
Downregulation of CAMK2N1 due to DNA
Hypermethylation Mediated by DNMT1 Promotes
the Progression of Prostate Cancer
Wei Peng 

Huazhong University of Science and Technology Tongji Medical College
Huan Feng 

Huazhong University of Science and Technology Tongji Medical College
Linhao Pang 

Huazhong University of Science and Technology Tongji Medical College
Junfeng Zhang 

Huazhong University of Science and Technology Tongji Medical College
Yi Hao 

Huazhong University of Science and Technology Tongji Medical College
Xian Wei 

Huazhong University of Science and Technology Tongji Medical College
Qidong Xia 

Huazhong University of Science and Technology Tongji Medical College
Zhewen Wei 

Huazhong University of Science and Technology Tongji Medical College
Wen Song 

Huazhong University of Science and Technology Tongji Medical College
Shaogang Wang 

Huazhong University of Science and Technology Tongji Medical College
Jihong Liu 

Huazhong University of Science and Technology Tongji Medical College
Ke Chen 

Huazhong University of Science and Technology Tongji Medical College
Tao Wang  (  tjhwt@126.com )

Huazhong University of Science and Technology Tongji Medical College https://orcid.org/0000-0003-
2952-8397

Research Article

Keywords: prostate cancer, CAMK2N1, DNA methylation, DNMT1, 5-Aza-2’-deoxycytidine

https://doi.org/10.21203/rs.3.rs-1323994/v1
mailto:tjhwt@126.com
https://orcid.org/0000-0003-2952-8397


Posted Date: February 15th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1323994/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1323994/v1
https://creativecommons.org/licenses/by/4.0/


  

Downregulation of CAMK2N1 due to DNA Hypermethylation 

Mediated by DNMT1 Promotes the Progression of Prostate Cancer 

Wei Peng1,2,3†, Huan Feng1,2†, Linhao Pang1,2,4†, Junfeng Zhang1,2,5, Yi Hao6, Xian Wei1,2, Qidong 1 

Xia1,2, Zhewen Wei1,2, Wen Song1,2, Shaogang Wang1,2, Jihong Liu1,2, Ke Chen1,2* and Tao 2 

Wang1,2* 3 

1Department of Urology, 2Institute of Urology, Tongji Hospital, Tongji Medical College, Huazhong 4 

University of Science and Technology, Wuhan, Hubei, China 5 

3Department of Anatomy and Cell Biology, Justus Liebig University of Giessen, Giessen, Hessen, 6 

Germany 7 

4Department of Urology, Suining Central Hospital, Chongqing Medical University, Suining, Sichuan, 8 

China 9 

5Department of Urology, the Central Hospital of Enshi Tujia and Miao Autonomous Prefecture, Enshi, 10 

Hubei, China 11 

6Department of Pathogen Biology, School of Basic Medicine, Tongji Medical College, Huazhong 12 

University of Science and Technology, Wuhan, Hubei, China 13 

* Correspondence:  14 
Ke Chen 15 

shenke@hust.edu.cn 16 

Tao Wang 17 

tjhwt@126.com 18 

† These authors have contributed equally to this work 19 

Abstract 20 

Background 21 

Calcium/calmodulin-dependent protein kinase II inhibitor I (CAMK2N1) is one of the tumor 22 

suppressor genes in prostate cancer (PCa) and is significantly downregulated in PCa tissues compared 23 

to benign and normal prostate tissues. Reduced expression of CAMK2N1 is positively correlated with 24 

PCa progression. However, the mechanism of CAMK2N1 silencing in PCa is still unclear. The 25 

promoter region of CAMK2N1 contained abundant CG loci, providing a great possibility for DNA 26 

methylation. Consequently, we postulated that epigenetic modification resulted in the abnormal 27 

expression of CAMK2N1 in PCa. 28 

Methods 29 

Firstly, we determined the DNA methylation level of CAMK2N1 in prostate cell lines and clinical 30 

specimens by bisulfite sequencing (BS), pyrosequencing and The Cancer Genome Atlas in silico 31 

analysis. Subsequently, we explored the expression of CAMK2N1 and its DNA methylation level by 32 

qRT-PCR, western blot, immunofluorescence, BS and methylation-specific PCR in PCa cells after 5-33 

Aza-CdR treatment or DNMT1 gene modification. Moreover, we analyzed DNMT1 expression as well 34 
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as the related signaling pathways in CAMK2N1 upregulated or downregulated PCa cells. Finally, 35 

functional assays including wound healing, invasion and migration assay, and xenograft model in nude 36 

mice were used to investigate the effect of DNMT1/CAMK2N1 interaction on the progression of PCa. 37 

Results 38 

CAMK2N1 was highly methylated in PCa cells and tissues compared to normal prostate epithelial 39 

cells, normal prostate tissues and benign prostatic hyperplasia BPH tissues. The hypermethylation of 40 

CAMK2N1 was associated with the clinicopathological characteristics in PCa patients. The reduced 41 

expression of CAMK2N1 can be restored by 5-Aza-CdR treatment via demethylation. Moreover, we 42 

confirmed that DNMT1 formed a positive feedback loop with CAMK2N1 in PCa cells. CAMK2N1 43 

expression was downregulated by DNMT1-mediated DNA methylation, which reversely induced 44 

DNMT1 expression through the AKT or ERK signaling pathway. The results of in vitro and in vivo 45 

experiments demonstrated that CAMK2N1 inhibited PCa cell invasion, migration and proliferation and 46 

these effects were reversed by DNMT1. 47 

Conclusions 48 

DNMT1-mediated hypermethylation of CAMK2N1 not only downregulates gene expression but also 49 

promotes the progression of PCa, which could be served as a potential predictive biomarker. 50 

Keywords: prostate cancer, CAMK2N1, DNA methylation, DNMT1, 5-Aza-2’-deoxycytidine 51 

Background 52 

Prostate cancer (PCa) is the most common malignancy among older males in Western countries, has 53 

the second highest mortality rate, and has become a serious global public health problem [1]. The 54 

tumorigenesis of PCa is a complex multifactorial and multistep process involving the changes of 55 

signaling pathways, oncogenes and tumor suppressor genes [2,3]. It is currently believed that the 56 

abnormal expression of genes caused by epigenetic modifications, such as DNA methylation, histone 57 

acetylation and noncoding RNAs, plays an important role in the occurrence and development of PCa 58 

[4,5]. 59 

    Calcium/calmodulin-dependent protein kinase II inhibitor I (CAMK2N1) is an endogenous CaMKII 60 

suppressor gene. Recent studies have shown that Ca2+/CaMKII signaling pathway plays an important 61 

role in tumorigenesis and that inhibition of CaMKII blocks tumor cell growth [6,7]. CAMK2N1 62 

induces apoptotic cell death and inhibits cell proliferation, cell cycle progression and androgen receptor 63 

(AR) expression in PCa [8,9]. The expression of CAMK2N1 is increased by the activation of 64 

PI3K/AKT signaling and decreased in response to androgen signaling [9–11]. Our previous research 65 

confirms that CAMK2N1 is significantly downregulated in PCa and negatively correlates with the 66 

degree of malignancy [8,9]. However, the molecular mechanism of CAMK2N1 downregulation in PCa 67 

is still unclear. 68 

    DNA methylation abnormalities, including hypomethylation or hypermethylation of specific gene, 69 

are significant epigenetic changes in PCa [12]. Hypermethylation of CpG islands in promoter region 70 

results in downregulated or even inactivated expression of genes such as AR, GSTP1, RASSF1 and 71 

APC, which are closely related to the pathological progression of PCa [13–15]. DNA methyltransferase 72 

1 (DNMT1) is one of the important enzymes that catalyzes the process of DNA methylation. Studies 73 

have shown that DNMT1 is highly expressed in the nucleus in human PCa specimens and is related to 74 
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tumor stage, Gleason score and AR expression [16]. Interference with the expression of DNMT1 75 

restores the expression of certain tumor suppressor genes and suppresses tumor growth [17]. 76 

To investigate whether the decreased expression of CAMK2N1 in PCa is associated with DNA 77 

methylation and to clarify the potential molecular mechanisms of CAMK2N1 regulation, we conducted 78 

a series of experiments. Our findings offer a better understanding of the role of CAMK2N1 DNA 79 

methylation in PCa and reveal a promising new approach through which CAMK2N1 and epigenetic 80 

pathways could serve as molecular determinants in the effective treatment of PCa. 81 

Materials and methods 82 

Clinical samples 83 

A total of 16 benign prostatic hyperplasia (BPH) formalin-fixed paraffin-embedded (FFPE) tissue 84 

samples and 52 PCa FFPE tissue samples were randomly collected after surgery at Tongji Hospital, 85 

Tongji Medical College, Huazhong University of Science and Technology (HUST). The 86 

clinicopathological characteristics of the patients are summarized in Additional file 1: Table S1. This 87 

study was in line with the guidelines of the Declaration of Helsinki, and authorization was obtained 88 

from the patients. 89 

Cell lines and cell culture 90 

RWPE-1, LNCaP, DU145 and PC-3 cell lines were purchased from the China Center for Type Culture 91 

Collection (CCTCC, China). LNCaP, DU145 and PC-3 cells were maintained in RPMI-1640 medium 92 

(HyClone, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and 93 

penicillin/streptomycin (Gibco). Defined keratinocyte serum-free medium (Gibco) was prepared for 94 

RWPE-1 cell culture. All cell lines were maintained in a humidified incubator at 5% CO2 and 37℃. 95 

Antibodies and chemical reagents 96 

Antibody details are summarized in Additional file 2: Table S2. All primary antibodies were diluted 97 

according to the supplier’s suggestions. 5-Aza-2’-deoxycytidine (5-Aza-CdR), AKTi and U0126 were 98 

purchased from MedChemExpress (USA). PCa cells were exposed to different concentrations of 5-99 

Aza-CdR for 96 h with a daily medium change. All chemical reagents were used according to the 100 

manufacturer’s instructions. 101 

Plasmid, siRNA and cell transfection 102 

Cloned CAMK2N1 and DNMT1 human cDNA was purchased from Vigene Biosciences (China) and 103 

inserted into the pLent-EF1a-FH-CMV-GFP vector and pAd-EF1a-GFP vector, respectively. Human 104 

CAMK2N1 and DNMT1 siRNAs were synthesized as described in Additional file 3: Table S3. Cells 105 

were transfected with plasmids or siRNAs in the presence of Lipofectamine 3000 Reagent (Invitrogen, 106 

USA) in Opti-MEM medium (Invitrogen). After 2 or 3 days, cells were harvested for RNA and protein 107 

analyses. The pGV493 lentiviral vectors pGV493-shCAMK2N1 (target seq: 5’- 108 

GCAAGCGGGTTGTTATTGA -3’), and pGV493-shDNMT1 (target seq: 5’- 109 

CGAGTTGCTAGACCGCTTC -3’) were purchased from GeneChem (China) for plasmid 110 

construction. The constructs were confirmed by sequencing. Then, the plasmids were transfected into 111 

HEK293T cells to package the lentivirus used to infect DU145 cells. Cells were selected for 3 days 112 

with 2 μg/ml puromycin, and surviving cells were used as stable transfectants. 113 
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Publicly online database analysis 114 

An online tool (https://www.ebi.ac.uk/Tools/seqstats/emboss_newcpgreport/) was used to predict the 115 

distribution of CpG islands in the promoter region and first exon of CAMK2N1 [18]. In this tool, a 116 

CpG island is defined as a region of least 200 bp with a proportion of CG dinucleotides exceeding 50% 117 

and a ratio of observed/predicted values of CpG higher than 0.6. The promoter is defined as a region 118 

starting from 2000 bp (-2000 bp) upstream of the transcription start site (TSS) [19]. Transcriptome 119 

profiles, methylation profiles, and corresponding clinical information profiles are from the same 120 

TCGA_PRAD datasets, which were downloaded from TCGA_Portal (https://portal.gdc.cancer.gov/). 121 

We sorted all the transcriptional data, extracted the expression value and corresponding methylation 122 

status of CAMK2N1, and merged these with their detailed clinicopathological information. 123 

DNA isolation, bisulfite modification, methylation-specific PCR (MSP), bisulfite sequencing 124 

(BS), pyrosequencing and genome-wide DNA methylation assay 125 

DNA was extracted using a TIANamp Genomic DNA Kit (Tiangen, China). DNA samples (500 ng) 126 

were processed for bisulfite conversion using an EpiTect Fast DNA Bisulfite Kit (Qiagen, Germany) 127 

according to the manufacturer’s instructions. The bisulfite-modified DNA was used as a template to 128 

amplify using an MSP kit (Tiangen). After the reaction, amplification products were examined by 129 

agarose gel electrophoresis. As for BS analysis, BS-specific primers were designed according to the 130 

CpG islands distribution in the promoter region and first exon of CAMK2N1 gene. The bisulfite-131 

modified DNA was amplified by using these four different BS primers. Afterwards, the target 132 

fragments in the agarose gel electrophoresis were collected by a DNA Gel Extraction Kit (Generay, 133 

China). Subsequently, target fragments were inserted into the pTG19-T vector using a TA cloning kit 134 

(Generay). Ten clones were randomly selected and sequenced. There are a total of 22 CG sites in the 135 

first BS amplicon of CAMK2N1 gene. According to it, we designed one pair of PCR primers for 136 

pyrosequencing to cover five different CG sites, namely, those at sites 4, 5, 6, 7 and 8. The bisulfite-137 

modified DNA was amplified and PCR was performed according to the instruction of PyroMark PCR 138 

Kit (Qiagen). Single-stranded biotinylated PCR products were purified and subsequently prepared for 139 

the sequencing with the PyroMark Q24 instrument (Qiagen). The genome-wide DNA methylation 140 

percentage was determined with a MethylFlash Methylated DNA Quantification Kit (Colorimetric, 141 

Epigentek, USA). The genomic DNA was isolated and bound to strip wells in this assay. The 142 

methylated fraction of DNA was detected using antibodies and then quantified colorimetrically by 143 

reading the absorbance in a microplate spectrophotometer. The sequences of all primers are shown in 144 

Additional file 3: Table S3. 145 

RNA isolation and quantitative reverse transcription PCR (qRT-PCR) 146 

Total RNA was isolated from cultured cells using TRIzol reagent (Invitrogen) according to the 147 

established protocol [20]. Total RNA (1 μg) was reversely transcribed to cDNA using PrimeScript RT 148 

Master Mix (Takara, China). Then, qRT-PCR was carried out in a Roche Light Cycler 480 system with 149 

SYBR Premix Ex TaqTM (Takara). The primer sequences are shown in Additional file 3: Table S3. 150 

Relative gene expression levels were calculated by normalization to GAPDH and quantification via 151 

the 2-△△Ct method. 152 

Western blot 153 

Total protein was isolated from cultured cells with RIPA lysis buffer (Beyotime, China) and 1 mM 154 

PMSF buffer (Beyotime). Then, the protein concentration was determined using a BCA protein assay 155 

kit (Beyotime). Samples containing equal amounts of protein were loaded into SDS-PAGE gels. After 156 
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electrophoresis, proteins in the gels were transferred onto PVDF membranes (Millipore, USA). After 157 

blocking with 5% bovine serum albumin at room temperature for 2 h, membranes were incubated with 158 

the primary antibodies listed above overnight at 4°C. After several TBST washes and incubation with 159 

HRP-conjugated secondary antibodies, bound proteins were detected with ECL regents (Bio-Rad, 160 

USA) in a chemiluminescence detection system (Syngene, USA). The bands intensity was quantified 161 

with ImageJ software and normalized to that of GAPDH. The relative band intensity in the control 162 

group was set to 1. 163 

Immunofluorescence staining 164 

After washing with phosphate-buffered saline (PBS), cells were fixed with 4% paraformaldehyde for 165 

20 min and permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Then, cells were 166 

blocked with goat serum (Beyotime) for 1 h. Afterwards, cells were incubated with primary antibodies 167 

at 4℃ overnight. After incubation, cells were washed with PBS again and incubated with 168 

corresponding secondary antibodies at room temperature for 1 h. Nuclei were stained with DAPI 169 

(Beyotime). Slides were mounted and evaluated under an Olympus microscope. 170 

Chromatin immunoprecipitation (ChIP) assay 171 

This experiment was performed with a ChIP assay kit (Millipore). Cells were cross-linked with 1% 172 

formaldehyde at 37℃ for 10 min. Then, cells were lysed for 1 h on ice and sonicated to shear DNA. 173 

Anti-DNMT1 ChIP-grade antibody and anti-human IgG antibody were added for the incubation at 4℃ 174 

overnight. Beads were used to precipitate the complexes and enrich the DNA fragments. After multiple 175 

washes, cross-linking was reversed by adding 5M NaCl and heating to 65℃ for 4 h. Purified DNA was 176 

extracted and proceeded to perform PCR analysis. Fold enrichment was calculated by setting the value 177 

of the IgG control sample to 1. The sequences of CAMK2N1 are shown in Additional file 3: Table S3. 178 

Cell invasion and migration assays 179 

For the invasion assay, Matrigel-coated Transwell inserts (Corning, USA) were pre-treated with serum-180 

free RPMI-1640 medium at 37°C for 2 h. After removing the medium, we added 750 μl of RPMI-1640 181 

medium supplemented with 10% FBS as a chemoattractant to each lower chamber, added 5 × 104 cells 182 

to each upper chamber, and incubated the plates at 37°C for 24 h. Then, the inserts were removed, and 183 

noninvaded cells on the upper surface of the membranes were removed with a cotton swab. The invaded 184 

cells on the lower surface of the membranes were then fixed with 100% methanol for 15 min and 185 

stained with 1% crystal violet. Cells in three microscopic fields were photographed and counted. For 186 

the migration assay, a procedure similar to that used in the invasion assay was used, but the Matrigel 187 

coating was omitted. Three independent experiments were performed. 188 

Wound healing assay 189 

Cells were seeded in a 6-well culture plate, and wounds were made with 1-ml pipette tips in the middle 190 

of the six-well plates. Then, cells were cultured with serum-free RPMI-1640 medium. After 24 h, cell 191 

migration was photographed. Wound coverage area was measured and normalized to that in the 0 h 192 

control group to calculate the relative migration rates for comparison. Three independent experiments 193 

were performed. 194 

Animal experiments 195 
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BALB/c nude mice (4 weeks old) were purchased from Beijing Vital River Laboratory Animal 196 

Technology Co., Ltd (China) and maintained under specific pathogen-free conditions. All animal 197 

experiments were approved by the Ethics Committee of Tongji Hospital, HUST. The whole process 198 

was carried out in accordance with the “Guide for the Care and Use of Laboratory Animals”. To 199 

establish the xenograft tumor model, 1 × 106 DU145 cells were suspended in 100 μl of serum-free 200 

RPMI-1640 and implanted subcutaneously into the left axilla of nude mice. The tumors were measured 201 

every week. Five weeks later, the mice were euthanized, and the tumors were weighed. Tumor 202 

specimens were fixed and embedded in paraffin for immunohistochemistry analysis. 203 

Immunohistochemistry 204 

This experiment was conducted as described previously [8,9]. Primary antibodies were used at the 205 

appropriate dilutions in the experiments. Sections (4 μm) were prepared from FFPE DU145 tumor 206 

tissues harvested from nude mice. 207 

Statistical analysis 208 

All results are presented as the mean ± standard deviation (SD) values, and data were analyzed using 209 

GraphPad Prism software. At least three repeated experiments were carried out. The statistical 210 

significance of differences between two groups was assessed by using Student’s t-test. Differences 211 

among multiple groups were analyzed using one-way analysis of variance (ANOVA) followed by 212 

Tukey’s multiple comparison test. The two-tailed Pearson correlation coefficient was used for 213 

correlation analysis. The log-rank test was used to compare survival distributions. Statistical 214 

significance was assumed for P < 0.05. 215 

Results 216 

The promoter of CAMK2N1 is hypermethylated in prostate cancer cells compared to normal 217 

prostate epithelial cells 218 

We first analyzed the mRNA expression of CAMK2N1 in normal prostate epithelial cells and PCa 219 

cells using qRT-PCR. The results showed that CAMK2N1 mRNA expression was markedly decreased 220 

in LNCaP, DU145 and PC-3 cells compared to RWPE-1 cells, especially in AR-negative DU145 and 221 

PC-3 cells (Fig. 1A). 222 

    Enrichment of CG sequences, especially the existence of CpG islands, indicates the possibility of 223 

DNA methylation [21]. The publicly available online tool 224 

(https://www.ebi.ac.uk/Tools/seqstats/emboss_newcpgreport/) predicted that there were two CpG 225 

islands likely to be hypermethylated in the promoter region and first exon of CAMK2N1 (Fig. 1B). 226 

We determined the DNA methylation percentage of CAMK2N1 in RWPE-1, LNCaP, DU145 and PC-227 

3 cells through BS. We identified that in the first amplicon the DNA methylation percentage at these 228 

22 CG sites was significantly higher than that in other amplicons not only in PCa cells but also in 229 

normal prostate epithelial cells, indicating that the CG sequences in this region are the key site of 230 

methylation for regulating gene expression (Fig. 1C). The results also showed that the average DNA 231 

methylation percentage of CAMK2N1 was 6.8% in RWPE-1 cells but was 56.3% in LNCaP cells, 232 

22.3% in DU145 cells and 19.1% in PC-3 cells (Fig. 1C). Based on the above results, we performed 233 

the BS analysis again (Additional file 4: Fig. S1) and quantified the DNA methylation percentage in 234 

twenty sequencing clones. We confirmed again that the CG sequences in the CAMK2N1 gene 235 

promoter was hypermethylated in prostate cancer cells compared to normal prostate epithelial cells 236 
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(Fig. 1D). Interestingly, AR-positive LNCaP cells had a higher DNA methylation percentage than AR-237 

negative DU145 cells and PC-3 cells (Fig. 1E). 238 

DNA hypermethylation of CAMK2N1 is identified in prostate cancer tissues and is associated 239 

with clinicopathological characteristics 240 

To investigate whether there is DNA hypermethylation of CAMK2N1 in PCa tissues, we analyzed data 241 

from the TCGA database. The results revealed that CAMK2N1 expression was reduced in PCa tissues 242 

compared to normal prostate tissues (Fig. 2A). Correspondingly, the DNA methylation level of 243 

CAMK2N1 in PCa samples was higher than that in normal prostate samples (Fig. 2B). The cg loci 244 

from cg14477205 to cg24294857 are located upstream of TSS, while other cg loci are located 245 

downstream (Fig. 2C). From the methylation levels of these arrays, compared with the downstream, 246 

there was indeed hypermethylation in the upstream of CAMK2N1 TSS, which was consistent with our 247 

results in prostate cells shown in Fig. 1C (Fig. 2C). Moreover, CAMK2N1 gene expression was 248 

negatively correlated with the average DNA methylation level for the all cg loci (Fig. 2D). Although 249 

CAMK2N1 hypermethylation did not affect the T or N stages, Gleason scores, prostate-specific antigen 250 

(PSA) values and the overall survival of PCa patients (Fig. 2E and Additional file 5: Fig. S2A), 251 

hypermethylation at certain loci still worsened the progression-free survival of patients (Fig. 2F and 252 

G). 253 

    To further support our hypothesis, we collected FFPE prostate tissues to measure the DNA 254 

methylation level of CAMK2N1 between benign samples from 16 BPH patients and tumor samples 255 

from 52 PCa patients. According to the location of CAMK2N1 DNA hypermethylation determined in 256 

PCa cells, as shown in Fig. 1, we elected to use sites 4 to 8 among in the first amplicon from BS as the 257 

key methylation sites and performed pyrosequencing. The results indicated that at site 4, the DNA 258 

methylation percentage of CAMK2N1 in PCa tissues was 7 times higher than that in BPH tissues (Fig. 259 

2H). At other sites, although there were no significant differences, the DNA methylation percentage in 260 

PCa tissues was higher than that in BPH tissues (Fig. 2L and Additional file 5: Fig. S2B-D). Regarding 261 

clinical and pathological manifestations, the pyrosequencing results showed that patients with higher 262 

DNA methylation percentages of CAMK2N1 at site 4 had higher TNM stages, higher Gleason scores 263 

and higher PSA levels (Fig. 2I-K). Data for the other sites revealed the similar results, although there 264 

were no significant differences, patients with hypermethylation showed higher risk, as determined by 265 

TNM stages, Gleason scores and PSA levels (Fig. 2L-O and Additional file 5: Fig. S2B-D). 266 

Interestingly, we found out that site 4 is cg22942704 locus that was analyzed in TCGA dataset. 267 

However, TCGA analysis demonstrated that there was no significant difference of methylation level 268 

at cg22942704 locus among PCa patients with different pathological characteristics (Additional file 5: 269 

Fig. S2E). Nevertheless, T4 tumor or Gleason score 10 tumor still has a slight higher methylation level 270 

of CAMK2N1 (Additional file 5: Fig. S2E). 271 

5-Aza-CdR restores the expression of CAMK2N1 through DNA demethylation 272 

To verify whether DNA methylation is associated with transcriptional silencing of CAMK2N1 in PCa 273 

cells of different subtypes, the DNA methyltransferase inhibitor 5-Aza-CdR was used to induce 274 

CAMK2N1 demethylation in PCa cells. qRT-PCR and western blot analyses revealed that 5-Aza-CdR 275 

elevated the mRNA and protein expression levels of CAMK2N1 in androgen-independent DU145 and 276 

PC-3 cells in a dose-dependent manner (Fig. 3A-F and Additional file 6: Fig. S3A). DNMT1 expression 277 

was inhibited by 5-Aza-CdR (Fig. 3A-F and Additional file 6: Fig. S3B). Similarly, in androgen-278 

dependent LNCaP cells, qRT-PCR and western blot analyses showed that 5-Aza-CdR treatment 279 

increased the expression of not only CAMK2N1 but also AR, accompanied by the decreased 280 
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expression of DNMT1 (Fig. 3G-I). To further clarify the relationships between the expression of 281 

CAMK2N1 and its DNA methylation status, the DNA methylation level in PCa cells treated with 5-282 

Aza-CdR were analyzed by BS. The results indicated that the DNA methylation percentage was 283 

decreased after 5-Aza-CdR treatment from 14.5% to 9.5% in DU145 cells, from 16.8% to 13.6% in 284 

PC-3 cells and from 69.1% to 45% in LNCaP cells (Fig. 3J). 285 

DNMT1 interacts with the promoter of CAMK2N1 and inhibits the expression of CAMK2N1 via 286 

DNA methylation 287 

When we inhibited DNA methyltransferase activity with 5-Aza-CdR, we observed that the expression 288 

of DNMT1 was decreased, whereas CAMK2N1 expression was increased. Thus, we hypothesized that 289 

DNA methyltransferases, especially DNMT1, may bind to the gene sequence of CAMK2N1 to exert 290 

biological effects. To verify this hypothesis, a ChIP assay was performed in 5-Aza-CdR-treated DU145 291 

cells. The amplicon of CAMK2N1 that binds to DNMT1 in DU145 cells can be detected (Fig. 4A), 292 

indicating that DNMT1 was able to interact with the promoter of CAMK2N1. This conclusion was 293 

also supported by the result that mRNA expression of CAMK2N1 combined with DNMT1 was reduced 294 

in 5-Aza-CdR-treated DU145 cells due to the inhibition of DNMT1 (Fig. 4B). To investigate the 295 

specific relationships between DNMT1 and CAMK2N1, we knocked down and overexpressed 296 

DNMT1 in DU145 and LNCaP cells. qRT-PCR and western blot analyses showed that suppression of 297 

DNMT1 expression increased the mRNA and protein expression levels of CAMK2N1 (Fig. 4C-H), 298 

while overexpression of DNMT1 decreased CAMK2N1 expression (Fig. 4I-N). The qualitative MSP 299 

results showed that decreasing the expression of DNMT1 diminished the methylation status of 300 

CAMK2N1, while overexpression of DNMT1 correspondingly enhanced the methylation status of 301 

CAMK2N1 in PCa cells (Fig. 4O).  302 

CAMK2N1 inhibits the expression of DNMT1 via the AKT or MER/ERK signaling pathway 303 

Our group indicated that CAMK2N1 suppresses the PI3K/AKT and MEK/ERK signaling pathways in 304 

PCa [8]. Sunahori et al. found that the ERK pathway is an important signaling pathway for DNA 305 

methylation regulation and that inhibiting the MEK/ERK signaling pathway reduces the expression of 306 

DNMT1 [22]. Therefore, CAMK2N1 may be capable of regulating the expression of DNMT1. 307 

Similarly, we downregulated and upregulated CAMK2N1 expression. qRT-PCR and western blot 308 

analyses showed that downregulation of CAMK2N1 increased the expression of DNMT1 and induced 309 

the phosphorylation-mediated activation of the AKT and MEK/ERK pathways in DU145 cells (Fig. 310 

5A and B). Conversely, upregulation of CAMK2N1 showed the opposite effects in LNCaP cells 311 

(Additional file 7: Fig. S4A and B). To further prove that CAMK2N1 regulates the expression of 312 

DNMT1 through the AKT or ERK pathway, we used the AKT inhibitor AKTi and the ERK inhibitor 313 

U0126. The results indicated that in DU145 and LNCaP cells, knockdown of CAMK2N1 elevated the 314 

expression of DNMT1, whereas the addition of the AKT inhibitor (Fig. 5C-E and Additional file 7: 315 

Fig. S4C and D) and ERK inhibitor (Fig. 5F-H and Additional file 7: Fig. S4E and F) abrogated the 316 

effects of CAMK2N1 knockdown on DNMT1 expression not only at the mRNA level but also at the 317 

protein level. Although CAMK2N1 can regulate the expression of DNMT1, it cannot affect the 318 

genome-wide DNA methylation level by changing DNMT1 expression (Additional file 7: Fig. S4G). 319 

Silencing CAMK2N1 promotes tumor progression by inducing DNMT1 in vitro and in vivo 320 

To investigate the potential biological effects of DNMT1 and CAMK2N1 on tumor progression, 321 

DU145 cell lines with stable knockdown of DNMT1 and CAMK2N1 were established. The wound 322 

healing assay revealed that knockdown of CAMK2N1 promoted the migration of DU145 cells, but 323 
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knockdown of DNMT1 not only abolished this effect but also inhibited cell migration (Fig. 6A and B). 324 

Accordingly, knockdown of CAMK2N1 significantly induced PCa cell migration and invasion in 325 

Transwell migration and Matrigel invasion assays, in contrast to the effects of DNMT1 knockdown 326 

(Fig. 6C and D). These cells were injected subcutaneously into BALB/c nude mice. The tumor volume 327 

and weight were significantly increased in the CAMK2N1 knockdown group compared with the 328 

control group, while knockdown of DNMT1 reversed these effects (Fig. 6E-H). Immunohistochemistry 329 

analysis was applied to detect the protein expression of DNMT1 and CAMK2N1 in xenograft tumors 330 

of each group. The expression of CAMK2N1 was obviously increased when DNMT1 expression was 331 

markedly reduced in tumor tissues (Fig. 6I). We also found that knockdown of CAMK2N1 increased 332 

the expression of DNMT1, consistent with the results described above. 333 

Discussion 334 

CAMK2N1 is generally considered as a tumor suppressor gene, which is reduced and associated with 335 

poor clinical outcomes in hepatocellular carcinoma, medullary thyroid cancer, cervical cancer or 336 

ovarian cancer  [23–26]. In our previous studies, we reported that CAMK2N1 is significantly 337 

downregulated in PCa tissues compared to normal and benign prostate tissues, thereby inducing the 338 

activation of AR and the activity of PSA [8,9]. Romaniuk et al. also found that CAMK2N1 expression 339 

is significantly reduced in metastatic castration-recurrent PCa tissue compared with androgen-340 

dependent primary tissue [27]. However, little is known about the molecular mechanism of CAMK2N1 341 

downregulation in PCa. Recently, Peng et al., Lee et al. and Häfner et al. found that DNA 342 

hypermethylation contributes to the downregulation of CAMK2N1 in hepatocellular carcinoma, 343 

cervical and ovarian cancer, which serves as a potential prognostic biomarker [23,26,28,29]. Therefore, 344 

according to previous valuable literature reports, we hypothesized that DNA methylation may be 345 

involved in the abnormal expression of CAMK2N1 in PCa.  346 

    BS analysis in PCa cells, in silico analysis from TCGA dataset and pyrosequencing in PCa tissues 347 

confirmed our hypothesis. We found that CAMK2N1 was hypermethylated in PCa cells and PCa 348 

tissues compared to nonmalignant prostate cells, normal prostate tissues and BPH benign tissues. 349 

Patients with higher DNA methylation of CAMK2N1 showed higher TNM stages, higher Gleason 350 

scores, higher PSA levels and worst progression-free survival. Notably, our pyrosequencing results 351 

validated the TCGA data. The combination of both analyses fully illustrates the presence of 352 

hypermethylation of CAMK2N1 in PCa, which could be used as a biomarker. However, due to the 353 

limited clinical sample size, we still need include more patients to confirm it, which is one of the flaws 354 

of our study. The degree of DNA methylation was higher in AR-positive LNCaP cells than in AR-355 

negative DU145 and PC-3 cells, which was not consistent with the expression of CAMK2N1 mRNA 356 

detected by qRT-PCR. In addition to DNA methylation, there may be other transcriptional 357 

modifications or post-translational modifications that lead to the differential expression of CAMK2N1 358 

in AR-positive and -negative cells, for example, histone acetylation, phosphorylation or glycosylation. 359 

These possibilities require further investigation. 360 

    DNMT1 is highly expressed in PCa patients with advanced progression, castration-resistant or 361 

metastasis [16]. Loss of DNMT1 is known to be involved in reactivation of gene expression by 362 

demethylation [30]. DNMT1 is able to repress AR expression in a methylation dependent or 363 

independent manner [31,32]. In our study, we confirmed by ChIP that DNMT1 binds to the promoter 364 

of CAMK2N1. Demethylation drug 5-Aza-CdR as well as DNMT1 knockdown both restored the 365 

expression of CAMK2N1 through the DNA demethylation pathway. The expression of AR was also 366 

increased in LNCaP cells after 5-Aza-CdR treatment, indicating that there may be methylation 367 

modification of the AR gene in PCa. Considering that CAMK2N1 is an androgen-responsive gene [10], 368 
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there may be some connections among CAMK2N1, androgen/AR pathway and DNMT1. These 369 

possibilities need to be studied further. 370 

    Blockade of either AKT signaling or ERK signaling dramatically decreases the expression of 371 

DNMT1 in PCa cells [30,33]. Previous work from our group proved that overexpression of CAMK2N1 372 

inactivates downstream AKT or MEK/ERK signaling pathway [8,9]. Our work demonstrates that 373 

inhibition of CAMK2N1 increased DNMT1 expression and activated the AKT or MEK/ERK signaling 374 

pathway. However, when the AKT or ERK signaling pathway was inhibited, the effect of DNMT1 375 

upregulation was abolished. Furthermore, we explored whether the mutual regulation of DNMT1 and 376 

CAMK2N1 ultimately affects the progression of PCa in vitro and in vivo. Inhibition of CAMK2N1 377 

significantly enhanced the migration and invasion of PCa cells and xenograft tumor growth, while 378 

knockdown of DNMT1 reversed these effects. Similarly, the reduction of CAMK2N1 expression also 379 

inhibited the tumor suppressive effect of DNMT1 knockdown.  380 

However, growing evidence suggest the opposing role of CAMK2N1 and DNMT1 in PCa. 381 

Romanuik et al. showed the elevated level of CAMK2N1 in PCa patients who later had biochemical 382 

failure [27]. Furthermore, Carneiro et al. classified CAMK2N1 as an epithelial-mesenchymal transition 383 

(EMT)-related gene, which was increased in locally invasive and metastatic PCa [34]. Reduction of 384 

DNMT1 promotes PCa metastasis through the induction of EMT, cancer stem cell phenotype or 385 

neuroendocrine differentiation [35,36]. Considering these contradictory facts, a possible explanation 386 

is that the specific expression and function of CAMK2N1 and DNMT1 depend on the stage of PCa. 387 

CAMK2N1 and loss of DNMT1 display oncogenic effects via EMT and oncogenes activation caused 388 

by genome-wide hypomethylation in early stage of PCa [34,37]. In the late stage of PCa, CAMK2N1 389 

expression is decreased and DNMT1 expression is increased, which promotes the further progression 390 

of PCa through activation of AR, AKT or ERK signaling pathway, induction of E2F1-mediated 391 

proliferation and inactivation of tumor suppressor genes due to the hypermethylation [8,9,23,27,37]. 392 

Thus, careful evaluation of stages in PCa patients, especially the androgen-dependent situation, is 393 

required for the fully understanding the effect of CAMK2N1 and DNMT1 on PCa. Moreover, there is 394 

little literature to verify that CAMK2N1 does promote the process of EMT in tumor, which could be 395 

the focus of our future research. 396 

Conclusions 397 

Taken together, our results demonstrate that CAMK2N1 is hypermethylated in PCa cells and tissues, 398 

resulting in downregulation of CAMK2N1, which is significantly related to the pathological TNM 399 

stages, Gleason scores and PSA levels in PCa patients. Treatment with 5-Aza-CdR in PCa cells restores 400 

CAMK2N1 gene expression by demethylating the promoter of CAMK2N1 in PCa cells. DNMT1 401 

inhibits the expression of CAMK2N1 through DNA methylation, while downregulation of CAMK2N1 402 

increases DNMT1 expression via the AKT or ERK signaling pathway. The positive feedback loop 403 

between DNMT1 and CAMK2N1 promotes the progression of prostate cancer in vivo and in vitro. In 404 

summary, this study highlights that CAMK2N1 and epigenetic pathways could be a pathological 405 

biomarker as well as the potential therapeutic targets for the effective treatment of prostate cancer. 406 
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 542 

Figure Legends 543 

Fig. 1 The DNA methylation level of CAMK2N1 in PCa cells and normal prostate epithelial cells. A 544 

The mRNA expression of CAMK2N1 was determined in RWPE-1, LNCaP, DU145 and PC-3 cells by 545 

using qRT-PCR (n=3). B The CpG islands distribution of CAMK2N1 in the promoter region and first 546 

exon by searching the online tool (https://www.ebi.ac.uk/Tools/seqstats/emboss_newcpgreport/). Four 547 

pairs of BS primers were designed to cover these CpG islands of CAMK2N1 in the promoter region 548 

and first exon. C BS analysis of RWPE-1, LNCaP, DU145 and PC-3 cells. One point represents one 549 

CG site, in which black point represents methylated CG site and white point represents unmethylated 550 

CG site. One horizontal row represents one clone and one vertical row represents one CG site. Finally, 551 

ten clones were selected randomly. D, E The quantification of BS analysis at the first amplicon region 552 

in normal prostate cells and PCa cells. One point represents the DNA methylation percentage of one 553 

clone. There is a total of twenty clones per prostate cell lines. Data are presented as mean ± SD, one-554 

way ANOVA test was applied, *P < 0.05 and ***P < 0.001. 555 

Fig. 2 Correlations between DNA methylation, CAMK2N1 expression and clinical outcomes in PCa 556 

tissues. A The paired study of CAMK2N1 expression in normal prostate tissues and PCa tissues from 557 

TCGA data. B The DNA methylation level of CAMK2N1 in normal prostate tissues and PCa tissues 558 

from TCGA paired data. C The methylation level of CAMK2N1 at all cg loci that were analyzed in 559 

TCGA data (plot represents 5-95 percentile). D The correlation between the mean value of methylation 560 

level of all cg loci in CAMK2N1 gene and gene expression from TCGA data. E The overall survival 561 

of patients with CAMK2N1 hypermethylation and patients with CAMK2N1 hypomethylation. F, G 562 

The progression-free survival of PCa patients with different CAMK2N1 methylation levels in 563 

cg00980178 locus and cg08898653 locus. H-K The quantification of pyrosequencing results at site 4 564 

in BPH and PCa tissues. PCa patients were divided into TNM stage 2 and stage 3-4 groups, Gleason 565 

score 6, 7 and 8-10 groups, PSA value < 10 ng/ml, 10-20 ng/ml and > 20 ng/ml groups (n=16-52). L-566 

O Pyrosequencing results at site 5 (n=16-52). Data are presented as mean ± SD, unpaired t tests, two-567 

tailed Pearson correlation coefficient, one-way ANOVA and log rank test were used, *P < 0.05, **P < 568 

0.01 and ***P < 0.001. 569 

Fig. 3 The expression and DNA methylation percentage of CAMK2N1 after 5-Aza-CdR treatment in 570 

PCa cells. qRT-PCR analysis was used to determine the effects of 5 μM, 10 μM and 20 μM 5-Aza-571 

CdR on the mRNA expression of DNMT1 and CAMK2N1 in A DU145 and D PC-3 cells (n=3). 572 
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Western blot analysis of CAMK2N1 and DNMT1 expression in B, C DU145 and E, F PC-3 PCa cells 573 

after continuously treating with 10 μM and 20 μM 5-Aza-CdR for 96 h (n=3). G The mRNA expression 574 

of DNMT1, CAMK2N1 and AR was determined by qRT-PCR in LNCaP cells after 5-Aza-CdR 575 

treatment (n=3). H, I The protein expression of CAMK2N1, AR and DNMT1 was analyzed by western 576 

blot in LNCaP cells after 5-Aza-CdR treatment (n=3). J BS analysis in DU145, PC-3 and LNCaP cells 577 

with or without 20 μM 5-Aza-CdR treatment for 96h. Black and white points represent methylated and 578 

unmethylated CG site respectively. Data are presented as mean ± SD, one-way ANOVA test was used, 579 

*P < 0.05, **P < 0.01 and ***P < 0.001, compared to the DMSO group, GAPDH was used as a control. 580 

Fig. 4 DNMT1 suppresses the expression of CAMK2N1 through DNA hypermethylation in PCa cells. 581 

A The representative agarose gel and B mRNA expression of CAMK2N1. ChIP analysis was used to 582 

confirm the binding of DNMT1 to the promoter of CAMK2N1 in DMSO-treated and 5-Aza-CdR-583 

treated DU145 cells. Data were normalized to input DNA and displayed as fold enrichment relative to 584 

IgG group. IgG antibody, input DNA and blank control were used as controls (The amplicon size of 585 

CAMK2N1 is 131 bp; n=3). C-E DU145 and F-H LNCaP cells were transfected with DNMT1 siRNA. 586 

After 2 or 3 days, cells were harvested for CAMK2N1 and DNMT1 expression analysis by qRT-PCR 587 

and western blot (GAPDH was used as a control; n=3). I-K DU145 and L-N LNCaP cells were 588 

transfected with DNMT1 cDNA clones. After 2 or 3 days, cells were harvested for CAMK2N1 and 589 

DNMT1 expression analysis by qRT-PCR and western blot (GAPDH was used as a control; n=3). O 590 

The representative agarose gel of CAMK2N1 methylated and unmethylated amplicons. After 2 days 591 

treatment of transfection, MSP was used for DNA methylation analysis. M means methylated amplicon 592 

and U means unmethylated amplicon. Data are presented as mean ± SD, t test and one-way ANOVA 593 

test were used, *P < 0.05, **P < 0.01 and ***P < 0.001, compared to the control group.  594 

Fig. 5 The CAMK2N1-mediated regulation of DNMT1 via the AKT or ERK signaling pathway in PCa 595 

cells. A DU145 cells were transfected with CAMK2N1 siRNA. After 2 days, the mRNA expression of 596 

DNMT1 and CAMK2N1 was analyzed by qRT-PCR (GAPDH was used as a control; n=3). B The 597 

expression of CAMK2N1, DNMT1, p-AKT, t-AKT, p-MEK1, t-MEK1, p-ERK1/2, t-ERK1/2 was 598 

determined by western blot with CAMK2N1 knockdown (si-CA) in DU145 cells (GAPDH was used 599 

as a control; n=3). C-E CAMK2N1 knockdown DU145 cells were treated with 10 μM AKT signaling 600 

pathway inhibitor AKTi for 1 day. The expression of DNMT1, p-AKT and t-AKT was analyzed by 601 

qRT-PCR and western blot (GAPDH was used as a control; n=3). F-H CAMK2N1 knockdown DU145 602 

cells were treated with 10 μM ERK signaling pathway inhibitor U0126 for 1 day. The expression of 603 

DNMT1, p-ERK1/2 and t-ERK1/2 was analyzed by qRT-PCR and western blot (GAPDH was used as 604 

a control; n=3). Data are presented as mean ± SD, t test and one-way ANOVA test were used, *P < 605 

0.05, **P < 0.01 and ***P < 0.001. 606 

Fig. 6 DNMT1 reverses the tumor suppressive effect of CAMK2N1 in PCa cells in vitro and in vivo. 607 

A, B The representative figures and the quantification results of wound healing assay. Results were 608 

photographed after 24 h incubation. Data were normalized to the 0 h control group (n=3). C, D The 609 

representative figures and the quantification results of Transwell migration and Matrigel invasion 610 

assays. Cells were counted after 24 h incubation. Data were normalized to the negative control group 611 

(n=3). E-H DU145 cells transfected stably with vector, sh-DNMT1, sh-CAMK2N1 or both of sh-612 

DNMT1 and sh-CAMK2N1 were injected subcutaneously into the left axilla of BALB/c nude mice. 613 

Tumor volume and weight were quantified after five weeks of implantation (P value: NC vs sh-614 

CAMK2N1: ** < 0.01 and *** < 0.001; NC vs sh-DNMT1: # < 0.05 and ## < 0.01; sh-CAMK2N1 vs 615 

sh-CAMK2N1+sh-DNMT1: && < 0.01 and &&& < 0.001; sh-DNMT1 vs sh-CAMK2N1+sh-616 

DNMT1: ^^ < 0.01). I Immunohistochemistry analysis of CAMK2N1 and DNMT1 expression in 617 

subcutaneous xenograft tumors. 100X and 400X magnification figures were selected. Data are 618 
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presented as mean ± SD, t test and one-way ANOVA test were used, *P < 0.05, **P < 0.01, ***P < 619 

0.001 and ****P < 0.0001. 620 



Figures

Figure 1

The DNA methylation level of CAMK2N1 in PCa cells and normal prostate epithelial cells. A The mRNA
expression of CAMK2N1 was determined in RWPE-1, LNCaP, DU145 and PC-3 cells by using qRT-PCR
(n=3). B The CpG islands distribution of CAMK2N1 in the promoter region and �rst 546 exon by searching



the online tool (https://www.ebi.ac.uk/Tools/seqstats/emboss_newcpgreport/). Four pairs of BS primers
were designed to cover these CpG islands of CAMK2N1 in the promoter region and �rst exon. C BS
analysis of RWPE-1, LNCaP, DU145 and PC-3 cells. One point represents one CG site, in which black point
represents methylated CG site and white point represents unmethylated CG site. One horizontal row
represents one clone and one vertical row represents one CG site. Finally, ten clones were selected
randomly. D, E The quanti�cation of BS analysis at the �rst amplicon region in normal prostate cells and
PCa cells. One point represents the DNA methylation percentage of one clone. There is a total of twenty
clones per prostate cell lines. Data are presented as mean ± SD, one- way ANOVA test was applied, *P <
0.05 and ***P < 0.001.



Figure 2

Correlations between DNA methylation, CAMK2N1 expression and clinical outcomes in PCa tissues. A
The paired study of CAMK2N1 expression in normal prostate tissues and PCa tissues from TCGA data. B
The DNA methylation level of CAMK2N1 in normal prostate tissues and PCa tissues from TCGA paired
data. C The methylation level of CAMK2N1 at all cg loci that were analyzed in TCGA data (plot represents
5-95 percentile). D The correlation between the mean value of methylation level of all cg loci in CAMK2N1



gene and gene expression from TCGA data. E The overall survival of patients with CAMK2N1
hypermethylation and patients with CAMK2N1 hypomethylation. F, G The progression-free survival of PCa
patients with different CAMK2N1 methylation levels in cg00980178 locus and cg08898653 locus. H-K
The quanti�cation of pyrosequencing results at site 4 in BPH and PCa tissues. PCa patients were divided
into TNM stage 2 and stage 3-4 groups, Gleason score 6, 7 and 8-10 groups, PSA value < 10 ng/ml, 10-20
ng/ml and > 20 ng/ml groups (n=16-52). L-O Pyrosequencing results at site 5 (n=16-52). Data are
presented as mean ± SD, unpaired t tests, two-tailed Pearson correlation coe�cient, one-way ANOVA and
log rank test were used, *P < 0.05, **P < 0.01 and ***P < 0.001.



Figure 3

The expression and DNA methylation percentage of CAMK2N1 after 5-Aza-CdR treatment in PCa cells.
qRT-PCR analysis was used to determine the effects of 5 μM, 10 μM and 20 μM 5-Aza- CdR on the mRNA
expression of DNMT1 and CAMK2N1 in A DU145 and D PC-3 cells (n=3).



Western blot analysis of CAMK2N1 and DNMT1 expression in B, C DU145 and E, F PC-3 PCa cells after
continuously treating with 10 μM and 20 μM 5-Aza-CdR for 96 h (n=3). G The mRNA expression of
DNMT1, CAMK2N1 and AR was determined by qRT-PCR in LNCaP cells after 5-Aza-CdR treatment (n=3).
H, I The protein expression of CAMK2N1, AR and DNMT1 was analyzed by western blot in LNCaP cells
after 5-Aza-CdR treatment (n=3). J BS analysis in DU145, PC-3 and LNCaP cells with or without 20 μM 5-
Aza-CdR treatment for 96h. Black and white points represent methylated and unmethylated CG site
respectively. Data are presented as mean ± SD, one-way ANOVA test was used, *P < 0.05, **P < 0.01 and
***P < 0.001, compared to the DMSO group, GAPDH was used as a control.



Figure 4

DNMT1 suppresses the expression of CAMK2N1 through DNA hypermethylation in PCa cells. A The
representative agarose gel and B mRNA expression of CAMK2N1. ChIP analysis was used to con�rm the
binding of DNMT1 to the promoter of CAMK2N1 in DMSO-treated and 5-Aza-CdR-treated DU145 cells.
Data were normalized to input DNA and displayed as fold enrichment relative to IgG group. IgG antibody,
input DNA and blank control were used as controls (The amplicon size of CAMK2N1 is 131 bp; n=3). C-E



DU145 and F-H LNCaP cells were transfected with DNMT1 siRNA. After 2 or 3 days, cells were harvested
for CAMK2N1 and DNMT1 expression analysis by qRT-PCR and western blot (GAPDH was used as a
control; n=3). I-K DU145 and L-N LNCaP cells were transfected with DNMT1 cDNA clones. After 2 or 3
days, cells were harvested for CAMK2N1 and DNMT1 expression analysis by qRT-PCR and western blot
(GAPDH was used as a control; n=3). O The representative agarose gel of CAMK2N1 methylated and
unmethylated amplicons. After 2 days treatment of transfection, MSP was used for DNA methylation
analysis. M means methylated amplicon and U means unmethylated amplicon. Data are presented as
mean ± SD, t test and one-way ANOVA test were used, *P < 0.05, **P < 0.01 and ***P < 0.001, compared to
the control group.



Figure 5

The CAMK2N1-mediated regulation of DNMT1 via the AKT or ERK signaling pathway in PCa cells. A
DU145 cells were transfected with CAMK2N1 siRNA. After 2 days, the mRNA expression of DNMT1 and
CAMK2N1 was analyzed by qRT-PCR (GAPDH was used as a control; n=3). B The expression of
CAMK2N1, DNMT1, p-AKT, t-AKT, p-MEK1, t-MEK1, p-ERK1/2, t-ERK1/2 was determined by western blot
with CAMK2N1 knockdown (si-CA) in DU145 cells (GAPDH was used as a control; n=3). C-E CAMK2N1



knockdown DU145 cells were treated with 10 μM AKT signaling pathway inhibitor AKTi for 1 day. The
expression of DNMT1, p-AKT and t-AKT was analyzed by qRT-PCR and western blot (GAPDH was used as
a control; n=3). F-H CAMK2N1 knockdown DU145 cells were treated with 10 μM ERK signaling pathway
inhibitor U0126 for 1 day. The expression of DNMT1, p-ERK1/2 and t-ERK1/2 was analyzed by qRT-PCR
and western blot (GAPDH was used as a control; n=3). Data are presented as mean ± SD, t test and one-
way ANOVA test were used, *P < 0.05, **P < 0.01 and ***P < 0.001.



Figure 6

DNMT1 reverses the tumor suppressive effect of CAMK2N1 in PCa cells in vitro and in vivo. A, B The
representative �gures and the quanti�cation results of wound healing assay. Results were photographed
after 24 h incubation. Data were normalized to the 0 h control group (n=3). C, D The representative �gures
and the quanti�cation results of Transwell migration and Matrigel invasion assays. Cells were counted
after 24 h incubation. Data were normalized to the negative control group (n=3). E-H DU145 cells
transfected stably with vector, sh-DNMT1, sh-CAMK2N1 or both of sh-DNMT1 and sh-CAMK2N1 were
injected subcutaneously into the left axilla of BALB/c nude mice. Tumor volume and weight were
quanti�ed after �ve weeks of implantation (P value: NC vs sh- CAMK2N1: ** < 0.01 and *** < 0.001; NC vs
sh-DNMT1: # < 0.05 and ## < 0.01; sh-CAMK2N1 vs sh-CAMK2N1+sh-DNMT1: && < 0.01 and &&& <
0.001; sh-DNMT1 vs sh-CAMK2N1+sh- DNMT1: ^^ < 0.01). I Immunohistochemistry analysis of
CAMK2N1 and DNMT1 expression in subcutaneous xenograft tumors. 100X and 400X magni�cation
�gures were selected. Data are

presented as mean ± SD, t test and one-way ANOVA test were used, *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.
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