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ABSTRACT We have recently cloned the human fms-like
tyrosine kinase 4 gene FLT4, whose protein product is related
to two vascular endothelial growth factor receptors FLT1 and
KDR/FLK1. Here the expression ofFLT4 has been analyzed
by in situ hybridization during mouse embryogenesis and in
adult human tissues. The FLT4 mRNA signals first became
detectable in the angioblasts of head mesenchyme, the cardi-
nal vein, and extraembryonally in the allantois of 8.5-day
postcoitus (p.c.) embryos. In 12.5-day p.c. embryos, the FLT4
signal decorated developing venous and presumptive lym-
phatic endothelia, but arterial endothelia were negative. Dur-
ing later stages of development, FLT4 mRNA became re-
stricted to vascular plexuses devoid of red cells, representing
developing lymphatic vessels. Only the lymphatic endothelia
and some high endothelial venules expressed FLT4 mRNA in
adult human tissues. Increased expression occurred in lym-
phatic sinuses in metastatic lymph nodes and in lymphangi-
oma. Our results suggest that FLT4 is a marker for lymphatic
vessels and some high endothelial venules in human adult
tissues. They also support the theory on the venous origin of
lymphatic vessels.

The physiology of the vascular system, embryonic vasculogen-
esis and angiogenesis, blood clotting, wound healing, and
reproduction as well as several diseases involve the vascular
endothelium lining the blood vessels (1, 2). In the mouse
embryo, certain mesenchymal cells differentiate into endothe-
lial cell precursors in situ- e.g., in the head mesenchyme, in the
dorsal aorta, and in the cardinal veins (3-5). Blood islands of
the yolk sac are sites of extraembryonic vasculogenesis (6, 7).
Further development of the vascular tree occurs through
angiogenesis (8, 9). According to some theories, the formation
of the lymphatic system starts shortly after arterial and venous
development by venous sprouting (10, 11).

After the fetal period endothelial cells proliferate very
slowly, except during angiogenesis associated with neovascu-
larization (12, 13). Among the factors stimulating angiogene-
sis, the acidic and basic fibroblast growth factors (FGF-1 and
FGF-2) and the vascular endothelial growth factor (VEGF)
exert their effects via specific cell surface receptor tyrosine
kinases: FGF receptor 1 and the endothelial-specific fms-like
tyrosine kinase 1 (FLT1) and KDR/FLK1 receptors, respec-
tively (refs. 14-16; for review, see ref. 17). The protein product
of the FLT4 receptor tyrosine kinase cDNA is structurally
similar to the FLT1 and KDR/FLK1 receptors (18), but FLT4
does not bind VEGF (19). Here we have analyzed FLT4
mRNA expression during vasculogenesis and angiogenesis in
mouse embryos and in endothelia of human adult tissues in
normal and pathological conditions.
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FIG. 1. RNase protection analysis of RNA isolated from mouse
embryos of various gestational ages (E8.5-E18.5) and from a newborn
mouse. Sample E8+P also contains the placenta. The size of the probe
and the protected FLT4 fragment are given in nt; ,3-actin was used as
a control. NB, newborn; E, embryonic day.

MATERIALS AND METHODS

Analysis ofRNA in Mouse Tissues. From a subcloned FLT4
DNA fragment of a A FIX II genomic library from 129SV mice
(Stratagene) PCR was used to amplify and clone exon frag-
ments covering nt 1-192 and 1745-2049 of mouse FLT4 cDNA
(20). Total RNA was isolated and analyzed by RNase protec-
tion (21) with probes corresponding to nt 1-192 of FLT4
cDNA and 1188-1279 of f3-actin cDNA (22). In situ hybrid-
ization of sections was performed as described (23) and the
mouse Tie lClD plasmid was used as a control (24).

Analysis ofRNA in Human Cells and Tissues. Endothelial
cells from humans were isolated, cultured for five to eight
passages, and used for isolation of polyadenylylated RNA as
described (25, 26). Human tissues sent for routine his-
topathological diagnosis were used for RNA in situ hybrid-
ization. Probes covered bp 1-595 of the human FLT4 cDNA
(18), 1-2334 of the von Willebrand factor cDNA (27), and
1-2190 of the Tie receptor cDNA (28). The normal in situ
protocol did not work for human tissue samples routinely
fixed in 10% formalin. However, when the proteinase K
digestion step was replaced with microwave treatment, spe-
cific hybridization signals were obtained (29, 30).

RESULTS
Analysis ofFLT4 mRNA in Early Mouse Embryos. Analysis

of RNAs collected during different phases of mouse develop-
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ment by RNase protection assay showed that FLT4 mRNA was
expressed throughout embryogenesis from day 8.5 postcoitus
(p.c.) to newborn mice without variations in signal intensity
(Fig. 1). Placenta contained enhanced amounts of FLT4
mRNA (lane E8+P; data not shown).
To localize FLT4 transcripts to specific cells and tissues,

sections of 7.5- and 8.5-day p.c. mouse embryos were hybrid-
ized with labeled FLT4 probes. As shown in Fig. 2, FLT4
mRNA was not expressed in 7.5-day p.c. mouse embryos (Fig.
2A), but abundant signals were detected in the posterior
cardinal vein and in the angioblasts of the head mesenchyme
on day 8.5 of development (Fig. 2 B and C). In contrast, the
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FIG. 2. Expression of FLT4 mRNA in 7.5-, 8.5-,
and 11.5-day p.c. embryos. Dark-field and bright-
field photomicrographs of in situ autoradiograms are
shown. No expression of FLT4 mRNA is detected in
a 7.5-day p.c. embryo (A). FLT4 expression in an
8.5-day p.c. mouse embryo is shown in B and C.
Arrows indicate FLT4-positive cells in the endothe-
lium of posterior cardinal vein (cv), in the allantois
(al) in B and in angioblasts (ab) of the head mesen-
chyme in C. In a 9.5-day p.c. placenta, FLT4 tran-
scripts can be seen in endothelial cells of venous
lacunae (vl) (D). (E and F) Comparison of FLT4 and
Tie hybridization signals in 11.5-day p.c. embryos.
The region of the developing dorsal aorta (da)
(arrowheads) and metanephros (mn) is shown.
(x 12.) Note that the da is negative for FLT4 but
positive for Tie mRNA, whereas both probes hybrid-
ize with the endothelium of the subcardinal vein (sv).
Also, the FLT4 probe gives a signal from the meta-
nephric vein (v), whereas the Tie probe mostly
hybridizes with the developing metanephric capillar-
ies (c, arrows). ng, Neural groove. (Bar = 30 jLm.)

dorsal aorta and developing heart (data not shown) did not
express FLT4 mRNA. In the extraembryonic tissues, FLT4 was
prominent in the allantois (Fig. 2B), whereas developing blood
islands of the yolk sac were negative (data not shown). In the
developing 8.5-day p.c. placenta, FLT4 signal was seen in periph-
eral sinusoidal veins and in the endothelium of venous lacunae
(Fig. 2D). Also, giant cells partially fused to the Reichert's
membrane (data not shown) expressed FLT4 mRNA.

Thus, although FLT4 expression was very prominent in the
earliest endothelial cell precursors, the angioblasts, it appeared
to be restricted only to certain vessels of 8.5-day p.c. embryos.
This is clear from the comparison of FLT4 with the Tie receptor,

12.5d

FIG. 3. FLT4 mRNA expres-
sion in a 12.5-day p.c. embryo. A
parasagittal section through the ax-
illar plane is shown. Note that
FLT4 mRNA is prominent in di-
lated vessels of the axilla (ax), in a
plexus-like pattern in the perior-

; _ , ,. bital (po) region, in the paraverte-
bral tissue (arrowheads), and in the

- 7 subcutaneous (sc) tissue. b, Brain;
--- li, liver. (Bar = 5 ,um.)
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whereas the Tie probe predominantly recognized developing
capillaries within the metanephros (Fig. 2F).
FLT4 mRNA in 12.5-Day p.c. Embryos. Fig. 3 illustrates

FLT4 signals in a parasagittal section of a 12.5-day p.c. mouse
embryo. FLT4 mRNA is distributed in several regions of the
embryo, being particularly prominent in a dilated vessel of the
axillar region (Fig. 3A). Similar FLT4-positive vessel networks
were seen in the midsagittal section in the jugular area (data
not shown). A plexus-like pattern of FLT4-expressing vessels
appeared in the periorbital region and surrounding the devel-
oping vertebrae. Also, just beneath the developing skin, an
FLT4-positive vascular network was evident. Weaker capillary
signals were obtained from several regions, including the
developing brain. FLT4 mRNA could also be detected in small
vessels of the neck region, of the developing snout, and at the
base of the developing tongue as well as in the tail region. In
addition, the liver was strongly positive for FLT4 mRNA,
which occurred in a spot-like pattern.
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FIG. 4. FLT4 in 14.5- and 16.5-day p.c. embryos. (A and B)
Bright-field and dark-field images of a midsagittal section. (C) Trans-
verse section of a 16.5-day p.c. embryo with hematoxylin and eosin
staining. (D) Higher magnification of the region of ductus thoracicus;
autoradiographic grains can be seen over the endothelial cells. (x20.)
Also, the small vessel (v) in the upper part of the photograph is
positive. da, Dorsal aorta; vc, inferior vena cava; bm, bone marrow; po,
periorbital region; lj, lower jaw; ne, neck region; sc, subcutis; mt,
mesenterium; dt, thoracic duct; th, thymus; tr, trachea; e, esophagus;
ca, carotid artery; ba, brachiocephalic artery. (A-C, bar = 10 ,um; D,
bar = 1 mm.)

which is known to be expressed in all endothelial cells of
developing mouse embryos and thus provides a marker for these
cells (31, 32). Notably, in contrast to the Tie probe, the FLT4
probe hybridized very weakly if at all with arterial endothelia of
11.5-day p.c. embryos-e.g., with the endothelium of the devel-
oping dorsal aorta (Fig. 2 E and F) or the carotid arteries (data
not shown). Instead, the FLT4 signal was much more prominent
in the developing veins. For example, FLT4 signal was detected
in anterior cardinal veins in the neck area (data not shown) and
in veins surrounding the developing metanephros (Fig. 2E),
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FIG. 5. Comparison ofFLT4 and Tie mRNA expression in cultured
endothelial cells. Northern blot analysis of polyadenylylated RNA
from human foreskin microvascular (MV), femoral vein (VE), aortic
(AO), and umbilical vein (HU) endothelial cells. For comparison, the
hybridization signal of the Tie receptor tyrosine kinase mRNA is
shown. Bands resulting from nonspecific binding of the probe to the
rRNA are marked with asterisks.

FIG. 6. FLT4 in adult human lymphatic vessels of the lung (A and
B), mesenterium (C and D), and tonsil (E and F). Note that only the
lymphatic vessels (lv) inA and C give an FLT4 signal, whereas the veins
(v), capillaries (c), and arteries (a) are negative for FLT4 mRNA.
Signal within these vessels results from reflection of light from the red
cells, which are seen in an adjacent stained section (asterisk in D).
Arrows in C indicate small lymphatic vessels. In the tonsil, the signal
is observed in the endothelia of some HEVs. (Bar = 200 ,um.)
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FLT4 mRNA in 14.5- and 16.5-Day p.c. Embryos. During
further development, FLT4 mRNA appeared to become more
restricted to certain vessels of the embryo. A 14.5-day p.c.
embryo clearly shows this restricted pattern of expression (Fig.
4 A and B). In the midsagittal section of Fig. 4, the most
prominent FLT4 signal is seen along the developing vertebral
column on its anterior side. This signal seems to originate from
endothelial cells of the thoracic duct. In contrast, the dorsal
aorta and inferior vena cava were negative. Dilated vessels in
the mesenteric region were also positive for FLT4. Further-
more, as in the 12.5-day p.c. embryos, vessel networks along
anatomical boundaries in the periorbital, lower jaw, as well as
in the neck region contained FLT4-expressing endothelia.
Similar structures were present in the pericardial space and
throughout the subcutaneous tissue. Notably, in contrast to
FLT4-negative vessels, all FLT4-positive vessels were devoid of
red cells in their lumen. This expression pattern suggested that
FLT4 becomes confined to the endothelium of lymphatic
vessels at this time of development. An additional site where
we observed FLT4 expression was the sinusoidal endothelium
of the developing bone marrow.

Photographs of a transverse section of the upper thorax of a
16.5-day p.c. embryo hybridized with the FLT4 probe are shown
in Fig. 4 C and D. Higher magnification of the region of the
thoracic duct is shown in Fig. 4D, where the FLT4 autoradio-
graphic grains can be seen. Endothelial cells of the thoracic duct
as well as a small vessel in the vicinity hybridize with the FLT4
probe.

Analysis of FLT4 mRNA in Human Endothelial Cells in
Vitro and in Vivo. Reflecting the selective FLT4 expression in
early embryos, cultured human microvascular, venous, and um-
bilical vein endothelial cells were positive for the FLT4-specific
5.8- and 4.5-kb mRNAs (33), whereas the aortic endothelial cells
were negative (Fig. 5). In contrast, Tie, another endothelial re-
ceptor tyrosine kinase gene was expressed as a 4.4-kb mRNA in
all endothelial cell types studied.
We also studied FLT4 in adult human tissues by using the

human FLT4 probe. In the lung, mesenterium, and appendix,
lymphatic endothelia gave FLT4 signals, while veins, arteries,
and capillaries were negative (Fig. 6A-D; data not shown). To
determine whether FLT4 is expressed in the high endothelial

venules (HEVs), the tonsils were studied. FLT4-specific au-
toradiographic grains were detected in some, but not all, HEVs
in these tissues (Fig. 6 E and F).

Analysis of FLT4 mRNA in Normal and Metastatic Lymph
Nodes and in Lymphangioma. In Fig. 7 a portion of a human
mesenteric lymph node is analyzed for FLT4 expression. FLT4
mRNA was present in the lymphatic sinuses and afferent and
efferent lymphatic vessels (data not shown). The same pattern
is seen in lymph nodes containing adenocarcinoma metastases
(Fig. 7 C and D). Some HEVs in both normal and metastatic
lymph nodes were also positive. However, the lymphatic
endothelium of metastatic lymph nodes gave an enhanced
signal. In Fig. 7E, a strong FLT4 mRNA expression is shown
in a cystic lymphangioma (compare with the hematoxylin-
stained section in Fig. 7G). Notably, the specific expression of
FLT4 in lymphatic endothelium is evident from comparison
with the in situ signals for von Willebrand factor mRNA in all
blood vessels (Fig. 7F).

DISCUSSION
We have shown earlier that the expression pattern of FLT4 in
comparison to FLT1 and KDR differs greatly in tissues of
18-week-old human fetuses (23). To understand the role of
FLT4 during development, we cloned mouse cDNA probes for
FLT4. Using these probes in in.situ hybridization, we analyzed
FLT4 expression during mouse development and confirmed
the relevance of our findings in normal and pathological adult
human tissues.

Like the FLK1, FLT1, TIE, and TEK endothelial receptor
tyrosine kinase genes, the FLT4 gene was not expressed in
7.5-day p.c. embryos. The results of RNase protection sug-
gested that the relative expression level is quite stable after 8.5
days of mouse development. The earliest signals appeared in
the angioblasts of the head mesenchyme and veins of the
embryo. In contrast, the dorsal aorta, endocardium of the heart,
and blood islands of the yolk sac were negative, unlike for FLK1,
FLT1, Tie, and Tek mRNAs (refs. 31 and 34; unpublished data).
The restriction ofFLT4 expression to the venous system was even
more clear in samples from 11.5-day p.c. mouse embryos, where
Tie mRNA was expressed also in arteries.

'E FIG. 7. FLT4 mRNA in normal
(A and B) and metastatic (C andD)
lymph node and in lymphangioma

1; ' (E-G). Arrowheads mark lym-
phatic sinuses (ls) and HEVs,
which are FLT4 positive. A com-
parison of FLT4 and von Will-
ebrand factor (vWF) signals shows
both in the lymphatic endothelium
(1) but only von Willebrand factor
signal in the capillary and venous
(v) endothelia. (A-D, bar = 10 ,um;
E-G, bar = 100 t,m.)
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The idea of lymphatic expression arose during the study of
14.5- and 16.5-day p.c. embryos, because at that stage large
arteries and veins as well as small vessels containing red blood
cells had no FLT4 signal in their endothelium. However,
lymphatic vessels were difficult to identify, because no specific
markers are available for them. Since the beginning of the 20th
century, three different theories concerning the origin of the
lymphatic system have been presented (11, 35, 36). The most
widely accepted theory was proposed by Florence Sabin (10),
who suggested that during the fetal period lymphatic structures
sprout from large central veins in certain locations to form the
primordial lymph sacs. Subsequently, the sacs enlarge, coa-
lesce, and form new sprouts, which grow into the periphery of
the embryo (11, 12, 35, 36).
The expression of FLT4 in developing mouse embryos

coincides with Sabin's model of lymphatic development. Ac-
cording to her theory, the jugular sacs develop from anterior
cardinal veins in the neck, and all other lymphatic sacs develop
by sprouting from the mesonephric vein and veins in the
dorsomedial edge of the Wolffian bodies (36). We found very
prominent FLT4 signals in the venous compartment, in the
anterior cardinal veins, and mesonephric vein in 11.5-day p.c.
embryos, and a day later we could detect the first FLT4-
positive sac-like structures in the jugular and axillary areas.
The main lymphatic duct, the thoracic duct, is formed by the
union of duct primordia (36). Fig. 4 shows such primordia in
a 14-day p.c. embryo and a transverse section of the 16.5-day
p.c. embryo shows FLT4 signal in the thoracic duct.
At least some of the specificity of FLT4 expression was

retained in cultures of human endothelial cells and in situ
hybridization analysis of adult human tissues confirmed the
restriction of FLT4 to the lymphatic system. FLT4 expression
was seen in the lymphatic endothelia and in sinuses of human
lymph nodes. Interestingly, some of the HEVs, which have a
cuboidal endothelium, shown to function in the trafficking of
leukocytes to the lymph nodes, were FLT4 positive. FLT4 was
also very prominent in lymphangiomas, which are benign
tumors composed of connective tissue stroma, and growing
endothelium-lined lymphatic channels (37). FLT4 mRNA was
restricted to the lymphatic endothelium of these tumors and
absent from their arteries, veins, and capillaries. In human
lung, we were able to identify lymphatic vessels, which were the
only FLT4-positive vessels in this tissue.

In conclusion, our present results show that the uniform
venous and capillary expression of FLT4 becomes restricted to
lymphatic vessels during mouse development, and in human
adult tissues FLT4 is specifically expressed by lymphatic vessels
and some HEVs. These results support the theories of the
venous origin of lymphatic vessels. The major function of the
lymphatic system is to provide fluid return from tissues and to
transport many extravascular substances back to the blood
(38). In addition, during the process of maturation, lympho-
cytes leave the blood, migrate through lymphoid organs and
other tissues, and enter the lymphatic vessels, from which they
return to the blood through the thoracic duct. Specialized
venules, HEVs, bind lymphocytes again and cause their ex-
travasation into tissues. Besides providing a marker for lym-
phatic vessels and some HEVs in human adult tissues, FLT4
may be actively involved in the genesis and maintenance of the
lymphatic vessels.
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