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SUMMARY : Rates of protein turnover have been measured on a sta-
tistical basis in Duchenne muscular dystrophy and normal skin fi-
broblast populations in vitro. At comparable numbers of cumulative
population doublings, protein synthesis was significantly reduced
by about 24 % in DMD fibroblasts as compared to normal fibroblasts
(p< 0.01,N=12). Degradation of short lived proteins was signifi-
cantly enhanced by about 60 % (p< 0.05,N=18§, and the degradation
of long lived proteins was significantly increased by about 28 %
(p< 0.05,N=18) in DMD fibroblast populations in vitro. The enhan-
ced degradation of long lived proteins in DMD fibroblasts can be
reduced to basal levels of degradation by the use of the protease
lnhibltOI‘S leupeptln and qu-’?s (P< 0.05 ,N=9>. © 1987 Academic Press, Inc.

Duchenne muscular dystrophy (DMD) is a X-chromosome linked reces-—
sive disorder, characterised by a progressive muscle degeneration
in the primary organs of manifestation,the skeletal and cardiac
muscles (1). The primary genetic defect of this disorder has not
been defined,however,the dystrophy of skeletal and cardiac mus-
cles is regarded to be the result of an abnormal protein metabo-
lism (1-4).

Numerous DIMD specific cellular and biochemical abnormalities ha-
ve been demonstrated in erythrocyte-,lymphocyte-,nerve-,and fi-
broblast cells of DIMD patients (1,5,6). DMD skin fibroblasts in
vitro express a variety of syndrome specific cellbiological (7-
13) and biochemical zbnormalities (14-19),e.g. alterations in

protein synthesis (12,15-17), in collagen metabolism (15,18),and
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alterations in the degradation of individual proteins (19).Some

studies (20,21) describe nonsignificant changes in protein degra-

dation in DMD fibroblast in vitro.

In the present study, protein synthesis and degradation of short
and long lived proteins of DMD and normal fibroblast populaticns
i1 witro was analysed on a statistical basis. We wil provide evi-
dence,that DND fibroblasts in vitro express significant altera-
in protein synthesis and degradation,that are comparable to the
gbnormalities in protein metabolism found in DMD in vivo (1-4).
Defects in the differential degradation of individual proteins

in DMD fibroblasts in vitro have been described by us previous-

1y (19).

MATERIAL AND METHODS

Cell cultures : Skin fibroblast populations of 6 male patients
with advanced to very advanced manifestations of the DMD syndrome,
age 6 to 15 years,and of 6 age-matched normal male probands were
established as described elsewhere (18,719).DMD and normal fibro-
blast cell lines were routinely cultured in Dulbecco's Modifica-
tion of Eagle's Medium (DMEM,Gibco-Biocult,Karlsruhe,FRG),supple-
mented with 10 % fetal calf serum (fcs,Seromed,Minchen,FRG,lot No.
107 and 139;B06hringer,liannheim,FRG,lot K0.180),and standard am-
ounts of antibiotigs 818).Cells were grown in plastic tissue cul-
ture plates (55 cm<,Falcon,3ecton Dickinson,Heidelberg,FRG) in a
humidified atmosphere of 95% air and 5% CO».Growth rates and cu-
mulative population doublings (CFD) were determined at each trans-
fer by counting the cells in a hemocytometer.For biochemical ana-
lyses,cells were seeded inte multiwell tissue culture plates (g
cn=,Falcon,Becton Dickinson,Heidelberg,FRG) at a density of 10
cells per well.All biochemical investigations were undertaken with
cell populations,t& days after seeding into wells at complete con-
fluency (app. 1.5 x 10° cells per well).

Protein synthesis: Cells at complete confluency were labelled for
24 hrs with[3d]-leucine,? puCi (5 Ci/mmole,New England Nuclear,Drei-
eich,FRG) in 1 ml of DMEM+10% fcs.After labelling,radiocactive medi-
um was removed,and cell monolayers were washed 5 times with phos-
phate buffered saline (¥BS,4°C).7 ml of S % trichloroacetic acid
(TCA,4°C) was added to each well for 3%0 min (490C).TCA-soluble fra-
ction was removed and cell monolayers were rinsed with PBS,solu-
bilised in 1 ml of 0.1 % sodium dodecyl-sulfate-0.1 N NaOH (0.1 %
SDS-0.1 N NaOH) and counted in a liguid scintilation system (22).
Counts per minute (cpm) were corrected to the cell number (cpm/
102 cells),determined from parallel cultures.

rrotein degradation : Cells at complete confluency were labelled
for T hr with 10 uCi (short lived proteins) or 48 hrs with 1 uCi
[3H] ~leucine (long lived proteins) in 1 ml of DMEM+10% fcs.After
labelling,radiocactive medium was removed and cell monolayers were
washed 5 times with unlabelled chase medium,which is identical to
labelling medium except that [3H]-leucine has been replaced by 2
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ol unlzbelled l-leucine.After washing, 1 ml of chase medium was
added to each well either for 20 min (short lived proteins) or

4 hrs (long lived proteins), in order to flush frze radioactive
Jeucine from the cells (prechase period)(22).Prechase medium was
removed and fresh chase medium was added to each well to minimize
reincorporation of labelled leucine into proteins (22),either for
“ hrs (short lived proteins) or 24 nrs (long lived proteins).Ra-
dioactivity soluble in 106 TCA (4°C) was assayed in aliquots of
the chase medium.at the termination of each experiment,cell mono-
layers were rinsed with FBS (4°C) and 1 ml of 5% TCA was added %o
each well for 30 min (4°C).TCA-soluble fraction was removed and
nonolayers were counted in a liquid scintilation system.Rates of
protein degradation were calculated according to the formula :

% brotein degradation=Acid soluble cpm in the medium x 100/cpm in
the protein at the end of the experiment + acid soluble cpm in
the medium.

The effect of protease inhibitors on the degradation of long li=-
ved proteins in DMD and normal fibroblast cell lines was measured
as described above in the presence and absence of leupeptin (Sig-
ma Chemicals,liinchen,FRG) and Ep475 (Ep475 was kindly provided by
Dr.A.L.Goldberg,larvard Medical School,Boston,USA).Frotease inhi-
bitors were added to the prechase and chase medium at a concentra-
tion of 25 all.

Statistics : For statisticel analysis, differences in protein syn-
thesis and degradation between DMD and normal fibroblasts were
compared by subsampling in a single factor study with complete
randomized design (2%). The effects of protease inhibitors were
tested for statistical significance by a generalized block design
combined with the Dunnett-test (23,24).

RESULTS
Rates of protein synthesis analysed in DMD and normal skin fibro-
blast populations in vitro at cellbiologically well characterised
states (CkD 15 to 20),were significantly decreased in DMD fibro-
blasts by about 24 % as compared to normal fibroblasts (p< 0.01,
N=12)(Table 1).No differences in the cell size and protein con-
tent (25) between DND and normal fibroblasts analysed could be
observed (19).”herefore,rafes of protein synthesis were expressed
on a per cell basis (table 1).Similar results of a reduced pro-
tein synthesis in DI.D fibroblasts in vitro were obtained using
other radicactive tracers,such as[14CJ-amino acid mixture (data
not shown) or([358)-methionine (19).
Rates of degradation of short and long lived proteins were mea-
sured under various medium and serum conditions,i.e. DMEM minus

serum, DMEM + 10% fcs lot No.107, and DMEM + 10% fcs lot No.180,
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Table 1 . Protein synthesis in normal and DMD fibroblast popula-
tions at comparable numbers of cumulative population
doublings in vitro

Cell line CPD Incorporation of Mean * SD
3H-leucine (% Change)
(com / 10”2 cells)

HH~4 15.6 3349 t 194
HH-6 18.9 3748 + 87 +
HH-10 15.8 3901 £ 162 3839 - 402
HH-11 18.6 4368 £ 180
DMD-1 18.2 2781 t 177 .
DMD-3% 18.1 3210 + 122 2903 * 227+
DMD-4 174 2704 t 115 (- 24%)
DMD-6 18.0 2917 + 134

** p<0.07, N=12

Rates of protein synthesis were measured in normal (HH) and DMD

fibroblast populations in vitro, as described in Methods. Each

number represents the mean ¥ SD of triplicate cultures of each

cell line. For statistical analysis, data were compared by sub-

?g§§%ing in a single factor study with complete randomized design
in 6 DMD and & normal fibroblast cell lines at CPD numbers 20 to
22.Depending upon the medium condition,degradation of short lived
proteins in DMD fibroblasts in vitro is significantly increased
betweem 55 % and 62 % as compared to normal fibroblasts in vitro.
(p< 0.05,8=18)(Table 2). Depending upon the medium condition, ra-
tes of degradat’on of long lived proteins were significantly en-
hanced in DMD fibroblasts between 27 % and 32 % as compared to
normal fibroblasts (p<0.05,N=18)(Table 2). Similar data of an
elevated protein degradation in DMD fibroblasts could be demon-
strated in kinetic experiments for short lived proteins (0 to 4
hrs) and long lived proteins (O to 24 hrs) with 3 DMD and 3 nor-
mal fibroblast cell lines (Table 3). The abnormally enhanced de-
gradation of short and long lived proteins in DMD fibroblast po-
pulations could further be demonstrated at CkD numbers 25 and
20 (data not shown).
Rates of degradation of long lived proteins could be reduced sig-

nificantly in both,DMD and normal fibroblast populations by treat-

ments with protease inhibitors. Degradation of long lived proteins
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Table 2 . Degradation of short and long lived proteins in normal
and DMD fibroblast populations in vitro under various
medium conditions

Medium condition % Protein degradation
Short lived proteins
Liormal DMD % Change
DMEM minus serum 20.8 f 1.5 33,7 + 2.3* + 62*
DMEM+10% fes 107 16.9 t 1.3 26.2 ¥ 4.0* + 55*
DMEM+10% fcs 180  16.2 * 2.9 26.0 * 3.8% + 60"
Long lived proteins
Normal DMD % Change
DMEM minus serum 24.1 % 1.4 30.5 ¥ 2,27 + 27*
DMEM+10% fes 107 17.1 + 1.7 21.9 T o0.8* + 28*
DMEM+10% fcs 180 16.0 * 1.7 21.1 t 0.2* + 30t

*p< 0.05,Nl=18

Rates of degradation of short and long lived proteins of 6 nor-
mal and © DHD fibroblast cell lines were measured under various
medium and serum concditions as described in Methods. Numbers
shown, represent the mean * SD of the 6 normal (HH-4,HH-5,HH-6,
HE-10,HH-11,HH-12) and the 6 DMD (DMD-4,DMD-2,DMD-3,DMD-4,DMD-5,
DMD-6) fibroblast cell lines at the CrD numbers 20 to 22 in vitro,
triplicate cultures of each cell line. For statistical signifi-:
cance, numbers were compared by subsampling in a single-factor
study with complete randomized design (23).

Table 3 . Kinetics of the degradation of short and long lived
proteins in normal and DMD fibroblasts in vitro

Short lived proteins
( % degraded at )

1 hrs 2 hrs 4 hrs
Normal fibroblasts 7.3t0.7 12.711 .1 16.6%1.1
DMD fibroblasts 10.4%0.9* 20.5%81.7** 26.2%1.7**

Long lived proteins
( % degraded at )

4 hrs 12 hrs 24 hrs
Normal fibroblasts 3.9%0.5 11.3+0.5 20.7%0.7
DMD fibroblasts 5.4%0,3%%* 15.5%0.6%* 26.5%1,2**

* p< 0.05, ** p< 0.01, N=9

Kinetic experiments of the degradation of short and long lived
proteins were performed as describe in Methods.Normal skin fibro-
blast cell lines (HH-4,CtD 19.7,HH-6,CPD 20.5,HH-11,CFD 20.1)

and DMD skin fibroblast cell lines (DMD-1,C¢D 20.8,DMD-3,CPD 19.1,
DMD-4,CPD 20.3),triplicate cultures of each cell line were stu-
died.For statistical analysis,data were compared by subsampling
in a single factor study with complete randomized design (23).
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Table 4 . Effects of protease inhibitors on the degradation of
long lived proteins in normal znd DMD fibroblasts in vitro

% Protein degradation

Untreated +Leupeptin + Ep475
Formal fibroblasts 13,3 t 0.6 1.3 X 0.6* 10.5 * 0.7*
( % Change) (- 15%) (- 21*)
DMD fibroblasts 15.5 * 0.4 12.7 * 0.5* 1.8 t 0.6*
( % Change) (- 18*) (- 24%)

*p< 0.05,N=9

Rates of degradation o long lived proteins of 3 normal (HH-4,

CPD 20.2, HH-6,CkD 23.4,HH-12,CFD 20.7) and 3 DID (DMD-1,CkD 21.4,
DMD-2,CPD 21.9,DKD-3,CPD 23.3) fibroblast cell lines were measured
in the absence and presence of protease inhibitors, leupeptin (25
pli) and Ep475 (25 ulM) as described in Methods.lumbers shown repre-
sent the mean ¥ SD of the 3 normal and 3 DMD fibroblast cell lines,
triplicate cultures of each cell line.For statistical analysis,
data were compared by a generalized block design,combined with the
Dunnett-test (2%,24).The cell lines are the blocking factor (3x3%=
9 blocks).Pooled SD for normal fibroblasts : 0.215 .tooled SD for
DD fibroblasts : 0.28 .

in DMD fibroblasts was reduced significantly by about 18 % (leu-
peptin,p< 0.05,8=9) amd 24 % (Ep475, p< 0.05,N=9), as compared
to 15 % (leupeptin, p< 0.05,l=9) and 21 % (Ep475, p< 0.05,N=9)

in normal fibroblasts (Table 4).

DISCUSSION
The data reported herein,demonstrate on a statistical basis,
that skin fibroblasts in vitro from patients with DMD display
significant alterations in protein turnover. [he observed de-
crease in protein synthesis is in agreement with other findings
(12,15—19). The concomitant and significant increase in the de-
gradation of short and long lived proteins in DMD fibroblasts
vitro is a novel finding,that is supported by recent dat of an
enhanced differential degradation of individual [35S]-methionine
polypeptides in DMD fibroblasts in vitro,demonstrated by 2-D-gel
electrophoresis (19). However,our findings are in disagreement
with data of licklligott and Dice (20) and Statham et al (21),who

describe differences of non-significant nature in protein degra-
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dation between DMD and normal fibroblasts in vitro. The differen-
ces in the experimental results could either be caused by the ex-
perimental procedures applied or by disparities in the biological
materials used by licElligott and Dice (20) and Statham et al (21).
In additional experiments,applying the experimental procedures
described by lcElligott and Dice (20),i.e. omission of the pre-
chase period and repeated sampling of medium aliquots from the
same cultures,that could disturb the physiclogically balanced
conditions of the fibroblast populations analysed,differences of
non-significant nature in protein degradation between DMD and nor-

mal fibroblasts have been obtained (data not shown).

The results of an abnormally elevated degradation of short and
long lived proteins in DMD fibroblasts in vitro are in agreement
with recent data,demonstrating a significant differential increase
in the rate of degradation of individual[35S]-methionine polypep-
tides,e.g. tropomyosin proteins,by 2-D-gel electrophoresis (19).
In addition, Dunn et al (26) have demonstrated significant quan-
titative changes in the protein composition of DMD fibroblasts in
vitro,applying one dircnsional gel electrophoresis technigues,
rroteins degraded only few hours after synthesis are generally
described 2s short lived proteins (27). In various cell systems,
short lived proteins reflect 3% to 5% of total protein (28-31).
short lived proteins in fibroblasts include several enzymes (32),
a fraction of newly synthesised collagen (33),and proteins with
abnormal configurations (27).In previous studies (18),we described
an 80% increase in the degradation of collagen in DMD fibroblasts
in vitro due to an abnormal hyperhydroxylation of iroline residues.
It remains to be further analysed,whether other nonccllagen pro-
teins,e.g. myosin,carry analogous quantitative abnormal modifica-
tions of amino acids,e.g. methylation of arginine and histidine

(27),that could lead to an abnormally enhanced and preferential

-
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degradation of these proteins in DMD fibroblasts. Froteins degra-
ded with half-lifes of 24 hrs or more,representing 90% to 95% of
total cellular protein are generally described as long lived pro-
teins,that are preferentially degraded via the lysosomal degrada-
tion pathway (27).In the present study,the abnormally enhanced
degradation of long lived proteins in DMD fibroblasts in vitro
has been shown to be sensitive to protease inhibitors,like leu-
peptin and mp47/5,which are known to reduce lysosmal protein de-
gradation (34).Thus,the abnormally enhanced degradation of long
lived proteins in IIMD fibroblasts is most likely caused by a de-
fect in the regulation of lysosomal protein degradation.Clinical
long term studies with the protease inhibitors E-64 and E-64-C
(Ep475) on DMD patients are in progress (33).Preliminary data
show an improvement of muscle function and a decrease in %-me-
thyl-histidine excretion in DMD patients (36).

The statistically significant abnormalities in protein turnover
demonstrated in this study,together with the cellbiological and
biochemical alterations reported (7-19),make it very likely,that
the deletions in the short arm of the X-chromosome (Xp21) of DMD
patients (37),are also present and expressed in DMD fibroblasts
in vitro.lTherefore,MD fibroblasts,which are ontogenetically clo-
sely related to muscle cells,represent helpful tools for studies
into the underlying primary and/or secondary genetic defects of

the DMD syndrome.
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