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PURPOSE. To model the behavior of uveal melanoma in the liver.
METHODS. A 15-L suspension of metastatic MUM2B or either
primary OCM1 or M619 uveal melanoma cells was injected into
the liver parenchyma of 105 CB17 SCID mice through a 1-cm
abdominal incision. Animals were killed at 2, 4, 6, or 8 weeks
after injection. Before euthanatization, 3% FITC-BSA buffer was
injected into the retro-orbital plexus of one eye of three mice.
Liver tissues were examined by light and fluorescence microscopy, and were stained with human anti-laminin. Vasculogenic
mimicry patterns were reconstructed from serial laser scanning
confocal microscopic stacks.
RESULTS. OCM1a cells formed microscopic nodules in the
mouse liver within 2 weeks after injection and metastasized
to the lung 6 weeks later. By contrast, M619 and MUM2B
cells formed expansile nodules in the liver within 2 weeks
and gave rise to pulmonary metastases within 4 weeks after
injection. Vasculogenic mimicry patterns, composed of
human laminin and identical with those in human primary
and metastatic uveal melanomas, were detected in the
animal model. The detection of human rather than mouse
laminin in the vasculogenic mimicry patterns in this model
demonstrates that these patterns were of tumor cell origin
and were not co-opted from the mouse liver microenvironment.
CONCLUSIONS. There are currently no effective treatments for
metastatic uveal melanoma. This direct-injection model focuses
on critical interactions between the tumor cell and the liver. It
provides for translationally relevant approaches to the development of new modalities to detect small tumor burdens in
patients, to study the biology of clinical dormancy of metastatic
disease in uveal melanoma, to design and test novel treatments
to prevent the emergence of clinically manifest liver metastases
after dormancy, and to treat established uveal melanoma
metastases. (Invest Ophthalmol Vis Sci. 2007;48:2967–2974)
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T

he clinical tendency for uveal melanoma to spread first and
preferentially to the liver is well documented.1 In developing animal models of uveal melanoma, most investigators
have focused on studying the mechanisms by which tumors
develop in the animal eye and generate hepatic metastases.
Strategies for modeling primary uveal melanoma include the
induction of tumors by feline retroviruses2 and chemical carcinogens,3,4 the development of transgenic models of primary
uveal melanoma,5–10 and the transplantation of melanoma cell
lines—animal11–15 and human16 –18—to the animal eye. The
literature summarizing animal models of uveal melanoma was
reviewed recently.19
Models of uveal melanoma based on the implantation of
tumor into the animal eye have been the focus of several
innovative experimental approaches designed to reduce the
spread of tumor from the eye to the liver.16,20 –23 In these
models, the entire metastatic cascade— dislodgement from the
primary tumor, entrance to the microcirculation, extravasation, and proliferation within the liver—are all potential targets
of experimental therapy. Certainly, the prevention of metastasis in high-risk patients is a clinical priority; however, after a
patient develops metastatic uveal melanoma, the clinical focus
shifts entirely to eradication of the established metastases.
Although there has been considerable progress in developing
vision-sparing alternatives to the removal of the eye for treatment of the primary tumor, there have been no significant
improvements in the treatment of hepatic metastases.
Little is known in the ophthalmic research community
about the biological behavior of uveal melanoma once it has
arrived in the liver. Since ophthalmic oncologic research has
focused to date nearly exclusively on the entire metastatic
cascade by introducing uveal melanoma into the eye of experimental animals, we modified a colon cancer model of direct
injection24 to study the biology of uveal melanoma in the liver.
We discovered that nodules of uveal melanoma develop in
predictable time courses in the mouse liver, followed by secondary melanoma deposits in the lungs. Hepatic tumor nodules
and secondary pulmonary lesions develop within 4 to 8 weeks
after injection into the liver, depending on the invasive properties of the cell line injected. The histology of melanoma
nodules in the liver that form after direct injection in mice is
similar to the histology of human metastatic uveal melanoma in
the liver. Similar to primary and metastatic human uveal melanomas, laminin-rich vasculogenic mimicry patterns formed in
hepatic lesions, and these patterns conducted fluid. The directinjection model can therefore be used to study biological
events that are involved in establishing and maintaining foci of
uveal melanoma in the liver, and this model provides an additional approach to the development of novel, effective, and
nontoxic therapies targeted to the treatment of metastatic
uveal melanoma.

MATERIALS

AND

METHODS

Cell Lines
Cell lines were derived from primary and metastatic uveal melanomas
(M619 and MUM2B), as described previously.25 Human WI38 fibroblasts were obtained from ATTC (Manassas, VA). The OCM1a cell line
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was a generous gift of June Kan-Mitchell (Karmanos Cancer Institute,
Wayne State University, Detroit, MI). All cell lines have been authenticated as human26 and as free of mycoplasma and common viral
pathogens. These cell lines have been shown repeatedly to model the
behavior of primary and metastatic uveal melanoma in vivo.25,27 The
primary uveal OCM1a melanoma cell line is poorly invasive in membrane-invasion culture system28 assays and does not form vasculogenic
mimicry patterns in three-dimensional (3D) cultures. By contrast, the
M619 primary uveal melanoma cell line and the metastatic MUM2B
uveal melanoma cell lines are highly invasive in MICS assays and form
vasculogenic mimicry patterns in 3D cultures.25 From each cell line, 5
million cells were grown in 1% agar– coated, 60-mm tissue culture
dishes containing 15% heat-inactivated fetal bovine serum, glutamine,
and MEM/EBSS (minimum essential medium with Earle’s balanced salts
solution; Hyclone, Logan, UT) until spheroids formed (typically within
2 days). WI38 fibroblasts were prepared for injection by using the same
protocol but substituting DMEM (BioWhitaker, Walkersville, MD) for
MEM/EBSS and 10% fetal bovine serum. When the spheroids reached
the size of 200 to 500 m, they were injected directly into the liver of
SCID mice.

Implantation Technique
Each mouse was anesthetized before surgery with ketamine (100
mg/kg) and xylazine (5 mg/kg) via intraperitoneal injection. A small
horizontal abdominal incision (1 cm) was made in the left upper
quadrant so that the left lobe of the liver was exposed. Spheroids of
melanoma cells from one of the three lines were drawn into a Hamilton
syringe with a 29-gauge needle creating a 15 L slurry that was injected
into the parenchyma of the exposed liver with the assistance of a
stereomicroscope (American Optical Company, Buffalo, NY), roughly
after a protocol described previously to establish models of colon
cancer in the liver.24 It had been shown previously that the use of cell
slurries fashioned from tumor cell spheroids was particularly effective
in establishing animal models of primary uveal melanoma in the rat.29
Gentle pressure was applied to the hepatic injection site for 1 minute
with a cotton-tipped applicator. After tumor cell injection, the left lobe
of the liver was repositioned into the peritoneal cavity, and the abdominal wall was then closed with a 6-0 absorbable suture (Ethicon,
Somerville, NJ).

Time-Course Experiments
Preliminary experiments indicated that 4 weeks after intrahepatic
injection of tumor cells, mice receiving M619 or MUM2B cells approached a 20% loss in body weight, whereas mice receiving OCM1a
cells appeared healthy at the same time point. Ninety additional male
SCID CB-17 mice (Harlan Sprague-Dawley, Indianapolis, IN), 19 to 21 g,
were divided into six experimental groups of 15 animals each. The
liver of each animal received one of the three cell lines, and for each
cell line, animals were euthanatized at either 2 or 4 weeks after
implantation (a total of six groups of animals, 15 animals per group).
The liver of each of 15 additional animals was injected with OCM1a
cells and observed for 7 (2 animals) or 8 (13 animals) weeks. WI38
fibroblasts were injected in the liver of five mice and these animals
were euthanatized 4 weeks later. A complete necropsy was performed
on each animal. The identification of metastases was made from the
examination of histologic preparations of the bread-loafed liver and
other viscera stained with hematoxylin-eosin rather than by gross
examination. One hematoxylin-eosin–stained section of each organ
was scanned by one of the investigators (RF) for the presence or
absence of metastases. On the average, five slides from each animal
were reviewed. Typically, three of these slides represented bread-loaf
sections through the liver and lungs. The size of hepatic uveal melanoma tumor nodules in the liver was measured directly from glass
slides.30 Differences in the size of lesions for each cell line were
compared at different time points, and differences in the sizes of
lesions between time points were studied with the Kruskal-Wallis test.
All animal protocols were approved by the Animal Care Committee of
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the University of Illinois at Chicago and conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.

Perfusion Studies
Before euthanatization, three mice in which OCM1a cells had been
injected 6 weeks earlier were perfused with fluorescent bovine serum
albumin (BSA; Sigma-Aldrich, St. Louis, MO). Each animal was injected
with the ketamine-xylazine cocktail for the implantation followed by
the injection of 0.2 mL of 3% FITC-BSA into the retrobulbar orbital
plexus of one eye. After 45 minutes of observation, animals were
euthanatized. Liver tissue with tumor nodules was snap frozen, sectioned on a cryostat at 4 m, and viewed with a microscope equipped
for fluorescence (BX40; Olympus America, Melville, NY). Digital images were then captured (Optronics MagnaFire Camera; Optronics,
Goletta, CA).

Immunohistochemistry
The histologic demonstration of vasculogenic mimicry patterns in
primary uveal melanomas is associated with the development of metastatic melanoma,31 and these patterns have been described in liver
and extrahepatic uveal melanoma metastases.32 Because these patterns
have been confused with fibrovascular septa when uveal melanoma
cells were implanted subcutaneously in mice,33 the patterns were
stained with laminin rather than the more nonspecific periodic acidSchiff (PAS), used originally to demonstrate vasculogenic mimicry
patterns in tissue sections.34
Unstained slides cut at 4 m from all melanoma nodules in the liver
and pulmonary metastases (as identified on hematoxylin-eosin stained
sections) were stained with either a mouse monoclonal antibody
(L8271, clone LAM 89; Sigma-Aldrich, St. Louis, MO) specific for human laminin or a rabbit polyclonal anti-laminin antibody (Z0097; Dako,
Carpinteria, CA) that cross-reacts with both mouse and human laminin
(both in a dilution of 1:200). Formalin fixed, paraffin-embedded tissue
samples were sectioned at 4-m thickness and mounted on slides
(Superfrost/Plus; Erie Scientific Company, Portsmouth, NH). The slides
were deparaffinized in xylene, rehydrated through a decreasing ethanol gradient, and rinsed in distilled water followed by antigen unmasking with a 10⫻ concentrated retrieval solution (Target Retrieval Solution; Dako), according to the manufacturer’s instructions. They were
then rinsed in phosphate-buffered saline (PBS) for 5 minutes. The
tissue sections were exposed to a blocking solution (Peroxidase Blocking Reagent; Dako) for 10 minutes at room temperature. The slides
were pretreated with proteinase K (Dako) for 5 minutes and then with
protein-blocking solution (Protein Block Serum-Free; Dako) for 10
minutes at room temperature. They were rinsed and incubated with
one of the two anti-laminin antibodies for 30 minutes at room temperature, rinsed, and treated with a labeled polymer (EnVision Plus; Dako)
for 30 minutes at room temperature. Laminin staining was detected by
3,3⬘-diaminobenzidine (DAB Plus; Dako) for 10 minutes. (Each of the
three cell lines generates amelanotic tumors when implanted into
animal hosts.) The slides were rinsed in distilled water, counterstained,
and dehydrated through an alcohol gradient and mounted (Permount;
Biomeda, Foster City, CA).
For the demonstration of mouse endothelial cells in frozen sections
of the mouse liver, the following protocol was used. Frozen sections
were cut at 4 m and were fixed in acetone. Slides were placed in PBS
for 15 minutes. An H2O2 block was applied at room temperature for 10
minutes, and the slides were rinsed with PBS followed by the protein
blocking solution, as described earlier, for 10 minutes. The slides were
blotted and exposed to anti-mouse CD31 (PECAM-1; BD-Pharmingen,
San Diego, CA), 1:20 dilution at room temperature for 60 minutes.
Chromogen detection and slide preparation followed the protocol
described earlier.
Digital photomicrographs were obtained (with either a MagnaFire
Camera; Optronics mounted on a BX40 microscope; Olympus America, or with a CS Digital Scanner; Aperio Technologies, Vista, CA).
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FIGURE 1. Representative histologic
sections of mouse liver at various
times after injection with human
uveal melanoma cell lines. (A)
OCM1a cells formed a nodule in the
mouse liver at 2 weeks after injection. (B) MUM2B cells in the mouse
liver at 4 weeks after injection. (C)
M619 cells formed secondary metastases to the lung 4 weeks after injection into the liver. (D) Tumor emboli
were identified in hilar tissues adjacent to the lung (bottom right) from
MUM2B cells 4 weeks after injection
into the mouse liver. Bars: (A) 400
m; (B, D) 100 m; (C) 150 m.

3D Reconstruction of Vasculogenic Mimicry
Patterns in Melanoma Hepatic Deposits in
the Mouse
Vasculogenic mimicry patterns in human uveal melanoma tissue, both
primary and metastatic, have been reconstructed with high fidelity
from serial paraffin-embedded sections by methods described in detail
previously.35–37
Briefly, 14 serial paraffin-embedded sections cut at 4 m were
dual-labeled with antibodies to human laminin and to S-100 protein.
We have shown that human uveal melanoma tends to stain diffusely
with antibodies to S-100 proteins, whereas the distribution of other
melanocytic markers is patchy.38 After the sections were treated as
described earlier through the steps of blocking solution and proteinase
K, the slides were incubated with monoclonal mouse anti-laminin
antibody (L8271, clone LAM 89; Sigma-Aldrich) at a titer of 1:200 for 30
minutes at room temperature. The slides were rinsed then treated with
protein block (Protein Block Serum-Free; Dako) for 10 minutes, blotted, and then treated with Alexa Fluor 488 mouse-goat antibody (Invitrogen-Molecular Probes, Eugene, OR) at a 1:400 dilution for 30
minutes at room temperature. They were blocked with protein block
as described earlier and incubated with S100 rabbit antibody (Z0311;
Dako) at a dilution of 1:200 for 30 minutes at room temperature,
rinsed, blocked with protein block for 10 minutes, blotted, and exposed to Alexa Fluor 594 rabbit-goat antibody (Invitrogen-Molecular
Probes) at a titer of 1:400 for 30 minutes at room temperature. They
were then rinsed in distilled water and mounted (Faramount; Dako)
and kept in a dark place until screened.
To locate areas of vasculogenic mimicry patterns, we first studied
the slides by routine immunofluorescence microscopy (BX40; Olympus). Fields for reconstruction were captured with the digital camera
(MagnaFire; Optronics) for each chromogen, and the images were
merged (MagnaFire software; Optronics). Each of the 14 serial sections
was then examined with a laser scanning confocal microscope (LSM
510; Carl Zeiss Meditech, Thornwood, NY) with a 40⫻ objective.
Images were stored in laser scanning microscope format and converted
on computer (LSM Image Browser software, ver. 2.50.0929; Carl Zeiss
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Meditec, Jena, Germany) into tagged image file format (TIFF). The 3D
reconstruction was accomplished by using an immersive virtual reality
environment (Immersadesk; Fakespace, Kitcherner, Ontario, Canada),
as described in detail previously.35–37

RESULTS
The Establishment of Uveal Melanoma Deposits
in the Mouse Liver and Secondary Metastases
MUM2B cells, which are highly invasive in vitro and which
were developed from a human liver uveal melanoma metastasis, formed tumor nodules in the mouse liver within 2 weeks
after implantation in 9 (60%) of the 15 animals injected. The
MUM2B cells not only formed expansile nodules within the
liver, but spread as a plaque over the liver surface. In four of
the nine animals in which liver nodules developed at 2 weeks
after implantation, tumor had spread by direct extension to the
abdominal viscera, but secondary metastases to the lung were
not identified. However, by 4 weeks after injections, tumor had
spread locally to the abdominal viscera in 14 (93%) animals and
to the lungs in 8 (53%). Metastases to hilar lymph nodes were
identified in one animal, and tumor emboli within blood vessels were identified in a different animal.
M619 cells, which are also highly invasive in vitro and
which were developed from a primary uveal melanoma,
formed tumor nodules in the liver in 10 (67%) of the 15 animals
in this group at 2 weeks after injection, without evidence of
local invasion along the surface of the liver and into the abdomen. At 4 weeks after injection, all 15 mouse livers contained
nodules of melanoma. In 8 of these animals, tumor was confined to the liver, but in 7 animals, tumor not only expanded
within the liver but also grew as a surface plaque over the liver.
Adjacent abdominal visceral organs were infiltrated by tumor
in 11 animals. Metastases were identified in hilar lymph nodes
in three animals, and pulmonary metastases were identified in
one.
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TABLE 1. Time Course of Melanoma Cells Implanted in the
Mouse Liver

2 Weeks (n ⫽ 15)
4 Weeks (n ⫽ 15)
6 Weeks (n ⫽ 6)
7 Weeks (n ⫽ 2)
8 Weeks (n ⫽ 7)

Liver
Abdomen
Lung
Liver
Abdomen
Lung
Liver
Abdomen
Lung
Liver
Abdomen
Lung
Liver
Abdomen
Lung

Demonstration of Vasculogenic Mimicry in
Hepatic Nodules

OCM1a

M619

MUM2B

8
0
0
9
0
0
6
5
0
2
2
1
7
5*
5*

10
0
0
15
11
1

9
4
0
15
14
8

Experiments were not extended beyond 4 weeks for cell lines
M619 and MUM 2B.
* One animal with abdominal involvement had no pulmonary
metastases, and one animal with pulmonary metastases has no abdominal involvement.

OCM1a cells, which are poorly invasive in vitro, established
microscopic liver nodules in 8 (53%) of the 15 animals within
2 weeks. Nodules formed by OCM1a were expansile, remaining within the liver parenchyma and, unlike MUM2B and M619
cells, growth along the surface of the liver was never observed,
nor was there any evidence of local spread to the abdominal
viscera at this time point. At 4 weeks after injection, tumor
nodules were present in nine animals without evidence of
surface plaque, abdominal spread, or pulmonary metastases. At
6 weeks after injection, tumor nodules were observed in each
of the six animals observed to this time point with focal spread
into the abdomen in five animals and no evidence of pulmonary metastases. In each of the nine animals observed for more
than 6 weeks, tumor nodules developed in the liver and in
seven (78%), abdominal spread was identified. Pulmonary metastases were identified in one of the two animals observed
until 7 weeks and in five of the six animals observed for 8
weeks after injection.
Four weeks after injection of WI38 fibroblasts into the
mouse liver, no lesions were detected.
Animals receiving M619 and MUM2B cells were not observed beyond 4 weeks, to minimize distress to the animals
because of the high incidence of secondary metastases by that
time point. Representative histologic findings are presented in
Figure 1 and the time-course for tumor development after
implantation for each of the three cell lines is summarized in
Table 1. As expected, there were significant increases in the
size of uveal melanoma tumors in the mouse liver over time for
each of the three cell lines, as summarized in Table 2.

Highly invasive M619 and MUM2B cells stained intensely and
uniformly positive for laminin at all time points. Although
laminin-positive loops, identical with laminin-positive vasculogenic mimicry patterns in human metastases in the
liver,32,39 were identified in some tumor nodules formed by
M619 and MUM2B cells in the liver, the intensity of laminin
staining obscured the discrimination of intralesional patterning. By contrast, OCM1a cells were diffusely but very weakly
laminin-positive in all lesions and intensely staining lamininpositive loops and networks of back-to-back loops were
consistently and easily identified in lesions formed in the
liver as early as 2 weeks after injection (0.4 mm in diameter).
Laminin-positive vasculogenic mimicry patterns, identical
with those seen in human tumors, were identified in larger
intrahepatic nodules formed by OCM1a at 6 to 8 weeks (Fig.
2A) and within very small secondary metastases to the lung
formed by MUM2B cells 4 weeks after implantation (Fig. 2B).
Vasculogenic mimicry patterns were formed more consistently by OCM1a cells in the context of the liver than by
M619 or MUM2B cells.
Vasculogenic mimicry patterns were visualized in tissues
labeled by the polyclonal anti-laminin antibody that recognizes both mouse and human laminin. The monoclonal antilaminin antibody, specific for human laminin, did not label
mouse control tissues, such as renal tubules or glomeruli,
nor did the antibody label internal controls such as vessels in
the mouse liver, but looping vasculogenic mimicry patterns
were clearly evident in the OCM1a tumor nodules in the
liver (Figs. 2C–F).
Three-dimensional reconstructions of vasculogenic mimicry
patterns in OCM1a-generated liver nodules revealed the laminin-positive patterns to represent thin envelopes wrapped
around branching cylinders of OCM1a tumor cells (Fig. 3). The
3D characteristics of these patterns can be better appreciated
by viewing Movie 1, available online at http://www.iovs.org/
cgi/content/full/48/7/2967/DC1. Reconstructions of OCM1agenerated tumor nodules in the mouse liver were identical
topologically to reconstructions of human primary35 and metastatic uveal melanomas40 reported previously.
Because vasculogenic mimicry patterns were most highly
developed in animals whose livers were injected with OCM1a
cells between 6 and 8 weeks, three of these animals were
perfused by FITC-BSA before euthanatization. In contrast to the
radial distribution of the tracer in hepatic sinusoids adjacent to
central venules in the uninvolved hepatic parenchyma (Fig.
4A), tracer within the tumor nodule was distributed as backto-back loops (Fig. 4B). It is known that endothelial cell-lined
blood vessels do not appear as back-to-back loops on thin, 2D
histologic sections.41

TABLE 2. Sizes of Uveal Melanoma Nodules in the Mouse Liver by Cell Line and Time
OCM1a

M619

MUM2B

Time in Weeks

Mean

SD

n

Min

Max

Mean

SD

n

Min

Max

Mean

SD

n

Min

Max

2
4
6
7
8

0.53
1.81
4.63
4.93
6.54

0.39
2.44
1.81
4.35
4.48

7
10
6
2
7

0.23
0.2
1.8
1.85
1.2

1.3
8.5
7
8
15

1
4.12

1.13
1.52

10
15

0.27
1.35

4
7

1.46
3.11

0.98
1.92

9
15

0.42
0.9

3.1
6.5

Data are in millimeters. Statistical comparisons (Kruskal-Wallis test): OCM1a: 2 weeks vs. 8 weeks: P ⫽ 0.026 (df ⫽ 1, 2 ⫽ 9.0362); M619:
2 weeks vs. 4 weeks: P ⫽ 0.0002 (df ⫽ 1, 2 ⫽ 13.941); MUM2B: 2 weeks vs. 4 weeks: P ⫽ 0.0273 (df ⫽ 1, 2 ⫽ 4.8718).
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FIGURE 2. Vasculogenic mimicry demonstrated in deposits of uveal melanoma in the SCID mouse liver. (A)
Deposit of OCM1a in the mouse
liver 6 weeks after injection. The
tissue section has been labeled with
an antibody to S100 protein (red)
and to human laminin (green).
Note the back-to-back loops of laminin within the tumor to the left.
Blood vessels in the mouse liver do
not label with human anti-laminin.
(B) MUM2B cells metastatic to the
mouse lung 4 weeks after implantation in the liver. The section is
stained with antibody to human
laminin and the reaction developed
with diaminobenzidine (DAB).
MUM2B cells are known to be
amelanotic. Note the development
of small laminin-positive loops
within this very small secondary
metastatic deposit. (C) Mouse kidney stained with antibody to human laminin. Neither the glomeruli
nor the tubular basement membranes, both rich in laminin,
stained with this antibody. (D) This
section, stained with polyclonal antibody that cross-reacts with both
human and mouse laminin, was
taken adjacent to the section in (C).
Note the staining of the mouse glomerular mesangium and tubular epithelium with this preparation developed with DAB. (E) Mouse liver
into which MUM2B cells were implanted 4 weeks before euthanatization. The tumor cells in the top
half of the field were stained with
an antibody to human laminin and
developed with DAB. An asterisk is
placed in the center of laminin-positive tumor cells surrounded by a
laminin-positive loop. Note that
blood vessels within the mouse
liver did not stain with this antibody to human laminin (arrows).
(F) This section, adjacent to (E),
was stained with a polyclonal antibody that cross-reacts with both human and mouse laminin. Note that the tumor cells stained for laminin, loops were identified (note the asterisk in tumor cells surrounded
by a loop), but in contrast to (E), the basement membranes of hepatic vessels stained positive with this antibody (arrows). Bars: (A–D) 100
m; (E, F) 50 m.

DISCUSSION
The model of metastatic uveal melanoma generated by the
direct intrahepatic injection of human uveal melanoma cells
faithfully reproduces the histology of metastatic uveal melanoma to the liver and is not associated with ocular morbidity.
Looping vasculogenic mimicry patterns are generated in both
the liver nodules and the secondary metastases (Fig. 1). The 3D
architecture of these patterns in the model (Fig. 3) is identical
with the architecture of these patterns in human primary35 and
metastatic uveal melanoma,40 and these patterns appear to
constitute a perfusion pathway (Fig. 4) in the model as they do
in other animal models of vasculogenic mimicry33 and in human tumors.31 Depending on the invasive behavior of the cell
line used, the model may not simulate the disease in patients
with endstage metastatic uveal melanoma. For example, some
of the most invasive uveal melanoma cell lines used in this
study (M619 and MUM2B) not only generated hepatic nodules
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and secondary metastases to the lungs, but also eventually
spread throughout the abdomen, a behavior sometimes seen in
patients but not typical of the clinical course of metastatic
uveal melanoma. However, the implantation of OCM1a cells
into the mouse liver closely simulated the clinical behavior of
human uveal melanoma hepatic metastases.
Metastatic disease is seldom identified in patients with primary uveal melanoma at the time of the initial diagnosis and
treatment.42 Regardless of the modality used to eradicate the
primary tumor, metastases do not typically become clinically
manifest in patients until years, sometimes many years, later.43
It is therefore likely that tumor has already spread to the liver
at the time of the initial diagnosis and treatment. Although the
direct injection of human uveal melanoma cells into the SCID
mouse liver does not model the complete natural history of the
metastatic cascade from the eye to the target organ, the directinjection model focuses on critical interactions between the
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FIGURE 3. Stereopair of a 3D reconstruction of a nodule of OCM1a cells 6
weeks after implantation. Sections used
to develop this reconstruction were
stained with antibody to human laminin
(green). This preparation was also counterstained with antibody to S100 protein
and developed with a red chromogen
(as in Fig. 2A), but to reduce visual confusion, the red channel is not illustrated
in this figure. Please also refer to Movie
1, http://www.iovs.org/cgi/content/full/
48/7/2967/DC1, an animated GIF file of
this reconstruction that clearly establishes the laminin-positive loops in 2D
histologic sections (Fig. 2) and here represent the outlines of laminin-positive envelopes that are cylindrical.

tumor cell and the liver. Considering the disappointing reality
that no significant progress has been made to date in the
treatment of patients with metastatic uveal melanoma, the
direct-injection model provides for translationally relevant approaches to: (1) the development of new modalities to detect
small tumor burdens in patients, (2) the biology of clinical
dormancy of metastatic disease in uveal melanoma, (3) the
design and testing of novel treatments to prevent the emergence of clinically manifest liver metastases after dormancy,
and (4) the treatment of established metastatic uveal melanoma.
By using the direct-injection model and focusing on the
interaction between the uveal melanoma cell and the liver, we
were able to resolve unequivocally an ongoing controversy
among uveal melanoma researchers—the histogenesis of vasculogenic mimicry patterns. Although uveal melanoma cells
generate vasculogenic mimicry patterns in vitro without the
participation of endothelial cells or fibroblasts,25 some investigators have proposed that these patterns represent “fibrovascular septa”44 originating as a stromal response generated by
the host.45 Although it has been shown recently that uveal
melanoma cells are capable of generating extracellular matrix
proteins that have been identified in vasculogenic mimicry
patterns,34 it remained theoretically possible that the patterns
were composed of proteins co-opted from the microenvironment. By exploiting significant differences between human
and mouse laminin46 and using an antibody specific for human
laminin, it was possible to demonstrate that laminin in vasculogenic mimicry patterns in the human uveal melanoma nodules is of human origin and thus originates from the tumor
instead of the mouse host (Fig. 2).
The direct-injection model may be especially useful in developing new strategies for the early detection of small tumor
burdens in the liver. For many years, oncologists have moni-

tored liver enzymes on sequential visits after the treatment of
the primary tumor to detect metastatic uveal melanoma. However, the sensitivity and specificity of liver enzymes in detecting metastasis is disappointingly low,47 and patients may
present with significant hepatic replacement by tumor and
normal liver enzymes.48 The sensitivity of hepatic ultrasound in
detecting metastases from uveal melanoma is high, but the
specificity is low.49 One clinical investigation team concluded
that ultrasound screening did not contribute to an improvement in outcome and called for the development of “better
screening tests and more effective multimodality treatments. . .
to improve survival in uveal melanoma patients with hepatic
metastases.”50
After implantation into the mouse liver, human uveal melanoma cells formed very small tumor nodules of melanoma at
predictable times (Table 2). Therefore, it is possible to screen
mouse serum in the direct-injection model to identify humansecreted proteins that may be very sensitive in detecting extremely small tumor burdens in vivo. A large number of putative biomarkers are now being identified through genomic or
proteomic analyses of uveal melanoma cells and tissues.
Screening putative biomarkers on banked human sera is wasteful of sera and is expensive.
The biological mechanisms underlying the latent emergence of clinical metastases in patients with uveal melanoma
can also be explored in the direct-injection model. Certainly,
the direct injection of uveal melanoma cells into SCID mice
compromises the ability to study T-cell– dependent immune
responses to the tumor, a limitation also found in most natural
history models in immunosuppressed animals. However, investigators may vary several experimental conditions to model
tumor dormancy independent of immune regulation of the
tumor. For example, in the direct-injection model, it takes
nearly 6 to 8 weeks for OCM1a cells to form tumor nodules in
FIGURE 4. Mouse liver containing
OCM1a cells 6 weeks after implantation. This mouse was perfused with
fluorescent BSA before euthanatization. (A) Fluorescence micrograph of
this mouse’s liver uninvolved in tumor. Note the presence of the fluorescent BSA filling the pattern of
normal hepatic sinusoids. (B) Fluorescence micrograph taken from the
same liver illustrated in (A), but illustrating the perfusion pattern in the
tumor nodule formed by OCM1a
cells. Note the presence of back-toback loops in this 4-m-thick section. Bar, 50 m.
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the liver of comparable size to nodules produced by M619 and
MUM2B cells in only 4 weeks, pointing to intrinsic properties
of the tumor cell as one possible explanation for dormancy.
Investigators may use a variety of different cell lines to further
model dormancy as an intrinsic property of the tumor cell.
Furthermore, with regard to the phenomenon of dormancy
in uveal melanoma in the liver, it is becoming apparent that the
behavior of tumor cells is contextual and can be profoundly
influenced by the tumor’s microenvironment. For example,
Kulesa et al.51 have shown recently that highly invasive cutaneous melanoma cells injected into the embryonic chick do
not form tumors but rather are reprogrammed to populate
benign neural crest– derived structures. Thus, although OCM1a
uveal melanoma cells did not generate vasculogenic mimicry
patterns in 3D culture conditions, these cells do generate these
patterns when placed into the liver (Fig. 2A). It is interesting
that although all three cell lines used in this study generated
some degree of vasculogenic mimicry patterning in the liver,
these patterns were most prominent and were found most
consistently in nodules formed by OCM1a cells. The recently
reported finding associating the generation of vasculogenic
mimicry patterning by uveal melanoma cells with dampening
of the metastatic phenotype (suppression of proliferation, decreased migration and invasion, and even phenotypic reversion
to a spindle A morphology)52 may therefore provide yet another partial explanation for the relative “latency” of OCM1a
cells in generating large nodules in the liver and secondary
metastases compared with M619 and MUM2B cells.
The direct-injection model may be especially useful in developing chemoprevention strategies to abort the emergence
of clinically relevant metastases from micrometastases in patients with primary uveal melanoma who are at high risk for
metastasis. Finally, the direct-injection model may be useful in
designing treatments for patients with more advanced hepatic
metastases.
Thus, by focusing on the interaction of uveal melanoma
cells and the liver, the direct-injection model facilitates a large
number of clinically relevant experiments. The direct-injection
model therefore complements established natural history models that span the panorama of the metastatic cascade.
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