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Abstract
Keloid formation is a wound healing response, which fails to
resolve and leads to formation of a raised collagen mass
extending beyond the original wound margins. Keloids are
typically excluded from palms and soles. Therefore we
compared keloid and palmar fibroblasts in vitro using
fibroblasts from nonaffected individuals as controls. Col-
lagen I, a-smooth muscle actin and thrombospondin-1 were
found at higher levels in keloid than in palmar fibroblasts.
These differences were ameliorated by addition of TGFb1. The
potential for resolution of the wound healing response was
estimated analyzing apoptosis during serum starvation.
Annexin V and TUNEL assays showed that palmar fibroblasts
underwent faster apoptosis, than did the keloid fibroblasts,
and started detaching. Addition of TGFb1 counteracted this
effect. The weak expression of the myofibroblast phenotype
and the advanced apoptosis of palmar fibroblasts suggest
mechanisms for the exclusion of keloids from palmar sites.
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Introduction

Keloids occur due to deviations from the normal wound
healing process. The defect is found predominantly in
individuals of African origin (about 10% incidence in the
African-American population) and is excluded from the
glabrous tissue of palmar and plantar surfaces. A raised
scar forms, which extends beyond the boundaries of the
original wound. It contains thick and highly crosslinked
collagen bundles and excessive proteoglycan and fibronectin
(for recent reviews see1 ± 3).

Although there have been many in vitro and in vivo
studies on keloids, it is still not known what causes their
formation. The particular protein expression pattern in
keloids may be related to a specific cytokine environment.
Higher (IFN-b, TNF-a, IL-6) and lower (IFN-g, IFN-a, IL-2,
TNF-b) levels were found in the peripheral blood mono-
nuclear-cells (PMNC) of black keloid formers.4 In vitro
keloid fibroblasts demonstrate a variety of differences in
behaviour compared to normal fibroblasts. Some, but not all
cultures of keloid fibroblasts, show higher levels of
collagen I than do normal fibroblasts.5 ± 9 In addition,
TGFb1, which is known to enhance matrix production,
has been reported to have differential effects on prolifera-
tion rates and collagen synthesis of keloid vs normal
fibroblasts.10 ± 12 TGFb1 mRNA was detected in fibroblasts
and endothelial cells within the expanding borders of the
active keloid,7 implicating TGFb1 in the development of this
scar. Decorin, a natural inhibitor of TGFb,13 was found
unaltered in the keloid tissue.14,15

The progression through the different stages of normal
wound healing leads to granulation tissue formation and
fibroblast differentiation into myofibroblasts. In normal
wounds the myofibroblast marker, a-smooth muscle actin
(a-SMA), peaks between 7 ± 15 days, when 70% of the
wound fibroblasts have the myofibroblast phenotype.16 In
vitro, a negative dependence of the myofibroblast
phenotype on the plating density has been documented.17

On the other hand, TGb1 has a strong positive effect on the
expression of a-SMA.18 a2b1 integrins are necessary for the
TGFb1 induction of a-SMA.19,20 The presence of the EDA
splicing variant of fibronectin21 ± 23 and the intracellular
tension response to the deformability of the extracellular
matrix (ECM)19,20 also appear to be crucial for the TGFb1
effect on the myofibroblast phenotype.

As wounds close there is a decrease in cellularity due to
apoptosis. This ensures the transition between granulation
tissue and scar. The myofibroblasts gradually disappear
and by day 30 the fibroblast population is indistinguishable
from that found in normal dermis.16,24,25 Myofibroblasts can

Cell Death and Differentiation (2000) 7, 166 ± 176
ã 2000 Macmillan Publishers Ltd. All rights reserved 1350-9047/00 $15.00

www.nature.com/cdd



undergo apoptosis. This is seen in Dupuytren fibromatosis,
where it coincides with an elevated expression of
TGFb1.26 ± 28 However, recent findings in a model of
regressing granulation tissue have suggested that differ-
entiation into myofibroblasts might not be a prerequisite for
apoptosis.29

Keloids, when studied immunohistochemically show a-
SMA only around microvessels. In contrast, cultured keloid
fibroblasts have detectable levels of a-SMA.30 When plated
on collagen-coated plates or embedded in collagen gels
normal and keloid fibroblasts down-regulate their a-SMA
synthesis, while upregulating their a2b1 integrins.31

When apoptosis was studied in keloids, the number of
apoptotic cells were found to either decrease distally from
the keloid lesion edges32 or to decrease near them.33 The
delayed apoptosis has been ascribed to the presence of
somatic mutations in both p53 alleles of cells within the
center of the keloid.34 Irrespective of these conflicting
reports on the location of apoptotic cells, delayed apoptosis
in keloid fibroblasts could be responsible for the production
of vast amounts of ECM prior to the eventual disappear-
ance of the cells, leaving only the acellular collagenous
scar.

In an effort to determine the mechanisms whereby
keloids form and keloid prone individuals are spared keloid
formation on glabrous tissues, an in vitro assessment was
carried out. Comparisons were made among fibroblasts
isolated from palmar surfaces, from nonpalmar sites and
from keloids. Matrix production, myofibroblast expression
and apoptosis were monitored in the absence and
presence of exogenously supplied TGFb1. Under a variety
of experimental conditions palmar fibroblasts demonstrated
a weaker myofibroblast phenotype and higher growth factor
requirements.

Results

Differences in the phenotype between palmar and nonpalmar
fibroblasts were evaluated using cells isolated from keloid and
nonaffected donors. Palmar fibroblasts were smaller and
reached confluence 1 ± 2 days earlier than their nonpalmar or
keloid counterparts (data not shown). In order to reveal
differences between cultures from different sources, cells
were maintained with or without serum for 3 days after
reaching confluence. Ascorbic acid was present during these
3 days to ensure collagen I secretion.

Collagen I, a-SMA and TSP-1 are upregulated in
keloid cultures

The cellular distribution and organization of collagen I, a-
SMA, and the TGFb1-activator thrombospondin-1 (TSP-1)
shown in Figure 1, were analyzed in fibroblasts plated on
chamber slides at 5 cells/mm2. Keloid fibroblast (K) cultures
accumulated the most collagen I (Figure 1a). It was found to
be organized into thicker fibers than the rest of the cultures
(Nnp, nonpalmar fibroblasts from a nonaffected donor; Pk,
palmar fibroblasts from a keloid patient; Pn, palmar fibroblasts
from a nonaffected donor) (Figure 1b,e,f). The abundance and
thickness of the collagen fibers were not significantly changed

when K were cultured in serum-free medium for 72 h (Figure
1c). However, there was some reduction in the collagen
content in Nnp (Figure 1d) and much greater reductions in the
collagen content in palmar fibroblasts (P) (Figure 1g,h). In the
serum-free Pk and Pn cultures all remaining collagen
appeared to be intracellular, little or no extracellular collagen
was detected.

Similar to the results with collagen I, K cultures
contained the most TSP-1 (Figure 1i). As TSP-1
colocalized with collagen (data not shown), it was also
found in thick fibers. Little difference in abundance was
observed in the serum-starved K cultures (Figure 1k). This
contrasted with the non-K. In the serum-containing media
there were lower levels of extracellular TSP-1 (thin and
lower intensity fibers) (Figure 1j,m,n) and in the serum-
starved cultures extracellular TSP-1 was no longer
detectable (Figure 1l,o,p).

a-SMA was found in the greatest abundance and in
stress fibers in K incubated in presence (Figure 1q) or
absence (Figure 1s) of serum. This actin was also detected
in the non-K cultures, but to a lesser extent (Figure 1r,u,v),
being especially low in Pk (Figure 1u). Barely detectable
levels were seen in the serum-starved cultures of the non-K
strains (Figure 1t,w,x).

a-SMA levels have been reported to depend on the
plating density.17 Therefore, FACS analyses were used
(Figure 2) to compare the distribution of a-SMA fluores-
cence among individual fibroblasts in serum-starved
cultures when seeded at a low plating density (lpd) of
5 cells/mm2 and at an intermediate density of 50 cells/mm2.
As shown in Figure 2 at both plating densities the highest
intensities were detected in K cultures, compared to P
cultures (Pk and Pn). Nnp had intermediate levels.

Protein expression in fibroblasts from keloid
formers and nonaffected individuals

Protein extracts from equal numbers of cells of twelve cell
cultures (four K, four Pk, two Pk and two Pn) plated at 50 cells/
mm2, were analyzed by immunoblotting using antibodies
specific to a larger set of proteins known to be modulated
during wound healing and apoptosis (Figure 3A ± F). Two of
these markers, collagen and a-SMA, showed consistent
differences between K and to a lesser extent between Nnp
and P (Figure 3G). After 72 h of serum-starvation P showed
little accumulation of collagen I and a-SMA (Figure 3G). K had
consistently higher collagen I levels and variably higher a-
SMA levels, perhaps reflecting strain-dependent differ-
ences.35,36 Pk grown in serum containing medium, showed
similar lower levels of a-SMA and collagen I compared to the
other fibroblast cultures (not shown).

Less pronounced changes were the 10 ± 50% higher
levels of fibronectin (t-test; P=0.2) and vimentin (P=0.38)
in K vs Pk cultures. When the general actin antibody
was used no significant difference was seen between P
and non-P. The levels of integrin b1 and Bax showed no
consistent variation among the cultures from different
sources. However, we were able to detect more p53 in
two out of four Pk (Palm D, Palm H in Figure 3D)
compared to their paired K.

Keloid and palmar myofibroblasts in vitro
CC Chipev et al

167

Cell Death and Differentiation



When normalization of the immunoblot results was done
per protein (e.g. actin) the results of higher collagen I and
higher a-SMA in K remained valid. The fibronectin levels
became similar amongst cultures and three out of four Pk
showed higher p53 than did K. The fourth donor had barely
detectable levels of p53 in either K or Pk (data not shown).

As shown in Figure 4, the addition of TGFb1 to the
serum-starved confluent cultures blunted the differences in
collagen I and a-SMA content between K and non-K
fibroblasts. All cultures (palmar and nonpalmar) showed
upregulation of collagen I (Figure 4A) and a-SMA (Figure
4C), when TGFb1 was present in the media (lanes 2, 4, 6,
8). At the same time little effect was seen on the vimentin
levels. Similar conclusions were drawn from immunohisto-
chemical analyses (not shown).

Apoptosis in serum starved keloid fibroblasts is
low

After 72 h of serum withdrawal there was a striking difference
between cultures. Those of Pk (Figure 5c) and Pn (data not
shown) contained many loosely bound and detaching round
vesicles (cells). Few were found in K (Figure 5a) and Nnp
(data not shown). The addition of TGFb1 alleviated this effect
of serum withdrawal (Figure 5d). As lactate dehydrogenase
(LDH) activity was not detected in the media of any cultures,
there was not a significant degree of lysis during starvation
(not shown). Pk and Pn maintained in a serum-containing
medium did not demonstrate detaching cells (not shown).

The TUNEL assay for DNA fragmentation was used to
ascertain whether the appearance of the palmar cultures
following serum withdrawal reflected an enhanced apopto-
sis. As shown in Figure 6, nuclei were differently stained,
with the darkest color (an indication of advanced apoptosis)
within the picnotic nuclei (Figure 6). These appear to
correspond to cells in the process of detachment (Figure 5).
Normally shaped TUNEL-positive cells correspond to a
preapoptotic stage.37,38

The larger keloid fibroblasts had a regular shape, weak
coloration and few picnotic nuclei (Figure 6a). This was
not influenced by TGFb1 (Figure 6b). Both Pk and Pn had
fuzzy nuclear membranes and many picnotic nuclei
(Figure 6e,g). The addition of TGFb1 caused improve-
ments in nuclear definition and a decrease in the number
of dark picnotic nuclei (Figure 6f,h). Pk had a pronounced
granular intranuclear structure (Figure 6f), which was not
present in K (Figure 6b). The Nnp nuclei had more
staining than did K nuclei (compare Figure 6a and c).
Some of the heavily stained cells appeared shrunken and
smaller in size than the rest. TGFb1 showed an effect on
Nnp (Figure 6d). Cells were bigger but still stained more
than K (Figure 6b). In the presence of serum the
preapoptotic state of K and non-K fibroblasts seemed
comparable (not shown).

Analysis of TUNEL-stained fibroblasts by FACS revealed
distinct differences between K, Nnp and P (Figure 7a). In
these experiments, the level of apoptosis was measured by
the cell count at corresponding fluorescence intensities.
The lowest level of apoptosis was seen in K fibroblasts
(e.g. Keloid T) while intermediate (e.g. Nonpalm w) and

high levels (e.g. Palm T, Palm l) were found in the rest of
the cultures.

When membrane alteration and integrity were evaluated
by Annexin V binding and Propidium iodide (PI) uptake
(Figure 7b), results were similar to those obtained by
TUNEL. K and Nnp had the most live cells; 91+2% of the
cells showed low levels of both FITC-Annexin V- and PI-
fluorescence. This is significantly different from P, which
contained 79+9% live cells (t-test: P=0.075). Pk showed
higher early and late apoptosis levels than K. Pn and Nnp
were in intermediate states. Pn had the highest amount of
necrotic cells. [The terminology and definition for apoptosis
and necrosis are as previously described.]39 It is possible
that the Pk had already lost necrotic cells by detachment
into the media (cf. Figure 5c).

Discussion

Keloid ®broblasts differ in phenotype from palmar
®broblasts

Individuals prone to keloid formation are spared aberrant
wound healing on their palmar and plantar surfaces,
suggesting either that the resident fibroblasts differ in
phenotype or in microenvironment. Fibroblasts grown on
plastic in submerged culture are under conditions
resembling a fresh wound, thus revealing features that
may not be detectable in an already formed keloid. The
experiments that are presented herein revealed intrinsic
differences in the phenotypes of Pn/Pk and K fibroblasts.
The Nnp showed characteristics intermediate between Pk/
Pn and K. The differences between palmar and nonpalmar
fibroblasts may serve as clues about the development of
keloids and about the reason for their exclusion from
glabrous tissue.

Fibroblasts from keloids accumulated the most a-SMA,
collagen I and TSP-1 under all culture conditions (Figures
1 ± 3). Their a-SMA stress-fibers were more prominent ±
thicker and abundant. There were also thicker collagen I
and TSP-1 positive fibers in the keloid cultures (Figure
1a,c,i,k). This correlates with reports demonstrating a
higher lysyl oxidase (the enzyme catalyzing collagen
crosslinking) expression in myofibroblasts.40

The differences between K and non-K were more
pronounced when cells were deprived of serum for 3
days. The keloid cultures were the least influenced by the
serum withdrawal (Figure 1c vs g; k vs o; s vs w, etc).
Palmar fibroblasts, especially Pk, had low levels of a-SMA,
collagen and TSP-1 (Figures 1 ± 3). The predominance of
the myofibroblast phenotype (i.e. expression of a-SMA) in
the K cultures remained even when we took into account
the effect of plating density17 (Figure 2). This suggests
that this phenotype is an intrinsic feature of keloid
fibroblasts.

However, addition of TGFb1 during serum starvation
blunted the differences between fibroblast cultures by
causing an increase in the expression of a-SMA, collagen I
(Figure 4) and TSP-1 (not shown) in all cultures. This cytokine
has previously been demonstrated in vivo and in vitro to
determine the expression of collagen I7,9,41 and a-SMA.42
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The transient appearance of myofibroblasts in a healing
wound is a prerequisite for proper wound healing and
correlates with TGFb1 activity.43 Although the amount of
TGFb1 present in the conditioned media of normal skin

fibroblasts was found equal to that in keloid fibroblasts
embedded in a fibrin maxtrix gel,44 our data (Figure 4)
suggest that requirements for and levels of TGFb1 might
still determine the difference between palmar and non-

Figure 1 Collagen I, Thrombospondin-1 and a-smooth muscle actin in fibroblasts from different origin. Fibroblasts derived from a keloid (K) (a, c, i, k, q, s), from
the corresponding palm (Pk) (e, g, m, o, u, v), from a nonpalmar site of a nonaffected donor (Nnp) (b, d, j, l, r, t) and from the palm of a nonaffected donor (Pn) (f, h,
n, p, v, x) were grown on chamber slides. After confluence the cultures were incubated for an additional 3 days in serum-containing medium (a, b, e, f, i, j, m, n, q, r,
u, v) or in serum-free medium (c, d, g, h, k, l, o, p, s, t, w, x). Antibodies against collagen I (a ± h), thrombospondin-1 (i ± p) and a-smooth muscle actin (q ± x) were
used and visualized by indirect immunofluorescence the level and organization of the corresponding proteins in the cells. The photographs were taken with an
automatic exposure-time adjustment enabling weak fluorescence to show up at the expense of higher background. Note the predominance in K of fluorescence
from these three markers in either medium condition
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palmar fibroblasts (see `Note added in proof' at the end). In
addition, TGFb1 activity may be greater in keloids as K
expressed higher levels of the TGFb1-activator TSP-1
(Figure 1i, k vs j, l ± p).45 Alternatively, in keloid formers,
the higher level of TNFa and lower level of g-interferon,
secreted by activated PMNs at the growing margins of the
keloids,4 may also lead to increased collagen I and a-SMA
expression.42 These cytokine differences may be sufficient
to explain the occurrence of keloids.

Figure 2 FACS analysis of a-smooth muscle actin in fibroblasts. Fibroblasts
from keloid patients (e.g. Keloid H), from corresponding palm biopsies (e.g.
Palm H) and from nonaffected donors (e.g. Nonpalm w, palm c) were plated
either at intermediate 50 cells/mm2 (ÐÐ), or at a low density (lpd) 5 cells/mm2

(- - - -). After reaching confluence, they were grown for 3 days in medium
without serum. Cultures were then harvested by trypsinization. For FACS, the
cells were fixed with Histochoice, permeabilized in 0.3% Triton in PBS and
immunolabelled with anti-a-SMA antibody and PE-conjugated secondary
antibody. Examples of FACS scans are presented. The average of all
experiments is plotted below the scans. The geometrical mean fluorescence of
the cells with a-SMA intensities above the background (fluorescence%10) was
used as a characteristic of the distribution

Figure 3 Western blot analysis of fibroblasts grown to confluence in serum
and then subjected to serum starvation for 3 days. Cell extracts from equal
number of keloid fibroblasts (KD, KH, KL, KT), from corresponding palmar
fibroblasts (PD, PH, PL, PT), and from controls: Nnp (Nd, Caucasian, Nw,
African-American) and Pn (Pc, latin, Pl, African-American) ± were resolved on
4 ± 12% SDS-polyacrylamide gels, electroblotted and indirectly immunola-
beled using corresponding antibodies and chemiluminescence for detection
-A/-F/. Averaged results from a densitometry scan of the Western blots (A ± F)
for all K, Pk, Nnp and Pn G/. The bars are standard deviations. When keloid
fibroblasts were compared with palmar fibroblasts consistent differences (t-
test was used) were found for the following markers: fibronectin {P=0.2 for K vs
Pk}, collagen {P=0.015 (K vs P) and P=0.035 (K vs Pk)}, and a-SMA {P=0.034
(K vs P) and P=0.1 (K vs Pk)}, but not for integrin, vimentin, p53 and BAX
proteins
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Delay of apoptosis in keloid cultures

The effect of serum withdrawal on confluent fibroblasts in
submerged culture demonstrated yet another aspect of
palmar fibroblast behavior. Their behavior correlated with
previous reports of confluence and starvation as factors that
may lead to apoptosis.46 ± 49 In contrast to Nnp and K, the
serum starved Pk and Pn became increasingly dysadherent
(Figure 5) ± a landmark of late stage apoptosis.47 Using
TUNEL (Figure 6) and Annexin V (Figure 7) apoptosis assays
to further specify the apoptotic stage, it was found that K were
delayed in apoptosis compared to Pk, Pn, and Nnp, especially
Pk from the corresponding keloid patients (Figures 5 ± 7). This
correlated with the predominance of myofibroblast stress-
fibers in K cultures (Figures 1 ± 3) and is consistent with the
observed reduction of myofibroblast markers in wounds prior
to apoptosis16 and with other reports33 showing delayed
apoptosis in subconfluent keloid fibroblasts. Although there
have been reports of p53 in keloids (in vivo and in vitro),33 our
immunoblots (Figure 3D,G) showed higher levels of p53 in
non-keloid cultures. In the two cases (Palm D and Palm H,
Figure 3D) this correlated with a higher apoptosis (actual
FACS scans not shown).

Similar to our results, a negative correlation between a-
SMA levels and apoptosis has been found by treatment of
fibroblasts with IL-1b. This cytokine causes induction of
apoptosis mainly in fibroblasts with higher a-SMA expres-
sion.50 Other data51 have shown that the basic fibroblast
growth factor (bFGF) leads to decrease in a-SMA and
induction of apoptosis.

Using model systems for different stages of wound
healing it has been found that a stressed ECM delays
apoptosis.29,52,53 At nonpalmar, keloid-prone sites, contin-
ued expression of a-SMA and collagen I could generate
such a stressed ECM. The delay in keloid fibroblast
apoptosis as demonstrated in our experiments (Figures
5 ± 7) would give time for excess fibroblast proliferation and
further ECM synthesis. After this one might imagine
fibroblasts being discarded by apoptosis leaving a large
acellular collagenous mass. Not surprisingly, at the time
biopsies are typically taken, the keloid has usually been
formed for more than several weeks and we should not
expect to detect any a-SMA30 (and data not shown).
Although it may not be the myofibroblasts that undergo
apoptosis in normal wound healing,29 a pronounced
myofibroblast phenotype may lead to a delay in apopto-
sis, as the one observed in our experiments.

In summary, in the absence of TGFb1, we found a
stronger myofibroblast phenotype and lower apoptosis level
in K compared to Pk, Pn and Nnp. Differences between
Nnp and Pk, Pn were also observed especially in response
to serum withdrawal. Thus the absence of keloids from the
palmar surface of keloid formers may be due to particular
exogenous/endogenous TGFb1 availability and specific
palmar fibroblast requirements for higher TGFb1 levels to
promote growth and protection against apoptosis. As
TGFb1 levels are transient, collagen and a-SMA produc-
tion could be down-regulated at palmar sites where a
quicker resolution of fibrosis by apoptosis might occur.
Further in vivo and in vitro studies on the levels of vitamins,

Figure 4 Alpha smooth muscle actin (a-SMA) and type I collagen are
upregulated by addition of TGFb1 to serum starved palmar and keloid
fibroblasts. Fibroblasts were grown from keloids (KD, KH) or from palmar
biopsies of the corresponding patients (PD, PH). After confluence had been
reached, the cultures were serum starved for 3 days either without or with
active TGFb1. Cell extracts were resolved as in Figure 3, electroblotted and
indirectly immunolabeled with corresponding antibodies. Nw, nonpalmar
fibroblasts from a nonaffected donor were included. + + indicates the
procollagen type I bands; * * indicates the mature (processed) collagen I (a1

and a2) bands. Vimentin was used as a reference. At this film exposure the
collagen I bands were not apparent for fibroblasts without TGFb1

Figure 5 Detachment of palmar fibroblasts during serum starvation. After
reaching confluence fibroblasts were starved for 3 days. The palmar cultures
(Pk) ± (c) ± contained many vesicles (cells) released into the media or loosely
bound to the confluent layer. The keloid fibroblasts (K) from the same patient ±
(a) ± were larger and only a few round cells could be seen floating. When
TGFb1 was present during serum starvation the number of floating cells in the
palmar cultures was greatly reduced (d). TGFb1 had little effect on K (b)
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cytokines and other growth factors, as well as their
receptors, in keloids and nonkeloid (P, Nnp) tissues will
be necessary to advance our knowledge of the etiology of
keloids and provide clues for improved therapies.

Materials and Methods

Keloid patients

Fibroblasts were isolated from biopsies of keloids and palms of four
keloid patients. In three keloid cases (marked KD, KH, KL) fibroblasts
were grown from keloid subjacent to the epidermis, and in one keloid
case (KT) fibroblasts were grown from the keloid deeper in the dermis.
In both cases the biopsies were taken away from the lesion boundaries
in order to avoid mixing of fibroblast populations from the keloid and
the adjacent tissue. As control, fibroblasts were isolated from biopsies

of the nonpalmar regions of two nonaffected individuals (African-
American and Caucasian) and from the palms of two other nonaffected
individuals (African-American and Hispanic). For experimentation cells
were used between the second and fifth passage. No consistent
differences were found with passage.

Cell cultures

Cells were plated either at 105 cells per p100 plate (50 cells/mm2) or
104 cells per p100 (5 cells/mm2, low plating density (lpd)). Cultures
were grown to confluence at 378C and 7.5% CO2 in low glucose
DMEM (Gibco, BRL) supplemented with 10% fetal bovine serum
(HyClone), 100 units/ml penicillin and streptomycin. The serum-
starved samples were grown in the same medium without serum for
72 h. (The 10% serum-containing medium has 14 mg/ml ascorbic acid
and less than 0.5 ng/ml TGFb). At confluence L-ascorbic acid-sodium
salt (Sigma) was added to 50 mg/ml. When indicated the medium was

Figure 6 Slower apoptosis in keloid fibroblasts during serum starvation. The TUNEL assay (In situ cell death detection kit, Boehringer, Mannheim) was used to
compare the apoptosis in: (a, b) keloid fibroblasts (K); (c, d) nonpalmar fibroblasts from a nonaffected donor (Nnp); (e, f) palmar fibroblasts of the same keloid
patient (Pk); g, h) palmar fibroblasts from a nonaffected donor (Pn). After reaching confluence they were grown either without (a, e, c, g) or with (b, f, d, h) TGFb1 in
medium without serum for 3 days. Arrowheads `4' mark the dark picnotic nuclei
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supplemented with recombinant TFGb1 (R&D Systems) to 5 ng/ml.
For protein analysis the cells were harvested in phosphate-buffered
saline (PBS) by scraping with a Teflon scraper. Aliquots were taken for
measurements of protein and DNA. The cocktail of proteinase
inhibitors included 1 mM EDTA, 5 mM benzimide, 5 ng/ml leupeptin,
1 mg/ml pepstatin, 0.5 mg/ml aprotinin and 0.1 mM PMSF.

Protein electrophoresis

1.5 mm Precast NOVEX (San Diego, CA) gradient 4 ± 12% Tris-
Glycine polyacrylamide SDS gels were used according to the
conditions specified by the manufacturer. Samples were
sonicated, appropriate volumes of 106 sample buffer (0.6 M
Tris-HCL, pH 6.8, 1.4(v/v) b-mercaptoethanol, 0.1% bromphenol-

blue, 50%(w/v) SDS) were added and the samples were heated
to 958C for 5 min before loading. Equal numbers of cells,
according to nucleic acid content were loaded (approximately 2 ±
4 mg nucleic acids per lane). SeeBlue2 prestained protein
molecular weight standards (NOVEX) were used together with
2 mg of rat-tail collagen type I (Upstate Biotechnology, NY, USA)
as markers.

Nucleic acid and protein concentration

Protein contents were determined using the Bradford reagent with
BSA as standard. Nucleic acid contents were estimated by
measuring the absorption at 260 nm.

A
B

Figure 7 Apoptosis in fibroblasts during serum starvation. Typical FACS scans of keloid fibroblasts: Keloid T; corresponding palmar fibroblasts: Palm T; from
nonaffected palmar fibroblasts: Palm l, Palm c; from normal nonpalmar fibroblasts: Nonpalm w. The cells were grown to confluence and serum starved for 3 days
before harvesting. Bars, standard deviations. (a) FACS ± TUNEL assay. Cells were acetone-fixed after harvesting and fluorescein-dUTP was incorporated at DNA
strand breaks. Shown is a plot of the percentage of dUTP-fluorescein positive cells (M2) with fluorescence intensities above 102 and the geometrical mean (Geo
Mean) of the distribution of such cells, averaged over all the data for culture of the same type. For every pair (keloid vs corresponding palmar fibroblasts) both
parameters differed considerably. The overall difference between K and non-K cultures was also significant (t-test; P50.25). (b) FACS Annexin V/Propidium Iodide
assay. The assay was performed according to the Manufacturer's (Clontech) protocol.54 FL1, Annexin V-FITC fluorescence, increases with apoptosis; FL2, PI-
fluorescence, increases with necrosis. Fluorescence scans: lower left quadrant (LL), live cells (low apoptosis and necrosis; upper left (UL), necrotic cells only;
lower right (LR), early apoptosis (pre-apoptotic) cells; upper right (UR), cells in late apoptotic state. A plot is given of the percentage of cells from the corresponding
apoptotic stages. Early apoptosis is substantially delayed in K vs Pk (t-test: P=0.006), and in K vs Nnp (P=0.034). Late apoptosis percentage is lower in K vs Pk,
although the variation is higher (P=0.25)
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Primary antibodies

Primary antibodies were as set out in Table 1.

Secondary antibodies

Anti-[mouse/rabbit IgG (H+L)]-peroxidase conjugates (Boehringer,
Mannheim) were used for the Western blots at 1 : 2500 ± 5000. R-
Phycoerythrin (PE) conjugated anti-mouse IgG (whole molecule)
(Sigma) were used at 1 : 100; affinity purified fluorescein (FITC)-
conjugated goat anti-mouse IgG (H+L) (Jackson Immunoresearch
Labs) and anti-rabbit F9(ab')2 (G+L) IgG (TAGO, Burlingame, CA,
USA) were diluted 1 : 100 prior to application.

Immunohistochemistry

Acetone-fixed cells on chamber slides were treated with universal
blocking solution Power Block (Biogenex) or FBS 10% in PBS for
10 min. Primary antibodies were used at dilutions specified above.
Incubations with secondary FITC- or PE-conjugated mouse/rabbit
IgGs were for 60 min at room temperature. After washes with PBS the
chamber slides were mounted with Vectashield plus DAPI (Vector
Laboratories, Burlingame, CA, USA), visualized and photographed
using a Nikon Optiphot microscope with automatic exposure
adjustment at 506 magnification on Kodak Gold Max 800 film.

Western blotting

Gels were electroblotted at 4 V DC overnight in a Semiphor apparatus
TE70 (Hoefer/Pharmacia). The blots were blocked in 5% nonfat dry milk,
1% BSA in PBS with 0.05% Tween (PBS/Tween). Primary antibodies
were diluted in 5% nonfat milk-PBS and blots were incubated for 1 h at
room temperature or overnight at 48C. After three PBS/Tween washes,
the blots were incubated with peroxidase-conjugated secondary
antibody (diluted in PBS/Tween with 5% nonfat milk) for 30 min to 1 h.
Detection was with the SuperSignal CL-HRP Substrate System (Pierce)
for 5 min followed by exposure on X-ray film for seconds to minutes.
Scanning of the X-ray films was performed using ScanMaker Et
(Mikrotek) and Adobe Photoshop 4.0 software. Densitometry was
carried out with the automatic digitizing system Un-SCAN-IT gel version
4.1 for Windows (Silk Sci. Corp., 1996) and Microsoft Excel 97 SR-1. To
reprobe blots, antibodies were removed with a 30 min incubation at 608C
in 2% SDS, 62.5 mM Tris-HCL, pH 7, 100 mM b-mercaptoethanol. Blots
were then blocked for 15 min.

Apoptosis (chamber slides)

Cells grown on chamber slides were acetone fixed and microwave
pretreated for 5 min. This approach proved to be very efficient in

revealing most cells in a preapoptotic or apoptotic state.38 After
fixation the In Situ Cell Death Detection Kit, POD (Boehringer,
Mannheim) was used according to the manufacturer's protocol,
with peroxidase as the detecting reagent. The antibody conjugate
was diluted 1 : 2. The enzyme was omitted in the negative
controls.

FACS analysis

Cells were harvested by incubation with trypsin (0.05%) and EDTA
(0.02%). About 16106 cells were used per sample. When needed
cells were fixed for 5 min with ice-cold acetone at 7208C, and washed
twice in PBS afterwards. Alternatively, fixation was performed using a
20 min incubation in HistoChoice (Amresco, Solon, Ohio) at room
temperature, followed by a 5 min permeabilization on ice in 0.3%
Triton in PBS with two subsequent washes in PBS. The samples were
filtered through 35 mm cell strainer caps of Falcon polystryrene tubes
before being applied to the FACS machine.

a-Smooth muscle actin analyses The cells were resuspended in
100 ml PBS and incubated for 1 h at room temperature with the
1 : 100 diluted antibody. After two PBS washes, the secondary
antibody (FITC conjugated mouse IgG, or, alternatively PE
conjugated mouse IgG) was applied for 1 h at room temperature
and later removed by PBS washes. Control cells for each fibroblast
culture, incubated only with the secondary antibody were used to
define the background.

TUNEL assay (Boehringer, In Situ Cell Death detection Kit,
Fluorescein) The samples were resuspended in 50 ml TUNEL
reaction mix and incubated for 1 h at 378C with agitation. A control
sample incubated without the enzyme was prepared for each fibroblast
culture. A PBS wash was performed at the end of the reaction.

Annexin V-FITC/Propidium Iodide (PI) analyses The ApoAlert
Annexin V Apoptosis kit (Clontech) was used according to the
manufacturer's procedure.54 Cells incubated only in the binding
buffer (without Annexin V and Propidium iodide) served as control
for each fibroblast culture. After 15 min of dark incubation the
samples were analyzed by FACS. Cells with high Annexin V-FITC
fluorescence (FL1) and low PI-fluorescence (FL2) (Figure 7b, lower
right quadrant of the histogram) are considered in early apoptosis
(or preapoptotic); the ones with high FL2 and low FL1 (Figure 7b,
upper left quadrant) as necrotic (the PI is able to enter the nuclei),
the ones with high FL1 and FL2 (Figure 7b, upper right quadrant) as
late apoptotic (kit's manual). The position of the lines defining these
four regions is determined using control cells incubated without
Annexin V and PI.

Flow cytometry Flow cytometry was performed on a Becton
Dickinson FACScan with CellQuest software Version 3.2.

Light microscopy An Olympus VANOX-T microscope with an LBT
filter model AHBT on 160T Kodak slide film was used together with
an inverted microscope Carl Zeiss IM 35.

Statistical analysis

The effects reported were found in at least three independent
experiments with several keloid patient cultures, as well as with
cultures of cells from several non-affected individuals. The Student t-
test was used for comparison of the means.

Table 1 Primary antibodies

Antibody against Company Dilution (IB*) Dilution (IH*)

R* actin-C-term
H* a-actin
M* Bax
H* b1-integrin
H* collagen type-I
H* Fibronectin
H* p53(DO-1)
H* Vimentin (V9)
H* TSP-1

Sigma
Boehringer
Santa Cruz

Upstate Biotech
Biodesign
Chemicon

Santa Cruz
Boeringer
Biodesign

50
100 ± 500

200
1000 ± 2500
5000 ± 10000

2000
100 ± 400

2000
±

±
50 ± 100

50
50

200
200
50
±

100

H*, human; M*, mouse; R*, rabbit; IB*, immunoblotting; IH*, immunohistochem-
istry
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Note added in proof
During preparation of the corrected version of this manuscript Lee TY,
Chin GS, Kim WJH, Chau D, Gittes GK and Longaker MT published data
showing enhanced levels of TGFb1 protein in keloid cultures (Annals of
Plastic Surgery 1999; 43: 179 ± 184.
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