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Abstract A series of overexpression studies have shown that
lumican suppresses angiogenesis in tumors produced from pan-
creatic adenocarcinoma, fibrosarcoma, and melanoma tumor
cells. Despite lumican’s anti-angiogenic activity, a clear correla-
tion of differential expression of lumican in various cancers and
cancer malignancy has failed to emerge. Therefore, we hypoth-
esized that either 1.) endogenously expressed lumican is not anti-
angiogenic or alternatively that 2.) lumican exhibits angiostatic
activity only in limited microenvironments. Previously, lumican
was shown to suppress tumor growth and angiogenesis in sub-
cutaneously injected PanO2 pancreatic adenocarcinoma cells.
Therefore, to determine if endogenously expressed lumican is
anti-angiogenic we subcutaneously injected PanO2 cells into
wild-type and lumican knockout mice and compared tumor
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growth and vascular densities of the resulting tumors. We found
that tumors grown in lumican knockout animals were larger and
contained significantly elevated vascular densities compared to
those grown in wild-type mice. Interestingly however lumican
knockout animals did not exhibit enhanced angiogenesis in
aortic ring assays, matrigel plugs, or healing wound biopsies
raising the possibility that lumican suppresses angiogenesis
only in tumor microenvironments. To test this possibility, we
sought a tumor model wherein lumican did not exhibit anti-
angiogenic activity. Utilizing the 4T1 breast cancer model, we
found that lumican suppressed 4T1 tumor growth and lung
metastasis, but not angiogenesis. In conclusion, these results
show that the angiostatic activity of lumican is dependent on
currently undefined microenvironmental cues and therefore
helps to understand why differential expression of lumican
does not consistently correlate with human tumor malignancy.

Keywords Lumican - Angiogenesis - Cancer -
Microenvironment

Introduction

The cellular microenvironment provides critical input as cells
attempt to achieve and maintain cellular homeostasis. In partic-
ular, extracellular matrix (ECM) proteins in the microenviron-
ment govern a variety of processes such as proliferation, mi-
gration, apoptosis, and response to cellular signaling stimuli
[27]. While ECM provides critical input to cells and tissues,
cells also remodel their local microenvironment to reinforce
cellular activities and programs. Because of this interplay be-
tween cells and ECM, altered cellular microenvironments can
have profound impacts on various disease states. In particular,
the development and growth of cancers involves pathological
remodeling of ECM into a reactive tumor stroma that supports
cellular programs of malignancy and drives the growth,
neovascularization, invasion, and metastasis of tumors [14].
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While reactive tumor stroma generally promotes tumor
aggressiveness, not all components of the tumor stroma work
in favor of the tumor [16]. Instead, there have also been iden-
tified several ECM molecules that possess distinct anti-tumor,
anti-angiogenic, and anti-metastatic activities. Identification
and characterization of these anti-cancer ECM proteins repre-
sents an important therapeutic avenue towards suppressing
cancer in humans.

Lumican is a member of small leucine rich proteoglycan
(SLRPs) family of extracellular matrix (ECM) proteins. The
structural role of lumican is attributed toward its ability to
promote fibrillogenesis and stabilization of collagen fibers [3,
17]. Beyond lumican’s structural role, lumican is also a
matricellular protein that has been implicated in cancer al-
though a single correlation between differential lumican ex-
pression and cancer malignancy has not been identified. For
instance, lumican expression in colorectal cancers enhanced
cancer cell migration and invasion [18] and correlated with
poor prognosis for patients with colon cancer [20]. Similarly,
lumican expression in pancreatic cancer cells enhanced cancer
cell proliferation [25] and stromal lumican expression in pan-
creatic cancer correlated with decreased survival in pancreatic
cancer patients. In contrast to these examples that highlight
lumican’s ability to promote cancer malignancy, lumican has
also been shown to suppress malignancy in several cancer
types. For example, lumican has been well documented to
suppress melanoma cell migration, invasion, and metastasis
[4-6, 23]. Similarly, lumican expression is negatively corre-
lated with metastatic prostate cancer [9, 11] and lumican was
shown to suppress metastatic prostate cancer cell migration
and invasion both in vitro and in vivo [8]. In addition to these
examples, lumican is also differentially expressed in tumors of
the breast [10, 12] although the impact of lumican in breast
cancer has not been directly investigated. Collectively, the
available data clearly implicate lumican in cancer although
the precise role of lumican in various cancers remains elusive.

Finally, lumican has also been documented as an inhibitor
of tumor angiogenesis [2, 6, 15, 24] although the range of
lumican’s angiostatic activity in various circumstances has not
been fully explored. Therefore, the goal of the current study
was to examine lumican’s anti-angiogenic activity under var-
ious pathological and non-pathological circumstances. Our re-
sults confirm the anti-angiogenic activity of lumican, and
demonstrate that lumican is not anti-angiogenic under all cir-
cumstances. Rather, we find that lumican suppresses angio-
genesis in some, but not all cancer models and that lumican
does not suppress angiogenesis in non-pathological settings
including healing wounds, cultures of aortic rings, and matrigel
plugs. Collectively, these results are tightly correlated with
previous results showing that lumican exhibits cancer/tissue
specific activities and extend these observations to include
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tissue specific affects on angiogenesis. The major challenge
in future investigations will therefore be to determine the
mechanistic basis for lumican’s tissue specific activities.

Materials and Methods
Wound Healing Model

Control and lumican knockout Male C57BL/6 mice were
anaesthetized by intraperitoneal injection of ketamine hydro-
chloride (2 mg/g body weight) and xylazine (0.4 mg/g body
weight). Shaved skin was sterilized using an alcohol swab and
a biopsy punch was applied to create a circular full thickness
skin wound about 6 mm in diameter below the shoulder blades.
Tissues were collected from sacrificed mice 3, 7, 14, and 21-
days after wounding and stained with anti-CD34 antibodies.

Mouse Breeding and Genotyping

Lumican —/— mice in C57BL/6 background were generously
provided by Dr. Winston Kao (University of Cincinnati
College of Medicine). Heterozygous (Lum —/+) male and
female mice were crossed to produce homozygous knockout
(Lum —/—) mice. PCR based genotyping was performed on
DNA isolated from ear tissue using DirectPCR Lysis Reagent
(Viagen Biotech, CA). PCR was performed using specific
primers targeting wild type vs. mutant Lumican alleles. The
wild type allele was amplified with forward 5" TACTTCAA
GCGCTTCACTGG and reverse 5" CGAGACTAGTGAGAC
GTGCT oligos and amplified a 190 bp fragment. The knock-
out allele was detected with forward oligo 5" CAAGTTCA
TTGACCTCCAGG and the same reverse oligo used for WT
allele amplification and a 390 bp fragment exactly as previ-
ously described [19]. Wild type and mutant PCR reactions
were performed in a single reaction using following condi-
tions: 1 pl template DNA (extracted from ear sample), 100 nM
primers, 1X standard buffer, 320 uM dNTPs, and 66 U/ml Taq
Polymerase (New England Bio Labs Inc.), and total volume
25 ul. Thermocycle conditions used for each reactions are as
follows: 94 °C for 2 min (1X); [94 °C for 45 s; 64 °C for 30 s;
72 °C for 30 s] (35X); 72 °C for 5 min (1X); and 4 °C.

Immunohistochemistry

Isolated tumors were fixed in 4 % paraformaldehyde for 1 h
then placed in 70 % ethanol before paraffin embedding,
sectioning, and staining with CD-31 antibodies to analyze
microvascular densities. Tumor histology was performed in
the Clarian Pathology Laboratory at Indiana University
(Indianapolis, IN). Quantification of vascular density was
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performed by tracing CD-31 staining patterns onto white
paper with black ink and scanning the resulting copy to
obtain total vascular area using Image J software (NCBI).

In-vivo Tumor Growth and Metastasis Studies

Freshly cultured Pancreatic Adenocarcinoma (PanO2) cells
were resuspended in sterile 1X PBS and 1x10° cells per
100 pul were injected subcutaneously between the shoulder
blades of approximately 10-week-old Lumican WT, HET, and
KO C57BL/6 mice (three mice per condition). For 4T1,
4x10° cells per 100 ul were injected directly into breast fat-
pads of syngeneic BALB/c mice. Tumors in mice were mon-
itored on a daily basis and primary tumors were measured
externally using calipers between days 7—15 in an interval of
2 days. Metastasis to lungs was monitored by dissecting both
lungs from tumor bearing mice, mincing the tissue with a
razor, and chemically digesting the minced lung tissue for
2 h with collagenase solution. Large undigested pieces of lung
were allowed to settle, then 10x10° cells were plated into
10 cm dishes in the presence of 6-thioguanine to kill normal
cells and select for resistant 4T1 cells present in lung. After
approximately 10 days in culture, colonies of metastatic cells
were stained with crystal violet and overall staining density
was determined with Image-J software.

In-vitro Angiogenic Outgrowth Assay (Aortic Ring Assay)

Aoritc ring assays were performed essentially as previously
described [21] with the following exceptions. Aortas (~1 cm
in length) were removed from 5 week old C57Bl/6 wild type,
Lum —/+, or Lum —/— mice. The aortic sections were washed in
1X PBS and cut into small rings of equal sizes and implanted
into fibrin gels. Fibrin solutions were prepared by mixing 1.5-
mg/ml fibrinogen with serum free EGM2 media (Lonza Inc.),
and gelled by adding 0.06 U/ml Thrombin to 0.5 ml fibrinogen
solution in 24-well plates into which the aortic rings were
immediately implanted. After fibrin gels formed at room tem-
perature for 20 min, 1 ml EGM2 complete media (Lonza Inc.)
was added to the top of each culture. The plates were incubated
at 37 °C in a 5 % CO, incubator. Aortic rings were observed
daily for signs of angiogenic sprouting and recorded. Individual
sprout lengths were measured after 9 days of culture.

Matrigel Plug Assay

Matrigel implantation was performed on 6-week-old C57BL/6
WT, HET, or KO mice. Briefly, mice were injected subcutane-
ously in the ventral groin area with Matrigel (700 ul/injection;
BD Biosciences, Bedford, MA) supplemented with bovine
bFGF (300 ng/mL; R&D Systems, Minneapolis, MN). Ten days

post-implantation, the mice were sacrificed and the plugs were
harvested. Three mice were used per experimental condition and
the experiments were repeated thrice in its entirety.

Cell Culture and Lumican Overexpressing Cell Lines

4T-1 and NMuMg breast cancer cell lines were maintained in
either DMEM (4T-1) or DMEM supplemented with 10 pg/ml
insulin (NMuMg). The lumican overexpressing 4T-1 cell line
was created by cloning murine lumican cDNA into a retroviral
vector to produce stable overexpressing cells. To accomplish
this, oligos were designed such that an ATTBI1 site was
appended to the 5’ end, while the FLAG epitope tag and
ATTB2 sequences were appended to the 3’ end through two
rounds of sequential PCR with the following oligos. First
forward lumican oligo: AAAGCAGGCTTCACC TTAATA
CGACTCACTATAGGG. Second forward lumican oligo:
GGGGACAAGTTTGT ACAAAAAAGCAGGCTTCACCA
TG. First reverse lumican oligo: TACTTATCGTCGTCAT
CCTTGTAATCGTTAAC GGTGATTTCATT. Second reverse
lumican oligo: GGGGACCACTTTGTACAAGAAAGCTGG
GTCCT ACTTATCGTCGTCATC. The PCR product was
cloned by BP clonase into an entry vector and subsequently
cloned with LR clonase into a custom made pMSCV retroviral
vector featuring the ATTR1-CM'-ccdB-ATTR2 cassette blunt
cloned into the HPA1 sites of pMSCV-PURO. Clones were
selected by ampicillin resistance, tested for inserts by restriction
digest with EcoR1 and Xhol, and sequenced (Functional
Genomics). The retroviral vector used to produce lumican
overexpressing NMuMg cells was previously described [24].

Empty vector control and lumican retroviral supernatants
were produced in EcoPac II retroviral packaging cells and
infected into 4T-1 and NMuMg as described previously [7,
24]. Infected cells were isolated by either puromycin selection
(4T-1 cells, 1 pg/ml), or G418 selection (NMuMg cells,
50 pg/ml) to yield stable polyclonal populations of control or
lumican-overexpressing cells. Lumican expression was con-
firmed by TCA/DOC precipitation of conditioned media and
western blotting with either anti-FLAG M2 monoclonal anti-
bodies (4T-1 cells), or 9E10 anti-Myc antibodies (NMuMg
cells).

Results

Endogenously Expressed Lumican Suppresses Tumor
Angiogenesis Previously, lumican was shown to decrease
tumor angiogenesis in pancreatic adenocarcinoma (PanO2)
cells, MCA102 fibrosarcoma cells, and B16F10 melanoma
cells [6, 24]. However, these studies relied on ectopic ex-
pression from implanted tumors to drive lumican expression
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and failed to account for host expression of lumican. Therefore,
we compared the growth and angiogenesis of tumors formed
by injection of pancreatic adenocarcinoma (PanO2) cells in
wild-type (WT), heterozygous (HET), and lumican knockout
(KO) mice. Importantly, the PanO2 cell line was previously
used to illustrate the anti-angiogenic activity of overexpressed
lumican in vivo [24] and made an ideal cell line with which to
examine host lumican contributions to tumor growth and an-
giogenesis. Wild-type C57BL6 mice, or HET and KO litter-
mates were identified by PCR (Fig. 1a). PanO2 tumor growth
in lumican KO mice was significantly accelerated compared to
tumor growth in WT mice (Fig. 1b). Tumor growth in lumican
HET mice strongly tended toward accelerated growth although
this increase in growth rate failed to reach statistical signifi-
cance. At dissection, tumors recovered from KO and HET mice
were approximately 4.4 and 2.2 fold larger respectively than
tumors recovered from WT mice (Fig. 1c).

To determine if host expressed lumican also suppressed
PanO2 tumor angiogenesis, tumors were dissected from WT,
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Fig.1 Lumican is an endogenous inhibitor of tumor growth. a PCR based
genotyping. PCR amplified 190 bp Lumican product in wild type (WT)
mouse and 390 bp mutant DNA product in Lumican knockout (KO)
mouse. PCR amplified both 190 bp Lumican product and 390 bp mutant
DNA product in heterozygous (HET) mouse. b 1x 10° Pancreatic Adeno-
carcinoma (PanO2) cells were injected subcutaneously in triplicate into
WT, HET, and KO mice. One week after injection, tumors were detectable
and tumor size was measured every other day. ¢ Representative tumors
from a single experiment isolated from mice after 15 days. d Bar graph
representing final tumor weights from WT, HET, and KO mice. Each data
point represents Mean + SD. * indicate P<0.05, Student 7-test, N=3
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HET, and KO mice and processed for immunohistochemistry
with anti-CD31 antibodies to detect vascular elements. As
shown in Fig. 2, both lumican KO and HET tumors exhibited
a striking increase in vascular density. Interestingly, vessels in
lumican KO and HET tumors tended to be of larger caliber
than their WT counterparts. Densitometry with ImageJ soft-
ware revealed 4.0 and 2.7 fold more CD31 staining in lumican
KO and HET tumors respectively. Collectively, these results
illustrated that host-derived lumican suppresses tumor growth
and angiogenesis in a similar fashion to ectopically expressed
lumican and therefore indicated that lumican is an endogenous
inhibitor of PanO2 tumor angiogenesis.

Lumican Does Not Suppress Angiogenesis under All
Circumstances

Based on our results showing that endogenous lumican
suppressed PanO2 tumor angiogenesis, we were interested
to determine if endogenous lumican would also inhibit angio-
genesis in non-pathological settings. In particular, new blood
vessels are a crucial component of granulation tissue where
they help drive tissue healing. Therefore, we compared vas-
cular density in healing wounds from control and lumican KO
mice. Cutaneous wounds were made by punch biopsy and the
resulting healing wounds were collected 3, 7, 14, and 21 days

3.04
2.54

CD31 Staining
(Fold of control)

- o N
o ;g o
2 2

WT Het KO

Fig. 2 Endogenous Lumican has anti-angiogenic activity. PanO2 tumor
isolates from mice were sectioned, fixed, and stained with anti-CD-31
antibody to detect microvascular density in tumors. Shown are represen-
tative immunostaining results from a single experiment that was
performed three times in its entirety. CD-31 staining was quantified by
densitometry with Image J software and is depicted as the fold increase
compared to control mice. Each data point represents the mean + SE of
three independent experiments. * indicate P<0.05, Student 7-test
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after initial wounding. Wound samples were stained with anti-
CD34 antibodies to visualize neovascularization in the healing
wounds. As shown in Fig. 3, similar densities of CD34 stain-
ing were detected at all time points in WT and KO mice
suggesting that lumican did not significantly affect angiogen-
esis in healing tissue.

In addition, we also compared angiogenic sprouting from
WT, HET, and KO aortic rings. Aortas were isolated from WT,
HET, and lumican KO mice, embedded into fibrin gels, and
monitored over a 10 day period for signs of angiogenic
sprouting. As shown in Fig. 4a, the initiation of angiogenic
sprouting was indistinguishable between WT, HET, and KO
rings. In addition, the final length of aortic outgrowths was not
significantly longer in HET and KO cultures compared to WT
outgrowths (Fig. 4b). Importantly, RT-PCR confirmed the
presence of lumican in WT aortic outgrowth indicating that
the failure to observe a decrease in angiogenic sprouting was
not due to the absence of lumican expression (Fig. 4c). Finally,
we also examined the effect of lumican deletion on Matrigel

Genotype

Days after Wounding

Fig. 3 Endogenous lumican does not suppress angiogenesis in healing
wounds. Skin punches from wild-type (WT) and lumican knockout (KO)
mice were removed to produce wounds. Healing wounds were collected
from mice 3, 7, 14, or 21 days after wounding and vascular density was
compared by immunohistochemistry with anti-CD34 antibodies

plug angiogenesis. Our previous results demonstrated that
recombinantly produced and purified lumican suppressed an-
giogenesis in matrigel plugs [2]. Therefore, this system pro-
vided a unique opportunity to directly compare exogenous
versus endogenous lumican angiostatic activity. Solutions of
matrigel containing 300 pg/ml of bFGF were subcutaneously
injected into WT, HET, or lumican KO mice and 10 days later
were dissected and compared for evidence of vascularization/
blood content. As shown in Fig. 4e, matrigel plugs dissected
from WT, HET, and KO mice all contained similar amounts of
blood suggesting angiogenesis was not altered in the absence
of lumican. Importantly RT-PCR positively detected lumican
mRNA in control matrigel plugs indicating that lumican was
present in the matrigel plugs (Fig. 4f). Collectively, the failure
of lumican deletion to affect angiogenesis in healing wounds,
aortic ring assays, or matrigel plugs strongly suggested that
endogenously expressed lumican is not angiostatic in these mi-
croenvironments and instead, that lumican is anti-angiogenic
only under certain circumstances.

Lumican Suppresses Breast Cancer Growth and Metastasis,
but Not Angiogenesis

Lumican has been shown to suppress angiogenesis in tumors
formed from a variety of cancer cell lines including PanO2
pancreatic adenocarcinoma cells, MCA102 fibrosarcoma
cells, and B16 melanoma cells, however endogenous lumican
was unable to suppress angiogenesis in healing wounds,
sprouting aortic rings, and matrigel plugs. These observations
suggested that lumican is angiostatic in some but not all micro-
environments. Interestingly, these results also suggested that the
anti-angiogenic activity of lumican may be restricted to tumor
microenvironments and not operant in non-pathogenic micro-
environments. To test this hypothesis, we sought to find a tumor
model wherein lumican does not exhibit angiostatic activity.
Prior work has implicated elevated lumican expression with
both increased and decreased breast cancer malignancy [12,
22], but the direct effects of lumican on breast tumor cells and
breast cancer have not been assayed. Therefore, we sought to
examine the effect of lumican on breast cancer growth, vascu-
larization, and malignancy. We created lumican overexpressing
breast cancer cell lines by transducing NMuMg normal murine
mammary gland, and 4T1 breast cancer cell lines with retroviral
particles encoding either lumican or empty vector control se-
quences. Overexpression of lumican in the resulting cell lines
was confirmed by TCA/DOC precipitation of conditioned me-
dia followed by western blotting with either anti-Myc 9E10
(NMuMg) or anti-FLAG M2 (4T1) antibodies to detect C-
terminally tagged lumican transgene expression. As shown in
Fig. 5a and b, transgene expression of lumican protein was
evident in overexpressing cell lines but not in empty vector
control cells. To determine if lumican had a direct effect on breast
cancer cells, we compared proliferation rates and invasive activity
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Fig. 4 Endogenous lumican does not suppress aortic sprouting or
vascularization of Matrigel plugs. a Aortas were isolated from wild-
type (WT), heterozygous lumican knockout (Het), or homozygous
lumican knockout (KO) mice and sectioned then, implanted into fibrin
gels. Aortic cultures were inspected daily for angiogenic sprouting. The
time required to initiate angiogenic sprouting is depicted as the percent
number of sprouting rings over a 9-day window until 100 % of rings had
sprouted. Data presented is the average of four individual experiments
each consisting of at least 5 aortic rings for each genotype. b The final
length of angiogenic sprouts was measured (pixel length) and average

in control and lumican overexpressing cells. As shown in
Fig. 5¢ and d, lumican did not significantly affect cell prolif-
eration in either 4T1 or NMuMg cell lines but did significantly
decrease cell invasion through Matrigel coated Boyden cham-
bers in both cell lines (Fig. Se, f).

Having shown that lumican suppresses breast cancer cell
invasion in vitro, it was important to determine if lumican
suppresses tumor growth, angiogenesis, and invasion/metastasis
in vivo. To accomplish this, control and 4T1-lumican cells were
orthotopically injected into the fatpad of syngeneic BALB/c
mice. After 7 days, tumors were measurable and tumor volume
was recorded every other day for 14 days. As shown in Fig. 6a,
lumican overexpressing 4T1 cells formed tumors significantly
slower than their control counterparts. Moreover, lumican ex-
pression decreased the final tumor mass by approximately 60 %
compared to control tumors (Fig. 6b, ¢). To determine if reduced
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length compared to WT rings is depicted. ¢ Lumican mRNA expression
was confirmed in WT culture of aortic rings. A negative reverse tran-
scription (-RT) control was used to control for specific lumican mRNA
amplification. d Representative images of WT, Het, and KO aortic ring
cultures after 9 days in culture. e Solutions of Matrigel containing
300 ng/ml of bFGF were injected subcutaneously into WT, Het, and
lumican KO mice. After 10 days, the resulting Matrigel plugs were
dissected and blood content was compared as a sign of vascularization. f
RT-PCR was used as in C to confirm expression of lumican in control
Matrigel plugs

tumor mass was associated with reduced tumor angiogenesis,
control and 4T1-lumican tumors were sectioned and stained
with anti-CD31 antibodies. Surprisingly, we were unable to
detect any difference in the vascular density between control
and 4T1-lumican tumors (Fig. 6d, e).

Given our in vitro data showing that lumican suppressed
4T1 and NMuMg invasion, it was important to determine if
lumican suppressed 4T1 invasion/metastasis in vivo. To ac-
complish this, lungs were collected from control or lumican
overexpressing tumors and rendered to single cell suspensions
by digestion with Collagenase solution. Equal numbers of
cells were subsequently cultured on tissue culture dishes in
the presence of 6-thioguanine to select for 4T1 cells/colonies.
As shown in Fig. 7, lungs from lumican overexpressing cells
generated significantly fewer 4T1 colonies compared to lungs
from control animals.
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Fig. 5 Lumican decreases invasion but not proliferation of breast cancer
cells. a-b 4T1 and NMuMg breast cancer cells were transduced with
either empty puromycin (P) or neomycin (N) resistance vectors or
lumican expressing retroviral vectors. Overexpression of lumican was
confirmed by western blot analysis of TCA/DOC precipitated condi-
tioned media with anti-FLAG antibodies (4T1) or anti-MYC 9E10 anti-
bodies (NMuMg). In addition to the lumican core protein, anti-FLAG
antibodies also detected a ~35 kDa protein of unknown identity. ¢—d
Empty vector control and lumican overexpressing 4T1 or NMuMg cell
lines were cultured on Matrigel coated Boyden chambers and induced to
invade towards a 2 % FBS gradient for 48 h. Invading cells were stained
with crystal violet and quantified by densitometry. Data presented is the
average fold decrease +/— SE of four independent experiments. * in-
dicates p<.05, student’s t-test. e—f WST1 reagent was used to compare
proliferation rates of empty vector control and lumican overexpressing
4T1 and NMuMg cells. Proliferation was measured daily for 3 days. Data
is depicted as average fold increase (+/— SE) of four independent exper-
iments compared to empty vector control on day 1

Collectively, these results showed that lumican blocks
breast cancer growth and metastasis to lung independently of
angiogenesis suppression. Interestingly, this was the first ex-
ample wherein lumican failed to suppress tumor angiogenesis

and suggested that lumican may not be a universal inhibitor of
angiogenesis but rather may inhibit angiogenesis only under
restricted circumstances.

Discussion

We and others have begun to unravel the function of lumican
in experimental models of cancer and angiogenesis, howev-
er, there remain significant questions regarding lumican
function in these processes. One persisting question has to
do with the fact that although lumican has until now been
shown to consistently suppresses angiogenesis [2, 6, 24],
lumican is nonetheless commonly overexpressed in cancers
but does not consistently correlate with decreased malignan-
cy as would be predicted for an angiogenesis inhibitor. Our
current results help clarify this paradox by showing that
lumican’s anti-angiogenic activity manifests only under re-
stricted circumstances. In combination with our previous
results [24], we have found that both overexpressed and
endogenously expressed lumican suppressed angiogenesis
in PanO2 tumors while overexpressed lumican failed to sup-
press angiogenesis in 4T1 breast cancer tumors. Therefore, we
believe that the failure of lumican to consistently correlate
with decreased cancer malignancy is due to the differential
ability of lumican to suppress angiogenesis in various tumor
types. The mechanistic basis for this remains unexplored, but
several hypotheses present themselves. First, previous reports
have shown that lumican is proteolytically cleaved by
MMP14 [13] raising the possibility that tumors with high
MMP14 activity may be resistant to the anti-angiogenic ac-
tivity of lumican. Our data however did not support this
hypothesis since PanO2 tumors but not 4T1 tumors expressed
high levels of MMP14 mRNA (data not shown). An second
hypothesis is that heterogenous endothelium within different
tissues or tumor types [1] may have differential sensitivity
to lumican. However, our data also do not support this hy-
pothesis since recombinant lumican, but not endogenously
expressed lumican suppressed angiogenesis in matrigel plugs
[2], and Fig. 4). Based on this observation, a final hypothesis
is that non-glycosylated lumican core protein such as
recombinantly produced protein blocks angiogenesis while
endogenously expressed and glycosylated lumican is unable
to suppress angiogenesis. If correct, it will be critical in future
studies to compare lumican glycosylation in various tumor
cell types. Future studies will be directed at testing this
hypothesis.

Despite the fact that lumican did not suppress 4T1 tumor
angiogenesis, lumican overexpression did potently suppress
4T1 tumor growth and metastasis. This result indicates that in
addition to lumican’s anti-angiogenic activity, this matricellular
molecule also directly impacts tumor cell physiology. Thus, the
direct effect on tumor cell invasion and migration coupled with
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volume is depicted as average fold increase (+/— SE) of three independent
experiments compared to control tumors on day 7. b representative pictures

the anti-angiogenic activity of lumican indicates that lumican is
a multi-functional matricellular protein that like many other
matricellular molecules exhibits contextual and cell specific
activities.
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Fig. 7 Lumican suppresses 4T1 breast cancer metastasis to Lungs. a
Images showing metastatic colonies of 4T1 breast cancer cells in lungs
from mice injected with control or Lumican overexpressing (Lumican)
4TI breast cancer cells. b Represents a quantification of metastatic
colonies in lungs from mice injected with either control or Lumican
overexpressing (Lumican) 4T1 cancer cells. Each data point represents
Mean + SD. ** indicate P<0.05, Student #-test, N=3
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of tumors dissected from a single experiment. ¢ Final mass of dissected
tumors was compared and is depicted as the average decrease (+/— SE) of
three independent experiments compared to final control tumor mass. *
indicates p<.05, student’s #-test. d Dissected tumors were sectioned and
vascular density was monitored by immunohistochemistry with anti-CD31
antibodies. e Densitometry by Image J software was used to quantify CD31
staining in tumor sections

Finally, we also investigated the anti-angiogenic activity
of lumican in non-tumor models of angiogenesis and were
unable to detect a significant anti-angiogenic activity in
wound healing assays, aortic ring assays, or matrigel plug
implantations. These results are also consistent with our
previous results showing that wound healing is delayed in
lumican knockout mice, not accelerated as would be
expected if lumican were anti-angiogenic in granulation
tissue [26]. Moreover, as is the case for tumors, these results
seem to indicate that lumican is only anti-angiogenic under
restricted circumstances. More provocatively, these results
also suggest that the anti-angiogenic activity of endogenous-
ly expressed lumican functions only within a restricted sub-
set of tumor microenvironments, therefore, raising the pos-
sibility that lumican may represent an attractive therapeutic
avenue to specifically inhibit angiogenesis in some tumors
while sparing angiogenesis in other tissues such as healing
wounds.

Collectively, these new results broaden our understanding of
lumican’s role in vascular biology and raise new questions
regarding the molecular mechanism by which lumican sup-
presses angiogenesis.
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