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Abstract

Background In prior research employing iTRAQ (Isobaric Tags for Relative and Absolute Quantitation) technology,
we identified a range of proteins in breast cancer tissues exhibiting high levels of acetylation. Despite this advance-
ment, the specific functions and implications of these acetylated proteins in the context of cancer biology have
yet to be elucidated. This study aims to systematically investigate the functional roles of these acetylated proteins
with the objective of identifying potential therapeutic targets within breast cancer pathophysiology.

Methods Acetylated targets were identified through bioinformatics, with their expression and acetylation subse-
quently confirmed. Proteomic analysis and validation studies identified potential acetyltransferases and deacety-
lases. We evaluated metabolic functions via assays for catalytic activity, glucose consumption, ATP levels, and lactate
production. Cell proliferation and metastasis were assessed through viability, cycle analysis, clonogenic assays, PCNA
uptake, wound healing, Transwell assays, and MMP/EMT marker detection.

Results Acetylated proteins in breast cancer were primarily involved in metabolism, significantly impacting gly-
colysis and the tricarboxylic acid cycle. Notably, PGK1 showed the highest acetylation at lysine 323 and exhibited
increased expression and acetylation across breast cancer tissues, particularly in T47D and MCF-7 cells. Notably,

18 varieties acetyltransferases or deacetylases were identified in T47D cells, among which p300 and Sirtuin3 were
validated for their interaction with PGK1. Acetylation at 323 K enhanced PGK1's metabolic role by boosting its activity,
glucose uptake, ATP production, and lactate output. This modification also promoted cell proliferation, as evidenced
by increased viability, S phase ratio, clonality, and PCNA levels. Furthermore, PGK1-323 K acetylation facilitated metas-
tasis, improving wound healing, cell invasion, and upregulating MMP2, MMP9, N-cadherin, and Vimentin while down-
regulating E-cadherin.

Conclusion PGK1-323 K acetylation was significantly elevated in T47D and MCF-7 luminal A breast cancer cells
and this acetylation could be regulated by p300 and Sirtuin3. PGK1-323 K acetylation promoted cell glycolysis, prolif-
eration, and metastasis, highlighting novel epigenetic targets for breast cancer therapy.
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Introduction

Recent global statistics highlight breast cancer as a
leading health challenge, with it being the most com-
mon cancer in 150 out of 185 countries and holding the
highest mortality rate in 110 countries [1]. Particularly
concerning is the trend towards younger onset ages,
amplifying the urgency for identifying novel targets
and developing effective treatments [2]. Breast cancer
arises from a complex interplay of factors, with genetic
and epigenetic changes playing crucial roles in driving
unchecked cell proliferation and survival [3]. While
significant strides have been made in understanding
genetic contributions to breast cancer, including the
identification of pivotal genes like BRCA1, BRCA2, and
TP53, many challenges remain. This underscores the
importance of exploring epigenetic modifications as
potential therapeutic avenues.

Protein post-translational modifications (PTMs) sig-
nificantly influence protein function by adding chemi-
cal groups such as acetyl, phosphoryl, and succinyl
groups after translation [4]. Acetylation, initially rec-
ognized for modifying histones over sixty years ago,
has been extensively studied for its role in regulating
gene expression [5]. Beyond histones, acetylation of
non-histone proteins is known to impact a wide array
of cellular functions, including protein localization, sta-
bility, activation, and interaction, thereby influencing
key biological processes like cell cycle regulation, DNA
damage repair, and metabolism [6—9]. Aberrations in
protein acetylation patterns are linked to various dis-
eases, including cancer.

Non-histone proteins offer a greater diversity and
abundance compared to histones, opening up wider
opportunities for identifying relevant therapeutic tar-
gets. Advances in acetylome technology, facilitated by
high-resolution mass spectrometry and the use of anti-
acetyl-lysine antibodies for protein enrichment, have
significantly broadened the scope of acetylated pro-
teins under investigation. This expansion has extended
the catalog of acetylated proteins from a limited num-
ber of histones to over 2,000 human proteins [10, 11].
Utilizing this technology, studies have explored the
acetylation patterns characteristic of various cancers,
including pancreatic cancer [12], acute myeloid leuke-
mia [13], cervical cancer [14], and nonfunctional pitui-
tary neuroendocrine tumors [15]. Specifically in breast
cancer, comprehensive analysis of tumor xenograft tis-
sue has identified 6,700 acetylation sites across 2,300
proteins, uncovering a wealth of potential targets [16].
However, this wealth of data highlights a gap in com-
parative studies between cancerous and normal mam-
mary epithelial tissues, as well as a need for further
bioinformatic analysis and experimental validation.
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Therefore, a systematic exploration of proteins acety-
lated in a breast cancer-specific manner is essential to
pinpoint effective targets for therapy.

Our current findings, leveraging proteomic analyses,
highlight the metabolic roles of these acetylated proteins,
particularly pointing to the glycolytic enzyme phospho-
glycerate kinase-1 (PGK1) as a notable target due to its
elevated acetylation. We observed an increased expres-
sion and specific acetylation of PGK1 at the 323rd lysine
residue in breast cancer samples, notably in T47D and
MCE-7 cells and also uncovers the regulatory role of
p300 and Sirtuin3 in PGK1 acetylation, evidenced by
their interaction with PGK1 and altered expression in
T47D cells. PGK1-323 K acetylation enhances PGK1’s
catalytic function, leading to increased glucose metabo-
lism, ATP production and lactate output. Furthermore,
PGK1 acetylation was found to bolster cell proliferation
and metastasis, as indicated by improved cell viability,
cell cycle progression, clonality, wound healing, cell inva-
sion, and upregulating proliferating cell nuclear antigen
(PCNA), Matrix Metalloproteinase-2 (MMP2), Matrix
Metalloproteinase-2 (MMP9), N-cadherin, and Vimen-
tin while downregulating E-cadherin. These insights
contribute to our understanding of protein acetylation’s
impact on breast cancer, positioning PGK1 acetylation as
a promising target for therapeutic intervention and the
development of anti-cancer drugs.

Materials and methods

Bioinformatic analysis

Gene Ontology (GO) annotations for acetylated proteins
were obtained from the UniProt-GOA database. Initially,
identified protein IDs were converted to UniProt IDs and
subsequently mapped to GO IDs. For proteins not anno-
tated in the UniProt-GOA database, InterProScan soft-
ware was employed to assign GO functions based on a
protein sequence alignment method. The proteins were
then categorized into two GO categories: biological pro-
cess and molecular function.

Venn analyses to identify overlaps between proteins
involved in metabolic processes and those with catalytic
functions were conducted using Fun_Rich software (Ver-
sion 3.1.4). UniProt IDs of the proteins from both groups
were uploaded into the software, and Venn analyses were
performed to detect proteins present in both groups.

Furthermore, biological process enrichment analysis
was carried out for 50 catalytic proteins using the same
version of Fun_Rich software. The UniProt IDs of these
proteins were uploaded, and enrichment analysis against
the background of the UniProt database was performed.
Entries yielding a corrected p-value less than 0.05 were
deemed to show significant enrichment.



Gao etal. BMC Cancer  (2024) 24:1054

Samples acquisition

Breast cancer specimens and adjacent non-cancerous tis-
sues were obtained from the Second Affiliated Hospital
of Qiqihar Medical University. Patient inclusion crite-
ria, along with the procedures for sample collection and
preservation, adhered to previously established protocols
and complied with the Helsinki Declaration [17]. The
Qigihar Medical Ethics Committee granted approval for
all experimental protocols under approval No. [2019]14.
Informed consent was obtained from all participants
prior to sample collection.

Cell culture and transfection

Cells were maintained as per standard protocols. MCF-
10A cells were cultured in MEGM BulletKit (LONZA,
CC-3151&CC-4136). Bcap37, ZR-75-1 and MNK45 cells
were both cultured in RPMI 1640 medium (HyClone,
SH30809.01B) supplemented with 10% fetal bovine
serum (FBS) (HyClone, SH30396.03), with ZR-75-1 cells
also requiring an addition of 2.5 g/L glucose (Sigma-
Aldrich, 158,968) and 0.11 g/L sodium pyruvate (Sigma-
Aldrich, I-034). MDA-MB-231 cells were cultured in L15
medium (Biosharp, BL313A) with 10% FBS; A549 cells
were cultured in F-12 K medium (Gibco, 21,127,022)
with 10% FBS; T47D and Hela cells were maintained in
DMEM (HyClone, SH30022.01B) supplemented with
10% FBS. BT-549 and MCEF-7 cells followed previously
established protocols [17]. All cell lines, except for MDA-
MB-231 which does not require CO,, were incubated in a
5% CO, atmosphere at 37°C.

Lentiviral vectors expressing wild type PGK1 (PGK1-
WT), a lysine-to-arginine mutant (PGK1-K323R) that
cannot be acetylated, a lysine-to-glutamine mutant
(PGK1-K323Q) mimicking acetylation, a PGK1 knock-
ing down Sh-RNA sequence (Sh-PGK1), along with
corresponding control vectors (NC or Sh-NC), were con-
structed by GenePharma Co., Ltd (complete sequences
were shown in Additional file 1). T47D cells were trans-
fected with these lentiviruses at a multiplicity of infec-
tion (MOI) of 50, supplemented with 5ug/mL polybrene.
After 72 h, transfected cells were selected using lug/mL
puromycin to screen successfully transduced cells.

Real-time PCR for PGK1 mRNA expression level

Approximately 1x10° MCF-10A and various breast
cancer cells were harvested and lysed in 1 mL TRIzol
for RNA isolation. Total RNA extracted was reverse
transcribed to cDNA using the PrimeScript” RT Rea-
gent Kit (Takara, RR037A) following the manufacturer’s
guidelines. The PCR mix was then prepared with TB
Green Premix Ex Taq (Takara, RR420A), containing
0.25U DNA polymerase, 150 pug of cDNA, 0.2 mM of
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each forward and reverse primer, and 1xXPCR buffer,
topped up with ddH20O to a final volume of 10 pl.
The PCR cycling conditions were initiated at 95C for
30 s, followed by 40 cycles of 95°C for 5 s and 60°C for
30 s, concluding with a final extension that gradually
increased from 65C to 95C at a rate of 0.5°C per sec-
ond to generate the melt curve. Details of primers uti-
lized are available in Table 1.

Western blotting

Western blotting process was exerted as before [17].
Related antibodies and dilution ratio were as follows:
PGK1 (Santa Cruz, sc-130335, 1:1000), Pan-acetylation
(Cell Signaling Technology, 9441, 1:1000), p-actin (Cell
Signaling Technology, 4970, 1:1000), FLAG (Sigma,
F7425, 1:1000), PCNA(Cell Signaling Technology,
13,110, 1:1000), MMP2 (Cell Signaling Technology,
40,994, 1:1000), MMP9 (Cell Signaling Technology,
13,667, 1:1000), E-cadherin (Proteintech, 20,874—1-
AP, 1:2000), N-cadherin (Proteintech, 22,018—1-AP),
Vimentin (Proteintech, 10,366-1-AP), HAT1 (PTM
Biotechnology, PTM-5195, 1:1000), p300 (Cell Signal-
ing Technology, 70088S, 1:1000), Sirtuin3 (Cell Signal-
ing Technology, 54908, 1:1000).

Co-immunoprecipitation (Co-IP)

Approximately 5x 10° cells were lysed in 1 ml of RIPA
buffer (Beyotime, P0O013B) for protein extraction. To
each 500 pg of extracted protein, 5 pg of either cap-
ture antibody or species-matched IgG (Beyotime) was
added. Samples were incubated overnight at 4C with
rotation. Subsequently, 20 ul of Protein A/G beads
(Santa Cruz, sc-2003) were introduced to each sample
and incubated for an additional 90 min. Following incu-
bation, samples were centrifuged at 3000 rpm for 3 min.
The resulting pellets were washed six times with cold
RIPA buffer and then resuspended in 1 X loading buffer.
The resuspended samples were boiled for 10 min, after
which Western blot analysis was conducted to assess
the amounts of specific proteins.

Table 1 Forwards and reverse primer sequences used in RT-PCR
experiments

Primer Sequence (5'—3’)
PGK1-Forward Primer GTGAAGATTACCTTGCCTGTT
PGK1-Reverse Primer GCTTCCCATTCAAATACCC
B-actin-Forward Primer CTGGGCGGGAACTGCCTGACTA
[-actin -Reverse Primer ACCGCTCGTTGCCGATGGTG
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PGK1 activity assay

T47D and MCE-7 cells, transfected with either NC,
PGK1-WT, or PGK1-K323R, were harvested for the
PGK1 activity assay using the Human PGK1 ELISA Kit
(Jianglai Biotechnology, JL14940). Approximately 5x 10°
cells were resuspended in 500 ul of PBS and subjected
to protein extraction via repeated freeze—thaw cycles.
Post-centrifugation, 50 pl of each cell and standard sam-
ple were transferred to plates pre-coated with a PGK1
capture antibody. Subsequently, 100 ul of reaction and
detection reagent was added to each well and the plates
were incubated for 60 min at 37°C. Following incuba-
tion, the supernatant was discarded, and the plates were
washed five times. Next, 50 pl of TMB soluble substrate
was added to each well and the plates were incubated in
the dark for 15 min at 37°C. To conclude the assay, 50 pl
of stop buffer was introduced to halt the reaction. The
optical density was measured at a wavelength of 450 nm
using a microplate reader, and PGKI1 activity levels were
determined based on the standard curve.

Glucose consumption assay

Glucose consumption was measured using the Glu-
cose Contents Detection Kit (JiNing Industrial Co.,
Ltd). T47D cells transfected with NC, PGK1-WT, or
PGK1-K323R were seeded at a density of 2x10° cells/
well into a 24-well plate and incubated for 72 h. Subse-
quently, the supernatant was collected and centrifuged at
5000 rpm for 5 min. A volume of 10 pl from each super-
natant, along with 10 pl of ddH2O (for blank) and 10 pl
of the standard sample, were allocated to separate wells
in a 96-well plate. To each well, 20 pl of Reagent I and
170 pl of Reagent II were added, followed by incubation
in the dark at 37°C for 30 min. The absorbance was meas-
ured at 520 nm using multifunctional microplate reader
(Tecan Infinite 200 PRO), and glucose consumption was
calculated using the formula: 12.49—[(AD—AB)+(AS—
AB) x500+180.16+20x% 100], where 12.49 represents the
initial glucose content (in pmol), AD is the absorbance of
the sample, AB is the absorbance of the blank, AS is the
absorbance of the standard sample, 500 is the total vol-
ume of the sample (in pl), 180.16 is the molecular weight
of glucose (in ug/umol), and 20 refers to the total number
of cells (in 10* units).

ATP contents assay

ATP levels were assessed using the Enhanced ATP Assay
Kit (Beyotime, S0027), following the manufacturer’s
guidelines. T47D cells, transfected with NC, PGKI-
WT, or PGK1-K323R, numbering 6 X 10°, were lysed in
300 pl of extraction buffer and chilled on ice for 5 min.
The lysates were centrifuged at 12,000 rpm for 5 min at
4 °C, and the resulting supernatant was used for ATP
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measurement. A white 96-well plate was prepared, with
100 ul of detection reagent added to each well. The plate
was allowed to sit at room temperature for 3—-5 min to
deplete any background ATP. Subsequently, 20 pl of
either the cell lysate or standard samples were dispensed
into the wells. The luminescence was quantified using a
multifunctional microplate reader (Tecan Infinite 200
PRO), and ATP concentrations were determined based
on the standard curve.

Lactic acid assay

Lactic acids were assessed using the Lactic Acid Assay
Kit (Solarbio Science & Technology Co., Ltd, BC2235),
following the manufacturer’s guidelines. T47D cells,
transfected with NC, PGK1-WT, or PGK1-K323R, num-
bering 0.5x 10%, were lysed in 100 pl of extraction buffer
I and treated with 300 V ultrasound for 3 min, among
which running for 3 s and stopping for 7 s. Centrifuged
at 12,000 rpm for 10 min at 4 °C and added 150ul extrac-
tion buffer II to 80ul of the supernatant. 30 pl of above
supernatant (for experiment group), along with 30 pl of
ddH,O (for blank) and 30 ul of the standard sample were
allocated to 1.5 mL centrifugal tube. To each tube, 120ul
of reagent I, 30ul of reagent II, and 60ul of reagent IV
were added, followed by incubation at 37°C for 30 min.
After that, 18ul reagent V and 180ul reagent III were
added and continuously cultured for another 20 min
at 37 C in the dark. After the reaction, centrifuged the
tubes at 10000 rpm for 10 min and discarded the super-
natant. 600ul of absolute ethanol was added to dissolve
the precipitates and every 200ul was added to three 96
wells respectively. Finally, detected the absorbance at a
wavelength of 570 nm using a multifunctional microplate
reader (Tecan Infinite 200 PRO). The lactic acid produc-
tion was calculated using the formula: C+[(N+V1xV2
)+ (V24V3)]x100=575C pmol/10° cells, where C rep-
resent the lactate concentrations of samples (calculated
through the absorbance values and the standard curve
formulas, in pmol/pl), N is total number of cells (0.5 in
10° units), V1 is the volume of extraction buffer I (100 in
ul), V2 is the volume of extraction buffer I used for mix-
ing with extraction buffer II (80 in pl), V3 is the volume of
extraction buffer II (150 in pl).

CCKa8 cell viability assay

Cell viability was assessed using the CCK8 assay. T47D
and MCF-7 cells transfected with NC, PGK1-WT, or
PGK1-K323R lentiviral vectors, and T47D cells trans-
fected with Sh-PGK1 or Sh-NC lentiviral vectors were
plated at a density of 1x10* cells/well in a 96-well
plate. The cells were incubated for durations of 0, 24,
48, and 72 h, after which 10 ul of CCKS8 solution (MCE,
HY-K0301) was added to each well, followed by a further
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4-h incubation. Absorbance was measured at 450 nm
using a multifunctional microplate reader (Tecan Infi-
nite 200 PRO). Cell proliferation rates at each time point,
denoted as Xh, were determined by the formula: [(Xh
OD value / 0 h OD value)—1] x 100%.

Cell cycle analysis by flow cytometry

Approximately 5x10° T47D cells transfected with NC,
PGK1-WT, or PGK1-K323R were plated in a 6-well
plate and incubated for around 14 h. Subsequently, the
supernatant was removed, and the cells were cultured
in medium containing 0.1% FBS for 24 h to synchronize
them in the G1 phase. The medium was then replaced
with one containing 10% FBS, and cells were cultured
for an additional 24 h. Cells were harvested and fixed
in pre-chilled 70% ethanol. After centrifugation, cells
were stained with 200 pl of cell cycle reagent (Muse,
MCH100106) for 30 min at room temperature in dark-
ness. Analysis was performed using a Guava Muse Cell
Analyzer, and results were processed with FlowJo soft-
ware (version 10.0).

Colony formation assay

T47D cells transfected with NC, WT-PGK1 or PGK1-
K323R, at a density of 500 cells per well, were cultured
in a 6-well plate for approximately 15 days. The culture
medium was refreshed every three days, and clone for-
mation was monitored using a microscope. Upon observ-
ing that most colonies consisted of over 50 cells, the cells
were fixed with 4% paraformaldehyde and stained with
0.01% crystal violet. Microscopic images were captured
to document clone formation, and the number of clones
was counted. This procedure was repeated three times
for each group.

Wound healing assay

Approximately 1 x 10° T47D cells, which were transfected
with either WT-PGK1, PGK1-K323R or PGK1-K323Q
and pre-treated in culture medium without FBS for 24 h,
were plated in a 12-well plate and incubated for 24 h.
Subsequently, a 10 pl pipette tip was used to create three
uniform scratches across the cell monolayer, followed by
washing the cells three times with PBS. Each well was
then supplemented with 500 ul of culture medium con-
taining 0.1% FBS and incubated for additional periods of
24 and 48 h. Microscopic images were captured at each
time point, and the wound healing areas were quantita-
tively analyzed using Carl Zeiss ZEN software.

Transwell assay

The matrix gel (Beyotime, C0372) was diluted with PBS
at a 1:8 ratio and 50 pl of the diluted matrix gel was
applied to the upper chamber of a Transwell apparatus.
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The matrix gel was allowed to solidify for 2 h at 37 °C,
followed by the addition of 100 pl of medium containing
0.1% EBS to hydrate the matrix gel for another 30 min
at 37 °C. T47D cells, transfected with either WT-PGK1,
PGK1-K323R or PGK1-K323Q and pre-treated in cul-
ture medium without FBS for 24 h, were then prepared
in culture medium with 0.1% FBS at a concentration of
1x10° cells/ml. A 100 pl aliquot of such cell suspen-
sion was added to the upper chamber, while the lower
chamber was filled with culture medium containing 20%
FBS. After a 48-h incubation, the cells that had migrated
through the matrix were stained with 0.01% crystal vio-
let, and non-migratory cells remaining in the upper
chamber were carefully removed. Migrated cells were
observed and counted in five randomly selected fields
under a microscope.

Proteomic analysis

For proteomic profiling, 1x10’ MCF-10A and T47D
cells were harvested. The processes of protein extrac-
tion, digestion, tandem mass tag (TMT) labeling, peptide
separation, MS/MS analysis, and database searches were
conducted by PTM Biotechnology (Hangzhou, China),
following previously established protocols [17]. Data
reproducibility analysis was shown in Additional file 2,
and the heatmaps for acetyltransferase and deacetylase
expression were generated using online tools available on
the PTM cloud platform.

Statistical analysis

Enrichment analysis was conducted utilizing Fisher’s
exact test with adjustments for multiple comparisons
through the Benjamini and Hochberg correction (BH
method). Comparisons of mean values between two
groups were analyzed using the Student’s t-test. Statisti-
cal significance thresholds were established at * P<0.05
and ** P<0.01, with error bars representing the standard
deviation.

Results

Metabolic implications of acetylated proteins in breast
cancer identified by bioinformatics

Proteomic analyses revealed differential acetylation lev-
els across proteins in breast cancer, with 170 lysine sites
on 113 proteins exhibiting elevated acetylation (fold
change>1.5). In contrast, reduced acetylation (fold
change <0.67) was only observed at 33 lysine sites across
13 proteins[17]. These findings underscore the pivotal
role of acetylated proteins in breast cancer oncogen-
esis and progression. Therefore, our initial bioinformatic
analysis focused on highly acetylated proteins to identify
potential therapeutic targets (Fig. 1A). Among these 113
candidates, 83 proteins were associated with metabolic
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processes, and 52 exhibited catalytic functions (Fig. 1B-
C, detailed protein list is available in Additional file 3).
Considering that enzymes in metabolic process pos-
sess catalytic activity, we hypothesis that the 52 of pro-
teins with catalytic activity could be catalytic enzymes in
metabolic process. As predicted, Venn diagrams further
confirmed that 50 of these proteins (shown in Additional
file 4) are involved in metabolic activities, highlighting
their importance as acetylated targets in breast cancer
(Fig. 1D). Specifically, biological process analysis of these
proteins revealed that they are predominantly involved in
glycolysis and the tricarboxylic acid (TCA) cycle (Fig. 1E,
specific proteins in each biological process were shown
in Additional file 5), with 14 lysine sites on 10 metabolic
enzymes undergoing acetylation (Fig. 1F), all the acety-
lated enzymes (marked in red font) and their locations
in corresponding pathways were shown in Fig. 1G. Nota-
bly, PGK1 emerged as a critical enzyme with the highest
acetylation at lysine 323 (K323), marking a significant
fold change of 9.56 (Fig. 1E). Given PGK1’s central role
in glycolysis and ATP production, and its previously
documented involvement in promoting proliferation and
tumorigenesis in liver cancer, we selected PGK1-323 K
for in-depth investigation in the context of breast cancer,
where its role remains to be elucidated.

Elevated expression and acetylation of PGK1 in breast
cancer

As the substrate of acetylation, the higher expression of
protein itself often leads to its higher modification level.
Thus, we firstly examined the expression level of PGK1 in
different breast cancer tissues and breast cancer cell lines.
Western blot analysis revealed that, relative to adjacent
non-cancerous tissues, 6 out of 8 breast cancer samples
exhibited a higher PGK1 expression level (Fig. 2A), with
the quantification of these changes depicted in Fig. 2B.
Furthermore, when compared to the normal mammary
epithelial cell line MCF-10A, a significant increase in
PGK1 mRNA expression was observed in various breast
cancer cell lines, including Bcap37, BT-549, ZR-75-1,
MCE-7, and T47D (Fig. 2C). This trend of elevated pro-
tein expression was consistent across these cancer cell
lines, except for MCF-7 and MDA-MB-231 (Fig. 2D),
and the detailed fold change quantifications are shown
in Fig. 2E. Investigations into the acetylation status of
proteins corresponding in molecular weight to PGK1
identified an upregulation in several breast cancer cell
lines, particularly in MDA-MB-231, MCF-7, and T47D
(Fig. 2D), with T47D cells displaying the highest acetyla-
tion levels (Fig. 2E). Recognizing that PGK1 acetylation
has been previously identified in other types of can-
cer, we extended our analysis to include different can-
cer cell lines—MNK45 (gastric), A549 (lung), and HeLa
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(cervical)—to assess how their PGK1 acetylation levels
compare to those in T47D cells. The findings revealed
that T47D cells exhibit significantly higher PGK1 acetyla-
tion levels than the other cancer cell lines tested (Fig. 2F-
G), indicating that PGK1 acetylation prone to exert its
function in breast cancer. These comprehensive analyses
indicate a notable upregulation of PGK1 expression and
acetylation in breast cancer, pointing towards its poten-
tial significance in the disease’s molecular dynamics.

Validation of PGK1 lysine 323 acetylation in breast cancer
cells

Given the observed increase in PGK1 expression and
acetylation levels, T47D and MCEF-7 cells were selected
for detailed validation. Acetylome analysis highlighted
significantly enhanced acetylation at the lysine 323 site
of PGK1. To investigate this specific site, we generated
both the wild type PGK1 (WT-PGK1) and a mutant form
(PGK1-K323R), where lysine was replaced by arginine
to prevent acetylation. Western blot analysis revealed
a marked increase in acetylation levels upon transfec-
tion with WT-PGKI1, while mutation to arginine led to a
notable reduction in acetylation both in T47D (Fig. 3A-
B) and MCEF-7 cells (Fig. 3C-D). Co-IP further confirmed
these findings: mutation of lysine 323 to arginine signifi-
cantly reduced PGK1 acetylation levels (Fig. 3E-H). These
results collectively confirm the specific acetylation of
PGK1 at the lysine 323 site.

PGK1 acetylation could be regulated by p300 and Sirtuin3

Protein acetylation is dynamically controlled by acetyl-
transferases and deacetylases, playing a crucial role in
modulating protein function. Our proteomic analysis
in T47D and MCE-10A cells identified 18 varieties of
these enzymes, indicating a complex regulatory network
(Fig. 4A). Notably, histone acetyltransferases (HAT)
including HAT7, HATS8, HAT1, and p300 were found to
be upregulated in T47D cells (fold change>1.5), hint-
ing at their potential role in enhancing PGK1 acetylation
(Fig. 4B). Conversely, while histone deacetylase (HDAC)
family members, including HDAC1, HDAC3 and
HDACS6, did not show a significant decrease (Fig. 4C).
However, Sirtuin family members, particularly Sirtuin7
and Sirtuin3, were expressed at lower levels in T47D
cells, suggesting a predominant role of Sirtuins in PGK1
deacetylation (Fig. 4C). The use of Nicotinamide (NAM),
a Sirtuin inhibitor, led to a marked increase in PGK1
acetylation in cells overexpressing WT-PGK1, further
implicating Sirtuins in the regulation of PGK1 acetyla-
tion (Fig. 4D, E). Validation efforts focused on the most
significantly altered regulators through Western blot
analysis revealed that HAT1, p300, and Sirtuin3 showed
corresponding differential expression between MCF-10A
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and T47D cells, aligning with their proposed regulatory
roles (Fig. 4F). Co-IP experiments further supported this,
demonstrating the interactions between PGK1 and both
p300 and Sirtuin3 but not with HAT1 (Fig. 4G). These

findings collectively suggest that PGK1 acetylation is
modulated by specific acetyltransferases and deacety-
lases, with p300 and Sirtuin3 playing pivotal roles in this
regulatory mechanism.
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Fig. 4 |dentifying and Validating Regulators of PGK1 Acetylation. A Overview of acetyltransferases and deacetylases identified in MCF-10A

and T47D cells via proteomic analysis. B Comparison of acetyltransferase expression levels in T47D cells relative to MCF-10A cells, with MCF-10A
expression levels set as the baseline (1.0). € Comparison of deacetylase expression levels in T47D cells relative to MCF-10A cells, with MCF-10A
expression levels standardized to 1.0. D Western blot analysis illustrating the impact of Nicotinamide (NAM) at concentrations of 25 mM

and 50 mM on PGK1 acetylation in T47D cells expressing WT-PGK1. E Quantitative analysis of PGK1 acetylation changes depicted in Fig. 4D. F
Western blot showing expression levels of HAT1, p300, and Sirtuin3 in MCF-10A versus T47D cells, with B-actin serving as the loading control. G
Co-immunoprecipitation (Co-IP) assays examining interactions between PGK1 and the enzymes p300, Sirtuin3, and HAT1, highlighting the specific
regulatory connections
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PGK1 lysine 323 acetylation enhances glycolysis in breast

cancer cells

Acetylome analyses have identified PGK1 as a protein
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undergoing extensive acetylation at multiple lysine resi-

dues [15, 18-22] (Fig. 5A). Despite this knowledge, sys-

tematic studies on PGK1 acetylation are limited, with
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acid production in T47D cells transfected wild type PGK1 (WT-PGKT1), the non-acetylatable mutant (PGK1-K323R), or the control vector (NC)

only two out of four reporting its direct impact on enzy-
matic activity [18, 19] (Fig. 5A). To elucidate the role of
PGK1 acetylation in breast cancer, we first assessed its
influence on the enzyme’s catalytic function. Transfec-
tion with WT-PGK]1 led to an increase in PGK1 catalytic
activity in T47D and MCE-7 cells, an effect not observed
with the acetylation-deficient mutant PGK1-K323R
(Fig. 5B, C). As is known to us, PGKI1 is an important
rate-limiting enzyme in glycolysis pathway which can
catalyze ATP production directly. The reason why cancer
cells can proliferate rapidly is that they can consume a lot
of glucose at a faster rate, and then produce ATP more
quickly, which is achieved through the higher enzyme
activity in glycolysis pathway. Thus, after the PGK1 activ-
ity, we detected the glucose consumption and ATP con-
tents. The results showed that WT-PGK1 increased both
glucose consumption and ATP production in T47D cells,
whereas these effects were not significant in cells express-
ing the PGK1-K323R mutant (Fig. 5D, E). Additionally,
the PGK1-K323R mutant was found to inhibit lactic acid
production (Fig. 5F). These findings collectively dem-
onstrate that PGK1 acetylation facilitates glycolysis,
potentially explaining the enhanced glycolytic efficiency

observed in tumor cells. This mechanism underscores the
importance of PGKI1 acetylation in promoting the meta-
bolic adaptations observed in breast cancer cells.

PGK1 lysine 323 acetylation enhances cell proliferation

in breast cancer cells

The Warburg effect underscores aerobic glycolysis’s
crucial function in cancer progression, illustrating why
cancer cells favor glycolysis for energy production,
facilitating proliferation, invasion, and metastasis under
aerobic conditions [23, 24]. This preference suggests
that PGK1 acetylation might influence these cellu-
lar processes in breast cancer. Our findings from the
CCK8 assay indicate a significant increase in cell viabil-
ity (Fig. 6A, C) and proliferation (Fig. 6B, D) in T47D
and MCE-7 cells expressing WT-PGK1 at 48- and 72-h
post-transfection. In contrast, cells expressing the PGK1-
K323R mutant, which lacks acetylation at lysine 323,
showed viability and proliferation rates similar to the
control group (Fig. 6A-D). Additionally, silencing PGK1
expression markedly reduced cell viability (Fig. 6E) and
cell proliferation ratio (Fig. 6F), highlighting its role in
cell growth. Further analysis revealed that WT-PGK1
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transfection raised the proportion of cells in the S phase
from 28.7% to 35.9% and reduced those in the G1 phase
from 44.4% to 36.5% (Fig. 6G), indicating an increased
number of cells entering the cell cycle. This effect was
not observed with the PGK1-K323R mutant (Fig. 6G),
suggesting a loss of function due to the absence of acety-
lation at lysine 323. Moreover, clone formation assays
demonstrated that WT-PGKI1-transfected cells formed
more colonies than those transfected with the control or
PGK1-K323R mutant (Fig. 6H, I). Further, the expression
level of the proliferation marker PCNA was higher in
cells expressing WT-PGK1 compared to those expressing
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Fig. 6 Effects of PGK1-323 K acetylation on cell proliferation
inT47D and MCF-7 cells. A, C Cell viability assessed by CCK8 assay
inT47D (A) and MCF-7 (C) cells transfected WT-PGK1, PGK1-K323R,
or the control vector (NC) over time intervals of 0, 24, 48, and 72 h.
B, D Analysis of T47D (B) and MCF-7 (D) cell proliferation ratios at 24,
48, and 72 h, normalized to the 0-h measurement. E Cell viability
assessed by CCK8 assay in T47D cells transfected with the expression
vector that can knockdown endogenous PGK1 (Sh-PGK1) or control
vector (Sh-Control) over 48 and 72 h. F Analysis of cell proliferation
ratios at 48 and 72 h, normalized to the 0-h measurement. G
Evaluation of cell cycle phases in T47D cells expressing WT-PGKT,
PGK1-K323R, or NC. H Clonogenic assay results in T47D cells
transfected with WT-PGK1, PGK1-K323R, or NC to assess the ability
to form colonies. I Quantitative analysis of clone formation depicted
in Fig. 5H. J Western blot analysis measuring PCNA levels in T47D
cells transfected with WT-PGK1 or PGK1-K323R, with B-actin

as the loading control. K Quantification of PCNA expression

from Fig. 5J. L Western blot showing PCNA expression in T47D

cells transfected with PGK1-K323R or the acetylation-mimicking
mutant PGK1-K323Q, with 3-actin serving as the loading control. M
Quantitative analysis of PCNA levels from Fig. 5L. Notations: WT-PGK1
denotes the wild type form of PGK1; PGK1-K323R refers to a mutant
variant where lysine is replaced with arginine, inhibiting acetylation;
PGK1-K323Q represents a mutant designed to mimic the acetylated
state of lysine 323

the PGK1-K323R mutant (Fig. 6], K). The PGK1-K323Q
mutant, which mimics acetylation at lysine 323, also
showed increased PCNA expression compared to the
PGK1-K323R mutant (Fig. 6L, M). These comprehensive
results establish that acetylation at lysine 323 of PGK1
promotes cell proliferation and may contribute to the
metastatic potential of breast cancer cells.

PGK1 lysine 323 acetylation facilitates metastasis in T47D
cells

Besides findings related to cell proliferation, we also
explored the influence of PGK1 lysine 323 acetylation on
metastatic capabilities. Wound-healing assays and Tran-
swell experiments revealed that when compared with
wild type PGK1, the non-acetylated PGK1-K323R mutant
significantly decreased the wound healing rate and the
number of invasive cells (Fig. 7A-D). Similarity results
were also observed when compared with the acetylation
mimic PGK1-323Q (Fig. 7E-H). These observations indi-
cate that acetylation at PGK1 lysine 323 promotes cellu-
lar migration and invasion. Furthermore, Western-blot
analysis showed that the PGK1-K323R mutant, in con-
trast to WT-PGK1 and PGK1-323Q, led to reduced levels
of the metastasis-associated markers MMP2 and MMP?9,
and decreased expression of the mesenchymal markers
N-cadherin and Vimentin. Conversely, it increased the
expression of the epithelial marker E-cadherin (Fig. 7I-L).
Collectively, these findings substantiate the role of PGK1
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lysine 323 acetylation in facilitating the metastatic poten-
tial of breast cancer cells.

Discussion

This study conducted a comprehensive analysis of acety-
lated proteins in breast cancer, pinpointing PGK1 lysine
323 acetylation as a significant target. This highlights that
even if breast tissue’s metabolic activity is not as pro-
nounced as in organs like the liver or heart, aberrant acet-
ylation of metabolic enzymes remains a critical research
avenue in breast cancer. Interestingly, PGK1 acetyla-
tion levels seems higher in luminal A breast cancer cells
(T47D and MCF-7) compared to those in luminal B and
basal B types (MDA-MB-231, BT-549, ZR-75-1), sug-
gesting subtype-specific roles. However, specific acetyla-
tion situation of PGK1 in different types of breast cancer
still needs to be further verified.

In this study, we found that a significant portion (73%,
83 of 113) of acetylated proteins are involved in meta-
bolic processes, with a substantial 60% of these proteins
functioning as catalytic enzymes. This observation aligns
with the understanding that non-histone acetylation can
modulate enzyme activities [25, 26], suggesting its poten-
tial role in altering breast cancer metabolism. Although
metabolic enzymes represent a significant fraction of
acetylated proteins, it’s noteworthy that only those with
a substantial control over metabolic flux can impact can-
cer progression when their activities are modified. In
contrast, enzymes without control roles appear to have
negligible effects [21, 27, 28]. We found that PGK1, which
converts 1,3-diphosphoglycerate to 3-phosphoglycerate
and directly produces ATP in glycolysis [29], was out-
standing by its 9.56-fold increase of acetylation level on
323rd lysine (Fig. 1F). It has been reported that though
glycolysis produce much less ATP compared with mito-
chondrial oxidative phosphorylation, tumor cells develop
the methods to enhance the efficiency of glycolysis [30].
Our results may help to explain the mechanism by which
tumor cells enhance their glycolytic efficiency.

(See figure on next page.)
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Beyond PGKI1, our investigation uncovered the acet-
ylation of PKM (M type pyruvate kinase), a crucial
enzyme in glycolysis facilitating the transfer of a phos-
phoryl group from phosphoenolpyruvate (PEP) to ADP,
thus generating ATP (Fig. 1F/G). Notably, acetylation of
PKM2 has been linked to the enhancement of the War-
burg effect and nuclear protein kinase activity in hepa-
tocellular carcinoma and glioma, respectively [31, 32].
Moreover, acetylation at PKM2 lysine 305, mediated by
SIRT2, was found to inhibit glycolysis and reduce tumor
growth in breast cancer [33], suggesting PKM2 acety-
lation as a potential glycolytic target in breast cancer
treatment. Our study also highlights acetylation altera-
tions in various enzymes within the tricarboxylic acid
(TCA) cycle (Fig. 1F/G). These modifications have been
documented in conditions such as cervical cancer [34],
cardiac failure [35], pancreatic cancer [36] and intrac-
erebral hemorrhage [37], but not previously in breast
cancer. This gap underscores our findings as a novel con-
tribution, suggesting these acetylated enzymes as poten-
tial investigatory targets for breast cancer from a TCA
cycle perspective.

In our work, we have established the stimulatory role
of the 323rd lysine acetylation on PGK1’s functionality,
influencing cell growth and metastasis in breast cancer
(refer to Figs. 6 and 7). Interestingly, the impact of acety-
lation on PGK1 varies significantly: while acetylation at
the 323rd lysine enhances PGK1’s role in liver cancer
proliferation, aligning with our findings [18], acetylation
at the 220th lysine inhibits its activity by 37%, attributed
to its interference with ADP binding [19]. Unlike his-
tone acetylation’s generally positive modulation of gene
transcription, non-histone protein acetylation effects
on enzyme activities exhibit considerable variability
across different enzymes, isoforms, and acetylation sites
[21]. Predominantly, acetylation tends to inhibit enzyme
activities.

The influence of acetylation on proteins can lead to
varied outcomes, hinging on several factors: (1) Protein

Fig. 7 Effects of PGK1-323 K acetylation on metastasis in T47D cells. A Wound healing assay in T47D cells transfected with WT-PGK1

and non-acetylatable PGK1-K323R mutant, monitored at 0-, 24-, and 48-h post-scratch. B Quantitative analysis of wound closure from Fig. 7A.
CTranswell invasion assay for T47D cells expressing either WT-PGK1 or PGK1-K323R, evaluated after 48 h of culture. D Quantitative

results of the invasion assay from Fig. 7C. E Wound healing assay in T47D cells transfected with the non-acetylatable PGK1-K323R mutant

or the acetylation-mimicking PGK1-323Q mutant, monitored at 0-, 24-, and 48-h post-scratch. F Quantitative analysis of wound closure

from Fig. 7E. G Transwell invasion assay for T47D cells expressing either PGK1-K323R or PGK1-323Q, evaluated after 48 h of culture. H
Quantitative results of the invasion assay from Fig. 7G. | Western blot analysis assessing the levels of metastasis-related markers (MMP9, MMP2)
and epithelial-to-mesenchymal transition (EMT) markers (E-cadherin, N-cadherin, Vimentin) in T47D cells expressing WT-PGK1 or PGK1-K323R,
with B-actin as the loading control. J Quantitative evaluation of protein expression levels from Fig. 7I. K Western blot analysis comparing

the expression of metastasis and EMT markers in T47D cells transfected with PGK1-K323R or PGK1-K323Q, using B-actin for loading control. L
Quantification of protein expression from Fig. 7K. WT-PGK1 refers to the wild-type PGK1; PGK1-K323R denotes a mutant variant where lysine

is substituted with arginine, inhibiting acetylation; PGK1-K323Q represents a mutant designed to simulate acetylation at lysine 323
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Localization: acetylation can direct proteins between the
nucleus and cytoplasm, with cytoplasmic presence typi-
cally enhancing metabolic enzyme function. This is due
to metabolic activities predominantly occurring in the
cytoplasm. For instance, acetylation at lysine 472 on fruc-
tose-2,6-bisphosphatase 3 (PFKFB3) hinders its nuclear
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translocation, fostering its accumulation and activation
in the cytoplasm, thereby stimulating glycolysis [38, 39].
Conversely, acetylation at lysine 433 on PKM2 favors its
nuclear localization and reduces its enzymatic activity,
thus shifting glycolysis towards biomass production and
cancer progression [31, 40, 41]. (2) Protein Interactions:
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acetylation can also modulate the interactions between
proteins, influencing their activities. Acetylation at lysine
220 on PGK]1, located at its ADP binding site, impedes
its interaction with ADP, reducing PGK1 activity. On the
flip side, acetylation enhances the interaction between
glutamate oxaloacetate transaminases (GOT) and malate
dehydrogenases (MDH), facilitating efficient substrate
channeling for the malate—aspartate shuttle and boost-
ing glycolysis [36]. (3) Protein Stability: acetylation can
trigger protein degradation, diminishing enzyme activity.
This mechanism is exemplified by phosphoenolpyruvate
carboxykinasel (PEPCK1), a crucial enzyme in gluconeo-
genesis, whose acetylation leads to its degradation, thus
potentially regulating gluconeogenesis [42]. These exam-
ples underscore the complex regulatory landscape of
protein acetylation, with implications for both enzymatic
function and broader metabolic pathways.

Therefore, it’s crucial to evaluate the impact of non-his-
tone acetylation within its specific context. Beyond acety-
lation, protein succinylation similarly influences enzyme
activities, highlighting the intricate network of post-
translational modifications [43—-45]. Both acetylation
and succinylation processes are modulated by enzymes
like HAT2A [46], Sirtuin5 [47-49], and Sirtuin7 [50, 51].
Notably, our findings point to an unusual expression of
p300 and Sirtuin3 in T47D cells (refer to Fig. 4), along
with their interaction with PGK1, hinting at potential
regulators of PGK1 acetylation and deacetylation. This
observation merits further exploration to elucidate the
underlying mechanisms.
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