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Introduction
Cancer cells reprogram their metabolism to meet their bioener-
getic and biosynthetic needs for rapid growth and proliferation 
(1–3). Increased serine biosynthesis is an important metabolic 
adaptation in many human cancers that provides precursors for 
amino acids, nucleotides, and lipids to support bioenergetic and 
biosynthetic needs of cancer cells (4–9). Serine can be imported 
from the extracellular environment via transporters or synthe-
sized by the serine synthesis pathway (4–6). Phosphoglycerate 
dehydrogenase (PHGDH) is the first rate-limiting enzyme in the 
serine synthesis pathway that produces 3-phosphohydroxypyru-
vate (3-PPyr) by NAD+-coupled oxidation of 3-phosphoglycerate 
(3-PG) (9–11). Recent studies show that PHGDH is frequently 
overexpressed in some types of cancers, including approxi-
mately 40% of breast cancers and 50% to 80% of lung cancers, 
and PHGDH overexpression activates serine synthesis to pro-
mote cancer progression (9, 10, 12–14). Importantly, targeting 
PHGDH in cancer cells with PHGDH overexpression greatly 

compromises cancer progression, suggesting that PHGDH is a 
potential therapeutic target in cancers with PHGDH overexpres-
sion (9–12, 15–17). Currently, the regulation of PHGDH in cells 
and mechanism underlying PHGDH overexpression in cancer 
are poorly defined. Gene amplification has been identified as 
a mechanism contributing to PHGDH overexpression in breast 
cancer and melanoma (10, 13). However, PHGDH gene amplifi-
cation is observed in only approximately 6% of breast cancers, 
whereas PHGDH overexpression is observed in approximately 
40% of breast cancers (10), suggesting that there are mecha-
nisms other than gene amplification that contribute to PHGDH 
overexpression in breast cancer. In addition to gene amplifica-
tion, NRF2, a transcription factor frequently activated in lung 
cancer, was reported to upregulate PHGDH in non-small cell 
lung cancer (18).

Parkin, encoded by the PARK2 gene, is an E3 ubiquitin ligase. 
Mutations in PARK2 have been linked to autosomal recessive 
juvenile Parkinson’s disease, a common familial form of Par-
kinson’s disease (PD) (19, 20). Ubiquitination activity of Parkin 
has been reported as contributing greatly to the role of Parkin in 
preventing PD (21–25). Interestingly, ample studies have shown 
that Parkin is a bona fide tumor suppressor. PARK2 mutations 
have been reported in different types of human cancers, includ-
ing breast and lung cancers, although the mutation frequency 
of PARK2 is relatively low (less than 5% in both breast and lung 
cancers) (26–29). Parkin expression is frequently downregulated 
in many cancers, including 40% to 70% of breast cancers and 
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ectopic expression of PHGDH-Flag and Myc-Parkin (Figure 1A). 
The interaction between endogenous PHGDH and Parkin was 
observed in human Hs578T breast cancer (Figure 1B) and H1299 
lung cancer cells (Figure 1C) that express high levels of PHGDH 
(Supplemental Figure 1) by co-IP and Western blot analysis. As a 
negative control, endogenous PHGDH was knocked down using 2 
different shRNA vectors (Figure 1, B and C). To further support our 
observations, Hs578T cells with PHGDH KO using CRISPR/Cas9 
were employed for co-IP assays. The interaction between endog-
enous PHGDH and Parkin was observed in control PHGDH WT 
Hs578T cells, but not in 2 different PHGDH KO clonal cell lines 
(Hs578T-PHGDH-KO) (Figure 1D).

Next, we sought to determine the domain of PHGDH required 
for its interaction with Parkin by expressing different deletion 
mutants of PHGDH-Flag and WT Myc-Parkin in Hs578T cells for 
co-IP assays (Figure 1E). The substrate binding domain 2 (SBD2) 
of PHGDH was found to be required and sufficient for PHGDH to 
bind to Parkin by co-IP assays (Figure 1E). By expressing different 
deletion mutants of Myc-Parkin and WT PHGDH-Flag in Hs578T 
cells for co-IP assays, we found that the in-between RING (IBR) 
domain of Parkin was required and sufficient for Parkin to inter-
act with PHGDH (Figure 1F). To address the question of whether 
PHGDH directly interacts with Parkin, in vitro glutathione S-trans-
ferase (GST) pull-down assays were conducted using recombinant 
GST-Parkin and His-PHGDH proteins purified from bacteria. 
A direct interaction between GST-Parkin and His-PHGDH was 
detected in vitro (Figure 1G); this was disrupted by deletion of the 
IBR domain of Parkin (ΔIBR) (Figure 1G). These results collectively 
demonstrate that PHGDH interacts directly with Parkin in cells.

Parkin downregulates PHGDH protein levels in cells and mouse 
tissues. As an E3 ubiquitin ligase, Parkin promotes ubiquitina-
tion and degradation of different protein substrates (23, 27, 29, 
35). Given that Parkin interacts with PHGDH, we determined 
whether Parkin regulates PHGDH protein levels in cells. We first 
examined the effect of Parkin on PHGDH protein levels in cells 
by coexpressing Myc-Parkin and PHGDH-Flag in Hs578T and 
H1299 cells. Myc-Parkin expression downregulated PHGDH-Flag 
protein levels in a dose-dependent manner in both Hs578T and 
H1299 cells (Figure 2A). We then determined whether Myc-Parkin 
expression downregulates endogenous PHGDH protein levels 
by expressing Myc-Parkin in different human breast cancer cell 
lines (including Hs578T, HCC70, MDA-MB468, and T47D) and 
lung cancer cell lines (including H1299 and A549), which were 
reported to express higher levels of PHGDH protein compared 
with normal tissues (Supplemental Figure 1 and refs. 10, 12, 15, 
18). Expression of Myc-Parkin greatly downregulated the endog-
enous PHGDH protein levels in all of these cell lines (Figure 2B). 
Further, knockdown of endogenous Parkin with shRNA vectors 
increased PHGDH protein levels in all of these cancer cell lines 
and normal breast MCF10A cells (Figure 2C). The downregula-
tion of endogenous PHGDH by Parkin was confirmed in Hs578T 
and H1299 cells with Parkin KO by CRISPR/Cas9; Parkin-KO 
cells displayed much higher PHGDH protein levels compared 
with their control WT cells (Figure 2D). Further, mouse embryonic 
fibroblasts (MEFs) from Parkin–/– mice displayed higher PHGDH 
protein levels compared with Parkin+/+ MEFs (Figure 2E). Impor-
tantly, breast and lung tissues from Parkin–/– mice displayed higher  

over 30% of lung cancers, and this downregulation can be caused 
by different mechanisms, including loss of heterozygosity, loss 
of copy number, and the promoter hypermethylation of PARK2 
(26, 30–34). Parkin downregulation in different types of cancers 
is frequently associated with poor prognosis of cancer patients 
(26, 27, 35–37). Mice deficient for Parkin are more susceptible to 
developing tumors, including spontaneous hepatocellular carci-
noma and γ-irradiation–induced lymphoma (38, 39). In addition, 
Parkin deficiency promotes colorectal tumorigenesis in ApcMin/+ 
mice (31). Currently, the mechanism of the tumor-suppressive 
function of Parkin is poorly defined. The ubiquitination activ-
ity of Parkin has been suggested as being crucial for the tumor- 
suppressive function of Parkin. For instance, Parkin was reported  
to ubiquitinate cyclin D/E, HIF-1α, RIPK3, mitotic regulators, 
and mitochondrial iron importers, contributing to its tumor- 
suppressive function (35, 36, 40–43).

In this study, we identified Parkin as a critical binding partner 
and a negative regulator of PHGDH. Using co-immunoprecipi-
tation (co-IP) followed by liquid chromatography–tandem mass 
spectrometry (LC-MS/MS), we found that Parkin binds to PHGDH 
and degrades it through ubiquitination to inhibit serine synthesis, 
which contributes greatly to the tumor-suppressive function of 
Parkin. Decreased Parkin expression in cancer cells leads to stabi-
lization and accumulation of PHGDH to promote serine synthesis 
and cancer progression, which can be largely abolished by target-
ing PHGDH using RNAi, CRISPR/Cas9 KO, and small-molecule 
PHGDH inhibitors. These results reveal an important mechanism 
underlying the regulation of PHGDH and tumor-suppressive 
function of Parkin in cancers.

Results
Parkin interacts with PHGDH. PHGDH is frequently overexpressed 
in human breast cancer and lung cancer. To reveal the mecha-
nism of PHGDH regulation in cells and PHGDH overexpression 
in cancer, we screened for potential proteins interacting with 
PHGDH using co-IP followed by LC-MS/MS assays in normal 
human breast MCF10A cells transduced with or without a retrovi-
ral vector to express PHGDH-Flag. LC-MS/MS analysis identified 
Parkin as a potential binding protein for PHGDH-Flag (Supple-
mental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI132876DS1). The interaction 
between exogenous PHGDH-Flag and Myc-Parkin was verified 
by co-IP, followed by Western blot assays in MCF10A cells with 

Figure 1. PHGDH interacts with Parkin. (A) PHGDH-Flag interacted with 
Myc-Parkin in MCF10A cells. Cells with ectopic expression of PHGDH-Flag 
and Myc-Parkin were employed for co-IP assays using the anti-Flag (left) 
and anti-Myc antibodies (right), respectively. (B and C) Endogenous PHGDH 
interacted with endogenous Parkin in Hs578T (B) and H1299 cells (C), as 
detected by co-IP assays. PHGDH was knocked down by shRNAs in cells as 
negative controls. (D) Co-IP analysis of interaction of endogenous PHGDH 
and Parkin in WT Hs578T cells and Hs578T cells with PHGDH KO by CRISPR/ 
Cas9. (E) Parkin bound to PHGDH at its SBD2 domain. Left: schematic 
representation of vectors expressing WT or serial deletion mutants of 
PHGDH-Flag. (F) PHGDH bound to Parkin at its IBR domain. Left: schematic 
representation of vectors expressing WT or serial deletion mutants of 
Myc-Parkin. (G) Direct interaction of recombinant GST-Parkin and His- 
Trx-PHGDH proteins analyzed by in vitro GST pull-down assays. 
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inducing mitophagy, the selective degradation of mitochondria by 
autophagy (21, 46, 47). To investigate whether autophagy and mito-
phagy also regulate PHGDH protein levels and contribute to PHG-
DH downregulation by Parkin in cells, WT and Parkin-KO Hs578T 
cells were treated with chloroquine and bafilomycin A1, 2 widely 
used autophagy inhibitors that inhibit autolysosome degradation 
(48), respectively. In contrast to the effect of MG132, chloroquine 
or bafilomycin A1 did not clearly affect the PHGDH protein levels 
or the effect of Parkin on PHGDH protein levels in cells (Supple-
mental Figure 3A). We further treated WT and Parkin-KO Hs578T 
and H1299 cells with carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP), which induces mitophagy (48), and found that CCCP 
treatment also did not clearly affect PHGDH levels or the effect of 
Parkin on PHGDH levels in cells (Supplemental Figure 3B). Taken 
together, these results suggest that Parkin downregulates PHGDH 
mainly through ubiquitin-proteasomal degradation in cells.

Next, we determined whether Parkin affects protein stability 
of PHGDH by measuring the protein half-life of PHGDH in cells. 
Hs578T cells with or without Myc-Parkin expression were treated 
with protein synthesis inhibitor cyclohexamide (CHX) for differ-
ent time periods before Western blot assays. Compared with con-
trol cells, Myc-Parkin expression clearly reduced the half-life of 
PHGDH protein (Figure 3B). In contrast, knockdown of Parkin by 

PHGDH protein levels compared with these tissues from Parkin+/+ 
mice (Figure 2F). Results from quantitative real-time PCR assays 
showed that Parkin did not affect PHGDH mRNA levels in cells 
or mouse tissues (Supplemental Figure 2, A–E). Taken together, 
these results demonstrate that Parkin downregulates PHGDH 
protein levels in cells and mouse tissues.

Parkin ubiquitinates and degrades PHGDH. Given our finding 
that Parkin binds to and downregulates PHGDH, we speculated 
that Parkin downregulates PHGDH through ubiquitin-proteasome 
degradation. To test this hypothesis, Hs578T cells transduced 
with control or WT Myc-Parkin vectors were treated with the pro-
teasome inhibitor MG132 and PHGDH levels were analyzed by 
Western blot assays. MG132 treatment increased PHGDH protein 
levels in cells and, importantly, abolished the inhibitory effect of 
WT Myc-Parkin on PHGDH levels (Figure 3A). Similar results were 
observed in WT and Parkin-KO Hs578T cells treated with MG132; 
MG132 treatment increased PHGDH protein levels and abolished 
the inhibitory effect of endogenous Parkin on PHGDH levels in 
cells (Figure 3A). Furthermore, expression of C431A Myc-Parkin, 
a mutant Parkin with impaired E3 ubiquitin ligase activity (44, 45), 
did not clearly affect PHGDH levels in cells (Figure 3A), suggest-
ing that E3 ubiquitin ligase activity is required for Parkin to down-
regulate PHGDH levels in cells. Parkin is known to be involved in 

Figure 2. Parkin negatively regulates PHGDH protein levels in cells and mice. (A) Myc-Parkin expression reduced levels of PHGDH-Flag protein in Hs578T 
and H1299 cells. Cells were transfected with the PHGDH-Flag vector together with varying amounts of Myc-Parkin or control (Con) vectors. (B) Ectopic 
Myc-Parkin expression reduced levels of endogenous PHGDH protein in different human breast and lung cancer cells. (C) Knockdown of endogenous Parkin 
by 2 different shRNA vectors increased levels of endogenous PHGDH protein in different human breast and lung cells. (D) KO of Parkin by CRISPR/Cas9 
increased levels of PHGDH protein in Hs578T and H1299 cells. (E) Higher PHGDH protein levels in Parkin−/− MEFs compared with Parkin+/+ MEFs. (F) Higher 
PHGDH protein levels in the breast and lung tissues of Parkin–/– mice compared with Parkin+/+ mice. n = 5 mice/group.
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protein levels in cells (Figure 4C). Compared with WT PHGDH, 
K330R PHGDH displayed a longer protein half-life in cells (Figure 
4D). Further, expression of Myc-Parkin greatly reduced the half-
life of WT PHGDH, but not K330R PHGDH, protein in cells (Fig-
ure 4D). These results together indicate that K330 of PHGDH is a 
major ubiquitination site for Parkin.

Parkin inhibits serine synthesis through ubiquitination of PHGDH. 
PHGDH is the first rate-limiting enzyme in serine synthesis that 
converts 3-PG to 3-PPyr. 3-PPyr is then converted to serine, and ser-
ine can be further converted to glycine to support the synthesis of 
amino acids, nucleotides, and lipids (Figure 5A and refs. 4, 5, 50). 
Our finding that Parkin ubiquitinates and degrades PHGDH sug-
gests that Parkin may suppress serine synthesis. To investigate the 
effect of Parkin on serine synthesis, Hs578T and H1299 cells were 
cultured in the presence of uniformly carbon-13–labeled glucose 
(U-13C6-glucose) to trace its contribution to newly synthesized 
serine (with a mass shift of 3 [M + 3]) due to the incorporation 
of glucose-derived 13C via 3-PG and glycine (with a mass-shift 
of 2 [M + 2]) by LC-MS–based metabolomics analysis (Figure 5A). 
Expression of Myc-Parkin significantly decreased the incorporation 
of 13C into serine and glycine and levels of total serine and glycine 
in both Hs578T and H1299 cells (Figure 5B). In contrast, Parkin 
knockdown (Figure 5C) or KO (Figure 5D) significantly increased 
the incorporation of 13C into serine and glycine and levels of total 
serine and glycine in cells. Notably, PHGDH knockdown not only 
greatly decreased the incorporation of 13C into serine and glycine 
and levels of total serine and glycine, but also largely abolished 
the inhibitory effect of Myc-Parkin (Figure 5B) and the promoting 
effect of Parkin knockdown (Figure 5C) on the incorporation of 
13C into serine and glycine and levels of total serine and glycine in 
cells. Further, PHGDH KO in Hs578T cells not only completely 
blocked the incorporation of 13C into serine and glycine, but also 
abolished the promoting effect of Parkin KO on levels of total 
serine and glycine (Figure 5D). These results together indicate 
that Parkin downregulates PHGDH to suppress serine synthesis 
and reduce levels of total serine and glycine in cells.

We further determined whether Parkin inhibits serine synthe-
sis through ubiquitination of PHGDH. Compared with WT Parkin, 
C431A and cancer-associated T240M and P294S mutant Parkin 
displayed significantly decreased activities in suppressing the incor-
poration of 13C into serine and glycine and reducing levels of total 
serine and glycine in Hs578T cells (Figure 5E). To further support our 
observations, the WT or K330R PHGDH-Flag vector was expressed 
in Hs578T-PHGDH-KO cells (Figure 5F). Myc-Parkin expression sig-
nificantly suppressed serine synthesis in cells expressing WT PHG-
DH-Flag, but not in cells expressing K330R PHGDH-Flag, which can-
not be efficiently ubiquitinated and degraded by Parkin (Figure 5F).

LC-MS–based metabolomics analysis was further employed to 
analyze metabolites in MEFs as well as tissues from Parkin+/+ and 
Parkin–/– mice. Compared with Parkin+/+ MEFs, Parkin–/– MEFs dis-
played significantly higher levels of 13C incorporation into serine and 
glycine as well as higher levels of total serine and glycine (Figure 
5G). Similarly, Parkin–/– mice displayed significantly higher levels of 
serine and glycine in breast and lung tissues as well as serum com-
pared with Parkin+/+ mice (Figure 5H). Collectively, these results 
indicate that Parkin suppresses serine synthesis through its ubiquiti-
nation and downregulation of PHGDH in cells and mouse tissues.

shRNAs increased the half-life of PHGDH protein in cells (Figure 
3B). This result was verified in Hs578T-Parkin-KO cells; compared 
with what occurred in control WT cells, Parkin KO increased the 
half-life of PHGDH protein (Figure 3C).

To directly address the question of whether Parkin regulates 
PHGDH ubiquitination, in vivo ubiquitination assays were per-
formed in Hs578T cells with ectopic expression of PHGDH-Flag, 
HA-ubiquitin, and WT, C431A, or ΔIBR Myc-Parkin. Expression of 
WT but not C431A Myc-Parkin markedly increased ubiquitination 
of PHGDH-Flag in cells (Figure 3D). The ΔIBR Myc-Parkin, which 
cannot bind to PHGDH, failed to promote PHGDH-Flag ubiquiti-
nation (Figure 3D). The effect of Parkin on PHGDH ubiquitination 
was confirmed by in vitro ubiquitination assays using recombinant 
GST-Parkin and His-PHGDH proteins; the WT GST-Parkin protein 
markedly induced His-PHGDH ubiquitination, whereas C431A 
and ΔIBR GST-Parkin proteins failed to induce His-PHGDH  
ubiquitination in vitro (Figure 3E). To further examine  
whether endogenous Parkin ubiquitinates PHGDH, Hs578T cells 
with Parkin knockdown or KO and H1299 cells with Parkin KO 
were transfected with PHGDH-Flag for in vivo ubiquitination 
assays. As shown in Figure 3F, Parkin knockdown or KO dramat-
ically decreased PHGDH-Flag ubiquitination in these cells. Sim-
ilarly, Parkin knockdown clearly reduced the ubiquitination of 
endogenous PHGDH in Hs578T cells (Figure 3G).

PARK2 mutations have been observed in breast cancer and 
lung cancer (26, 27, 29). T240M and P294S are 2 cancer-associ-
ated mutations in PARK2; these mutations impair the ubiquitin 
ligase activity and tumor-suppressive function of Parkin (49). We 
determined whether T240M and P294S mutations impair the 
function of Parkin in ubiquitination and degradation of PHGDH 
in cells. Compared with WT Myc-Parkin, these 2 mutations mark-
edly reduced the ability of Parkin to ubiquitinate and degrade 
PHGDH as shown by in vivo ubiquitination (Figure 3H) and West-
ern blot assays (Figure 3I), respectively. Collectively, these results 
indicate that Parkin downregulates PHGDH through ubiquitina-
tion and proteasome degradation.

Parkin ubiquitinates PHGDH at lysine 330. To identify the tar-
get residue or residues in PHGDH modified by Parkin-dependent 
ubiquitination, in vivo ubiquitination assays were performed in 
Hs578T cells and PHGDH-Flag ubiquitinated by Myc-Parkin was 
immunoprecipitated for LC-MS/MS analysis. The lysines at 330, 
310, and 364 of PHGDH (K330, K310, and K364) were identified 
as the top 3 putative ubiquitination sites for Parkin (Table 1 and Fig-
ure 4A). The lysines at these 3 sites in PHGDH-Flag were mutated 
to arginine (K330R, K310R, or K364R), respectively, and in vivo 
ubiquitination assays were performed to determine whether these 
mutations diminish PHGDH ubiquitination. Compared with WT 
PHGDH-Flag, the K330R mutation dramatically reduced the ability  
of Myc-Parkin to ubiquitinate PHGDH-Flag, whereas the K310R or 
K364R mutation did not clearly reduce the ability of Myc-Parkin to 
ubiquitinate PHGDH-Flag in Hs578T cells (Figure 4B). Compared 
with the K330R mutation, triple K to R mutations at these 3 sites 
(K310R/K330R/K364R) did not further reduce the ubiquitina-
tion of PHGDH by Parkin (Figure 4B). Results from co-IP assays 
showed that K330R mutation did not affect the Parkin-PHGDH 
interaction (Supplemental Figure 4). Notably, K330R mutation 
markedly reduced the ability of Parkin to downregulate PHGDH 
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Parkin inhibits proliferation of cancer cells through PHGDH 
downregulation. PHGDH overexpression plays a critical role in 
promoting proliferation of cancer cells, including breast and 
lung cancer cells (4, 10, 18). Targeting PHGDH by RNAi or spe-
cific small-molecule PHGDH inhibitors (e.g., NCT-503 and 
CBR-5884) was reported to inhibit proliferation of cancer cells 
with PHGDH overexpression both in vitro and in vivo (10, 15, 16, 
18). Here, we investigated whether Parkin suppresses prolifer-
ation of cancer cells through negative regulation of PHGDH in 
aforementioned different cancer cells, including Hs578T, H1299 
(Figure 6), HCC70, MDA-MB468, T47D, and A549 cells (Sup-
plemental Figure 5). Ectopic expression of Myc-Parkin signifi-
cantly inhibited cell proliferation (Figure 6A and Supplemental 
Figure 5A), whereas knockdown of Parkin significantly promoted 
cell proliferation in these cell lines (Figure 6B and Supplemen-
tal Figure 5B). Notably, PHGDH knockdown greatly abolished 
the inhibitory effect of Myc-Parkin expression or the promoting 
effect of Parkin knockdown on cell proliferation (Figure 6, A and 
B, Supplemental Figure 5, A and B). Similarly, Parkin KO signifi-
cantly promoted proliferation of both Hs578T and H1299 cells, 
which was greatly abolished by KO of PHGDH in these cells (Fig-
ure 6C). To further support our observations, we expressed the 
WT or K330R PHGDH-Flag together with Myc-Parkin in Hs578T 
and H1299 cells with PHGDH KO. Myc-Parkin expression sig-
nificantly inhibited proliferation of PHGDH-KO cells expressing 
WT PHGDH-Flag, but displayed a much less pronounced inhibi-
tory effect in PHGDH-KO cells expressing K330R PHGDH-Flag 
(Figure 6D). These results suggest that the ubiquitination and 
downregulation of PHGDH contributes greatly to Parkin’s inhib-
itory effect on cell proliferation.

Given that Parkin deficiency leads to the stabilization and accu-
mulation of PHGDH in cancer cells, we tested to determine whether  
cancer cells with Parkin deficiency are sensitive to PHGDH  
inhibitors, including NCT-503 and CBR-5884. Consistent with 
previous reports (15, 16), NCT-503 and CBR-5884 significantly 
inhibited proliferation of the above-mentioned cancer cell lines, 

which express high levels of PHGDH (Figure 6, E and F, and Sup-
plemental Figure 5, C and D). Further, the effects of NCT-503 and 
CBR-5884 on cell proliferation were largely PHGDH dependent, 
as shown in H1299 cells with PHGDH KO (Supplemental Figure 
5, E and F). Importantly, our results show that NCT-503 and CBR-
5884 significantly inhibited the proliferation of cancer cells with 
Parkin knockdown or Parkin KO and suggest that NCT-503 and 
CBR-5884 may display better inhibitory effects on proliferation in 
Parkin-deficient cells than in control cells (Figure 6, E–H, and Sup-
plemental Figure 5, C–F).

It has been well known that Hs578T, HCC70, MDA-MB468, 
T47D, H1299, and A549 cells depend on serine synthesis, but 
not exogenous serine/glycine, in culture media for their needs on  
serine/glycine and are sensitive to PHGDH inhibition (15, 16). Inter-
estingly, some cancer cells, including human breast cancer MCF7, 
ZR-75-1, and MDA-MB-231 cells, were reported to be dependent 
on exogenous serine/glycine for their needs on serine/glycine (15, 
16). These cell lines are insensitive to PHGDH inhibition under the 
serine/glycine-replete condition, but become sensitive to PHGDH 
inhibition under the serine/glycine-depleted condition, although 
its underlying mechanism is not well understood (15, 16). Consis-
tent with previous reports (15, 16), these 3 cell lines were depen-
dent on exogenous serine/glycine for proliferation; depletion of 
serine/glycine in culture media dramatically inhibited their prolif-
eration (Supplemental Figure 6A). Further, they were insensitive 
to PHGDH inhibition under the serine/glycine-replete condition; 
knockdown of PHGDH in these cell lines did not clearly affect 
cell proliferation under the serine/glycine-replete condition, but 
significantly inhibited cell proliferation under the serine/glycine- 
depleted condition (Supplemental Figure 6A). Here, we examined 
the effect of Parkin on PHGDH and cell proliferation in these 3 cell 
lines. We found that Parkin knockdown increased PHGDH protein 
levels in MCF7, ZR-75-1, and MDA-MB-231 cells (Supplemental 
Figure 6B). Although Parkin knockdown slightly promoted prolif-
eration of these cells under the serine/glycine-replete condition, 
Parkin knockdown appeared to display a much more pronounced 
promoting effect on cell proliferation under the serine/glycine- 
depleted condition, which was largely abolished by PHGDH knock-
down (Supplemental Figure 6C). Consistent with previous reports 
(15, 16), MCF7, ZR-75-1, and MDA-MB-231 cells were insensitive 
to NCT-503 and CBR-5884 under the serine/glycine-replete con-
dition, and depletion of serine/glycine greatly increased the sensi-
tivity of these cell lines to NCT-503 and CBR-5884 (Supplemental 
Figure 6, D and E). Parkin knockdown did not clearly affect the 
inhibitory effects of NCT-503 or CBR-5884 on proliferation of 
these cell lines under the serine/glycine-replete condition (Sup-
plemental Figure 6, D and E). Furthermore, our results suggest 
that NCT-503 and CBR-5884 display better proliferation inhibi-
tory effects on cells with Parkin knockdown than on control cells 
under the serine/glycine-depleted condition (Supplemental Figure 
6, D and E). Currently, the mechanism of why these cell lines are 
dependent on exogenous serine/glycine and insensitive to PHGDH 
inhibition under the serine/glycine-replete condition is not well 
understood, and this requires further studies.

Parkin inhibits tumorigenesis through ubiquitination of PHGDH. 
We further investigated whether negative regulation of PHGDH 
contributes to the tumor-suppressive function of Parkin in vivo 

Figure 3. Parkin promotes PHGDH protein degradation through ubiquitina-
tion. (A) Treatment of proteasome inhibitor MG132 increased PHGDH protein 
levels and abolished inhibitory effect of Parkin on PHGDH levels in Hs578T 
cells. Hs578T cells with ectopic expression of WT or C431A Myc-Parkin (upper) 
and WT or Parkin-KO Hs578T cells (lower) were treated with MG132 (5 μM) 
or DMSO for 12 hours before Western blot assays. (B) Myc-Parkin expression 
decreased PHGDH protein half-life (left), whereas knockdown of endogenous 
Parkin increased PHGDH protein half-life (right) in Hs578T cells. Cells were 
treated with CHX or DMSO for different hours before Western blot assays. (C) 
KO of Parkin by CRISPR/Cas9 increased PHGDH protein half-life in Hs578T 
cells. In B and C, data are presented as mean ± SD. n = 3. (D) Effects of WT 
and mutant Myc-Parkin on ubiquitination of PHGDH-Flag in Hs578T cells 
analyzed by in vivo ubiquitination (Ub) assays. (E) GST-Parkin ubiquitinates 
His-Trx-PHGDH in vitro analyzed by in vitro ubiquitination assays using 
recombinant proteins. (F) Parkin knockdown by shRNA (left) or Parkin KO 
by CRISPR/Cas9 (middle and right) reduced ubiquitination of PHGDH-Flag 
in Hs578T and H1299 cells analyzed by in vivo ubiquitination assays. (G) 
Parkin knockdown by shRNA reduced ubiquitination of endogenous PHGDH 
in Hs578T cells analyzed by in vivo ubiquitination assays. (H) T240M and 
P294S mutations impaired Parkin’s ubiquitination activity toward PHGDH in 
Hs578T cells analyzed by in vivo ubiquitination assays. (I) T240M and P294S 
mutations impaired the ability of Myc-Parkin to downregulate PHGDH protein 
levels in Hs578T and H1299 cells.
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used NCT-503 to investigate whether pharmacological inhibition 
of PHGDH can preferentially inhibit growth of tumors with Parkin 
deficiency. When the volume of Hs578T orthotopic breast tumors 
and H1299 s.c. xenograft tumors reached approximately 100 mm3, 
mice were treated with NCT-503 (i.p., 15 mg/kg) or vehicle once 
daily for 4 weeks. NCT-503 greatly inhibited the growth of Hs578T 
orthotopic breast tumors and H1299 s.c. xenograft tumors (Figure 
7G). Importantly, orthotopic Hs578T-Parkin-KO tumors and s.c. 
H1299-Parkin-KO tumors were more sensitive to NCT-503 treat-
ment compared with Hs578T-Parkin-WT and H1299-Parkin-WT 
tumors, respectively (Figure 7G).

Parkin expression is inversely associated with PHGDH expression 
in human cancers. Parkin is frequently downregulated in human 
cancers, including 40% to 70% of breast cancers and over 30% 
of lung cancers (26, 30, 32, 33). Given our finding that Parkin is an 
important negative regulator of PHGDH protein levels, as shown 
in human cancer cells and mouse cells and tissues (Figure 2), we 
investigated the potential correlation between the expression of 
Parkin and PHGDH in human cancer specimens. The protein lev-
els of Parkin and PHGDH in human breast cancer and lung cancer 
specimens on 3 tissue microarrays (TMAs), including 2 breast can-
cer TMAs (n = 200 and 208, respectively) and 1 lung cancer TMA 
(n = 212), were determined by IHC staining assays. A very signifi-
cant reverse correlation between expression of Parkin and PHGDH 
was observed in both breast and lung cancer specimens in all of 
these 3 TMAs (Table 2 and Figure 7H). These results together with 
our results in cancer cells and mice (Figure 2) suggest that the fre-
quent Parkin downregulation in human breast and lung cancers is 
an important mechanism contributing to the frequently observed 
PHGDH overexpression in human breast and lung cancers.

In summary, our results strongly suggest that the ubiquiti-
nation and degradation of PHGDH by Parkin is a crucial mech-
anism for PHGDH regulation, which constitutes an important 
mechanism underlying the tumor-suppressive function of Par-
kin, and Parkin deficiency leads to PHGDH stabilization and 
accumulation in cancer cells to activate serine synthesis and pro-
mote tumorigenesis (Figure 8).

Discussion
PHGDH is frequently overexpressed in human cancer, including 
breast and lung cancers. This overexpression activates serine syn-
thesis to promote cancer progression and is associated with poor 
prognosis in cancer patients (10–16). However, the mechanism of 
PHGDH regulation and its overexpression in cancer are not well 
understood. Parkin is a bona fide tumor suppressor; however, its 
underlying mechanism is poorly understood. In this study, we 
found that Parkin is an E3 ubiquitin ligase for PHGDH; Parkin ubiq-
uitinates PHGDH at lysine 330, leading to PHGDH degradation to 
suppress serine synthesis and tumorigenesis. Parkin deficiency 
promotes PHGDH protein stabilization and accumulation in can-
cer cells to activate serine synthesis and promote tumorigenesis, 
which can be greatly abolished by knockdown or KO of PHGDH 
and PHGDH inhibitors. These results strongly suggest that the 
negative regulation of PHGDH and serine synthesis by Parkin is 
an important mechanism contributing to the tumor-suppressive 
function of Parkin. Parkin expression is frequently downregulated 
in many types of cancers, including breast and lung cancers. Our 

using orthotopic breast tumorigenesis and s.c. xenograft tumor-
igenesis mouse models. Compared with control cells, Parkin KO 
in Hs578T cells significantly promoted the growth of orthotopic 
breast tumors formed by fat pat injection of cells (Figure 7A). 
Notably, the promoting effect of Parkin KO on tumor growth 
was greatly abolished by further KO of PHGDH in Hs578T cells 
(Figure 7A). Immunohistochemistry (IHC) staining of orthotopic 
breast tumor tissues showed that Parkin KO increased PHGDH 
levels and staining of Ki-67, a cell-proliferation marker (Figure 
7B). PHGDH KO in cells significantly reduced Ki-67 staining in 
tumors and, importantly, largely abolished the promoting effect 
of Parkin KO on Ki-67 staining in tumors (Figure 7B). Further-
more, total serine and glycine levels were significantly higher in 
Hs578T-Parkin-KO breast tumors than in control WT tumors (Fig-
ure 7C). Importantly, the promoting effect of Parkin KO on serine 
and glycine levels in tumors was largely abolished by further KO of  
PHGDH (Figure 7C). Similar results were observed in s.c. xeno-
graft tumors formed by H1299 cells; Parkin KO significantly 
enhanced tumor growth (Figure 7D) and levels of PHGDH and 
Ki-67 in tumors (Supplemental Figure 7), which were largely abol-
ished by PHGDH KO in cells (Figure 7D and Supplemental Figure 
7). In contrast, expression of Myc-Parkin in Hs578T cells signifi-
cantly inhibited the growth of orthotopic breast tumors, which was 
greatly abolished by PHGDH KO in cells (Figure 7E). These results 
suggest that downregulation of PHGDH by Parkin contributes 
greatly to the tumor-suppressive function of Parkin.

To further support our observations, Hs578T-PHGDH-KO 
cells were cotransduced with the WT or K330R PHGDH-Flag 
vectors and Myc-Parkin vectors, and the cells were used for 
orthotopic breast tumorigenesis assays. Myc-Parkin expression 
significantly inhibited the growth of orthotopic tumors formed 
by cells expressing WT PHGDH-Flag, but displayed a much less 
pronounced inhibitory effect on the growth of tumors formed by 
cells expressing K330R PHGDH-Flag (Figure 7F), which suggests 
that ubiquitination of PHGDH contributes greatly to the tumor- 
suppressive function of Parkin.

It has been reported that PHGDH inhibitor NCT-503 can  
greatly suppress the growth of tumors with PHGDH overexpression 
in mouse models, whereas CBR-5884 is unstable in mouse plasma 
and unable to be used for in vivo studies (15, 16). Therefore, we 

Table 1. Sequences and counts of peptides containing potential 
ubiquitination sites for Parkin in PHGDH analyzed by LC-MS/MS

Site  Peptide Number of peptides
K330 SLTGVVNAQALTSAFSPHTKPWIGLAEALGTLMR 38
K310 KSLTGVVNAQALTSAFSPHTKPWIGLAEALGTLMR 3
K364 TIQVITQGTSLKNAGNCLSPAVIVGLLK 3
K146 MGTELNGKTLGILGLGR 2
K289 CPHLGASTKEAQSRCGEEIAVQFVDMVK 2
K522 LEAWKQHVTEAFQFHF 2
K69 VTADVINAAEKLQVVGR 1
K351 AWAGSPKGTIQVITQGTSLK 1
K394 QADVNLVNAKLLVK 1

Bold text indicates potential lysine ubiquitination sites.
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and increased serine uptake and from the extracellular environ-
ment via transporters, etc. Currently, we have no data for long-
term tumor growth or recurrence after the treatment. It will be 
of interest to study the long-term effects of PHGDH inhibitors on 
Parkin-deficient cancer and the effects of PHGDH inhibitors on 
different types of cancers in addition to breast and lung cancers in 
future studies. Further understanding the specificity and effect of 
PHGDH-targeted therapy will be important for potential applica-
tion of targeting PHGDH in cancer therapy in future. These future 
studies will help us understand whether and how PHGDH inhibi-
tion benefits therapy of some cancers with Parkin deficiency.

Our results also show that Parkin displayed some inhibitory  
effect, although limited, on proliferation of cancer cells with 
PHGDH knockdown both in vitro and in vivo (Figures 6 and 7), 
suggesting that the regulation of other protein substrates (such 
as cyclin D/E, mitotic regulators, HIF-1α, etc.) and pathways by 
Parkin in addition to PHGDH and the serine synthesis pathway 
may also contribute to the tumor-suppressive function of Parkin. 
Interestingly, in addition to our finding that Parkin suppresses 

results show that low Parkin expression is associated with high 
PHGDH expression in both breast and lung cancers, which sug-
gests that the downregulation of Parkin expression is an import-
ant mechanism contributing to PHGDH overexpression in cancer. 
These results revealed an important mechanism of PHGDH reg-
ulation in cells and PHGDH overexpression in cancer (Figure 8).

The results in this study also suggest that enhanced serine 
synthesis resulting from PHGDH overexpression could be a met-
abolic vulnerability that occurs upon Parkin deficiency in cancer, 
and PHGDH inhibition may benefit therapy of some cancers with 
Parkin deficiency. As shown in Figure 7G, the PHGDH inhibitor 
NCT-503 displayed a better growth inhibitory effect on Hs578T 
and H1299 Parkin-KO tumors compared with control WT tumors. 
Considering that serine is an important metabolite and serine syn-
thesis is a critical pathway for tumor cell growth and proliferation, 
it is possible that tumor cells gain resistance to PHGDH inhibitors 
during treatments through different mechanisms to provide ser-
ine and glycine for their growth and proliferation. These potential 
mechanisms may include the induction of PHGDH expression 

Figure 4. Ubiquitination of PHGDH at lysine 330 (K330) by Parkin. (A) Top 3 potential lysine ubiquitination sites in PHGDH identified by LC-MS/
MS analysis, including K310, K330, and K364. (B) K330 mutation (K330R) largely abolished ubiquitination of PHGDH by Parkin. Hs578T cells with 
expression of WT or indicated mutant PHGDH-Flag were used for in vivo ubiquitination assays. (C) K330R mutation largely abolished the negative 
regulation of PHGDH protein levels by Myc-Parkin in Hs578T and H1299 cells. Hs578T and H1299 cells were transduced with WT or K330R PHG-
DH-Flag vectors together with Myc-Parkin vectors for Western blot assays. (D) Myc-Parkin expression did not clearly affect the K330R PHGDH-Flag 
protein half-life in Hs578T cells. Data are presented as mean ± SD. n = 3.
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which contributes greatly to the tumor-suppressive function of 
Parkin. Parkin deficiency leads to PHGDH stabilization and accu-
mulation in cancer cells to activate serine synthesis and promote 
tumorigenesis. These results also reveal that the frequent down-
regulation of Parkin expression in cancer is an important mech-
anism of PHGDH overexpression in cancer. Future studies will 
shed further light on whether and how PHGDH inhibition can 
benefit therapy of cancers with Parkin deficiency.

Methods
Cell lines, vectors, and reagents. Hs578T, MDA-MB468, T47D, HCC70, 
MCF7, ZR-75-1, MDA-MB-231, MCF10A, H1299, and A549 cells were 
obtained from ATCC. MEFs were isolated from 13.5-day embryos 
according to the standard procedures (39). Cells were authenticated 
by short tandem repeat profiling. All cells used tested negative for 
Mycoplasma. The vectors expressing Myc-tagged WT Parkin (pLPCX- 
Myc-Parkin), deletion mutants, and point mutants, including 
C431A, T240M,and P294S, were constructed as described previously  
(35). Flag-tagged PHGDH (pLPCX-PHGDH-Flag) and their dele-
tion mutants were constructed by PCR amplification. pLPCX- 
PHGDH-Flag vectors with different lysine residue mutations were 
constructed by site-directed mutagenesis using the QuikChange II 
XL Site-Directed Mutagenesis Kit (Agilent Technologies). Detailed 
information on the primer sequences for site-directed mutagenesis 
is provided in Supplemental Table 2. Two lentiviral shRNA vectors 
against Parkin (no. 1, V3LHS_327550, and no. 2, V3LHS_327555) 
and control shRNA vectors were obtained from Open Biosystems. 
Two shRNA vectors against PHGDH were constructed by inserting 
the following sequences for human PHGDH siRNA into the PLKO.1 
hygro lentiviral shRNA vector (Addgene 24150). For PHGDH no. 
1, sequence was 5′-CTTAGCAAAGAGGAGCTGATA-3′; for PHG-
DH no. 2, sequence was 5′-CAGACTTCACTGGTGTCAGAT-3′. 
To express and purify GST-Parkin and His-Trx-PHGDH proteins, 
human Parkin cDNA was cloned into the GST-fusion vector pGEX-
4T-1 and human PHGDH cDNA was cloned into the His-trx-fusion 
vector pET-32a, respectively. NCT-503, CBR-5884, CCCP, chloro-
quine, and Bafilomycin A1 were purchased from MedChemExpress. 
CHX was purchased from Sigma-Aldrich. U-13C-glucose was pur-
chased from Cambridge Isotope Laboratories.

Generation of Parkin and/or PHGDH KO cell lines using CRISPR/
Cas9. The sgRNAs were designed by the CRISPR sgRNA design web 
tool, as described previously (59). The sgRNA sequences were as fol-
lows: for Parkin, sgRNA-a: 5′-GTGTCAGAATCGACCTCCAC-3′ 
and sgRNA-b: 5′-TGCTAAGCGACAGGGGGTTC-3′; for PHGDH:  
sgRNA-a: 5′-GCTCTGAGCCTCCTTGGTGC-3′ and sgRNA-b: 
5′-TGCTGTTCAGTTCGTGGACA-3′. The annealed oligonucleotides 
were ligated into the pSpCas9n(BB)-2A-GFP plasmid (Addgene 48140). 
Cells transfected with 2 sgRNAs were sorted by flow cytometry, and the 
GFP-positive single cells were seeded. Single-cell colonies were select-
ed by sequencing PCR products of the edited regions. The deletion of 
Parkin and/or PHGDH was validated by Western blot assays.

Co-IP assays and LC-MS/MS proteomic assays. The potential PHG-
DH-binding proteins in cells were identified by co-IP followed by 
LC-MS/MS assays. Assays were performed as described previously 
(35, 60). In brief, MCF10A cells were infected with the pLPCX-PHG-
DH-Flag vector, and control MCF10A cells were infected with the 
empty vector for co-IP assays. PHGDH-Flag was pulled down by co-IP 

serine synthesis, recent studies also show that Parkin suppresses  
glycolysis (35, 39, 42). Enhanced glycolysis (also known as the 
Warburg effect) is the most well-characterized metabolic change 
in cancer, which is crucial for cancer progression (1, 2). Currently,  
the mechanism underlying Parkin’s function in suppression 
of glycolysis is not well understood, which could be attributed 
to Parkin’s activity in ubiquitination of HIF-1α and inhibition 
of PI3K/AKT signaling (26, 35), since activation of HIF-1α and 
PI3K/AKT signaling activate glycolysis in cancer (1, 2). Recently, 
Parkin has also been reported to mediate degradation of mito-
chondrial iron importers to increase mitochondrial iron accumu-
lation, leading to glycolysis (42). These findings together sug-
gest that the role of Parkin in regulation of cellular metabolism, 
including serine and glucose metabolism, contributes to the 
tumor-suppressive function of Parkin.

Mutations of PARK2 are linked to autosomal recessive juvenile 
PD; approximately 50% of the individuals with autosomal recessive 
juvenile PD carry PARK2 mutations (19, 24). Parkin dysfunction has 
also been implicated in the more common sporadic form of PD (19, 
51). Interestingly, many epidemiological studies have reported that 
PD is associated with reduced risks of different types of cancers, 
including lung, prostate, kidney, stomach, and colorectal cancers 
(52–56). In contrast, PD was also reported to be associated with 
increased risks of some types of cancers, including brain cancer and 
skin cancer (54, 56–58). The mechanism underlying the association 
of PD with the risk of cancers and the reason PD increases the risk 
of some types of cancers and reduces the risk of some other types of 
cancers remain unclear. Currently, it is also unclear whether the role 
of Parkin in regulation of metabolism, such as serine and glucose 
metabolism, is involved in its function in prevention of PD. Further 
studies are warranted to address these questions.

In summary, in this study, we identified PHGDH as a substrate 
for the E3 ubiquitin ligase Parkin, which provides an important 
mechanism of PHGDH regulation in cells. Through ubiquitination 
and degradation of PHGDH, Parkin suppresses serine synthesis, 

Figure 5. Parkin inhibits serine synthesis in cells through negative regu-
lation of PHGDH. (A) Schematic of U-13C-glucose incorporation into serine 
and glycine in cells. (B) Myc-Parkin expression reduced the incorporation of 
13C into serine and glycine and the levels of total intracellular serine and 
glycine in Hs578T and H1299 cells, which was largely abolished by PHGDH 
knockdown. (C) Parkin knockdown increased the incorporation of 13C into 
serine and glycine and the levels of total serine and glycine in cells, which 
was largely abolished by PHGDH knockdown. (D) Parkin KO increased the 
incorporation of 13C into serine and glycine and the levels of total serine 
and glycine in cells, which was abolished by PHGDH KO. (E) Effects of Par-
kin mutants (C431A, T240M, and P294S) on the incorporation of 13C into 
serine and glycine and the levels of total serine and glycine in Hs578T cells. 
(F) PHGDH K330R mutation largely abolished the effect of Myc-Parkin 
on the incorporation of 13C into serine and glycine and the levels of total 
serine and glycine in PHGDH-KO Hs578T cells. (G) Parkin–/– MEFs displayed 
higher levels of 13C incorporation into serine and glycine as well as higher 
levels of total serine and glycine compared with Parkin+/+ MEFs. Three 
different MEF lines were used for assays. For B–G, cells were incubated 
with U-13C-glucose for 25 minutes for LC-MS analysis. (H) Parkin–/– mice 
displayed higher levels of serine and glycine in breast and lung tissues as 
well as serum compared with Parkin+/+ mice. Data are presented as mean 
± SD. n = 3 for B, E–G; n = 5 for C, D; and n = 5 mice/group for H. #P < 0.05; 
##P < 0.01; *P < 0.001; **P < 0.0001, heterogeneous variance model with 
Dunnett’s adjustment for multiple testing.
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or DMSO for indicated time periods (3–12 hours) before being col-
lected for Western blot analysis of PHGDH protein levels using the 
anti-PHGDH antibody (catalog HPA021241, Sigma-Aldrich, 1:5000).

Quantitative real-time PCR assays. Total RNA was prepared with 
the RNeasy Kit (QIAGEN). cDNA was prepared using a TaqMan 
Reverse Transcription Kit, and real-time PCR was performed with 
the TaqMan PCR Mixture (Applied Biosystems), as previously 
described (35). The expression of genes in cells was normalized to 
the expression of the GAPDH gene.

In vitro GST pull-down assays. In vitro GST pull-down assays 
were performed as we previously described (35). In brief, E. coli  
(BL21 DE3 strain) transformed with GST-Parkin or His-trx- 
PHGDH vectors was induced with 0.4 mM IPTG for 16 hours 
at 16°C to express GST-Parkin or His-trx-PHGDH proteins. The 
purified GST-Parkin protein (200 ng) was immobilized on Gluta-
thione-Sepharose beads, which were then incubated with purified 
His-Trx-PHGDH protein (200 ng). GST protein alone was used as a 
negative control. After washing, proteins bound to the beads were 
analyzed by Western blot assays using an anti-His (catalog sc-803, 
Santa Cruz Biotechnology Inc., 1:1000) or anti-GST antibody (cat-
alog sc-138, Santa Cruz Biotechnology Inc., 1:5000).

In vivo and in vitro ubiquitination assays. In vivo ubiquitination 
assays were performed as we previously described (35, 60). In brief, 
cells were transfected with vectors, including vectors expressing 
Myc-Parkin, PHGDH-Flag, and HA-Ub, respectively, for 24 hours. Cells 
were then treated with MG132 (5 μM) for 12 hours before being collected 
for assays. The levels of PHGDH-Flag ubiquitination were determined 
by IP of PHGDH-Flag using an anti-Flag antibody (catalog A2220,  
Sigma-Aldrich), followed by Western blot assays using an anti-HA anti-
body (catalog 11867423001, Sigma-Aldrich, 1:1000). To detect the ubiq-
uitination of endogenous PHGDH, cells with or without Parkin knock-
down by shRNAs were transfected with the HA-Ub expression vector. 
The levels of ubiquitination of endogenous PHGDH were determined 
by IP of PHGDH using an anti-PHGDH antibody (catalog 66350, Cell 
Signaling Technology) followed by Western blot assays using an anti-
HA antibody (catalog 11867423001, Sigma-Aldrich, 1:1000).

In vitro ubiquitination assays were performed as previously 
described (61). The reaction mixtures (50 μL) contained 5 mM MgCl2, 
50 mM Tris (pH 7.4), 1 mM DTT, 2 mM ATP, E1 (0.5 μg, Boston Bio-
chem), E2 (0.5 μg; Boston Biochem), Ub (5 μg, Boston Biochem), 
PINK1 (0.5 μg, Boston Biochem), purified His-trx-PHGDH protein 
(0.5 μg), and purified GST-Parkin (0.5 μg). After incubation for 3 hours 
at 37°C, the mixtures were used for Western blot assays using an anti-
Ub antibody (catalog sc-8017, Santa Cruz Biotechnology Inc., 1:2000).

LC-MS measurement of total and 13C-labeled metabolites. For anal-
ysis of metabolites of mouse tissues, different tissues were snap- 
frozen in liquid nitrogen, then ground in liquid nitrogen using a mor-
tar and pestle to obtain a homogenous powder. Approximately 20 
mg of tissue powder was weighed and used for measurement. For 
analysis of metabolites in cells, cells (1 × 106 cells) were plated the 
day before labeling, and the medium was changed to glucose-free 
DMEM containing 10% dialyzed serum and 25 mM U-13C glucose for 
the indicated time points (15). Metabolites were extracted in ice-cold 
methanol:acetonitrile:water (40:40:20) with 0.5% formic acid and 
neutralized with 15% NH4HCO3. The cellular extracts were ana-
lyzed on the Q Exactive PLUS Hybrid Quadrupole-Orbitrap Mass 
Spectrometer (Thermo Fisher Scientific) coupled to hydrophilic 

using an anti-Flag antibody and eluted with the Flag peptide. Elutions 
were then used for a second round of co-IP using an anti-PHGDH anti-
body. LC-MS/MS analysis was performed at the Biological Mass Spec-
trometry facility of Rutgers University.

To identify the potential ubiquitination site or sites of PHGDH 
for Parkin, Hs578T cells were cotransfected with vectors expressing 
Myc-Parkin, PHGDH-Flag, and HA-Ub. Cells were lysed, and PHG-
DH-Flag was pulled down by co-IP using anti-Flag beads and sub-
jected to LC-MS/MS analysis.

For co-IP of Myc-Parkin and PHGDH-Flag proteins in cells with 
ectopic expression of Myc-Parkin and PHGDH-Flag, anti-Myc (catalog 
sc-40, Santa Cruz Biotechnology Inc.) and anti-Flag (catalog A2220, 
Sigma-Aldrich) agarose beads were used to pull down Myc-Parkin and 
PHGDH-Flag in cell lysates, respectively. For co-IP of endogenous 
Parkin and PHGDH, the anti-Parkin antibody (catalog 4211, Cell Sig-
naling Technology) and anti-PHGDH antibody (catalog 66350, Cell 
Signaling Technology) were used, respectively. The mouse or rabbit 
purified IgG was used as a negative control for co-IP assays.

Western blot assays. Standard Western blot assays were used to 
analyze protein expression in cells. Cellular and mouse tissue proteins 
were extracted using RIPA lysis buffer (Thermo Fisher Scientific) con-
taining protease inhibitor cocktail. Protein concentration in extracts 
was measured using Bradford reagent. Protein samples were resolved 
by SDS-PAGE, transferred onto PVDF membranes, and blocked 
with TBST containing 5% nonfat dry milk. The following antibodies 
were used: anti–Flag-M2 (catalog F1804, Sigma-Aldrich, 1:10000), 
anti-GAPDH (catalog sc-47724, Santa Cruz Biotechnology Inc., 
1:10000), anti-Myc (catalog sc-40, Santa Cruz Biotechnology Inc., 
1:1000), anti-Parkin (catalog 4211, Cell Signaling Technology, 1:500), 
anti-PHGDH (catalog HPA021241, Sigma-Aldrich, 1:5000), anti-
HA (catalog 11867423001, Sigma-Aldrich, 1:1000), anti-Ub (catalog 
sc-8017, Santa Cruz Biotechnology Inc., 1:2000), anti-GST antibody 
(catalog sc-138, Santa Cruz Biotechnology Inc., 1:5000), anti-His (cat-
alog sc-803, Santa Cruz Biotechnology Inc., 1:1000), and anti-LC3B 
(catalog 2775, Cell Signaling Technology, 1:2000). The band intensity 
of Western blot assays was quantified using ImageJ software (NIH).

Analysis of PHGDH protein half-life. To determine the protein 
half-life of PHGDH in cells, cells were treated with CHX (50 μg/mL) 

Figure 6. Parkin inhibits proliferation of human breast and lung cancer 
cells through negative regulation of PHGDH. (A) Myc-Parkin expression 
inhibited the proliferation of Hs578T and H1299 cells, which was greatly 
abolished by PHGDH knockdown. (B) Parkin knockdown promoted the 
proliferation of Hs578T and H1299 cells, which was largely abolished by 
PHGDH knockdown. (C) Parkin KO by CRISPR/Cas9 promoted the prolifer-
ation of Hs578T and H1299 cells, which was largely abolished by PHGDH 
KO. (D) Myc-Parkin expression greatly decreased proliferation of cells 
expressing WT but not K330R PHGDH-Flag in PHGDH-KO Hs578T and 
H1299 cells. (E and F) Effects of PHGDH inhibitors NCT-503 (E) and CBR-
5884 (F) on proliferation of Hs578T and H1299 cells with Parkin knock-
down and their control cells. (G and H) The effects of NCT-503 (G) and 
CBR-5884 (H) on proliferation of Parkin-KO Hs578T cells and control WT 
cells. For A–D, the same amounts of cells were plated, and cells were cul-
tured for 4 days. For E–H, at 12 hours after cell seeding, cells were treated 
with NCT-503, CBR-5884, or DMSO (for 0 μM groups) for 4 days. For A–H, 
cell numbers were measured daily for 4 days by MTT assays. Relative cell 
numbers normalized to relevant controls at day 1 are presented. Data are 
presented as mean ± SD. n = 6. *P < 0.001; **P < 0.0001, mixed model 
analysis with Bonferroni’s adjusted P values.
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minutes, 90% B; 6.5 minutes, 80% B; 10.5 minutes, 80% B; 10.7 
minutes, 70% B; 13.5 minutes, 70% B; 13.7 minutes, 45% B; 16 min-
utes, 45% B; 16.5 minutes, 100% B. The flow rate was 300 μL/min. 
Injection volume was 5 μL, and column temperature was 25°C. The 
mass spectrometer was under negative ionization mode. Metabolite 
features including serine m/z 104.035 (M + 0) and 107.048 (M + 3) 
and glycine m/z 74.025 (M + 0) and 76.031 (M + 2) were extracted in 
MAVEN with a mass accuracy window of 5 ppm (62). The 13C isotope 
natural abundance and impurity of labeled substrate were corrected 
using AccuCor written in R as previously described (63).

Cell proliferation assays. Cell proliferation was determined 
by MTT assays as previously described (60). In brief, the same 
amounts of cells were plated at a low density in 24-well plates (day 
0) and cells were cultured for 4 days. For the treatment of PHGDH 
inhibitors, culture medium was aspirated at 12 hours after cell seed-
ing, cells were washed with PBS, and fresh serine-replete or serine- 
depleted medium containing different doses of PHGDH inhibi-
tors (NCT-503 and CBR-5884) or vehicle (DMSO) was added (day 
0). Cells were cultured for 4 days, and fresh medium containing  
PHGDH inhibitors was added every day. Cell numbers were mea-
sured daily for 4 days by MTT assays.

IHC assays. The breast cancer TMA composed of 200 primary 
breast tumors (TMA-Breast-CINJ) was obtained from Rutgers Cancer 
Institute of New Jersey. The breast cancer TMA composed of 208 breast 
tumor tissues (TMA-Breast-BR2161) and the lung cancer TMA com-
posed of 212 lung tumor tissues (TMA-Lung-LUC2281) were obtained 
from US Biomax. All cancer specimens were deidentified samples. 
IHC staining was performed as described previously (35, 60). The anti- 
Parkin (catalog NB100-91921, Novus), anti-PHGDH (catalog 
HPA021241, MilliporeSigma), and anti–Ki-67 (catalog 556003, BD Bio-
sciences) antibodies were used to detect the levels of Parkin, PHGDH, 
and Ki-67 in TMAs and tumor sections, respectively. The results were 
scored by using a scoring system from 0 to 9 as described (35, 60). The 
scores were obtained by multiplying the intensity of signals with the per-
centages of positive cells (signal: 0, no signal; 1, weak signal; 2, interme-
diate signal; 3, strong signal; percentages: 0, 0%; 1, ≤ 25%; 2, 25%–50%; 
3, ≥ 50%). Low and high expression were defined as scores of less than 
6 and 6 or more, respectively. For Ki-67 staining, sections of 6 different 
tumors were counted for each group. For each section, 5 fields of view at 
×40 original magnification were randomly selected and counted. The 
number of Ki-67–positive cells was divided by the total cell number, and 
the percentages for each group were averaged.

Mice and tumorigenesis assays. Eight-week-old female Parkin–/– 
mice (The Jackson Laboratory; stock number 006582) were used for 
analysis of levels of protein and metabolites. For orthotropic breast 
tumor models, Hs578T cells (5 × 106 in a 50:50 mix of DMEM: Matri-
gel) were injected into the mammary fat pads of 8-week-old female 
BALB/c athymic nude mice, as described previously (Taconic; n = 8 
or 10 mice per group) (35). For s.c. xenograft tumor models, 5 × 106 
H1299 cells in 0.2 mL of PBS were s.c. injected into flanks of 8-week-
old BALB/c male athymic nude mice (64). NCT-503 was prepared in 
a vehicle of 5% ethanol, 35% PEG 300 (Sigma-Aldrich), and 60% of 
an aqueous 30% hydroxypropyl-β-cyclodextrin (Sigma-Aldrich) solu-
tion. When the tumor volume reached approximately 100 mm3, mice 
were injected with NCT-503 (i.p., 15 mg/kg) or vehicle once daily for 4 
weeks. Mice were sacrificed at 2 days after last injection of NCT-503. 
Tumor volume was equal to ½ (length × width2).

interaction chromatography (HILIC). The LC separation was per-
formed on an UltiMate 3000 UHPLC System with an XBridge BEH 
Amide Column (150 mm × 2.1 mm, 2.5 μM particle size, Waters) 
with the corresponding XP VanGuard Cartridge. The LC used a gra-
dient of solvent A (95%:5% H2O:acetonitrile with 20 mM ammo-
nium acetate, 20 mM ammonium hydroxide, pH 9.4), and solvent 
B (20%:80% H2O:acetonitrile with 20 mM ammonium acetate, 20 
mM ammonium hydroxide, pH 9.4). The gradient was as follows: 
0 minutes, 100% B; 3 minutes, 100% B; 3.2 minutes, 90% B; 6.2 

Figure 7. Parkin inhibits tumorigenesis through negative regulation of 
PHGDH. (A) Parkin KO promoted the growth of orthotopic breast tumors 
formed by Hs578T cells, which was greatly abolished by PHGDH KO. Left 
and middle: representative images of mice bearing tumors (left) and the 
collected tumors (middle) at day 34 after cell inoculation. Right: growth 
curves of tumors. Scale bars: 10 mm. n = 8. (B) IHC staining of Parkin, 
PHGDH, and Ki-67 in Hs578T orthotopic breast tumors described in A. Left 
panels: representative images. Scale bar: 20 μm. Right panel: percentage of 
Ki-67–positive cells in tumors. n = 6. (C) Levels of total serine and glycine in 
Hs578T orthotopic breast tumors described in A analyzed by LC-MS–based 
metabolomics analysis. n = 8. (D) Parkin KO promoted the growth of s.c. 
xenograft tumors formed by H1299 cells, which was greatly abolished by 
PHGDH KO in cells. n = 8. (E) Myc-Parkin expression in Hs578T cells inhibited 
the growth of orthotopic breast tumors, which was greatly abolished by 
PHGDH KO. n = 8. (F) Ectopic expression of K330R mutant PHGDH greatly 
abolished the inhibitory effect of Myc-Parkin on the growth of orthotopic 
breast tumors formed by PHGDH-KO Hs578T cells. n = 8. (G) Orthotopic 
breast tumors formed by Hs578T-Parkin-KO cells and s.c. tumors formed 
by H1299-Parkin-KO cells were more sensitive to NCT-503 treatment (i.p., 
15 mg/kg; once daily for 4 weeks) compared with tumors formed by their 
control WT cells. n = 10. (H) Representative images of IHC staining of Parkin 
and PHGDH in human breast cancer specimens and lung cancer specimens. 
Scale bars: 20 μm. *P < 0.001; **P < 0.0001, mixed model analysis with 
Bonferroni’s adjusted P values for A and D–G and heterogeneous variance 
model with Dunnett’s adjusted P values for B and C.

Table 2. Parkin expression is inversely correlated with PHGDH 
expression in human breast and lung cancer specimens

TMA Parkin Sample size P value
Breast-CINJ PHGDH low Low 43 P < 0.0001

High 51
PHGDH high Low 84

High 22
 Total 200

Breast-BR2161 PHGDH low Low 24 P < 0.0001
High 71

PHGDH high Low 99
High 14
Total 208

Lung-LUC2281 PHGDH low Low 32 P < 0.0001
High 50

PHGDH high Low 82
High 48

 Total 212

The expression of Parkin and PHGDH was analyzed by IHC staining 
in 2 cohorts of human breast cancer specimens (n = 200 and n = 208, 
respectively) and a cohort of lung cancer specimens (n = 212) on TMAs.  
The association of Parkin and PHGDH expression was analyzed by χ2 test. 
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Figure 8. Schematic model showing that Parkin promotes PHGDH ubiquitination and degradation to inhibit serine synthesis and tumor progression. 
Parkin binds to PHGDH and ubiquitinates it at lysine 330, leading to PHGDH degradation to suppress serine synthesis and tumorigenesis. Parkin deficiency 
results in PHGDH stabilization and accumulation in cancer cells, which in turn activates serine synthesis and promotes tumorigenesis. Targeting PHGDH 
with small-molecule inhibitors may benefit therapy of some cancers with Parkin deficiency. 
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