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INTRODUCTION 
 

Benign prostatic hyperplasia (BPH) is one of the most 

common pathological diseases states in aging males [1], 

affecting approximately 50% of men in their fifties and 

80% for men in their eighties. Lower urinary tract 

symptoms (LUTS) secondary to BPH greatly impact 

male quality of life [2, 3]. Despite the high prevalence, 

the pathogenesis of BPH still remains unclear. In recent 

decades, many hypotheses have been proposed including 

altered androgen-estrogen ratio, stromal-epithelial 

interactions, growth factors (Gfs) and cytokines, 

inflammation and autoimmune system, stem cells, and 

metabolic syndrome including obesity and diabetes, to 

likely play important roles in the onset and progression of 

BPH [4, 5]. Additionally, genetics, including a number of 

genes, contribute to the pathogenesis of this disease state. 

Indeed, there exists a familial form of BPH. Preliminary 

studies demonstrate DNA mutations [6], DNA 

hypomethylation [7], and abnormalities of nuclear matrix 
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ABSTRACT 
 

Objective: Benign prostatic hyperplasia (BPH) is a common condition in aging males. The current study aims to 
identify differentially expressed genes (DEGs) associated with BPH and to elucidate the role of matrix-remodeling 
associated 5 (MXRA5) protein and mitogen-activated protein kinase (MAPK) signaling pathways in BPH. 
Results: A total of 198 DEGs and a number of related pathways were identified with MXRA5 being one of the most 
significantly altered DEGs. MXRA5 was upregulated in BPH samples and localized mostly in stroma. Knockdown of 
MXRA5 induced stromal cell cycle arrest instead of inhibiting apoptosis. Consistently, MXRA5 overexpression 
enhanced epithelial cell proliferation. In addition, phosphorylated ERK1/2 and p38, key members of the MAPK 
family, were strongly decreased with knockdown but increased with overexpression. 
Conclusion: Our novel data demonstrates that upregulation of MXRA5 in the enlarged prostate could contribute 
to the development of BPH through increasing cell proliferation via the MAPK pathway. Thus, the MXRA5-MAPK 
system could be rediscovered as a new therapeutic target for treating BPH. 
Methods: Microarray analysis and integrated bioinformatics were conducted. The expression and biologic 
functions of MXRA5 was investigated via RT-PCR, western-blot, immunofluorescence, flow cytometry and MTT 
assay. Finally, genes involved in regulation of the MAPK pathway were investigated. 
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protein expression [8], along with miscellaneous genetic 

polymorphisms [9], and abnormal expression of the 

Wilms tumor gene (WT1) [10] in human BPH. 

Consequently, detailed analysis of the relevant pivotal 

genes is extremely beneficial. The establishment of the 

cDNA microarray technique provides the possibility to 

evaluate a huge quantity of genes. Indeed. Luo, et al. [11] 

have used 9 BPH specimens from men with extensive 

hyperplasia and 12 histologically normal prostates from 

radical prostatectomy specimens. The differentially 

expressed genes (DEG) from their microarray analysis 

were classified into four groups: (1) growth factors and 

their binding proteins, (2) hydrolases, proteases, and 

protease inhibitors, (3) stress response enzymes and (4) 

ECM molecules. Middleton, et al. [12] also used 

histologically normal prostate samples from patients 

undergoing radical prostatectomy as controls and 

demonstrated the stromal signaling molecules bone 

morphogenetic protein 5 (BMP5) and CXC chemokine 

ligand 13 (CXCL13) are enriched in BPH specimens 

while estrogen regulated pathways were depleted. In 

addition, they also performed single-cell RNA-Seq to 

verify their findings and whole-exome sequencing to 

uncovered somatic single-nucleotide variants in BPH. 

Different from the above two studies, Prakash, et al. [13] 

used prostate tissue from young donors as normal 

prostate, which also identified a genetic signature 

separating BPH from normal prostate. In our current 

study, we conducted a microarray analysis of five human 

BPH tissues and three normal prostate tissues and 

bioinformatics analysis of the DEGs was performed. 

Subsequently, we focused on the biologic functions of 

matrix-remodeling associated 5 (MXRA5) protein which 

is one of the most significantly altered DEGs. 
 

Recent evidence suggests that BPH development 

involves accumulation of mesenchymal-like cells derived 

from the prostatic epithelium via epithelial-mesenchymal 

transition (EMT) [14–16]. The extracellular matrix 

(ECM) is a collection of extracellular molecules secreted 

by support cells that provides structural and biochemical 

support to the surrounding cells [17]. It not only serves as 

an external environment for the physiological activities  

of cells, but also supports the intercellular signal 

transduction pathways involved in multiple pathological 

and physiological processes. Moreover, androgens, 

estrogens and the ECM are demonstrated to have 

interactive effects [18]. Androgen and estrogen receptors 

regulate active peptides in tissues and stimulate cells to 

produce different components of the ECM. The ECM 

also interacts with hormones and growth factors to 

increase the sensitivity of prostate cells to androgen 

growth factors [19]. 

 

MXRA5 is a protein found in humans that is encoded by 

the MXRA5 gene. This protein contains 7 leucine-rich 

repeats and 12 immunoglobulin-like C2-type domains 

related to perlecan with a molecular weight of 312 kDa 

and is expressed in primates but not in rat or mouse, 

playing important roles in cell adhesion and matrix 

remodeling [20]. MXRA5 mRNA is up-regulated in 

human chronic ischemic myocardium and in fibroblast 

primary cultures from centenarians [21]. In addition to 

ECM remodeling, MXRA5 has been found to be 

involved in tumorigenesis. Somatic mutations of 

MXRA5 are observed in patients with non-small cell 

lung cancer (NSCLC) [22], MXRA5 is also aberrantly 

expressed in colorectal cancer (CRC) tissues, serving as 

a critical biomarker for the diagnosis and prevention of 

CRC [23]. The expression of MXRA5 in hyperplastic 

prostate has never been studied. However, MXRA5 has 

been recently found to be closely associated with the 

mitogen-activated protein kinases (MAPKs) pathways. It 

was demonstrated that the MAPK pathway plays a key 

role in the regulation of cell proliferation, survival, 

differentiation and apoptosis and is involved in signal 

transduction from the cell membrane to nucleus in 

response to a wide range of stimuli. Indeed, BPH could 

be a result of the imbalance between cell proliferation 

and cell apoptosis. Therefore, we postulate that MXRA5 

is an important ECM factor involved in the remodelling 

of prostate tissue. In our current study, we conducted a 

microarray analysis comparing human BPH tissues to 

normal prostate tissues. Subsequently, we investigated 

the expression of both MXRA5 mRNA and protein in 

human hyperplastic prostate tissues. We further silenced 

and overexpressed the MXRA5 gene in human prostatic 

cells to identify those genes involved in the MAPK 

pathway. 

 

RESULTS 
 

To explore the biological mechanisms of BPH, we 

performed mRNA expression profiling of three normal 

prostates and five BPH tissues. A total of 198 DEGs 

were identified between the two groups (Figure 1A). 

This microarray data has already been submitted to the 

GEO database (serial number: GSE119195) and is the 

first microarray data on BPH that has been submitted to 

this database. MXRA5 is one of the highly altered 

DEGs and was of interest to us for further study. Based 

on the KEGG database, DEGs related pathways were 

also analyzed. As shown in Figure 1B, a number of 

pathways were found to be upregulated, including cell 

adhesion, Wnt signaling, and the Rap1 signaling, with 

the MAPK signaling pathway being most significantly 

altered (p < 0.01). 

 

MXRA5 expression was further demonstrated in the 

Oncomine database with mRNA levels in BPH stroma 

being increased by 4.5 folds compared to controls  

(p = 0.013) (Figure 2A). For BPH and normal samples 



 

www.aging-us.com 8607 AGING 

 
 

Figure 1. Microarray analysis using mRNA isolated from BPH tissues and normal tissues. (A) The heatmap plot of all 198 DEGs. 
The legend color bar on the right side indicates the relation between scaled expression values and colors, and the colors were balanced to 
ensure the black color represented zero value from comparison of five benign prostatic hyperplasia samples versus three normal prostate 
samples. (B) KEGG pathway analysis of 198 DEGs. The x-axis shows the number of genes and the y-axis shows the pathway terms. The 
negative log10 P value of each term is colored according to the legend. The count is indicated by the size of the circle. 

 

 
 

Figure 2. MXRA5 is strongly upregulated in BPH tissues compared with the normal ones. (A) Upregulation of MXRA5 mRNA 
expression in BPH analyzed by Oncomine database. Analysis using the Oncomine database revealed increased MXRA5 at transcriptional level 
in BPH stromal tissues versus normal prostate stroma. (B) qRT-PCR analysis showed that the gene expression of MXRA5 in BPH tissues (n = 
15) was significantly higher than the normal prostate tissues (n = 15). The GAPDH mRNA was used as an internal control, ** means P<0.01. 
(C) Western blot analysis revealed a strongly increasing protein abundance of MXRA5 in BPH tissues versus normal ones. (D) Relative 
densitometric quantification of MXRA5 protein in BPH tissues versus normal ones. GAPDH expression was analyzed as a loading control, 
results are expressed as ratio of the proteins in respect to GAPDH. ** means P < 0.01 vs. normal prostates. 
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(n = 15) harvested at our institute, MXRA5 was  

found consistently upregulated over 2-fold both at  

the transcriptional and translational level (p < 0.01) 

(Figure 2B–2D) 

 

Additionally, immunofluorescence staining demonstrated 

MXRA5 was predominantly localized in the stromal 

compartment of human prostate with lesser staining 

observed in the epithelium (Figure 3A). An overall 

increased MXRA5 staining was also observed in the 

enlarged prostate when compared with normal prostates 

using immunofluorescence microscopy (Figure 3B). 

Negative controls omitting the primary antibody failed 

to stain (Figure 3C) and positive controls using human 

renal cortex tissue showed a strong immune positivity 

(Figure 3D). Similarly, immunohistology demonstrated 

MXRA5 was present predominantly in stromal cells 

(Figure 4A) but to a much lesser degree in epithelial 

cells (Figure 4B). 

 

To create a cell model of MXRA5 deficiency, 3 distinct 

MXRA5-target-specific-siRNAs (si-MXRA5s) were 

transfected in to WPMY-1 cells. After 48 h, the 

knockdown efficiency was validated by qRT-PCR 

(Figure 5B) and Western blot analysis (Figure 5C, 5D). 

si-MXRA5-3 exhibited an inhibitory efficiency over 

80% and was chosen for subsequent experimentation. 

Immunofluorescence staining showed the high 

expression of MXRA5 protein was strongly 

downregulated in si-MXRA5-3 transfected WPMY-1 

cells (Figure 5A). Cell apoptosis and cell cycle stage 

were further analyzed for these transfected cells. A 

significant cell cycle arrest at the G0/G1 phase was 

determined with flow cytometry analysis (Figure 6A, 

6B). Immunofluorescence staining showed that the 

MXRA5-siRNA group exhibited considerably less Ki-67 

positive cells than the siRNA-control group (Figure 6C). 

Moreover, an MTT assay indicated that knockdown of 

MXRA5 restrained WPMY-1 proliferation drastically 

(Figure 6D). Additionally, expression proteins involved 

in G0/G1 phase regulation (cyclin A1/2, cyclin D1 and 

CDK2/4) was strongly decreased in MXRA5 silenced 

stromal cells (Figure 7A, 7B). However, no obvious 

effect on apoptosis was observed in si-MXRA5-3 

 

 
 

Figure 3. Immunofluorescence localization of MXRA5 in human prostate tissues. (A) Human BPH tissues. Left: DAPI (blue) indicates 
nuclear staining. Middle: Cy3-immunofluorescence (red) indicates the MXRA5 protein which was observed mainly in the fibromuscular 
stroma. Right: Merged image. (magnification ×200). (B) Human normal prostate. Left: DAPI (blue) indicates nuclear staining. Middle: Cy3-
immunofluorescence (red) indicates MXRA5 protein. Right: Merged image (magnification ×200). (C) Negative controls omitting the primary 
antibody failed to stain. (D) Positive control using human renal cortex tissue showed a strong immune positivity for MXRA5 protein. DAPI 
(blue) indicates nuclear staining and Cy3-immunofluorescence (red) indicates MXRA5 protein staining (magnification ×200). Sections of all 
sample were used for immunofluorescence experiments and representative graphs were selected into figure. 
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Figure 4. Immunofluorescence of MXRA5 in human prostate cells. (A) Human epithelial cells (BPH-1). Left: DAPI (blue) indicates 
nuclear staining. Middle: Cy3-immunofluorescence (red) indicates the MXRA5 protein which was rarely observed in the epithelial cells. Right: 
Merged image. The scale bar is 20 μm. (B) Human stromal cells (WPMY-1). Left: DAPI (blue) indicates nuclear staining. Middle: Cy3-
immunofluorescence (red) indicates the MXRA5 protein which was abundantly observed in the stromal cells. Right: Merged image. The scale 
bar is 20 μm. Representative graphs of prostate cells were selected into figure. 
 

 
 

Figure 5. Prostate cell lines exhibiting downregulated MXRA5 protein. (A) Representative immunofluorescence staining of MXRA5 
(red) in the WPMY-1 cells after si-MXRA5-3 treatment, compared with si-control treatment. Nuclei were stained by DAPI (blue). Three 
repeats of experiments for were conducted and representative graphs were selected into figure. The scale bar is 100 μm. (B) qRT-PCR 
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validated the efficiency of distinct si-RNAs to knockdown MXRA5 at the transcriptional level in the prostate cells WPMY-1. All values shown 
are mean ± SD of triplicate measurements and repeated three times with similar results, * means P<0.05 and ** means P<0.01. (C) Western 
blot analysis showed a decreased protein expression of MXRA5 by the si-MXRA5 treatments, comparing to si-control treatment. (D) Relative 
densitometric quantification of MXRA5 in WPMY-1 cells. GAPDH expression was analyzed as a loading control, results are expressed as ratio 
of the proteins in respect to GAPDH. * means P<0.05 and ** means P<0.01 vs. si-control. 
 

 
 

Figure 6. Downregulation of MXRA5 represses prostate cell proliferation. (A, B) Flow cytometry analysis for the WPMY-1 cells 
treated with si-MXRA5 for 48h compared with si-control treated cells. Percentages (%) of cell populations at different stages of cell cycles 
were listed within the panels. All histograms revealed the percentage (%) of cell populations from three independent experiments, * means P 
< 0.05. (C) Cell proliferation of WPMY-1 cells treated by si-control and si-MXRA5 was detected by Ki-67 staining (green). Nuclei were stained 
by DAPI (blue). Three repeats of experiments for were conducted and representative graphs were selected into figure. The scale bar is 40 μm. 
(D) MTT assay was used to detect the viability of the WPMY-1 cells treated by si-control (black line) and si-MXRA5 (red line). (E) Flow 
cytometry analysis of alterations of WPMY-1 cells apoptosis by the transfection using si-control and si-MXRA5. PI PE-A in y-axis stands for the 
fluorescence intensity of propidine iodide (PI) and FITC-A in x-axis stands for the fluorescence intensity of Fluorescein isothiocyanate (FITC) 
laballed Annexin V. Calculation area of the apoptosis rate was percentage of Annexin V+/PI+ cells. (F) Statistical analysis suggested no 
significant (ns) induction of apoptosis by the downregulation of MXRA5 in WPMY-1 cells. All values shown are mean ± SD of triplicate 
measurements and repeated three times with similar results, * means P < 0.05 and ** means P < 0.01. 
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transfected WPMY-1 cells (Figure 6E, 6F) as revealed 

by flow cytometry analysis. Finally, Western blot 

demonstrated that the protein levels of phospho- 

p38 MAPK (p-p38 MAPK) and p-ERK1/2 were 

significantly reduced with p38 MAPK and ERK1/2 

unchanged following MXRA5-siRNA transfection 

(Figure 7C, 7D). 

 

As MXRA5 is poorly expressed in prostate epithelial 

cells, plasmid was transfected into BPH-1 cells to over-

express the MXRA5 protein. After 48h, efficiency of 

over-expression was determined by RT-PCR (Figure 

8B) and Western blot analysis (Figure 8C, 8D) and 

MXRA5 was upregulated both at mRNA and protein 

levels. Immunofluorescence staining also showed the 

expression of MXRA5 protein was strongly upregulated 

in MXRA5-specific plasmid transfected BPH-1 cells 

(Figure 8A). Cell apoptosis and cycle were further 

analyzed for these transfected cells. In contrast to 

MXRA5 silenced stromal cells, the percentage of 

MXRA5 transfected BPH-1 cells at the G0/G1 phase  

was decreased while the percentage of cells at the G2 

phase was increased (Figure 9A, Figure 9B). 

Immunofluorescence staining revealed that the MXRA5 

group exhibited considerably more Ki-67 positive cells 

than the vector control group (Figure 9C). Moreover, 

 

 
 

Figure 7. MXRA5 participates in the regulation of cell cycle via MAPK pathway. (A, B) Downregulation of proteins involved the cell 
cyle regulation (CDK2, CDK4, Cyclin D1 and Cyclin A1/2) in the WPMY-1 cells was revealed by Western blot analysis. GAPDH was used as a 
control and values of statistical data shown were mean ± SD of triplicate measurements and repeated three times with similar results. 
Statistical significance was calculated using ANOVA and ** means P < 0.01. (C, D) Western blot analysis for phosphorylated and total ERK1/2 
as well as p38 MAPK (phosphorylated (p) and total (t). GAPDH was used as a control and ** means P < 0.01. 
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MTT assay indicated that over-expression of MXRA5 

significantly increased BPH-1 proliferation (Figure 9D). 

Additionally, proteins involved in G0/G1 phase 

regulation (cyclin A1/2, cyclin D1 and CDK2/4) were 

strongly upregulated in MXRA5 over-expression 

epithelial cells (Figure 10A, 10B). However, no obvious 

effect on apoptosis was also observed in MXRA5-

specific plasmid transfected BPH-1 cells (Figure 9E, 

9F) as revealed by flow cytometry analysis. Finally, 

Western blot demonstrated that the protein levels of 

phospho-p38 MAPK (p-p38 MAPK) and p-ERK1/2 

were significantly increased with p38 MAPK and 

ERK1/2 unchanged following MXRA5-specific plasmid 

transfection (Figure 10A, 10C). 

 

DISCUSSION 
 

In the current study, we performed a transcriptome 

analysis comparing BPH tissues versus normal prostatic 

samples. A total of 198 DEGs were identified with 

MXRA5 markedly upregulated. Along with these 

DEGs, a number of signaling pathways were altered in 

the prostate. Based on the Oncomine database, the 

MAPK pathway was the most significantly changed. 

The expression, localization and functional activity of 

MXRA5 were further elucidated using human 

hyperplastic prostate tissues and cultured human 

prostate cell lines. Our novel data demonstrated that the 

upregulation of MXRA5 in the enlarged prostate could 

contribute to the development of BPH via increasing 

cell proliferation instead of inhibiting cell apoptosis via 

phosphorylating ERK1/2 and p38 of the MAPK 

pathway.  

 

BPH is a quite common condition in aging males with 

the incidence continuing to rise due to an increasing 

aging population worldwide. α 1-adrenoceptor 

antagonists [4] and 5α-reductase inhibitors [5] are 

efficacious nonsurgical treatments for BPH. However, 

around 30% of patients still require surgery. Moreover, 

the mechanisms of BPH are not completely understood. 

Thus, it is necessary to obtain a central knowledge of the 

molecular mechanisms involved in the etiology of BPH 

to discover new therapeutic strategies. As microarray 

analysis could precisely provide us differentially 

expressed genes and related biological functions, in this 

current study we conducted microarray analysis of 5 

human prostatic hyperplasia tissues and 3 normal 

 

 
 

Figure 8. Prostate cell lines with overexpression of MXRA5. (A) Immunofluorescence staining of MXRA5 protein (red) in the BPH-1 
cells after treatment with MXRA5-plasmid, compared with vector-control treatment. Nuclei were stained by DAPI (blue). Three repeats of 
experiments for were conducted and representative graphs were selected into figure. The scale bar is 100 μm. (B) qRT-PCR validated the 
efficiency of MXRA5 overexpression at transcriptional level in BPH-1 cells. All values shown are mean ± SD of triplicate measurements and 
repeated three times with similar results, ** means P<0.01. (C) Western blot analysis revealed an increased protein expression of MXRA5 by 
the MXRA5 plasmid treatment, compared to vector-control treatment. (D) Relative densitometric quantification of MXRA5 in BPH-1 cells. 
GAPDH expression was analyzed as a loading control, results are expressed as the ratio of the proteins with respect to GAPDH. ** means 
P<0.01 vs. vector-control. 
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prostatic tissues from young donors. The microarray data 

were submitted to the GEO database and a serial number 

(GSE119195) was assigned. Until now, there has been 

no published microarray data available in the public 

database concerning benign prostate tissues. 

 

Many of the prostatic stromal-epithelial interactions that 

are observed during normal development of prostate and 

BPH may be mediated by soluble growth factors or by 

the ECM, which itself has growth factor–like properties 

[24, 25]. Our microarray analysis identified hundreds of 

DEGs with MXRA5 being one of the most markedly 

changed, which is a matrix-remodeling related gene of 

interest to us. Indeed, MXRA5 mRNA levels in BPH 

stroma were increased by 4.5 fold when analyzing data 

from the Oncomine database. The increased expression 

 

 
 

Figure 9. Upregulation of MXRA5 promotes prostate cell proliferation. (A, B) Flow cytometry analysis for BPH-1 cells treated with 
MXRA5 plasmid (Panel A: Right) for 48h compared with vector-control treated cells (Panel A: Left). Percentages (%) of cell populations at 
different stages of cell cycles were listed within the panels. All histograms revealed the percentage (%) of cell populations from three 
independent experiments, * means P < 0.05. (C) Cell proliferation of BPH-1 cells treated by vector-control (Left) and MXRA5 plasmid (Right) 
was detected by Ki-67 staining (green). Nuclei were stained by DAPI (blue). Three repeats of experiments for were conducted and 
representative graphs were selected into figure. The scale bar is 100 μm. (D) MTT assay was used to detect the viability of the BPH-1 cells 
treated by vector-control (black line) and MXRA5 plasmid (red line). (E) Flow cytometry analysis of alterations of BPH-1 cells apoptosis via 
transfection using vector-control (Left) and MXRA5 plasmid (Right). Calculation area of the apoptosis rate was percentage of Annexin V+/PI+ 
cells. (F) Statistical analysis suggested no significant (ns) induction of apoptosis by the upregulation of MXRA5 in BPH-1 cells. All values shown 
are mean ± SD of triplicate measurements and repeated three times with similar results. 
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of MXRA5 was further demonstrated via RT-PCR and 

Western blot assays using prostate tissues from our 

institute. Both mRNA and protein levels were 

significantly upregulated in human hyperplasia prostatic 

tissues when compared with normal ones. MXRA5 has 

been reported to be expressed in primates, marsupials, 

some mammals, birds and fish, but not in rat or mouse 

[26]. Indeed, we did not observe MXRA5 staining in rat 

prostate (data not shown). Our present study also 

demonstrated that MXRA5 was mainly localized in the 

stroma of human prostate [27]. 

 

As our understanding of stromal-epithelial cell 

relationships in the prostate increases, it is possible that 

therapies may be designed to induce regression of 

established BPH by modulating one class of stromal cell 

excretory protein (i.e., ECM, such as MXRA5). In turn, 

these proteins regulate epithelial cell differentiation. The 

present study created a MXRA5 deficiency cell model. 

As MXRA5 was mainly localized in stroma, cultured 

stromal cells (WPMY-1) were transfected with siRNA to 
knockdown MXRA5. The silencing of MXRA5 

ameliorated WPMY-1 proliferation drastically and a 

significant cell cycle arrest at G0/G1 phase was observed. 

However, knockdown of MXRA5 had no obvious effect 

on apoptosis in WPMY-1 cells. We also co-cultured 

siMXRA5 transfected WPMY-1 cells with BPH-1 cells 

with no inhibitory effect observed on epithelial cells (data 

not shown). But when a MXRA5 overexpressed 

epithelial cell model was created, enhanced BPH-1 cell 

proliferation and accelerated cell cycle from G0/G1 

phase to G2 phase were observed. MXRA5 has been 

reported to be a novel biomarker which is upregulated in 

non–small cell lung carcinoma [22, 28] and colorectal 

cancer [23]. Therefore, MXRA5 could modulate both 

prostate stromal cell and epithelial cell proliferation. 

 

Our microarray analysis also suggested that the MAPK 

signaling pathway was linked with BPH. When the 

growth regulation and the homeostatic control between 

proliferative and non-proliferative behavior in the 

periurethral and transition zones of the prostate are 

disrupted, they lead to the expansion of the cell 

proliferating compartment and the concomitant decrease 

in the extent of the differentiated compartment [29]. 

Histologically, BPH represents hyperplasia of both  

the stromal and glandular components of the prostate,  

with stromal smooth muscle elements comprising 

 

 
 

Figure 10. MXRA5 participates in the regulation of epithelial cell cycle via MAPK pathway. (A) Western blot of proteins involved 
in cell cyle regulation (CDK2, CDK4, Cyclin D1 and Cyclin A1/2) and phosphorylated (p) and total (t) ERK1/2 as well as phosphorylated (p) and 
total (t) p38 MAPK in the BPH-1 cells from Western blot analysis. GAPDH was used as a control. (B, C) Values of statistical data shown were 
mean ± SD of triplicate measurements and repeated three times with similar results. Statistical significance was calculated,* means P < 0.05 
and ** means P < 0.01. 
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approximately 40% of the cellular volume of the enlarged 

prostate [30]. This is the end result of an ensemble of 

different stimuli and local conditions that are influenced 

by androgen metabolism, stromal-epithelial interactions 

with autocrine–paracrine secretion of GFs and the action 

of cytokines produced by inflammatory cells [29, 31]. 

There is indirect evidence that all three MAPK cascades 

might be implicated in these pathological alterations by 

modulating the local prostatic environment to favor the 

progression of BPH. It is known that MAPK family 

members participate in regulating the cell cycle in 

various ways [32]. ERK mainly is involved in regulating 

the progression of G0/G1 to the S phase and p38 

primarily regulates the G2 checkpoint [33, 34]. 

Interestingly, a recent study reported that the MXRA5 

protein is a positive regulator of the MAPK signaling 

pathway in preeclampsia [20]. Similarly, the current 

study found that MXRA5 knockdown induced prostatic 

stromal cell cycle arrest at G0/G1 phase which was 

confirmed by downregulation of related proteins (cyclin 

D1 and CDK2/4) and MXRA5 over-expression 

significant decreased the percentage of epithelial cells at 

the G0/G1 phase. Consistently, our study also showed 

that p-p38 and p-ERK1/2 were significantly reduced with 

p38 MAPK and ERK1/2 unchanged following MXRA5 

knockdown, p-p38 and p-ERK1/2 were significantly 

increased with p38 MAPK and ERK1/2 unchanged 

following MXRA5 overexpression, suggesting MAPK 

has important roles in regulating cell proliferation [35] 

via connecting extracellular stimuli from the cell 

membrane to the nucleus. Currently, the first-line 

therapies for BPH are based on the physiology of the 

prostate with α1-blockers (reduce the prostate tone) and 

5α-reductase inhibitors (reduce the prostate volume). 

However, these treatments cannot completely prevent the 

progression of BPH. The present study identified 

genetically altered genes and related signaling pathways 

of BPH. Therefore, treatment based on pathophysiology 

of BPH could play a more important role for the future 

therapy for BPH during routine clinical practice. 

 

There are several factors that may have influenced the 

outcome of the current study. First, the difference in age 

between groups may influence the outcome with normal 

prostate samples being obtained from young donors and 

BPH samples obtained from aging males. Thus, some 

differentially expressed genes (DEGs) identified in the 

present study may be attributed to different age, instead 

of BPH. However, Luo J, et al. [11] harvested the 

normal prostate samples from histologically normal 

regions within the radical prostatectomy specimens. 

They compared gene expression profile from normal 

samples with age ≥59 ys and BPH samples with age ≤59 

ys and showed similar alterations as in their analysis 

with the presence of age difference (52.5 vs. 70.6, 

normal vs. BPH). Consistently, our current microarray 

analysis identified the same DEGs as theirs, such as 

BMP5, NELL2, IGF1. Thus, age should not have much 

influence on the outcomes of our study. Second, origin 

of tissue may also influence the outcome since different 

prostate zones have specific architectural and stromal 

feature. To avoid this interference, samples in our study 

were all collected from the prostate transition zone. 

Third, hyperplastic prostate might have cancer-related 

genetic changes since they were obtained from patients 

undergoing cystoprostatectomy for infiltrating bladder 

cancer. However, the prostate samples we used showed 

no tumor infiltration. 

 

Collectively, this is the first study to reveal both 

MXRA5 gene and protein expression increased in 

hyperplastic prostate, while knockdown of MXRA5 

inhibited and overexpression of MXRA5 enhanced 

prostatic stromal cell cycle. Moreover, this process may 

be partially connected with alteration of the MAPK 

signaling pathway. Our data suggests that the MXRA5-

MAPK system could play important roles in the 

development of BPH and it could be rediscovered as 

new therapeutic targets for BPH. Nevertheless, there is 

some limitation in our study. It will be better to establish 

a BPH rat model to explore the expression and 

functional activities of MXRA5 in animal prostate. 

Unfortunately, rodent animals do not express MXRA5 

protein. In the future, genetic mice with overexpressed 

MXRA5 gene could be an intriguing model to explore 

the in vivo function of MXRA5. 

 

MATERIALS AND METHODS 
 

Ethical statement for human prostate tissue samples 
 

Fifteen samples from young brain-dead men undergoing 

organ donation were obtained as controls and fifteen 

BPH samples were obtained from patients undergoing 

cystoprostatectomy for infiltrating bladder cancer 

without prostate infiltration. The prostate transition 

zone was procured and utilized for all experiments. All 

human samples were obtained after the approval of the 

Hospital Committee for Investigation in Humans and 

after receiving written informed consent from all 

patients or their relatives involved. Prostate tissues were 

divided into 3 pieces and were respectively stored in 

RNA Sample Protector (Takara Bio. Inc., Otsu, Shiga, 

Japan) for PCR analysis, 10% neutral buffered formalin 

for histological examination, liquid nitrogen for 

Western blot analysis and immunofluorescence 

microscopy. All human studies were conducted in 

accordance with the principles of the Declaration of 

Helsinki. The study was approved by the Ethics 

Committee at Zhongnan Hospital of Wuhan University 

and the sample collection as well as treatment were 

carried out in accordance with the approved guidelines. 
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Human prostatic cell lines 
 

SV40 large T antigen-immortalized stromal cell line 

WPMY-1 (Cat. #GNHu36) was purchased from the 

Stem Cell Bank, Chinese Academy of Sciences in 

Shanghai, China. Human benign prostatic enlargement 

epithelia cell line BPH-1 (Cat. #BNCC339850) was 

purchased from the Procell Co., Ltd. in Wuhan, China. 

Identification of the cell lines was performed at the 

China Center for Type Culture Collection in Wuhan, 

China. WPMY-1 cells were cultured in DMEM medium 

(Gibco, China) containing 1% penicillin G 

sodium/streptomycin sulphate and 5% FBS and BPH-1 

cells were cultured in RPMI-1640 medium (Gibco, 

China) containing 10% fetal bovine serum (FBS) 

(Gibco, Australia) in a humidified atmosphere consisting 

of 95% air and 5% CO2 at 37 ºC. 

 

Total RNA isolation from prostate tissues and cells 
 

Total RNA was isolated from prostate tissues and cells 

using the Qiagen RNeasy Mini Kit (Cat #74101), 

combined with QIAshredder from Qiagen (Cat #79654) 

using a centrifuge (Eppendorf, Cat #5424) to increase 

the quantity and quality of isolated total RNA, 

according to the manufacturer’s protocol. Each RNA 

sample was digested by DNase I (RNase-Free DNase 

Set, Qiagen, Cat #79254) to remove possible 

contamination of genomic DNA. The quantity of 

isolated RNA was measured by a NanoDrop® ND-1000 

UV-Vis spectrophotometer (Thermo Scientific, USA). 

 

Microarray analysis of mRNA isolated from human 

prostate tissues 
 

Microarray analysis was performed according to the 

standard Affymetrix protocol [36]. Briefly, 250 ng total 

RNA isolated from each BPH tissue and the normal 

prostate tissues was prepared to biotinylated cDNA by 

Ambion® WT Expression Kit. On GeneChip Human 

Transcriptome Array 2.0, 5.5 μg of cDNA were 

hybridized for 16 h at 45ºC, continuously washed and 

stained in the Affymetrix Fluidics Station 450, scanned 

by using Affymetrix® GeneChip Command Console 

(AGCC) installed in GeneChip® Scanner 3000 (7G). 

Data analysis was with a Robust Multichip Analysis 

(RMA) algorithm using Affymetrix default analysis 

settings and global scaling as normalization method. 

Pathway analysis was performed on the Database for 

Annotation, Visualization, and Integrated Discovery 

(DAVID) [37] to analyze the main function of the 

DEGs. We used the 198 identified DEGs for the query, 

with the whole human genome as the background. The 

analysis was performed using the DAVID default 

parameters. Pathway analysis was performed on the 

basis of the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) to identify the significantly enriched pathways 

of DEGs [38]. 

 

Reverse transcription and quantitative real time 

PCR (qRT-PCR) 

 

1 μg of total RNA isolated from prostate tissues or cells 

was mixed with oligo (dT) 12–18 primers to synthesize 

first-strand cDNA by using RevertAid First Strand 

cDNA Synthesis Kit (Thermo Scientific, China). 1 μg 

of cDNA was used for each polymerase chain reaction 

(PCR) in a final volume of 20 μl. All primers used with 

the SYBR Premix Ex Taq II (Takara Bio, China) were 

tested for optimal annealing temperatures and PCR 

conditions were optimized with gradient PCRs on a 

Bio-Rad iCycler (Cat. #CFX96). Primer sequences and 

annealing temperatures are summarized in Table 1. 

Values were normalized for amplified β-actin alleles. 

Relative gene abundance = 2-ΔΔct, Δct = cttarget gene - 

ctgapdh, for cells ΔΔct = ΔctsiRNA(or plasmid)-treated - ΔctsiRNA-

untreated, for prostate tissues ΔΔct = ΔctBPH tissues -Δctnormal 

prostate tissues (ct = threshold cycle). 

 

Knockdown of MXRA5 in the WPMY-1 cells 
 

MXRA5-target specific small interfering RNA (siRNA) 

was synthesized by Genepharma Ltd. in Suzhou, China. 

WPMY-1 was transfected with MXRA5-siRNA (si-

MXRA5) using lipofectamine 2000 (Invitrogen, USA), 

according to the manufacturer’s protocol. The sense 

sequences of si-MXRA5 are as follows: si-1, 5'-

GCACCUGACAUUAAGAUUUTT-3'; si-2, 5'-CCAC 

AAGUCCUCCAUCCUUTT-3'; si-3, 5'-GCUUCCAGA 

UACUUUGUAATT-3'. And the sense sequence of  

si-control is 5'-UUCUCCGAACGUGUCACGUTT-3'. 

After transfection by si-MXRA5 for 48 h, alterations  

of MXRA5 at transcriptional and protein levels  

were evaluated by the qRT-PCR, Western blot and 

immunofluorescence microscopy staining analyses. 

 

Over-expression of MXRA5 in BPH-1 cells 

 

MXRA5 cDNA was polymerase chain reaction (PCR) 

amplified from a cDNA library of human prostate cell 

lines and then cloned into a 2 × FlagpcDNA3 empty 

vector performed with a one-step method to construct 

the homologous recombination vectors. After 

transfection by plasmid for 48 h, alterations of MXRA5 

at transcriptional and protein levels were evaluated by 

the qRT-PCR, Western blot and immunofluorescence 

microscopy staining analyses. 

 

MTT assay 
 

After transfection for 48 h, 3000-5000 WPMY-1 or 

BPH-1 cells/200 μl medium were seeded in 96-well 
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Table 1. The primers for qRT-PCR. 

Gene Symbol Forward primer(5'-3') Reverse primer(5'-3') 
Annealing 

temperature (°C) 

Length 

(bp) 

Matrix-remodeling 

associated 5 

MXRA5 CCTTGTGCCTGCTACGTCC TTGGTCAGTCCTGCAAATGAG 61 152 

Glyceraldehyde-3-

phosphate dehydrogenase 

GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC 60 176 

 

plates to grow for another four days. Then 20 μl MTT 

was added in each well and incubated at 37°C for 4 h. 

After removing the medium, formazan precipitate was 

dissolved in DMSO, and absorbance at 490 nm was 

measured by a microplate reader (cat. no. SpectraMax 

M2; Molecular Devices, Sunnyvale, CA, USA). 

 

Flow cytometry analysis for alterations of cell cycle 

and apoptosis 
 

For cell cycle analysis, 1 × 106 cells were harvested and 

fixed in 70% ice cold ethanol at –20ºC overnight. After 

centrifugation, pellets were resuspended with PBS 

containing 50 μg/ml propidium iodide (Sigma-Aldrich, 

USA) and 0.1 mg/ml RNaseA (20 μg/ml in PBS) in the 

dark. After incubation at 37ºC for 30 min, the DNA 

content distribution was analyzed by flow cytometry 

analysis (Beckman, Cat. #FC500). Cell apoptosis was 

analyzed by flow cytometry analysis using Annexin V-

fluorescence isothiocyanate (FITC)/PI apoptosis 

detection kit (BD Biosciences, San Jose, CA, USA), 

according to the manufacturer's instructions. 

 

Western blot analyses 
 

Proteins were extracted from frozen samples using the 

Radio Immunoprecipitation Assay Lysis Buffer 

(Shanghai Beyotime Biotechnology Co., Ltd., Shanghai, 

China) and 100 μg of each sample was eletrophoresed 

on a 10% sodium dodecyl sulfate-polyacrylamide (SDS-

PAGE) gel (Wuhan Boster Biological Technology Ltd., 

Wuhan, China) and transferred to polyvinylidene 

fluoride (PVDF) membrane (Millipore, Billerica, MA, 

USA) using a BioRad wet transfer system. The 

membrane was blocked for 2 h at room temperature with 

Tris-buffered saline with 0.1% [v/v] Tween (TBST) 

containing 5% [w/v] non-fat dry milk solution. The 

membrane was incubated overnight with primary 

MXRA5 antibody at dilution of 1:1000 (Abcam, 

Cambridge, UK). Membranes were washed with TBST 

three times and incubated at room temperature for 1 h 

with an IRDye 800CW conjugated goat anti-rabbit IgG 

(LI-COR, Lincoln, USA) at dilutions of 1:15000. After 

washing, the blots were visualized by scanning using a 

Li-Cor Odyssey Imager (Li-Cor, Lincoln, USA). The 

bands were quantified by densitometry using Li-Cor 

Odyssey software. A monoclonal rabbit antibody against 

GAPDH (1:10000; Abcam, ab181602) was used as a 

control to ascertain equivalent loading. 

 

Immunofluorescence staining for prostate cells 
 

Coverslips containing cells were washed 3 times by cold 

PBS and fixed with 4% PFA for 30 min. Then the cells 

were treated with 0.1% Triton X-100 and blocked in 

goat serum for 30 min, incubated with primary antibody 

(Table 2) at room temperature for 2 h, washed with PBS 

and incubated with Cy3-labeled or FITC-labeled 

secondary antibody (Table 3) for 1 h. Nuclei were 

labeled with DAPI (2 μg/ml). Immunofluorescence 

staining was analyzed using a fluorescence microscope 

(cat. no. IX73; Olympus, Japan). 

 

Immunofluorescence staining for BPH and normal 

samples 

 

All the samples were fixed by 4% PFA at 4ºC overnight 

and embedded into paraffin (Paraplast, Sigma-Aldrich) 

using a tissue processor (Thermo Fisher Scientific, Cat. 

#STP 120). Paraffin sections (4 μm) were cut with a 

rotary microtome (Thermo Fisher Scientific, Cat. 

#HM325). The sections were serially incubated with 

indicated primary antibody (listed in Table 2) and Cy3-

labeled or FITC-labeled secondary antibody (listed in 

Table 3) in a humidified atmosphere. Nuclei were 

labeled with DAPI (2 μg/ml). Sections were analyzed via 

a fluorescence microscope (Olympus, Cat. #IX73). 

 

Statistical analyses 
 

Results are expressed as mean ± standard deviation 

(SD) in tables and mean ± standard error of mean 

(SEM) in bar graphs. Student’s t-test was performed by 

GraphPad Prism v7.0 software (two sample treatments 

compared) to analyze the differences between two 

groups. P < 0.05 was considered statistically significant. 

 

Ethical approval 

 

All human samples were obtained after the approval of 

the Hospital Committee for Investigation in Humans 

and after receiving written informed consent from all 
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Table 2. List of primary antibodies. 

Antigens 
Species antibodies 

raised in 

Dilution 

(IF) 

Dilution 

(WB) 
Supplier 

CDK2, human Rabbit, monoclonal  1:2000 Cell Signaling Technology, 

USA, Cat. #2546 

CDK4, human Rabbit, monoclonal  1:2000 Cell Signaling Technology, 

USA, Cat. #12790 

Cyclin D1, human Rabbit, monoclonal  1:2000 Cell Signaling Technology, 

USA, Cat. #2978 

Cyclin A1/2, human Rabbit, monoclonal  1:1000 Abcam, UK, cat. no.ab185619 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204), human 

Rabbit, monoclonal  1:1000 Cell Signaling Technology, 

USA, Cat. #4370 

Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH),human 

Mouse, monoclonal  1:2000 Santa Cruz Biotechnology 

Inc., USA, Cat. #sc-365062 

Phospho-p38 (Thr180/Tyr182), 

human 

Rabbit, monoclonal  1:1000 Cell Signaling Technology, 

USA, Cat. #4511 

p38 MAPK, human Rabbit, monoclonal  1:2000 Cell Signaling Technology, 

USA, Cat. #8690 

p44/42 MAPK(Erk1/2), rat Rabbit, monoclonal  1:2000 Cell Signaling Technology, 

USA, Cat. #4695 

MXRA5 Rabbit, monoclonal 1:100 1:1000 Abcam, UK, cat. no.ab209075 

 

Table 3. List of secondary antibodies and counterstaining of nuclei. 

Secondary detection system used Host Method Dilution Supplier 

Anti-Mouse-IgG (H+L)-HRP Goat WB 1:10,000 Sungene Biotech, China, Cat. 

#LK2003 

Anti-Rabbit-IgG (H+L)-HRP Goat WB 1:10,000 Sungene Biotech, China, Cat. 

#LK2001 

Anti-rabbit IgG (H+L), F(ab')2 fragment 

(Alexa Fluor® 488 Conjugate) 
Goat IF 1:50 Cell Signaling Technology, 

USA, cat. no. 4412 

Hoechst 33342 (1 mg/ml) nucleic acid 

staining (DAPI) 
- IF 1:750 Molecular Probes/Invitrogen, 

Carlsbad, CA, USA, cat. no. 

A11007 

 

patients or their relatives involved. All human study 

was conducted in accordance with the principles of the 

Declaration of Helsinki. The study was approved by the 

Ethics Committee at Zhongnan Hospital of Wuhan 

University and the sample collection as well as 

treatment were carried out in accordance with the 

approved guidelines. 

 

Abbreviations 
 

MXRA5: Matrix-remodeling associated 5; MAPK: 

Mitogen-activated protein kinase; BPH: Benign prostatic 

hyperplasia; DEGs: Differentially expressed genes;  

RT-PCR: Reverse transcription-polymerase chain 

reaction; MTT: 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- 

phenytetrazoliumromide; ERK1/2: Extracellular signal-

regulated kinase 1/2; LUTS: Lower urinary tract 

symptoms; WT1: Wilms tumor gene; EMT: Epithelial-

mesenchymal transition; ECM: Extracellular matrix; 

NSCLC: Non-small cell lung cancer; CRC: Colorectal 

cancer; RMA: Robust Multichip Analysis. 

 

AUTHOR CONTRIBUTIONS  
 

H.X., Y.J. and W.X.H. contributed equally to this work. 

X.H.Z., H.X., Y.J. X.H.W. and M.E.D. designed the 

experiments. H.X., Y.J. and W.X.H. finished the 

experiments. H.X. wrote the first draft. D.Q.X., J.M.L., 

D.Q.L and P.C. analysed the results. X.H.Z. critically 

revised drafts of the manuscript. X.H.Z. provided 

important intellectual input and approved the final 

version for publication. 



 

www.aging-us.com 8619 AGING 

ACKNOWLEDGMENTS 
 

The excellent technical assistance of Danni Shan and 

Shanshan Zhang is gratefully acknowledged. We also 

would like to acknowledge the KEGG and Oncomine 

database. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of interest. 

 

FUNDING 
 

This study was supported in part by National Natural 

Science Foundation of China (N.81160086, 

N.81270843 and N.81770757). The funders had no role 

in study design, data collection and analysis, decision to 

publish, or preparation of the manuscript. 

 

REFERENCES 
 

1. Gratzke C, Bachmann A, Descazeaud A, Drake MJ, 
Madersbacher S, Mamoulakis C, Oelke M, Tikkinen KA, 
Gravas S. EAU Guidelines on the Assessment of Non-
neurogenic Male Lower Urinary Tract Symptoms 
including Benign Prostatic Obstruction. Eur Urol. 2015; 
67:1099–109. 

 https://doi.org/10.1016/j.eururo.2014.12.038 
 PMID:25613154 

2. Rhodes T, Girman CJ, Jacobsen SJ, Roberts RO, Guess 
HA, Lieber MM. Longitudinal prostate growth rates 
during 5 years in randomly selected community men 
40 to 79 years old. J Urol. 1999; 161:1174–79. 

 https://doi.org/10.1016/S0022-5347(01)61621-5 
 PMID:10081864 

3. Vuichoud C, Loughlin KR. Benign prostatic hyperplasia: 
epidemiology, economics and evaluation. Can J Urol. 
2015 (Suppl 1); 22:1–6. 

 PMID:26497338 

4. Lepor H, Kaplan SA, Klimberg I, Mobley DF, Fawzy A, 
Gaffney M, Ice K, Dias N, and The Multicenter Study 
Group. Doxazosin for benign prostatic hyperplasia: 
long-term efficacy and safety in hypertensive and 
normotensive patients. J Urol. 1997; 157:525–30. 

 https://doi.org/10.1016/S0022-5347(01)65193-0 
 PMID:8996348 

5. McConnell JD. Medical management of benign 
prostatic hyperplasia with androgen suppression. 
Prostate Suppl. 1990; 3:49–59. 

 https://doi.org/10.1002/pros.2990170506 
 PMID:1689170 

6. White JJ, Neuwirth H, Miller CD, Schneider EL. DNA 
alterations in prostatic adenocarcinoma and benign 

prostatic hyperplasia: detection by DNA fingerprint 
analyses. Mutat Res. 1990; 237:37–43. 

 https://doi.org/10.1016/0921-8734(90)90030-U 
 PMID:2320038 

7. Bedford MT, van Helden PD. Hypomethylation of DNA 
in pathological conditions of the human prostate. 
Cancer Res. 1987; 47:5274–76. 

 PMID:2443238 

8. Partin AW, Pound CR, Clemens JQ, Epstein JI, Walsh PC. 
Serum PSA after anatomic radical prostatectomy. The 
Johns Hopkins experience after 10 years. Urol Clin 
North Am. 1993; 20:713–25. 

 PMID:7505980 

9. Habuchi T, Suzuki T, Sasaki R, Wang L, Sato K, Satoh S, 
Akao T, Tsuchiya N, Shimoda N, Wada Y, Koizumi A, 
Chihara J, Ogawa O, Kato T. Association of vitamin D 
receptor gene polymorphism with prostate cancer and 
benign prostatic hyperplasia in a Japanese population. 
Cancer Res. 2000; 60:305–08. 

 PMID:10667581 

10. Dong G, Rajah R, Vu T, Hoffman AR, Rosenfeld RG, 
Roberts CT Jr, Peehl DM, Cohen P. Decreased 
expression of Wilms’ tumor gene WT-1 and elevated 
expression of insulin growth factor-II (IGF-II) and type 1 
IGF receptor genes in prostatic stromal cells from 
patients with benign prostatic hyperplasia. J Clin 
Endocrinol Metab. 1997; 82:2198–203. 

 https://doi.org/10.1210/jcem.82.7.4067 
 PMID:9215294 

11. Luo J, Dunn T, Ewing C, Sauvageot J, Chen Y, Trent J, 
Isaacs W. Gene expression signature of benign 
prostatic hyperplasia revealed by cDNA microarray 
analysis. Prostate. 2002; 51:189–200. 

 https://doi.org/10.1002/pros.10087 
 PMID:11967953 

12. Middleton LW, Shen Z, Varma S, Pollack AS, Gong X, 
Zhu S, Zhu C, Foley JW, Vennam S, Sweeney RT, Tu K, 
Biscocho J, Eminaga O, et al. Genomic analysis  
of benign prostatic hyperplasia implicates cellular  
re-landscaping in disease pathogenesis. JCI Insight. 
2019; 5:5. 

 https://doi.org/10.1172/jci.insight.129749 
 PMID:31094703 

13. Prakash K, Pirozzi G, Elashoff M, Munger W, Waga I, 
Dhir R, Kakehi Y, Getzenberg RH. Symptomatic and 
asymptomatic benign prostatic hyperplasia: molecular 
differentiation by using microarrays. Proc Natl Acad Sci 
USA. 2002; 99:7598–603. 

 https://doi.org/10.1073/pnas.112191399 
 PMID:12032329 

14. Alonso-Magdalena P, Brössner C, Reiner A, Cheng G, 
Sugiyama N, Warner M, Gustafsson JA. A role for 

https://doi.org/10.1016/j.eururo.2014.12.038
https://www.ncbi.nlm.nih.gov/pubmed/25613154
https://doi.org/10.1016/S0022-5347(01)61621-5
https://www.ncbi.nlm.nih.gov/pubmed/10081864
https://www.ncbi.nlm.nih.gov/pubmed/26497338
https://doi.org/10.1016/S0022-5347(01)65193-0
https://www.ncbi.nlm.nih.gov/pubmed/8996348
https://doi.org/10.1002/pros.2990170506
https://www.ncbi.nlm.nih.gov/pubmed/1689170
https://doi.org/10.1016/0921-8734(90)90030-U
https://www.ncbi.nlm.nih.gov/pubmed/2320038
https://www.ncbi.nlm.nih.gov/pubmed/2443238
https://www.ncbi.nlm.nih.gov/pubmed/7505980
https://www.ncbi.nlm.nih.gov/pubmed/10667581
https://doi.org/10.1210/jcem.82.7.4067
https://www.ncbi.nlm.nih.gov/pubmed/9215294
https://doi.org/10.1002/pros.10087
https://www.ncbi.nlm.nih.gov/pubmed/11967953
https://doi.org/10.1172/jci.insight.129749
https://www.ncbi.nlm.nih.gov/pubmed/31094703
https://doi.org/10.1073/pnas.112191399
https://www.ncbi.nlm.nih.gov/pubmed/12032329


 

www.aging-us.com 8620 AGING 

epithelial-mesenchymal transition in the etiology of 
benign prostatic hyperplasia. Proc Natl Acad Sci USA. 
2009; 106:2859–63. 

 https://doi.org/10.1073/pnas.0812666106 
 PMID:19196965 

15. Slabáková E, Pernicová Z, Slavíčková E, Staršíchová A, 
Kozubík A, Souček K. TGF-β1-induced EMT of non-
transformed prostate hyperplasia cells is characterized 
by early induction of SNAI2/Slug. Prostate. 2011; 
71:1332–43. 

 https://doi.org/10.1002/pros.21350 
 PMID:21321977 

16. Hu S, Yu W, Lv TJ, Chang CS, Li X, Jin J. Evidence of TGF-
β1 mediated epithelial-mesenchymal transition in 
immortalized benign prostatic hyperplasia cells. Mol 
Membr Biol. 2014; 31:103–10. 

 https://doi.org/10.3109/09687688.2014.894211 
 PMID:24650126 

17. Lutolf MP, Hubbell JA. Synthetic biomaterials as 
instructive extracellular microenvironments for 
morphogenesis in tissue engineering. Nat Biotechnol. 
2005; 23:47–55. 

 https://doi.org/10.1038/nbt1055 
 PMID:15637621 

18. von der Mark K, von der Mark H, Goodman S. Cellular 
responses to extracellular matrix. Kidney Int. 1992; 
41:632–40. 

 https://doi.org/10.1038/ki.1992.97 
 PMID:1573840 

19. Byrne RL, Leung H, Neal DE. Peptide growth factors in 
the prostate as mediators of stromal epithelial 
interaction. Br J Urol. 1996; 77:627–33. 

 https://doi.org/10.1046/j.1464-410X.1996.09721.x 
 PMID:8689101 

20. Ding L, Li S, Zhang Y, Gai J, Kou J. MXRA5 is decreased 
in preeclampsia and affects trophoblast cell invasion 
through the MAPK pathway. Mol Cell Endocrinol. 2018; 
461:248–55. 

 https://doi.org/10.1016/j.mce.2017.09.020 
 PMID:28919298 

21. Gabrielsen A, Lawler PR, Yongzhong W, Steinbrüchel D, 
Blagoja D, Paulsson-Berne G, Kastrup J, Hansson GK. 
Gene expression signals involved in ischemic injury, 
extracellular matrix composition and fibrosis defined 
by global mRNA profiling of the human left ventricular 
myocardium. J Mol Cell Cardiol. 2007; 42:870–83. 

 https://doi.org/10.1016/j.yjmcc.2006.12.016 
 PMID:17343875 

22. Xiong D, Li G, Li K, Xu Q, Pan Z, Ding F, Vedell P, Liu P, 
Cui P, Hua X, Jiang H, Yin Y, Zhu Z, et al. Exome 
sequencing identifies MXRA5 as a novel cancer  
gene frequently mutated in non-small cell lung 

carcinoma from Chinese patients. Carcinogenesis. 
2012; 33:1797–805. 

 https://doi.org/10.1093/carcin/bgs210 
 PMID:22696596 

23. Wang GH, Yao L, Xu HW, Tang WT, Fu JH, Hu XF, Cui L, 
Xu XM. Identification of MXRA5 as a novel biomarker 
in colorectal cancer. Oncol Lett. 2013; 5:544–48. 

 https://doi.org/10.3892/ol.2012.1038 
 PMID:23420087 

24. Gospodarowicz D, Greenburg G, Birdwell CR. 
Determination of cellular shape by the extracellular 
matrix and its correlation with the control of cellular 
growth. Cancer Res. 1978; 38:4155–71. 

 PMID:359133 

25. Hynes RO. The extracellular matrix: not just pretty 
fibrils. Science. 2009; 326:1216–19. 

 https://doi.org/10.1126/science.1176009 
 PMID:19965464 

26. Poveda J, Sanz AB, Fernandez-Fernandez B, Carrasco S, 
Ruiz-Ortega M, Cannata-Ortiz P, Ortiz A, Sanchez-Niño 
MD. MXRA5 is a TGF-β1-regulated human protein with 
anti-inflammatory and anti-fibrotic properties. J Cell 
Mol Med. 2017; 21:154–64. 

 https://doi.org/10.1111/jcmm.12953 
 PMID:27599751 

27. Tomlins SA, Mehra R, Rhodes DR, Cao X, Wang L, 
Dhanasekaran SM, Kalyana-Sundaram S, Wei JT, Rubin 
MA, Pienta KJ, Shah RB, Chinnaiyan AM. Integrative 
molecular concept modeling of prostate cancer 
progression. Nat Genet. 2007; 39:41–51. 

 https://doi.org/10.1038/ng1935 
 PMID:17173048 

28. He Y, Chen X, Liu H, Xiao H, Kwapong WR, Mei J. 
Matrix-remodeling associated 5 as a novel tissue 
biomarker predicts poor prognosis in non-small cell 
lung cancers. Cancer Biomark. 2015; 15:645–51. 

 https://doi.org/10.3233/CBM-150504 
 PMID:26406953 

29. Kyprianou N, Tu H, Jacobs SC. Apoptotic versus 
proliferative activities in human benign prostatic 
hyperplasia. Hum Pathol. 1996; 27:668–75. 

 https://doi.org/10.1016/S0046-8177(96)90396-2 
 PMID:8698310 

30. Lepor H, Tang R, Shapiro E. The alpha-adrenoceptor 
subtype mediating the tension of human prostatic 
smooth muscle. Prostate. 1993; 22:301–07. 

 https://doi.org/10.1002/pros.2990220404 
 PMID:8098867 

31. Colombel M, Vacherot F, Diez SG, Fontaine E, Buttyan 
R, Chopin D. Zonal variation of apoptosis and 
proliferation in the normal prostate and in benign 
prostatic hyperplasia. Br J Urol. 1998; 82:380–85. 

https://doi.org/10.1073/pnas.0812666106
https://www.ncbi.nlm.nih.gov/pubmed/19196965
https://doi.org/10.1002/pros.21350
https://www.ncbi.nlm.nih.gov/pubmed/21321977
https://doi.org/10.3109/09687688.2014.894211
https://www.ncbi.nlm.nih.gov/pubmed/24650126
https://doi.org/10.1038/nbt1055
https://www.ncbi.nlm.nih.gov/pubmed/15637621
https://doi.org/10.1038/ki.1992.97
https://www.ncbi.nlm.nih.gov/pubmed/1573840
https://doi.org/10.1046/j.1464-410X.1996.09721.x
https://www.ncbi.nlm.nih.gov/pubmed/8689101
https://doi.org/10.1016/j.mce.2017.09.020
https://www.ncbi.nlm.nih.gov/pubmed/28919298
https://doi.org/10.1016/j.yjmcc.2006.12.016
https://www.ncbi.nlm.nih.gov/pubmed/17343875
https://doi.org/10.1093/carcin/bgs210
https://www.ncbi.nlm.nih.gov/pubmed/22696596
https://doi.org/10.3892/ol.2012.1038
https://www.ncbi.nlm.nih.gov/pubmed/23420087
https://www.ncbi.nlm.nih.gov/pubmed/359133
https://doi.org/10.1126/science.1176009
https://www.ncbi.nlm.nih.gov/pubmed/19965464
https://doi.org/10.1111/jcmm.12953
https://www.ncbi.nlm.nih.gov/pubmed/27599751
https://doi.org/10.1038/ng1935
https://www.ncbi.nlm.nih.gov/pubmed/17173048
https://doi.org/10.3233/CBM-150504
https://www.ncbi.nlm.nih.gov/pubmed/26406953
https://doi.org/10.1016/S0046-8177(96)90396-2
https://www.ncbi.nlm.nih.gov/pubmed/8698310
https://doi.org/10.1002/pros.2990220404
https://www.ncbi.nlm.nih.gov/pubmed/8098867


 

www.aging-us.com 8621 AGING 

 https://doi.org/10.1046/j.1464-410X.1998.00752.x 
 PMID:9772874 

32. Meloche S, Pouysségur J. The ERK1/2 mitogen-
activated protein kinase pathway as a master regulator 
of the G1- to S-phase transition. Oncogene. 2007; 
26:3227–39. 

 https://doi.org/10.1038/sj.onc.1210414 
 PMID:17496918 

33. MacCorkle RA, Tan TH. Mitogen-activated protein 
kinases in cell-cycle control. Cell Biochem Biophys. 
2005; 43:451–61. 

 https://doi.org/10.1385/CBB:43:3:451 
 PMID:16244369 

34. Tsai SC, Huang WW, Huang WC, Lu CC, Chiang JH, Peng 
SF, Chung JG, Lin YH, Hsu YM, Amagaya S, Yang JS. ERK-
modulated intrinsic signaling and G(2)/M phase arrest 
contribute to the induction of apoptotic death by allyl 
isothiocyanate in MDA-MB-468 human breast 
adenocarcinoma cells. Int J Oncol. 2012; 41:2065–72. 

 https://doi.org/10.3892/ijo.2012.1640 
 PMID:23008020 

35. Xiao Y, Karnati S, Qian G, Nenicu A, Fan W, 
Tchatalbachev S, Höland A, Hossain H, Guillou F, Lüers 
GH, Baumgart-Vogt E. Cre-mediated stress affects 

sirtuin expression levels, peroxisome biogenesis and 
metabolism, antioxidant and proinflammatory 
signaling pathways. PLoS One. 2012; 7:e41097. 

 https://doi.org/10.1371/journal.pone.0041097 
 PMID:22829911 

36. Chung SH, Shen W, Gillies M. Genomic analysis using 
Affymetrix standard microarray genechips (169 format) 
in degenerate murine retina. Methods Mol Biol. 2015; 
1254:129–40. 

 https://doi.org/10.1007/978-1-4939-2152-2_10 
 PMID:25431062 

37. Yu W, Zhang Y, Xu L, Sun S, Jiang X, Zhang F. 
Microarray-based bioinformatics analysis of 
osteoblasts on TiO2 nanotube layers. Colloids Surf B 
Biointerfaces. 2012; 93:135–42. 

 https://doi.org/10.1016/j.colsurfb.2011.12.025 
 PMID:22261177 

38. Li JN, Zhao L, Wu J, Wu B, Yang H, Zhang HH, Qian JM. 
Differences in gene expression profiles and 
carcinogenesis pathways between colon and rectal 
cancer. J Dig Dis. 2012; 13:24–32. 

 https://doi.org/10.1111/j.1751-2980.2011.00551.x 
 PMID:22188913 

https://doi.org/10.1046/j.1464-410X.1998.00752.x
https://www.ncbi.nlm.nih.gov/pubmed/9772874
https://doi.org/10.1038/sj.onc.1210414
https://www.ncbi.nlm.nih.gov/pubmed/17496918
https://doi.org/10.1385/CBB:43:3:451
https://www.ncbi.nlm.nih.gov/pubmed/16244369
https://doi.org/10.3892/ijo.2012.1640
https://www.ncbi.nlm.nih.gov/pubmed/23008020
https://doi.org/10.1371/journal.pone.0041097
https://www.ncbi.nlm.nih.gov/pubmed/22829911
https://doi.org/10.1007/978-1-4939-2152-2_10
https://www.ncbi.nlm.nih.gov/pubmed/25431062
https://doi.org/10.1016/j.colsurfb.2011.12.025
https://www.ncbi.nlm.nih.gov/pubmed/22261177
https://doi.org/10.1111/j.1751-2980.2011.00551.x
https://www.ncbi.nlm.nih.gov/pubmed/22188913

