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Abstract

Murine melanomas produce site-specific experimental brain
metastases that reflect clinical reality. When injected into
the internal carotid artery of mice, K-1735 melanoma cells
produce metastatic lesions only in the brain parenchyma,
whereas B16 melanoma cells and the somatic hybrid cells of
B16 � K-1735 melanoma cells produce metastatic lesions
only in the leptomeninges and ventricles. In the present
study, we identified transforming growth factor-B2 (TGF-B2),
an isoform of the TGF-B family, as a molecular determinant
of melanoma cell growth in the brain parenchyma. We found
that the TGF-B2 mRNA was highly expressed by the K-1735
cells, whereas the B16 cells or any B16 � K-1735 somatic
cell-cell fusion hybrids have low expression. Transfection of
the TGF-b2 gene into B16 cells resulted in the production of
microscopic metastatic lesions in the brain parenchyma,
without a decrease in metastasis to the leptomeninges or
ventricles. TGF-B2 knockdown in the K-1735 melanoma cells
significantly reduced metastasis to the brain parenchyma
but did not induce metastasis to the leptomeninges or
ventricles. These data show that TGF-B2 expression by
murine melanoma cells is necessary for the establishment
and growth of metastases in the brain parenchyma. [Cancer
Res 2009;69(3):828–35]

Introduction

Brain metastases are the most common intracranial tumors,
outnumbering primary brain tumors by at least 10-fold (1).
Melanoma is the third most common cancer producing brain
metastases after carcinomas of the lung and breast (2). The
prognosis of patients with melanoma brain metastasis is poor, and
even the best available treatments provide a median survival of
only 3.7 months for these patients (3). Previously, we developed an
in vivo model of experimental brain metastasis by injecting tumor
cells into the internal carotid artery of anesthetized mice (4) and
reported that two widely used melanoma cells, B16 syngeneic to
the C57BL/6 mouse and K-1735 syngeneic to the C3H/HeN mouse,
produce site-specific brain metastasis. The K-1735 cells produced
metastasis only in the brain parenchyma, whereas B16 cells and
somatic hybrid cells from cell-cell fusion between B16 � K-1735
melanoma cells produced metastatic lesions only in the leptome-
ninges and ventricles (5, 6). This difference in site specificity of
metastasis was attributed to the in vitro response of melanoma

cells to transforming growth factor-h (TGF-h), which stimulated
the proliferation of K-1735 cells (6).

TGF-h is a prominent family of cytokines essential for the
development and maintenance of a multicellular organism. TGF-h
has been recognized to play a wide range of roles in cancer as well
(7–9). In glioblastoma multiforme (GBM), the most common and
most aggressive form of primary brain tumor, TGF-h2 has been
shown to play essential role in its pathogenesis. Particularly, TGF-
h2 in culture supernatants of human GBM cells has been identified
as an immunosuppressive factor (10, 11). Later studies of GBM
clinical specimens revealed that TGF-h2 is overexpressed (12, 13).
Antisense therapy to reduce the production of TGF-h2 improved
survival of rats with experimental glioma (14–17).

To identify the molecular determinants of site-specific melano-
ma brain metastasis, we analyzed the expression of growth factors
VEGF and TGF-h by murine B16 and K-1735 melanoma cells. We
found that the K-1735 cells express high level of TGF-h2 mRNA,
whereas the B16 cells express low level of TGF-h2 mRNA. Further
studies with the somatic hybrid cells from cell-cell fusion between
B16 � K-1735 melanoma cells revealed a correlation between the
expression level of TGF-h2 and the ability of these melanoma cells
to produce lesions in the brain parenchyma of mice. Only K-1735
cells produce the TGF-h2 cytokine, whereas the B16 or B16 �
K-1735 hybrid cells do not. In addition, B16-BL6 melanoma cells
overexpressing the TGF-b2 gene produced microscopic metastatic
lesions in the brain parenchyma, as well as unchanged metastasis
to the leptomeninges and ventricles. Short hairpin RNA (shRNA)–
mediated knockdown of TGF-h2 expression in K-1735 C4 cells
resulted in decreased production of experimental parenchymal
brain metastasis without growth in the leptomeninges and brain
ventricles. These data show a direct relationship between TGF-h2
expression and tumor cell growth in the brain parenchyma.

Materials and Methods

Mice. Specific pathogen-free female mice of the inbred strains C57BL/6,

C3H/HeN, and C57BL/6 � C3H/HeN F1 (hereafter designated B6C3F1) were

purchased from the Animal Production Area, National Cancer Institute-

Frederick Cancer Research Facility (Frederick, MD). At the time of the
experiments, the mice were 6 to 8 wk old. The animals were maintained

in facilities approved by the American Association for Accreditation of

Laboratory Animal Care in accordance with current U.S. Department of
Agriculture, Department of Health and Human Services, and NIH

regulations and standards.

Murine melanoma cell lines. The highly invasive and metastatic B16-

BL6 melanoma (18, 19) was originally derived from the B16-F1 line
syngeneic to C57BL/6 mice (20). The K-1735 melanoma, induced in a

C3H/HeN mouse by chronic exposure to UV light followed by painting

with croton oil (21), was the gift of Dr. Margaret L. Kripke (The University

of Texas M. D. Anderson Cancer Center, Houston, TX). The parental tumor
was cloned in vitro by a double-cloning method (22). Of the large number

of clones thus isolated, clone 4 (designated C4) is highly metastatic and

produces melanotic tumor foci in the lungs and brain of syngeneic mice
(23, 24).
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All tumor cell lines were maintained on plastic in modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS), sodium

pyruvate, nonessential amino acids, L-glutamine, and 2-fold vitamin

solution (Invitrogen). The cultures were free of Mycoplasma and the

following murine viruses: reovirus type 3, pneumonia virus, K virus, Theiler’s
encephalitis virus, Sendai virus, minute virus, mouse adenovirus, mouse

hepatitis virus, lymphocytic choriomeningitis virus, ectromelia virus, and

lactate dehydrogenase virus (assayed by M. A. Bioproducts). Cultures were

maintained for no longer than 12 wk after recovery from frozen stock, and
all in vitro studies were carried out with cultures of passages 6 to 10.

For in vivo studies, tumor cells in exponential growth phase were

harvested by a 1-min treatment with 0.25% trypsin-0.02% EDTA solution

(w/v). The flask was tapped to detach the cells and supplemented with
medium, and the cell suspension was gently agitated to produce a single-

cell suspension. The cells were washed and resuspended in Ca2+-free and

Mg2+-free HBSS. Only suspensions of single cells with viability exceeding
90% were used.

Injection of tumor cells into the carotid artery to produce
experimental brain metastasis. Mice were anesthetized by i.p. injection

of pentobarbital sodium, restrained on a corkboard in a supine position,
and placed under a dissecting microscope. The preparation and exposure of

the carotid artery has been described in detail previously (4–6). Briefly, the

head of the mouse was stabilized on a corkboard with a rubber band placed

between the teeth of the upper jaw. The hair over the trachea was shaved,
the neck was prepared for surgery with alcohol-iodine, and the skin was cut

by a mediolateral incision. After blunt dissection, the trachea was exposed.

The muscles were separated to expose the right common artery, which was
then separated from the vagal nerve. The artery was prepared for injection

distal to the point of division into the internal and external carotid arteries.

A ligature of 5-0 silk suture was placed in the distal part of the common

carotid artery. A second ligature was placed and tied loosely proximal to the

injection site. To control bleeding from the carotid artery by regurgitation
from distal vessels, a sterile cotton tip applicator was inserted under the

artery just distal to the injection site to elevate the carotid artery. The artery

was nicked with a pair of microscissors, and a <30-gauge glass cannula was

inserted into the lumen of the blood vessel. To assure proper delivery, cells
(1 � 105/0.1 mL HBSS) were injected slowly, and then the cannula was

removed. The second ligature was tightened, and the skin was closed with

staples.

When the tumor cells are properly injected into the internal carotid
artery and the animals recover from deep anesthesia and the microsurgical

procedure, the incidence of experimental brain metastasis in C57BL/6,

C3H/HeN, and B6C3F1 mice is 100%.

S.c. tumor inoculation to measure in vivo tumorigenicity. The
K-1735 C4 melanoma cells and the shRNA-transduced cells (1 � 106/0.1 mL)

were inoculated s.c. into syngeneic C3H/HeN mice. The tumor size in two

perpendicular diameters was measured with calipers every 3 d beginning
on day 5. The tumor volume was calculated by the formula V = (p/6) �
(L � W2).

Semiquantitative reverse transcription-PCR analysis of TGF-B
ligand expressions. The expression of TGF-h isoforms was determined
by reverse transcription-PCR (RT-PCR). Total RNA of cultured tumor cells

was isolated using Trizol reagent according to the manufacturer’s

recommendations (Invitrogen). The first-strand cDNA was synthesized

using a commercial kit according to the manufacturer’s protocol (Promega)
and was used as a template for subsequent PCRs. PCR was conducted under

routine conditions for 25 to 28 cycles. The following primers were used to

amplify the specific murine TGF-h isoforms: 5¶-GCTACTGCCGCTTCTGCT-
3¶ ( forward) and 5¶-GCCCTGTATTCCGTCTCC-3¶ (reverse) for TGF-h1,

5¶-TACTACGCCAAGGAGGTT-3¶ ( forward) and 5¶-AATTATTAGACGGCAC-

GAA-3¶ (reverse) for TGF-h2, and 5¶-GCAAAGGGCTCTGGTAGT-3¶ ( for-

ward) and 5¶-GTCTCCATTGGGCTGAAA-3¶ (reverse) for TGF-h3.

Figure 1. Site-specific brain metastasis produced by
murine K-1735 C4 (A and C ) and B16-BL6 (B and D)
melanoma cells. A, grossly visible parenchymal brain
lesions produced by K-1735 C4 cells. B, leptomeningeal
lesions produced by B16-BL6 cells. C, K-1735 C4 cells
produce diffuse-infiltrative lesions in the brain parenchyma.
The ventricle is not invaded by K-1735 C4 melanoma
cells; choroid plexus is shown. K-1735 C4 cells do not grow
in the leptomeninges but only in the brain parenchyma.
D, B16-BL6 cells do not produce lesions in the
parenchyma; the small tumor lesion (right, top corner ) is
growing in the ventricle. B16-BL6 melanoma cells produce
metastatic lesions in the ventricle. B16-BL6 melanoma
cells produce large lesions in the leptomeninges. Scale bar,
100 Am.
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Determination of TGF-B1 and TGF-B2 protein levels. The level of
TGF-h1 and TGF-h2 proteins in the culture supernatants was determined

by ELISA kits according to the manufacturer’s instructions (R&D Systems).

All cells subjected to ELISA assays were cultured for 48 h in minimal

essential medium supplemented with 1% FBS.
Transfection of B16-BL6 melanoma cells with mTGF-B2. Full-length

murine TGF-h2 cDNA (IMAGE #4035366) was acquired from the
Mammalian Gene Collection (Open Biosystems). The full-length cDNA
insert was cloned from the pCMV-SPORT6 vector by EcoRV/NotI double
digestion and was subsequently cloned into EcoRV/Not I linearized
mammalian expression vector pIRESneo (Clontech). The resulting plasmid
was transfected into B16-BL6 cells using Lipofectamine 2000 Transfection
Reagent according to the manufacturer’s instructions (Invitrogen). Stable
cell lines were selected for 3 wk under gradually elevated concentrations of
G418 from 0.5 to 1.0 mg/mL.
Knockdown expression of mTGF-B2 in K-1735 C4 melanoma

mediated by shRNA. shRNA specific for the murine TGF-b2 gene was

acquired from the Elledge-Hannon library (Open Biosystems). Clone
V2LMM_40830 was chosen as the target of the murine TGF-h2 transcript

that is distinct from the TGF-h1 and TGF-h3 isoforms. The target sequence

is TGCTGTTGACAGTGAGCGCGGTGTATAAATCGAGACCAAATTAGT-

GTGAAGCCACAGATGTATTTGGTCTCGATTTATACACCT TGCC-
CCTACTGCCTCGGA. The mTGF-h2–specific shRNA was cloned in the

pGIPZ lentiviral expression vector. The shRNA-containing lentiviral vector

was cotransfected with lentiviral packaging and pseudotyping vectors

psPAX2/pMD2G into HEK-293FT cells (Invitrogen) to produce shRNA-
carrying lentivirus particles. Culture supernatants were collected at 24 and

48 h after transfection and filtered through 0.45-Am membranes to generate

cell-free virus supernatant. K-1735 C4 cells were transduced by the resulting

viral particles, and positive clones were selected and maintained in
puromycin (3–5 Ag/mL). pGIPZ lentivirus of a nonsilencing shRNA control

(RHS4346, Open Biosystems) with no homology to known mammalian

genes was used as the negative control for the knockdown experiment.
Immunohistochemistry. Sections of formalin-fixed, paraffin-embedded

brains were deparaffinized in xylene, rehydrated in graded alcohol, and

transferred to PBS. Heat-induced epitope retrieval was performed by

heating the slides in Target Retrieval Solution (S1699, Dako USA) for 25 min
in a rice cooker. After being cooled down to room temperature, the slides

were rinsed twice with PBS. Endogenous peroxidase was blocked by the use

of 3% hydrogen peroxide in PBS for 12 min. The treated slides were blocked
in PBS containing 5% normal horse serum/1% normal goat serum and

incubated overnight at 4jC in a humidified chamber with a 1:100 dilution of

rabbit polyclonal antibody to TGF-h2 antigen (Santa Cruz Biotechnology).

The sections were then rinsed, reblocked for 10 min (see above), and
incubated for 60 min with 1:500 dilution of peroxidase-conjugated anti-

rabbit secondary antibody (111-036-047, Jackson ImmunoResearch Labora-

tories). The slides were then rinsed with PBS and incubated with either

diaminobenzidine (Research Genetics) or Romulin AEC Chromogen kit
(RAEC810L, Biocare Medical). The sections were then washed with distilled

water and counterstained with Gill’s hematoxylin.

Histologic studies. At various time points, the mice injected with
melanoma cells were euthanized. The brain parenchyma and skull with

leptomeninges were collected and fixed in 10% buffered formalin. To assure

representative sampling and adequate comparison between the right and

left hemispheres, each brain was cut in four coronal sections of equal width.
Four-level sections from each sample (16 sections/brain: 5 Am thickness)

were stained with H&E and examined microscopically for the presence of

lesions.

Statistical analysis. The significance of differences in TGF-h2 ELISA
assay was analyzed by two-tailed Student’s t test with a cutoff of 0.05.

Survival estimates and median survivals were determined using the method

of Kaplan and Meier. The survival data were tested for significance using
a log-rank (Mantel-Cox) test.

Results

Murine melanoma cells produce site-specific brain
metastasis. Murine B16-BL6 and K-1735 C4 melanoma cells were
injected into the internal carotid artery of syngeneic mice C57BL/6
and C3H/HeN, respectively, as well as of the B6C3F1 mice (F1 of
C57BL/6 � C3H/HeN). Three to 4 weeks later, mice with neurologic
symptoms (e.g., circling, unbalanced, and immobile) were euthan-
ized. Their brains were collected for analysis of experimental
metastasis. The K-1735 C4 melanoma cells produced grossly visible
tumor growths only in the brain parenchyma (Fig. 1A) and
exhibited diffuse-infiltrative lesions on microscopic examination

Table 1. Site-specific brain metastasis produced by B16-BL6 and K-1735 C4 melanoma cells in syngeneic and B6C3F1

cross mice

Cell line C57BL/6 B6C3F1

Leptomeninges, ventricles Parenchyma Leptomeninges, ventricles Parenchyma

B16-BL6 14/14 0/14 4/4 0/4

B16-BL6/vector control 15/15 0/15 5/5 0/5

B16-BL6/TGF-h2 OE 19/19 5/19* 5/5 1/5*

Cell line C3H/HeN B6C3F1

Leptomeninges, ventricles Parenchyma
c

Leptomeninges, ventricles Parenchyma

K-1735 C4 0/20 20/20 0/5 5/5

K-1735 C4/shRNA control 0/19 19/19 0/5 5/5

K-1735 C4/TGF-h2 shRNA 0/20 17/20
b

0/4 4/4

*B16-BL6 cells overexpressing the TGF-h2 cytokine produced microscopic tumor lesions in the brain parenchyma.
cK-1735 C4 cells and derivative cells produced grossly visible tumors in the brain parenchyma. The production of parenchymal lesions was significantly

delayed in mice injected with K-1735 C4/TGF-h2 shRNA cells.
bThree mice killed 24 d after tumor injection had no visible brain parenchymal lesions.
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(Fig. 1C). The B16-BL6 melanoma cells produced growths only in
the leptomeninges and ventricles (Fig. 1B and D).

To rule out that the site-specific melanoma brain metastasis is
due to different genetic background of recipient mice (B16-BL6
into C57BL/6 mice and K-1735 C4 into C3H/HeN mice), we injected
both melanoma lines into the internal carotid artery of B6C3F1

mice. As clearly shown in Table 1, the site specificity is not
associated with the genetic background of the injected mice.
TGF-B2 is differentially expressed in the two melanoma

lines. Semiquantitative RT-PCR was used to analyze the expression
of VEGF and TGF-h growth factors in cultured melanoma cells. In
both sparse and dense cultures, the TGF-h2 mRNA, an isoform of
the TGF-h family, was highly expressed by the K-1735 C4 cells but
lowly expressed by the B16-BL6 cells (Fig. 2A). Both lines also
expressed VEGF to similar levels.
TGF-B2 expression is correlated with site-specific brain

metastasis. To determine whether the production of TGF-h2 is
correlated with the site specificity of melanoma brain metastasis,
we expanded the expression analysis to somatic hybrid cells from
cell-cell fusion between the B16-BL6 � K-1735 C4 melanoma cells.

RT-PCR results showed that only K-1735 C4 cells and its self-fusion
hybrid cells expressed high level of TGF-h2 mRNA, whereas the
B16-BL6 cells and the B16 � K-1735 cross-hybrid cells expressed
low level of the TGF-h2 transcript. In contrast, all of the cells in our
analysis expressed similar levels of TGF-h1 and TGF-h3 mRNA
(Fig. 2A). The RT-PCR findings were enhanced by ELISA measure-
ments of the protein level of TGF-h2 in cell culture supernatants
(Fig. 2B) where TGF-h2 ligand production was not detected for
B16-BL6 cells or any of the B16 � K-1735 cross-hybrid cells. The
differences in production of TGF-h2 were maintained, whereas all
cells produced significant amounts of TGF-h1 (Fig. 2C).

To test whether the differential expression of TGF-h2 from
in vitro cultures of K-1735 C4 and B16-BL6 cells is still
maintained in vivo , we did immunohistochemical studies of
brain sections with either melanoma tumor. Brain parenchymal
tumors produced by K-1735 C4 melanoma cells were stained
positive for TGF-h2 expression, whereas the ventricle tumor
produced by B16-BL6 cells were stained negative for TGF-h2
expression (Fig. 2D). The immunohistochemistry results corrob-
orate the in vitro findings.

Figure 2. TGF-h2 expression is correlated
with site specificity of melanoma brain
metastasis. A, semiquantitative RT-PCR
analysis of murine TGF-h2 expression.
Under both sparse and dense conditions,
K-1735 C4 melanoma cells express a
high level of TGF-h2, whereas B16-BL6
melanoma cells express a low level of the
cytokine. Expression of all three TGF-h
isoforms was analyzed for K-1735 parental
cells, K-1735 C4 cells, K-1735 C4 self-fusion
hybrid cells, and five individual clones of
somatic hybrid cells from cell-cell fusion
between B16-BL6 and K-1735 C4 melanoma
cells. The expression of TGF-h2 is correlated
with site specificity of brain metastasis.
p, parenchyma; mv, leptomeninges and
ventricle. B, ELISA assay was used to
determine the secreted TGF-h2 cytokine
in the culture supernatant. Only K-1735
melanoma cells produce TGF-h2. C, all
melanoma cells produce significant levels of
TGF-h1 (ELISA of culture supernatant).
D, diffuse-infiltrative brain parenchymal
lesions produced by K-1735 C4 melanoma
cells stained positive for TGF-h2. Brain
ventricle metastasis produced by B16-BL6
melanoma cells negative for TGF-h2.
(Note melanin deposits within the
metastasis.) Scale bar, 100 Am.
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Overexpression of murine TGF-B2 in B16-BL6 cells. To study
the causal role that TGF-h2 plays in site-specific brain
metastasis, full-length murine TGF-h2 cDNA was cloned into
mammalian expression vector pIRESneo under the control of the
early cytomegalovirus promoter. We transfected the expression
vector into the B16-BL6 cells. Because of the presence of
internal ribosome entry site (IRES) between the TGF-b2 gene
and the neo cassette, stably transfected cells were selected over
3 weeks by increasing concentrations (0.5–1 mg/mL) of G418.
TGF-h2 ELISA of the culture supernatant of the resulting cell
population revealed overexpression of TGF-h2 in transfected
B16-BL6 melanoma cells (Fig. 3A). No changes in growth rate or
gross morphologic differences were found between the parental
B16-BL6 cells, vector control cells, and cells overexpressing
TGF-h2.

B16-BL6 cells overexpressing TGF-B2 produce tumor lesions
in the brain parenchyma. B16-BL6 cells that overexpress TGF-h2
were injected into the internal carotid artery (5 � 104/0.1 mL
HBSS) of syngeneic C57BL/6 and B6C3F1 mice. The mice were
euthanized when they became moribund. Mice in groups of 5 or 10
for each cell line were injected with the genetically engineered cell
lines including the proper controls. Cells were also injected into the
B6C3F1 mice (n = 5 per group) to rule out the possible interference
from the host genetic background. The experiments were repeated
twice in syngeneic C57BL/6 mice and once in the B6C3F1 mice
(Table 1).

TGF-h2–overexpressing B16-BL6 cells produced microscopic
lesions in the brain parenchyma (Fig. 3B), whereas the parental
B16-BL6 cells or B16-BL6 cells transfected with the pIRESneo
vector did not. Overexpression of TGF-h2 by B16-BL6 melanoma
cells did not inhibit their growth in the leptomeninges or ventricles
(Fig. 3D). Both lesions in the brain parenchyma and ventricles
expressed TGF-h2 (Fig. 3C and D). The tumor growth in the
leptomeninges and ventricles was undiminished. Because the
major cause for mortality was the leptomeningeal growth, no
difference in survival was found between mice injected with
TGF-h2–expressing B16-BL6 cells or parental B16-BL6 cells or
B16-BL6 cells transfected with the pIRESneo vector control. These
data indicate that TGF-h2 is essential for the growth of melanoma
cells in the brain parenchyma. Further evidence for this conclusion
is provided by the next experiment.
shRNA-mediated knockdown of TGF-B2 expression in K-1735

C4 melanoma. To provide causal evidence for the role of TGF-h2 in
the production of metastasis to the brain parenchyma, we knocked
down the TGF-h2 expression in K-1735 C4 cells using shRNA-
mediated interference. Lentiviral vector pGIPZ carrying the TGF-
h2–specific shRNA sequence was cotransfected with packaging
plasmids into HEK-293FT cells to produce lentiviral particles to
transduce the K-1735 C4 melanoma cells. Cells with shRNA vector
incorporated into the genome were selected and maintained in
puromycin (3–5 Ag/mL). TGF-h2 ELISA of the culture supernatant
of the resulting cells showed that its production was suppressed in
transduced K-1735 C4 melanoma cells (Fig. 4A). To show the
specificity of the shRNA-mediated knockdown, TGF-h1 production
was measured by ELISA. No differences in production of TGF-h1
were found among K-1735 C4, control shRNA, and TGF-h2
knockdown cells (Fig. 4A).
Knockdown of TGF-B2 expression decreased growth of

K-1735 cells in the brain parenchyma. K-1735 C4 cells, K-1735
C4 cells transduced with control shRNA with no homology to any
known mammalian genes, and K-1735 C4 cells with shRNA-
mediated lower TGF-h2 production (1 � 105/0.1 mL HBSS) were
injected into the internal carotid artery of syngeneic C3H/HeN and
B6C3F1 mice (Table 1). Twenty-four days later, all mice injected
with K-1735 C4 tumor cells or K-1735 C4 cells transduced with
control shRNA became moribund and were euthanized. Their
brains contained grossly visible large melanoma lesions (Fig. 4C).
In contrast, mice injected with TGF-h2 knockdown cells were
asymptomatic. Three of these asymptomatic mice were euthanized
and autopsied. No obvious lesions were detected on visual
inspection (Fig. 4C). At 35 days after injection, three mice from
the TGF-h2 knockdown group were euthanized. The mice
exhibited few small grossly visible melanoma lesions in the brain
parenchyma (Fig. 4C). Six weeks after injection, the remaining mice
bearing the TGF-h2 knockdown tumors became moribund and
were euthanized. To repeat the observed effects of TGF-h2

Figure 3. B16 melanoma cells overexpressing TGF-h2 produce microscopic
metastatic lesions in the brain parenchyma. A, full-length murine TGF-h2 cDNA
was cloned into pIRESneo expression vector and transfected into B16-BL6 cells.
Stable clones were selected and maintained for 3 wk in gradually elevated
concentrations of G418 (0.5–1 mg/mL). Production of TGF-h2 was measured
by ELISA. P < 0.001. B, (H&E staining) after injection into the internal
carotid artery, TGF-h2–overexpressing B16-BL6 melanoma cells produced
microscopic lesions in the brain parenchyma. Note the enlarged blood vessels
in the parenchymal tumor lesion. C, parenchymal lesion produced by
TGF-h2–overexpressing B16-BL6 cells positive for TGF-h2. Antibody control
negative for TGF-h2. D, (H&E staining) overexpression of TGF-h2 did not inhibit
growth of B16-BL6 cells in the brain ventricle. Ventricle tumor lesion is also
TGF-h2 positive. Scale bar, 100 Am.
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knockdown on the brain parenchymal growth of the K-1735 C4
melanoma cells, we injected the tumor cells into another group of
10 mice for each cell line and studied their survival. Survival time
was significantly prolonged in mice with knockdown expression of
TGF-h2 compared with control mice (Fig. 4D). On autopsy, we did
not find lesions in the leptomeninges or brain ventricles, indicating
that low or high expression of TGF-h2 is not correlated with
growth of melanoma cells in these areas of the brain. This
experiment was repeated twice in the syngeneic C3H/HeN mice
with 10 animals for each group of tumor cell injection and once in
the B6C3F1 mice with 5 animals for each group of tumor cell
injection (Table 1).

To eliminate the possibility that TGF-h2 knockdown decreased
in vivo tumorigenicity of K-1735 C4 cells, we inoculated the
parental K-1735 C4 cells, control shRNA cells, and TGF-h2
knockdown cells into the subcutis of syngeneic mice (n = 5). No
differences in tumor take and volume were found among these
groups (Fig. 4B).

Discussion

In the brain, the leptomeninges and ventricles form a contiguous
compartment filled with cerebrospinal fluid produced by the
choroid plexus in the ventricles. The brain parenchyma is
composed of neurons, various glial cells, and endothelial cells that
perform all central nervous system functions. Therefore, the brain
parenchyma and the leptomeninges/ventricles system represent
two distinct microenvironments in the central nervous system.
Human melanoma often produces leptomeningeal or parenchymal
brain metastasis (25). Metastatic tumor growth in the leptome-
ninges confers a particularly dismal prognosis for the patient due
to its spreading distribution and inaccessibility to surgical
resection (26). In experimental models of brain metastasis, tumor
growth at either site results in quick morbidity and mortality of the
host animals. Absolute site-specific brain metastasis was observed
after two murine melanomas, B16-BL6 and K-1735 C4, were
injected into the internal carotid artery of mice to produce

Figure 4. shRNA-mediated TGF-h2
knockdown in K-1735 cells decreases
metastasis to the brain parenchyma
and prolongs the survival times of
tumor-bearing mice. A, lentiviral particles
carrying the TGF-h2–specific shRNA
sequence were used to infect K-1735 C4
cells. Cells were selected and maintained
for 3 wk in puromycin (3–5 Ag/mL). The
resulting cell cultures were analyzed by
ELISA for production of TGF-h2. TGF-h2
shRNA-mediated knockdown had no
effect on the production of TGF-h1.
B, tumorigenicity was measured by
injection of 106/0.1 mL of K-1735 C4,
K-1735 C4/shRNA control, and K-1735
C4/TGF-h2 shRNA cells into the subcutis.
Tumor volume was calculated using the
formula V = (p /6) � (L � W2). C, gross
brain metastasis lesions produced by
K-1735 C4 cells (24 d after injection),
K-1735 C4/shRNA control cells (24 d after
injection), and K-1735 C4/TGF-h2 shRNA
(24 and 35 d after injection). D, mice
were injected in the carotid artery
with 105/0.1 mL of K-1735 C4, shRNA
control, and TGF-h2 knockdown cells.
shRNA-mediated knockdown of TGF-h2
expression significantly prolongs the
survival of tumor-bearing mice (median
survival, 24.5 versus 42.5 d; P < 0.001).
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experimental brain metastasis. We have previously reported that
B16-BL6 melanoma cells produce metastasis in the leptomeninges
and ventricles, whereas the K-1735 melanoma cells produce
metastasis in the brain parenchyma (5). To rule out the possibility
that the observed site specificity is due to the distinct genetic
backgrounds from which these two murine melanoma cells were
derived, the site-specific brain metastasis was reproduced in both
syngeneic mice (C57BL/6 for B16-BL6 and C3H/HeN for K-1735 C4,
respectively) and B6C3F1 mice (C57BL/6 � C3H/HeN F1 cross;
ref. 6).

In 1889, Steven Paget first proposed the ‘‘seed and soil’’
hypothesis of cancer metastasis, stating that the pattern of distant
organ metastasis is not random but dependent on multiple
interactions between tumor cells and a congenial microenviron-
ment (27). In the present study, we analyzed the VEGF and TGF-h
growth factor expressions by the murine B16-BL6 and K-1735 C4
melanoma cells using semiquantitative RT-PCR. Both cytokines
have been implicated in tumor interactions with the brain
microenvironment. Our experiments revealed that TGF-h2, an
isoform of the TGF-h cytokine family, is only highly expressed by
the K-1735 C4 melanoma cells. Interestingly, when the analyses
were expanded to somatic hybrid cells from cell-cell fusion
between B16-BL6 and K-1735 C4 melanoma cells (6), we found
that the TGF-h2 expression was strictly correlated with the in vivo
phenotype of site-specific brain metastasis. Melanoma cells that
grew only in the brain parenchyma expressed high level of
TGF-h2 (i.e., K-1735 C4 cells and K-1735 C4 self-fusion hybrid
cells), whereas all other melanoma cells that grew only in the
leptomeninges and ventricles (i.e., B16-BL6 cells and different
clones of hybrid cells made from B16-BL6 � K-1735 C4 cells) did
not produce detectable amount of the TGF-h2 ligand or expressed
low level of the mRNA transcript.

To examine the causal evidence of the role of TGF-h2 in
determining site-specific brain metastasis, we overexpressed the
TGF-b2 gene in B16-BL6 cells and knocked down TGF-h2
expression in K-1735 C4 cells by shRNA-mediated interference.
The resulting genetically engineered cells were injected into the
internal carotid artery. Again, TGF-h2 expression was correlated
with site-specific brain metastasis. B16-BL6 cells overexpressing
the TGF-b2 gene produced microscopic lesions in the brain
parenchyma as well as major tumors in the leptomeninges and
ventricles. K-1735 C4 cells with shRNA-mediated knockdown of
TGF-h2 expression produced few slow-growing lesions in the brain
parenchyma but no lesions in the leptomeninges or ventricles. The
overall survival of these mice was significantly prolonged compared
with the control mice. Collectively, these results suggest that
expression of TGF-h2 is necessary for the growth of melanoma

metastasis in the brain parenchyma. The number of metastatic
lesions produced in the brain parenchyma by B16-BL6 cells
expressing TGF-h2 was smaller than those produced by K-1735 C4
cells. This may be due to the lower level of TGF-h2 in the B16-BL6
TGF-h2–transfected cells compared with that in the K-1735 C4
cells. Alternatively, the TGF-h2–transfected B16-BL6 cells may
lack additional cofactors that are necessary for the growth of
melanoma metastasis in the brain parenchyma. shRNA-mediated
TGF-h2 knockdown in K-1735 C4 cells did not completely block the
production of this growth factor, which may account for the fact
that K-1735 C4 cells with TGF-h2 knockdown produce few slow-
growing lesions that eventually kill the host animals.

Early studies of GBM culture supernatants suggested the
presence of an immunosuppressive factor (28, 29). Later, this
factor was isolated and identified as the homologue to TGF-h1 and
it was named TGF-h2 (10, 11). The immunosuppressive effect of
the GBM culture supernatants is inhibited by anti-TGF-h2 but not
by anti-TGF-h1 antibodies (13). This TGF-h2 cytokine was then
found to be produced by a large variety of human GBM cell lines
(30). In situ hybridization studies confirmed the expression of
TGF-h2 by multiple clinical specimens of human GBM (12). Recent
evidence suggested that TGF-h2–mediated immunosuppression
involves regulatory T cells (31). TGF-h2 was also shown to increase
the permeability of endothelial cell monolayer in an in vitro model
of blood-brain barrier (32). Antisense therapy of experimental
glioma in rats (15–17) produced encouraging results.

Our present data show that growth of murine melanoma cells in
the brain parenchyma is associated with expression of TGF-h2.
These results corroborate the findings from studies of GBM cells
and show that common microenvironmental factors in a specific
organ/tissue may determine tumor take and growth. Whether anti-
TGF-h2 therapies currently under trial for GBM patients (33–37)
might be effective for melanoma brain metastasis should therefore
be investigated.
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