
AU Members of the MHC Multigene Family Respond to 
Thyroid Hormone in a Highly Tissue-Specific Manner 

In mammals different isoforms of myosin heavy chain are encoded by the members of a 
multigene family. The expression of each gene of this family is regulated in a tissue- 
and developmental stage-specific manner as well as by hormonal and various patho- 
logical stimuli. In this study the molecular basis of isoform switches induced in myosin 
heavy chain by thyroid hormone was investigated. The expression of the myosin heavy 
chain gene family was analyzed in seven different muscles of adult rats subjected to 
hypo- or hyperthyroidism with complementary DNA probes specific for six different 
myosin heavy chain genes. The results demonstrate that all six genes are responsive to 
thyroid hormone. More interestingly, the same myosin heavy chain gene can be 
regulated by thyroid hormone in highly different modes, even in opposite directions, 
depending on the tissue in which it is expressed. Furthermore, the skeletal embryonic 
and neonatal myosin heavy chain genes, so far considered specific to these two 
developmental stages, can be reinduced by hypothyroidism in specific adult muscles. 

T HE MAXIMUM VELOCITY OF CON- 

traction in heart and skeletal muscle 
has been related to the specific activi- 

ty of myosin adenosinetriphosphatase (1). 
Immunological, peptide mapping, and ami- 
no acid seauence analvses have demonstrat- 
ed the existence of closely related but dis- 
tinct isoforms of myosin heavy chain 
(MHC) (molecular weight, 200,000), a 
principal subunit of myosin (2 ) .  More re- 
cently, by the use of complementary DNA 
(cDNA) and genomic DNA clones, it was 
demonstrated -that multiple genes, which 
appear to be clustered on the same chromo- 
some (3), encode these MHC isoforms (4). 
Despite their similarity in primary structure, 
expression of different MHC isoforms is 
precisely regulated in a tissue- and develop- 
mental stage-specific manner (4,5). In addi- 
tion, innervation patterns (6), altered phys- 
iological stimuli (7), and various hormones 
(8) are known to cause MHC isoform 
switches. 

The precise molecular basis of the MHC 
isoform switches, however, is not well un- 
derstood. In rats (9) and rabbits (lo), the 
cardiac ventricular a- and P-MHC transi- 
tions produced by changes in thyroid hor- 
mone level are regulated at the level of the 
respective messenger RNA (mRNA) avail- 
ability, which in turn appears to be tran- 
scriptionally regulated. Furthermore, the a- 
and P-MHC genes are also expressed in 
extraventricular muscles (9-1 1 ). 

To determine whether the same MHC 
gene will respond to thyroid hormone in the 
same manner when expressed in different 
tissues, we analyzed by ~1 nuclease mapping 
the expressions of six distinct MHC genes in 
seven muscles that represent a broad range 
of fiber phenotypes in normal, hypothyroid, 
and hyperthyroid rats. The cDNA probes 
used correspond to the cardiac a- and P- 

MHC genes and to the skeletal embryonic, 
neonatal, fast IIA, and fast IIB MHC genes 
(12), which are all the MHC genes presently 
known to be expressed in rat cardiac and 
skeletal muscles ( 4 ,  with the exception of an 
extraocular muscle-specific MHC gene (13). 
The results presented here demonstrate that 
each MHC gene analyzed displays an unex- 
pected heterogeneity in its response to thy- 
roid hormone when expressed in different 
muscles. Furthermore, we show that the 
embryonic and neonatal MHC genes can be 
reinduced in specific adult muscles by hypo- 
thyroidism. 

The pattern of expression of the cardiac a- 
and P-MHC genes was analyzed by using as 
a probe the 3' end Pst I fragment of 
pCMHC5, a cDNA clone specific for the P- 
MHC gene. With this probe, P-MHC 
mRNA was shown to yield a fully protected 
fragment 304 nucleotides (nt) long, while 
a-MHC mRNA produced a 180-nt partially 
protected fragment (9). As shown in Fig. 
lA, there is little or no P-MHC mRNA in 
the ventricle and atrium of adult control 
euthyroid animals. Hypothyroidism, how- 
ever, causes a dramatic induction of this 
gene in the ventricle, whereas in the atrium 
its induction is less pronounced. The P- 
MHC gene is also expressed in the soleus 
and diaphragm, in agreement with our pre- 
vious observations that, in the rat, the type I 
(slow oxidative) skeletal MHC and the car- 
diac P-MHC are encoded by the same P- 
MHC gene (9). The level of expression of 
this gene, already high in normal-soleus and 
diaphragm, does not seem to increase in 
hypothyroid animals. In contrast, hyperthy- 
roidism clearly deinduces this gene in these 
skeletal muscles, although not to the same 
degree as in the atrium and ventricle. These 
resdts appear to indicate that physiological 
levels of thyroid hormone are already suffi- 

cient to suppress expression of this gene in 
the atrium and ventricle, but not in the 
soleus and diaphragm, where it remains 
expressed even in hyperthyroid animals. 
Thus, although expression of the p-MHC 
gene is down-regulated by thyroid hormone 
in all tissues analyzed, its basal level of 
expression and its responsiveness to the hor- 
mone vary among different muscles. 

The a-MHC mRNA, identified by the 
partially protected 180-nt fragment (Fig. 
lA), is present only in the atrium and 
ventricle, indicating that the a-MHC gene is 
expressed only in cardiac muscle (Fig. 1A). 
Expression of this gene does not change in 
the atrium in the hypo- or hyperthyroid 
state, whereas in the ventricle it is signifi- 
cantly deinduced by hypothyroidism. Thus 
expression of the a-MHC gene appears to 
be independent of thyroid hormone in the 
atri~un but highly dependent in the ventri- 
cle. The same result was obtained with the 
a-MHC gene-specific cDNA probe 
pCMHC26 (9). 

Figure 1B shows the expression of the 
type IIA (fast oxidative) MHC gene in five 
different muscles. The fully protected 360-nt 
fragment of clone pMHC40 (4, 13) indi- 
cates that the fast IIA MHC mRNA is 
present, albeit at different levels, in all nor- 
mal skeletal muscles except the tensor fasciae 
latae (TFL). The presence of partially pro- 
tected fragments is explained in the legend 
to Fig. 1B. This gene exhibits a particularly 
striking response to changes m thyroid hor- 
mone level, as the same hormonal stimulus 
produces completely opposite responses in 
its expression in different muscles. In hypo- 
thyroid animals, the fast IIA MHC gene is 
newly induced in the TFL but is deinduced 
in the soleus, while its level of expression 
does not change significantly in the dia- 
phragm, masseter, and extensor digitorurn 
longus (EDL) . Furthermore, in hyperthy- 
roid animals this gene is induced in the 
soleus, whereas it is deinduced to undetect- 
able levels in the masseter and EDL but to a 
lesser degree in the diaphragm. Overall, the 
fast IIA MHC gene is up-regulated by thy- 
roid hormone in the slow-twitch (soleus) 
muscle but down-regulated, with different 
degrees of sensitivity, in fast-twitch muscles. 

Figure 1C shows the expression of the 
type IIB (fast glycolytic) MHC gene in five 
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different muscles. The detection of a 304-nt 
fully protected fragment of done pMHC62 
(4, 13) indicates that this gene is expressed 
at high levels in most normal fast-twitch 
skeletal muscles and at low levels in the 
diaphragm and soleus. Hypothyroidism 
causes deinduction of this gene in the soleus, 
diaphragm, and masseter but not in the 
EDL and TFL. Hyperthyroidism slightly 
increases its expression in the soleus and 
diaphragm, while it does not cause signifi- 
cant changes in other muscles where its basal 
level of expression is already high. Overall, 
the fast IIB MHC gene appears to be re- 
sponsive to thyroid hormone in some mus- 
cles (soleus, diaphragm, and masseter) but 
not in others. 

Previous protein (5) and mRNA (4, 14) 
studies have demonstrated that, in the rat, 
myosin isozyrnes follow a sequential transi- 
tion from embryonic to neonatal to adult 
form during skeletal muscle development, 
which is normally completed in the first few 
weeks of posmatal life. However, in new- 
born animals this developmental myosin 
transition can be modified by thyroid hor- 
mone (15). Furthermore, even in adult ani- 
mals, the extraocular muscles coexpress six 
different MHC genes, including the embry- 
onic and neonatal ones, both at the mRNA 
and protein levels (13). For these reasons, 
we next examined whether the embryonic 
and neonatal MHC genes could be rein- 
duced in adult muscles subjected to hypo- or 
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Fig. 1. Effect of thyroid hormone on the expression of the MHC genes. The animals used were 4- 
month-old male rats: hypothyroid (T-) (6 weeks aftcr surgical thyroidectomy), euthyroid (N), and 
hyperthyroid (T+). Hyperthyroidism was induced by daily intrapetitoneal injection of T3 (5 pg per 
100 g) for 8 days, long enough for the MHC mRNA to reach a new steady state after the hormonal 
switches, taking into account the half-lifc of the MHC mRNA (9,24). The muscles obtained from each 
group of rats were cardiac ventricle (VENT) and amum (ATR); skeletal slow-twitch muscle, soleus 
(SOL); and four skeletal fast-twitch muscles, diaphragm (DIA), masseter (MAS), TFL, and EDL. 
RNA extraction and S1 nuclease mapping were done as previously described (9) with 20 pg of total 
RNA and 150 U of S1 nuclease (New England Nuclear) per assay. (A) a- and $-MHC genes. The 
probe used was the 3' end Pst I fragment of pCMHC5, a cDNA clone specific for the $-MHC gene (9). 
This 347-nt single-stranded probe contains 180 nt of common coding sequence at the carboxyl end of 
the a- and $-MHC, in addition to the entire 3' untranslated sequence of the $-MHC gene, which 
diverges completely from the a-MHC gene. It also contains 43 nt of oligo-dT and -dG mils. (B) Type 
IIA (fast oxidative) MHC gene. The probe used was the single-stranded 360-nt Bgl I fragment of 
pMHC40, a cDNA clone specific for the fast IIA MHC gene (4,13). This probe is composed entirely of 
coding sequence (coordinates 1410 to 1770). Because of the sequence conservation between 
coordinates 1410 and 1500 among various MHC cDNA clones, S1 nuclease mapping produces several 
partially protected fragments. Among these, the 170-nt fragment corresponds to the fast IIB MHC 
mRNA (13). The same fully protected pattern was observed by another probe composed entirely of 3' 
untranslated sequences of this gene. (C) Type IIB (fast glycolytic) MHC gene. The probe used was the 
single-stranded 304-nt 3' end Pst I fragment of pMHC-62, a cDNA done specific for the fast IIB MHC 
gene (4, 13). This probe contains 215 nt of 3' terminal coding sequence and the entire 89-nt 3' 
untranslated sequences. It produces a 304-nt fully protected fragment when hybridized to the 
homologous (fast IIB MHC) mRNA. The numbers on the left indicate the size of the protected 
fragment in number of nucleotides. P, probe alone. 

hyperthyroidism. Indeed, as shown in Fig. 
2A, the expression of the embryonic MHC 
gene, detected by a fully protected 194-nt 
fragment of clone pMHC25 (14), is induced 
in the soleus and. to a lesser extent. in the 
diaphragm of hypothyroid animals but not 
in any other muscles examined. Similarly, 
expression of the neonatal MHC gene (Fig. 
2B), identified by a 245-nt fully protected 
fragment of clone pFOD5 (14), is induced 
at a high level in the hypothyroid masseter 
but not in other muscles. It is of particular 
interest that the transition from the neonatal 
to the adult MHC's-a process highly re- 
svonsive to thvroid hormone in &e new- 
dorn (15)-is,'once established, no longer 
reversible by hypothyroidism in the adult 
muscles ex&ih. e i c e ~ t  in the masseter. 
where trace amounts o k e  neonatal MHC 
gene product are detectable in euthyroid 
animals (Fig. 2B). However, it is clear that 
these "developmental stage-specific" MHC 
genes can be reversibly modulated in specific 
adult muscles by changes in thyroid hor- 
mone level, hrther weakening the concept 
that these genes are under the strict control 
of a "developmental clock." 

The resulk of the above S1 nuclease mav- 
ping analyses are summarized in Fig. 3. 
Expression of a given MHC gene and its 
response to thyroid hormone manipulation 
in the different muscles can be easily identi- 
fied by following the columns horizontally. 
Similarly, the number of MHC genes and 
their reiative levels of expression h a given 
muscle can be identified by following the 
columns vertically. Four general conclusions 
are readily drawn from these data: (i) more 
than one MHC gene is expressed in each 
anatomically defined muscle; (ii) each of six 
MHC genes analyzed is expressed in more 
than one muscle, but the "set" of MHC 
genes expressed and their relative levels of 
expression are characteristic of each muscle 
t$e, in agreement with previous studies 
detecting heterogeneity in the fiber compo- 
sition of anatomically defined muscles (2, 
16); (iii) all muscles tested respond to thy- 
roid hormone manipulation; and (iv) all 
members of the MHC multigene family 
respond to thyroid hormone, but the mode 
of this response does not appear to 
be intrinsic to any given MHC gene but 
seems to be determined in a tissue-specific 
manner. 

The tissue-specific response of each MHC 
gene is best exemplified by the a- and fast 
IIA MHC genes. The a-MHC gene is ex- 
quisitely sensitive to thyroid hormone in the 
ventricle but not at all in the atrium. Expres- 
sion of the type IIA MHC gene is up- 
regulated by thyroid hormone in slow skele- 
tal muscle (soleus), whereas it is down- 
regulated in fast skeletal muscles (dia- 
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Fig. 2. Reinduction of the embryonic and neonatal skeletal MHC genes in adult musdes. (A) 
Embryonic MHC gene. The probe used was the 210-nt double-stranded Pst I fragment of pMHC25, a 
CDNA done specific for the embryonic MHC gene (14). This probe, which covers the coding pomon 
near the carboxyl terminal end of MHC (amino acid 1809 to 1873), contains 16 nt of oligo-dG tail and 
generates a fully protected fragment of 194 nt. The strong band of 210 nt seen throughout the gel 
represents undigested double-stranded probe. MT, differentiated L6E9 myotube RNA (4). (B) 
Neonatal MHC gene. The probe used was the double-stranded 420-nt Pst I-Bgl I fragment of pFOD5, 
a CDNA done specific for the neonatal MHC (14). This fragment contains 105 nt of 3' end terminal 
coding sequence, the entire 140-nt 3' untranslated sequence, and a portion of pBR322. The fragment 
llly protected by the homologous (neonatal MHC) mRNA is 245 nt. NB, hind leg musde RNA fiom 
newborn rats. 

phragm, masseter, EDL, and TFL). To our 
knowledge, this is the first demonstration 
that the same gene responds in completely 
opposite directions to the same hormonal 
stimulus when expressed in different tissues. 
This complex pattern of regulation of a 
single MHC gene, in combination with the 
responsiveness to thyroid hormone exhibit- 
ed by all the muscles tested, argues against a 
qualitative or quantitative difference in mio- 
dothyronine (T3) nuclear receptors in indi- 
vidual .muscles as a sole determinant of 
tissue-specific regulation of the MHC genes. 
Despite this complexity, it is remarkable 
that, in a given muscle, hyperthyroidism 
either increases the mRNA levels of the 
MHC isoform associated with the higher 
velocity of fiber shortening and the higher 
myosin adenosinetriphosphatase activity or 

decreases the mRNA levels of the MHC 
isoform associated with the lower velocity of 
contraction. Hypothyroidism, on the other 
hand, effects the opposite changes. Al- 
though this analysis does not directly ad- 
dress the question of whether changes in the 
level of each specific mRNA caused by 
thyroid hormone take place in d or only a 
subset of the fibers in an anatomically de- 
6ned muscle, complete replacement of 
MHC isoforms does occur in individual 
muscles during development, under patho- 
logical conditions, and in response to thy- 
roid hormone (5, 6, 9-1 1). 

The issue of whether thyroid hormone 
acts directly on the muscles or whether its 
effects are indirect (as by acting through 
changes in the pattern of nerve stimulation) 
cannot be resolved here. However, previous 

Fig. 3. Tissue-specific modulation of the MHC multigene family by thyroid hormone. The bands 
correspond to the fully protected fragments obtained by S1 nuclease mapping analysis (Figs. 1 and 2). 
The relative amount of each specific MHC mRNA present in the different musdes is reflected by the 
density of its corresponding band. Similar results were obtained by counting the radioactivity in the 
l l ly and partially protected bands detected by the different probes as desuibed (9). A blank box 
indicates no detection of the corresponding MHC &A. 

studies at the protein level involving myo- 
cyte culture (17), denervation (18), and the 
hereditary dwarf mouse (19) suggest that 
thyroid hormone, at least in the case of 
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Gdiac ventricle and fast skeletal muscle, 
acts directly on the muscle to regulate the 
MHC phenotype. As to the locus of thyroid 
hormone action in the cell. most of its 
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characteristic biological effe& appear to be 
mediated by an interaction of T3 with specif- 
ic nuclear receptors (20). In the best studied 
examples, such as the regulation of thyrom- 
pin and growth-hormone synthesis, T3 has 
been shown to act mainly at the transcrip- 
tional level (21). In the cardiac ventricle, 
kinetic studies of MHC mRNA accumula- 
tion during hormonal induction and dein- 
duction (9) and nuclear runoff studies (22) 
suggest that modulation of the a- and P- 
MHC mRNA's by thyroid hormone is 
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mainly regulated at-the &inscriptional level 
and not by changes in mRNA stability. It 
remains to be determined whether the same 
applies for hormone-dependent switches of 
the other MHC genes in different skeletal 
muscles. 

In conclusion, the results presented here 
illustrate the highly complex regulation of 
the MHC multigene family. Each member 
of this multigene family can be under differ- 
ent developmental and hormonal regulatory 
programs, depending on the muscle in 
which it is expressed. Whatever the mecha- 
nisms involved in this tissue-specific regula- 
tion. thev have to account for the fact that - ,  
these gene switches take place in terminally 
differentiated cells in the absence of DNA 
replication (23). Although the available data 
do not allow us to further define the nature 
of this tissue-specific regulation, the fact that 
only certain MHC genes are expressed or 
inducible in different muscles suggests that 
events occurring during terminal differentia- 
tion of each muscle may determine which set 
of MHC genes is made potentially "avail- 
ableyy for expression in a given muscle. In 
addition, the presence or absence of ch- 
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acting regulatory sequences in each MHC 
gene could determine thyroid hormone re- 
sponsivenes~ither positive regulation, as 
in the case of the a- and fast IIB MHC 
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Masseter 

T- N T+ 

- -- 

-- 

-- 

- genes, or negative, as in the case of the P-, 
embryonic, and neonatal MHC genes. This 
mode of regulation, however, is unlikely to 
fully account for the different patterns of 
developmentally and hormondy regulated 
expression of the same MHC gene in differ- 
ent muscles. Therefore, tissue-specific differ- 
ences in nuclear T j  receptors, local thyroid 
hormone metabolism, and secondary neuro- 
nal and hormonal signals induced by thyroid 
hormone may also play a role in determining 
regulation of the MHC multigene family in 
individual tissues. 
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Fig. 1. Establishment of survivor NP cells. A3.01 
cells (1  x lo6) were infected with the LAV iso- 
late ( I )  of HTLV-IIIILAV as previously de- 
scribed (9) .  Cell viability was determined by 
trypan blue exclusion. 
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(IUdR). These findings have important im- 
plications in our understanding of the chro- 
nicity or possible latency of HTLV-IIULAV 
infection in humans and may serve as a 
usell model for investigations bfthe noncy- 
tocidal effects of the virus on human T-cell 
function. 

Cells of the A3.01 line grow as two 
discrete populations (9). one, representing 
-95 percent of the culture, expresses the 
Leu-3 (CD4, or T4) surface marker as well 
as Leu-1. class I HLA. and the transferrin 
receptor. The second population, compris- 
ing <5 percent of the culture, is Leu-3-. 
Subclones of A3.01 cells, although initially 
Leu-3+, consistently give rise to cells that 
make up the 2 to 5 percent of the culture 
that are Leu-3-. One of these Leu-3- cells 
was cloned by limiting dilution (A2.01) and 
did not revert to the Leu-3' phenotype 
during an 8-month observation period. The 
A3.01 and A2.01 cells were indistinguish- 
able by morphology and growth characteris- 
tics. 

The HTLV-IIULAV was the same as that 
used in our original report on the A3.01 cell 
line (9). The time course of a typical infec- 
tion is shown in Fig. 1. ~everse transcrip- 
tase (RT) activity was initially detected in 
the supernatant fluid on day 8, peaked on 
day 10, and reverted to background levels by 
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