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Lymphatic Metastasis in the
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Intratumor Lymphatics
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Lymphatic metastasis contributes to mortality from solid tumors. Whether
metastasizing cancer cells reach lymph nodes via intratumor lymphatic vessels
is unknown. Here, we examine functional lymphatics associated with mouse
tumors expressing normal or elevated levels of vascular endothelial growth
factor-C ( VEGF-C), a molecule that stimulates lymphangiogenesis. Although
VEGF-C overexpression increased lymphatic surface area in the tumor margin
and lymphatic metastasis, these tumors contained no functional lymphatics, as
assessed by four independent functional assays and immunohistochemical
staining. These findings suggest that the functional lymphatics in the tumor
margin alone are sufficient for lymphatic metastasis and should be targeted

therapeutically.

Cancer cells metastasize to distant sites via
the vascular or lymphatic system. Our insight
into the lymphatic system lags far behind that
of the vascular system, due largely to the
limitations of available techniques. To date,
studies investigating lymphatics in tumors
have relied exclusively on either molecular
markers (I, 2) or functional techniques (3-5).
The former studies have identified lymphatic
markers in tumors, whereas the latter have
failed to demonstrate functional intratumor
lymphatics (I, 2, 4). Functional lymphatics,
however, do exist in the tumor margin (de-
fined as <100 wm from the tumor edge) (5).
These disparate observations call into ques-
tion the relation between functional lymphat-
ic vessels and widely accepted lymphatic mo-
lecular markers and the role they play in
lymphatic metastasis.

To address these issues, we created two
stable cell lines from T-241 murine fibrosarco-
ma and B16-F10 murine melanoma that over-
express vascular endothelial growth factor—C
(VEGF-C), a known lymphangiogenic mole-
cule (6, 7) (fig. S1A). We implanted both
mock-transduced and VEGF-C—overexpress-

ing tumor lines orthotopically in the hindlimb
of nude mice (8) (see supplementary Materials
and Methods) (fig. S1B). VEGF-C-overex-
pressing melanomas and fibrosarcomas exhib-
ited an increase in lymphatic metastasis (fig.
S1C) but no increase in hematogenous lung
metastasis (Table 1). VEGF-C—overexpressing
melanomas also showed increased local inva-
sion (Table 1). VEGF-C, however, did not
significantly alter migration of either cell line in
vitro (fig. S1D).

To determine whether intratumor lym-
phatics were present, we stained both tumor
types for the putative lymphatic markers
LYVE-1 (9) and Prox 1 (10), along with the
murine pan-endothelial marker MECA-32
(11-13) (Fig. 1, A to C). VEGF-C—overex-
pressing tumors exhibited more extensive
LYVE-1 and MECA-32 staining, as com-
pared to mock-transduced tumors (Fig. 1D),
especially in the tumor margin (Fig. 1E).
Morphologically, LYVE-1-positive struc-
tures in the tumor appeared to be vessels that

had collapsed or become filled with tumor
cells that occlude the lumen, with very few
structures having an open lumen (Fig. 1F). In
contrast, LYVE-1-positive structures exhib-
ited a more normal lymphatic morphology in
the tumor margin.

Surprisingly, ~10% of all tumor-associat-
ed LYVE-I1-positive structures either colo-
calized with the intravenous lectin, a marker
of perfused blood vessels, or contained red
blood cells (fig. S2, A and B; table S1). This
strongly suggests that a fraction of LYVE-1—
stained structures in our B16-F10 melanoma
and T-241 fibrosarcoma models are blood
vessels. In the dermis of normal tail, howev-
er, LYVE-1-positive structures did not colo-
calize with lectin-perfused blood vessels. In-
side both tumor types, there was an ~50%
decrease in colocalization of MECA-32 (14)
or Prox 1 (see supplementary Materials and
Methods) with LYVE-1-positive structures
when compared to normal tissue and the tu-
mor margin (table S1).

To correlate structure with function, we per-
formed four functional assays. We measured
interstitial fluid pressure (IFP) in VEGF-C—
overexpressing and control T-241 fibrosarco-
mas and found no difference, although the tu-
mors exhibited higher IFP than did normal tail
tissue (Fig. 2A). The universal finding that tu-
mors have elevated IFP suggests that tumors
lack functional lymphatics (15). IFP, however,
like molecular clearance rate (/6), depends on
many parameters other than lymphatic function,
including blood vessel permeability, microvas-
cular pressure, and tissue hydraulic conductivity
(15, 17). Thus, to analyze functional lymphat-
ics directly, we performed three different mi-
crolymphangiography assays. Lymphangiog-
raphy involves injecting labeled macromole-
cules into the interstitium for uptake into lym-
phatics and provides microscopic demarcation
of functional draining lymphatics, as demon-
strated in normal tail (Fig. 2B) (/8).

Multiphoton laser-scanning microscopy
(MPLSM) allowed three-dimensional, high-
resolution imaging of blood and lymphatic
vessels at depths extending 400 pm below
the surface of the skin (/8, 19) (Fig. 2, C and

Table 1. Invasion and metastasis from mock-transduced (MT) and VEGF-C~overexpressing tumors. The
numerator is the number of mice that exhibited the property, and the denominator is the total number

of mice.
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*Present address: Comprehensive Cancer Center, Uni- Lung metastasist 5/22 2/19 NS
versity of California-San Francisco, 2340 Sutter T-241-MT T-241-VEGF-C
Street, N461, San Francisco, CA 94143-0808, USA. Lymphatic metastasis 2/14 8/14 0.046
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*P value based on Fisher's exact test. NS, not significant.
in 10 to 20 sections of lung per animal.

‘tHematogenous metastasis was analyzed microscopically
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D). VEGF-C increased the diameter of func-
tional lymphatics in the tumor margin by
26%, as compared to mock-transduced con-
trols (Fig. 2E) (20), in a tumor size—indepen-
dent manner (p > 0.05). No intratumor lym-
phatics were observed more than 260 pm
below the surface of the skin (21), in accord
with our previous report (5). Blood vessels
were clearly visible at these depths using
MPLSM. VEGF-C overexpression did not
induce functional intratumoral lymphatic ves-
sels. The virtual absence of lymphatic func-
tion between 100 and 400 pwm into these
fibrosarcomas indicates that any deeper struc-
tures would not connect to the functional
lymphatic network outside the tumor.

Next, using epifluorescence microscopy,
we discerned the architecture of the function-
al lymphatic network in the tumor margin of
T-241 fibrosarcomas. Strikingly, superficial
lymphatics maintained the approximate hex-
agonal pattern observed in normal dermis
(Fig. 2, B and F), suggesting that they were
preexisting lymphatic vessels of the normal
tissue overlying the tumor. However, tumor
VEGF-C overexpression increased the diam-
eter of lymphatics in the tumor margin (Fig.
2G), which is consistent with the MPLSM
results (Fig. 2E) and studies of VEGF-C
overexpression in the skin (22).

Last, we performed ferritin microlym-
phangiography (5) to probe deeper than 400

wm into the tumor and subsequently stained

for LYVE-1, Prox 1, MECA-32, and intrave-
nous lectin (Fig. 1, A to C). Given that only
lymphatics near the injection site and subse-
quent drainage areas can be identified by this
method, we focused our experiments on
detecting potential intratumor lymphatics by
injecting deeply into the tumor. Ferritin stain-
ing in VEGF-C-overexpressing and mock-
transduced tumors did not colocalize with’
LYVE-1 in any of the 14 fibrosarcomas
stained, again suggesting that LY VE-1-pos-
itive structures within these tumors are not
functional lymphatics (table S1 and fig.
S3A). In contrast, ~85% of ferritin staining
colocalized with LYVE-1 and MECA-32 in
both the tumor margin and normal tissue,
confirming that lymphatics in these areas are
functional. Ferritin in the tumor appeared to
travel through nonendothelialized channels
and accumulated in the skin, distant from the
injection site, where it was absorbed by func-
tional tumor margin lymphatics (fig. S3B).
This was also observed in MPLSM experi-
ments. Taken together, these data suggest the
following: (i) intratumor transport of injected
contrast agent does not occur through lym-
phatic vessels, but rather through preferential
pathways in the interstitium lacking endothe-
lial lining (4); and (ii) LY VE-1 alone cannot
be used to detect functional lymphatics.

We also performed ferritin lymphangiog-
raphy and immunohistochemistry on five tu-
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mors (four adenocarcinomas and one fibro-
sarcoma) arising spontaneously in aged C3H/
Sed mice for comparison with our results
from tumor xenografts. In these tumors, the
density of LYVE-1 staining was 5.2 * 2.8
structures per mm? and the functional vascu-
lar density was 317 *= 107 structures per
mm?, based on lectin staining. The tumors
consisted of multiple lobules separated by
large connective tissue tracts containing ves-
sels. LYVE-1 staining was commonly ob-
served in the connective tissue tracts inside
the tumor, but these structures did not take up
ferritin after intratumor microlymphangiogra-
phy (Fig. 3, A and B). The IFP in these
tumors was elevated (10.5 = 1.7 mm Hg),
corroborating the lack of functional lymphat-
ic drainage from the tumor, as determined by
ferritin microlymphangiography. ’
Finally, we measured IFP in lung tumors
in patients before surgical resection and
stained these tumors for LYVE-1, Prox 1, and
CD31. Ten of these 22 patients (10 with
adenocarcinomas, 8 with squamous cell car-
cinomas, 3 with bronchioloalveolar carcino-
mas, and 1 with small cell carcinoma) had
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lymph node metastasis. The average postsur-
gical survival was 4.4 * 0.7 years (table S2).
Tumor IFP in these patients was elevated
(9.5 = 1.6 mm Hg). There was no correlation
between IFP and lymph node metastasis (fig.
S4A), in contrast to a recent animal study
(23). Only five tumors exhibited LYVE-1-
positive structures in the tumor margin (de-
fined as ~500 wm from the tumor edge,
because of difficulties in exactly identifying
the tumor edge), and none exhibited staining
in the bulk of the tumor. Additionally, in a
few cases, LYVE-1 marked capillaries in the
alveolar walls, which do not possess lym-
phatics, as well as endothelial cells of an

- occasional artery and vein, confounding the

interpretation of this stain (fig. S4B). CD31,
however, showed preservation of alveolar
capillaries deep within these tumors, particu-
larly those with bronchioloalveolar growth
patterns (fig. S4C). There was no correlation
between LYVE-1 staining and IFP, lymph
node metastasis, or overall survival in these
patients (see supplementary Materials and
Methods). These data suggest that human
lung tumors do not contain functional lym-
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ferritin-filled lymphatic vessel (Ly) at the edge of a T-241 fibrosarcoma. (B) Lectin stain (brown)
showing a neighboring blood vessel (BV). (C) Prox 1 stain (nuclear, brown) of same lymphatic
vessel. (D) VEGF-C-overexpressing tumors exhibited higher staining densities, as compared to
control tumors. (E) VEGF-C—overexpressing tumors exhibited higher LYVE-1-staining densities in
tumor margin (referred to as TML), as compared to MT tumors. (F) Structures stained with LYVE-1
(brown) were compressed or filled with cancer cells in B16-F10 melanoma. Error bars show SEM.

Scale bars: (A), (B), (C), and (F), 100 um.
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Fig. 2. Evaluation of tumor lymphatic function. (A) IFP was elevated in T-241 fibrosarcoma
tissue, as compared to in normal tail, but VEGF-C overexpression did not alter IFP. (B)
Epifluorescence lymphangiography of normal tail showing a hexagonal pattern of lymphatic
network. (C and D) Maximum intensity projection of MPLSM images from combined angiog-
raphy and lymphangiography in T-241 fibrosarcoma. Functional lymphatics (red, Ly) and
nearby blood vessels (green, BV ) are shown at the tumor margin. (E) Functional tumor margin
lymphatics (TMLs) in VEGF-C—overexpressing T-241 fibrosarcomas have larger diameters, as
compared to those in control tumors, as determined by MPLSM. (F) Epifluorescence lym-
phangiography showing functional lymphatic vessels in the margin of T-241 fibrosarcoma with
a distorted, yet somewhat normal, hexagonal network, suggesting that they are preexisting
vessels, not newly formed. (G) Functional TMLs in VEGF-C—overexpressing T-241 fibrosarco-
mas have larger diameters, as compared to control tumors, as determined by epifluorescence
microscopy. Error bars show SEM. Scale bars: (B), 250 pm; (C) and (D), 100 pm; (F),
500 wm.

'\A
N
\.‘.“_\‘ i
) b S
LY¥E1 . Sl & s

Fig. 3. Evaluation of spontaneous tumors arising in aging mice. (A) LYVE-1 stain of tumor showing
LYVE-1—positive structures in fibrous tissue between tumor lobule with no LYVE-1 stain within the
tumor lobule. No colocalization with intratumorally injected ferritin was seen in any similar
structures, suggesting that these structures do not collect fluid or macromolecules from the tumor
lobules. (B) Adjacent section stained for lectin, showing perfusion of both the tumor lobules as well
as the interlobular connective tissue. There was no colocalization of lectin and LYVE-1 seen in this
section. Scale bar, 300 um.
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phatics and that LYVE-1 staining is not clin-
ically predictive in this setting.

The mechanisms underlying the lack of
lymphatic function in tumors are not under-
stood. The following are possible: (i) the
primary valve structure (24) is lacking in the
LYVE-1-positive structures in tumors, pre-
venting effective fluid uptake and lymphatic
function; (ii) the mechanical forces generated
by the growing tumor cells collapse lymphat-
ics, rendering them nonfunctional (25); or
(iii) invading tumor cells destroy the lym-
phatic network, leaving only remnant endo-
thelia inside the tumor.

Regardless of the etiology for the lack of
functional lymphatics in tumors, we propose
that functional lymphatics in the tumor mar-
gin are sufficient for lymphatic metastasis,
because (i) increases in lymphatic surface
area (and thus more opportunity for cancer
cell intravasation) were accompanied by in-
creases in lymphatic metastasis in VEGF-C—
overexpressing tumors (Fig. 2E and Table 1)
(26), and (ii) tumors that lack intratumor
LYVE-1 staining still metastasize (table S2)
(26). The increase in LYVE-1 staining in
VEGF-C—overexpressing tumors (Fig. 1, D
and E) (16, 27, 28) suggests that VEGF-C
may act as a survival factor (29) for the
endothelial cells of lymphatic vessels com-
pressed or destroyed by the growing tumor
(3-5, 25) (Fig. 1F) and as a mitogen for
lymphatic endothelial cells in the tumor mar-
gin (see supplementary Materials and Meth-
ods). The ability of VEGF-C to (i) serve as a
survival factor for lymphatic endothelial
cells, (ii) induce lymphatic metastases by in-
creasing the functional lymphatic surface
area in the tumor margin, and (iii) induce
angiogenesis in some tumors (7, 16), makes
VEGF-C an ideal target for controlling both
tumor growth and metastasis.

Note added in proof: LYVE-1/Prox
1-positive structures in two human breast
cancer cell lines (MDA-231 and MDA-435S)
grown orthotopically in mice also did not
colocalize with a functional lymphatic mark-
er (ferritin) within the tumor; however, they
did so in the tumor margin, consistent with
the findings of this report (30).
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Structure of an HIF-1a-pVHL
Complex: Hydroxyproline
Recognition in Signaling
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The ubiquitination of the hypoxia-inducible factor (HIF) by the von Hippel-
Lindau tumor suppressor (pVHL) plays a central role in the cellular response to
changes in oxygen availability. pVHL binds to HIF only when a conserved proline
in HIF is hydroxylated, a modification that is oxygen-dependent. The 1.85
angstrom structure of a 20-residue HIF-1a peptide—pVHL-ElonginB-ElonginC
complex shows that HIF-1a binds to pVHL in an extended B strand-like con-
formation. The hydroxyproline inserts into a gap in the pVHL hydrophobic core,
at a site that is a hotspot for tumorigenic mutations, with its 4-hydroxyl group
recognized by buried serine and histidine residues. Although the 8 sheet-like
interactions contribute to the stability of the complex, the hydroxyproline
contacts are central to the strict specificity characteristic of signaling.

The cellular response to oxygen is a central
process in animal cells and figures promi-
nently in the pathophysiology of several
diseases, including cancer, cardiovascular
disease, and stroke (/). This process is coor-
dinated by the hypoxia-inducible factor (HIF)
and its regulator, the von Hippel-Lindau tu-
mor suppressor protein (pVHL) (2, 3). HIF is
a heterodimeric transcription factor that acti-
vates the expression of genes involved in
angiogenesis, erythropoiesis, energy metabo-
lism, apoptosis, and/or proliferation in re-
sponse to low-oxygen tension (hypoxia) con-
ditions. pVHL inhibits HIF activity under
normal oxygen conditions (normoxia) by tar-
geting the HIF o subunits for polyubiquitina-
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tion and proteasomal degradation (4-8). Un-
der hypoxic conditions the HIF a subunits are
not recognized by pVHL, and they conse-
quently accumulate and dimerize with HIF-
1B (2, 3). VHL is mutated in the von Hippel—
Lindau cancer predisposition syndrome and
in sporadic clear-cell renal carcinomas, and
this is associated with constitutively high lev-
els of HIF-1a and the development of highly
vascularized tumors (2).

pVHL is the substrate-recognition subunit
of a ubiquitin-protein ligase that also contains
ElonginB, ElonginC, Cul2, and Rbx1 (VBC-
CR complex) (6—9). VBC-CR and the related
Skpl—Cull—F-box (SCF) family of ubig-
uitin-protein ligases (/0) catalyze the transfer
of ubiquitin from a ubiquitin-conjugating en-
zyme to specific lysine residues on the sub-
strate (/7).

pVHL binding to HIF-1a is dependent on
the hydroxylation of a core proline residue
(Pro®®*) within the HIF-la oxygen-depen-
dent degradation domain (ODD) (12-14).
This modification is carried out by recently
identified HIF prolyl hydroxylases (HPHs)
only in the presence of oxygen (/5-17). A
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20-residue HIF-1a ODD region (destruction
sequence), conserved in animal orthologs and
paralogs, is necessary and sufficient for hy-
droxylation by HPHs and for binding to
pVHL (12, 13).

To investigate the targeting of HIF-1a by
the VBC-CR ubiquitin-protein ligase and the
basis of hydroxyproline recognition in intra-
cellular signaling, we determined the 1.85 A
crystal structure of the pVHL-ElonginB—
ElonginC (VBC) complex bound to the hy-
droxyproline-containing 20-residue destruc-
tion sequence of HIF-la (Table 1 and fig.
S1). The structure shows that a 15-amino
acid portion of HIF-1a (residues 561 to 575)
adopts an extended, 3 strand-like conforma-

Table 1. Statistics from the crystallographic anal-
ysis. Details of the crystallization and structure
determination are provided in the supplementary
material (22). The statistics for the outermost
shell, 1.92 to 1.85 A, are shown in parentheses.
rmsd, Root mean square deviations from ideal
geometry and root mean square variation in the
B-factor of bonded atoms.

Parameter Data
Beam line MacCHESS F1
Resolution (A) 1.85
Observations 248,351
Unique reflections 34,115
Data coverage (%) (last 88.7 (76.5)

shell, 1.92-1.85)

Rym* (%) (last shell, 7.9(38.2)

1.92-1.85)
Refinement statistics (15.0-1.85)

Reflections (IFI > 0c) 33,935

Total atoms 3409

Water atoms 523

R-factort (%) (last shell, 19.6 (24.8)
1.92-1.85)

R} (%) (last shell, 1.92-1.85)  23.6(29.3)

rmsd bonds (A) 0.007

rmsd angles (°) 1.40

rmsd B-factor (A2) 37

*Roym = 2%y ;= 1,12, 1, ; for the intensity (/) of i

observations of reflection h. 1R factor = 3fIF | -
IFJI/ZIF,|, where F_ and F_ are the observed and calcu-
lated structure factors, respectively. 1Ree = R factor
calculated using 5% of the reflection data chosen ran-
domly and omitted from the start of refinement.

7 JUNE 2002 VOL 296 SCIENCE www.sciencemag.org



