Am J Clin Exp Urol 2018;6(2):55-61
www.ajceu.us /ISSN:2330-1910/AJCEUO076054

Review Article

Resolving the Coffey Paradox: what does
the androgen receptor do in normal vs.
malighant prostate epithelial cells?
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Abstract: Donald Straley Coffey completed his 85 year life’s journey on November 9, 2017. In his wake, he left a
legion of inspired and loyal students, fellows, and faculty colleagues from all over the world to carry on his passion
both for life in general and his 50 year quest to conquer cancer. Early in his career, Dr. Coffey developed a series of
animal models to study how androgen regulates the growth of both normal and abnormal prostatic epithelium. As
part of these early studies, Dr. Coffey uncovered a paradox in that anti-androgen treatment given at the “wrong” time
paradoxically enhanced, not inhibited, normal prostate growth. Advances over the last several years concerning the
paracrine-dependent stem cell organization of the prostate provide a mechanistic explanation for this “Coffey Para-
dox”. This is based upon the realization that the normal function of the Androgen Receptor (AR) in the paracrine-de-
pendent stem cell organization of the prostate is to induce terminal differentiation of normal prostate epithelial cells
while suppressing their growth, despite the presence of high levels of stromal cell-derived paracrine growth factors.
Such growth suppression involves ligand-dependent AR binding to the Tcf-4/B-catenin 3’c-Myc enhancer in prostate
epithelial cells, which inhibits c-Myc transcription needed for proliferation. Therefore, if anti-androgen is given at the
wrong time, it prevents such AR-dependent c-Myc down regulation, and thus paradoxically enhances epithelial re-
growth (i.e. the Coffey Paradox) induced by exogenous androgen replacement in the castration regressed prostate.
In contrast to the normal prostate epithelium, in prostate cancer cells retaining AR expression, androgen-induced
AR signaling no longer reduces c-Myc transcription but instead up-regulates c-Myc translation and protein stability
to stimulate malignant growth. Thus, in these AR expressing prostate cancer cells, AR signaling is converted from a
growth suppressor to an oncogene, which involves a gain of function to upregulate c-Myc protein expression. Such
a gain of function “addicts” these prostate cancer cells to AR signaling for their proliferation and survival, which
provides the rationale for therapy targeted at inhibiting such AR signaling. While therapies targeted at maximally de-
creasing the level of androgen ligand are the most commonly used, recent studies have documented that a subset
of patients progressing on such androgen ablation (i.e. castration-resistant disease) due to their adaptive increase
in AR protein expression respond positively to rapid cycling between pharmacologically high and castration low lev-
els of circulating androgen. [i.e. Bipolar Androgen Therapy (BAT)].
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Introduction to the “Coffey Paradox”

In the late 1960s, Donald S. Coffey reported
his seminal studies on the biochemical chang-
es in prostate tissue associated with androgen-
induced DNA synthesis [1]. These studies, us-
ing the androgen-induced proliferative regrowth
of the 2 week castration regressed rat prostate
as the experimental model, documented that
proliferative regrowth of the prostatic epithe-
lium occurred over a 10-14 day period with

the maximal rate of proliferative DNA synthesis
occurring between 2-3 days post-exogenous
androgen replacement [1]. Dr. Coffey went on
to document in 1972 that anti-androgens, like
cyproteroneactetate or flutamide, could pre-
vent such proliferative regrowth of the reg-
ressed prostate if given simultaneously with
exogenous androgen replacement to the cas-
trated animals (Detailed in Figure 1, replicated
from reference [2]). Paradoxically, however, if
the castrated rats were given 54 hours of treat-
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that the normal prostate can
undergo successive cycles of
androgen deprivation and re-
placement without diminish-
ing its ability for continued re-
generation [4]. Since then, a
large number of independent
groups have clarified how the
human prostate is organized
into prostate stromal and epi-
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Figure 1. The effect of the anti-androgen cyproterone acetate (6 mg/rat/day)

in blocking the exogenous androgen replacement (0.2 mg testosterone pro-
pionate/rat/day)-induced regrowth of the ventral prostate of a 2-week previ-
ously castrated rat based upon total DNA content expressed as yg DNA/100
grams of body weight (upper panel) and DNA synthesis expressed as tritiat-
ed thymidine incorporation/100 ug DNA/hr (lower panel). Figure replicated

from reference [2], with permission.

ment with exogenous androgen alone followed
by 18 hours of co-treatment with exogenous
androgen plus anti-androgen, the rate of prolif-
erative prostatic DNA synthesis was significant-
ly enhanced by~50% as compared to when the
animals received 72 hours of androgen repla-
cement alone (Detailed in Figure 2, replicated
from reference [2]).

Androgen regulation of stem cell organization
in normal prostate and the Coffey Paradox

The mechanism for this “Coffey Paradox” has
only recently been resolved based upon several
additional seminal observations. The first, dis-
covered and championed by Gerry Cunha, is
that in the normal prostate, epithelial cell num-
ber is dependent upon the level of ligand bind-
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two compartments allows su-
ch profound cyclic regenera-
tive growth capacity [4-9]. In
the stromal compartment, ad-
ult mescenchymal stem cells
(MSCs) respond to paracrine
factors (e.g. SHH) secreted by
prostate basal epithelial cells for their self-
renewal and the generation of stromal progeny
cells, which have a limited proliferative ability
before differentiating into a variety of prolifera-
tively quiescent stromal cell types (e.g. smooth
muscle cells, adiptocytes, fibroblasts, pericy-
tes, etc.), a subset of which express the AR [10-
12]. When adequate levels of androgen are
present to efficiently bind to and thus activate
AR transcriptional signaling, these AR express-
ing stromal cells secrete andromedins that
diffuse throughout the immediate microenvi-
ronment until binding their cognate receptors
on specific cell types within the epithelial
and stromal compartments to induce compart-
ment-specific differentiation programs, Figure
3 [8].
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Figure 2. The effect of delaying treatment with anti-androgen (i.e. 6 mg cy-
proterone acetate) on its ability to block the stimulated rate of regenerative
DNA synthesis in the 2-week regressed ventral prostate of rats after 3 days
exogenous androgen replacement (i.e. 0.2 mg of testosterone propionate/
day). Figure replicated from reference [2], with permission.

The human prostate epithelial compartment is
a tubuloalveolar structure containing a simple
stratified epithelium composed of a continuous
basal layer underneath a luminal layer. Func-
tionally, this epithelial compartment is orga-
nized by epithelial adult stem cell units [8].
These prostate epithelial adult stem cells are
located in niches in the basal layer of the proxi-
mal epithelial ducts, Figure 3 [7-9]. These pros-
tate epithelial adult stem cells are androgen
independent as documented by the classic
tissue recombination studies of Gerry Cunha,
which proved that epithelial morphogenesis
and growth occurs even when AR protein is
not expressed by any prostate epithelial cells,
including adult stem cells, as long as there is
ligand-dependent AR paracrine signaling in the
supporting stromal cells [3, 5]. The mechanism
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ing, AR-negative neuroendo-
crine (NE) cell, the much more
prevalent pathway is differen-
tiation into a ANp63-positive/
basal cytokeratin-positive/AR-
negative proliferating progeni-
tor cell. Using in situ lineage
tracing on human prostate tis-
sues, Rakesh Heer et al. documented these
basal progenitor cells undergo a limited num-
ber of amplifying proliferations while they
migrate in streams in the basal layer along the
proximal-distal ductal axis, Figure 3 [9]. Such
basal progenitor proliferation requires the
androgen regulated production and secretion
of diffusible stromal-derived paracrine andro-
medins [8]. These paracrine secreted androme-
dins diffuse from the stroma into the epithelial
compartment where their binding to cognate
receptors stimulates progenitor cell prolifera-
tion and subsequent maturation of a subset of
these cells into ANp63-negativebasal and lumi-
nal cytokeratin-positive (i.e. intermediate) basal
cells, initially documented by Schalken et al.
[6]. These intermediate basal cells begin to
express an increasing level of AR protein as
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Figure 3. Reciprocal hierarchical expansion of epithelial and stromal adult stem cells in the human prostate. Pros-
tate epithelial stem cells located in niches in the basal layer of the proximal ducts are induced to undergo hierarchi-
cal expansion in response to AR-dependent stromal-derived andromedins. This hierarchical expansion produces
a stratified epithelium consisting of a continuous layer of ANp63-positive/basal cytokeratin-positive/AR-negative
basal cells under a layer of ANp63-negative/luminal cytokeratin-positive/AR-positive/PSA-expressing secretory lu-

minal cells. Adapted from Isaacs [8] and Moad, et al. [9].

they migrate from the basal to the luminal layer
to become luminal intermediate cells during
their flow to the more distal ducts. Ligand-
dependent AR binding to response elements in
the enhancer/promoter of AR target genes (e.g.
PSA) induces differentiation of these luminal
intermediate cells into ANp63-negativeluminal
cytokeratin-positive/AR-positive/PSA-expre-
ssing secretory luminal cells [13].

While this adult stem cell organization provides
a framework for understanding both the para-
crine mechanism of androgen action in the
normal prostate and how the gland maintains
its ability to regenerate through multiple cycles
of androgen deprivation and restoration, only
recently has there been an understanding of
what restricts the continuous overgrowth of
normal adult prostate epithelial stem cell units
in the continuous presence of high levels of
andromedins in the prostate of non-castrat-
ed adult males. Immunocytochemical studies
document that in the human prostate, the small
fraction of proliferating normal prostate epithe-
lial cells is located in the basal compartment
and do not express AR protein, while the AR
positive secretory-luminal cells are proliferative
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quiescent [14]. It has also been demonstrated
experimentally that AR signaling activated by
androgen binding in prostate epithelial cells
induces their growth arrest and eventual differ-
entiation into secretory-luminal cells [15, 16].
Likewise, transgenic mouse studies have docu-
mented that when the AR gene is knocked out
selectively in secretory-luminal cells within
the prostate, then only these AR-deficient cells
become hyper-proliferative and do not termi-
nally differentiate [17-19]. These data docu-
ment that AR-induced epithelial cell growth
arrest limits the positive feed-forward prolifera-
tive stromal-driven paracrine loop. Thus, pre-
venting continuous prostatic epithelial hyper-
plasia in the presence of high levels of stromal
andromedins that are chronically maintained
by physiological levels of androgen in an intact
male [15, 16]. The mechanism for such growth
suppression is due to ligand occupied AR bind-
ing to the B-catenin/TCF-4 complex located at
the c-Myc 3’ TCF-4 enhancer, which prevent
stranscription of c-Myc [15, 16].

When previously castrated hosts with a regre-
ssed prostate are given physiologic androgen
replacement, adequate ligand occupancy of
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nuclear AR re-occurs within the prostatic stro-
mal cells to re-stimulate their production and
secretion of an adequate level of and romedins
to enter the epithelial compartment and sti-
mulate the proliferation of initially AR-negative/
p63-positivebasal epithelial cells. The progeny
of these initially AR-negative epithelial cells
now express AR protein to which the replaced
androgen binds. This ligand occupancy allows
AR to bind to specific gene enhancers and
promoters as a transcription factor inducing
increased expression of NKX3.1, PSA, HK2,
and luminal cytokeratins (e.g. CK18) coupled
with down regulation of p63 and basal cyto-
keratins (e.g. CK14); thus differentiating these
cells into intermediate cells. The ligand occu-
pied AR in these intermediate cells also binds
the B-catenin/TCF-4 complex located at the
c-Myc 3’ TCF-4 enhancer preventing transcrip-
tion of c-Myc and thus completing their termi-
nal differentiation into non-proliferating secre-
tory-luminal cells. On the other hand, if such
castrated hosts are given androgen replace-
ment alone for a sufficient amount of time to
produce adequate levels of stromal androme-
dins to stimulate proliferation and differentia-
tion of AR-negative basal cells into AR-positive
intermediate progeny before initiating anti-
androgen treatment, then anti-androgen pre-
vents AR from binding to the B-catenin/TCF-4
complex at the c-Myc 3’ TCF-4 enhancer, which
allows c-Myc expression and thus their contin-
ued proliferation. Thereby, explaining the Coffey
Paradox.

AR acquires oncogenic functions during pros-
tatic carcinogenesis

During prostatic carcinogenesis, stromal AR
expression is not required for prostate cancer
growth since there is a conversion from the
normal AR-dependent stromal paracrine to
a cell autonomous autocrine mechanism for
AR-stimulated malignant growth [20]. Such a
conversion is characterized by a lack of AR
expression in the tumor stromal cells surround-
ing AR-positive human prostate primary cancer
and their metastases [21]. During this molecu-
lar conversion from stromal dependent para-
crine to cell autonomous autocrine AR signaling
pathways, the prostate cancer cells become
“addicted” to such cell autonomous AR onco-
genic signaling [20, 21]. Such cell autonomous
AR-dependent growth stimulation involves se-
cretion, extracellular binding, and signaling by

59

autocrine growth factors that stimulate pros-
tate cancer growth, not the andromedins se-
creted by normal prostate stromal cells [21].
Such cell autonomous extracellular autocrine
signaling is necessary but not sufficient for the
optimal growth of prostate cancer cells [21].
Thus, AR-induced growth stimulation of human
prostate cancer also requires AR-dependent
intracellular pathways to regulate the expres-
sion of critical transcription factors, like c-Myc
[15, 16, 21]. For example, this oncogenic con-
version involves a differential loss of AR sup-
pression of c-Myc transcription coupled with a
gain of AR up-regulation of c-Myc translation
and protein stability that stimulates prostate
cancer growth as documented by inhibition of
both of these responses following treatment
with an AR antagonist, such as bicalutamide
[16, 22].

Conclusions

In normal prostate epithelial cells, AR signal-
ing induces both differentiation and growth
suppression. During prostatic carcinogenesis,
AR signaling loses its growth suppressive abi-
lity either by its lack of expression (i.e. in AR-
negative PCa) or by molecular changes that
prevent its suppressor function in cancer cells
that continue to express AR [22-24]. Under this
latter situation, continued AR expression can
also undergo a gain of oncogenic function to
stimulate prostate cancer cell growth via stimu-
lating c-Myc expression [16, 20-22]. Such a
gain of function “addicts” prostate cancer cells
to AR signaling for their proliferation and sur-
vival, providing the rationale for therapy target-
ed at inhibiting such AR signaling. While thera-
pies targeted at maximally decreasing the level
of androgen ligand are the most commonly
used, recent studies have documented that a
subset of patients progressing on such andro-
gen ablation (i.e. castration resistance) due to
their adaptive increase in AR protein expres-
sion respond positively to sequential cycles
alternating rapidly between periods of acute
supraphysiologic androgen followed by acute
ablation to take advantage of a vulnerability
produced by adaptive auto-regulation and bind-
ing of AR [25-29]. Resolving the mechanism (s)
for the effectiveness of such Bipolar Androgen
Therapy (BAT) is presently an active area of
study with AR functioning in DNA replication
and DNA damage repair being leading candi-
dates.
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Figure 4. The author standing on the shoulder of a
giant (i.e. Donald Straley Coffey).

Postscript

In a letter to Robert Hooke in 1675, Sir Isaac
Newton stated that “If | have seen further, it is
by standing on ye shoulders of Giants”. | have
had the privilege and the joy to have stood on
the shoulders of Donald Straley Coffey, Figure
4.
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