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Abstract 

Phosphorylation proteomics is the basis for the study of abnormally activated kinase signaling pathways in breast 
cancer, which facilitates the discovery of new oncogenic agents and drives the discovery of potential targets for early 
diagnosis and therapy of breast cancer. In this study, we have explored the aberrantly active kinases in breast cancer 
development and to elucidate the role of PRKCD_pY313 in triple negative breast cancer (TNBC) progression. We 
collected 47 pairs of breast cancer and paired far-cancer normal tissues and analyzed phosphorylated tyrosine (pY) 
peptides by Superbinder resin and further enriched the phosphorylated serine/threonine (pS/pT) peptides using 
TiO2 columns. We mapped the kinases activity of different subtypes of breast cancer and identified PRKCD_pY313 
was upregulated in TNBC cell lines. Gain-of-function assay revealed that PRKCD_pY313 facilitated the proliferation, 
enhanced invasion, accelerated metastasis, increased the mitochondrial membrane potential and reduced ROS level 
of TNBC cell lines, while Y313F mutation and low PRKCD_pY313 reversed these effects. Furthermore, PRKCD_pY313 
significantly upregulated Src_pY419 and p38_pT180/pY182, while low PRKCD_pY313 and PRKCD_Y313F had oppo-
site effects. Dasatinib significantly inhibited the growth of PRKCD_pY313 overexpression cells, and this effect could be 
enhanced by Adezmapimod. In nude mice xenograft model, PRKCD_pY313 significantly promoted tumor progres-
sion, accompanied by increased levels of Ki-67, Bcl-xl and Vimentin, and decreased levels of Bad, cleaved caspase 3 
and ZO1, which was opposite to the trend of Y313F group. Collectively, the heterogeneity of phosphorylation exists 
in different molecular subtypes of breast cancer. PRKCD_pY313 activates Src and accelerates TNBC progression, which 
could be inhibited by Dasatinib.
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Introduction
Breast cancer is the most common malignant tumor in 
the world, with the highest morbidity and the second 
mortality among women [1]. Based on the histological 
status of estrogen receptor (ER), progesterone receptor 
(PR), human epidermal growth factor receptor 2 (HER2), 
and Ki-67, breast cancer can be divided into Luminal 
A, Luminal B, HER2-positive and triple-negative sub-
type [2]. At present, the application of targeted therapy 
in breast cancer is limited, especially in triple negative 
breast cancer (TNBC). Receptors, TKs, phosphatases, 
and proteases are all potential therapeutic targets [3, 4]. 
Kinase inhibitors account for most targeted cancer thera-
pies, with 87% of them being tyrosine kinase inhibitors 
[5]. Abnormal kinase activity is an important feature of 
cancer cells, which regulates protein interaction net-
works and transforms signaling pathways, which, in turn, 
changes the biological behavior of cells [6]. Hence, study-
ing the key molecules of the abnormally activated kinase 
signaling pathway can identify biomarkers of breast can-
cer [7]. Proteomics research is an important part of post-
genome program, and phosphorylation is a common 
protein post-translational modification (PTM) [8, 9]. In 
cells, approximately one-third of proteins are phospho-
rylated, including serine, threonine, and tyrosine residues 
[10]. Mass spectrometry (MS) is currently the most effec-
tive method for PTM analysis [11, 12]. Due to the limita-
tions of enrichment materials with high affinity, reliable 
specificity and strong anti-interference ability, signifi-
cant challenges remain in the clinical translation of PTM 
[13]. Therefore, we chose novel Super-binder enrichment 
strategy to remove background interference from other 
phosphorylated peptides and improve the sensitivity 
of low-abundance phosphorylated tyrosine (pY) detec-
tion [14], then we systematically mapped the abnormal 
kinases of patients with breast cancer.

Protein kinase C (PKC) is a family of multifunctional 
serine/threonine kinases, consisting of a single peptide 
chain with a regulatory domain at the N-terminus, and 
a catalytic domain at the C-terminus. The PKC fam-
ily includes 10 isoforms such as PRKCD, which can be 
activated by a variety of hormones, growth factors and 
neurotransmitters [15], and is involved in cell growth, 
differentiation and apoptosis. PRKCD is recognized as 
a bi-functional regulator of cell death and proliferation 
[16]. However, its role in breast cancer development is 
controversial [17–19]. PRKCD plays a dual role through 
autophagy, reducing the proliferation ability of breast 
cancer cells, which also regulating the self-renewal of 
cancer stem cells [20]. The Y313 site is in the hinge 

Table 1  Characteristics of included patients with breast cancer

Abbreviations: SD standard deviation, ER Estrogen receptor, PR progesterone 
receptor, HER2 human epidermal growth factor receptor 2, T Stage tumor stage, 
N stage, nodal stage

Characteristics Number

Age, (Mean ± SD, years) 55 ± 12.25

Age distribution (years)
   ≥ 50 23

   < 50 24

Age at menarche (years)
   ≥ 14 25

   < 14 22

Menopause
  Yes 31

  No 16

History of cancer
  Yes 3

  No 44

Grade
  G1 7

  G2 28

  G3 12

T Stage
  T1 10

  T2 35

  T3 2

N stage
  N0 28

  N1 14

  N2 3

  N3 2

Stage
  IA 8

  IIA 21

  IIB 12

  IIIA 4

  IIIC 2

Ki67 status
  Low 11

  Middle 9

  High 27

ER status
  Positive 35

  Negative 12

PR status
  Positive 32

  Negative 15

HER2 status
  Positive 12

  Negative 35
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Fig. 1  Phosphorylated peptides enrichment of breast tissues and further analysis. A The procedure of phosphorylated peptides enrichment 
and validation. B Heatmap of pY peptides in 47 pairs of breast cancer specimens and paired adjacent normal specimens. C Heatmap of pY peptides 
in 38 pairs of breast cancer specimens and paired adjacent normal specimens. D Barplot of Gene Ontology analysis of significant pY peptides 
related genes
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region, which may change the positional relationship 
between C2 and V5, and then change the protein activity 
and function [21, 22]. Further analysis showed PRKCD_
pY313 expressed higher in TNBC cell lines than other 
subtype cells. Hence, we predicted that it may play a fun-
damental role in the progression of TNBC. Therefore, we 
evaluate the effect of PRKCD_pY313 on the progression 
of TNBC and the related kinase signaling, which could 
contribute to the precise treatment.

Materials and methods
Sample source and preparations
Cancer tissues and paired far-cancer normal specimens 
(more than 5 cm from the tumor) were collected from 
47 patients with breast cancer [all females, married, Han 
nationality, aged 30–85 years, mean age (55 ± 12.25) years]. 
All included patients were histologically diagnosed with 
breast cancer and did not receive any treatment before 
breast surgery. After surgical resection and sampling by 
the pathology department, the specimens were rinsed, 
snap-frozen in liquid nitrogen, and stored at − 80 °C until 
use. The ischemic time at the time of all tissue collection 
was controlled to within 5 min to minimize degradation of 
post-translational modified proteins. Clinical characteris-
tic data of all included patients are summarized in Table 1.

Phosphopeptides enrichment and MS analysis
The preparation procedures of MS sample has been 
described previously [23]. Total protein was extracted 
and digested by trypsin (Fig.  1A). After desalting with 
C18 column and resolving, the pY peptides were enriched 
with Superbinder resin, and phosphorylated serine/ thre-
onine peptides (pS/pT) were enriched subsequently using 
TiO2 column. Due to tissue volume limitations, only 38 
patients achieved subsequent enrichment of pS/pT pep-
tides. Parallel reaction monitoring (PRM) quantification 
was applied through liquid chromatograph mass spec-
trometer (Q Exactive Plus). The database search was per-
formed using the MaxQuant software. All data obtained 
in PRM mode were quantitatively analyzed using the 
Skyline software (version 3.7), and all target peptides 
were examined manually. The minimum peak area value 
of each sample was used to supplement the empty values.

Cell lines and cell culture conditions
The human breast cancer cell lines (T47D, BT549, MCF7, 
MDA-MB-468, MDA-MB-231, and SKBR3) were pur-
chased from Shaanxi Yike Biotechnology (Xi’an, China). 
MCF10A cells were cultured in DMEM/F12 (Procell) 
supplemented with 5% horse serum and 10 μg/mL insulin 
(Sigma). SKBR3 cells were grown in McCoy’s 5A medium 
(Procell) containing 10% fetal bovine serum (FBS). T47D 
and BT549 cells were cultured in a RPMI-1640 medium 
(Gibco) supplemented with 10% FBS. The MCF7, MDA-
MB-231, and MDA-MB-468 cells were grown in DMEM 
(Gibco) supplemented with 10% FBS. All cells were incu-
bated in a 5% CO2 incubator at 37 °C. Dasatinib (HY-
10181) and Adezmapimod (HY-10256) were purchased 
from MedChemExpress (MCE, Shanghai, China). Phor-
bol 12-myristate 13-acetate (PMA) was purchased from 
Solabio (P6741).

Lentivirus‑mediated gene knockdown, overexpression 
and mutation
Gene knockdown or overexpression plasmid vectors 
were constructed, including short hairpin RNA (shRNA) 
targeting PRKCD in the pLKO.1 plasmid, PRKCD cDNA 
(PRKCD-OE) and point mutation at amino acid 313 
(PRKCD_Y313F) in TK-pCDH-CMV-MCS-EF1-Puro 
(NC-TK), gRNA targeting PRKCD (PRKCD_KO) in 
lentivirus Crispr/Cas 9 (NC-sg). Nontargeting prim-
ers (NC-sh) was set as the control of the knockdown 
group. Lentivirus packaging and transfection were per-
formed in accordance with the manufacturer’s instruc-
tions. All plasmid vectors were puromycin resistant, 
and stable clones were selected using puromycin (1 μg/
mL, A1113803, Gibco) for 2 weeks. The primers used are 
shown in Tables S1–4.

Protein extraction and western blot analysis
We extracted total proteins from tissues or cells for west-
ern blotting and MS analysis. The protein concentra-
tion was quantified using the Pierce BCA Protein Assay 
Kit (23,227; Thermo Fisher Scientific). All the antibodies 
used are summarized in Table S5.

Fig. 2  Significant phosphorylated tyrosine peptides in breast cancer tissues and functional analysis. A The significant pY peptides in 47 pairs 
of breast cancer specimens and paired adjacent normal specimens from mass spectrometry analysis, ranked by log2FC value. B Barplot of top 10 
KEGG pathways of significant pY peptides related genes. C Intersection protein-protein interaction networks of PRKCD related genes among pY, pS 
or pT significant proteins in the mass spectrometry analysis. The triangle represents the substrates of PRKCD; the diamond represents the kinases 
of PRKCD; the circle represents the kinases and substrates of PRKCD. D The phosphorylated level analysis of PRKCD_pY313 and some of its related 
kinases (MAPK3_pY215, MAPK7_pY221, MAPK12_pY185, MAPK13_pY182, MAPK14_pY182) based on mass spectrometry data. pY, phosphorylated 
tyrosine; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Cell proliferation and apoptosis assay
Cell proliferation (MDA-MB-231 and BT549) was tested 
using the MTT assay. Cells were seeded in the 12 well 
cell culture plates for 2 weeks, and colony formation rate 
was calculated. Cell apoptosis was detected using the 
Annexin V-APC/7-AAD or Annexin V-FITC/PI double 
staining cell apoptosis detection kit, and analyzed by flow 
cytometry (ACEA NovoCyte, USA).

Wound healing assay
The cells with migration ability (MDA-MB-231 or 
BT549) were seeded in 12 well cell culture plates. When 
the degree of cells fusion close to 100%, a pipette tip 
(10 μL) was used to scratch the cells perpendicular to the 
culture plate, and the cells were washed twice with PBS 
in a gentle manner. The cells were then cultured in 1% 
serum medium and photographed at 0 h and 24 h, respec-
tively. The percentage of cell wound closure was meas-
ured to quantify the wound healing.

Cell invasion assay
We added 20% serum medium to the 8 μM pore non-
coated polycarbonate chamber and seeded (1–2) × 105 
invasive cells (MDA-MB-231 or BT549) in 200 μL of 
serum-free medium in the chamber with the matrix 
above. After 24 h, the cells were fixed in methanol for 
20 min and stained with 0.5% crystal violet for 30 min. 
We then removed the cells from the chamber gently, 
photographed and counted the invaded cells, and ana-
lyzed the results using the Image J software.

Subcutaneous xenograft model
BT549 or MDA-MB-231 cells stable transfected with 
PRKCD_pY313 or PRKCD_Y313F overexpression (1 × 107 
cells) were suspended in 100 μL medium and implanted 
into female BALB/c-nude mice aged 4 weeks (GemPhar-
matech company, Naijing, China). We measured the 
tumor formation and mouse weight every 2–3 days until 
the endpoint. Tumor volume was calculated as 0.52× 
tumor length ×tumor width2. After reaching the end-
point, the mice were humanely sacrificed, and tumors 
were excised for further studies.

Immunohistochemistry (IHC) analysis
We performed IHC analysis according to the staining 
procedure. The antibodies used are as follows: PRKCD 
(ab182126; Abcam, dilution 1:2000), Vimentin (Abmart, 
T55134, dilution 1: 200), ZO1 (Abmart, TA5145, dilu-
tion 1: 300), Bad (Abmart, T40052, dilution 1: 300), Bcl-
xl (Abmart, T40057, dilution 1: 300), Ki67 (Servicebio, 
GB121141, dilution 1: 600).

Dihydroethidium (DHE) probe labeling
The cells in good growth condition were digested and 
passaged in 12-well cell culture plates containing cell 
slides. Prepared DHE (S0063, Beyotime) staining solution 
was added and incubated at 37 °C for 30 min in the dark, 
then pictures were taken and recorded. DHE staining 
solution was removed and washed three times with pre-
cooled PBS at 4 °C. 200 μL reactive oxygenspecies (ROS) 
lysate was added for lysis on ice for 10 min. The super-
natant was used for fluorescence detection and BCA 
quantification.

Mito‑tracker red/green probe labeling
Mito-tracker Red/Green CMXRos is a mitochondria-
specific fluorescent probe whose staining of mitochon-
dria is dependent on mitochondrial membrane potential 
(MMP). Therefore, the fluorescent probe can specifically 
label the biologically active mitochondria in living cells, 
observe the mitochondrial morphology, and reflect the 
changes of MMP. When the cell confluence reached 50 to 
60%, the medium was discarded and washed three times 
with PBS. Mito-Tracker Red/Green staining solution was 
prepared in the dark, and the volume ratio of incomplete 
medium /Mito-Tracker was 10,000/1. 200 μL of prepared 
staining solution was added to each well and incubated 
at 37 °C for 30 min in the dark. Then we take pictures and 
record.

Ethics statement
Experimental procedures were approved by the Ethics 
Committee of the Second Affiliated Hospital of Xi’an 
Jiaotong University and the written informed consent 
was obtained from all patients before enrolling in the 
research program. The in vivo assay was approved by the 

(See figure on next page.)
Fig. 3  Significant phosphorylated serine/threonine peptides and personalized kinase map of patients with TNBC. A The significant pS/pT peptides 
in 38 pairs of breast cancer specimens and paired adjacent normal specimens, ranked by log2FC value. B The personalized kinase activity map 
of patient with triple-negative breast cancer based on the pY-pS/pT associated genes. Each protein frame is divided into four small squares, each 
of which represents one pY, pS or pT site. The color represents the log10(Ca/N) value, red represents the upregulation of this site, and the darker 
the color, the higher the upregulation ratio. Blue indicates downregulation, darker color indicates higher downregulation, and gray indicates 
no such site. The color of the border of each protein bar represents the sum of the log10(Ca/N) values of all sites of the protein. The thickness 
of the lines between the proteins indicates a test score ranging from 1 to 10, and the color of the lines ranging from gray to red indicates a test 
score ranging from 0 to 1. TNBC, triple-negative breast cancer; KEGG, Kyoto Encyclopedia of Genes and Genomes; FC, fold change; Ca/N, ratio 
of expression levels in breast cancer tumors to that in normal breast tissue
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Fig. 3  (See legend on previous page.)
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Institutional Animal Care and Use Committee of Xi’an 
Jiaotong University (Approved No. 2023–77).

Software and statistical analysis
Heatmaps, Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis were con-
ducted by R Software (4.1.2). The protein networks were 
visualized using Cytoscape 3.7.1. All assays were repeated 
three times in vitro, and the data were analyzed using the 
GraphPad Prism 7. P value, q value (false discovery rate, 
FDR), log2 (fold change, FC), and Z-score were calculated 
using paired t-test to compare the paired tissue groups. 
Data are presented as mean ± standard deviation (SD). 
Unpaired Student’s t-test was used to compare the two 
groups, and one-way or two-way ANOVA with Dunnett’s 
multiple comparisons test was used to compare the mul-
tiple groups. Differences with P < 0.05 was considered as 
statistically significant.

Results
The enrichment of phosphorylated Tyr peptides 
by Superbinder and Ser/Thr enrichment by TiO2 columns
There were 1159 pY peptides of 551 proteins (Fig.  1B) 
and 2941 pS/pT peptides of 1320 proteins (Fig. 1C) were 
enriched in total. GO enrichment analysis of significant 
pY or pS/pT-related proteins was performed to under-
stand their main functions (Figs.  1D and S1A). Overall, 
188 significant pY peptides were captured in Fig. 2A. 281 
pS/pT peptides of 159 proteins showed higher phospho-
rylated level in cancer than in normal tissues (Fig.  3A). 
To elucidate the individual kinase abnormal activity net-
work, we mapped different subtypes of breast cancer 
patients (Figs. 3B and S2–4). In addition, most of pY and 
pS/pT peptides-related genes were clustered in the mito-
gen-activated protein kinases (MAPK) signaling (Figs. 2B 
and Fig. S1B). According to Netphorest predictions [24], 
96 proteins interacted with PRKCD (Fig.  2C), including 
Src family and some kinases of MAPK signaling pathway. 
The top 20 genes of top 5 GO pathways of pY/pS/pT pep-
tides in patients with breast cancer were listed in Figs. 
S5–7. And proteins enriched in top 5 KEGG pathways 
were shown in Figs. S8–13.

PRKCD_pY313 expressed high in TNBC tissues and cells
The difference of PRKCD level between cancer tissues 
and normal tissues was the largest, which accounted for 
74.4% (35 pairs) of all included patients (Fig.  2A). As 
shown in the structure diagram, the Y313 site is in the 
hinge region of PRKCD (Fig. 4A). The levels of PRKCD 
and PRKCD_Y313 in breast cancer were validated in 
TCGA and CPTAC data (Fig. 4B-C). Kaplan-meier analy-
sis showed that high PRKCD expression was associated 
with poor survival, disease specific survival and distant 

metastasis free survival of breast cancer patients, espe-
cially for TNBC (Figs. 4D and S14). According to MS and 
tissues data, PRKCD_pY313 and some phosphorylated 
level of kinases (Src and p38) were significantly higher 
in breast cancer tissues than in normal tissues (Figs. 2D, 
Fig.  4E, I). As for cell lines, PRKCD_pY313 was higher 
in TNBC cell lines (MDA-MB-231 and BT549) than 
other human breast cancer cells and normal breast cells 
(Fig. 4F-H). Therefore, we constructed stable TNBC cell 
lines expressed different PRKCD_pY313 level (Figs. S15A 
and 5F).

PRKCD_pY313 accelerates the malignant biological 
behaviors of TNBC
In vitro experiments showed that high level of PRKCD_
pY313 significantly enhanced MDA-MB-231 and BT549 
cell proliferation (Fig.  5A) and colony formation abil-
ity (Figs.  5B and S15C), decreased the apoptotic rate of 
TNBC cells (Figs. 5C and S15B), accompanied by changes 
in apoptosis-related proteins, including Bcl-2, Bax 
and cyto C (Figs.  5F and S16A-C). We further assessed 
the effect of PRKCD_pY313 on TNBC cells migration 
and invasion by wound healing and transwell assays. 
As shown in Figs.  5D-E and S15D-E, compared with 
PRKCD_Y313F and PRKCD depletion group, PRKCD_
pY313 overexpressing TNBC cells migrated and invaded 
faster, accompanied by upregulated with N-cadherin and 
Vimentin levels (Figs. 5F and S16D-F).

In the xenograft models (Fig. 6A-F), transplated tumor 
of PRKCD_pY313 overexpressing TNBC cells showed 
larger volumes and higher weights than those of Y313F 
group. In IHC staining, the expression levels of Ki-67, 
Bcl-xl and Vimentin in PRKCD_pY313 overexpression 
group were higher than those in Y313F group, while the 
expression levels of Bad, Cleaved caspase 3 and ZO1 
were downregulated (Fig.  6G-H). Taken together, these 
results reveal that PRKCD_pY313 promotes the prolifera-
tion, invasion and migration of TNBC cells.

PRKCD_pY313 affects Src and p38 MAPK activity
According to a published study, IHC staining suggested 
that SFK_pY416 is related to phosphorylated CDCP1 and 
PRKCD_pY313 in TNBC cells, which provides a basis for 
its targeted therapy [18]. Further validation prompted 
that PRKCD_pY313 overexpression upregulated the 
Src_pY419 and p38_pT180/pY182, whereas PRKCD_
Y313F and low PRKCD_pY313 group had the reversed 
effect (Fig. 7A-C and S17). We then treated the PRKCD_
pY313 and PRKCD_Y313F overexpressed TNBC cells 
with Dasatinib, which could significantly and selectively 
downregulate Src_pY419 level to inhibit Src activity 
(Figs. 7D-E and S18).
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Fig. 4  The expression level of PRKCD_pY313 in breast cancer tissues and cell lines. (A) The functional regions and tyrosine sites structure 
of PRKCD. (B) The mRNA level of PRKCD in breast cancer tissues based on TCGA samples. (C) Western blots revealed the protein expression level 
of PRKCD_pY313 in breast cancer tissues based on CPTAC samples. (D) Breast cancer patients with high PRKCD expression level has poor survival 
based on TCGA databases. (E) The level of PRKCD_pY313 and related kinases in breast cancer and paired far-cancer normal tissues. (F) The level 
of PRKCD_pY313 and PRKCD in breast cancer cell lines (BT549, MCF7, T47D, MDA-MB-231, SKBR3) and immortalized breast cells (MCF10A). (G) The 
relative expression of PRKCD after normalization to the signals of GAPDH in Fig. 4F. (H) The relative expression of PRKCD_pY313 after normalization 
to the signals of PRKCD in Fig. 4F. (I) The relative expression of the phosphorylation level of PRKCD_pY313 and its associated kinase active site 
after normalization to the signals of their protein in Fig. 4E. FC, fold change; nf, nonfunctional; TNBC, triple negative breast cancer. Mean ± SD, n = 3 
per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Fig. 5  PRKCD_pY313 elevated the malignant biological behaviors of human TNBC cell lines. (A) The MTT assay in MDA-MB-231 and BT549 stable 
transfected TNBC cell lines with different PRKCD_pY313 level. (B) The colony formation rate of MDA-MB-231 and BT549 stable transfected cell 
lines with different PRKCD_pY313 level. (C) The apoptosis rate of MDA-MB-231 and BT549 stable transfected cell lines with different PRKCD_pY313 
level, detected by flow cytometry. (D) The invasion assay of MDA-MB-231 and BT549 cell lines. (E) The quantification of wound healing assay 
of MDA-MB-231 and BT549 cell lines. (F) Western blot analysis of apoptotic related proteins (bcl-2, bax, cyto C), migration or invasion biomarkers 
(N-cadherin, Vimentin, β-catenin). All the results were presented from 3 independent experiments. TNBC, triple negative breast cancer; MTT, 
3-(4,5)-dimethylthiahiazo (−z-y1)-3,5-di- phenytetrazoliumromide. Mean ± SD, n = 3 per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Fig. 6  PRKCD_pY313 promoted the growth of tumor in the xenograft models. (A) Tumor volume of BT549 cells stably overexpressing PRKCD_
pY313 or PRKCD_Y313F which was transplanted into BALB/c nude mice. (B) The tumor weights of BT549 cells stably overexpressing PRKCD_pY313 
or PRKCD_Y313F which was transplanted into BALB/c nude mice. (C) The tumor growth curve of BT549 cells stably overexpressing PRKCD_pY313 
or PRKCD_Y313F which was transplanted into BALB/c nude mice. (D) Tumor volume of MDA-MB-231 cells stably overexpressing PRKCD_pY313 
or PRKCD_Y313F which was transplanted into BALB/c nude mice. (E) The tumor weights of MDA-MB-231 cells stably overexpressing PRKCD_pY313 
or PRKCD_Y313F which was transplanted into BALB/c nude mice. (F) The tumor growth curve of MDA-MB-231 cells stably overexpressing 
PRKCD_pY313 or PRKCD_Y313F which was transplanted into BALB/c nude mice. Scale Bars = 25um. (G) IHC staining of PRKCD, Ki-67, Bad, Bcl-xl, 
and Cleaved caspase 3 in xenograft tumor samples transplanted with BT549 cells stably overexpressing PRKCD_pY313 or PRKCD_Y313F. (H) 
IHC staining of Vimentin and ZO1 in xenograft tumor transplanted with BT549 cells stably overexpressing PRKCD_pY313 or PRKCD_Y313F. IHC, 
immunohistochemistry. Scale Bars = 25um. Mean ± SD, n = 3 per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Fig. 7  PRKCD related kinase activity in TNBC cell lines with different PRKCD_pY313 levels and changes after dasatinib treatment. (A) 
PRKCD-related kinases and their phosphorylation levels in MDA-MB-231 cells with different levels of PRKCD_pY313. (B) PRKCD-related kinases 
and their phosphorylation levels in MDA-MB-231 cells with PRKCD_pY313 knockdown and knockout. (C) PRKCD-related kinases and their 
phosphorylation levels in BT549 cells with different levels of PRKCD_pY313. (D) Kinases activity in BT549 cells with different PRKCD_pY313 level 
among dasatinib treatment. (E) Kinases activity in MDA-MB-231 cells with different PRKCD_pY313 level among dasatinib treatment. (F) The MTT 
assay of MDA-MB-231 cells with different PRKCD_pY313 level among 0.05 μM dasatinib and/or 20 μM Adezmapimod treatment. (G) The MTT assay 
of BT549 cells with different PRKCD_pY313 level among 0.05 μM dasatinib and/or 20 μM Adezmapimod treatment. All the results were presented 
from 3 independent experiments. Mean ± SD, n = 3 per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Compared with PRKCD_Y313F, PRKCD_pY313 over-
expressed cells responded more sensitively to Dasatinib, 
and its proliferation was effectively inhibited by 0.05 μM 
Dasatinib (Fig. S19). In addition, the inhibition effect of 
Dasatinib on cell proliferation activity was enhanced by 
20 μM Adezmapimod (p38 inhibitor) treatment (Fig. 7F-
G). Thus, PRKCD_pY313 affects Src activity and is sensi-
tive to Src inhibitor Dasatinib.

PRKCD_pY313 regulates ROS and MMP level
Previous research suggests that Src participates in mito-
chondrial dysfunction [25], and PRKCD may influence 
the intracellular level of ROS [26]. DHE probe labe-
ling assay indicated that the ROS level of TNBC cells 
with low PRKCD_pY313 or PRKCD_Y313F was signifi-
cantly higher than PRKCD_pY313 overexpressed group 
(Fig.  8A-B). Compared with the control group, the 
mitochondrial membrane potential of PRKCD_pY313 
overexpression cells was significantly up-regulated, 
while that of PRKCD_Y313F cells was significantly 
down-regulated. The results were similar before and 
after PMA (PKC activator) treatment (Fig. 8C-E). There-
fore, PRKCD_pY313 could increase the level of ROS 
and decrease the mitochondrial membrane potential in 
TNBC cells.

Here, we show that PRKCD_pY313 mediates Src and 
p38 activation, which occurs simultaneously with ROS 
reduction and MMP increase, and can promote the 
malignant biological behavior of TNBC cells. Dasat-
inib could inhibit this process, and the effect could be 
enhanced by Adezmapimod (Fig. 9).

Discussion
Innovative, highly sensitive and high-throughput prot-
eomics techniques contributed to accurately assess bio-
markers in cancer development and evaluate the role 
of important proteins in cancer, thereby aiding in pre-
cise diagnosis and treatment [27]. The core challenge 
of phosphorylated proteomics is to enrich low abun-
dance phosphorylated peptides in the proteome and 
detect highly sensitive means [28]. In this study, we used 
Superbinder beads to enrich pY sites of tyrosine kinase 
and to quantify intracellular tyrosine kinases. The newly 
established pY peptide enrichment strategy can remove 
background interference from other phosphorylated 
peptides and improve detection sensitivity. In addition, 
compared with the traditional pY enrichment method, 
Superbinder protein can be expressed in E.coli, and the 
preparation is simple, inexpensive, and has higher pY 
enrichment ability [14].

We further calculated and screened the MS data for 
key kinases, and validated it in the human TNBC tissues 
and cells, and noticed that PRKCD_pY313 showed a large 

difference between TNBC and normal tissues. PRKCD 
has been reported to promote survival and prolifera-
tion of transformed cells and tumor in a mouse models 
of cancer [29]. We investigated the role of PRKCD_Y313 
in TNBC development in  vivo and in  vitro. We found 
that PRKCD_pY313 could inhibit apoptosis and promote 
migration and invasion of TNBC cells, while Dasatinib 
significantly attenuated these effects, which reminds us 
the potential applications in the patients with TNBC. A 
previous study stated that PRKCD is required in primary 
tumor stem cell lines, including breast, pancreas, pros-
tate, and melanoma cells, and is sensitive to depletion 
of PRKCD or inhibitors [30]. Similarly, we observed that 
PRKCD knockdown inhibited the malignant biological 
behavior of TNBC cancer cells, which were closely asso-
ciated with Src and p38 activity. Besides, Symonds et al. 
pointed to a role of PRKCD in promoting tumor growth, 
invasion, migration, and tumorigenesis [31], which is 
consistent with our findings. In addition, PRKCD was 
validated to promote the invasion and migration of colo-
rectal cancer cells [32], control stress fiber formation in 
melanoma [33], participate in the invasion of thyroid 
cancer [34], and cause persistent KIT activation in colon 
cancer [35]. It is recognized that E-cadherin and N-cad-
herin expression and/or function variation is a hallmark 
of epithelial-mesenchymal transition (EMT) during 
tumorigenesis. Previous study confirmed that PRKCD 
was overexpressed in cervical cancer tissues, accompa-
nied by the increased phosphorylation of E-cadherin at 
Thr790, which affected the EMT process [36]. Our study 
supported that PRKCD_pY313 affects the N-cadherin, 
Vimentin and ZO1 levels and promotes metastasis of 
TNBC, which might be accompanied by EMT process.

At present, the role of different levels of ROS in anti-
cancer or cancer-promoting effects has been contro-
versial. Cancer cells are characterized by increased 
production of ROS and altered oxidation-deoxidation 
environment compared to normal cells [37]. Continu-
ous accumulation of ROS triggers oxidative stress, lead-
ing to excessive activation of signaling pathways that 
promote cell proliferation, survival, and metabolic 
adaptation to the tumor microenvironment [38]. How-
ever, excessive intracellular ROS induces apoptosis, and 
a large amount of ROS will cause cell necrosis. Mito-
chondria is the main site of ROS production [39]. The 
increase of ROS can lead to the opening of mitochon-
drial membrane permeability transport pore, which 
leads to the decrease of mitochondrial transmembrane 
potential and the release of cyto C, which in turn acti-
vates a series of caspase enzymes and induces apoptosis 
[39]. It has been suggested that Bcl-2 and Bcl-xL prevent 
the release of cyto c, thereby inhibiting programmed 
cell death, while bax and bak can promote this process 
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Fig. 8  DHE probe labeling and mito-tracker staining in TNBC cell lines with different PRKCD_pY313 level. (A) DHE probe labeling in stable 
transfected MDA-MB-231 cell lines with different levels of PRKCD_pY313 and quantification. Scale Bars = 100um. (B) DHE probe labeling in stable 
transfected BT549 cell lines with different levels of PRKCD_pY313 and quantification, Bar = 100um. (C) Mitochondrial membrane potential intensity 
in stable transfected MDA-MB-231 cells with different levels of PRKCD_pY313 without PMA and after treatment with 10 nM PMA for 20 min. Scale 
Bars = 10um. (D) Mitochondrial membrane potential intensity in stable transfected MDA-MB-231 cells with low PRKCD_pY313 level without PMA 
and after treatment with 10 nM PMA for 20 min. Scale Bars = 10um. (E) Mitochondrial membrane potential intensity in stable transfected BT549 cells 
with different levels of PRKCD_pY313 without PMA and after treatment with 10 nM PMA for 20 min. Scale Bars = 10um. PMA, Phorbol 12-myristate 
13-acetate; DHE, Dihydroethidium; TNBC, triple negative breast cancer. Mean ± SD, n = 3 per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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[40], which is consistent with our results. Rottlerin 
(PKC inhibitor)-induced apoptosis is associated with 
cytochrome c release and activation of caspase 9 and 
caspase 3 cascades [41]. We noticed that PRKCD_pY313 
increases Src activity and mitochondria membrane 
potential, and inhibit ROS production, accompanied by 
Bcl-2, Bax and cyto C variation. Conversely, free radical 
generation after ischemia-reperfusion injury mediates 
mitochondrial damage through PKCδ mitochondrial 
translocation [42–45]. Src is an oncogene that local-
izes to multiple subcellular regions and participates in 
several important signaling pathways of proliferation, 
differentiation, invasion and metastasis, and angiogen-
esis [46]. Intra-mitochondrial Src (mtSrc) is contained 
in different types of cancer cells, including breast can-
cer cells [47]. The mtSrc signaling pathway is involved 
in different mitochondrial functions ranging from ATP 

and ROS production to apoptosis [48, 49]. In mitochon-
dria, Src targets a variety of proteins to regulate the 
activity of organelles. For example, it targets the mito-
chondrial single-stranded DNA-binding protein, which 
is a regulator of mitochondrial DNA replication. Src is 
positively associated with increased invasive and meta-
static capacity [50] and reduced patient survival [51]. In 
contrast, inhibition of Src activity reduces the malignant 
biological behavior of tumor cells [52–54]. Since tumor 
cells are more sensitive to ROS than normal cells, ROS 
can selectively kill tumor cells [55]. Based on forward 
technology [56], the detailed mechanism and site of 
PRKCD and Src need to be further studied. The applica-
tion of pro-oxidant drugs and kinase inhibitors in tumor 
treatment still needs to be further studied, and the spe-
cific mechanism of its anti-tumor effect also needs to be 
further explored.

Fig. 9  A proposed model to illustrate mechanisms and functions of PRKCD_pY313 mediates Src, p38 activity and regulates ROS, MMP, promoting 
TNBC progression
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Furthermore, PRKCD_pY313 overexpression showed 
the opposite effects to low PRKCD_pY313 level, mirror-
ing that pY313 is essential for PRKCD activity regulation 
in TNBC progression. Based on the literature review, we 
speculated that the phosphorylation of tyrosine residue 
313 of PRKCD may bind to the C2 region of PRKCD, 
thereby causing a conformational change of PRKCD and 
exposing the corresponding C4 catalytic region, and thus 
activating the kinase to perform its function [22]. In addi-
tion, Y313 site is in the hinge region of PRKCD, which 
can be cleaved by caspase to release nuclear targeting 
signal [21]. However, we found that cleaved caspase 3 or 
PRKCD levels increased with Y313F or decreased with 
PRKCD_pY313. Further studies are needed to determine 
the effect of Y313 on PRKCD conformation and caspase 
cleavage function.

Taken together, we demonstrate that PRKCD_pY313 
is important for PRKCD kinase activity and plays an 
important role in TNBC progression through activating 
Src, making it a valuable target, which provides theoreti-
cal support for the application of Dasatinib in the treat-
ment of TNBC. Further studies are needed to develop 
PRKCD_Y313 selective kinase inhibitors and effective 
kinase inhibitors and their combination regimens.
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one pY, pS or pT site. The color represents the log10(Ca/N) value, red 
represents the upregulation of this site, and the darker the color, the 
higher the upregulation ratio. Blue indicates downregulation, darker color 
indicates higher downregulation, and gray indicates no such site. The 
color of the border of each protein bar represents the sum of the 
log10(Ca/N) values of all sites of the protein. The thickness of the lines 
between the proteins indicates a test score ranging from 1 to 10, and the 
color of the lines ranging from gray to red indicates a test score ranging 
from 0 to 1. Ca/N, ratio of expression levels in breast cancer tumors to that 
in normal breast tissue. Fig. S4. Personalized kinase activity map of patient 
with HER2 positive subtype of breast cancer. Each protein frame is divided 
into four small squares, each of which represents one pY, pS or pT site. The 
color represents the log10(Ca/N) value, red represents the upregulation of 
this site, and the darker the color, the higher the upregulation ratio. Blue 
indicates downregulation, darker color indicates higher downregulation, 
and gray indicates no such site. The color of the border of each protein bar 
represents the sum of the log10(Ca/N) values of all sites of the protein. The 
thickness of the lines between the proteins indicates a test score ranging 
from 1 to 10, and the color of the lines ranging from gray to red indicates a 
test score ranging from 0 to 1. Ca/N, ratio of expression levels in breast 
cancer tumors to that in normal breast tissue. Fig. S5. Top five Gene 
Ontology-biological process pathways of significant pY/pS/pT peptides 
related genes in breast tissues. Fig. S6. Top five Gene Ontology-cellular 
component pathways of significant pY/pS/pT peptides related genes in 
breast tissues. Fig. S7. Top five Gene Ontology-molecular function 
pathways of significant pY/pS/pT peptides related genes in breast tissues. 
Fig. S8. Phosphorylated tyrosine/serine/threonine related genes in 
pathway of proteoglycans in cancer. The KEGG pathway enrichment 
results of genes from our mass spectrum data in pathway of proteogly-
cans in cancer. All colored rectangles represent genes corresponding to 
phosphorylated polypeptide proteins enriched in our mass spectrometry 
analysis. Red represents increased phosphorylation of this protein in 
tumor tissue, and green represents decreased phosphorylation of this 
protein in tumor tissue. This pathway includes hyaluronan, chondroitin 
sulfate/dermatan sulfate proteoglycan, keratan sulfate proteoglycan, and 
heparan sulfate proteoglycans. Fig. S9. Phosphorylated tyrosine/serine/
threonine related genes in pathway of focal adhesion. The KEGG pathway 
enrichment results of genes from our mass spectrum data in pathway of 
focal adhesion. All colored rectangles represent genes corresponding to 
phosphorylated polypeptide proteins enriched in our mass spectrometry 
analysis. Red represents increased phosphorylation of this protein in 
tumor tissue, and green represents decreased phosphorylation of this 
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protein in tumor tissue. This pathway includes ECM-receptor interaction, 
cytokine-cytokine receptor interaction, which could affect the cell 
motility, cell proliferation and cell survival. Fig. S10. Phosphorylated 
tyrosine/serine/threonine related genes in ErbB signaling pathway. The 
KEGG pathway enrichment results of genes from our mass spectrum data 
in ErbB signaling pathway. All colored rectangles represent genes 
corresponding to phosphorylated polypeptide proteins enriched in our 
mass spectrometry analysis. Red represents increased phosphorylation of 
this protein in tumor tissue, and green represents decreased phosphoryla-
tion of this protein in tumor tissue. This pathway includes ERBB1, ERBB2, 
ERBB3, and ERBB4, which could affect the proliferation of pancreatic 
cancer and non-small cell lung cancer, the differentiation of glioma and 
endometrial cancer. Fig. S11. Phosphorylated tyrosine/serine/threonine 
related genes in pathway of tight junction. The KEGG pathway enrichment 
results of genes from our mass spectrum data in pathway of tight 
junction. All colored rectangles represent genes corresponding to 
phosphorylated polypeptide proteins enriched in our mass spectrometry 
analysis. Red represents increased phosphorylation of this protein in 
tumor tissue, and green represents decreased phosphorylation of this 
protein in tumor tissue. This pathway includes claudin, occluding, JAM, 
bves, which could affect the cell polarity, cell proliferation, cell survival, cell 
differentiation, cell migration. Fig. S12. Phosphorylated tyrosine/serine/
threonine related genes in pathway of adherens junction. The KEGG 
pathway enrichment results of genes from our mass spectrum data in 
pathway of adherens junction. All colored rectangles represent genes 
corresponding to phosphorylated polypeptide proteins enriched in our 
mass spectrometry analysis. Red represents increased phosphorylation of 
this protein in tumor tissue, and green represents decreased phosphoryla-
tion of this protein in tumor tissue. This pathway includes nectin (strong 
adhesion), cadherin (weak adhesion) et al. Fig. S13. Phosphorylated 
tyrosine/serine/threonine related genes in MAPK signaling pathway. The 
KEGG pathway enrichment results of genes from our mass spectrum data 
in MAPK signaling pathway. All colored rectangles represent genes 
corresponding to phosphorylated polypeptide proteins enriched in our 
mass spectrometry analysis. Red represents increased phosphorylation of 
this protein in tumor tissue, and green represents decreased phosphoryla-
tion of this protein in tumor tissue. This pathway includes classical MAP 
kinase pathway, JNK and p38 MAP kinase pathway, and ERK5 pathway, 
which could affect the cell proliferation, cell cycle, cell differentiation, and 
cell inflammation. Fig. S14. Survival analysis of patients with breast cancer 
in different PRKCD level. (A) Kaplan-Meier plot of disease specific survival 
of patients with breast cancer in different PRKCD level (DATASET: 
GSE3494-GPL96). (B) Kaplan-Meier plot of distant metastasis free survival 
of patients with breast cancer in different PRKCD level (DATASET: 
GSE9195). HR, Hazard Ratio. Fig. S15. PRKCD_pY313 promotes malignant 
biological behaviors of triple-negative breast cancer cells. (A) The 
knockdown and knockout rate of PRKCD and the PRKCD_pY313 level in 
MDA-MB-231 stable transfected cell lines. (B) Apoptosis rate of stable 
transfected MDA-MB-231 and BT549 cell lines with different PRKCD_pY313 
level, detected by flow cytometry. (C) The colony formation rate of 
MDA-MB-231 and BT549 cell lines with different PRKCD_pY313 level. (D) 
The wound healing assay of stable MDA-MB-231 and BT549 cell lines with 
different PRKCD_pY313 level. (E) Invasion assay of stable transfected 
MDA-MB-231 and BT549 cell lines with different PRKCD_pY313 level. OE, 
overexpression; KD, knockdown. KO, knockout. Mean ± SD, n = 3 per group, 
* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Fig. S16. Expression 
levels of proteins involved in apoptosis and invasion and metastasis of 
MDA-MB-231 and BT549 cell lines. (A) Quantification of Fig. 5F, apoptotic 
proteins in MDA-MB-231 cell lines with overexpressed PRKCD_pY313 or 
PRKCD_Y313F. (B) Quantification of Fig. 5F, apoptotic proteins in 
MDA-MB-231 cell lines with low PRKCD_pY313 level. (C) Quantification of 
Fig. 5F, apoptotic proteins in BT549 cell lines with overexpressed 
PRKCD_pY313 or PRKCD_Y313F. (D) Quantification of Fig. 5F, proteins that 
mark metastatic capacity in MDA-MB-231 cell lines with overexpressed 
PRKCD_pY313 or PRKCD_Y313F level. (E) Quantification of Fig. 5F, Proteins 
that mark metastatic capacity in MDA-MB-231 cell lines with low 
PRKCD_pY313 level. (F) Quantification of Fig. 5F, Proteins that mark 
metastatic capacity in BT549 cell lines with overexpressed PRKCD_pY313 
or PRKCD_Y313F level. Mean ± SD, n = 3 per group, * P < 0.05, ** P < 0.01, 

*** P < 0.001, **** P < 0.0001. Fig. S17. Proteins and phosphorylated levels 
of PRKCD-related kinases in MDA-MB-231 and BT549 cell lines with 
different PRKCD_pY313 level. (A) Quantification of Fig. 7A. (B) Quantifica-
tion of Fig. 7B.(C) Quantification of Fig. 7C. Mean ± SD, n = 3 per group, * 
P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Fig. S18. Proteins and 
phosphorylated levels of PRKCD-related kinases in MDA-MB-231 and 
BT549 cell lines with dasatinib treatment. (A) Quantification of Src_pY419/
Src level in MDA-MB-231 cell lines in Fig. 7D. (B) Quantification of kinases’ 
activity in MDA-MB-231 cell lines in Fig. 7D. (C) Quantification of 
Src_pY419/Src level in BT549 cell lines in Fig. 7E. (D) Quantification of 
kinases’ activity in BT549 cell lines in Fig. 7E. Mean ± SD, n = 3 per group, * 
P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Fig. S19. The MTT assay of 
stable MDA-MB-231 and BT549 cells treated with dasatinib. (A) The cell 
relative viability of MDA-MB-231 cell with dasatinib treatment and IC50 
(Half maximal inhibitory concentration). (B) The cell relative viability of 
BT549 cell with dasatinib treatment and IC50. (C) The cell relative viability 
of MDA-MB-231 cell with 0.01 μM dasatinib treatment. (D) The cell relative 
viability of BT549 cell with 0.01 μM dasatinib treatment. (E) The cell relative 
viability of MDA-MB-231 cell with 0.025 μM dasatinib treatment. (F) The 
cell relative viability of BT549 cell with 0.025 μM dasatinib treatment. (G) 
The cell relative viability of MDA-MB-231 cell with 0.05 μM dasatinib 
treatment. (H) The cell relative viability of BT549 cell with 0.05 μM dasatinib 
treatment. (I) The cell relative viability of MDA-MB-231 cell with 0.1 μM 
dasatinib treatment. (J) The cell relative viability of BT549 cell with 0.1 μM 
dasatinib treatment. (K) The cell relative viability of MDA-MB-231 cell with 
0.2 μM dasatinib treatment. (L) The cell relative viability of BT549 cell with 
0.2 μM dasatinib treatment. Mean ± SD, n = 3 per group, * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001.

Acknowledgements
The authors thank Miss Ying Zhang and Ying Hao at the Instrument Analysis 
Center of Xi’an Jiaotong University for their assistance with MS analysis and 
laser confocal microscope photographs.

Authors’ contributions
ZJD, HDL, CFD, FPJ and YJD contributed to conceptualization; YJD, ZWH, YW 
and QH conducted the experimental operation, YJD and FY contributed to 
formal analysis; SZ, YZL and ZZ contributed to investigation; YZ, GSZ and MW 
contributed to methodology and resources; YJD, HFK and XBM contributed to 
writing—original draft; YJD and MY contributed to writing—review and edit-
ing. All authors read and approved the final manuscript.

Funding
This study was funded by the General Program of National Natural Sci-
ence Foundation of China (grant number 82373281) and the Key project of 
Zhejiang Provincial Department of Science and Technology/Provincial Natural 
Science Foundation (grant number Z22H169268) in China.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article and its additional files.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1 Department of Gastroenterology, The Second Affiliated Hospital of Xi’an 
Jiaotong University, Xi’an, China. 2 Department of Oncology, The Second Affili-
ated Hospital of Xi’an Jiaotong University, Xi’an, China. 3 Center for Mitochon-
drial Biology and Medicine & Douglas C. Wallace Institute for Mitochondrial 
and Epigenetic Information Sciences, The Key Laboratory of Biomedical Infor-
mation Engineering of Ministry of Education, School of Life Science and Tech-
nology, Xi’an Jiaotong University, Xi’an, Shaanxi, China. 4 Department of Breast 
Surgery, The First Affiliated Hospital, College of Medicine, Zhejiang University, 
Hangzhou, China. 5 Department of Infectious Diseases, The Second Affiliated 
Hospital of Xian Jiaotong University, Xi’an, China. 6 Department of Pathology 



Page 18 of 19Deng et al. Cell Communication and Signaling          (2024) 22:115 

	21.	 Reyland ME, Jones DN. Multifunctional roles of PKCδ: opportunities for 
targeted therapy in human disease. Pharmacol Ther. 2016;165:1–13.

	22.	 Sondermann H, Kuriyan J. C2 can do it, too. Cell. 2005;121:158–60.
	23.	 Hou Z, Meng C, Yang F, Deng Y, Han X, Liu H. Mapping tyrosine kinases 

based on a TK activity-representing peptide library reveals a role for SRC 
in H1975 drug resistance. J Proteome Res. 2022;21:1105–13.

	24.	 Horn H, Schoof EM, Kim J, Robin X, Miller ML, Diella F, et al. KinomeX-
plorer: an integrated platform for kinome biology studies. Nat Methods. 
2014;11:603–4.

	25.	 Djeungoue-Petga MA, Lurette O, Jean S, Hamel-Côté G, Martín-Jiménez 
R, Bou M, et al. Intramitochondrial Src kinase links mitochondrial 
dysfunctions and aggressiveness of breast cancer cells. Cell Death Dis. 
2019;10:940.

	26.	 Lee YJ, Lee DH, Cho CK, Chung HY, Bae S, Jhon GJ, et al. HSP25 inhibits 
radiation-induced apoptosis through reduction of PKCdelta-mediated 
ROS production. Oncogene. 2005;24:3715–25.

	27.	 Belczacka I, Latosinska A, Metzger J, Marx D, Vlahou A, Mischak H, et al. 
Proteomics biomarkers for solid tumors: current status and future pros-
pects. Mass Spectrom Rev. 2019;38:49–78.

	28.	 Sürmen MG, Sürmen S, Ali A, Musharraf SG, Emekli N. Phosphoproteomic 
strategies in cancer research: a minireview. Analyst. 2020;145:7125–49.

	29.	 Speidel JT, Affandi T, Jones DNM, Ferrara SE, Reyland ME. Functional prot-
eomic analysis reveals roles for PKCδ in regulation of cell survival and cell 
death: implications for cancer pathogenesis and therapy. Adv Biol Regul. 
2020;78:100757.

	30.	 Chen Z, Forman LW, Williams RM, Faller DV. Protein kinase C-δ inactivation 
inhibits the proliferation and survival of cancer stem cells in culture and 
in vivo. BMC Cancer. 2014;14:90.

	31.	 Symonds JM, Ohm AM, Carter CJ, Heasley LE, Boyle TA, Franklin WA, et al. 
Protein kinase C δ is a downstream effector of oncogenic K-ras in lung 
tumors. Cancer Res. 2011;71:2087–97.

	32.	 Kho DH, Bae JA, Lee JH, Cho HJ, Cho SH, Lee JH, et al. KITENIN recruits 
Dishevelled/PKC delta to form a functional complex and controls 
the migration and invasiveness of colorectal cancer cells. Gut. 
2009;58:509–19.

	33.	 Putnam AJ, Schulz VV, Freiter EM, Bill HM, Miranti CK. Src, PKCalpha, and 
PKCdelta are required for alphavbeta3 integrin-mediated metastatic 
melanoma invasion. Cell Commun Signal. 2009;7:10.

	34.	 Li N, Du ZX, Zong ZH, Liu BQ, Li C, Zhang Q, et al. PKCδ-mediated phos-
phorylation of BAG3 at Ser187 site induces epithelial-mesenchymal tran-
sition and enhances invasiveness in thyroid cancer FRO cells. Oncogene. 
2013;32:4539–48.

	35.	 Park M, Kim WK, Song M, Park M, Kim H, Nam HJ, et al. Protein kinase 
C-δ-mediated recycling of active KIT in colon cancer. Clin Cancer Res. 
2013;19:4961–71.

	36.	 Chen CL, Wang SH, Chan PC, Shen MR, Chen HC. Phosphorylation of E-cad-
herin at threonine 790 by protein kinase Cδ reduces β-catenin binding and 
suppresses the function of E-cadherin. Oncotarget. 2016;7:37260–76.

	37.	 Dan Dunn J, Alvarez LA, Zhang X, Soldati T. Reactive oxygen species and 
mitochondria: a nexus of cellular homeostasis. Redox Biol. 2015;6:472–85.

	38.	 Cheung EC, Vousden KH. The role of ROS in tumour development and 
progression. Nat Rev Cancer. 2022;22:280–97.

	39.	 Wang Y, Qi H, Liu Y, Duan C, Liu X, Xia T, et al. The double-edged roles of 
ROS in cancer prevention and therapy. Theranostics. 2021;11:4839–57.

	40.	 Eldering E, Mackus WJ, Derks IA, Evers LM, Beuling E, Teeling P, et al. 
Apoptosis via the B cell antigen receptor requires Bax translocation 
and involves mitochondrial depolarization, cytochrome C release, and 
caspase-9 activation. Eur J Immunol. 2004;34:1950–60.

	41.	 Liao YF, Hung YC, Chang WH, Tsay GJ, Hour TC, Hung HC, et al. The PKC 
delta inhibitor, rottlerin, induces apoptosis of haematopoietic cell lines 
through mitochondrial membrane depolarization and caspases’ cascade. 
Life Sci. 2005;77:707–19.

	42.	 Shin EJ, Jeong JH, Nguyen BT, Sharma N, Nah SY, Chung YH, et al. Ginse-
noside re protects against serotonergic behaviors evoked by 2,5-Dimeth-
oxy-4-iodo-amphetamine in mice via inhibition of PKCδ-mediated 
mitochondrial dysfunction. Int J Mol Sci. 2021;22:7219.

	43.	 Shimohata T, Zhao H, Sung JH, Sun G, Mochly-Rosen D, Steinberg GK. 
Suppression of deltaPKC activation after focal cerebral ischemia contrib-
utes to the protective effect of hypothermia. J Cereb Blood Flow Metab. 
2007;27:1463–75.

and Pathophysiology, Department of Colorectal Surgery and Oncology, Key 
Laboratory of Cancer Prevention and Intervention, The Second Affiliated 
Hospital, Ministry of Education, Zhejiang University School of Medicine, 
Hangzhou, China. 7 Zhejiang Key Laboratory for Disease Proteomics, Zhejiang 
University School of Medicine, Hangzhou 310058, China. 

Received: 26 November 2023   Accepted: 11 January 2024

References
	1.	 Li N, Deng Y, Zhou L, Tian T, Yang S, Wu Y, et al. Global burden of breast 

cancer and attributable risk factors in 195 countries and territories, 
from 1990 to 2017: results from the global burden of disease study 
2017. J Hematol Oncol. 2019;12:140.

	2.	 DeSantis CE, Ma J, Gaudet MM, Newman LA, Miller KD, Goding Sauer A, 
et al. Breast cancer statistics, 2019. CA Cancer J Clin. 2019;69:438–51.

	3.	 Jacobs AT, Martinez Castaneda-Cruz D, Rose MM, Connelly L. Targeted 
therapy for breast cancer: an overview of drug classes and outcomes. 
Biochem Pharmacol. 2022;204:115209.

	4.	 Pasculli B, Barbano R, Parrella P. Epigenetics of breast cancer: biology 
and clinical implication in the era of precision medicine. Semin Cancer 
Biol. 2018;51:22–35.

	5.	 Bhullar KS, Lagarón NO, McGowan EM, Parmar I, Jha A, Hubbard BP, 
et al. Kinase-targeted cancer therapies: progress, challenges and future 
directions. Mol Cancer. 2018;17:48.

	6.	 Xiao Q, Zhang F, Xu L, Yue L, Kon OL, Zhu Y, et al. High-throughput 
proteomics and AI for cancer biomarker discovery. Adv Drug Deliv Rev. 
2021;176:113844.

	7.	 Xiao Y, Ma D, Yang YS, Yang F, Ding JH, Gong Y, et al. Comprehensive 
metabolomics expands precision medicine for triple-negative breast 
cancer. Cell Res. 2022;32:477–90.

	8.	 Cohen P. The origins of protein phosphorylation. Nat Cell Biol. 2002;4:E127–30.
	9.	 Ma G, Gong T, Liu Z. Targeting aberrant histone Posttranscription 

modification machinery in esophageal squamous cell carcinoma: current 
findings and challenges. Research (Wash D C). 2022;2022:9814607.

	10.	 Cohen P. The regulation of protein function by multisite phosphorylation-
-a 25 year update. Trends Biochem Sci. 2000;25:596–601.

	11.	 Zhang B, Whiteaker JR, Hoofnagle AN, Baird GS, Rodland KD, Paulovich 
AG. Clinical potential of mass spectrometry-based proteogenomics. Nat 
Rev Clin Oncol. 2019;16:256–68.

	12.	 Liang B, Zhu Y, Shi W, Ni C, Tan B, Tang S. SARS-CoV-2 spike protein post-
translational modification landscape and its impact on protein structure and 
function via computational prediction. Research (Wash D C). 2023;6:0078.

	13.	 Hermann J, Schurgers L, Jankowski V. Identification and characterization 
of post-translational modifications: clinical implications. Mol Asp Med. 
2022;86:101066.

	14.	 Bian Y, Li L, Dong M, Liu X, Kaneko T, Cheng K, et al. Ultra-deep tyrosine 
phosphoproteomics enabled by a phosphotyrosine superbinder. Nat 
Chem Biol. 2016;12:959–66.

	15.	 Isakov N. Protein kinase C (PKC) isoforms in cancer, tumor promotion and 
tumor suppression. Semin Cancer Biol. 2018;48:36–52.

	16.	 Newton AC. Protein kinase C: perfectly balanced. Crit Rev Biochem Mol 
Biol. 2018;53:208–30.

	17.	 Lan J, Lu H, Samanta D, Salman S, Lu Y, Semenza GL. Hypoxia-inducible 
factor 1-dependent expression of adenosine receptor 2B promotes 
breast cancer stem cell enrichment. Proc Natl Acad Sci U S A. 
2018;115:E9640–e8.

	18.	 Nelson LJ, Wright HJ, Dinh NB, Nguyen KD, Razorenova OV, Heinemann 
FS. Src kinase is Biphosphorylated at Y416/Y527 and activates the CUB-
domain containing protein 1/protein kinase C δ pathway in a subset of 
triple-negative breast cancers. Am J Pathol. 2020;190:484–502.

	19.	 Jackson D, Zheng Y, Lyo D, Shen Y, Nakayama K, Nakayama KI, et al. 
Suppression of cell migration by protein kinase Cdelta. Oncogene. 
2005;24:3067–72.

	20.	 Berardi DE, Flumian C, Rodriguez CE, Bessone MI, Cirigliano SM, Joffé ED, 
et al. PKCδ inhibition impairs mammary Cancer proliferative capac-
ity but selects Cancer stem cells. Involving Autophagy J Cell Biochem. 
2016;117:730–40.



Page 19 of 19Deng et al. Cell Communication and Signaling          (2024) 22:115 	

	44.	 Qi X, Disatnik MH, Shen N, Sobel RA, Mochly-Rosen D. Aberrant mito-
chondrial fission in neurons induced by protein kinase C {delta} under 
oxidative stress conditions in vivo. Mol Biol Cell. 2011;22:256–65.

	45.	 Joseph LC, Reyes MV, Lakkadi KR, Gowen BH, Hasko G, Drosatos K, et al. 
PKCδ causes sepsis-induced cardiomyopathy by inducing mitochondrial 
dysfunction. Am J Physiol Heart Circ Physiol. 2020;318:H778–h86.

	46.	 Espada J, Martín-Pérez J. An update on Src family of nonreceptor tyrosine 
kinases biology. Int Rev Cell Mol Biol. 2017;331:83–122.

	47.	 Demory ML, Boerner JL, Davidson R, Faust W, Miyake T, Lee I, et al. Epider-
mal growth factor receptor translocation to the mitochondria: regulation 
and effect. J Biol Chem. 2009;284:36592–604.

	48.	 Hebert-Chatelain E, Jose C, Gutierrez Cortes N, Dupuy JW, Rocher C, 
Dachary-Prigent J, et al. Preservation of NADH ubiquinone-oxidore-
ductase activity by Src kinase-mediated phosphorylation of NDUFB10. 
Biochim Biophys Acta. 2012;1817:718–25.

	49.	 Hebert-Chatelain E. Src kinases are important regulators of mitochondrial 
functions. Int J Biochem Cell Biol. 2013;45:90–8.

	50.	 Tan M, Li P, Klos KS, Lu J, Lan KH, Nagata Y, et al. ErbB2 promotes Src syn-
thesis and stability: novel mechanisms of Src activation that confer breast 
cancer metastasis. Cancer Res. 2005;65:1858–67.

	51.	 Elsberger B, Fullerton R, Zino S, Jordan F, Mitchell TJ, Brunton VG, et al. 
Breast cancer patients’ clinical outcome measures are associated with Src 
kinase family member expression. Br J Cancer. 2010;103:899–909.

	52.	 Jallal H, Valentino ML, Chen G, Boschelli F, Ali S, Rabbani SA. A Src/Abl 
kinase inhibitor, SKI-606, blocks breast cancer invasion, growth, and 
metastasis in vitro and in vivo. Cancer Res. 2007;67:1580–8.

	53.	 Nautiyal J, Majumder P, Patel BB, Lee FY, Majumdar AP. Src inhibitor dasat-
inib inhibits growth of breast cancer cells by modulating EGFR signaling. 
Cancer Lett. 2009;283:143–51.

	54.	 Sánchez-Bailón MP, Calcabrini A, Gómez-Domínguez D, Morte B, Martín-
Forero E, Gómez-López G, et al. Src kinases catalytic activity regulates 
proliferation, migration and invasiveness of MDA-MB-231 breast cancer 
cells. Cell Signal. 2012;24:1276–86.

	55.	 Yang Y, Karakhanova S, Hartwig W, D’Haese JG, Philippov PP, Werner J, 
et al. Mitochondria and mitochondrial ROS in Cancer: novel targets for 
anticancer therapy. J Cell Physiol. 2016;231:2570–81.

	56.	 Mukhopadhyay A, Basu S, Singha S, Patra HK. Inner-view of nanomaterial 
incited protein conformational changes: insights into designable interac-
tion. Research (Wash D C). 2018;2018:9712832.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Superbinder based phosphoproteomic landscape revealed PRKCD_pY313 mediates the activation of Src and p38 MAPK to promote TNBC progression
	Abstract 
	Introduction
	Materials and methods
	Sample source and preparations
	Phosphopeptides enrichment and MS analysis
	Cell lines and cell culture conditions
	Lentivirus-mediated gene knockdown, overexpression and mutation
	Protein extraction and western blot analysis
	Cell proliferation and apoptosis assay
	Wound healing assay
	Cell invasion assay
	Subcutaneous xenograft model
	Immunohistochemistry (IHC) analysis
	Dihydroethidium (DHE) probe labeling
	Mito-tracker redgreen probe labeling
	Ethics statement
	Software and statistical analysis

	Results
	The enrichment of phosphorylated Tyr peptides by Superbinder and SerThr enrichment by TiO2 columns
	PRKCD_pY313 expressed high in TNBC tissues and cells
	PRKCD_pY313 accelerates the malignant biological behaviors of TNBC
	PRKCD_pY313 affects Src and p38 MAPK activity
	PRKCD_pY313 regulates ROS and MMP level

	Discussion
	Acknowledgements
	References


