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Abstract

Skin fibroblasts from two cases of autosomal recessive cutis
laxa (CL), having insignificant elastin production and
mRNAlevels, were challenged with transforming growth
factor beta-i (TGF-fi1). Elastin production was brought
from undetectable values to amounts typical of normal hu-
man skin fibroblasts in a dose-dependent fashion. Basic fi-
broblast growth factor (100 ng/ml) alone or in combination
with TGF-,B1 reduced elastin production and mRNAexpres-

sion in CL skin fibroblasts more extensively than in normal
cells. In situ hybridization showed that these effects were at
the transcript level. One of the CL strains was examined in
detail. Transcription rates for elastin were similar in normal
and CL and unchanged by TGF-,fl or TGF-P2 (10 ng/ml),
while in CL elastin mRNAhalf-life was increased > 10-fold
by TGF-p2 and reduced 6-fold after TGF-,82 withdrawal,
as compared with a control strain. Cycloheximide partially
reversed elastin mRNAinstability. These data are consistent
with a defect in elastin mRNAstability that requires synthe-
sis of labile factors or intact translational machinery, re-

sulting in an extremely low steady state level of mRNApres-

ent in this strain of CL. Furthermore, TGF-j3 can relieve
elastin mRNAinstability in at least one CL strain and elastin
production defects in both CL strains. (J. Clin. Invest. 1995.
95:986-994.) Key words: inherited diseases * growth factors
* mRNAstability posttranscriptional regulation

Introduction

Inherited cutis laxa (CL)1 is a rare disease, usually present at
birth, with severe skin laxity (1), and it segregates in an autoso-
mal dominant or recessive manner (1, 2). In the congenital
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form, collagen and elastic fibers show ultrastructural abnormali-
ties, with dermal laxity and systemic involvement being more
severe in the autosomal recessive form compared with the au-
tosomal dominant form (2-4). Acquired CL, on the other hand,
often exists as a complication of an inflammatory episode (5,
6). Morphologic studies of skin biopsies from individuals with
congenital CL frequently reveal alterations in the quantity and
morphology of elastic fibers, there is often a paucity of elastic
fibers or an abnormal organization of the fibers, and the micro-
fibrillar component may appear altered in organization, in-
creased in quantity, or separate from the elastin component (7-
10). Elastin production, evaluated by a specific ELISA, was

reported as very low or nearly undetectable in several CL cases
(9). Northern blot analysis of elastin mRNAlevels in these
and several other strains was markedly reduced, showing a clear
correlation with elastin production in these strains (9, 11 ).

The elastic fiber provides the elastic properties of many
vital tissues of the vertebrate body, including arteries, lung, and
dermis. The predominant expression of elastin is developmental
and transient (12). Faulty elastin production in heritable or
acquired diseases leads to a loss of elastic recoil, and the re-
sulting impaired integrity of elastic fibers plays a major role in
the clinical manifestations of a variety of disorders of connective
tissue ( 13, 14). Structural alterations in elastic fibers can also be
detected in acquired conditions, such as pulmonary emphysema,
inflammatory vasculitis, and actinic elastosis. Abnormal elastic
fibers are also detected in other heritable, dominant disorders
including pseudoxanthoma elasticum ( 15 ), supravalvular aortic
stenosis (16, 17), Marfan syndrome (18), and Buschke-Ollen-
dorff syndrome ( 19). The molecular basis of Marfan syndrome
is defects in the fibrillin I gene, while supravalvular aortic steno-
sis appears to arise from large 3' deletions/truncations of one
elastin allele.

A number of biological signals can regulate elastin produc-
tion, including steroid hormones (20), phorbol ester (21), and
cytokines (22, 23). At least some forms of CL might be based
on altered signal transduction from extracellular mediators. Of
the peptide growth factors, TGF-,8 most strongly affects extra-
cellular matrix formation, and it sharply increases elastin pro-
duction by cultured smooth muscle cells (24) and skin fibro-
blasts (23, 25). On the other hand, cytokines such as basic
fibroblast growth factor (bFGF) and TGF-a can antagonize
stimulated elastin production (23, 26), while TNF-a can reduce
activity of the elastin promoter (27). As do several modulators
of elastin production, TGF-,l increases elastin production, at
least in part, by increasing the stability of elastin messenger
RNA(mRNAE) rather than its transcription (25).

The elastin gene is not known to be absent or structurally
altered in CL. In light of the marked deficit in elastin production
by many CL strains, we asked whether stimuli such as TGF-,/
and bFGF might differentially affect elastin production in CL.
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The growth factor TGF-,3 was surprisingly able to reverse the
decreased elastin phenotype in elastin-deficient strains, and the
effect could be largely attributed to changes in transcript sta-
bility.

Methods

Human skin fibroblast cultures. Skin fibroblasts from two CL patients,
a 24-mo-old infant (K. T.) and a 6-yr-old child (K. L.), were obtained
from upper arm biopsies after appropriate consent (9). Normal human
skin fibroblasts GM4390 (23 yr old), used as a control strain, were
obtained from the National Institute of General Medical Science Human
Genetic Mutant Cell Repository (Camden, NJ).

Fibroblasts were maintained in 5%C02-95% humidified air at 37°C
in DMEobtained from Gibco Laboratories (Grand Island, NY) con-
taining Hepes buffer (25 mM, pH 7.6), penicillin (100 U/ml), strepto-
mycin (100 ,ug/ml) and 10-20% heat-inactivated FBS, obtained from
Hyclone Labs (Logan, UT). Cells were used at passages 7-11. To
reduce assay background in the evaluation of elastin production, cells
were fed at confluency with DME, and FBS was switched to 10%
newborn calf serum (NBCS). 0-10 ,ug/ml recombinant human TGF-
,81 (a gift of Genentech, Inc., South San Francisco, CA) or TGF-,/2 (a
gift of Celtrix, Inc., Santa Clara, CA) was added to just-confluent cul-
tures alone or in the presence of 100 ng/ml bFGF (a gift of Synergen,
Inc., Boulder, CO). Media were harvested after 48 h, the cell layers
were washed with cold PBS, and both samples were stored at -20°C
until assays were performed.

Cells for in situ hybridization were subcultivated in triplicate in 8-
well culture chamber slides (1 cm2/well) supplied by Lab-Tek, Nunc,
Inc. (Naperville, IL), fixed in 4% paraformaldehyde obtained from
Fluka Chemical Corp. (Ronkonkoma, NY) in PBS containing 5 mM
MgCl2, at 4°C for 30 min (28), washed in PBS, dehydrated in graded
ethanol, and stored in 80% ethanol at 4°C for a few days until the
hybridization procedure was performed.

Enzyme-linked immunoassay. A standard ELISA was used to evalu-
ate elastin production as previously described (29). Rabbit antiserum
to pig a-elastin was used at a 1:4,000 dilution, plates were coated with
40 ng of human a-elastin, and the test was made specific for quantitating
soluble tropoelastin (TE) by using a range of 22-0.17 ng/well of pig
TE as a competing antigen to construct a standard curve. Data were
analyzed by MacReader software obtained from Bio-Rad (Melville,
NY). Elastin production was expressed as molecular equivalents/
cell * h.

DNAassay. DNAcontent of confluent cell layers was evaluated by
a fluorometric procedure using Hoescht 33258 supplied by Boehringer
Mannheim Biochemicals (Indianapolis, IN), as previously described
(30, 31).

In situ hybridization. Two cDNAprobes were used: (1) cHE-4, 1.0-
kb human elastin cDNA fragment cleaved with BamHI and HindIII
from a larger insert in the EcoRI site of a Bluescript plasmid supplied
by Stratagene (La Jolla, CA), which corresponds to exons 18-36 of
human elastin gene (32); (2) HF1 131, a 1.9-kb collagen type I cDNA
insert in the EcoRI site of pBR322 corresponding to the COOH-terminal
portion of the pro a2 chain of human type I procollagen (33). We
followed a hybridization procedure previously described (34), with
some modifications. In brief, slides were pretreated with 0.25% acetic
anhydride in 0.1 Mtriethanolamine, pH 8.0 (10 min, 20°C), denatured
with 50% formamide (Fisher Scientific, Pittsburgh, PA) in 2 x SSC (8
min, 60°C), and dehydrated. 40 til of the hybridization solution con-
taining 10,000 dpm/ Ml of the radiolabeled probe was added to the slides
which were then covered with siliconized, baked coverslips and sealed.
The hybridization was carried on for FF7E 15 h at 40°C followed by
washes in 2 x SSC plus 30% formamide and then stringency washes
in decreasing concentrations of SSC. Dehydrated slides were dipped in
the NTB-2 Kodak autoradiographic emulsion and stored for 8-10 d at
4°C. Developed slides were stained with hematoxylin and eosin and
observed under an optical microscope in bright and dark field.

Nuclear run-on transcription. Confluent CL and normal fibroblasts
were treated with 10 ng/ml TGF-,62 for 48 h. 1-2 x 107 nuclei from
each cell strain were lysed in I ml Nonidet P-40 (NP-40) buffer (10
mMTris-HCl, pH 7.4, 10 mMNaCl, 3 mMMgC12, 0.5% NP-40) for
5 min on ice and centrifuged at 500 g for 5 min. NP-40 was from Sigma
Chemical Co. (St. Louis, MO). Nuclei were washed with 2 ml of NP-
40 buffer, and nuclei were resuspended in 100 ,sl 50 mMTris-HCl, pH
8.3, 40% glycerol, 5 mMMgCl2, 0.1 mMEDTA for storage in liquid
nitrogen. The nuclei were thawed for the run-on transcription assay,
mixed with 100 il of reaction buffer (10 mMTris-HCl, pH 8.0, 5 mM
MgCl2, 300 mMKCI, 0.5 mMeach of ATP, CTP, and GTP) and 100
1iCi of [a-32P] UTP from DuPont/New England Nuclear (Boston, MA)
(3,000 Ci/mmol), and reacted at 30°C for 30 min. Plasmid DNA(15
mg) in water was applied to a Zeta-Probe membrane supplied by Bio-
Rad (Richmond, CA), using a Minifold II Slot-Blot system obtained
from Schleicher & Schuell, Inc. (Keene, NH). The membrane was
baked at 80°C for 2 h, then denatured in 0.5 MNaOH, for 5 min at
room temperature, neutralized in 1.5 MNaCl, 0.5 MTris, pH 7.5, for
5 min at room temperatures, and washed in 2 x SSC. The individual
slots contained cDNA inserts for human elastin (32), human COLIA2
(33), mouse COL4A] (35), human fibronectin (36), and mouse glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH; a gift of Dr. Peter Cur-
tis, Wistar Institute, Philadelphia, PA), mouse TNF-a (37), and human
collagenase (38). The RNAmolecules thus synthesized were hybridized
in 7% SDS, 1 mMEDTA, and 250 mMNa2PO4 at 65°C for 48 h. In
an earlier experiment, cells were treated with 10 ng/ml TGF-/31, and
the RNAmolecules were hybridized to 10 Htg plasmid DNAcontaining
all the cDNA inserts just described except for TNF-ca and human colla-
genase. The filters were washed twice for 30 min each in 1 mMEDTA,
40 mMNa2HPO4, pH 7.2, 5% SDS at 65°C and incubated at 37°C in
2 x SSC with 10 jg/ml RNase A (Sigma Chemical Co.) for 30 min.
The filters were then washed twice in 1 mMEDTA, 40 mMNa2HPO4,
1% SDS at 65°C for 30 min. Autoradiography to detect hybridizable
transcripts was for 5-7 d with an intensifying screen. The optical densi-
ties of autoradiographic signals for each transcript were normalized to
that for GAPDH, and the transcription values were calculated as the
ratio of each transcript signal relative to the GAPDHsignal.

mRNAhalf-life. Confluent CL strain K. T. cells were pretreated with
10 ng/ml TGF-,62 in DME, 10% FBS for 48 h and then washed three
times with PBS. Fresh media with or without 10 ng/ml TGF-,62, con-
taining 60 uM5,6-dichlorobenzimidazole riboside (DRB; reference 25),
supplied by Sigma Chemical Co., from a stock solution of 20 mMin
isopropanol, was added to cultures (t = 0). Control fibroblasts,
GM4390, were treated with the cytokine at t = 0 together with DRB.
6, 12, and 24 h after addition of DRB, cells were washed twice in PBS
buffer and lysed in 2 ml 4 Mguanidine isothiocyanate containing 0.1
mM/i-mercaptoethanol. DNA was sheared by passage three times
through a 22-gauge needle, and RNAwas isolated by extraction in acid
phenol/chloroform (39). For Northern hybridization, 15-20 ,ug of total
RNAwas denatured in 50% formamide, 1 Mformaldehyde at 68°C for
10 min and separated by electrophoresis through a 1% agarose gel
containing 1 Mformaldehyde. RNAwas transferred by capillary action
to nylon membranes supplied by Micron Separations Inc. (Westboro,
MA), crosslinked by ultraviolet irradiation for 1 min, and baked for 30
min at 80°C. Membranes were hybridized as described in the previous
section, washed, and exposed to x-ray film. The elastin probe, EUTR-
1, was derived from a genomic clone obtained by screening a phage A
library (provided by Dr. M. Leppert, University of Utah School of
Medicine, Salt Lake City, UT) with a sheep genomic DNAprobe (pSS1;
reference 40). A 1.65-kb HindIII-PstI fragment beginning in the COOH-
terminal coding region of elastin and extending beyond the transcription
termination site was subcloned into pGEM4z obtained from Promega
Corp. (Madison, WI). The 1.9-kb human COLIA2 cDNA clone
(HF1 131; reference 33), and a cyclophilin probe, IB15 (40), prepared
by random priming according to instructions from the manufacturer
(Stratagene, La Jolla, CA), were also used in hybridization studies.
Autoradiograms were evaluated by densitometric scanning. Specific
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Figure 1. Effect of growth factors
on TE production in normal
(GM4390) and CL (K. T.; K. L.)
fibroblast strains. Fibroblasts in 8-
well culture-chamber slides were

fed at confluency with 300 ,tl
DME, 10% NBCS, and increasing
amounts (0, 0.1, 1.0, and 10.0 ng/
ml) of TGF-,61 in the presence or

absence of 100 ng/ml bFGF. Me-
dia were harvested after 48 h, and
elastin production was evaluated
by an ELISA. Data are expressed
as molecular equivalents produced
per cell per hour ± SEM.

mRNAexpression was normalized to cyclophilin or the staining inten-
sity of the 28S ribosome band.

Calculation of decay kinetics was based on a logarithmic transforma-
tion of initial decay rates (0-12 h) for each treatment group, and the
slopes of the regression lines were used to estimate t1/2. Significance
of differences between control and K. T. mRNAEstability could be
tested by pooling the data and using the slopes of the decay curves and
the standard error of the regression estimate to calculate a value of t.

Elastin mRNAdecay kinetics after withdrawal of TGF-f3. Confluent
cultures of K. T. and GM4390 fibroblast strains were treated for 2 d
with 10 ng/ml of TGF-,l2 in DMEcontaining 10% FBS. Cells were

washed 5x with PBS, and refed with fresh DME, 10% FBS. 2 d after
withdrawal of TGF-,62, 20 Mg/ml cycloheximide (CHX) (Sigma Chem-
ical Co.) was added to one set of cultures for 2 d. RNAwas isolated
at 0, 1, 2, 3, and 4 d after TGF-,62 withdrawal. In a second experiment,
CHXwas added to the K. T. fibroblasts at the time of withdrawal of
TGF-f3, and RNAwas isolated at 0, 1, and 2 d. 15 Mg of total RNA
was separated on a 1% agarose gel containing 1 M formaldehyde and
transferred to a nylon membrane obtained from MagnaGraph (Westb-
oro, MA). The 1.65-kb human elastin EUTR-1 and 0.6-kb cyclophilin
(40) cDNA probes were used for hybridization.

The apparent t,,2 for decay of mRNAEwas calculated from a loga-
rithmic transformation of the signal data versus time. Slopes and stan-
dard errors of the regression estimates were used to calculate a value
of t.

Results

Upregulation of elastin in CL strains by TGF-/3. Cultured fi-

broblasts were grown to confluency and then incubated with
DME, 10% NBCScontaining 0-10 ng/ml of TGF-,61 with or

without 100 ng/ml of bFGF. As previously observed, elastin
production in the CL fibroblast strains under standard culture
conditions was negligible or below the level of detection of the
ELISA assay (Fig. 1). When TGF-,B was added to K. T. and
K. L. cultures, elastin accumulation in these cell strains was

strongly stimulated, bringing production from undetectable val-
ues to one third of the level of normal production in strain K. T.

and to values similar to those of normal skin fibroblasts in strain
K. L.

Under standard culture conditions, the addition of 100 ng/
ml bFGF to the control strain reduced elastin production by
about twofold. In the presence of the same concentration of
bFGF, the TGF-,6-dependent stimulation of elastin production
was strongly inhibited in CL strains K. L. and K. T. The degree
of reduction in the two CL strains was much greater than that
of the normal strain, elastin production being reduced to unde-
tectable values for strain K. T., and approximately eightfold in
strain K. L. (Fig. 1 ).

Elastin mRNA(mRNAE) levels and the homogeneity of the
cellular response to cytokines were assessed by in situ hybrid-
ization. In the cells from a normal donor (Fig. 2, NORMAL),
substantial expression of mRNAEcould be seen even in the
absence of TGF-,81 in the medium. By contrast, cells from the
patient K. T. (Fig. 2, CUTIS LAXA) presented a very low num-

ber of silver grains per cell. The administration of increasing
concentrations of TGF-,31 (0-10 ng/ml) brought about a pro-

gressive, dose-dependent increase in mRNAEaccumulation in
both cell strains. Reduced transcript abundance was brought
about by the addition of bFGF (100 ng/ml) to these strains.

In Fig. 3 normal and CL cells were hybridized with a probe
for COL1A2mRNA. There were no remarkable differences in
transcript abundance in normal and CL strains (also see Fig.
5), TGF-,6 stimulated collagen type I mRNAaccumulation in
both strains, and this stimulation was partially reversed by the
addition of bFGF (100 ng/ml).

Reduced elastin mRNAin CL strain K. T. is not attributable
to transcription. To determine further the mechanism for re-

duced steady-state levels of mRNAEin strain K. T., nuclear
run-on transcription studies were performed (Fig. 4). Stocks of
strain K. L. were too depleted to perform parallel studies. De-
spite the remarkably reduced mRNAElevel, K. T. strain ap-

peared to have an elastin transcription rate very similar to a

control strain. Represented in Table I is the ratio of elastin
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Figure 2. In situ hybridization of normal
(GM4390) and CL (K. T.) strains. Confluent
fibroblast cultures, treated as described in Fig.
1, were fixed with paraformaldehyde and pro-
cessed for in situ hybridization with cHE-4, a
human elastin cDNAprobe which corresponds
to exons 18-36 of human elastin gene. The
upper panel shows response of normal cells
while the lower panel shows the response of
CL strain K. T. In the two left columns of both
panels the appearance and mRNAEabundance
in cells treated with increasing quantities of
TGF-,B alone are indicated. In the right col-
umns, in addition to TGF-,B1, 100 ng/ml of
bFGF was added to the culture medium.
Bright-field (left) and dark-field (right) im-
ages from both cell strains are shown.

and other matrix gene transcripts to the hybridization signal of
GAPDHin K. T. and normal fibroblasts as determined by scan-
ning densitometry of autoradiograms. Apparent elastin tran-
scription rates for both K. T. CL fibroblasts and the control
strain were unaffected by 48 h of exposure of cultures to 10
ng/ml TGF-,B2. While the values for elastin transcription rate
did not change in the presence of TGF-,B2 (experiment A),
there were significant increases in the transcription rates of
COLIA2 and FN.

The rescue of TE production by TGF-/6 is associated with
transient stabilization of mRNAEin K. T. strain. Since we ob-
served no significant difference in elastin transcription between
a normal and a CL cell strain, these data suggested a defect in
elastin expression at a posttranscriptional level. To assess if this
mechanism involved degradation of mRNAE, we studied the
decay kinetics of this transcript. Since mRNAEwas only accu-
mulated in K. T. cells after TGF-,6 stimulation, the decay of
elastin mRNAK. T. cells was followed after pretreatment with

10 ng/ml TGF-f3. Subsequently, new transcription was shut off
by adding DRB, and mRNAdecay was followed, with and
without withdrawal of TGF-P2, by Northern blot hybridization.
Under these conditions, stability of mRNAEin vascular smooth
muscle cells is increased about twofold (Zoia, O., and J. M.
Davidson, unpublished observations). Elastin mRNAfrom
K. T. fibroblasts was markedly less stable, as shown in Fig. 5.
In fact, within 6 h after withdrawal of TGF-/32 in the presence
of DRB, the mRNAwas barely detectable by Northern blotting.
Estimated tl12 of mRNAEin the K. T. strain was < 15 min. On
the other hand, continuous presence of TGF-,82 in K. T. cells
transiently stabilized mRNAE, increasing the apparent t1/2 to
2.5 h (18x; Fig. 5). In control cells, the mRNAEwas much
more stable, with a tl12 of FF7E 8 h in this system. This between-
strain difference in half-lives in the presence of TGF-f3 corres-
ponded well to differences in elastin accumulation (Fig. 1).
Addition of TGF-,B at the time of transcription inhibition ap-
peared to have only a transient, mild effect on mRNAEstability
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in control cells. Irrespective of TGF-/ treatment there was a
highly significant difference between control and K. T. mRNAE
stability (greater than sixfold; P < 0.02, t test).

Withdrawal of TGF-f stimulation causes a more rapid de-
cay of mRNAEin CL strain K. T. Since apparent elastin transcrip-
tional rates were identical in normal and CL strains, while ap-
parent mRNAhalf-lives were markedly different, changes in
mRNAlevels upon TGF-,B introduction or withdrawal should
be a means of detecting altered mRNAstability independent of
transcriptional blockage. To test this assumption, we followed
elastin mRNAlevels after induction and withdrawal of TGF-

K:T- KT+TGF 32 control con

ELN

COL1A2 i-I.

COL4A1

FN '..
a-GAPDH

TNFx

Collagenase

Figure 3. Normal and CL strains have equiv-
alent expression of COL1A2and equivalent
cytokine responses. A parallel set of cultures
was prepared for hybridization to a collagen
a2 type I probe after treatment with serum
only, 10 ng/ml TGF-fI3 or 10 ng/ml TGF-
,81 in the presence of 100 ng/ml bFGF.

32 in both normal and K. T. fibroblasts that had been pretreated
with 10 ng/ml TGF-132 for 2 d. The results in Fig. 6 indicate,
as previously illustrated, that mRNAElevels were induced 3.2-
fold in control cells and 16.5-fold in strain K. T. Recovery of
RNAwas somewhat lower in the -2 d, K. T. sample; however,
all data were normalized to the constitutive probe, cyclophilin.
This experiment confirmed that there was an accelerated decay
of mRNAEin CL cells compared with normal skin fibroblasts
even in the presence of intact transcriptional machinery. The
estimated tl12 for decay to unstimulated levels was 3.3 d in the
control strain and 0.5 d in strain K. T. Comparison of the

Figure 4. Nuclear run-on transcription in fi-
itrol-i-TG Ff32 broblasts from normal and CL skin. CL strain

K. T. and normal fibroblast strain GM4390
were grown to confluency in DME, 10%
FBS. Duplicate cultures were treated with 10
ng/ml TGF-fl2 for 48 h. 1-2 x 107 nuclei
from each cell culture were isolated, lysed,

...... and used for a run-on transcription assay as
3_IS~ described in Methods. Radiolabeled RNA

probes were hybridized to 15 mgof immobi-
lized plasmid DNAcontaining cDNAinserts
encoding human elastin HDE1 (row 1), hu-
man COLIA2 (row 2), mouse COL4AI (row
3), human fibronectin (FN, row 4), mouse
GAPDH(row 5), mouse TNF-a (row 6),
and human collagenase (row 7). The optical
densities of autoradiographic signals for each
transcript normalized to that for GAPDHare
presented in Table I.
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Table I. Relative Transcription Rates of Elastin and Other Matrix
Genes in CL Fibroblasts

K.T. Control

Cell strains - + - +

Experiment A* TGF-,62
(10 ng/ml)

ELN 0.35 0.36 0.3 0.4
COL1A2 0.75 1.32 0.91 1.7
COL4A1 0.27 0.28 0.28 0.3
FN 0.56 1.0 0.7 1.0
TNF-a 0.47 0.41 0.4 0.5
Collagenase 0.37 0.39 0.35 0.47

_ + +

Experiment B* TGF-,B1
(10 ng/ml)

ELN 0.71 0.70 1.05
COL1A2 1.06 1.07 1.38
COL4A1 0.47 0.42 0.47
FN 2.12 2.00 2.13

Numbers represent the ratio of elastin and other matrix gene transcripts
to the hybridization signal of GAPDHin CL fibroblasts and control
fibroblasts as determined by scanning densitometry of the autoradiogram
from the run-on transcription experiment present in Fig. 4. * In experi-
ment A cells were stimulated with 10 ng/ml TGF-,62, and 15 jug of
DNAwas used in hybridization. t In experiment B cells were stimulated
with 10 ng/ml TGF-f31, and 10 /ig of DNAwas used in hybridization.

regression lines showed highly significant differences in these
rates (P < 0.01, t test). In the set of cultures in Fig. 6 B protein
synthesis was blocked with CHX2 d after TGF-,3 withdrawal.
This treatment slowed the mRNAEdecay in both normal
and CL fibroblast strains, although mRNAEdecay in the CL
strain was already nearly complete. At day 4, mRNAEwas
140% higher in controls and 10% higher in K. T. cells treated
with CHX.

To confirm the decay and CHXeffects, CHXwas added to
another set of cultures at the time of withdrawal of TGF-/32,
and this earlier blockage of protein synthesis markedly reduced
mRNAEdecay. By scanning densitometry of the autoradiogram,
we found that the presence of CHXin K. T. cultures increased
mRNAElevels by 250% at day 1 and 75% at day 2 relative to
cultures grown in the absence of the drug (Fig. 6 B, inset).

Discussion

In a subset of CL patients with severe, congenital onset of
symptoms, affected individuals present with wrinkled and sag-
ging skin, giving the appearance of premature aging, as well as
having internal organ involvement. In the most severely affected
individuals, elastic fibers are either absent or severely deranged
in the skin as well as other elastic structures. Severely affected
individuals often succumb to pulmonary failure in the first few
years of life. In a previous study by Sephel et al. (9) it was
shown that, although heterogeneity exists among individuals in
the capacity of their skin fibroblasts to produce elastin, reduced
elastin production is a distinctive feature of at least some CL
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Figure 5. Stability of COLIA2 and ELN transcripts in CL and normal
skin fibroblasts. A shows an autoradiogram of a Northern blot hybridized
with COLIA2 and ELNprobes. COLIA2 mRNAmigrated at 4.8 kb and
ELN migrated at 3.5 kb. To allow detection of mRNAE, K. T. cells
were pretreated with 10 ng/ml TGF-,32 for 2 d. TGF-f3 was added
(control) or maintained (KT) in half the cultures at the same time that
cultures were treated with 60 mMDRBat 0 h to block transcription,
and RNAwas isolated from sister cultures at the indicated times. B
shows densitometric analysis of autoradiographic images of mRNAEin
panel A. Data were normalized to the intensity of the 28s ribosomal
band (not shown) and presented as arbitrary units. Estimated t112 of
mRNAEin control and K. T. strains without or with TGF-fi were,
respectively, 7.4 vs 9.8 h and 0.14 vs 2.54 h.

cell strains. Studies by others ( 11 ) have supported these findings
by examining mRNAElevels in cultured fibroblast strains. Al-
though many CL strains can show reduced elastin production
in cell culture, the precise biochemical defects in this disease
are still unknown. Two strains with elastin production defects
were examined initially in this study, one having very reduced
and the other undetectable levels of elastin production. These
defects could have arisen from structural rearrangements of the
elastin molecule due to mutations, or they could represent faulty
regulation of the elastin gene. Although the precise biochemical
defect in this syndrome is still unknown, disregulation of elastin
production appears to be one of the important primary defects
that bring about the CL phenotype.

In light of observations on increased elastin production stim-
ulated by TGF-,6 both in vitro and in vivo (23, 24, 41), we
began experiments to determine whether this cytokine could
augment elastin production in cells expressing an elastin defi-
ciency. The results show that TGF-,6 is able to stimulate elastin
production in the two CL cell strains we tested to levels ap-
proaching that of control skin fibroblast strains. Thus, given the
appropriate stimulus, these CL cell strains are clearly capable
of producing and secreting elastin precursors which are immu-
noreactive in a competitive protein binding assay and whose
elastin transcripts are indistinguishable, at least in size, from
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was poor in the K. T. -2 d sample, but re,
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CHXtreatment at day 0 (arrow). The esi
control cultures was 3.33 d and 0.50 d fo
of slopes after linear regression showed a
in decay rate (6.6-fold; P < 0.01).

normal mRNAE.The ability to recov
tion rates could potentially allow an
defects present in secreted elastin th
reduced rates of synthesis, secretion, a
in these patients under normal cult
the fact that these production levels
cytokine treatment suggests that the (

'A ways involved in regulation of elastin synthesis. The results
KT also suggest that therapeutic intervention may be possible.

TGF-,f 1 and TGF-,32 are members of a pleiotropic cytokine
2 n 4 4 ax subfamily that is known to augment extracellular matrix accu-

mulation through multiple mechanisms, including increased ma-
trix gene transcription, matrix transcript stability, and reduced

AMW transcription of matrix-degrading enzyme genes (42). Previous
34.:4 studies established that TGF-,61 increases elastin production in

fibroblasts and smooth muscle cells (23) predominantly via
stabilization of mRNAE(reference 25, and Zoia, O., and J. M.
Davidson, unpublished observations), although promoter-re-

?;:t#¢* porter constructs have exhibited transcriptional responses (43-
45). In the absence of TGF-/3, CL cell strains K. T. and K. L.

ri 10 11 12 13 14 produced little or no detectable mRNAEor elastin protein. By
stimulating the accumulation of mRNAEto near-normal levels

B with TGF-f3, it was possible to observe that CL mRNAEdecay
4 was markedly stabilized in strain K. T. by the continued pres-

10_ ence of TGF-,3. Further in vitro assays may allow us to deter-
mine whether mRNAinstability is due to inefficient translation
initiation, reduced elongation rates, an intrinsic structural alter-
ation in the CL ELN gene transcripts, or increased ribonuclease

160 1 2 activity. The effects of TGF-,3 in this system emphasize the
importance of posttranscriptional regulation of elastin gene ex-
pression (25, 46).

Findings in smooth muscle cells and normal skin fibroblasts
have suggested that bFGF is a potent antagonist of TGF-,3 in
stimulation of elastin and collagen synthesis (23, 47). Reduced
elastin in CL could be due to increased activation of FGF-
mediated signal pathways. bFGF and TGF-,3 have been shown

4 6 to interact under a number of circumstances (23, 48-50). These
GF-rl cytokines have many opposing actions, including the mitogenic

irawal of TGF-,6. A shows an and protease-inducing capacity of bFGF as contrasted with the
Confluent fibroblast cultures growth inhibitory and matrix-stimulating properties of TGF-,6.
DMEcontaining 10% FBS Both CL strains were much more sensitive to bFGFantagonism.

and refed with fresh DME, In situ hybridization graphically demonstrates the antagonism
i, 20 /g/ml CHXwas added of TGF-,6-driven accumulation of mRNAEby bFGF; bFGF
drug for 2 d. Total RNAwas antagonism acts by affecting steady-state levels of mRNAE. It
iJF-/32 withdrawal, separated is conceivable that one of the signal pathways used by bFGF
ie 1.65-kb human elastin 3'-
probes.6Numbersabovefigure may be constitutively activated in CL cell strains; however,
If TGF-f32. Recovery of RNA given the observation that collagen type I production is normal
covery differences were cor- in CL strains, yet bFGF reduces collagen I expression levels
'GF-f insensitive, constitutive (23), the present data suggest that the defect in CL would
tutoradiograms. mRNAbands have to be in a part of the signal pathway distal from common
th a densitometer and the regulation of collagen and elastin.

that of cyclophilin. Closed The comparison of the nuclear run-on transcription and
es, CL (K. T.); open square, mRNAhalf-life assays strongly supports the existence of a
h CHX; open circle, K. T. posttranscriptional regulatory defect in elastin production in
Lrrow indicates time of CHX K. T. cells. The observed transcription rate in K. T. cells was
F-p3 withdrawal on mRNAE

near normal and did not account for reduced transcript abun-s) or without (closed circles) dance. Despite marked increases in transcript abundance after

r K. T. cultures. Comparison TGF-/3 treatment, the TE transcription rate was apparently unaf-
highly significant difference fected. Transcription rates in another CL strain with normal

mRNAElevels (9) were found comparable with that of control
cells (data not shown). Differences in type I collagen and fi-
bronectin transcription rate were found when TGF-,82 was

ver normal elastin produc- added to cultures. As demonstrated by mRNAhalf-life assays,
investigation of structural elastin mRNAwas remarkably unstable in CL. The rapid decay

rat might contribute to the of newly synthesized mRNAappeared to account for the almost
mnd accumulation observed undetectable amount of elastin and mRNAElevels in these CL
:ure conditions. However, cells. There were parallel changes in protein production,
can be "normalized" by mRNAElevels, and mRNAEstability after TGF-/3 treatment.

defect may lie in the path- Collagen mRNAstability, by comparison, was the same as in
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control cells. Weconcluded that elastin production, under the
present experimental conditions, is rate limited by transcript
stability rather than transcription.

These findings suggest that the defect in CL, at least in
K. T., involves subtle changes in the structure of mRNAErather
than truncation of one ELN allele, as appears to be the case in
supravalvular aortic stenosis (16). Alternatively, CL cells may
lack factors that normally protect mRNAEfrom degradation, or
they may overexpress mRNAEdegrading activities. Isolation
and detailed characterization of regions involved in posttran-
scriptional processing of mRNAare being undertaken to deter-
mine whether defects in ELN transcripts can be identified by
either direct structural or functional assays.

Degradation of mRNAEin K. T. cells is markedly reduced
by TGF-j, reinforcing the concept that normal and abnormal
regulation of elastin production is frequently controlled post-
transcriptionally (46). Since continued protein synthesis ap-
pears to be required to degrade mRNAEafter TGF-,/ with-
drawal, it appears that either the mRNAdegrading factors them-
selves are labile proteins or that mRNAdegradation is a
cotranslational process. Although CL is a rare syndrome, in
vitro correction of an elastin synthetic defect could point to
the rational application of molecules like TGF-,3 as therapeutic
agents in this and other regulatory mutations of connective tis-
sue molecules.
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