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［摘 要］ 目的：卵巢癌（ovarian cancer，OC）在全球女性癌症中排名前列。许多研究在多个遗传调控水平上探究了OC的发

生和进展。但很少有研究探讨翻译后修饰（post⁃translation modification，PTM）对OC进展的影响，而这对发现新的治疗靶点至

关重要。本研究拟通过系统鉴定OC进展的关键PTM类型，探讨并评估其在治疗靶点的转化潜力。方法：首先，利用多种泛

PTM抗体来比较临床女性正常卵巢组织和OC组织之间的泛PTM水平。在鉴定出乳酸化为差异最显著的PTM后，选择代表性

的样品进行无标记质谱分析，以识别特定的乳酸化位点。随后用野生型（wild type，WT）PARP1⁃EGFP⁃STREPⅡ或其K192A突

变体转染A2780卵巢癌细胞，检测与增殖（克隆形成实验）、ROS水平和迁移（细胞划痕实验）相关的各种细胞指标。结果：临床

OC样本中的泛乳酸化水平显著上调，其中PARP1在K192位点的乳酸化是变化最为显著的PTM之一。PARP1⁃WT的过表达能

显著抑制OC细胞系A2780的生长和迁移活性，而K192A突变体则失去了这种抑制作用。此外，PARP1⁃WT过表达可显著下调

ERK1/2信号通路的磷酸化水平。结论：本研究发现并证实了OC中存在PARP1的新型PTM形式——乳酸化修饰，K192位点的

乳酸化通过ERK1/2途径调节OC细胞的生长和迁移。
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［Abstract］ Objective：Ovarian cancer（OC）ranks among the leading causes of mortality among the female cancers worldwide.
Numerous studies have explored the development and progression of OC at multiple genetic regulatory levels. However，relatively few
studies have explored the impact of post⁃ translational modifications（PTM）on OC progression，which is essential for uncovering new
therapeutic targets. This study aimed to systematically identify the key PTM types involved in OCprogression，and to explore and
evaluate their translational potential as therapeutic targets. Methods：First，we utilized multiple general PTM antibodies to compare
gross PTM levels between normal ovarian and OC tissues from clinical females. After identifying lactylation as the PTM with the most
significant differences，we selected representative samples for label⁃free mass spectrometry to identify specific lactylation sites. Next，
we transfected A2780（OC）cells with either wild ⁃ type（WT）or mutant（K192A［Q］）poly（ADP ⁃ ribose）polymerase 1（PARP1）
conjugated to enhanced green fluorescent protein（EGFP）with a Strep Ⅱ peptide tag and assessed various cellular indexes related to
cell proliferation（clonogenicity assay），migration（scratch wound healing assay），and reactive oxygen species levels. Results：Pan⁃
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Ovarian cancer（OC）ranks the third most common
cancer among women and the leading cause of cancer⁃
related mortality in gynecological cancers，with over
22 000 women diagnosed and approximately 14 000
dying from OC annually in the United States［1］. Early
diagnosis of OC is challenging，primarily due to its subtle
initial symptoms，such as bloating，indigestion，lower
back pain，and frequent urination，which are often mis⁃
taken for other benign conditions［2］. leading to diagnos⁃
tic delays. As a result，over 70% of OC cases are diag⁃
nosed at an advanced stage. Late diagnosis often leaves
patients with limited treatment options and a poor prog⁃
nosis［3］. While OC has several subtypes，its treatment
remains relatively consistent，primarily involving tumor
debulking surgery and platinum ⁃ based combination
chemotherapy with taxanes［4］. Although OC is consid⁃
ered as a platinum⁃sensitive tumor with a high response
rate to first ⁃ line standard treatment，75% of patients
with advanced OC will still experience metastasis，recur⁃
rence，and ultimately resistance，resulting in poor long⁃
term survival. Discovering new biomarkers associated
with OC is crucial for improving treatment outcomes for
patients with this disease.

Post⁃translational modifications（PTMs），which in⁃
volve the covalent modification of amino acids within
proteins，have been shown to play crucial roles in nu⁃
merous cellular processes［5-7］. Advances in high⁃through⁃
put sequencing technologies have led to the discovery
of novel PTMs，including lactylation. In 2019，Zhang et
al［8］ first reported histone lactylation，which involves
the addition of a lactyl group to lysine residues on his⁃
tone tails. Since then，histone lactylation has been in⁃
creasingly reported in various diseases，cell types，and
organisms，including cancers such as non ⁃ small cell
lung cancer［9］and bladder cancer［10］，immune ⁃ related

cells like macrophages［11］，and plants［12］. Like other
PTMs，such as acetylation，methylation，phosphoryla⁃
tion，and ubiquitination，lactylation has been identified
as another epigenetic modulator of gene expression［8］.

Poly（ADP ⁃ ribose）polymerase ⁃ 1（PARP1）is a
PTM enzyme that catalyzes the removal of ADP⁃ribose
residues from oxidized nicotinamide adenine dinucleo⁃
tide（NAD+）to the target substrate，forming poly（ADP⁃
ribose）（PAR）. This process is essential for various cel⁃
lular functions，including the repair of double ⁃ strand
breaks，cell adhesion and movement，transcriptional
regulation，innate immunity，and apoptosis［13- 14］. Nu⁃
merous studies have shown that PARP1 levels are up⁃
regulated in diverse tumors［15-16］. The crosstalk between
acetylation，ubiquitination，and SUMOylation at multi⁃
ple PARP1 sites has been implicated in the pathogene⁃
sis of neurodegenerative diseases［17］. Moreover，PARP1
acetylation has been shown to promote nuclear factor
kappa B（NF⁃κB）⁃mediated chemoresistance to plati⁃
num compounds in cancer cells［18］. However，studies
on the lactylation of PARP1 remain scarce.

In this study，we found that lactylation was the
most significantly upregulated PTM in OC samples.
Using label ⁃ free mass spectrometry，we identified 10
upregulated and 16 downregulated lactylation sites
within proteins that are important in multiple key cellu⁃
lar processes. We also demonstrated that lactylation of
PARP1 at the K192 site significantly inhibits the growth
and migration of OC cells by downregulating phosphor⁃
ylated（p）⁃extracellular signal⁃regulated kinases（ERKs）.
1 Materials and methods

1.1 Materials
1.1.1 Cell lines and cell culture

The human OC cell line，A2780 was obtained

lactylation was significantly upregulated in clinical OC samples，with PARP1 lactylation at K192 being one of the most common
modifications. The growth and migration of A2780 cells were markedly suppressed by overexpressing PARP1 ⁃WT but not mutant
PARP1. Overexpressing PARP1 significantly downregulated the phosphorylation of extracellular signal⁃regulated kinases 1/2（ERK1/
2）. Conclusion：This study uncovered a novel PTM of PARP1 in OC，lactylation，and demonstrated that lactylation at K192 is crucial
in regulating OC cell growth and migration via the ERK1/2 pathway. Further investigations are required to elucidate the broader
functional implications of PARP1 lactylation and its therapeutic potential.
［Key words］ PARP1；lactylation；migration；proliferation；ovarian cancer cells

［J Nanjing Med Univ，2025，45（09）：1219⁃1228，1241］

··1220



from the China Cell Bank（Shanghai，China）. The
A2780 cells were cultivated in high⁃glucose Dulbecco’s
modified Eagle medium（Gibco，USA）supplemented
with 10% fetal bovine serum（Gibco，USA）and 1% pen⁃
icillin/streptomycin（Sigma，USA）at 37 ℃ in a 5% CO2

incubator with 90% humidity.
1.1.2 Tumor samples and normal tissues

Clinical OC samples，including primary OC tis⁃
sues（n=37）and normal ovarian tissues（n=21），were
collected from the Second Affiliated Hospital（SAH）of
Nanjing Medical University（NJMU）. The tissue sam⁃
ples were examined by qualified clinicians to ensure
the correct classification. This study was conducted in
strict accordance with the 1975 Declaration of Helsin⁃
ki and was approved by the Ethics Committees of the
SAH of NJMU（authorization no.：［2023］⁃KY⁃007⁃01）.
1.2 Methods
1.2.1 Dot blotting

Proteins were isolated from clinical tissue sam⁃
ples by lysing with PIPA buffer，separated by sodium
dodecyl sulfate ⁃ polyacrylamide gel electrophoresis
（SDS⁃PAGE），and then transferred to polyvinylidene
difluoride（PVDF）membranes. Next，the membranes
were washed and blocked with blocking buffer（Tris ⁃
buffered saline with Tween 20 containing 5% non ⁃ fat
milk）. Subsequently，they were incubated with primary
and secondary antibodies against target proteins. Finally，
the target proteins were visualized using an enhanced
chemiluminescence（ECL）kit（Yeasen，Shanghai，Chi⁃
na）and an ECL detection system（Tanon，Shanghai，
China）.
1.2.2 PTM identification by mass spectrometry

Human OC and normal ovarian tissue samples
（three per group）were preserved in dry ice and trans⁃
ported to a specialized mass spectrometry company（Bio⁃
techPack，Beijing，China）for PTM site identification.
1.2.3 Plasmid construction and transfection

Enhanced green fluorescent protein（EGFP）with
a Strep Ⅱ peptide tag was attached to the C⁃terminal
end of human PARP1 and inserted into the mammalian
expression plasmid pcDNA3.1（+）. The PARP1⁃K192A
and ⁃K192Q mutant constructs were generated by site⁃
directed mutagenesis（Vazyme，Nanjing，China）using
the wild⁃type（WT）plasmid as a template. A2780 cells

were transfected with empty（no PARP1 insert），

PARP1⁃WT，or PARP1⁃K192A plasmids using Lipo⁃
fectamine 2000 reagent（Fisher Scientific，USA）. The
cells were then cultured for 24 h for PARP1 expression.
1.2.4 Colony formation assays

Twenty⁃four hours after the transfection，200 cells
were seeded into each sub⁃well of a six⁃well plate and
cultivated for additional six days. The wells were then
fixed with 1% paraformaldehyde，stained with 0.1%
crystal violet dye，and analyzed under a light micro⁃
scope（Ti2⁃A，Nikon，Japan）.
1.2.5 Wound healing assay

Twenty ⁃ four hours after transfection，5×105 cells
were seeded into each sub⁃well of the six ⁃well plates
and cultured untill 80%-90% confluence. Next，a ster⁃
ile 10 μL pipette tip was used to create a liner scratch
across the cell monolayer. Then，three randomly selected
areas were imaged at assigned time points（0，24，48 h）
using a light microscope and measured with ImageJ
software.
1.2.6 ROS detection

Reactive oxygen species（ROS）were quantified
using a ROS Detection Kit（Beyotime，China）. First，
cells were spread on glass slides and immobilized，
then incubated with a ROS detection probe tagged with
dichlorofluorescein diacetate for 20 min at 37 ℃ in the
dark. Then，ROS signals were imaged under a spinning
disk confocal microscope（Oxford Instruments，UK）.
1.2.7 Detection of early apoptosis

A2780 cells were cultured in dishes with a glass
bottom and stained with 5 μL of an Annexin V⁃FITC/
PI Kit（Yeasen，China）for 15 min in the dark at room
temperature. Finally，apoptosis signals were imaged un⁃
der a spinning disk confocal microscope.
1.2.8 Immunofluorescence

Immunofluorescence was performed as previously
described［9］. Briefly，A2780 cells were grown on glass
slips and then permeated，fixed，and blocked with 1%
bovine serum albumin in PHEM. Then，they were incu⁃
bated with primary antibodies against marker of prolif⁃
eration Ki ⁃ 67（MKI67；Cell Signaling Technology，
USA）and proliferating cell nuclear antigen（PCNA；
Sangon Biotech，Shanghai，China）and then relevant
fluorophore ⁃ tagged secondary antibodies. DNA was
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Dot blotting and quantification showed that the levels of pan⁃lactylation（A and B），pan⁃acetylation（C and D）and pan⁃benzoylation（E and F）signif⁃
icantly changed in clinical OC samples. Among these three pan⁃PTMs，pan⁃lactylation was the most significantly upregulated. Kla，lysine lactylation；
Kac，lysine acetylation；Kbz，lysine benzoylation. *P < 0.05；**P < 0.01，and ***P < 0.001（n=21 for normal ovary tissue，n=37 for ovary cancer tissue）.

图1 在临床正常卵巢组织与卵巢癌组织中斑点印迹及量化有差异的泛PTMs

Figure 1 Dot blotting and quantification of the pan⁃PTMs with significant differences in clinical normal ovarian and OC

tissues

stained with 4′，6 ⁃ diamidino ⁃ 2 ⁃ phenylindole（Beyo⁃
time，China）. Cells were imaged under a spinning disk
conforcal microscope.
1.3 Statistical analysis

Statistical analyses were performed using Graph⁃
Pad Prism（version 8.0）. Each experiment was repeated
at least three times. Data are presented as the mean ±
standard error of the mean（SEM），without excluding
maximum or minimum values. Data were compared be⁃
tween two groups using Student’s t ⁃ test，and among
three or more groups using one⁃way analysis of variance
（ANOVA）. P ⁃ value of <0.05 was considered statisti⁃
cally significant.
2 Results

2.1 Lactylation showed the most significant upregula⁃
tion in OC

No previous studies have comprehensively com⁃
pared pan⁃PTMs in OC. We first employed antibodies
against seven PTMs（isobutyrylation，acetylation，lacty⁃
lation，benzoylation，succinylation，malonylation，and

crotonylation）to compare pan ⁃ PTM levels between
groups. To simultaneously analyze all examined sam⁃
ples（clinical normal ovarian and OC tissues）in paral⁃
lel，we initially used dot blots for preliminary screen⁃
ing. Lactylation（Figure 1A，B），acetylation（Figure 1C，
D），and benzoylation（Figure 1E，F）exhibited the most
significant changes，with lactylation showing the most
pronounced upregulationd（Figure 1A，B），whereas
acetylation and benzoylation were downregulated. Con⁃
sidering that an upregulated index is preferred for clini⁃
cal diagnosis，we focused on lactylation.
2.2 Lactylation site identification and bioinformatics

Clinical samples are usually distinct from each
other in many aspects，which is always a major issue in
omics studies. We selected six control and OC samples
based on the pan⁃lactylation dot⁃blot intensity and then
confirmed their lactylation（Figure 2A），benzoylation
（Figure 2B），and acetylation（Figure2C） levels by
Western blot.

Next，we verified the tumor features of the selected
tissues through blood vessel marker platelet and endo⁃
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thelial cell adhesion molecule 1（PECAM1/CD31，
Figure 3A，B），proliferation marker PCNA（Figure 3A，
C），and tumor suppressor marker RB transcriptional
corepressor 1（RB1，Figure 3A，D）.

Then，from the upper selected samples（five per
group），we randomly picked three for label⁃free identi⁃
fication of lactylation sites. We identified 10 upregulated
and 16 downregulated sites（Figure 4A）. Kyoto Ency⁃
clopedia of Genes and Genomes（KEGG）analysis
showed that the top processes included ribosome，pro⁃
tein，and proteasome（Figure 4B，C）.
2.3 PARP1⁃K192 lactylation is important for OC pro⁃
gression

We employed String and Cormine to analyze the
interactions between upregulated and downregulated
proteins，which we defined as differentially lactylated
proteins（DLP）. We found that PARP1 interacts multi⁃
ple oncoproteins（Figure 5A）. Therefore，we believed
that focusing on PARP1 lactylation could serve as a
good model for studying the function of lactylation in
OC. PARP1 undergoes lactylation specifically at the
K192 residue. Although the Alphafold prediction did
not indicate that the inactivation of K192 lactylation
（K192A）significantly altered the spatial configuration
of PARP1（Figure 5B，C），we speculated that K192A
might still influence PARP1’s functionality.

To explore this further，we overexpressed either
PARP1 wild type（WT）or PARP1 ⁃ K192A in A2780
cells to assess their effects. We first confirmed，
through EGFP fluorescence imaging and immunoblot⁃
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Western blotting showed that the levels of pan⁃lactylation（A），pan⁃
benzoylation（B），and pan⁃acetylation（C）significantly changed in clini⁃
cal OC samples（n=6）.
图2 在选定的正常卵巢组织和OC组织中蛋白印迹检测有

显著差异的泛PTMs

Figure 2 Western blot of pan⁃PTMs with significant differ-
ences in selected clinical normal ovarian and OC

tissues

Western blotting of cancer marker genes showed that CD31（A and B）and PCNA（A and C）significantly increased，while RB（A and D）signifi⁃
cantly decreased. ***P < 0.001（n=5）.

图3 对选定的临床对照和OC样本肿瘤特征进行验证

Figure 3 Verification of the tumor character of selected clinical control and OC samples
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ting，that both WT and K192A PARP1 were expressed
efficiently and at comparable levels（Figure 6A，B）.
Subsequently，we found that overexpressing PARP1 ⁃
WT significantly reduced the migration and prolifera⁃
tion of A2780 cells，whereas overexpressing PARP1⁃
K192A showed minimal impact（Figure 6C-F）. In addi⁃
tion，overexpressing PARP1 ⁃WT significantly reduced
the levels of Ki⁃67（Figure 7A，B）and PCNA（Figure 7C，
D），while PARP1⁃K192A overexpression had negligible
effects. Finally，overexpressing of PARP1 ⁃WT signifi⁃
cantly increased ROS levels（Figure 8A，B）and annexin
V signals（Figure 8C，D），whereas PARP1⁃K192A over⁃
expression had minimal influence.
2.4 PARP1 K192 lactylation downregulates ERK ac⁃
tivity

Next，we investigated whether PARP1 lactylation
affected downstream oncogenic signals. We found that

overexpressing PARP1 ⁃ WT significantly reduced p ⁃
ERK1/2 levels without altering gross ERK1/2 levels，
while overexpressing PARP1 ⁃ K192A had little effect
（Figure 9A-D）.
3 Discussion

This study is the first to comprehensively compare
the levels of multiple pan ⁃PTMs between female nor⁃
mal ovarian and OC samples. It revealed that pan⁃lacty⁃
lation was the most upregulated PTMs and identified
many DLP sites in OC samples. Moreover，it showed
that lactylation of PARP1 at K192 might regulate OC
progression and proliferation through the ERK1/2 path⁃
way.

PARP1 is upregulated at both the messenger RNA
（mRNA）and protein levels，with a concomitant in⁃
crease in its enzymatic activity，in some cancers，in⁃
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A：Venn diagram of selected sites between clinical control and OC samples. B：Heat map of differentially⁃lactylated sites identified by label⁃free
mass spec between clinical control and OC samples. C：KEGG analysis of differentially⁃lactylated sites（n=3 for each group）.

图4 在临床卵巢癌样本中通过质谱鉴定蛋白的差异乳酸化位点

Figure 4 Mass spec identification of differentially⁃lactylated sites in clinical OC samples
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cluding primary prostate，and colorectal cancer［19-21］. It
is also overexpressed in other malignancies，such as en⁃
dometrial adenocarcinoma，small ⁃ cell lung cancer，
skin cancer，non⁃Hodgkin lymphoma，and triple⁃nega⁃
tive breast cancer［22- 24］. Moreover，various studies have
shown that increased PARP1 levels correlate positively
with tumor progression［25- 26］. However，unlike these
studies，ours found that overexpressing PARP1 ⁃ WT
suppressed the proliferation of OC cells. This differ⁃
ence might be because PARP1 is already expressed at
a high level in A2780 cells，and its further overexpres⁃
sion places it in a hyper ⁃ activated state. PARP1 has
been reported to caused intracellular exhaustion of
NAD + and ATP，which in turn induces cell necrosis
and death. In addition，other reports have shown that
PARP1 overactivation induces excessive PAR synthe⁃
sis and induced apoptosis［27- 28］. Moreover，excessive

PARP1 induced PAR was shown to be directly toxic to
neurons and trigger signals to induce neuron death［14- 29］.
Our recent study also found that PARP1 overactivation
suppressed the proliferation of cervical cancer cells［14］.

Our study examined multiple essential kinases
regulating cancer cell progression A2780 cells overex⁃
pressing PARP1⁃WT or PARP1⁃K192A. Overexpress⁃
ing PARP1 ⁃WT significantly reduced p ⁃ERK1/2 lev⁃
els，a well ⁃ known critical oncoprotein，which may be
one mechanism by which overexpressing PARP1 ⁃WT
reduced the proliferation of A2780 cells. Interestingly，
PARP1 overactivation was found to promoted cell
death by downregulating p⁃ERK1/2［30］.

Collectively，our study uncovered a new lacty⁃
lation site on PARP1 in OC，which functions in OC pro⁃
gression. Further investigations are required to under⁃
stand how lactylation regulates PARP1 function.

A：Protein interaction network analysis by String showed that PARP1 is at the center and had connection with each important oncoproteins. B：
Structural prediction by Alphafold showed that K192A caused only a small shift. C：K192 sites and adjacent sequences in PARP1 is conserved between
human and mouse.

图5 PARP1相互作用网络和结构预测

Figure 5 Interaction and structure prediction of PARP1
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A，B：Fluorescence imaging（A）and Western blot（B）showed that either PARP1⁃WT⁃EGFP⁃strep Ⅱ and PARP1⁃K192A⁃EGFP⁃strep Ⅱ could be
efficiently transfected into A2780 cells and expressed at a similar level（scale bar=50 μm.）. C，D：Scratch assay on A2780 cell monolayers showed that
PARP1⁃WT OE significantly decreased the closure rate of the scratched area，while PARP1⁃ K192A/Q had much less impact. E，F. Colony formation as⁃
say showed that PARP1⁃WT OE significantly decreased the number of cell colonies formed by A2780 cells，while PARP1⁃ K192A/Q had much less im⁃
pact. *P < 0.05，**P < 0.01 and ***P < 0.001（n=3）.

图6 PARP1过表达降低了A2780细胞的迁移和克隆形成

Figure 6 PARP1 overexpression decreased migration and colony formation in A2780 cells
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图8 PARP1过表达降低了A2780细胞的健康状况

Figure 8 PARP1 overexpression decreased health status of A2780 cells
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A-D：Immunofluorescence and quantification of Ki67（A and B），and PCNA（C and D）showed that PARP1⁃WT OE significantly decreased the pro⁃
liferation of A2780 cells，while PARP1⁃K192A had much less impact. *P < 0.05，**P < 0.01，and ***P < 0.001（scale bar=50 μm，n=3）.

图7 PARP1过表达降低了A2780细胞的增殖

Figure 7 PARP1 overexpression decreased proliferation of A2780 cells
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A，B：Western blotting and quantification showed that PARP1 over expression significantly decreased p⁃ERK1/2. C，D：Western blotting showed
the protein levels of ERK1/2 in Control，PARP1⁃WT，and PARP1⁃K192A were identical，with GAPDH as an internal control. **P < 0.01 and ***P < 0.001
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图9 PARP1过表达降低p⁃ERK1/2水平

Figure 9 PARP1 overexpression decreased p⁃ERK1/2
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