD1 in TNBC cells and then treated cells 
with CQ to inhibit mitophagy. And then we performed MTT, 
Edu, and transwell assays and found that CQ treatment 
inhibited GPCPD1-promoted proliferation and metastasis in 
TNBC cells (Figure S5A-E). In addition, we also overex
pressed or silenced GPCPD1 in TNBC cells and then treated 
cells with CCCP to activate or CsA to inhibit mitophagy. 
Using the EdU assay, we observed that the inhibition of cell 
growth via knockdown of GPCPD1 was reversed by CCCP 
treatment in both MDA231 and MDA468 cells, while the 
promotive effect on cell proliferation by GPCPD1 overexpres
sion diminished with CsA treatment (Figure S5F and S5G). In 
addition, we observed similar results in migration and inva
sion assays (Figure S5H and S5I), implying that mitophagy 
plays an essential role in TNBC growth and metastasis. And 
protein level of TOMM20 and LC3B indicated that GPCPD1 
regulates TNBC growth and metastasis via mitophagy 
(Figure S5J).

Depalmitoylation of GPCPD1 appeared to have an 
affinity to mitochondria

We then investigated how GPCPD1 exerted its robust action 
on mitophagy initiation. We detected increased expression of 
FUNDC1, BNIP3L, BNIP3, and PINK1-PRKN under hypoxia; 
however, GPCPD1 overexpression and knockdown did not 
alter the protein expression levels of FUNDC1, BNIP3L, 
BNIP3, or PINK1-PRKN under hypoxic or normoxic condi
tions (Figure S4G), indicating that GPCPD1 may not regulate 
the canonical pathways that participate in hypoxia-induced 
mitophagy. The Gene Ontology analysis from RNA-seq data 
demonstrated that GPCPD1 was significantly associated with 
the mitochondria-related cellular compartment terms, making 
us wonder whether GPCPD1 exerts its function in mitophagy 
via locating mitochondria. Using a subcellular fractionation
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Figure 3. GPCPD1 was required for hypoxia-induced mitophagy. (A) Heatmaps of the differentially expressed genes in MDA231 and MDA468 cells regulated by 
GPCPD1 with RNA-Seq analysis. (B) GO analysis (mitochondrial-associated clusters are marked by red) and (C) GSEA analysis for (A). (D) Oxygen consumption rate 
(OCR) alterations in MDA231 and MDA468 cells with GPCPD1 overexpression or knockdown. (E) Quantification of mitochondrial respiration capacity in (D). (F and G) 
ROS (F) and JC-1(G) in MDA231 cells with GPCPD1 overexpression or knockdown. (H) Immunofluorescence analysis of mt-Keima in MDA468 cells. Scale bar: 100 μm. (I) 
Electron microscopy images of MDA231 cells with GPCPD1 knockdown. Scale bar: 5 μm. Damage mitochondria, Orange arrows; autophagosomes, red arrows. (J) 
Western blot analysis of LC3B in MDA231 and MDA468 cells with indicated treatments. (K and L) Immunofluorescence analysis (K) and quantification (L) of LC3B 
staining in MDA231 and MDA468 cells. Scale bar: 100 μm. (F-H and J, K) Cells in these experiments were treated with hypoxia (1% O2) or not as indicated. (E-G, L) 
Two-tailed unpaired t-test.

AUTOPHAGY 2449



assay, we found a significant enrichment of GPCPD1 within 
the cytoplasm, especially in mitochondria, under hypoxic 
conditions compared to normoxic conditions, suggesting 
that there might be dynamic trafficking of GPCPD1 from 
the cytosol to mitochondria under hypoxic conditions 
(Figure 4A and Figure S6A). Immunofluorescence also indi
cated that hypoxic conditions could influence the localization 
of GPCPD1 to the mitochondria with an increase in yellow 
speckles (Figure 4B). According to previous studies, the 
accommodation of subcellular localization between the cyto
membrane and the OMM can be regulated by the palmitoyla
tion/depalmitoylation cycle [29]. With the in silico prediction 
of protein-protein interactions, we detected an interaction 
between GPCPD1 and LYPLA1 (lysophospholipase 1), as 
well as LYPLA2 (Figure S6B), which are key regulators of 
the depalmitoylation process, by adjusting the hydrophobicity 
and cellular localization of the target proteins [30,31]. Co- 
immunoprecipitation (co-IP) assays in MDA468 cells indi
cated that only endogenous LYPLA1 could interact with 
endogenous GPCPD1 (Figure 4C). It has also been reported 
that LYPLA1 but not LYPLA2 could exist in mitochondria 
after depalmitoylation activation [32]. Next, we performed 
a co-IP assay with ectopic Flag-GPCPD1 and MYC-LYPLA1 
and confirmed the interaction between GPCPD1 and LYPLA1 
in 293 T cells (Figure 4(D and E)). We then performed a co-IP 
assay with antibody capture and detection of endogenous 
GPCPD1 or LYPLA1 and confirmed the affinity between 
endogenous LYPLA1 and endogenous GPCPD1 in TNBC 
cells (Figure 4F). In addition, a public database that can 
predict palmitoylation modifications of proteins revealed 
that GPCPD1 has three palmitoylation sites (Figure S6C), 
and with an acylbiotin exchange assay, we confirmed that 
the cysteine residues of GPCPD1 could be palmitoylated in 
TNBC cells (Figure 4G). We then impeded the depalmitoyla
tion process by palmostatin B (PalmB, a potent inhibitor of 
depalmitoylation) and siLYPLA1 in MDA468 cells under 
hypoxia and found that depalmitoylation inhibition could 
result in the separation of GPCPD1 from mitochondria, pre
senting as the disappearance of the yellow speckles (Figure 4H 
and 4I). The mitochondrial isolation assay suggested that the 
GPCPD1 protein localized to the mitochondria significantly 
decreased after treatment with PalmB, especially under 
hypoxic conditions (Figure 4J and Figure S6D). Collectively, 
our results demonstrate that depalmitoylated GPCPD1 has 
a strong affinity for mitochondria.

VDAC1 was identified as the counterpart of GPCPD1 
during mitophagy

We used LC-MS to identify the counterparts of GPCPD1 in 
hypoxia-induced mitophagy. Quantification of GPCPD1- 
interacting proteins using LC-MS revealed that 27 proteins 
might specifically interact with GPCPD1 under hypoxic con
ditions. We then intersected the above protein list from LC- 
MS with the mitophagy-related protein list from the interac
tome database and found that VDAC1 (voltage dependent 
anion channel 1) was the only one among the intersections 
(Figure 5A). VDAC1, located on the OMM, modulates both 
energy and metabolic exchanges within mitochondria and 

plays an essential role in mitochondria-mediated autophagy 
[33]. We then predicted the interaction between GPCPD1 and 
VDAC1 in a 3D structure (Figure 5B), which indicated that 
GPCPD1 could bind to the β-strand of VDAC1, which might 
interfere with the oligomerization of VDAC1. In addition, we 
found that VDAC1 largely colocalized with GPCPD1, indicat
ing binding between the two proteins (Figure 5C). To confirm 
this under hypoxic conditions, we performed co-IP assays 
using GPCPD1- and VDAC1-expressing 293 T cells. As 
shown in Figure 5D, ectopic GPCPD1 effectively co- 
immunoprecipitated with ectopic VDAC1. We performed co- 
IP assays in MDA468 cells after ectopic expression of MYC- 
VDAC1 or Flag-GPCPD1. Our data showed that ectopic 
VDAC1 was immunoprecipitated with endogenous GPCPD1 
and vice versa (Figure 5E). Moreover, we proved that endo
genous GPCPD1 could significantly bind to endogenous 
VDAC1 in MDA468 cells (Figure 5F). Considering the affinity 
of depalmitoylated GPCPD1 for mitochondria, we investi
gated whether the palmitoylation/depalmitoylation process 
could influence the binding capacity between GPCPD1 and 
VDAC1. In the co-IP assay of MDA468 cells expressing 
ectopic VDAC1, treatment with PalmB, ML348 (a specific 
LYPLA1 inhibitor), or siLYPLA1 significantly diminished the 
interactions between endogenous GPCPD1 and ectopic 
VDAC1 (Figure 5G). Immunofluorescence also showed that 
depalmitoylation inhibition could influence the colocalization 
of GPCPD1 and VDAC1 with decreased yellow speckles 
(Figure 5H and Figure S6E). These results demonstrate that 
GPCPD1, which is located on the OMM, interacts with 
VDAC1 during mitophagy and that the interaction between 
GPCPD1 and VDAC1 could be regulated by 
depalmitoylation.

GPCPD1 comprises an N-terminal CBM20 domain (also 
known as the starch-binding domain) and a GDPD_GDE5 
domain (the glycerophosphodiester phosphodiesterase 
domain). To map the region within GPCPD1 that mediates 
its interaction with VDAC1, two mutants with only a CBM20 
or GDPD_GDE5 domain were constructed (Figure 5I). We 
conducted a co-IP assay in 293 T cells and found significant 
binding of the Flag-CBM20 construct to the full-length 
VDAC1, but failed to detect any binding capacity of the 
GDPD_GDE5 construct to VDAC1, demonstrating that it is 
the CBM20 domain of GPCPD1 that binds to VDAC1 
(Figure 5J). VDAC1 belongs to the Porin3 superfamily of β- 
barrel transmembrane proteins [34]. According to the mass 
spectrometry results, the predicted binding sequence of 
VDAC1 to GPCPD1 is “LTLSALLDGK,” which is located in 
the β-18 strand of VDAC1 (Figure 5A). It is predicted that the 
β-18 strand of VDAC1 is associated with oligomerization 
[35,36]. The conserved domain architecture retrieval tool pre
dicted that leucine residues in the β-18 strand of VDAC1 are 
conserved across different species, indicating that leucine 
residues are essential for the oligomerization of VDAC1 
(Figure 5K). We then constructed VDAC1 mutants by sub
stituting two conserved leucines (L257 and L259) with alanine 
(L257A L259A) and performed co-IP assays in 293 T cells 
ectopically expressing wild-type (WT) VDAC1 or VDAC1 
with L257A L259A mutations. When comparing wild-type 
VDAC1 and VDAC1 with L257A L259A mutations, we
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Figure 4. Depalmitoylation of GPCPD1 appeared to have a close affinity to mitochondria. (A) GPCPD1 protein levels in the mitochondrion fraction (Mito) and whole- 
cell lysates without mitochondrion fraction (WCL w/o Mito). (B) Immunofluorescence analysis of GPCPD1 and MitoTracker in MDA231 and MDA468 cells. Scale bar: 
100 μm. (C) The co-IP assay proved the interactions between GPCPD1 with LYPLA1 not with LYPLA2 in MDA468 cells. IB, immunoblot. (D and E) The co-IP assay was 
performed to detect the exogenous GPCPD1-LYPLA1 interaction in 293 T cells with ectopic GPCPD1 or/and LYPLA1 expression. (F) A co-IP assay was performed to 
detect the endogenous GPCPD1-LYPLA1 interaction in MDA231 and MDA468 cells. (G) The ABE assay of S-acylated GPCPD1 in MDA231 and MDA468 cells. The 
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found that VDAC1 with L257A L259A mutations had 
a reduced binding capacity for both the full-length GPCPD1 
and CBM20 domains (Figure 5L). Altogether, these results 
demonstrate that the CBM20 domain of GPCPD1 interacts 
with VDAC1, and257259leucine residues of the VDAC1 pro
tein play an important role in the interaction of VDAC1 and 
GPCPD1.

We also examined whether GPCPD1 enhances TNBC 
metastasis by interacting with VDAC1. We silenced GPCPD1 
in MDA468 cells and overexpressed VDAC1 in them. Using 
a colony formation assay, we observed an inhibitory effect on 
colony formation after GPCPD1 knockdown, which was 
reversed by VDAC1 overexpression (Figure S7A), whereas 
the promotive effect on cell migration with GPCPD1 over
expression was attenuated by VDAC1 silencing in TNBC cells 
(Figure S7B). This suggests that GPCPD1 regulates tumor 
proliferation and metastasis by interacting with VDAC1.

GPCPD1 promoted mitophagy by interfering with the 
oligomerization of VDAC1

The aforementioned prediction from the conserved domain 
architecture retrieval tool indicates that the binding sequence 
of VDAC1 to GPCPD1 might be associated with the mono
mer-oligomer homeostasis of VDAC1. Thus, we knocked 
down GPCPD1 with incremental concentrations of siRNA in 
TNBC cells and found that it significantly increased the for
mation of VDAC1 trimers and other oligomers (Figure 6(A 
and B) and Figure S6F). In addition, studies have reported 
that PRKN-mediated polyubiquitination of VDAC1 mediated 
by PRKN could induce mitophagy [37]. Therefore, we con
sidered that the monomer-oligomer homeostasis of VDAC1 
could affect PRKN-mediated ubiquitination and, thereby, 
mitophagy. We first showed that VBIT-4, a VDAC1 oligo
merization inhibitor, could induce full activation and mono
merization of VDAC1 in TNBC cells over a time gradient 
(Figure 6(C and D) and Figure S6G). Next, we performed co- 
IP assays in MDA468 cells with ectopic expression of HA-Ub, 
MYC-VDAC1, and HA-PRKN, with or without treatment 
with VBIT-4. Our data showed that more ubiquitination 
modification of VDAC1 by PRKN was detected in the pre
sence of VBIT-4, suggesting that VDAC1 monomers recruited 
more PRKN-mediated polyubiquitination than oligomers 
(Figure 6E). Moreover, knockdown or overexpression of 
GPCPD1 in TNBC cells influenced the colocalization of 
VDAC1 and PRKN with a reduction or increase in yellow 
speckles, and VBIT-4 treatment promoted the colocalization 
of VDAC1 with PRKN, suggesting that monomers of VDAC1 
facilitated the interaction with PRKN (Figure 6(F and G) and 
Figure S7C). In conclusion, we demonstrated for the first time 
that GPCPD1 interferes with the oligomerization of VDAC1, 
thus generating more anchor sites to recruit PRKN-mediated 

polyubiquitination, which promotes mitophagy in TNBC 
cells.

In addition, our previous results showed that upregulated 
or downregulated GPCPD1 did not influence the protein level 
of PRKN in either normoxic or hypoxic conditions, but the 
whole level of PRKN protein increased with hypoxia treat
ment. Nevertheless, with the subcellular fractionation assay, 
we found a significant decrease in PRKN protein in the 
mitochondrial fraction with GPCPD1 knockdown compared 
to the control group under hypoxic conditions, suggesting 
that GPCPD1 contributed to the dynamic trafficking of 
PRKN from the cytosol to mitochondria. LC3B expression 
also decreased with GPCPD1 silencing in the mitochondrial 
fraction (Figure S7D). Furthermore, to explore the signifi
cance of GPCPD1-PRKN activation by hypoxia in TNBC 
cells, we transfected PRKN siRNA in mt-Keima-MDA468 
cells overexpressing GPCPD1 and found that siPRKN ham
pered mitophagy in GPCPD1 overexpressing MDA468 cells 
under hypoxic conditions (Figure S7E and 7F). Subsequently, 
we also examined the effect of siPRKN on cell proliferation 
and metastasis in GPCPD1 overexpressing cells and the results 
showed that downregulation of PRKN could abolish the pro
motive effect of GPCPD1 on cell proliferation and metastasis 
of TNBC cells under hypoxic conditions (Figure S7G-M). In 
summary, our results suggest that GPCPD1 contributes to 
mitophagy in TNBC cells by regulating the VDAC1-PRKN 
axis under hypoxic conditions.

GPCPD1 could serve as an independent prognostic 
marker in breast cancer

The function of GPCPD1 was investigated in vivo by implant
ing GPCPD1-overexpressing and controlling MDA231 cells 
into the flank of BALB/c mice. These data indicated that 
GPCPD1 overexpression significantly promoted tumor 
growth and resistance to DOX in MDA231 cells. In addition, 
we implanted GPCPD1-knockdown and control MDA231- 
Luc cells in the same manner. GPCPD1 silencing enhanced 
the susceptibility of MDA231 cells to DOX (Figure 7A-C). 
Immunohistochemistry staining of xenograft tumors showed 
that silencing of GPCPD1 significantly reduced the expression 
of the proliferation biomarker MKI67 (Figure S8A and S8B). 
To explore and verify the relationship between GPCPD1 and 
HIF1A at the protein level, we observed accumulated 
GPCPD1 expression in areas with abundant HIF1A expres
sion, particularly in hypoxic central areas of xenografts. 
Conversely, we observed a deficiency of GPCPD1 and 
HIF1A expression at tumor margins away from the hypoxic 
central regions (Figure 7D, Figure S8C). We also investigated 
the function of GPCPD1 in lung metastases by the intrave
nous injection of MDA231 cells. Consistent with the in vitro 
results, GPCPD1 knockdown reduced the degree of lung colo
nization by cells (Figure 7(E and F)). Furthermore,

absence of hydroxylamine (HAM) during the reaction was used as a reaction specificity control. (H and I) Immunofluorescence analysis of GPCPD1 and MitoTracker in 
MDA468 cells with DMSO (control), 25 μM palmB, or siLYPLA1 treatment respectively (under hypoxic conditions). Scale bar: 100 μm. The merged images were 
analyzed by ImageJ to calculate the intensity variability (bottom). Two-tailed unpaired t-test. (J) GPCPD1 protein levels of the mitochondrion and WCL w/o Mito after 
being treated with 25 μM palmB or siLYPLA1. ACTB and PARP represented cytoplasmic proteins excluding mitochondrion. FUNDC1 and HSPD1/HSP60 represented 
mitochondrial proteins. (A, B, J) Cells were treated in hypoxic conditions (1% O2) or not.
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Figure 5. VDAC1 was identified as the counterpart of GPCPD1 during mitophagy. (A) The number of GPCPD1-interacting candidate proteins identified by co-IP LC-MS 
analyses in MDA468 cells. The data cluster mentioned above intersected with the data cluster from Reactome-mitophagy. VDAC1 was the only candidate protein. (B) 
3D interaction model between GPCPD1 and VDAC1 predicted by ZDOCK Server. (C) Immunofluorescence analysis of GPCPD1 and VDAC1 in MDA231 and MDA468 
cells (under hypoxic conditions). Scale bar: 100 μm. (D) The co-IP assay was subjected to detect the exogenous GPCPD1-VDAC1 interaction in 293 T cells with 
ectopically expressed GPCPD1 and VDAC1. (E) The co-IP assay was subjected to detect the GPCPD1-VDAC1 interaction in MDA468 cells with VDAC1 overexpression 
(top) or GPCPD1 overexpression (bottom) ectopically. (F) Co-IP assays proved the endogenous GPCPD1-VDAC1 interaction in MDA468 cells. (G) The co-IP assay was 
subjected to detect the altered GPCPD1-VDAC1 interactions in MDA468 cells, which were treated with DMSO (control), 25 μM palmB, and 2 μM LYPLA1 inhibitor 
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overexpression of GPCPD1 promoted DOX resistance in 
MDA231 cells, with increased lung metastatic nodes and 
shortened lifespans of nude mice. In contrast, nude mice 
inoculated with MDA231 cells with GPCPD1 silenced sur
vived significantly longer than controls (Figure 7G). 
Therefore, GPCPD1 appears to play an oncogenic role in 
TNBC.

To further examine the clinical relevance of GPCPD1, we 
first detected the mRNA expression of GPCPD1 in clinical 
breast specimens from Qilu Hospital of Shandong University 
and found that GPCPD1 mRNA levels were significantly 
higher in tumor tissues (n = 72) than in normal tissues 
(n = 72) (p < 0.0001) (Figure S8D). Furthermore, a high 
mRNA level of GPCPD1 predicted a poor prognosis for over
all survival in the Qilu cohort (Figure 7H). Next, we examined 
GPCPD1 and HIF1A protein expression by immunohisto
chemistry on tissue microarrays and observed a high level of 
GPCPD1 expression in samples with accumulated HIF1A 
proteins, indicating a positive correlation between GPCPD1 
and HIF1A expression (p = 0.0016, Figure S7I, and Figure 
S8E). These results are inconsistent with the finding that 
HIF1A transcriptionally regulates GPCPD1 expression in 
TNBC. Additionally, the Kaplan-Meier survival plot demon
strated that higher GPCPD1 expression was significantly asso
ciated with worse clinical outcomes (p = 0.012, Figure 7J). 
Lastly, we investigated the METABRIC database and found 
that increased GPCPD1 and HIF1A levels were linked to both 
reduced overall survival and disease-free survival (Figure 7K). 
Multivariate Cox analysis and forest plots indicated that 
GPCPD1 could serve as an independent prognostic marker 
in patients with TNBC (GPCPD1 high vs. low, HR = 1.2 
(1.01–1.3), p = 0.033, Figure S8F). Thus, these findings con
firmed that GPCPD1 exerts a promotive effect on the pro
gression and metastasis of TNBC, which could act as 
a potential prognostic indicator in the future.

Discussion

Overwhelming evidence has demonstrated that mitophagy is 
closely involved in the maintenance of mitochondrial integrity 
and functionality in cancer progression [5,38] and can be 
triggered by various stresses, including inflammation, nutrient 
deficiencies, and hypoxia [39,40]. Although multiple classical 
mitophagy regulators have been identified, the regulatory 
mechanism of mitophagy under hypoxic conditions remains 
largely unknown. Hypoxia is common in tumors, influences 
cell metabolic functions, and promotes metastasis [22]. In our 
study, we analyzed hypoxia-induced and CCCP-activated 
RNA-seq data, as well as HIF1A-targeted ChIP-seq data, and 
clarified that GPCPD1 is required for hypoxia-induced mito
phagy in TNBC by hampering VDAC1 oligomerization, 
which activates its polyubiquitination by PRKN. Thus, 

GPCPD1 functions as a regulator of mitophagy and thereby 
determines cancer development under hypoxia.

Hypoxia-induced alterations in the tumor microenviron
ment stimulate adaptive modifications in cells. Many of these 
adaptations are mediated by HIFs and HIF-1-associated path
ways [41]. Moreover, HIF1A overexpression in several solid 
cancers is strongly associated with a poor prognosis [14]. Our 
data revealed that hypoxia increased HIF1A binding to the 
GPCPD1 promoter region, and HIF1A could regulate 
GPCPD1 expression at the transcriptional level. Interestingly, 
we also found that the mRNA expression of GPCPD1 was 
downregulated after treatment with 1% O2 for more than 
72 h, which drew our attention to epigenetic regulation of 
gene expression, including histone acetylation and methyla
tion [42]. Histone acetylation is frequently associated with 
gene activation, whereas methylation can lead to either activa
tion or suppression of transcription [43]. Specific histone 
methylation has been observed under hypoxic conditions in 
various cell types [44]. Additionally, hypoxia in the tumor 
microenvironment appears to drive both hyperacetylation 
and hypermethylation in tumors. By analyzing the public 
ChIP-seq database, we found increased levels of H3K27ac 
and H3K4me3 acetylation and methylation markers, respec
tively, in the GPCPD1 promoter region (Figure 2G). Our 
results also showed that H3K4me3 and H3K27ac gradually 
decreased around the promoter region of GPCPD1 under 
hypoxic conditions after 72 h, which might impair the incre
mental persistence of GPCPD1 expression by hypoxia after the 
turning point mentioned above.

Previous studies have demonstrated that GPCPD1 has 
important functions in choline metabolism and contributes 
to cancer progression [18,45,46]. Subcellular localization of 
proteins is essential for cancer development and progression 
and is regulated by post-transcriptional modifications. 
Utilizing in silico prediction of protein-protein interactions, 
we detected an interaction between GPCPD1 and LYPLA1, 
which are key players in the palmitoylation-depalmitoylation 
cycle [47], a reversible unique post-translational modification 
that modulates subcellular polarity and signaling cascade 
activity [48]. In particular, LYPLA1, but not LYPLA2, could 
exist in mitochondria with S-depalmitoylation activation, 
which was previously thought to reside in the cytosol and 
Golgi apparatus [32]. A recent study proposed that hypoxic 
conditions may initiate the oxidation of terminal cysteines, 
leading to depalmitoylation [49]. Our study revealed that 
GPCPD1 has palmitoylated sites using bioinformatic predic
tion and proved that GPCPD1 could be modified by palmi
toylation using an acyl biotin exchange assay. During this 
process, subcellular trafficking of GPCPD1 occurs, and 
GPCPD1 is re-localized to the mitochondria. Therefore, we 
hypothesized that hypoxic conditions influenced depalmitoy
lation, which might remove palmitoyl-CoA from GPCPD1 
and then cluster it together to shuttle it from the membrane

(ML348) or siLYPLA1 respectively. (H) Immunofluorescence analysis of GPCPD1 and VDAC1 in MDA468 cells with DMSO (control), 25 μM palmB, or siLYPLA1 treatment 
respectively (under hypoxic conditions). Scale bar: 100 μm. (I) Schematics showed GPCPD1 contained two protein domains (CBM20 and GDPD_GDE5). (J) Co-IP assays 
proved the interactions between GPCPD1 and VDAC1 located in the CBM20 domain. (K) Conservation analysis for the GPCPD1-VDAC1 interaction site across different 
species and schematic of the mutant construct. (L) Co-IP assays showed the L257/L259 was the key site for the interaction between VDAC1 and GPCPD1 in MDA468 
cells.
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Figure 6. GPCPD1 promoted mitophagy by interfering with the oligomerization of VDAC1. (A and B) Oligomer and monomer of VDAC1 protein in MDA231 (A) and 
MDA468 (B) cells with GPCPD1 knockdown. Oligomer, red arrows; monomer, green arrows. (C and D) Oligomer and monomer of VDAC1 protein in MDA231 (C) and 
MDA468 (D) cells after 10 μM VBIT-4 agent treatment. (E) Co-IP and ubiquitination analyses of VDAC1 in 293 T cells after PRKN overexpression, with or without 20 μM 
O/A or 10 μM VBIT-4 treatment. (F and G) Immunofluorescence analysis of PRKN and VDAC1 in MDA468 cells after GPCPD1 knockdown or overexpression with 10 μM 
VBIT-4 treatment or not (under hypoxic conditions). Scale bar: 100 μm. Statistical graphs (G) of yellow punctum in MDA231 and MDA468 cells (n = 6 representative 
cells).
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Figure 7. GPCPD1 could serve as an independent prognostic marker in breast cancer. (A-D) Subcutaneous injection of MDA231 cells with GPCPD1 overexpression or 
knockdown for tumor growth analysis (n = 4 in each group). DOX (doxorubicin) was intravenously injected at 2 mg/kg, 3 times a week (n = 4 in each group). 
Bioluminescent imaging (BLI) quantification and images of GPCPD1 knockdown were shown at the bottom (A). Tumor growth curves (B) and tumor weight (C) were 
analyzed. GPCPD1 and HIF1A staining in different areas of serial sections from xenografts was shown in (D). Red and yellow boxes indicated the areas with 
consistently high or low GPCPD1/ HIF1A expressions respectively. Scale bar: 100 μm. Higher magnifications of the marked areas were also displayed in panels (I) (red) 
and (ii) (yellow) respectively. (E-J) Intravenous injection of MDA231 cells with GPCPD1 overexpression or knockdown for lung colonization analysis (n = 4 in each 
group). Pulmonary surface nodules (E, left), hematoxylin and eosin (H&E) staining (E, right), and statistical diagram (F) in nude mice. Scale bar: 100 μm. The survival 
analysis for (E). (H) Overall survival (OS) of patients with high or low GPCPD1 mRNA expression based on the tissue from Qilu Hospital. (I) Representative 
immunohistochemistry images of GPCPD1 and HIF1A protein expression in 329 human breast tumor tissues on the tissue microarrays. (J) OS of patients with high or 
low GPCPD1 expression based on the tissue microarrays. (K and L) Kaplan–Meier survival analysis of OS and recurrence-free survival (RFS) in patients with high or low 
GPCPD1 or HIF1A expression from the METABRIC database. (B, C, F) Two-tailed unpaired t-test. (G, H, J, K, L) Log-rank test.
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or cytosol to the mitochondria. Our data are consistent with 
this assumption, which illustrated that GPCPD1 could be 
transported to mitochondria with depalmitoylation 
modification.

In our study, GPCPD1 was shown to regulate mitophagy. 
However, how it plays a role in this process remains unclear. 
In our study, mass spectrometry and the co-IP assay vali
dated that GPCPD1 could bind to the β-18 strand of VDAC1 
in TNBC cells in hypoxic conditions, and we also found 
there is a weaker interaction between GPCPD1 and 
VDAC1 in normoxic conditions. VDAC1 is 
a transmembrane β-barrel pore protein that forms a variety 
of oligomeric forms through interactions with its component 
β-strands (β-1, β-17, β-18, and β-19) [36,50]. Recent studies 
have shown that VDAC1 oligomerization promotes CYCS/ 
cytochrome c release during apoptosis, and VDAC1 oligo
merization was strongly correlated with apoptosis induction 
[51,52]. In addition, recent studies have proposed that the 
interface of VDAC1 dimers involves amino acid residues 
located in β-strands 1 (Ile-27, Leu-29), 2 (Glu-50, Thr-51), 
18 (Leu-257, Leu-259), and 19 (Leu-277) of both adjacent 
VDAC1 monomers [53,54]. We then demonstrated that the 

downregulation of GPCPD1 could destroy VDAC1 oligo
merization by directly binding to VDAC1. Additionally, 
mutation of these conserved sites (Leu-257 and Leu-259) of 
VDAC1 could partly disrupt the interaction with GPCPD1 
(Figure 6(A AND b)). In general, our study indicates that 
GPCPD1 is relevant to the stability of VDAC1 oligomeriza
tion states. VDAC is expressed in the OMM, where it mod
ulates metabolic and energy interchanges and is involved in 
mitophagy [55]. Furthermore, recent studies have shown 
that VDAC1 is indeed one of the regulators and plays an 
important role in mitophagy [56], and that reduced ubiqui
tination of VDAC1 inhibits PRKN recruitment, leading to 
a reduction in mitophagy [37]. It has also been reported that 
a VDAC1-hexokinase complex shields the oligomerization 
interface and prevents VDAC dimerization, which results in 
an anti-apoptotic response [57]. Consistently, we showed 
a relationship between VDAC1 oligomerization and PRKN- 
mediated VDAC1 polyubiquitination. Taken together, this is 
the first study to show that GPCPD1 contributes to the 
enrichment of the monomers of VDAC1, which facilitates 
the recruitment of PRKN-mediated polyubiquitination and 
consequently mitophagy.

Figure 8. A schematic presentation of the role of GPCPD1 in hypoxia-induced mitophagy. Under hypoxia stress, GPCPD1 was first transcriptionally regulated by HIF1A 
and histone modifications. After depalmitoylation by LYPLA1, GPCPD1 was trafficked to the outer mitochondria membrane, which facilitated the interaction between 
GPCPD1 and VDAC1. Then, GPCPD1 interfered with VDAC1 oligomerization, which activated the polyubiquitination mediated by PRKN and triggered mitophagy 
consequently.
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Conclusions

However, the role of GPCPD1 in TNBC is poorly understood. 
For the first time, our study confirmed that GPCPD1 as 
a HIF1A target gene regulates tumor growth and metastasis 
by mitophagy under hypoxic conditions. In addition, 
LYPLA1-mediated depalmitoylation contributes to GPCPD1 
localization to the OMM, and then GPCPD1 interferes with 
the oligomerization of VDAC1, which recruits polyubiquiti
nation mediated by PRKN. Taken together, our findings high
light the importance of GPCPD1 as a mitophagy regulator in 
TNBC progression under hypoxic conditions (Figure 8).

Materials and methods

Cell culture and transfection

The TNBC cell lines MDA231 and MDA468 along with 
Human Embryonic Kidney (HEK) 293 T cells were bought 
via American Type Culture Collection (ATCC, HTB-26, 
HTB-132, and CRL-3216), which were cultured in DMEM/ 
high glucose media (Hyclone, SH30157.01) enriched with 10% 
FBS (Gibco, 10099141C), 100 U/ml penicillin (Macgene, 
CC004), and 100 μg/ml streptomycin (Macgene, CC004). 
For normoxia, cells were cultured at 37°C with 5% CO2 and 
21% O2, and at 37°C with 5% CO2 and 1% O2 for hypoxia. 
Genetic Testing Biotechnology Corporation (Suzhou, China) 
used short tandem repeat (STR) markers to characterize the 
cell lines.

Cells were first transfected with the relative vectors for 
GPCPD1 knockdown or overexpression. “pSuper” represented 
the control group that has been transfected with the pSuper 
vector in the knockdown experiment. Likewise, “pEnter” 
represented the control group that has been transfected with 
the pEnter vector in the overexpression experiment. The 
transfected cells were treated either with 2.5 μg/ml puromycin 
(Sigma-Aldrich, P9620) or 500 μg/ml G418 (Sigma-Aldrich, 
A1720) for 2 or 7 days respectively, to ensure stability. By 
employing Lipofectamine 2000 (Invitrogen, 11,668,019), sepa
rate siRNAs for GPCPD1, VDAC1, and LYPLA1 
(GenePharma, A09001) were transfected into the cells, 
according to the provided protocol. All the plasmids indicated 
in our study were constructed by ourselves and primers were 
shown in Table S6. The RNAi and shRNA sequences are listed 
in Table S6.

Mt-Keima, MitoTracker detection, and reactive oxygen 
species (ROS) assay

For the mt-Keima detection, MDA231 and MDA468 cells 
were transfected with the MT-targeted mKeima-Red (mt- 
Keima; Amalgam, AM-V0251 HM) for 48 h. The fluores
cence was measured by flow cytometry (BD Biosciences) 
after the resuspension of cells in phosphate-buffered saline 
(PBS; Solarbio, P1003). FlowJov10 software (Tree Star) was 
used to evaluate mitophagy. Visualization of mt-Keima was 
performed by excitation at 488 nm (for pH = 7) with 527/ 
32 nm and 561 nm (for pH = 4) with 586/42 nm emission 
filters. For the MitoTracker detection, MDA231 and 

MDA468 cells were incubated with the MitoTracker Deep 
Red (Thermo, M22426) for 30 min. The fluorescence images 
were examined using a confocal laser scanning microscope 
(ZEISS). ImageJ software was used for the processing and 
analysis of images. For the ROS assay, MDA231 and 
MDA468 cells were cultured in 6-cm plates and were 
washed three times with PBS, and 1 μM ROS probes 
(Thermo, C10422) were added. After that, the cells were 
incubated for 2 h at 37°C with or without hypoxia. The 
culture supernatant was then aspirated, and cells were rinsed 
twice with PBS. The FITC channel was utilized to filter the 
cells, and the FlowJov10 software was used to assess ROS 
levels.

Immunofluorescence (IF) analysis

Cells were grown on coverslips in 24-well plates until 60% 
confluent after which they were fixed with 4% paraformalde
hyde for 15 min followed by permeabilization for 30 min at 
room temperature. After blocking (3% BSA [Solarbio, A8010], 
1 h, room temperature), and after a night of incubation at 4°C 
with the primary antibody, the cells were treated for 1 hour at 
room temperature with fluorescent-labeled secondary antibo
dies. After counterstaining the nuclei with DAPI (Roche) for 
30 min, cells were mounted and examined using a confocal 
laser scanning microscope (ZEISS). ImageJ software was used 
for the processing and analysis of images.

RNA-Sequencing and analysis of data

Total RNA from MDA231 and MDA468 with indicated treat
ments (1% O2 or carbonyl cyanide m-chlorophenyl hydrazone 
[CCCP; Sigma-Aldrich, C2759]) were extracted with TRIzol 
reagent (Invitrogen, 15,596,018). Then all the RNA- 
sequencing was performed by Novogene Company (Tianjin, 
China). The raw reads were aligned to hg38 using STAR 
(v2.4.2a) with the “quantMode” parameter set as 
“GeneCounts”, resulting in count tables for the genes. The 
“DEseq2” package in R (v3.18.1) was used to identify differ
entially expressed genes. The read count tables were filtered to 
retain genes having a minimum of counts across all condi
tions. All RNA-sequencing original data have been uploaded 
to Sequence Read Archive (SRA) database with the number 
PRJNA742841(https://www.ncbi.nlm.nih.gov/bioproject/? 
term=GPCPD1).

Quantitative real-time PCR (qPCR)

Total RNA was extracted as above and reverse-transcribed to 
cDNA, which was then analyzed by qPCR using FastStart 
Universal SYBR Green Master (Takara, RR430A), following 
the provided protocol. The Light Cycler 480 Real-Time PCR 
machine (Roche) was employed to perform the amplification 
as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 
15s, 59°C for 30s, and 70°C for 30s, followed by a melting 
curve analysis to validate primer specificity. Samples were run 
in triplicate (three technical replicates) with the cycle thresh
old (CT) values normalized to ACTB for comparison with 
control samples.
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Dual-luciferase reporter assay

HEK293T cells were grown in 96-well plates and were trans
fected with the indicated firefly luciferase reporter plasmids 
for 36 h. After removing half of the culture supernatant 
(leaving 50 µL in each well), 50 μL luciferase firefly buffer 
(25 mM glycylglycine [Promega, E194A], 15 mM potassium 
phosphate, 15 mM MgSO4, 2 mM ATP [Promega, E195A], 
10 mM DTT, and 1 mM D-luciferin [Promega, E151A], pH 
7.8) were added and incubated for 15 min at room tempera
ture. Luminescence was measured immediately using 
a Multimode Plate Reader (PerkinElmer). Then we added 
50 μL Renilla buffer (0.5 M NaCl, 1 mM EDTA, 0.1 M 
potassium phosphate, 0.04% BSA, and 2 μM coelenterazine 
[Promega, E640A, and E641A], pH 7.4) for 15 min at room 
temperature and detected luminescence in the same way.

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted with an EZ-ChIP Kit (Millipore, 
17–371), following the manufacturer’s instructions. Briefly, 
MDA468 cells were cross-linked using 1% formaldehyde for 
10 min at room temperature, followed by quenching in 0.125  
M glycine for 5 min. Cells were harvested in SDS lysis buffer 
and the DNA was fragmented into 200–1000-bp fragments by 
sonication. After pre-clearing, samples were incubated with 
the primary or control IgG antibodies overnight and then 
incubated with protein-A/G agarose beads (Millipore, IP05) 
for 2 h at 4°C. After washing, the chromatin was eluted from 
the beads using TES buffer (1% SDS, 1 mM EDTA, 10 mM 
Tris-Cl, pH 8.0) and incubated with proteinase K (Millipore, 
20–298) at 55°C for 45 min followed by overnight incubation 
at 65°C. The DNA was extracted with phenol-chloroform, 
precipitated with ethanol, and analyzed by qPCR. Fold enrich
ment was in comparison with IgG. The primers used are 
shown in Table S6.

Cell viability and colony formation assays

For measuring cell viability, MDA231, and MDA468 cells 
were cultured in 96-well plates. MTT (Sigma Aldrich, 
M2003) was incubated with the cells for 6 h at 37°C. Then 
the supernatant was discarded, and the precipitate was dis
solved in DMSO. Absorbances at 490 nm were measured in 
a microplate reader. To examine colony formation, cells were 
plated in 6-well plates with a replacement of the medium 
every four days for four weeks. When the colonies were 
visible, they were stained and counted.

Migration and invasion assays

MDA231 and MDA468 cells were seeded into Transwell 
inserts (Corning, 353,097) at a concentration of 8 × 104 

cells/well, and 20% FBS was added to the bottom of the 24- 
well plates. After 24 h, the cells on the lower surface of the 
membrane were stained with 0.1% crystal violet. A minimum 
of three fields were imaged and counted using Image-Pro 
Plus6.0 software. The invasion assay was conducted similarly 

apart from coating the membrane with 15% Matrigel 
(Corning, 354,234) in DMEM.

EdU staining

For EdU staining, MDA231 and MDA468 cells in 96-well 
plates were incubated with EdU buffer A from the EdU 
Imaging Kit (RIBOBIO, C10310-1) for 2 h, followed by fixing 
with 4% paraformaldehyde for 30 min. Next, 2 mg/ml glycine 
was added and cells were rinsed with three washes of PBS. 
The cells were permeabilized with 0.4% Triton X-100 
(Thermo, 85,111) for 10 min at room temperature, and the 
cells were stained with 1× Apollo solution for 30 min in the 
dark and then washed. After nuclear staining with 1× Hoechst 
33,342 for 30 min, followed by washing, the cells were 
observed and imaged with a confocal laser scanning micro
scope (ZEISS) and images were analyzed with ImageJ.

Mitochondrial membrane potential detection assay

MDA231 and MDA468 cells were grown in 96-well plates. 
After washing, the cells were stained in 50 µl DMEM and 
50 µl JC-1 (Thermo, M34152) solution for 20 min at 37°C. 
This was followed by two washes with JC-1 solution and the 
addition of DMEM to the wells. The presence of the JC-1 was 
assessed with excitation and emission wavelengths of 490 and 
530 nm, respectively, followed by an assessment of the JC-1 
polymer at excitation and emission wavelengths of 525 and 
590 nm, respectively, using the microplate reader.

Oxygen consumption measurement

MDA231 and MDA468 cells with GPCPD1 overexpression or 
knockdown were seeded in XF96-well plates (25,000 per well), 
and then grown at 37°C overnight. The medium was then 
replaced with XF Assay Medium (Agilent, 103,575–100) con
taining 10 mM glucose, 1 mM pyruvate (Agilent, 103,577–100 
and 103,578–100), and 2 mM glutamine (Agilent, 103,579– 
100) for 1 h at 37°C. Oxygen consumption rates (OCR) were 
determined using the Seahorse XF mitochondrial stress test 
(Agilent). Briefly, injection ports were loaded to achieve the 
following final working concentrations in MDA231 and 
MDA468 cells: oligomycin (0.5 μM; Agilent, 103,015–100), 
FCCP (1 μM; Agilent, 103,015–100), rotenone (1 μM; 
Agilent, 103,015–100), and antimycin A (1 μM; Agilent, 
103,015–100). Data were analyzed using Wave software calcu
lating the basal respiration (minimum rate measurement after 
rotenone+antimycin A injection) and spare respiratory capa
city (maximum rate measurement after FCCP injection sub
tract the non-mitochondrial respiration rate).

Western blotting

After harvesting and washing the cells, the protein was 
extracted in RIPA lysis buffer (50 mM Tris, pH 8.0, 150 mM 
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate [Millipore, 
20,188], 0.1% SDS, and 1 mM phenylmethylsulfonyl fluoride 
[PMSF; Beyotime, ST506]) and concentrations determined 
with a BCA kit (Millipore,71,285). Proteins were separated
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on SDS-PAGE and transferred to PVDF membranes 
(Millipore, ISEQ00010). After blocking with 5% BSA in TBS 
(Solarbio, A8010) containing 0.1% Tween 20 (Thermo, 
85,113), the blots were probed with primary and HRP- 
conjugated secondary antibodies (Abcam, ab205718), fol
lowed by visualization using an ECL kit (Bio-Rad,1,705,060). 
The following antibodies were used: Rabbit anti-GPCPD1 
(HPA039556) was obtained from Sigma-Aldrich. Mouse anti- 
GPCPD1 (PA5-65,346, Immunofluorescence) was obtained 
from Invitrogen. Rabbit anti-HIF1A (36,169), rabbit anti- 
H3K27ac (8173), rabbit anti-H3K4Me3 (9751), mouse anti- 
ubiquitin (3936), and rabbit anti-MT-CO2/COX2 (31,219) 
were obtained from Cell Signaling Technology. Rabbit anti- 
FUNDC1 (YT5658) and rabbit anti-LYPLA2 (YN0404) were 
obtained from ImmunoWay Biotechnology. Rabbit anti-Flag 
(07–1586) was obtained from EMD Millipore. Rabbit anti- 
HSPD1 (15,282-1-AP), rabbit anti-VDAC1 (55,259-1-AP), 
mouse anti-TOMM20 (66,777-1-Ig), rabbit anti-PINK1 
(23,274-1-AP), rabbit anti-PRKN (14,060-1-AP), rabbit anti- 
LC3B (14,600-1-AP), rabbit anti-BNIP3L (12,986-1-AP), 
mouse anti-BNIP3 (68,091-1-Ig), rabbit anti-LYPLA1 
(16,055-1-AP), rabbit anti-Flag (20,543-1-AP), mouse anti- 
ACTB (66,009-1-Ig), rabbit anti-MKI67 (27,309-1-AP), 
mouse anti-MYC (60,003-2-Ig), rabbit anti-MFN1 (13,798- 
1-AP), mouse anti-MFN2 (67,487-1-Ig), rabbit anti-FIS1 
(10,956-1-AP), rabbit anti-MT-CYB (55,090-1-AP), and rab
bit anti-MT-ND2 (19,704-1-AP) were obtained from 
Proteintech.

Co-immunoprecipitation (co-IP)

After transfection with overexpression plasmids for 48 h, cells 
were lysed in IP lysis buffer (Beyotime, P0013) for 30 min. 
Next, 3 μg immunoprecipitating primary antibody or control 
IgG was added to protein samples (500 μg) with gentle rota
tion for 2 h at 4°C. After an overnight (4°C) incubation with 
40 μl protein-A/G agarose (Santa Cruz Biotechnology, sc- 
2003), the beads were washed four times with IP lysis buffer, 
followed by resuspension in 40 μl 2 x SDS sample buffer with 
heating at 95°C for 10 min. The samples were evaluated by 
immunoblotting.

Ubiquitination analysis

After transfection of HEK293T cells with HA-Ub, MYC- 
VDAC1, and 3× HA-PRKN by using Lipofectamine 3000 
(Invitrogen, L30000015), the cells were treated with VBIT-4 
(VDAC inhibitor; SELLECK, S3544) or O/A (oligomycin A, 
SELLECK, S1478; and antimycin, Santa Cruz Biotechnology, 
sc-202,467; 1:1) and lysed with IP lysis buffer for 30 min, 
followed by co-immunoprecipitation as described above. The 
degree of ubiquitination was assessed by immunoblotting with 
an anti-ubiquitination mouse polyclonal antibody.

Protein mass spectrometry

MDA468 cells with Flag-GPCPD1 overexpression and control 
cells with pCMV-Flag overexpression under hypoxic treatment 
or not for 48 h were collected with IP lysis buffer plus protease 

inhibitor (Millipore, 20,188). Then 3 μg antibodies (anti- 
GPCPD1 or anti-IgG) were added to the protein samples (500  
μg) and incubated with gentle rotation for 2 h at 4°C. The 
proteins were then incubated with 40 μl protein-A/G agarose 
overnight at 4°C followed by lysis in MS buffer (50 mM HEPES, 
pH 7.0, 100 mM KCl, 0.5% NP-40 [Sigma-Aldrich, NP40S], 2  
mM EDTA, 10% glycerol [Sigma-Aldrich, G2025]). LC-MS/MS 
was conducted and evaluated by PTM Biolabs (Hangzhou, 
China). The LC-MS results are shown in Table S7.

Nucleocytoplasmic separation

Nucleocytoplasmic separation was conducted with a cell 
nucleocytoplasmic separation kit (Thermo, 78,833) following 
the provided directions. Treated cells (1 × 107) were harvested 
and gently resuspended in ice-cold cytosol extraction buffer 
(20 mM potassium-HEPES, pH 7.4, 10 mM KCl, 1.5 mM 
MgCl2, 250 mM sucrose [Thermo, 78833A], 1 mM Na- 
EDTA, 1 mM DTT and 0.1 μM PMSF) and placed on ice 
for 1 min. After centrifugation (12.,000 g; 5 min, 4°C), the 
supernatants containing the cytoplasmic extracts were placed 
in clean pre-chilled tubes. The pellets containing the nuclei 
were resuspended in a 200 μL ice-cold nuclei lysis buffer, 
vortexed, and placed on ice for 1 min. After further centrifu
gation (14,000 g; 10 min; 4°C), the nucleoplasmic extracts in 
the supernatants were stored at −80°C.

Mitochondrial isolation

Mitochondria were isolated using a kit (Thermo, 89,874) and 
differential centrifugation. Treated cells (1 × 107) were cen
trifuged (300 g; 10 min; 4°C) and rinsed in PBS, followed by 
incubation with 1 ml mitochondrial isolation reagent for 
15 min on ice. Cells were transferred to a glass vial and 
stained with trypan blue after being homogenized 35 times. 
After centrifugation (600 g; 10 min; 4°C), transfer of the 
supernatant to a clean tube, and re-centrifugation (11,000 g; 
10 min; 4°C), the pellet containing the mitochondria was 
lysed in mitochondria lysis solution and the protein content 
measured by BCA. In addition, the supernatant above was 
centrifuged (12,000 g; 10 min; 4°C) and the whole-cell protein 
supernatant without the mitochondria was collected and mea
sured by BCA.

Acyl biotin exchange (ABE) assay

This was conducted using a published protocol [58]. 
MDA468 cells (1 × 107) were transfected with Flag- 
GPCPD1. After 48 hours, cells were lysed in 1 ml lysis 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 
5 mM EDTA containing EDTA-free protease inhibitor 
[Millipore, 20,188]) with 10 mM N-ethylmaleimide 
(NEM; Sigma-Aldrich, E1271). And then cells were incu
bated with rotation for 30 min at 4°C. Next, the cell lysate 
was collected in a 1.5 ml tube by centrifugation at 16,000 g 
for 30 min. Then 5 μg Flag antibody was added to each 
tube with 400 ul cell lysate and the antibody-lysate mix
ture was rotated overnight at 4°C. Sixty microliters of 
protein A/G beads were added to each of the antibody-
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lysate mixtures with rotation for 2 h at 4°C. The samples 
were rinsed with LB (pH 7.2) and the beads were resus
pended in 600 μl LB with 10 mM NEM for 10 min on ice. 
Afterward, each sample was split into +HAM group and - 
HAM group by adding hydroxylamine (HAM; Sigma- 
Aldrich, 438,227) or not, and then -HAM samples and 
+HAM samples were added to 0.5 ml/sample of LB pH 
7.2 or 1 M HAM buffer respectively. Samples were incu
bated for 1 h at room temperature, followed by washing 
with LB (pH 6.2) and collection of the pelleted beads on 
ice. Then, 0.5 ml of 2.5 μM Biotin-BMCC buffer (Thermo, 
21,900; LB pH 6.2 as the solution) was added to each 
sample and allowed to incubate for exactly 1 h at 4°C. 
After another wash with LB (pH 6.2), the beads were 
collected and a 2× SDS sample buffer was added to each 
sample to achieve a final concentration of 5 mM. Samples 
were boiled for 10 min at 75–80°C, separated, and 
immunoblotted.

Immunohistochemistry (IHC)

IHC was conducted using a ZSGB-BIO kit (ZSGB-BIO, 
SP9000) according to provided directions. After dewaxing 
and antigen retrieval in sodium citrate buffer, the sections 
were blocked and incubated with primary antibodies against 
GPCPD1, MKI67, or HIF1A at 4°C overnight. After incuba
tion with the secondary antibody, the proteins were visualized 
with 3,3-N-diaminobenzidine tertrahydrochloride (DAB; 
ZSGB-BIO, ZLI-9017) and assessed in a blinded manner by 
two pathologists using a semi-quantitative method and scored 
as negative (0), weak (1), moderate (2), or strong (3) in terms 
of staining intensity and percentages of cytoplasmic and 
nuclear staining.

Mouse experiments

All animal studies were conducted according to the guide
lines for the care and use of laboratory animals, which were 
approved by the Institutional Biomedical Research Ethics 
Committee of the Qilu Hospital of Shandong University. 
Two hundred microliters of MDA231 or MDA231-Luc cells 
(1 × 107) with GPCPD1 stable overexpression or knockdown 
in PBS were injected subcutaneously into the flanks of 
4-6-week-old female BALB/C athymic nude mice. The 
tumors were measured weekly with calipers or monitored 
with a noninvasive bioluminescence system, and the volumes 
were determined by the length × width2 /2. On day 14, the 
mice were treated via intravenous injection with 2 mg/kg 
doxorubicin (Sigma-Aldrich, D1515) or PBS (vehicle) three 
times a week. For lung metastasis assays, 1 × 105 cells were 
resuspended in 100 μl PBS, and cells were intravenously 
injected into 6-week-old female BALB/c nu/nu mice. 
On day 8 post-injection, the mice were treated via intrave
nous injection with 2 mg/kg doxorubicin or PBS (vehicle) 
three times a week. Mice were sacrificed when moribund. 
The tumors and lungs were fixed in formalin and embedded 
in paraffin.

Clinical sample analysis

The Institutional Research Ethics Committee of Qilu 
Hospital of Shandong University provided the approval 
for the study. Human breast cancer tissue microarrays 
(TMAs) were obtained from Outdo Biotech (HBre- 
Duc1405ur). Clinical samples were collected at Qilu 
Hospital of Shandong University and all participants pro
vided informed consent voluntarily. For the Kaplan–Meier 
survival analysis, samples were divided into low- (scores 0 
and 1) and high- (scores 2 and 3) expression groups for 
GPCPD1 and HIF1A. Multivariate Cox analysis was con
ducted to evaluate the hazard ratio (HR) of GPCPD1 
expression and the clinicopathological parameters.

Statistical analysis

The sample sizes and tests used in each experiment are shown 
in the figure legends. Data analysis and graphics were done 
with GraphPad Prism 8 and R. P-values <0.05 were consid
ered significant; precise p-values are given in the figures.
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