Table 1 Incid of peri | heli by
i i I injecti of ferric and

nitrilotriacetic acid

Number of rats
with other tumors

Number of rats
with mesothelioma

Iron-treatment group

Male (N =24) 16 (66.7%) 1 (4.2%)

Female (N = 30) 1(3.3%) 7 (233%)
Control group

Male (N=17) 0 (0%) 2(11.8%)

Female (N=21) 0 (0%) 1 (4.8%)

Numbers in parentheses show the animal numbers used in each group.

A second tumor type was found associated with intra-
abdominal organs such as the stomach, spleen, and abdom-
inal wall (Figure 2). These tumors showed strong invasive
activity and sometimes presented as a mass involving several
organs, omentum, and mesentery. Because of their invasive
nature, these tumors were lethal primarily due to intestinal
obstruction. Ascites was not observed. Histology showed
high-grade spindle cell tumors, proliferating on the serosal
surface of the organs. By immunohistochemical analysis,
these tumors were cytokeratin-negative, desmin-negative
but  podoplanin-positive (weak to moderate). Im-
munohistochemistry for S-100 was sometimes weakly posi-
tive (Figure 2). Thus, these tumors represented counterparts
of human SM. No transition from EM to SM was observed.
Both tumor types, EM and SM, presented male pre-
ponderance (Table 1).

Array-Based CGH Analyses Classified Ferric Saccharate-
Induced Rat Peritoneal Mesothelioma into Two Distinct
Types

Six cases of EM and five cases of SM were analyzed by aCGH.
Array-based CGH analysis clearly distinguished the two his-
tological types. Although EMs showed numerous minor
genomic amplifications and deletions, most of SMs showed a
variety of chromosomal amplifications and deletions
(Figure 3a). In particular, four out of the five cases of SM
showed homozygous deletion of CDKN2A/2B, and in two
cases amplification of ERBB2-containing region. The
results obtained by aCGH were confirmed by FISH analysis
(Figure 3b and c).

Expression Array Analysis Revealed Overexpression of
Uromodulin in the Majority of Cases

Six cases of EM and two cases of SM were analyzed with
expression microarray analyses (Table 2). The remaining
cases of SM were not assayed by this technique because of
poor-quality RNA, as the animals were found dead. Expres-
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sion data for the 20 most strongly up- or downregulated
genes are summarized in Tables 3 and 4 (Gene Expression
Omnibus accession number GSE16138). We focused on ur-
omodulin in this study as it is a major urinary protein,'® and
mesothelial cells and renal tubular cells are both of meso-
dermal origin. We confirmed the overexpression of this gene
by RT-PCR analysis, western blot analysis, and im-
munohistochemistry (Figure 4). Brain, kidney, and testis in
adult rats showed high expression of uromodulin.

Expression of Mesoderm-Specific Transcription Factors

Several mesoderm-specific early embryogenesis transcription
factors were studied along with ectoderm- or endoderm-
specific transcription factors. Out of the transcription factors
examined, mesotheliomas showed activated DLX5,'¢ ONECUT1
(HNF6),'” and Pax6,'® whereas the activation of HANDI1,'®
ISL1,%* and MEIS1?" were not observed.

Oxidative Stress in Peri | Mesothelial Cells after
Injection of Ferric Saccharate

Prominent iron deposition was found in the meso-
thelia and surrounding tissue including macrophages.
Nuclear immunopositivity for 8-hydroxy-2'-deoxyguanosine
(8-OHdG),"? an oxidatively modified DNA product, was
significantly increased in the mesothelia 4 weeks after re-
peated iron saccharate administration (Figure 5). At the same
time, significant increase in DNA-strand breaks of the nu-
clear genomic DNA were observed in the mesothelia after
iron treatment, based on TUNEL method (data not shown)
and immunohistochemical analysis for single-stranded DNA

(Figure 5).

DISCUSSION

In this study, we followed the established protocol to generate
iron-induced peritoneal mesothelioma,*? and analyzed the
generated tumors using two different microarray techniques.
An iron chelator, nitrilotriacetate, has been used in this fiber-
unassociated mesothelioma model to mobilize the catalytic
form of iron from deposits.”*** Our study revealed a number
of important implications regarding mesothelioma, which is
a serious social problem in many countries following asbestos
exposure. From an epidemiological standpoint, asbestos fi-
bers, in particular, crocidolite and amosite, are recognized to
be more carcinogenic when containing high amounts of
iron.® During the carcinogenenic experiments presented here,
a relatively high amount of iron (a total of approximately
300mg iron/kg body weight) was used. In contrast, only
15mg iron/kg in the case of crocidolite or amosite is enough
to produce high-grade mesothelioma in the majority of rats
(Li J and Toyokuni S, unpublished data). Therefore, ferric
saccharate is a much weaker carcinogen than crocidolite or
amosite, considering the fact that most of the animals did not
die from the disease up to 26.7 months. This suggests that the
shape, size, and probably surface characteristics of the mo-
lecules are important contributing factors in mesothelial
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Table 2 Pathological findings of all the i tumors
Case Original number Cell type Structure Size of main Primary organ Dissemination
tumor (mm) range (mm)
M1-male 1-1-male EM Papillary <2mm, multiple Testis and peritoneum 120
M2-male 15-1-male EM Papillary <2mm, multiple Testis 60
M3-male 15-2-male EM Papillary <3mm, multiple Testis 30
M4-male 15-4-male EM Papillary <3mm, multiple Testis 30
M5-male 15-5-male EM Papillary <3mm, multiple Testis and peritoneum 120
Mé6-male 13-2-male EM Papillary <2mm, multiple Testis and peritoneum 120
M7-male 10-4-male ™M Solid 25 Stomach and spleen NA
M8-female 12-4-female SM Solid 30 Abdominal wall NA
M9-male 11-2-male M Solid 50 Stomach NA
M10-male 13-1-male SM Solid 50 Abdominal wall NA
M11-male 13-2-2-male SM Solid 100 Stomach and omentum 150
M12-male 8-2-male EM Papillary <1mm, multiple Testis 20
M13-male 8-3-male EM Papillary <1mm, multiple Testis 30
M14-male 10-2-male EmM Papillary <1mm, multiple Testis <5mm
M15-male 10-3-male EM Papillary <1mm, multiple Testis <5mm
M16-male 11-1-2-male EM Papillary <1mm, multiple Testis <5mm
M17-male 13-3-male EM Papillary <1mm, multiple Testis 10
T1-female M-2-1 Fibroadenoma Solid 30 Mammary gland NA
T2-female M-2-4 Fibroadenoma Solid 50 Mammary gland NA
T3-female M-4-1 Fibroadenoma Solid 40 Mammary gland NA
T4-female M-4-3 Fibroadenoma Solid 80 Mammary gland NA
T5-female M-6-2 Fibroadenoma Solid 100 Mammary gland NA
T6-female M-7-1 Fibroadenoma Solid 40 Mammary gland NA
T7-female M-14-2 Mature cystic teratoma Solid 50 Ovary NA
T8-male 0-1011 Leydig cell tumor Papillary 6 Testis NA
C1-male 0-17-4 Hepatocellular carcinoma Solid 50 Liver NA
C2-male 0-21-3 Fibrolipoma Solid 80 Soft tissue NA
C3-female M-22-4 Fibroadenoma Solid 10 Mammary gland NA

EM, epithelioid mesothelioma; SM, sarcomatoid mesothelioma; NA, not applied.

M1-11 and M1-8 were used for array-based c

carcinogenesis. Here, paradoxically the weaker carcinogenesis
model did present several novel viewpoints.

First, these experiments revealed a clear preference for tu-
morigenesis in males. This observation is consistent with the
accumulated human epidemiological data.”® However, in the
case of humans, differences in frequency and doses of asbestos
exposure between males and females must be considered. Our
results indicate that sex hormone and/or anatomical differ-
ences such as the presence of tunica vaginalis are also con-
tributing factors in the generation of mesothelioma.

We classified mesotheliomas into two types: low-grade and
high-grade. Low-grade tumors were of the epithelioid type,*®
originating from the vicinity of tunica vaginalis testis. Some

364

analyses and

microarray analyses, respectively.

of these tumors disseminated to the whole abdominal cavity.
High-grade tumors were of the sarcomatoid type, originating
in the upper abdominal cavity. Fischer-344 strain rats are
known to generate testicular mesothelioma albeit at a low
incidence (0-1.3%).2”?® To control this situation, we have
used F1 hybrid rats crossed between Fischer-344 and Brown-
Norway strains, and the hybrid animals in these experiments
presented no mesothelioma in the untreated control group.
Therefore, we believe that our data was not affected sig-
nificantly by the background of genetic susceptibility to
mesothelioma.

We confirmed the histological diagnoses by immuno-
histochemistry in a similar manner as applied to human cases
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Figure 2 Two distinct types of mesothelioma induced by iron saccharate ai
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was immunostained with red color, whereas S-100, desmin, and pancytokeratin are shown in brown. The arrows indicate mesothelioma. TS testls LV, liver.

Arrowheads, smooth muscle in vessels (bar = 100 um).

of mesothelial tumors.*® Epithelioid types were strongly positive
for podoplanin, and sarcomatoid types were negative for des-
min (myogenic marker). Unfortunately, many antibodies are
not available for rats. Sarcomatoid tumor types showed weak-
to-moderate positivity for podoplanin and no positivity for
pan-keratin in our study. Some of the cases showed weak po-
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sitivity for S-100. Such cases are also described in human
mesotheliomas.”® Of note was the fact that these two types of
tumors were clearly different in their aCGH profiles.
Importantly, most of the sarcomatoid type tumors examined
showed homozygous deletion of CDKN2A/2B (pl6™<*/
p15™5y) with two cases of ERBB2 amplification.

-76-



Deletion of CDKN2A/2B in iron-induced mesothelioma
QHuetal

ERBB2 is a receptor tyrosine kinase for epidermal growth
factor.?** Activation of ERBB2 is reported in human me-
sothelioma cell lines.”! Our present study demonstrated that
oxidative stress is a cause of ERBB2 amplification. Inactiva-
tion of CDKN2A/2B is the second most common genetic
event in human cancers next to p53 tumor suppressor gene
alterations.> There are three different mechanisms of in-
activation: (i) homozygous deletion, (ii) inactivating muta-
tion with loss of heterozygosity, and (iii) methylation of the
CpG island promoter region. It is probably not a coincidence
that CDKN2A/2B is a major tumor suppressor gene target in
ferric nitrilotriacetate (Fe-NTA)-induced rat renal carcino-
genesis model,” in which a major mode of inactivation is
also homozygous deletion.”*** In the renal carcinogenesis
model, an iron-catalyzed Fenton reaction is repeatedly in-
duced in the target renal proximal tubular cells early in
carcinogenesis®®*® These data strongly suggest that iron-
mediated oxidative DNA damage is a major cause of the
homozygous deletion of CDKN2A/2B. Interestingly, po-
tassium bromate shares with iron compounds the ability to
cause not only mesothlioma® but also renal cell carcinoma *°
presumably by oxidative stress.*’

For the homozygous deletion to occur, DNA double-
strand breaks (DSBs) should be present, either as DNA da-
mage or endogenous mechanisms. The presence of DSBs in
the genomic DNA during replication is expected to result in
homozygous deletion. So far, it is established that y-radia-
tion, ultraviolet radiation, and transition metals are causative
agents of DNA DSBs.*"** Furthermore, various repair pro-
cesses of DNA base modifications.*> or hypermutation with
increased activity of activation-induced deaminase can be
endogenous causes of DSBs.** ™ In many cases of human
leukemias, which can be induced by y-radiation,*” translo-
cations and deletions are frequently observed.***” However,
as far as we know in animal carcinogenesis models, massive
chromosomal alterations as seen in the high-grade me-
sothelioma and Fe-NTA-induced renal cell carcinoma'* have
not been reported, except for genetically engineered mice
leading to malignant lymphoma.”® These results emphasize
the importance of iron-mediated oxidative stress in carci-
nogenesis. Indeed, at the evaluation of the peritoneum 4
weeks after the start of the experiment, iron deposition was
clear in the mesothelial cells with evidence of oxidative stress
and DNA-strand breaks. Previously, we demonstrated in vitro
that 8-OHdG formation and single/double-strand breaks in
DNA are proportional.” 8-OHdG is produced either by ‘OH,
'0,, or photodynamic action. Iron is closely associated with

"OH generation as a catalyst in Fenton reaction,”” and pro-
vides a mutation-prone environment that stochastically cul-
minates in tumorigenesis. Thus, the iron-induced animal
carcinogenesis presents an ideal model how CDKN2A/2B is
selected as a target of homozygous deletion in a situation
where DNA DSBs and CDKN2A/2B are associated in terms of
a senescence-like condition.”® We are currently working on
how specific amplification and deletion in the genome are
generated by the use of a methodology called oxygenomics.>

Next, we would like to discuss how the two different types
of mesothelioma are generated. Interestingly, EMs were
produced at the lowest point of the body in male animals. It
is possible that iron deposition is more prominent around
tunica vaginalis testis in males. In contrast, special uni-
dentified mesothelial cells prone to transformation may be
present in this anatomical location. In human pleural me-
sotheliomas, homozygous deletion of CDKN2A/2B is present
in a majority of cases (69% in EMs and 100% in SMs).> This
implies that the EMs in our study with no prominent
chromosomal instability are at early stages and that deletion
of CDKN2A/2B is not always necessary for the induction of
EMs. On the contrary, all the SMs occurred at the upper
abdominal area, concomitant with homozygous deletion of
CDKN2A/2B in 80% of the cases. Although iron overload
appears important to generate the homozygous deletion of
CDKN2A/2B, we suspect that increased oxygen tension by
repeated intraperitoneal injections at the upper abdominal
area might have assisted this genomic alteration as oxygen
tension of the peritoneal cavity is maintained much lower
than the atmosphere.”® Another contributing factor could be
abundant adipocytes in the omentum and mesentery. It is
possible that secretion of a variety of cytokines by adipocytes
and inflammatory macrophages may have modulated carci-
nogenesis after iron overload.”” It also remains elusive whe-
ther mesothelioma truly originates from surface mesothelial
cells, as mesothelial cells and lymphatic cells are seamlessly
connected in the parietal pleura.”®

In expression microarrays, it is important to choose ap-
propriate control samples. In the case of mesothelioma, this
is not trivial. We have tried two different samples, namely,
brush-scraped surface cells from the pleural and abdominal
cavity and soft tissue surrounding the tunica vaginalis testis,
and the average was used. Following expression profiling, we
focused primarily on uromodulin and transcription factors
associated ~ with  early mesodermal differentiation.
Uromodulin showed the most significant change, especially
in EMs. Uromodulin has been recognized as the most

»

»
Figure 3 Amay-based ¢ genome analysis of (a) Whole genome data. EM ype. SM, sarc id-type.
Numbers denote the rat chromosome number. Sarcomatoid-type tumors revealed more i ions than ype tumors.

(b) Data from the long-arm of chromosome 5 in sarcomatoid

Common

pi
deletlon of p16 (CDKN2A) and p15 (CDKN2B) is observed.

Inset shows the magnification of CDKN2A/2B area (longitudinal line shows the exact gene location). Representative data from FISH analysis are shown (orange
signals under DAPI nuclear counterstaining; left, splenic lymphocytes; right, mesothelioma). (c) Data from the long-arm of chromosome 10 in sarcomatoid
mesothelioma. Common amplification of ERBB2 is observed. Inset shows the magnification of ERBBz area (longitudinal line shows the exact gene location).
Representative data from FISH analysis are shown (green signals under DAPI nuclear two with or without ERBB2 amplification).
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Table 3 Top 20 Up

d genes in i

induced bali

GenBank no.

Genes upregulated

Gene description

Epithelioid mesothelioma

Fold change (log2)

NM_001017496 Similar to small inducible cytokine B13 precursor (CXCL13) 9.218209417
NM_001008831 RT1 class Il, locus Ba (RT1-Ba) 871250575
NM_017082 Uromodulin (Umod) 7.9219705
NM_022175 Placentae and embryos oncofetal gene (Pem) 7.658948067
U15550 Tenascin-C 7634158617
NM_012881 Secreted phosphoprotein 1 (Spp1) 7575371133
NM_024142 Matrix extracellular phosphoglycoprotein with ASARM motif (bone) (Mepe) 7.260534987
NM_001008560 Protease, serine, 35 (Prss35) 7.201287705
NM_013028 Short stature homeobox 2 (Shox2), 7152587133
NM_017216 Solute carrier family 3, member 1 (Slc3a1) 7.004159133
NM_031757 Matrix metallopeptidase 24 (Mmp24) 6.9717793
NM_030837 Kidney-specific organic anion transporter (Slc21a4) 6.9573312
NM_001024893 Similar to melanoma antigen family A, 5 (MGC114427) 6673916917
NM_031044 Histamine N-methyltransferase (Hnmt) 6.611724693
NM_017210 Deiodinase, iodothyronine, type Il (Dio3) 6.5584509
ENSRNOT00000020919 Glia-derived nexin precursor (GDN) (Protease nexin I) (PN-1) 6.543974733
NM_019134 Solute carrier family 12, member 1 (Slc12a1) 6.519795817
NM_012995 Oncomodulin (Ocm) 6.427419253
NM_175760 Cytochrome P450, family 4, subfamily a, polypeptide 14 (Cyp4a14) 6.383245517
NM_022590 Solute carrier family 5 (sodium/glucose cotransporter), member 2 (Slc5a2) 6.297669483
Genes upregulated Sarcomatoid mesothelioma

NM_001008560 Protease, serine, 35 (Prss35) 8482390353
ENSRNOT00000003452 Tenascin N (predicted) (Tnn_predicted) 8.014980133
NM_001008831 RT1 class Il, locus Ba (RT1-Ba) 7632204375
NM_013028 Short stature homeobox 2 (Shox2) 7028548317
ENSRNOT00000056534 Fragile X mental retardation 1 neighbor (Fmrinb_predicted) 7.009716683
NM_133523 Matrix metallopeptidase 3 (Mmp3) 6.860669808
ENSRNOT00000031175 Cellular retinoic acid-binding protein 1(CRABP-I) 6.7431448
U15550 Tenascin-C 6.739385108
NM_012881 Secreted phosphoprotein 1 (Spp1) 6.479985417
NM_019282 Gremlin 1 homolog, cysteine knot superfamily (Xenopus laevis) (Grem1) 6.262645658
NM_172333 Collagen triple helix repeat containing 1 (Cthrc1) 6.101469273
ENSRNOT00000020919 Glia-derived nexin precursor (GDN) (Protease nexin I) (PN-1) 5882276717
NM_001006993 Sarcoglycan, gamma (dystrophin-associated glycoprotein) (Sgcg) 5.860486633
ENSRNOTO00000011507 Collagenase 3 precursor (EC 3.4.24.-) (Matrix metalloproteinase-13) (MMP-13) 5.846046783
NM_053881 Protein tyrosine phosphatase, receptor type, N (Ptprn) 5.760772425
NM_021666 Triadin (Trdn) 5.510140083
NM_012980 Matrix metallopeptidase 11 (Mmp11) 5.505010658
NM_013046 Thyrotropin releasing hormone (Trh) 549094599
NM_001025155 Leucine-rich repeat containing 17 (Lrrc17) 543975145
NM_013153 Hyaluronan synthase 2 (Has2) 5407057475
368 Laboratory Investigation | Volume 90 March 2010 | wwwe.laboratoryinvestigation.org
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Table 4 Top 20 D lated genes in iron-induced hell
GenBank no. Gene description Fold change (log2)
Genes downregulated Epithelioid mesothelioma
ENSRNOT00000006885 PREDICTED: similar to cystatin E2 —8.73490455
NM_138842 Surfactant-associated protein B (Sftpb) —8.402350217
NM_138854 Solute carrier family 38, member 5 (Slc38a5) —7.91033265
NM_053983 CD52 antigen (Cd52) —7.259246867
XM_574039 PREDICTED: glutathione peroxidase 5 (Gpx5) —7.182397383
NM_153301 Arachidonate 15-lipoxygenase, second type (Alox15b) —7.109294617
NM_139085 Cystatin 11 (Cst11) —7.021647783
NM_144744 Adiponectin, C1Q and collagen domain containing (Adipoq) —6.90978975
NM_001012056 Carboxylesterase 615 (LOC307660) —6.658661367
NM_001001519 Lipocalin 6 (Lcné) —6.620507583
NM_001009524 Beta-galactosidase-like protein (Bin2a) —6.5667172
NM_139339 Tramdorin 1 (Slc36a2) —6.48272195
ENSRNOT00000044284 PREDICTED: lipocalin 9 (predicted) (Lcn9_predicted) —6.467987617
NM_019258 Cystatin 8 (cystatin-related epididymal spermatogenic) (Cst8) —6.3628091
NM_017342 Surfactant-associated protein C (Sftpc) —6.166993217
NM_001008561 Ribonuclease, RNase A family, 9 (non-active) (Rnase9) —5.987007817
NM_134326 Albumin (Alb) —5.957892917
NM_053730 Stromal antigen 3 (Stag3) —5.949726633
NM_001001934 Lymphocyte antigen 6 complex, locus G5B (Ly6g5b) —5.9309187
NM_153734 Cystatin TE-1 (LOC266776) —5.847135583
Genes downregulated Sarcomatoid mesothelioma
NM_138842 Surfactant-associated protein B (Sftpb) —9.550074108
NM_053983 (D52 antigen (Cd52) —8.859255933
ENSRNOT00000006885 PREDICTED: similar to cystatin E2 —8.451462275
XM_574039 PREDICTED: glutathione peroxidase 5 (Gpx5) —8.209176692
NM_138854 Solute carrier family 38, member 5 (Slc38a5) —7.371380075
NM_139085 Cystatin 11 (Cst11) —7.356058742
NM_001001519 Lipocalin 6 (Lcn6) —6.846685092
NM_153301 Arachidonate 15-lipoxygenase, second type (Alox15b) —6.697708308
NM_001009524 Beta-galactosidase-like protein (Bin2a) —6.5989881
NM_001009540 Tumor-associated calcium signal transducer 2 (Tacstd2) —6.56866565
NM_001008561 Ribonuclease, RNase A family, 9 (non-active) (Rnase9) —6.462160908
NM_001012056 Carboxylesterase 615 (LOC307660) —6.120110183
NM_001004236 Tetraspanin 1 (Tspan1) —6.071135933
NM_019258 Cystatin 8 (cystatin-related epididymal spermatogenic) (Cst8) —6.01918205
NM_147213 Alpha-2u globulin PGCL5 (LOC259245) —6.012992958
NM_139339 Tramdorin 1 (Slc36a2) —5.990390975
ENSRNOT00000044284 PREDICTED: lipocalin 9 (predicted) (Lcn9_predicted) —5.982269108
NM_001006990 Cell adhesion molecule JCAM (LOC304000) —5.772606325
NM_001001934 Lymphocyte antigen 6 complex, locus G5B (Ly6g5b) —5.756341
NM_053730 Stromal antigen 3 (Stag3) —5.744070067
wivw laboratoryinvestigation.org | Laboratory Investigation | Volume 90 March 2010 369
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Figure 4 Expression analysis of lin and iated transcription factors. (a) Levels of uromodulin message in iron-induced
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surrounding tunica vaginalis testis. (b) histochemical analysis of lin. Renal tubular cells in the ascending Ioop of Henle and semlmferous
tubules in testis are well immunostained (Control organs are from an 8-week-old male Wistar rat). head shows il
(bar =100 um in kidney and testis; 200 um in mesothelioma). (c) Western blot analysis of uromodulin. (d) Expresslon analysis of vanous embryonal
transcriptional factors. PAX6 and MEIS1, ectodermal; DLX5, HAND1 and ONECUT1, d I; 1SL1, ec
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Figure 5 Analysis of oxidative stress in mesodermal cells 4 weeks after repeated iron saccharate
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abundant urinary protein,'”® and is immunosuppressive
through interaction with interleukin 1o *° and tumor ne-
crosis factor by its lectin-like activity.*” In this way, ur-
omodulin may protect mesothelioma cells from the attack of
immune cells. Regarding the discrepancy between mRNA and
protein levels in the kidney and mesothelia (Figure 4a and c),
we are currently studying it at the three different levels: mi-
croRNA, protein stability, and secretion.

Interestingly, we found that iron saccharate-induced me-
sotheliomas were driven by mesoderm-specific transcription
factors, DLX5'® and ONECUT1 (HNF6),” but not
HANDL." It is to be noted that an ectoderm-associated
transcription factor, PAX6, was also activated. Thus, these
molecules can be novel markers for early diagnosis and
therapeutic targets if the situation is the same for human
mesothelioma. Serum osteopontin (also as secreted phos-
phoprotein 1) levels have been proposed as a marker of
mesothelioma and asbestos exposure®'** We could confirm
this in our expression microarray profiles. Other up- or
downregulated genes listed in the Tables 3 and 4 are under
investigation for their roles in carcinogenesis.

In conclusion, we found two distinct pathologic types in
the iron saccharate-induced mesothelioma rat model. In
high-grade tumors, homozygous deletion of CDKN2A/2B

.
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was observed except only one case. Thus, our data strongly
support that iron overload induces homozygous deletion of
CDKN2A/2B. At the same time, iron overload is a major risk
factor for the generation of mesothelioma, and any condition
to induce peritoneal iron overload may eventually increase
the risk for mesothelioma. Several genetically engineered
mesothelioma models demonstrated the essential role of
NF2, CDKN2A/ARF, and P53 in mesothelial carcinogen-
esis.***° However, it remains elusive how oxidative DNA
damage catalyzed by iron leads to specific homozygous de-
letion of CDKN2A/2B. In this sense, this model is appropriate
for the further study of mesothelial carcinogenesis and its
preventive intervention.
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Tetraspanin CD151 Regulates Transforming Growth Factor 8
Signaling: Implication in Tumor Metastasis

Rafat Sadej', Hanna Romanska'-2, Dean Kavanagh®, Gouri Baldwin', Takashi Takahashi®,
Neena Kalia®, and Fedor Berditchevski'

Abstract

Tetraspanin CDI151 is 1 with 1. binding integrins and controls tumor cell migration and
i ion. By i p of breast cancer cells to various growth factors, we showed that deple-
tion of CD151 specnﬁcally attenuates transforming growth factor R1 (TGFp1)-induced scattering and pro-
liferation of breast cancer cells in three-dimensional Matrigel. CD151-dependent cell scattering requires its
association with either a331 or a6 integrins, but it is independent of the recruitment of CDI5I to tetra-
p: iched We also found that CD151 regulates the compartmentalization of TGF-B
type 1 receptor (TBRI/ALK-5) and specifically controls the TGFf1-induced activation of p38. In contrast,
signaling leading to activation of Smad2/3, c-Akt, and Erkl/2 proteins was comparable in CD151(+) and
CD151(-) cells. Attenuation of TGFR1-induced responses correlated with reduced retention in the lung
vascular bed, inhibition of pneumocyte-induced scattering of breast cancer cells in three-dimensional Ma-
trigel, and decrease in experimental metastasis to the lungs. These results identify CD151 as a positive
regulator of TGFpR1-initiated signaling and highlight the important role played by this tetraspanin in

TGFR1-induced breast cancer metastasis. Cancer Res; 70(14): 6059-70. ©2010 AACR.

introduction

Tetraspanin protein CD151/Tspan24 is a member of a
large family of four t 1 domain p which
directly interacts with laminin-binding integrins (i.e., a3p1,
«6PB1/34, and a7R1; refs. 1, 2). It affects their ligand-binding
properties, thus regulating adhesion-dependent signaling and
postadhesion events including cell migration (3). In addition,
it has been shown that CD151 regulates the internalization of
the associated integrins, a process that is integral to cell
motility (4). Finally, we have recently reported that CD151
specifically affects glycosylation pattern of a3p1, and
CD151-dependent differences in glycosylation of this integrin
contribute to the modulatory activity of CD151 toward this
integrin (5).

In addition to this CD151 regulates activity of laminin-
binding integrins through tetraspanin-enriched microdo-
mains (TERM or TEM), molecular aggregates on the plasma
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membrane, which include other tetraspanins and cytoplas-
mic signaling proteins (3). Association with CD151 is critical
for the recruitment of laminin-binding integrins to TERM,
where they can cooperate with other TERM-associated trans-
membrane proteins (6).

Cooperation between integrins and receptors to various
growth and chemotactic factors is well established and oc-
curs at multiple levels (7, 8). This involves cell type-specific
association of various integrins with growth factor/
chemokine receptors (GF-/ChR), integrin-mediated control
over ligand-induced activation of GF-/ChR, and adhesion-
d d dul of signaling pathways downstream
of achvaled GF /ChR. Integrin-associated transmembrane

i g CD47, tetrasp and the L6-Ag family
members can a.ll function as mediators in communication
between integrins and GF-/ChR (3, 9-11). We and others
have previously described the association of tetraspanins
with transmembrane receptors to growth factors including
epidermal growth factor receptor (12, 13), receptor to hepa-
tocyte growth factor (c-Met; ref. 14), and receptor for Steel
factor (c-Kit; ref. 15). Furthermore, it has been proposed
that tetraspanin microdomains may represent a focal point
in which signaling through integrins and receptors for
growth/chemotactic factors can be coordinated (3). Indeed,
it has been shown that adhesion-dependent cellular res-
ponses triggered by activated c-Met are regulated by tetra-
spanins CD82 and CD151 (14, 16). Likewise, CD81 and CD9
regulated adhesion-dependent proliferation in response to
fibroblast growth factor (17). In addition, tetraspanins
may target growth factor receptors independent of their
association with integrins (12, 14), and this may involve
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tetraspanin-dependent changes in surface compartmentali-
zation of the receptors (13, 18).

Here, we found that depletion of CD151 attenuated the
responses of breast cancer cells to transforming growth
factor 31 (TGFB1) in three-dimensional extracellular ma-
trix (ECM). This correlated with specific changes in the
TGFp1-induced signaling leading to the activation of p38.
Importantly, we found that attenuated responses to TGFp1
correlated with decreased retention of CD151-depleted
cells in the lungs, inhibition of tumor cell growth and scat-
tering in coculture with lung epithelial cells, and, conse-
quently, diminished metastatic burden of breast cancer
cells.

Materials and Methods

Cells, antibodies, and reagents

MDA-MB-231/CD151(+), MDA-MB-231/CD151(-), MDA-
MB-231/CD81(-), MDA-MB-231/a3p1"°, MDA-MB-231/
bp4'™, DCIS.com/CD151(+), and DCIS.com/CD151(-) cell
lines were generated using appropriate short hairpin RNA
lentiviral constructs with cells expressing low levels of the
target proteins being selected after cell sorting (5, 19, 20).
MDA-MB-231/CD151rec, MDA-MB-231/CD151palm, and
MDA-MB-231/CD151-QRD cell lines were d after

Culturing cells in three-dimensional Matrigel

Cell culturing in three-dimensional Matrigel was previous-
ly described (20). In some experiments, cells were cultured
in endothelial basal medium (Promocell), which was supple-
mented with 2% FBS and various growth factors/chemo-
kines (at 10 ng/mL); growth medium was replaced every
third day. To cell p in three-di |
Matrigel, AlamarBlue (Invitrogen) was added at different
time points to the growth media and cells were further in-
cubated for 4 hours at 37°C. Fluorescence of the samples
was d using the Fl kan plate reader. In cell co-
culture experiments, HPL1D cells were grown in 48-well
plates until they reached 80% confluency: MDA-MB-231 cells
suspended in Matrigel (8 x 10%/200 pL) were subsequently
overlaid and cultured for 7 to 10 days with growth media
(DMEM/10%FCS) being replaced every third day. In some
experiments, GFP-expressing MDA-MB-231 cells were pre-
mixed with HPLID cells at the ratio 1:100 and incubated
for 30 to 60 minutes on a slowly rocking platform to induce
the formation of cell aggregates. Aggregates were carefully
suspended in Matrigel and cultured for 7 to 10 days. For
all three-dimensional culture experiments, representative
pictures were taken every 2 to 3 days using the Nikon
Eclipse TS100 microscope.

Anal 1 cional

the transfection of MDA-MB-231/CD151(-) cells with the
wild-type and appropriate mutants of CD151 and subsequent
selection CD151-expressing cells by cell sorting (5). Cell lines
expressing low levels of a6 integrins (MDA-MB-231/a6"°*B1/
34 and MDA-MB-231/a3p1'""a6'"31/B4) were established
by infecting of MDA-MB-231 and a3p1'°" cells with
pLVTHM-based lentivirus encoding short hairpin RNA that
targets a6 integrin subunit (target sequence, 5'-GGUCGUGA-
CAUGUGCUCAC-3'). To generate green fluorescent protein
(GFP)-expressing cells, MDA-MB-231/CD151(+) and MDA-
MB-231/CD151(-) were transduced with pLVTHM lentivirus
(encoding GFP), which was produced in 293T cells using a
standard protocol (20). All MDA-MB-231 and 293T cells were
grown in DMEM (Sigma) supplemented with 10% fetal
bovine serum (FBS). HPLID cells (21) were cultured in
Ham F12 media with 5 pg/mL insulin, 5 pg/mL transferrin,
10”7 mol/L hydrocortisone, 2 x 10” mol/L thyronine, and 1%
of FBS. The mouse anti-CD151 monoclonal antibodies (mAb)
used were 5C11 (22), 11B1G4 (provided by Dr. L. Ashman,
University of Newcastle, Newcastle, Australia), and NCL-
CD151 (Novocastra). Rabbit polyclonal antibodies against
TGFPR1 were from Santa Cruz; mouse mAb against 3-actin
was from Sigma; and mouse mAb against 34 integrin subunit
(3E1) was from Chemicon. Rabbit polyclonal antibodies to a3
and a6 integrin were generously provided by Dr. F. Watt
(Cambridge Research Institute, Cambridge, UK) and Dr. A.
Cress (Arizona Cancer Center, Tuscon, AZ). Mouse monoclo-
nal to a3- (A3-IVA5), a6- (A6-ELE), and (31- (TS2/16) integrin
subunit were previously described (23-25). The rest of the
antibodies used in this study were purchased from Cell Sig-
naling Technology. All growth factors were purchased from
PeproTech. SB431542 was from Calbiochem.

is of TGFB1-indi

Cells spread on Matrigel-coated (10 pg/mL) culture plates
were serum starved overnight and subsequently stimulated
with 10 ng/mL TGFp1 for different length of time. Cells were
lysed in the ice-cold Laemmli buffer supplemented with
2 mmol/L phenylmethylsulfonyl fluoride, 10 pg/mL aproti-
nin, 10 pg/mL leupeptin, 100 mmol/L Na3V04, 10 mmol/L
NaF, and 10 mmol/L Na3P407. Proteins separated by
SDS-PAGE were transferred onto nitrocellulose membrane
and probed with various antibodies using a standard protocol.

Fractionation in sucrose gradient

Fractionation of cellular lysates in the gradient of su-
crose was carried out as previously described (13, 18). In
brief, cells were homogenized in 100 mmol/L Na,CO; (pH
11.0) by passing through a 25G hypodermic needle, and
the lysates were subsequently sonicated (4 x 20 s bursts,
1-min interval, power 20). The lysates were mixed with
two volumes of 2 mol/L sucrose solution and overlaid with
two sucrose solutions (35% and 5%). Samples were centrifuged
at 100,000 g for 16 to 18 hours at 4°C in a Beckman SW60 rotor,
and 10 equal volume fractions were collected from the top
of gradient. The pellet was suspended in 200 pL of the lysis
buffer. Equal amounts of each fraction were mixed with
4x Laemmli loading buffer, and the proteins were resolved
by SDS-PAGE. Fractional distribution of proteins was subse-
quently analyzed by Western blotting.

Flow cytometry analysis
Cells were detached with cell dissociation buffer

(Life Technologies) and kept for 1 hour on ice with saturating
concentrations of appropriate mouse monoclonal antibodies.
Staining was visualized using phycoerythrin-conjugated goat

i
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anti-mouse IgG antibodies, and samples were analyzed with
COULTER Epics XL.

Metastasis experiments

All experiments were performed in accordance with insti-
tutional and national animal research guidelines. Cells were
injected i.v. into the lateral tail vein of 4- to 5-week-old athy-
mic mice to evaluate lung colonization. Mice were injected
with 5 x 10° cells/150 uL PBS/mouse. Six to 10 animals per
group were used in the experiments. The experiments were
terminated 8 weeks postinjection (or earlier if mice with ad-
verse symptoms were observed). At termination, the lungs
were removed and fixed in 10% buffered formalin and pro-

1

cessed for histol and i histochemi ly

Histology and morphometry

Paraffin sections of formalin-fixed lungs were processed
routinely for histology. The sections stained with HE were
analyzed, and images were captured using the Nikon E400
DS-U2/L2 software (Japan). For quantitative analysis, four sec-
tions at the distance of 200 pm on either side of the hilum were
cut and immunostained for vimentin (DAKO) using a standard
avidin-biotin-peroxidase lex method. M ic foci

and chemokines. Initially, we used MDA-MB-231/CD151(+)
and MDA-MB-231/CD151(-) cells, and assessed the growth
of these cells in three-dimensional Matrigel. In agreement
with the previous studies, we found that depletion of
CDI51 did not affect surface expression of predominant in-
tegrins in MDA-MB-231 cells (Supplementary Fig. S1). Ten
growth/ch actic factors were analyzed in these experi-
ments including PDGF-BB, HB-EGF, EGF, bFGF, SDF-1,
TGFa, HGF, TGF(1, IGF-1, and IL-1. Under the control con-
ditions (i.e., in the absence of additional growth factors), both
MDA-MB-231/CD151(+) and MDA-MB-231/CD151(-) cells
formed compact round aggregates (Fig. 1A, top). The mor-
phologic appearance of colonies was not affected when cells
were cultured in the presence of HGF, IL-1, EGF, IGF-I,
PDGF-BB, SDF1, HB-EGF, and TGFa (Supplementary
Fig. S2 and results are not shown). Tight intercellular inter-
actions within aggregates were looser in the presence of
bFGF, but we observed no apparent difference between the
CD151(+) and CD151(-) cells (Supplementary Fig. §2). By
contrast, the CD151-dependent differential resp was
seen when cells were grown in the presence of TGFB1. While
<20% of CD151-positive aggregates retained compact mor-

phology, the majority of colonies appeared as aggregates of

were counted in two low-power fields (4x) at each level, and
their area was quantified using the AxioVision LE software
(Zeiss). The numbers represent the average from eight counts
per measurements. The mean + SEM was calculated, and sta-
tistical analyses were carried out by the unpaired  test using a
GraphPad Prism 3.2 program (GraphPad Software).

Analysis of tumor cell trafficking in vivo using
intravital microscopy

Male C57BL/6 mice were anaesthetized with ketamine hy-
drochloride (100 mg/kg Vetalar; Amersham Biosciences and
Upjohn Ltd.) and xylazine hydrochloride (10 mg/kg; Mill-
pledge Pharmaceuticals). Animals subsequently underwent
carotid artery lation to allow ration of cells
fluorescently labeled with BCECF-AM (PPL 40/2749). Follow-
ing laparotomy, the left hepatic lobe was exteriorized and vi-
sualized intravitally using an inverted fluorescent microscope
(Olympus). MDA-MB-231/CD151(+) or MDA-MB-231/CD151
(=) (1 x 10°) cells were administered in a 100-pL bolus through
the carotid artery. Seven fields of view containing a postsinu-
soidal venule and surrounding sinusoidal capillaries were an-
alyzed 1 hour postinjection of cells. Lung tissue was isolated
from sacrificed mice at the end of the intravital experiments.
Tissue was washed in 0.9% saline and also analyzed on the
inverted fluorescent microscope. Ten fields of view were se-
lected in a set pattern, and adherent cells were counted.
The average from these 10 fields was obtained from each of
the five separate experiments.

Results

Depletion of CD151 affects the responses of breast
cancer cells to TGF31

We have analyzed whether the absence of CD151 can af-
fect responses of breast cancer cells to various growth factors

loosely associated cells, some of which developed characte-
ristic thin protrusions (thereafter, we referred to this type
of colony as having a “scattered” phenotype; Fig. 1A, bottom
left). Short protrusions were first observed 4 days after cells
were seeded in Matrigel, and they gradually became more
prominent after 8 days in three-dimensional culture (Fig. 1B).
In contrast to CD151-positive cells, ~80% of MDA-MB-231/
CD151(-) colonies remained compact and had smooth con-
tours during the time course of the experiments (Fig. 1A,
bottom right, and C). Although there was no obvious differ-
ence between CD151-positive and CD151-negative cells in the
number of colonies formed in the presence of TGF31, the
proliferative rate of MDA-MB-231/CD151(-) cells appeared
to be consistently lower (Fig. 1D). Similarly, TGFp1-induced
proliferation of another breast cancer cell line (DCIS.com)
was also attenuated after depletion of CD151 (Supplementary
Fig. $3). Importantly, the effect of CD151 depletion on
TGFB1-induced signaling was specific as knockdown of tet-
raspanin CD81 did not change responses of MDA-MB-231
cells (Supplementary Fig. S4). These data showed that
CDI151 specifically regulates TGFB1-induced resp of

breast cancer cells in three-dimensional Matrigel.

The role of CD151-associated integrins and tetraspanin
P fu b lati Tul

g P

to TGFB1

We and others have previously reported that in MDA-MB-
231 cells, the function of CDI151 is closely linked to laminin-
binding integrins (i.e., a331, «6B1, and a6p34; refs. 5, 20, 26).
To examine the involvement of these integrins in CD151-
dependent scattering induced by TGFR1, we initially exam-
ined the responses of MDA-MB-231/CD151-QRD cells (5).
These cells were derivative of MDA-MB-231/CD151(-) line,
and they expressed the mutant of CD151 deficient in its
ability to form complexes with integrins (5). As illustrated
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Figure 1. CD151 regulates
responses of MDA-MB-231 breast
cancer cells to TGFB1. A and

B, cells were embedded into
growth factor-reduced Matrigel as
described in Materials and
Methods and grown for 8 d
without (top) or in the presence

of TGFB1 (10 ng/mL). Presented
photographs of representative
fields. Scale bar, 50 ym. B, the time
course of cellular responses to
TGFB1 in Matrigel. Growth of cells
in three-dimensional Matrigel

was analyzed as described in A.
Scale bar, 50 pm. C, quantification
of TGFB1-induced changes in
morphology of the colonies

in three-dimensional Matrigel.
More than 50 colonies were
analyzed for each of the cell lines
in each of three separate
experiments. Colonies were
defined as having a “compact
phenotype” when no individual cell
borders could be discerned

within the colony. Ratio of average
number of “compact” colonies

for CD151-positive and
CD151-depleted MDA-MB-231
was calculated for each
experiment. Columns, mean of
ratios; bars, SD. D, measurements
of cell proliferation in the presence
of TGFB1. Cell proliferation was
measured using Alamar Blue by

a spectrofluorometric method.
Columns, mean of three
experiments (each in triplicate);
bars, SD. AFU, arbitrary
fluorescence units.

P=0.039
Weoisics)
[Jeo1sic)

1d 6d 10d

in Fig. 2, the response of MDA-MB-231/CD151-QRD cells
was comparable with that of the CD151-negative cells with
~90% of all colonies remaining compact in the presence of
TGFR1. By contrast, the response to TGF31 was restored
when MDA-MB-231/CD151(-) cells were reconstituted with
the wild-type CD151 (Fig. 2A and B). Flow cytometry ex-
periments have shown that CD151-QRD and CD151wt pro-
teins expressed at the comparable levels on the surface of
reconstituted MDA-MB-231 cells (Supplementary Table S1).
We next investigated which of the laminin-binding integ-
rins contribute to CD151-dependent responses of MDA-

were able to form colonies with characteristic scattered

and only deficiency in all CD151 d
[egrms completely abolished responses to TGFB1 (Supple-
mentary Fig. S5; Fig. 2C). These results confirmed that the
modulatory activity of CD151 requires its association with
integrins and suggested functional redundancy of various
CDI151-integrin complexes in TGFBI-induced scattering.
Palmitoylation-dependent recruitment of the proteins to
iched microd: is critical for many of
the tetraspanin activities (27). To investigate whether
palmitoylation of CDI51 is necessary for TGFRI-induced

in-

tet

MB-231 cells to TGFR1. To this end, we have g

two new cell lines: MDA-MB-231/a6p31/34', deficient in
expression of both a6 integrins (i.e, a6R1 and a6p4),
and MDA-MB-231/a331'°"a6 [31/R4'°, deficient in expres-
sion of all laminin-binding integrins (Supplementary Fig.
S1A). In these experiments, we also used a3p1-deficient
cells (MDA-MB-231/a3R1'°™; ref. 20). Surprisingly, both
MDA-MB-231/a331"" and MDA-MB—ZSI/&SBI/B4‘°W cells

resp we yzed the beh of MDA-MB-231/
CDI151palm(-) cells. As illustrated in Fig. 2D, expression
of palmitoylation-deficient CD151 in MDA-MB-231/CD151
(-) fully restored the ability of the cells to form scattered
colonies in the presence of TGFR1. These results indicated
that the association with other tetraspanins (and recruit-
ment to tetraspanin microdomains) was not essential for
CD151-dependent cellular responses to this cytokine.
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The effect of CD151 depletion on
TGFP1-induced signaling

Pleiotropic effects of TGF3 1 on cell behavior is mediated by
Smad proteins, which function as transcriptional modulators,
and through activation of several Smad-independent signaling
pathways involving P13-K, Erk1/2, and p38 kinases (28). To an-
alyze how depletion of CD151 affects TGF[31-induced signal-
ing, we assessed phosphorylation of various TGFP1 targets in
cells plated on Matrigel under serum-free conditions and sub-
sequently stimulated with the cytokine for various time inter-
vals. As expected, incubation with TGFB1 resulted in the
phosphorylation of Smad2 and Smad3: the phosphorylation
levels of the proteins peaked at 1 hour after the stimulation
and then decreased to undetectable levels by 12 hours
(Fig. 3A and B). We observed no difference between CD151-
positive and CD151-negative cells in the kinetics and degree

of phosphorylation of Smad2/3 proteins in these experiments
(Fig. 3A and B). Thus, it seemed that CD151 does not influence
Smad-dependent signaling pathway. Similarly, phosphoryla-
tion levels of Erk1/2 and c-Akt were comparable at all analyzed
time points (data not shown; Fig. 3A and B). By contrast, there
was a consistent diff in TGFp1-induced phosphoryla-
tion of p38. In MDA-MB-231/CD151(+) cells, after the initial
sharp increase (~4-fold increase), the level of phospho-p38
has returned to its basal level (i.e., 0 time point) by 48 hours.
On the other hand, the degree of TGF[1-induced phosphory-
lation of p38 in CD151-negative MDA-MB-231 cells was signif-
icantly lower when compared with nonstimulated cells, with
maximal ~1.5-fold increase by 1 hour (Fig. 3A and C). Further-
more, p38 phosphorylation was sustained at almost the same
level for up to 48 hours. A specific CD151-dependent effect
on TGFp1-induced phosphorylation of p38 was also observed

Figure 2. The association

with integrins is critical for
CD151-dependent cellular
responses to TGF1. Growth of
cells in three-dimensional Matrigel
(A) and quantification of cellular
responses (B) were performed

as described in the legend of

Fig. 1. C and D, MDA-MB-231,
MDA-MB-231/CD151rec,
MDA-MB-231/CD151-QRD,
MDA-MB-231/CD151palm,
MDA-MB-231/a381'°%,
MDA-MB-231/a6'°*B1/p4, and
MDA-MB-231/a3p1'**a6'°*B1/B4
cells were plated in three-
dimensional Matrigel and grown in
presence of TGFB1 as described
in Fig. 1. Scale bar, 50 pm.

D
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MDA-MB-231/CD151(+) and
MDA-MB-231/CD151(-) cells were
incubated with TGFB1 (10 ng/mL)
for indicated time intervals and
then scraped into Laemmli buffer.
Proteins were resolved in 10%
SDS-PAGE under reduced
conditions. The proteins were
transferred to a nitrocellulose
membrane and probed

with indicated antibodies.

C, densitometric analysis of
activation p38 (i.e., measurements
of phospho-p38) for the results
shown in B. Measurements were
done for three independent
experiments. A.D.U., arbitrary
densitometry units. D, the role

of CD151 in the membrane
compartmentalization of TBRI. Cell
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in DCIS.com cells (Supplementary Fig. S6). These results
showed that CD151 deficiency resulted in specific alterations
in TGFBI-induced signaling. It has been recently reported
that TGFRI-induced activation of p38 was influenced by
cholesterol-dependent redistribution of TGF-{ type I receptor
(TBRI/ALK-5) on the plasma membrane (29). Fractionation in
sucrose gradient was used to examine whether the effect of
CD151 on p38 activation also involves changes in the mem-
brane compartmentalization of TERI/ALK-5. Although the
major pool of TBRI/ALK-5 molecules was found in the heavy
fractions of sucrose gradient, a significant proportion of the
receptor was floating in the light fractions (Fig. 3D). Impor-
tantly, we have consistently observed (three independent
experiments) that depletion of CD151 in MDA-MB-231 cells
resulted in the decrease in the proportion of TBRI/ALK-5 in

the light fraction of the gradient. Control experiments have
shown that the total cellular levels of TRRI/ALK-5 were
comparable in CD151(+) and CD151(-) cells (Supplementary
Fig. §7). By contrast, fractional distribution of CD151 and
the associated integrins was different with most of the signal
detected in the fractions 3 to 6 (Fig. 3D). Furthermore, deple-
tion of CD151 resulted in the redistribution of a3f1 in sucrose
gradient fractions. In additional experiments, we found no
evidence for the interaction between CD151 and TRRI/ALK-5
(data not shown).

Depl of CD151 1 is of

y
breast cancer cells

It has been reported that TGFR1 plays a critical role in
pulmonary metastasis of MDA-MB-231 (30). Thus, we used
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a well-established experimental lung metastasis mouse
model (i.e., iv. injection of tumor cells into the tail vein)
to examine whether attenuated responses to TGFR1 in
MDA-MB-231/CD151(-) would correlate with decreased me-
tastatic potential of these cells. We found that although
both CD151-positive and CD151-negative MDA-MB-231 cells
gave rise to multiple metastatic lesions in the lungs (Sup-
plementary Fig. $8), the area occupied by the lesions and
their number were decreased in the absence of CD151
(Fig. 4A and B). In animals implanted with CD151-positive
cells an average relative area of all lesions in all examined
lung fields was ~1.65%. In comparison, this parameter was
0.46% for mice injected with MDA-MB-231/CD151(-) cells.
These results indicate that CD151 is involved in establishing
and growth of metastatic lesions in the lungs.

Depletion of CD151 attenuates the immediate
trafficking of breast cancer cells to the lungs in vivo

Although the lung metastasis model allows assessment
of the metastatic process as a whole, it does not discrim-
inate between different steps, which might be affected by
CD151. As a starting point toward uncovering the involve-
ment of CD151 in metastasis, we analyzed whether CD151
regulates the immediate recruitment of breast cancer cells
to the vasculature of the lungs. MDA-MB-231/CD151(+)
and MDA-MB-231/CD151(-) cells were injected into the
mouse vascular system through the carotid artery, and
their immediate recruitment to the lung and liver micro-
circulation was monitored by intravital microscopy. The
liver was examined in addition to the lungs to determine
whether CDI151 is involved in site-specific recruitment of
breast cancer cells. A significant reduction in lung recruit-
ment of CD151-negative MDA-MB-231 cells was observed
(Fig. 5A and B). On the other hand, hepatic recruitment
of CD151-positive and CD151-negative MDA-MB-231 did
not differ during the 1-hour duration of the experiment
(Fig. 5B).

Depletion of CD151 attenuates responses of breast
cancer cells to lung epithelial cells

To explore further the involvement of CD151 in pulmo-
nary metastasis, we compared responses of CD151-positive
and CD151-negative MDA-MB-231 to lung epithelial cells.
HPLID is a human immortalized small airway epithelial
cell line with cells retaining some of the characteristics
of type 11 pneumocytes (21). In the initial experiments,
we analyzed growth of MDA-MB-231 cells in three-
dimensional Matrigel placed above the monolayer of
HPLID pneumocytes. Under these conditions, most of
the MDA-MB-231/CD151(+) cells developed characteristic
scattered aggregates (Fig. 6A, top). These colonies morpho-

i T ble those ind d by TGFp1 (shown in
Fxg 1). In contrast, most of the CD151-negative cells were
nonresponsive to the presence of pneumocytes and formed
compact aggregates with smooth contours (Fig. 6A,
bottom). The CD151-dependent differential responses to
pneumocytes were also observed when we cultured preag-
gregated clusters of HPLID and MDA-MB-231 cells in

three-di ional Matrigel (Suppl y Fig. $9). To ex-
amine whether TGFB1 is involved in pneumocyte-induced
scattering, we performed the coculturing experiment in the
presence of SB431542, a specific inhibitor for TRRI/ALKS5.
As shown in Fig. 6B, the presence of SB431542 completely
abrogated the modulatory effect of pneumocytes on MDA-
MB-231 cells. Thus, we concluded that in the absence of
CDI51, the responses of breast cancer cells to pneumo-
cyte-derived TGFP1 are suppressed, and this is likely to
be an important contributory factor for the attenuated me-
tastatic properties of CD151-deficient cells.
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Figure 4. Depletion of CD151 attenuated pulmonary metastasis. A, the
areas occupied by MDA-MB-231/CD151(+) and MDA-MB-231/CD151(-)
metastatic lesions were measured as described in Materials and
Methods and plotted relative to the total lung area (%). Columns, mean;
bars, SEM. B, numbers of lesions counted in lung sections used for
the morphometric assessment of the lesions shown in A. Columns, mean;
bars, SEM.
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Figure 5. Depletion of CD151
diminishes acute retention

of MDA-MB-231 in the lung
vascular bed. BCECF-labeled
CD151-positive and
CD151-negative MDA-MB-231
were introduced through the
carotid artery into anesthetized
mice and were monitored
intravitally. Numbers of adherent
cells within the hepatic sinusoidal
and pulmonary capillaries were
quantified in 7 and 10 random
static fields of view, respectively.
A, photographs of representative
fields. Note that a significant
reduction in recruitment of labeled
CD151-negative MDA-MB-231
cells in the lungs (right)

compared with the control,
MDA-MB-231/CD151(+) cells (left).
B, quantification of the results
from five independent
experiments. Note that the
depletion of CD151 decreased
the retention of the cells in the
lungs (top histogram) but not
within the liver (bottom histogram).
Columns, mean; bars, SEM.

Discussion

Cytokines of TGF superfamily are implicated in a variety of
normal and pathologic phenomena (31). Here, we identified
tetraspanin CD151 as a novel regulator of TGFp-induced

Our results indicate that the modulatory activity of
CD151 toward TGFp1-induced cellular responses is depen-
dent on its association with integrins and correlates with
the redistribution of TBRI/ALKS5 on the plasma membrane.
Notably, this does not require recruitment of CD151 to tet-
raspanin microd critical structural and functional

signaling and showed that attenuated cellular resp to
TGFp correlated with reduced metastastic potential of breast
cancer cells.

units on the cell surface (3). The fact that TBRI/ALK5
and CD151 do not interact with one another suggests
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that the mode of regulation involves more general CD151-
dependent changes on the plasma membrane, which may,
as a result, affect the distribution of TGF3 receptors. In this
regard, not only does CD151 directly bind cholesterol (32),
but tetraspanins may also control the expression level and

1 Tiocid.

ion of (13), glycosphingoli-
pids that represent the major structural block of various
types of membrane microdomains (33). It is also feasible
that in addition to its regulatory role in surface distribution
of TRRI/ALK5, CD151 (in plex with lai bindi

compart

MDA/CDI51(+)

Figure 6. Contribution of
pneumocytes and TGFB1 to

growth of MDA-MB-231 cells in
three-dimensional Matrigel. Cells
embedded in three-dimensional
Matrigel were grown above the
monolayer of HPL1D cells in the
absence (A) or presence of 10 ymol/L
SB431542 (B) as described in

the legend of Fig. 1. Presented
photographs of representative fields.
Scale bar, 50 ym.

MDA/CD151(-)

MDA/CD151(+)

MDA/CD151(-)
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