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SUMMARY Epithelialization of normal acute wounds occurs by an orderly series of events
whereby keratinocytes migrate, proliferate, and differentiate to restore barrier function.
The keratinocytes in the epidermis of chronic ulcers fail to execute this series of events.
To better understand the epithelial dynamics of chronic ulcers, we used immunohistochem-
istry to evaluate proliferation, differentiation, adhesion, and migration in keratinocytes
along the margin of chronic ulcers from patients with diabetes mellitus. We compared these
features with keratinocytes from the migrating epithelial tongues of acute incisional and
excisional wounds from normal volunteers. Keratinocytes at the chronic ulcer edge are
highly proliferative (Ki67 proliferation marker), have an activated phenotype (K16), do
not stain for keratins involved in epidermal differentiation (K10 and K2), and show a
reduced expression of LM-3A32 (uncleaved, precursor of the a3 chain of laminin 5), a key
molecule present on migrating epithelium. In contrast, keratinocytes in normal acute wound
migrating epithelium do not express the proliferation marker Ki67 but do express K10, K2,
and LM-3A32. A better understanding of molecular mechanisms involved in keratinocyte
migration may lead to molecular targets for therapies for impaired wound healing.

(J Histochem Cytochem 56:687–696, 2008)
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CHRONIC CUTANEOUS ulcers in patients with diabetes
mellitus are the most common cause of lower limb am-
putation (Pecoraro et al. 1990). Although an orderly
and carefully orchestrated series of events leads to
successful repair of acute wounds (Martin 1997; Singer
and Clark 1999; Coulombe 2003), repair of chronic
ulcers is compromised. Inability to heal chronic ulcers
has been attributed to impairment of a variety of bio-
logical mechanisms: ischemia, neuropathy, infection,
increased proteases, lack of protease inhibitors, pro-
longed inflammatory response, cytokine and growth
factors deficits, senescent fibroblasts, and advanced
age to name a few (Falanga 2004,2005; Mustoe
2004; Tomic-Canic et al. 2004; Medina et al. 2005).
Failure to epithelialize may be the consequence of
any combination of the aforementioned affected bio-
logical processes.

Basal keratinocytes at the dermal–epidermal junction
(DEJ) in uninjured skin undergo differentiation to ulti-
mately create the strong skin barrier to the external en-
vironment. The stratified layers of complex epidermis
can be distinguished by expression of differentiation-
specific pairs of keratin intermediate filaments (Fuchs
andWeber 1994; Fuchs 1995). Interfollicular basal ker-
atinocytes express keratins 5, 14, and 15 and are at-
tached to the dermis at the DEJ. Expression of keratins
1, 10, and K2 in suprabasal keratinocytes is an indica-
tion of keratinocyte differentiation.

In response to acute wound injury, suprabasal kera-
tinocytes adjacent to the site of injury and?60–80 cells
from the wound margin begin to express keratins 6
and 16 at ?8–24 hr after wounding (Usui et al.
2005). Keratins 6 and 16, not normally expressed
in interfollicular keratinocytes, are associated with a
change in keratin filament arrangement, conferring ker-
atinocytes with a more activated phenotype (Paladini
et al. 1996). Approximately 48 hr after wounding, ker-
atinocytes in the migrating tongue of acute excisional
wounds begin to downregulate expression of keratins
1, 10, and 2 (Garlick and Taichman 1994; Usui et al.
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2005) while expressing K6 and 16. Normal dif-
ferentiation resumes after epidermal wound closure
is achieved.

As keratinocytes begin to migrate to close a wound
(between 6 and 24 hr after wounding), in addition
to the changes in keratin expression, leading edge
keratinocytes begin to deposit LM-332 (laminin 5,
epiligrin, kalinin, nicein), a key basement membrane
heterotrimeric protein with a3b3g2 chains (Carter
et al. 1991; Rousselle et al. 1991; Marinkovich et al.
1992; Hamill and McLean 2005). Changes also take
place in expression of transmembrane receptors (in-
tegrins) to which LM-332 ligates. Integrins function
as adhesive proteins and play a role in cell signaling
(Larjava et al. 1993; Watt 2002). In wounded ker-
atinocytes, integrin a3b1 ligates with the unpro-
cessed, precursor form of the a3 (LM-3A32) chain
of the newly synthesized LM-332 to mediate keratino-
cyte migration (Carter et al. 1991). LM-3A32 under-
goes extracellular proteolytic processing to LM-332
(Amano et al. 2000; Sigle et al. 2004) and ligates
with integrin a6b4 to mediate stable anchorage of
keratinocytes to the basement membrane (Mercurio
et al. 2001).

In normal acute wounds, a proliferative burst of ker-
atinocytes behind the migratory keratinocyte wound
margin occurs between 24 and 72 hr after injury, with
resumption to a constitutive proliferative population of
?10% of the basal keratinocytes after wound closure
(Usui et al. 2005).

We used indirect immunohistochemistry to compare
the presence of adhesive-, migratory-, proliferative-,
and differentiation-specific proteins in non-healing
ulcers from patients with diabetes to normal acute
wounds. In addition, we used in situ hybridization to
evaluate the expression of the a3 chain of LM-3A32
in both the ulcers and acute wounds. Understanding
key signaling and structural proteins necessary for ker-
atinocyte migration may lead to the development of
therapies to promote healing of chronic ulcers.

Materials and Methods

Tissue Samples

Specimens were obtained with approval from the
University of Washington Institutional Review Board
and with consent from the Research and Development
Committee,DepartmentofVeteransAffairs Puget Sound
Health Care System (Seattle, WA).

Human Incisional Wounds

Simplate II bleeding-time devices (General Diagnostics;
Organon Teknika, Durham, NC) were used to create
uniform incisional wounds on both legs of 12 normal
male and 3 normal female volunteers [mean, 66 6 6

(SD) years of age], which is the same volunteer popula-
tion described in Olerud et al. (1999). This human
wound model has previously been described in detail
(Olerud et al. 1995). Briefly, pairs of wounds, 5 mm
long 3 1 mm in depth, were created, covered with an
adhesive bandage, left to heal by secondary intention
(unsutured), and harvested using a 4-mm biopsy punch,
from 1 to 28 days after wounding. Biopsies were frozen
in OCT (FineTek; Sakura, Torrance, CA) and stored at
270C for immunohistochemistry and in situ hybridiza-
tion. Site-matched unwounded skin was biopsied and
served as a control. A total of 9–14 wound samples were
collected for each time point.

Human Excisional Wounds

A 3-mm punch biopsy tool was used to create wounds
on the leg or arm of three normal volunteers (mean,
55 6 5 years of age), covered with an adhesive ban-
dage, and left to heal by secondary intention. Wounds
were harvested at 1, 2, and 7 days after wounding
using a 6-mm punch biopsy tool. Wound specimens
were processed similarly to the incisional wounds.

Ulcers From Patients With Diabetes

Thirteen patients with diabetes scheduled to undergo
lower extremity amputation for chronic ulcers agreed
to allow tissue retrieval after amputation. All patients
had adult onset diabetes and were treated with insulin.
Their mean age was 65 6 10 years. The mean hemo-
globin (Hb)A1c percent was 9.6 6 5. All patients had
an absence of protective sensation as shown by an in-
ability to feel a 5.07 Semmes-Weinstein filament. Full-
thickness samples of skin were taken from the ulcer
margin [ulcer (u)] (Figure 1), from 1 cm away from,
but adjacent to, the ulcer [adjacent (a)], and from skin
on the proximal lateral leg, 10–15 cm distal to the

Figure 1 Chronic ulcer on the foot of a patient with diabetes.
Tissue samples were taken from the ulcer (u) and ?1 cm adjacent
to the ulcer edge (a).
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patella (proximal). Ulcer, adjacent, and proximal tissue
were processed similarly to the incisional wounds.

Immunohistochemistry

Six-mm frozen sections of incisional and excisional
wounds and tissue from patients with diabetes were
immunolabeled using indirect horseradish peroxidase
techniques as previously described (Usui et al. 2005).
Briefly, tissue sections were postfixed in cold acetone
or postfixed with 2% paraformaldehyde/Sorensons
buffer, rinsed in TBS, and blocked with 0.3% H2O2

for 30 min. All sections were blocked with 1.3% goat
serum/TBS for 30 min. Primary antibodies used were
mouse monoclonal keratin 14 (K14; dilution 1:250,
gift from Irwin McLean/Irene Leigh, Dundee, UK),
mouse monoclonal keratin 10 (K10; dilution 1:100;
Dako, Carpentaria, CA), rabbit polyclonal keratin 2
(K2; dilution 1:2000, gift from Irwin McLean/Irene
Leigh), mouse monoclonal keratin 16 (K16; dilution
1:500; NeoMarker, Fremont, CA), proliferation marker:
mouse monoclonal Ki67 (dilution 1:100; Novocastra,
Burlingame, CA), mouse monoclonal integrins a3 sub-
unit and b4 subunit (dilutions 1:4 and 1:25, respectively;
William Carter, Seattle, WA), mouse monoclonal LM-
3A32 (precursor laminin 5), and LM-332 (dilutions
1:4 and 1:10, respectively; William Carter). Diluent
for all antibodies was BSA/TBS at 1 mg/ml. Sections
were incubated with primary antibody for 1 hr, rinsed
in TBS, and incubated for 30 min with species-specific
secondary antibodies: biotinylated goat anti-rabbit at
1:300 (Vector; Burlingame, CA) or biotinylated goat
anti-mouse at 1:200 (Vector). Sections were incubated
with streptavidin (SABC kit; Vector) at 1:50 for 30 min,
followed by 0.12% DAB as chromogen and Glycergel
as mounting media (Dako). All incubations were con-
ducted at room temperature in a humidified cham-
ber. Control sections were incubated without primary
antibody. Some tissue sections were counterstained with
hematoxylin stain (Gill 2; Ricca Chemical Co., Arling-
ton, TX).

In Situ Hybridization

The 600-bp laminin a3 chain cDNA fragment was
cloned (Ryan et al. 1994) into Bluescript expression vec-
tor pBS II SK+. Antisense laminin cRNA probes were
prepared by linearizing the plasmid 7-5-4 with BamHI
and transcribing with RNA polymerase T7 in the pres-
ence of digoxigenen-11 uridine triphosphate (UTP).
Sense laminin cRNA probes were prepared by lineariz-
ing the plasmid 7-5-4 with HindIII and transcribing with
RNA polymerase T3 in the presence of digoxigenen-
11 UTP. Eight-mm frozen sections from unfixed biopsies
were fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4) and processed using standard
non-radiolabeled in situ procedures. Reactivity was vi-
sualized using alkaline phosphatase.

Photomicrography

All sections were viewed on a Nikon Microphot-SA
microscope using either standard brightfield (BF) or
differential interference contrast. Image acquisition
was controlled through IP Lab Spectrum software
(Scanalytics; Fairfax, VA) running on a PowerMac G4
dual processor computer. For BF, the separate 12-bit
grayscale images captured through red, green, and blue
filters were merged and saved as 24-bit color PICT files.
Photoshop (Adobe Systems; San Jose, CA) was used for
image color adjustment.

Results

Clinical Assessment

There was vast heterogeneity among ulcers from
patients with diabetes. Some ulcers showed no sign of
infection and were desiccated, whereas others were
gangrenous and fluid filled. Thickness of ulcer edge
epidermis ranged from normal (6–10 cell layers) to
very hyperplastic (20–40 cell layers). Documentation
of dates and frequency of treatments, such as debride-
ment, was not recorded for the chronic wound tissue
harvested for this study and may account for some of
the variability of results, although once the decision for
amputation is made, very little intervention typically
occurs in the days immediately preceding amputation.

Immunohistochemistry

All of the samples from the 13 patients were not tested
with all of the antibodies. A summary of numbers
of samples tested for each antibody and qualitative
evaluation of immunohistochemical data are listed in
Table 1.

Cell Proliferation (Ki67)

Approximately 10% of interfollicular basal keratino-
cytes in unwounded skin showed Ki67 immunolabel-
ing (Figure 2A, inset). Basal keratinocytes behind the
migrating began proliferating 1 day after wounding;
however, the basal keratinocytes in the migrating
tongue do not show an increase in proliferation (Fig-
ure 2A). In contrast, all ulcer tissue showed increased
numbers of Ki67 immunostained basal keratinocytes,
not only at the margin of the ulcers (Figures 2B and
2C) but in the tissue adjacent to the ulcer margin (data
not shown). Tissue proximal from the ulcer edge
showed an immunostaining pattern that correlated
with unwounded normal skin (data not shown).

Keratins 14, 10, 2, and 16

In the unwounded epidermis, K14 was localized in
only basal keratinocytes (Figure 3A, inset), whereas
both the 7-day acute excisional wound (Figure 3A)
and the ulcer sample (Figure 3B) showed K14 im-
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munostaining throughout the entire epidermis. In the
unwounded epidermis, K10 was localized in only su-
prabasal keratinocytes (Figure 3C, inset). K10 was
not found in the migrating tongue of the 7-day acute
excisional wound (Figure 3C) or in the margin of
the ulcer section (Figure 3D). In unwounded skin, K2
was localized in the upper suprabasal layer of the
epidermis (Figure 3E, inset). K2 was absent in the mi-
grating tongue of the 7-day acute excisional wound
(Figure 3E) and absent in the wound margin of tissue
from the ulcer section (Figure 3F). K16, not present

in interfollicular normal skin (Figure 3G, inset), was
found in all suprabasal keratinocytes and in a few basal
keratinocytes in the migrating tongue of the 7-day acute
excisional wound (Figure 3G) and in all suprabasal
keratinocytes and in some basal keratinocytes the ulcer
tissue (Figure 3H).

LM-332

Immunostaining with LM-3A32 (full-length a3 chain
of LM 332) antibody showed no staining in the un-
wounded epidermis (Figure 4A, inset) but strongly

Figure 2 Keratinocyte proliferation. Tissue sections of normal, unwounded skin (A, inset), normal 2-day excisional wound (A), and ulcer
tissue from two patients with diabetes (B,C). Approximately 10% of the basal keratinocytes population immunostain with Ki67. Ki67 immu-
nostaining is absent in the actively migrating tongue (outlined by the dotted line) of a normal, 2-day excisional acute wound; however, it is
present in basal keratinocytes in the epidermal region behind the migrating tongue. Tissue sections of ulcers from two patients with diabetes
shows strong numbers of Ki67-immunolabeled keratinocytes at the margin of the ulcer edge and a great distance from the ulcer edge (B,C).
Top arrow indicates direction of epidermal migration, small arrows in A indicate Ki67-immunostained keratinocytes, and arrowheads in A–C
indicate migrating tongue. Bars: A 5 50 mm; B,C 5 100 mm.

Table 1 Qualitative analysis of histochemical results from normal subjects and ulcers from patients with diabetes

One-day normal Two-day normal
Three-day
normal Seven-day normal

Antibody Non-wounded Incisional Excisional Excisional Incisional Incisional Excisional Ulcer

Ki67 14/145 ,10% (1) 7/7 5 ,10% 1/1 5 ,10% 1/1 5 ?55% (1)
behind
migrating
tongue

7/7 5 ?80%
adjacent to
wound bed

8/8 5 ?80%
adjacent to
wound bed

2/2 5 ?80%
adjacent to
wound bed

8/8 5 ?80–90%
ulcer edge

K14 2/2 5 13a 3/3 5 13ab 1/1 5 13ab 1/1/ 5 13ab 4/4 5 13ab 4/4 5 13ab 2/2 5 13ab 4/4 5 13ab

K10 3/3 5 13c 5/5 5 13 1/1 5 13 1/1 5 13 6/6 5 13 5/5 5 13 2/2 5 0d 4/4 5 0d

K2 2/2 5 13c 3/3 5 13 1/1 5 12 1/1 5 12 2/2 5 0d 2/2 5 13 2/2 5 0d 2/2 5 0d

K16 5/5 5 0c 5/5 5 13 1/1 5 13 1/1 5 13 4/4 5 13ab 4/4 5 13ab 2/2 5 13ab 4/4 5 13ab

a3 integrin 2/2 5 13a 4/4 5 13ab 1/1 5 13ab 1/1 5 13ab 1/1 5 13ab 1/1 5 13a 2/2 5 13ab 6/6 5 13ab

b4 integrin 3/3 5 13a 5/5 5 13ab 1/1 5 13ab 1/1 5 13ab 2/2 5 13a 1/1 5 13a 2/2 5 13 7/7 5 13a,
6/7 5 13ab

LM 3A32 3/3 5 0c 3/3 5 13 1/1 5 13 1/1 5 13 3/3 5 13 3/3 5 13 2/2 5 13 1 5 13,
2 5 12,
1 5 11,
2 5 0

LM 332 4/4 5 13 4/4 5 13 1/1 5 13 1/1 5 13 2/2 5 13 3/3 5 13 2/2 5 13 6/6 5 13

aBasal keratinocytes.
bSuprabasal keratinocytes.
cNormal.
dCentral region of wound epithelium.
Columns indicate number of specimens qualitatively evaluated. 0, no staining; 11, faint staining; 12, moderate staining; 13, strong staining. Bold italic text
indicates results differing from normal acute incisional wound.
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Figure 3 Keratin expression in tissue
sections of a normal acute 7-day exci-
sional wound (A,C,E,G) and ulcer (B,D,
F,H). K14 is found in only basal kerati-
nocytes in unwounded skin (A, inset)
and throughout the entire epidermis
of the normal acute 7-day excisional
migrating tongue and tissue proximal
to the tongue (A), as well as the ulcer
edge and tissue proximal to the ulcer
(B). K10 is found in only suprabasal
keratinocytes in unwounded skin (C,
inset) and is not found in the migrat-
ing tongue of the normal acute 7-day
excisional wound (C) or the ulcer mar-
gin (D). K2 is found in the upper su-
prabasal layer of the epidermis of
unwounded skin (E, inset) and is not
found in the migrating tongue of
the normal acute 7-day excisional
wound (E) or the ulcer margin (F).
K16, not present in interfollicular nor-
mal skin (G, inset), is found through-
out the suprabasal layers of the
migrating tongue of the normal acute
7-day excisional wound (G) and the
ulcer margin (H). Dotted line indicates
dermal–epidermal junction (DEJ) and
arrows indicate direction of migra-
tion. Bar 5 100 mm.
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Figure 4 LM 332 and integrin expression in tissue sections of a 7-day normal acute excisional wound (A,D,G,J) and tissue sections of ulcers
from patient with diabetes 1 (B,E,H,K) and patient with diabetes 2 (C,F,I,L). Immunostaining of LM 3A32 is present in the excisional wound
tongue (A), absent in the margin of ulcer tissue (B), and weakly present in ulcer tissue (C). Inset in A shows absence of LM 3A32 staining in
normal epidermis. Small arrows indicate LM 3A32 immunostaining. Dotted line indicates DEJ. LM 332 is present along the DEJ of the migrat-
ing tongue of the normal 7-day excisional wound (D) and in both examples of ulcer margins (E,F). Inset in D shows LM 332 staining in normal
epidermis. LM 332 is found intracellularly in keratinocytes along the margin of ulcer 2 (F, inset). Immunostaining of integrin a3 is restricted to
the basal layer in normal interfollicular epidermis (G, inset). Immunostaining of integrin a3 can be seen in basal and suprabasal keratinocytes
along the DEJ of the 7-day excisional wound margins (G). Both basal and suprabasal keratinocytes stain for a3 integrin in ulcer samples 1 and
2 (H,I). Immunostaining of integrin b4 is restricted to basal keratinocytes in the interfollicular epidermis (J, inset) and can be seen in basal
keratinocytes along the DEJ and a few suprabasal keratinocytes of the 7-day excisional wound margin (J). Immunostaining for integrin b4 in
ulcer 1 is stronger than in ulcer 2 (K,L). Large arrows indicate direction of migration. Bars: panels 5 100 mm; insets 5 50 mm.
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stained the entire migrating tongue of a 7-day ex-
cisional wound (Figure 4A). Immunostaining with
LM-3A32 antibody in ulcer tissue ranged from absent
(Figure 4B) to moderate (Figure 4C). None of the stain-
ing intensity for ulcer tissue reached levels found in
normal acute wounds. Immunostaining with the LM-
332 antibody showed a linear pattern along the DEJ
in the acute 7-day excisional wound (Figure 4D) and
in all ulcer tissue (Figures 4E and 4F).

Integrin a3 Subunit

The integrin a3 subunit was restricted to basal kerati-
nocytes in unwounded skin (Figure 4G, inset) and was
both basal and suprabasal in the migrating tongue of
an acute 7-day excisional wound (Figure 4G). All ulcer
tissue showed strong membranous integrin a3 immu-
nostaining in basal and suprabasal keratinocytes (Fig-
ures 4H and 4I).

Integrin b4 Subunit

In normal, unwounded skin, the integrin b4 subunit was
restricted to basal keratinocytes (Figure 4J, inset). In the
7-day acute excisional wound, integrin b4 immuno-
staining was found in both basal and suprabasal ker-
atinocytes (Figure 4J). All ulcer tissue showed strong
membranous integrin b4 immunostaining in basal kera-
tinocytes and variable suprabasal keratinocyte immu-
nostaining (Figures 4K and 4L).

In Situ Hybridization

Immunostaining with the antibody to LM-3A32 was
strong in keratinocytes found in the migrating tongue
of 1-, 3-, and 7-day acute wounds as shown in Fig-
ures 5A–5C, respectively, whereas it was absent in
the ulcer margin Figure 5D (also in Figure 4B, low mag-
nification). Using the antisense LM-3A32 cRNA probe,
LM-3A32 mRNA was detected in keratinocytes along
the migrating tongue of acute 1- and 3-day incisional
wounds (Figures 5E and 5F) and in a few basal
keratinocytes along the DEJ of the 7-day closed wound
(Figure 5G). LM-3A32 mRNA, however, was absent in
the migrating edge of the ulcer tissue section from a
patient with diabetes (Figure 5H), as well as absent
in the adjacent and proximal tissue (data not shown).
Tissue hybridized with the sense probe served as con-
trols (Figures 5I–5L).

Discussion
In agreement with studies of venous ulcers conducted
by Andriessen et al. (1995), our results showed that
the epidermis of ulcer margins from patients with dia-
betes is highly proliferative, no matter the thickness of
the ulcer edge. The epidermis adjacent to the ulcer
(1 cm), with no gross indications of being affected by
the ulcer, is also highly proliferative. Signals initiating

the keratinocyte activation cycle (Ki67) (Freedberg
et al. 2001) seem to result in sustained proliferation in
the epidermis even a great distance from the ulcer mar-
gin. Studies by Natarajan et al. (2003,2006) showed
that p16 (a cell cycle protein that suppresses G1-Cdk
activity in G1) is activated in migrating keratinocytes,
coexpressed with a precursor g2 chain of LM-332, and
is associated with growth arrest. In the absence of p16,
transcription for genes encoding proteins necessary to
initiate chromosome replication takes place. Keratino-
cytes that express p16 are migratory and not mitotic.
Their studies excluded evaluating tissue from patients
with diabetes; thus, it has yet to be determined whether
the epidermal margins of patients with diabetes lack
p16 expression. Although proliferation of keratino-
cytes is necessary to fill the defect, the lack of appropri-
ate signals to downregulate proliferation and allow
migration may delay wound closure.

The immunostaining patterns for keratins K14,
K10, and K2 are strikingly different between chronic
ulcer margin and normal acute incisional wound epi-
thelium. In acute incisional wounds, K14 staining in
a 1-day wound is limited to the basal cell layer and a
few suprabasal cells immediately in contact with the
wound matrix. By 2 days after wounding, the entire
new acute wound epithelium stains for K14, and this
staining pattern persists for ?14 days after wounding.
By 28 days after wounding, K14 immunostaining is
present only in the basal keratinocytes found along
the DEJ (Usui et al. 2005). All keratinocytes layers of
the chronic wound tongue stained with K14 similarly
to 2- and 7-day excisional wound keratinocytes. K10
and K2 immunostaining is present in the migrating
wound tongue of acute normal wounds for the first
48 hr, but if the migrating tongue has a longer path
than can be closed in 48–72 hr (as seen in excisional
normal wounds), K10 and K2 immunostaining is no
longer present in the central portion of the new wound
epithelium (Usui et al. 2005). This pattern is similar to
the immunostaining seen in chronic ulcer margins,
where K10 and K2 are notably absent. K16 staining
is seen within hours of wounding in acute incisional
wounds and is seen during the activation period of epi-
dermal repair for at least 28 days after wound closure
(Usui et al. 2005). In chronic ulcer margins and in ap-
parently normal tissue adjacent (1 cm proximal) to the
ulcer, K16 is dramatically stained throughout the epi-
dermis. Despite the presence of K16, an activated, mi-
gratory keratinocyte phenotype, keratinocytes at the
ulcer margin are not activated to migrate. Although
our immunohistochemical studies indicated that all of
the samples tested with a K16 antibody showed intense
staining equivalent to the migrating tongue of acute
wounds, our results are in contrast to that found by
Stojadinovic et al. (2005), in which they found a signif-
icant reduction of K6 (partner of K16) in the chronic
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wound margin. This discrepancy could be caused by
differences in timing of patient therapy (i.e., debride-
ment), type of ulcer (venous stasis, decubitus, etc.),
tissue preparation, or staining technique. Studies by

Paladini and Coulombe (1999) indicated that there is
not a straightforward correlation between regulation
of K16 mRNA and K16 protein expression. Perhaps
the strong expression of K16 in the ulcer tissue results

Figure 5 LM 3A32 immunohistochemistry and in situ hybridization in normal acute incisional wounds of 1 day (A,E,I), 3 days (B,F,J), 7 days (C,
G,K), and ulcer (D,H,L). Immunostaining with LM 3A32 antibody shows staining of the 1-, 3-, and 7-day acute incisional wounds (A–C) but not
in the ulcer (D). LM 3A32 mRNA using a digoxigenin-labeled LM 3A32 RNA antisense probe is present on the migrating epithelia of 1-, 3-, and
7-day acute incisional wounds (E–G) and not present in the ulcer margin tissue from a patient with diabetes (H). Arrows indicate presence of
LM 3A325 mRNA. In situ hybridization using sense probes (I–L) served as controls. Dotted line indicates DEJ and star indicates ulcer margin.
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ultimately in hyperproliferation (Takahashi et al. 1994).
The hyperproliferation we see in the diabetic ulcer tissue
may impact keratinocyte migration.

Studies have shown that when LM-3A32 (Ryan
et al. 1999) binds to a3b1 integrin, keratinocytes are
activated to migrate. Recent studies have shown that
Rac activator Tiam1 (T-lymphomas invasion and me-
tastasis 1) is required for a3b1-mediated LM-332 de-
position and cell migration (Hamelers et al. 2005). Our
studies showed that LM-3A32 is strongly present
in keratinocytes along the margin of normal acute
wounds; however, in ulcers, LM-3A32 is often absent,
or at best, moderately present. One possible explana-
tion for variability of staining of LM-3A32 may be
related to ulcer debridement as a clinical intervention
before amputation. Debridement may create an acute
wound along the ulcer margin and “re”-stimulate ker-
atinocytes to produce new LM-332. Because clinical
information regarding debridement of ulcers was
not documented for our ulcer tissue library, we can-
not infer that there is a correlation between staining
variability of LM-3A32 and debridement. Based on
our immunohistochemical results, integrin a3b1 that
ligates with LM-3A32 is present in ulcer keratinocytes;
therefore, we hypothesize that failure of keratino-
cytes to migrate may be the result of failure of keratino-
cytes to actively sustain LM-3A32 production or that
LM-3A32 is quickly cleaved by proteases, because
LM-332 is present along the entire basement mem-
brane of ulcers. It seems that keratinocytes in the ulcer
are capable of producing, depositing, and processing
precursor forms of LM-332 to establish a basement
membrane. Because there is strong immunostaining
for integrin a6b4 in ulcers, deposited and processed
LM-332 can bind to integrin a6b4 for strong anchor-
age. Our in situ data showed the presence of mRNA of
LM-3A32 in the in the 1- to 7-day normal incisional
wounds but not in the ulcer from the patient with dia-
betes. With the heterogeneity of the ulcer tissue speci-
mens, it is difficult to make conclusions as to why there
is an absence of LM-3A32 message in ulcer margins.
Factors such as age of the ulcer or lack of debridement
may play a role in reduction of LM-3A32 message.
Studies in our laboratory in which acute incisional
wounds were created in patients with diabetes showed
presence of LM-3A32 in concurrence with the acute
incisional wounds created in normal volunteers (data
not shown). Because our data indicate that small wounds
created in patients with diabetes express LM-3A32, ther-
apeutic debridement (Hurvitz et al. 2004) of the ulcer
edge may serve to reactivate LM 332 production by
creating an acute wound.

In summary, keratinocytes at the margins of ulcers
are highly proliferative, show an activated phenotype
as indicated by presence of K16, have not yet initiated
differentiation (K10 and K2 absent), and fail to mi-

grate. We found a reduction in LM-3A32, a conforma-
tion necessary for keratinocyte migration. Insulin has
been shown to regulate expression, deposition, and ad-
hesion of LM-3A32 (Gil et al. 2002). Because patients
with diabetes are insulin deficient or insulin resistant,
the resultant reduction in production of LM-3A32
may be a factor in the failure of keratinocyte migra-
tion. A better understanding of molecular mechanisms
involved in keratinocyte migration may lead to molecu-
lar targets for therapies for impaired wound healing.
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