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underlying CRC metastasis to develop effective therapeu-
tic strategies.

The metastasis of CRC involves a complex interplay 
of cellular processes, with epithelial-to-mesenchymal 
transition (EMT) emerging as a pivotal driver of tumor 
progression, invasion, and therapeutic resistance [5]. 
EMT is characterized by the loss of epithelial character-
istics and acquisition of mesenchymal traits, which con-
fer increased migratory and invasive capacities to cancer 
cells [6]. Transforming Growth Factor Beta (TGF-β) sig-
naling is a major inducer of EMT. Aberrations in TGF-β 
signaling, including overexpression of key receptors like 
Tgfbr1 and activation of downstream Smad pathways, 
have been closely linked to CRC metastasis​​ [7–9]. Inhib-
iting the abnormal activation of the TGF-β signaling 
pathway may be an effective strategy to suppress colorec-
tal cancer metastasis [10, 11]. 

Background
Colorectal cancer (CRC) is the third most diagnosed 
cancer and a leading cause of cancer-related deaths 
worldwide, accounting for significant global health bur-
dens. While advancements in early detection and treat-
ment have improved survival rates, the prognosis for 
metastatic CRC (mCRC), particularly those with liver 
and lung metastases, remains poor, with five-year sur-
vival rates below 15%​​ [1–4]. This underscores the criti-
cal need to better understand the molecular mechanisms 
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Protein kinase C iota (Prkci) is an atypical serine/
threonine protein kinase that plays a significant role in 
the development and progression of various malignan-
cies. Studies have shown that Prkci is overexpressed in 
multiple cancers, including osteosarcoma, pancreatic 
cancer, and cervical cancer, and its high expression is 
closely associated with enhanced proliferation, invasion, 
metastasis of tumor cells, and poor prognosis in patients, 
For instance, in osteosarcoma, Prkci regulates the Akt/
mTOR pathway to enhance tumor cell proliferation and 
metastasis​; in pancreatic cancer, it synergizes with RIPK2 
to potentiate multiple signaling pathways, driving tumor 
aggressiveness and liver metastasis​; and in cervical can-
cer, Prkci reduces radiosensitivity by modulating the 
Hedgehog/GLI1 pathway​ [12–23]. These features posi-
tion Prkci as a promising therapeutic target, where its 
inhibition could effectively curb malignant progression 
and enhance the efficacy of existing cancer treatments. 
However, the role of Prkci in colorectal cancer metastasis 
remains unexplored. Elucidating its function in colorectal 
cancer metastasis may provide insights for improving the 
prognosis of patients with metastatic colorectal cancer.

Here, we revealed that Prkci was significantly upregu-
lated in metastatic CRC tissues compared to primary 
tumors, suggesting a pivotal role in promoting meta-
static dissemination. Mechanistically, we demonstrated 
that Prkci phosphorylated and stabilized Tgfbr1, a key 
receptor in the TGF-β signaling pathway. Phosphorylated 
Tgfbr1 stabilization prevented its proteasomal degra-
dation. Both in vitro and in vivo models confirmed that 
Prkci promoted the migratory and invasive capacities 
of CRC cells, while its inhibition significantly reduced 
metastasis to vital organs such as the liver and lungs. 
These findings positioned Prkci as a promising therapeu-
tic target for suppressing CRC metastasis and improving 
clinical outcomes for mCRC patients.

Methods
Cell lines and culture
SW48 and LoVo cell lines were purchased from Ameri-
can Type Culture Collection. LoVo cells were cultured 
with F-12  K Medium, while SW48 cells were bought 
from L-15 Medium. All mediums were added with fetal 
bovine serum to a final concentration of 10%. Cells were 
maintained at 37 °C in 95% Air, 5% CO2 (LoVo) or 100% 
Air (SW48).

Cell lines construction
For Prkci knock-out cell lines, sgRNA-Prkci was cloned 
into pSpCas9(BB)-2  A-Puro (PX459) V2.0 (62988, Add-
gene) and transfected into cells. After transfection, the 
cells were selected with puromycin (2  µg/ml) for one 
week, followed by single-clone culture. Gene sequencing 
and Western blot analysis were performed to determine 

whether the KO cell line was successfully established. 
For the construction of the Prkci overexpression cell line, 
cDNA-Prkci was cloned into pLKO_AS3w. The lentivirus 
was produced using the three-plasmid packaging system 
consisting of MD2-G, PAX, and pLKO-AS3W. The gen-
erated lentivirus was used to infect tumor cells, and after 
three days, puromycin (2  µg/ml) selection was applied 
until all control cells were eliminated. qPCR and West-
ern blot analysis were performed to confirm the success-
ful establishment of the overexpression cell line. For the 
construction of the knockdown cell line, the three-plas-
mid packaging system consisting of MD2-G, PAX, and 
pLKO.1 was used. The subsequent procedures were simi-
lar with those used for the overexpression cell line. The 
sequences of sgRNA-Prkci: 5-​T​T​A​A​A​T​T​A​T​C​T​T​C​A​T​G​A​
G​C​G-3; 5-​T​A​A​A​T​T​A​T​C​T​T​C​A​T​G​A​G​C​G​A-3; 5-​C​A​C​T​G​
A​C​T​A​C​G​G​C​A​T​G​T​G​T​A-3; sgRNA-Tgfbr1: 5-​T​G​G​C​A​G​
A​A​A​C​A​C​T​G​T​A​A​C​G​C-3; 5-​A​A​T​T​G​T​C​T​T​T​T​G​T​A​C​A​G​
A​G​G-3; 5-​T​A​A​A​A​T​T​G​T​C​T​T​T​T​G​T​A​C​A​G-3; shTgfbr1: 
5- ​C​A​C​A​A​C​A​G​C​A​T​G​T​G​T​A​T​A​G​C​T-3; 5- ​A​A​T​G​T​T​G​G​
T​A​T​G​C​C​A​A​T​G​G​A-3; 5- ​C​A​G​T​A​A​G​T​G​C​C​A​C​T​T​C​T​G​
T​G​T-3;

Construction of point mutant plasmid
The point mutant plasmids were constructed using Mut 
Express MultiS Fast Mutagenesis Kit V2 (C215, Vazyme).

Antibodies and reagents
Antibodies for Prkci (66493, proteintech), β-actin 
(ab8226, abcam), pan Phospho-Serine/Threonine 
(AP1475, Abclonal), HA-tag (66006, proteintech), His-
tag (66005, proteintech), Flag-tag (66008, proteintech), 
Tgfbr1 (30117, proteintech), Tgfbr2 (66636, proteintech), 
p-Smad2 (80427, proteintech), Smad2 (67343, protein-
tech), p-Smad3 (ab63403, Abcam), Anti-Ubiquitin K11 
linkage Antibody (2A3/2E6, sigma), Smad3 (ab208182, 
Abcam), and Smad4 (ab40759, Abcam) were bought 
from identified companies. PF-06952229 (HY-136244) 
was bought from MedChemExpress company.

Immunohistochemistry (IHC)
After deparaffinization and rehydration, antigen retrieval 
was performed, and nonspecific binding was blocked 
with a blocking solution. The sections were incubated 
with the primary antibody overnight, followed by sec-
ondary antibody incubation at room temperature. The 
color reaction was developed, sections were counter-
stained with hematoxylin, dehydrated, and mounted. 
Finally, the results were observed and analyzed under a 
microscope. Immunohistochemistry scoring was per-
formed by selecting representative fields under a micro-
scope, scoring staining intensity (0 for no staining, 1 for 
weak, 2 for moderate, and 3 for strong), and evaluating 
the percentage of positive cells (0 for none, 1 for ≤ 10%, 2 
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for 11-50%, 3 for 51-80%, and 4 for > 80%). The total score 
(0–12) was calculated by multiplying the two scores, and 
results were classified into low (0–7) or high [8–12] cat-
egories based on the total score.

Immunoblotting (IB) and immunoprecipitation (IP)
For immunoblotting, proteins were extracted, quanti-
fied, denatured, and separated by SDS-PAGE, followed 
by transfer to a PVDF membrane (162–0177, Bio-Rad). 
After blocking, the membrane was incubated with pri-
mary and secondary antibodies, and target proteins were 
detected using chemiluminescence. For immunoprecipi-
tation, protein lysates were incubated with a target-spe-
cific antibody and Protein A/G beads (HY-K0202, MCE), 
followed by washing and elution. The eluted proteins 
were analyzed by immunoblotting to confirm the pres-
ence of the target protein.

Trans-well assay
In a trans-well assay, cells were suspended in serum-free 
medium and seeded into the upper chamber of a trans-
well insert (3422, Corning), while the lower chamber 
contained complete medium. For invasion assays, the 
insert was pre-coated with Matrigel (356230, Corning). 
After incubation at 37 °C for 12–16 h, non-migrated cells 
were removed from the upper surface, and migrated cells 
on the lower surface were fixed, stained, and visualized 
under a microscope for quantification.

Wound healing assay
In a wound healing assay, cells were grown to conflu-
ence in a 6-well plate, and a straight scratch was made in 
the monolayer using a sterile pipette tip. Detached cells 
were washed away with PBS. Serum-free medium and 
5-fluouracil (HY-90006, MCE) were added to minimize 
cell proliferation. The plate was incubated at 37  °C, and 
images of the wound were captured at 0  h and subse-
quent time points. The wound area was measured over 
time to evaluate cell migration rates.

Flow cytometry
Incubate Tgfbr1 WT, T47A, and T47E cells with Tgfbr1 
antibody at room temperature for 2  h, followed by 
incubation with FITC-conjugated secondary antibody 
at room temperature for another 2  h. Then, analyze 
the FITC fluorescence intensity of the cells using flow 
cytometry.

Real-time PCR
Total RNA was extracted from cells or tissues, and its 
concentration and purity were measured. RNA was 
reverse transcribed into cDNA using reverse transcrip-
tase. The reaction mix (RK21203, ABclonal), including 
cDNA, SYBR Green, and specific primers, was subjected 

to real-time PCR with fluorescence detection. The fol-
lowed primers were listed as followed: Prkci F: 5-​A​G​G​T​
C​C​G​G​G​T​G​A​A​A​G​C​C​T​A-3, Prkci R: 5-​T​G​A​A​G​A​G​C​T​G​
T​T​C​G​T​T​G​T​C​A​A​A-3; Snail F: 5- ​T​C​G​G​A​A​G​C​C​T​A​A​C​T​
A​C​A​G​C​G​A-3, Snail R: 5-​A​G​A​T​G​A​G​C​A​T​T​G​G​C​A​G​C​G​
A​G-3; Vimentin F: 5-​G​A​C​G​C​C​A​T​C​A​A​C​A​C​C​G​A​G​T​T-3, 
Vimentin R: 5- ​C​T​T​T​G​T​C​G​T​T​G​G​T​T​A​G​C​T​G​G​T-3; 
N-cad F: 5-​T​C​A​G​G​C​G​T​C​T​G​T​A​G​A​G​G​C​T​T-3, N-cad R: 
5-​A​T​G​C​A​C​A​T​C​C​T​T​C​G​A​T​A​A​G​A​C​T​G-3; ZO-1  F: 5- ​C​
A​A​C​A​T​A​C​A​G​T​G​A​C​G​C​T​T​C​A​C​A-3, ZO-1 R: 5- ​C​A​C​T​
A​T​T​G​A​C​G​T​T​T​C​C​C​C​A​C​T​C-3; E-cad F: 5-​C​G​A​G​A​G​C​T​
A​C​A​C​G​T​T​C​A​C​G​G-3, E-cad R: 5-​G​G​G​T​G​T​C​G​A​G​G​G​A​
A​A​A​A​T​A​G​G-3.

Mice experiment assays
Cancer cells were cultured and harvested at 70–80% 
confluence. A single-cell suspension was prepared in 
sterile PBS at a concentration of 1–4 × 106 cells/mL. For 
the lung metastasis model, cells in 100 µL of PBS were 
injected into the lateral tail vein of 8-week-old BALB/c 
nude mice (GemPharmatech). Mice were monitored 
daily for signs of distress or weight loss. For the liver 
metastasis model, cells in 100 µL of PBS were injected 
into the spleen of mice under anesthesia. To prevent 
further tumor dissemination from the spleen, a splenec-
tomy was performed immediately following the injec-
tion. Mice were monitored postoperatively for recovery 
and disease progression. At the experimental endpoint, 
mice were euthanized via CO2​ inhalation. Lungs and liv-
ers were harvested, rinsed in PBS, and fixed in 4% neu-
tral buffered formalin for histological analysis. Metastatic 
nodules were quantified macroscopically, and tissues 
were embedded in paraffin for further examination using 
hematoxylin and eosin staining.

Statistical analysis
All single cell sequencing databases and RNA sequenc-
ing databases were downloaded from ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​
b​i​.​n​l​m​.​n​i​h​.​g​o​v​/. For scRNA-seq analysis, we employed 
standard clustering algorithms based on gene expression 
similarity. For the parameter settings, we used a resolu-
tion of 0.6, which helps achieve finer cell cluster separa-
tion while ensuring the accuracy and consistency of the 
tumor cell clusters. The cells annotation markers can be 
found in the referenced literature [24]. GESA analysis 
was performed using GSEA 4.3.3 software. Statistical 
analysis was performed using GraphPad Prism 9, with 
results presented as mean ± standard deviation (SD). For 
comparisons between two groups, an unpaired t-test was 
applied for normally distributed data, while the Mann-
Whitney U test was used for non-normally distributed 
data. A p-value below 0.05 was considered statistically 
significant, with levels of significance denoted as: p < 0.05 
(*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Results
Prkci might function as a pro-metastatic factor
In order to investigate the role of Prkci in colorectal can-
cer and its potential involvement in metastasis, we firstly 
analyzed single-cell RNA sequencing of GSE110009 
dataset, in which contained colon primary and liver 
metastasis tumor [24]. t-SNE plots from single-cell RNA 
sequencing data demonstrated the distribution of various 

cell types within the tumor microenvironment (Fig. 1A). 
We used the markers CDH1, EPCAM and CEACAM6 
to identify tumor cells (Figure S1A). Cell distribution in 
the primary and metastases was shown in Fig. 1B. Next, 
we compared the gene expression of cancer cells from 
primary and liver metastasis. Interestingly, Prkci was 
significantly upregulated in liver metastasis cancer cells 
(Fig. 1C and Figure S1B). Considering that Prkci has been 

Fig. 1  Prkci was significantly upregulated in metastatic colorectal cancer tissues compared to primary tumors. (A) t-SNE plot from GSE110009 dataset 
showed the distribution of different cell types, including cancer cells, fibroblasts, and immune cells in colorectal primary and liver metastatic cancer 
samples. (B) t-SNE plot highlighted the segregation of primary tumor cells (red) and metastatic tumor cells (blue). (C) The violin plot showed the expres-
sion levels of Prkci in primary tumors and liver metastases. (D) 19 pairs of colorectal primary and liver metastasis tumor samples were collected for IHC 
assays. Representative IHC images showed Prkci staining in primary and liver metastatic tissues. (E-F) The scatter plot showed the IHC scores of Prkci in 
primary tumors and metastases. (G) 14 pairs of colorectal primary and liver metastasis tumor samples were collected for western blot assays. Western blot 
analysis showed the expression level of Prkci in liver metastatic tissues (L) and paired primary tissues (P). (H) The scatter plot showed the expression levels 
of Prkci in tumor tissues and normal tissues in the TCGA-COAD (Colon Adenocarcinoma) dataset. Each western blot assay was performed in triplicate, 
yielding consistent results. Statistical analysis was conducted using Student’s t-test
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established as an oncogene in osteosarcoma, pancreatic 
cancer, and cervical cancer, with limited studies address-
ing its role in colorectal cancer (CRC) metastasis, we 
further aimed to elucidate the functional implications of 
Prkci in CRC progression and metastatic potential. We 
then collected 19 pairs of colorectal primary and liver 
metastasis tumor samples. IHC analysis revealed a sig-
nificant upregulation of Prkci in liver metastatic tissues 
compared to primary tumor tissues (Fig. 1D-F). Western 
blot analysis of 14 paired primary and liver metastatic tis-
sues further validated that Prkci expression was higher 
in liver metastatic samples compared to their matched 
primary counterparts (Fig.  1G). This upregulation was 
further confirmed by TNMplot database, which showed 
stronger Prkci staining in liver metastatic samples com-
pared to primary tumors (Figure S2A) [25]. We next 
compared Prkci levels in tumor versus normal tissues 
using TCGA database. Tumor tissues displayed a signifi-
cantly elevated expression of Prkci compared to normal 
tissues (Fig. 1H), reinforcing the potential oncogenic role 
of Prkci in CRC. Consistently, Prkci was also upregulated 
in other kinds of tumor compared normal tissues (Figure 
S2B). Kaplan-Meier analysis revealed that patients with 
high Prkci expression had significantly reduced over-
all survival (OS) compared to those with low expression 
(Figure S2C). These results collectively suggested that 
Prkci was upregulated in CRC, particularly in metastatic 
lesions, implying its possible role as a pro-metastatic fac-
tor in colorectal cancer.

Prkci positively promoted migration and invasion in 
colorectal cancer cells
To further understand the functional role of Prkci in pro-
moting colorectal cancer cell metastasis, we firstly con-
ducted gain-of-function studies by overexpressing Prkci 
in SW48 and LoVo cell lines. Western blot analysis con-
firmed successful overexpression of HA-tagged Prkci in 
SW48 and LoVo cells (Fig.  2A). Trans-well assays were 
performed to analyze the migration and invasion ability 
of colorectal cancer cell ectopically expressing Vector or 
Prkci. Results indicated that Prkci overexpression sig-
nificantly enhanced both migratory and invasive capaci-
ties of SW48 and LoVo cells compared to vector controls 
(Fig.  2B and C). Wound healing assay confirmed that 
Prkci-overexpressing cells demonstrated a faster clo-
sure of the wound gap in both SW48 and LoVo cell lines, 
indicating enhanced migratory abilities (Fig.  2D and E). 
Given the observed increase in migratory and invasive 
behaviors, we next examined whether Prkci overex-
pression induced epithelial-to-mesenchymal transition 
(EMT), a critical process in cancer metastasis. Western 
blot analysis showed that Prkci overexpression led to the 
downregulation of epithelial marker E-cadherin/ZO-1 
and upregulation of mesenchymal markers N-cadherin/

vimentin (Fig.  2F). Quantitative PCR analysis revealed 
that mRNA levels of EMT-related transcription factors, 
such as Snail, Vimentin and N-cadherin, were signifi-
cantly increased in Prkci-overexpressing cells, while the 
expression of epithelial markers E-cadherin and ZO-1 
was significantly decreased (Fig. 2G).

Subsequently, we performed loss-of-function experi-
ments by knocking out Prkci in SW48 and LoVo cell lines. 
Western blotting confirmed Prkci knockout (Fig. 3A), and 
Trans-well assays showed significantly reduced migration 
and invasion in Prkci-knockout cells compared to con-
trols (Fig.  3B and C). Prkci knockout impaired wound 
closure, indicating reduced migratory ability (Fig.  3D 
and E). Prkci knockout increased E-cadherin/ZO-1 and 
decreased N-cadherin/vimentin, suggesting EMT rever-
sal (Fig. 3F and G). Furthermore, we re-expressed Prkci in 
Prkci knockout cells and found that Prkci re-expression 
could reverse the decreased cell migration and invasion 
abilities caused by PRKCI knockout using CRISPR-Cas9 
technology (Figure S3A-C). In summary, Prkci posi-
tively significantly promoted migration and invasion and 
induced the mesenchymal-to-epithelial transition in 
colorectal cancer cells.

Prkci enhanced metastatic signaling via activation of the 
TGF-β pathway
To explore the detailed mechanism of Prkci-mediated 
tumor metastasis, we firstly conducted Gene Set Enrich-
ment Analysis (GSEA) using multiple colorectal cancer 
GEO datasets. GSEA for single-cell RNA sequencing 
of Fig.  1A revealed that TGF-β signaling was enriched 
in metastatic samples compared to primary tumors 
(Fig.  4A). Meanwhile, GSEA performed on other mul-
tiple datasets showed a significant enrichment of TGF-
β signaling in colorectal tumor samples with high Prkci 
expression (Figure S2A) [26–29]. These findings indi-
cated a potential link between Prkci and TGF-β sig-
naling in promoting metastasis. Western blot further 
demonstrated that Prkci positively promoted activation 
of the TGF-β pathway (Fig. 4B and figure S2B). Interest-
ingly, Prkci could positively regulate the expression of 
Tgfbr1, a key receptor and initiator of the TGF-β signal-
ing pathway. To validate whether Tgfbr1 was essential 
for Prkci-mediated TGF-β signaling pathway activation, 
we treated Prkci cells with PF-06952229, a TGF-β recep-
tor inhibitor. PF-06952229 application reduced Smad2 
and Smad3 phosphorylation in Prkci cells (Figure 
S2C). Also, knockdown of Tgfbr1 in Prkci cells reduced 
Smad2 phosphorylation, suggesting that Prkci required 
Tgfbr1 to activate TGF-β signaling (Fig.  4C). Mean-
while, Prkci re-expression could reverse the decreased 
TGF-β pathway activation caused by PRKCI knockout 
using CRISPR-Cas9 technology (Figure S4D). Next, we 
investigated how Prkci regulated Tgfbr1 expression. We 
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Fig. 2  Overexpression of Prkci promoted migration, invasion, and EMT in colorectal cancer cells. (A) Western blot analysis showed the expression level 
of Prkci in designated cell lines. (B) The representative results of Trans-well assays using designated cell lines. (C) Quantification of Trans-well assay results 
from Fig. 2B. (D) The representative results of Wound healing assays using designated cell lines. (E) Quantitative analysis of wound healing assays from 
Fig. 2D. (F) Western blot analysis showed the expression level of target proteins in designated cell lines. (G) Quantitative RT-PCR analysis showed the ex-
pression level of target mRNAs in designated cell lines. Each western blot assay was performed in triplicate, yielding consistent results. Statistical analysis 
was conducted using Student’s t-test
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Fig. 3 (See legend on next page.)
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firstly detected the mRNA level of Tgfbr1 after interfer-
ing with Prkci expression. RT-PCR analysis revealed 
that Prkci overexpression or knockout did not alter the 
mRNA levels of Tgfbr1, suggesting that Prkci regulated 
Tgfbr1 post-transcriptionally (Figure S5A). Consider-
ing that lysosomes and proteasomes were the two most 
main pathways for protein degradation, we used MG132, 
a proteasome inhibitor, or chloroquine (CQ), a lysosome 
inhibitor, to treat KO-NC and KO-Prkci cells. MG132 
abrogated Prkci knockout-mediated Tgfbr1 expres-
sion repression, while chloroquine (CQ) treatment had 
no this effect, suggesting Prkci stabilizes Tgfbr1 by pre-
venting its proteasomal degradation (Fig.  4D). Next, we 
transfected his-ubiquitin plasmid into identified SW48 
cells and MG132 was applied to inhibit the degrada-
tion of endogenous Tgfbr1. Immunoprecipitation and 
Western blotting assays were conducted to detect the 
poly-ubiquitin level of Tgfbr1. Results showed that Prkci 
overexpression significantly inhibited the poly-ubiquitin 
level of Tgfbr1, while Prkci knockout obviously upregu-
lated the poly-ubiquitin level of Tgfbr1 (Fig.  4E and F). 
Next, we explored the specific type of ubiquitin linkage 
through which Prkci regulates Tgfbr1. To this end, we 
created a series of ubiquitin mutants, mutating one lysine 
(K) to arginine (R) while keeping the other lysine residues 
unchanged. Immunoprecipitation and Western blotting 
assays showed that only K11R mutant ubiquitin could 
abolish Prkci-mediated Tgfbr1 ubiquitination (Fig.  4G 
and Figure S5B). Also, we used anti-ubiquitin K11 link-
age antibody to detect K11 ubiquitin chains, and results 
showed that Prkci can regulate the K11-linked ubiquiti-
nation of Tgfbr1 (Fig.  4H). Collectively, Prkci positively 
regulated TGF-β signaling via inhibiting the K11-linked 
ubiquitin of Tgfbr1.

Prkci stabilized and enhanced phosphorylation of Tgfbr1
To further investigate how Prkci regulated Tgfbr1 expres-
sion, we firstly conducted co-immunoprecipitation 
assays. Results showed that there was a physical interac-
tion between Prkci and Tgfbr1 (Fig. 5A). Considering that 
Prkci was a serine/ threonine-protein kinase, we assumed 
that Prkci might phosphorylated Tgfbr1. Of note, we also 
observed an increase in the phosphorylation of Tgfbr1 
in cells overexpressing Prkci, while the phosphoryla-
tion level of Tgfbr1 was reduced in Prkci-knockout 
cells (Fig. 5B and C). To determine the region of Tgfbr1 
responsible for interaction with Prkci, we constructed 

two segmented plasmids according to the GS domain 
and kinase domain (Fig. 5D). Co-IP assays confirmed that 
Prkci interacted with the 1-174 aa of Tgfbr1 (Fig. 5E and 
figure S5C). After browsing the PhosphoSitePlus data-
base, we found that there were four potential phosphor-
ylation of serine/ threonine. We individually replaced 
these amino acids with alanine (A) to mimic phosphor-
ylation-deficient mutations. Western blots revealed that 
the T47A mutation disrupted Prkci-mediated phos-
phorylation of Tgfbr1. This indicated that Prkci phos-
phorylated Tgfbr1 at threonine 47 (Fig.  5F). Sequence 
alignment analysis across species demonstrated that the 
Tgfbr1 phosphorylation site (highlighted in red) was con-
served, suggesting an evolutionary importance in TGF-β 
signaling (Fig. 5G).

Subsequently, we detected the functional impact of 
T47 phosphorylation sites on Tgfbr1. We firstly con-
structed SW48 cells stably separately expressing Tgfbr1 
T47A, Tgfbr1 WT, and T47E (phosphorylation-mimetic) 
mutant using Tgfbr1 knock-out cell (Figure S5D, S5E). 
Western blot analysis revealed that Tgfbr1 T47A had 
higher poly-ubiquitin level than Tgfbr1 WT, while Tgfbr1 
T47E had lower poly-ubiquitin level than Tgfbr1 WT, 
suggesting Tgfbr1 T47 phosphorylation blocked its poly-
ubiquitin (Fig.  5H). Meanwhile, Cells expressing Tgfbr1 
T47A mutation showed reduced levels of phosphorylated 
Smad2 compared to wild-type cells. Additionally, T47A 
cells had decreased expression of mesenchymal mark-
ers and increased expression of the epithelial markers, 
while the T47E mutation enhanced mesenchymal mark-
ers and reduced E-cadherin levels, suggesting that T47 
phosphorylation promoted EMT (Fig.  5I and J). Trans-
well assays revealed that the T47A mutation significantly 
reduced migration and invasion compared to WT, while 
the T47E mutation enhanced these abilities, aligning with 
the effects of these mutations on EMT marker expression 
(Fig.  5K and L). In summary, these results showed that 
Prkci interacted with Tgfbr1, enhanced its phosphory-
lation at T47, and T47 phosphorylation of Tgfbr1 was 
critical for promoting EMT and enhancing migration and 
invasion in colorectal cancer cells.

Tgfbr1 T47 phosphorylation was an essential thing for 
Prkci-mediated TGF-β pathway activation
To further reveal the relationship between Prkci and 
TGF-β pathway, we firstly constructed SW48 cell lines 
stably expressing Vector + Tgfbr1 WT, Prkci + Tgfbr1 

(See figure on previous page.)
Fig. 3  Knockout of Prkci inhibited migration, invasion, and EMT in colorectal cancer cells. (A) Western blot analysis showed the expression level of Prkci 
in designated cell lines. (B) The representative results of Trans-well assays using designated cell lines. (C) Quantification of Trans-well assay results from 
Fig. 3B. (D) The representative results of Wound healing assays using designated cell lines. (E) Quantitative analysis of wound healing assays from Fig. 3D. 
(F) Western blot analysis showed the expression level of target proteins in designated cell lines. (G) Quantitative RT-PCR analysis showed the expression 
level of target mRNAs in designated cell lines. Each western blot assay was performed in triplicate, yielding consistent results. Statistical analysis was 
conducted using Student’s t-test. Each western blot assay was performed in triplicate, yielding consistent results. Statistical analysis was conducted using 
Student’s t-test
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Fig. 4  Prkci promoted metastatic signaling by activating the TGF-β pathway. (A) Gene Set Enrichment Analysis (GSEA) of single-cell RNA sequencing 
data revealed enrichment of TGF-β signaling in metastatic colorectal cancer samples compared to primary tumors. (B, C) Western blot analysis showed 
the expression level of target proteins in the designated cell lines. (D) MG132 and CQ were applied to treat the designated cell lines. Western blot showed 
the expression level of target proteins. (E, F) His-ubiquitin plasmids were transfected into the designated cell lines. MG132 was used to the degradation 
of endogenous Tgfbr1. Immunoprecipitation and Western blotting assays showed the ploy-ubiquitination level of Tgfbr1. (G) SW48 cells were transfected 
with K11R His-ubiquitin plasmids. IP and IB analysis to show the poly-ubiquitination of Tgfbr1 in KO-NC or KO-Prkci cells. (H) IP and IB analysis to show the 
K11-polyubiquitination of Tgfbr1 in KO-NC or KO-Prkci cells using anti-ubiquitin K11 linkage antibody. Each western blot assay was performed in triplicate, 
yielding consistent results. Each western blot assay was performed in triplicate, yielding consistent results

 



Page 10 of 15Li et al. Cell Communication and Signaling          (2025) 23:230 

Fig. 5 (See legend on next page.)
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WT or Prkci + Tgfbr1 T47A. Western blotting assays 
showed that Prkci overexpression significantly acti-
vated TGF-β pathway, decreased epithelial markers, and 
increased mesenchymal markers in Tgfbr1 WT cells, but 
not Tgfbr1 T47A cells (Fig. 6A and B). Also, Trans-well 
assays revealed that the Prkci overexpression obviously 
promoted migration and invasion in Tgfbr1 WT cells, 
but not Tgfbr1 T47A cells (Fig. 6C and D). Next, we gen-
erated SW48 cell lines stably expressing KO-NC + Vector, 
KO-Prkci + Vector or KO-Prkci + Tgfbr1 T47E. West-
ern blotting assays demonstrated that Prkci knock-out 
markedly inhibited the activation of the TGF-β pathway, 
upregulated epithelial markers, and downregulated mes-
enchymal markers in Tgfbr1 WT cells, whereas these 
effects were not observed in Tgfbr1 T47E cells (Fig.  6E 
and F). Additionally, Transwell assays indicated that Prkci 
knock-out significantly abrogated migration and invasion 
in Tgfbr1 WT cells but had no such effect in Tgfbr1 T47E 
cells (Fig.  6G and H). Collectively, our results revealed 
that Prkci-mediated TGF-β pathway activation relied on 
Tgfbr1 T47 phosphorylation.

Targeting Prkci significantly inhibited colorectal cancer 
metastasis in vivo
To evaluate the effect of Prkci on metastasis and survival 
in vivo, we utilized a mouse model with Prkci knockout 
SW48 cancer cells. For the lung metastasis model, can-
cer cells were injected into the tail vein, allowing them to 
circulate and colonize in the lungs [30]. After 2 months, 
all mice were sacrificed, and lungs were isolated. Repre-
sentative images of lung tissues collected from the KO-
ctl, KO-Prkci#1, and KO-Prkci#2 groups showed visible 
metastatic nodules (Fig. 7A). Quantification of lung met-
astatic nodules revealed a significant reduction in both 
KO-Prkci#1 and KO-Prkci#2 groups compared to the 
KO-ctl group (Fig.  7B). Additionally, the lung weights 
of KO-Prkci mice were significantly lower than those of 
controls, indicating a reduced metastatic burden in the 
lungs (Fig. 7C). Survival analysis was conducted to assess 
the impact of Prkci knockout on lifespan in the context 
of lung metastasis. Kaplan-Meier survival curves showed 
that KO-Prkci mice had a significantly prolonged survival 
compared to KO-ctl mice, with both KO-Prkci#1 and 

KO-Prkci#2 groups exhibiting extended survival times 
(Fig. 7D).

In the liver metastasis model, cancer cells were injected 
into the spleen to enable liver colonization [30]. After 2 
months, all mice were sacrificed and the mice livers were 
isolated and subjected to bioluminescent imaging, with 
representative results shown in Fig. 7F. Quantitative anal-
ysis confirmed significantly lower bioluminescent signal-
ing in KO-Prkci#1 and KO-Prkci#2 groups compared to 
KO-ctl, which mean that Prkci knock-out significantly 
inhibited colorectal cancer liver metastasis (Fig.  7G). 
Liver weights further corroborated the reduced tumor 
burden in KO-Prkci mice (Fig.  7H). Kaplan-Meier sur-
vival curves for the liver metastasis model demonstrated 
significantly prolonged survival in the KO-Prkci groups 
compared to controls (Fig.  7I). Immunohistochemi-
cal analysis of lung and liver tissues revealed decreased 
expression of Prkci, Tgfbr1, and p-Smad3 in KO-Prkci#1 
and KO-Prkci#2 groups compared to KO-ctl (Fig. 7E, J). 
These findings indicated that Prkci played a critical role 
in promoting lung and liver metastasis and activating the 
TGF-β/Smad3 pathway in vivo.

Discussion
The findings presented in this study establish a novel 
oncogenic role for Prkci in colorectal cancer (CRC) 
metastasis. Our results demonstrate that Prkci is signifi-
cantly upregulated in metastatic CRC tissues compared 
to primary tumors and normal tissues. Mechanistically, 
Prkci promotes metastasis by phosphorylating and sta-
bilizing Tgfbr1, thereby amplifying the TGF-β signaling 
cascade that drives epithelial-to-mesenchymal transition 
(EMT), tumor cell invasion, and dissemination. Impor-
tantly, we identified threonine 47 (T47) as a critical 
phosphorylation site on Tgfbr1 mediated by Prkci. This 
phosphorylation event stabilizes Tgfbr1 by reducing its 
polyubiquitination and subsequent proteasomal degra-
dation. In vivo models further validated the critical role 
of Prkci in CRC metastasis. Knockout of Prkci in CRC 
cells significantly reduced liver and lung metastasis and 
improved survival outcomes in mice, highlighting its 
potential as a therapeutic target.

Previous studies have highlighted the role of Prkci as an 
oncogene in various cancers through activating critical 

(See figure on previous page.)
Fig. 5  Prkci phosphorylated Tgfbr1 at threonine 47, promoting EMT and enhancing migration and invasion in colorectal cancer cells. (A) Co-immuno-
precipitation (Co-IP) assays revealed a physical interaction between Prkci and Tgfbr1 in SW48 and LoVo cell lines. (B, C) Immunoprecipitation and western 
blot analysis showed the phosphorylation level of serine/threonine residues on Tgfbr1 in the designated cell lines. (D) Schematic representation of Tgfbr1 
domains. (E) Co-IP confirmed the interaction between Prkci and the 1–174 region of Tgfbr1. (F) HA-Prkci and Flag-Tgfbr1 mutants were transfected into 
SW48 cells separately, Immunoprecipitation and western blot analysis showed the phosphorylation level of serine/threonine residues on Tgfbr1. (G) Se-
quence alignment across species revealed that the T47 site was evolutionarily conserved. (H) His-ubiquitin plasmids were transfected into the designated 
cell lines. MG132 was used to the degradation of Tgfbr1. Immunoprecipitation and western blot analysis showed the ploy-ubiquitination level of Tgfbr1 
in Tgfbr1 WT, T47A and T47E cells. (I, J) Western blot and RT-PCR analysis showed the expression level of target proteins/mRNAs. (K) The representative 
results of Trans-well assays using designated cell lines. (L) Quantification of Trans-well assay results from Fig. 5K. Each western blot assay was performed 
in triplicate, yielding consistent results. Statistical analysis was conducted using Student’s t-test
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Fig. 6  Prkci promoted migration, invasion, and EMT through Tgfbr1 phosphorylation at threonine 47. (A, B, E, F) Western blot and RT-PCR analysis showed 
the expression level of target proteins/mRNAs. (C, G) The representative results of Trans-well assays using designated cell lines. (D, H) Quantification of 
Trans-well assay results from Fig. 6C/6G. Each western blot assay was performed in triplicate, yielding consistent results. Statistical analysis was conducted 
using Student’s t-test
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Fig. 7 (See legend on next page.)
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oncogenic pathways such as YAP, PI3K/ATK, NFKB and 
P53 signaling [12, 13, 15, 19, 22]. However, in our study, 
we revealed that PRKCI can regulate tumor metastasis 
in colorectal cancer by modulating the TGFB1 signal-
ing pathway, further complementing previous research 
findings. Additionally, it is noteworthy that in a study on 
alveolar rhabdomyosarcoma, the authors used aurothio-
malate (ATM) to inhibit Prkci activity and demonstrated 
promising therapeutic effects [31]. This suggests a poten-
tial clinical strategy for targeted intervention in tumor 
metastasis.

The TGF-β signaling pathway is a well-established 
driver of EMT, facilitating the loss of epithelial markers 
such as E-cadherin and the gain of mesenchymal traits 
like N-cadherin and vimentin [6, 7, 11, 32]. Our results 
show that Prkci overexpression in CRC cells enhances 
EMT, while its inhibition reverses EMT, as evidenced 
by changes in marker expression and migratory/invasive 
behaviors. Our study provides a foundation for devel-
oping targeted therapies aimed at disrupting the Prkci-
Tgfbr1 axis. Such therapies could be used in combination 
with existing treatment modalities, including immune 
checkpoint inhibitors and chemotherapies, to improve 
outcomes in CRC patients. Although Tgfb-targeting 
monoclonal antibodies have shown promising results in 
some clinical trials, they remain controversial [33, 34]. 
The Prkci-Tgfbr1 signaling axis proposed in this study 
may provide an alternative approach for intervening in 
the TGFB1 signaling pathway.

Despite these promising findings, there are limitations 
to our study. First, the precise upstream regulators of 
Prkci in CRC remain to be identified. Second, the poten-
tial off-target effects of Prkci inhibition require further 
investigation to ensure clinical safety. Lastly, the applica-
bility of our findings to human patients needs validation 
through clinical studies and patient-derived models.

In conclusion, our study uncovers a critical role for 
Prkci in CRC metastasis by stabilizing and activating 
Tgfbr1, leading to enhanced TGF-β signaling and EMT. 
Targeting Prkci could provide a novel and effective strat-
egy for mitigating CRC metastasis and improving patient 
survival.
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