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A fundamental feature of the architecture and functional design of
vertebrate animals is a stroma, composed of extracellular matrix
and mesenchymal cells, which provides a structural scaffold and
conduit for blood and lymphatic vessels, nerves, and leukocytes.
Reciprocal interactions between mesenchymal and epithelial cells
are known to play a critical role in orchestrating the development
and morphogenesis of tissues and organs, but the roles played by
specific stromal cells in controlling the design and function of
tissues remain poorly understood. The principal cells of stromal
tissue are called fibroblasts, a catch-all designation that belies their
diversity. We characterized genome-wide patterns of gene expres-
sion in cultured fetal and adult human fibroblasts derived from skin
at different anatomical sites. Fibroblasts from each site displayed
distinct and characteristic transcriptional patterns, suggesting that
fibroblasts at different locations in the body should be considered
distinct differentiated cell types. Notable groups of differentially
expressed genes included some implicated in extracellular matrix
synthesis, lipid metabolism, and cell signaling pathways that
control proliferation, cell migration, and fate determination. Sev-
eral genes implicated in genetic diseases were found to be ex-
pressed in fibroblasts in an anatomic pattern that paralleled the
phenotypic defects. Finally, adult fibroblasts maintained key fea-
tures of HOX gene expression patterns established during embry-
ogenesis, suggesting that HOX genes may direct topographic
differentiation and underlie the detailed positional memory in
fibroblasts.

ibroblasts are mesenchymal cells with many vital functions

during development and in adult organisms. They are re-
sponsible for much of the synthesis of extracellular matrix
(ECM) in connective tissues and play major roles in wound
healing. Many diseases are associated with fibroblasts, either
because fibroblasts are implicated in their etiology or because of
the fibrosis that accompanies damage to other cell types in
tissues.

During development, reciprocal epithelial-mesenchymal in-
teractions are required for the development of many organs,
including the skin, eyes, lung, and other visceral organs. Het-
erotopic recombination experiments with tissue explants showed
that mesenchymal identity determines the epidermal append-
ages that subsequently develop, indicating that the mesenchyme
has an essential role in establishing positional identity (1). In
some instances, purified human fibroblasts can substitute for
mesenchymal tissue in epithelial induction (2). The molecular
signals that underlie epithelial-mesenchymal interaction in many
instances remain incompletely understood; the precision and
extent of their roles in specifying the differentiation and archi-
tecture of epithelial tissues remain to be defined.

Although fibroblasts are among the most accessible normal
mammalian cell types and still the most amenable to culture in
vitro, they remain poorly defined in molecular terms. In practice,
fibroblasts are usually identified by their spindle-shaped mor-
phology, ability to adhere to plastic culture vessels, and the
absence of markers for other cell lineages. Despite the evidence
that the cells we call fibroblasts from different stromal sites may
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comprise a host of distinct differentiated cell types, neither the
diversity of these cells nor the extent or nature of local specificity
in their differentiation has been systematically examined.

Recent advances in microarray technology and bioinformatics
have made it possible to appreciate previously unknown hetero-
geneity in cells and diseases based on the genome-wide gene
expression profiles (3, 4). We hypothesized that fibroblasts, as
they are traditionally defined, consist of several distinct, func-
tional cell types separable based on their gene expression
profiles. In this article, we assess the intrinsic diversity of fetal
and adult fibroblasts derived from different sites by culturing
them in standardized in vitro conditions. Comparison of the
genome-wide mRNA expression programs provides a much
richer portrait of fibroblast physiology than was previously
possible and indicates that fibroblasts of distinct anatomical
origin can be distinct differentiated cell types.

Materials and Methods

Reagents and Cells. Human foreskin fibroblasts were gifts from J.
Brooks (Stanford University). Other primary human fibroblasts
were obtained from Coriell Cell Repositories, Camden, NJ or
derived from autopsy skin samples after removal of keratino-
cytes and endothelial cells as described (5). The demographic
information of fibroblasts is summarized in Table 1, which is
published as supporting information on the PNAS web site,
WWW.pnas.org.

In Vitro Propagation of Fibroblasts. Fibroblasts were propagated in
DMEM supplemented with 10% FBS (HyClone), glutamine,
and 100 units penicillin-streptomycin (GIBCO). Cells were
passaged for at least 10 population doublings in vitro before
mRNA harvest. A total of 5 X 10° cells were harvested 48 h
after the last passage for asynchronously growing cells or after
48 h in DMEM with 0.1% FBS for serum-starved samples as
described (6).

Immunofluorescence. Cells (10*) were plated in 8-well chamber
slides (Lab-Tek II, Nalge Nunc). Cells were fixed in 4% para-
formaldehyde and stained with the indicated antibodies and
4’ 6-diamidino-2-phenylindole as described (7).

Microarray Procedures. Human cDNA microarray construction
and hybridization were as described (3). mRNA was purified by
using FastTrack according to the manufacturer’s instructions
(Invitrogen). A standard reference mixture of mRNAs derived
from 11 cell lines was used in all experiments as an internal
standard for quantitative measurement (4). Primary data and
supplemental figures are available at http://genome-www.
stanford.edu/fibroblast/.

Abbreviations: ECM, extracellular matrix; SAM, Significance Analysis of Microarrays; EDS,
Ehler-Danlos disease; LDL, low density lipoprotein; SREBP, sterol regulatory element-
binding protein; OMIM, Online Mendelian Inheritance in Man.
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Topographic differentiation of fibroblasts. (A) Unsupervised hierarchical clustering of cultured fibroblasts. The global gene expression patterns of 50

fibroblast cultures were sorted based on similarity by hierarchical clustering. Approximately 1,400 genes were selected from the total data set based on variance
more than 3-fold in at least two arrays. The site of origin of each fibroblast culture is indicated and color-coded. Fibroblasts cultured in minimal-serum medium
(0.1% FCS) are indicated by black dots below the dendrogram. (B) Supervised hierarchical clustering of cultured fibroblasts was performed by using approximately
1,600 genes identified by SAM (9) that varied according to fibroblast site of origin. Serum-starved samples are indicated by black dots below the dendrogram.
(C) Topography transcriptome of fibroblasts. The variation in expression of approximately 1,600 genes described in B are shown in matrix format (8). The scale
extends from 0.25- to 4-fold over mean (—2 to +2 in log2 space) as is indicated on the bottom. Gray represents missing data. Gene clusters are indicated on the

right.

Statistical Analysis. Hierarchical clustering with array-weighted
average linkage clustering (8) and Significance Analysis of
Microarrays (SAM) (9) were performed as described. For SAM,
14 classes (fetal lung, fetal skin, abdomen, arm, foreskin, toe, and
gum in either asynchronous or serum-starved condition) where
replicate samples were available were used for multiclass analysis
(9). The genes identified by SAM were then analyzed from all
samples. The similarity score among clustering results is calcu-
lated as follows. The known sites of origin identify k classes.
Fibroblast samples are clustered based on the expression levels
of varying sets of genes by using the Partitioning Around
Medoids algorithm (10), implemented in the R function pam
from the cluster package. For n samples and k clusters, each
application of the clustering algorithm produces a vector of n
integer labels ranging from 1 through k. The similarity score for
comparing two clusterings is defined as the maximum overlap of
the two vectors of labels. More precisely, consider all possible
permutations of the integers 1 through k for one of the vectors
of cluster labels. For each such permutation, compute the
number of entries at which the two vectors agree, and then take
the maximum over permutations.

Results and Discussion

Fifty primary human fibroblast cultures obtained from 10 dif-
ferent sites in 16 donors were propagated in vitro. We chose
fibroblasts from adult arm, abdomen, back, scalp, foreskin, thigh,
gum, and toe, as well as fetal lung and skin to highlight potential
differences among fetal vs. adult, dermal vs. visceral and mu-
cosal, proximal vs. acral, and glabrous vs. hair bearing sites. The
genome-wide gene expression program of each fibroblast culture
was determined in two different culture conditions: asynchro-
nously growing or serum-starved. Cultured fibroblasts from the
diverse sites showed similar morphology, appearing as elon-
gated, spindle-shaped cells; immunofluorescence microscopy
confirmed that the fibroblast cultures were uniformly positive for
vimentin, a mesenchymal marker, but negative for markers of
epithelial, smooth muscle, endothelial, perineural, and histio-
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cytic cells (Fig. 6, which is published as supporting information
on the PNAS web site).

Gene expression patterns were obtained by using cDNA
microarrays containing approximately 43,000 elements, corre-
sponding to approximately 36,000 genes. The data set of 50
microarray experiments comprises ~2.1 million gene expression
measurements. Unsupervised hierarchical cluster analysis of the
data revealed a striking grouping of the fibroblast gene expres-
sion patterns according to their sites of origin (Fig. 14). For a
majority of cases, fibroblasts were clustered into discrete groups
with other fibroblasts derived from the same site irrespective of
whether the cells were asynchronously growing or in serum
starved conditions. In three pairs of fetal skin and lung fibro-
blasts derived from the same individuals (termed FS and FL1-3)
and adult fibroblast cultures derived from four sites of the same
donor (termed 1.1F to 1.5F), the fibroblasts were clustered next
to other fibroblasts from the same site rather than cells from the
same individual. Different passages of the same fibroblast
culture (labeled with suffix —a or —b) clustered with each other,
indicating that their in vitro phenotypes are stable through
several passages in culture.

We used a permutation-based, statistical method termed
SAM (9) to identify genes that vary in expression specifically in
accordance to the fibroblast site of origin. Approximately 1,600
genes were identified by SAM with an estimated false discovery
rate of 0.02%. The genes identified by SAM, which we collec-
tively term the topography transcriptome, allowed improved
clustering of the fibroblasts as demonstrated by the shorter
branches of the dendrograms (Fig. 1B). In this analysis, all of the
fibroblasts were clustered according to their site of origin with
the singular exception that subsets of arm and abdomen fibro-
blasts were separated based on whether the cells were grown in
the presence or absence of serum (Fig. 1B). The topography
transcriptome of fibroblasts is shown in Fig. 1C. Gene expression
signatures, comprised of large groups of genes that are coordi-
nately regulated, are named by the predominant topographic
sites or process that they represent. Together, these results
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Fig. 2. Features of the topography transcriptome. Select genes from the
cutaneous cluster (A), arm/abdomen (B), fetal lung (C), fetal lung and skin (D),
and other sites (E) are shown. The names of genes involved in ECM synthesis
(red), cell signaling or fate determination (black), cell migration guidance
(purple), and genes mutated in inherited human diseases (blue) are labeled
by the indicated colors. The order of samples and scale are the same as Fig. 1
B and C.
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demonstrate that fibroblasts from different anatomic sites have
characteristic, distinct phenotypes, a phenomenon we term
topographic differentiation. Moreover, topographic differenti-
ation is maintained in vitro when fibroblasts are isolated from the
influence of other cell types.

Topographic Transcriptome of Fibroblasts. The patterns that distin-
guish fibroblast types contain few genes that are uniquely
expressed in fibroblasts from any particular site. Rather, it is the
combinatorial patterns of large groups of genes that define
fibroblasts from different sites (Fig. 1C); the same was found in
previous studies of tumor subtype classification (3, 4). For
instance, the gene expression program of fetal lung fibroblasts
differs from all other fibroblasts: the most prominent differences
are two large groups of genes that segregate fetal lung fibroblasts
from fetal and adult fibroblasts from cutaneous sites (Fig. 2).
Still, there are genes whose expression is high in both types of
fetal fibroblasts examined relative to the adult fibroblasts. The
diversity of gene expression programs reveals several biological
themes that can be related to known or inferred physiologic
functions of fibroblasts in vivo.

Synthesis of ECM. Fibroblasts have long been considered the
main cell type that synthesizes ECM in connective tissues.
Consistent with this idea, fibroblasts in vitro expressed appro-
priate ECM genes characteristic their sites of origin (Fig. 2, gene
names shown in red). This distinction was most evident com-
paring cutaneous to fetal lung fibroblasts. For example, fibro-
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blasts from fetal skin and fetal lung expressed relatively high
levels of type IV collagen (Fig. 2D), a net-like collagen that
forms the basement membrane of the skin and lines the lung
alveoli (www.ncbi.nlm.nih.gov/omim). However, fetal skin but
not lung fibroblasts strongly expressed type I and V collagen
(Fig. 2D), which are essential for the tensile strength of dermis.
Mutations in type I and type V collagen cause osteogenesis
imperfecta and Ehler-Danlos disease (EDS) type I, two con-
genital diseases with abnormal skin texture (OMIM, Online
Mendelian Inheritance in Man, www.ncbi.nlm.nih.gov/omim).
Osteogenesis imperfecta is characterized by translucent and thin
skin whereas EDS patients have hyperextensible skin that is
easily scarred. Collagen maturation requires posttranslational
hydroxylation and oxidative crosslinking of lysine residues; mu-
tations in lysine oxidase and lysine hydroxylase lead to EDS type
V and type VI, respectively (OMIM, www.ncbi.nlm.nih.gov/
omim). Indeed, high expression of lysine hydroxylase and lysine
oxidase was observed in the fetal skin and adult cutaneous
signature, respectively (Fig. 2 4 and D). Finally, high levels of
fibronectin and fibrillin expression also characterized the adult
cutaneous signature. Fibronectin and fibrillin are ECM proteins
that are essential for normal skin elasticity; mutation of these
genes cause EDS type X and Marfan syndrome, respectively
(OMIM, www.ncbi.nlm.nih.gov/omim). Thus, one aspect of the
topographic genomic program in fibroblasts is the coordinate
regulation and synthesis of the ECM proteins in a site-specific
manner.

Cell type-specific growth/differentiation factors. One of the
intriguing questions considered in this study is the role that
fibroblasts play in patterning and regulating the associated
epithelial structures. We found topographic variation in the
expression of a rich array of genes known or suspected to be
involved in cell fate determination and inductive interactions.
For instance, in the developing lung, epithelial-mesenchymal
interactions are required for branching morphogenesis and
generation of distinct epithelial cell types. FOXFI and FOXPI,
two previously identified, lung-specific forkhead family tran-
scription factors, were specifically expressed in fetal lung fibro-
blasts (Fig. 2C). Haploinsufficiency of FOXFI in mice disrupts
the branching morphogenesis of lungs and causes lobe fusion
(11). Several genes previously shown to be important for lung
development, and thought to regulate FOXFI function, includ-
ing HGF, BMP4, FLTI, and FGF7 (11, 12), were also identified
in the lung signature. Thus, several essential components of this
pathway appear to be coordinately expressed in lung fibroblasts,
pointing to a role for these cells in establishing or maintaining
the lung architecture.

Growth and differentiation signaling molecules that are to-
pographically regulated in fibroblasts include components of
transforming growth factor (TGF)-B signaling (BMP4, inhibin,
follistatin), Wnt signaling (Wnt2, Wnt5, frizzled homologs 1, 4,
and 8, WISP2, DAAM?2), and G protein signaling (GPRCI,
GPRC48) pathways (Fig. 2). TGF-B and Wnt families are
well-established growth and differentiation factors in develop-
ment and are known to play essential roles in epithelial append-
age specification and homeostasis (13-15). Many ligands for
receptor tyrosine kinases (FGF18, neuregulin, insulin-like
growth factor 2, connective tissue growth factor), ligand binding
proteins that antagonize signaling (IGFBP7 and IGFBF2), and
receptor tyrosine phosphatases (PTPRC, PTPRM) were also
identified. The topographic variation of a large number of cell
signaling molecules hint at the richness and specificity of the
fibroblasts’ role in inductive signaling and reciprocal epithelial-
mesenchymal interactions.

Cell migration signals. An unexpected finding of the topogra-
phy transcriptome in fibroblasts is an elaborate variation in cell
migration signals, many of which were first identified in the
nervous system as axon guidance molecules (Fig. 2, gene names
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shown in purple). Many of these molecules are now appreciated
as general cell migration guidance molecules, which can also
pattern mesodermal and epidermal cell migration (16, 17). The
topographically regulated guidance molecules we found in fi-
broblasts include semaphorins (SEMA3F, SEMA3C), receptors
for semaphorins (neuropilin 2 and plexin C1), Slit proteins
(SLIT2, SLIT3), ephrin B2, F-spondin, midkine, and pleiotro-
phin (Fig. 2). Many of these proteins were expressed constitu-
tively in both adult and fetal cells and regardless of the prolif-
eration state of fibroblasts (Fig. 2). The topographic patterning
of many migration guidance molecules in fibroblasts indicates
that fibroblasts may play a critical role in posting “road signs”
that guide axons and possibly the migration of vasculature and
many other cell types.

Expression of Genes Associated with Genetic Syndromes. We ob-
served that several genes defective in genetic syndromes were
prominently expressed in fibroblasts originating from sites most
affected in those diseases (summarized in Table 2, which is
published as supporting information on the PNAS web site). As
described above, genes underlying 6 of 10 types of EDS syn-
dromes were identified by comparing genes expressed in dermal
versus lung fibroblasts. Moreover, HoxA13 is expressed in toe
and foreskin fibroblasts, and mutation of HOXA13 causes hand-
foot-genital syndrome, characterized by hypoplastic distal pha-
langes and malformation of the urogenital system (OMIM,
www.ncbi.nlm.nih.gov/omim). Desmoplakin I, a cytoskeletal
linker protein mutated in striatal palmar-plantar keratoderma,
is also highly expressed in toe fibroblasts. Similarly, emopamil
binding protein and arylsulfatase C, two enzymes involved in
epidermal cholesterol metabolism, were identified in the arm
and cutaneous clusters, respectively. Mutation of emopamil
binding protein causes X-linked Conradi-Hunerman syndrome,
characterized by rhizomelic shortening of limbs and whorled
ichthyosis, and mutation of arylsulfatase C causes X-linked
generalized ichthyosis (OMIM, www.ncbi.nlm.nih.gov/omim).
The correspondence of gene expression and phenotype may
provide an explanation for the localization of various defects in
these syndromes and suggests that genes that are topographically
regulated in fibroblasts may present a fertile ground for finding
genes underlying disorders and diseases of skin, the musculo-
skeletal system and even visceral organs.

Several of the proteins encoded by disease genes are thought
to act in the epidermis but not in the dermis. For example,
desmoplakin I has important structural functions connecting
intermediate filaments to desmosomes in keratinocytes (OMIM,
www.ncbi.nlm.nih.gov/omim). The parallel between the topo-
graphic regulation of genes in dermal fibroblasts and the pattern
in which mutations in those genes affect the epidermis suggests
that those genes may be expressed in the skin in a graded,
segmental fashion that cuts across the germ layers.

Altered Lipid Metabolism in Serum-Starved Fetal Lung Fibroblasts.
Although many genes are topographically regulated, a large
group of genes was coordinately regulated in response to serum
in all fibroblasts. Many features of this program have been
described (6), and detailed analysis of the common response of
fibroblasts to serum will be presented elsewhere. Because serum
contains low density lipoprotein (LDL), fibroblasts grown in
serum-containing media can take up LDL, suppressing endog-
enous production of cholesterol and fatty acids. When fibroblasts
are cultured in limited serum (and thus low exogenous sterol),
they induce expression of genes involved in cholesterol and fatty
acid synthesis pathways (6). Sterol and fatty acid synthesis in
mammalian cells is coordinately regulated at the transcriptional
level by the sterol regulatory element-binding protein (SREBP)
pathway (reviewed in ref. 18). SREBPs are transcriptional
factors that are normally tethered to the endoplasmic reticulum;
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Fig. 3. Coordinated variation in expression of genes involved in lipid and
sterol metabolism. Note the correspondence between cultivation in low-
serum (and thus low LDL) medium and activation of the lipid cluster genes in
all the fibroblast cultures with the distinct exception of fetal lung fibroblasts.
The order of samples and scale are the same as Fig. 1 Band C.

when sterol levels are low, regulated proteolysis of SREBP
allows the NHy-terminal, active fragments of SREBP to enter
the nucleus and activate the transcription of sterol and fatty acid
biosynthetic genes (18). More recently, SREBPs have also been
implicated in adipogenesis, but their exact roles are incompletely
understood (19, 20).

We observed that all fibroblasts except fetal lung fibroblasts
induced a large group of canonical SREBP target genes when
placed in low-serum conditions (Fig. 3). This “lipid cluster”
contains enzymes in the cholesterol biosynthetic pathway such as
HMG-CoA synthase, enzymes for fatty acid biosynthesis such as
sterol-CoA desaturase, and LDL receptor itself. The coordi-
nated repression of the entire lipid cluster in fetal lung fibro-
blasts suggests that the regulation of SREBPs may be distinct in
fetal lung fibroblasts. Moreover, we observed that lipin, a gene
mutated in fatty liver degeneration (FId) mice with partial lipo-
dystrophy (21), is coordinately regulated with all of the SREBP
target genes (Fig. 3). Transgenic mice overexpressing SREBP1c
in white adipose tissue develop a syndrome of lipodystrophy,
leptin deficiency, and insulin resistance, a phenotype very closely
mimicked by the Fld mouse (20). These results suggest that lipin
is either directly or indirectly regulated by SREBP, providing a
link between SREBP function, adipogenesis, and insulin
resistance.

HOX Genes and Topographic Gene Expression. The striking topo-
graphic differentiation of fibroblasts, observed in vitro, suggests
that specification of the topographic program must involve some
way of maintaining positional memory. It is notable in this
connection that we found that many HOX genes were differen-
tially expressed in fibroblasts derived from different anatomical
sites (Fig. 2). The Hox genes encode a family of evolutionarily
conserved transcription factors that determine positional iden-
tity along the anterior-posterior and secondary axes in animals
(22, 23). During development, Hox genes are expressed in a
nested, segmental pattern along the anterior-posterior axis in a
sequence corresponding to their respective positions on the
chromosome, a property called the colinearity rule (22).

To assess a possible role for HOX genes in topographic
differentiation, we first identified 51 genes encoding homeodo-
main transcription factors, with well-measured expression in
these experiments. Hierarchical clustering of the cultured fibro-
blasts based solely on their patterns of expression of these 51
homeodomain genes recapitulated grouping of the fibroblasts
according to their site of origin (Fig. 44). Within the set of
homeodomain transcription factors, the canonical HOX genes
demonstrated significant variation depending on the fibroblast
site of origin whereas the other genes, with a few exceptions,
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subjected to the same analysis and the histogram of the similarity scores are
shown. The median of the 5,000 similarity scores is shown in blue (21 of 45).
None of the 5,000 trials achieved a score of 36; thus the P value is 0/5,000. (C)
Robustness of topographic clustering. The same analysis in B was carried out
for 500 of random subsets of 10, 20, 30, 40, or 50 homeobox genes. The
distribution of the similarity scores is summarized by using boxplots. The
central box in each plot represents the inter-quartile range (IQR), which is
defined as the difference between the 75th and 25th percentiles. The line in
the middle of the box represents the median. Extreme values greater than 1.5
IQR above the 75th percentile and less than 1.5 IQR below the 25th percentile
were plotted individually. Site identity was reasonably recovered with as few
as 10 homeobox genes, which is better than with random subsets of 51 genes
(compare to median score of 21 in B).

were not topographically regulated (Fig. 4B and Fig. 7, which is
published as supporting information on the PNAS web site).
Comparison with random sets of 51 well-measured genes from
the fibroblast transcriptome confirmed that the ability of HOX
genes to predict fibroblast origin is robust and highly statistically
significant (P < 0.0002, Fig. 4 B and C). These results indicate
that fibroblasts from each topographic site express a unique
“Hox code,” thereby allowing the cells from the same site to be
grouped together based simply on the expression pattern of the
Hox genes.

Because HOX genes are reused later in development to specify
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Fig. 5. HOX expression in adult fibroblasts and the embryonic Hox code.
Comparison of Hox expression pattern in secondary axes. Schematic of ex-
pression domains of 5" HoxA genes in the mouse limb bud at approximately
11.5 days postcoitum is shown on top (after ref. 31). The HOX genes up-
regulated in fibroblasts from the indicated sites are shown below.

cell fate in contexts unrelated to positional identity, we investi-
gated whether HOX genes observed in adult fibroblasts are
related to the embryonic Hox code established along the antero-
posterior axis. Comparing HOX genes expressed in fibroblasts
from various sites revealed a rough correspondence to the
colinearity rule (Fig. 84, which is published as supporting
information on the PNAS web site). To address this question at
higher resolution, we examined HOX expression patterns on the
limbs, where detailed embryology and in situ hybridizations had
been performed in chicks and mice (23, 24). The 5’ HoxA genes
are involved in patterning the posterior aspect of the animal and
specify the proximal-distal axis of the limbs. HoxA10, A11, and
A3 expression domains are initiated proximally in the stylopod,
zeugopod, and autopod, respectively, which develop into the
upper arm, forearm, and hand, respectively in the forelimb
(Fig. 5). In two secondary axes sampled in our experiments,
we observed the nested pattern of expression in HOXA genes
following the proximal-distal axis. HOXA10 was expressed in
fibroblasts from the upper arm and abdomen, and both HOXA10
and A13 were expressed in fibroblasts from the toe and foreskin.
HOXCS5, a marker of the upper limb (25), is expressed in arm
fibroblasts but not toe fibroblasts (Fig. 5).

Comparison of the HOX expression domains identified in
fibroblasts with phenotypes in knockout animals also reinforced
the physiologic relevance of these expression domains. As noted
previously, mutation of HOXAI3 leads to hand-foot-genital
syndrome in humans (OMIM, www.ncbi.nlm.nih.gov/omim),
and mutation of HoxD9, which is expressed in upper arm
fibroblasts, causes shortened humerus with misshapen deltoid
tuberosity in mice (25). The coregulation of proximal-distal
patterning in secondary axes such as limbs and genitalia had
been demonstrated in mice; deletion of the posterior Hox genes
causes dose-dependent shortening of toes and the genital ridge
(26). Immunofluorescence microscopy confirmed that Hox pro-
tein was uniformly expressed in the appropriate fibroblasts and
localized in the nuclei (Fig. 8B). Collectively, these results
indicate that the HOX genes expressed in adult fibroblast
maintained key features of the Hox code established during
embryogenesis and thus is a bona fide representation of posi-
tional memory.

In Drosophila, Hox proteins act as transcription factors to
induce segment-specific genes at successive stages of develop-
ment (27). By analogy, we hypothesize that the site-specific
combinations of Hox proteins in adult fibroblasts transcription-
ally activate different genes to give rise to the topography
transcriptome, which then endows fibroblasts with site-specific
activities and inductive properties. In Drosophila and mammals,
the Hox loci are epigenetically regulated by chromatin remod-
eling complexes that fix the transcriptional state of the genes
once the Hox code is established (28). These mechanisms for
transcriptional memory are consistent with the maintenance of
HOX expression in fibroblasts after extensive culture in vitro.
Whether the genes in the topography transcriptome are direct

PNAS | October1,2002 | vol.99 | no.20 | 12881

DEVELOPMENTAL

BIOLOGY



transcriptional targets for Hox proteins should be addressed in
future experiments.

Concluding Remarks

It is now clear that the cells we traditionally call fibroblasts
comprise a diverse class of distinct differentiated cell types.
Because fibroblasts are frequently used in genetic and biochem-
ical studies of human and mouse mutants, our results highlight
the importance of using site-matched controls to focus on
differences caused by the mutation or disease in question.

Using genome-wide expression profiling, we have shown that
human fibroblasts exhibit topographic differentiation. The sys-
tematic differences among fibroblasts from different sites are so
great that topographic differentiation is the principal source of
variation in the genomic expression programs in a comparison of
cultured cells that vary in donor source, site of origin, passage
number, and even the presence or absence of serum. Indeed,
gene expression differences among fibroblasts from different
anatomic sites are comparable in scope and magnitude to the
differences observed among different lineages of white blood
cells (C. Palmer and P.O.B., unpublished observations). The
ability of fibroblasts to maintain topographic differentiation in
vitro is consistent with the evidence for mesenchymal determi-
nation in heterotopic epithelial-mesenchymal recombination
experiments and suggests that topographic differentiation is cell
autonomous or, at a minimum, requires only paracrine factors
from other similarly fated fibroblasts (1).

Many intriguing issues are raised by the topographic classifi-
cation of fibroblasts. In this study, the main branches in the
hierarchical classification of transcription programs in these cells
separate fibroblasts from cutaneous versus visceral (e.g., lung)
tissues; this division may correspond to the initial separation of
somatic and splanchnic mesoderm during embryogenesis. The
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topography transcriptome defined in this article is only a small
glimpse of topographic differences in vivo as the fibroblasts
would interact with other cell types and react to distinct physical
environments imposed by the body site to elaborate additional
site-specific programs. Nonetheless, our experimental approach
may point to a systematic method for recognizing the fine
specialization of physiological and regulatory function in stromal
cells that have traditionally been considered homogenous.

In addition to their inductive roles in development, stromal
cells play important roles in tissue repair after injury, participate
in immune and inflammatory responses, and provide permissive
and at times inductive environments for cancer development and
metastasis (29). The site specificity of the molecular signals and
extracellular proteins expressed by stromal fibroblasts raises the
intriguing possibility that these signals may provide “home
addresses” that can be monitored by epithelial cells to restrict
their migration to, or their survival and proliferation at, ectopic
sites. In such a scenario, invasion or metastasis of cancers cells
might then require abrogation of these restrictions.

Effective strategies for tissue engineering or therapeutic use of
embryonic stem cells will undoubtedly be advanced by a detailed
understanding of the tissue-specific environments generated by
stromal cells (30). The topographic differentiation of stromal
cells such as fibroblasts points to the biologic specificity and
regulatory complexity of these processes. The molecular “ad-
dress code” of human fibroblasts described here provides part of
a framework for systematic investigation of these questions.
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