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inactive in regulating the thyroid
gland. Each of the subunits is en-
coded by a separate gene that is lo-
cated on a different chromosome
(Table 3). The genes are tran-
scribed into mRNAs that encode
the unique peptides. The mature o
subunit mRNA is 800 bases in
length whereas the TSH-8 mRNA
is approximately 700 bases long.
Analysis of the gene structure for
the two subunits reveals that the o
subunit is the larger gene and is
composed of four coding regions,
called exons, that are separated by
three noncoding DNA regions,
called introns.’*'* The total length
of the a subunit gene in different
species varies between 8 and 15
kilobases (kb). Transcription is
initiated from a single start site
(CAP). The TSH-8 gene is smaller,
approximately 5 kb in length, and
is composed of 3 exons in the hu-
man and the rat, and 5 exons in
the mouse.’®! In the rat and
mouse, transcription of the TSH-
gene arises from two different start
sites. Most of the transcripts initi-
ate at the CAP site closest to the
protein-coding part of the gene.
Transcription of both o and TSH-f}
subunit genes results in mature
mRNAs that are translated in the
endoplasmic reticulum, giving rise
to peptides that then undergo gly-
cosylation, truncation, sulfation,
folding and, finally, association —

sd | 12d | 33d

1d |

| q20 | 330 |

Figure 1. A northern blot depicting the changes in a-subunit (Panel A) and TSH-8
(Panel B) mRNAs in response to thyroid hormone. In the hypothyroid murine thyrotropic
tumor, the abundance of a-subunit and TSH-8-mRNA is elevated and rapidly decreases
after treatment with thyroid hormone. (Reprinted from Chin et al,'® with permission.)

which results in a dimeric molecule
that is stored in secretory vesicles.
(See Weintraub and Gesundheit,
Thyroid Today, Vol. X, No. 1, 1987.)

Table 3: TSH Subunit Gene Expression*

TSH-beta Alpha

Gene location 1(H), 3 (M) 6 (H), 4 (M)
Gene size 5kb 8-15kb
mRNA size 700 bp 800 bp
Start sites 2 1
Mature subunit 14,000 d 14,000 d
Transcription in hypo Elevated I Elevated T
Transcription in hyper Absent Decreased
Transcription inversely

proportional to T,

receptor occupancy Yes Yes

* The TSH subunit gene chromosomal location, gene size, mRNA and protein sizes and
regulation by thyroid hormone (H = human, M = mouse).

The contents of the secretory ves-
icles are released upon stimulation
by a variety of factors, including
the presence of TRH or the absence
of thyroid hormones.

Since hypothyroidism is associ-
ated with enormous elevations of
TSH in serum, it is not surprising
that the thyrotropic cellular levels
of TSH subunit mRNAs are also
dramatically elevated in hypothy-
roidism.’® Detailed analyses of this
phenomenon, in both rats and
mice, have revealed elevations of o
and TSH-0 subunit mRNAs in hy-
pothyroid pituitaries and in mur-
ine thyrotropic tumors that are
grown in hypothyroid mice (Figure
1). Although the coordinate
change in o and TSH-8 mRNA lev-
els in hypothyroid pituitaries and
thyrotropic tumors could reflect




effects of thyroid hormone either at
the level of gene transcription or at
the level of mRNA degradation, it 0o r
has now been clearly established
that major effects occur at the level
of transcription.!® Both o and TSH-
B mRNA synthesis are increased in
hypothyroidism and rapidly
decreased after treatment with T,.
Concomitant effects on the cellular
levels of mRNAs for o and TSH-[3
subunits are seen with a lag com-
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Figure 3. A lin-
ear representation
of the occupancy of
thyroid hormone
receptors by T,
and the inhibition
of a-subunit and
TSH-B subunit
gene transcription.
Maximal inhibi-
tion of subunit
transcription oc-
curs with maximal
occupancy of thy-

mensurate with effects on the
synthesis and half-life of mRNA in
the cells. These in vivo studies
have been confirmed utilizing in
vitro cell cultures and tissue ex-
plants, showing that thyroid hor-
mone has a direct effect on o and
TSH-B subunit mRNA
synthesis.1%20

The coordinate effects on TSH
subunit mRNA synthesis have been
shown to correlate well with the
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Figure 2. The synthesis of the O-subunit (O) and TSH-B (@) transeripts in murine
thyrotropin tumors is rapidly inhibited by the administration of T,. Maximal transcrip-
tion inhibition of each gene occurs 1 hour after administration of T,, concurrent with
maximal binding of T, (&) to the nuclear thyroid hormone receptor. (Reprinted from
Shupnik and Ridgway,' with permission.)

binding to nuclear thyroid hormone
receptors occurs rapidly, with
maximal specific binding occurring
at 1 hour, the precise time when
maximal inhibition of TSH subunit
mRNA synthesis occurs (Figure 2).
Further analyses of these data
have revealed that coordinate
inhibition of subunit mRNA
synthesis occurs with increasing
occupancy of the thyroid hormone
receptors. Maximal inhibition of
mRNA synthesis occurs with 30%
to 100% occupancy of thyroid
hormone receptors. Similarly, 50%
occupancy of the thyroid hormone
receptor is associated with only
50% inhibition of mRNA
transcription (Figure 3).

The precise mechanism by which
thyroid hormone interrupts tran-
scription of the two TSH subunit
genes is unknown. A DNA element
on the TSH subunit genes that
binds the T,-receptor complex and
is inhibitory to transcription has
not been definitely mapped for ei-
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Figure 4. The 8- and o-MHC genes are located on the short arm of human chremosome 17
and consist of two 24 kb genes arranged in tandem. Each of the genes gives rise to mRNAs
of 6.2 kb and eventually to mature proteins of 200,000 daltons (H = human, M = mouse).

inactivation are further illustrated
by the fact that transcription of
the TSH-B gene is initiated at two
initiation sites. It has been re-
ported that in the rat the more
distal start site is relatively unin-
fluenced by thyroid hormone

ther the o or TSH- subunit gene.
Preliminary studies of the TSH-
gene in the rat and mouse have, so
far, failed to identify the area or
areas of the TSH-B gene that are
responsible for transcriptional inac-
tivation. The complexities of gene

whereas the more proximal start
site is strongly inhibited by thyroid
hormone.?! In contrast, in the
mouse, both start sites are equally
inhibited by thyroid hormone.??
Thus, the molecular events that link
the T,-receptor complex to TSH
subunit gene inactivation are enig-
matic and await further investiga-
tion. Perhaps clearer is the mecha-
nism by which T,-receptor complexes
stimulate gene transcription. This
is illustrated by the regulation of
cardiac myosin ATPase genes by T,.

Cardiac Myosin
ATPase

Cardiac myosin ATPase is an impor-
tant contractile muscle protein in

mammals.?® The activity of this en-
zyme in cardiac and skeletal muscle
appears to correlate strongly with

inherent contractile properties of the
muscle (W.H. Dillmann, Thyroid To-
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Figure 5. The effect of thyroid hormone on the relative levels of cardiac a- and 3-MHC
mRNAs and protein isozymes. The relative amounts of o-MHC mRNA (@) and isozyme (O)
and B-MHC mRNA (4) and isozyme (/) are depicted. The changes in mRNA and protein
isozyme in the presence and absence of thyroid hormone are noted. In the absence of thy-
roid hormone, 8-MHC mRNA and protein predominate, with a concomitant depletion of o
mRNA and protein. Following treatment with levothyroxine, a rapid reversal is noted, with
o mRNA and protein being stimulated within a period of 4 days with a concomitant de-
crease in 3-MHC mRNA and protein. (Reprinted from Lompre et al,® with permission.)

Figure 6. The o-MHC gene promoter
linked to the reporter gene, chlorampheni-
col acetyl transferase (CAT), when trans-
fected into cardiac cells, is positively stimu-
lated by the cotransfection of the c-erb-Ax
¢DNA (pSVrTRal) in the presence of T,
(Reprinted from Izumo and Mahdavi,® with

permission.)




day, Vol. VI, No. 2, 1983). The
overall function of the enzyme is to
convert adenosine triphosphate
(ATP) to adenosine diphosphate
(ADP), giving rise to high-energy
phosphate that is utilized in the
contractile process. Cardiac
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Figure 7. The binding of **S MET
c-erb-Ao. protein to various portions of the
o-MHC gene promoter. Binding is highest
in the region between 151 and 122 bp
upstream of the transcriptional start site.
G 186-158 refer to a portion of the rat
growth hormone gene promoter.
(Reprinted from Izumo and Mahdavi,®
with permission.)

myosin ATPase has been exten-
sively studied as a model of thyroid
hormone action because the activity
of the enzyme appears to be di-
rectly correlated with ambient lev-
els of thyroid hormones.

The cardiac myosin ATPase pro-
tein consists of two heavy chains
(molecular weight=200,000 daltons)
that are entwined in a helical con-
figuration. Two pairs of light
chains (22,000 and 27,000 daltons,
respectively) are also present and
form a globular head. Each of the
myosin heavy chains (MHC) may
exist as one of two possible forms.
The first, a-MHC, exhibits a high
level of enzyme activity, the ability
to efficiently convert ATP to ADP
readily, and high contractile prop-
erties. The second, B-MHC, is asso-
ciated with low enzyme activity and

low contractile properties. The twe
proteins, o- and B-MHC, have a
similar molecular weight (200,000
daltons) and exhibit high homology
at the level of amino acid structure.
The major divergence of the two
proteins is at the carboxyl terminus
of the protein.

The two MHC proteins are en-
coded by different genes (Figure 4).
These two genes are present on the
same chromosome as part of a
multigene family for MHC genes in
other muscle types.?#?® The cardiac
o- and B-MHC genes are each ap-
proximately 24 kd in size and are
separated by 4 kd of spacer DNA.
The two genes are very homolo-
gous, with 95% identity. Current
speculations hold that the B-MHC
gene was expressed early in evolu-
ticnary development. The o-MHC
gene then arose from the 3-MHC
gene. During fetal development,
the B-MHC gene is usually pre-
dominantly expressed. In many
mammalian species, a switch to an
o-MHC gene expression occurs at
birth. However, other factors, such
as developmental age, nutrition,
environmental influences and hor-
mones, also influence the differen-
tial expression of the two genes.
Each of the genes gives rise to a 6.2
kb mRNA that is translated into
the mature protein. The tran-
scription of each gene appears to be
initiated at a single CAP site. Ex-
pression of the two genes exhibits
distinct tissue specificity. For in-
stance, the o-MHC gene is ex-
pressed only in the atria and ven-
tricles of mammals whereas the 8-
MHC gene is expressed in the
atria, ventricles, soleus and di-
aphragm muscles.

Thyroid Hormone
Regulation of Myosin
ATPase Isoenzymes

Thyroid status is well known to
have a dramatic influence on car-
diovascular performance. An ex-

cess of thyroid hormone causes in-
creased pulse, stroke volume and
cardiac output, whereas a decrease
in thyroid hormone is associated
with decreased pulse, stroke vol-
ume and cardiac cutput. Hyperthy-
roidism is associated with aug-
mented and hypothyroidism with
diminished contractile properties.?
These effects are evident both in in-
tact animals and in the per-
formance of heart muscle cells de-
rived from animals in various thy-
roid states. Similar in vivo studies
in humans have demonstrated aug-
mented contractile properties of the
human heart in the hyperthyroid
state and decreased contractility in
hypothyroidism.?” Furthermore,
these dramatic alterations are re-
versible with appropriate therapeu-
tic alteration of the thyroid status.
Thus, extensive physiologic studies
in humans and animals have laid
the foundation for a more funda-
mental understanding of thyroid
hormone action on the heart. Al-
though some of the effects in car-
diac performance are mediated by
thyroid influences on B-adrenergic
receptors, cardiac cAMP genera-
tion, cardiac Na-K ATPase, cardiac
Ca?* sarcoplasmic transport, and
cardiac atrial natriuretic factor pro-
duction, the most important de-
terminant of inherent contractility
appears to reside with the cardiac
myosin ATPase isocenzymes.

A major breakthrough in the un-
derstanding of these physiologic
events occurred with the demon-
stration that thyroid status directly
influences the production of a- or 8-
MHC isoenzymes. Several investi-
gators showed that absence of thy-
roid hormoene was associated with
the production of 3-MHC proteins,
and isoenzymes with weak contrac-
tile properties. (See review by
W.H. Dillmann, Thyroid Today,
Vol. VI, No. 2, 1983.) In contrast,
the presence of excessive thyroid
hormone was associated with the
presence of o-MHC proteins and
high contractile myosin isoen-
zymes. This observation suggests




the eminently testable hypothesis
that the presence or absence of thy-
roid hormone differentially regu-
lates the two genes encoding the
cardiac MHC.

Confirmation of this hypothesis
came with the technical ability to
accurately measure o- and 3-MHC
mRNAs. Cardiac tissue from hy-
pothyroid animals expressed only
the 8-MHC gene.?*?® In contrast,
animals given high doses of T, ex-
hibited a predominance of the a-
MHC mRNA. Alteration of thyroid
status was accompanied by a rapid
change in the gene expression. For
instance, euthyroid animals ren-
dered hypothyroid switch their
mRNA production from pre-
dominantly a-MHC mRNA to B-
MHC within a few weeks. Within
96 hours after administration of T,
to hypothyroid animals, 95% of the
mRNA was converted to o-MHC
mRNA, and 3-MHC mRNA disap-
peared from the cells (Figure 5).
Comparable changes in 3-MHC
and o-MHC protein followed, with
a lag time appropriate for transla-
tion of the RNA into protein.
These effects of thyroid hormone
on the cardiac MHCs are dose de-
pendent and reflect the expected
thyroid hormone analogue speci-
ficity. Thus, thyroid hormone acts
as a switch to regulate the expres-
sion of two genes intimately re-
lated to cardiac contractile proper-
ties and situated on the same chro-
mosome.

How does regulation of the two
MHC genes relate to the c-erb-A
proteins? The current information
is incomplete, although tantalizing
data are beginning to emerge.® In
the past year, investigations have
shown that cardiac cells trans-
fected with the c-erb-Aal form of
the thyroid hormone receptor can
positively regulate the o-MHC
gene promoter (Figure 6). Similar
studies with the c-erb-AB form of
the receptor have not been re-
ported. Furthermore, the trans-
lated c-erb-Acal protein was shown
to bind to the a-MHC gene, and

this binding was localized to a DNA
region between 151 and 122 base
pairs upstream of the CAP site
(Figure 7). Interestingly, 13 bases
of this binding area are very simi-
lar to the area on the rat growth
hormone gene that has been shown
to mediate T, induction of rat
growth hormone gene expression.
The position of this DNA sequence
relative to the rest of the o-MHC
and 8-MHC gene is shown in Fig-
ure 8.

Thus, the putative DNA-binding
region for the thyroid hormone re-
ceptor on two entirely different
genes expressed in distinct cell
types may, in fact, be very similar.

Conclusions

In summary, a wealth of new in-
formation has documented the im-
portance of thyroid hormone in
regulating the transcription of spe-
cific genes in distinct cells. The ex-
act molecular interactions that ex-
plain these phenomena are rapidly
being unraveled. Of particular im-
portance will be the focal role of the
nuclear thyroid hormone receptor
as a transcription factor. Thus, the
recent advances in our knowledge

of thyroid hormone receptor gene
expression and transcript process-
ing have opened yet a new chapter
in our understanding of thyroid
hormone action.
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