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Abstract

Background—\Venous leg ulcers are responsible for more than half of all lower extremity
ulcerations. Significant interest has been focused on understanding the physiologic basis upon
which patients fail to heal with standard therapy.

Objective—This study uses complementary DNA microarray analysis of tissue samples from
healing and non-healing venous leg ulcers to identify the genetic expression profiles from these
dichotomous populations.

Methods—UlIcer size and chronicity, factors that have been identified as prognostic indicators for
healing, were used to distribute venous leg ulcers as healing versus non-healing. Punch biopsy
samples were obtained from the wound edge and wound bed of all venous leg ulcers. The top
fifteen genes with differential expression greater than twofold between the two populations of
wounds (p < 0.05) were reported.

Results—Significant differences were demonstrated in the expression of a diverse collection of
genes, with particular differences demonstrated by genes coding for structural epidermal proteins,
genes associated with hyperproliferation and tissue injury, as well as transcription factors.
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Limitations—Small sample size may mitigate potential clinical implications of findings.

Conclusions—The genetic expression profiles displayed here may have implications for the
development of novel therapies for chronic venous leg ulcers, and may also serve as prognostic
indicators for wound healing.

INTRODUCTION

Venous leg ulcers are responsible for more than half of all lower extremity ulcerations,
affecting over one million Americans annually with an annual cost upward of $2.5 billion
dollars (1). The standard of care, multi-layered compression bandages, is effective in only
one half to two thirds of patients (2-3). Significant interest has focused on understanding the
population of patients who fail to heal with standard therapy. Several theories have
suggested that the development of senescent cells within and at the wound edge, deficiency
or lack of availability of cytokines or their receptors, and/or the presence of an abnormal
wound bed matrix may be responsible for wound chronicity (4-7). Essential to our
understanding of wound healing is knowledge of the genetic signals that lead to wound
healing progression (8).

Studies have used high-density cDNA microarrays to delineate the gene expression of
normal human skin (9-10) and early gene expression profiles of human skin following injury
(11-13). Analysis of normal human skin found variability of genetic expression in 1.7% of
the genes studied, these included genes coding for transport proteins, transcription, cell
signaling proteins, and cell surface proteins. Little variability was identified in the wound
matrix genes, growth factor genes and other groups of genes commonly thought to be
involved in wound healing, suggesting that any newly identified expressed genes may be
important to the wound healing process. Microarray analysis of injured human skin found
expression of several genes historically unappreciated in the study of wound healing,
specifically cytokine suppressor genes. Furthermore, microarray analysis has been
performed to study the temporal analysis of gene expression in wound healing in an animal
model, in which the temporal gene expression profile of wound healing was studied in the
ear-punched tissue of mice (14). This study identified expression of genes principally related
to the inflammatory stage that had not previously been associated with wound healing.
Recent microarray study of biopsies of venous ulcers from two different wound edge
locations (prior and post debridement) identified distinct wound region that may be better
responsive to therapy (15). Finally, the study comparing biopsies obtained from a non —
healing edges of venous ulcers to healthy, normal skin revealed de-regulation of
keratinocytes activation and differentiation pathways in the epidermis deriving from a
venous ulcers non — healing edges (16). In sum, the high-throughput analysis of gene
expression by microarray technology in wound healing models has provided for the
identification of novel genes that may play a critical role in non-healing.

In the present study we used high throughput cDNA microarray analysis to examine the
patterns of local genetic expression to in order compare healing and non-healing chronic
venous leg ulcers. Taking advantage of well-described prognostic indicators for wound
healing in venous leg ulcers, ulcer size and duration; we grouped wounds into healing and
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non-healing groups (17-18). Using biopsy samples obtained from these dichotomous
populations of chronic venous leg ulcers, we analyzed genetic expression from
keratinocytes, fibroblasts, and other cells, from within the tissue sampled using the
microarray technique.

MATERIALS AND METHODS

Subjects

Patients were recruited according to a protocol approved by the University of Miami School
of Medicine Institutional Review Board. Consent was obtained from all patients, and the
Declaration of Helsinki protocols were followed. Five patients with non-healing and five
patients with healing chronic venous leg ulcers as defined by previous prognostic models for
wound healing in venous leg ulcers were studied (17-18). All ulcers were present for at least
4 weeks. Healing venous leg ulcers were defined as ulcers that were less than 5cm? in
surface area and present for less than 6 months, while non-healing ulcers were greater than
5cm? and present longer than 6 months. Venous etiology of the leg ulcers was determined
clinically and confirmed by vascular studies, if needed. Clinical parameters used to identify
venous leg ulcers were the presence of a lower leg ulcer and at least two of the following:
dermatitis, atrophie blanche, varicosities, hyperpigmentation, or lipodermatosclerosis. If
these were not present, patients were studied with duplex venous Doppler ultrasound to
document venous insufficiency. Patients with moderate to severe arterial disease were
excluded, initially by an ankle brachial index (<0.9) and if needed, by pulse volume
recordings.

Under local anesthesia, two 4-millimeter punch biopsy specimens were obtained from each
venous leg ulcer: one from the wound margin, one from the center of the wound bed. All
wounds were subsequently treated as per standard of care for chronic venous leg ulcers (19).
Tissue samples were processed using a fixative based on polyethylene glycol and methanol
(Universal Molecule Fixative) that preserves the tissue morphology as well as the integrity
of the nucleic acids, including DNA and RNA (20).

RNA Extraction and Labeling

Total RNA extraction was performed by addition of Trizol reagent (GibcoBRL,
Gaithersburg, MD) and subsequent homogenization using a Tissue Tearor (Biospec Products
Inc, Bartlesville, OK). The RNA from homogenized tissue was extracted with chloroform
followed by isopropy! precipitation on ice. The RNA pellets were re-suspended in 100 ml of
diethylpyrocarbonate (DEPC)-treated water. Standard 1% agarose gel under denaturing
condition with ethidium bromide was used to assess the integrity of RNA. In addition, RNA
was run on an Agilent Technologies Bioanalyzer 2100 using RNA 6000 Nano Chips
(Lindenhurst, NY) to determine RNA integrity and the ratio of ribosomal RNA. The quantity
of the extracted RNA was determined by spectrophotometery (Ultraspec 111, Pharmacia,
Netherlands). RNA samples were analyzed at Expression Analysis Inc (Durham, NC) using
Affymetrix (Santa Clara, CA) Human Genome U133 PLUS 2.0 Array and supporting kits
and protocols for preparation of template and hybridization. Shortly, two micrograms of total
RNA was used to synthesize double-stranded cDNA using One-Cycle cDNA Synthesis Kit
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(Affymetrix) following manufacturer's instructions. In vitro transcription amplification and
biotin labeling to prepare targets for arrays was performed using Affymetrix GeneChip IVT
Labeling Kit following their protocol. Biotinylated cRNA was cleaned using GeneChip
Sample Cleanup Module (Affymetrix). After hybridization for 16 hours, microarrays were
washed and stained using Affymetrix standard protocol. Scanned images were processed and
analyzed using Affymetrix GCOS software. Two group comparison was done on normalized
expression values that were individually transformed using base 2 logarithm of the
expression index. On log-transformed scale, the mean was calculated for every probe set
within each group and a two sample, two-sided t-test was conducted (MS Excel)

Image Analysis

Following hybridizaton, an Axon GenePix 4000 scanner was used to scan slides and
background-subtracted feature intensity was calculated. Quality criteria for inclusion in the
data set for further analysis included signal to background > 3, no more than 20% missing or
saturated pixels, and a minimum background subtracted signal level > 50. Intensity data was
normalized and evaluated using GEMTools software.

Data Analysis

Duplicate hybridizations were performed on microarrays made by Affymetrix ® containing
over 47,000 transcripts.

The difference ratios between the signals in healing and non-healing ulcer samples were
then calculated for the subset of cases with complete and incomplete responses, identifying
those genes that were most different between the two. Gene features that exhibited at least a
twofold difference in intensity ratio with respect to the reference RNA in at least 2 wounds
were selected for further analysis. A first pass analysis evaluated a 2-cluster classification,
using k-means methods, on progressively smaller sets of genes to identify a set with
maximum distance between groups. The list was narrowed based on the correlation
response. Such analysis (e.g. bootstrapping and/or leave-one-out cross validation) was
performed until an optimal group of genes was identified that correlated with wound
chronicity or healing. Once duplicates were eliminated top 15 regulated (induced and down-
regulated) are selected and presented in the tables. Disease associations and gene functions
were obtained from several gene and genome search engines: http://smd.stanford.edu/cgi-
bin/source/sourceResult; http://genome-www.stanford.edu/genecards/index.shtml; http://
www.dsi.univ-paris5.fr/genatlas/

RESULTS AND DISCUSSION

Optimal wound healing depends upon the concerted interplay of thousands of genes. Of
those identified to be differently expressed between these two groups of venous leg ulcers,
several specific genes deserve special mention.

Gene Expression Profile of Healing versus Non-Healing Epidermal Wound Edge

Tables 1 and 2 demonstrate the top fifteen genes that were differentially expressed between
the two groups of venous leg ulcers from the keratinocytes of the tissue sampled at the non-
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healing wound edge. The most striking finding in this data set is the extent to which genes
implicated in epidermal hyperproliferation and tissue repair were differentially expressed. Of
additional interest is that the down- regulation (> 250.00) demonstrated in the non-healing
wound edges was much greater than the up- regulation (>10.00) evidenced by the non-
healing wounds.

The top activated gene in non-healing edges is secreted frizzled-related protein 4 (SFRP4), a
mediator of Wnt signaling. Furthermore, branched chain aminotransferase 1 (BCAT1) was
also found up-regulated, and this gene has been associated with c-myc induced tumors.
These findings are consistent with previous findings of activation of b-catenin and c-myc in
non-healing edges of venous ulcers (16). Another novel finding revealed up- regulation of
cytochrome P450 (CYP1B1) and 17-beta-hydroxisteroid dehydrogenase VI (HSD17B6),
genes associated with steroidogenesis . CYP1B1 has been found induced in keratinocytes
upon challenge with UVB (21-22). Up- regulation of steroidogenesis associated genes
suggests that steroid synthesis and metabolism may participate in the pathogenesis of non —
healing ulcers . Secreted frizzled-related protein 4 have shown increased expression in
disease processes associated with increased cell death (23), particularly those where
apoptosis is occurring, such as heart failure and degenerative retinal disease and this
propensity for cellular apoptotosis may have implications for impaired tissue regeneration in
wound healing. Furthermore, adhesion molecules such as selectin E ( SELE) have been
shown to be expressed on activated endothelium and platelets at sites of vascular injury and
inflammation. P and E selectin have been associated with microvascular dysfunction in
chronic venous insufficiency, and studies have identified the importance of their combined
roles in the process of wound healing (24). A study of mice deficient in both P- and E-
selectins demonstrated markedly reduced recruitment of inflammatory cells and impaired
wound clousure. Additionally, a wider epithelial gap was observed in the wounds of the P-
and E-selectin-double-deficient mice 3 days after wounding indicating delayed keratinocyte
migration.

Of the top twenty genes down- regulated more than 2 fold in the non-healing wound edge,
majority genes express protein products that are considered crucial to epidermal structural
integrity or are associated with epidermal injury, repair, hyperproliferation and or
differentiation. Interestingly, the predominant gene group that is down- regulated are
keratins. The gene that demonstrated the greatest downregulation in the non-healing
epidermal wound edge was that which codes for keratin 16 ( KRT16) (-258.78), a gene
product that has been associated with cutaneous injury and timely epidermal repair (25).Two
of its heterodimeric partners, keratin 6A (KRT6A) (-61.50) and 6B (KRT6B) (—43.98),
which are thought to play an important role in epidermal regeneration and have been shown
to be over-expressed in cutaneous injury and epithelial repair, demonstrated significant
downregulation in the non-healing venous ulcer edges (26). Closely functionally related is
also keratin 17 (KRT17) which is also participating in epidermal repair and may also play a
role in contractility. Keratinocyte migration is also deficient in chronic wounds (16).
Keratins K16, K6a, K6b and K17 play a role in epithelial migration and their down-
regulation may contribute to lack of epithelial migration. Finally, keratins K14 and K1 were
also found down- regulated. Keratin K14 is basal layer specific and demarcates the
mitotically active compartment whereas keratin 1 demarcates differentiating keratins. Thus,
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keratins marking all three epidermal phenotypes: basal, differentiating and activated
(wound-healing like) were down- regulated, further suggesting that all three biological
processes essential for maintenance of epidermis are affected. Furthermore, a cluster of
differentiation associated genes that participate in stratification, cornification and
desmosome formation (stratifin ( SFN) , cornifin (CFN) , filaggrin (FIL) and desmoplakin
(DSP) ) were also found to be down- regulated, suggesting that differentiation process is not
properly executed. This data are in agreement with our previous findings of de-regulation of
differentiation in non-healing edges of venous ulcers when compared to healthy skin (16).
Other genes that deserve attention in these top twenty down- regulated genes demonstrated
in the non-healing wound edges are the skin-derived anti leukoproteinase(SKALP/elafin)
(-126.11) , S100 calcium binding protein A7 (S100A7) (-120.44), and Aquaporin 3 (AQP3)
(—48.01). The SKALP/elafin gene has been described as an epidermal proteinase inhibitor
(27). It is absent in the normal epidermis, however it has been shown to be expressed
following epidermal injury and is also present in inflammatory skin conditions such as
psoriasis. The exact physiologic role of SKALP/elafin is unknown; however it has been
associated with cutaneous homeostasis involved in the regulation of inflammation via
neutrophilic regulation. The S100A7 gene expresses the protein products that have been
proposed to be involved in keratinocyte differentiation. This is a family of calcium-activated
signaling proteins that interact with target proteins to modulate skin disease and their levels
are markedly elevated in psoriatic epidermis, suggesting a role in epidermal proliferation
(28). The Aquaporin 3 gene expresses for aquaporins, which are a family of small water
and/or glycerol transmembrane channels. Eleven mammalian aquaporins have been
described so far. Specifically, AQ3 is an aquaglyceroporin with expression in the kidney
collecting cells, red cells, dendritic and epithelial cells. Aquaporin 3 deficient mice
demonstrate delayed wound healing with decreased epidermal water and glycerol content
and decreased skin elasticity (29).

It is quite surprising that none of the genes that are classically thought to be involved in
stimulating wound repair, such as those which encode for platelet-derived growth factor or
keratinocyte growth factor, were significantly down- regulated in the non-healing epidermal
wound edges.

Gene Expression Profile of Healing versus Non-Healing Dermal Wound Bed

Tables 3 and 4 demonstrate the top fifteen genes that were differentially expressed between
the two groups of venous leg ulcers from the cells sampled at the wound bed. Interestingly,
the extent of differential gene expression between the two groups of ulcers is much less than
that seen in the wound edge cells. This piece of data may be indicative of the importance of
proper epithelial migration for appropriate wound closure.

The tissue sampled from the non-healing wound bed also demonstrated a heterogeneous
group of genes that were up- regulated greater than two-fold. The gene that demonstrated the
greatest extent of up- regulation, properdin (BF) (+8.41), codes for a factor of the alternative
pathway of complement activation known as complement factor B, implicating an
association between immune function and optimal wound healing. In addition, strong
properdin induction was noticed by turbulent flow and possibly associated with
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atherosclerosis (30) Additionally, of the top twenty up- regulated genes from non-healing
dermal wound bed cells, several code for proteins that have been directly associated with
tissue injury, extracellular matrix formation, and the wound healing process. The
extracellular matrix protein dermatopontin (DPT) (+7.77) has been shown to play a critical
role in tissue elasticity and collagen accumulation necessary for collagen fibrillogenesis in /in
vivo murine wound healing models (31). Additionally, transforming growth factor-beta 1 can
increase the expression of dermatopontin in normal cultured human skin fibroblasts
indicating a potential association between dermatopontin and cytokines critical in the wound
healing process (32). Another important group of extracellular matrix proteins important in
the wound healing process are the fibulins. Fibulin 1 (FBLN1) (+3.50) has been found to be
present in normal skin granulation tissue and wounds; but has not been shown to be
distinctly up- regulated during the healing process of murine wounds (33). Two other genes
that deserve special mention in this group of upregulated genes are thrombospondin 1
(THBS1) (+3.39) and platelet-derived growth factor receptor (PDGFRA) (+3.36). The
protein encoded by thrombospondin 1 is a multifunctional extracellular matrix molecule that
has been shown to be involved in re-epithelialization as well as dermal reorganization in
murine wound models (34). Additionally, this matricellular glycoprotein has been associated
with skin angiogenesis through its interactions with the cytokine vascular endothelial growth
factor (35). Lastly, the association between platelet-derived growth factor (PDGF) and
wound healing has been well described.

The tissue sampled from the wound bed demonstrated a diverse array of genes that were also
down- regulated greater than two-fold. A number of these genes also deserve special
mention. The gene that encodes for the protein kazrin ( KIAA1026) (-2.75) may be
important for epidermal repair and the wound healing process. Kazrin is a novel component
of desmosomes that associates with periplakin (36). Interestingly, two tumor suppressor
genes were significantly down- regulated in this non-healing population of wounds,
retinoblastoma binding protein 6 (RBBP6) (-2.57) and SAM and SH3 domain containing 1
( SASH1) (-2.49), implicating a role of altered cell cycle regulation in normal wound
healing. A novel macrophage expressed gene 1 (MPEG1) (-2.48) was found down-
regulated in a wound bed of non — healing ulcers. Macrophages play an important role in the
adult inflammatory response to wounding and are responsible for cellular debridement. They
recruit other inflammatory and fibroblastic cells and influence cell proliferation and tissue
remodeling as a source of growth factors and cytokines (37) . Interestingly, a disintegrin-
like and metalloproteinase with trombospondin type 1 motif, 14 (ADAMTS14) (-2.27) was
found down- regulated as well. Down- regulation of ADAMTS-14 in a wound bed of non-
healing wounds may play a role in decreased collagen synthesis and consequently to
improper wound bed formation. Lastly, of great importance, down- regulation was
demonstrated in heparin-binding epidermal growth factor — like growth factor (HBEGF)
(—2.40), a gene that has clearly been associated with appropriate wound healing. Studies of
wound healing have revealed that wound closure is markedly impaired in keratinocyte-
specific HB-EGF-deficient mice (38) and that ligand shedding of heparin-binding EGF-like
growth factor is important for keratinocyte migration and proper wound epithelialization
(39). Furthermore, HB-EGF has been shown to be a major growth factor component of
wound fluid and, since it is mitogenic for fibroblasts and keratinocytes it plays an important
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role in wound healing (40) Therefore down- regulation of HB- EGF in biopsies deriving
from a wound bed of non — healing ulcers can partly explain phenotype of non — healing
wounds. It is noteworthy that - SMART/HDAC1 associated repressor protein (SHARP), was
also down- regulated indicating that perhaps histones may be acetylated and that chromatin
changes may favor transcriptional activity.

The findings of the present study demonstrate a diversity of genetic expression associated
with wound healing in chronic venous leg ulcers. Altered expression was seen in genes that
code for structural factors, mediators of inflammation, and apoptotic pathways. While the
significance of this information is yet to be determined, this study provides a unique
understanding by demonstrating that healing and non-healing venous leg ulcers do display a
unique and dichotomous genetic physiology. With this information, future studies may focus
on topical growth factors and/or genetically modified tissue engineered skin that may
optimize the wound environment for optimal healing. Furthermore, the factors demonstrated
in this study may represent physiologic prognostic indicators of wound healing and may be
useful for stratifying venous leg ulcers according to their potential to heal. This may help
clinicians to identify venous leg ulcers that may require advanced wound healing treatment
modalities in conjunction with compression therapy at the outset of treatment. Additionally,
studies should be conducted to evaluate the information described herein for the
development of improved therapeutic approaches. Techniques such as reverse transcriptase
real-time polymerase chain reaction may be employed to study the gene expression of a
similar population of large group of venous leg ulcers to help further investigate the
significance of the present findings.

In conclusion, significant differences exist in the genetic expression between healing and
non-healing venous leg ulcers. These findings should help to identify the aberrant
physiologic processes associated with impaired tissue repair in this population of wounds.
More importantly, the genetic expression profiles displayed here may have implications for
the development of novel therapies for chronic venous leg ulcers, and may also serve as
prognostic indicators for healing.
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