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Abstract

     PRKCSH, also known as glucosidase II beta, functions as a contributor to lung 

tumorigenesis by regulating the cell cycle in a p53-dependent manner under severe 

environmental stress. However, the prognostic value and molecular mechanisms by which the 

level of PRKCSH is significantly increased in cancer cells are not clearly understood. Here, 

we first generated a biological profile of PRKCSH expression changes in cancers by 

analyzing bioinformatic data from cancer databases. We found that higher PRKCSH 

expression was correlated with a poorer prognosis and greater infiltration of most immune 

cell types in patients with lung cancer. In particular, PRKCSH expression showed significant 

negative correlations with the level of STAT6 (r =−0.31, p < 0.001) in lung cancer tissues. 

We further found that PRKCSH deficiency promoted G2/M arrest in response to zinc oxide 

nanoparticle (Nano ZnO) treatment in A549 cells. With regard to the mechanism, PRKCSH 

deficiency may induce STAT6 translocation to the nucleus to activate p53 expression through 

binding to the p53 promoter region from −365 bp to +126 bp. Eventually, activated p53 

contributed to Nano-ZnO-induced G2/M arrest in lung cancer cells. Taken together, our data 

provide new insights into immunotherapy target choices and the prognostic value of 

PRKCSH. Since the G2/M cell cycle checkpoint is crucial for lung cancer prognosis, 

targeting PRKCSH expression to suppress the activation of the STAT6/p53 pathway is a 

potential therapeutic strategy for managing lung cancer.
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Introduction

Approximately 2 million people worldwide are diagnosed with lung cancer every year, 

and approximately 1.6 million people die from the disease [1]. Regional factors and cancer 

stage influence the disease 5-year survival rate, which ranges from 4% to 17% [2]. Current 

therapeutic strategies include surgery, chemotherapy, radiotherapy, and immunotherapy [3]. 

Recent research has shown that nanoparticles (NPs) can inhibit some cancers and may be 

used to deliver anticancer drugs [4]. For instance, zinc oxide nanoparticle (Nano ZnO) 

treatment has promising anticancer activity [5]. Although new treatments have improved the 

prognoses of many patients with lung cancer, there are still clinical challenges, such as 

resistance to chemotherapy and radiotherapy. For example, patients with stage IA lung cancer 

have a better 5-year survival rate (77–92%) than those with stage IIB lung cancer (53%) [6]. 

However, for those with advanced non-small-cell lung cancer (NSCLC) who cannot be 

treated by surgical resection, there is no targeted treatment that can be combined effectively 

with current chemotherapy and radiotherapy regimens, and multi-centre trials have reported a 

5-year survival rate of only 15–20% for these patients [7]. Lung cancer development and 

progression are influenced by the immunological microenvironment. However, most previous 

immunotherapy approaches have focused on vaccines such as TG4010, which have been 

ineffective [8]. Consequently, a better understanding of how key genes interact with immune 

cells may be necessary to improve lung cancer therapies.

Protein kinase C substrate 80K-H (PRKCSH), also known as glucosidase IIβ, is located 

in the endoplasmic reticulum (ER) and interacts with glucosidase IIα in N-glycan processing. 

Mutations in PRKCSH may lead to autosomal-dominant polycystic liver disease [9]. 

PRKCSH stimulates tumorigenesis in some cancers via selective activation of the inositol-

requiring enzyme 1α signalling pathway [10]. Increased PRKCSH expression is positively 

correlated with the progression of lymph node metastasis in breast cancer [11]. PRKCSH is 

reportedly associated with resistance to chemotherapeutic drugs such as gefitinib via an 

unidentified molecular mechanism, and silencing PRKCSH induces the apoptosis of NSCLC 

cells treated with gefitinib [12]. In addition, PRKCSH expression in patients with lung cancer 

is influenced by p53 status. The suppression of PRKCSH gene expression results in the 

autophagy and apoptosis of lung-cancer-derived cells [13]. We previously reported that 



PRKCSH expression increased in response to silica-induced epithelial–mesenchymal 

transition and that the knockdown (KD) of a PRKCSH-2 splice variant stimulated A549 cell 

proliferation by promoting epithelial–mesenchymal transition [14]. It remains unclear 

whether PRKCSH interacts with lung cancer immune infiltration-related signalling pathways 

and/or whether this affects lung cancer proliferation or prognosis.

Nano ZnO is a material that is widely used for industrial purposes and has the potential 

for use in biomedical and cancer applications [15]. Compared to chemotherapeutic agents, 

Nano ZnO exhibits a high degree of cancer cell selectivity with the capacity to surpass 

therapeutic indices [16]. The special property of Nano ZnO for selective cytotoxicity is 

mainly attributed to its ability to induce reactive oxygen species (ROS) production or activate 

the ER stress-responsive pathway [17] or induce cell cycle arrest at the G2/M phase [18] and 

eventually lead to cancer cell death [19]. P53, one of the most extensively studied cancer and 

environmental stress-related adaptive proteins in the past four decades [20], plays a role in NP-

induced G2/M arrest. For instance, Ye BL et al found that chitosan-coated doxorubicin NPs 

inhibited liver cancer cell growth by arresting the cell cycle at the G2/M phase through the 

p53/PRC1 pathway [21]. Another study showed that benzofuran-pyrazole NPs could induce pre-

G1 apoptosis and cell cycle arrest at the G2/M phase by upregulating p53 expression [22]. It has 

also been reported that in p53+/+ cells, signal transducer and activator of transcription 6 

(STAT6) was activated, while there was no significant change in p53-deficient cells, 

suggesting that p53 status can affect cell immune-related cytokine expression [23]. However, 

the association among p53, PRKCSH and STAT6 and the role of p53 in Nano-ZnO-induced 

G2/M arrest as well as the underlying mechanisms remain unclear.

In this study, we analysed the expression of PRKCSH and its correlation with the 

prognoses of various cancers, including lung cancer. We also evaluated the status of different 

cancer-infiltrating immune cells by performing a meta-analysis of data from the ONCOMINE, 

Kaplan–Meier plotter, Gene Expression Profiling Interactive Analysis (GEPIA), and Tumor 

Immune Estimation Resource (TIMER) databases. We found that the expression of PRKCSH 

was negatively correlated with the expression of STAT6 in lung cancer tissues and cell lines. 

Survival analyses showed that the overexpression of PRKCSH was associated with a poor 

prognosis. Finally, we found evidence that PRKCSH deficiency stimulated the translocation 



of STAT6 from the cytoplasm to the nucleus, where it bound competitively to p53, inducing 

G2/M arrest in A549 cells.

Results

1. PRKCSH mRNA expression is increased in cancerous tissues

Previous studies demonstrated that PRKCSH stimulated tumorigenesis [10] and that a 

PRKCSH splice variant was important for epithelial–mesenchymal transition and cell 

proliferation [14]. We investigated PRKCSH mRNA expression in cancerous and normal 

tissues using the online GEPIA database. Compared with the corresponding normal tissues, 

PRKCSH mRNA levels were significantly higher in tissues affected by leukaemia or by brain, 

lung, colorectal, ovarian, or sarcoma cancers (Fig. 1A). We also used The Cancer Genome 

Atlas (TCGA) online database to evaluate RNA sequences from the ONCOMINE and 

TIMER databases. Compared with the corresponding normal tissues, PRKCSH mRNA levels 

were significantly higher in the following tissues: bladder urothelial carcinoma, breast 

invasive carcinoma, cholangiocarcinoma, colon adenocarcinoma, oesophageal carcinoma, 

head and neck cancer, head and neck cancer with human papillomavirus infection, kidney 

chromophobe, renal clear cell carcinoma, kidney renal papillary carcinoma, hepatocellular 

carcinoma, lung adenocarcinoma (LUAD), lung squamous cell carcinoma, prostate 

adenocarcinoma, rectum adenocarcinoma, stomach adenocarcinoma, and uterine corpus 

endometrial carcinoma (Fig. 1B–C). These results suggest that PRKCSH expression plays an 

important role in the development and progression of various cancers.

2. The clinical prognostic value of PRKCSH expression may depend on the cancer type

As described above, PRKCSH is overexpressed in various cancer tissues. We analysed 

the prognostic value of PRKCSH expression in various cancers using the Kaplan–Meier 

plotter database (http://kmplot.com/). Changes in PRKCSH expression were associated with a 

poorer prognosis in terms of the following: overall survival (OS) (hazard ratio [HR]=1.3, 

1.14-1.48, p<0.01) and first progression survival (FP) (HR=2.01, 1.65-2.45, p<0.01), but no 

significant effect on postprogression survival (PPS) (HR=0.87, 0.68-1.13, p=0.3), in LUAD 

(Fig. 1D); disease-free survival (DFS) (HR: 1.79, p = 0.0007) in adrenocortical carcinoma; 

OS (HR: 1.1, p = 0.4) and DFS (HR: 1.2, p = 0.26) in bladder urothelial carcinoma; OS (HR: 

1.58, p = 0.0003) and PPS (HR: 3.13, p = 0.0001) in stomach adenocarcinoma; and OS (HR: 

http://kmplot.com/


2.5, p = 0.19) and DFS (HR: 1.3, p = 0.17) in prostate adenocarcinoma (Supplementary 

Figure. 1A). However, changes in PRKCSH expression were not associated with the 

following prognoses: distant metastasis-free survival (HR: 1.06, p = 0.62), PPS (HR: 0.88, p = 

0.11), OS (HR: 0.78, p = 0.0086), and DFS (HR: 0.91, p = 0.078) in breast invasive 

carcinoma; OS (HR: 0.74, p = 0.53) and DFS (HR: 1.5, p = 0.43) in cholangiocarcinoma; OS 

(HR: 0.94, p = 0.81) and DFS (HR: 0.97, p = 0.9) in colon adenocarcinoma; OS (HR: 0.85, 

p = 0.48) and DFS (HR: 0.83, p = 0.44) in oesophageal carcinoma; OS (HR: 0.75, p = 0.42) 

and DFS (HR: 0.95, p = 0.87) in uterine corpus endometrial carcinoma; distant metastasis-

free survival (HR: 0.66, p = 0.071), PPS (HR: 0.86, p = 0.37), OS (HR: 0.82, p = 0.27), and 

DFS (HR: 0.81, p = 0.15) in hepatocellular carcinoma; and DFS (HR: 0.87, p = 0.032), PPS 

(HR: 0.95, p = 0.53), and OS (HR: 0.81, p = 0.21) in epithelial ovarian cancer 

(Supplementary Figure 1B–C and Supplementary Figure 2A–F). Therefore, PRKCSH 

overexpression may have clinical prognostic significance for only select cancers (e.g., 

adrenocortical carcinoma, bladder urothelial carcinoma, stomach adenocarcinoma, and 

LUAD). Furthermore, the degree of correlation between PRKCSH expression and clinical 

prognosis may also depend on the type of cancer.

3. Alterations in PRKCSH expression have prognostic value in lung cancer

We used the Kaplan–Meier plotter database to investigate the association between 

PRKCSH expression and prognosis and various clinical characteristics in patients with lung 

cancer (Table S1). The overexpression of PRKCSH was correlated with poorer overall 

survival in females (HR = 1.34, p = 0.016); patients with stage I (HR = 1.8, p < 0.001), stage 

II (HR = 1.88, p < 0.001), or grade II (HR = 1, p < 0.001) cancer; patients with 

adenocarcinoma (HR = 1.83, p < 0.001); and patients with a history of smoking (HR = 2.43, p 

< 0.001). These results demonstrate that the prognostic significance of PRKCSH expression 

in patients with lung cancer was affected by clinical characteristics such as sex, cancer stage, 

the presence of adenocarcinoma, and smoking history.

4. PRKCSH expression is correlated with immune cell infiltration in patients with lung 

carcinoma

Previous studies have reported that the survival time of cancer patients depends on the 

quantity and activity of tumour-infiltrating lymphocytes [24, 25]. Therefore, we used the 



TIMER database to investigate the association between PRKCSH expression and immune cell 

infiltration in various types of cancer. We found that PRKCSH expression levels in bladder 

urothelial carcinoma, breast invasive carcinoma, LUAD, and lung squamous cell carcinoma 

cancer tissues were negatively correlated with tumour purity and the infiltration of B cells, 

CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells (Fig. 2A–D and 

Table S3, Supplementary Figure 3A-E and Supplementary Figure 4A-B and Supplementary 

Figure 5). In addition, we investigated correlations between PRKCSH expression and immune 

cell infiltration and prognoses in patients with lung cancer and stomach adenocarcinoma 

using the GEPIA database, which has six major analytic modules used to evaluate 

associations between immune infiltration and factors such as gene expression and mutations 

[26, 27]. Higher PRKCSH expression was correlated with a poorer prognosis and greater 

infiltration of most immune cell types in patients with lung cancer and stomach 

adenocarcinoma (Fig. 3A–F and Table S4). PRKCSH expression showed significant positive 

correlations with the levels of ISYNA1 (r = 0.3, p < 0.001), GATA3 (r = 0.13, p < 0.001), 

STAT5A (r = 0.11, p < 0.001), STAT3 (r = 0.25, p < 0.001), and STAT5B (r = 0.18, p < 

0.001) in LUAD tissues (Table S4). PRKCSH expression was negatively correlated with the 

expression of STAT6 (r = −0.31, p < 0.001) and human leukocyte antigen-DR α-chain (r = 

0.16, p < 0.001) in LUAD tissues. Notably, the most significant correlation was between the 

expression levels of PRKCSH and STAT6, a marker of T helper 2 (Th2) cells. Similar 

correlations were observed in patients with stomach adenocarcinoma (Table S4). These data 

suggest that PRKCSH expression modulates the infiltration of immune cells into tumour 

tissues. In addition, PRKCSH and STAT6 may have important functions in lung cancer. 

Based on these results, we hypothesized that the molecular mechanism of PRKCSH function 

may be associated with STAT6.

5. PRKCSH is upregulated and STAT6 is downregulated in lung cancer cells, and PRKCSH 

deficiency leads to the inactivation of the G2/M checkpoint

The database analyses described above suggested that PRKCSH and STAT6 levels are 

potential prognostic indicators for patients with lung cancer. Therefore, we investigated the 

functions of PRKCSH and STAT6 in cancer cells using the online Human Protein Atlas 

database (https://www.proteinatlas.org/). PRKCSH was expressed more strongly than STAT6 

https://www.proteinatlas.org/


in various cancer tissues (Fig. 4A). Immunofluorescence staining of a human cancer cell line 

showed that STAT6 was found mainly in the nucleoplasm and cytosol, whereas PRKCSH 

was found mainly in the ER (Fig. 4B). Nano ZnO is a widely used material. Chen R et al 

found that Nano ZnO could induce a significant cellular ER stress response, indicating that 

Nano ZnO activates the ER stress-responsive pathway and that the ER stress response might 

be used as an earlier and more sensitive end point for nanotoxicological studies [17].

Further analyses showed that the STAT6 and PRKCSH levels were highest in 

macrophages and fibroblasts, respectively (Fig. 4C). Correlation analyses indicated a positive 

relationship between the levels of STAT6 and p53 in lung cancer cells (Fig. 4D). STAT6 was 

identified as a favourable prognostic marker for patients with lung cancer (HR=0.68, 0.6-0.78, 

p<0.01) using the Kaplan–Meier plotter database (Fig. 4E), whereas PRKCSH (Fig. 1D) and 

p53 (Fig. 4F) were unfavourable prognostic markers for patients with lung cancer (HR=1.39, 

1.22-1.58, p<0.01). We used the online Human Protein Atlas database to compare the 

expression of STAT6 and PRKCSH in normal lung and lung cancer tissues. 

Immunohistochemical staining showed that PRKCSH expression was stronger (Fig. 5A) and 

more frequently altered (Fig. 5B–C) than STAT6 expression in lung cancer tissue. In patients 

with lung cancer, the type of genetic alteration of PRKCSH was amplification whereas that of 

STAT6 was deep deletion in comparison to healthy controls (Fig. 5D–E) 

(http://www.cbioportal.org/). Patients with lung cancer with altered PRKCSH expression had 

poorer OS rates (34.33, 95% confidence interval, 11.27–not applicable [NA]) than those with 

altered STAT6 expression (48.01, 95% confidence interval, 41.88–NA; Fig. 5F–G). These 

results indicate increased PRKCSH expression and decreased STAT6 expression in lung 

cancer cells. In addition, changes in PRKCSH expression may be associated with a specific 

function of STAT6.

6. PRKCSH deficiency promotes G2/M arrest via STAT6 phosphorylation in response to 

Nano ZnO

To further explore the regulatory molecular mechanism of PRKCSH and STAT6 in lung 

cancer, in particular the role of PRKCSH function in response to external environmental 

factors such as NPs, we used Nano ZnO in further studies [17]. The characterization of Nano 

ZnO is shown in Supplementary Figure 6A-C. The size of Nano ZnO was determined to be 



30-70 nm. The G2/M cell cycle checkpoint is critical for maintaining genomic stability. Many 

cancer cells lack functional p53 at the G1/S checkpoint. Therefore, the G2/M checkpoint is 

particularly critical for the cancer cell cycle and for cancer prognosis [28]. The expression of 

PRKCSH was dose- and time-dependent after Nano ZnO treatment (Fig. 6A-B). The 

proportions of G2- and M-phase cells increased in a time-dependent manner after treatment 

with 30 µg/mL Nano ZnO, showing that G2/M and/or mitosis was arrested in PRKCSH-wild-

type (WT) lung cancer cells, whereas PRKCSH-KD lung cancer cells exhibited higher 

proportions of cells in the G2 and M phases (Fig. 6C–D). No significant G2/M arrest was 

observed in A549 cells treated with or without Nano ZnO (Supplementary Figure 6D). After 

treatment with Nano ZnO, phospho-histone H3 expression was higher in PRKCSH-KD cells 

than in PRKCSH-WT cells (Fig. 6E–F). These results show that PRKCSH deficiency leads to 

the activation of the G2/M checkpoint in response to Nano ZnO in lung cancer cells. To 

further investigate the role of PRKCSH in Nano-ZnO-induced G2/M arrest, we measured the 

levels of DNA damage repair-related proteins in PRKCSH-WT and PRKCSH-KD cells after 

treatment with Nano ZnO. As shown in Fig. 6G, there were no significant alterations in the 

levels of p-DNApkcs, p-ATM, p-ATR, KAP1, p-CHK1, p-CHK2, or pRPA2 in A549 cells; 

however, the expression of p53 and p-STAT6 was increased in PRKCSH-KD cells. STAT6 

was phosphorylated and activated in PRKCSH-KD cells following treatment with Nano ZnO 

(Fig. 6G, Supplementary Figure 7A). These results suggest that PRKCSH deficiency 

stimulates the phosphorylation of STAT6 and the G2/M checkpoint is activated by PRKCSH 

deficiency or the activation of the STAT6/p53 signalling pathway.

7. PRKCSH deficiency promotes a specific interaction between STAT6 and p53 in response 

to Nano ZnO

Previous research showed that interleukin (IL)-4 deficiency resulted in STAT6 

phosphorylation and translocation from the cytoplasm to the nucleus, inducing DNA damage 

[29]. Therefore, we investigated the interaction between STAT6 and p53 after PRKCSH KD. 

After treatment with Nano ZnO, the level of phosphorylated STAT6 in PRKCSH-KD cells 

increased, probably due to the inactivation of PRKCSH (Fig. 7A, Supplementary Figure 7B). 

We also determined the changes in apoptosis and cell cycle arrest induced by Nano ZnO in 

p53-silenced cells or non-p53-expressing cells. As shown in Supplementary Figure 8A-B, 



compared with the p53-WT A549 cells, the number of apoptotic cells decreased and the 

number of G2 cells decreased in p53-knockout A549 cells after treatment with Nano ZnO. 

Bax and Bcl-2 expression, which are downstream genes in the p53 pathway, was increased in 

PRKCSH-KD cells compared with PRKCSH-WT cells after treatment with Nano ZnO 

(Supplementary Figure 9A). After Nano ZnO treatment, the cytoplasmic STAT6 level 

decreased in PRKCSH-WT cells, but Nano-ZnO-induced translocation of STAT6 from the 

cytoplasm to the nucleus was stimulated in PRKCSH-KD cells (Fig. 7B). 

Coimmunoprecipitation (coIP) assays showed that the KD of STAT6 in A549 cells enhanced 

the binding of endogenous murine double minute 2 homologue to p53 (Fig. 7C). Moreover, 

the coIP results indicated that the interaction between STAT6 and p53 increased after Nano 

ZnO treatment in PRKCSH-KD cells, showing that PRKCSH influenced the interaction 

between STAT6 and p53 (Fig. 7D). Immunofluorescence staining also demonstrated that the 

translocation of STAT6 from the cytoplasm to the nucleus was enhanced in PRKCSH-KD 

cells treated with Nano ZnO (Fig. 8A). In addition, we found that the KD of STAT6 resulted 

in decreased levels of p53 and phosphorylated STAT6 in A549 cells treated with Nano ZnO 

(Fig. 8B–C). To determine whether STAT6 and p53 interact directly, we performed luciferase 

assays. The promoter sequence of the p53 gene was analysed, and five potential STAT6-

inducible elements were identified using a promoter prediction website 

(http://alggen.lsi.upc.es/cgi-

bin/promo_v3/promo/promo.cgi?dirDB=TF_8.3&idCon=163629015700&getFile=factors/278.h

tml). Serial deletions of the p53 gene promoter were generated and evaluated using luciferase 

reporter assays to determine the regulatory region that responds to STAT6. We found that the 

p53 promoter region from −365 bp to +126 bp increased the response to STAT6 stimulation. 

A mutation in this STAT6-inducible element (i.e., a change from AATTTC to AATGGC) 

significantly decreased the level of luciferase activity induced by STAT6 (Fig. 8D–E). This 

suggests that STAT6 activates the transcription of p53 by binding to the p53 promoter. Taken 

together, our results suggest that PRKCSH is involved in regulating the Nano-ZnO-induced 

G2/M checkpoint by promoting the interaction between STAT6 and p53 when PRKCSH is 

deficient. We believe that the PRKCSH–STAT6–p53 axis may be crucial for regulating G2/M 

arrest in cancer cells treated with Nano ZnO.

http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promo.cgi?dirDB=TF_8.3&idCon=163629015700&getFile=factors/278.html
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promo.cgi?dirDB=TF_8.3&idCon=163629015700&getFile=factors/278.html
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promo.cgi?dirDB=TF_8.3&idCon=163629015700&getFile=factors/278.html


Discussion

Increasing evidence indicates that infiltrating immune cells and the G2/M-phase 

transition associated with DNA damage repair signalling are important in the development 

and prognosis of cancers [30-32]. The PRKCSH gene encodes the β subunit of glucosidase II, 

which is needed for the folding and quality control of glycoproteins in ER stress, but the 

effects of PRKCSH expression on the prognosis of various cancers remain unclear. Here, in 

this study, the following main findings were obtained: (i) Through comprehensive analysis of 

multiple online cancer-related databases, including TCGA, we found that PRKCSH 

expression was increased in cancerous tissues, particularly lung cancer tissues. Higher 

PRKCSH expression was correlated with a poorer prognosis and greater infiltration of most 

immune cell types in patients with lung cancer. (ii) PRKCSH deficiency promoted G2/M 

arrest via STAT6 phosphorylation in response to Nano ZnO.

Worapong K et al reported that suppressing the expression of the Glullβ-encoding gene 

PRKCSH by bromoconduritol led to the induction of autophagy and decreased the activation 

of the EGFR/RTK and PI3K/AKT signalling pathways in lung cancer cells [13]. Another 

report indicated that silencing PRKCSH induced apoptosis in NSCLC cells treated with 

gefitinib, suggesting that PRKCSH may prevent lung cancer cell death [12]. Liu H et al 

identified that low expression of PRKCSH was related to good prognosis in LUAD via RNA-

sequencing (RNA-seq) detection [33]. Our results based on the comprehensive analysis of the 

TCGA lung cancer database are consistent with these previous reports, in which increased 

PRKCSH mRNA expression was associated with a poorer prognosis in lung cancer. These 

findings are consistent with other previous reports, suggesting that PRKCSH expression plays 

an important role in the development of lung cancers [10]. In this study, the results indicate 

that Nano ZnO is more toxic to normal cells than to tumour cells, which may be due to the 

dose of Nano ZnO, the different cell lines or some essential genes, such as p53. Dose is a very 

important factor. As Chen Fangchuan et al showed, ZnO NPs did not affect human gingival 

cell proliferation at low concentrations, but high concentrations of Nano ZnO inhibited cell 

proliferation, destroyed the integrity of cell membranes, and induced oxidative stress and 

apoptosis [34]. Nano ZnO has also been reported to exhibit selective cytotoxicity through 

zinc-mediated protein disequilibrium and oxidative stress. According to Steffy Thomas et al, 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=100&term=Thomas+S&cauthor_id=34448982


Nano ZnO shows good inhibitory activity by decreasing the viability of cancerous cells in a 

dose- and time-dependent manner [5]. Lucian F et al tested the toxicity of a panel of 

representative oxide nanomaterials on normal and cancer cells and indicated that 

macrophages were the cell type most sensitive to short-term exposure (24-72 h) 

(ZnO>SiO2>TiO2)[35]. However, the findings from our current study should be further 

investigated and verified in other cancer cells or normal cells in the future.

Recent studies have reported that greater levels of T and B cell infiltration in patients 

with NSCLC were associated with better prognoses [36]. An increased level of CD8+ T cells 

was associated with increased survival in patients with LUAD [37]. Some studies reported 

that the infiltration of dendritic cells was associated with increased protective immunity in 

patients with LUAD [38]. For example, high CKS2 expression was associated with a poor 

prognosis and was correlated with low levels of infiltrating CD8+ T cells, CD4+ T cells, 

natural killer cells, B cells, and dendritic cells [39]. Tubeimoside-1 had beneficial effects on 

mice with lung cancer by activating tumour-infiltrating T cell immunity [40]. Cancer 

prognostic models have been developed based on immune-related genes or molecular 

alterations at various stages of NSCLC; these models predicted better prognoses in patients 

with greater levels of infiltrating B cells, activated CD8+ T cells, activated dendritic cells, and 

CD56+ natural killer cells [41]. In this study, we found that PRKCSH expression was 

decreased in infiltrating immune cells but increased in fibroblasts, whereas STAT6 expression 

was increased in macrophages. STAT6 belongs to the STAT family of proteins, which are 

involved in regulating the cell cycle, cell adhesion, apoptosis, and DNA damage signalling. 

Activated STAT proteins dissociate, undergo dimerization in the cytoplasm, and translocate 

to the nucleus [42]. STAT6 is involved in IL-4 and IL-13 signalling and plays a key role in 

Th2 polarization in the immune system [43]. STAT6 is also involved in immune checkpoint 

blockade and in the immune infiltration of B cells, CD4+ T cells, neutrophils, macrophages, 

and dendritic cells [44]. Some studies found that STAT6 deficiency decreased the 

mobilization and differentiation of CD11b+ cells, resulting in the inhibition of cancer growth 

and improved prognoses [45]. Constitutive activation of STAT6 occurs in various diseases, 

including T cell lymphoma [46]. Some studies reported that STAT6 activation occurred in IL-

4/Luc/CNS-1 transgenic mice treated with 4% phthalic anhydride, leading to decreased 



cancer volumes, a reduced allergic response, and natural killer cell activation. Therefore, 

STAT6 activation may inhibit cancer development [43]. In this study, we found that STAT6 

expression was decreased in lung cancer tissue, which is consistent with the results of a 

previous study [47]. However, we found that PRKCSH expression was increased in lung 

cancer cells. We also found that STAT6 was a favourable prognostic marker for various 

cancers. Correlation analyses showed that the relationship between PRKCSH and STAT6 

expression was more pronounced in normal tissues than in LUAD tissues. This finding 

highlighted the importance of the immune tumour microenvironment in the regulation of 

STAT6 and PRKCSH expression. Therefore, in future studies, the underlying mechanism of 

the regulation of STAT6 and PRKCSH expression should be investigated.

The G2/M cell cycle checkpoint is crucial for cancer prognoses. Nano ZnO induces 

hepatotoxicity and the upregulation of ER-associated genes [48]. Nano ZnO can stimulate 

apoptosis, leading to the destruction of cancer cells [5]. A better understanding of how cancer 

cells respond to Nano ZnO may lead to better clinical therapeutic strategies and prognoses. A 

recent study showed that Nano ZnO promotes liver cancer cell apoptosis by inducing 

autophagy and stimulating p53 [49]. Nano ZnO can inhibit cancer cell nucleotide excision 

repair, base excision repair, and oxidative damage by DNA glycosylases [50]. Nano ZnO can 

also inhibit mitotic cell division and induce G2/M arrest in HT-29 cells [51] and cervical 

cancer cells [18]. Our results are consistent with those reported previously. We found that 

Nano ZnO induced G2/M arrest in lung cancer cells that exhibited decreased PRKCSH 

expression. The interactions among PRKCSH, STAT6, and p53 are probably responsible for 

regulating the G2/M checkpoint in lung cancer cells. Indeed, p53 status would affect NP 

toxicity. As reported by Masoumeh E et al, the toxicity of Gemini-Cur on p53-WT HCT116 

cells and p53-mutant HT29 cells was different. Apoptotic cells were increased in HCT116 

cells compared with HT29 cells [52]. Another study found that the PRKCSH inhibition that 

led to apoptosis in lung-carcinoma-derived cells appeared to be p53 dependent, indicating that 

the expression status of both genes could be considered in treatment [13]. Upon treatment 

with Nano ZnO in lung cancer cells, STAT6 is activated and then translocates to the nucleus, 

where it interacts with p53 to induce G2/M arrest. Our study demonstrates that PRKCSH 

deficiency may have the potential to induce STAT6 translocation to the nucleus to activate 



p53 expression, resulting in Nano ZnO induction of G2/M arrest in lung cancer cells (Fig. 8F). 

Additional research, such as using PRKCSH knockout mice or STAT6 knockout mice, to 

further verify this finding should be performed in the future.

Typically, under Nano ZnO exposure, there were indeed some indications of an 

association among PRKCSH deficiency, STAT6 translocation and p53 activation. However, 

the consequences of Nano ZnO exposure are complex and not just a manifestation of ER 

stress. For instance, Xia Y et al indicated that signalling pathway-related oxidative stress and 

ER stress-induced apoptosis are involved in Nano-ZnO-induced hepatotoxicity in mice [48]. 

Xiao L et al reported that Nano ZnO may trigger NF-κB-mediated signalling in A549 cells 

[53]. Wang CX et al demonstrated that Nano ZnO may regulate intracellular ROS-related 

signalling in human LUAD cells [54]. These findings suggest that other signalling pathways 

may be involved under Nano ZnO treatment. In addition, there are analogous signalling 

pathways regulating STAT6/p53 expression in lung cancer. For instance, the inhibitory 

effects of chitinase 3-like 1 on lung cancer are associated with STAT6-dependent M2 

polarization inhibition [55]. A recent study found that targeting the Th2-STAT6-C3-NET 

(neutrophil extracellular trap) signalling axis effectively inhibited breast cancer metastasis to 

the lungs [56]. Another study reported that p53 mutations may promote malignancy in 

solitary fibrous tumours by regulating the NAB2-STAT6 fusion gene at the transcriptional 

level [57]. Thus, in the future, other signalling pathways regulated by PRKCSH or Nano ZnO 

in lung cancer should be investigated further.

Conclusions

In summary, we generated a biological profile of PRKCSH expression changes in 

cancers by analysing bioinformatic data from cancer databases and the relationship between 

PRKCSH and STAT6 expression. Furthermore, we demonstrated that PRKCSH deficiency 

may induce STAT6 translocation to the nucleus, which may activate p53 expression and 

result in Nano-ZnO-induced G2/M arrest in lung cancer cells. The G2/M cell cycle 

checkpoint is crucial for lung cancer prognosis, and targeting PRKCSH expression to 

suppress the activation of the STAT6/p53 pathway is a promising therapeutic strategy for 

managing lung cancer. Furthermore, our findings highlight other molecular targets that are 

potentially useful for providing improved therapies and more accurate prognoses for patients 



with lung cancer. However, additional research, such as using PRKCSH knockout mice or 

STAT6 knockout mice, to further verify this finding should be performed in the future.

Materials and Methods

Data collection and databases

PRKCSH and STAT6 mRNA expression in various cancers was evaluated using the 

ONCOMINE database (https://www.oncomine.org/resource/login.html). Expression levels 

with a 1.5-fold change and p value < 0.001 were considered significant. Analyses of 

PRKCSH and STAT6 expression and survival rates were performed using the Kaplan–Meier 

plotter database (http://kmplot.com/analysis/). The results are presented as HRs and log-rank 

p values. The TIMER database was used to analyse tumour-infiltrating immune cells in 

various cancer types based on more than 10,000 samples from the TCGA database 

(https://cistrome.shinyapps.io/timer/). In this study, we analysed the relationship between 

PRKCSH expression and the abundance of infiltrating immune cells (including CD4+ T cells, 

CD8+ T cells, B cells, neutrophils, dendritic cells, and macrophages) based on the expression 

of specific marker genes for each cancer. The tumour-infiltrating immune cells analysed 

included T cells, B cells, tumour-associated macrophages, monocytes, M1 and M2 

macrophages, natural killer cells, neutrophils, dendritic cells, T helper cells, T helper 17 cells, 

follicular helper T cells, exhausted T cells, and regulatory T cells. The GEPIA database 

(http://gepia.cancer-pku.cn/index. html) was used to analyse RNA-seq data from 8,587 

normal and 9,736 tumour tissue samples from the TCGA and GTEx projects [26]. We also 

used the GEPIA website to generate survival curves and determine OS and DFS rates. We 

identified correlations in the expression patterns of particular genes in 33 different types of 

cancer to confirm the results of the TIMER analysis. We used the open-access cBioPortal 

website resource (www.cbioportal.org) to investigate multidimensional cancer genomic 

datasets [19]. We selected the LUAD (TCGA, provisional) and lung squamous cell carcinoma 

(TCGA, provisional) datasets to analyse alterations in the PRKCSH and STAT6 genes in 

NSCLC. The genomic profiles included mutations, putative copy number alterations, and 

mRNA expression levels (RNA Seq V2 RSEM with z scores = ± 2). We also used the Human 

Protein Atlas (HPA, http://www.proteinatlas.org) database, which contains transcriptomic, 

proteomic, and immunohistochemical expression data. This database includes tissue, cell, and 

https://www.oncomine.org/resource/login.html
http://kmplot.com/analysis/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6731411/#b19


pathology atlases. We obtained the fragments per kilobase of exons per million fragments 

mapped values and protein expression patterns for PRKCSH and STAT6 in NSCLC patients 

from the HPA database. The data are presented as immunohistochemical staining images and 

mRNA expression levels.

Cell lines, antibodies, treatments, small-interfering RNAs, and transfection reagents

Human A549 and HepG2 cells were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s 

medium supplemented with 10% foetal bovine serum, 100 µg/mL streptomycin, and 100 

U/mL penicillin in a humidified 5% CO2 atmosphere at 37°C, in accordance with the 

manufacturer’s instructions. GAPDH, STAT6, p-STAT6, p53, p-ATM, p-DNApkcs, p-ATR, 

KAP1, p-CHK1, p-CHK2, p-RPA2, RPA2, and phosphohistone H3 were purchased either 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA) or Cell Signaling Technology 

(Danvers, MA, USA). Nano ZnO was purchased from Shanghai Macklin Biochemical Co., 

Ltd. (CAS: 1314-13-2; Shanghai, China). The cells were treated with 30 µg/mL Nano ZnO at 

room temperature. This dose was selected based on our pilot dose–response experiments. The 

methods used to knock down the expression of PRKCSH are described in our previous study 

[14]. Briefly, small-interfering RNA duplexes were designed and synthesized by Shanghai 

GenePharma (Shanghai, China) and transfected into the cells using Lipofectamine 2000 

(Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s 

instructions. Scrambled small-interfering RNA was used as a negative control. At 48 h after 

transfection, the cells were collected for further analyses.

Nano ZnO preparation

The Nano ZnO used in this study was purchased from Shanghai Macklin Biochemical 

Co., Ltd. The NO size and zeta potential of Nano ZnO were observed using a Malvern 

Zetasizer Nano ZS90. The photographs of Nano ZnO were obtained by transmission electron 

microscopy (TEM). All the characteristics of Nano ZnO were determined by the Shiyanjia 

Laboratory (www.shiyanjia.com). The mean diameter of Nano ZnO at a power of 20 nm was 

determined by TEM, and the mean hydrodynamic size was 351.2 nm, as determined by 

dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS90. Nano ZnO was 

dispersed in physiological saline, ultrasonicated for 10 min in an FS30 ultrasonic cleaner (Fisher 

http://www.shiyanjia.com/


Scientific, Pittsburgh, PA), and vortexed thoroughly prior to each experiment.

Cell cycle analyses and G2/M arrest assays

For the cell culture experiments, cells were seeded in 35-mm culture dishes at a density 

of 70–80% per dish. After the cells were harvested, they were treated with RNase A and 

incubated at 37°C for 30 min. Then, the cells were stained with propidium iodide solution, 

and the cell cycle distribution was analysed using flow cytometry (A00-1-1102; Beckman 

Coulter, Inc., Suzhou, China), as described in our previous study [58]. To evaluate G2/M 

arrest in PRKCSH-WT and PRKCSH-KD cells after Nano ZnO treatment, mitotic cells were 

counted using flow cytometry (A00-1-1102; Beckman Coulter, Inc.). Cells were incubated 

with or without Nano ZnO and harvested at various time points (0, 2, 4, 6, 8, or 12 h after 

treatment). First, phosphate-buffered saline was added to resuspend the cells. Next, the cells 

were centrifuged at 2,000 rpm, and 0.25% Triton X-100 was added to rupture the cell 

membranes. After the addition of 40 µL of 1% bovine serum albumin containing anti-Ser10-

phosphorylated histone H3 antibody, the cells were incubated for 50 min at room temperature. 

Next, 80 µL of 1% bovine serum albumin containing a fluorescein isothiocyanate-tagged 

secondary antibody was added. The cells were then incubated for 30 min and stained with 20 

µg/mL propidium iodide solution for 10–30 min at room temperature. Finally, the mitotic 

cells were counted using flow cytometry. Two‐dimensional dot plots were generated using 

ModFit LT software (ver. 3.0; Verity Software House, Inc., Topsham, ME, USA).

Western blotting

Protein extraction and western blotting were performed as described previously [20]. 

Images were captured and assessed using the ChemiDoc XRS+ system (Bio-Rad, Hercules, 

CA, USA). Protein expression was quantified using Image Lab software (ver. 6.1; Bio-Rad). 

At least three independent replicates were analysed per sample.

Dual-luciferase reporter assays

Predictive and dual-luciferase reporter assays were performed to confirm the interaction 

between STAT6 and p53. We used data from the National Center for Biotechnology 

Information to identify the promoter sequence of p53, including approximately 1,000 bases 

upstream (https://www.ncbi.nlm.nih.gov/). Next, we used the ALGGEN website 

(http://alggen.lsi.upc.es/) to predict potential binding sites for STAT6 in the p53 promoter 



sequence. The p53 promoter region was amplified from genomic DNA extracted from A549 

cells and cloned into the pGL3 luciferase vector. The 3′-untranslated region of p53 was also 

amplified from genomic DNA and cloned into the pGL3 luciferase vector. Briefly, the steps 

for the construction of pGL3 recombinants with a truncated sequence of the p53 promoter 

region are described below. First, we designed specific PCR primer sets for the amplification 

of the p53 promoter region using Primer Premier 5.0 after retrieving the nucleotide sequence 

from the Ensembl genome browser. Then, we amplified 5 truncated target fragments, and the 

longest target fragment was -1000 bp---+126. This longest fragment was used as a template to 

amplify the other truncated fragments. NheI and XhoI restriction endonuclease sites were 

introduced into the 5’ and 3' ends of the primers, respectively (Table S2). The purified target 

sequences were cloned into the pGL3 vector. The STAT6 binding site in the p53 promoter 

was modified using site-directed mutagenesis (Quik-Change Site-Directed Mutagenesis kit; 

Agilent Technologies, Santa Clara, CA, USA). Lipofectamine 2000 reagent was then used to 

transiently transfect the reporter plasmids into A549 cells. The reporter assay was conducted 

48 h after transfection using the dual-luciferase assay system, as described previously [58-60]. 

Three biological replicates were used for each experiment, and each experiment was repeated 

at least three times.

CoIP assays

For the CoIP assays, PRKCSH-WT cells and PRKCSH-KD cells were incubated with or 

without Nano ZnO. Next, the cells were washed, harvested, and lysed in phosphate-buffered 

saline containing 50 nM Tris-base, 1 mM ethylenediaminetetraacetic acid, 1% NP-40, and 1× 

protease inhibitor cocktail. The lysates were centrifuged, and the supernatants were collected 

for CoIP assays using the Pierce Classic IP kit (Thermo Fisher Scientific). A STAT6 antibody 

was used to generate immunocomplexes with p53 and ATM. These immunocomplexes were 

separated using 8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, washed, and 

eluted. Protein interactions were detected by western blotting, as described previously [61].

Immunofluorescence staining and confocal laser microscopy

The localization of the STAT6 and p53 proteins after Nano ZnO treatment was 

visualized by immunofluorescence staining and confocal laser microscopy. The nuclei of 

control A549 cells stained with 4',6-diamidino-2-phenylindole were blue. At 4 h after 



transfection, the cells were treated with Nano ZnO and 0.25% Triton X-100. After incubation 

with the secondary antibody, all experimental steps were performed in the dark. Samples 

incubated with 5% bovine serum albumin instead of the primary antibody were used as 

negative controls. The samples were visualized using an LSM 510 confocal laser scanning 

microscope (Carl Zeiss, Oberkochen, Germany).

Statistical analyses

All data are reported as the means  standard deviation, and a p value < 0.05 was 

considered statistically significant (Student’s t test). A fold change ≥ 2.0 and p value < 0.05 

indicated differential mRNA expression. Unpaired numerical data were compared using the 

unpaired t test (two groups) or analysis of variance (more than two groups). Statistical 

analyses were performed using SPSS for Windows software (ver. 22.0; SPSS Inc., Chicago, 

IL, USA).
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Figure legend:

Figure 1. The level of PRKCSH is increased in various cancer tissues. (A). Map of human 

organs in which the expression of PRKCSH mRNA is significantly higher in tumours than in 

nontumour tissues. Gene expression datasets from The Cancer Genome Atlas (TCGA) 

database were analysed by using the Gene Expression Profiling Interactive Analysis (GEPIA) 

web tool. (B). Representative illustration of PRKCSH mRNA expression in cancer tissues and 

normal tissues. Red indicates a gene rank percentile (%) increase from 1 to 10, while blue 

indicates a gene rank percentile (%) reduction from 10 to 1. (C). Comparative analysis of 

PRKCSH expression in various cancers and normal tissues using the TCGA database through 

the Tumor Immune Estimation Resource (TIMER) online database. (D). Overall survival 

(OS), first progression survival (FP) and postprogression survival (PPS) in lung 

adenocarcinoma (LUAD). The data were obtained from TCGA datasets. The significance of 

the differences between the two categories was determined by a log-rank test. For 



comparative analysis between two groups, one-way analysis of variance (ANOVA) was used. 

Data are represented as the mean ± standard error of the mean (SEM) of four samples. *p< 

0.01. ACC: adrenocortical carcinoma; BLCA; bladder urothelial carcinoma; BRCA-Her2: 

breast invasive carcinoma; CESC: cervical squamous cell carcinoma and endocervical 

adenocarcinoma;  CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC: 

lymphoid neoplasm diffuse large B cell lymphoma; ESCA: oesophageal carcinoma; GBM: 

glioblastoma multiforme; HNSC: head and neck squamous cell carcinoma; KICH: kidney 

chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell 

carcinoma; LAML: acute myeloid leukaemia; LGG: brain lower grade glioma; LIHC: liver 

hepatocellular carcinoma; LUSC: lung squamous cell carcinoma; MESO: mesothelioma; OV: 

ovarian serous cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG: 

pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum 

adenocarcinoma; SARC: sarcoma; SKCM: skin cutaneous melanoma; STAD: stomach 

adenocarcinoma; TGCT: testicular germ cell tumour; THCA: thyroid carcinoma; THYM: 

thymoma; UCEC: uterine corpus endometrial carcinoma; UVM: uterine carcinosarcoma.



Figure 2. Correlation analysis of PRKCSH expression and infiltration levels of immune cells 

in BLCA (A), BRCA (B), LUAD (C), and LUSC (D) tissues using the TIMER database. 

PRKCSH expression in cancer tissues positively correlates with tumour purity and the 

infiltration levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and 

dendritic cells. The scatterplots will be generated and displayed after inputs are submitted 

successfully, showing the purity-corrected partial Spearman’s rho value and statistical 

significance. The gene expression levels against tumour purity are always displayed in the 

left-most panel.



Figure 3. Correlation analysis of PRKCSH expression and infiltration levels of immune cells 

in LUAD tissues using the GEPIA database. PRKCSH expression in cancer tissues positively 

correlates with tumour purity and the infiltration levels of CD8+ T cells (A), B cells (B), 

dendritic cells (C), M1 macrophages (D), M2 macrophages (E), and natural killer cells (F). 

Scatterplots will be generated and displayed after inputs are submitted successfully, showing 

the purity-corrected partial Spearman’s rho value and statistical significance. The gene 

expression levels against tumour purity are always displayed in the left-most panel.



Figure 4. Distributions of STAT6 and PRKCSH. (A). The expression levels of STAT6 and 

PRKCSH in various cancer tissues were determined using online TCGA databases, and the 

analysis was conducted by the online website of https://www.proteinatlas.org/. (B). The 

subcellular locations of STAT6 and PRKCSH in different cancer cells were determined by the 

online website of https://www.proteinatlas.org/. (C). The expression levels of STAT6 and 

PRKCSH in various cell lines were determined using the online website of 

https://www.proteinatlas.org/. (D). Correlation analysis of PRKCSH expression and p53 

levels in immune cells in LUAD tissues using the GEPIA database was conducted by the 

online website https://www.proteinatlas.org/. (E). Prognostic marker in lung 

cancer (favourable) of STAT6. (F). Prognostic marker in lung cancer (unfavourable) of p53.

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.proteinatlas.org/


Figure 5. PRKCSH and STAT6 gene expression and mutation analysis in lung cancer. (A). 

Representative immunohistochemical (IHC) images of STAT6 and PRKCSH expression in 

lung cancer tissues compared with normal noncancer tissues using TCGA databases on the 

online website THPA (https://www.proteinatlas.org/ENSG00000130175-

PRKCSH/pathology). Scale bar: 50 µM. (B). Alteration in the frequency of PRKCSH gene 

mutation analysis in lung cancer (http://www.cbioportal.org/) (C). Alteration in the frequency 

of STAT6 gene mutation analysis in lung cancer (http://www.cbioportal.org/). (D). Altered in 

sequenced cases/patients of PRKCSH in lung cancer (http://www.cbioportal.org/). (E). 

https://www.proteinatlas.org/ENSG00000130175-PRKCSH/pathology
https://www.proteinatlas.org/ENSG00000130175-PRKCSH/pathology


STAT6 was altered in sequenced cases/patients with lung cancer (http://www.cbioportal.org/). 

(F). OS of PRKCSH in altered lung cancer patients compared with STAT6-unaltered lung 

cancer patients. (G). OS of STAT6-altered lung cancer patients compared with STAT6-

unaltered lung cancer patients.

Figure 6. Involvement of PRKCSH in the regulation of Nano-ZnO-induced cell cycle 

progression arrest. (A). Expression of PRKCSH protein after treatment with various doses of 

ZnO. (B) Protein expression of PRKCSH after treatment with 30 µg/ml ZnO nanoparticles 

(Nano ZnO) at the indicated time points. (C). Representative flow cytometry histogram of cell 

cycle progression in the population of PRKCSH-wild-type (WT) and PRKCSH-knockdown 

(KD) A549 cancer cells with or without 30 µg/ml ZnO treatment (D). Quantitative 

measurement of the population of PRKCSH-WT and PRKCSH-KD A549 cancer cells in the 

G2 and M phases at the indicated times with or without Nano ZnO treatment. (E). pHH3 was 

detected by Western blotting analysis. GAPDH served as the internal control. (F). 



Quantitative measurement of pHH3 expression in RKCSH-WT and PRKCSH-KD A549 

cancer cells treated with or without 30 µg/ml Nano ZnO at the indicated time points. (E). 

Western blotting analysis of G2/M checkpoint-regulating proteins and DNA damage proteins 

(pDNApkcs, pATM, pATR, KAP1, p-CHK1, p-CHK2, p-RPA2, RPA2, p53, p-STAT6) in 

the Nano ZnO-treated PRKCSH-wt and PRKCSH-KD A549 cancer cells. GAPDH served as 

the internal control. GAPDH served as the internal control. The data are presented as the 

means ± SDs from three independent experiments; *p< 0.05 between different groups.

Figure 7. PRKCSH deficiency promotes the translocation of STAT6 from the cytoplasm to 

the nucleus (A). The levels of phosphorylated STAT6 protein in PRKCSH-KDA549 cells 

were detected 2 and 4 h after Nano ZnO treatment by western blot analysis. GAPDH served 

as the internal loading control. (B). The levels of p53 and STAT6 proteins in the cytoplasm 

and nucleus, respectively, in PRKCSH-WT and PRKCSH-KD A549 cancer cells after Nano 

ZnO treatment were detected by Western blot analysis. GAPDH served as the internal loading 



control. Tubulin and LAMIN A/C proteins were detected as the control cytoplasmic and 

nuclear proteins, respectively. Exogenous PRKCSH-expressing vectors were transfected into 

PRKCSH-KO cells for the rescue experiment. (C). KD of STAT6 expression increases the 

binding of endogenous MDM2 with p53. (D). Effects of PRKCSH deficiency on the protein–

protein interactions of the p53-STAT6 complex after Nano ZnO treatment. Cell lysates were 

collected from PRKCSH-WT and PRKCSH-KDA549 cells at the indicated timepoints after 

Nano ZnO treatment, and immunoprecipitants were prepared with anti-STAT6 or anti-IgG 

antibodies. Western blotting analysis was performed using anti-p53 and anti-ATM antibodies. 

GAPDH was used as the internal loading control.

Figure 8. Direct regulation of p53 by STAT6. (A). Assay for the colocalization of p53 with 

STAT6. Immunocytochemical analysis of A549 cells expressing or not expressing PRKCSH 

and treated or not treated with 30 μg/mL Nano ZnO. Cells were immunostained with anti-p53 

and anti-STAT6 antibodies. The scale bar represents 5 µm. Representative results (B) and 



quantification (C) of p53 in A549 cells infected with shSTAT6 or control with/without 30 

μg/mL Nano ZnO treatment. n = 3. (D). Schematic presentation of the p53 promoter with 5 

potential STAT6 interaction elements. The reporter construct p53-Luc and its truncated and 

mutated derivatives are also shown. € The relative luciferase activity of deletion mutants and 

STAT6 interaction element mutants of p53-luc in A549 cells treated with 30 μg/mL Nano 

ZnO for 6 h. GAPDH served as the internal control. The data are presented as the means ± 

standard deviations (SDs) from three independent experiments; *p< 0.05 between different 

groups. (F). A schematic model for the mechanisms of PRKCSH in the regulation of the 

G2/M phase in A549 cells.

Supplementary Figure 1. Kaplan–Meier survival curve analysis of the prognostic 

significance of high and low expression of PRKCSH in different types of human cancers 

using the Kaplan–Meier plotter database. (A). Disease-free survival curves for 

adrenocortical carcinoma (ACC) patient groups with high and low PRKCSH expression 



levels and bladder urothelial carcinoma (BLCA) and the distant metastasis-free survival 

(DMFS) and postprogression survival (PPS) of breast invasive carcinoma (BRCA) patient 

groups with high and low PRKCSH expression levels. (B), and PFS, PPS and OS for EOC 

patients (C). The data were obtained from TCGA datasets. The significance of the differences 

between the two categories was determined by a log-rank test. For comparative analysis 

between two groups, one-way ANOVA was used. Data are represented as the mean ± SEM of 

four samples; *p< 0.01. OS, overall survival; RFS, relapse-free survival; FP, first progression.

Supplementary Figure 2. Kaplan–Meier survival curve analysis of the prognostic 

significance of high and low expression of PRKCSH in different types of human cancers 

using the Kaplan–Meier plotter database. OS and RFS for patient groups with high and 



low PRKCSH expression levels for BRCA patients (A), CHOL patients (B), COAD patients 

(C), and ESCA patients (D), and FP, OS and PPS for STAD patients (E), PRAD patients (F), 

and UCEC patients (G). The data were obtained from TCGA datasets. The significance of the 

differences between the two categories was determined by a log-rank test. For comparative 

analysis between two groups, one-way ANOVA was used. Data are represented as the mean ± 

SEM of four samples; *p< 0.01. OS, overall survival; RFS, relapse-free survival; PPS, 

postprogression survival; FP, first progression.

Supplementary Figure 3. Correlation analysis of PRKCSH expression and infiltration levels 

of immune cells in COAD (A), LIHC (B), CHOL (C), ESCA (D) and HNSC (E) tissues using 

the TIMER database. PRKCSH expression in cancer tissues positively correlates with tumour 

purity and infiltration levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, 

neutrophils, and dendritic cells. Scatterplots will be generated and displayed after inputs are 

submitted successfully, showing the purity-corrected partial Spearman’s rho value and 



statistical significance. The gene expression levels against tumour purity are always displayed 

in the left-most panel.

Supplementary Figure 4. Correlation analysis of PRKCSH expression and infiltration levels 

of immune cells in KICH/KIRC/KIRP (A) and SARC/SKCM/SKCM-primary/SKCM-

metastasis/TGCT/THCA/THYM/UCEC/UCS/UYM (B) tissues using the TIMER database. 

PRKCSH expression in cancer tissues positively correlates with tumour purity and the 

infiltration levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and 

dendritic cells. Scatterplots will be generated and displayed after inputs are submitted 

successfully, showing the purity-corrected partial Spearman’s rho value and statistical 

significance. The gene expression levels against tumour purity are always displayed in the 

left-most panel.



Supplementary Figure 5. Correlation analysis of PRKCSH expression and infiltration levels 

of immune cells in STAD tissues using the TIMER database. PRKCSH expression in cancer 

tissues positively correlates with tumour purity and infiltration levels of B cells, CD8+ T cells, 

CD4+ T cells, macrophages, neutrophils, and dendritic cells. Scatterplots will be generated 

and displayed after inputs are submitted successfully, showing the purity-corrected partial 

Spearman’s rho value and statistical significance. The gene expression levels against tumour 

purity are always displayed in the left-most panel.



Supplementary Figure 6. (A) The mean diameter of Nano ZnO at a power of 20 nm was 

determined by TEM. (B) Mean zeta potential (mV) and (C) mean Z-average. (D). 

Representative flow cytometry histogram of cell cycle progression in the population of A549 

cancer cells with or without 30 µg/ml Nano ZnO treatment.



Supplementary Figure 7. (A) Quantitative measurement of G2/M checkpoint-regulating 

proteins and DNA damage proteins (pDNApkcs, pATM, pATR, KAP1, p-CHK1, p-CHK2, p-

RPA2, RPA2, p53, and p-STAT6) in Nano-ZnO-treated PRKCSH-WT and PRKCSH-KD 

A549 cancer cells.



Supplementary Figure 8. (A) Effects of Nano ZnO on apoptosis in A549 cancer cells with or 

without p53 after treatment with 30 µg/ml Nano ZnO. (B) Effects of Nano ZnO on the cell 

cycle in A549 cancer cells with or without p53 after treatment with 30 µg/ml Nano ZnO.



Supplementary Figure 9. (A) Effects of Nano ZnO on Bax and Bcl-2 expression in A549 

cancer cells with or without PRKCSH after treatment with 30 µg/ml Nano ZnO.


