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Interplay between acetylation and
ubiquitination controls PSAT1 protein
stability in lung adenocarcinoma
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Yuhan Liu1,2,3, Wenze Xun2, Tao Zhao2, Menglin Huang2, Longhua Sun1,4,5, Guilan Wen1, Xiuhua Kang1,
Jianbin Wang2,3,6 & Tianyu Han 1,4,5,6

Serine is essential to maintain maximal growth and proliferation of cancer cells by providing adequate
intermediate metabolites and energy. Phosphoserine aminotransferase 1 (PSAT1) is a key enzyme in
de novo serine synthesis. However, little is known about the mechanisms underlying PSAT1
degradation.We found that acetylationwas the switch that regulated the degradation of PSAT1 in lung
adenocarcinoma (LUAD). Deacetylation of PSAT1 on Lys51 by histone deacetylase 7 (HDAC7)
enhanced the interaction between PSAT1 and the deubiquitinase ubiquitin-specific processing
protease 14 (USP14), leading to the deubiquitination and stabilization of PSAT1; while acetylation of
PSAT1 promoted its interaction with the E3 ligase ubiquitination factor E4B (UBE4B), leading to
proteasomal degradation. Acetylation of PSAT1 on Lys51 regulated serine metabolism and tumor
proliferation in LUAD. Thus, acetylation and ubiquitination cooperatively regulated the protein
homeostasis of PSAT1. In conclusion, our study reveals a key regulatory mechanism for maintaining
PSAT1 protein homeostasis in LUAD.

Metabolic processes support the high proliferation rates of cancer cells by
supplying amajor source of energy and critical cellular components1. Serine
is a necessary precursor for the de novo synthesis of many cellular com-
ponents, including nucleotides, proteins, lipids, and other metabolites2.
Serine can be obtained fromvarious sources: it can be takenupdirectly from
the extracellular environment, derived from intracellular protein via
autophagy, produced by glycine conversion, or synthesized de novo via the
serine synthesis pathway (SSP). In SSP, the glycolytic intermediate
3-phosphoglycerate (3-PG) isfirst converted to3-phosphohydroxypyruvate
(3-PHP) by phosphoglycerate dehydrogenase (PHGDH). Phosphoserine
aminotransferase 1 (PSAT1) then converts 3-phosphohydroxypyruvate to
3-phosphoserine (3-PS), which is subsequently dephosphorylated to serine
by phosphoserine phosphatase (PSPH)3,4. During this process, PSAT1 also
converts glutamate to α-ketoglutarate, an anaplerotic intermediate that
refuels the tricarboxylic acid (TCA) cycle and sustains cancer metabolism,
thus playing a crucial role in cancer metabolism5.

As a pivotal metabolic enzyme, upregulation of PSAT1 has been
observed in cancer cell lines, and elevated PSAT1 expression enables cancer

cells to survive under serine starvation conditions and promote
tumorigenesis6,7. The protein abundance is tightly controlled by transcrip-
tional, post-transcriptional, translational, and post-translational regulatory
mechanisms. PSAT1 can be regulated by multiple upstream proteins and
signaling molecules. A key regulator of SSP gene expression is Activating
transcription factor 4 (ATF4), which directly binds to and activates the
promoters. Also, nuclear factor erythroid 2-related factor 2 (NRF2) controls
the expression of PSAT1 via ATF4 to support glutathione and nucleotide
production8,9. Moreover, a recent study demonstrated that c-Myc stimu-
lated SSP activation by transcriptionally upregulating the expression of
multiple SSP enzymes10. PSAT1 is also subject to epigenetic control. The
histone H3 lysine 9 methyltransferases (G9A) can transcriptionally activate
PSAT111,12. However, little is known about the roles of post-translational
modification in regulating PSAT1.

In this study, we demonstrated that acetylation occurred on PSAT1 in
lung adenocarcinoma (LUAD) cells and this modification affected its pro-
tein stability, further affecting serine metabolism and cell proliferation.
Deacetylation of PSAT1 by histone deacetylase 7 (HDAC7) promoted the

1Jiangxi Provincial Key Laboratory of Respirtory Diseases, Jiangxi Institute of Respiratory Disease, The Department of Respiratory and Critical CareMedicine, The
First Affiliated Hospital, Jiangxi Medical College, Nanchang University, Nanchang, Jiangxi, China. 2School of Basic Medical Sciences, Jiangxi Medical College,
Nanchang University, Nanchang, Jiangxi, China. 3Department of Thoracic Surgery, The First Affiliated Hospital, Jiangxi Medical College, Nanchang University,
Nanchang, Jiangxi, China. 4Jiangxi Clinical Research Center for Respiratory Diseases, Nanchang, Jiangxi, China. 5China-Japan Friendship Jiangxi Hospital,
National Regional Center for Respiratory Medicine, Nanchang, Jiangxi, China. 6The MOE Basic Research and Innovation Center for the Targeted Therapeutics of
Solid Tumors, Jiangxi Medical College, Nanchang University, Nanchang, Jiangxi, China. e-mail: jianbinwang@ncu.edu.cn; hantianyu87@163.com

Communications Biology |          (2024) 7:1365 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07051-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07051-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07051-2&domain=pdf
http://orcid.org/0000-0002-1471-611X
http://orcid.org/0000-0002-1471-611X
http://orcid.org/0000-0002-1471-611X
http://orcid.org/0000-0002-1471-611X
http://orcid.org/0000-0002-1471-611X
mailto:jianbinwang@ncu.edu.cn
mailto:hantianyu87@163.com
www.nature.com/commsbio


interaction between PSAT1 and ubiquitin-specific processing protease 14
(USP14), resulting in deubiquitination and protein stabilization. However,
acetylated PSAT1 tended to interact with ubiquitination factor E4B
(UBE4B), the E3 ligase that ubiquitinated and degraded PSAT1 in the
proteasomal pathway. Interestingly, cisplatin (DDP) treatment could

increase the expression of PSAT1 and decrease the acetylation and ubi-
quitination of PSAT1-WT rather than PSAT1-K51R. Knocking down
PSAT1 increased the sensitivity of LUAD cells to cisplatin. Taken together,
our findings clarified the role of acetylation and ubiquitination in regulating
the protein stability of PSAT1 in LUAD.
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Results
Acetylation affects the protein stability and ubiquitination
of PSAT1
Acetylation is involved in various physiological processes, such as tumor
development, signal transduction, and metabolism13. To clarify whether
PSAT1 was regulated by acetylation in LUAD, we treated H1299 and A549
cells with trichostatin A (TSA, an inhibitor of histone deacetylase (HDAC)
class I/II family deacetylases) and nicotinamide (NAM, an inhibitor of
sirtuin (SIRT) family deacetylases). The treatment efficiencies of the inhi-
bitors were pre-tested using the biomarkers proven by other studies (Sup-
plementary Fig. 1a, b)14,15. The protein expression of PSAT1 was
significantly decreased when treating cells with TSA but not NAM in lung
cancer cells, however, these effects were not observed in breast cancer cells
(MCF7) or hepatocellular carcinoma cells (HLE) (Fig. 1a and Supplemen-
tary Fig. 1c), suggesting that the phenomenon was specific to LUAD cells.
Then, themRNA level of PSAT1was also examined when cells were treated
with TSA in H1299 cells. Figure 1b showed that the mRNA level of PSAT1
was not significantly changed, indicating that the decreased expression of
PSAT1was not caused by transcriptional repression. To further validate the
above results, we treated H1299 cells by adding different concentrations of
TSA for 12 h or 1 μM TSA for the indicated time and detected PSAT1
expression. Figure 1c, d showed that the protein levels of PSAT1 decreased
in a time or concentration-dependent manner. The cell viability was also
determined under these conditions and Supplementary Fig. 1d, e showed
that these treatments did not affect the cell viability significantly. Next, we
performed cycloheximide (CHX)-chase assays to measure the protein sta-
bility of PSAT1 in physiological conditions or TSA treatment. The PSAT1
protein showed a significant decrease at 12 h in physiological conditions,
while TSA treatment accelerated its degradation rate, promoting the
degradation time to 6 h (Fig. 1e). These results indicated that TSA treatment
decreased PSAT1 expression by accelerating its protein degradation.

Subsequently, the acetylationofPSAT1wasdetected andwe found that
TSA treatment increased the acetylation of PSAT1 inH1299 andA549 cells
(Fig. 1f and Supplementary Fig. 1f). In addition, we checked the acetylation
levels of PSAT1 inLUADcell lines (A549andH1299) andnormal bronchial
epithelial cells BEAS-2B. Figure 1g showed that the acetylation levels of
PSAT1weredownregulated inA549 andH1299 cells comparedwithBEAS-
2B. We next examined the degradation rates of PSAT1 in these cells and
found that the degradation of PSAT1 was attenuated in LUAD cells
(Fig. 1h, i), suggesting that acetylation affected PSAT1 protein stability.

The main degradation pathways of intracellular protein are divided
into two categories: ubiquitin–proteasome system and autophagy-

lysosomal pathway16. Figure 1j, k showed that the protein degradation of
PSAT1 induced by CHX treatment could be recovered by the proteasomal
inhibitor MG132 but not the lysosomal inhibitor chloroquine (CQ). The
treatment efficiency of CQ was pre-tested using the autophagy-related
proteins by western blot (Supplementary Fig. 1g). MG132 treatment also
reversed the decreased expression of PSAT1 caused by TSA treatment
(Fig. 1l). This indicated that TSA treatmentmight accelerate PSAT1 protein
degradation through ubiquitin–proteasome system. The ubiquitination of
PSAT1 underMG132 treatment was also examined. The result showed that
the ubiquitination of PSAT1 significantly increased by adding MG132
(Fig. 1m). We then treated LUAD cells with TSA and examined PSAT1
ubiquitination levels. Figure 1n, o demonstrated that TSA treatment
induced PSAT1 ubiquitination. All the results demonstrate that acetylation
affects the protein stability and ubiquitination of PSAT1.

HDAC7 is a key deacetylase that regulates PSAT1 acetylation
and protein stability
TSA is an inhibitor ofHDACclass I/II family deacetylases and our results in
Fig. 1 suggested that these HDAC proteins might be related to PSAT1
protein homeostasis. Because thePSAT1protein is located in the cytoplasm,
we selected several HDAC proteins which distributed in the cytoplasm for
immunoprecipitation to detect their interactions with PSAT117. Figure 2a–f
showed that PSAT1 interacted strongly with HDAC4 andHDAC7, but not
with HDAC6 and HDAC10. Overexpressing HDAC7 reduced the ubi-
quitination and acetylation of PSAT1 inH1299 cells, while HDAC4 did not
have these effects (Fig. 2g–i). Also, the reduction of ubiquitination and
acetylation of PSAT1was observed inA549 cells (Supplementary Fig. 2a, b).
Then we detected the deacetylation efficiencies of some other proteins
involved in serine synthesis by HDAC7 overexpression. Supplementary
Fig. 2c–f showed that HDAC7 did not affect the acetylation levels of
PHGDH, PSPH, or serine hydroxymethyltransferase1/2 (SHMT1/2).
Knocking down HDAC7 increased the acetylation of PSAT1 (Fig. 2j). We
further demonstrated the endogenous interaction between PSAT1 and
HDAC7 in H1299 and A549 cells (Fig. 2k, l and Supplementary Fig. 2g).
These data show that HDAC7 is the key deacetylase for PSAT1 in
LUAD cells.

To explore the role of HDAC7 in PSAT1 protein expression, we
overexpressedHDAC7 inH1299 andA549 cells andPSAT1 expressionwas
examined. The result showed that the protein expression of PSAT1
increased significantly (Fig. 2m and Supplementary Fig. 2h). To further
validate the above results, we transfected the HDAC7-specific siRNAs into
H1299 cells followed by detecting PSAT1 expression. Knocking down

Fig. 1 | Acetylation affects the protein stability and ubiquitination of PSAT1.
aWestern blotwas used to detect PSAT1 protein levels afterNAM(10mM) andTSA
(1 μM) treatment for 12 h in H1299. The relative PSAT1 expression compared with
that of Tubulin was quantified. Data represented as the average of three independent
experiments (mean ± SD), ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. b The
mRNA levels of PSAT1 were detected after TSA treatment in H1299 by qPCR. Data
represented as the average of three independent experiments (mean ± SD), ns:
P > 0.05. c Western blot was used to detect PSAT1 protein levels after TSA (1 μM)
treatment at different time points. The relative PSAT1 expression compared with
that of Tubulin was quantified. d TSA at different concentrations was added into
H1299 cells for 12 h, then cells were collected and the protein level of PSAT1 was
detected by Western blot. The relative PSAT1 expression compared with that of
Tubulinwas quantified. eH1299 cells were experimentedwithCHX (100 μg/mL) for
various time points and were treated with or without TSA (1 μM). The PSAT1
protein expressions were detected by Western blot. The relative PSAT1 expression
compared with that of Tubulin was quantified. Data represented as the average of
three independent experiments (mean ± SD), ***P < 0.001. f H1299 cells were
transfected with Flag-PSAT1 plasmid, and TSA (1 μM) was added 12 h before
sample collection. Co-IP was used to detect the acetylation level of PSAT1. The
relative AcK expression compared with that of Flag was quantified. Data represented
as the average of three independent experiments (mean ± SD), **P < 0.01. g BEAS-
2B, A549, and H1299 cells were transfected with Flag-PSAT1 plasmid, and Co-IP

was used to detect the acetylation level of PSAT1. The relative AcK expression
compared with that of Flag was quantified. Data represented as the average of three
independent experiments (mean ± SD), ns: P > 0.05, ***P < 0.001. h, i BEAS-2B,
A549, and H1299 cells were experimented with CHX (100 μg/mL) for various time
points. The PSAT1 protein expressions were detected by Western blot. The relative
PSAT1 expression compared with that of Tubulin was quantified. Data represented
as the average of three independent experiments (mean ± SD). *, A549 versus BEAS-
2B; #, H1299 versus BEAS-2B. ##: P < 0.01, *** or ###: P < 0.001. j, k CHX (100 μg/
mL) was added into A549 and H1299 cells for 12 h with or without MG132 (20 μM)
or CQ (10 μM). PSAT1 protein was detected by Western blot. The relative PSAT1
expression compared with that of Tubulin was quantified. Data represented as the
average of three independent experiments (mean ± SD), ns: P > 0.05, ***P < 0.001.
lTSA (1 μM)was added intoH1299 cells for 12 hwith or withoutMG132 (20 μM)or
CQ (10 μM). PSAT1 protein was detected by Western blot. The relative PSAT1
expression compared with that of Tubulin was quantified. Data represented as the
average of three independent experiments (mean ± SD), ns: P > 0.05, ***P < 0.001.
mH1299 cells were transfected with His-PSAT1 plasmid, and MG132 (20 μM) was
added 12 h before sample collection. Co-IP was used to detect the ubiquitination
level of PSAT1. n, o A549 and H1299 cells were transfected with Flag-PSAT1
plasmid, and TSA (1 μM) was added 12 h before sample collection. Co-IP was used
to detect the ubiquitination level of PSAT1.
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HDAC7 reduced PSAT1 expression (Fig. 2n). Supplementary Fig. 2i, j
showed HDAC7 did not affect the transcription of PSAT1. Figure 2o, p
demonstrated that overexpressing HDAC7 decreased the ubiquitination of
PSAT1, while HDAC7 knockdown showed the opposite effect. Then, we
tested whether HDAC7 affected the protein stability of PSAT1. The CHX-

chase assays showed that the protein degradation rates of PSAT1 slowed
down when overexpressing HDAC7 while knocking down HDAC7 accel-
erated thedegradationofPSAT1 (Fig. 2q, r). These above results suggest that
HDAC7 is the key deacetylase that regulates the acetylation and protein
degradation of PSAT1.
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DeubiquitinaseUSP14 stabilizes PSAT1 in lung adenocarcinoma
In the proteasomal degradation system, substrates were labeled with ubi-
quitin by E3 ligase and recruited on the proteasome for degradation,
whereas deubiquitinases (DUBs) could stabilize the targeted proteins by
inducing their deubiquitination18. To explore the potential E3 ligases or
deubiquitinases for PSAT1, we performed mass spectrometry analysis.
Ultimately, two proteins of DUBs, named USP39 and USP14, were iden-
tified as a putative PSAT1-interacting protein (Supplementary Data 1).
Supplementary Fig. 3a–c showed thatUSP39 could not interactwith PSAT1
and regulate the protein or ubiquitination levels of PSAT1. However, we
found that USP14 interacted with PSAT1 by co-immunoprecipitations in
H1299 and A549 cells (Fig. 3a–d and Supplementary Fig. 3d). To further
validate their interaction, immunofluorescence assays were performed. The
results showed that USP14 colocalized with PSAT1 in the cytoplasm
(Supplementary Fig. 3e), indicating that PSAT1 interacted with USP14.

Interestingly,we found that the expressionpatternbetweenPSAT1and
USP14 showed a high consistency in LUAD cells (Fig. 3e). This indicated
that USP14 might be related to PSAT1 expression. Indeed, overexpression
of USP14 increased the protein level of PSAT1 in H1299 and A549 cells
(Fig. 3f and Supplementary Fig. 3f). In contrast, the protein levels of PSAT1
were decreased when USP14 was inhibited by IU1, a specific inhibitor of
USP14, or byUSP14-specific siRNAs (Fig. 3g, h). The treatment efficiencies
of IU1 were detected in Supplementary Fig. 3g using the USP14-target
protein CyclinB119. At the same time, Fig. 3i demonstrated that MG132
treatment reversed the decreased expression of PSAT1 caused by USP14
inhibition, suggesting the proteasome degradation of PSAT1. The deubi-
quitinases could also bind to specific transcription factors or histone-
associated proteins to regulate transcription20. To elucidate whether USP14
affectedPSAT1 expression through transcriptional regulation,we examined
the effect of USP14 on PSAT1mRNAexpression. Figure 3j showed that the
mRNA levels of PSAT1 were not affected or only slightly changed when
USP14 was overexpressed or inhibited. Then, we examined the degradation
rates of PSAT1 under USP14 overexpression or inhibition conditions. The
protein degradation rate of PSAT1 was slowed down when USP14 was
overexpressed (Fig. 3k). Instead, USP14 knockdown or IU1 treatment
accelerated the degradation rates of PSAT1 protein (Fig. 3l, m). Thus, these
results demonstrated that USP14 interacts with PSAT1 and regulates its
protein stability.

USP14 affects the protein stability of PSAT1 by regulating its
ubiquitination
As a member of DUBs, USP14 played a central role in the release of ubi-
quitin to protect the substrate from degradation21. Our previous studies
demonstrated that USP14 regulated protein homeostasis of cell cycle-
related proteins by deubiquitination22,23. We next intended to clarify whe-
ther USP14 also regulated PSAT1 expression through deubiquitination.
Consistent with expectations, overexpression of USP14 reduced the ubi-
quitination level of PSAT1, while either genetic or pharmacological inhi-
bition of USP14 increased the ubiquitination of PSAT1 in H1299 cells
(Fig. 4a–c). Besides, USP14 also regulated endogenous PSAT1

ubiquitination levels (Supplementary Fig. 3h–j), indicating that USP14
regulated the ubiquitination of PSAT1.

It iswell known that ubiquitin chainsmay exist in several linkages, such
as Lysine 48-linkage (K48) or Lysine 63-linkage (K63)24. We further
detected the ubiquitin chain types using antibodies specific for K48-linked
or K63-linked ubiquitination. As shown in Fig. 4d–g, overexpression or
knockdown of USP14 regulated K48-linked ubiquitination, while K63-
linked ubiquitination of PSAT1 was less changed in H1299 cells. Supple-
mentary Fig. 3k–m showed the same effects in A549 cells. We further
detected the ubiquitination chain types of endogenous PSAT1 following
treatment with IU1. Figure 4h, i showed that IU1 treatment increased the
K48-linked ubiquitination, but not K63-linkage. These data support the
hypothesis that USP14 deubiquitinates PSAT1 with K48-linkage to escape
from proteasomal degradation.

Since USP14 acted as a member of DUBs, we further confirmed
whether the deubiquitinase activity ofUSP14directly participated inPSAT1
regulation. It has been reported that the USP14-C114A mutant was
incapable of hydrolyzing polyubiquitin chains25. Therefore, inactivated
mutants USP14-C114A were constructed to detect its effect on protein
homeostasis and ubiquitination of PSAT1. Figure 4j indicated that USP14-
C114A did not increase PSAT1 expression as USP14 wild-type (USP14-
WT). Also, overexpressing this mutation could not decrease the ubiquiti-
nation level of PSAT1 and stabilize the protein level of PSAT1 like USP14-
WT (Fig. 4k, l). These results demonstrate that USP14 regulates the ubi-
quitination and protein stability of PSAT1.

Lysine 51 of PSAT1 is an essential site for the interaction
with USP14
Above results revealed that both the ubiquitination and acetylation of
PSAT1 affected its stability. To further clarify the regulatory mechanism
on protein stability of PSAT1, we tried to identify the key sites of PSAT1
modifiedwith ubiquitination and acetylation.Using PhosphoSitePlus, we
found that the K51, K323, K333, K311 and K363 were identified as the
putative ubiquitination and acetylation sites for PSAT1 (Fig. 5a). We
tested the expression effects of the PSAT1 plasmids containing indicated
mutations (K51R, K311R, K323R, K333R and K363R) (Fig. 5b) and
examined whether these mutations affected the ubiquitination levels of
PSAT1 regulated by USP14. We found that only the PSAT1-K51R
mutant showed no significant change in the total and K48-linked ubi-
quitination of PSAT1 when overexpressing USP14 (Fig. 5c). Whereas
ectopic expression of USP14 notably reduced the total and K48-linked
ubiquitination levels of other PSAT1 mutants, including K323R, K333R,
K311R and K363R (Fig. 5d–g). This indicated that PSAT1-K51 might be
the key ubiquitination site for regulating its protein stability. However,
the protein degradation rates of PSAT1 did not show a significant change
in cells transfected with PSAT1-K51R compared with PSAT1-WT
(Fig. 5h). This result contradicted our expectation that K51 was the key
ubiquitination site. As mutation of this site abolished the deubiquitina-
tion effect of USP14 on PSAT1, we next examined if K51 mutation
affected the interaction between USP14 and PSAT1. Figure 5i and

Fig. 2 | HDAC7 is a key deacetylase that regulates PSAT1 acetylation and protein
stability. a–d H1299 cells were transfected with Flag-PSAT1 plasmid alone or co-
transfected with HA-HDAC4 (a), HA-HDAC6 (b), HA-HDAC7 (c), or HA-
HDAC10 (d). The immunoprecipitations were blotted with anti-HA or anti-Flag
antibodies. e, f H1299 cells were transfected with HA-HDAC4 or HA-HDAC7
plasmid alone or co-transfected with Flag-PSAT1. The immunoprecipitations were
blotted with anti-HA or anti-Flag antibodies. g InH1299 cells, Flag-PSAT1 andHA-
HDAC4 or HA-HDAC7 plasmids were co-transfected. Co-IP was used to detect the
ubiquitination level of PSAT1. h, i In H1299 cells, Flag-PSAT1 and HA-HDAC4 or
HA-HDAC7 plasmids were co-transfected. The acetylation of PSAT1 was detected.
j H1299 cells were transiently transfected with CTL siRNA or HDAC7 selective
siRNAs. The acetylation of PSAT1 was detected. k, l In H1299 cells, endogenous
interaction between PSAT1 and HDAC7 was tested using anti-Flag and anti-HA

antibodies for Co-IP. The immunoprecipitations were blotted with anti-HDAC7 or
anti-PSAT1 antibodies.m, n In H1299 cells, HDAC7 was overexpressed or knocked
down and to detect PSAT1 protein by Western blot. The relative PSAT1 expression
compared with that of Tubulin was quantified. Data represented as the average of
three independent experiments (mean ± SD), **P < 0.01, ***P < 0.001. o,pHDAC7
was overexpressed or knocked down in H1299 cells. Co-IP was used to detect the
ubiquitination level of PSAT1. q, r H1299 cells were experimented with CHX
(100 μg/mL) for various time points and were transfected with HA-HDAC7 or
HDAC7 selective siRNA. The PSAT1 protein expressions were detected byWestern
blot. The relative PSAT1 expression compared with that of Tubulin was quantified.
Data represented as the average of three independent experiments (mean ± SD),
**P < 0.01, ***P < 0.001.
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Supplementary Fig. 4a showed that the interaction between USP14 and
PSAT1-K51Rwas significantly attenuated compared with the interaction
between USP14 and PSAT1-WT in H1299 and A549 cells. These results
demonstrate that PSAT1-K51 is not the direct deubiquitination site for
USP14, but an essential site for the interaction with USP14.

Lysine51 is thekeyacetylation site regulating theproteinstability
of PSAT1
We next detected if K51 was an acetylation site. Figure 6a and Supple-
mentary Fig. 4b showed that the acetylation level of PSAT1-K51R was
reduced compared with PSAT1-WT inH1299 andA549 cells. Neither TSA
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treatment nor HDAC7 overexpression affected the acetylation of PSAT1-
K51R, indicating that PSAT1-K51R might be the main acetylation site
(Fig. 6b, c and Supplementary Fig. 4c). We also found that TSA treatment
did not alter the ubiquitination of PSAT1-K51R (Fig. 6d). Similar effect was
also observed in Fig. 6e that the ubiquitination of PSAT1-K51R was not
changed when overexpressing HDAC7. These results demonstrated that
PSAT1-K51 was the key acetylation site for regulating PSAT1 ubiquitina-
tion. Interestingly, overexpressing HDAC7 facilitated the interaction
between PSAT1 and USP14 (Fig. 6f), indicating that deacetylation on
PSAT1-K51 promoted the interaction between USP14 and PSAT1. This
result seemed to contradict the result in Fig. 5i. Although both themutation
on PSAT1-K51 andHDAC7 overexpression showed reduced acetylation of
PSAT1, the two experiments were different. PSAT1-K51R abolished all the
modifications on Lys51, while deacetylation of PSAT1 on Lys51 byHDAC7
removed the acetyl residue at this site andprovided anopportunity for other
modifications. Interestingly, we discovered that HDAC7 overexpression
decreased the K48-linked ubiquitination of PSAT1, but increased its K63-
linked ubiquitination in H1299 and A549 cells (Fig. 6g, h and Supple-
mentary Fig. 4d, e). As K63-linked ubiquitination regulated various func-
tions of proteins except for protein degradation,wenextwanted to explore if
the K63-linked ubiquitination affected the interaction between USP14 and
PSAT1. Figure 6i showed that overexpressing the Ub-K63 mutant (all the
lysine residues were mutated to arginine except for Lys63) significantly
increased the interaction between USP14 and PSAT1-WT. However, this
effectwasnotobserved inPSAT1-K51R.This indicated that deacetylationof
PSAT1 on K51 promoted the K63-linked ubiquitination on this site, then
USP14 tended to interact with PSAT1 with K63-linked ubiquitination on
K51, which enhanced the interaction between USP14 and PSAT1. The
immunofluorescence assay was performed and Supplementary Fig. 4f
demonstrated that the localization of PSAT1-WT and PSAT1-K51R was
consistent, both located in the cytoplasm. All these results demonstrate that
Lys51 is the key acetylation site of PSAT1 that regulates its protein stability.

Acetylation of PSAT1 on Lysine 51 regulates serine metabolism
and proliferation of lung adenocarcinoma
Metabolic reprogramming is one of the most distinctive features of tumor-
igenesis and progression. PSAT1 catalyzes 3-phosphohydroxylpyruvate and
glutamate into 3-phosphoserine and α-ketoglutarate, integrating metabolic
pathways such as glycolysis, de novo serine synthesis, citric acid cycle and
one-carbon metabolism26. To investigate the effect of the HDAC7-USP14-
PSAT1 axis on global tumor metabolism, we performed untargeted meta-
bolomics in A549-Vector, A549-HDAC7, and A549-USP14 cells. A series of
metabolites with differential contents between these groups were identified
(SupplementaryData 2). Figure 6j and Supplementary Fig. 5 showed that the
overexpression of HDAC7 or USP14 showed a similar trend in tumor
metabolic regulation. We subsequently classified these differentially abun-
dant metabolites using KEGG pathway analysis and found that the glycine

and serine metabolic pathway was one of the most significantly changed
metabolic pathways (Fig. 6k). This result was in accordancewith the function
of HDAC7-USP14-PSAT1 axis and further confirmed that HDAC7 and
USP14 regulated the serine metabolism pathway by affecting PSAT1.

Serine provides major cellular metabolic precursors as anabolic and
energic supports for a variety of biosynthetic pathways27. Next, we con-
ducted a separate analysis of the metabolites which were closely related to
the serine metabolic pathway using our metabolomic analysis. The results
revealed that HDAC7 or USP14 overexpression decreased the upstream
metabolite of serine synthesis: 3-phosphoglycerate, while increasing the
production of α-ketoglutarate which is the direct metabolite of PSAT1
(Supplementary Fig. 6a, b). Overexpressing HDAC7 or USP14 increased
GSH levels and reducedGSSG andNADP+, thus enhancing the antioxidant
capacity of cancer cells (Supplementary Fig. 6c–e). Meanwhile, the purines
and pyrimidines that required for RNA and DNA biosynthesis were also
upregulated in HDAC7 or USP14 overexpressing cells (Supplementary
Fig. 6f–h).Besides, thephosphatidylcholine andphosphatidyl ethanolamine
levels were also increased (Supplementary Fig. 6i, j). To further provide
direct evidence for the regulation of serine synthesis by theHDAC7-USP14-
PSAT1 axis, we analyzed the serine levels. The data were congruent and
showed that the cells with PSAT1+HDAC7or PSAT1+USP14 produced
a significantly higher level of serine than overexpressing PSAT1 alone
(Fig. 6l). However, in PSAT1-K51R cells, this increase of serine levels was
less significant (Fig. 6m). To demonstrate whether acetylation on the K51R
site affected the proliferation of LUAD cells, we conducted cell proliferation
experiments under specific conditions where the non-essential amino acids
serine and glycine is deprived to exclude the influence of exogenous serine
uptake.We found that the decreased proliferation caused by serine/glycine-
depletion was recovered when PSAT1 overexpression, and overexpressing
HDAC7 or USP14 further enhanced this effect (Supplementary Fig. 6k).
However, overexpression HDAC7 or USP14 could not promote the pro-
liferation in cells expressing PSAT1-K51R (Supplementary Fig. 6l). Taken
together, our data demonstrated the potential impact of PSAT1 acetylation
on serine metabolism and proliferation of LUAD cells.

Cisplatin (DDP) and paclitaxel (PTX) are two first-line chemotherapy
drugs for the clinical treatment of non-small cell lung cancer (NSCLC)28.
Mechanically, as a platinumchemotherapeutic agent,DDPcan enter cells to
cause DNA cross-linking, leading to DNA damage. Unlike DDP, PTX
targets the microtubule cytoskeleton, inducing cell cycle arrest and
apoptosis29. To investigate the effects of PSAT1on chemotherapy treatment,
we first measured the protein expression of PSAT1 when treating cells with
different concentrations of DDP or PTX. Supplementary Fig. 7a, b showed
that PSAT1 protein levels significantly increased in a DDP concentration-
dependent manner, while the protein levels slightly decreased with PTX
treatment. We subsequently tested whether these chemotherapy drugs
regulated the acetylation and ubiquitination levels of PSAT1. Supplemen-
tary Fig. 7c–f showed that DDP treatment had no significant effect on the

Fig. 3 | Deubiquitinase USP14 stabilizes PSAT1 in lung adenocarcinoma.
a, b H1299 cells were co-transfected with His-USP14 and Flag-PSAT1. The
immunoprecipitations were blotted with anti-His or anti-Flag antibodies. c, d In
H1299 cells, endogenous interaction between PSAT1 and USP14 was tested using
anti-Flag antibodies for Co-IP. The immunoprecipitations were blotted with anti-
PSAT1 or anti-USP14 antibodies. e The protein levels of USP14 and PSAT1 were
detected in lung cancer cell lines and normal bronchial epithelial cell BEAS-2B. f In
H1299 cells, USP14was overexpressed to detect PSAT1 protein byWestern blot. The
relative PSAT1 expression compared with that of Tubulin was quantified. Data
represented as the average of three independent experiments (mean ± SD),
***P < 0.001. gH1299 cells were experimented with different concentrations of IU1.
The PSAT1 protein expressions were detected by Western blot. The relative PSAT1
expression compared with that of Tubulin was quantified. Data represented as the
average of three independent experiments (mean ± SD), *P < 0.05, **P < 0.01,
***P < 0.001. h H1299 cells were transiently transfected with CTL siRNA or
USP14 selective siRNAs. The PSAT1 protein expressions were detected by Western
blot. The relative PSAT1 expression compared with that of Tubulin was quantified.

Data represented as the average of three independent experiments (mean ± SD),
**P < 0.01, ***P < 0.001. i H1299 cells were transfected with USP14 selective siR-
NAs and MG132 (20 μM) was added 12 h before sample collection. The PSAT1
protein expressions were detected by Western blot. The relative PSAT1 expression
compared with that of Tubulin was quantified. Data represented as the average of
three independent experiments (mean ± SD), ns: P > 0.05, **P < 0.01. j H1299 cells
were transfected with control Vector or His-USP14 plasmid or transiently trans-
fected with CTL siRNA or USP14 selective siRNAs or experimented with different
concentrations of IU1. The mRNA levels of PSAT1 and USP14 were detected by
qPCR. Data represented as the average of three independent experiments (mean ±
SD), ns: P > 0.05, *P < 0.05, ***P < 0.001. k–mH1299 cells were experimented with
CHX (100 μg/mL) for various time points and were transfected with His-USP14 or
USP14 selective siRNA or treated with IU1. The PSAT1 protein expressions were
detected by Western blot. The relative PSAT1 expression compared with that of
Tubulin was quantified. Data represented as the average of three independent
experiments (mean ± SD), *P < 0.05, **P < 0.01, ***P < 0.001.
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acetylation and ubiquitination levels of PSAT1-K51R cells, whereas it led to
a remarkable decrease in PSAT1-WT cells. We also found that PTX treat-
ment did not alter the acetylation and ubiquitination levels. These results
indicated that DDP affected PSAT1 expression by regulating the interplay
between acetylation and ubiquitination, while PTX did not have these

effects. Then,we tested if PSAT1 expression affected the therapeutic effect of
DDP or PTX on lung cancer cells. Knocking down PSAT1 increased the
sensitivity of cancer cells to DDP treatment rather than PTX (Supplemen-
tary Fig. 7g, h). Thus, we speculated that the different anticancer mechan-
isms between DDP and PTX led to the unique effects of PSAT1. These
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results exhibit the potential application of PSAT1 as a therapeutic target for
cancer treatment.

UBE4B ubiquitinates the acetylated PSAT1 for proteasomal
degradation
To clarify the E3 ligase that ubiquitinates PSAT1, we used UbiBrowser to
identify the potential targets. Figure 7a showed the predicted E3 ligases.We
selected the top four proteins (BMI1, STUB1, UBE4A, UBE4B) with the
highest score for further validation. Figure 7b and Supplementary Fig. 8a–d
showed that overexpressing UBE4B reduced the protein expression of
PSAT1 while expressing the others did not show this effect. Overexpressing
UBE4B did not affect the transcription of PSAT1 (Fig. 7c), indicating that
UBE4B might regulate PSAT1 expression by protein degradation. The
protein degradation rates were examined and the result demonstrated that
overexpressing UBE4B accelerated the degradation rate of PSAT1 protein
(Fig. 7d). Then, we detected the interaction between PSAT1 and UBE4B.
Figure 7e–g and Supplementary Fig. 8e showed that PSAT1 interacted with
UBE4B.We next examined if UBE4B regulated PSAT1 expression through
ubiquitination. Overexpressing UBE4B increased the total and K48-linked
ubiquitination of PSAT1, while the K63-linked ubiquitination was not
affected (Fig. 7h–j and Supplementary Fig. 8f–h). We further explored if
acetylation affected the interaction between UBE4B and PSAT1. TSA
treatment was used to increase the acetylation of PSAT1. Figure 7k and
Supplementary Fig. 8i showed that TSA treatment increased the interaction
between UBE4B and PSAT1. Consistent with this, Supplementary Fig. 8j, k
showed that HDAC7 overexpression decreased their interaction. Mean-
while, the ubiquitination levels of PSAT1 were detected with TSA and
HDAC7 treatment. Figure 7l and Supplementary Fig. 8l, m revealed that
acetylation affected the ubiquitination of PSAT1 byUBE4B, suggesting that
acetylation promoted the degradation of PSAT1. These results demon-
strated that UBE4B ubiquitinated the acetylated PSAT1 for proteasomal
degradation.

Taken together, our study demonstrates that the protein stability of
PSAT1 is regulated by acetylation and ubiquitination. HDAC7 deacety-
lates PSAT1 on Lys51, followed by ubiquitination on this site in K63-
linkage. Then, USP14 interacts with PSAT1 and deubiquitinates chains
with K48-linkage, thus increasing PSAT1 protein stability and enhancing
the serine metabolism of lung cancer cells. When PSAT1 is acetylated,
UBE4B binds and ubiquitinates PSAT1, promoting its proteasomal
degradation (Fig. 7m).

Discussion
Serine is a non-essential amino acid and contributes to the synthesis of
proteins, nucleotides, lipids, and antioxidants30. Metabolite profiling in 60
cancer cell lines revealed that cancer cells avidly consume extracellular
serine, which is second only to glutamine among amino acids31. Serine can
be either obtained from the diet or synthesized de novo via the SSP from an
intermediate of glycolysis. During this process, PSAT1 catalyzes the key
metabolic step in SSP, converting 3-phosphohydroxylpyruvate to
3-phosphoserine and producing α-ketoglutarate concomitantly32. Thus,
PSAT1 is a key transaminase linking metabolic pathways such as serine
metabolism and glutamine metabolism. A growing body of evidence indi-
cates that PSAT1 is an oncogene that plays a positive role in lung cancer

progression andmetastasis33. It has been demonstrated that high expression
of PSAT1 inhibits cyclin D1 degradation and subsequently alters Retino-
blastoma (RB)- Early 2 factor (E2F) pathway activity, enhancing G1 pro-
gression and proliferation of NSCLC cells34. In addition, highly expressed
PSAT1 promotes the nuclear translocation of pyruvate kinase M2 (PKM2)
in response to epidermal growth factor receptor (EGFR) activation, thus
promoting lung cancer progression35. Furthermore, the knockdown of
PSAT1 enhances the sensitivity of NSCLC cells to glutamine-limiting
conditions and ionizing radiation, indicating that PSAT1 might be a ther-
apeutic target for lung cancer36. These findings suggest that upregulation of
PSAT1 maintains lung cancer development and is associated with poor
patient outcomes. Therefore, it is particularly important to elucidate the
mechanism regulating PSAT1 in lung cancer.

Most researches on the regulatory mechanisms of PSAT1 focus on its
transcriptional level. ATF4 was reported to directly bind to the PSAT1
promoter and activate its transcription. NRF2, another transcription factor,
regulated PSAT1 expression via ATF4 to support glutathione and nucleo-
tide production8,9. c-Myc was also reported to activate PSAT1 transcription
under nutrient deprivation conditions10. However, as a metabolic enzyme,
the post-translational modifications of PSAT1 may also play greater roles,
because of its advantages in rapid regulation. Until now, little is known
about the post-translational modifications on PSAT1. This greatly limits
people’s understanding of the regulatory mechanisms of PSAT1. Our study
demonstrates that the stability of PSAT1 protein in LUAD is regulated by
the interplay between acetylation and ubiquitination. Deacetylation of
PSAT1 by HDAC7 facilitates its binding with USP14, leading to the deu-
biquitination and stabilization of PSAT1.

Acetylated proteins are involved in many metabolic pathways,
including fatty acid metabolism, glycolysis, the TCA, and urea cycles37.
Lysine acetylation is controlled by two opposing types of enzymes: acetyl-
transferases and deacetylases. Protein lysine deacetylases consist of two
classes, including a total of eighteen proteins (HDAC1–11 and SIRT1–7 in
mammals) that deacetylate histones and non-histone proteins38. In our
study, we found HDAC7 was the key deacetylase that regulated PSAT1
protein stability. Generally, HDAC7 functions as a transcriptional repressor
in the nucleus, and phosphorylation of HDAC7 leads to its nuclear export.
HDAC7 shuttles between the nucleus and cytoplasm and is involved in the
regulationof cell proliferation, apoptosis, differentiation, andmigration39. In
lung cancer, HDAC7 promotes tumorigenesis by inhibiting signal trans-
ducer and activator of transcription 3 (STAT3) activation via
deacetylation40. HDAC7 could also promote NSCLC progression by
maintaining the cytoskeletal structure and angiogenesis during the neo-
vascularization of endothelial progenitor cells41. However, the functions of
HDAC7 in regulating cancer metabolism, especially in serine metabolism,
need to be further clarified. In our study, we demonstrated that HDAC7
could directly interact with and deacetylate PSAT1, resulting in the deubi-
quitination ofK48-linked chains and stabilization of PSAT1 protein. To our
knowledge, this is the first study showing that HDAC7 directly regulates
metabolic enzymes.

Ubiquitin-mediated degradation is one of the main processes for
protein degradation. Proteasome targeting and degradation are primarily
accomplished through the formation of K48-linked chains, while K63-
linked chains perform more diverse functions including lysosomal

Fig. 4 | USP14 regulates the K48-linked ubiquitination of PSAT1. a, b In H1299
cells, Flag-PSAT1 and His-USP14 plasmids or USP14 selective siRNA were co-
transfected. Co-IP was used to detect the ubiquitination level of PSAT1. c In H1299
cells, Flag-PSAT1 plasmid was transfected with different concentrations of IU1
treatment. Co-IP was used to detect the ubiquitination level of PSAT1. d, f In H1299
cells, Flag-PSAT1 and His-USP14 plasmids were co-transfected. Co-IP was used to
detect the K48-linked or K63-linked ubiquitination level of PSAT1. e, g In H1299
cells, Flag-PSAT1 plasmid and USP14 selective siRNAs were co-transfected. Co-IP
was used to detect the K48-linked or K63-linked ubiquitination level of PSAT1.
h, iH1299 cells were treated with different concentrations of IU1. Co-IP was used to
detect the K48-linked or K63-linked ubiquitination level of PSAT1. j H1299 cells

were transfected with His-USP14WT or His-USP14C114A plasmids. The PSAT1 pro-
tein expressions were detected by Western blot. The relative PSAT1 expression
compared with that of Tubulin was quantified. Data represented as the average of
three independent experiments (mean ± SD), ns: P > 0.05, **P < 0.01. kH1299 cells
were transfected with Flag-PSAT1 plasmid alone or co-transfected with His-
USP14WT or His-USP14C114A plasmids. Co-IP was used to detect the ubiquitination
level of PSAT1. lH1299 cells were experimented with CHX (100 μg/mL) for various
time points and were transfected with His-USP14C114A. The PSAT1 protein
expressions were detected by Western blot. The relative PSAT1 expression com-
pared with that of Tubulin was quantified. Data represented as the average of three
independent experiments (mean ± SD), *P < 0.05.
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Fig. 5 | Lysine 51 of PSAT1 is an essential site for the interaction with USP14.
a The co-modified sites with ubiquitination and acetylation of PSAT1 predicted by
PhosphoSitePlus. b The expression effects of PSAT1 plasmids containing indicated
mutations (K51R, K311R, K323R, K333R and K363R) were tested. c–g H1299 cells
were co-transfected with His-USP14 and Flag-PSAT1K51R, Flag-PSAT1K311R, Flag-
PSAT1K323R, Flag-PSAT1 K333R or Flag-PSAT1K363R plasmids. Co-IP was used to detect
the total ubiquitination (left panel) andK48-linkedubiquitination (right panel) levels of
PSAT1. h H1299 cells were experimented with CHX (100 μg/mL) for various time

points andwere transfectedwithFlag-PSAT1WTorFlag-PSAT1K51R. TheFlag-PSAT1WT

or Flag-PSAT1K51R protein expressions were detected by Western blot. The relative
protein expression compared with that of Tubulin was quantified. Data represented as
the average of three independent experiments (mean ± SD), *P < 0.05. i H1299 cells
were co-transfected with His-USP14, Flag-PSAT1WT or Flag-PSAT1K51R. The immu-
noprecipitations were blotted with anti-His or anti-Flag antibodies. The relative His-
USP14 expression compared with that of Flag was quantified. Data represented as the
average of three independent experiments (mean ± SD), ***P < 0.001.
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degradation, altering target protein structure, localization, or activity42.
USP14 can rescue proteins fromdegradation bydisassembling the ubiquitin
chain from its substrate’s distal end43. In Fig. 4,we found thatUSP14 acted as
a positive regulator of PSAT1 by removingK48-linked polyubiquitin chains
from PSAT1. Our study interestingly found that USP14 did not

deubiquitinate K63-linked polyubiquitin chains on PSAT1; instead, K63-
linkedubiquitinationpromoted the interactionbetweenPSAT1andUSP14,
thus enhancing its deubiquitination on K48-linked polyubiquitin chains.
These results indicate that the deubiquitinase activity of USP14 possesses
selectivity according to the substrates and physiological conditions.
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Given that PSAT1 is a key enzyme in de novo serine synthesis, which
provides important cellular metabolic precursors for biosynthetic metabo-
lism, we examined the effects of PSAT1 acetylation on the serine synthesis
pathway. In our study, we found that acetylation of PSAT1 on Lysine 51
regulates serine metabolism and proliferation of LUAD cells. Importantly,
the chemotherapy drug DDP could increase PSAT1 expression in LUAD
cells by decreasing its acetylation onK51 and enhancing its protein stability.
DDP is a DNA-damaging agent. We found PSAT1 could regulate nucleo-
tide synthesis which was required for DNA biosynthesis. Knocking down
PSAT1 increased the sensitivity of LUAD cells to DDP. However, treating
LUAD cells with PTX, another chemotherapy drug targeting the micro-
tubule cytoskeleton, did not show this effect. These results indicated that
inhibiting the function of PSAT1 is an effective strategy to enhance the
therapeutic effect of chemotherapy drugs for DNA damage.

Thus, our study discovers a new regulatory mechanism for PSAT1 in
LUAD, demonstrating that the interplay between acetylation and ubiqui-
tination regulates PSAT1 protein stability, further affecting serine meta-
bolism and cell proliferation. This further deepens people’s understanding
of the regulationmechanism for PSAT1 in cancer and provides a new basis
for the development of anticancer drugs targeting serine metabolism.

Methods
Antibodies and reagents
The following primary antibodies were used in this study: anti-PSAT1
(10501-1-AP, Proteintech, 1:1000), anti-USP14 (14517-1-AP, Proteintech,
1:1000), anti-HDAC7 (26207-1-AP, Proteintech, 1:1000), anti-CyclinB1
(55004-1-AP, Proteintech, 1:1000), anti-Tubulin (66362-1-Ig, Proteintech,
1:2000), anti-Acetyllysine (PTM-105RM, PTM BIO, 1:500), anit-Ubiquitin
(10201-2-AP, Proteintech, 1:500), anti- SQSTM1 (TA502127, Origene,
1:1000), anti- LC3B (18725-1-AP, Proteintech, 1:1000), anti-K48-linkage
Specific Polyubiquitin (8081S, Cell Signaling Technology, 1:500), anti-K63-
linkage Specific Polyubiquitin (5621S, Cell Signaling Technology, 1:500),
anti-Actin (TA811000,Origene, 1:2000), anti-Flag (66008-4-lg, Proteintech,
1:5000), anti-Myc (16286-1-AP, Proteintech, 1:5000), anti-His (66005-1-lg,
Proteintech, 1:5000), anti-HA (51064-2-AP, Proteintech, 1:5000), anti-IgG
(B900620, Proteintech, 1:5000). As secondary antibodies for Western
blotting, HRP-conjugated goat anti-rabbit (31460, Thermo Scientific,
1:5000) and anti-mouse (31430, Thermo Scientific, 1:5000) antibodies were
used. For immunofluorescent staining, CoraLite488-conjugatedGoat Anti-
Mouse IgG(H+L) (SA00013-1, Proteintech, 1:500) and CoraLite594 –
conjugated Goat Anti-Rabbit IgG(H+L) (SA00013-4, Proteintech, 1:500)
were used as secondary antibodies. The nucleus was stained with DAPI
(0100-20; Southern Biotech).

In this study, the chemotherapy agents cisplatin (DDP, HY-17394,
MCE) and paclitaxel (PTX, HY-B0015, MCE) were used. The inhibitors
nicotinamide (NAM, 72340, Sigma), trichostatin A (TSA, S1045, Selleck
Chemicals), MG132 (1791-5, Biovision), Chloroquine (CQ, C6628, Sigma),
Cycloheximide (CHX, S7418, Selleck Chemicals), IU1 (A4002, APExBIO)
were used.

Cell culture
BEAS-2Bwaspurchased fromtheNationalCollectionofAuthenticatedCell
Cultures and cultured in RPMI 1640 medium (Gibco) supplemented with

10% FBS (ExCell Bio). Lung cancer cell lines A549, H1299, H23, HCC827,
H358, PC9, H1975, and breast cancer cell (MCF7), hepatoma cell (HLE)
werepurchased fromtheNationalCollectionofAuthenticatedCellCultures
and cultured in RPMI 1640 medium supplemented with 10% FBS. All cells
were cultured under an atmosphere of 5% CO2 at 37°C.

For serine and glycine deprivation experiments, cells in the control
group were cultured in assay medium: MEM (Thermo Scientific) supple-
mented with 10% FBS (SORFA), 17mMD-glucose (Sigma), 400 μMserine
(Sigma) and 400 μMglycine (Sigma). Cells that were subjected to serine and
glycine starvation were cultured in a medium without serine or glycine.

For cell growth assay, with a density of 5000 cells per well in 500 µl of
RPMI 1640 medium containing 10% FBS, cells were seeded in 24-well
plates. The cell culture mediumwas replaced every 2 days. At certain times,
after fixation with 4% formaldehyde for 30min the cell was stained using
0.1% crystal violet and extracted with 10% acetic acid. Then, we measured
the relative absorbance at 595 nm. Each experiment was conducted in
triplicate.

For cell viability assay, with a density of 5000 cells per well in 100 µl of
RPMI 1640 medium containing 10% FBS, cells were seeded in 96-well
plates. After being treated according to the experimental design, the cells
were added with Cell Counting Kit-8 (CCK8) and incubated for 1 h in 5%
CO2 at 37 °C. Then, we measured the relative absorbance at 490 nm. Each
experiment was conducted in triplicate.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNAwas extracted using TRIGene reagent (P118-05, Genestar). The
RNA was used for reverse transcription to cDNA by HiScript III RT
SuperMix forqPCR (+gDNAwiper) (R323-01,Vazyme). For theRT-qPCR
assay, we used Real-Time PCR EasyTM-SYBR Green I (QP-01012, Fore-
gene) to conduct experiments. The relative mRNA expression of target
geneswas calculatedusing the comparativeCtmethod.GAPDHwas used as
a control for the target gene. For all gene primers used for RT-PCR, see
Supplementary Table 1.

Gene overexpression and knockdown
For transfection to overexpress certain genes, cells were transiently trans-
fected using the indicated plasmids with the SuperFectin DNA Transfection
Reagent kit (2102–100, Pufei). Then the relative transient transfection effi-
ciency in cells was measured by western blot assay with certain antibodies.

For transfection to knock down the gene, cells were transiently
transfected using the indicatedRNAi nucleotides with the siTran 2.0 siRNA
transfection reagent (TT320002, Origene). Then the relative transient
transfection efficiency in cells wasmeasured by western blot assay using the
relevant antibodies. For all siRNA sequences used for transfection, see
Supplementary Table 1.

Immunoprecipitation and western blot
For the immunoprecipitation assay, cells werewashedwith PBS three times.
Then, cells were lysed using NP-40 lysis buffer supplemented with protease
inhibitor PMSF (P8340, Solarbio) for 30min at 4 °C. Cell lysates were
centrifuged for 20min at 4 °C, then the indicated antibodies and protein G
agarose beads (11243233001, Roche) were added to the supernatants and
incubated overnight at 4 °C. Then the mixed substance was washed by lysis

Fig. 6 | Acetylation of PSAT1 on Lysine 51 regulates the protein stability of
PSAT1 and serine metabolism. aH1299 cells were transfected with Flag-PSAT1WT

or Flag-PSAT1K51R. Co-IP was used to detect the acetylation level of PSAT1. The
relative AcK expression compared with that of Flag was quantified. b, dH1299 cells
were transfected with Flag-PSAT1K51R plasmid, and TSA (1 μM) was added 12 h
before sample collection. Co-IP was used to detect the acetylation or ubiquitination
level of PSAT1. c, eH1299 cells were transfected with Flag-PSAT1K51R plasmid alone
or co-transfected with HA-HDAC7. Co-IP was used to detect the acetylation or
ubiquitination level of PSAT1. f H1299 cells were co-transfected with His-USP14,
Flag-PSAT1, and HA-HDAC7 or Vector. The immunoprecipitations were blotted
with anti-His or anti-Flag antibodies. g, h In H1299 cells, Flag-PSAT1 and HA-

HDAC7 plasmids were co-transfected. Co-IP was used to detect the K48-linked or
K63-linked ubiquitination level of PSAT1. i H1299 cells were co-transfected with
HA-UB(K63), Flag-PSAT1WT or Flag-PSAT1K51R. The immunoprecipitations were
blotted with anti-USP14, anti-Flag, or anti-HA antibodies. The relative USP14
expression compared with that of Flag was quantified. Data represented as the
average of three independent experiments (mean ± SD), ns: P > 0.05, ***P < 0.001.
j The heat map of the metabolites identified from metabolomics analysis. k KEGG
pathway analysis of the DEGs identified from (j). l, m The serine concentration in
lysates of cells was measured using the DL-Serine Assay Kit. Data represented as the
average of three independent experiments (mean ± SD), ns: P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001.
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buffer, then added loading buffer, and boiled for 10min. For detecting the
ubiquitination levels, we extracted proteins using the lysis buffer with 1%
SDS, heated the lysate for 8min, and then diluted the cell extract down to
0.1% SDS to perform immunoprecipitation.

For thewestern blotting assay, we used 10%SDS-PAGE to separate the
proteins and transferred these proteins to Polyvinylidene fluoride (PVDF)

membranes (IPVH00010, Milipore). The PVDF membranes were blocked
with 5% skim milk (36120ES76, Yeasen) for 1 h at room temperature and
then incubated with the indicated primary antibodies overnight. The next
day, we used TBST to wash the membranes at least three times and used a
secondary antibody to incubate the membranes for 1 h at room tempera-
ture. Staining was conducted with indicated detection reagents (PA112-01,

https://doi.org/10.1038/s42003-024-07051-2 Article

Communications Biology |          (2024) 7:1365 13

www.nature.com/commsbio


TIANGEN). Protein levels were visualized and analyzed using a digital gel
image analysis system.

Immunofluorescence assay
Cellswere seeded on24-well platewith a cell slide and grew for 18–24 h. The
coverslips were washed with PBS for 5min each time and fixed with 4%
paraformaldehyde at room temperature for 20min. After threewasheswith
PBS, cells were drilled with 0.2% Triton X-100 for 20min and blocked for
30min with 5% BSA. Then, coverslips were incubated with indicated pri-
mary antibodies overnight at 4 °C. The next day, Coverslips were washed
three times with PBS and incubated with a secondary antibody at room
temperature for 1 h. After washed three times with PBS, cells were stained
with DAPI. Finally, the confocal microscope was used to photograph.

Serine measurement using Serine Assay Kit
The serine concentration in lysates of cells was measured using the DL-
SerineAssay Kit (MAK352, Sigma). Briefly, cells were rapidly homogenized
with SerineAssayBuffer.After sample cleanupwith ultrafiltration tubes and
reagents from the kit, we added enzyme mixture and probe solution to the
filtrate. 96-well plates were incubated at 37 °C for 60min, protected from
light. Finally, all samples have measured the fluorescence at ex = 535 nm/
em= 587 nm in endpoint mode.

Mass spectrometry analysis
H1299 cellswere transfectedwithVector andPSAT1plasmids, respectively.
When the cell number reached 107, proteins were collected as described in
the immunoprecipitation assay. Then the protein samples were sent to
APTBIO for mass spectrometry analysis.

Untargeted metabolomics analysis
A549 cells were transfected using the indicated plasmids. Then, the cells
were washed and collected with ice-cold PBS. After centrifugation at low
speed,we removed the supernatant and collected precipitation froma liquid
nitrogen flash freezer. Then the cell samples were sent to Bioprofile for
untargeted metabolomics analysis.

Statistics and reproducibility
The statistical data were analyzed using GraphPad Prism software. Each
experiment was performed in triplicate. All the data were presented as
mean ± SD.Comparisonswere performedusing two-tailed pairedStudent’s
t-tests or one-way ANOVA. A p-value of lower than 0.05 was considered
statistically significant. *, p < 0.05 vs. control; **, p < 0.01 vs. control; ***,
p < 0.001 vs. control; ns, på 0.05 vs. control.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data associated with this study are present in this paper or the Supple-
mentary Information. Uncropped western blots are available in Supple-
mentary Fig. 9. Datasets used and analyzed are available in Supplementary

Data 1 and 2. All source data behind each graph are shown in Supple-
mentary Data 3. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium with the identifier
PXD056565.Any additional information in this paperwill be available from
the corresponding author upon reasonable request.
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