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Abstract In the mouse mammary gland, homeobox
gene expression patterns suggest roles in development
and neoplasia. In the human breast, we now identify a
family of Iroguois-class (IRX) homeobox genes. One
gene, IRX-2, is expressed in discrete epithelia cell lin-
eages being found in ductal and lobular epithelium, but
not in myoepithelium. Expression is absent from associ-
ated mesenchymal adipose stroma. During gland devel-
opment, expression is concentrated in terminal end buds
and terminal lobules and is reduced in a subset of epithe-
lial cells during lactation. In contrast to observations for
many homeobox genes in the mouse mammary gland in
which homeobox gene expression is lost on neoplastic
progression, IRX-2 expression is maintained in human
mammary neoplasias. Data suggest IRX-2 functions in
epithelial cell differentiation and demonstrate regulated
expression during ductal and lobular proliferation as well
as lactation.

Key words Mammary gland - Differentiation -
Neoplasia - Homeodomain - Cancer - Human

Introduction

Mammary gland development in rodents and humans ap-
pears similar (Daniel and Silberstein 1987; Russo and
Russo 1987) and may be divided into a proliferative and
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acyclica phase of development. During the proliferative
phase, ductal outgrowth begins at the nipple with subse-
guent invasion of the mammary adipose stroma occur-
ring during puberty. As ductal proliferation proceeds, lu-
menal epithelial and myoepithelial cell differentiation
occurs primarily in the growing terminal end bud located
at the end of elongating ducts. In humans, terminal lob-
ules are also formed as precursors to the mature pre-se-
cretory lobules. The cyclical phase of development is
initiated by pregnancy with termina differentiation of
lobule-alveolar secretory cells and lactation. After wean-
ing, the cycle is completed by apoptosis (death) of secre-
tory cells in involution. After involution, the remodeled
gland resembles the morphology of the mature state.

Genetic control of mammary epithelial cell type dif-
ferentiation (Smith 1996; Chepko and Smith 1997) and
functional differentiation are poorly understood. Candi-
date regulators include homeobox genes which specify
eukaryotic cell fate during development (Manak and
Scott 1994; Thesleff et a. 1995). In the mouse, homeo-
box genes may function throughout mammary prolifera-
tive development and lactation and may contribute to de-
velopment of mammary cancers (Friedmann et al. 1994;
Stuart et al. 1995; Friedmann and Daniel 1996; Phippard
et al. 1996). Loss-of-function of at least one homeobox
gene, Hoxd-10, results in defects during lactation (Car-
penter et al. 1997; Lewis, unpublished).

In searching nucleotide sequence databases for novel
homeobox genes expressed in the human breast, we
identified a partial cDNA represented as an Expressed
Sequence Tag (EST) and initiated an expression study of
this gene, ultimately designated IRX-2, in the human
breast and associated cancers. In this paper, we present
evidence that IRX-2 is differentially expressed in major
mammary epithelia cell lineages and that its expression
is further regulated during both the proliferative and cy-
clical phases of human breast development.
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Materials and methods

Human tissues

Breast tissue was obtained from mastectomy or reduction mamma-
plasty patients in accordance with protocols and ethical standards
reviewed by our Institutional Review Board. All participating pa-
tients were informed of the nature of the study and gave written
consent for use of their tissues prior to surgery. For each patient
and tissue type (i.e., normal or tumor), independent tissue samples
were immediately frozen in liquid nitrogen (for RNA extraction)
or fixed in 4% paraformal dehyde: phosphate-buffered saline (PBS)
(for in situ hybridization). Tumors were either non-metastatic or
metastatic; tumor grades ranged from | to 1. Detailed pathology
data are available from the authors by request.

Identification of the IRX family and cloning
viaRACE (rapid amplification of cDNA ends) PCR

To expand our studies of homeobox genes into the human breast,
we searched the dbEST database (Boguski et al. 1993) and identi-
fied a breast-derived partial cDNA containing a novel homeobox
[Expressed Sequence Tag (EST); identification: 152453; GenBank
accession: R46202, R46296]. This partial cDNA clone was ob-
tained through the IMAGE consortium and found to be lacking
both 5" and 3' ends upon sequencing.

To clone the full-length cDNA corresponding to the IMAGE
clone 152453, oligonucleotide primers were designed to the IM-
AGE clone homeobox and used in RACE polymerase chain reac-
tion (PCR). Primer sequences were: sense “F1": 5-GCCA-
CGGCTACCCTCAAGGCCTGGCT-3'; antisense “R1": -5'-AG-
GCCGGCGCGCGTTGNCGAACCA-3'. Template was an adap-
tor-ligated breast cDNA library (Marathon-ready, Clontech). The
library-specific adaptor primer “AP1” was used with “F1” and
“R1" in RACE PCR as recommended to generate 3' and 5' ends,
respectively.

Fig. 1 A IRX homeobox alignment. Asterisks denote pairwise dif-
ferences; periods denote identities. The position of the “R1” PCR
primer is noted. B IRX hexapeptide-like and homeodomain amino
acid sequences aligned with relevant portions of araucan (ara),
caupolican (caup) and mirror (mrr). Dashes indicate gaps. Vertical
lines show pairwise identity between Antennapedia (Antp) and
mirror and between araucan and IRX-2a. Plus signs below the Iro-
quois-class consensus designate amino acids 100% conserved. The
position of the “R1” PCR primer is noted. C Northern hybridiza-
tion: gene-specific pIRX-2 (EK0.5) probe. Lane 1 represents all
norma (NORM) samples (n=11). Lane 2 represents a fibroade-
noma (FA). Lanes 3 (representing three tumors) and 4 (represent-
ing nine tumors) depict transcript patterns observed in infiltrating
ductal carcinomas (IDC). Lanes 5 (representing one tumor) and 6
(representing two tumors) depict transcript patterns observed in
three infiltrating lobular carcinomas (ILC). Control hybridization
using a probe for the L7 ribosomal protein mRNA was used to as-
sess loading and is shown below. D Northern hybridization: ho-
meobox-containing IMAGE probe. Lane 1 represents all normal
samples tested (n=7). Lane 2 represents al tumors tested (IDC:
n=4/ILC: n=1). The small transcript (~1.7 kb) detected by this
probe is probably derived from arelated IRX gene but the possibil-
ity of additional transcripts derived from IRX-2 cannot be ruled
out. Control hybridization using a probe for the L7 ribosomal pro-
tein mRNA is shown below. E Schematic diagram of the IRX-2a
cDNA and protein. Extent and locations of probes used are shown
above the RACE products and IMAGE clone. Locations of the F1
and R1 primers are shown by arrows. Amino acid motifs are noted
by color. F IRX-2a-translated protein. Matifs noted according to
Fig. 1E. G Cysteine-rich motif found in some Iroquois-class pro-
teins. H Acidic region (partial). | IRO box (extended two amino
acids to include a conserved alanine). Annotations for G, H and |
areasfor B
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While screening 5 and 3' RACE PCR products for cDNAs
corresponding to the IMAGE clone, we isolated fragments of tran-
scripts derived from four additional IRX genes. Nucleotide se-
quence data were immediately deposited in the GenBank sequence
database under the following accession numbers: IMAGE clone
152453 (U90309); IRX-2a (U90304); IRX-1 (one isolate)
(U90308); IRX-3 (two identical isolates) (U90305); IRX-4 (one
isolate) (U90306); and IRX-5 (one isolate) (U90307).

RNA isolation

Mammary tissue was ground in liquid nitrogen to a fine powder.
Total RNA was isolated using the Purescript system followed by
an additional purification by column chromatography (Qiagen).
Total RNA from human uterus, kidney, salivary gland and lung
was purchased from Clontech.

Hybridizations

Probe preparation and Northern hybridizations were performed as
described (Friedmann and Daniel 1996). The location and extent
of probes are depicted in Fig. 1E. In situ hybridization was per-
formed as described (Friedmann and Daniel 1996) using
500 ng/ml antisense or sense pIRX-2 (EK0.5) riboprobes with an
additional RNAse A treatment [5 pg/ml RNAse A in 10 mM
TRIS, pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA), 500
mM NaCl, 37°C, 15 min] between the first and second stringency
washes to unequivocally ensure gene-specific hybridization. In
control hybridizations, the pIRX-2 (EK0.5) probe does not cross-
hybridize with any of the other cloned IRX genes at high stringen-
cy (final washes 2x30 min, 0.1xSSC; 0.1%SDS at 65°C); the ho-
meobox-containing IMAGE probe cross-hybridizes with al of the
cloned IRX genes at this stringency. Northern hybridizations using
the IMAGE probe were done at “unusually high stringency” to ob-
tain gene-specific results (final washes 2x30 min, 0.1xSSPE;
0.1% SDS; 15% formamide at 70°C).

Results and discussion

To expand our studies of mammary-associated homeo-
box genes into the human breast, we searched the dbEST
database (Boguski et al. 1993) and identified a breast-de-
rived partial cDNA containing a novel homeobox (ob-
tained through the IMAGE consortium; identification:
152453; GenBank accession: R46202, R46296).

While screening 5° and 3 RACE PCR products for
cDNAs corresponding to the IMAGE clone, we isolated
fragments of transcripts derived from four additional
IRX genes (Fig. 1A,B) giving presumptive evidence for
expression of at least five different IRX genes in the
adult human breast. To our knowledge, thisisthe first re-
port of homeobox gene expression of any kind in the hu-
man breast. Homologs of this gene family were subse-
quently identified in Drosophila (the Iroquois complex
genes) (Gomez-Skarmeta et a. 1996; McNeill et al.
1997) and shown to be required for proper neural pat-
terning. In addition, homologs were recently identified in
both mouse and Xenopus (Bosse et al. 1997; Bellefroid
et a. 1998; Gomez-Skarmeta et a. 1998) and shown to
function in the development of the vertebrate nervous
system.

BLAST program database searches (Altschul et al.
1990) showed the IRX homeodomains to be ~90% iden-
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tical to the Iroquois-class homeodomains encoded by the
Drosophila genes araucan (ara), caupolican (caup) and
mirror (mrr) and between 92% and 93% identical to one
another (Fig. 1B) (Gomez-Skarmeta et al. 1996; McNeill
et a. 1997). The designation IRX-2 was ultimately as-
signed to the gene corresponding to the IMAGE cDNA.
Each IRX protein contains a hexapeptide-like motif (Fig.
1B) (Chang et al. 1995; Chan et al. 1996). Thus far, only
IRX-3 shows a cysteine-rich motif (Fig. 1G).

Northern hybridization using the gene-specific plRX-
2 (EK0.5) probe (which lacks the homeobox) against
normal (n=11), benign fibroadenoma (FA) (n=1), infil-
trating ductal carcinoma (IDCs) (n=12) and infiltrating
lobular carcinoma (ILCs) (n=3) RNAs detected two
main transcripts at 2.6 kb and 3.9 kb, designated |RX-2a
and IRX-2b, respectively (representative samples are
shown in Fig. 1C). Interestingly, unusually high stringen-
cy hybridizations using the IMAGE probe (which con-
tains the homeobox) on normal and tumor samples iden-
tified what appeared to be only the single 2.6-kb IRX-2a

Fig. 2 Expression of IRX-2 transcripts in normal development and
neoplasia. In situ hybridization using the gene-specific pIRX-2
(EKO.5) probe (detecting both IRX-2a and IRX-2b transcripts). Ex-
pression is evident by accumulation of a blue-black precipitate
stain. Ductal and alveolar lumens (L) and adipose stroma (S) are
identified when possible. A Major duct showing staining in lu-
menal epithelial cells. Red arrows indicate examples of unstained
myoepithelial cells within the myoepithelial cell layer; black ar-
rows indicate occasional unstained lumenal epithelial cells. |denti-
fication of myoepithelial cells is based on well-established mor-
phological and positional criteria as well as comparison with pub-
lished immunohistochemical studies using these tissues (Daniel
and Silberstein 1987; Russo and Russo 1987; Taylor-Papadimitr-
iou and Lane 1987; Silberstein et a. 1997). Bar 27 um. B Alveoli.
Epithelia cells are uniformly stained. Red arrows indicate un-
stained myoepithelial cells. C Sense control probe showing a com-
pletely unstained lobule. Black arrows indicate alveoli. D Termi-
nal end buds (black arrows). Staining decreases in the subtending
duct (red arrow). E Terminal lobule. Black arrows indicate devel-
oping alveolar buds which stain heavily for IRX-2 transcripts.
Staining is reduced in the subtending duct (red arrow). F Lactat-
ing tissue in which an increased proportion of epithelial cells
(~18%) stain poorly for IRX-2 transcripts. Red arrows indicate un-
stained epithelium; black arrows indicate strongly staining epithe-
lium. G Late-stage involuting tissue (not yet completely remod-
eled). Black arrows indicate aveoli in which uniform IRX-2 ex-
pression is re-established in al epithelial cells. H A current model
for mammary epithelial cell differentiation (Smith 1996) and sum-
mary of IRX-2 expression in differentiated cell types (MS mamma-
ry stem cell, DP ductal progenitor cell, LP lobule-alveolar progen-
itor cell, MYO myoepithelial cell, DUC differentiated ductal cell,
LOB differentiated lobule-alveolar cell). The pattern of IRX-2 ex-
pression in each differentiated cell type is shown below. | Summa-
ry of major phases of mammary gland development. IRX-2 expres-
sion patterns in four of the five developmental phases are repre-
sented in panels A—G demonstrating changes in IRX-2 expression
through the mammary cycle. J Fibroadenoma. Red arrow identi-
fies the characteristic network of epithelial cells within the duct.
K Infiltrating ductal carcinoma. Red arrow indicates neoplastic
epithelial cells filling the ductal lumen. L Infiltrating lobular car-
cinoma (ILC) (red arrow). An entire lobule is shown in which
histotypic structure is lost (cf. G). Hybridizations using the IM-
AGE probe (which likely detects all five known IRX genes at this
stringency) were qualitatively similar to those shown above (data
not shown). Bars 27 ym (A, B), 220 um (C-E), 70 um (F, G, J),
80 um (K), 220 um (L)
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transcript. Since the homeobox-containing IMAGE
probe does not hybridize with the 3.9-kb IRX-2b tran-
script, these data suggest that this transcript does not
contain a closely related homeobox (Fig. 1D). A similar
set of alternatively spliced trancripts both with and with-
out a homeobox has been demonstrated for the mouse
HoxAl gene (LaRosa and Gudas 1988). Reliable quanti-
tation is not possible using primary tissue samples due to
gross variation in the epithelial content of each tissue
(evident upon histological analysis) and the unavoidable
contamination of tumor tissue with various amounts of
normal tissue at the surgical margins. Therefore, we de-
cline to speculate at this time whether IRX-2 might be
misexpressed in some tumors. The question of misregu-
lation of IRX genes will be better approached using mi-
crodissection and RNA analysis techniques recently de-
veloped for this purpose (Bonner et al. 1997).

To determine whether |RX-2 expression was mamma-
ry specific in the adult, we also conducted Northern
analysis on RNA from adult human lung, uterus, salivary
gland and kidney using the gene-specific pIRX-2
(EK0Q.5) probe (data not shown). IRX-2 messages were
weak but detectable in al four non-mammary samples,
indicating that expression in the adult is not breast spe-
cific.

Cloned, overlapping 5° (n=4) and 3 (n=3) RACE
products comprise a 1.8-kb IRX-2a cDNA (exclusive of
the polyA tail) that contains a complete open reading
frame for the 417-amino acid IRX-2a protein (Fig.
1E,F). In addition to the homeodomain and the hexapep-
tide-like sequences, the translated cDNA shows acidic
and poly-proline regions, and an IRO box (Blrglin 1997)
(Fig. 1F-1). Attempts to isolate an IRX-2b cDNA via
RACE PCR or standard phage-based cDNA library
screens were unsuccessful, perhaps due to poor represen-
tation resulting from a high G+C content as is observed
in the IRX-2a cDNA (60-90%, window size=50 bp).

IRX-2 expression was investigated by in situ hybrid-
ization using the pIRX-2 (EKO0.5) probe against normal
breast tissue (n=8). In mature tissue, lumenal epithelium
of ducts (Fig. 2A) and alveoli (Fig. 2B) express IRX-2 as
evidenced by accumulation of blue-black stain in the cy-
toplasm of these cells; myoepithelium, adipose stroma,
and a small subpopulation of ductal epithelia cells (Fig.
2A) do not express. Sense-strand probe shows no hybrid-
ization (Fig. 2C). During the proliferative phase of de-
velopment, immature tissue shows concentrated expres-
sion in terminal end buds and terminal lobules (Fig.
2D,E) becoming reduced in differentiated subtending
ducts. During the cyclical phase of mammary develop-
ment, in lactating tissue (Fig. 2F), ~18% of aveolar epi-
thelial cells show undetectable or reduced expression (cf.
Fig. 2B). Uniform expression is re-established in late-
stage involuting tissue (Fig. 2G). Tissue from pregnant
and early involuting patients was unavailable for study.

Evidence for regulated expression of IRX-2 is three-
fold. First, as summarized in Fig. 2H, IRX-2 is differen-
tially expressed in discreet epithelial cell lineages, being
undetectable in differentiated myoepithelial cells but
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readily detected in lumenal ductal and more highly ex-
pressed in alveolar epithelial cells. Second, a small sub-
population of lumenal ductal epithelial cells do not ex-
press IRX-2 (Fig. 2A). Finally, with reference to Fig. 2I,
there are distinct changesin IRX-2 expression during dif-
ferent phases of mammary gland development, with con-
centrated IRX-2 expression in terminal structures in im-
mature tissue, uniform expression in mature and late-
stage involuting tissue, and reduced expression in ~18%
of alveolar epithelial cells during lactation.

In tumors (FA, n=1; IDC, n=7; ILC, n=3), IRX-2 ex-
pression is maintained (Fig. 2J-L) regardless of tumor
type, grade, receptor status, or metastatic state. In con-
trast, expression of 9 of 11 normally expressed mouse
homeobox genes is lost in neoplastic progression (Hox
complex genes B6, B7, C6, C8, D4, D8, D9, D10 and the
non-complex gene Msx-2) (Friedmann 1995). Therefore,
IRX-2 may serve as an excellent marker for mammary
epithelial cell identity during tumor progression since it
is observed in the epithelial component of even high-
grade metastatic tumors.
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