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Abstract Prostate cancer (PC) is one of the leading
causes of mortality amongst elderly men in the USA and
is second only to lung cancer. African Americans (AA)
are at an increased risk of developing PC and are more
likely to die from the disease in comparison to Caucasian
Americans (CA). Chromosomal alterations or genetic dif-
ferences between AA and CA may account for the vari-
ances observed in PC progression. Importantly, mutations
in the androgen receptor (AR) or the epidermal growth
factor receptor (EGFR) may contribute to the disparity.
Current studies are investigating the role of small nucle-
otide polymorphisms (SNPs) and microRNAs (miRNAs),
which affect protein translation of the receptors by regu-
lation of the 3′ untranslated region (UTR), which may
enhance the progression of PC. However, these genetic
differences have not been fully explored in prostates be-
tween the two ethnic groups. This review will highlight
the current studies on the EGFR signaling pathway as
well as the involvement of SNPs and miRNAs and relate
them to variances observed in PC of AA and CA men.
With an understanding of these differences, specific pre-
ventive and therapeutic strategies may be developed to
target personalized medicine for prostate carcinogenesis.

Introduction

Prostate cancer (PC) is currently the most prevalent and is the
secondmost deadly form of cancer affecting males in the USA
[1]. In a man’s life, he has a 1 in 7 chance of developing PC,
and about 1 in 36 men will die from the disease. If the prog-
nosis of PC is confined to the prostate, 94 % of these patients
are expected to live for at least 15 years after diagnosis. The
prostate has distinct regions: the peripheral zone, transi-
tion zone (central zone), and the fibromuscular zone [2, 3]
(Fig. 1), and adenocarcinomas primarily arise in the pe-
ripheral zone. Nine out of ten patients that are diagnosed
with PC have acinar adenocarcinoma [4], which are
glands in the prostate that develop cuboidal or
columnar-shaped malignant cells in the form of acini
and tubules. The remaining 10 % of PCs includes ductal
adenocarcinoma, transitional cell (or urothelial), squa-
mous cel l , carc inoid, smal l ce l l , sarcomas and
sarcomatoid cancers. Risk factors such as age and family
history (genetics) play a significant part in increasing the
probability of developing PC. African American (AA)
men are nearly 1.6 times more likely to be diagnosed with
PC than Caucasian American (CA) men and 2.4 times
more likely to die from the disease [5]. These risk factors,
especially genetic differences, aim at the need for the de-
velopment of personalized medicine in the therapy of PC.

In 2015, the State of the Union address by U.S. President
Barack Obama called for a national $215 million investment
in precision medicine (Precision Medicine Initiative), which
aimed to develop preventive and therapeutic strategies tailor-
ing individual patient’s needs. The development of cancer is a
combinatory effect of environmental exposure and genetics,
with the majority being linked to mutations to key essential
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genes. In precision medicine, based on genome analysis, spe-
cific targeting of mutations to an individual may be used to
tailor preventive and therapeutic strategies for the patient.
Ultimately, reducing the notion that treatment for a particular
disease is Bone-size-fits-all.^ In prostate carcinogenesis, par-
ticularly, mutations in essential hallmark genes, such as the
androgen receptor (AR), phosphatase and tensin homolog
(PTEN), and the epidermal growth factor receptor (EGFR),
are known to play an important role in the development of
PC and may be differentially expressed in AA relative to CA
men. For instance, EGFR is an oncogene that has been shown
to be abnormally high in AA patients [6], which functions to
enhance proliferation, migration, and cellular survival. Some
studies have shown that microRNAs (miRNAs) might play a
role in the mediation of cancer progression. However, the
heterogeneity of miRNA regulation of EGFR in AA or CA
men is unknown. In this review, we discuss differences in AA
and CA prostate cancer cells and evaluate the regulatory
mechanisms that EGFR, combined with targeting miRNAs,
signals in PC between the two populations.

EGFR Signaling Cascade

EGFR may contribute to the genetic disparity seen between
the two populations during prostate carcinogenesis. In 2004,
Shuch et al. demonstrated that the expression of EGFR in
prostate cancer is significantly increased in AA patients com-
pared to CA patients [6] (Fig. 2). More recently, research has
shown that the androgen-dependent MDA PCa 2b cells,
which were derived from an AA patient, express more
EGFR than the CA androgen sensitive LNCaP cells [7].
Treatment with EGF in AA-derived cell lines (MDA PCa 2a

and MDA PCa 2b) stimulated cellular proliferation, and even
greater growth was seen with combined treatment of dihydro-
testosterone (DHT) and EGF; thus, demonstrating an interplay
between AR and EGFR [8].

EGFR (also known as Her1 or ErbB1) belongs to the ErbB
family of receptor tyrosine kinases (RTKs) and is typically
activated by ligand binding such as EGF, transforming growth
factor-α (TGF-α), amphiregulin, betacellulin, epigen,
epiregulin, and heparin-binding EGF-like growth factor
(HB-EGF) [9, 10]. Binding of ligand to EGFR on the extra-
cellular domain causes a conformational change that exposes
a receptor–receptor interaction site resulting in dimerization
of two EGFR monomers (Fig. 3) [11]. EGFR can also

Fig. 1 Zonal locations of the
human prostate. Gross photo and
corresponding H&E of sagittal
section of cadaver prostate
illustrating visualization of the
transition zone (black arrows) and
the peripheral zone (red arrows).
Whole prostate were surgically
removed from organ donors,
procured locally as part of the
University of Toledo, Department
of Urology’s renal transplantation
program

Fig. 2 EGFR expression in African American (AA) men compared to
Caucasian American (CA) men. EGFR has been demonstrated to play a
major role in prostate carcinogenesis, with increased expression in pros-
tatic tissue. In AA, men, particularly, the expression of EGFR is higher
than that of CA patients with PC, which increases oncogenesis [6]
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heterodimerize with other RTK family members including
ErbB2/Her2, ErbB3/Her3, or ErbB4. Overexpression of
EGFR levels may also enhance signaling and dimerization,
which may explain the reduced response to cellular prolifera-
tion with the EGFR inhibitor AG1478 in the AA MDA PCa
2b cells [7], which are known to have higher levels of the
receptor [6]. The dimerization, whether homo- or hetero-di-
merization, results in autophosphorylation of intracellular ty-
rosine residues at position 1068, 1148, and 1173 in the C-
terminal domain leading to the initiation of multiple down-
stream signaling pathways. There are two major signaling
arms for EGFR (similar to the insulin receptor [12]): (1) the
Ras/Raf/mitogen-activated protein kinase (MAPK) cascade
that leads to cellular proliferation [13–16] and (2) the phos-
phatidylinositol 3-kinase (PI3K)/AKT pathway that is in-
volved in cell growth, invasion, migration, and resistance to
apoptosis [17, 18].

Inhibitory to the PI3K pathway, PTEN mutations have
been implicated in various tumors such as breast, colon, and
prostate. PTEN dephosphorylates phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) to PIP2, leading to the inhibition
of the PI3K/AKT pathway (Fig. 3) [19]. The loss of PTEN
due to mutation has been associated with cellular proliferation
in PC [20]. Thus, this leads to the elevation of downstream
activity of the PI3K/AKT pathway. Interestingly, the deletion
of PTEN in AA men with PC was less frequent compared to
that of CA men. In 2015, Petrovics et al. reported that PTEN
deletions to be significantly less frequent in AA tumor

samples (15 %) compared to CA samples (63 %) [21], which
was also shown in a study by Khani et al. in 2014 [22].
Overall, these data suggest that the aggressiveness of PC in
AA patients may not be contributed to PTEN. It is important
to note that AAwomen with breast cancer have an increased
risk of developing invasive cancer over CA patients [23]. A
database of 2,567 breast cancer tumor samples revealed that
more AA women were EGFR-positive [24]. However, there
was no difference observed in PTEN expression when com-
pared to non-African American women [23]. Therefore, it is
likely that the increased EGFR expression in AA men en-
hances the disparity and not PTEN expression. Studies
depicting the expression of both EGFR and PTEN in the same
samples of prostate adenocarcinoma are lacking, but Muga
et al. revealed in 2010 an 8.2 % prevalence of EGFR muta-
tions and 3.3 % of PTEN mutations in a cohort of 98 prostate
adenocarcinomas [25]. Though the occurrence is minor, it was
the first study to show that both genes may play a major role in
PC progression. Unfortunately, ethnicity was not taken into
account in this study.

Crosstalk of Androgens and EGFR in PC of African
Americans

AR is a member of the nuclear receptor family and consists of
three functional domains: an amino-terminal activation factor-
1 (AF-1) domain, a central DNA-binding domain (DBD), and

Fig. 3 Major epidermal growth
factor receptor signaling pathway.
Binding of EGF ligand causes
dimerization of EGFR receptor,
which causes autophosphorylaton
of tyrosine residues at position
Y1068, Y1148, and Y1173 on the
C-terminal domain. This
autophosphorylaton leads to
activation of major downstream
cellular pathway such as the Ras/
Raf/mitogen-activated protein
kinase (MAPK) pathway
involved in cellular proliferation
and phosphatidylinositol 3-kinase
(PI3K)/AKT pathway that plays a
role in cell growth, invasion and
migration, and apoptotic
resistance. In addition,
phosphatase and tensin homolog
(PTEN) inhibits the PI3K/AKT
pathway via its
dephosphorylation of
phosphatidylinositol (3,4,5)-tri-
phosphate (PIP3) to PIP2 (not
shown)
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a carboxy-terminal ligand-binding domain (LBD; Fig. 4a).
AR signaling is necessary for the development and mainte-
nance of the male reproductive organs including the normal
growth of the prostate gland. Almost 30 years ago, mean se-
rum testosterone levels were reported to be higher in AA men
in comparison to CA [26, 27]. In 2003, Gaston et al. showed
that the expression of the AR protein in AA vs. CA patients
undergoing radical prostatectomy was 22 % higher in benign
prostate tissue and 81 % higher in malignant tissue [28]. Two
polymorphic trinucleotide repeats (CAG and GGC) have been
found in exon 1 of the AR gene [29]. The CAG repeats encode
for a polyglutamine chain located upstream of the AF-1 do-
main, and as a result causes an adverse effect on AR function
[30]. In particular, an inverse relationship exists between the
number of CAG repeats and AR transcriptional activity. A
shorter CAG repeat has been shown to have higher AR activ-
ity [30] and was shown to be associated with an elevated risk
of developing PC [31–33]. Interestingly, studies have shown
that AA men have significantly shorter CAG repeats in com-
parison to CA men [29, 34–36] (Fig. 4b), which may, in part,
explain the AR variation between the two ethnic groups that
potentially contribute to the disparity.

Early PC is androgen dependent, and as such, the first
course of PC treatment is often through chemical castration
by androgen ablation therapy to reduce testicular production

of androgens [37, 38]. The androgen hormone ablation
through the use of estrogen therapy (diethylstilbestrol), lutein-
izing hormone-releasing hormone receptor agonists
(leuprolide, goserelin, histrelin, and triptorelin) and AR antag-
onists (degarelix), or bilateral orchiectomy is initially effective
in controlling PC and its symptoms. Unfortunately, recurrence
may occur, leading to castration-resistant prostate cancer
(CRPC) [39]. There is currently no effective therapy to slow
the progression of CRPC. PC cells in CRPC can continue to
metabolize adrenal androgens (androstenedione and dehydro-
epiandrosterone) into testosterone and DHT. However, a non-
conical signaling mechanismmay activate AR-independent of
androgens, which suggest that there are other partners in-
volved in the AR pathway.

Studies have reported that EGFR can activate AR indirect-
ly through an androgen-independent manner [40, 41]. The
effect of EGFR signaling on AR with shorter CAG repeats
in AA patients has not been investigated. However, AR has
been shown to increase EGFR expression, which may be
linked to the higher incidence of PC in AA patients. Pignon
et al. showed that DHT treatment did not increase EGFR in
androgen-insensitive cells, whereas it did in androgen-
sensitive cells [42]. It is important to note that the expression
of EGFR is higher in androgen-independent PC cells, com-
pared to hormone sensitive cells [43–46]. When used in

Fig. 4 AR gene structure and comparison of Caucasian and African
American AR signaling. a Structural domains of the human androgen
receptor (AR) and the polymorphic trinucleotide CAG repeats in exon 1
that encode for a polyglutamine chain located upstream of the activation
factor-1 (AF-1) domain. AF activation factor, DBD DNA-binding

domain, H hinge region, LBD ligand-binding domain, HSP90 HSP90-
binding region. b The polyglutamine (QQQQ) chain in the AR gene of
Caucasian men is longer than African American and causes a reduced AR
gene response. Z zinc finger, DHT dihydrotestosterone
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combination therapies, androgen insensitive cells are more
sensitive to EGFR inhibitors, PD168393 and ZD1839 [45].
However, the EGFR inhibitors erlotinib or AG1478 alone are
not as active in androgen insensitive cells [7, 47]. Possibly due
to the cell being less reliant upon the EGFR signaling cascade,
as AR expression has been shown to lower the internalization
of EGFR signaling [48]. In consideration of the studies as
mentioned above, there is a relatively small proportion of
the literature on EGFR and AR from recent years, which dem-
onstrates the need for more current investigations addressing
ethnic differences in PC.

Single Nucleotide Polymorphisms in the EGFRGene

Differences in single nucleotide polymorphism (SNPs) can
contribute to an individual’s susceptibility to cancer and the
aggressiveness of the disease. For example, genotyping of
nine SNPs within the EGFR 3′-untranslated region (3′ UTR)
found that one particular SNP to be associated with increased
PC recurrence (SNP Ref: rs884419) [49]. Patients that have
the A/A SNP in the 3′UTR of EGFR were at increased risk of
developing PC recurrence within 3 years after radical prosta-
tectomy, in comparison to patients carrying the G/G or A/G
genotypes (SNP Ref: rs884419) [49]. However, the functional
role of this SNP is currently unknown. Also, investigating if
this SNP is higher in the AA population is of value. Other SNP
interactions with EGFR were found in three genes and shown
to be associated with PC aggressiveness, which included ma-
trix metallopeptidase (MMP16), roundabout homolog 1, and
colony stimulating factor-1 (CSF-1) [50]. However, despite
the investment made, the ethnicity of these SNP interactions
with EGFR is unknown, and future research is needed.

Studies identifying SNPs in PC-related genes in various
ethnic groups have not been adequately explored, especially
SNPs in AA vs. CA patients. However, a study by
Amundadottir et al. did find that the SNP on chromosome
8q24 (SNP Ref: rs1447295), with mutant allele A and ances-
tral allele C, to be correlated with increased PC risk [51], and
Freedman et al. observed a stronger association in the AA
population with PC [52]. Furthermore, Amundadottir et al.
showed that in three groups of case–control men with a mi-
crosatellite marker on chromosome 8q24 (DG8S737) had a
higher frequency in PC (13.1 %) compared to control (7.8 %)
[51], which suggest that this location on the chromosome may
have ethnic differences. Other studies have shown a sequence
variant (11381 G/C) on the 3′ UTR of the toll-like receptor 4
(TLR4) gene to be a risk factor for PC in Sweden men (pre-
dominately white men) [53], thus, implicating a variation in
PC aggressiveness in this population. One particular SNP
(C/T mutation in the ancestral allele: C; SNP Ref:
rs4054823), which does not contain any known gene, but
has proximity to HS3ST3A1, a heparin sulfate biosynthetic

enzyme, has been shown to have a frequency in different
ethnic origins [C (0.30560002) and T (0.69440001) in
Africans, C (0.44630000) to T (0.55370003) in Europeans,
(1,000 genomes)]. It is important to consider that the TT
SNP genotype (SNP Ref: rs4054823) has a higher frequency
in aggressive PC patients when compared to a lower grade,
suggesting that there is an inherited variant that potentially
predisposes some men to higher disease states [54].

Despite the limited studies on SNP variants and PC of AA
vs. CA men, the evidence presented show that there might be
differences in genetic alteration between the populations.
Moreover, SNPs in the 3′ UTR of microRNA (miRNA)-bind-
ing sites may potentially alter the regulation of specific genes.
The 3′ UTR miRNA-binding sites may have SNPs that can
lead to the PC disparity seen in AA men.

MicroRNAs and EGFR in PC

The past decade of investigations has revealed the importance
of miRNAs in the regulation of gene expression during cancer
development, progression, and metastasis. The miRNAs are
small non-coding RNA sequences between 19 and 25 nucle-
otides that bind directly to the 3′ UTR of mRNA of the tran-
scribed gene, which can cause early degradation of mRNA
transcripts or impair translation [55], and recently, a few have
been shown to positively affect gene expression [56].
Fortunately, there are several online programs that can predict
miRNA-binding sites in the 3′ UTR of several genes. An in
silico analysis of the human EGFR 3′ UTR using TargetScan
(Human version 7.0) revealed several miRNAs that may po-
tentially regulate expression (shown in Fig. 5). Confirming
our analysis, Tao et al. showed that miR-133a/b inhibited the
expression of EGFR by binding to its 3′ UTR in human PC,
and caused a subsequent decrease in downstream effectors
MAPK and AKT [57]. Similarly, in bladder cancer, miR-
133a/b directly targets EGFR, causing inhibition of cell pro-
liferation, migration, and invasion [58]. However, the expres-
sion of miR-133a/b in AA compared to CA patients is un-
known. Also an inhibitor of proliferation and EGFR expres-
sion, miRNA-137 was shown to be downregulated in thyroid
cancer, which increased invasion [59]. Interestingly, miR-148
has been demonstrated to increase the expression of EGFR
[60], which may cause enhancement of EGFR expression in
AA patients. However, the differential role of miR-148 in AA
or CA patients has not been investigated in PC. Investigations
of the PC samples or cells and the measurement of miR-133a/
b, miRNA-137, and miR-148 would reveal if they are possi-
bly involved in the predilection of AA patients in PC.

The expression of miR-144, also a predicted target of
EGFR, was upregulated in high-grade tumors of PC [61].
Also, in nasopharyngeal carcinoma, the increased expression
of miR-144 promoted growth by the repression of PTEN
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leading to the activation of the PI3/AKT pathway although
this inhibitory mechanism was independent of EGFR [62].
We have recently shown that miR-144 increases the expres-
sion of the glucocorticoid receptor β (GRβ) during migration
of bladder cancer cells [63]. We have also shown that GRβ
binds directly to the PTEN promoter to inhibit expression
[64], which may be the role that is mediated by miR-144 in
carcinomas. However, miR-144 regulation of EGFR or GRβ
in AA and CA patients is unknown. Also a direct target of the
3′ UTR of EGFR, miR-7 directly inhibits EGFR in glioblas-
toma, breast cancer, and prostate cancer cells by decreasing
mRNA and protein levels, which negatively regulates the
downstream EGFR effectors AKT and ERK [65].
Additionally, Kefas et al. reported that miR-7 inhibits EGFR
and AKT, thereby decreasing cell viability and invasiveness in
glioma cells [66]. In opposition, EGFR signaling positively
regulates miR-7 transcription in Drosophila during photore-
ceptor differentiation [67], which may function as a negative
feedback loop for EGFR. Both miR-144 and miR-7 may be
novel targets in PC, and investigations of their role in AA and
CA patients are needed.

The prognostic biomarker of miRNA in PC has been dem-
onstrated by a series of studies examining prostate specimens
of patients that underwent radical prostatectomy. Tong et al.
measured miRNA expression by qRT-PCR analysis from 40
patients and showed that 16 miRNAs were associated with
biochemical recurrence within 2 years after surgery [68],
which included upregulation of known targets of EGFR
miR-20 and miR-302 as well as downregulation of miR-221
and miR-222. EGFR expression has been shown to be
inhibited bymiR-302 in human hepatocellular carcinoma cells
[69], but differences in AA patients have not yet been ana-
lyzed. Additionally, the expression of miR-221 was downreg-
ulated in 92 patient samples, which correlated with tumor
progression and clinical recurrence [70]. In particular, miR-
221 inhibition of EGFR expression causes a downstream ef-
fect on the Ras-Raf-Mek pathway resulting in apoptosis [71].
As such, miR-221 could be a stronger predictor of clinical
recurrence of PC [70]. However, Srivastava et al. examined
the expression levels of miR-221 between AA and CA popu-
lations and found no difference [72], but the study did find that
miR-99b was significantly lower in AA patients compared to

Fig. 5 miRNA-binding sites in
the 3’ UTR of human EGFR. In
silico analysis of the hEGFR 3’
UTR using TargetScan (Human
version 7.0) predicted several
miRNAs putative targets that may
regulate EGFR expression. Red
miRNA that inhibits EGFR,
green miRNA that increase
EGFR, gray miRNA that has
unknown function on EGFR
expression
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CA. This could potentially contribute to the aggressiveness of
PC seen in the AA population, but the role of miR-99b is
unknown.

Although not targets of EGFR, other studies have
found that there may be potential differences in miRNA
expression between AA vs. CA patients. Theodore et al.
found that miR-26a to be differentially expressed in AA
PC cells with a 13.13-fold increase in malignant cancer
[73]. Another study by Calin and Croce revealed that
miR-301, miR-219, miR-26a, miR-1b-1, and miR-30c-1
are differentially expressed in PC from AA in comparison
to CA patients [74]. Furthermore, Theodore et al. evalu-
ated the expression of miR-152 in PC tissues with
matched controls and observed that 50 % of AA patients
had a significantly lower miR-152 expression in compar-
ison to 35 % of CA patients [75]. Of importance, de-
creased miR-152 expression is correlated with increased
metastasis and decreased disease or recurrence-free sur-
vival [75]. The differential regulation of miRNAs that
exists in AA and CA men with PC may explain the dis-
parity and could potentially serve as diagnostic or prog-
nostic tool to tailor specific preventive therapies.

Conclusion

There is an ethnic divergence between African and Caucasian
American populations in regards to prostate cancer acquisition
and progression. The specific genetic mechanisms governing
this discrepancy have not been fully explored. EGFR may
play a significant role in PC progression in both populations,
especially in AA men, as EGFR is increased in these patients.
Furthermore, investigating the miRNAs and SNPs that regu-
late EGFR may strengthen our knowledge between the PC
disparities between the populations. An understanding of the
specific EGFR regulatory mechanisms between the two pop-
ulations may lead to novel drug therapy that can be employed
to aid prostate cancer treatment in AA men, thus
implementing precision medicine at its core.

Acknowledgments This work was supported by the University of
Toledo deArce-Memorial Endowment Fund (T.D.H). Research re-
ported in this publication was also supported by the National
Heart, Lung, and Blood Institute of the National Institutes of
Health under Award Number K01HL125445 (T.D.H.) and
L32MD009154 (T.D.H.). The content is solely the responsibility
of the authors and does not necessarily represent the official views
of the National Institutes of Health.

Compliance with Ethical Standards

Conflict of Interests The authors declare that there is no conflict of
interests regarding the publication of this paper.

Disclosure Statement The authors have nothing to disclose.

References

1. CDC, C.f.D.C.a.P. Cancer among men. 2013; ; Available from:
http://www.cdc.gov/cancer/dcpc/data/men.htm.

2. McNeal JE (1988) Normal histology of the prostate. Am J Surg
Pathol 12(8):619–633

3. McNeal JE (1981) The zonal anatomy of the prostate. Prostate 2(1):
35–49

4. UK, C.R. Types of Prostate Cancer. March 2014 [cited 2014
June 6]; Available from: http://www.cancerresearchuk.org/cancer-
help/type/prostate-cancer/about/prostate-cancer-types

5. Society, A.C (2016) Cancer facts & figs. 2016. American Cancer
Society, Atlanta, Ga

6. Shuch B et al. (2004) Racial disparity of epidermal growth factor
receptor expression in prostate cancer. J Clin Oncol 22(23):4725–
4729

7. Muniyan S et al. (2015) ErbB-2 signaling plays a critical role in
regulating androgen-sensitive and castration-resistant androgen
receptor-positive prostate cancer cells. Cell Signal 27(11):2261–
2271

8. Ye D,Mendelsohn J, Fan Z (1999) Androgen and epidermal growth
factor down-regulate cyclin-dependent kinase inhibitor p27Kip1
and costimulate proliferation of MDA PCa 2a and MDA PCa 2b
prostate cancer cells. Clin Cancer Res 5(8):2171–2177

9. Groenen LC, Nice EC, Burgess AW (1994) Structure-function re-
lationships for the EGF/TGF-alpha family of mitogens. Growth
Factors 11(4):235–257

10. Harris RC, Chung E, Coffey RJ (2003) EGF receptor ligands. Exp
Cell Res 284(1):2–13

11. LemmonMA et al. (1997) Two EGFmolecules contribute additive-
ly to stabilization of the EGFR dimer. EMBO J 16(2):281–294

12. O’Brien L et al. (2015) Biliverdin reductase isozymes in metabo-
lism. Trends Endocrinol Metab 26(4):212–220

13. Hallberg B, Rayter SI, Downward J (1994) Interaction of Ras and
Raf in intact mammalian cells upon extracellular stimulation. J Biol
Chem 269(6):3913–3916

14. Liebmann C (2001) Regulation of MAP kinase activity by peptide
receptor signalling pathway: paradigms of multiplicity. Cell Signal
13(11):777–785

15. Gaestel M (2006) MAPKAP kinases—MKs—two’s company,
three’s a crowd. Nat Rev Mol Cell Biol 7(2):120–130

16. Hill CS, Treisman R (1995) Transcriptional regulation by extracel-
lular signals: mechanisms and specificity. Cell 80(2):199–211

17. Vivanco I, Sawyers CL (2002) The phosphatidylinositol 3-kinase
AKT pathway in human cancer. Nat Rev Cancer 2(7):489–501

18. Shaw RJ, Cantley LC (2006) Ras, PI(3)K and mTOR signalling
controls tumour cell growth. Nature 441(7092):424–430

19. Blanco-Aparicio C et al. (2007) PTEN, more than the AKT path-
way. Carcinogenesis 28(7):1379–1386

20. Sun H et al. (1999) PTENmodulates cell cycle progression and cell
survival by regulating phosphatidylinositol 3,4,5,-trisphosphate and
Akt/protein kinase B signaling pathway. Proc Natl Acad Sci USA
96(11):6199–6204

21. Petrovics G et al. (2015) A novel genomic alteration of LSAMP
associates with aggressive prostate cancer in African American
men. EBioMedicine 2(12):1957–1964

22. Khani F et al. (2014) Evidence for molecular differences in prostate
cancer between African American and Caucasian men. Clin Cancer
Res 20(18):4925–4934

23. Winter JL et al. (2007) Measurement of PTEN expression using
tissue microarrays to determine a race-specific prognostic marker
in breast cancer. Arch Pathol Lab Med 131(5):767–772

24. Rimawi MF et al. (2010) Epidermal growth factor receptor expres-
sion in breast cancer association with biologic phenotype and clin-
ical outcomes. Cancer 116(5):1234–1242

302 HORM CANC (2016) 7:296–304

http://www.cdc.gov/cancer/dcpc/data/men.htm
http://www.cancerresearchuk.org/cancer-help/type/prostate-cancer/about/prostate-cancer-types
http://www.cancerresearchuk.org/cancer-help/type/prostate-cancer/about/prostate-cancer-types


25. de Muga S et al. (2010) Molecular alterations of EGFR and PTEN
in prostate cancer: association with high-grade and advanced-stage
carcinomas. Mod Pathol 23(5):703–712

26. Ross R et al. (1986) Serum testosterone levels in healthy young
black and white men. J Natl Cancer Inst 76(1):45–48

27. Ellis L, Nyborg H (1992) Racial/ethnic variations in male testoster-
one levels: a probable contributor to group differences in health.
Steroids 57(2):72–75

28. Gaston KE et al. (2003) Racial differences in androgen receptor
protein expression in men with clinically localized prostate cancer.
J Urol 170(3):990–993

29. Edwards A et al. (1992) Genetic variation at five trimeric and tet-
rameric tandem repeat loci in four human population groups.
Genomics 12(2):241–253

30. Chamberlain NL, Driver ED, Miesfeld RL (1994) The length and
location of CAG trinucleotide repeats in the androgen receptor N-
terminal domain affect transactivation function. Nucleic Acids Res
22(15):3181–3186

31. Ingles SA et al. (1997) Association of prostate cancer risk with
genetic polymorphisms in vitamin D receptor and androgen recep-
tor. J Natl Cancer Inst 89(2):166–170

32. Platz EA et al. (1998) The androgen receptor gene GGN microsat-
ellite and prostate cancer risk. Cancer Epidemiol Biomark Prev
7(5):379–384

33. Giovannucci E et al. (1997) The CAG repeat within the androgen
receptor gene and its relationship to prostate cancer. Proc Natl Acad
Sci USA 94(7):3320–3323

34. Bennett CL et al. (2002) Racial variation in CAG repeat lengths
within the androgen receptor gene among prostate cancer patients
of lower socioeconomic status. J Clin Oncol 20(17):3599–3604

35. Sartor O, Zheng Q, Eastham JA (1999) Androgen receptor gene
CAG repeat length varies in a race-specific fashion in men without
prostate cancer. Urology 53(2):378–380

36. Irvine RA et al. (1995) The CAG and GGC microsatellites of the
androgen receptor gene are in linkage disequilibrium in men with
prostate cancer. Cancer Res 55(9):1937–1940

37. Huggins C, Hodges CV (1972) Studies on prostatic cancer. I. The
effect of castration, of estrogen and androgen injection on serum
phosphatases in metastatic carcinoma of the prostate. CA Cancer J
Clin 22(4):232–240

38. NCI, N.C.I. Prostate Cancer Treatment. 2013 December 12 2013
[cited 2014 January 20]; Available from: http://www.cancer.
gov/cancertopics/pdq/treatment/prostate/Patient/page1.

39. Vogelzang N, Scardino P, Shipley W, Debruyne F, Linehan M
(2006) Comprehensive textbook of genitourinary oncology, 3rd
edn. Lippincott Williams and Wilkins, Philadelphia

40. Heinlein CA, Chang C (2004) Androgen receptor in prostate can-
cer. Endocr Rev 25(2):276–308

41. Scher HI, Sawyers CL (2005) Biology of progressive, castration-
resistant prostate cancer: directed therapies targeting the androgen-
receptor signaling axis. J Clin Oncol 23(32):8253–8261

42. Pignon JC et al. (2009) Androgen receptor controls EGFR and
ERBB2 gene expression at different levels in prostate cancer cell
lines. Cancer Res 69(7):2941–2949

43. Kumar VL et al. (1998) Comparative analysis of epidermal growth
factor receptor mRNA levels in normal, benign hyperplastic and
carcinomatous prostate. Cancer Lett 134(2):177–180

44. Gil-Diez de Medina S et al. (1998) Modulation of cytokeratin sub-
type, EGF receptor, and androgen receptor expression during pro-
gression of prostate cancer. Hum Pathol 29(9):1005–1012

45. Pu YS et al. (2006) Epidermal growth factor receptor inhibitor
(PD168393) potentiates cytotoxic effects of paclitaxel against
androgen-independent prostate cancer cells. Biochem Pharmacol
71(6):751–760

46. Sherwood ER et al. (1998) Epidermal growth factor receptor acti-
vation in androgen-independent but not androgen-stimulated

growth of human prostatic carcinoma cells. Br J Cancer 77(6):
855–861

47. Gravina GL et al. (2011) Antitumor effects of carnertinib in castra-
tion resistant prostate cancer models: a comparative study with
erlotinib. Prostate 71(14):1481–1491

48. Bonaccorsi L et al. (2007) Altered endocytosis of epidermal growth
factor receptor in androgen receptor positive prostate cancer cell
lines. J Mol Endocrinol 38(1–2):51–66

49. Perez CA et al. (2010) The EGFR polymorphism rs884419 is as-
sociated with freedom from recurrence in patients with resected
prostate cancer. J Urol 183(5):2062–2069

50. Lin HYet al. (2013) SNP-SNP interaction network in angiogenesis
genes associated with prostate cancer aggressiveness. PLoS One
8(4):e59688

51. Amundadottir LT et al. (2006) A common variant associated with
prostate cancer in European and African populations. Nat Genet
38(6):652–658

52. FreedmanML et al. (2006) Admixture mapping identifies 8q24 as a
prostate cancer risk locus in African-American men. Proc Natl
Acad Sci USA 103(38):14068–14073

53. Zheng SL et al. (2004) Sequence variants of toll-like receptor 4 are
associated with prostate cancer risk: results from the CAncer pros-
tate in Sweden study. Cancer Res 64(8):2918–2922

54. Xu J et al. (2010) Inherited genetic variant predisposes to aggressive
but not indolent prostate cancer. Proc Natl Acad Sci USA 107(5):
2136–2140

55. Alberts D et al. (2004) Safety and efficacy of dose-intensive oral
vitamin a in subjects with sun-damaged skin. Clin Cancer Res
10(6):1875–1880

56. Vasudevan S, Tong Y, Steitz JA (2007) Switching from repression
to activation: microRNAs can up-regulate translation. Science
318(5858):1931–1934

57. Tao J et al. (2012) microRNA-133 inhibits cell proliferation,
migration and invasion in prostate cancer cells by targeting
the epidermal growth factor receptor. Oncol Rep 27(6):1967–
1975

58. Zhou Y et al. (2013) MicroRNA-133 inhibits cell proliferation,
migration and invasion by targeting epidermal growth factor recep-
tor and its downstream effector proteins in bladder cancer. Scand J
Urol 47(5):423–432

59. Luo, Y., et al., microRNA-137 is downregulated in thyroid cancer
and inhibits proliferation and invasion by targeting EGFR. Tumour
Biol, 2015.

60. Kim J et al. (2014) microRNA-148a is a prognostic oncomiR that
targets MIG6 and BIM to regulate EGFR and apoptosis in glioblas-
toma. Cancer Res 74(5):1541–1553

61. Walter BA et al. (2013) Comprehensive microRNA profiling of
prostate cancer. J Cancer 4(5):350–357

62. Zhang B et al. (2015) microRNA-137 functions as a tumor suppres-
sor in human non-small cell lung cancer by targeting SLC22A18.
Int J Biol Macromol 74:111–118

63. McBeth, L., et al., Glucocorticoid receptor beta increases migration
of human bladder cancer cells. Oncotarget, 2016.

64. Stechschulte LA et al. (2014) Glucocorticoid receptor beta stimu-
lates Akt1 growth pathway by attenuation of PTEN. J Biol Chem
289(25):17885–17894

65. Webster RJ et al. (2009) Regulation of epidermal growth factor
receptor signaling in human cancer cells by microRNA-7. J Biol
Chem 284(9):5731–5741

66. Kefas B et al. (2008) microRNA-7 inhibits the epidermal growth
factor receptor and the Akt pathway and is down-regulated in glio-
blastoma. Cancer Res 68(10):3566–3572

67. Li X, Carthew RW (2005) A microRNA mediates EGF receptor
signaling and promotes photoreceptor differentiation in the dro-
sophila eye. Cell 123(7):1267–1277

HORM CANC (2016) 7:296–304 303

http://www.cancer.gov/cancertopics/pdq/treatment/prostate/Patient/page1
http://www.cancer.gov/cancertopics/pdq/treatment/prostate/Patient/page1


68. Tong AW et al. (2009) MicroRNA profile analysis of human pros-
tate cancers. Cancer Gene Ther 16(3):206–216

69. Wang L et al. (2013) MicroRNA-302b suppresses cell proliferation
by targeting EGFR in human hepatocellular carcinoma SMMC-
7721 cells. BMC Cancer 13:448

70. Spahn M et al. (2010) Expression of microRNA-221 is pro-
gressively reduced in aggressive prostate cancer and metas-
tasis and predicts clinical recurrence. Int J Cancer 127(2):
394–403

71. Teixeira AL, Gomes M, Medeiros R (2012) EGFR signaling path-
way and related-miRNAs in age-related diseases: the example of
miR-221 and miR-222. Front Genet 3:286

72. Srivastava A et al. (2013) MicroRNA profiling in prostate cancer–
the diagnostic potential of urinary miR-205 and miR-214. PLoS
One 8(10):e76994

73. Theodore SC et al. (2010) MiRNA 26a expression in a novel panel
of African American prostate cancer cell lines. Ethn Dis 20(1 Suppl
1):S1-96–S1100

74. Calin GA, Croce CM (2006) MicroRNA signatures in human can-
cers. Nat Rev Cancer 6(11):857–866

75. Theodore SC et al. (2014) MicroRNA profiling of novel African
American and Caucasian prostate cancer cell lines reveals a recip-
rocal regula tory re la t ionship of miR-152 and DNA
methyltranferase 1. Oncotarget 5(11):3512–3525

304 HORM CANC (2016) 7:296–304


	Prostate Cancer in African American Men: The Effect of Androgens and microRNAs on Epidermal Growth Factor Signaling
	Abstract
	Introduction
	EGFR Signaling Cascade
	Crosstalk of Androgens and EGFR in PC of African Americans
	Single Nucleotide Polymorphisms in the EGFR Gene
	MicroRNAs and EGFR in PC
	Conclusion
	References


