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Chapter 4: Epigenesis and Genetic Regulation

Introduction

Virtually every cell in your body contains all the genetic information about making

a complete human being that would be your identical twin.1 This fact makes cloning you a

theoretical possibility.  A mad geneticist could try this by extracting the DNA from one

of your cells, placing it into the nucleus of a human egg where the DNA has been

removed, inducing the egg to start dividing, and then inserting it into the uterus of a

woman.  If the resulting zygote were viable, the organism would be your identical twin,

albeit in a different phase of the life cycle.  But if every cell has the same genetic code,

then why are some cells liver cells while others are neurons?

Another problem arises from the consideration of cell division.  You and I begin as

a single fertilized egg.  This egg divides into two cells that contain the same genetic

material.  These two genetically identical cells each divide, giving four genetically identical

cells; these four divide, giving eight and so on.  Why were our parents not rewarded for

nine months of pregnancy by bouncing, seven pound blobs of identical cells?

Although the answers for these questions are complicated and not well

understood, a major reason is that genes are differentially expressed in some tissues and

are also regulated over time even within the same tissue.  To oversimplify, even though a

liver cell has all the genetic information to make a neuron, only those “liver cell” genes are
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working in the liver.  The “neuron cell” genes in the liver are in some way shut down.

This process of differential gene expression is called genetic regulation, epigenesis, or

epigenetic control2

Progress in unraveling the mechanisms of epigenesis is occurring at a blistering

pace, so this review must be selective.  Hence, only a few of these mechanisms will be

discussed.

Lyonization: X chromosome inactivation

Females have two X chromosomes while males have only one.  Thus, one might

expect that females should have twice the level of C-chromosome proteins and enzymes

than males.  Empirically, however, this does not happen—the levels are equal in men and

women.

The reason for this is that in the cells of a human female, one and only one X

chromosome is active.  The other X coils and condenses into a small ellipsoid structure

that is called a Barr body and is functionally deactivated—the genes on that chromosome

are not transcribed.3  The geneticist Mary Lyon hypothesized this almost 40 years ago,

so the phenomenon is often called Lyonization.

During the very early embryonic development of a female, both her maternal and

paternal X chromosomes are active.  After 12 days of development, when the embryo has

                                                                                                                                                
1 Exceptions are the gametes (sperm and egg) which contain only half the genetic information and some
blood cells.
2  In the literature on the genetic of behavior the term epigenesis often refers to the development of an
organism.  This qualification, however, is not always followed in other areas of genetics.
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about 5,000 cells, one of these chromosomes is randomly deactivated in all the cells.

Once a chromosome is inactive in a given cell, all its daughter cells will have the same

chromosome deactivated.  That is, if “cell number 23” has the paternal X deactivated,

then all descendants of cell 23 will also have the paternal X deactivated.  The particular X

chromosome deactivated in the original cell is random.  Consequently, half of a female’s

cells will express her paternal X chromosome while the other half will express her

maternal X.  Thus, females are genetic mosaics.

Fur color in the calico cat is a classic example of Lyonization.  An allele on one X

chromosome of the calico contains the instructions for black pigment while the allele on

the other X codes for an orangeish brown pigment.  Hence, the black fur comes from cells

where the “black chromosome” is active and the “orange chromosome” is Lyonized while

the orange fur is generated by cells where the reverse occurs.  (White fur derives from

another gene that determines whether any pigment at all will be expressed.)  This is the

reason why all calicos are females.

The gene responsible for X chromosome inactivation, the XIST locus, has recently

been localized to the long arm of the X, but the precise mechanism for achieving

inactivation is not totally understood.  Certain data suggest that the major reason for

Lyonization is “dosage compensation”—making certain that the same levels of proteins

and enzymes are expressed in males and females.  Females with Turner’s syndrome (only

one X chromosome) do not have Barr bodies, females with three X chromosomes have

                                                                                                                                                
3 Inactivation is not totally complete.  A few loci of the chromosome comprising a Barr body remain
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two Barr bodies in each cell, and males with Klinefelter’s syndrome (two X chromosomes

and one Y chromosome) have one Barr body.  It appears that the process evolved to

guarantee that one and only one X chromosome is active in any given cell.4

Genomic Imprinting

Genomic imprinting (aka parental imprinting) is a recently discovered

phenomenon that is not well understood.  It refers to the fact that the expression of a gene

depends on whether it is inherited from the mother or the father.  Imprinting is a

functional change—the actual DNA is not altered in any way; it is just that the expression

of the gene product is changed.

The textbook example of imprinting concerns a genetic syndrome that arises when

a small section of chromosome 15 is deleted.  If the chromosome deletion is inherited from

the father, then the offspring will have the Prader-Willi syndrome, characterized by an

insatiable appetite, obesity and mental retardation.  But when the deletion is inherited

from the mother, then the child will exhibit the Angelman syndrome involving severe

mental retardation, loss of motor coordination (ataxia), lack of speech, and seizures.  It is

suspected that when the father transmits the deletion, then the mother’s genes on

chromosome 15 are in some way inhibited from expressing their polypeptides.  The

opposite occurs in Angelman’s syndrome.

                                                                                                                                                
active, most notably those loci homologous to the pseudoautosomal region of the Y chromosome.
4 The fact that inactivation is incomplete is used to explain the phenotypic irregularities for Turner’s,
XXX, and Klinefelter’s syndrome.
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Very few genes are known to be susceptible to imprinting, so it is not a major

mechanism.  The imprinting occurs soon after conception and once it occurs, all daughter

cells seem to be imprinted in the same way.

Transcriptional Control

Many different mechanisms regulate gene expression by influencing whether

messenger RNA is or is not transcribed from DNA.  These mechanisms all fall into the

generic category of transcriptional control.  There are several different ways to achieve

this control.

Methylation

Methylation of certain DNA nucleotide sequences is a mechanism receiving

considerable attention.5  Methylation appears to inhibit the transcription of DNA.

Certain areas of the inactive X chromosome in a Barr body are methylated and the

administration of demethylating agents to cell cultures can activate these regions.

Methylation also plays an important part in Fragile X syndrome.

Regulatory Molecules

A second mechanism of control is the regulatory molecule.  Transcription is

usually initiated at a “punctuation mark” in the DNA termed a promoter region—a

nucleotide sequence that signals an enzyme6 to “bind to the DNA here and get ready to

                                                
5 In methlyation, a hydrogen atom in a hydrogen-oxygen group of methyl alcohol is replaced by a metal.
6 RNA polymerase.
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start transcription.”   Many genes also have another punctuation mark, often called an

operator region, that, in some organisms like bacteria, is in close proximity to the

promoter region.  The operator region contains a nucleotide sequence that acts as a

recognition site for the regulatory molecule.  The molecule can then bind to the DNA at

that recognition site.  Because the regulatory molecule is physically quite large with

respect to the DNA, when it binds to the DNA there is no longer any room for the

transcription enzyme to bind to the promoter region and start transcription.  The gene is

effectively “shut off.”

The classic example of such control is the regulation of the genes for enzymes

controlling lactose metabolism in the bacterium E. Coli.  During millions of years of

evolution, E. Coli and mammals have developed a cozy, symbiotic relationship with each

other.  E. Coli physically reside in the intestines of mammals and obtain nourishment

from the food ingested by the organisms.  The E. Coli graciously return the favor by

helping us mammals to digest our food.

Mammals, however, present an interesting problem for E. Coli because for a

significant time after birth, most mammals live on milk and milk alone.  Lactose is the

primary sugar in mammal’s milk, but in order to be used as an energy source, a series of

enzymes must convert it into two other sugars, galactose and glucose.  Consequently, for

the E. Coli to survive in the gut of an infant mammal, they must produce large amounts of

these enzymes to metabolize the lactose in milk.  But after a mammal is weaned, there is
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no more milk—and no more lactose—for the E. Coli to live on.7  Producing large amounts

of lactose-metabolizing enzymes during this phase of a mammal’s life cycle is a waste of

precious resources and energy for the tiny bacteria.

E. Coli have evolved an elegant solution to this problem by transcribing the genes

for lactose-metabolizing enzymes when lactose is present, but blocking the transcription

of the same genes when lactose is absent.  The situation is depicted in Figure 4.1.  When

lactose is absent (left panel of Figure 4.1), a protein, called a regulatory protein, binds to

the bacterial DNA at the operator region.  The regulatory protein is large enough, and the

operator region is close enough to the promoter region, that the transcription enzymes

have no room to bind to the DNA and transcribe the code for the lactose-metabolizing

enzymes.  The lactose system is shut down and the little E. Coli do not have to use their

precious amino acids to build these enzymes.

[Insert Figure 4.1 about here]

The presence of lactose, however, turns the system on (right panel of Figure 4.1).

As large amounts of lactose enter the gut, they also enter into the E. Coli.  There, some of

the lactose molecules bind to the regulatory protein, changing its physical structure so

that it can no longer bind to the DNA.  The transcription enzyme is now free to bind to

the promoter region and begin transcription of the genes coding for the lactose-

metabolizing enzymes.  The lactose system is now “switched on.”

                                                
7 Of course, us humans with our dairy culture, are an exception.
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What happens next is simply a matter of logic.  The enzymes that are produced

will eventually chew up all the lactose.  Thus, there is no more lactose to bind to the

regulatory protein, and the regulatory protein can once again bind to the DNA.  This

prevents the transcription enzyme from binding to the promoter region, so no more

messenger RNA for the lactose-metabolizing enzymes is produced.  The system shuts

down, and we return to the situation depicted in the left panel of Figure 4.1.

Hormones

Hormones are a major class of regulatory molecules in us large, multicellular

animals.  A hormone is defined as a substance excreted from a cell into the bloodstream

that carries it to other cells where it initiates a physiological response.  There are two

major classes of hormones based on the chemical substances from which they are

composed.  The first are steroid8 hormones that include cortisol and the sex hormones

(e.g., testosterone and estrogen).  Steroid hormones are not made directly from genes.

Instead, genes usually code for the enzymes in the metabolic pathway that synthesizes

the steroid.  The second type of hormones are peptide hormones.  These are composed of

amino acids, so they are often coded for directly in the DNA.

Many hormones influence transcription, although they usually do not physically

bind to the DNA as the regulatory molecule does in the lac operon.  Instead, they often

spark a series of chemical events in the cell that eventually result in some genes being

turned on (i.e., transcription is started or enhanced) and in other genes being turned off
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(i.e., transcription is inhibited or stopped).  A good analogy is to think of the hormone as

a messenger molecule that is produced in one type of cell and then sent to the cells of

other organs to tell them to “turn these genes on and turn those genes off.”

Which genes are turned on or turned off by a particular hormone is a hot topic in

the research world.

Transcriptional control and behavior: Stress, anxiety and genes

Here we will describe what is known about one physiological response to stress,

the excretion of cortisol, and how this influences gene regulation.  We will explore this in

considerable detail—and risk losing the reader in the process—to illustrate an important

phenomenon about genes, physiological systems, and behavior.

Imagine that a good friend convinces you to try a parachute jump.  You pay the

money, go through the ground training, and receive considerable reinforcement from your

friend, your instructor, and your fellow virgin parachutists about how thrilling and

exciting an experience this is going to be.  After donning the appropriate regalia and

entering the airplane, you are flown to a point over a mile above the solid earth.  The

green light flashes, the instructor points to you, you move to the door, look down, and

ask yourself the proverbial question, “Why am I jumping out of a perfectly good

airplane?”

                                                                                                                                                
8 Steroids are a class of organic chemicals that have a common structure of carbon atoms as their basis.
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It is easy for the social scientist to focus on the obvious—and very

important—environmental circumstances that produce stress in this situation.  But this

clear environmental stressor also has a genetic side, albeit a poorly understood one.  A

generic view of the process begins with the endocrine (i.e., hormonal) system referred to

as the hypothalamic-pituitary-adrenal axis (HPA) that is depicted in Figure 4.2.  The

stress and anxiety of your parachute jump are accompanied by the release of a hormone

called corticotropin releasing hormone (CRH).  CRH stimulates the production of another

hormone, adrenocorticotropin hormone (ACTH), which in turn initiates production of

cortisol.  The cortisol response is now engaged.  As cortisol builds up and plays its part

in informing cells that stress is present, it also inhibits the production of ACTH.  As

ACTH levels drop, so does cortisol, and the system shuts down.  This is a classic case of

negative feedback.  Let us now put this process under a more powerful microscope to see

how genes play a role in it.

[Insert Figure 4.2 about here]

Everyone has a structure in the hypothalamus of the brain called the

paraventricular nucleus that has nerve inputs from other parts of the brain.  Within the

cells of this nucleus are a large number of vesicles that contain the hormone CRH.  At

various stages in your jump, the neurons from the central nervous system that impinge on

the paraventricular  nucleus fire.  In response, the cells release CRH into the surrounding

extracellular fluid.  The stress response has just begun.
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CRH soon encounters the cells of the anterior pituitary gland located below the

hypothalamus.  There, it binds to a receptor molecule and starts a series of reactions that

have two important consequences.  The first and most immediate consequence is to

stimulate the release of ACTH that is stored in vesicles in the cell.  This ACTH leaves the

cell and enters the bloodstream.

The second consequence of CRH is to initiate the synthesis of more ACTH to

replace the ACTH that was released.  This process begins with transcription of the pro-

opiomelanocortin (POMC) gene.  The POMC polypeptide chain synthesized after

translation undergoes an important post-translational process.  Enzymes literally cut out

a section of the POMC polypeptide.  This section of amino acids cleaved from POMC is

the peptide hormone ACTH.  The newly manufactured ACTH is transported and stored

in vesicles in the cells of the anterior pituitary.

Our attention now switches away from the head and to the adrenal gland, located

on the top of the kidney.  Like most cells, adrenal cells both manufacture cholesterol and

“import” it from the blood.  Unlike other cells,  the adrenal contains receptors specific for

ACTH within its plasma membrane.  The ACTH that is circulating in your blood as a

result of the stress of your first parachute jump blood binds to this receptor.  There, the

resulting ACTH-receptor complex initiates a cascade of events that activates a series of

enzymes.  These enzymes begin the metabolism of cholesterol within the cell.  After five

different enzymatic steps, the hormone cortisol is produced from the cholesterol.
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The newly manufactured cortisol is excreted from the adrenal cells, enters the

bloodstream, and is diffused throughout the body.  Cortisol enters the cells of a wide

variety of organs and cells—pancreas, liver, kidney, neurons, and many immune cells.

There, it binds to its receptor and the cortisol-receptor complex influences the

transcription of mRNA from what may turn out to be a large number of genes.  In some

cases, the cortisol-receptor complex initiates transcription while in other cases it inhibits

transcription.  The stress and anxiety of your parachute jump are now turning some of

your genes on and turning some of them off!

Among all the cells that cortisol enters are those of the anterior pituitary, the very

cells that released ACTH and sparked the production of cortisol in the first place.  There,

cortisol binds with another receptor, and this cortisol-receptor complex stops

transcription at the POMC locus.  With no more POMC polypeptides, there is no more

ACTH being produced.  With no more ACTH, the enzymes that synthesize cortisol from

cholesterol are no longer activated, so cortisol production stops.  The system is now shut

down.

The HPA axis illustrates two major points.  First, gene regulation can occur in

response to environmental cues and circumstances.  Although regulation occurs within the

cell, it is not some closed, endogenous, biological process immune to events that

physically occur outside of the organism.  In the case of cortisol, a wide variety of
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environmental cues can influence gene regulation.  Such cues range from the anticipation of

taking a final exam to downright, life-threatening events.9

The second major point is the sheer stupidity and inefficiency of this system.

From an engineering standpoint, the cortisol response resembles a nightmarish Rube

Goldberg mousetrap.  The ultimate goal is to produce cortisol when nerves in the brain

signal that something important is happening and cortisol is needed.  However, both the

neurons in your central nervous system and those in the paraventricular nucleus of your

hypothalamus contain cholesterol and the genes for the enzymes necessary to metabolize

the cholesterol into cortisol.  One highly efficient system would be for these neurons to

produce the cortisol once the neurons fire.  Just think of the waste of the precious

biological resources that this system would overcome:  (1) there would be no need to

make and store CRH and its receptors;  (2) it would avoid releasing CRH into your whole

blood system where it gets into your little finger and big toe, even though it actually

works only in a few cells in your brain;  (3) there is no need for blood to transcribe the

POMC gene and produce POMC polypeptide only to throw much of it away to get

ACTH;  (4) there is no need to store ACTH;  (5) and there is no need to release ACTH

and diffuse it throughout your blood only to have it influence only one, small organ.  The

HPA axis makes as much engineering sense as plugging a monitor into a computer with a

cord that passes through each room in the building.  We will return to this topic after

discussing development.

                                                
9 Neither do events have to be stress related.  There is a daily rhythm to cortisol production with high
levels being produced soon after waking in the morning.
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Developmental Genetics

Most of the sparse knowledge about genes and human embryonic development

comes from analogy with research on other organisms, particularly the fruit fly and

mouse.  The undifferentiated cells of the early mammalian embryo gives way to cell

lineages that become ever more specialized.  Once differentiation and specialization are

complete, it is seldom reversible.

Genes must be crucial in orchestrating early human cell differentiation because the

other possible factor—the proteins and enzymes in the cytoplasm of the egg—does not

play a major role.  Although little is known about the genetic mechanisms, some of them

remain unchanged over eons of evolutionary time.  For example, there are a series of loci

called Hox genes that are associated with development of the neural axis.  Hox genes occur

in clusters on the chromosome and are arranged in order—Hox locus 1, then Hox locus 2,

etc.  This physical ordering coincides perfectly with the order in which the Hox genes are

expressed in the developing neural axis.  This sequence is virtually identical in humans,

mice, and fruit flies10.  Because Hox genes code for an amino acid sequence that allows

protein to bind to the DNA, it is suspected that the Hox genes regulate transcription.

Sexual differentiation is the textbook example for developmental genetics.  The

typical course of human sexual development is female.  Males are, metaphorically,

masculinized females.  Masculinization begins with the SRY locus (for sex-determining

region of the Y) on the Y chromosome that codes for a protein that binds to DNA.  It is

                                                
10 Such a conserved DNA sequence responsible for development is called a homeobox.



© 1998, Gregory Carey Chapter 4: Epigenesis - 15

thought that this protein initiates a cascade of events that regulates other loci on both the

autosomal chromosomes and on the X chromosome.  Individuals who are chromosomaly

XY but have a deletion in the SRY gene develop as females with normal female genitalia

but nonfunctioning ovaries.11

Other loci responsible for sex development have been identified because of

mutations.  Androgens (masculinizing hormones such as testosterone and

dihydroxytestosterone) exert their influence by binding with an androgen receptor.  The

gene for this receptor is located on the X chromosome.  Chromosomally XY individuals

with a mutation at this locus may not produce any androgen receptors at all or may

produce receptors that do not bind appropriately with the androgens.  The result can

range from undermasculinization and ambiguous external genitalia to completely normal

female genitalia.  It is not unusual for a XY woman with complete androgen sensitivity to

be diagnosed only as an adult after seeking consultation for fertility problems.

The masculinizing nature of androgens is demonstrated by the genetic syndrome

of congenital adrenal hyperplasia (CAH), also called the adrenogenital syndrome.  CAH

results from a defect in any one of the five different genes containing the blueprints for

the enzymes that convert cholesterol into cortisol.  Because cortisol production is

blocked, substances that chemically resemble androgens or androgens themselves build up

in the system.  CAH individuals who are chromosomally XX will be masculinized, the

                                                
11 Two X chromosomes are required for the maintenance of normal ovaries.  See Turner’s syndrome.
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degree of which is dependent upon which locus is affected and other factors.  CAH is

discussed in more detail in Chapter 5.

Why such complexity?

Indeed, at this point let us postpone discussion of genetic regulation and

development and return to the statement made earlier about how the HPA axis is, from an

engineer’s perspective, a complicated and inefficient system.  A moment’s reflection on

the genetic code, the organization of the human genome, and the process of protein

synthesis reveals that they are also quite disorganized.  Each of us humans has over a

trillion cells, and each cell contains over 12 billion nucleotides.  Thus, we each have a

minimum of 12,000,000,000,000,000,000,000 nucleotides, the majority of them

unneeded.  Why should bone marrow cells spend energy and resources maintaining all

those nucleotides for enzymes that produce skin pigment, fingernails, or hair?  Clearly,

any bioengineer who designed a protein synthesis system by placing introns into the

blueprint would be fired very quickly.  So would a chip designer who insisted that the

manufacturer keep the nonfunctioning β hemoglobin pseudochip in the computer along

with its perfectly functioning counterpart.

Some mechanisms currently suspected as junk undoubtedly will turn out to be

important as knowledge of genetics expands.  But it defies reason to imagine that human

DNA and each and every anatomical and physiological entity influenced by the DNA is

perfectly optimized in terms of simplicity, elegance, efficiency, and reliability of design.
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Otherwise, we would all look and act the same.  The intriguing question is, “Why is the

genome so complicated and inefficient?”

Truthfully, the reason is unknown, but the answer that first comes to the

geneticist’s mind is evolution.  Evolution never anticipates or thinks ahead12.  There is

never any ultimate or teleological goal that evolution strives for when it alters an

organism’s DNA.  Instead, evolution is the ultimate pragmatist.  Evolution

cares—actually demands—THAT a problem gets solved.  It does not care HOW the

problem gets solved.  When there is a difficulty, evolution solves it in the here and now.

It will tinker with and adopt any ad hoc solution with no consideration as to how elegant

the solution is designed and no forethought about whether that solution will be beneficial

or detrimental to the organism after the problem is solved.

Evolution’s motto is “if it ain’t broke, don’t fix it.”  As long as we humans

reproduce at an acceptable rate, it does not care if we all waste extra energy and

nucleotides carrying around a β hemoglobin pseudogene that does nothing.  The only

reason for evolution to be concerned about simplicity and efficiency is when the lack of

them interferes with reproduction.  But even here, evolution retains its pragmatism.  If an

inefficient and complex system impedes reproduction, evolution could actually make the

organism more complicated with a series of string and bubble gum patches as long as

those patches overcome the problems with reproduction.

                                                
12 For rhetorical reasons, I deliberately portray evolution in almost anthropomorphic terms.  In reality,
evolution has no such qualities as force, direction, intent, etc.  It is a descriptive term for a complex
biological process of change.
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The purpose for this digression into evolution is not to merely point out the

complexity of the genome.  It is crucial to recognize that our human behavior has gone

through the same pragmatic process of evolution as our DNA.  It is likely that many

aspects of human behavior are not simple, logical, efficient, and parsimonious, or for that

fact, even nice from a moral standpoint.  Perhaps much of our behavior is illogical,

inefficient, and complicated when viewed through the faculty of reason.  Perhaps we are

all  Rube Goldberg contraptions in more ways than our DNA and hypothalamic-

pituitary-adrenal axes.
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Figure 4.1.  The Lac operon in bacteria.  (a) When lactose is absent, the regulatory protein binds with the DNA and prevents the
transcription enzymes from attaching themselves and transcribing RNA; all genes downstream of the regulatory binding (i.e., to the
right of the regulatory protein) are shut off.  (b) When lactose is present, it binds to the regulatory protein and prevents it from
attaching itself to the DNA; the transcription enzymes can not bind with the DNA and produce the RNA for the enzymes that
metabolize lactose.  After all the lactose is metabolized, the system reverts to panel (a) and shuts down.
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Figure 4.2.  The hypothalamic-pituitary-adrenal (HPA) axis.  The excretion of cortisol from the hypothalamus stimulates release of
ACTH from the pituitary gland. ACTH enters the blood and eventually is taken up by the adrenal gland on top of the kidney where it
stimulates the release and production of cortisol.  As cortisol builds up in the blood, it inhibits the release of ACTH and shuts the
system down.


