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Abstract
Head and neck squamous cell carcinoma (HNSCC) can be defined as a deadly illness with a dismal prognosis in advanced 
stages. Therefore, we seek to examine P4HA2 expression and effect in HNSCC, along with the underlying mechanisms. 
This study utilized integrated bioinformatics analyses to evaluate the P4HA2 expression pattern, prognostic implication, 
and probable function in HNSCC. The study conducted various in vitro experiments, including colony formation, CCK-8, 
flow cytometry, wound healing, and transwell assays, on the human HNSCC cell line CAL-27 to examine the involvement 
of P4HA2 in HNSCC progression. Moreover, western blotting was used to investigate epithelial-mesenchymal transition 
(EMT) markers and PI3K/AKT pathway markers to elucidate the underlying mechanisms. P4HA2 expression was signifi-
cantly enhanced in HNSCC, and its overexpression was correlated to tumor aggressiveness and a poor prognosis in patients. 
Based on in vitro experiments, the overexpressed P4HA2 enhanced cell proliferation, migration, invasion, as well as EMT 
while reducing apoptosis, whereas P4HA2 silencing exhibited the reverse effect. P4HA2 overexpression enhanced PI3K/
AKT phosphorylation in HNSCC cells. Moreover, LY294002 was observed to counteract the effects of upregulated P4HA2 
on proliferation, migration, invasion, and EMT in HNSCC. Collectively, we indicated that P4HA2 promoted HNSCC pro-
gression and EMT via PI3K/AKT signaling pathway.
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Introduction

Head and neck cancers, which encompass various cancers 
such as nasopharyngeal cancer, oral cancer, laryngeal can-
cer, and hypopharyngeal cancer, can manifest with diverse 
primary sites and pathological subtypes. Squamous cell 
carcinoma is the most common type of head and neck can-
cer, accounting for over 90% of cases [1]. Head and neck 
squamous cell carcinoma (HNSCC) is considered a widely 
occurring malignancy on a global scale, with an excess of 
800,000 incidences and over 350,000 mortalities annu-
ally [2]. HNSCC threats, to a great extent, not only human 
health but also their quality of life due to its elevated rates 
of primary-site recurrence and metastasis, as well as late-
stage diagnosis and poor prognosis [3]. Although surgical 
technology has improved dramatically, the use of radiation 
and chemotherapy has demonstrated enhanced management 
of local HNSCC control; these treatment options can lead 
to cosmetic deformity and functional impairment of vital 
functions [4]. The low overall 5-year survival rate that is 
shown in HNSCC patients can be attributed to the increased 
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treatment failure and recurrence rates, besides the nodal 
metastasis. Despite treatment, the five-year survival rate 
of patients having HNSCC persists at around 60% [5]. The 
onset and progression of HNSCC in humans may be deter-
mined by a variety of regulatory mechanisms, and elucidat-
ing the molecular targets underlying molecular mechanisms 
is critical for the prevention and treatment of HNSCC.

Numerous intricate processes are involved in the manu-
facture and deposition of collagen, and many post-transcrip-
tion modification proteins control these activities [6]. Prolyl 
4-hydroxylase subunit Alpha-2 (P4HA2), a crucial enzyme 
in collagen manufacture, is made up of two alpha and two 
beta subunits, which are identical to each other [7]. Accord-
ing to reports, P4HA2 causes extracellular matrix remod-
eling when the oxygen level is low [8]. P4HA2 was shown 
to accumulate in lung cancer cells that were methylated in 
the RASSF1A promoter and contributed to the acceleration 
of collagen deposition and in vivo metastatic dispersion 
[9]. According to Cao et al. [10], P4HA2 functions as an 
oncogenic agent by inducing EMT in cervical cancer cells, 
thereby enhancing their motility, invasion, and proliferation. 
Accumulating evidence has confirmed that P4HA2 overex-
pression in multiple cancers, including lung adenocarci-
noma, prostate cancer, glioma, and cervical cancer, has a 
correlation to patient prognosis [7, 11]. Kisoda et al. [12]. 
utilized bioinformatic data mining techniques to propose 
that P4HA2 served as a partial EMT (p-EMT) associated 
gene and exhibited a significant correlation with unfavorable 
survival outcomes in patients with HNSCC. Nevertheless, 
experimental verification is still lacking regarding the role of 
P4HA2 in HNSCC and its association with EMT.

We aimed to analyze the expression of P4HA2 in HNSCC 
and assess its diagnostic and prognostic value in patients 
with HNSCC, as well as elucidate the potential mechanism 
underlying the effect of P4HA2.

Materials and methods

Bioinformatic analysis

The RNA-seq gene expression data and clinical records were 
retrieved by accessing The Cancer Genome Atlas (TCGA) 
dataset (https:// portal. gdc. cancer. gov/), with extracting the 
data in the form of transcripts per million reads (TPM). The 
P4HA2 levels were investigated in 33 distinct human can-
cers, 504 HNSCC and 44 non-malignant tissues, as well as 
44 HNSCC and their corresponding non-cancerous tissues, 
utilizing the TCGA data. The receiver operator character-
istic (ROC) curve for diagnostic purposes was produced 
utilizing the pROC package in R. The survival package 
was used for performing proportional hazards hypothesis 
testing and fit survival regression, while the survminer and 

ggplot2 packages were used for visualizing the results. The 
correlation analysis was conducted using Spearman correla-
tion. Genes exhibiting strong positive or negative correlation 
coefficients with P4HA2 were identified and chosen. Utiliz-
ing the clusterProfiler package, enrichment studies for the 
Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), as well as Gene Set Enrichment Analysis 
(GSEA) were carried out. CancerSEA (http:// biocc. hrbmu. 
edu. cn/ Cance rSEA/) was accessed for the detection of the 
probable P4HA2 role in HNSCC [13].

Tissue samples

A total of 36 tissues from patients with HNSCC were col-
lected from Cancer Hospital & Shenzhen Hospital, Chinese 
Academy of Medical Sciences and Peking Union Medical 
College between May 2019 and June 2021. The normal con-
trol tissue was obtained as far as possible from the tumor. 
The Institutional Ethics Committee granted approval for con-
ducting this experiment, and each patient provided informed 
consent. After being surgically removed, the tissues were 
subjected to rapid liquid nitrogen freezing and subsequent 
storage at − 80 °C as soon as required for analysis.

Cell culture and reagents

The normal oral keratinocytes HOK cells obtained from 
Tongpai (Shanghai, China) and human HNSCC cell lines 
(CAL-27, FaDu, and HN4) acquired from the Ameri-
can Type Culture Collection (ATCC) were cultured in 
Dulbecco's modified Eagle's medium (DMEM; GIBCO, 
USA), supplemented with 10% fetal bovine serum (FBS; 
GIBCO, USA) and 1% penicillin–streptomycin (Beyotime, 
China), under a humidified atmosphere of 5%  CO2 at 37 °C. 
LY294002 (PI3K/AKT inhibitor) was ordered from MCE 
(Shanghai, China).

Lentiviral vectors and cell transfection

The target sequences were synthesized by Genechem 
(Shanghai, China), including two lentivirus-based short 
hairpin RNAs (shRNAs; shP4HA2#1 and shP4HA2#2), 
a lentiviral overexpression vector for P4HA2 and corre-
sponding controls. The shRNA sequences targeting P4HA2 
(shRNA#1 sequence: 5ʹ-GCA CAT GAC TGA CCT GAT 
TTA-3ʹ; shRNA#2 sequence: 5ʹ-GGG AAC TTC CAG GAA 
CCA AGT-3ʹ). In particular, cell culture was maintained in 
6-well plates (1 ×  105 cells/well) to a confluence of 20–30%. 
HiTransG P infection-enhancing solution was used for trans-
fecting Lentivirus into the cells at a 10 multiplicity of infec-
tion (MOI). Just after a 24-h period, the cells went through 
incubation in DMEM with 10% FBS and 2 μg/mL puromy-
cin supplements for 1 week, after which a selection process 
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was carried out. The extraction of RNA and protein was 
conducted to evaluate the transfection efficiencies.

Real‑time quantitative PCR (RT‑qPCR)

TRIzol reagent (Takara, Japan) was utilized for extracting 
the total RNA from the cells, which were then reversely 
transcripted to cDNA through PrimeScript™ RT reagent Kit 
(Takara, Japan). The RT-qPCR was applied through SYBR 
Green PCR Master Mix (Takara, Japan) following the proto-
cols. Using the  2−ΔΔCt method, the relative gene expressions 
were calculated, with normalization to GAPDH expression. 
Table 1 lists the RT-qPCR primer sequences.

Western blot analysis

The total cellular protein amount was evaluated via the BCA 
protein quantification kit (Beyotime, China) subsequent to 
their extraction with RIPA lysis buffer (Beyotime, China). 
Subsequently, the protein samples went through separation 
utilizing a 10% SDS–polyacrylamide gel (Beyotime, China). 
Following denaturation, the samples were subsequently 
transferred onto PVDF membranes (Bio-Rad, USA) which 
were then blocked with 5% skim milk and subjected to 4 °C 
overnight treatment with primary antibodies as follows: 
P4HA2 (1:1000, ab233197, Abcam); E-cadherin (1:1000, 
ab40772, Abcam); Vimentin (1:1000, ab92547, Abcam); 
N-cadherin (1:1000, ab18203, Abcam); PI3K (1:1000, 
ab302958, Abcam); p-PI3K (1:300, ab182651, Abcam); 
AKT (1:500, ab8933, Abcam); p-AKT (1:500, ab38449, 
Abcam); GADPH (1:1000, ab8245, Abcam). Following a 
1-h incubation in the presence of secondary antibodies, all 
bands were measured utilizing an enhanced chemilumines-
cence (ECL) system kit (Bio-Rad, USA). The protein levels 
of GAPDH were utilized as loading controls, and densi-
tometric analyses were conducted using ImageJ software. 
Relative quantification was performed after normalizing to 
the band intensities of GAPDH. A Mann–Whitney test was 
employed to evaluate the differences in protein expression 
between groups.

Cell proliferation assays

The Cell Counting Kit-8 (CCK-8) was utilized for determin-
ing cell proliferation viability. Cells were digested before 
being planted in 96-well plates (1000 cells/well). Cells were 
grown for 0, 24, 48, 72, and 96 h before being treated with 
CCK-8 (10 µl /well) and incubated for 1 h at 37 °C. Sub-
sequently, the absorbance measurement was conducted at 
450 nm utilizing a microplate reader.

A colony formation assay was utilized to evaluate the 
cell viability. The HNSCC cells were digested with 0.25% 
trypsin solution and seeded into a 6-well plate at a density 
of 500 cells/well. Following a two-week culturing period, 
the cells were fixed using a 4% paraformaldehyde solution. 
A 0.5% crystal violet solution was prepared by dissolving 
crystal violet in methanol, which was then diluted in PBS to 
a 0.1% solution. The discernible cell colonies within each 
well stained with a 0.1% crystal violet solution for 15 min 
to facilitate visualization and enumeration of the colonies.

Cell apoptosis assay

The process of flow cytometry was executed to examine 
apoptosis in accordance with standard protocols. Follow-
ing two washes with PBS, cellular apoptosis was assessed 
through flow cytometry (BECKMAN COULTER, USA) 
utilizing the Annexin V-FITC/PI apoptosis detection kit 
(Beyotime, China).

Transwell assay

Transwell assays were categorized into two distinct types, 
namely transwell migration and transwell invasion. For the 
experiment involving cell invasion was conducted utilizing 
24-well transwell invasion chambers, which were equipped 
with Matrigel-coated membranes (Corning, USA). In brief, 
3 ×  104 cells in a serum-free medium were introduced into 
the upper chambers while introducing 10% FBS media into 
the lower chamber. Following a 24-h incubation period, 
the cells penetrated the membrane filter were subjected to 
fixation, staining with 0.5% crystal violet, and subsequently 
counting through microscopic observation. To measure cell 
migration, a transwell chamber lacking Matrigel coating was 
employed. The cell migration assay was conducted similarly 
to that of the invasion assay.

Wound healing assay

Seeding of the CAL-27 cells was performed in 6-well plates 
with incubating for 24 h at 37 °C. The wounds were made 
by scraping the cell layers with 100 µL plastic pipette tips. 

Table 1  The primers utilized for RT-qPCR analysis of mRNA levels

Target ID Primer sequence, 5ʹ –3ʹ

P4HA2 F: CAA ACT GGT GAA GCG GCT AAA 
R: GCA CAG AGA GGT TGG CGA TA

GAPDH F: CAC CCA CTC CTC CAC CTT TG
R: CCA CCA CCC TGT TGC TGT AG
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The distances of cell migration were quantified and captured 
through microscopic imaging (Olympus, Japan) at two-time 
points: 0 and 24 h post-scratch generation.

Statistical analysis

The statistical analyses were performed with SPSS 22.0 
software, reporting the data in the form of mean ± stand-
ard deviation (SD). Each experiment was repeated at least 
3 times with comparable results. R version 3.6.3 was used 
for performing the bioinformatics analysis. The statistical 
analysis utilized in this study involved the implementation 
of the Student's t test for comparing two groups and the 
utilization of analysis of variance (ANOVA) for comparing 
multiple groups. p < 0.05 indicated a significant difference.

Results

P4HA2 is overexpressed in HNSCC and may act 
as a precise diagnosis and prognosis marker

When applying the criterion of an adjusted p value of 0.05 
and |log2FC|> 1, 4780 differentially expressed genes (DEGs) 
from 19,578 genes were screened (2344 overexpressed and 
2436 downregulated) (Fig. 1A). Among these genes, we 
have identified 83 up-regulated genes that demonstrate a sig-
nificant association with reduced overall survival (OS), dis-
ease-specific survival (DSS), and progression-free interval 
(PFI) based on the criterion of HR > 1. The P4HA2 gene was 
obtained from the intersecting genes and subsequently sub-
jected to further analysis (Figure S1). Based on TCGA data, 
P4HA2 was significantly overexpressed in HNSCC tissue, 
in contrast to neighboring non-malignant tissue (Fig. 1B, 
C). Furthermore, multiple malignancies had a considerable 
increase in P4HA2 contents compared to matched control 
tissues (Fig. 1D). Following that, the RT-qPCR results of 
HNSCC specimens revealed that P4HA2 levels in tumors 
were higher compared to non-cancerous tissues (Fig. 1E). 
The predictive P4HA2 efficiency on HNSCC was evaluated 

using a ROC analysis, with an estimated AUC of 0.915 
(Fig. 1F). The Kaplan–Meier survival curves revealed that 
HNSCC patients having overexpressed P4HA2 exhibited a 
worse OS (Fig. 1G), a lower DSS (Fig. 1H), and a shorter 
PFI (Fig. 1I).

P4HA2 suppresses apoptosis and enhances 
the growth of HNSCC in vitro

P4HA2 levels were measured in three HNSCC cell lines 
(HN4, FaDu, and CAL-27) and normal human oral keratino-
cyte cells (HOK). P4HA2 levels were shown to be raised in 
all HNSCC cells, notably in CAL-27 cells (Fig. 2A, B). To 
assess the functional significance of P4HA2 in promoting 
HNSCC cell progression in vitro, lentiviral infection was 
employed to establish stable overexpression and knock-
down of P4HA2 in CAL-27 and FaDu cells, respectively. 
The efficacy of both overexpression and knockdown was 
confirmed at the protein expression level as well as mRNA 
levels (Fig. 2C–F; Figure S2A-D). The impact of P4HA2 on 
cellular proliferation in HNSCC cells was evaluated through 
the utilization of CCK-8 and colony formation assays. As a 
result, the cell viability of HNSCC cells that went through 
transfection with sh-P4HA2 was comparatively lower than 
that of the shNC group; however, the P4HA2 overexpression 
group exhibited higher cell viability compared to the vector 
group (Fig. 2G, H; Figure S2E, F). Similarly, colony forma-
tion in vitro was revealed to exhibit an enhancement in the 
overexpressed P4HA2 cells while an inhibition in shP4HA2 
transfected cells (Fig. 2I, J). According to flow cytometry 
results, overexpression of P4HA2 significantly reduced the 
apoptotic nuclei number; this effect can be counteracted 
by the inhibition of P4HA2 expression (Fig. 2K, L). These 
results collectively suggest that P4HA2 can inhibit apoptosis 
and enhance HNSCC proliferation.

P4HA2 promotes the HNSCC cell migration 
and invasion in vitro

For assessing the P4HA2 influences on HNSCC migratory 
and infiltrative abilities, both wound healing and transwell 
assays were utilized. Based on the transwell migration assay, 
P4HA2 upregulation promoted HNSCC cell migration, 
while P4HA2 downregulation reduced it (Fig. 3A, B). In 
addition, transwell invasion experiments revealed that up-
regulating P4HA2 encouraged cell invasion, while down-
regulating P4HA2 inhibited it (Fig. 3C, D; Figure S2G, H). 
As seen in wound healing assays, P4HA2 over-expression 
enhanced HNSCC cell migration, while P4HA2 knockdown 
significantly decreased it (Fig. 3E, F). The above findings 
revealed that P4HA2 enhanced HNSCC cell invasion and 
migration.

Fig. 1  P4HA2 expression and its prognostic and diagnostic value 
in HNSCC patients in TCGA. A Volcano plot of the differentially 
expressed genes (DEGs). B, C In 504 HNSCC tissues alongside 44 
non-malignant tissues and in 44 HNSCC tissues alongside their cor-
responding neighboring non-cancerous tissues, P4HA2 was over-
expressed in HNSCC. D The different P4HA2 expression in multi-
ple cancers. E The RT–qPCR of HNSCC tissues alongside adjacent 
non-cancerous tissues. F The ROC curve of diagnosis utilized for 
distinguishing HNSCC tissues from normal tissues. G–I The overall 
survival (OS), disease-specific survival (DSS), and progression-free 
interval (PFI) survival curves for distinguishing HNSCC tissues from 
normal tissues. *p < 0.05; **p < 0.01; ***p < 0.001; ns no statistical 
difference

◂
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P4HA2 co‑expressed genes and functional 
enrichment analysis in TCGA‑ HNSCC patients

Next, co-expressed P4HA2 genes were identified in HNSCC 
through the TCGA data to understand the role of P4HA2 
in HNSCC better. The heatmap displays the top 50 genes 
exhibiting a positive and negative correlation to P4HA2 in 
HNSCC (Fig. 4A, B), which were assessed by conducting 
the GO and KEGG pathway analyses to fully grasp the prob-
able functions and molecular mechanisms. The GO analy-
sis indicated a main enrichment in extracellular structure 
organization and extracellular matrix organization (Fig. 4C), 
and based on the KEGG analysis, the enrichment was mainly 
observed in the PI3K/AKT pathway (Fig. 4D).

P4HA2 functions via modulating EMT and PI3K/AKT 
pathway in HNSCC

According to the TCGA data, the GSEA analysis revealed 
a significant enrichment of the PI3K/AKT pathway in 
the HNSCC samples exhibiting high P4HA2 expression 
(Fig. 5A). To investigate the functional states of various 
malignancies based on P4HA2 expression levels, a single-
cell analysis was conducted utilizing CancerSEA (Figure 
S3), revealing that P4HA2 expression level has a positive 
correlation to the EMT in HNSCC (Fig. 5B, C). In addi-
tion, the EMT marker levels were assessed via western blot 
analysis, indicating that P4HA2 overexpression decreased 
E-cadherin levels while increasing Vimentin and N-cadherin 
protein levels in HNSCC (Fig. 5D), which was contrary to 
the P4HA2 knockdown effect (Fig. 5E).

P4HA2 promotes proliferation, migration, invasion, 
and EMT by modulating the PI3K/AKT pathway 
in HNSCC cells

Subsequently, LY294002, a PI3K/AKT pathway inhibitor, 
was utilized to provide additional evidence of the P4HA2 
effect on activating the PI3K/AKT pathway in HNSCC. Fol-
lowing pre-treating CAL-27 cells with 10 μM LY294002 
for 1 h, changes were observed in the associated molecules. 
Based on western blot analysis, P4HA2 overexpression in 
HNSCC cells raised p-PI3K, p-AKT, Vimentin, and N-cad-
herin levels while reducing E-cadherin levels. The PI3K/
AKT inhibitor LY294002 prevented P4HA2-induced PI3K 

phosphorylation, AKT phosphorylation, and EMT (Fig. 6A). 
Additionally, LY294002 was found to significantly reverse 
P4HA2 overexpression effects on HNSCC proliferation, 
migration, and invasion (Fig. 6B–D).

Discussion

Although HNSCC is very curable if detected at an early 
stage, most individuals are identified at a somewhat late 
stage, which leads to a poor prognosis for HNSCC patients 
[14]. Due to their poor treatment response and significant 
drug resistance, HNSCC negatively affects the patient's 
quality of life to a great extent [15]. The efficiency of diag-
nostic and therapeutic approaches in the early HNSCC 
stages can be increased by the discovery of novel molecu-
lar biomarkers [16]. Therefore, there is a crucial need to 
explore efficient diagnostic and therapeutic biomarkers for 
HNSCC patients.

P4HA2 is frequently observed to exhibit expression 
in fibroblasts and assists in collagen maturation through 
hydroxylating procollagen proline residues. Collagen, the 
primary component of the ECM, is important in tumor 
growth [17]. P4HA2 was shown to have a correlation to 
poor prognosis in various malignancies. It has been dem-
onstrated that P4HA2, which has an association with a poor 
prognosis, enhances breast cancer growth and metastasis 
by controlling collagen deposition [18]. According to Cao 
et al. [10], P4HA2 functions as an oncogenic agent by induc-
ing EMT in cervical cancer cells, thereby enhancing their 
motility, invasion, and proliferation. Lin et al. [19] reported 
that P4HA2 functions as an oncogenic molecule in glioma 
malignancies through modulating collagen expressions and 
the downstream PI3K/AKT pathway. However, P4HA2 bio-
logical role in HNSCC and the mechanisms behind it are 
still poorly understood. In the present study, the bioinfor-
matic analysis revealed elevated P4HA2 levels in human 
HNSCC tissues contrary to non-cancerous tissues. In addi-
tion, a decreased survival time and a poorer prognosis were 
associated with elevated P4HA2 expression in HNSCC, sug-
gesting that P4HA2 may aid in the growth of HNSCC. The 
findings of the experimental validation matched those of 
the bioinformatic study. The data revealed that the overex-
pressed P4HA2 increased HNSCC proliferation, migration, 
and invasion while suppressing apoptosis, whereas P4HA2 
silencing resulted in contrasting effects.

Cancer metastasis, the primary cause of mortality asso-
ciated with cancer, is a biological process whereby cells 
leave the initial tumor and grow into a new tumor in a 
different place [20]. EMT, a process by which epithelial 
cells take on a mesenchymal character, is crucial for can-
cer migration [21]. As a result, an investigation was con-
ducted to analyze the expression of three genes associated 

Fig. 2  P4HA2 suppresses apoptosis and enhances HNSCC growth 
in vitro. A, B The RT–qPCR and western blotting of P4HA2 levels in 
the CAL-27, FaDu, HN4, and HOK cell lines. C, D The western blot-
ting of P4HA2 levels in the CAL-27 cells upon transfection. E, F The 
RT-qPCR of P4HA2 levels in the CAL-27 cells upon transfection. 
G, H Cell viability based on the CCK-8 assay. I, J Colony formation 
assay outcomes for the multiplicative potential of CAL-27 cells. K, L 
The rate of cell apoptosis based on flow cytometry. *p < 0.05

◂
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with EMT  (E-cadherin, Vimentin, and N-cadherin)  to 
understand the P4HA2 role in the EMT of HNSCC better. 
It was found through bioinformatics analysis and experi-
mental validation that P4HA2 overexpression increased 
EMT while P4HA2 knockdown inhibited EMT.

Prior research has suggested how PI3K-AKT is crucial in 
HNSCC, as it was found that the PI3K-AKT is hyperactive 
in 90% of HNSCC cases and was observed to govern various 
aspects of tumor biology, such as proliferation, metabolism, 
inflammation, motility, and metastasis [22–24]. The findings 

Fig. 3  P4HA2 enhances HNSCC migration and invasion. A, B The 
CAL-27 cell migration capacity as tested by transwell migration 
assessment. C, D The CAL-27 cell invasion capacity as tested by 

transwell invasion assay. E, F The CAL-27 cell migratory capacity as 
tested by wound-healing assay. *p < 0.05
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of our study indicate that P4HA2 overexpression in HNSCC 
increased PI3K/AKT phosphorylation, which suggests that 
the PI3K/AKT axis contributes to the cancer-promoting 
impacts of P4HA2 overexpression in HNSCC. In addition, it 
was observed that the LY294002 inhibitor of the PI3K/AKT 
pathway restored the effect of the overexpressed P4HA2 on 
HNSCC proliferation, migration, invasion, and EMT.

Conclusion

To conclude, we revealed that P4HA2 was overexpressed in 
HNSCC and had the potential to enhance HNSCC prolifera-
tion, migration, invasion, and EMT by activating the PI3K/
AKT pathway. Thus, P4HA2 can be a useful biomarker in 
identifying and predicting the prognosis of HNSCC patients.

Fig. 4  P4HA2 co-expressed 
genes and functional enrichment 
analysis in TCGA- HNSCC 
patients. A The top 50 genes 
exhibiting a positive correla-
tion to P4HA2 in HNSCC are 
illustrated in the heatmap. B 
The top 50 genes exhibiting a 
negative correlation to P4HA2 
in HNSCC are illustrated in the 
heatmap. C, D GO and KEGG 
pathway analyses of the top 50 
genes exhibiting a positive and 
negative correlation to P4HA2 
in HNSCC. ***p < 0.001
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Fig. 5  P4HA2 functions via modulating EMT and PI3K/AKT path-
way in HNSCC cells. A GSEA provided a correlation between 
P4HA2 expression and PI3K/AKT pathway activation. B, C P4HA2 
was positively connected with regulating EMT, according to data 

from CancerSEA. D, E E-cadherin, Vimentin, and N-cadherin pro-
tein levels in CAL-27 cells evaluated by western blotting. *p < 0.05; 
***p < 0.001
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Fig. 6  P4HA2 promotes proliferation, migration, invasion, and EMT 
by modulating the PI3K/AKT signaling pathway in HNSCC cells. 
The CAL-27 cells of the P4HA2 + LY294002 group followed the 
LY294002 (10 μM) treatment. A Protein expression levels of PI3K, 
p-PI3K, AKT, p-AKT, E-cadherin, Vimentin, and N-cadherin in 

CAL-27 cells. B–D LY294002 attenuated the P4HA2 overexpression-
induced CAL-27 cell proliferation, migration, and invasion based 
on the CCK-8, transwell migration, and transwell invasion assays. 
*p < 0.05
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