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Abstract
Objective—Inflammation and Nuclear Factor-kappa B (NF-κB) are highly associated with
lymphangiogenesis but the underlying mechanisms remain unclear. We recently established that
activated NF-κB p50 subunit increases expression of the main lymphangiogenic mediators,
vascular endothelial growth factor receptor-3 (VEGFR-3) and its transcriptional activator, Prox1.
To elucidate the role of p50 in lymphatic vasculature, we compared lymphatic vessel density
(LVD) and phenotype in p50 knockout (KO) and wild-type (WT) mice.

Methods—Normal tissues from KO and WT mice were stained for LYVE-1 to calculate LVD.
VEGFR-3 and Prox1 expressions were analyzed by immunofluorescence and qRT-PCR.

Results—Compared with WT, LVD in the liver and lungs of KO mice was reduced by 39% and
13%, respectively. This corresponded to 25–44% decreased VEGFR-3 and Prox1 expression. In
the mammary fat pad (MFP), LVD was decreased by 18% but VEGFR-3 and Prox1 expression
was 80–140% higher than in WT. Analysis of p65 and p52 NF-κB subunits and an array of
inflammatory mediators showed a significant increase in p50 alternative pathways in the MFP but
not in other organs.

Conclusions—These findings demonstrate the role of NF-κB p50 in regulating the expression
of VEGFR-3, Prox1 and LVD in the mammary tissue, liver, and lung.
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INTRODUCTION
The function of lymphatic vessels is important for proper immune cell transport [35],
response to injury [55], homeostasis[53] and dissemination of tumor cells [28,61]. The
formation of new lymphatic vessels, a process known as lymphangiogenesis, is a frequent
event during embryogenesis but it is tightly regulated in adulthood. The key protein that
mediates lymphangiogenesis is the vascular endothelial growth factor receptor (VEGFR)-3
[74]. This protein is expressed primarily on lymphatic endothelial cells (LECs) and is
activated by growth factors VEGF-C and VEGF-D [3]. Activation of VEGFR-3 signaling
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increases LEC proliferation, migration, and survival [46,74], whereas blocking the
VEGFR-3 pathway inhibits both inflammation-induced [5] and cancer-promoted [63]
lymphangiogenesis.

Typically, acute inflammation does not elicit pro-lymphangiogenic response. However,
chronic inflammation frequently induces new lymphatic vessels as has been described in
malignancy [28,61] and those associated with arthritis [80], psoriasis [27,41], renal
transplant rejection [40], chronic airway inflammation [5], inflammatory bowel disease [22],
and peritonitis [20,37]. Inflammation is primarily mediated by transcription factors
belonging to the NF-κB family that contains five subunits: p50 (NF-κB1), p65 (Rela), p52
(NF-κB2), RelB, and cRel [23]. All five NF-κB factors contain the Rel homology domain
that mediates binding to the prototypic κB element typically present in the promoters of
inflammation-responsive genes [73]. The most abundant NF-κB transcription factors are
dimers containing p50/p50, p50/p65, or p65/p65 subunits [29,30] that regulate expression of
more than 400 proteins implicated in inflammation [1], immunity [23], tumorigenesis [15],
angiogenesis [81], and lymphangiogenesis [5,50].

Out of the two most abundant subunits of NF-κB family, p50 and p65, the former appears to
play a more prominent role in inducing lymphangiogenesis and the normal development of
the lymphatic system. This is primarily based on evidence demonstrating constitutive
expression of p50 and its precursor protein p105 [64] in the murine lymphatic system and
sharp elevation of its expression in response to inflammatory stimuli, TNF-α or LPS [5,37].
Both treatments have been shown to induce lymphangiogenesis [6,37], suggesting that NF-
κB p50 might be required for this process. Consistent with this hypothesis, we recently
showed in cultured LECs that p50 has a 10-fold higher transactivation potential than p65,
and co-transfection of p50 and the VEGFR-3 promoter results in up to 100-fold activation of
this promoter [20]. We also showed that p50 was one of the early factors up-regulated
during inflammatory lymphangiogenesis in which its increase preceded induction of both
VEGFR-3 and the formation of new lymphatic vessels [20].

Another protein coincidently up-regulated with p50 in the thioglycollate (TG) inflammatory
model was the homeobox transcription factor, Prox1. This protein defines the lymphatic fate
in early venous endothelial cells thus playing a pivotal role in development of embryonic
lymphatic system [76,77]. The essential role of Prox1 in embryonic lymphangiogenesis
suggests that it might play a similar pro-lymphangiogenic role in postnatal events. Indeed,
we showed that the level of Prox1 expression rapidly and sharply increased in the earliest
timepoints of inflammation preceding by several days both increased lymphatic expression
of VEGFR-3 and genesis of new lymphatic vessels [20]. Moreover, we showed that Prox1
directly binds and activates the VEGFR-3 promoter suggesting that its early increase during
inflammation is necessary for elevating VEGFR-3 expression [20]. This finding is in accord
with multiple prior studies that showed positive correlation between increased Prox1 and
VEGFR-3 expression levels in LEC and blood vascular endothelial cells (BEC) treated with
inflammatory stimuli [20,32,48,56,59].

Taken together the evidence for the regulatory role of Prox1 in VEGFR-3 expression and
our novel findings associating NF-κB p50, Prox1 and VEGFR-3, we hypothesized that the
absence of NF-κB p50 might both suppress Prox1 and VEGFR-3 expression and attenuate
formation of lymphatic vessels. We further hypothesize that if NF-κB p50 plays a role in the
initial formation of lymphatic vessels, this might be reflected by reduced lymphatic vessel
density (LVD) in normal organs of adult mice with genetically ablated NF-κB p50 (p50
KO). To test this hypothesis, we compared LVD in various organs of p50 KO mice with
corresponding wild-type littermates (p50 WT). Unlike embryonically lethal deletion of NF-
κB p65 [8], p50 KO mice survive to adulthood but with multifocal defects in response to
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immune challenge [67]. Neither the blood nor lymphatic vascular phenotype of NF-κB p50
KO mice has been previously investigated. Therefore, the goal of this study was to compare
LVD in different organs of p50 KO and WT mice and to correlate LVD with the expression
levels of major pro-lymphangiogenic proteins, VEGFR-3 and Prox1. Comparison of LVD
between WT and p50 KO mice revealed significantly reduced number of LYVE-1+ vessels
in the liver, lung, and in the equivalent of human breast tissue, the mammary fat pad (MFP).
In the lung and the liver, this correlated with decreased levels of VEGFR-3 and Prox1
expression measured by qRT-PCR and immunofluorescence. These novel findings provide
genetic evidence for the organ-specific role of NF-κB p50 in regulation of VEGFR-3 and
Prox1 expression, and optimal lymphatic vessel density in several major normal organs of
adult mice.

MATERIALS AND METHODS
Antibodies

Goat anti-mVEGFR-3 and anti-Prox1 antibodies were purchased from R&D Systems
(Minneapolis, MN). Rabbit anti-mLYVE-1 and anti-Prox1 antibodies were purchased from
AngioBio (Del Mar, CA). Secondary donkey anti-rabbit, anti-goat, and anti-rat antibodies
conjugated with DyLight 488 or DyLight 549 were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA).

Animals
Female B6129PF2/J (F2) (p50+/+) and B6;129P2-Nfkb 1<tm 1 Bal> (p50−/−) mice 4–6
weeks of age were obtained from the Jackson Laboratory (Bar Harbor, ME) and treated in
accordance with institutional guidelines set by the Animal Care and Use Committee at
Southern Illinois University School of Medicine. Mice were anesthetized with a mixture of
ketamine (Fort Dodge Animal Health, Fort Dodge, Iowa), xylazine (Phoenix Scientific Inc.,
St. Joseph, Missouri) and sterile water. Prior to tissue harvesting, fully anesthetized mice
were perfused with 5mM CaCl2 solution. Harvested tissues were snap-frozen in liquid
nitrogen and then fixed in Shandon Cryomatrix (Thermo Scientific, Waltham, MA) for
cryostat sectioning.

Immunofluorescent staining
Frozen sections were fixed with acetone for 10 minutes, washed in PBST (pH 7.4, 0.1%
Tween-20) for 10 minutes and incubated for 2 hours at 37°C with primary antibodies
(diluted 1:100 in PBST containing 5 μg/ml BSA) against VEGFR-3, LYVE-1, Prox1, or
MECA-32, followed by appropriate DyLight 488- or 549-conjugated secondary antibodies
(diluted 1:100 in PBST containing 5 μg/ml BSA) for 1 hour at 37°C. Slides were mounted in
Vectashield medium containing 4,6′-diamidino-2-phenylindole (DAPI) nuclear stain (Vector
Labs, Orton Southgate, U.K.). Images were acquired on an Olympus BX41 upright
microscope equipped with a DP70 digital camera and DP Controller software (Olympus,
Center Valley, PA).

Quantification of vessel density
Frozen sections of wild type and knockout organs were acetone-fixed for 10 minutes and
stained with antibody against the lymphatic marker, LYVE-1 [7], for 1 hour at 37°C,
followed by incubation with DyLight 488-conjugated donkey anti-rabbit secondary
antibodies for 1 hour at 37°C. To quantify LYVE-1 positive vessel density, 3–4
representative images per organ were acquired at 100X, 200X, or 400X magnifications for
lungs, MFP, and liver, respectively, and the total number of positive vessels was enumerated
and normalized per area of the field (mm2). Lymphatic vessel density is presented as the

Flister et al. Page 3

Microcirculation. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



average number of LYVE-1 positive vessels per area of the field± SEM (n = 3–5 mice per
group).

Measurement of mean vascular area
The mean vascular area of LYVE-1 positive staining per field was calculated as described
previously [20], with slight modifications. Briefly, frozen sections were stained with rabbit
anti-mLYVE-1 or goat anti-mVEGFR-3 primary antibodies and DyLight 549-conjugated
donkey anti-rabbit or donkey anti-goat secondary antibodies, as described above.
Fluorescent images were acquired at a constant exposure time at 200X and 400X
magnifications for MFP and liver sections, respectively. Images were acquired on an
Olympus BX41 upright microscope equipped with a DP70 digital camera and DP Controller
software (Olympus, Center Valley, PA). Colored images were sequentially converted to 8-
bit grayscale and then to a binary image using Image J software (http://rsbweb.nih.gov/ij/).
The total area of LYVE-1 positive staining was then calculated using the analyze particles
function of Image J that was set to measure the area of positive staining greater then 10
pixels in size to exclude any background staining. Mean vascular areas were calculated from
3 images per section ± SEM (n = 3–5 mice per group).

Measurement of mean fluorescent intensity
The mean fluorescent intensity (MFI) of VEGFR-3 and Prox1 positive staining was
calculated as described previously [47], with slight modifications. Briefly, frozen sections
were stained with goat anti-mVEGFR-3 or goat anti-Prox1 antibodies, followed by
incubation with DyLight 549-conjugated donkey anti-goat secondary antibodies as described
above. Fluorescent images were acquired at a constant exposure time at 400X magnification
on an Olympus BX41 upright microscope equipped with a DP70 digital camera and DP
Controller software (Olympus, Center Valley, PA). To exclude background staining,
sections stained with secondary antibodies only were used to set the exposure time to below
detectable level of background fluorescence. Digital RGB images acquired at a constant
exposure time were converted to 8-bit grayscale. The fluorescent intensity for each pixel
was calculated using the histogram function of Image J that was set up in the linear intensity
range of 0 to 255 arbitrary units. Staining with secondary antibodies alone resulted in
background fluorescence less than 10 units on this scale. MFI was calculated as the sum of
the number of pixels above background multiplied by the intensity level in the range of 10–
255 and divided by the total pixel number with intensity above 10 units. MFI values were
obtained from 3 images per section (n = 3–5 mice per group) and presented as MFI units ±
SEM. To compare the global reduction in fluorescent intensities in p50 KO and WT mice,
representative RGB images were converted to 8-bit grayscale and visualized using the 3D
interactive surface plot function of Image J.

Quantitative RT-PCR analysis
Four micrograms of total RNA extracted by Tri-reagent was reverse transcribed using a
RevertAid First Strand cDNA synthesis kit, according to the manufacturer’s protocol
(Fermentas, Burlington, Ontario, Canada). Primers for qRT-PCR were designed against
mouse and human CDS of angiogenic and lymphangiogenic proteins found in the NCBI
database. Specific primer sequences were chosen using the Harvard primer database website
(http://pga.mgh.harvard.edu/primerbank/index.html). All primers were purchased as
annealed oligos from Integrated DNA Technologies (Coralville, IA) and sequences of
primers used in this study are listed in Table 1. Quantitative RT-PCR was performed using
Brilliant II SYBR Green Master Mix (Stratagene, La Jolla, CA) and an ABI 7500 Real-Time
PCR machine (Applied BioSystems, Foster City, CA) according to the manufacturer’s
protocol. A typical qRT-PCR reaction consisted of an initial denaturation step at 95°C for 5
minutes followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing,
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extension, and reading at 60°C for 1 minute. A final melting curve for each primer was
calculated by heating from 60 to 90°C. Data were normalized to β-actin and relative mRNA
expression was determined using the ΔΔCt method as described previously [66].

Inflammatory cytokines and receptors qRT-PCR array
Two microgram of combined total MFP RNA from p50 KO and WT mice (n = 4 mice per
group) was synthesized using a RevertAid First Strand cDNA synthesis kit, according to the
manufacturer’s protocol (Fermentas, Burlington, Ontario, Canada). Inflammatory gene
expression was examined using a mouse inflammatory cytokines and receptors RT2 Profiler
PCR Array, according to the manufacturer’s protocol (PAMM-011, SABiosciences,
Fredrick, MD). Target gene expression was normalized to β-actin. Relative changes in
mRNA expression of p50 KO MFP compared with WT was determined using the ΔΔCt
method as described previously [66]. Data are presented as the β-actin normalized relative
expression of transcripts in p50 KO MFP (n = 4 mice) compared with WT (n = 4 mice).

Statistical analysis
Statistical analysis was performed using SAS software (SAS Institute, Inc., Cary, NC). All
results are expressed as the mean ± SEM and statistical differences were assessed by
unpaired Student’s t-test. Statistical significance was defined as P<0.05.

RESULTS
LYVE-1+ vessel density is decreased in lung, liver and MFP of p50 KO mice

NF-κB dependent induction of inflammatory lymphangiogenesis has been shown in several
animal models [5,26,38,41], including evidence obtained in our lab derived from a TG-
induced peritonitis mouse model [20]. However, the specific role of the two major NF-κB
proteins, p65 and p50, in normal LVD has not been yet examined. The role of p65 is
exceedingly difficult to examine postnatally due to embryonic lethality of this genotype
[68]. In contrast, p50 KO mice survive to adulthood [24] and present a useful in vivo model
to clarify the impact of NF-κB p50 on density of lymphatic vessels that are required for the
various functions of normal organs.

We previously showed that p50 is a direct transcriptional activator of the VEGFR-3
promoter in cultured LEC and that phosphorylation of p50 precedes both up-regulation of
VEGFR-3 and the formation of new lymphatic vessels in vivo [20]. Based on these findings,
we hypothesized that the absence of p50 may diminish the optimal density of lymphatic
vessels in normal organs. To test this hypothesis, we determined LVD in six major normal
organs (lung, liver, MFP, kidney, heart, and ovary) of adult female p50 KO and WT mice by
enumerating LYVE-1+ vessels. As previously reported [51], in addition to lymphatic
vasculature, LYVE-1 was also detected in liver sinusoidal endothelium and thus both
vascular types were enumerated. LYVE-1+ lymphatic and sinusoidal vessel density was
significantly decreased in three out of six organs of p50 KO mice as compared with WT.
Table 2 shows the significant differences detected in: the lung (WT, 966 ± 90 vs. KO, 585 ±
55, P < 0.001); the liver (WT, 1307 ± 120 vs. KO, 1133 ± 83, P = 0.05); and the MFP (WT,
1917 ± 167 vs. KO, 1569 ± 144, P < 0.001). In contrast, kidney, heart, and ovary of p50 KO
mice showed no significant changes compared with WT (Table 2). This suggested that NF-
κB p50 might be important for achieving optimal LVD in the lung, liver, and MFP.
However, p50 appears not to play a significant role in generating or maintaining LVD in
kidney, heart and ovary.
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Decreased LVD correlates with suppressed VEGFR-3 and Prox1 expression in the lungs of
p50 KO mice

The most conspicuous decrease in LVD in p50 KO mice was in the lung tissues (~40%,
Table 2). Because VEGFR-3 and Prox1 are central mediators of lymphangiogenesis [74,77]
and their expression has been shown to be regulated by NF-κB p50 [20], we hypothesized
that decreased pulmonary LVD might be mediated by deficient expression of VEGFR-3 or
Prox1. To test this hypothesis, we compared mRNA levels of LYVE-1 with those of
VEGFR-3 and Prox1. The results showed that expression levels of all three lymphatic
markers (i.e., LYVE-1, VEGFR-3, and Prox1) were significantly reduced in the lungs of p50
KO mice compared with WT (Table 2). LYVE-1 transcripts were decreased by 32 ± 4% (P
= 0.03), whereas VEGFR-3 and Prox1 were reduced by 25 ± 10% (P = 0.17) and 44 ± 4%
(P = 0.04), respectively (Table 3). This finding suggests that NF-κB p50 regulates VEGFR-3
and Prox1 expression in lung lymphatic vessels that subsequently might result in reduced
LVD in the lungs of p50 KO mice.

To determine whether the levels of VEGFR-3 and Prox1 proteins normalized per LYVE-1+

lymphatic vessel area are also reduced (i.e., relative expression per lymphatic vessel), we
calculated the relative MFI in individual lymphatic vessels (described in the Methods). The
MFI values did not differ significantly between WT and KO suggesting that the observed
reduction in VEGFR-3 and Prox1 expression levels (Table 3) is due to decreased density of
positive vessels rather than to altered protein expression level in individual vessels. To
clarify this point, we enumerated VEGFR-3+ and Prox1+ lymphatic vessels and normalized
these values per tissue area. This analysis showed a significantly decreased density of
VEGFR-3+ and Prox1+ lymphatic vessels by 30% (P = 0.03) and 20% (P = 0.04),
respectively (Figure 1B, C). Moreover, when Prox1+ nuclei were enumerated and
normalized per LYVE-1+ lymphatic vessel area, the decrease in Prox1+ nuclei in the
lymphatic vasculature of p50 KO mice reached 40% (P = 0.01) compared with p50 WT
mice (Figure 1D). Collectively, these findings demonstrate that the absence of NF-κB p50
results in down-regulation of the expression of the key lymphangiogenic proteins, VEGFR-3
and Prox1, in adult pulmonary lymphatic vessels.

Decreased density of LYVE-1+ vessels correlates with reduced expression of VEGFR-3 in
the liver of p50 KO mice

LYVE-1+ vessel density in the liver of p50 KO mice was also significantly reduced by
13.4% (P = 0.05) as compared with WT mice (Table 2). The reduction in LYVE-1+ vessel
density corresponded to a 44% decrease in LYVE-1 transcripts (P = 0.02) determined by
qRT-PCR (data not shown). In line with decreased LYVE-1 transcripts, VEGFR-3 mRNA
was also reduced by 29 ± 6% (P = 0.004, Table 3). The reduction in VEGFR-3 mRNA
levels also corresponded to decreased expression of VEGFR-3 protein as determined by
MFI analysis of slides double-stained with anti-VEGFR-3 and anti-LYVE-1 antibodies
(Figure 2). These data indicate that the absence of p50 in the liver causes a coordinated
decrease of LYVE-1+ vessels and VEGFR-3 expressed on these vessels.

As previously reported, both lymphatic and blood hepatic sinusoidal endothelial cells
express LYVE-1 and VEGFR-3 [51,78]. In p50 KO mice, VEGFR-3 protein significantly
decreased by 51 ± 12% in both types of vascular cells compared with corresponding cells in
WT mice (P = 0.002, Figure 2B and Table 3). Another perturbed vascular parameter in p50
KO livers was marked reduction in the total area of VEGFR-3+ and LYVE-1+ sinusoidal
endothelium (Figure 2A). A similar phenotype has been demonstrated in Tie2-Cre/IKKβ
mice with targeted disruption of canonical NF-κB p50 and p65 signaling in the endothelial
cell compartment [33]. This report and our prior findings in cultured LECs suggested that
NF-κB p50-mediated expression of VEGFR-3 might be important for the formation of the
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LYVE-1-positive endothelium-lined hepatic sinusoids. To confirm this hypothesis, we
quantified the mean vascular area of VEGFR-3+/LYVE-1+ vessels on images acquired from
p50 KO and WT liver sections using Image J software. Compared with WT, the mean
vascular area of VEGFR-3+ and LYVE-1+ vessels in p50 KO livers was significantly
decreased by 40% and 55%, respectively (Figure 2C, D). Collectively, these findings
suggest that decreased VEGFR-3 expression in p50 KO livers correlates with reduction of
both blood and lymphatic vasculature in the livers of p50 KO mice, warranting future
studies to interrogate the role of VEGFR-3 signaling in liver development.

Expression of Prox1 is decreased in both liver endothelial cells and hepatocytes of p50 KO
mice

We previously reported that lymphatic expression of Prox1 is drastically increased in an
inflammatory setting, presumably due to activation of the NF-κB pathway in the lymphatic
endothelium [20]. However, the mechanisms regulating Prox1 expression under normal
physiological conditions are presently unknown. Based on our prior findings [20], we
postulated that NF-κB p50 might be required for regulation of Prox1 expression in normal
adult organs. The liver is an interesting organ to test this hypothesis because in this tissue
Prox1 is expressed in both lymphatic endothelial cells and hepatocytes [52]. We, therefore,
analyzed livers from p50 KO and WT mice for Prox1 mRNA and protein by qRT-PCR and
immunofluorescent staining, respectively (Figure 3). As compared with WT mice,
expression of both Prox1 mRNA and protein were reduced by ~30% (Figure 3A, B and
Table 3) with differences being statistically significant (P = 0.03). Reduction in Prox1
protein was observed in both hepatocytes and LYVE-1+ endothelial cells (Figure 3B).
Protein levels of Prox1 were also analyzed through comparison of MFI from Prox1-
immunofluorescent staining of p50 KO and WT liver sections. This analysis also showed a
highly significant (P < 0.001) decrease of 47 ± 3% in p50 KO liver cells as compared with
WT counterparts (Figure 3C, D and Table 3). These findings indicate that in the context of
liver tissue, NF-κB p50 has a significant impact on Prox1 expression in both endothelial and
non-endothelial cell types.

Expression of Prox1 is decreased in the brain, but not in the heart, of p50 KO mice
In addition to hepatocytes, Prox1 has also been detected in several other non-lymphatic
endothelial cell types including cardiomyocytes [62] and neurons [43]. We, therefore,
sought to determine whether the absence of p50 in brains and hearts of p50 KO mice causes
similar decrease in Prox1 expression as observed in the liver. To answer this question, Prox1
expression was analyzed on mRNA and protein levels using qRT-PCR and MFI,
respectively. In the brain of p50 KO mice, transcripts and protein levels of Prox1 were
reduced by 51 ± 12% and 25 ± 3%, respectively, compared with WT (Figure 4A–C and
Table 3), with both values being statistically significant (P = 0.01, Table 3). In contrast, no
change in Prox1 expression was observed in the heart of p50 KO (data not shown),
suggesting that the regulatory effect of p50 NF-κB on Prox1 expression might be tissue-
specific, being prominent in some organs but dispensable in others. This is consistent with
similar tissue-dependent variable effects of deletion of p50 NF-κB that have been previously
reported [67].

The MFPs of p50 KO mice exhibit decreased LYVE-1+ LVD but aberrantly increased
VEGFR-3 and Prox1 expression on lymphatic vasculature

The mouse mammary fat pad (MFP) is a tissue with very high LVD and expression of
lymphatic-specific proteins. To analyze LVD in the MFP of KO and WT p50 mice, we
compared the numbers of anti-LYVE-1 antibody stained structures in corresponding tissues
(Figure 5A). This analysis revealed a ~20% decrease in density of LYVE-1+ lymphatic
vessels (P <0.001, Table 2 and Figure 5B) and ~60% decrease in mean vascular area of
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LYVE-1+ staining per section area in p50 KO mice (P <0.001, Figure 5C). This finding was
corroborated by qRT-PCR analysis that detected a corresponding 66 ± 9% decrease in
LYVE-1 transcripts (P = 0.01, Figure 5D). Surprisingly, however, the number of VEGFR-3+

and Prox1+ lymphatic vessels was slightly higher in p50 KO mice compared with WT,
although the differences did not reach statistical significance (data not shown). Additionally,
the MFI of VEGFR-3 and Prox1 in lymphatic vessels was elevated by 134 ± 12% (P =
0.001) and 123 ± 15% (P = 0.05), respectively, in p50 KO mice compared with WT (Table
3). This was corroborated by statistically significant 1.8-fold and 2.4-fold increases in
VEGFR-3 and Prox1 transcripts, respectively, as detected by qRT-PCR (Table 3). These
findings indicated that although the density of LYVE-1+ lymphatic vessels was reduced in
the MFPs of p50 KO mice, the expression levels of VEGFR-3 and Prox1 per lymphatic
vessel were significantly increased. These findings suggested that in the MFP context, p50
ablation reduced LVD despite overexpression of some lymphatic markers through possibly
compensatory regulatory mechanisms.

Elevated VEGFR-3 and Prox1 expression on lymphatic vasculature of the MFPs of p50 KO
mice is associated with altered profile of inflammatory mediators

To explain the paradoxical increase of VEGFR-3 and Prox1 in MFP lymphatic vessels, we
hypothesized that the absence of p50 in this tissue is compensated by other members of the
NF-κB family whose pro-inflammatory signaling up-regulates VEGFR-3 and Prox1
expression but is insufficient for generation of new lymphatic vessels. This is plausible
because NF-κB subunits p65 and p52 have been previously reported to compensate for the
lack of p50 [79]. To determine whether these subunits could be differentially expressed in
tissues of p50 KO and WT mice, we analyzed p65 and p52 expression levels by qRT-PCR.
This analysis revealed a nearly perfect correlation between changes in expression levels of
VEGFR-3 and NF-κB p65 in each organ examined (Table 4). For example, both VEGFR-3
and p65 were reduced in lung and liver, elevated in MFP, and close to level of WT mice in
kidney, heart, and brain. Similarly, the pattern of NF-κB p52 expression was highly
correlative with Prox1 profile, with both genes being reduced in lung, liver and brain,
elevated in MFP, and roughly unchanged in kidney and heart (Table 4). These data
suggested that in the absence of p50 VEGFR-3 and Prox1 expression might be regulated by
p65 and p52 NF-κB subunits overexpressed in the MFP of p50 KO mice.

Positive correlation between expression levels of VEGFR-3 and Prox1 and p65/p52 NF-κB
subunits suggested that the MFP tissue compensates for the lack of p50 by up-regulating
both canonical (p65) and non-canonical (p52) NF-κB pathways. This finding suggested that
overexpression of p50-alternative transcription factors might create a pro-inflammatory
rather than an anti-inflammatory environment. To test this hypothesis, we compared the
expression levels of 84 NF-κB-dependent genes in the MFP of p50 KO and WT mice by
using an inflammation gene-targeted PCR array. We found that a large portion of the tested
genes (35 of 84, or 41.6% of total) expressed in the MFP of p50 KO mice were elevated by
at least 1.5-fold compared with the MFP gene profile in WT mice (Table 5). A smaller
fraction (28.5%) was down-regulated in p50 KO MFPs by at least 1.5-fold, while the level
of remaining genes was unchanged. This finding suggested that VEGFR-3 and Prox1 are
upregulated in MFPs of NF-κB p50 KO mice due to aberrant inflammation induced by
compensatory over-expression of two factors of the NF-κB family, p65 and p52. However,
the pathways induced by these two transcription factors were insufficient for reaching
normal LVD mediated by p50 subunit as indicated by the 18% reduction in LVD in MFPs of
p50 KO mice as compared with WT (Table 2). This evidence further underscores the
essential role of the NF-κB p50 subunit in postnatal formation of lymphatic vessels in
normal tissues.
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DISCUSSION
Ablation of NF-κB p50 decreases lymphatic vessel density and lymphatic VEGFR-3
expression in some normal organs

We previously reported that the two most abundant NF-κB transcription factors, p50 and
p65, are elevated prior to inflammatory lymphangiogenesis induced in a mouse peritonitis
model in vivo [20]. We also showed in cultured LECs that p50, and to a lesser extent p65
protein, bind and activate the human VEGFR-3 promoter and induce its transcription [20].
Additionally, our data demonstrated that p50 but not the p65 subunit of NF-κB synergizes
with Prox1, a lymphatic-expressed transcription factor, in up-regulating VEGFR-3 [20].
These data indicated a major role for NF-κB proteins, and in particular, NF-κB p50, in
controlling the pro-lymphangiogenic intracellular milieu necessary for creating and
maintaining the lymphatic vasculature. Other groups have demonstrated that NF-κB
proteins, and particularly p50 subunit, are constitutively expressed in normal adult lymphatic
endothelium [64] and contribute to normal function of lymphatic vessels in adults [37].

Based on these prior data and reports, we hypothesized that mice lacking the NF-κB p50
subunit might have lower expression of Prox1 and VEGFR-3 that subsequently would result
in reduced LVD in normal organs. Tissue analysis from p50 KO mice confirmed that indeed
three out of six organs with lymphatic networks (e.g., lung, liver, and MFP) exhibited
decreased LYVE-1+ vessel density (Figures 1, 2 and Table 2). Moreover, reduction of LVD
in most affected organs corresponded to significant suppression of VEGFR-3 and Prox1
expression (Tables 2 and 3) suggesting that these genes are constitutively regulated by p50
on a transcriptional level. This is in line with other studies reporting that constitutive activity
of NF-κB p50 is essential for maintaining various immune functions under normal
conditions [10, 11, 19, 54]. This conclusion is also consistent with our prior findings
demonstrating that silencing NF-κB expression significantly reduced levels of Prox1 and
VEGFR-3 in untreated cultured LEC [20], therefore suggesting that p50 is important for
normal LEC functions. Two independent publications support this conclusion by
demonstrating constitutive activity of the promoter of p105 (a p50 precursor) in the LEC of
transgenic κB-lacZ mice that underwent further up-regulation upon exposure to
inflammatory factors [37, 64]. Collectively, these data suggest that NF-κB p50 regulates
expression of VEGFR-3 and Prox1 in LEC under both normal and inflamed conditions, and
that the level of these proteins is important for normal lymphatic vessel development in
some organs.

In contrast to the lung, liver, and MFP, several other organs (e.g., kidney, heart, and ovary)
of NF-κB p50 KO mice showed no significant changes in LVD or VEGFR-3 and Prox1
expression (Tables 2 and 3). In these unaffected p50 KO organs, expression of NF-κB p65
remained close to or equal to the normal levels in WT mice (Table 5), suggesting that
signaling through p65 homodimers or p65/p52 heterodimers might compensate for the lack
of p50 in an organ-specific manner (summarized in Figure 6). The maintenance of the
inflammatory milieu by p65 in the absence of p50 has been previously shown in inflamed
hearts and kidneys of p50 KO mice [57,70]. Inflammatory stimuli that activate NF-κB p65
homodimers (e.g., LPS and TNF-α) are also known to induce lymphangiogenesis [6,37],
suggesting that under some circumstances NF-κB p65 homodimers are sufficient to regulate
both inflammation-induced lymphangiogenesis and normal lymphatic vessel development.
Due to the embryonic lethality of p65 KO mice [8], it is currently not possible to determine
whether NF-κB p65 is essential for postnatal lymphangiogenesis under normal conditions.
However, lack of differences in LVD in aforementioned organs strongly suggests that p65
and the non-canonical NF-κB subunits might compensate for the absent function of p50
protein.
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Tissue-specific regulation of VEGFR-3 and Prox1 expression might also be mediated by
differential expression of NF-κB p50 binding partners, such as NF-κB p65, that are required
for activating gene transcription, because NF-κB p50 lacks a consensus transactivation
domain [9]. Moreover, relative expression of NF-κB p50 and p65 subunits under different
conditions and cellular contexts likely modulates the ratio of p50/p65 heterodimers and p50/
p50 or p65/p65 homodimers. This may have significant impact on gene regulation because
all NF-κB dimers are able to bind to the same κB response element [13,30], albeit with
variable affinity [13,30] and functional consequences (i.e., promoter activation or
repression) [13,30]. Presence or absence of other transcription factors and regulatory
proteins outside the NF-κB family may also modulate NF-κB p50 function. NF-κB p50/p50
homodimers interact with the transcriptional co-activators, such as Bcl-3 [42] or C/EBP
proteins [14], that determine whether p50/p50 functions as a transcriptional activator (e.g.,
Bcl-2 [42] and PDGF-A promoters [2]) or repressor (e.g., TNF-α and IL-8 promoters [72]).
We recently have shown that co-expression of Prox1 with NF-κB p50 synergistically
activated the VEGFR-3 promoter [20], suggesting that Prox1 might be a lymphatic-specific
co-activator of p50. This may be possible through recruitment of the common binding
partner and transcriptional co-activator, CBP/p300 [16]. Moreover, synergy between NF-κB
p50 and Prox1 and evidence that NF-κB p50 may regulate Prox1 expression (Table 2, and
Figures 1 and 3), suggests that Prox1 may affect the function of NF-κB p50 in two ways: by
amplifying p50 signaling and by imparting lymphatic specificity to the activated NF-κB
pathway.

Ablation of NF-κB p50 in the MFP creates abnormal environment characterized by reduced
LVD but elevated VEGFR-3 and Prox1

The lymphatics in the MFP of p50 KO mice were uniquely affected by the absence of NF-
κB p50: similarly to lungs and liver, LYVE-1+ vessel density was significantly reduced
(Figure 5 and Table 2), however, the expression of VEGFR-3 and Prox1 was paradoxically
elevated (Table 3). We drew two conclusions from these observations: 1) up-regulation of
Prox1 and VEGFR-3 suggests compensatory overexpression of p50-alternative NF-κB
factors; and 2) normal MFP lymphatic vessel development might require p50-specific
signals other than Prox1 and VEGFR-3. Both of these conclusions are supported by data
presented here and are plausible based on the findings of previous reports. Tables 4 and 5
show that, in contrast to other organs, the MFP of p50 in KO mice is characterized by
significantly increased expression of NF-κB p65 and p52 subunits as well as a greater than
150% increase in expression levels of 35 inflammatory cytokines. These findings are
consistent with a previous report demonstrating that p52 NF-κB might compensate for the
lack of p50 signaling in TNF-α treated mammary epithelial cells [79]. Additionally, NF-κB
dimers that do not include the p50 subunit (e.g., p65/p65 and p65/p52) are known to bind
and activate κB response elements [65], suggesting that in the absence of p50 these dimers
could independently activate the VEGFR-3 and Prox1 promoters. This is also supported by
our recent finding that p65 binds and activates the VEGFR-3 promoter [20], albeit with
much lower efficiency than the p50 subunit. Collectively, these data indicate that increased
expression of p65 and p52 in p50 KO MFP compensates for the lack of p50 by increasing
the expression of VEGFR-3 and Prox1 (summarized in Figure 6). However, the increased
levels of these pro-lymphangiogenic factors was insufficient to fully compensate for optimal
lymphatic vessel development observed in the MFP of WT mice.

The later conclusion implies that normal MFP lymphangiogenesis requires some p50-
specific factors in addition to VEGFR-3 and Prox1. Table 5 shows that approximately 15 of
NF-κB p50-dependent inflammatory cytokines, including IL-3, lymphotoxin α, and
lymphotoxin β, are down-regulated by more than 2-fold in MFPs of p50 KO mice. This is in
line with previous findings demonstrating that lymphotoxins α and β as well as IL-3 are
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direct activators of LEC and lymphangiogenesis in vivo [20,21,25,44,49,58]. Taken together,
the data presented here suggest that p50-dependent IL-3 and lymphotoxin pathways might
be important for maintaining normal MFP lymphatic vessel density.

Regulation of lymphatic-specific VEGFR-3 and Prox1 expression by NF-κB p50 in vivo
Although Prox1 has been shown to regulate VEGFR-3 in cultured endothelial cells
[20,32,48,56,59], very few studies correlated Prox1 expression in relation to VEGFR-3 in
vivo. We have previously shown that Prox1 binds and activates the VEGFR-3 promoter [20],
suggesting that Prox1 is a direct transcriptional regulator of the VEGFR-3 gene. This is
consistent with novel findings presented here that demonstrate complete overlap between
expression patterns of Prox1 and VEGFR-3 in normal organs of p50 KO as compared with
WT mice (Table 3). These data support the notion that one of the functions of Prox1 in adult
LEC is to control levels of VEGFR-3 expression that are required for robust
lymphangiogenic response.

The other important and currently open question in this context is the identity of factors that
control Prox1 expression, particularly those that elevate its expression in LEC and suppress
it in most non-lymphatic cell types. We previously reported that NF-κB-dependent
inflammation induced lymphatic-specific Prox1 expression, which preceded inflammatory
lymphangiogenesis in vivo [20]. Additionally, using in vitro techniques, we also
demonstrated that manipulating NF-κB p50 signaling correlated with Prox1 expression in
LEC [20]. Similar results have been obtained in several independent studies showing that
Prox1 is increased in endothelial cells treated with IL-3 [25] or another potent activator of
the NF-κB pathway, Kaposi Sarcoma Herpes Virus [31]. The notion that Prox1 might be
regulated by NF-κB p50 is also supported by the evidence from this study demonstrating
decreased expression of Prox1 in the liver, lungs, and brain of p50 KO mice (Table 3).
However, other organs were not affected suggesting the existence of additional tissue-
specific factors controlling Prox1 expression. This tissue-dependent variability in Prox1
expression and corresponding defects in lymphatic vasculature is similar to findings in Fiaf
−/− mice that have reduced Prox1 expression and lymphatic vascular defects in the small
intestine, but normal level of Prox1 and unaffected lymphatic vasculature in all other organs
[4]. The tissue-specific regulation of Prox1 expression may also account for the parallel
normal levels of VEGFR-3 expression in some organs tested here, further supporting our
previous observations that Prox1 may activate the VEGFR-3 promoter in both p50-
dependent and independent manners [20].

NF-κB p50 also regulates Prox1 in some non-lymphatic cell types
Although Prox1 is considered a lymphatic-specific marker [36], its expression has also been
reported in various non-lymphatic tissues including liver [69], brain [43], heart [62],
pancreas [75], eye [18,71], ear [17], and small intestine [60]. In line with these observations,
we detected Prox1 in non-lymphatic endothelial cells in several normal organs of p50 KO
and WT mice, including liver hepatocytes, brain neurons, and heart cardiomyocytes.
Although no changes in Prox1 expression were detected in cardiomyocytes, this protein was
significantly downregulated in both hepatocytes and neurons of p50 KO mice compared
with WT (Figures 3, 4 and Table 3). This indicates that NF-κB p50 regulates Prox1 not only
in lymphatic endothelium but also in some non-lymphatic cell types.

Prox1 was reported to play an essential role in liver morphogenesis [69], hepatocyte
migration [69], and liver metabolism [12]. No changes, however, were previously noted in
the liver function of NF-κB p50 KO mice [39], suggesting that the remaining ~50% of
Prox1 protein (Figure 3D) is sufficient for normal hepatogenesis. In contrast, genetic
ablation of p50 was reported to impair hippocampal neurogenesis [34] and to increase age-
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related neural degeneration [45]. The molecular mechanisms underlying these disorders in
p50 KO mice are currently unclear. Our discovery that Prox1 expression in non-lymphatic
tissues (e.g., brain) is potentially regulated by NF-κB p50 might open new avenues in
understanding of the function of Prox1 in adult tissues under normal, inflamed and
pathological circumstances. Future validation of NF-κB mediated control of Prox1
expression is warranted because of the significance of Prox1 function in both lymphatic
endothelium and other cell types.

CONCLUSIONS
This work was initially inspired by the impact of the NF-κB p50 subunit on transactivation
of VEGFR-3 promoter [20] and subsequently evolved to a systematic comparison of
VEGFR-3 and Prox1 expression in the lymphatics of normal organs in p50 KO and WT
mice. During this analysis, we have made several novel observations such as: 1) original
evidence for the role of NF-κB p50 in organ-specific maintenance of lymphatic vessel
density and expression of the key pro-lymphangiogenic proteins, VEGFR-3 and Prox1,
under normal conditions; 2) strong associations among VEGFR-3, Prox1 and lymphatic
vessel density that are consistent with the notion that NF-κB regulates Prox1 and VEGFR-3
expression in vivo; and 3) novel evidence demonstrating the suppression of Prox1
expression in p50 KO hepatocytes and neurons, suggesting for the first time that NF-κB p50
regulates Prox1 expression in non-lymphatic cell types. Although these data support the idea
that NF-κB p50 is involved in regulation of VEGFR-3 and Prox1 expression, transcription
of these genes might be additionally controlled by p65 and p52 as well as by other
regulatory factors outside of the NF-κB family. Nevertheless, our observations are important
for documenting lymphatic vessel density and expression levels of major lymphangiogenic
factors in adult normal organs while highlighting the possible roles of the NF-κB p50
subunit in normal physiology of both endothelial and non-endothelial tissues.
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Figure 1.
Decreased lymphatic vessel density and reduced expression of Prox1 and VEGFR-3 in the
lungs of p50 KO mice compared with WT. (A) Double immunofluorescent staining with
anti-LYVE-1 and anti-VEGFR-3 or anti-Prox1 antibodies in serial sections of p50 KO and
WT lungs, showing reduced lymphatic vessel density. Arrows indicate overlapping
expression of VEGFR-3 and Prox1 on LYVE-1+ lymphatic vessels on serial sections of p50
KO and WT lungs. Scale bar represents 100 μm. Mean lymphatic vessel density of
VEGFR-3 (B) and Prox1 (C) positive vessels was measured from 3 images of p50 KO and
WT lungs (n = 5 mice per group) acquired at 200X magnification. Data are presented as the
mean vascular area ± SEM. The P values represent *<0.05 and **<0.01 as determined by
Student’s unpaired t-test. (D) The number of Prox1 positive nuclei were enumerated in 5
images of p50 KO and WT lungs (n = 3–4 mice per group) acquired at 200X magnification.
Density of Prox1 positive nuclei was normalized per LYVE-1 positive lymphatic vessel area
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(μm2) and is presented as the average number of Prox1 positive nuclei per vessel area ±
SEM. The P value represents *<0.05 as determined by Student’s unpaired t-test.
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Figure 2.
Deletion of NF-κB p50 KO results in decreased expression of VEGFR-3 and LYVE-1 on
liver endothelial cells compared with WT. (A) Livers of p50 KO and WT mice were double
immunostained with anti-VEGFR-3 and anti-LYVE-1 antibodies, showing decreased
VEGFR-3 expression in endothelial cells of p50 KO livers compared with WT. Scale bars
represent 50 μm. (B) The mean fluorescent intensity of VEGFR-3 staining was analyzed in 3
random fields of p50 KO and WT livers (n = 5 mice per group) at 400X magnification. Data
are presented as the mean fluorescent intensity ± SEM. The P value represents **<0.01 as
determined by Student’s unpaired t-test. The mean vascular area of VEGFR-3 (C) and
LYVE-1 (D) positive staining was calculated from 3 independent images of p50 KO and
WT livers (n = 5 mice per group). Data are presented as the mean vascular area normalized
per total area ± SEM. The P values represent **<0.01 and ***<0.001 as determined by
Student’s unpaired t-test.
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Figure 3.
Expression of Prox1 in the mouse liver is significantly decreased by deletion of NF-κB p50
KO as compared with WT. (A) Quantitative RT-PCR analysis of Prox1 transcript expression
in total RNA extracted from p50 KO and WT livers (n = 5 mice per group). Relative
expression was normalized to β-actin. Data are presented as mean transcript expression ±
SEM. P values are indicated as *<0.01 as determined by Student’s unpaired t-test. (B) Liver
sections were double immunostained with anti-Prox1 and anti-LYVE-1 antibodies. Scale
bars represent 50 μm. (C) A representative surface plot of the fluorescent intensity of Prox1
staining in p50 KO and WT liver sections. Note in panels (B) and (C) a dramatic reduction
in Prox1 expression in both liver sinusoidal endothelial cells and hepatocytes. (D) The mean
fluorescent intensity of Prox1 staining was analyzed in 3 random fields of p50 KO and WT
livers (n = 5 mice per group) acquired at 400X magnification. Data are presented as the
mean fluorescent intensity± SEM. The P value represents ***<0.001 as determined by
Student’s unpaired t-test.
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Figure 4.
Cell-type specific downregulation of Prox1 in neurons of p50 KO brains compared with
WT. Frozen sections of p50 WT (A) and KO (B) brains were immunostained with anti-
Prox1 antibodies and counterstained with DAPI. Note the dramatic reduction in the
fluorescent intensity of Prox1 immunostaining in p50 KO compared with WT. (C) Analysis
of the MFI of Prox1 staining in p50 KO and WT neurons (n = 3–4 mice per group). Data are
presented as MFI of Prox1 staining ± SEM. The P value represents **<0.01 as determined
by Student’s unpaired t-test.
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Figure 5.
Decreased LYVE-1+ lymphatic vessel density despite elevated expression of VEGFR-3 and
Prox1 in the MFP of p50 KO mice compared with WT. (A) Serial frozen sections of p50 KO
and WT MFP were double-immunostained with anti-LYVE-1 and anti-VEGFR-3 (i–vi) or
anti-LYVE-1 and anti-Prox1 (vii–xi) antibodies. Scale bar represents 100 μm. Some
VEGFR-3+/Prox1+ lymphatic vessels also expressed LYVE-1 (arrows), whereas other
VEGFR-3+/Prox1+ lymphatic vessels were LYVE-1 negative (arrowhead). Vascular
structures resembling blood vessels also stained positive for VEGFR-3 but negative for
lymphatic markers Prox1 and LYVE-1 (asterisk). Note that overall density and expression of
VEGFR-3+/Prox1+ was increased in p50 KO (iv–vi and x–xii) compared with WT (i–iii and
vii–ix). (B) LYVE-1positive lymphatic vessels were enumerated in 6 images per p50 KO
and WT MFPs (n = 3 mice per group) acquired at 200X magnification. The results are
presented as the mean LYVE-1 positive vessel density per 200X field ± SEM. The P value
represents ***<0.001 as determined by Student’s unpaired t-test. (C) The mean vascular
area of LYVE-1 positive vessels was measured from 3 images of p50 KO and WT MFPs (n
= 3 mice per group) acquired at 200X magnification. The P value represents ***<0.001 as
determined by Student’s unpaired t-test. (D) Quantitative RT-PCR analysis of LYVE-1 was
performed using total RNA extracted from p50 KO and WT MFPs (n = 4–5 mice per group).
Relative expression was normalized to β-actin. Data are presented as the mean β-actin
normalized transcript expression ± SEM. The P value represents *<0.05 as determined by
Student’s unpaired t-test.
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Figure 6.
Potential impact of NF-κB p50 deletion on expression of VEGFR-3 and Prox1. (A)
Expression of VEGFR-3 and Prox1 was significantly downregulated in several organs of
p50 KO mice (e.g. lung, liver, and brain), which correlated with a global reduction of the
other major NF-κB transcription factors, p65 and p52. This is consistent with previous
findings that several NF-κB subunits are variably downregulated in a cell type-specific
manner in different tissues of p50 KO mice [67]. This suggests that p50 along with p65 and
p52 might be involved in transcriptional regulation of VEGFR-3 and Prox1 expression. (B)
In comparison, deletion of NF-κB p50 did not affect expression of NF-κB p65 and p52 in
the kidney, heart, and ovary of p50 KO mice, corresponding to equal expression of
VEGFR-3 and Prox1 in the same p50 KO organs compared to WT. This suggests that in
these organs p50 may be dispensable for regulation of expression of VEGFR-3 and Prox1
and other subunits of NF-κB (e.g., p65 and p52). (C) In one p50 KO tissue, the mammary
fat pad, the expression of NF-κB p65 and p52 was dramatically increased along with
elevated expression of 35 inflammatory cytokines (Table 5). This corresponded to
significantly increased levels of VEGFR-3 and Prox1 expression, despite the lack of the p50
subunit of NF-κB. For both panels B and C: Since NF-κB p65 and p52 have previously
been shown to bind and activate NF-κB p50 response elements (i.e., κB sites), this implies
that NF-κB p65 and p52 might potentially compensate or overcompensate for the lack of
NF-κB p50 signaling in certain organs. Furthermore, NF-κB p65 was previously shown to
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independently regulate the VEGFR-3 promoter and be required for expression of Prox1 in
cultured LECs [20], further suggesting that other NF-κB subunits may regulate expression of
VEGFR-3 and Prox1 in addition to p50.
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Table 1

Sequences of primers used for qRT-PCR

qRT-PCR primers Primer Sequences Product size (bp)

VEGFR-3 182

 Sense 5′-CTGGCAAATGGTTACTCCATGA-3′

 Antisense 5′-ACAACCCGTGTGTCTTCACTG-3′

Prox 1 65

 Sense 5′-TACCAGGTCTACGACAGCACCG-3′

 Antisense 5′-GTCTTCAGACAGGTCGCCATC-3′

LYVE-1 112

 Sense 5′-CAGCACACTAGCCTGGTGTTA-3′

 Antisense 5′-CGCCCATGATTCTGCATGTAGA-3′

β-actin 153

 Sense 5′-GGCTGTATTCCCCTCCATCG-3′

 Antisense 5′-CCAGTTGGTAACAATGCCATGT-3′

p65 (Rela) 75

 Sense 5′-GCTACACGGGACCAGGAACAG-3′#

 Antisense 5′-AGTTCATGTGGATGAGGCCG-3′

p52 (NF-κB2) 157

 Sense 5′-GGCCGGAAGACCTATCCTACT-3′

 Antisense 5′-CTACAGACACAGCGCACACT-3′

c-Rel 124

 Sense 5′-TTGAAGACTGCGACCTCAATG-3′

 Antisense 5′-GGGGCACGGTTATCATAAATTGG-3′

Relb 157

 Sense 5′-CCGTACCTGGTCATCACAGAG-3′

 Antisense 5′-CAGTCTCGAAGCTCGATGGC-3′

#
Primer detects both rat and mouse p65 with a one base pair mismatch with the mouse sequence denoted in underlined bold
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Table 2

Lymphatic vessel density (LVD) in normal organs of p50 KO and WT mice

LVD [per mm2)†

Organ WT KO Percent decrease P-va lue

Lung 966 ± 90 585 ± 55′ 39.4% <0.001

Liver 1307 ± 120 1133 ± 83 13.4% 0.05

MFP 1917 ±167 1569 ± 144 18.2% <0.001

Kidney 11 ± 3 11 ± 2# 0.0% n.s.‡

Heart 125 ± 9 126 ± 10 0.0% n.s.

Ovary 1049 ± 104 938 ± 184 10.6% n.s.

†
LVD was calculated from frozen organ sections stained with anti-LYVE-1 antibodies. Note that both LYVE-1+ lymphatic and sinusoidal

endothelium of the liver were enumerated to calculate hepatic LYVE-1+ vessel density. Three independent images were acquired per animal (n =
3–5 mice per group). Data are presented as mean LVD ± SEM.

#
LVD was normalized to the tissue circumference

‡
n.s. denotes non-significant changes
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