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Abstract

Two isoforms of myosin heavy chain (MyHC), o and (3, ex-
ist in the mammalian ventricular myocardium, and their
relative expression is correlated with the contractile velocity
of cardiac muscle. Several pathologic stimuli can cause a
shift in the MyHC composition of the rodent ventricle from
a- to B-MyHC. Given the potential physiological conse-
quences of cardiac MyHC isoform shifts, we determined
MyHC gene expression in human heart failure where car-
diac contractility is impaired significantly. In this study, we
quantitated the relative amounts of «- and B-MyHC mRNA
in the left ventricular free walls (LVs) of 14 heart donor can-
didates with no history of cardiovascular disease or struc-
tural cardiovascular abnormalities. This group consisted of
seven patients with nonfailing (NF) hearts and seven pa-
tients with hearts that exhibited donor heart dysfunction
(DHD). These were compared with 19 patients undergoing
cardiac transplantation for chronic end-stage heart failure
(F). The relative amounts of «-MyHC mRNA to total (i.e.,
a + ) MyHC mRNA in the NF- and DHD-LVs were sur-
prisingly high compared with previous reports (33.3+18.9
and 35.4+16.5%, respectively), and were significantly higher
than those in the F-LVs, regardless of the cause of heart fail-
ure (2.2£3.5%, P < 0.0001). There was no significant differ-
ence in the ratios in NF- and DHD-LVs. Our results demon-
strate that a considerable amount of o-MyHC mRNA is
expressed in the normal heart, and is decreased significantly
in chronic end-stage heart failure. If protein and enzymatic
activity correlate with mRNA expression, this molecular al-
teration may be sufficient to explain systolic dysfunction
in F-LVs, and therapeutics oriented towards increasing
a-MyHC gene expression may be feasible. (J. Clin. Invest.
1997. 100:2362-2370.) Key words: coronary artery disease o
dilated cardiomyopathy . cardiac transplantation » messen-
ger RNA . polymerase chain reaction

Introduction

Numerous changes in myocardial gene expression occur dur-
ing the adaptation of the heart to chronic overload, and the na-
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ture of these changes could influence the long-term prognosis
of patients with congestive heart failure (1). Of those mole-
cules with potential functional significance for cardiac perfor-
mance, the myosin heavy chains (MyHCs)' are prominent
because they are the molecular motors of muscle. Two types of
MyHC are expressed in the mammalian heart, «- and B-MyHC.
The a-MyHC has a higher ATPase activity than -MyHC, and
the contractile velocity of the heart is correlated with the rela-
tive amount of each MyHC. While hearts expressing more
a-MyHC have a more rapid contractile velocity, hearts with
more B-MyHC allow for greater economy in force generation
(2, 3). The MyHC composition of the ventricular myocardium
of small mammals has been reported to be > 90% o-MyHC
(4-6), whereas that of humans has been reported to be > 95%
B-MyHC (7-13). Numerous stimuli have been shown to shift
the MyHC composition of the rodent heart. For example, ele-
vation of thyroid hormone and exercise increase a-MyHC,
whereas thyroid depletion, aging, and pressure overload in-
crease B-MyHC (14). Because of their potential effect on con-
tractile velocity, shifts in myosin composition could be an im-
portant component of heart failure. However, because it was
reported initially that the normal human heart was largely de-
void of a-MyHC (7-13), isoform shifts in developing heart fail-
ure were thought to be irrelevant.

Most previous work on the MyHC composition of the hu-
man heart was performed with immunohistochemistry because
of the difficulty in distinguishing the human «- and B-MyHCs
electrophoretically (9) or by peptide mapping (7, 10). Immu-
nohistochemistry allows the spatial expression of each isoform
to be determined, but is not quantitative, and two different an-
tibodies cannot be compared directly (15, 16). Since human
a- and B-MyHCs are 93% homologous, it is not surprising that
the discrimination of cardiac MyHC isoforms is difficult at the
protein level (17-20). The results of immunohistochemical
analysis were quite varied with reports ranging from < 5 up to
88% of myocytes expressing a-MyHC (8, 11, 12). One report
based on RNA analysis indicated no expression of a-MyHC
mRNA in a single normal human heart, but in that case, only
one normal patient was examined, who died of breast cancer
without information on cardiovascular status (21).

This study was designed to quantitate MyHC gene expres-
sion in nonfailing and failing human left ventricles (LVs). We
examined samples from the LV free wall of nonfailing (NF)
organ donor hearts, acutely failing donor hearts (donor heart
dysfunction, DHD [22]), and end-stage failing (F) human
hearts by a newly developed quantitative reverse transcrip-
tion—-PCR (RT-PCR) analysis and ribonuclease protection as-

1. Abbreviations used in this paper: CAD, coronary artery disease;
DHD, donor heart dysfunction; EF, ejection fraction; F, failing; IDC,
idiopathic dilated cardiomyopathy; LV, left ventricle; MyHC, myosin
heavy chain; NF, nonfailing; nt, nucleotide(s); RPA, ribonuclease
protection assay; RT-PCR, reverse transcription-PCR; VHD, valvu-
lar heart disease.



say (RPA) for MyHC gene expression. We demonstrated dra-
matic reduction of a-MyHC gene expression in the F-LVs
compared with the NF- and DHD-LVs.

Methods

Patients

All human hearts were provided by the Colorado and Utah Cardiac
Transplant Program. LVs from 14 control organ donor candidates (5
males, 9 females, mean age 34.4+13.9 yr) and 19 patients undergoing
cardiac transplantation (F group; 15 males, 4 females, mean age
50.1£14.6 yr) were obtained. The 14 control subjects had no cardiac
history and no significant structural abnormalities on cardiac donor
screening using echocardiography and, in subjects > 50 yr of age, cor-
onary angiography. All control subjects were maintained under inten-
sive care, but seven of those hearts (NF-1-7; see Table I) were ex-
cluded ultimately from heart donation because of age, body size, or
blood type incompatibility. In all NF heart cases, the echocardiogram
revealed normal LV systolic function. The remaining 7 of the 14 con-
trol subjects were identified as having acute DHD (DHD-1-7; see Ta-
ble I), which is thought to be due to myocardial injury from massively
increased sympathetic output accompanying brain injury (22). These
hearts were excluded from heart donation because of decreased LV
systolic function (ejection fraction [EF] = 45%). In all DHD cases,
the echocardiogram revealed diffuse hypokinesis without segmental
LV wall motion abnormalities. All of the control subjects were given
various doses of dopamine to maintain peripheral vascular tone and
renal blood flow, and three of the DHD patients were also given do-
butamine. For a summary of their causes of coma and clinical charac-
teristics, see Table I. Thyroid status (determined by T4 levels) were
available for three control patients (NF-4, DHD-2 and -5) and were
within normal range.

F-LVs were procured from 19 patients undergoing cardiac trans-
plantation for chronic end-stage heart failure (F group) with the fol-
lowing diagnoses: nine had an ischemic cardiomyopathy with history
of coronary artery disease (CAD) with at least one myocardial infarc-
tion, six had an idiopathic dilated cardiomyopathy (IDC), two had a
valvular heart disease (VHD), and the remaining two consisted of
one end-stage hypertrophic cardiomyopathy and one previous ortho-
topic heart transplantation in a subject undergoing retransplantation.
For their clinical backgrounds, see Table II. All these end-stage heart
failure patients were euthyroid, based on thyrotropin-stimulating
hormone (TSH) levels performed routinely on pretransplant patients.

In addition, two right atrial myocardial specimens from donor
candidates were examined to confirm the accuracy of the methods, as
mentioned below.

The investigators were blinded to the clinical evaluation identity
of the subjects during gene expression analysis. In all cases, written
informed consent was given by a family member or by the transplant
patient for research use of the explanted heart.

Tissue preparation

Hearts were placed in ice-cold oxygenated physiological salt solution
immediately after removal, and myocardial specimens were gathered
within 10 min of explantation. A transmural specimen was taken from
the medial part of the LV free wall when possible, and midway be-
tween the apex and base, at least 2 cm away from the scar, in patients
with myocardial infarction. Immediately after sampling, myocardial
specimens were frozen in liquid nitrogen, and stored at —80°C until use.

Total RNA extraction

Total cellular RNA was isolated from frozen LV specimen (156+71
mg, range 35-276 mg) using a modification of the acid guanidinium
thiocyanate-phenol-chloroform method (23). Briefly, the frozen tis-
sue was homogenized at 4°C in 2.0 ml of RNA STAT-60“B” (Tel-
Test, Inc., Friendswood, TX) twice at 13,500 rpm for 30 s with an Ul-
tra-Turrax homogenizer (IKA-Works, Inc., Cincinnati, OH). After

centrifugation (12,000 g for 15 min), the aqueous phase was collected,
and RNA was precipitated by the addition of the same volume of iso-
propanol. The RNA pellet was washed with 70% ethanol and resus-
pended in diethyl pyrocarbonate-treated water. The concentration of
extracted total RNA was determined spectrophotometrically (U-2000;
Hitachi Sci. Instrs., Mountain View, CA).

Quantitative RT-PCR

Reverse transcription. First-strand cDNA was synthesized using re-
verse transcriptase (SuperScript 11 RT; GIBCO BRL, Gaithersburg,
MD) and random hexamer (GIBCO BRL) from 2 pg of extracted to-
tal RNA according to the manufacturer’s instructions.

PCR. Two oligonucleotides (5’ primer, 5~ AGCAGAAGCGCA-
ACGCAGAGT-3'; and 3’ primer, 5'-TGCTGCACCTTGCGGAAC-
TTG-3') were designed from reported a- and B-MyHC cDNA se-
quences (17, 19), and synthesized by GIBCO BRL. These primers are
identical in sequence in a- and B-MyHC, and the amplified 217-bp se-
quence was 96% identical in a- and B-MyHC (Fig. 1). The 5’ primers
are located in exons 36 and 37 of a- and B-MyHC genes, respectively,
while the 3" primers are in exons 38 and 39, respectively. The ampli-
fied regions correspond to nucleotides 5492-5708 and 5572-5788 in -
(17) and B-MyHC cDNA (19), respectively. The two exon/intron
boundaries are conserved (17-20).

PCR was carried out in a total volume of 50 pl containing 10 mM
Tris-HCI, 50 mM KCl, 1.5 mM MgCl,, 0.2 mM dNTP, 15 pmol of each
primer, and 2.5 U of Tag DNA polymerase (Perkin-Elmer Corp.,
Norwalk, CT). The mixture was amplified with a thermal cycling sys-
tem (OmniGene; Hybaid Ltd., Middlesex, UK) under the following
conditions. After a hot start at 94°C for 3 min, amplification was done
over 21 cycles of the following program: 94°C for 45 s for denatur-
ation, 55°C for 45 s for annealing, and 72°C for 90 s for primer exten-
sion. It was then kept at 72°C for 10 min and held at 30°C.

Restriction digestion. The amplified 217-bp fragment was di-
gested with endonucleases Pstl or Sacl (New England Biolabs, Inc.,
Beverly, MA). Only B-MyHC has PstI sites, whereas both MyHCs
have Sacl sites (Fig. 1). Therefore, the remaining 217-bp bands after
digestion with Pstl and Sacl correspond to amplified a-MyHC cDNA
and background, respectively. Digestion was performed in a total vol-
ume of 20 pl containing 5 wl of PCR product, with appropriate buff-
ers, with (PstI, 20 U, or Sacl, 20 U) or without (replaced by distilled
water) restriction enzyme, at 37°C for 3 h according to the manufac-
turer’s instructions.

Quantification of amplified a-MyHC cDNA ratio. The digested frag-
ments were subjected to 8% polyacrylamide gel electrophoresis (8 .l
of 20 pl reaction, room temperature, 10 V/cm constant) with a Mighty
Small II apparatus (Hoefer Pharmacia Biotech Inc., San Francisco,
CA). The gel was stained with CYBR green I (diluted 1:10,000; Mo-
lecular Probes, Inc., Eugene, OR) for 60 min with gentle agitation.
The digested fragments were separated clearly from the original 217-
bp band. The fluorescence signal of amplified and digested bands was
detected using a fluorescence imaging system (STORM; Molecular
Dynamics, Sunnyvale, CA), and the intensity was evaluated with a
quantification program (ImageQuant; Molecular Dynamics). The rel-
ative amount of amplified a-MyHC cDNA to total (e + ) MyHC
cDNA was determined using the following formula:

Amplified a-MyHC cDNA ratio( % =
100 (SI Pstl ™ Sl Sacl) / (Sl Enz— — Sl Sacl)'

where Slpy, Sls., and SIg,,- are the signal intensity (arbitrary units)
of 217-bp bands after incubation with Pstl, with Sacl, and without en-
donuclease, respectively.

Quantification with RPA

To verify the accuracy of the newly developed quantitative RT-PCR,
RPA was also performed using the same specimens.
Antisense riboprobe. To prepare the template of antisense ribo-
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B-MyHC AGCAGAAGCGCAACGCAGAGTCGGTGAAGGGCATGAGGAAGAGCGAGCGG
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Figure 1. Comparison of the amplified 217-bp cDNA sequences of
a- and B-MyHCs. The amplified regions correspond to nt numbers
5492-5708 in a- (reference 17) and 5572-5788 in 3-MyHC cDNA
(reference 19), respectively. The amplified nt sequences are 96%
identical. Bold underlining, Primer annealing sites. Sacl and PstI re-
striction sites are indicated. Arrowheads, Two exon/intron junctions.

probe, B-MyHC cDNA (282 bp, nucleotides [nt] 3588-3869 [19]) was
amplified from the extracted human LV RNA (patient F-10) using
two oligonucleotides (5'-primer, 5'-GAGGCCGAGTTCCAGAA-
GATG-3"; and 3'-primer, 5'-GCTCCGGTGCTCATTCATCTG-3")
as mentioned above. The cDNA was cloned with PCRscript II (Strat-
agene Inc., La Jolla, CA) and sequenced (Fig. 2). The nt sequence
was 94% identical in a- and B-MyHC cDNA within this region. In
particular, the 5 region (1-227) was completely identical. The anti-
sense riboprobe (332-nt) was generated with T3 RNA polymerase
(Stratagene Inc.), and labeled by [«-*?P]JUTP (Amersham Corp., Ar-
lington Heights, IL) using Transcription in vitro Systems (Promega
Corp., Madison, WI), and purified by guanidinium-acid phenol ex-
traction followed by isopropanol precipitation.

RPA. RPA was performed using the RPA II kit (Ambion Inc.,
Austin, TX). Briefly, 500,000 cpm ([a-**P]JUTP) of probe was com-
bined with 2.5 ng RNA and hybridized for 20 h at 45°C in hybridiza-
tion buffer. Samples were digested at 37°C for 30 min with 20 U T1
RNase and 1 pg RNase A in 200 wl digestion buffer according to the
manufacturer’s instructions. After RNase inactivation and precipita-
tion, the samples were subjected to electrophoresis on a 6% acryl-
amide gel under denaturing conditions. The sizes of protected frag-
ments were determined by coelectrophoresis with the SequaMark
DNA size ladder (Research Genetics, Inc., Huntsville, AL). The 282-
nt riboprobe was protected when it was hybridized with 3-MyHC
mRNA, while two protected fragments of 239 and 227 nt were ob-
served when the riboprobe was hybridized with a-MyHC mRNA, be-
cause of the difficulty of digestion at the site of one nt mismatch (nt
228, Fig. 2).

1

Quantification of protected fragments. The radioactivity of pro-
tected fragments was detected with a Phosphorlmager (STORM;
Molecular Dynamics) and quantified using ImageQuant (Molecular
Dynamics). The relative amount of a-MyHC mRNA to total (o + )
MyHC mRNA was expressed in the following formula, taking into
consideration the difference in the amount of [a-**P]JUTP incorpo-
rated into each protected riboprobe:

a-MyHC mRNA expression ratio (%¥
100( 1.2V, + 1.3V ) [ (Vg + 1.2V, +1.3V,,),

where V, V4, and V, are the radioactivities of protected fragments,
282,239, and 227 nt long, respectively.

Statistical analysis

Data were expressed as mean=SD. The values were analyzed by the
nonparametric analogues of ANOVA and the two-tailed ¢ test, which
are the Kruskal-Wallis and the Wilcoxon rank-sum test, respectively.
By Kruskal-Wallis, P = 0.0001. By Wilcoxon, for comparisons of NF
vs. DHD, NF vs. F, and DHD vs. F hearts, P values were 1.000,
0.0001, and 0.0001, respectively.

Results

Quantitative assessment of amplified PCR products. Based on
the known correlation between increased contractility and
a-MyHC content of the rodent heart, we wished to determine
the amount of a-MyHC in the normal human heart and
whether there is a decrease in a-MyHC in heart failure. The
strategy used was to amplify both o- and B-MyHC cDNA with
a pair of primers whose sequence is identical in the two mRNAs
(Fig. 1). The PCR product was then cleaved with an enzyme
(PstI) that cleaves the B- but not the a-MyHC product, and the
proportion of a-MyHC relative to the total was stained by
CYBR green and quantitated. Several controls were carried
out to ensure that (@) the quantification of the bands was in the
linear range of the assay (not shown), (b) the measurements
were made in the exponential phase of amplification (Fig. 3),
and (c¢) the a- and B-MyHC were amplified with equal effi-
ciency (Fig. 3). To ensure the identity of the product, direct se-
quencing of the 217-bp cDNA was performed for two speci-
mens, DHD-1 and F-1 (Tables I and IT). The obtained sequences
demonstrated that the fragment from F-1 was B-MyHC, whereas
the amplified DHD-1 fragment after digestion with PstI corre-
sponded to a-MyHC c¢DNA (data not shown) (17, 19). The
amplified region spanned two splice junctions (Fig. 1), elimi-
nating the possibility of contaminating genomic DNA. In addi-
tion, no amplified product could be seen in a control cDNA re-
action prepared in parallel in which reverse transcriptase was
omitted (data not shown).

210 Figure 2. Comparison of the regions of -
(3588-3869 [reference 19]) and a-MyHC
(3508-3789 [reference 17]) covered by
the ribonuclease protection probe. The
B-MyHC cDNA was used for making the

70
B-MYHC  GAGGCCGAGTTCCAGAAGATGCGGCGGGACCTGGAGGAGGCCACGCTGCAGCACGAGGCCACTGCCGCGG
O=MYHC
71 140
B-MYHC  CCCTGCGCAAGAAGCACGCCGACAGCGTGGCCGAGCTGGGCGAGCAGATCGACAACCTGCAGCGGGTGAA
O=MYHC
141
B-MYHC  GCAGAAGCTGGAGAAGGAGAAGAGCGAGTTCAAGCTGGAGCTGGATGACGTCACCTCCAACATGGAGCAG
O=MYHC
211 282
B-MYHC  ATCATCAAGGCCAAGGCTAACCTGGAGAAGATGTGCCGGACCTTGGAAGACCAGATGAATGAGCACCGGAGC
O-MyHC e S AG---CT-mmmm GC----G--—--- GCC------ T-~--CGTG
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Figure 3. (A) Pattern of
MyHC cDNA after re-
striction digestion over
various amplification cy-

cles (cycles 18-22).
Right, Calculated ampli-
fied «-MyHC cDNA ra-
tios. (B) Plots of amplifi-
cation cycle number vs.
logarithm of the amount
of total MyHC cDNA
(@) and a-MyHC cDNA
(A). Both show linear
correlation, indicating

A that the amplifications
are in the exponential
phase of the cycle. Their

B
4
.E
=
A >
T £ 37
PCR ¥ % ¢ Amplifieda-MyHC £
cycle# = &£ o cDNA ratio (%) \“;
18 sl 18.8 Z
. 3
19 | 19.7 g 2
20 17.7 250
21 S 19.5 S
22 20.1
1

Amplified a-MyHC cDNA ratio in LV. The MyHC mRNA
composition of the NF-, DHD-, and F-LV samples is shown in
Fig. 4. Visual inspection demonstrates that there is a significant
amount of a-MyHC mRNA in the NF- and DHD-LVs, and
there is substantially less in the F-LV (P lanes). The mean val-
ues of total MyHC cDNA [Enz(—) lanes] were not statistically
different among all three patient groups: NF-, DHD-, and
F-LV (827%215, 1,062%=570, and 951+ 449 [arbitrary units], re-
spectively). The relative amount of amplified a-MyHC cDNA
to total (i.e., @ + B) amplified MHC cDNA is shown in Tables

slopes are equal, suggest-
ing that a- and B-MyHC
cDNA were amplified

PCR cycle number with equal efficiency.

I and IT and Fig. 5. The values obtained for the NF- and DHD-
LVs were surprisingly high (33.3+18.9 and 35.4+16.5%, re-
spectively), and significantly higher than those in the F-LV
(2.2%£3.5%, P < 0.0001). There was no significant difference in
the ratio between NF- and DHD-LVs.

In the control subjects (i.e., NF + DHD), the amplified
a-MyHC cDNA ratios varied considerably (7.5-61.9%). The
values showed no significant relationship with the duration of
life support (+* = 0.03), the dose of dopamine at the organ har-
vest (2 = 0.17), both variables combined (** = 0.17), or the age

Table I. Clinical Characteristics and Amplified a-MyHC ¢cDNA Ratios of 14 Organ Donor Controls

Cause of Cardiovascular Duration of Amplified a-MyHC
Patient No. Age Gender coma abnormality EF life support DOP/DOB cDNA ratio
% h ng/kg/min %
NF donor
NF-1 27 F MVA None NA* 71 8/0 54.7
NF-2 52 F CVA None 65 48 7/0 33.1
NF-3 50 F CVA None NA* 40 15/0 61.9
NF-4 17 M CHI None 65 61 5/0 25.7
NF-5 55 F CVA CAD* 55 22 7/0 75
NF-6 49 F CVA None 65 18 4/0 24.0
NF-7 38 M SIGSW None NA* 20 13/0 26.0
Mean+SD 41+14 — — — 635 40x21 8.4+4.1% 333*18.9
DHD
DHD-1 24 F MVA None 25 47 15/4 19.5
DHD-2 42 F CVA None 20 66 12/0 241
DHD-3 22 M SIGSW None 30 20 40/0 48.3
DHD-4 39 F SIGSW None 40 29 15/5 15.1
DHD-5 33 F CVA None 45 37 5/0 52.6
DHD-6 18 M CVA None 14 33 15/10 334
DHD-7 16 M MVA None 30 32 70/0 55.0
Mean+SD 28+10 — — — 29+11! 38=15 25+23¢ 35.4+16.5

DOP/DOB, dopamine/dobutamine at organ harvest. MV A, Motor vehicle accident. CVA, Cerebral vascular accident. CHI, Closed head injury.
SIGSW, Self-inflicted gunshot wound. *Echocardiogram grossly normal but technically inadequate for determination of EF.*Incidental CAD (30%
narrowing of left anterior descending artery on angiography). *Mean=SD of DOP.!P < 0.00001 vs. NF group.
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Table II. Main Clinical Characteristics and Amplified o-MyHC ¢cDNA Ratios of 19 Patients with End-Stage Heart Failure

Surgical/transluminal

Medical treatments

Amplified a-MyHC

Patient No. Age Gender Diagnosis interventions Dxn ACEI Dutx Ca-blkr EF cDNA ratio
% %
F-1 64 M CAD CABG X5,PTCA X1 + - + - 25 1.8
F-2 54 M CAD PTCA X3 + + + - 15 2.4
F-3 57 M CAD None + + + - 15 0.0
F-4 60 M CAD CABG X6 + - + - 20 1.2
F-5 58 M CAD AICD - - - - 16 0.0
F-6 65 M CAD PTCA X1 + + + - 15 1.8
F-7 59 M CAD CABG X3 + - + + 30 4.6
F-8 61 M CAD CABG X1 + - + + 22 14.5
F-9 55 M CAD None + + - - 21 2.6
F-10 64 F IDC None NA NA NA NA 8 0.0
F-11 34 M IDC None + - - - 20 0.0
F-12 53 M IDC None + - - - 10 0.6
F-13 18 F IDC None + + + + NA 6.1
F-14 24 M IDC None + + + - 20 0.0
F-15 60 M IDC AICD + + + - 20 0.0
F-16 29 F VHD MVR + + + - 10 0.4
F-17 38 M VHD AVR + + + - NA 3.1
F-18 41 F HCM None - + - - 15 0.0
F-19 57 M GAS OHT - - - + 25 1.8
Mean+SD 50x15 — — — 18+6 22%35

Dxn, Digoxin. ACEI, Angiotensin—converting enzyme inhibitor. Dutx, Diuretics. Ca-blkr, Ca antagonists. HCM, Hypertrophic cardiomyopathy. GAS,
Graft atherosclerosis. CABG, Coronary artery bypass graft. PTCA, Percutaneous transluminal coronary angioplasty. AICD, Automatic implantable
cardiac defibrillator. MV R, Mitral valve replacement. AVR, Aortic valve replacement. OHT, Orthotopic heart transplant. +, Administrated. —, Not

administrated. NA, Not available.

of the subjects (* = 0.09). Although the EFs were significantly
lower in DHD- than in NF-LVs (29.1+10.8 [n = 7] vs.
62.5+5.0% [n = 4], P < 0.0001), no significant correlation was
found between the EF and the amplified a-MyHC cDNA ratio
(¥* = 0.05) in the control subjects.

In the F-LVs, the EFs were extremely low (18.1+5.9%
[7 = 17], P < 0.00001 vs. NF-LV, P < 0.01 vs. DHD-LV), and
there was no statistically significant correlation between the
EF and the amplified a-MyHC cDNA ratios. No detectable
a-MyHC mRNA was expressed in four of six F-LV with IDC
(F-10-15; Table IT). However, there was no statistically signifi-
cant difference in the values between the patients with IDC
(F-10-15, 1.1+2.5%) and those with CAD (F-1-9, 3.2+4.5%).
In addition, there was no relationship between the type of treat-
ment and the amplified a-MyHC cDNA ratios.

Quantification with RPA. Although we felt quite confident
that the assay with RT-PCR was accurate in determining the
relative expression level of MyHC mRNA in the myocardium,
the composition of a-MyHC mRNA in the NF- and DHD-LVs
obtained in this study was surprisingly high compared with
those suggested by previous reports (7-13). Therefore, RPA
was also performed on the same LV specimens and on the ad-
ditional two atrial myocardium samples, where a-MyHC has
been shown to be prominent (8, 10-13). Fig. 6 shows the rep-
resentative patterns of protected fragments. The a-MyHC
mRNA ratios obtained by RPA were in good agreement with
those by RT-PCR (7 = 0.93; Fig. 7).
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Discussion

Recently, gene expression in failing human hearts has been
studied intensively to clarify the molecular and cellular mecha-
nisms in the development of heart failure. We and other groups
have reported downregulation of 31 adrenergic receptors (24),
the angiotensin IT AT1-receptor subtype (25), sarcoplasmic re-
ticulum proteins such as Ca?* ATPase (26, 27), phospholam-
ban (28) and the ryanodine receptor (29), and upregulation of
the Na*—Ca?>" exchanger (30) and atrial natriuretic peptide
(28) in ventricles from patients with end-stage heart failure. In
terms of contractile proteins, Boheler et al. failed to find any
difference in the composition of two sarcomeric actins, a-skel-
etal and a-cardiac actin, between control and failing human
hearts (31).

In this study, we have determined the relative expression
levels of the two cardiac MyHC genes in human LV and dem-
onstrated that, in contrast to previous reports (7-13),a-MyHC
mRNA constitutes a significant amount of the total MyHC
gene expression in the LVs of organ donors with no cardiac
history and no structural cardiovascular abnormalities. More-
over, chronic heart failure was accompanied by a significant
decrease in the amount of a-MyHC mRNA.

Amplified a-MyHC cDNA ratios in control donor hearts.
The relative values of a-MyHC expression in control donor
hearts (NF- and DHD-LVs) were considerably higher than those
of previous reports, in which the MyHC isoform composition
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Figure 4. MyHC gene expression in NF, DHD, and F LVs. Enz (—),
Incubation without restriction enzyme; thus, the band consists of both
a- and B-MyHC-amplified cDNA. The fragments remaining after di-
gestion with PstI (P) or Sacl (S) correspond to the amplified a-MyHC
cDNA and the background, respectively (see Fig. 1). The calculated
amplified a-MyHC cDNA ratios are shown in Tables I and II. To
control for the presence of genomic DNA, control cDNA reactions in
which reverse transcriptase was omitted were prepared in parallel.
These were uniformly negative (data not shown).

of the human heart was investigated using several methods (8-
13). Unlike rodent MyHCs, human a-and 3-MyHCs are not
separated easily by their electrophoretic migration pattern on
denaturing or nondenaturing gels (9). In addition, peptide
mapping of human ventricular myosin has failed to detect any
developmental or pathological differences (7, 10). Immunohis-
tochemical analysis was applied to investigate the MyHC iso-
form composition in the human heart. However, the percent-
age of anti-a-MyHC antibody—positive cardiocytes in normal
ventricles varied considerably among the reports. Schiaffino,
Gorza, and colleagues reported that < 5% of total cardiac cells
were immunoreactive with an anti-a-MyHC antibody (8, 11),
while Bouvagnet et al. reported that 20-88% of cardiocytes
were positive for another anti-«-MyHC antibody in normal
ventricles (12). Tsuchimochi et al. reported with a different
mADb that cardiac muscle fibers were composed almost exclu-
sively of B-MyHC in ventricular myocardium (13). These dif-
ferences may be caused by differences in the affinity of the an-
tibodies to their epitopes, the conditions for using them (15,

16), or the patient population. In addition, this methodology
provides no quantitative information about the amount of
a-MyHC, merely the proportion of cells expressing the gene.
Therefore, it is difficult to quantify the relative expression of
MyHC isoforms in humans by these methods.

There is only one previous report of MyHC mRNA ex-
pression in the human heart. Kurabayashi et al. (21) reported
that a single normal human ventricle expressed no detectable
a-MyHC mRNA by Northern blot analysis. In contrast, we ob-
served previously easily detectable a-MyHC mRNA in a non-
failing ventricle from a single organ donor by Northern blot
analysis (our unpublished observations). However, in that
case, the quantification of relative mRNA expression of a- and
B-MyHCs with Northern blotting was not possible because the
affinity of the probes specific for a- and 3-MyHC mRNA was
different since they derive from the highly diverse 3’ untrans-
lated regions, and standards of pure o- and B-MyHC synthetic
transcripts were not included.

Given the discrepancy between our findings and those of
previous reports in which antibodies were used to evaluate the
expression ratio of a- and B-MyHC protein, it is important to
determine whether the mRNA levels are represented by cor-
responding amounts of protein. To date, the only posttran-
scriptional events in MyHC gene expression have been alter-
native polyadenylation and an alternate single codon splice in
a-MyHC, neither of which appears to be regulated (32). In
vivo studies in rats and rabbits have demonstrated that the syn-
thesis of 3-MyHC and its mRNA levels changed in parallel af-
ter pressure overload (6, 33). In contrast, a recent study (34)
demonstrated a dissociation -MyHC mRNA and protein ex-
pression after ascending aortic banding in rats. However, in
humans, the relationship between MyHC mRNA and protein
in the heart has not yet been investigated.
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Figure 5. Histograms of amplified a-MyHC cDNA ratios of NF,
DHD, and F human LVs. Data from each group are presented as
mean*SEM. One-way ANOVA and Scheffe’s multiple comparison
tests were applied to assess significance.
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It is noteworthy that there was no significant difference in
the relative a-MyHC mRNA between the NF- and DHD-LVs
despite their marked difference in LV EF just before organ
harvest. DHD is a type of acute heart failure related to severe
brain injury (22). We reported previously that, compared with
NF hearts, right ventricular trabeculae removed from DHD
hearts exhibited a profound decrease in contractile response to
isoproterenol as well as reduced calcium response (22). Given
the lack of difference in the relative a-MyHC mRNA expres-
sion between NF- and DHD-LVs in this study, it seems likely
that decreased intrinsic systolic function per se is not responsi-
ble for the alterations of MyHC isoform composition in heart
failure.

The amplified a-MyHC ratios varied considerably among
the patients both in the NF- (7.5-61.9%) and the DHD-LV
groups (15.1-55.0%). A similar variation was reported previ-
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Figure 7. The relationship between the a-MyHC mRNA expression
ratios determined by quantitative RT-PCR and by RPA. Open and
filled circles, F- and NF-LV groups, respectively. Squares, DHD-LVs.
Triangles, Values of atrial specimens from two donor hearts. r = cor-
relation coefficient.
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Figure 6. RPA of o- and B-MyHC gene expres-
sion. Lanes /-6, Patients DHD-7, NF-6, NF-5,
F-1, F-6, and F-11, respectively. Lane 7, MyHC
gene expression in an atrial specimen (donor
heart, 59-yr-old male). Values under lanes repre-
sent the calculated a-MyHC mRNA expression
ratios (see Methods). Fragment sizes are indi-
cated in nt on the left for lanes /-6 and on the
94.1 right for lane 7.

ously with immunohistochemistry (11, 12). These investigators
reported that the percentage of myofibers immunoreactive to
a-MyHC-specific antibody was highly varied among normal
individuals and less in the subendocardium than in the subepi-
cardium. In this study, because all transmural specimens were
taken from the same region of the LV free wall, the variation
in amplified a-MyHC ratios is not likely to be due to regional
differences in the sample origin but to individual difference.

Differences in amplified a-MyHC cDNA ratios between
NF- and F-LVs. The amount of a-MyHC in chronic failing
hearts was < 5% in all but 2 ventricles (F-8, F-13), and in 7 of
19 was undetectable. Assuming that human o-MyHC has three-
fold higher ATPase activity than 3-MyHC (2, 3), and that the
contractile velocity of muscle expressing a significant amount
of a-MyHC is much higher, it may be that the contractility of
failing heart could be improved by increasing the expression of
a-MyHC (35). However, a determination of MyHC isoform
protein and its relation to mRNA abundance in the human
heart will need to be made before this conclusion can be pro-
posed.

In interpreting the profile of MyHC gene expression, it is
important to examine the patients’ pharmacological status be-
fore cardiac explantation. It is well known that the expression
of cardiac myosin isoforms is regulated by circulating factors
such as thyroid hormone (14). Thyroid status (determined by
T4 levels) was available for only three control patients (NF-4,
DHD-2 and -5) and was within normal range. All end-stage
failing hearts were from subjects who were chemically euthy-
roid by routine clinical testing. All of the control donor pa-
tients in this study were given various doses of dopamine, and
three of them were also treated with dobutamine for mainte-
nance of peripheral vascular tone and renal blood flow. They
also had been subjected to large amounts of sympathetic stim-
ulation associated with brain injury (22). Thus, the effect of
adrenergic stimulation on MyHC isoform shift needs to be
considered. However, in this study, the a-MyHC mRNA ratio
showed no relation to the duration of life support, the dose of
dopamine at organ harvest, or their double products. More-
over, the heart failure subjects had also been exposed to in-
creased levels of adrenergic stimulation (36). In previous stud-
ies, efforts to demonstrate a role for catecholamines in the
regulation of MyHC expression in cultured cells have pro-
duced conflicting results (37, 38). In addition, in vivo, because
of the phenomenon of receptor desensitization (36), it is diffi-



cult to equate the effects of brief treatment with adrenergic ag-
onists in cultured cardiac myocytes to in vivo administration.
Injecting hypothyroid rats with doses of isoproterenol suffi-
cient to increase intracellular cAMP did not induce a-MyHC
(39). Likewise, continuous infusion of norepinephrine in eu-
thyroid rats failed to change MyHC isoform prevalence (40).
Recently, we evaluated MyHC expression in right ventricular
biopsy specimens from nonfailing and failing (IDC) human
hearts, which revealed that the percentage of a-MyHC mRNA
expression to total MyHC mRNA was threefold less in
IDC ventricle than in nonfailing ventricle (41). Moreover, in
this study, there was no significant difference in the relative
a-MyHC mRNA expression between NF- and DHD-LVs de-
spite the fact that DHD hearts exhibit marked uncoupling of
B1 and B2 adrenergic receptors from adenylyl cyclase (22). Thus,
it seems unlikely that the administration of adrenergic agonists
or acute elevation of endogenous catecholamines played a role
in increasing a-MyHC mRNA levels in donor hearts.

We were interested in determining whether there was a
correlation between EF and the relative amount of a-MyHC
mRNA in the F group. However, because of the low levels of
both EF and amplified a-MyHC cDNA ratio, there was no sta-
tistically significant correlation. Although there was no signifi-
cant difference in the amplified a-MyHC cDNA ratio between
F-LVs with CAD and those with IDC, the values tended to be
higher and more varied in the F-LVs with CAD. If one can as-
sume that hemodynamic overload is responsible for the reduc-
tion of a-MyHC mRNA, the variability may be reasonable,
because topographic alterations of myocardial architecture af-
ter myocardial infarction (i.e., ventricular remodeling [42])
may induce heterogeneous patterns of increased wall stress in
the viable myocardium.

Clinical application of quantitative RT-PCR followed by re-
striction digestion. Recently, quantitative PCR methods have
been used widely for the estimation of mRNA expression in
many tissues under physiological and pathophysiological con-
ditions (43). We reported previously using quantitative RT-
PCR and cardiac biopsy samples that a selective gene expres-
sion occurred in the failing human ventricle (28). Because of
the tube-to-tube variability in amplification efficiency, an in-
ternal control template DNA has to be prepared for each reac-
tion. The template must have primer annealing sites identical
to those of its competitor gene and must be a different size
than the PCR product to be quantified.

Instead of using a synthetic template, we amplified a 217-bp
cDNA fragment with primers identical in sequence in a- and
B-MyHC in this study. This approach is possible because the
amplified fragments’ sizes are the same, the lengths are short,
the sequences of the fragments are 96% identical, and the two
cDNAs were amplified with equal efficiency. The bands were
quantified with a fluorescence detection system that was more
sensitive than conventional methods, and it allowed us to eval-
uate a small amount of cDNA produced by PCR from a low
number of amplification cycles without radioisotopes. This
makes it easier to perform quantification during the exponen-
tial amplification phase of PCR. The accuracy of this method
was confirmed by RPA performed independently.

The procedure we used can be applied easily to the exami-
nation of biopsy samples. Although this method cannot deter-
mine the absolute amount of each MyHC mRNA expressed in
LVs, it is useful for knowing relative isoform composition,
which may be affected by the milieu surrounding cardiocytes,

specifically by mechanical overload. Future studies will include
the evaluation of biopsies from patients with class II and III
heart failure in order to determine the time course of the de-
crease in a-MyHC gene expression. Ladenson et al. reported
that, in a single hypothyroid patient with IDC, thyroid hor-
mone replacement increased a-MyHC mRNA expression in
the right ventricle up to 11-fold, and was accompanied by an
improvement in the LV EF from 16 to 37% (35). Because
MyHCs may play a major role(s) in cardiac contraction, poten-
tial therapeutics for heart failure might include agents that in-
duce a-MyHC gene expression. However, it is obviously im-
portant to determine the amount of a- and B-MyHC protein
expression. Such studies are ongoing.
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