American Journal of Pathology, Vol. 137, No. 4, October 1990
Copyright © American Association of Pathologists

Rapid Communication

Early Proto-oncogene Expression in Rat
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To study the mechanism(s) of vascular smooth
mauscle cell proliferation in vivo, mRNA levels of c-
fos, c-jun, and c-myc were determined by Northern
blot analysis following vascular balloon de-endo-
thelialization (BDE). Medial smooth muscle cells
(SMC) were separated and studied by enzymatic
digestion of the vessel wall. mRNA levels of c-fos and
c-jun from aortic smooth muscle cells (SMC) were
simultaneously induced within 30 minutes of BDE
and declined to baseline by 1.5 bours. c-myc mRNA
did not begin to increase until 1 hour after vascular
injury. Levels of c-myc peaked at 2 hours and were
sustained for an additional 4 bours before grad-
ually declining. Smooth muscle cells derived from
enzyme-treated control aortae that did not un-
dergo BDE expressed c-fos and c-jun, but showed no
evidence of c-myc message. In contrast, nonenzy-
matically treated, non-BDE whole aortae (contain-
ing both media and adventitia) demonstrated a
Dprominent c-myc signal, but failed to express c-fos
and c-jun. Corresponding examination of adventi-
tia derived from enzyme-treated aortae showed this
tissue to be a source of all three proto-oncogenes.
The results of this study demonstrate the earliest in
vivo molecular markers of vascular injury reported
to date and implicate SMC proto-oncogene expres-
sion in the initiation of SMC proliferation. Further-
more these findings suggest two avenues for proto-
oncogene induction, that are due to (1) vessel wall
manipulation and (2) bumoral stimulation. (Am
J Pathbol 1990, 137:761-765)

Vascular smooth muscle cell (VSMC) proliferation is a
key process in the pathobiology of vascular obstructive
diseases." Tissue culture studies have demonstrated the
induction of various proto-oncogenes such as c-fos and
c-myc immediately after growth-factor stimulation.??
These studies may have limited applicability to in vivo
events, however, because cell culture of VSMCs alters
their phenotype.* In vivo studies to date have not exam-
ined SMC proto-oncogene expression, nor have they fo-
cused on the molecular events preceding the entry of VS-
MCs into the cell cycle. The purpose of this report is to
determine the induction of immediate early growth-related
proto-oncogenes (c-myc, c-fos, and c-jun) in in vivo vas-
cular SMCs using the balloon de-endothelialization (BDE)
model. The results demonstrate the induction of these
proto-oncogenes in a temporal sequence analogous to
tissue culture and suggest a role for these genes in initia-
tion of SMC proliferation. Furthermore these results impli-
cate a potential mechanistic role for both mechanical and
humoral mediation of VSMC proto-oncogene induction.

Methods
Reagents

Filtered type | collagenase was obtained from Worthing-
ton Biochemical (Freehole, NJ). Type Il elastase, soybean
trypsin inhibitor, and Medium 199 (M-199) were pur-
chased from Sigma Chemical Company (St. Louis, MO).
All reagents for RNA isolation and Northern blotting were
molecular biology grade and purchased from Bethesda
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Research Laboratories (Gaithersburg, MD), unless other-
wise noted.

Animal Experiments

Male Sprague-Dawley rats (weighing 350 to 400 g) were
purchased from Charles River Breeding Laboratories (Wil-
mington, MA) and allowed to acclimate for 3 days. Food
and water were provided ad libitum. Balloon de-endotheli-
alization (BDE) of the aorta was performed as described.®
Rats were anesthetized with sodium pentobarbital (50
mg/kg administered intraperitoneally) and killed by car-
diac exsanguination at various times after BDE. A mini-
mum of four animals was pooled per condition. Results
represent at least two independent experiments.

Separation of Aortic Media from Adventitia

To prepare medial SMC RNA, an enzymatic method of
separating the different layers of the vessel wall was
used.® Briefly, aortae were perfused with cold phosphate-
buffered serum, rapidly excised from the animal, and
stripped of adherent tissue in a solution of M-199. Aortae
were transferred to a fresh solution of M-199 to rinse away
residual blood cells and then incubated at 37°C in M-199
plus 1% collagenase, 0.25% elastase, and 1% soybean
trypsin inhibitor for 25 minutes in a humidified shaking in-
cubator (95% air, 5% CO,). After incubation, the adventi-
tia was quickly peeled from the media and both tissues
were flash frozen separately in liquid nitrogen. The time
interval from aortic excision to liquid nitrogen was 30 min-
utes. Thus the 0.5-hour condition represents samples
from animals killed immediately after BDE followed by a
25-minute enzyme digestion.

RNA Analysis

Total RNA from either aortic SMC, adventitia, or whole
aorta was isolated by the guanidinium isothiocyanate/
CsCl method.” Samples of total RNA (20 ug) from each
condition were fractionated in a 1.2% denaturing agarose
gel® and transferred overnight to a nylon membrane (Zeta
Probe; Biorad, Rockville Centre, NY) by capillary transfer.
Membranes were rinsed briefly in 10X SSC (1X SSC is
0.15 mol/l [molar] NaCl, 0.015 mol/l sodium citrate, pH
=7) and RNA was cross-linked to the membrane by
short-wave (254 nm) irradiation (Stratagene; La Jolla, CA).
Prehybridization occurred at 42°C for 2 to 4 hours in a
solution containing 50% deionized formamide, 5X Den-
hardt’s solution, 5X SSPE (1X SSPE is 0.15 mol/l NaCl,
0.01 mol/l sodium phosphate, 0.001 mol/l Na,EDTA, pH

= 7), 6.5% dextran sulfate, 1% SDS, 500 ug/ml heparin
and 200 ug/ml sheared and denatured salmon sperm
DNA. Hybridizations were carried out for 18 hours at 42°C
in the above solution supplemented with 1 to 2 X 10°
cpm/ml denatured cDNA probe labeled to a specific ac-
tivity of 1 X 10° cpm/ug.® Blots were washed for 30 min-
utes at 55 to 60°C in each of three salt solutions of in-
creasing stringency (2X SSC/1% SDS, 1X SSC/0.5%
SDS and 0.2X SSC/0.1% SDS) and exposed to X-ray film
(Kodak XOMAT, Rochester, NY) with intensifying screens
for 1 to 2 days at —80°C. Densitometric scanning was
done using a GS 300 Scanning Densitometer (Hoefer;
San Francisco, CA). For each lane, three vertical scans
were taken across different regions of the band and an
average integration value was determined. All densito-
metric units were normalized against an internal standard
and expressed relative to non-BDE controls.

cDNA Probes

Plasmids containing c-fos, " c-jun,"" and c-myc'? were
provided by Drs. T. Curran, L. Ransone, and W. Lee, re-
spectively. A plasmid containing three glyceraldehyde
phosphate dehydrogenase (GAPDH) was purchased
from American Type Culture Collection (Rockyille, MD)
and served as an internal standard to correct for unequal
RNA during loading and transfer and to demonstrate
specificity in gene expression modulation by BDE.

Light Microscopy

Histologic sections were obtained routinely from vessels
after enzymatic digestion, as previously described.

Results

Isolation of Medial SMC

Separation of medial SMC from adventitial cells was
achieved by enzymatic digestion of the aorta before RNA
isolation. Histologic examination from enzyme-digested
vessels confirmed the absence of contaminating adventi-
tial and endothelial cells.
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Figure 1. (top panel) This figure shows c-myc (2.5 kb) expression
by aortic SMCs after BDE. At indicated times, aortae were iso-
lated and incubated in enzymes to isolate SMC. Total RNA (20
ng/lane) was hybridized to a murine c-myc cDNA probe. For
orientation, 18s and 28s ribosomal RNA markers are shown.
(bottom panel) This figure shows the expression of GAPDH after
stripping the above blots and rebybridizing with the GAPDH
probe. CW control non-BDE whole aorta (media plus adventi-
tia and endothelium); CM control non-BDE medial SMC (en-
zyme treated); ADV adventitial cells.

Effect of BDE on c-myc expression

Figure 1 illustrates the pattern of SMC c-myc expression
after BDE during a 24-hour period. Levels of SMC c-myc
were first detected 1 hour after BDE and showed a greater
than 20-fold increase after 2 hours when compared to
non-BDE control SMCs. The induced expression of c-
myc remained elevated for another 4 hours and then de-
creased slowly toward baseline. The marked increase in
c-myc expression was not the result of a generalized in-
crease in gene expression because the mRNA levels of
GAPDH increased only slightly, relative to non-BDE con-
trols, during the time course studied (Figure 1).

Smooth muscle cell RNA that was isolated from non-
BDE control aortae, which were incubated in enzymes to
remove adventitia, showed undetectable c-myc. How-
ever, RNA isolated from non-BDE whole aortae showed
a prominent c-myc signal (Figure 1). In contrast to the
enzymatically treated control aortae, these vessels were
processed immediately for RNA isolation and not sub-
jected to enzyme digestion and separation of media from
adventitia. Examination of isolated adventitial RNA
showed this tissue to be a source of c-myc expression.
These results indicate that c-myc is differentially ex-
pressed across the aortic wall.

Effect of BDE on c-fos Expression
Figure 2 shows the pattern of c-fos expression in rat aortic

SMC following BDE. Although all medial SMC prepara-
tions expressed c-fos mRNA, a fourfold induction was
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Figure 2. This figure shows c-fos (2.2 kb) expression by aortic
SMCs after BDE. The experiment was performed as described
in Figure 1.

noted 30 minutes after BDE. The increase in c-fos expres-
sion was brief: after 1 hour levels of c-fos declined slightly
and by 1.5 hours they decreased to baseline. No c-fos
was detected in non-BDE whole aortae that were pro-
cessed immediately for RNA without enzymatic separa-
tion of the media and adventitia. This was in contrast to
the c-myc expression observed in these vessels. These
data indicate that the presence of c-fos in SMCs derived
from enzyme-treated, non-BDE control aorta is probably
a result of the physical manipulation of the vessel during
tissue harvesting and the subsequent delay for enzyme
digestion before medial RNA isolation. Enzyme digestion
per se did not alter proto-oncogene expression after BDE
(data not shown).

Effect of BDE on c-jun Expression

In light of the close association between the protein prod-
ucts of c-fos and c-jun,'* SMC c-jun expression was stud-
ied following BDE. Both c-jun transcripts were increased
approximately fourfold 30 minutes after BDE, declined
slightly after 1 hour, and returned to control levels by 1.5
hours (Figure 3). In amanner identical to c-fos, c-jun tran-
scripts were induced in SMC derived from enzyme-di-
gested non-BDE aortae, but not aortae immediately pro-
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Figure 3. This figure shows c-jun (2.7 and 3.2 kb) expression by
rat aortic SMCs after BDE. Experiment was performed as in
Figuer 1. Note the nearly identical pattern of c-jun expression
as compared to c-fos.
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Figure 4. This figure shows the relative increases in c-myc, c-
fos, and c-jun expression after BDE. All densitometric mea-

surements were normalized against an internal standard

(GAPDH). The values are expressed as relative increases over
the normalized control non-BDE SMCs. Levels of c-myc may be
underestimated due to the increase in GAPDH after 2 bours.

cessed for RNA isolation. Figure 4 summarizes the pat-
tern of c-myc, c-fos, and c-jun expression following BDE.

Discussion

The results of this study demonstrate, for the first time, the
in vivo induction of proto-oncogenes in VSMCs. Because
VSMCs are the major cells responsible for intimal thicken-
ing, which eventually leads to vessel closure and hence
clinical symptomatology, understanding the components
that influence SMC proliferation has consequences for
control of these disease processes. This report indicates
that c-myc, c-fos, and c-jun may be activated by two dis-
tinct processes. c-fos and c-jun appear to be induced by
mechanical manipulation of the vessel wall and thus may
be important in the initiation of SMC proliferation in iatro-
genic diseases such as vascular restenosis following bal-
loon angioplasty. Stretched myocytes'® and wounded fi-
broblasts'® express c-fos in the absence of serum. Fur-
thermore wounding the tail of transgenic mice containing
the c-jun oncogene results in increased c-jun expression,
which coincides with the development of a fibrosarcoma
of the tail (M. Breitman, A. Shuh, F. Monteclaro, and P.
Vogt, oral personal communication, April 1990). Thus the
induction of c-fos and c-jun by physical trauma is impor-
tant for cell proliferation. In contrast, c-myc induction, as
implied in this study and from in vitro reports,'”'® appears
to be related to a humoral agent(s). Hence this dual char-
acteristic of SMC growth initiation suggests at least two
distinct control mechanisms that may operate along
different pathways.

Although the three proto-oncogenes may be activated
by distinct mechanisms, they may share common fea-
tures that lead to the initiation of SMC growth. One such
feature may reside in the expression of growth factors
from SMC themselves that can, in turn, autoactivate prolif-

eration via growth factor-mediated processes. Such an
effect is possible because platelet-derived growth factor
(PDGF) is expressed by SMCs and may be released and
act locally."® This process remains hypothetical in vivo
pending further study of vascular SMCs.

In animals, there is a 24-hour lag after BDE before in-
creased SMC DNA synthesis is detected.'® Similarly qui-
escent cells stimulated to grow in tissue culture show a
delay in DNA synthesis,® which is preceded by the early
induction of several proto-oncogenes.?' The evidence for
proto-oncogene participation in converting cells from a
resting to a proliferative mode is compelling. Tissue cul-
ture studies using antibodies? and oligonucleotide anti-
sense RNAZ have shown an S-phase entry dependence
on c-fos and c-myc expression. Furthermore, micro-in-
jected c-myc protein renders cells PDGF independent for
entry into the S phase of the cell cycle.?* However proto-
oncogene induction under some circumstances is associ-
ated with cell differentiation.?

Previous studies examining growth-related gene ex-
pression in vivo have reported whole vessel prepara-
tions.?6-2 In the current report, we isolated SMC RNA
from the rat aortic media by an enzymatic digestion pro-
cedure.® The media of small animals is essentially com-
posed of extracellular proteins and SMCs.? No other con-
taminating cells were found in these preparations. This
was confirmed by extensive histologic evaluation of the
tissue used in this study and correlates with other re-
ports.'330

In summary, we demonstrated the earliest molecular
markers of cell-cycle activity reported to date in vascular
tissue. This new information should allow for the careful
dissection of initiating events leading to such cell activity.
The induction of these and other proto-oncogenes may
have general applicability to the development of athero-
sclerosis and the vascular restenosis that frequently fol-
lows balloon angioplasty.
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