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Abstract

Expression of the two sarcomeric actins, a-skeletal and a-car-
diac, is regulated in the rodent heart in response to developmen-
tal, hormonal, and hemodynamic stimuli. Little is known in
man, except that both isogenes were found to be coexpressed in
three adult ventricles. In this report, we investigated the isoac-
tin mRNA composition in ventricles from 21 control patients (4
fetal, 5 juvenile, 12 adult) and from 15 patients undergoing
cardiac transplantation (5 idiopathic dilated cardiomyopathies,
5 ischemic myopathies with myocardial infarcts, 5 diverse etiol-
ogies) by two different and complementary techniques: RNA
dot blot analysis with specific cDNA probes, and primer exten-
sions with an oligonucleotide common to a-cardiac and a-skele-
tal actins. In the case of dot blot analysis, quantification of each
isoform was performed by using as standards RNA transcripts
obtained from cloned human a-actin sequences, and the total
amount of sarcomeric actin mRNA was evaluated as a function
of total poly (A*) RNA. We found that both isogenes are always
coexpressed, and that the isoactin pattern changes during devel-
opment. In utero and in neonatal hearts, a-skeletal actin
mRNA represents < 20% of sarcomeric actins, it increases to
48+6% during the first decade after birth and becomes the pre-
dominant isoform of adult hearts (60.4+8.5%). The 15 adult
failing hearts exhibited the same isoactin pattern as the control
ones (62.84+11.06%), and there was no difference in expres-
sion between patients with dilated cardiomyopathy or ischemic
heart disease. These observations demonstrate that cardiac de-
velopment in man, in contrast to rodent heart, is characterized
by an up-regulation of the skeletal actin gene, the expression of
which does not change in hypertrophied and failing hearts, and
suggest that the actin and myosin heavy chain families are inde-
pendently regulated in human heart. (J. Clin. Invest. 1991.
88:323-330.) Key words: skeletal, and cardiac actin mRNAs ¢
primer extension assay « dot blot analysis « fetal, neonatal, adult
human hearts « end-stage heart failure
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Introduction

Sarcomeric actins are major components of the thin filaments
of striated muscle, and it is the regulated interactions of actins
by tropomyosin and the troponin complex with myosins of the
thick filament which are responsible for contraction and the
generation of force. Changes in any of these interactions by
intracellular events or changes in the expression of the contrac-
tile element genes can potentially lead to profound changes in
the contractile properties of cardiac muscle. Until now, most
attention has been focused on the striking diversity in the pat-
tern of expression for myosin heavy chain isogenes, but the
multigene families encoding the other contractile proteins, and
more specifically actin, have been studied to a lesser extent
(reviews in references 1 and 2).

Two sarcomeric actins, a-cardiac and a-skeletal, are the
preponderant actin isoforms detected in the striated muscle of
mammals and birds (review in reference 3). These two isoforms
are encoded by different genes, and as expected for any protein
with such an important role in the function of striated muscle
cells, the nucleic acid sequence is highly conserved. These two
isoactins, however, differ markedly in the 5’ and 3’ untranslated
regions of the RNA, and by four amino acids at the protein
level two of which are located at the amino terminus, the region
of the molecule that interacts with myosin during contraction.
The amount of the isoforms and the respective mRNAs present
varies with species, muscle type, development, and aging. In
the rat, a-skeletal actin mRNAs account for as much as 50% of
the total at birth that rapidly decreases to levels of < 10% in the
adult (4-7). After the imposition of a chronic hemodynamic
overload (5, 8, 9) or the injection of thyroid hormone (10),
a-skeletal actin mRNAs rapidly accumulate in rat ventricles
and in the case of overload the accumulation is transient (5, 8).
In cultured neonatal cardiomyocytes, a-skeletal actin mRNAs
accumulate after the administration of a1-adrenergic agonists
(6) or growth factors TGFS1 and bFGF (11).

In human hearts, much less is known concerning the
amounts of the actin mRNAs present during development,
with age, or in disease states. Gunning et al. (12) reported that
the amount of a-skeletal and a-cardiac actin mRNAs were
nearly identical in the heart of a patient suffering from hyper-
trophic obstructive cardiomyopathy, and Bennetts et al. (13)
reported that a-skeletal actin represented ~ 20% of the total
a-actin RNA in a patient who died from fatal head injuries and
who had no apparent cardiovascular disease. In spite of the
difficulty in differentiating between the a-actin isoforms at the
protein level, Vandekerckove et al. (3) showed that the skeletal
isoform represented 20% of the total in one adult male who
died in an automobile accident and in one patient with hyper-
trophic obstructive cardiomyopathy. It remains therefore un-
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clear whether or not cardiovascular diseases in man are accom-
panied by isoactin switches. It is also completely unknown
whether there is gene switching with development in human
hearts as has been seen in rodents.

We have undertaken the present study using a large set of
normal and diseased human hearts to determine if the accumu-
lations of the a-actin isomRNAs are regulated in man during
development, with aging, and with disease. We hypothesized,
because of comparisons with the reexpression of a fetal pheno-
type in rat cardiac hypertrophy (reviews in references 1 and 2),
that a-actin mRNAs would be developmentally regulated and
that the isoform predominant during the fetal stage would be
up regulated with disease. To address these questions, the sar-
comeric isoactin mRNA composition of human hearts was an-
alyzed by two different types of assays, dot blots with specific
cDNA probes and primer extensions with an oligonucleotide
common to cardiac and skeletal a-actins. Furthermore, the
amounts of each isomRNA were quantitated by using as stan-
dards RNA transcripts derived from cloned human a-actin se-
quences, and the total amount of sarcomeric actin mRNA was
evaluated as a function of total poly (A*) RNA. Our results
indicate that the a-actin mRNA accumulations are develop-
mentally regulated, but that they remain essentially constant in
normal and failing adult human hearts.

Table I. Main Characteristics of Control Patients

Patient No. Age Sex Cause of death
yr
Adult
C, 27 M Asphyxiation
C, 23 M Head trauma
Cs 40 M Suicide by gun
Cs 17 F Auto accident
(o 30 M Auto accident
Cs 38 M Auto accident
C, 22 M Auto accident
Cio 22 M Suicide by hanging
Cn 19 M Suicide by gun
C, 21 F Auto accident
Cis 23 F Auto accident
Cis 17 F Auto accident
Children
Ch, 0.25 Sudden death syndrome
Ch, 3 M Drowning
Ch, 7 F Auto accident
Ch, 8 M Auto accident
Ch, 12 F Auto accident
wk
Fetal
FH, 13 Death in utero
FH, 17 Death in utero
FH, 18 Death in utero
FH, 29 Death in utero

All patients listed in this table had no known cardiovascular prob-
lems. C, control adult hearts; FH, fetal heart; Ch, children heart.

Methods

Patients. Hearts from four fetuses (13, 17, 18, and 29 wk in utero), five
children aged 3 mo to 12 yr, 12 patients with no apparent cardiovascu-
lar problems, and 15 patients with chronic end-stage heart failure were
investigated. The 12 control hearts were obtained from the Soviet
Union (n = 4), the United States (n = 7), and France (n = 1). Hearts
from the Soviet Union came from accident victims and were removed
between 0.5 and 3.0 h after the accident. The control patients from the
United States and France included children who died from noncardio-
vascular related diseases and accident victims who were kept under
intensive care as potential heart donors but were ultimately rejected for
transplantation. The main characteristics of these patients are listed in
Table 1. The 15 failing hearts came from patients that underwent car-
diac transplantation, and pertinent characteristics are presented in Ta-
ble I1. Most of the patients had already been analyzed for the amount of
cardiac mRNAs encoding the sarcoplasmic reticulum ATPase and
were therefore labeled as in the previous study (14). Left ventricular
samples were taken from each heart, and when possible, from different
regions of the left ventricular free wall (apex, middle, and base). Biopsy
samples were also obtained from the liver and abdominal skeletal mus-
cles of patients undergoing routine abdominal operative procedures for
use as controls in the respective experiments. All samples were ob-
tained under conditions approved by the committees for the protection
of human subjects at the respective institutions. Immediately after
sampling, the tissues were rinsed, blotted dry, frozen in liquid nitrogen,
and stored at —70°C until needed for the preparation of RNA.

RNA preparations. Total cardiac, skeletal, and liver RNAs were
prepared by the method of Chirgwin et al. (15) by guanidine isothio-
cyanate extraction, cesium chloride gradient sedimentation, and two
consecutive ethanol precipitations in the presence of sodium or potas-
sium acetate. The RNA concentration was determined using standard
spectrophotometric techniques. One absorbancy unit at 260 nm in a
1-cm light path cuvette was assumed to be equal to 40 ug/ml of RNA.
The RNA was stored at —20°C as a suspension in 70% ethanol contain-
ing 0.3 M potassium acetate at pH 5.5.

RNA (dot) blots and quantification of total sarcomeric a-actin and
poly (A*) from human hearts. Dot blots of total human cardiac RNAs
were prepared by denaturing total RNA at 65°Cin 15 X SSC (1 X SSC

Table I1. Main Characteristics of Patients with Heart Failure

Patient No. Age Sex HW
yr 4
D, 50 F 410
D; 49 M 410
D, 43 M 435
Dy 41 M 475
D 40 M 360
I, 48 M 310
I, 48 M 550
I, 31 M 320
I, 51 M ?
I 42 M 500
AR 53 M 583
MR 27 F 315
AVC, 36 M 515
AVGC, 36 M 650
IPH 47 F ?

The patient classification corresponds to that used previously in (14).
D, idiopathic cardiomyopathy; I, ischemic heart disease; AVC, partial
atrioventricular canal; MR, mitral regurgitation; AR, aortic regurgi-
tation; IPH, idiopathic pulmonary hypertension; HW, heart weight.

324  Boheler, Carrier, de la Bastie, Allen, Komajda, Mercadier, and Schwartz



= (.15 M sodium chloride and 0.015 M sodium citrate) for 15 min and
quenching on ice. Serial dilutions (1.5, 0.75, 0.37, and 0.19 ug) were
applied to Hybond N nylon membranes (Amersham Corp., Arlington
Heights, IL) using a minifold apparatus (Schleicher & Schuell, Keene,
NH), and the RNA was fixed to the membranes by UV illumination
(0.6 J) according to the manufacturer’s instructions (Vilber Lourmat,
France). For use as standards, plasmid generated a-actin RNA tran-
scripts complementary to human a-actin mRNAs were prepared from
human skeletal (pG78, a 400-bp fragment in pGEM3) and cardiac
(pLK300, a 171-bp fragment in pBR322) specific cDNAs kindly pro-
vided by P. Gunning (16). After subcloning the insert of pLK300 into
pGEM3 (pGLK300) and linearizing the plasmids by appropriate enzy-
matic digestion, RNA transcripts were obtained by promoter driven
transcription using the endogenous T7 and SP6 promoters found in
each plasmid, pG78 and pGLK300, respectively. Negative controls,
transcripts identical to the a-actin human RNAs, were prepared in
exactly the same manner, except that the complementary promoter
was used, i.e., SP6 for pG78 and T7 for pGLK300. All these transcripts
were prepared using the SP6/T7 Transcription Kit (Boehringer-Mann-
heim, Inc., Indianapolis, IN), and the amount of RNA was determined
by UV absorbance, as described above for total RNA. Serial dilutions
of RNA containing both the bacterial promoter generated transcripts
(1.5-0.012 fmol) and tRNA sufficient to equal the amount of total
human RNA deposed on the membrane were applied to the Hybond
membranes in parallel with the human total RNA. The radioactive
probes for the two actins (~ 1.5 X 10° dpm/ug) were prepared from
pG78 and pLK300. The inserts were released from the plasmid by
enzymatic digestion and labeled in the presence of 3*P-dCTP (800 Ci/
mol) essentially as described for the Amersham random prime kit,
except that the primer/BSA solution was replaced by 1 ug of an oligonu-
cleotide specific for each insert (16), and 80 ug/ml BSA in a final reac-
tion volume of 50 ul. Prehybridization and hybridization of the mem-
branes were at 42°C in a buffer containing 250 ug/ml salmon sperm
DNA, 50 ng/ml poly (A*), 5 X SSC, 0.1% Ficoll, 0.1% polyvinylpyrolli-
done, 0.1% BSA, 0.1% SDS and 50 mM phosphate (25 mM HPO, and
25 mM H,PO,), pH 6.5. After 16 h of hybridization, the blots were
washed two times in 2 X SSC, 0.1% SDS at room temperature, and two
times at 50°C in 0.5 X SSC, 0.1% SDS. Blots were successively hybrid-
ized with each actin probe, and total poly (A*) for each human RNA
was determined by hybridization of the membranes to T4 polynucleo-
tide kinase v%?P end-labeled oligo-dT (25-30 mer) (Pharmacia Fine
Chemicals, Piscataway, NJ) to sp act 1.4 X 10® dpm/ug. Finally, as a
control for the amount of RNA effectively bound to the filter from
which the actin and poly (A*) contents could be normalized, the dehy-
bridized membranes were rehybridized to a T4 polynucleotide kinase
*2P 5' end labeled 18S oligonucleotide probe (17) diluted with unla-
beled oligonucleotide to sp act 1.6 X 10° dpm/ug. Hybridization and
washing conditions of the two oligonucleotides were as described be-
fore (14). After each hybridization, the membranes were exposed to
Cronex 4 film (DuPont Co., Wilmington, DE) using Quanta III intensi-
fying screens (DuPont Co.) at —70°C and at least three different expo-
sure times were chosen to obtain densitometric scans (Shimadzu dual-
wavelength flying-spot scanner CS-9000) in the linear response range
of the x-ray film (semilogarithmic plot). The concentration of each
isoactin mRNA was calculated by comparisons with the signals ob-
tained with the plasmid-derived RNAs and was expressed in femto-
moles either per 1 ug of total RNA or per 1 arbitrary unit of total poly
(A*) RNA. One arbitrary unit of total poly (A*) RNA was the intensity
of the signal given by 1 ug of liver total RNA. All values were normal-
ized to the amount of 18S RNA bound to the filter.

Determination of the respective amounts of a-skeletal and a-cardiac
mRNASs by primer extension analyses. The relative proportions of hu-
man skeletal and cardiac a-actins were measured simultaneously in the
same sample of RNA using a primer extension assay. This technique
takes advantage of the differences in length of the 5’ noncoding region
of each a-actin mRNA and had previously been used to analyze the
a-actin mRNAs in the rat (6, 10, 18). We used an 18 nucleotide primer
with the sequence ¥CG GCC CAC GAT GGA CGG G?*. This sequence

is conserved between the two human sarcomeric actin genes and corre-
sponds to sequences coding for amino acids 31-37 for both human
a-skeletal (19) and human a-cardiac actin (20). The oligomer was syn-
thesized at the Pasteur Institute, purified from a 20% polyacrylamide
gel, and labeled at the 5' end with 43?P using the T4 polynucleotide
kinase (Boehringer Mannheim, Inc.). 1 pmol of the purified and la-
beled primer was then added to 8 or 10 ug of total RNA in the reverse
transcriptase reaction (M-MLV reverse transcriptase, Bethesda Re-
search Laboratories, Bethesda, MD) and incubated exactly as described
(10). The precipitated and denatured (90% formamide) reaction prod-
ucts were separated on a 6% denaturing polyacrylamide/urea gel (90 W
for 2-3 h) along with a negative (total human liver RNA) and a positive
(total human skeletal muscle RNA) control. Most RNAs were analyzed
several times on different gels to ensure the reproducibility of the re-
sults. The relative position of the two transcribed fragments and the
specificity of the method are shown in Fig. 1. With skeletal muscle (Sk),
one distinct signal is seen between molecular weight markers of 194
and 234 nucleotides which corresponds well with the predicted value of
222 nucleotides for human a-skeletal actin mRNA. From cardiac mus-
cle (C), two signals are seen, one of which migrates exactly at the same
position as that seen with skeletal muscle and a second reverse tran-
script migrates somewhat faster than the 194 nucleotide marker and
corresponds to the predicted length of 174 nucleotides for human a-car-
diac actin. In some experiments, a second signal which migrated
slightly more quickly than the 222 nucleotide signal could be seen on
the autoradiograms. By analysis with duplicate samples on the same gel
or from other gels which showed only a single band of 222 nucleotides,
it was determined that the more rapidly migrating band was also tran-
scribed from a-skeletal actin mRNAs; therefore, when these two bands
were present, the signals were totaled and the sum of the two was in-
cluded in all further calculations. It is conceivable that this second band
of ~ 218-220 nucleotides resulted from the occasional premature ter-
mination by the reverse transcriptase on a-skeletal actin mRNAs.
There were no other major bands seen on these autoradiograms. The
primer did not hybridize with RNA from the liver (L) indicating that
the 174 and 222 nucleotide bands are derived from sarcomeric a-ac-
tins. We also verified that smooth muscle actin mRNAs did not inter-
fere with the interpretation of these results. For this, two adult cardiac
RNAs were primer extended with two human 18 mer oligonucleotides
complementary either to smooth muscle a-actin (*CG TCC CAC AAT
GGA TGG G*) (21, 22) or to smooth muscle y-actin (*CG GCC CAC
AAT GGA GGG G*) (23). These oligonucleotides differ by three and
two bases, respectively, from those used in the primer extension analy-
sis of sarcomeric actins, and correspond to amino acids 31-37 for both
human smooth muscle a- and y-actins (21-23). No other sequences
were identified in these genes that more closely matched the 18 nucleo-
tide primer conserved between the human sarcomeric actin genes.
After primer extension with these smooth actin primers, no products
corresponding to 222 or 174 nucleotides were seen in these assays (not
shown), indicating that the extended products are derived only from
striated muscle actins (see Fig. 1).

Reproducibility of the procedure (24) based on 16 pairs of dupli-
cates, was +11% (for, example, a ratio of 60, ranges from 66.6 to 53.4).

Assessment of actin iso-mRNAs by comparison of RNA hybridiza-
tions and primer extensions. In one series of experiments, skeletal mus-
cle and cardiac muscle RNAs were simultaneously added in inversely
proportional amounts of 0, 25, 50, 75, or 100% while maintaining a
constant total amount of RNA. The percentage of the a-actins from
these RNA mixes was then determined by dot blot hybridization and
by primer extension analysis as described. Fig. 2 shows the curves ob-
tained by comparing the determined skeletal/sarcomeric actin mRNA
with the theoretical ratio calculated from the value found in the 100%
cardiac muscle RNA sample. As can be seen, both techniques show a
linear accumulation of a-skeletal actin transcripts with increasing
amounts of skeletal muscle RNAs. This result implies that in samples
with different concentrations of a-actin isomRNAs both techniques
can be used accurately to determine the percentage of these mRNAs in
each sample. Based on these results, the majority of the human RNA

Sarcomeric Actins in the Developing and Failing Human Heart 325



5 3 B
A * o-skeletal actin mRNA
-]
222 bp
234
5 3 194
¥ o-cardiac actin mRNA
-]
174 bp

Figure 1. Primer extension analysis for human
a-cardiac and a-skeletal actins. (4) A synthetic
18-nucleotide oligonucleotide (open box), comple-
mentary to both a-actins was labeled with 3?P and
hybridized to total RNA. The annealed primer is
then extended to the 5' end by reverse transcriptase
whose products can be resolved on denaturing
acrylamide gels. (B) Autoradiogram from a 6%
denaturing gel. The first column shows the migra-
tion of the molecular weight markers (MW). The
products generated by primer extension are shown
in the columns labeled L, Sk, and C (liver, skeletal
muscle, and cardiac muscle, respectively). There

MWL Sk C

was no signal generated from liver RNAs. In adult skeletal muscle, only one product is detected which has a length of 222 bases. From cardiac
muscle two products are detected. One corresponds to a-skeletal actin and a second shorter extension product to a-cardiac actin (174 bases).

No other major extension products were observed from the gels.

samples were analyzed by primer extension analysis because the per-
centage of the two actin isomRNAs could be determined simulta-
neously.

Data analysis. The results are expressed as mean+SD. Statistical
evaluations were performed by Student’s ¢ test for paired observations,
by two-way analysis of variance, and two-sample ¢ test for group to
group comparisons, and one-way analysis of variance for comparisons
between fetal and adult hearts. The threshold of significance was cho-
sen as values of P < 0.05.

Results
Skeletal and total a-actin accumulate during development. To

determine whether there is developmental regulation of a-actin
isomRNA accumulations, the percentage of sarcomeric a-ac-

100 -

~3
wn
L

w
]
L

[
wn

Determined Skeletal/Sarcomeric actin mRNA (%)

1 - 1

25 50 75 100

Theoretical Skeletal/Sarcomeric actin mRNA (%)
Figure 2. Actin isomRNA analysis by primer extension and RNA
hybridization. Variable amounts of cardiac RNA from one human
heart sample C,, (8, 6, 4, 2, 0 ug) were mixed with skeletal muscle
RNA (0, 2, 4, 6, 8 ug). By dot blot analysis, the quantity of the
a-skeletal and a-cardiac actin was determined by the simultaneous
hybridization of the membrane bound cardiac/skeletal RNA mix and
the plasmid generated cardiac and skeletal actin truncated transcripts
used as standards with the labeled probes from pG78 (a-skel) and
pGLK300 (a-card). The amount of each actin isomRNA was deter-
mined and the data expressed as the percent of a-skeletal to total sar-
comeric actin mRNA. Primer extensions were performed as de-
scribed. The theoretical values for both techniques were calculated
from the ratio for skeletal/sarcomeric actin mRNA found for the car-
diac muscle RNA sample, i.e., 48 and 38% by primer extension and
dot blot, respectively. The determined ratios obtained by PE (solid
boxes) and dot blots (open boxes) were then plotted against the theo-
retical values.
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tins in ventricles was quantitated with dot blots using plasmid
derived human actin RNAs as references and by primer exten-
sion. Fig. 3 shows the comparisons between fetal and adult
ventricle sarcomeric actin expression (FH4, 29 wk in utero, and
11, 48 yr). In dot blot analysis (Fig. 3 4), the a-skeletal probe
hybridized strongly with its homologous muscle control (adult
skeletal muscle, Sk) and its antisense cRNA (+RNA,);
whereas, no detectable or only faint signals were seen from
liver-derived RNA or from sense CRNA (—RNA, ). Conversely,
the a-cardiac probe hybridized strongly with its antisense
cRNA, and only faintly with liver and skeletal muscle RNAs
and with the sense plasmid (—RNA, ). This hybridization pat-
tern showed that each probe was indeed specific for its
isomRNA, and that the plasmid-derived cRNA could be used
as internal standards to quantify each isoform. The fetal and
adult samples exhibited strikingly different hybridization pat-
terns: FH4 and 11 RNAs hybridized weakly and strongly, re-
spectively, with the a-skeletal probe; whereas, both RNAs gave
strong and almost equivalent signals with the a-cardiac, poly
(A*), and 18S probes. The results are consistent with the obser-
vation recently reported by Goldman and Wurzel showing in
two human fetal hearts the absence of hybridization with an
a-skeletal probe (25). The absolute amounts for FH4 (a-skel
< 0.03 and a-card = 0.10 fmol/ug of total RNA) and for I1
(a-skel = 0.64 and a-card = 0.61 fmol/ug of total RNA) indi-
cated that the ratio skeletal/sarcomeric actin mRNA increases
from 20 to 51%. The corresponding primer extension analysis
(Fig. 3 B) also showed an increased intensity of the a-skeletal
band as compared to the a-cardiac one, the ratio increasing
from 18 to 62%. Thus, the same conclusions could be drawn by
both techniques, i.e., the ventricular isoactin mRNA pattern of
expression changes from the fetal to the adult stage.

The complete results obtained in this study are presented in
Fig. 4. Actin a-skeletal mRNA is a minor component of the
fetal ventricles (mean value 16.0+3.8%) and does not change
markedly just after birth (23%). It increases during the first
decade of life (mean value 48.0+6.1%), and by 12 yr of age a
drastic reversal of the pattern is apparent. At this time, a-skele-
tal actin becomes the most abundant form (73%), and remains
so in adult hearts (60.4+8.5%). The change between 3 mo and
12 yr was confirmed by both techniques (30 and 73%, respec-
tively, by dot blot vs. 23 and 73% by primer extension). Our
mean value of 60.4% in the control adult hearts is consistent
with that previously reported in one control heart (50%; refer-
ence 12), but it is markedly higher than the 20% determined by
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dot blot analysis by Bennetts et al. (13) in another control
heart. We found no value of skeletal actin lower than 47% in
any of our adult controls.

The use of skeletal and cardiac probes of identical specific
activities and the addition of bacterial promoter generated ac-
tin sequences to the dot blots allowed us to determine the rela-
tive amount of total sarcomeric actin present in the various
samples as a function of total poly (A*) RNA (Table III). We
observed that total sarcomeric a-actin mRNAs increase be-
tween the 29th wk of gestation and after birth relative to poly
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Figure 4. Human skeletal actin mRNA accumulates with develop-
ment and aging. Relative sarcomeric actin contents with age were de-
termined in utero and after birth by primer extension. The results are
expressed as the percentage of skeletal actin mRNA to total sarco-
meric actin mRNA. The percentage shown for the adult human hearts
is the average of 12 human hearts and is expressed as +SD. w, weeks;
m, months, y, years; Ad, adult.
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Figure 3. Developmental analysis of human car-
diac RNA. (4) Dot blot analysis of RNAs (1.5, 0.7,
0.35 ug) from liver (L), skeletal muscle (Sk), 29-
wk-old fetal heart (FH4), adult heart (I,), and bac-
terial promoter generated truncated human actin
transcripts (0.375, 0.188, 0.094 fmol) identical
(+RNA,) or complementary (—RNA, ) to human
a-skeletal and a-cardiac actin. Actin signals were
obtained by hybridization of the membranes to
3P labeled probes from pG78 (a-skeletal actin,
a-skel) and pGLK 300 (a-cardiac actin, a-card).
Poly (A*) and 18S ribosomal RNAs were deter-
mined by hybridization with oligo-dT and com-
plementary 18S end labeled oligonucleotides, re-
spectively. (B) Primer extension analysis with 10
ug of total RNA from the same RNAs used in A.
Molecular weight markers (M W) are indicated in
the first column.

(A*). This ratio apparently remains stable throughout the first
12 yr of life. In the adult, there is a further increase in a-actins
to poly (A*) when compared with the ratios obtained in the
juvenile and adult hearts. These data strongly suggest that the
accumulations of actins are specific events independent of the
basal activity of overall mRNA transcription. We also deter-
mined the amount of sarcomeric actin mRNA in adult skeletal
muscle and we found that skeletal muscle contains ~ 2.8-fold
more sarcomeric actin per microgram of RNA than cardiac
muscle (compare C,, and skeletal muscle in Table III). This is
in extremely good agreement with the value of 2.3 previously
reported by Gunning et al. (12).

Further studies on RNAs isolated from the adult hearts
were performed to determine if there were any possible sample
differences due to delays in sampling time because of the differ-
ences in life support in the countries from which the samples
were obtained. We were unable to demonstrate any significant
differences between the amounts of skeletal actin RNAs in
adult hearts of Russian (55.9+9.9%, n = 4), French (62%, n
= 1), or American (62.7+7.9%, n = 7) patients. This lack of
difference between the pooled groups suggests that variations
in life support did not contribute or bias the results obtained in
this study.

Heart failure. Cardiac tissue samples were obtained from
15 patients undergoing cardiac transplantation due to ad-
vanced stages of heart failure and analyzed. The percentage of
a-skeletal actin mRNA to sarcomeric actin mRNA from all
pathologic hearts was 62.8+11.1%, which is consistent with the
50% value reported for one failing heart (12). This percentage
represents the mean of all the values obtained from the differ-
ent regions of the left ventricles and is not statistically different
from that found in control left ventricles. To test the potential
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Table I11. Actin Quantification with Development

Sarcomeric Sarcomeric actin
Age actin mRNA mRNA/poly (A*)* Poly (A*)/18S*
fmol/ug total RNA

Liver Adult — — 1.0

FH, 29 wk in utero 0.13 <0.17 0.78
Ch, 3 mo 0.45 0.35 1.30
Ch, 3yr 0.64 0.56 1.14
Ch, 12 yr 0.30 0.48 0.62
C,, 21 yr 1.19 1.63 0.73
Skel muscle Adult 349 401 0.87

All values were normalized relative to 18S RNA. * Values are expressed in arbitrary units.

of regional differences in a-actin mRNA distributions in the
explanted hearts, RNA was prepared from the base, midven-
tricular wall, and the apex of the same heart and analyzed.
Based on paired analyses, we were unable to demonstrate any
regional differences in a-actin accumulations in human heart
(base vs. apex [n = 8], 60%=+11 vs. 56%+7; base vs. midwall [
= 6], 58%+*11 vs. 55%+20; midwall vs. apex [n = 6], 51%*18
vs. 53%+9). Additionally, we saw no evidence of differences in
the relative amounts of the two sarcomeric a-actins between
patients with dilated cardiomyopathy, ischemic heart disease,
or any of the other cardiac abnormalities (Fig. 5). Thus, we
conclude that a-actin mRNA accumulations do not change
from the normal state with end-stage heart failure.

Discussion

The results presented here confirm that the two sarcomeric
a-actin transcripts are coexpressed in the human heart. It is
further demonstrated that their accumulations are developmen-
tally regulated, and that the proportion of the transcripts are
maintained at a relatively constant level in both the normal
and failing adult human ventricles.
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Figure 5. Human skeletal actin mRNA accumulations with heart
failure are not different from those of normal hearts. Relative sarco-
meric actin contents were determined by primer extension from con-
trol (N) and diseased human hearts. Results are presented as the per-
centage of skeletal actin mRNA to sarcomeric actin mRNA +SD.
Diseased human hearts were from patients with ischemic heart disease
(I, idiopathic cardiomyopathy (D), and other miscellaneous (Mis)
heart ailments (see Table II for the corresponding diseases).
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Because of the inherent difficulties in precisely quantitating
the results of RNA dot blots from different probes, the a-actin
mRNA accumulations were studied by two independent and
complementary techniques, dot blots and primer extension.
Both techniques yielded extremely comparable results, and we
chose to study the relative proportions of the actins by primer
extension in a majority of the control and failing human heart
samples. This technique has the distinct advantage of indicat-
ing the proportion of the two sarcomeric actins from each RNA
preparation simultaneously and unambiguously, and is there-
fore theoretically more accurate than dot blot analyses (18). It
requires, however, undegraded RNAs, which is often a prob-
lem when dealing with human cardiac samples but was not for
our samples because of rapid collection and careful storage.
Indeed, all the RNAs that we used yielded two predominant
bands corresponding to a-skeletal and a-cardiac actins. More-
over, it was previously shown for most of the human RNAs
used in this study by Northern blot analysis to myosin heavy
chain and Ca** ATPase specific cDNAs that they were not
degraded (14). All this indicated that our experimental condi-
tions allowed precise analysis of the human isoactin mRNA
pattern.

The main finding of this study is that cardiac actin mRNA
is the major isoform of the human fetal heart, whereas skeletal
actin predominates in young and adult hearts. This finding is
somewhat different from that found in other animal species,
although both types of actin have been shown to be coex-
pressed at all stages of animal development thus far examined.
In chick heart, transcripts for both actins accumulate at similar
levels as early as 2.5 d in ovo, but in adults, the cardiac form
predominates substantially over the skeletal actin mRNA (18).
In mouse, cardiac actin is detectable in the primitive heart tube
slightly earlier than the skeletal one (7.5 d vs. 7.8 d postcoitum),
and the skeletal actin transcripts are always much lower than
those of cardiac actin (at least 25-fold less when estimated by
the respective grain densities from in situ hybridization experi-
ments) (26). Skeletal actin is hardly detectable in adult mouse
heart (27). In the hearts of late fetal and newborn rats, the
mRNAs for both actins are present in almost equivalent
amounts but cardiac actin is almost unique in adult animals
(4-10). Man, therefore, is the only species so far studied in
which skeletal actin mRNA increases in the heart after birth
and accumulates at higher levels than cardiac actin mRNA in
adults.

Boheler, Carrier, de la Bastie, Allen, Komajda, Mercadier, and Schwartz



At the protein level, skeletal actin only differs from cardiac
actin by a Glu = Asp exchange at residues 2 and 3, and by
exchange of Met = Leu and Ser — Thr at positions 299 and
358, respectively. Due to this very strong similarity, classical
immunological and biochemical techniques do not allow the
quantification of both isoproteins in mixtures of the two. The
only available procedure for doing this was developed by Van-
dekerckove et al. (3). Although elegant, this technique is deli-
cate and difficult to perform. Using this technique, only two
human hearts, one control and one pathologic, were analyzed
by the authors. The ventricles and one atrium were reported to
contain ~ 20% skeletal isoactin, which corresponds well with
the ventricular mRNA percentage found by Bennetts from an-
other human adult heart (13). It would, however, be hazardous

to propose from this sole analysis that isoprotein composition

reflects isomRNA composition. Our results show variability
from one heart to the other (see Fig. 4), and only a precise
comparison of the protein and mRNA levels on the same heart
would allow one to draw such a conclusion. For other large
mammals, the situation appears analagous to that seen in man
at the protein level. Skeletal isoactins account for 20% of the
total actin protein in adult bovine and porcine hearts (3); how-
ever, the percentages of the mRNAs are currently unknown. It
has been recently suggested that during terminal differentiation
of skeletal muscle cells in vitro, RNA accumulations of actin
and myosin light chain are regulated at both transcriptional
and posttranscriptional levels (28). It is currently not possible
to compare on a large series of human hearts, the actin isopro-
tein and isomRNA composition or to analyze in the human
heart either the transcriptional activity of the actin genes, or the
mRNA stabilities, and perhaps bovine and porcine cardiac
cells could be used to address these regulatory questions.

What are the factors that might regulate the developmental
changes that we have found in man? The promoter regions of
human cardiac and skeletal actin genes have been extensively
analyzed. They contain at least five types of upstream regula-
tory elements and current results indicate that very complex
interactions take place between the transcriptional factors in
these regions (review in reference 29); however, almost nothing
is known concerning the sequences and the factors that interact
with these sequences to confer muscle specificity of expression
and that might be responsible for the up/down regulation of
actin genes in cardiac muscle. Our data open further insights
into these types of study by providing developmental stages
corresponding to different patterns of expression. Recent stud-
ies have shown that thyroid hormone (10) and peptide growth
factors TGFB1 and bFGF (11) up-regulate the skeletal actin
gene in the adult heart and in neonatal cardiac cells, respec-
tively. It would therefore be of further interest to examine the
hypothesis that these components participate in the control of
actin genes during human cardiac development.

With human heart failure, apparently no transition to a
putative fetal actin isoform pattern occurs (Fig. 5). Skeletal
actin transcripts remain the most abundant isomRNA at 62%
of total sarcomeric actin. In rat, after a hemodynamic over-
load, skeletal actin transcripts rapidly and transiently accumu-
late (5, 8). The significance of this accumulation is unknown.
We are unable to say whether human hearts synthesize an even
higher percentage of skeletal actin isomRNAs in earlier stages
of heart disease and therefore cannot rule out similar transitory
changes. Our results, however, strongly suggest that the molecu-

lar basis of thin filament disregulation during heart failure is

not actin.

Finally these results provide evidence of independent regu-
lation of the multigene families encoding the two main pro-
teins responsible for human cardiac contraction, myosin heavy
chain, and actin. In human ventricles, 8-myosin heavy chain is
almost the exclusive form present at all ages, even though the a
form seems to increase after birth (30, 31). One would like to
hypothesize that these two sarcomeric proteins would be highly
and mutually coordinated at the transcriptional and/or transla-
tional levels and that this coordination should in turn lead to
the most efficient state of contraction under normal and patho-
logical conditions. This, however, does not seem to be the case
and further attempts to elucidate the mechanisms of cardiac
myogenesis in man will be needed to account for these indepen-

dent regulations.
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