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A B S T R A C T   

Members of Coronaviridae family have been the source of respiratory illnesses. The outbreak of SARS-CoV-2 that 
produced a severe lung disease in afflicted patients in China and other countries was the reason for the incredible 
attention paid toward this viral infection. It is known that SARS-CoV-2 is dependent on TMPRSS2 activity for 
entrance and subsequent infection of the host cells and TMPRSS2 is a host cell molecule that is important for the 
spread of viruses such as coronaviruses. 

Different factors can increase the risk of prostate cancer, including older age, a family history of the disease. 
Androgen receptor (AR) initiates a transcriptional cascade which plays a serious role in both normal and ma-
lignant prostate tissues. TMPRSS2 protein is highly expressed in prostate secretory epithelial cells, and its 
expression is dependent on androgen signals. One of the molecular signs of prostate cancer is TMPRSS2-ERG 
gene fusion. In TMPRSS2-ERG-positive prostate cancers different patterns of changed gene expression can be 
detected. The possible molecular relation between fusion positive prostate cancer patients and the increased risk 
of lethal respiratory viral infections especially SARS-CoV-2 can candidate TMPRSS2 as an attractive drug target. 
The studies show that some molecules such as nicotinamide, PARP1, ETS and IL-1R can be studied deeper in 
order to control SARS-CoV-2 infection especially in prostate cancer patients. 

This review attempts to investigate the possible relation between the gene expression pattern that is produced 
through TMPRSS2-ERG fusion positive prostate cancer and the possible influence of these fluctuations on the 
pathogenesis and development of viral infections such as SARS-CoV-2.   

List of abbreviations  

SARS-CoV severe acute respiratory syndrome coronavirus 
MERS-CoV Middle East respiratory syndrome coronavirus 
SARS-CoV-2 SARS-coronavirus 2 
PCa Prostate cancer 
TMPRSS2: 

ERG 
transmembrane protease serine 2:vets erythroblastosis virus E26 
oncogene homolog 

AR Androgen receptor 
DHT metabolite 5-dihydrotestosterone 
AREs androgen response elements 
S spike protein 
ACE2 angiotensin-converting enzyme 2  

1. Background 

Coronaviridae family has several members that constantly circulate 
in the human population and are usually the source of mild respiratory 
illnesses (Corman et al., 2019). Conversely, the severe acute respiratory 
syndrome coronavirus (SARS-CoV) and the Middle East respiratory 
syndrome coronavirus (MERS-CoV) are two members of this family 
which transmit from animals to humans and cause severe respiratory 
diseases in afflicted individuals (Fehr et al., 2017). 

In 2002 in Guangdong province, China, the emergence of SARS 
began and subsequently, it was globally spread, causing 8096 cases and 
774 deaths (De Wit et al., 2016). It seems that natural reservoirs for 
SARS-CoV are Chinese horseshoe bats (Li et al., 2005). Currently, no 
approved vaccines or specific antivirals are offered to cure SARS, and in 
the course of time the SARS pandemic in 2002 and 2003 was finished 
due to patient isolation and travel restrictions (Hoffmann et al., 2020). 
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Then a new infectious respiratory disease started from Wuhan, Hubei 
province, China in December 2019 (Wang et al., 2020), which seemed to 
be related to Huanan seafood market and as a result, human-to-human 
transmission occurred (Chan et al., 2020). The related respiratory dis-
ease that is termed coronavirus disease 19 (COVID-19), spread within 
China very fast and the virus was named SARS-coronavirus 2 (SARS- 
CoV-2) due to its close relation to SARS-CoV. By the time of writing this 
paper, the SARS-CoV-2 produced a severe lung disease in afflicted pa-
tients in China and 24 other countries due to international travels 
(Matsuyama et al., 2010). 

Prostate cancer (PCa) is a heterogeneous disease and can cause le-
sions that might remain localized for long periods. However, sometimes 
aggressive forms of prostate cancer occur that have the potential to 
metastasize into bones and lymph nodes. Being the second most diag-
nosed worldwide cancer among men (mainly >65 years), makes PCa a 
public health concern in developed countries (Mottet et al., 2018). 

The transmembrane protease serine 2:vets erythroblastosis virus E26 
oncogene homolog (TMPRSS2:ERG) gene fusion has been assessed as a 
specific biomarker for PCa since 2005 (Park et al., 2014). TMPRSS2 is 
located at 21q22.2 that is detected to be expressed in both malignant 
and normal prostatic epitheliums. Furthermore, ERG is a member of the 
E-twenty-six (ETS) family, which are known to be the main regulators of 
differentiation, apoptosis, embryonic development, cell proliferation 
and inflammation (García-Perdomo et al., 2018). Both SARS-CoV and 
MERS-CoV are able to enter into the cells through endocytosis and are 
activated after entrance by using the cathepsin in endosomes (Maekawa 
et al., 2014), moreover, it is documented that expression of TMPRSS2 
increases the replication and consequently the formation of these viruses 
in vitro and in vivo (Leyten et al., 2014). Also, it has been shown that 
TMPRSS2 might be the vital protease for new SARS-CoV-2 replication 
and many researches propose that this molecule can be a promising 
candidate for controlling the new virus (García-Perdomo et al., 2018). 

SARS-CoV-2 spread also depends on TMPRSS2 activity (Iwata- 
Yoshikawa et al., 2019). Also, TMPRSS2-ERG is recognized as an 
important factor in fusion-positive PCa and this fusion protein causes 
changes in gene expression level. Therefore, this review article aims to 
gather the important facts in order to address the possibility of the 
relation of prostate cancer to the increased pathogenicity of SARS-CoV2. 

2. Prostate cancer 

Prostate cancer is the most frequently diagnosed male cancer and is 
the second cause of cancer deaths in North America (Jemal et al., 2004). 
Androgen receptor (AR) starts a cascade of transcriptional programs 
which in normal and malignant prostate tissue have a critical role in 
growth and survival. In order to cure the locally advanced, relapsed, or 
metastatic prostate cancer, the treatment regimens are based on inhib-
iting AR activity and function in patients. Although this method seemed 
to be effective at first, it could not completely cure the cancer and, 
further, a resistant form of prostate cancer to hormonal manipulations 
appears. There is increasing evidence that suggests AR through aberrant 
mechanisms can retain its activity and many of the AR target genes that 
are increasingly expressed for maintenance of prostate cancer develop-
ment are still expressed (Dehm and Tindall, 2006). Consequently, failure 
to treat the prostate cancer results in metastasizing into the bones and 
lymph nodes in advanced cancers. Therefore, the treatment is composed 
of antagonizing the AR stimulus in order to stop feeding the tumor via 
chemical or surgical hormone ablation therapy (Galbraith and Duch-
esne, 1997). 

In some cases, antiandrogen therapy results in the development of 
AR-independent cancer. It is observed that some AR-regulated genes 
such as PSA (prostate-specific antigen), that had decreased due to hor-
mone ablation therapy, increase again in AR-independent tumors 
(Akakura et al., 1993) and accessory pathways such as TKR (tyrosine 
kinase receptors) are activated as an alternative to the androgen signal 
(Yeh et al., 1999). 

The normal prostate is composed of three different regions. The cells 
of these zones vary considerably in their tendency to contributing to 
prostate cancer. For instance, 20% of prostate adenocarcinomas are 
related to transition zone that comprises 5%–10% of glandular tissue. 
The central zone cells rarely contribute to prostate cancer (1–5%) and 
involves about 25% of glandular tissue. Finally, the peripheral zone that 
is responsible for about 70% of cancers composes the majority of pros-
tate tissue (70%) (Dehm and Tindall, 2006). 

Cancer cells are largely dependent on androgens for development 
and survival, regardless of the origin of the neoplasm. Therefore, if 
operation is not remedial, castration and/or using AR antagonists are the 
backbones of systemic therapy. Primarily, androgen ablation causes 
noticeable AR inhibition and concomitant tumor regression, due to 
decrease in the expression of target genes such as PSA (Feldman and 
Feldman, 2001). By the way, the majority of prostate cancers revert to a 
resistant form that is unaffected by these hormonal manipulations, and 
further treatment is inevitably needed (Grossmann et al., 2001). The 
disease at this stage is denoted as androgen depletion-independent 
(ADI), androgen-independent, or androgen-refractory (Roy-Burman 
et al., 2005). Although ADI prostate cancer is resistant to additional 
efforts for blocking androgen action, the AR still remains a critical issue 
for the growth and development of most of these tumors and the ma-
jority of ADI prostate cancers has high levels of AR expression and also, 
further expression of PSA (Litvinov et al., 2003). 

Research findings propose that ADI prostate cancer cells continue to 
proliferate and survive through aberrant mechanisms of AR activation, 
and therefore the AR signaling axis continues to be a critical target for 
therapy (Dehm and Tindall, 2006). 

3. Androgens and androgen receptors 

Androgens are a group of molecules that apply their functions 
through AR. Leydig cells in the testes are responsible for testosterone 
production which is the most abundant (90%) androgen in the blood 
circulation. Androgens produced by the adrenal cortex, such as dehy-
droepiandrosterone (DHEA) and androstenedione (4-dione), make up 
the remaining 10%. Both DHEA and 4-dione are converted to testos-
terone in peripheral tissues (Labrie et al., 2001). The AR is a 110 kDa 
phosphoprotein and member of the nuclear receptor transcription factor 
superfamily and are essential for normal development and function of 
prostate. Also this molecule shares a communal modular structure with 
other nuclear receptors, containing an N-terminal transactivation 
domain, a central DNA binding domain, and a C-terminal ligand bind-
ing/transactivation domain (Heinlein and Chang, 2004). 

Activation of AR consequently renders, to the testicular synthesis of 
testosterone, its transport to target tissues, and the conversion by 5α- 
reductase type I and II to the more active metabolite 5-dihydrotestoster-
one (DHT) (Navarro et al., 2002). DHT is a more effective AR ligand than 
testosterone since it dissociates more gradually from the AR and pro-
duces a receptor conformation more resilient to degradation (Heinlein 
and Chang, 2004). In detail, by binding to AR, testosterone and DHT 
exert their biological effects via AR transcriptional activity. The AR 
activity is modulated by the interaction with coregulators and also, 
phosphorylation of AR and its coregulators (Buchanan et al., 2001; 
Heinlein and Chang, 2002). After attaching to androgen, a modification 
in the conformation and composition of AR happens, which leads to AR 
nuclear translocation. In the nucleus, the AR binds androgen response 
elements (AREs) as a dimer in the promoter and enhancer regions of 
various target genes (Heinlein and Chang, 2004) (Fig. 1). 

Some of the coactivators are also vital for transcriptional activation 
of other steroid hormone receptors, such as the p160 family (SRC-1, 
GRIP1/ TIF2, RAC3/ pCIP/ ACTR/ AIB1/ TRAM1), P/CAF, CBP, and 
p300 (Grossmann et al., 2001). These coactivators possess intrinsic 
histone acetyltransferase (HAT) activity, which can be directed toward 
histone as well as other proteins (Roth et al., 2001). In addition to 
coactivators with HAT activity, the AR has been shown to specifically 
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recruit the AR-associated (ARA) coactivators ARA70, ARA55, and 
ARA54 (Grossmann et al., 2001). The AR-induced assembly of these 
multi-protein complexes results in a finely regulated level of target gene 
transcription (Dehm and Tindall, 2006). 

Studies indicate that by any method for treatment of prostate cancer 
(such as treatment with LHRH agonists and surgical castration) the 
serum levels of testosterone decrease about 90–95% while the intra-
prostatic DHT levels decline by roughly 50% (Denis and Griffiths, 2000). 
Though this decrease is able to bring about the death of more than 70% 
of normal prostate secretory epithelial cells, the surviving prostate 
cancer cells would be exposed to a relative abundance of DHT. In 
contrast, GnRH agonist treatment has been described to cause reduction 
in intraprostatic DHT, about 90% (Forti et al., 1989). Combined treat-
ment of castration and flutamide has been found to reduce prostate DHT 
levels to approximately 20% of pretreatment levels (Hida et al., 2008). 

3.1. TMPRSS2 and androgens 

Recognition of the TMPRSS2 gene that is a transmembrane serine 
protease was the result of using a subtractive hybridization method 
(Paoloni-Giacobino et al., 1997). TMPRSS2 is a type II transmembrane 
protein that has an extracellular COOH terminus containing the protease 
domain and an intracellular NH2 terminus (Lin et al., 1999). TMPRSS2 
protein is vastly expressed in prostate secretory epithelium and in 
prostate cancer and the protein expression is also dependent on an 
androgen signal. The protease domain is released via an autocatalytic 
cleavage mechanism. Studies demonstrate that the highest expression of 
TMPRSS2 is at the apical side of prostate and prostate cancer secretory 
epithelia and within the lumen of the glands. Also, it was detected in 
colon cancer and pancreas samples. Collectively, data reveal that 
TMPRSS2 is a secreted protease that is highly expressed in prostate and 
prostate cancer, making it a possible target for diagnosis and therapy of 
cancer (Afar et al., 2001). 

The usual molecular sign of prostate cancer is TMPRSS2-ERG gene 
fusions. Although remarkable advances have been made in unraveling 
various facets of TMPRSS2-ERG-positive prostate cancer, many unan-
swered questions still remain to be answered and further studies in order 
to elucidate the detailed function of TMPRSS2-ERG target genes and 
proteins in response to numerous stimuli in TMPRSS2- ERG fusion- 
positive prostate cancer cells are needed (Farooqi et al., 2014) (Fig. 1). 

3.2. TMPRSS2-ERG fusion in normal and cancerous prostate cells 

Studies have shown that the TMPRSS2-ERG fusion seems to be 

detectable in both late stage and benign hyperplasia as well as in the 
normal margin of prostate tumors (Lee and Swanton, 2012; Marusyk 
et al., 2012; Brabletz, 2012). Furthermore, detection of TMPRSS2-ERG 
fusion transcript was reported in 73% and 43% of primary prostate 
tumor samples and samples collected from non-malignant tissues, 
respectively (Clark et al., 2007).Incidentally, in normal and malignant 
prostate cells, the level of this fusion protein is different and even the 
level of TMPRSS2-ERG fusion transcript varies in different established 
prostate cancer cell lines (human prostate cancer VCaP and LNCaP cells 
are TMPRSS2-ERG positive and negative, respectively). Also, methyl-
ation of TMPRSS2-ERG fusion gene is a determinative factor in regu-
lating the expression level of this molecule. For instance, fusion negative 
tumors are severely methylated in comparison to fusion positive ones 
(Börno et al., 2012). 

3.3. Signal transduction cascades in fusion-positive prostate cancer 

Various signal transduction cascades were deregulated in fusion- 
positive prostate cancer patients. Development of PCa would be facili-
tated through a sequence of explicit genetic alterations that might be 
summarized as early clonal expansion, genomic instability, inactivation 
of tumor suppressor (TS) genes, oncogenes overexpression, and 
distraction of the spatial-temporal function of signaling cascades (Fodde 
et al., 2001). As previously mentioned, the gene fusion in chromosome 
21 that happens between the TMPRSS2 and ERG genes, results in the 
prostate cancers being divided into “fusion-positive” and “fusion-nega-
tive” (Clark and Cooper, 2009). This causes the expression of ERG 
transcription factor (TF) to be regulated via TMPRSS2 (an androgen 
responsive element) promoter. Therefore, TMPRSS2-ERG fusion protein 
might attach to ERG gene promoter and cause the overexpression of 
wild-type ERG. However, this process is also regulated by polycomb 
proteins that can control the hypermethylation of ERG promoters. The 
data cause ERG gene to appear as a hotspot of DNA methylation, espe-
cially in prostate cancer cells (Schwartzman et al., 2011). 

To illustrate the exact function of TMPRSS2-ERG fusion protein 
several studies have been carried out. It was reported that in VCaP cells, 
targeted inhibition of TMPRSS2-ERG transcript is the reason of the 
remarkable decrease of ERG, while the result of constant transfection of 
TMPRSS2-ERG in the TMPRSS2-ERG deficient PC3 cells, was detected as 
an increase in ERG transcript. These data offer obvious evidence of ERG 
overexpression in fusion positive prostate cancer cells (Mani et al., 
2011). 

Furthermore, direct evidences that support the idea of regulation of 
AR by ERG protein exist. In ERG-negative and normal ERG expressing 

Fig. 1. The functional pathway of androgens and its receptor.  
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prostate cancer cells, the signaling pathway that is activated ERG does 
not impose repressive effect on the expression of AR (Hoogland et al., 
2012). But another study showed that in prostate cancer VCaP cells, ERG 
can suppress AR expression level by binding to AR (Yu et al., 2010). In 
addition, TMPRSS2-ERG fusion recruits in normal and also tumor cells 
after androgen treatment (Bastus et al., 2010). In a research, by 
culturing xenografts of male nude mice in vivo via serial transplantation 
the correlation between TMPRSS2-ERG fusion and androgen was 
investigated and overexpression of TMPRSS2-ERG was detected in all 
androgen-dependent xenografts. More importantly, they observed that 
although AR-negative tumors have the gene encoding for TMPRSS2-ERG 
fusion protein, this fusion gene has no expression (Hermans et al., 2006). 
Moreover, genes related to WNT and TGFB1/BMP (transforming growth 
factor beta 1/bone morphogenetic protein) transduction cascades are 
detected to be overexpressed in prostate tumors (Brase et al., 2011). 
Furthermore, in the process of genomic rearrangements during devel-
opment of prostate cancer tumors, some tumor suppressor genes 
including BRCA1 (breast cancer 1, early onset) and BRCA2, p53, PTEN 
(phosphatase and tensin homolog) are activated (Mao et al., 2011). The 
next section gives a more detailed discussion of this subject (Fig. 1). 

3.4. Overexpressed genes in fusion-positive prostate cancer cells 

In comparison to TMPRSS2-ERG fusion-negative prostate cancer 
cells, some proliferation-related genes were observed with an increase in 
expression level in fusion-positive ones. Furthermore, although some 
treatments such as anti-androgen therapies and chemical castration are 
able to somehow reduce the expression level of some of these genes, 
these treatments seem to be inadequate (Lehmusvaara et al., 2012). 

Research to better understand the biology of prostate cancer has 
elucidated that ERG up-regulation is zone-dependent and has been 
shown to be overexpressed in the glands of the peripheral zone rather 
than the transitional zone (Shaikhibrahim et al., 2012). Furthermore, 

analysis of the expression level of deregulated genes specified that the 
expression level of these genes in fusion-negative prostate tumor cells is 
more comparable to normal controls. At the same time, the expression 
level of gene expression in fusion-positive prostate tumors displayed a 
different and dissimilar pattern that correlated with the occurrence of 
fusion transcripts in prostate cancer. For example, ERG expression 
pattern was related to expression level of MMP9 (Metalloproteinase 9) 
and Plexin A2 that are engaged in the migratory potential and invasive 
capacity of cancerous cells (Tian et al., 2014), for more details, Table 1 
summarizes the difference in expression level of genes in normal, fusion 
positive and fusion negative cells. The results in Table 1 elucidates how 
TMPRSS2-ERG encoded fusion proteins are able to impair checkpoints of 
the cell cycle and promote proliferation. 

3.5. miRNA mediated cascade for regulating the AR 

Previously, it was shown that overexpression of AR might cause 
antiandrogen resistance by amplifying signal output and changing the 
common response to antagonists (Chen et al., 2004). However, it is also 
imperative to mention that the loss of AR regulating miRNA signatures is 
a central aspect that underlies AR overexpression. For instance, it has 
been reported that androgen-induced AR binds to the miR-21 promoter, 
suggesting direct regulation transcription process and considerable 
prostate carcinogenesis. Nevertheless, miR-21 inhibition resulted in 
uncontrolled cellular proliferation decrease (Ribas et al., 2009). Also, a 
study has indicated that various miRNAs act as tumor suppressors and 
transiently transfecting cells with miR-331-3p reduced phosphorylated 
v-akt murine thymoma viral oncogene homolog 1 (AKT1) content (Epis 
et al., 2009). 

Additionally, another important receptor, the ERBB2 (v-erb-b2 
erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma 
derived oncogene homolog) is dysregulated in prostate cancer. It was 
reported that overexpression of ERBB2 activated AR pathway in an 

Table 1 
The difference in expression pattern of genes in normal, fusion positive and fusion negative cells.  

Gene name Function Relation to TMPRSS2-ERG gene fusion Ref. 

PRDX3 and 4 Upregulates in prostate cancer tissue Influences on the prostate tumor’s growth/negatively correlated with the 
level of the TMPRSS2-ERG gene fusion 

(Li et al., 2012) 

PARP1 and DNA- 
PKcs 

Overexpressing ERG in normal prostate cell line 
with low endogenous ERG (RWPE) 

ERG-overexpression (Li et al., 2003) 

ETS Upregulates in primary prostate epithelial cells Induce DNA double strand breaks in terms of γ-H2AX foci (Li et al., 2003) 
VDR Prostate tumors with high levels of VDR Twice as likely to be TMPRSS2-ERG fusion-positive (Gu et al., 2005) 
IL1R2, SPINT1, 

ZEB1 and 2 
AR treated-immortalized primary prostate 
epithelial (EP) cells 

TMPRSS2-ERG bound promoters of gene (Ordovás et al., 2013) 

PSMA Upregulated in the adenocarcinoma of prostate 
cancer 

TMPRSS2-ERG positive cells have a different gene network as treatment 
of VCaP cells with androgen analog resulted in the suppression of PSMA 

(Haga et al., 2008) 

WNT-associated 
pathway genes 

ERG overexpression and nuclear translocation 
activate Wnt signaling 

Via strongly histone deacetylase 1 (HDAC1)-positiveness and 
Suppression of tumor necrosis factors and cell death pathways 

(Menachery et al., 2019;  
Simmons et al., 2005) 

CRISP3 CRISP3 gene expression was associated with the 
ERG condition 

TMPRSS2-ERG fusion-positive prostate tumors as compared to normal 
tissue 

(Gierer et al., 2013) 

PIM1 A serine/threonine kinase which is frequently 
upregulated in prostate cancer 

TMPRSS2-ERG directly attach to the PIM1 promoter and results in 
overexpression of PIM1 upregulates modified cyclin B1 levels 

(Zhou et al., 2015) 

CACNA1D An ERG target gene Upregulated in TMPRSS2-ERG positive prostate cancer cells (Gu et al., 2005) 
OPN An extracellular matrix glycophosphoprotein 

involved in the metastasis 
ERG stimulates OPN expression by targeting ETS binding sites in the OPN 
promoter 

(Kim et al., 2006) 

TLR4 Cellular receptor Induced by TMPRSS2-ERG encoded fusion products (Kawase et al., 2012) 
ILK In BPH-1 and RWPE-1-fERG cells ERG level was found to be associated with the overexpression ILK and its 

downstream effector of LEF1. 
(Liu et al., 2006) 

c-myc A family member of regulator and proto- 
oncogenes that code for transcription factors 

In TMPRSS2-ERG fusion-positive prostate cancer cells (Gao et al., 2013) 

TDRD1 In ERG overexpressing prostate cancer cells ERG enhances the expression of this gene by controlling the methylation 
status of the promoter region 

(Goren et al., 2020) 

CXCR4 In prostate cancer cells IKK and AKT kinases were noted to phosphorylate ERG at Serine 81 and 
215, phosphorylated ERG regulated expression of CXCR4 

(Khomich et al., 2018) 

PRDX (Peroxiredoxins); PARP1 (poly ADP-ribose polymerase 1); DNA-PKcs (protein kinase, DNA-activated, catalytic polypeptide); ETS (E-twenty-six); VDR (vitamin D 
(1,25-dihydroxyvitamin D3) receptors); IL1R2 (Interleukin 1 receptor, type II); SPINT1 (serine peptidase inhibitor, Kunitz type 1); ZEB (zinc finger E-box binding 
homeobox); PSMA (Prostate-specific membrane antigen); WNT (wingless type MMTV); CRISP3 (cysteine-rich secretory protein 3); PIM1 (pim-1 oncogene); CACNA1D 
(calcium channel, voltage-dependent, L type, α-1D subunit); OPN (Osteopontin); TLR4 (Toll-like receptor 4); ILK (integrin-linked kinase); LEF1 (lymphoid enhancer- 
binding factor 1); TDRD1 (Tudor domain-containing protein 1); IKK (I kappa B); CXCR4 (chemokine (C-X-C motif) receptor 4). 
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androgen-deficient environment in cancer cells (Berger et al., 2006). 
Another research group has indicated that ERBB2/ERBB3 can maintain 
AR protein levels and ERBB2/ERBB3 were found to be attached to the 
promoter/enhancer of androgen-regulated genes in hormone-refractory 
prostate cancer. ERBB2 and ERBB3 considerably increase the androgen- 
dependent AR transactivation of reporter genes in prostate cancer cells 
(Gregory et al., 2005). Therefore, using miR-331-3p that can repress 
ERBB2 expression by targeting the U-rich element located in the ERBB2 
3′- UTR (untranslated region), the expression of ERBB2 was suppressed. 
Further studies demonstrated that in TMPRSS2-ERG positive prostate 
cancer cells this miRNA mediated regulation is lost and results in the AR 
and ERBB2 expression which cooperatively prompt the expression of 
cancer promoting genes (Epis et al., 2011). 

It was observed that ERG can control the migratory potential of 
prostate cancer cells through binding to the promoter region of CXCR4 
and ADAMTS1 (ADAM metallopeptidase with a thrombospondin type 1 
motif, 1) genes (Carver et al., 2009). By the way, it is reported that 
CXCR4 expression can be suppressed by miR-139. Therefore, dysregu-
lation of miR-139 negative control in cancer cells (that is proved to 
happen gastric cancer cells by interaction of ERBB2 with CD44) might 
result in increased risk of cancer (Bao et al., 2011). 

Another microRNA that deals with AR is miR-23a27a24-2 cluster, 
whose maturation from pri-miR-23a27a24-2 to mature pre-miR- 
23a27a24-2 is controlled partially by association of AR to its promoter 
that leads to starting temporary transcription via enhanced androgen- 
induced processing. Particularly, miR-27a negatively regulates AR by 
controlling prohibitin (a corepressor) and due to its ability is perceived 
as a promising candidate for treatment of PCa (Fletcher et al., 2012). 

Some other microRNAs that can downregulate the transcriptional 
activity of AR, are miR-488 and miR-let-7c (Nadiminty et al., 2012). 
Also, three microRNAs named miR-130a, -203 and -205, cooperative in 
order to target the members of MAPK (mitogen activated kinase-like 
protein) and AR pathway of signaling (Boll et al., 2013). Furthermore, 
HNRNPK (heterogeneous nuclear ribonucleoprotein K) and VEGF-A are 
directly targeted by miR-205 and miR-29b, respectively (Szczyrba et al., 
2012). These genes are able to cooperatively inhibit translation of AR 
(Mukhopadhyay et al., 2009). Similarly, CD44 and AKT2 are direct 
targets of miR-708 (Saini et al., 2012). 

Finally, some reports have proved that different miRNA subsets 
modulate PTEN, that results in retaining AKT cancer promoting ability. 
PTEN that is negatively regulated by miR-153 and miR-21 (Wu et al., 
2013) in prostate cancer, is observed to be the target of other miRNAs in 
other cancers such as: miR-21, miR-221 and miR-222 in gastric cancer 
(Zhang et al., 2012); miR-93 in ovarian cancer (Fu et al., 2012); miR- 
519d in liver cancer (Fornari et al., 2012). 

There are other miRNAs that can regulate the transcriptional activity 

of AR and its target genes such as miR-29a and miR-1256 that in their 
demethylated status target TRIM68 (tripartite motif containing 68). 
Then, TRIM68 interacts with AR and enhances transcriptional activity of 
the AR target genes (Li et al., 2012). 

4. SARS-CoV2 entrance mechanism 

The entrance of coronaviruses is facilitated by spike (S) protein. This 
protein is composed of two parts, S1 and S2. The S protein is cleaved at 
the S1/S2 and the S2’ sites and the result of priming the S protein is S1 
and S2. S1 part is responsible for binding the virus to the host cell surface 
and S2 allows fusion of viral and cellular membranes (Hoffmann et al., 
2020) (Fig. 2). The entry receptor of host cells which is related to this 
process is angiotensin-converting enzyme 2 (ACE2) in SARS which uses 
the cellular enzyme TMPRSS2 (a serine protease) for S protein priming 
(Matsuyama et al., 2010; Li et al., 2003). 

SARS-CoV infects primarily macrophages and pneumocytes in the 
lung. However, ACE2 expression is not limited to the lung, and extrap-
ulmonary spread of SARS-CoV in ACE2+ tissues, was observed (Gu 
et al., 2005). As the SARS-S and SARS-2-S share 76% amino acid identity 
in their sequences, it seems that SARS-2-S might use the same entrance 
mechanism (ACE2 and TMPRSS2) for entry to the host cells (Hoffmann 
et al., 2020). 

It seems that SARSCoV-2 in comparison to SARS-CoV, is more 
transmissible, and this might be related to the higher efficiency of 
SARSCoV-2 in cellular attachment that renders robust infection of 
ACE2+ cells in the upper respiratory tract (Ordovás et al., 2013). By the 
way, it is important to consider that SARS-s has the ability to down-
regulate ACE2 expression that in normal condition protects lung from 
injury. This regulation might have promoting effects in the disease 
progression. If SARS-CoV-2 is able to undergo this regulatory pattern, it 
would be the other reason for its greater pathogenicity (Haga et al., 
2008). 

4.1. S protein priming details 

Coronavirus S proteins priming that is organized by host cell pro-
teases is critical for entry of viral particles into the host cells. The pro-
teases cleave S protein into S1 and S2 parts via several arginine residues 
(multibasic) which are characteristic of cleavage sites at S1/S2 and S2’ 
priming positions of SARS-2-S that confer high cleavability potential to 
the sites (Fig-2). Owing to this efficient cleavability, SARS-2-S is effi-
ciently cleaved, and cleaved S proteins incorporates into VSV particles. 
It seems important to mention that this effective multibasic cleavage site 
does not exist in RaTG13 coronavirus (most closely related to SARS-CoV- 
2) and might be a critical advantage for SARS-S2 pathogenicity due to 

Fig. 2. The S protein of coronaviruses entrance to target cells.  
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effective entrance to the host cells (Menachery et al., 2019). 
In TMPRSS2- cells SARS-CoV can use CatB/L enzyme which is an 

endosomal protease for S protein priming (Simmons et al., 2005). But it 
is important to consider that S protein priming by TMPRSS2 and not 
CatB/L is crucial for viral entrance to target cells and is also spread in the 
infected host cells (Iwata-Yoshikawa et al., 2019). 

Studies indicate that SARS-CoV-2 is dependent on TMPRSS2 activity 
for entrance and subsequent infection of the host cells. Altogether, it 
seems that TMPRSS2 is a host cell factor that is important for the spread 
of some clinically related viruses such as coronaviruses and influenza A 
viruses (Matsuyama et al., 2010; Gierer et al., 2013; Zhou et al., 2015). 
However, TMPRSS2 seems to be a dispensable factor for development 
and homeostasis in host cell (Kim et al., 2006). Therefore, this criterion 
makes it an attractive drug target candidate. In this regard, camostat 
mesylate is a serine protease inhibitor that can block TMPRSS2 activity 
and has been approved in Japan for an unrelated indication previously 
(Zhou et al., 2015; Kawase et al., 2012). Moreover, convalescent SARS 
patients exhibit a neutralizing antibody response that can be detected 
even 24 months after infection and that is largely directed against the S 
protein (Liu et al., 2006). 

5. The possible relation of prostate cancer to respiratory viral 
infections such as covid-19 pathogenesis 

It is known that TMPRSS2-ERG gene fusion has been assessed as a 
specific biomarker for PCa (Park et al., 2014). Also, it was determined 
that both SARS-CoV and MERS-CoV, are able to enter into the cells by 
the help of TMPRSS2-ERG gene and furthermore, it is documented that 
expression of TMPRSS2 increases the replication and consequently for-
mation of these viruses in vitro and in vivo (Leyten et al., 2014; Gao 
et al., 2013). Additionally, it has been shown that TMPRSS2 might be the 
vital protease for new SARS-CoV-2 replication and a great deal of 
research propose that this molecule can be a promising candidate for 
controlling the new virus (García-Perdomo et al., 2018). As the SARS-S 
and SARS-2-S share 76% amino acid identity in their sequences, it seems 
that SARS-2-S might use the same entrance mechanism (ACE2 and 
TMPRSS2) for entry to the host cells (Hoffmann et al., 2020). 

The high expression rate of TMPRSS2-ERG in different tissue parts 
and cells of normal and cancerous prostate such as apical side, secretory 
epithelia and within the lumen of the glands make this molecule a 
promising target for cancer therapy and diagnosis (Afar et al., 2001). 
Therefore, understanding the activation and repressing effect of this 
molecule on other target genes and proteins in response to several 
stimuli might be sequentially gathered and re-interpreted (Farooqi et al., 
2014). 

A lot of hard work is being directed toward the identification of 
molecules that can be helpful in the management of COVID-19. As 
previously mentioned, TMPRSS2-ERG fusion molecule would increase 
in both fusion-positive and negative types of prostate cancers (Lee and 
Swanton, 2012; Marusyk et al., 2012; Brabletz, 2012) and this change 
seems to make these patients better candidates for SARS-CoV-2 disease. 
Furthermore, elevation in infected males with androgen related baldness 
to SARS-CoV-2 disease (Goren et al., 2020) might certify the possible 
role of this molecule in facilitating the SARS-CoV-2 infections develop-
ment in these patients. Additionally, researches show that genes’ 
expression during prostate cancer are affected by TMPRSS2-ERG fusion 
protein, and might have some relation to viral respiratory infections. As 
an illustration, peroxiredoxins such as PRDX3 and 4 are a ubiquitous 
family of antioxidant enzymes that can regulate cytokine-induced 
peroxide levels and thus interfere in signal transduction. In infected 
cells with respiratory viruses, redox homeostasis show changes which 
are linked to inflammation and subsequent tissue damage. The virus can 
induce the production of ROS (reactive oxygen species) which disturb 
the host balance of redox. These imbalances are central triggers of 
inflammation in various ways, for instance, by induction of ROS- 
generating enzymes and disturbance of antioxidant defense. 

Nevertheless, our knowledge about the systematic mechanism of virus- 
associated oxidative stress and the following consequences for cells, 
tissue, and the organism is not enough. Many conflicting data on the 
antioxidant defense status and role of ROS in viral propagation exist and 
need to be resolved based on in vitro as well as clinical studies (Khomich 
et al., 2018). 

ADP-ribosylation that is a post-translational modification, enables 
the host response to virus infection. Several viruses, as well as all 
members of the coronavirus family, encode a macrodomain to inverse 
ADP-ribosylation and fight this immune response. As such, viruses with 
mutations in the macrodomain are highly attenuated and cause minimal 
disease in vivo (Grunewald et al., 2019). Gharote et al. propose nico-
tinamide to be a potential PARP inhibitor and is helpful in prevention of 
cytokine storm in the lung parenchyma cells. Furthermore, they suggest 
that high doses of nicotinamide might moderate the outcome in COVID- 
19 (Gharote, 2020). 

Furthermore, in primary prostate epithelial cells the upregulation 
ETS induce DNA double strand breaks that simplifies the ERG fusion 
potential. Then, the reverse process conducted by the usage of inhibition 
of PARP causes response to DNA damage in ETS-positive cancer cells 
(Brenner et al., 2011). As IL-1 is an inflammatory cytokine, that has a 
partial role in cytokine storm production during SARS-CoV-2 infection 
(Ye et al., 2020), increase in IL-1 receptors might help in development of 
infection. Assays revealed that TMPRSS2-ERG contain possible binding 
sites in promoters of IL1R2, SPINT1 and ZEB1 genes. TMPRSS2-ERG 
directly trans-activates ZEB1 while SPINT1 trans-activates and IL1R2 
trans-represses trigger ZEB2 expression in a direct manner (Leshem 
et al., 2011). 

Another study found that the expression of ACE2 is limited to pop-
ulation of epithelial cells and is repressed by ZEB1. Also, ZEB1 plays a 
role in promoting the transition of epithelial cells to mesenchymal ones 
(EMT). Remarkably, during the infection of lung cancer cells, SARS-CoV- 
2 metabolic and transcriptional changes consistent with EMT are 
induced, which results in upregulation of ZEB1, and downregulation of 
ACE2. These data suggest that a novel model of SARS-CoV-2 patho-
genesis might possibly exist by which the cells that are infected by virus 
shift toward a progressive state of mesenchymal and lose ACE2 
expression, along with its acute respiratory distress syndrome-protective 
effect, in a ZEB1-dependent manner. It is also recommended that 
reduction of ZEB1 (as with bemcentinib), might offer a possible strategy 
to reverse this effect (Stewart et al., 2020). 

Wnt/β-catenin signaling is an essential pathway in cell cycle control. 
Previously, dysregulation of this pathway during viral infection has been 
reported. More et al., examined the effect of modulating this signaling 
pathway during influenza virus infection. The in vitro experiments in 
mouse lung epithelial E10 cells showed that this pathway is activated by 
Wnt3a during influenza infection and results in virus mRNA and viral 
particle production increase (More et al., 2018). 

Pim1 is an oncogenic serine/threonine kinase. TMPRSS2-ERG can 
directly attach to the PIM1 promoter. Cyclin B1 modification is the 
consequence of overexpression of PIM1 through TMPRSS2-ERG upre-
gulation (Magistroni et al., 2011). During HCV infection, NS5A protein 
might interact with Pim1 which contributes to Pim1 protein stability. 
This NS5A produced protein stability may be associated with HCV 
pathogenesis considering the fact that the expression level of Pim1 
protein increases in many cancers. It is presented that Pim kinase is 
specifically essential for early entrance step of the HCV life cycle. Thus, 
it is suggested that Pim kinase acts as both an HCV cell entry factor and 
also as a new anti-HCV therapeutic target (Park et al., 2015). 

An in vitro approach showed infected PBECs (primary bronchial 
epithelial cells) from healthy participants with HRV-16 (human 
rhinovirus-16) in the absence or presence of a highly specific pharma-
cological inhibitor for Pim1 kinase. Previously, it was perceived that 
Pim1 kinase is highly expressed in the bronchial airway epithelium and 
therefore, pharmacological inhibition of Pim1 kinase increases the 
sensitivity of bronchial epithelial cells to cell death upon challenge with 
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cigarette smoke extract. This study showed that by inhibiting Pim1 ki-
nase activity, the viral replication and even release of viral particles in 
cultured PBECs reduces by developing the induction of cell death during 
viral infection (De Vries et al., 2015). It was found that ERG expression 
level was associated with the overexpression of ILK and thus, its 
downstream effector such as LEF1. Therefore, targeted inhibition of ERG 
might result in downregulation of the ILK and LEF1 gene expressions 
(Becker-Santos et al., 2012). 

CVB3 (coxsackievirus B3) virus is known to be the most common 
agent for myocarditis. A study, reported that in CVB3-infected patients, 
inhibition of ILK cells increased the viability of infected cells signifi-
cantly, which caused delay in viral replication and release. Comple-
mentary experiments revealed that the observed protective effect of ILK 
inhibition is dependent on the associated downregulation of virus- 
induced Akt activation. This study may convey new insights in trying 
to characterize an innovative therapeutic target for treatment of 
enteroviral myocarditis (Esfandiarei et al., 2007) (Fig. 3). 

6. Conclusion 

In PCa, androgen signaling usually regulates the expression level of 
genes associated with cancer cell increase and survival. Although 
androgen deprivation therapy is an alternative for the patients, by the 
way, the tumors that relapse and undergo castration therapy generally 
act as resistant prostate cancer phenotype that correlates with terrible 
analysis and excessive metastatic potential. Furthermore, androgen 
signaling has been involved in cancerous prostate cellular invasion and 
metastasis. Additionally, the expression level of TMPRSS2 protein has 
been strongly correlated with prostate cancers development. Still, the 
actual TMPRSS2 substrates and TMPRSS2 primary proteolytic cascade 
remain to be understood, and the precise function of TMPRSS2 in can-
cers progression continues to be unclear. The association between 
TMPRSS2-ERG fusion gene and the prognosis of prostate cancers has 
been detected and it is proposed that TMPRSS2-ERG be used as the gold 
standard biomarker for diagnosis and stratification of PCa. 

Functional interdependencies have been proposed among the mo-
lecular components in fusion-positive prostate cancers cells and their 
relation to pathogenesis of viral infections especially respiratory 

Fig. 3. The possible relation of prostate cancer to viral pathogenesis.  
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infections such as SARS-CoV-2. TMPRSS2 is critical for the development 
and homeostasis and consequently determines an attractive candidate 
drug target. The less investigated facet of dysregulated gene expression 
network during PCa needs extensive research to characterize the 
genomic and then proteomic content of fusion-positive prostate cancer 
cells. This review discusses the probable relation between fluctuated 
gene expression during PCa especially fusion positive and SARS-CoV-2 
disease and pathogenesis. 
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Mao, X., Boyd, L.K., Yáñez-Muñoz, R.J., Chaplin, T., Xue, L., Lin, D., et al., 2011. 
Chromosome rearrangement associated inactivation of tumour suppressor genes in 
prostate cancer. Am. J. Cancer Res. 1, 604–617. Available: http://www.ncbi.nlm. 
nih.gov/pubmed/21994901. 

Marusyk, A., Almendro, V., Polyak, K., 2012. Intra-tumour heterogeneity: a looking glass 
for cancer? Nat. Rev. Cancer 323–334. https://doi.org/10.1038/nrc3261. 

Matsuyama, S., Nagata, N., Shirato, K., Kawase, M., Takeda, M., Taguchi, F., 2010. 
Efficient activation of the severe acute respiratory syndrome coronavirus spike 
protein by the transmembrane protease TMPRSS2. J. Virol. 84, 12658–12664. 
https://doi.org/10.1128/jvi.01542-10. 

Menachery, V.D., Dinnon, K.H., Yount, B.L., McAnarney, E.T., Gralinski, L.E., Hale, A., 
et al., 2019. Trypsin treatment unlocks barrier for zoonotic bat coronavirus 
infection. J. Virol. 94 https://doi.org/10.1128/jvi.01774-19. 

More, S., Yang, X., Zhu, Z., Bamunuarachchi, G., Guo, Y., Huang, C., et al., 2018. 
Regulation of influenza virus replication by Wnt/β-catenin signaling. PLoS One 13. 
https://doi.org/10.1371/journal.pone.0191010. 

Mottet, N., van den Bergh, R.C.N., Briers, E., Bourke, L., Cornford, P., De Santis, M., 
Gillessen, S., et al., 2018. Prostate Cancer EAU-ESTRO-ESUR-SIOG Guidelines on. 

Mukhopadhyay, N.K., Kim, J., Cinar, B., Rarnachaiidran, A., Hager, M.H., Di Vizio, D., 
et al., 2009. Heterogeneous nuclear ribonucleoprotein K is a novel regulator of 
androgen receptor translation. Cancer Res. 69, 2210–2218. https://doi.org/ 
10.1158/0008-5472.CAN-08-2308. 

Nadiminty, N., Tummala, R., Lou, W., Zhu, Y., Zhang, J., Chen, X., et al., 2012. 
MicroRNA let-7c suppresses androgen receptor expression and activity via regulation 
of myc expression in prostate cancer cells. J. Biol. Chem. 287, 1527–1537. https:// 
doi.org/10.1074/jbc.M111.278705. 

Navarro, D., Luzardo, O.P., Fernández, L., Chesa, N., Díaz-Chico, B.N., 2002. Transition 
to androgen-independence in prostate cancer. J. Steroid Biochem. Mol. Biol. 
191–201. https://doi.org/10.1016/S0960-0760(02)00064-X. 

Ordovás, L., Park, Y., Verfaillie, C.M., 2013. Stem cells and liver engineering. Biotechnol. 
Adv. 31, 1094–1107. https://doi.org/10.1016/j.biotechadv.2013.07.002. 

Paoloni-Giacobino, A., Chen, H., Peitsch, M.C., Rossier, C., Antonarakis, S.E., 1997. 
Cloning of the TMPRSS2 gene, which encodes a novel serine protease with 
transmembrane, LDLRA, and SRCR domains and maps to 21q22.3. Genomics 44, 
309–320. https://doi.org/10.1006/geno.1997.4845. 

Park, K., Dalton, J.T., Narayanan, R., Barbieri, C.E., Hancock, M.L., Bostwick, D.G., et al., 
2014. TMPRSS2: ERG gene fusion predicts subsequent detection of prostate cancer in 
patients with high-grade prostatic intraepithelial neoplasia. J. Clin. Oncol. 32, 
206–211. https://doi.org/10.1200/JCO.2013.49.8386. 

Park, C., Min, S., Park, E.-M., Lim, Y.-S., Kang, S., Suzuki, T., et al., 2015. Pim kinase 
interacts with nonstructural 5A protein and regulates hepatitis C virus entry. J. Virol. 
89, 10073–10086. https://doi.org/10.1128/jvi.01707-15. 

Ribas, J., Ni, X., Haffner, M., Wentzel, E.A., Salmasi, A.H., Chowdhury, W.H., et al., 
2009. miR-21: an androgen receptor-regulated microRNA that promotes hormone- 
dependent and hormone-independent prostate cancer growth. Cancer Res. 69, 
7165–7169. https://doi.org/10.1158/0008-5472.CAN-09-1448. 

Roth, S.Y., Denu, J.M., Allis, C.D., 2001. Histone acetyltransferases. Ann. Rev. Biochem. 
70, 81–120. https://doi.org/10.1146/annurev.biochem.70.1.81. 

Roy-Burman, P., Tindall, D.J., Robins, D.M., Greenberg, N.M., Hendrix, M.J.C., 
Mohla, S., et al., 2005. Androgens and prostate cancer: are the descriptors valid? 
Cancer Biol. Ther. 4, 4–5. https://doi.org/10.4161/cbt.4.1.1563. 

Saini, S., Majid, S., Shahryari, V., Arora, S., Yamamura, S., Chang, I., et al., 2012. MiRNA- 
708 control of CD44+ prostate cancer-initiating cells. Cancer Res. 72, 3618–3630. 
https://doi.org/10.1158/0008-5472.CAN-12-0540. 

A. Afshari et al.                                                                                                                                                                                                                                 

https://doi.org/10.5173/ceju.2018.1752
https://doi.org/10.5173/ceju.2018.1752
https://doi.org/10.25259/ijms_29_2020
https://doi.org/10.25259/ijms_29_2020
https://doi.org/10.1128/jvi.00128-13
https://doi.org/10.1111/jocd.13443
https://doi.org/10.1158/1078-0432.CCR-04-1158
https://doi.org/10.1093/JNCI/93.22.1687
https://doi.org/10.1093/JNCI/93.22.1687
https://doi.org/10.1371/journal.ppat.1007756
https://doi.org/10.1371/journal.ppat.1007756
https://doi.org/10.1084/jem.20050828
https://doi.org/10.1084/jem.20050828
https://doi.org/10.1073/pnas.0711241105
https://doi.org/10.1210/edrv.23.2.0460
https://doi.org/10.1210/er.2002-0032
https://doi.org/10.1158/0008-5472.CAN-06-1871
https://doi.org/10.1158/0008-5472.CAN-06-1871
https://doi.org/10.1634/stemcells.2007-0826
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/modpathol.2011.176
https://doi.org/10.1038/modpathol.2011.176
https://doi.org/10.1128/jvi.01815-18
https://doi.org/10.1128/jvi.01815-18
https://doi.org/10.3322/canjclin.54.1.8
https://doi.org/10.3322/canjclin.54.1.8
https://doi.org/10.1128/jvi.00094-12
https://doi.org/10.3390/v10080392
https://doi.org/10.1128/mcb.26.3.965-975.2006
https://doi.org/10.1128/mcb.26.3.965-975.2006
https://doi.org/10.1006/frne.2001.0216
https://doi.org/10.1016/j.bcp.2011.12.008
https://doi.org/10.1002/path.4027
https://doi.org/10.1371/journal.pone.0021650
https://doi.org/10.1371/journal.pone.0021650
https://doi.org/10.1016/j.eururo.2012.11.014
https://doi.org/10.1038/nature02145
https://doi.org/10.1126/science.1116480
https://doi.org/10.4161/epi.21236
https://doi.org/10.4161/epi.21236
http://refhub.elsevier.com/S1567-1348(20)30500-1/rf0320
http://refhub.elsevier.com/S1567-1348(20)30500-1/rf0320
http://refhub.elsevier.com/S1567-1348(20)30500-1/rf0320
https://doi.org/10.1210/jc.2002-022038
https://doi.org/10.1086/500469
https://doi.org/10.1086/500469
https://doi.org/10.1111/iju.12578
https://doi.org/10.1371/journal.pone.0028162
https://doi.org/10.1158/0008-5472.CAN-11-0876
http://www.ncbi.nlm.nih.gov/pubmed/21994901
http://www.ncbi.nlm.nih.gov/pubmed/21994901
https://doi.org/10.1038/nrc3261
https://doi.org/10.1128/jvi.01542-10
https://doi.org/10.1128/jvi.01774-19
https://doi.org/10.1371/journal.pone.0191010
http://refhub.elsevier.com/S1567-1348(20)30500-1/rf0375
http://refhub.elsevier.com/S1567-1348(20)30500-1/rf0375
https://doi.org/10.1158/0008-5472.CAN-08-2308
https://doi.org/10.1158/0008-5472.CAN-08-2308
https://doi.org/10.1074/jbc.M111.278705
https://doi.org/10.1074/jbc.M111.278705
https://doi.org/10.1016/S0960-0760(02)00064-X
https://doi.org/10.1016/j.biotechadv.2013.07.002
https://doi.org/10.1006/geno.1997.4845
https://doi.org/10.1200/JCO.2013.49.8386
https://doi.org/10.1128/jvi.01707-15
https://doi.org/10.1158/0008-5472.CAN-09-1448
https://doi.org/10.1146/annurev.biochem.70.1.81
https://doi.org/10.4161/cbt.4.1.1563
https://doi.org/10.1158/0008-5472.CAN-12-0540


Infection, Genetics and Evolution 88 (2021) 104669

10

Schwartzman, J., Mongoue-Tchokote, S., Gibbs, A., Gao, L., Corless, C.L., Jin, J., et al., 
2011. A DNA methylation microarray-based study identifies ERG as a gene 
commonly methylated in prostate cancer. Epigenetics 6, 1248–1256. https://doi. 
org/10.4161/epi.6.10.17727. 

Shaikhibrahim, Z., Lindstrot, A., Ellinger, J., Rogenhofer, S., Buettner, R., Perner, S., 
et al., 2012. The peripheral zone of the prostate is more prone to tumor development 
than the transitional zone: is the ETS family the key? Mol. Med. Rep. 5, 313–316. 
https://doi.org/10.3892/mmr.2011.647. 

Simmons, G., Gosalia, D.N., Rennekamp, A.J., Reeves, J.D., Diamond, S.L., Bates, P., 
2005. Inhibitors of cathepsin L prevent severe acute respiratory syndrome 
coronavirus entry. Proc. Natl. Acad. Sci. U. S. A 102, 11876–11881. https://doi.org/ 
10.1073/pnas.0505577102. 

Stewart, C.A., Gay, C.M., Ramkumar, K., Cargill, K.R., Cardnell, R.J., Nilsson, M.B., et al., 
2020. SARS-CoV-2 infection induces EMT-like molecular changes, including ZEB1- 
mediated repression of the viral receptor ACE2, in lung cancer models. bioRxiv. 
https://doi.org/10.1101/2020.05.28.122291, 2020.05.28.122291.  
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