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LUMICAN EXPRESSION IN BREAST CANCER

SDS-PAGE and Immunoblotting. Total proteins were extracted from
frozen tissue sections corresponding to three tumors expressing lumican
mRNA (as shown by in situ hybridization) using 4 M guanidinium chloride in
the presence of proteinase inhibitors, as described previously (11). Proteins
present in the extracts were analyzed by SDS-PAGE and immunoblotting,
using antipeptide antibodies specific for the COOH-terminal regions of lumi-
can (11, 12). Prior to analysis, extracts were dialyzed into 10 mM sodium
acetate and treated with chondroitinase ABC. In some cases, the samples were
also treated with keratanase II or endo-pB-galactosidase, which are capable of
degrading sulfated and nonsulfated polylactosamine chains, respectively.

RT-PCR Analysis. One ug of total RNA was reverse-transcribed in a final
volume of 15 ul, and 1 pl of the reaction mixture was subsequently amplified
by PCR, as described previously (6). Primers used corresponded to lumican
(sense, S'-TAAACCACAACAACCTGACA-3’, located in lumican sequence
between bases 448 and 467; and antisense 5'-AGAAAAACATAACCATA-
AAA-3', located in lumican sequence between bases 1118 and 1138; Ref. 11)
and to the ubiquitously expressed GAPDH gene (sense, 5'-ACCCACTCCTC-
CACCTTTG-3'; and antisense, 5'-CTCTTGTGCTCTTGCTGGG-3'). To am-
plify cDNA corresponding to lumican, 30 cycles (1 min at 94°C, 1 min at
52°C, and 2 min at 72°C) of PCR were used. For amplification of GAPDH
cDNA, PCR consisted of 30 cycles (30 s at 94°C, 30 s at 52°C, and 30 s at
72°C). Ten pl of lumican PCR and GAPDH PCR were mixed before migration
on 2% agarose gels and staining with ethidium bromide (15 ug/ml). Identity of
the 691-bp-long fragment corresponding to lumican was confirmed after
subcloning and sequencing.

Results

Identification of Lumican mRNA in Breast Cancer. To identify
genes differentially expressed during tumor progression, a “microdis-
section case” containing high-grade lobular carcinoma in situ associ-
ated with invasive lobular carcinoma was selected. Two regions, one
rich in in situ and the other rich in invasive components, were
microdissected, and corresponding total RNA was extracted to pro-
vide the substrate for a recently described subtractive hybridization
technique (7). Upon completion of subtractive hybridization, a 398-
bp-long fragment was isolated as corresponding to a gene being
overexpressed in the in situ compartment of this single microdissec-
tion case (data not shown). Sequencing of this fragment identified
nucleotides 1332-1729 of the sequence encoding the core protein of
the keratan sulfate proteoglycan lumican (11).

Fig. 1. Expression of lumican mRNA in breast
tumors studied by in situ hybridization. Consecu-
tive sections from a single breast tumor show
H&E-stained paraffin section with collagenous
stromal reaction surrounding ductal carcinoma in
situ (right) and invasive (leff) components (4), lu-
mican expression in stroma detected using an anti-
sense probe (B), and lumican sense probe (C). D,
lumican expression detected within a different tu-
mor, illustrating a gradient in the level of expres-
sion between regions of in situ (top left) and inva-
sive ductal carcinoma (middle) and normal tissue
(right). Original magnifications, X100 (A-C) and
X25 (D).

In Situ Hybridization Analysis of the Pattern of Lumican
mRNA Expression within Tumors and Adjacent Normal Tissue.
To establish the cellular origin of expression and to examine the
distribution of lumican expression between different tumor compo-
nents in other tumors, 26 invasive tumors were studied by in situ
hybridization (Fig. 1). For each case, an adjacent H&E-stained section
was used to facilitate the pathophysiological interpretation of the
frozen section (Fig. 1A4). In almost all cases, a similar pattern was
evident, with prominent mRNA expression, detected using an anti-
sense probe, in stromal fibroblast like cells within the tumor and
immediately adjacent to in situ and invasive tumor cells (Fig. 1B). No
signal was observed in any case using a lumican sense probe (Fig.
1C). In 24 of these cases, regions of normal tissue, in situ tumor, and
invasive tumor were present within the single section studied, there-
fore allowing comparison of lumican expression within the stromal
elements associated with these epithelial components. Expression of
lumican was evaluated within normal and tumor compartments using
a semiquantitative approach as detailed in “Materials and Methods”
(Table 1). Lumican was found to be expressed at very low levels (<1)
within the collagenous stromal tissues associated with normal ducts
and lobules in all but 1 of the 24 cases, whereas expression was
evident at higher levels (=1) in stromal fibroblast-like cells within the
collagenous stroma of 23 of 26 invasive tumors (P < 0.001; Fisher’s
exact test). Furthermore, a marked difference between stromal expres-
sion within adjacent matched regions of normal and invasive tumor
(i.e., difference between tumor and normal scores higher than 1) was
present in 16 of 24 cases in which this could be directly compared (see
Fig. 1D). In 16 of 23 cases in which lumican expression was high in
the invasive tumor, the ductal or lobular carcinoma in situ components
of the tumor were associated with equivalent or higher levels of
lumican expression in the immediately adjacent periductal or peri-
lobular stroma (see Fig. 1, B and D).

The relationship between lumican expression and prognostic fac-
tors was conducted by Fisher’s exact test analysis. For this purpose,
tumors were divided into two subgroups with high (>1; n = 17) or
low (=1; n = 9) levels of lumican expression and with different tumor
characteristics (high or low tumor grade, younger and older patients,
high or low ER status, high or low PR status, and presence or absence
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LUMICAN EXPRESSION IN BREAST CANCER

Table | Clinical and pathological features of breast tumors studied for lumican mRNA expression by in situ hybridization®

Lumican score

Tumor characteristic

No. Normal Tumor Nottingham grade Age (yr) ER status PR status NS
1 0.1 (0.1 X 1.0) 0.1 (0.1 X 1.0) 5 48 - - +
2 0.0 (0.0 X 0.1) 0.2 (0.1 X 2.0) 6 56 + - +
3 0.1 (0.1 X 1.0) 0.3 (0.1 X 3.0) 7 80 - - +
4 0.0 (0.0 X 0.0) 1.0 (1.0 X 1.0) 5 66 + - +
5 0.5(0.5 X 1.0) 1.0(0.5 X 2.0) 5 Ul + + -
6 0.0 (0.0 X 0.0) 1.0(0.5 X 2.0) 6 61 + + -
7 0.1 (0.1 X 1.0) 1.0 (0.5 X 2.0) 6 58 + + +
8 0.1 (0.1 X 1.0) 1.0 (0.5 X 2.0) 9 46 - - +
9 0.1(0.1 X 1.0) 1.0 (0.5 X 2.0) 5 75 + + -

10 0.0 (0.0 X 0.0) 1.5 (0.5 X 3.0) 9 38 - - -
11 0.1 (0.1 X 1.0) 2.0(1.0 X 2.0 8 72 + + -
12 2.0(1.0 X 2.0) 2.0(1.0 X 2.0) 8 45 - + -
13 0.1 (0.1 X 1.0) 2.0(1.0 X 2.0) 4 57 - + -
14 — 2.0(1.0 X 2.0) 7 32 - + +
15 0.1 (0.1 X 1.0) 2.0(1.0 X 2.0) 8 48 - - +
16 0.1 (0.1 X 1.0) 2.0(1.0 X 2.0) 7 36 + + +
17 — 2.0(1.0 X 2.0) 8 34 - - +
18 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 6 72 + + -
19 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 4 44 - - -

20 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 7 63 - - +

21 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 5 51 - + +

22 0.5 (0.5 X 1.0) 3.0(1.0 X 3.0) 8 37 - + +

23 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 9 51 - - -

24 0.0 (0.0 X 0.0) 3.0(1.0 X 3.0) 8 66 + - -

25 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 7 45 - + +

26 0.1 (0.1 X 1.0) 3.0(1.0 X 3.0) 6 4 - + +

“ For each case, lumican score (proportion of positive cells X estimated average intensity), determined as indicated in “Materials and Methods,” is given for normal and tumor

components. —, compartment not present within studied section; NS, axillary nodal status.

of axillary nodes, as specified in “Materials and Methods”). Increased
lumican expression was associated with higher tumor grade
(P < 0.04), younger patient age (P < 0.04), and ER status (P < 0.05).
No correlation was observed between lumican expression and PR
levels or nodal status. The conclusion that lumican expression is
restricted to stromal cells was further supported by RT-PCR analysis
of RNA extracted from several epithelial breast cancer cell lines
(T47-D, T47-D5, MCF-7, MDA-MB-231, MDA-MB-468, and BT20)
that did not show detectable levels of lumican mRNA (data not
shown).

Analysis of Lumican mRNA Expression in Relation to Breast
Tumorigenesis. To determine the relationship between the increased
expression of lumican mRNA and breast lesions associated with
increasing risk of invasive cancer, a range of tissues containing
normal breast tissue, benign proliferative lesions, preinvasive ductal
carcinoma in situ, and invasive carcinoma were studied by RT-PCR
assay. This was performed on 1 mg of total RNA, extracted from
histologically defined frozen sections. Three independent PCR exper-
iments were performed that gave similar results as presented in Fig. 2.
A lumican-corresponding band was observed in all of the invasive
tumor samples but was undetectable or present only at low levels in all
of the normal samples, consistent with the results from in situ hybrid-
ization, as detailed above. Between these two extremes, a very faint
band or no band was detectable in proliferative disease without atypia
lesions, but high levels comparable with those seen in invasive tumors
were present in most pure ductal carcinoma in situ samples. The
differences observed were not attributable to differences in input
cDNAs, as shown by the intensity of GAPDH signals in each samples.

SDS-PAGE Detection of Lumican Protein in Breast Tumors.
To characterize the lumican protein in breast tumor tissue, total
proteins were extracted from three cases expressing lumican mRNA,
as assessed by in situ hybridization. Western blot analysis of these
proteins using an antilumican serum revealed that lumican protein is
effectively expressed in breast tumor tissue (Fig. 3). Because several
forms of lumican have been described (11), which differ by their
glycosylated chains by sizes ranging from M, 65 to 150,000, the effect
of keratanase II and endo-pB-galactosidase, which are capable of

degradating sulfated and nonsulfated polylactosamine chains, respec-
tively, was also investigated (Fig. 3). Keratanase II treatment had
little, if any, effect on the size of tumor-derived lumican, whereas the
endo-B-galactosidase reduced the size of the lumican to a relatively
homogeneous component of M, 55,000. This corresponds in size to
the protein core of lumican observed in adult articular cartilage, which
is devoid of keratan sulfate or polylactosamine chains (11). Thus, the
tumor lumican appears to possess nonsulfated or poorly sulfated
polylactosamine chains rather than the more highly sulfated keratan
sulfate. Furthermore, there is no evidence of proteolytic degradation
of lumican occurring in the tumor because the protein core size
corresponds to that expected for the intact molecule following endo-
B-galactosidase treatment.

M NORMAL PDWA N

M DCIS INVASIVE

<
<«

Fig. 2. RT-PCR analysis of lumican and GAPDH mRNA expression in normal samples
from reduction mammoplastics (VORMAL) and samples from proliferative disease with-
out atypia (PDWA; top), ductal carcinoma in situ (DCIS), and invasive ductal carcinoma
(INVASIVE; bottom). PCR products were mixed before separation on 2% agarose gels and
staining with ethidium bromide. Black arrow, product corresponding to lumican; gray
arrow, product corresponding to GAPDH. Lanes M, molecular weight marker (¢% 174 RF
DNA/Haelll fragments; Life Technologies, Inc., Grand Island, NY). Lane N, negative
control, no cDNA added during the PCR.
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Fig. 3. Immunoblotting analysis of lumican. Proteins were extracted from three human
breast tumors and lumican present in the extracts was analyzed by SDS-PAGE and
immunoblotting as described in “Materials and Methods.” An adult cartilage extract (Lane
1) and three breast tumor extracts (Lanes 2—4) were analyzed directly. One breast tumor
extract was analyzed following treatment with keratanase II (Lane 5) and endo-B-
galactosidase (Lane 6). Left, migration position of molecular weight markers.

Discussion

The data presented here demonstrate the presence and increased
expression of lumican mRNA in human breast tumors relative to
normal breast tissue. Lumican is a major constituent of the corneal
stroma that is thought to participate in the acquisition of corneal
transparency by regulating collagen fibril diameter and interfibrillar
spacing (13, 14). Lumican expression has already been described in
several other human tissues, including skin, articular cartilage, heart,
placenta, skeletal muscle, kidney, and pancreas (11). This is, however,
to our knowledge, the first observation of lumican expression in breast
tissue, as well as its possible deregulation in tumorigenesis. Lumican
belongs to the family of small interstitial leucine-rich proteoglycan
proteins. Like other members of this family (decorin, biglycan, and
fibromodulin), the lumican core protein contains a central region of
leucine-rich repeats flanked at either side by a disulfide-bonded do-
main. The central region of the molecule possesses four asparagine
residues capable of participating in N-linked glycosylation. Modifi-
cation of N-linked glycosaccharides by sulfation of their polylac-
tosamine units led to the classification of lumican as a keratan sulfate
proteoglycan. Small keratan sulfate proteoglycans have been shown to
organize collagen fibrils in extracellular matrix and may, therefore, be
involved in the maintenance of tissue stromal structure (15, 16).
However, other potential functions include the ability to influence cell
adhesion or cell growth through interactions with growth factors (17,
18). Modifications of extracellular matrix components during tumor
progression have been extensively reported, and the potential impor-
tance of proteoglycans in particular has also been underlined in both
colon and breast cancer (19-24). In colon cancer, increased stromal
expression of both large and small proteoglycans has been observed in
tumor stroma, whereas ectopic expression of decorin in a colon tumor
cell line reduced growth and tumorigenic potential. In breast cancer,
different proteoglycans are distinct in their pattern of expression (21).
The large proteoglycan versican has been shown to be prominent in
the fibrous stroma within invasive tumor, as compared to surrounding
normal tissue stroma (24). This contrasts with the pattern of expres-
sion of small leucine-rich chondroitin and dermatan sulfate proteo-
glycans, which were predominantly localized by immunocytochem-
istry to surrounding normal tissues and were absent from the invasive
tumor stroma (24).

Our results suggest that increased expression of lumican can occur
in tumor stroma in a similar pattern to that of versican. We have also
found, albeit in a small cohort, an association between increased
lumican mRNA expression and high tumor grade, younger patient
age, and low ER levels, all of which are factors that are associated
with increased tumor aggressiveness. Further study is needed to
confirm this in a larger cohort and to distinguish whether this reflects
a cause or an effect of increased tumor progression.

Here, we show that lumican protein is present in breast tumors
mainly in its nonsulfated polylactosamine form. Such a nonsulfated
form of lumican has already been described in noncorneal tissues,
including articular cartilage and aorta (11, 25). The putative functions
of lumican in noncorneal tissues, as well as the possible influences of
its glycosylation state, remain to be established. In cornea, a conver-
sion from nonsulfated polylactosamine chains to keratan sulfate
chains, concurrent with eye opening, is suspected to contribute di-
rectly to corneal transparency (13, 26). Conversely, poorly sulfated
chains replace highly sulfated ones during pathological conditions of
the cornea including stromal inflammation and scarring (27, 28).
Funderburgh et al. (28) recently demonstrated that, in contrast to the
highly sulfated form of lumican, the nonsulfated form of the protein
promotes macrophage attachment and spreading. This action is
thought to be mediated through a high-affinity receptor for lumican,
expressed in a constitutive manner by macrophages and different from
the already described scavenger receptor or from receptors for other
extracellular matrix molecules. This receptor recognizes the lumican
protein both in glycosylated and deglycosylated forms through struc-
tures that can be masked by keratan sulfate chains. Poorly sulfated
lumican could, therefore, act to localize macrophages in regions of
inflammation. One could speculate that increased expression of lumi-
can in its nonsulfated state in breast cancer may be a mechanism that
encourages macrophage adhesion and localization within the tumor.
This increased macrophage concentration could in turn influence
angiogenesis and prognosis through the production of tumor-associ-
ated macrophage cytokine production (29, 30).

In conclusion, the detection of lumican in the stromal reaction
within breast carcinoma suggests than this proteoglycan may have a
role in breast tumorigenesis and progression. Further studies are
needed to determine the exact function of lumican in breast tissues
and how changes in its expression and in its glycosylation pattern
modify properties of the extracellular matrix or the adjacent tumor
cells.
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