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The study of the· expression of steroid_ hydroxylase genes adr~nocortical
cells~ especially CYP17,:has not only added,much to our understanding of the
genetics of steroidogenesis, it has also served as an idee;tl model for the study qf. · · .

.

cellular aging~ It has been observed tha.t CYP1Texpression in adrenocortical cell
culture is switched off in a cell-by-cell basis stochastically, independent of the
cell's replicative capacity. Such a process is _thought to resemble intrin~ic aging \

· changes in. vivo. tn order to fuUy ch~acteriz_e the -mechanisms.responsible for_
this switching process, it was necessary to-gain a detailed understanding of the
molecular structure of -both bovine and human CYP17 genes.
.

.

.

This work;<lescribes the identifkation_of-,two other bovine CYP17 genes,
previously not deteqte_t:1; _ai:idthe
·clo~ng::of one' o( .the· ne-~ly discovered genes
:
-

.

"

through the screening of a genomic libr.ary. Following detailed sequ~ncing of
· the bov.ine clone by others in our laboratory, certain ~i~tal 5' regions were
_shown to undergo a tissue-specific change in methylation· si~ultaneously in
. two bovine CYP1? genes. To gain a better understanding -of a possible
mechanism acco~ntable for this previously unreported· phenomenon, it· was .
decided to clo11e and sequence the human -gene to look for any areas of
sequence and possibly functio~al conservation.
The remainder

of this work reports how the human -CYP1-7 gene was

similarly cloned and its distal 5' region wa·s s~quenced ~pproximately three
additional· kilobases. A. detailed analysis of this s~que~ce was _-carried out to
.

.

search for any ·~egions ·with potential functional signific:ance ·displaying_ a high
degree,of homology·with the bovine-gene or any other sequences in various-_
.

.

- databanks. A computerized search faile.d to ide~tify_any co~served sequenc:es
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among the human and the bovine genes. Two other regions of significant
homology, however, were identified. The smaller of the two is about 400 bp
and exhibits a high degree of homology (80 to 95%) to a similar region in the
distal 5' region of the human catechol~o-methyl transferase (HS-COMT). This
region itself interrupts a much larger region of variable homology (30 to 80%)
to a human endogenous retroviral element-HERV K-10 which comprises
almost the entire distal 5' sequence reported here.

This work is significant for the identification of'two previously
unidentified bovine CYP17 genes and the doning of one of them.
Furthermore, a large area of the human gene's distal 5' region was sequenced
and two areas of significant homology were identified. This serves to better
demarcate areas of potential regulatory significance and to guide future
experiments accordingly. It aiso reveals some detail about the evolutionary
history of not only this part of the human genome, but also steroid hydroxylase
genes in general.

Index Words: Cellular senescence, CYP 17, cytochrome P450 genes, genomic
evolution, human rerovirus-like elements, library screening, PCR sequencing
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CHAPTER ONE: THEORIES OF AGING

Senescence: A Diversity of Observations
For most species, the mortality rate increases with time due to the
.i,

complex interaction between the accumulation of external insults and
gradual internal deterioration. ·we have come to consider it a grim,.
inevitable fate that the various organs in our body will eventually lose their
ability to perform as they once did: bones·become brittle, muscles become
weak and waste away, vision dims, memories fade, and death will remain the
inescapable, sole remaining endpoint. Few of us realize, however, that it is
indeed a priviledge to age, as most populations in the wild never survive
long enough to die from old age. This is especially true for small animals
which breed very quickly, such as rodents. Of the minority that reach
adulthood, very few survive long as breeding adults; most die within a few
months. This is in contrast with laboratory rats and mice which have a
lifespan of up to three years (Holliday, 1992). Probably'-there is no adequate
answer to the question "Why do we age?," and it has been suggested that this
the wrong question to ask (Hayflick, 1987); instead, one should ask "Why do
we live as long as we do?" and "Why do different species have different
lifespans?"

Fundamentally speaking, there can be no such thing as a non-aging
system. Scientists agree that physical entities from the solar system to
subatomic particles decay and have finite lifespans. It has been pointed out
that if both the universe and its components age, then the same must be true

•,:

;.::..I
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of all intermediate organizational levels; "nothing is forever, for there is no
forever" (Arking, 1991). Nevertheless, as Sapolsky and Finch point out in a
recent review (1991), there are organisms that do not senesce: bristlecone pine
trees, rockfish, certain parameciums, coelenterates, and .flatworms, to name a
few. These organisms do not show the typical signs of aging manifested by
other organisms in their phyla. For instance, bristlecone pines do not display
the increased sensitivity to insect infestation shown by most other trees. In
spite of initial impressions,_ however, it_is not that these organisms have
developed some intriguing innovation fo evade decrepitude. In fact, these
so-called "non-senescers" are among the most primitive and ancient species,
and are mostly concentrated in groups such as bony fishes, sea anemones, and
bivalve mollusks (Sapolsky and Finch, 1991). These organisms maintain a
steady state and have the potential to last indefinitely,_ b_ut instead typically die
from drought, starvation, disease, or predation. Higher animals, on the other
hand, do age and this seems to be a relatively recent development from an
evolutionary perspective. Mammals, certainly the most sophisticated of the
chordate classes, exemplify this trend particularly well. It appears that
senescence is the price paid that enables the organism to enjoy enhanced
fecundity earlier in life (Sapolsky and Finch, 1991; Hornsby, 1991). This
evolutionary trade-off allows the organism to maximize the number of copies
of its genes left for future generations by undergoing an active.reproductive·
burst earlier and instead suffer from earlier mortality later. The essence of
this view of senescence is that over the millenia, evolutionary forces have
selected for genes that maximized the reproductive potential of the organism,
even if these genes bring about negative effects later in life that ultimately
result in the death of the organism.
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Negative Pleiotropy
The concept described above has been termed "negative pleiotropy"
(Williams, 1957) and invokes an intrinsically "selfish" mechanism that has
evolved solely to benefit the reproductive potential of the organisms, and
therefore their genes. This differs from earlier theories put forth by the
English naturalist Alfred Russel Wallace, who speculated that aging is an
altruistic kin-selection strategy designed to allow organisms to get out of the
way and leave the limited resources behind for its descendants (Arking, 1991).
Furthermore, one should not interpret this concept as meaning that there
exist a certain set of genes that have no other function other than to cause
aging. It has been shown by evolutionary geneticists, such genes cannot exist
because there are no evolutionary mechanisms for their selection and
preservation in the genome. There are detailed arguments presented .
elsewhere (Dawkins, 1989; Kirkwood, 1987; Rose, 1991); the essence of these
arguments can be summarized as follows: the existence of such "aging genes"
is unlikely because there are no means for their selective inheritance, since
they would not be expressed until after reproductive age and there are no
opportunities for selection, since most organisms in wild populations do not
survive long past reproduction to express such genes (Hornsby, 1991).
Essentially, any gene with no other function other than to cause aging would
only. contribute to a decline in fitness, and genes are selectable only if they
increase the fitness of an individual.

The theory of negative, or antagonistic pleiotropy holds that although
genes do not cause aging to occur as their sole effect, many are involved in
modulating the rate at which aging occurs. Such genes can be divided into

two·categories: (1) genes who~e effects are beneficial•and/or essenti.ai_ early in life and negative as the. organism senesces, and (2) genes who~e·funct.ion is to
counter the harmful effects _of such pleiotropic genes (William~, ~-957). _- -A
good example of this can-be found in carcinogenesis, where cytochrome-P450 -_
.

.

enzymes (:Nebert & Waxman, 1991) a~tivate.carcinoge~s by ccmverting.them.
.

.

'

to DNA binding forms. The-pleiotropic nature·of the·,_enzymes' function
· which. allows_ them to metabolize a diverse: variety· of xenobiotics also results
· in the unintended consequence of· chemical cai;cin~genesis (Hornsby, 1991).
In summary, the concept of antagonistic pleiotropy declares· ~hat there. are·no ·

genes which exist sol~ly to cause aging and yet lifesp~ of -a species is ~early a _
genetically determined event; therefore, any genes involved must _caus·e aging ·
only as a secondary, non-selectable side-effect
of their prim_ary operation.
..
.
'

,

.

,. ,,

Another common· misconception 'regarding the process of aging is that
senescence oc~rs as a natural, long-term ext~nsion of development. This.
mistake -h~s already been partially _addres$ed in, that _certain sets of ·genes exist.
.

.

with the sole purpose of directing the ,development of v_arious organs; -th~re · ·
:;

~

are no analogous sets of ge_nes tl\at direct the aging of these organs .(Arking,
1991_). · The recent· explosion _of knowledge r¢gardirtg, _the molecular. ·

mechanisms responsible for the development; maintenance, ~nd senescence
of living things has-blurred the boundaries between· previously diverse
.

.

.

-

.

'

disciplines. It is therefore more important than ever before to arrive at

a

precise definition for a,ging in order to pose.relevant questions-and-carry out·_:
appropriate experiments_. Only then can changes observed .in aging be
_properly differentiated from -those seen in disease_ and _other processes wit~
-partial overlaps.
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Defining Adu& and Senescence
The realities of aging and death have always captured the imagination
of mankind and this has been documented for as long as the written word has
been in existence. Some have accepted and celebrated it : "Grow old along
with me. The best is yet to be ... " (Browning, 1895), while others have felt that
one must resist it until their last breath: "... Rage, rage against the dying- of the light"· (Thomas, 1953). Shakespeare described seven stages of the road of
growth, maturity, and senescence, with the final one being a "second
childishness, mere oblivion" (As You Like it, II, vii)._

The molecular mechanisms involved in human aging_ are quite
complex and remain rather obscure. Our understanding of such mechanisms
lags behind the substantial insights gained ·into human development and
disease. Correlation of gene function and the aging process is perhaps the
final frontier in biomedical research. It has become obvious that before much
progress can be made in aging research, especially at the cellular and
molecular level, it is essential to define what is meant by aging-and what
phenomena constitute its various manifestations, so that unrelated, or
partially overlapping observations can be excluded. Marty recent attempts at
arriving at a precise definitions for aging and senescence have been made,
beginning in the 50's (Comfort, 1956). In terms of determining whether a
!

problem or observation is directly relevant to aging per se, however, the most
useful criteria have been put forth by Strehler over a decade ago (Strehler,
1982). He stated that irt order for observed changes in an organism to be
appropriately considered fundamental aging changes, as opposed to

pathologic changes and disease-induced deterioration they must meet four
conditions: they must be (1) deleterious, (2) progressiv~, (3) intrinsic; i.e., not
caused by a modifiable environmental agent, and (4) be universal; i.e., be seen
in all members of a given species. This concept has evolved into the so-called
CUPID definition of aging: a series of cumulative, universal, progressive,
intrinsic, and deleterious functional and structural changes that manifest
themselves at reproductive maturity ai:id culminate in death (Arking, 1991).
Using the CUPID·definition as rigid. criteria for the ·purpose of posing and
answering questions regarding the nature of mechanims involved in aging
has the advantage that changes due to disease arid other rion-aging processes
can be sorted out from those intrinsic to normal senescence.

Over the years, a wide range of theories have b~n put forth to explain
the nature of aging, many of which were formulated before· the synthesis of
the CUPID criteria. Most were designed such that they would provide a
mechanistic explanation Jor the multitude of observed. age-related declines in
various body functions. A broad spectrum of such functional changes have
been noted as the life expectancy has increased steaclily over the years; the
CUPID criteria allow one to discard the wrinkling of skin and the grey hair,
the osteoporosis and the atherosclerosis as being unessential and extrinsic and
therefore not part of the complex of syndromes we call aging. The remaining
theories of aging for the most part meet these criteria, and each aims to
provide a mechanistic explanation for one or more of the observed agerelated declines, such as accumulation of protein cross-,linking or DNA
damage, or homeostatic failure of the organism -due to endocrine failure, to
cite a few examples. Without going through a thorough review of all such
theories of aging being currently investigated, it can be said that some are
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clearly better supported by laboratory and clinical observations than others.
Many schemes have been proposed to divide these theories along several
different lines (Esposito, 1987; Hart, 1983; Hayflick, 1985), but one most
recently described (Arking, 1991) is the most reasonable and yet it is also the
simplest. It divides theories of aging along two axes: (1) whether they invoke
a programmed or a stochastic mechanism, and (2) whether they concern
intracellular changes or systemic, intercellular events. For instance, the free
radical theory of aging contends that longevity is inversely proportional to
the extent of oxidative damage caused by free radicals, and directly
proportional to the extent of defense provided by antioxidants and protective
enzymes such as catalase or superoxide dismutase (SOD). This is an example
of intracellular, stochastic phenomena causing various changes that are
known to occur during aging. These range from direct structural damage to
DNA (Frank, 1985) to accumulation of age-related pigment such as lipofuscin
(Armstrong, 1984). As may be expected, some overlap exists between different
aging theories; for example, the genesis of these so-call_ed age pigments are
also d~scussed extensively as a component of the waste-product theory of
aging (Hirsch & Witten, 1989).

Genetic Instability and Qysdifferentiation

A particularly promising approach to investigate molecular
mechanisms of primary aging processes invokes the concept of genetic
instability, a term which encompasses a diverse group of changes that occur
in DNA and chromatin with age (Rattan, 1989; Slagboom & Vijg, 1989 ).
Manifestations of such genetic instability can be quite diverse and include
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primary ONA sequence changes such as point mutations and loss of
repetitive sequences. Further levels of genetic instability can involve
alterations in DNA methylation or loops of trans-acting factors. The
mitochondrion is known to be a hot-spot for s~ch age-related instability
(Linnane, 1989), although nuclear DNA also suffers a similar fate. A prime
example is the progressive shortening of telomeres in cells obtained from old
individuals (Hastie, 1990). Furthermore, it is known that in human
syndromes that resemble accelerated aging (Brown, 1987), there is evidence of
increased genetic instability. For example, in Werner's_ syndrome, an
autosomal recessive disorder characterized by the premature appearance of a
constellation of aging signs (such as graying of hair and baldness, cataracts,
osteoporosis, etc.), there is a diminished response to growth factors by
fibroblasts and cells ~xhibit a mutator phenotype (Fukuchi, 1989).

Genetic instability will inevitably lead to the accumulation of
unrepaired somatic defects, the fundamental feature of any aging biological
system. Time-dependent changes in the cell's internal milieu will eventually.
interfere with the cell's ability to carry out its tissue-specific function, a
phenomenon referred to as dysdifferentiation (Cutler, 1985). It is postulated
that impaired or altered pattern of gene expression will result in the loss of
expression ~f certain specialized proteins, or alternately, the expression of
inappropriate proteins. Gradual decrements in various physiological
functions known to occur in aging thus may be the result of a breakdown of
stringent genetic control mechanisms. This concept, referred to as the
dysdifferentiation theory of aging, imposes stochastic error mechanisms on a
programmed, tissue-specific pattern of gene expression. Several examples of
this have been documented:
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(1) Age-dependent two-fold increase in- the synthesis of alpha ·

and.beta globin tnRNA. by m<>use-brain and li~er. (Ono and..

'

'

.

Cutler, 1978);

(2) . Age-depende~t appearance: of ~lbtimin-produ~ng clones in .
analbumineniic rat liver (Esumi, 1.9~); ·

(3) Age-dependent donal loss of glucose-6-phosphate
dehydrogenase expression (Griffiths, 1988);

(4) Variably increased expression of the rriyc proto-oncogene 1n

tissues.taken from old adults (Ma et al.; 1988);,and

(5) Age dependent appearance of vasopressin-e~pressing
neurons in the homozygous Brattleboro rat.(Leeuwen, 1989).

The mole~lar mechanisms responsible for such genetic instability and.
resulting tissue dysdifferentiation remain largely unknown. The work
presented here is a _part of a larger: effort to establish

a model system for ·

. investigating various possible _mechanisms that comprise this· view of aging.
Se~eral different proposals have sought to explain exterisive -changes. in gene
.

.

expression in aging. ·one.theory invokes the loss of DNA methylation as_ the
agerit responsible for these changes. Many studies have 1:1oted a :progressive .
decline in the fraction bf methylatedCpG sites throughout the genome
(Holliday, 1987; Slagboom & Vijg, 1989). These· chariges have been term~d

'

.

'epimutations',. that is, heritable· changes_ based on DNA modification; .such as ·
'

. .

.

,

DNA m_ethylatio~. The :role -of DNA methylation in many impo~tant genetic ·
mechanisms, from gene and. chtOl:11.0SOme ina~vatio_n _to imprinting to

strand selection in DNA repair, has been clearly_ established (Riggs, 1975). The
.

.

-.

.

'

.

.

.

.

exact mol~cular mechanims· that explain the- efficacy_ of CpG methylation and
its interaction with various proteins are still under i_ntense investigation. In
light of the pro1m:s.ing information reve~led ~-µs far. in this ~rea_ .of research,
it is not at all unreasonable to .prop~se-.a
._~entr~l
role_ fp_r, ONA
-methylation, .
.
:,
.
.

.

,

.

.

.

'

'

.

"

and epimutations.in generai, in senes~en~e.: P.reliminary data have already
established a strong base ~f support for this theory. --~ss e>f methylation.on _
the X chromosome has .been sl:lo~ to lead to -gene reactivation in- aging
(Ware:ham,.1987). DNA-methylatfon has been· shown to be centrctl to- the
inactivation of one random X chromosome,· bo~h for its establishment at the
blastocyst stage-and for its maintenance throughout the remainder of.the
lifespan of the animal. One possible mechanism responsible -for the loss· of
.

.

.

.

-

methylation may be the cumulative effects of -inefficient remethylation of tpe..
hemimethylated DNA template after replication-(Hoal!"'.van Heiden, 198~)~
.

.

'

-

.

'

.

,

Alterations in~DNA m~thylati~h· during aging ·are not uniqqe·to coding
.

.

.

.

sequences. Satellite DNA, :for 'instance, which is ·~own _to b~- ·normally fully"
methylated artd,transcriptionally silent, "is. transcribed in ·cardiac mus.cle-in old''
.

.

-

.

__

· -

.

.

'

.

.

,

.

.

.

.

mice(Gaubatz., 1990)~ :The mosf Hkely mechanism underlying this
.

.

observation, namely the progressive demethylatioil of satellite DNA ~ith
aging, has_ been documented (Howlett, 1989~.- -This has been shown-to:be a
. - part of a larger overall phenomenon of generalized deIIlethylation ,concomitant with· sen~scence. · The level of ~methylcytosine has been· sh.own
.

.

-

.

.

-

-

.

'

to decline during the lifespan ·of cultured mous~, hamster, ·and human
fibroblasts jn vitro. ~ermore, thiS rate of decline was inversely correlated
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with the lifespan of the species. In other experiments, it was shown that the
induction of demethylation through the use of 5-azacytidine correlated with
decreased in vitro lifespan of human fibroblasts (Fairweather, 1987).

Another potential basis of genetic instability is alterations in regulatory
loops of trans-acting factors. Since these mast~r control proteins can activate
their own transcription and thus form positive feedback loops (Serfling, 1989),
any interruption of their function, through genetic changes or protein
modifications for example, can lead to stable epigenetic changes in gene
expression. Stated differently, age-related breakdown of loops of a certain
subset of regulatory proteins can result in the loss of cellular 'memory' of its
committed state, especially with respect to its tissue-specific pattern of gene
expression. Various age-dependent changes in proteins have been
documented, including non-enzymatic glycation (Cerami; 1986), oxygen
radical-mediated attack (Oliver, 1987), and racemization of amino adds from
the L-conformation to D-conformation (Brunauer, 1986).

'fhe Study of Replicative Senescence & Dysdifferentiation in a Cell Culture

system

The analysis of the role of such epimutations as a mechanism of
genetic instability and ultimately, cellular and organ dysdifferentiation, is a
particularly promising frontier in aging research. Heritable changes based on
DNA modification, particularly loss of methylation and disruption of circuits
of regulatory proteins, play a significant part in aging which is in addition to
that played by primary changes in DNA sequence (Holliday, 1987). This
genetic instability of tissue-spe~fic functions can be bes~ studied in a cell
culture system. This idea dates back to Leonard Hayflick's proposal to study
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'aging under glass' using human fibroblast cultures (Hayflick, 1980). Much
evidence has since accumulated supporting the validity of this model.
Chromosomal telomeric sequences have been found to be progressively
deleted and shortened (Harley, 1990), and CpG methylation is lost
(Shmookler-Reis, 1982; Holliday, 1986) as a function of population doubling
levels of cultured fibroblasts. These changes mirror the genetic instability that
is observed to occur in fibroblasts obtained from older humans. There is a
lowering of replicative potential in fibroblasts as a function of the age of the
donor (Martin, 1970). This lower growth rate and decreased number of
population doubling potential is also seen in cultures derived from patients
with accelerated aging syndromes such as Werner's Syndrome and
Hutchinson-Gilford Progeria (Thompson, ~983; Salk, 1985; Sta~niak, 1988).

The loss of the ability to replicate is one way to measure cellular.
senescence in culture.

Recent developments in the areas of cell and

molecular biology, however, permit the assessment of the progressive loss of
specialized function, a better indicator of cellular aging. Such studies provide
a good complement for the former group by monitoring the changes in the
expression levels of a tissue-specific, differentiated function gene in culture
and determining the molecular mechanisms involved in mediating such
changes. Of the greater than 100,000 genes in the human genome (Adams &
Venter, 1991), there are many whose function it is to maintain the
differentiated state of the various organ systems of the human body. A partial
or total malfunction of even a small random fraction of such genes in a given
cell would result in the deterioration of the function of the tissue as a whole

and the instability of its differentiated state. The accumulated effects of such
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genetic instability could account for much of the progressive functional
decline intrinsic to the aging process.

Jhe A4tenoco~ticfl Cell as a Model System to Study Chan.1es in Gene

Explessioii iii Cellulu Senescence

.

.

It is this idea, therefore, that forms the foundation of much of the
research that has led to lhe work described here: switches in gene expression
leading to long-term alterations in differentiated function may be one of the
most important mechanisms of aging in vivo. It remains essential that such
proces~es of genetic dysdifferentiation (Cutler, 1985) first be characterized in
one particular cell type in culture with specific focus on one particular gene,
in order to establish more general predictive rules.

The work presented here is a part of just such a study: to examine the
mechanisms involved in controlling the expression of a differentiated
function gene in cultures of bovine and human adrenal cortex (:ells. The
well-characterized, inducible tissue-specific genes of the adrenal cortex
provide an ideal model system for the study of in vivo genetic instability,·
with Specific focus on a differentiated function gene, steroid 17 a-hydroxylase
(CYP 17). There are many advantages to the study of this _gene:

(1) Its expression is entirely dependent on· .cyclic AMP; no
detectable transcription occurs in the absence of cAMP;

(2) Its expression is tissue-specific;
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(3) Adrenocortical cells are easily purified, grown, and ide11tified
in culture.

These properties allow the investigator to study long-term changes in
CYPl 7 gene expression under well controlled laboratory conditions and in
specific cell cultures. In this way, a minimum set of variables must be
considered when one tries to ~etermine whether a certain factor plays a r~le
in any such changes.
At this point, a discussion of the role of 17 a-hydroxylase in
steroidogenesis, as well as the genetics of steroid hydroxylases in general is in
order.
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CHAPTER TWO: 17 a-HYDROXYLASE117-20 LYASE-

BiOCffEMicAL ANi:> GENETIC cHARACTEitiZATION

The work described here describes the cloning and the characterization
of the bovine and human CYP 17 genes so as to facilitate any further studies
involving the regulation of its expression in adrenocortical cell culture. First,
however, it is helpful to discuss the role of its protein product, 17 ahydroxylase/ 17-20 lyase, in steroidogenesis and the characterization of the
CYP 17 locus in the bovine and human genomes.

Steroids: Classification

Steroids are well known regulators of physiolo_gical processes which
mediate their actions via binding with specific receptors followed by
interacting with distinct DNA domains to modulate the transcription of
certain target genes (reviewed at length in Miller, 1988). They are generally
divided into five groups based on ~h~ir physiol_ogical effects:
mineraloc;:orticoids; which are essenti~~ to the regulation of fluid and
electrolyte balance; glucocorticoids, which are named for their regulation of
carbohydrates although they also have many other important properties;
estrogens, essential for proper development of female secondary sexual
characteristics; progestins, essential for reproduction; and androgens, which
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induce male seco~dary sexual characteristics (Catt, 1987). They are structurally
similar to their precursor, cholesterol, from which they are derived via a
series of modifications of the sterol nucleus. They achieve their diverse

Figure 1
The key role of CYP 17 in steroidogenesis. 17 a-hydroxylase, located in the
endoplasmic reticulum, is responsible for both hydroxylation of
pregnenolone into 17 a-hydroxy-pregnenolone and its further conversion to
DHEA.
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physiologic effects by interacting with respective members of a family of
steroid hormone receptors and transcriptionally regulating various genes by
· binding to the promoter regions as hormone-receptor ·,complexes.

Cortisol carries out the major glucocorticoid-activity in humans and
most mammals, and as such, it is essential for life (Miller,1988). In some
rodents corticosterone serves this role (Griffin and Ojeda, 1988)-. Cortisol is
needed in order to maintain several processes during prolonged stress. It
exerts permissive effects on carbohydrate, protein, and fat metabolism, and is
also needed for normal vascular integrity and responsiveness. Furthermore,
cortisol is required for proper renal function. Although aldosterone is about
500 times as potent as a mineralocorticoid, cortisol is secreted about 200 times
as much and contributes significantly to the overall mineralocorticoid activity_
under normal circumstances. The release of cortisol is under the control of
adrenocorticotropic hormone (ACTH), and is ordinarily regulated via a
negative feedback loop involving the hypothalamic-pituitary axis. As will be
discussed later, ACTH primarily acts by controling the amount of cholesterol
esters liberated from their storage depots and its subsequent conversion to
pregnenolone. Cyclic AMP has been identified as its second messenger,
though the molecular mechanisms with which ACTH controls the
transcription of steroidogenic enzymes are still not fully understood (Miller,
1988).

Aldosterone is the primary mineralocorticoid, and it is produced in the
outer zona glomerulosa under the primary control of angiot~nsin, and to a
lesser degree, serum potassium and ACTH. Its primary action is to increase
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sodium reabsorption in th~ distal tubules of the .nephron in response to body
fluid volume as indicated by the juxtaglomerular apparatus of the kidney, by
way of the renin-angiotensin II ·system. As will.be shown later, aldosterone is
the only major steroid not requiring 17 a-hydroxylase function.
Deoxycorticosterone (DOC), a direct precursor of aldosterone, has as much as
10% of its mineralocorticoid activity (Catt, 1987).

Steroid§;Synthesis
The biosynthesis of steroids (Figure 1) is accomplished via a complex
network of enzymatic pathways that convert the neutral sterol cholesterol
into a multitude of structurally similar but functionally diverse compounds.
Cholesterol is a normal constituent of lipid bilayers and plays an important
role in lipid metabolism. Steroidogenic tissues may synthesize cholesterol de

novo from acetate (Hechter & Pincus, 1953), but human steroidogenic cells
typically derive most of the cholesterol they need from low-density
lipoproteins (LDLs) in plasma (Brown & Goldstein, 1979). Cholesterol is
esterified and stored in lipid droplets by the action of cholesterol ester _
synthetase and i~ liberated by cholesterol ester hydrolase (cholesterol esterase).
Adrenocorticotropic hormone (ACTH) stimulates the action of the esterase
via a cAMP dependent mechanism, thereby increasing the amount of
cholesterol available for steroidogenesis (Beins, 1982). Due to its insolubility,
cholesterol is carried to the mitochondria by a specific sterol carrier protein
(SCP-2) (Chanderbhan, 1982). _The flux of cholesterol across the mitochondrial
membrane is further facilitated by a steroidogenesis activator peptide, a small
peptide with a very short half-life and high sensitivity to cycloheximide
(Miller, 1988). Once inside the mitochondrion, cholesterol will be converted
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to various steroids through_the action ofa group of ~tochrome P450-(C~)
-

.

.

enzymes located both -in the -mitochondria and endoplasmic reticulum
(Nebert & Waxman, 1991).-

The biosynthesis of steroid hormones from_ cholesterol require~ the
coordinated action of four different steroid hydroxylases· which are members
of the cytochrome P-450 gene_superf~ily (reviewed in Miller, 1988). These ·
-

.

.

.

-

.

are oxi_dative _enzymes consi5.ting of about 500 -~no acids and ·a single heme
.

.

.

group which reduce atmospheric oxygen _according to the following reaction:
P450
NADPH + H+ +·02

+RH-----~> R-OH-+ H2O + NADP+
.

.

-

In the _adrenal cortex, four P450 enzymes are involved in the hydroxylation -.

--

.-

reactions which ultimately yield mineralocorticoids, glucoco:rticoids, and
· preCUI"sors of sex hormones; these_.enzymes are CYP11A (P450scc), CYP11B
.

.

,

(P450c1 lb), CYP 21 (P450c2l ), and CYP17 (P450c17a). (classified and reviewed in Nebe;rt & Waxman,.1991). ·-Of these enzymes, two·(CYP 17 and· CYP 2.1) ~e
-

.

located in-the endoplasmic reticulum and are reduced_-by·NADPH via the
.

.

'

~

-ubiquitous microsomal flavoprot~irt, NADPH cytochro:me P450 -reductase
(Kominami, 1980).~ The other two steroid hydroxylases, CYP 11A and CYP
11B, are located in the mitochondrion, where they are r~duced by NADPH via-.
.

.

-

.

.

an electron transport chain con~isti~g-of -"a _flavop_rotein, adrenodoxin
reductase, and art'iron•s~lfur·prot~in, -_~dr~nodoxin.(I<iinura, 1967).

_The first step in adrenal steroidogenesis, the conversio~ of cholE?sterol ··
to pregnenolone, is also the rate limiting step in the synthesis of all steroid·
hormones (Stone, 1955). It i_s the principal-site of regulation by
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adrenocorticotropic hormone (ACTH) (Koritz, 1970), and it consists of three
distinct chemical reactions: 20 a-hydroxylation, 22-hydroxylation, and the
scission of the 20-22 carbon bond of the cholesterol side chain to yield
pregnenolone and isocaproic acid. All three reactions are carried, out by a
single protein, the side-chain cleavage enzyme, P450scc, or using the new
nomenclature system, CYP 11A(Nebert & Waxman, 1991). This enzyme is
bound to the inner mitochondrial membrane as a multimer of 16 subunits
(Shikita, 1973). Electrons necessary for the hydroxylation reactions are
transferred from NADPH to P450scc by a flavoprotein.,termed adrenodoxin
reductase via the action of an iron-sulfur protein called_ adrenodoxin
(Kimura, 1967). The aforementioned two proteins also mediate the transfer
of electrons to P450c11 (CYP11B), the other mitochondrial P450 hydroxylase
involved in steroidogenesis~

Pregnenolone can follow two different pathways: it can either be
hydroxylated by 17 a-hydroxylase (CYP17), or converted to progesterone, the
first steroid of biological significance, by 3 P-hydroxysteroid
dehydrogenase/ A5-A4 isomerase (3-(3HSD) (Figure 1). Both reactions occ:ur on
the inner membrane of the endoplasmic reticulum. 3-f3HSD is a non-P450
enzyme that has been little studied, which may exist a~ several_ different
isozymes (Eastman, 1977). The biochemical and molecular characterization of
the 17 a-hydroxy~ase enzyme will be discussed at length in later sections.

Progesterone and 17-hydroxyprogesterone are both hydroxylated at the
C-21 position by steroid 21-hydroxylase (P450c21, or CYP21) to yield
deoxycorticosterone (DOC) and 11-deoxycortisol, respectively. This reaction is
of great clinical significance, since the enzyme involved, P450c21, is defective
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in about 1 in 5000 persons. This lesion is inherited in an autosomal recessive
fashion, and it is the most common inborn error involving adrenal
metabolism (reviewed in Hornsby, 1988). The deficiency of steroid 21hydroxylase is responsible for 95% of the cases of congenital adrenal
hyperplasia (CAH), one of the most common errors of metabolism. In its
classic manifestation, the disease is associated with varying degrees of
virilism, salt wasting, hirsutism, sterility, and menstrual irregularity..
Impairment of cortisol production leads to increased levels of ACTH,
accompanied by an overproduction and accumulation of cortisol precursors.
One of these precursors, 17 a-hydroxyprogesterone, is a pi.-ecursor to
androstenedione, which is converted to testosterone in peripheral tissues and
results in the varying degrees of virilization seen with this disorder.

Steroid 21-hydroxylase, as 17 a-hydroxylase, is also found in the
smooth endoplasmic reticulum and uses the same flavoprotein
intermediate, P450 reductase, to transport electrons from NADPH. In fact, 21hydroxylation was the first steroidogenic activity ascribed to any cytochrome
P450 (Hornsby, 1988). The molecular characterization of its activity and its
absence in CAH have been the subject of interise scrutiny, as will be
summarized later.

The last enzyme in the synthesis of adrenal mineralocorticoids and
glucocorticoids, 11 P-hydroxylase (P450c11, or CYP 11B), is found in the
mitochondrion and is considered to be in the same family as P450scc
(CYP11A) (Nebert et al., 1991). It also uses adrenodoxin•and adrenodoxin

reductase to receive electrons from NADPH. Furthermore, it exists as
multimers on the inner membrane of mitochondria. This single enzyme
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converts 11-deoxycortisol to cortisol, and it mediates the final three reactions
involved in the conversion of deoxycorticosterone to aldosterone
(Yanagibashi~ 1986). It therefore possesses 11 J3-hydroxylase, 18-hydroxylase,
and 18-oxidase activities. Consistent with what is observed with geneti'c
lesions involving the 17 a-hydroxylase and the 17-20 lyase activities of the
CYP 17 gene, there are known clinical deficiencies of each of the functions of

the CYP11B gene .(Miller, 1988).

The reactions described thus .far account for the principal pathways of
steroid synthesis in the adult adrenal cortex. The main end products of
adrenocortical steroidogenesis are aldosterone, cortisol, and androstenedione.
Sex hormones are mainly produced in the testis and the ovary by the action of
a few other enzymes that act on androstenedione.

The coordinated expression of the genes encoding these enzymes
assures a balanced and appropriate synthesis of the st~roids to developmental
and other intrinsic cues and environmental factors. Of the aforementioned
enzymes, CYP 17 _plays a pivotal role in the adrenal cortex of most species,
since its 17 a-hydroxylase activity is an absolute requirement for the
synthesis of cortisol, the major glucocorticoid, while its 17,20-lyase activity is
essential for the production of adrenal androgens which serve as precursors
to sex hormones (Chung & Miller, 1987).
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Steroid 17 a-Hydroxylase/11,20-Lyase
CYP 17 is a member of the cytochrome P-450 superfamily which is

exclusively expressed in the adrenal cortex and. gonads of mammals and the
analogous organs of fish, amphibians, and reptiles (Sandor, 1976). It is a
bifunctional enzyme bound to smooth endoplasmic reticulum, where it
accepts electrons from a unique flavoprotein in order to catalyze the
conversion of pregnenolone and progesterone to major precursors of
glucocorticoids and sex hormones (Chung & Miller, 1987). All in all four
distinct reactions are carried out by a single polypeptide·. Any challenges to
this view were dismissed when P450c17 activity was reconstituted in vitro
from pig testicular microsomal purified enzyme (Nakajin, 1981) and cells
transformed with a CYP 17 cDNA expression vector gained both 17 ahydroxylase and 17,20 lyase activities (Zuber & Waterman, 1986).

This P450 enzyme is bound to smooth endoplasmic reticulum and
accepts electrons from a flavoprotein distinct from the adrenodoxin reductase
used in mitochondria by other P450 enzymes, and also without the
involvement of an iron/ sulfur protein (Miller, 1988).

Molecular characterization of this protein began by purification and
amino acid sequencing o~ a part of the porcine enzym~, followed by the
synthesis of degenerate oligonucleotide prob.es and screening of a porcine
adrenal cDNA library (Chung & Miller, 1987). The resulting partial cDNA
clone of the porcine gene was subsequently used to screen a human adrenal
cDNA library, followed by a human testis cDNA library. A serie•s of clones
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were isolated which lacked any seq~ence disparity. This indicated atat the
.

.

.

'

,

..

.

.

.

same gene is expressed in both adrenals-and testes, as.discussed bel~w.

The Human CTP 1_7 Gene
.

.

The human CYP 17 ge:r;ie is located on the long arm·of chromosome 10,_
between 10q24 and l0q25 (Sparkes, 199.lJ. The first report that determined the·
chromosomal localization of the gene (Matteson, l 986~ stateq. th~t there· are
other sequences in the human genome that cross hybridize with a cDNA
probe under conditions of low stringency~ This assertion has never been.
supported by subsequent thorough molecular _analysis and cloning of this
gerie by different la~oratorie~. The c{?NA sequence h~s been independently
determined (Chun.g_ & Miller~ 1987) }?y ~creerii11g· a.human adrenal cDNA

or

library with eithe~- ~- porcine

c1

bovine.partial cDNA probe. Analysis-of the

nucleotide sequence revealed ari open reading frame encoding sos· amino
acids with a molecular weight of over 57;000 d_altons. High stringency.
screeni_ng of a human testis cDNA library followed by .RNA gel blots_ and
nuclease S1 mapping- further .supported the "identity of the adrenal ~d
testicular mRNAs (Chung ·&_Miller, 1987). Furthermore; experiments
.

.

.

'

· involving the transient transfection _of the human_ .cDNA clorie in COSl cells
showed that the 17 a-hydroxylase and the 17,20-lyase activitie~ ·oo~h reside in
· the same polypeptide (Bradshaw, 1987).
.

.

.

.

-

_The human CYP 17 gene has been independently_ cloned (Picad~
Leonard & Miller, 1987;· Kagimoto, 1988) and has been ·found to span
approximately seven kilobases and consis~s of eight exons _and· seyen introns._ ·
The intron/ exon _structure· of this· gene differs from that of all other known
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P450 genes, and it is therefore considered to be a memeber of a separate and
unique gene family (Nebert & Waxman, 1991).

Its closest relative is the gene

encoding P450c21 (CYP 21), with about 30% amino acid sequence homology
with CYP 17. These two gene families are structurally more similar than their
sequence identity would indicate: they have virtually identical hydropathy
plots as indicated by computer-inferred structural analysis, and their
secondary structures are also much alike with respect to patterns of ahelix/ '3-sheet/ random coil formation(Picado-Leonard & Miller, 1987).
Furthermore, the genes encoding these two P450 enzymes share certain
structural similarities: of the seven CYP 17 introns, the locations of introns 3
through 7 correspond exactly with the location of introns 5 through 9 in CYP
21, which itself has 10 exons ~d 9 introns (Chung & Miller, 1987). The first

and the second CYP 17 introns correspond to the second and the third introns
relative location in CYP 21. In contrast, another steroidogenic enzyme,
P450scc, has no such similarities.

Based on the hydropathy analysis, the presumptive steroid substrate
binding site of 17 a-hydroxylase is in a deeply hydrophobic cleft, around
residue 350, and the heme-binding site, a thiolate cysteine, is in a hydrophilic
region at about residue 450 (Picado-Leonard & Miller, 1987). Otherwise, there
is little known about the detailed molecular structure of this enzyme. Due to.
its existence in a membrane-lipid environment, it cannot be crystallized in its

in vivo configuration and its three dimensional structure cannot be
determined by X-ray crystallography (Miller, 1988).

The expression of CYP 17 is regulated not only in a tissue-specific
manner, but also hormonally and developmentally. The mRNA is found in
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the adrenal cortex, the testis, and the theca cells of the ovary in humans .
(Voutilainen, 1986). Early in gestation, it is·found in abundance in human
fetal testis during its surge of testosterone production. As may be expected,
CYP 17 mRNA is almost undetectable in fetal ovary during gestation.

Several studies using human fetal adrenal cells in culture (DiBlasio,
1987), bovine fetal adrenals (Chung & Miller, 1987),

and bovine

adrenocortical cells (Zuber & Waterman, 1986) have-shown that CYP 17 is
primarily regulated by ACTH via cAMP.

The Bovine CYP 17 Gene
The bovine genome has also been said to contain a single copy of this
gene, although it is known to contain multiple copies of other CYP genes
(Bhasker, 1989). The bovine gene was also found to have 8 exons and 7
introns.

Molecular Biology of CYP Gene Regulation

As described earlier, the sequential action of a related group of
cytochrome P450 enzymes is required for steroid biosynthesis in the adrenal
cortex. Of this group, the cholesterol side chain cleavage enzyme (CYP11A) is
expressed in all steroidogenic tissues, while steroid 21-hydroxylase (CYP 21)
and steroid 11 (3-hydroxylase (CYP11B) are expressed only in the adrenal
cortex. The steroid 17 a-hydroxylase gene is intermediate in this regard in
that it is expressed in the adrenal cortex, the testis, and the granulosa cells of
the ovary. It may be evident, therefore, that the regulatory mechanisms
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involved in controlling .the expression of CYP genes have certain similarities,
while they differ in some important regards. The expression of all of these
genes is coordinately increased by the action of adrenocorticotropin (ACTH), a
peptide hormone from the anterior pituitary, which most likely works
through the cAMP second messenger system. ·The upstream regulatory
sequences mediating this effect, however, differ among the various genes, as
do the effects of certain other agents such as phorbol esters (Miller,1988).

It was first documented by John et al.(1986) that.,the chronic response to
ACTH in the adrenal cortex involved increased transcription .of the genes
encoding the various steroid hydroxylases. Long-term regulation of
mammalian steroid hormone synthesis occurs principally through the
transcriptional regulation of the steroidogenic P450 genes, including P450scc
(CYP11A) (Miller, 1988). The main agents responsible for this regulation are

adrenocorticotropin (ACTH) and possibly angiotensin II, which works via
ca++ and protein kinase C. This increase in the levels of mRNA as a
response to stimulation by ACTH or cyclic AMP is inhibited in the presence of
cycloheximide, indicating the involvement of de novo protein synthesis, or
the rapid turnover of a protein. It must be noted that cycloheximide was
found not to have this effect when assayed in transie~t .transfection studies,
indicating that in certain cases, pre-existing t~anscriptio~ factors can be
recruited by the

cAMP pathway (Ahlgren, 1990). · Such cAMP-dependent

transcription of these CYP genes in- the adrenal cortex appears to occur in a
coordinate fashion (John, 1986). This is very much in contrast with the acute
ACTH resp_onse of the adrenal cortex, which basically involves only the
CYP11A gene and· consists of the increased availability of cholesterol from
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lipid stores to the catalytic site of th~ P450scc enzyme in the inner
mitochondrial membrane (Moore, 1990). This leads to increased levels of
pregnenolone production and subsequent steroidogenesis.

It appears that there is basal level of transcription of the CYP11A gene
in the absence of ACTH. This is detectable in adult bovine adrenocortical cells
(BACs), in fetal bovine adrenal, and in fetal human adrenal (Ahlgren, 1990).
Basal and Hormonal Control of CYP11A Expression ·

The transfection of reporter-gene constructs composed of various
regions of the bovine CYP11A promoter region and a repo~ter gene have been
used to gain some insight into the nature of ~asal ·and cAMP-induced
transcriptional regulation of P450scc. A 5.4 kb fragment of the upstream
regulatory region of the human gene fused to a chloramphenicol acetyl
transferase (CAT)· reporter gene was used in· transient transfection studies
involving mouse Yl adrenal tumor cells. Treahnent of these cells by cAMP
resulted in an 8-fold increase in CAT activity (Inoue, 1988). Basal expression·
of this gene was found to be controlled by a sequence between-145 and-76 bp
upstream from the transcription start site. Another group (Moore, 1990)
found that these basal levels of expression were further increased when more
upstream sequences were added to reporter constructs, namely between -600
and -2300, emphasizing the importance of potential enhancer elements
located distally. Furthermore, this distal sequence was found to also confer
cAMP inducibility. The role of the distal upstream sequences, however, was
found to be limited to adrenocortical Yl cells, as they were absent in human
placental cytotrophoblast JEG3 cells. It has been proposed that. perhaps the
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distal area harbors certain adr~nal specific elements. · This should not come as
a surprise, since the hormonally-induced accumulation of CYP11A mRNA is
under the control of ACTH only in the adrenal cortex; in human ovarian
granulosa cells it is controlled by luteinizing hormone (LH) and folliclestimulating hormone (FSH); and in the human testicul~ Leydig cells and
placental cytotrophoblasts by LH and human chorionic gonadotropin (hCG).
It is thought that in all of these cases, the stimulatory hormone binds to a cell

surface receptor that activates the cAMP /protein kinase A cascade through a
G protein (Gs) (Miller, 1988).

A more recent, detailed study was later conducted to better pinpoint
cAMP responsive elements in the 5' untranslated region of both the P450scc
(CYP11A) gene and also the P450c17 (CYP17) gene (Ahlgren, i990). The

upstream flanking regions of the genes were fused to either the CAT gene or
the rabbit (3-globin gene. As assayed by transient transfection of mouse
adrenal tumor Yl cells or bovine luteal cells in primary culture, the
expression of the construct involving the CYP11A sequence appears to be
controlled by cyclic AMP via a cis-acting element located between -186 and -83
bp of its 5' upstre~ regulatory region (Ahlgren, 1990). There does not,
however, appear to be any homology between any of this sequence and the
classical cAMP responsive element (CRE), TGACGTCA, or the activator
protein 2 (AP-2) binding site (TCCCCANGCG) (lmagawa, 1987).

Assessing the effects of angiotensin II (AIi) treatment have been much
more difficult. It has been known that AIi acutely stimulates
mineralocorticoid production in the adrenal zona glomerulosa through
alterations of intracellular ca++ and protein kinase C (PKC) (Moore, 1990).
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Prolonged stimulation by All or PKC stimulatory agents such as the phorbol
ester 12-O-tetradecanoylphorbol-13-acetate (TPA), however, is known to have
an inhibitory effect on adrenocortical steroidogenic enzymes. Moore et

al.(1990) reported that TPA plus the calcium ionophor~ A23187 ultimately
repressed CYP11A transcription, following a transient stimulatory phase.
This phenomen~n was mapped· to sequences lying in the upstream region
lying between -89 and -343 bp, and was shown .to. be independent of the
induction of the gene via cAMP and PKA.
Control of CYP11B Expression

The upstream flanking region of the CYP11B gene has been notable
among the CYP genes for containing a cAMP responsive element (CRE),
located close to the promoter-(-63 to -47) (Rice et al., 1989). More recent work
has identified the presence of additional regulatory elements in the promoter
region. Through the use of DNase I footprinting experiments and gel
mobility shift assays, Bogerd et al. (1990) identified two more elements,
located between -300 and -400 bp upstream, that contribute to the expression
of the gene in a manner independent of orientation and also independent of
cAMP-dependent protein kinase.

One important discovery that has come out of studies involving the
various CYP11B genes in various genomes is that they may be expressed.
differently in the various zones of the adrenal cortex, and therefore they may
be regulated by alternate mechanisms. For instance in the rat (reviewed in
Bogerd ·et al., 1990), .one protein was only expressed in the zona glomerulosa
(the outermost layer of the adrenal cortex) and converted 11-
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deoxycorticosterone to aldosterone, while the second protein was expressed in
the zona fasciculata-reticularis (the inner zones) and did not produce
aldosterone. This second protein differed in its apparent molecular weight
and amino acid sequence (Bogerd et al., 1990). One very interesting line·of
investigation will reveal whether these differences in the expression of the
various members of this multigene family are due to specific differences in
cis-acting regulatory sequences lying upstream in the 5' flanking regions.
Transcriptional Regulation of CYP21

The first studies into the nature of regulatory mechanisms involved in
the expression of steroid 21-hydroxylase were carried out on the mouse
Cyp21A gene (Homsby,1988). The sequence between -330 and -156 bp were

reported to be required for both basal and cAMP-inducible expression. A 14bp sequence was found in the human and bovine genes that confers cAMPdependent transcription to a reporter gene construct in Yl cells (Kagawa,
1991). A adrenal-specific protein (ASP) is postulated to mediate this effect,
based on (1) the yield of one specific band on gel-shift experiments, and (2)
point-mutation experiments which simultaneously abolish ASP-binding and
cAMP-responsiveness.

The CYP17 Promoter and- Its Regulation

Although the CYP17 promoter clearly requires cAMP for transcription,
it is unclear exactly how cAMP exerts its effects. It is known that the promoter
is only active in steroidogenic cells in the adrenal cortex and in the gonads
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(Hornsby, 1992). It seems to lack the typical cAMP response element (CRE)
seen in many other genes. Maximal transcription occurs about six hours after.
an increase iri the intracellular cAMP while maximal accumulation of
mRNA and protein does not occur until after 36 and 72 hours, respectively.
Deletional analysis of the promoter region has identified general regions
required for the cAMP tissue-specific response as well as one specifically
critical region termed cAMP response sequence or CRS 1. A second such
sequence, CRS 2, may exist closer to the promoter, though its effects ·were only
noted when it was attached to a heterologous promoter (Zanger, 1991). The
CRS 1 binds an unknown protein factor which has also been recently detected .
in footprinting experiments conducted in our laboratory, as well as several
other footprints of unknown significance. The CRS 1 has also been detected
by gel shift analysis,_ but has not been biochemically purified or cloned. It
appears that the regulation of this gene is much more complex than
previously suspected.

~'! a-H;ydr9Xfla~,= / ·17,20-Lyase Deficiency as a Cause of Con;enital Adrenal
Hyperplasia iri Humans
In man, 17 a-hydroxylase deficiency accounts for a minority of the

cases of congenital adrenal hyperplasia (CAH). Its existence as a separate
entity distinct from other causes of CAH, including deficiencies in other
steroidogenic enzymes was first described by Biglieri & Brust (1966). This
autosomal recessive disorder is caused by a block in any of the enzymatic steps
leading to the production of cortisol. This inchides the previously mentioned

ster9id hydroxylases: CYP 11A, CYP 17, CYP 21, and_ CYP 11B. Approximately
95% of the cases of CAH are due to a defect in the functioning of steroid 21hydroxylase (CYP 21). Deficiency of 1-7 a-hydroxylase is a relatively rare, but
weU:..established cause of CAH, and has ·been known to manifest itself in a
variety of guises. These include ~1) complete CYP 17 deficiency (Kagimoto;
1988), (2) partial CYP 17deficiency (Ahlgren, 1992), (3) islolated 17 ahydroxylase deficiency (Vargas, 1981), and (4) isolated 17,20-lyase deficiency
(Zachman, 1982). This diversity is due to the fact that a single polypeptide
catalyzes two distinct functions. Typically, the defect in CYP 17 function is
complete and present in both the adrenals and the gonads. This leads to a
spectrum of physiological and clinical findings that are· quite different from
those observed in cases of CAH due to CYP 21 deficiency. The latter
condition, while also involving deficient cortisol and increased ACTH levels,
is marked by sexual virilization and "salt wasting" (Hornsby, 1988).

In 17 a-

hydroxylase deficiency, however, CAH coexists with feminization and lowI

renin hypertension.

Production of cortisol, androgens, and estrogens are impaired, while
certain mineralocorticoids are overproduced, in particular 11deoxycorticosterone. Due to the inability of adrenal zona fasdculata cells to
secrete cortisol with normal efficiency, there is a compensatory increase in
ACTH secretion. Under the influence of such high ACTH levels, large
amounts of 11-deoxycorticosterone (DOC) and corticosterone (B) are produced
in the affected adrenals. Such high levels of circulating DOC act as a
mineralocorticoid, promoting water and sodium retention._ The resulting
retention of fluid _leads to two main clinical consequences: hypertension
accompanied by hypokalemia, and the suppression of the renin-angiotensin II
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hydroxylase deficiency, namely, a four base duplication in exon eight
(Kagimoto, 1988). Later, it was found that eight patients from six families in
the Friesland province of the Netherlands all also have this identical
mutation and suffer from CAH and variable manifestations of sexual
ambiguity (reviewed in Imai, 1992). The Mennonite Church took its name
from Menno Simons, a religious leader who lived in Friesland in the early
1500's. Due to religious persecution, the Mennonites moved through the
Rhineland to Prussia and then to Ukraine. The ancestors of the two
Canadian patients described earlier had moved to Canada from the Ukraine.
It is very likely that this four-base duplication arose within the Friesian
population as a founder effect prior to the emigration of the Mennonites
from the Netherlands.

Modem advances in molecular diagnostic techniques have also had an
impact in the detection and characterization of CYP 17 deficiency in humans
(Yanase et al., 1991). Patients typically come to medical attention in
adolescence as females with hypertension accompanied by sexual infantilism.
Male pseudohermaphrodites usually have fused labioscrotal folds, showing
incomplete posterior migration. Serum gonadotropins are elevated, while
sex hormones are absent. 17-Deoxysteroids are elevated~ but are suppressable
by glucocorticoid replacement. Parents of affected individuals are obligate
heterozygotes, though the severity of the particular allelic variants involved
may vary and may be·determined by their response to acute ACTH
stimulation. Recent detailed analyses of various mutations have enabled
researchers to utilize molecular diagnostic techniques to screen for affected
individuals. This includes PCR amplification and sequencing of DNA, allelespecific-oligonucleotide (ASO) hybridization of PCR products, and
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system. This in twn results in a decrease in_ the secretion of aldosterone,.
\

which thus -becomes the only steroid not requiring CYP 17 function whose
plasma levels are low in spite of the high circulating ACTH levels (Yanase,
1991).

Steroidogenesis is also affected in Leydig cells of ·the testes and ovarian
theca cells. The absence of the C19.steroids-dehydroepiandrosterone.(DHEA)
and androstenedione, which serve as precursors to testosterone and estrogen,
interferes with the proper onset of sexual development and puberty. Affected
males display ambiguous or female (Yanase, 1991) external genitalia,
depending on the extent of CYP 17 function, and both males and females
suffer from sexual infantilism (reviewed by Yanase et al.,1991). In a 46 XY
fetus, proper prenatal virilization of the external genitalia depends upon
normal production of adrenal androgens, in addition to normal 5 areductase activity and androgen receptor function in the target cells. In cases
where Leydig cell production of androgens is absent, karyotypic males have
phenotypic female external genitalia, while genetic defects that cause merely a
reduction in the production of androgens lead to ambiguous virilization of
external genitalia, also known as incomplete male pseudohermaphroditism.

Since the first reports of this condition over twenty years ago, more
than 125 cases of complete or partial CYP 17 deficiency as a cause of CAH and
sexual ambiguity have been reported (Yanase, 1991). The picture that has
emerged more recently shows that, as for many other human genetic diseases,
a limited number of mutations may be responsible for many of the reported
cases. For instance, two Canadian Mennonite families who were ostensibly
unrelated were found to have the same molecular basis for their 17 a-
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CHAPTER THREE: BOVINE ADRENOCORTICAL CELLS AS
MEANs fo sruov sENEscENcE & 0Yso1FFERENTIATI0N
Upon placement in a monolayer culture, bovine adrenocortical cells
exhibit all of the differentiated properties that are anticipated from in vivo
studies. For this reason, they have been widely used to analyze regulatory
mechanisms involved in adrenocortical cell function.

These ·cells have a

limited capacity for replication in culture: after about 100 to 120 cell divisions
they lose the capacity to further proliferate, i.e., they senesce (Figure 2)
(Hornsby, 1987). Over the course of these divisions, they display a disparate
capacity to express certain differentiated functions; some are maintained late
into the cells' replicative lifespan, while others are pr~~ressively lost at
intermediate stages. The coordinated function of the various enzymes
involved in conv~rting cholesterol into different steroids is the primary
differentiated function of adrenocortical cells. The P450 enzymes and
progressive changes in the levels of their expression over the_ replicative
lifespan of adrenocortical cells in culture can therefore provide a good model
to study the interrelationship between cellular senescence and tissue-specific
changes in gene expression.

Widespread changes in gene expression in senescence are responsible
for loss of both differentiated function and replicative capacity (reviewed in
Hornsby, 1992). Studying gene expression and its regulation can therefore do
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more than just help in understanding the dysdifferentiation process thought
to be central to the aging process. By elucidating the molecular mechanisms
involved in the loss of differentiated function, one can shed much light on
how tissue-specific gene expression and therefore the differentiated state is
maintained over the course of the lifespan and the many replications of the
genome involved.

Hone focuses.on the four major cytochrome P4?0 genes involved in
adrenal steroidogenesis, it is seen that th~y all decline in their levels of
expression over the replicative lifespan of the cultured cells, although at
different rates. While P450scc (CYPllA) mRNA and enzyme activity are
detectable in senescent cultures, none is seen for.CYP17, CYP21, and CYP11B
(Hornsby, 1988). The studies on CYP gene expression and cellular senescence
have mostly been carried out in bovine adrenocortical ~ell culture. Bovine
cells have the advantage of ready availability arid long culture lifespan. They
also differ in certain characteristics when compared to human adrenocortical
cells in culture: (1) they have a higher amount of 3 P-hydroxysteroid
dehydrogenase activity resulting in lower levels of adrenal androgen
synthesis; (2) they differ in their morphological response to intracellular
cAMP (Hornsby & Cheng, 1989); (3) they differ in thefr. response to certain
growth factors; and (4) they achieve a higher population doubling level (PDL)
- 100-120 versus approximately 40 for human cells (Hornsby, 1987).
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Lona.;term Alterations in CYP17 Expression
Following the incubation of cultured bovine adrenocortical cells with cAMP,
the expression of the major CYP genes decline at different rates. Levels of ·
CYP21 and CYP11B expression decline rapidly, reaching 10% of initial value

by 20 PDLs. The induction of CYP17 undergoes a steady decline, reaching the
10% mark by about 60-80 PDLs, while the expression of CYP1iA essentially
remains ste~dy throughout (Hornsby, 1987).

Two possible mechanisms can account for the observed decline in the
levels of CYP expression: (1) a progressive loss of responsiveness occurring in
all of the cells in a culture· at equal rates; or (2) a change in the proportion of
these cells able to express the gene. To further investigate the molecular
nature of changes responsible for the observed phenotypic switching,
regulation of CYP17 expression became the specific focus of further
experiments.

Through the use of in-situ hybridization with: radiolabeled CYP17
· ·cDNA it was ~hown that in a primary culture all cells express the gene
following cAMP induction (Ryan & Hornsby, 1989). Clonal populations
derived from these cells, however, are composed of expressing and nonexpressing cells. A certain fraction of the original population of cells,
therefore, have undergone phenotypic switching~_ The descendants of this
fraction usually maintain their non-expressing state, so that cultured
subclones are almost entirely composed of cells that have switched off CYP17
expression. Immunofluorescence studies using CYP17 antibody and in situ
hybridization with the CYP17 cDNA probe demonstrate-that (1) _the decline of
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- Figure i
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Decline in expression of CYP 17 as a function of POL. in bovine adrenocorticalcells and comparison with observed_changesin DNA methylation. Values on
the ordinate ·are fractions ,of that_ ~n the. pri.mary culture. The solid line shows
the· decline in cholera toxin induced levels of CYP17 mRNA. The mRNA
data are plotted togeth~r with data from hy~ridization ·of-c~lls in situ ·to a. CYP
17- cDNA_ probe. Each point :represents the perce~tag~ -of cells hyb~djzing .in
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expression that accompanies senescence occurs at the level of mRNA
accumulation and not at the protein level (Figure 2); and (2) the overall
decline of CYP17 mRNA levels results from a decline in the fraction of cells
expressing the gene and is not due to an across-the-board reduction in the
amount of message synthesized by each cell (Hornsby & Yang, 1990).

Another set of experiments utilizing bromodeoxyuridine labeling of
p

cellular DNA prior to cAMP induction yielded a clearer picture of the
association between cellular senescence and the observed phenotypic
switching of CYP17. Following hybridizations with the CYP17 cDNA probe
and simultaneous immunofluorescence studies using antibromodeoxyuridine antibody, it was noted that some senescent cells, i.e., cells
that had lost the capacity to divide, were still expressing CYP17.
Furthermore, some cells that showed cycling with bromodeoxyuridine no
longer hybridized. with the CYP17 probe (Yang & Hornsby, 1989).

Two main conclusions were drawn from the previous series of
experiments: (1) Cellular senescence, defined as the loss of replicative capacity, ·
and the phenotypic switching of CYP 17 are similar in that they both exhibit a
stochastic pattern of onset and a dependence on cell division. In addition, (2)
on a cell by cell basis, the two processes of phenotypic switching and cellular
senescence are not directly interdependent.

To further investigate the relationship between., the two phenomena
delineated above, bovine adrenocortical cells were transfected with cloned
SV40 in order to ~xtend their replicative potential (Cheng, 1989). It was

found that the particular pattern of expression that each of the major CYP
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genes was exhibiting prior to the transfection remained unaltered following
the resumption of replicative capacity. Thus, the expression of SV40 T
antigen selectively reversed replicative senescence without any concomitant
re-expression of CYP genes that had already undergone the switching event.

Re~ato;ry Mechanisms Involved in Controllin1 CYP17 Expression
The data obtained so far .are c~mpatible with an all-or-none switching
event governing the expression of CYP17 and other genes. They do not,
however, rule out the presence of an intermediate stage when the cells can
partially modify their expression. Known mechanisms that can account for
the patterns of attenuation observed with the expression of CYP17 are of three
basic types: (1) the derepression and the binding of a specific inhibitor of
CYP17 expression; (2) changes in the methylation status of key segments of

the gene, particularly in the 5' flanking region; and (3) ·: larger-scale changes in
the three dimensional structure of chromatin. It is quite possible that ·a
combination of mechanisms are involved in controlling the transcription
rate. A wide range of experimental approaches is used to study the role of
each of these mechanisms in the transcriptional regulation of a given gene.
This includes (1) gel retardation assays, (2) S1 nuclease mapping, (3) reporter
construct assays, (4) methylation analysis using methylation-sensitive
restriction enzymes, (5) DNase I footprinting, and (6) in vivo footprinting.

Before one can set out to investigate the specific nature_ of control
mechanisms responsible for the phenotypic switching of CYP17, detailed,
accurate genetic information is needed, particularly of_ the upstream
sequences often involved in transcriptional regulation.· This was brought to
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attention during preliminary experiments looking into the methylation
status of CYP17 in the bovine genome (Hornsby et al., 1992). Double
digestions of genomic DNA had been carried out with EcoRI and either Mspl
or Hpall (a methylation-sensitive isoschizomer of Mspl) followed by
Southern blotting and probing with either a cDNA probe or a 500 bp 5'
fragment. It was found that the coding region of the CYP17 gene was
completely methylated at all CCGG sites, in all tissues and also in cultured
adrenocortical cells. In clones transfected with SV40 and also in some early
passage cells, the 5' region was found to be partially demethylated at certain
CCGG sites, compared with primary adrenocortical tissue.

The Need for Structural Analysis
The interpretation of some of these data was difficult, and it was felt
that overall they did not support the previously published results claiming
the existence of only one bovine CYP17 gene. Even more than before, there
was a need to better investigate the structural genetics of CYP17 in the bovine
genome, and later in the human genome, before proceeding with any of the
experimental approaches outlined above. This provided the background for
the experiments contained in this dissertation, the specific aims of which are
hereby summarized as follows:

(1) To identify the number of genes coding for CYP17 in the bovine
genome.

(2) To determine the structure of the upstream regulatory region,
especially any region that could potentially be involved ,in -
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methylation changes or other important cis- or trans-regulatory
mechanisms.

(3) To compare the upstream region of the human CYP17 gene with
that of the bovine CYP17 genes, with respect to the presence of
any analogous potential regulatory elements.

Summary of Pur,pose
In summary, the study of the changes in the expression-of the CYP17
gene in bovine and human adrenocortical cell culture can serve as an ideal
model for an understanding of the loss of differentiated gene function during
cellular senescence resulting from genetic· instability and dysdifferentiation.
Recent work in our laboratory has shown that there is a decline in the mRNA
levels of CYPl 7 during the entire life span of these cells in culture. This
decline was shown to result from a decrease of the number of cells capable of
expressing this gene. Yet no direct relationship between replicative
senescence and the expression of CYP17 was seen. Some cells age rapidly in
culture, although they may con~inue to express this gene at the time they
senesce, while other cells cease to express CYP17 at an early stage and yet are
capable of forming rapidly dividing colonies of cells.

This dissociation of cellular replication from CYP17 expression shows
that CYP17 expression is switched off on a cell-by-cell basis in a stochastic
fashion. Such a process is thought to resemble intrinsic aging changes in
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vivo. Possible mechanisms involved in such a switch··in gene expression
include cis-actirig processes like changes in DNA methylation or chromatin
structure, or various positive and negative trans-acting factors.

In order to characterize such potential ~echanisms fully, it is necessary
to gain a detailed understanding of the molecular structure of both bovine
and human CYP17 genes. This includes cloning of each gene from the
appropriate genomic library, detailed restriction enzyme analysis of the clones
along with the sequencing of the 5' upstream regulatory region of the genes.
This would lay the groundwork for a riumber of follow-up and companion
studies, including (1) analysis of the methylation pattern exhibited by the
CYP17 gene, especially in the 5' upstream region, (2) construction .of reporter

constructs using the firefly luciferase gene to monitor changes in gene·
expression in culture over many population doublings, or (3) the use of gelretardation assays, footpri:nting studies, or DNase hypersensitivity studies to
detect changes in both chromatin structure and binding of trans-acting factors.
Comparisons can then be made between adrenocortical cells in vivo and in
culture, between adrenal cortex and non-expressing tissues, between
expressing and non-expressing cell lines, and between cAMP-stimulated cells
and non-stimulated cells.
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CHAPTER FOUR:. METHODS

•

•

.

.•

I

Restriction Endonudease Digests of DNA
Restriction enzyme digests of genomic DNA were
carried out using
.
'

·,

about 10 µg of DNA and 5 units of endonuclease/µg, at'37°C overnight in 25
mM Tris pH 7.8, 100 mM NaCl, lOmM MgCl2, 100 µg/ml BSA, and 2mM

f3-

mercaptoethanol for Eco RI, Hpa II, and Msp I (New England Biolabs). In the
case of other restriction enzymes, buffers supplied or recommended by the
manufacturers were used. In certain cases, the proper temperature was·
increased to 55°C, as recommended by the manufacturer. In case of the
bovine genomic digests, often DNA samples from three or more cows or
steers were used to lessen the chance of interference from any naturally
occurring restriction fragment length polymorphisms among individual
animals. When plasmid or lambda DNA is digested, l ·µg or less is. used;· this
also allows· for either less amount of enzyme, or for a shorter incubation time.
H the amount of DNA was especially low, as often was the case when A or

plasmid DNA digests were run on the same gel as genomic DNA, about 10 µg
of salmon sperm DNA is co-digested with the A DNA to act as carrier and
permit proper migration of the sample in the gel.

Agarose and Polyacr_ylamide Gel. Electro_phoresis of DNA
DNA digests were fractionated on a 1% agarose (Seakem) gel by
electrophoresis in 40 mM Tris, 2.5 mM EDTA, 18 mM NaCl, 12 mM Na
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acetate, pH 8.3 (lX TEA). If the digests were carried out only for confirmatory
purposes and not to be used in a Southern blot, they were electrophoresed in
0.5X TBE buffer at a higher voltage. For electrophoresis of fragments less than
one kilobase, as high as 3% agarose gels were used; if very high-molecularweight bands were expected, as low as 0.7% gels were ~sed. Typical DNA
markers included Hind m digests of A DNA for fragments ranging from 1 to
50 kb, and q,X 174.Hae Ill digest or the "Biomarker" (Bioventures, Inc.) for
fragments less than one ki~obase. Subsequently, the gel was stained briefly
(10') in 10 mg/ml ethidium bromide (EtBr) and photographed. A fluorescent
ruler was always included in the photo to aid in future band length
calculation, which itself were performed using the GEL ·computer program
(Intelligenetics).

If the DNA was digested for probe isolation or some other sort of band
isolation, lX TAE buffer was used. This was done in low-melting agarose gels,
pre-cast and run in the cold room (4 °C). These prepari:itive gels were typically
stained very briefly and generally shielded from UV light, to protect any
bands of interest fyom nicking and breakage. This UV light was of a less
damaging, longer wavelength variety (300 nm). Photography was only done
after all desired DNA bands were excised.

Polyacrylamide gel electrophoresis was used to fractionate sequencing
reactions, and was typically carried out using a denaturing 6% w/v gel run in
lX TBE buffer at

~ 2000 v for ~ 90' for each sample loading (or until the

bromophenol blue dye ran out of the gel). The gel was fixed in a 15% acetic
acid, 5% methanol solution for 15' and then dried for 2 hours at 80°C in
vacuum. To enhance band separation, the gel was "pre-run"for 1 hour to
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warm up the gel before sample loading, and shark's tooth combs were used
to form the wells in which the samples were loaded.

South¢tn Blotting

Agarose gels intended for hybridization were run in lX TEA buffer
using a very low voltage (less than 30 v) to ensure fine separation of bands.
Following EtBr staining and photography, the gel was treated with three
consecutive washes: first, 20' in 0.1 M HCl (to partially-hydrolyze the DNA by
acid depurination), then 20' in 1.5 M NaCl and 0.5 M NaOH (denaturatuion
solution), followed by 20' in 1M Tris Cl pH 8.0 and 1.5 M NaCl (neutraliztion
solution). The gel was then inverted, trimmed, and set up (Sambrook, 1990)
for overnight transfer to a_ nylo~ membrane (Pall Biodyne). The DNA is then
cross-linked to the membrane by exposure to 1200 J/m2 ultraviolet light.

Hybridization With Radiolabelled Nucleotide Probes

DNA probes were labelled to 108 cpm / µg with [a-32p] dCTP (specific
activity~ 3000 Ci/ mmol, ICN, Irvine CA) using random oligonucleotide
primers and the Kienow fragment of DNA Polymerase I (Feinberg &
Vogelstein, 1983). Membranes were incubated in a prehybridization solution
(in the presence of 10 mg/ml sheared salmon sperm DNA to reduce
background) and then hybridized in 6xSSC, 0.01 M EDTA, Sx Denhardt's
solution, and 0.5% SDS (Sambrook, 1990). Following overnight
hybridization, the membranes were washed with lX SSC and then with 0.SX
SSC, each for 20' at room temperature. Then they were exposed to X-ray film
for an appropriate amount of time. These membranes can be used for re-
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hybridization following removal of the bound probe by washing in 85°C
water.

Genomic Library Screenin1
The genomic libraries used were constructed by

apartial digest of

genomic DNA with a restriction endonuclease and cloned into a lambda
phage-derived vector. In the case of the bovine library, genomic DNA was
partially digested with Mbo I, followed by size fractionation on a sucrose
gradient to produce fragments ranging from 8 to 22 kb. These were then
cloned into the Bam

m site of the modified A. vector EMBL-3 (Clontech Inc.).

The human genomic library was similarly constructed by a partial
Eco RI digest of genomic DNA, followed by size fractionation of fragments

between 16 to 22 kb, and cloning into the Eco RI site of another modified
lambda vector called Charon 4A. The Charon series of vectors (Blattner &
Smithies, 1977; Williams, 1979; de Wet, 1980) carry deletions from the b2
region through cl, to allow space for cloned DNA to be inserted (minimum 7
to maximum 20 kb). Charon 4A is used chiefly as a replacement vector to
construct genomic libraries of eukaryotic DNA. The left arm's Eco RI site is
located in the lac Z gene (a cistron inserted to act as a selectable marker) and
the right arm's Eco RI site is in the bio operon (to allow for lac - bio recombinant selection when the library is constructed). The bovine library
was obtained from Clontech, Inc., while the human library was from the
American Type Culture Collection (ATCC).
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Figure 3
Schematic diagram .demonstrating the various stages of screening a genomic
library for a clone· containing the CYP17 gene.
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Following· the determination of the library titer by serial dilution
platings, a series of consecutive screenings were performed where plaques
were selected on the basis of their hybridization to a labeled probe (Figure 3).
Following a tertiary screen, the purity of the clone was_ optimal and was
verified by 100% of plaques on a medium density plate hybridizing to the
probe.

The host bacteria used for the library screenings was E. coli strain
LE 392. A single colony was grown overnight in 50 ml LB containing maltose,

and used for plating the phage. For the initial scree~ng step,~ 106 plaques
were plated on 30x150mm culture plates containing modified LB agar and
overlaid with modified LB top agarose (Porteous, 1986; Frischauf, 1983).
Gridded Hybond nylon membranes (Amersham) were used to lift duplicate
replicas from each plate, which were subsequently screened with 32P-labeled
probes. The bovine CYP17 cDNA (Zuber & Waterman, 1986) and 5' fragment,
and the human CYP17 cDNA were all used as probes during differnt .
screenings. Hybridizations were carried out at 42 °C in 20% formamide buffer
as described (Sambrook, 1990).

Plasmid Subcloning

Any fragments of interest were subdoned from the lambda vector into
a suitable plasmid vector such as pBluescript II (Stratagene). The preferred
approach was the use of a double restriction enzyme digested fragment and a
similarly cut plasmid vector in a double sticky-end, directional ligation. This
avoided any uncertainties about the orientation of the insert within the
vector. The ligation reaction itself was carried out ove!night :using fragments
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purified iri low-melting agarose, as described earlier. The ligation product~,
along with appropriate controls were \lSed to transform competent DH 5~
.

.

cells (BRL) and. grown on ampjcillin agar plates. Transformant colonies were
selected and DNA was prepared usins a standard plasmid mini-prep .protocol._
In some cases,_ OneShot™ INVaF' competent ceUs (Inyitrogen) were used;.

and X-gal wa.s added to 50 µg/ml concentration-to.allow Joi blue-white_
screening of colonies.
Bideaxy Seq,uendng

DNA sequencing was carded out-using the Sequ_enase®·version 2.0
.

.

.

(cloned bacteriop~~ge T7 DNA polymer~e. l~c}dng. 3'- 5' exonuclease activity ;
US. Biochemical ) .a~~<;>~ding _. to ~~Ef'manufactur~~•s reco~mendations: (Sanger
.

·'

.

•.

& Coulson, 1977; Tabor, 1990). To cµlow_ for sequencing of double-stranded.

· template, either· an alkaline denaturation step was used, or a pretreatment
with an exonuclease digestion such· as T4 gene 32 _protein (USB Biochemical),
· to aid in the generation .of single-stranded DNA need~d in primer annealing. ·
Alternately, for direct sequencing of amplified fragments, an asymmetric PCR
was ·performed, _where the concentrationof one-·of lhe primers was at ~/S0·or
.

.

zero in later replication rounds, allowing for the _ac~mulatiori of single.

-

-

.

stranded product.' Another _useful technique wa~ the use of
polymerase - (Exo-)

-

a th~rmostable

VENT polymerase ~s supplied in the Circumvent kit.

(New England Biolabs) for sequencing purposes. ·oue to the high
temperatures inyolved in the reaction, this had the advantage of bypassing·
the need for the generation of single-stranded te~plate, and also has_ higher
fidelity of replication along with better activity in areas of template te!tiacy
structure, such a,s stem-loops and hairpins~
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Use qt Dw_nn.9~tahle DNA Polymerases for Amplification, Seqyenciu1, or

Labeliiig of ONA

The polymerase chain reaction (Saiki & Ehrlich, 1988) has been widely
recognized as an extremely versatile tool which will prove useful in a wide
range of applications. It could be used to bypass a subcloning step by
providing a means to obtain ample amounts of a fragment of DNA (up to ~
10-15 kb) to be used as a sequencing template or a probe. Our laboratory had
also been able to use PCR to directly label a fragment of interest, or an ..
oligonucleotide. Primers for PCR were designed using Oligo 5™ software
(National Biosciences) in order to minimize primer dimer and hairpin
formation and enhance the annealing specificity of the primers. The
polymerases used were either the native Taq polymerase or the recombinant
Amplitaq (Perkin-Elmer Cetus), or one of the new generation of ultrathermostable polymerases such as VENT (New England Biolabs). The
generation of very long fragments also benefited from longer extension times
and increased Mg++ concentration.

A typical reaction contains, in order of addition, sterile water, lOX
reaction buffer (100 mM Tris, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.01 _% w/v
gelatin), 200 µMeach dNTP, 1 µMeach primer, 1 ng (if lambda or plasmid) or
1 µg (if genomic) template, and 2.5 u Taq polymerase, in a total volume of 100
µ1. The "hot start" technique is used to begin each PCR, where a critical
reagent, such as the primer and/or the polymerase is added separately once
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the reaction has reached a high temperature (>90°C). The mineral oil is
removed after each reaction using Parafilm (Innis, 1990).

Computer.;Assisted Sequence Analysis
Comparison of any sequences ol:>tained from our clones with other
'

'

sequences in GenBank or with each other is ·performed wi:th advanced
software such as BLAST and FASTA programs (Pearson et al., 1988) and SEQ
(Intelligenetics). Various databanks were utilized in this analysis, including
the latest available versions of GenBank and specific subsets of the EMBL
collection, in addition to smaller sources, such as Pythia collection of Alu
sequences and human repeat elements, and the Eukaryotic Promoter Database
(EPD).
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CHAPTER FIVE: RESULTS
SEeJ}ON ONE: Genomic Analysis Of The -Bovine CYP1! Gepe .
Introduction·

Previous·work by Bhasker et al.(1989) had concluded that there·exi~ts-only one CYP17 gene in the bovine genome. This was ba~ed on findings _
· from a Southern blot analysis of Eco RI-digested bovim.~ ·(calf_ thymus) DNA
using a-_full-length bovine CYP17 cDNA as probe, which yielded two ~~~s,
one at 8.0 kb arid-one at 4.7 kb, corresponding to the 3' and .the- 5' halves of the · ·
__ gene, respectively. During the course of the· preliminary experiments car:ried
out in our laboratory to look at the methylation status·of the proximal~'
flanking region of the bovine CYP17, however, banding -patt~ms were
.

'

obtained that were incompatible with the existence of a.single ·gene·(H~rnsby

et al.,-1992) . __In one_ such early experiment, a Southern blot of bovine
.

.

.

.

genomic DNA dige~ted with Eco• RI was hybridized with a probe constructed
-against-the promoter region of·the gene (-474 to +29). !_obtained the expected
single 4.7 kb-b~d of the 5' region of CYP17, as was consistent
with results·- .
.

.

.,

described earller by Bhasker, et-al. -(1989). _:Double diges~s u~ins both E~o RI and

-Msp I, however~ yielded_multiple ba:fld~.: This -result w~~ inconsistent-with
the previous· claim of there being only one bovine CYP17 gene, since there _
are no cut sites for Msp I; i.e., CCGG sequences in the region covered by the
probe. This raised the possibility of the presence of more than one CYP17
.gene in the bovine genome, an issue that needed to be resolved-before any·

substantial investigation of the regulatory mechanisms. of CYP17 could be
accomplished. The first. series of experiments, therefore, were aimed at
resolving the issue of the CYP17 copy number and restriction mapping of its
5' region.

EXPERIMENT ONE:
Determination of CYP17 Copy Number in the Bovine Genome

(A) Restriction Enzyme Selection

I performed a series of restriction enzyme double digests, using Eco RI
in combination with other enzymes that did_ not cut within the region
.

.

.

covered by the 5' probe." These -enzymes were selected based on analyzing -the
immediate 5' sequence as reported in Bhasker et al.(1989) and looking for any
which did not have a restriction cut site within the area covered by the probe,
and therefore should yield only one band upon Southern blot analysis of
genomic DNA. The enzymes thus chosen included Nco I, Nde I, Pvu II, Kpn
I, and Barn HI. A'few enzymes were also chosen on the basis that a single
digest (without the inclusion of Eco RI) should yield one band on a Southern
blot. Among them were Pst I and Bsu 361.

(B) Probe Generation

The probe used for the blots had previously been generated by
polymerase chain reaction (PCR) amplification of the bovine CYP17 5' region
and subcloned into commercial vectors pIBI 30 and pIBI31(IBI). For these
experiments, I isolated the most proximal 5' fragment . of i~terest using either
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an Apa I (-475 to +29) or an Eco RV (-488 to -265) restriction enzyme digest.
The bands of interest were isolated after electrophoresis on low-melting point
(LMP) agarose gel, and purified by ethanol precipitation. The probes were
radiolabeled with 32p using random oligomer priming. Excess radioactivity
was removed by passing

the probe solution UU-ough a Biospin column.

(C) Analysis of Southern Blot Hybridizations

Bovine genomic DNA was prepared from cells and tissue obtaine~
from mixed breed animals using a commercial anion exchange column.
They were digested overnight, either with a single restriction enzyme or
double digested using Eco RI and a second enzyme, as described above. The
digests were then electrophoresed in an agarose gel, and Southern blotted.
Following hybridization with the 5' (Apa I) probe, it was seen that the digests
either showed three discrete bands (Eco RI/Nco I), or a heavy band,
sometimes resolved as a doublet, along with a lighter band (other digests) as
shown in Figure (4). These results point towards the existence of at least
three CYP17 genes in the bovi~e genome with similar.'5' flanking regions.
The probe used would not detect processed pseudogenes that lack a typical 5'
flanking region. Other single and double digestions also gave data compatible
with this conclusion, while a few others gave single bands like Eco RI (data
not shown).

· Figure 4
_Re~triction enzyme digests. of- bovine DNA probed With an _Eco RV ·cyp7 75' .
-fragment .(-488 to ~265). DNA was digested with th~ ·.restriction enzymes __
'

'

'

indicated, blotted~ and hybridized. Numbers on the- right indicate sizes in .
·kilobases.
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~XP~ME,NT TWO:

Testm& for the Role of folymo~phism
There remained an alternative explanation for

the pattern of multiple

bands observed with many of the digests described in the previous
experiment, and that is n~tural DNA sequence polymorphism altering certain
restriction sequences in the samples used. To test for the influence of
polymorphism, DNA from several animals was used in another set of double
digests, using a wide range of restriction enzymes, each in combination with

Eco RI: Barn 1-ll, Bgl II, Eco RV, Hpa I, Kpn I, Msp I, Nco I, Nde I, Pvu II, and
Sal I. DNA samples were obtained from steers of mixed ·_breed and collected
at various times at different locations.

Following restriction- digestion, gel electrophoresis, Southern blotting,
and hybridization with the 5' CYP17 radiolabeled probe, once again multiple
bands were obtained. The results from three of these sets of double digests are
shown in Figure (5). It can be seen that these banding patterns are identical in
all of the samples in each set, even when they share no common lineage.

EXPERIMENT THREE:

Cloning A Second Bovine CYP17 Gene

(A)Introductio~ ·

As described earlier, preliminary experiments analyzing the
methylation status of the regulitory region of the bovine CYP17 gene had_
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Figure 5
Restriction enzyme digests of bovine DNA probed with an Eco RV fragment
(-488 to -265) of CYP17 5' region. The three lanes for each double digestion are
from DNA isolated from white blood cells from three different animals.
Numbers on the right indicate sizes in kilobases.
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pointed to the differences in methylation occuring outside the region of'the
gene that had been previohsly sequenced by Bhasker et al. (1989)(to -48S). This
finding, plus the existence of multiple CYP17 genes, required that novel 5'
upstream sequence information be obtained by cloning at least one of them.
this clone needed to contain extensive 5' flanking sequenc~ for two reasons.
.

.

-

-

.

.

.

.

'

.

First, so that it might be useful for-subsequent ·studies involving methylation,
nuclease hypersensitivity, and the binding of trans-acting factors. Second, to
definitively demonstrate the existence of more than one CYP17 gene, either
by cloning at least two different genes, or at least one that differed in its
sequence from the gene previously characterized by Bhasker et al ..

(B) Isolation Of A Bovine CYP17 Cone From A Bovine Genomic
Library Containing Novel Distal Upstream Sequence Information

To obtain the novel CYP17 clone, I began a series of screens using a
commercial bovine genomic libr~y (Clontech). This library was prepared by
inserting partially digested, size-separated bovine genomic DNA into the
'-

modified lambda phage vector EMBL-3. It contained a total of l.8x106
independent clones. I used bovine CYP17 cDNA radiolabeled with 32p as
probe.

(i)

Establishing the titer of the library

It was first necessary to test the integrity, viability, and titer of the
library. A number of primary platings consisted of serial dilutions of the
recombinant phage, incubating with a standard amount of the appropriate
strain of host ~- coli in molten top agarose and plating on small agar plates.
Following an overnight growth, the number of plaques in the series of plates
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· were counted. By averaging this number and extrapolating back based on the
dilution ratio of each plate, an updated, more accurate _titer of the library was
calculated. This figure wa~ calculated to be within tw~fold (O.ixtol )of the
titer reported by ~e manufacturer.

(b) Probe preparation

Next, large amounts of probe n~ded to be prepared and tested. This
was done by simply scaling_ up the ~ommerdal oligolabeling
reactions
.
.

previously described (Pharmacia LKB)._- Their ~pecific activity was tested by
hybridizing them with membranes containing genom~c DNA. Both CYP17
cDNA and 5' fragments were thus labeled and tested.

(c) Plating and screening the library

The screens basically consisted of plating sub-confluent numbers of
recombinant A clones on agar plates and probing for the 'presence of positive
plaques by hybridizing replica nylon membranes with the radiolabeled cDNA.
The screening process began with plating about lx 106 plaques on large agar
plates and conducting· one-large-scale search (primary screen), followed by
three sequentially smaller platings (secondary, tertiary, and quaternary
screens) to isolate. any plaques which consistently tested positive. This is
schematically shown in Figure (3). After the fourth consecutive screen, a
number of positive plaques were selected by being "patched" onto a gridded
master plate from which membranes were lifted and hybridized with _
radiolabeled probe. A number of positive plaques that were originally
derived from different primary plates were picked and·grown in_ small
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cultures. Small preparations of DNA were obtained from each, using. the·
plate lysate method followed by commercially prepared Qiagen columns.

To test the nature of the inserts contained in these clones, they were
excised using Sal I restriction digests and run on agarose gels. A primary
check on the content of the clones was conducted by Southern blotting these
gels onto nylon membranes and hybridizing them with several radiolabeled
probes, including different CYP17 5' probes and partial and full cDNA probes.
the full-length cDNA probe yielded the two predicted:bands at 8.0 and 4.7 kb
(not shown). Once it was established that these clones were indeed authentic,
they were digested with a few additional restriction enzymes and the process
above was repeated, confirming the restriction enzyme sites shown in_ Figure
(6). It was noted that compared with other restriction-enzymes used,Eco RI
does not exhibit as much activity on DNA obtained from A preps. Among the
five recombinant 1 clones thus analyzed, all appeared to contain inserts of
about 11 kilobases. Comparing the patterns of·bands obtained from blotting
various digests of all five clones and hybridizing with different probes
showed no differences. Therefore, the clones were most likely identical
copies of one of the bovine CYP17 genes, a conclusion made more likely
~ven that the library was known to have been amplified once prior to our
screens.
(!)) ~sola.tion Of-Specific Probes_ From Various Subsections Of The

BovineCYP17 5' Flanking-Region

Three fragments, each covering a portion of the bovine CYP 17
upstream region, were isolated so that they could be used as probes. These
three fragments consist of an Apa I -Apa I fragment (-474 - +29), the
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Fig,ure 6
Schematic diagram of the A EMBL clone containing the bovine CYP 17 gene.
The upper line shows the detailed structure of the bovine genomic insert.
Restriction enzyme cut sites as shown - B: Bam Ill; E: Eco RI; S: Sal I; X: Xba I.
R: right; L: left. Arrow indicates the start of transcription.
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"righthand-most 5"' probe; an Apa I- Bgl I fragment (-1370 - -474), the
"middle" 5' probe; and a Sal I- Bel I fragment (-2565 - -2001), the "lefthandmost" 5' probe. These probes will prove useful in future structural
correlation with the human gene and also in changes _in various ds - and

trans -regulators of gene :expression, such as· studies of ONA methylation.

Detailed Characterization of. the Bovine CYP17 Clone *
*(Due to .an interruption of the continuity of my research, the task of
sequencing the newly obtained genomic clone was carried out by my coworkers Drs. Lianqing Yang and Satyanarayana Raju. In the interest of clarity
in the Section to follow, a summary of their results is hereby presented. )

(A) Introduction

It was not readily apparent which CYPl 7 clone had been isolated by the
screening described in the previous experiment, other than the fact that it
seemed to contain at least some of the coding information and most of the 5'
flanking sequence that had been obtained thus far (to about -500). Given that
the size of the genomic insert was about 11 kilobases, it was likely that it
contained much more sequence information, especially in the 5' direction.
The next step was to obtain novel sequence information from this clone,
especially in the 5' upstream region.

77

Fig.tire 7

Suggested maps of the bovine CYP 17 genes. In each gene, the box indicates
the first exon; to the right is· the 8.0 kb Eco RI fragment of 5' flanking region.
E= Eco RI; HO-H4 = HpaIT/Msp I sites; P and X indicate unique Pae R'71/Xho I

and Xba I sites, respectively; B = Bsa HI/ Acy I. The· PQSition of the Hpa HI Msp
I sites upstream of HO was not determined in CYP17A3;. a Bsa Ill/ Acy I site is

preserit at appro~mately the same positi9_n ·~ in CXP 17Al. The location of
the -474/ +29 probe used in-Southern blots isjndlcated. The bars below each
gene indicate the fragments and their sizes in kb, that are detected by this
probe when the gene is methylated, and when it is non-methylated. at H4, H2,
or HO.
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(B)

Sequencing of the Bovine CYP17 Clone

The insert from the clone described above was subcloned into
pBluescript KS- and pXP2 (Nordeen, 1988). The plasmids were sequenced
using the traditional dideoxy approach as· modified by"'the use of°recombinant
T7 Sequenase ® (Tabor & Richardson, 1990). Sequence information was
obtained from -2544 to +363 and compared with the previously reported
sequence of Bhasker et al.(Bhasker, 1989) (Figure 8). The sequence of the
promoter region and the first exon proved to be remarkably similar, with
only one nucleotide difference noted at the B~ginning of the first intron.
There were eight nucleotide differences, however, between +363 and -488, and
at two of these positions, the sequence differences result in changes in
restriction enzyme sites. An Xba I site is created at-246 and a Pae R.71/Xho I
site at -290 is destroyed. These site changes-were used to prove that our clone
did in _fact represent a different CYP17 gepe. Ordinarily, when bovine
genomic DNA is double digested with Eco RI and Hpa·,n, the resulting pattern
is a doublet at 2.65 kb and 2.75 kb and a doublet at 2.3 kb and 2.2 kb. When Eco
RI/ Hpa II double digests were co-digested with either Pae R71 or Xba I, either
the upper or the lower band, respectively, of each doublet disappeared. There
always remained a 0.7 kb band in every one of the digests performed. These
results were reproducible when performed with other double digest
combinations. When carried out. on multiple samples -(as in Experiment
Two), such triple digests yielded results that were consistent among
individual animals.
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Figure ·s
Sequence of bovine CYP17A2 from -2544 to +363. Over the sequence -488 to
+363 the sequence of CYP17A2 is compared with the previously reported
sequence of CYP17A1 (Bhasker et al., 1989). · Dots indicate identity. The start
codon is indicated and also the position of the end of the first exon. The
positions in the sequences that form unique Pae R71/Xho I and Xba I-sites are
indicated. Methylation was indicated at four Hpa II/ Msp I sites (H1-H4) and a

Bsa ill/ Acy I site.

GATCACATCTGTGGCTTTTTCTCACCCAGGAACAGGCAGCAGMGGGTGTGTGTCTGTCCCCACCCCCGCTTACAGCCGCTG
CTGATTACAGCTACACATTCCMTACAGCCTTGCCTCTCAGACCAAAGAGGGGGCGGGGGTGGCCTGATCTCAGMGCCCTG
H4
GMCAAATAGTTGGCMCAGCTGTGTTCTCAGMGACCGCAGTTGGTCGCTACTGTTTTCTCATTCCACACTAGGTT~
CTATMCTCAAGTGCCCCTACTTCAAACGGCAGCTCGCAAGTACTCAAGTCTCTGCCACGGGGGTCTGCTGGCTTGGAAAM
BsaHI
,
TCCATCAGGAAGACCAGAGTGTGGTCAGTCCCACCCCCACCCCTCTGAAACATTCA~CTCAGCCCACAGCCCTGA
CCACAGGCTTAAAAGGAGAAAGTCTCTAAAAGGAGCCCTTCCCTTTAAAAGAAGGCCCCCCACCCCAACTCAGAATCTCTTC
AGAAGCAGAGAACTGTGAAGAAATCTCTGCTCACTAACCCAATCAAAATGGAGAAGGAATAAAAGGGGTTTTGATCAGGAAT
H3
CCTGCTCCGCCTCTCCCCTT~CTCACCCCTCAACTGTTTCCTCACTAAGGCTTTGGCAATGGTTTTACGGTGTCTTA
H2
TGGAAAATCAGAACAGATAATCCAGCAAGAGCTCAGGGATACATGGGGGTTAAGAA~GGCCAGGGGAGTAAGGAGCA
ACTAGAAAGCAGGAAGAAAAGCCTGGAAAATTCTGTAAGGGAGCTGGCCTGCTATAACTGCGAGACATTTTCTAAAAGGCTC
CCTCCACCCAAAGCAGTAGTGCGATAAGTAAGCTCCCCCCCCCTTCCCTTTCCGAACCCAATCCCCAGACCACCCGTTCCAT
TACCTGTCTAAGA€CCAAAAGGAACGGCATCCTGCAAGAGCATCATCCACACTAACGTTGGGAACAAAGGGCTTTTGAAAAG
TTAAGGTCTTGGAAGCCAATAGTTAATTAATTGATTAATAAATGAATAAATGAACATTAAACTTTAAAAAACAAGATGTATA
TTCCACTGTTATTCCCATTATAGAGAGGAAACTGAATTTTAAAACAGGTTGCTGCTAAGTCACTTCAGTCATGTCCGACTCT
GTGCGAGCCCAGAGACGGCAGCCCACCAGGCTCCCCCGTCCCTGGGATTTTCCAGGCAAGAACACTGGAGTGGGGTGCCATT
TCCTTCTCCGTAAAACAGGTTAAGTAACAATAGAGTTACTATATGACCCAGCGATTCCACTTCCACGTATTTACCACCCCCA
AAATTGAAAACAGGGACCCAAATAGATACTATGTACATGCTGTGGACGTGTACACCCCTGTCCATAGCAGCACTATTCACAG
TAGCCGAAAGTGGAAACAACCTAAGTGTCCATCAATTGAGGATGAACAAACCAAAGGTGGCATACCCGCTTACTAGAAGATT
H1
GTTCAGTCATAAGAAGGAGTGGAGGGGCCTTCCCTTGTGG~GGCTAAGATTCTACACCTCTAACGCAGGGGGCTCAG
GTTCAATCCCTGGCCAGGGAACTAGAACCCACATGCTGCAATGAAGACTAAAGATCTTGAGTACTGCAGCCAACTCCCAGCA
CAACCAAATAAACAAATATTTAGGAAATGAATGAAGTTCTGACGTATGCTACAAAGTAGATGAACCTTGAAAACATTACGCC
TAGTGAAACAAGCCAGTCACAAAAGACCAAATGTATATGATTCCACTTAAGTGAAATAGGCATATTCACAGAGACAGATTAG
AGTTTACCAGGGCCTGGGGGGAGGCGAAGGGGGAGTTATTGCTTCGTGGATATACTTTATGTTTGGGGTTAAGAAGACAGTT
TTGGAAGTAGACAGTGGTGATGGCTGTACAACACTGTGAAGTATATTCAATGCTACTGAATTGTACACTCAAAATGGCAAAT
TTCATGCTATGTATACTTTAACATACTAAACCTTTTTAAGTCATATAGCAAGAAAGGGGTTAAGCTAGAATTTGAGGCTAAA

-2463
-2381
-2299
-2217
-2135
-2053
-1971
-1889
-1807
-1725
-1643
-1561
-1479
-1397
-1315
-1233
-1151
-1069
-987
-905
-823
-741
-659
-577
-495

CCCGTCTGACAATAGGGCCCCTGATCTCAACCCAAGGGTTTCACTCCCCCAGGCAAAAGCAGCAAACATGGAATGAAGAGAA (A2)
-413
(Al)
CTGCATTCAATGCATCACTATCTGTGTGACTTTATTCAAGCCTTACCCTGGGAAGCCTCACTTTGCTCAACTGATAAAATTG (A2)
-331
(Al)

:~:~:::::::::::~:::::~::::::~:~:~:~:~::f;:~'.f.:~::~::::::~:::~:~:~::~::::::::::::

(A2) -249 .
(Al)

:~~:::::~:~~~:~:::~::~:~:~:~~:~::~:::~:::::~:::::~:::~:::::::::::~::::::

(A2) -167
(Al)

Xbal

PaeR71

TGCCCTGGTGTGGAGCCAGCTCTTGAAAGAAGCCTCCTCTCCCTTCCTCATTCTGGAAGAGGACTCCTGGCTGTGCTGCAGG (A2)
........•.....•.•...•.••.....••..•.••..•..•..•• c ...•.....••.••....•............... (Al)
ATAAACTTCCACAAGGTGAGCATTAACATAAAGTCAAGGAGAAGGTCAGGGGAGCCCTTAAAAAGGCCTTCTTGCACCCTAA (A2)
(Al)'

-85
-3

+l

:: :~:::~~::~::::~:~:::::::::::::~:::::~::~:::~:~:~:~:::::::::::::::::::::::

(A2)
(Al)

+80

CTCACCCTCGCCTATTTATTTTGGCCCAAGACCAAGCACTCTGGTGCCAAGTACCCCAGGAGCCTCCCATCCCTGCCCCTGG (A2)
+162
(Al)
TGGGCAGCCTGCCGTTCCTCCCCAGACGTGGCCAGCAGCACAAGAACTTCTTCAAGCTGCAGGAAAAATATGGCCCCATCTA (A2)
+244
(Al)
1

TTCCTTTCGTTTGGGTTCCAAGACGACTGTGATGATTGGACACCACCAGTTGGCCAGGGAGGTGCTTCTCAAGAAGGGCAAG (A2)
+326
(Al)

e~~Ri ................... · ..... · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

E~::'.f.:::::::::::~:~:~::~::::::::~:::::::::::~~:~ l~~l

+363
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The two doublets at ~2.7 and ~2.3 kb in the Eco RI./Hpa Il digests result
from two different genes corresponding, respectively, to that cloned and
sequenced by Bhasker et al. (1989), and the one cloned and sequenced as
outlined above (Figure 7). In accordance _to nomenclature guidelines set forth
by Nebert et al.(1987), the gene cloned first will be named CYP17A1, and the
one cloned here will be CYP17A2. Since the digests

m· Experiment One

indicate the existence of a third gene, it is probable that the 0.7 kb band shown
in Figure 7 arises from this gene, which can be termed CYP17A3.

~~te-~pecif!c and Tissue-specific Simultaneous Demethylation of the 5'
Fl~nking Regi~n of the Bovine CYP17 Genes in E~rly Passage Cultured
Adrenocortical Cells

Analysis of the sequence in the distal 5' flanking region of the bovine
CYP17A2 genes pointed out the existence of four Hpa II/ Msp I restriction sites

(termed Hl-H4) and one for Bsa HI, another methylation sensitive enzyme.
Dr. Lianqing Yang investigated -the changes in methylation at these sites using
DNA from intact adrenal cortex, cultured bovine adrenocortical cells, and
other bovine tissues. A summary of the findings are presented here, and the
detailed account of the cloning, sequencing, and methylation analysis of
CYP17A2 has been published (Hornsby et al., 1992).

Of the five sites in the distal CYP17 5' region at which methylation was
studied, designated as Hl through H4 and Bin Figures (7) and (8), Hl is
methylated in all cells and tissues (as are all Hpa II sites downstream in the
coding region of the gene). H2 is unmethylated in fibroblasts and other
tissues that do not express CYP17. Of ~pedal interest is that H4 was shown to
be methylated in intact adrenal cortex (as is Bsa HD, but it undergoes

a specific,
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rapid demethylation in culture (essentially complete within six passages)
simultaneously in both the A1 and the A2 genes.

It became evident that of the many CCGG sites in both the coding

region and the 5' flanking region, one in particular (H4) undergoes specific
rapid demethylation in cultured adrenocortical cells, simultaneously in two
genes and without affecting the methylation status of any other sites nearby.
The fact that two or more genes are thus affected at the same time implicates
the involvement of atrans-acting factor, while the absence of this
demethylation in certain other tissues implies that this factor acts in a tissuespecific manner. Later passage cells have been shown·to exhibit more general
changes in methylation status due to cumulative clonal variation and nonspecific drift. This was demonstrated in both satellite DNA and housekeeping
genes (Hornsby et al., 1992). What was observed here, however, was quite
different in its specificity, timing, and coincident occurence at (at least) two
locations in the genome.

The existence of regulated, discrete~ tissue-specific methylation
differences in this region C>f the CYP17 genes suggests that this region must be
of some siginificance in the transcriptional regulation. The only region that
had thus far been studied for its possible regulatory roles had been the
immediate 5' upstream region, up to about -300 bp. Since the demethylation
observed here precedes the phenofypic switching previously characterized, it
is quite possible that in some way it initiates a cascade of events that
ultimately result in the block of transcription. To properly answer some of
the questions thus raised, our laboratory decided on two experimental goals:
(1) to investigate the interactions of any trans-acting factors with the region of
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the bovine CYP17 genes exhibiting the methylation changes (~ to -2500), and
(2) to investigate whether any sequence similarity exists between this region
and the corresponding. segment of the human CYP17 gene, and if so, whether
it exhibits similar specific changes in its methylation. In order to obtain
information relating to the second goal above, I set out to clone the human
CYP17 gene and to sequence a corresponding distal 5' region.

SECTION TWO: Qoning the Human CYP17 Gene and Sequencin& its Distal 5'
Region

Introduction

Based on the observations reported above, there were two immediate
goals concerning the investigation of the transcriptional regulation of the
human CYP17 gene: (1) Physical isolation of as much of the 5' flanking region
as possible so that it may be used in assays with reporter constructs, and (2)
Obtaining more of the distal 5' sequence to look for any homology with the
bovine sequence that contains the sites where specific methylation changes
occur(= to -2500) .

. EXPERIMENT ONE; Isolation of the Human CYP17.5' Region by Direct
Genomic PCR
·
.

..

To physically isolate the distal 5' region of the human CYP17 gene I
initially tried a direct approach. Several attempts were made to amplify much
of the 5' region through the use of the polymerase chain reaction (PCR).
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Primers were designed using the sequence that had been previ011sly cloned
and characterized (to about -1700; Picado-Leonard & Miller, 1987), and human
genomic DNA was used as template. The PCR's produced no amplification
products, however. A pair of Y-chromosome-specific primers (kindly
provided courtesy of Dr. Ali Behzadian) used in a control reaction produced
the expected band.

The PCR's were repeated with several changes in the reaction
parameters such as buffer composition and .primer and template
concentrations. When none proved successful, it was -decided that the most ·
efficient approach would be to obtain a clone of the •gene through another
library screen, provided that it contained the substantial amount of the 5'
region needed. In this way, varying segments could be isolated as needed via
restriction digests, and it would provide an ·excellent. fem plate for sequencing
more of the 5' region.

EXPERIMENT TWO; Screening the Human Genomic Library

Once again, a commercial genomic library was obtained (ATCC) which
was ~omposed of human genomic DNA partially digested by Eco RI and
cloned into Charon 4A modified lambda phage vector. According to the
provided information, about 8xto5 recombinants were required for a
complete library. The human CYP17 cDNA was used as the probe.

The screening process began much as it did for the bovine genomic
library, with an assess·ment of the updated titer. For the initial screening step
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on the order of lxl 06 phage were plated out on large agar plates . As with the
bovine library screen, another three sequential screens· followed, each
consisting of isolating positive plaques, diluting in buffer, incubating with
host E. coli, plating overnight on agar plates, nylon membrane lifts,
hybridizing with labeled probe, and using the resulting fil~ to select positive
plaques.

Unlike the case with the bovine library, however, the patching step was
omitted and positive plaques that had made it to the quaternary screen were
grown in small cultures and directly plated out on multiple agar plates. The
lysates thus obtained were then used in conjunction with the SephaglasTM
phage prep kit (Pharmacia), a newer, more efficient commercial kit, to purify
small amounts of DNA. These DNA samples were subsequently used in a
series of restriction digests using a selected number of positive plaques with
diverse primary origins. Of the initial 24 positive plaques, seven were
followed up ( A3, A.4, A.8, A.9, A.12, A.17 and A.18). They were digested with Bam
Ill, Eco RI, and Hin dill, Southern blotted, and hybridized to full-length (Bam
Ill fragment) and 5'-half (Xcm-1 fragment) variants of the human cDNA
probe. The Eco RI digests were uniformly poor and uninformative. On the
basis of other digests, three clones that seemed to contain inserts with 5'
sequence (A.3, M, and A.12, result not shown) were selected for further study.

Digests and Southern blots of the clones mentioned above were
repeated, this time with great care to ensure complete digests (lambda phage
proved to be a poor to fair substrate for restriction enzymes under the best of
conditions) and precise gel migration. It became apparent that A.3 and A.12
most likely contained identical inserts, while A.4 seemed to contain certain
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fragments that were incompatible with the known sequence of the gene,
possibly due to rearrangements (results not shown). The A12 clone was
chosen for detailed characterization through yet another set of digests, this
time using an extended selection of restriction enzymes. The result of one of
the Southern blots is shown in Figure (9).

Since the library used for_ the isolation of this clone was constructed
using a partial Eco RI digest of genomic DNA, this facilitated to some extent
estimating the amount of 5' sequence in the A.12 clone. The coding region of
the CYP17 gene and the immediate promoter region were known to exist on
two Eco RI fragments 5.7 and 6.9 kilobases long. The number of Eco RI
segments upstream was not readily obvious. When data from the other
restriction digests were taken into account, however, it became possible to
determine not only that, but also the directionality of Ute entire insert with
respect to the vector arms, and also the location of a number of restriction
sites that proved ~o be quite useful later. When a number of restriction
patterns such as the one shown in Figure (9) were compared, gradually a
picture began to emerge which could account for all of the banding fragments
simultaneously, thereby generating a map of the A.12 clone containing the
human CYP17 gene and this is shown in Figure (10).

As can be seen in Figure(lO), it was estimated that the extent of
previous sequencing (to -1778 bp; Picado-Leonard & Miller, 1987) had
advanced to within 600 bp of the 3' end of the most upstream Eco RI segment.
That segment itself was estimated to be about 3.6 kilob~ses .. All together,
therefore, there existed about 4.2 kilobases in the 5' direction toward the left
arm of the vec~or. The next goal was to extend the sequence in the 5'
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Figyre 9
Schematic of A Charon 4A clone containing the human CYP 17 gene digested
with different restriction enzymes, electrophoresed, Southern blotted, and
hybridized with a probe containing the proximal S'· terminus of the gene. The
pattern shown is. the consensus of bands obtained from five independently
isolated clones, including A.12, which was ultimately chosen for purification
and subcloning.
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direction and search for any homologies with the bovine sequence which
exhibited specific methylation changes. As \_\Till be outlined next, a few
different strategies had to be tried before one finally proved successful.

EXPERIMENT THREE; Seqyencing the Distal 5'. Region of Human CYP17
(A) Direct PCR-Based Sequencing of the A Cone

One quick way to determine the sequence of interest was to directly
sequence the A clone using a technique that had proved quite successful with
plasmid substrates. This consisted of an a_mplification of the region of interest
via asymmetric PCR, thereby generating,an excess of single-stranded template
ideal for sequencing. This strategy soon proved to be quite impractical. Two
pairs of primers were used, one external pair to be used for the asymmetric
amplification, and one internal pair to be used for sequencing. After several
attempts, however, no amplification bands of the expected size were obtained.
One constant feature was the presence of a number of smaller bands (100-300
bp), which were thought to be the result_ of primer-dimer formation, a
common occitrence in PCR reactions (Innis, 1990). This was confirmed when
a reduction in the amount of primers used led to their' _disappearance.
Several attempts were made at sequencing these reactions in spite of a lack of
expected products. None of these sequencing reactions were successful.
Eventually I decided to abandon this strategy when other researchers also
reported a complete lack of success with attempts at direct sequencing of

88
Figure 10

Schematic diagram of the A Charon 4A clone containing the human CYP 17
gene. The upper line shows the detailed structure of the human gen~mic
insert. Restriction enzyme cut sites as shown - B: Bam Ill; E: Eco RI; H: Hin
dill; K: Kpn I; X: Xba I. R: right; L: left. Arrow indicates the start of
transcription. Smail arrows indicate the position of the pairs of ,Primers used
in PCR reactions.
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lambda DNA. The only choice remaining was to first subclone the area of
interest in A.12 into a plasmid vector before resuming sequencing efforts.

(B) Subcloning A.12 5' Terminus Into pBluescript II

Trying a different approach, I attempted to subclone the 4 kb region of
interest in the 5' end of the A.12 clone by restriction enzyme digestion· of a
fragment containing the region, followed by purification and ligation into a
plasmid vector such as pBluescript. As an initial step, a detailed search of the
restriction map of the 5' _end of the A.12 insert was undertaken. The areas of
focus were the 5'-most area previously sequenced by Picado-Leonard & Miller
(Picado-Leonard & Miller, 1987), and the 3'-most end of the left arm of the
vector (Charon 4A). The latter sequence was not readily available, and was
pieced together using the derivation scheme of the Charon 4A vector (de Wet
& Blattner, 1980). It was discovered that a certain 3' fragment of the E. ·coli lac

Z gene constitutes the 3' terminus of the left arm. Eventually two different
restriction sites were discovered (Bsi WI in the left arm, and Sse 83871 in
CYP17 5' region) that would narrowly excise the area of interest and permit a

directional cloning in the pBluescript II vector's compatible unique sites (Asp
7181 and Pst I respectively). The appropriate double digests were performed

and the products were separated on low-melting point agarose gels and the
desired bands were excised. One recurring problem, however, was the poor
digest and separation of the lambda digests, and the cause was likely two-fold:
buffer and temperature incompatiblity of the two enzymes used,
compounded by the typical poor cutting and resolution of lambda digests.
Nevertheless, the bands were ligated and competent DSa cells were
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Figure 11
Diagram showing the products of the polymerase chain reaction carried out to
isolate the 5' terminal portion of the human CYP17 A clone. A single - 4.2 kb
PCRfragment is noted in the lanes containing the reaction product. A
control reaction was carried out to assess the reliability of the PCR parameters.
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To prove its authenticity, the amplified product was purified by
excision from low-melting point agarose followed by J3-agarase digestion and
ethanol precipitation. It was then radiolabeled and used as a probe. In a
Southern blot representing a series of restriction digests of the A.12 clone it
hybridized to all of the appropriate bands (results not shown). Next; the
purified fragment was ligated with'a TA ·vector (pCR II; Invitrogen), taking
advantage of Taq polymerase's predicted property of adding one or a few extra
A's at each end of the amplified· fragment {Jarolbn, 1991). The ligation
reaction's parameters were slightly adjusted -according to the manufacturer's
instructions, to optimize the ligation of any overhanging A's to the vector's
added T's. OneShot™ INVa.F' competent cells (Invitrogen) were
transformed with the reaction product and plated on agar plates containing Xgal, and incubated overnight. Many blue colonies were selected, grown in
small cultures, and plasmid minipreps were obtained from each. Eventually,
ten separate clones were identified by restriction digests. To counter the
potential of any sequencing errors due to any isolated base misincorporation
by Taq·polymerase, cultures of the individual clorles each containing a
different PCR product were mixed in equal proportions and used as the
substrate for sequencing. This would safeguard against any potential base
substitution-mutations in a given clone to .result ih a sequence error.

(D) Sequencing of the pCRII-hCYP17-S'

The 5' region of _the human CYP17 was already sequence~ to roughly
-1_.8 kb (Picado-Leonard and Miller, 1987). This meant that th~ progre~sion of
I
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Figyre 12
I

The sequence of the pCRil-hCYP17-5' insert, beginning at its distal terminus
(-5368) and continuing up to the junction with previously available sequence
(-1779).

GGAATTCAAGGATGCTTGTACTCAGTATGGTCCTACTTCTCCATA__TGTTAMATGGTA'IT,ACAGACTCTT
TGTACTGAGGTCATTTTGCTTCCTTTAGACTGGGACTTTTGGCAAAAGCTGTTCTAACTCCATCTCAACA
TTTACAATTCTGTACCTGGTGGTCACGGGAGGCCCATCTGCAGGCTCAGCTAAATCGGGCTGATGGCATT
CTAATTACTCAGGCTCAGCTCACAGGCTCCAATAATTACTCTGACACTACTGCCCAATTAGGCTTTGATG
CTCTCACCGTGGAACAAGTAACAMGGTGTGTATGAGAGCTTGGGATAAATTACGCGCCCCAGGCCAAGC
TCCTGTTTCTTTTACTACTGTTAMCAGGGTCACAATGAATTATATCCTGATTTTTTAGCTAAATTACAA
' GATGCTGTTGAAAMTCTGTCTCTGATGAGCACGCTCAAGGTATTCTTCTTCGAATGTTAGCTTTTGAGA
ATGCGAACATGAGTGTAAAATGGCCATGCATTCCGTCCAACAACAAMTTTACCTGATCGTGAGGTGTTG
CCTGAGTATATTAAATATGAAGGCATTGGATCAGACACAAAGCTATTCTGTGCCCACAMGCTATTCTGT
GGGCACGGGCCATGMGGACGGCAATCAAACTGGCTCGACTGATTCTTTTCTTGGAGCCTGCTATAATTG
TGGTCAACTTGGTCATACTCGAAAAAATTQCACAGTTAAAAACTTAAAGGCAGCCAAGCCGGCTCAAAAA
ACACAGCCAMTGCTCCTGCT~CTGTTTGCCCTTGTTGTTGTAAAGGTAMCATTGGGCAAGTACTTGCC
ACTCTAAGTCTGATATAGATGGAAATCCCTTGCCACAGAACCAGGGAAATGGGAMTGGGGCCAGTCCTA
GGCCCCAATTTCAAATGGGACACCTCAGACTCAGACGMTGTTGCCTTTCTGCTTCAATCGGTCCCMCG
CAGCCCCCAGCACAAACAAATTTACCTACAGCCMCCCAGATGTGTCCCAGCCTCTTCTTCTGTCTCAGT
ACAACGCTTATCTATGCTCCAGAGTMGGGGAGGGGCGGTCAATCTCTGTAGTACCATTCCTCTAAATTT
ACTACCTAATTCTTTGCCTTTAATTCCCAGACCMTACCTGGAMCCTGGMCGATTATAACATGGGGAA
GAGGGTATGCTTGTGTTTCACCAGGAGATCATCMTCCCCTGTCTGGGTGCCCACTAGMGACTTAAACT
TCATGTGAATACTGACAATAAMACCACAGGGMGAGACGTCCACGTCAGAGACCACCCTCATACCTGGT
GAGATCTGTGCCAACTCCTCAGAAACTGGCACGCCAAATCAAMTGGGTCTGGTTCMTCCTCCCTAATG
GCAACAGAAACCCTCTAACTAATCCCACTTCTCCTMTTCCCTTTCTTTTTCTCCTTACGAACCTAAAAA
TCTCACCATTTCTATTAGCCTGAAMTMCATCCCCTTATTCTTCTATTCCTCCTTCAGCACTGGATCTT
GCTTACAATAGGTTTTATTTAATAATTCTCTTCCTTATACTTTCTGTCTCACCAGTTTCCCCTCACATTG
ATTTACCTGCTACACAAMTTATTCTTGCTGGGCTTATGTGCCTTTTCCTCCACTTATTCAACCTCTCAC
CTGGATGGATGCTCCTGCGGAAATCTATACTMTGATAGTGTGTGGATGCCTGGAGCTACAGATGACCGT
TGCCCCACTCAACCAGGAAMGAAGGCACTGCATTTAATGTTCCTACGGTTATAAATACCCTCCTCTGTG
CCTCGGACATGCACCTGGTTGTATCCATCTAGAAACTCAAGTCTGGGCTGCGTACCTTCTGGAGAGATCA
GCCACAGGGGAACGGGGACATTTGGTCTCCAGCCTCTCCCTTTCTCCTTTAAGACAAATGAAAGGGGGAG
TAATAGGAGATACCCCCTACTTTCAATATAAACCTGTAGGAAMCCATGTCCTAAMTTTTTGAGGGCCC
ATCTAMTCTTTAATTTGGGAAGATTGTGTTAATTCACATGCAGTACTATTAAAAAATGACTCATATGGT
TTAGTAAGAGACTGGGCACCAAAGGGCTATTTGAAMGCAGTTGCTCTTCTGCTGGAAGGGAATGCCTGG
AGGCTACTTGTTTTATTTCTTATTGGGAGGACGAGGATCATCATCCTACTTTGCATAGGAGGTTCAGCTC
ATTCTGTCCCTTAAAATGGGAAGATAAGAGCATTACCCCCTGCCACCCGAGGCCTCTTATGATATCCCCC
ATTCTGAGCCCAGAACACCCAGAACTTTGGAAATTGGCTATTGCCATGTCCAGACTGCGAGTATGGGAAG
GGGAAACTTTTCTTTCTGTTGTCCCCACTACCACCCCTCACATCCGTGATTCTGAAACCCATGATAAATC
CCCTTTGGACCATTTTCCTCTTTTTGATGCCAGTCCTCCTTTATGGGACTCTGATTGGCATTATGATAAT
TCTTCTGGACCCAGGTATGTCCCCCTACCTCTTCAGAATCCCCGGGCACCTCGGATTGCTTCTTTACGGC
ATCAAACATTGGGCGTTGCCACCGCCACTCCTCCCCCTCGGTATCAACGTAGATTCAAACATTCTGCTTT
GTTTACCTCCAGCCTGACTATTATACAGAGTTGTGTTMGCCTCCTTACATGCTGTTAGTGGGAAATATC
AAAATTTGGATGAACAATCAAACCGTCCAATGCATTAATTGTCATTTATCCACTTGTGTTAACTCCCGTT·
TTGACTCAGGAAAAGTGTAATGTTGGTTCGAGCTTGAGAAGGAATCTGGATACCAGTAACTTTACCCAGA·
ACTTGGGAATCTTCCCCCTCAGTACATTTAATTMTGMGTGTTACAACGMTTCTCAAAAGATCAAGAd:
ATTTGTTTTCACTTTAATCACTGTGATCATGGGCCTAATTACAGTCACTGCACTGGCCACCACTGCCGGA
GTGGCATTACACCAATCTATTCAAATGGCTAATTTTGTTAATGATTGGTAAGGCAATTCCACCCAAATGT
GGAATCCTCAACAAGGCATTGATCAAMATTAGCTMTGATTTAAGACAGTCTGTTATTTGGCTTGGGGA
CCAGCTAATGAGTCTCGMCATCACATGCAAATGCAGTTTGATTGCAACACTTCTGATTTCTATAGCACA
CCATA'M'CCTACAACGAGACTGATCATGGGAAATGGTCAAAGGACACCTTCTGGGTAGGGAAGATAATTT
ATCCTTGGACATAACTAAATTAAAGAAACAAATTTTTGAAGCCTCTCAAGCTCATTTATCCA'M'GTGCCT
GGAGCTGAGGCGTTAGATCAGGTGGCAGAAAGTCTTTCTGGACTAAACTCCACAACTTGGATTAAGTCTA
CTGGGGGCTCCACTGTAGGAAATTTTGGAATCATGTTTCTCTGTTTAATCGGCTTGTT'M'TAGTGTGCCA .
GACCAGTCAAAGAATCCTGCATCAAAACCGAGAGAACGAGCMGCCTTCATCCCGACGGCACAC
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commercially available. primers and primers .designed in the- lab using the
.

-

.

.

.

.

Oligo™ software. Then sequencing reactions were ca~ied_ out from both the
.

.

;,

.

.

proximal and the distal~ermini of the ·pcRII-hCYP17-5' insert simultaneously
until ·about 850 'bp. were sequenced from each end. Given. that. the. proximal
sequence had the hi~he~t likelihood of contain1;ng regi~ns of, similarity to the
. ·bovine· region of interest, as described ;;ibove, I decided to begin its analysis,
. while the remainder of the pCR;rr-hCYP17-5' insert was sequenced using a
commercial source (Sequetech, Moutainview, CA). Since they carried out
their s.equencing using primers that I had -designed, thi~ served as an
independent confirmation of the reliability of the sequence. that I had just
obtained.

The complete sequence of the pCRii-hCYP17-5' insert totall~ -3500 -bp,
added to, the 1778 bp of 5' ·sequence obtained by Miller (1988) and an additional
.

.

''

'

.

'

.

'

'

:

'

-124 hp missed by Miller and·picked up ·by Waterman·(Kagimoto et al., ~9_88) .
previously available, to total over 5.3 kb of hllinan CYP17 se_quence now
available (Figure12). This extensive region was thoroughly analyzed using
several computer sequence· analysis p_rograms, including FASTA and BLAST· ·
for rapid searches· of international databanks, iri. addition_to other programs,·
such as SEQ (Intelligenetics) for the purpose of more d'i!tailed comparisons of
.

.

'

specific sequences, such as bovine CYP17, human'CYP2l, and internal
searches for repeated sequences. Various databanks were. utilized in this
.

.

'

analysis, including the-latest available versions of GenBank (1993) and specifk
·subsets of the EMBL collection, in addition to smaller sources, such· as· Pythia _
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collection of Alu sequences· and human repeat elements, and the. Eukaryotic
Promoter Database. (EPD).

As can be noted in Figure (13), extensive areas of similarity were
'

·,,

'

discovered to recently characterized sequence~-elsewhere in the human
genome. In one case, ·a 420 bp-long region (extending from 2100 to 2520 )
displayed significant homology - 87% - to an area contained within the 5'
region of the human catechol-O-methyl transferase gene (COMT, also referred
to as HSCOMT-1). This gene is contained on chromosome 22 (Brahe, 1986)
and this corresponding homologous area lies outside of the promoter region
of its 5' region (Tenhunen, 1993).

By far the greatest proportion of this 3 kilobase region, however, seems
to be the dispersed fragments of a human medium reiteration frequency
interspersed repetitive element (MER element)(Jurka, 1993). These elements
are one of a group of prototypic sequences representing known families of
human genome repetitive elements. They include prototypes for other high
and medium reiteration frequency interspersed repeats, long terminal repeats
of endogenous retroviruses, alphoid repeats, telomere-associated repeats; and
other miscellaneous repeats (Jurka, 1992). The MER family ~embers have
been identified by computer-assisted analyses and confirmed by DNA-DNA
hybridization, and their number has been confirmed by plaque hybridization
assays. The families have been estimated to contain a variable number of
elements, ranging from 200 to 10,000 copies per haploid human genome,
while a given HERV family are present in lower frequecny, e.g 30-50 (Kaplan,
1991). The analysis of the CYP17 sequence revealed that throughout this area
of extensive homology, there lie regions corresponding to the different genes
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Fig_ure 13
'

'

.

.

Schematic diagram s~marizing:the resul_ts of the·~~alysis of the ~quence
shown in Figure: 12, using comparis_ons with "different databanks, illduding
Genbank. Different hashmarks
signify various levels of sequence .homology,
.
-

. .

ranging·from <30% to >80%, between the -hCYP17 sequence and ·that of HERV
· K-10, a member of a human repeat family (see text). The box-delineates area

of significant homology. to. a similar are~ in the proximal 5' .sequence_ of
.

.

human COMT gen~. The lower line:shows

tl.te results of a similar analysis· -
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MERll family, along with a region.~£ up-to 80% similarity to profilin ld)NA,· ·

_as well as an Alu -sequence is found to comprise most of this region.
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of one particular ·MER element, the human endogenous retrovirus K-10
(HERV K-10). These inchide the gag, pol, env, and prt genes encoding viral
coat proteins, core proteins, and essential enzymes such as reverse
transcriptase. This particular element.is noteworthy for being the first
endogenous retroviral element that, in one member of the family, exists as a
functional, non-defective provirus (Lower, 1993). It has been documented
that this HERV, which is similar to the mouse mammary tumor virus
(MMTV), exists in·some fifty copies throughout the human genome, where it
encodes functioning, full-length Gag protein and protease (Mueller-Lantzsch,
1993), in addition to open-reading frames in pol and env (Lower, 1993).
Furthermore, the expression of HERV-Kl0 has been shown to produce the
human teratocarcinoma-derived retrovirus (HTDV) previously noted in GH
cells (Boller, 1993). A dos~ look at the homology between sequences
contained throughout this region of the human CYP17 gene shows that
although it has a similarity ranging up to 90% with the intact, functional
HERV-Kl0 sequence, its multiple interruptions would prevent it from being
expressed [i.e. it has no open reading frames (ORFs)].

Further search of this region failed to reveal any homology with the
bovine CYP17 gene, or any of the other members of the CYP family, including
those in other species. In fact, the two areas of homology described above,
with HSCOMTl and with HERV-Kl0, comprise the entire distal CYP17 5' area
sequenced here (~1779 to -5368)~ .This _leaves pracl:ically no areas in which a
significant homology coul~ be found with any other sequences, in particular
bovine CYPl 7 distal 5' sequences potentially involved in time- and tissuespecific regulation of its methylation changes. This method of searching for
areas of potential regularory importance by virtue of their conservation across
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species does not yield any conclusions here. By exclusion of much of the area
analyzed here, it only alludes to two other possibilitie~: (1) any conserved, and
therefore potentially important regions must be of too short a length to be
identifiable by a blind search based purely on sequence homology, or (2) some
type of distal regulatory sequence(s) do(es) exist, but they lie outside the extent
of 5' area searched thus far, further upstream.
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CHAPTER SIX: DISCUSSION & CONCLUSION

One of the most promising theories of aging holds that the switching
off of certain key tissue-specific genes is. the key molecular mechanism
responsible for the subsequent dysdiffer~ntiation and eventual aging and
death of the whole organism. Very little is known about changes in
differentiated function gene expression in aging. It is well established that
changes in structure and fhnction accumulate in aging at a rate characteristic
of a given tissue or organ. It has been observed that as cells senesce in culture
and lose the ability to divide, concomitantly certain tissue-specific functions
are also lost. This has been extensively studied in the model system described
here: the adrenal cortex cell in culture and its specialized. function genes
coding for the steroid hydroxylases - the CYP genes. They undergo a process
in which expression of steroid hydroxylases is lost progressively as a function
of population doubling level in culture. It has been shown that on a cell-bycell basis, this switching event is not directly caused by replicative senescence.
By studying molecular mechanisms that may account for this switching event
in tissue culture, many of the problems that would be associated with in vivo
studies would be circumv~nted. These include interference from changes in
circulating hormone levels, tissue composition and cell number.

The overall goal here was to seek mechanisms that would account for a
stochastic, high-frequency, presumably epigenetic event that is reponsible for
this phenotypic switching. A range of cellular mechanisms may account for
the observed loss of expression of the CYP genes as cells senesce in culture.
Possibilities include changes in the cellular content of trans-acting factors, in
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chromatin structure, in DNA methylation, or in primary DNA structure such
as repetitive and telomeric sequences. The aforementioned mechanisms
would generally result in alterations in gene expression with subsequent
effects on cellular proliferative capacity, or differentiated function, or both.

First among these studies was the investigation of the methylation of
the bovine CYP17 gene. This was predicated on extensive data showing
changes in methylation of DNA in aging in vivo and in cellular senescence
(Hornsby et al., 1991). liypomethylation of CpG dinucleotides in the 5'
flanking region of many genes is correlated with the activation or increased
expression of many genes (Cedar, 1990). Increased methylation of specific
upstream regulatory sites of the CYP17 is quite likely to play a role in the
stochastic switching off of the gene observed in senescing bovine
adrenocortical cells in culture. It has been described that in mouse
adrenocortical tumor cells, the non-expression of the functionally related
½

CYP21 gene probably results from increased methylation (Hornsby, 1992). In

the course of our investigation of the methylation of the CpG sites in the
bovine CYP17 gene using Southern blotting of DNA digested with Msp I and

Hpa II, there were some indications that the previously reported data is
incompatible with the existence of only one gene.

As described in experiment one, extensive restriction mapping was
performed to determine.with certainty the number of genes. Once the initial
banding patterns obtained on the Southern blots pointed towards the
existence of at least three genes, more digests were performed using sets of
three different DNA samples originating from unrelated bovine sources, to
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rule out any possibility that the multiple bands generated by many restriction
digests were somehow all results of polymorphisms occuring naturally.
As discussed in experiment two, repeating many of the original digests,

Southern blotting and hybridizing again produced identical sets of three
bands. There is no reasonable probability that these multiple bands could be
explained by simple allelic polymorphism, since the DNA used in these
Southern blots originated from completely diverse and unrelated genetic
backgrounds.

The existence of three bovine CYPl 7 genes is reminiscent of the
existence of at least six highly homologous CYP11 B genes in the bovine
genome (Kirita, 1988). It is interesting to note that there are only two CYP11B
genes and one CYP17 gene in the human genome (Picado-Leonard & Miller,
1987; Mornet, 1989).

The restriction maps generated from the bovine CYP17A2 show that
certain restriction_ sites have been conserved among the three bovine CYP17
genes. In particular, the Eco
RI sites appear to be conserved, such that
I
Southern blots of Eco RI digests show only a single band at 4.7 kb when a 5'
probe is used. This explains how the existence of multiple bovine CYP17
genes could have. been easily missed.· The sequence of the gene which was
cloned in this work, CYPJ 7A2, is· quite 'Similar to that reported previously for
CYP17A1 (Bhasker, 1989). It is not clear with absolute certainty whether the

A2 gene is expressed or whether it is a silent pseudogene. It is very likely that

it is indeed transcribed in the adrenal cortex, since (1) it shows no differences
from the Al sequence in the first exon, and (2) the pr~moter region is

103
identical to the Al gene. The upstream promoter and other regulatory
regions of a gene are typically not conserved to any functionally recognizable
extent in its pseudogenes (Nei, 1987). It has com~ to our attention that several
nucleotide differences exist between the sequence reported for the cDNA
(Zuber & Waterman, 1986) and that obtained later for the Al gene (Bhasker,
1989); many of these are concentrated in the 3' end of the gene, in exon 8 and
in the 3' untranslated region. Originally, it was proposed that these
differences were the result of variations in strain and breed, or plain
sequencing errors. It is quite possible, however, that the sequence of t~e
cDNA obtained first was actually from the A2 gene.

We investigated the methylation of the CYP17 gene, since extensive
data show changes in methylation of DNA in aging in vivo and in cellular
senescence (reviewed -in Hornsby, 1991). We found a rapid demethylation
occurring at two CpG sites in the 5' region over the first few passages in
culture well before phenotypic switching is observed (Hornsby, 1992).
Whether or not the demethylation is linked to the later loss of CYP17
expression, its occurrence provides the opportunity for study of the regulation
of synchronous changes in methylation. Presumably this cis event is
regulated by intracellular trans events; thus there are presumably DNA
sequence signals in the CYP17 gene that target the region for demethylation.
This indicated that there are tissue-specific differences in methylation of the
5' region of CYP17 and that additional experiments should be performed to
examine such differences. Probing with a CYP17 cDNA probe showed that
there are no differences in methylation in the coding region.
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The data_ fr_om these prelimin~ry studies also indkated there are ·_
mtiltiple CYP17 genes in the bovine genome. A second CYi17_ gene was
isolated from c1 bovine genomklibrary, subcloned, and seq~enced to -2.5 kb.
Evidence for a third gene is seen from -~u~hem blots. • In accordance with the
'

·.

_,_.

'

..

current rules for the- nairiing of the cytochrom~.; P4,50_ ge~esi. _we term Jbese.
CYP17A1, CYP17A2, aild.CYP17A3 ~- -~YP17AJ~orres~orids
to the previously
.
.

isolated CYP17 gene (Bhasker, 1989). CY'P17A1 and CYP.1!A2 ~e highly
· similar in sequence with conservation of the location of many restriction
enzyme sites in the coding and S' regions of -the genes.

·-When the methylation status of the 5' re.~ion ofCYPl 7 was·
.

-

.

.

.

investigated in adrenocortical cells after being piaced _in. culture, a rapid
specific demethylation was obs~rved at position H4 in both CYP1-7A1 -and
CYP17A2 simultaneously, but not at neighboring sites-(Hl, H2 and H3) ..

.These studies of _methylation at sites Hl to· H4 (Hpall/ Mspl site~) and
.

.

the Bsal-tt _.site show that there are tissue-specific differences in methylation in ·
the S' region of the CYP17 _genes and that methylation of these sites ~a:hges as -a function of cell division in cultured adrenocortical cells._ CYP17A1 and
CYP17A2 behave similarly with-respect to changes in II\ethylation._supporting
.

.

-

the concept that the genes respond in trans to changes in intracellular factors_ ·
·_ that regulate the methylation of their S' regions.

Such evidence for.trans re~lation of methy~ation.-changes~ especially_
in the ·regulatorY- regions· of rela_ted genes,· in ~ tiine- and _ti_ssue-specifk
fashion have not been observed before.

Given the- importance of

methylation changes c1s ~ mechanism of dysdifferentiation as well as gene
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transcription regulation in general, it is of prime importance to shed some
light on the mechanisms reponsible for the observations described above.
This could be achieved in either of two approaches. First, one could persist in
the study of the bovine system, trying to further delimit specific key sequences
and to identify and purify and proteins that bind to these sequences. An
alternative approach would entail the sequencing of analogous distal 5'
sequences in the human region, followed by a search for any regions
exhibiting a high degree of similarity. The latter approach was chosen given
the lack of any prominent clues in the bovine system, along with the ultimate
importance of the human gene and sequencing of the human genome. A
greater level of understanding of human regulatory mechanisms for gene
regulation, along with a much better availability of gene sequences and prior
identification of many important regulatory elements led· to the decision to
isolate and sequence the distal 5' region of the human-CYP17.

The immediate aim at hand was to obtain enough of the distal 5'
human CYP17 sequence b~yond that obtained by Miller et al. to correspond to
the region -1800 to -2:500 bp in both bovine CYPA1 and CYP17A2. It was the
discovery of the high degree of temporal- and tissue-specific changes in
methylation status of certain bases within this region which first prompted
the isolation of the distal 5' region of the human CYP17 to look for any highly
conserved areas or elements. The existence of any such elements conserved
across different species would be essential in elucidating molecular
mechanisms involved in the trans-regulation of these and perhaps other
related genes via changes in their methylation status over time and in

various tissues.
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After an extensive effort to sequence much of the human CYP17 5'
upstream region, ultimately to ~ -5400, it was felt that most likely much of
this stretch would consist of "junk" DNA typical of many previously
characterized distal 5' regions of other genes, but hopefully home to certain
conserved regions or elements suggesting a functional similarity with the
bovine or other genes. It came as a surprise that almost the entire region thus
sequenced consisted of areas of homolgy to other recently identified

.

sequences. The 420 bp sequence showing a high degree of homology to a
region in the distal 5' area (outside the promoter region) of the human
catechol-O-methyl transferase gene is unlikely to have any functional
significance. While both of these elements are located distally upstream of
two genes with very physiologically important functions, there is nothing in
common with regards to site or time of expression of these two genes.
Neither are they physically contiguous. A more likely explanation is that
these two elements themselves are members of a novel type of medium- or
high-reiteration frequency interspersed repetitive elements of the human
genome. Given the lack of any known functional or physical links between
the two genes, and given that the sequences obtained and registered i~
Genbank thus far represent less than 1% of the total human genome, it is
highly likely that these elements exist in higher numbers throughout the
remainder of the genome. Even though this element does not contain any
internal repeats or tandem duplications, it could still be representative of an
element that has spread through the genome l;>y transposition 0urka, 1992).
This hypothesis can be tested easily. Using the sequence information
provided here and the primers already available and already used to obtained
this sequence, one can carry out a polymerase chain reaction using these
priiners and human genomic DNA as template. A subsequent gel
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electrophoresis and Southern blot of the products of such a PCR and probing
with a fragment of this el~ment showing high homology would yield its copy
number in the human genome.

The CYP17/HSCOMT1 element described above itself interrupts a
much more extensive region exhibiting varying degrees of similarity to a
recently characterized member of the human medium reiteration frequency
(MER) family of interspersed repeats known as human endogenous
retrovirus Kl0 (HERV-Kl0). This area of homology spans over 3500 bases,
comprising the bulk of the.new sequence presented in-.. this work.

The facts that (1) most of this area shows a range .of homologies - from
30% and less to over 80%, to an HERV element, and that (2) it is itself
interrupted by at least one smaller region of much higher homology to
another discrete region, both point to the conclusion that the insertion of an
ancestral HERV evolutionary predates its subsequent fragmentation and
degeneration by new insertions and mutations. It has been estimated that
such endogenous human retroviruses exist in 50 to 100 copies in the haploid
human genome as intact, functional proviruses, and 800 to 1000 copies with
deletions in one of their genes (Wilkinson, 1993). Furthermore, the major
amplification of the latter group containing the deletions are thought to have
occurred after the divergence of Old World and New World monkeys; but
before the evolutionary radiation of large hominoids (Wilkinson, 1993;
Mariani-Constantini, 1989~ . Although retroviruses specific to other species
are known to exist, there is no evidence of the insertion of such an element
in the bovine CYP17 genes. The bovine CYP17 gene has bovine specific
repeats (Hornsby, 1992), though they are not of the retroviral type. HERV-Kl0

108
itself is functional, with its expression detectable in human teratocarcinoma
cell line GH, previously identified as human teratocarcinoma-derived
retrovirus (HTDV) particles (Lower, 1993), lung squamous cell carcinoma
tissue (Hirose, 1993), and also in peripheral blood mononuclear cells of
healthy individuals (Medstrand, 1992).· Other authors have posed the
possibility of some regulatory function, of such elements detected in the
proximal 5' or within other known human genes, such as the human major
histocompatibility locus HLA-DQBl gene, which contains a pair of elements
with up to 90% homology with HERV-Kl0 long terminal repeat (LTR) region
(Kambhu, 1990). Such LTR regions have also been implicated in the
"donation" of their AATAAA sequence to bring about the polyadenylation of
the transcript of the adjacent gene at its 3' end (Mager, 1989). Although such a
phenomenon demostrates the capability of such elements to influence
transcription and processing of human genes, it remains to be proven.
whether (1) this has physiologic and functional significance in vivo, and
further, (2) if this occurs as part of the "normal" regulatory system of a given
gene, as opposed to an interference with or modulation of such a system.

In the case of the CYP17 gene, the cloning and sequencing of the distal

5' region was carried out with the hope of discovering regions of homology
with certain areas in the bovine CYP17 genes. The occurrence of time- and
tissue-specific methylation changes in these genes, aside from being a
previously unreported phenomenon, show great promise in serving as an
additional layer of regulation affecting the expression of 17a-hydroxylase
during cellular senescence. Although the sequences manifesting thes~
changes is roughly identifiable, it was not readily apparent whether the region
effecting such changes is part of this sequence, or whether instead it lies at
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some distance. In the absence of any convenient experimental approaches to
answer this question, it seemed a reasonable alternative to screen the human
CYP17 gene's distal upstream region for any sequences showing significant

homology. Time and again, from sequence homology one has been able to
infer functional analogy. This has recently been demonstrated dramatically
in the study of the locus control region (LCR) of the alpha and beta globin
gene families, where three-way alignments among the human, goat, and
rabbit sequences have pointed out critical regulatory elements controlling
switching of globin ge:ne expression, as far as 20 kb 5' of the epsilon globin
gene (Hardison, 1993).

As more of the human genome is sequenced, it becomes apparent that
more of the so-called "junk" DNA is actually a modular composite of a
limited number of repetitive elements in various states of reiteration,
fragmentation, and degeneracy. Only two to three years ago, it would not
have been apparent that much of the sequence presented here belongs to
members of such families of human repeat elements. -In retrospect, it perhaps
should not come as a surprise. While this does not completely exclude the
regulatory and functional significance of such sequences, it makes it
improbable. The unlikely exceptions could occur if (1) very important but short regulatory sequences are "buried within" such larger sequences of repeat
homolgy, or if (2) certain section of these repeats have indeed assumed
regulatory roles, if not interference, with respect to the tissue- and timespecific changes in the·expression of CYP17.

Having considered this, two possibilities remain more likely: either
that (1) any distal regulatory sequences lie still further upstream, perhaps
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having been "pushed" in that direction by the transposition of repeat
elements, or that (2) any changes or switches in the expression of human
CYP17 are mediated by mechanisms that are partially or entirely different

from those involved in the bovine system. In either case, the more logical of
many next steps would be to return to the bovine system and to better
elucidate its regulatory pathways, at least by better demarcating specific key
sequences. This would very likely entail screening short sequences that
demonstrate protein binding activity, followed by isolation of such factors.
Then perhaps a second look at the human gene would be warranted. The
alternative would be to persist with efforts to study the human gene's.
upstream region, but given the length already sequenced, and also the higher
degree of familiarity and experience with the bovine _system would render
this approach less likely to be productive.
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