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Lymphocyte homing to secondary lymphoid tissue
and lesions of chronic inflammation is directed by
multi-step interactions between the circulating cells
and the specialized endothelium of high endothelial
venules (HEVs). In this study, we used the PCR-based
method of suppression subtractive hybridization
(SSH) to identify novel HEV genes by comparing
freshly purified HEV endothelial cells (HEVECs) with
nasal polyp-derived microvascular endothelial cells
(PMECs). By this approach, we cloned the first nu-
clear factor preferentially expressed in HEVECs, des-
ignated nuclear factor from HEVs (NF-HEV). Virtual
Northern and Western blot analyses showed strong
expression of NF-HEV in HEVECs, compared to hu-
man umbilical vein endothelial cells (HUVECs) and
PMECs. In situ hybridization and immunohistochem-
istry revealed that NF-HEV mRNA and protein are
expressed at high levels and rather selectively by
HEVECs in human tonsils, Peyers’s patches, and
lymph nodes. The NF-HEV protein was found to con-
tain a bipartite nuclear localization signal, and was
targeted to the nucleus when ectopically expressed in
HUVECs and HeLla cells. Furthermore, endogenous
NF-HEV was found in situ to be confined to the nu-
cleus of tonsillar HEVECs. Finally, threading and mo-
lecular modeling studies suggested that the amino-
terminal part of NF-HEV (aa 1-60) corresponds to a
novel homeodomain-like Helix-Turn-Helix (HTH)
DNA-binding domain. Similarly to the atypical home-
odomain transcription factor Prox-1, which plays a
critical role in the induction of the lymphatic endo-
thelium phenotype, NF-HEV may be one of the key

nuclear factors that controls the specialized HEV phe-
notype. (Am J Pathol 2003, 163:69-79)

The endothelium serves as a critical interface between
blood and tissue, but exhibits a remarkable heterogeneity
among different vascular beds despite certain common
features.”? Thus, the endothelium adapts to the local
demands by regulating the flow of nutrients, numerous
biologically active molecules, and also the circulating
blood cells themselves. This gate-keeping role of endo-
thelial cells (ECs) is governed by their differential gene
expression pattern, which depends on the type of blood
vessel and underlying tissue.

One of the most striking examples of EC differentiation
is the post-capillary high endothelial venules (HEVs)
found in organized secondary lymphoid tissue.®>* Such
vessels are particularly abundant in the T-cell zones that
surround the B-cell follicles, and serve as entry sites for
extravasating T and B lymphocytes. HEV-like vessels
also occur in chronically inflamed non-lymphoid tissue
and may mediate aberrant lymphocyte influx at such
sites. In rheumatoid arthritis, HEV-like vessels are seen
close to the joint cavity, surrounded by dense lymphoid
infiltrates.® Furthermore, in Crohn’s disease and ulcer-
ative colitis, collectively called inflammatory bowel dis-
ease (IBD), HEVs are found associated with extensive
accumulations of lymphocytes.® Recently, HEV-like ves-
sels were also found in nasal allergy and various chronic
skin diseases, including lesions of cutaneous T-cell lym-
phomas.”® Finally, endothelium in rejecting heart trans-
plants also exhibit HEV-like characteristics that correlate
with the severity of the rejection.'® All these observations
suggest that aberrant development of HEV-like vessels

Supported by grants from the Research Council of Norway (139324/300),
the Norwegian Cancer Society (B02085), Centre National de la Recher-
che Scientifique “Puces a Acide DésoxyriboNucléique,” Ministere de la
Recherche Action Concertée Incitative “Jeunes chercheurs” et “Géno-
pole-Toulouse Midi-Pyrénées-Santé,” Fondation de France, Région Midi-
Pyrénées, and Association pour la Recherche sur le Cancer. G.H. is a
Career Investigator of the Research Council of Norway

Accepted for publication March 19, 2003.

Address reprint requests to Dr. Guttorm Haraldsen, Department and
Institute of Pathology, University of Oslo, Rikshospitalet, Oslo, Norway.
E-mail: guttorm.haraldsen@labmed.uio.no or to Dr. Jean-Philippe Girard,
IPBS-CNRS UMR 5089, 205 Route de Narbonne, 31077 Toulouse,
France. E-mail: Jean-Philippe.Girard@ipbs.fr.

69



70 Baekkevold et al
AJP July 2003, Vol. 163, No. 1

might mediate abnormal lymphocyte recruitment to the
target tissue, thereby contributing to intensification and
maintenance of chronic inflammation.

Lymphocyte recruitment in HEVs depends on sequen-
tial multi-step interactions between lymphocytes and
HEVECs,"" and is initiated by transient interactions be-
tween L-selectin on the lymphocyte microvilli and glyco-
sylated and sulfated ligands on the HEV surface. This
step is followed by chemokine activation of lymphocyte
integrins via G protein-coupled chemokine receptors, re-
sulting in firm adhesion mediated through interactions
with their HEV ligands intercellular adhesion molecule
(ICAM)-1/ICAM-2. Much progress has recently been
made in the molecular understanding of this adhe-
sion cascade, including the identification of the unique
HEV-expressed sulfated carbohydrate ligands for L-se-
lectin’ and the contribution by HEVECs to lymphocyte
integrin activation by luminal presentation of endogenous
or perivascularly derived chemokines.'®

Although a few genes preferentially expressed in
HEVECs have been identified, including the L-selectin ligand
N-acetyl-glucosamine-6-O-sulfotransferase  (LSST),'*"" the
fucosyltransferase FucTVII,'® ' the chemokine CCL21
(SLC/6Ckine/TCA-4/exodus-2),2° and the SPARC-like an-
tiadhesive matricellular protein hevin,?'22 extensive mo-
lecular characterization of the HEVEC phenotype has
become possible only with recently developed protocols
for the isolation®' and culture of human and mouse pri-
mary HEVECs.?®?* Nevertheless, such analysis is still
hampered by the low number of cells available after
purification, thereby ruling out traditional subtraction
cloning techniques, which typically require several micro-
grams of mMRNA.2® To circumvent this problem, we pre-
viously adapted the PCR-based method of suppression
subtractive hybridization (SSH)?® to identify genes pref-
erentially expressed in human tonsillar HEVECs com-
pared with human umbilical vein endothelial cells
(HUVECs).?” With this method we generated a sub-
tracted HEVEC cDNA library from 1 pg of total RNA, and
were able to clone several HEV-expressed cDNAs, in-
cluding the promiscuous chemokine receptor DARC, mi-
tochondrial genes, and secreted extracellular matrix
(ECM) proteins, such as mac25/IGFBP7/angiomodulin.?”
Thus we showed that SSH could be applied for cloning of
differentiation-specific genes from a very limited starting
material. This strategy has since been applied for char-
acterization of ECs from several other vascular
beds.2830 SSH was also recently used to clone the novel
vascular endothelial junction-associated molecule (VE-
JAM) from an HEVEC cDNA library.>"

To be reliable, SSH requires a low but significant en-
richment of genes in the cells of interest compared with
those used for subtraction. Therefore, to identify differen-
tiation-specific genes from HEVECs, subtraction was not
performed with HUVECs but with the more closely related
and truly microvascular nasal polyp-derived microvascu-
lar endothelial cells (PMECs).3? This strategy allowed us
to identify, in addition to the matricellular protein hevin
(which validated our approach), a nuclear factor prefer-
entially expressed in HEVECs, designated nuclear factor
from HEV (NF-HEV). NF-HEV mRNA was detected by in

situ hybridization in HEVs from several human lymphoid
tissues, including tonsils, Peyer’s patches, and mesen-
teric lymph nodes. Virtual Northern and Western blot
analysis revealed preferential expression of NF-HEV in
HEVECs, compared to two other types of ECs, namely
microvascular PMECs and macrovascular HUVECs. NF-
HEV exhibits a consensus bipartite nuclear localization
sequence and localized to the nucleus when ectopically
expressed in HUVECs. Immunohistochemistry performed
on human tonsil sections showed a similar in situ nuclear
localization of endogenous NF-HEV in HEVECs. Finally,
threading and molecular modeling analyses indicated
that NF-HEV contains an homeodomain-like Helix-Turn-
Helix (HTH) motif in its amino-terminal part. Together, our
results characterized the first nuclear factor preferentially
expressed in HEVECs that may play a key role in the
control of the specialized HEV phenotype.

Materials and Methods

Suppression Subtractive Hybridization

SSH was performed as described®” with some modifi-
cations. Total RNA was isolated from highly purified
HEVECs?® cultured for 2 days with an RNeasy kit (Qia-
gen, Courtaboef, France). PMECs were prepared from
nasal polyps as described,®? stained with anti-CD34-
FITC (Diatec, Oslo, Norway), and purified by cell sorting
(FACSVantage, Becton Dickinson, San Jose, CA). PMEC
mRNA was isolated by uMACS mRNA Isolation kit (Miltenyi
Biotech, Bergisch Gladbach, Germany). To obtain sufficient
amounts of double-stranded (ds) cDNA for subtraction,
both PMEC and HEVEC cDNAs were preamplified with the
SMART PCR cDNA Synthesis kit (Clontech, Palo Alto, CA).
cDNAs synthesized from 1 pg of total RNA (HEVECS) or
0.15 ug mRNA (PMECs) with Advantage KlenTag polymer-
ase (22 cycles, Clontech) were used with the PCR Select
cDNA Subtraction kit (Clontech). Briefly, PCR-generated
HEVEC and PMEC cDNAs were digested with Rsal (New
England Biolabs, Beverly, MA) and ligated to ds cDNA
adaptors. For the first hybridization, the mixtures of HEVEC
and PMEC cDNAs were incubated for 8 hours at 68°C.
For the second hybridization, excess PMEC cDNA was
added and incubated for 22 hours at 68°C. Differentially
expressed cDNAs were then selectively amplified by two
successive PCR (27 cycles) and nested PCR (10 cycles)
reactions.

T/A cloning libraries of the subtracted cDNAs were
prepared as described.®® Briefly, the HEVEC pyec and
PMEC | evec subtracted mixtures (200 ng) were cloned
directly into pCR2.1-TOPO (TA Cloning kit, Invitrogen,
Carlsbad, CA) and introduced into One Shot Competent
TOP10 cells (Invitrogen) according to the manufacturer.
The bacteria were plated on agar plates containing 100
pg/ml ampicillin, 100 wmol/L isopropyl-B-D-thiogalacto-
side (IPTG), and 50 ug/ml X-Gal, and then grown until
blue/white colonies appeared.



Differential Hybridization Screening with
Subtracted Probes

A total of 960 individual recombinant (white) colonies
were picked and used to inoculate ten 96-well micotiter
plates with LB medium and 100 pg/ml ampicilin, which
was incubated overnight and diluted 1:4 with H,O. This
diluted bacterial culture (1 ul) was used to PCR amplify
cloned inserts in 25 ul reactions with M13rev and M13for
(-20) primers flanking the vector cloning site under the
following conditions: 95°C for 5 minutes; 30 cycles each
at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C
for 1 minute. The PCR reaction products (12 ul) were then
loaded onto duplicate agarose gels (1.6% w/v), dena-
tured, and blotted onto nylon membranes. The filters
were hybridized with equivalent amounts of 32P-labeled
cDNA of similar specific activity derived from HEVEC and
PMEC total RNA as described.?” Miniprep DNA of the
differentially hybridizing clones was prepared and se-
quenced at Medigenomix (Martinsried, Germany) with the
plasmid-specific TOPO1 and TOPO2 oligonucleotides.

Virtual Northern Blot Analysis

SMART PCR generated cDNAs from HEVECs, PMECs,
first passage HUVECs, and placenta total RNA (0.5 ug
per lane) were electrophoresed on 1.6% agarose gels,
transferred onto nylon filters, and hybridized as de-
scribed?” with a 3?P-labeled cDNA probe corresponding
to the coding region of NF-HEV.

In Situ Hybridization

In situ mRNA hybridization was performed as de-
scribed.®* Briefly, digoxigenin-labeled riboprobes were
generated from the NF-HEV cDNA with the DIG RNA
Labeling kit according to the manufacturer’s directions
(Boehringer Mannheim, Mannheim, Germany). Frozen
tissue sections (8 um) from human palatine tonsils, Pey-
er's patches, and mesenteric lymph nodes were fixed in
4% paraformaldehyde (PFA)/DEPC-treated phosphate-
buffered saline (PBS) and subsequently washed in PBS
containing 0.1% active DEPC (Sigma, St. Louis, MO).
After equilibration in 5X SSC, sections were prehybrid-
ized (2 hours at 59°C) in hybridization solution (50%
formamide, 5X SSC, 50 ug/ml yeast tRNA, 100 ug/ml
heparin, 1X Denhardt solution, 0.1% Tween 20, 0.1%
CHAPS, and 5 mmol/L EDTA). Sections were subse-
quently hybridized overnight at 59°C with 250 ng/ml of
riboprobe in hybridization solution. High stringency wash
was performed, and the sections were next incubated (45
minutes) with horseradish peroxidase (HRP)-conjugated
rabbit anti-DIG (1:50; DAKO, Glostrup, Denmark) in
blocking buffer (0.1% Boehringer Blocking agent dis-
solved in Tris-HCI 100 mmol/L, NaCl 150 mmol/L, pH 7.5),
followed by signal amplification with biotin-tyramide dep-
osition (GenPoint kit; DAKO). Subsequently, sections
were incubated (20 minutes) with HRP-conjugated rabbit
anti-biotin (1:50 in blocking buffer; DAKO), followed by an
additional cycle of biotin-tyramide deposition. Signal was
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detected by incubation (20 minutes) with alkaline phos-
pahatase (AP)-conjugated rabbit anti-biotin (1:50 in
blocking buffer; DAKO), followed by the AP substrate
Fast Red (Ventana Medical Systems, Tucson, AZ). Fi-
nally, the sections were counterstained with hematoxylin.

Epitope Tagging

The coding region of NF-HEV was cloned into the
PCDNA3.1A/myc-his (Invitrogen) by PCR amplification of
the NF-HEV open reading frame with primers 5’-GAATTCT-
GAAAAATGAAGCCTAAAATGAAGTATTCAAC-3' and 5'-
GGGCCCAGTTTCAGAGAGCTTAAACAAGATATTTTCAG-
3', digested with EcoRl and Apal, and cloned in frame with
the myc tag of the PCDNAS3.1A.

Cell Culture, Transfection, and
Immunofiuorescence Studies

HUVECs (kindly provided by A. Bouloumié, Toulouse,
France) were grown in ECGM medium (Promocell, Hei-
delberg, Germany) and transfected in RPMI medium.
Hela cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal calf serum
(FCS) and 1% penicillin-streptomycin (all from Invitro-
gen). HUVECs were plated on coverslips and transiently
transfected with 0.7 ug PCDNAS3.1A-NF-HEV-myc-his ex-
pression vector and Genejammer Transfection reagent
according to the manufacturer’s instructions (Stratagene,
La Jolla, CA). Hel.a cells were plated on coverslips and
transiently transfected with 2 ug PCDNA3.1A-NF-HEV-
myc-his expression vector by the calcium phosphate
method. After medium change, transfected cells were
incubated for 48 hours to allow gene expression and then
washed twice with PBS, fixed for 15 minutes at room
temperature in PBS containing 3.7% PFA, and washed
again with PBS before neutralization with 50 mmol/L
NH,CI in PBS for 5 minutes at room temperature. Cells
were permeabilized for 5 minutes at room temperature in
PBS containing 0.1% Triton-X100, and washed twice with
PBS. Permeabilized cells were then incubated for 2 hours
at room temperature with an anti-myc monoclonal anti-
body (IgG1, 7 ug/ml, Clontech) in PBS with 1% (w/v)
bovine serum albumin (BSA). Cells were then washed
three times for 5 minutes at room temperature in PBS-
BSA, and incubated for 1 hour with FITC-labeled rabbit
anti-mouse IgG (1:40; Amersham Pharmacia Biotech,
Paris, France) or Cy3-conjugated goat anti-mouse IgG
(1:1000; Amersham Pharmacia Biotech). After extensive
washing in PBS, samples were air-dried and mounted in
Mowiol (Hoechst Pharmaceuticals, Frankfurt, Germany).
Fluorescence of fixed immunostained cells was viewed
with a Leica confocal laser-scanning microscope.

Antibody production, Immunohistochemistry,
and Western Blotting

Rabbit polyclonal antibodies were raised against
the peptides DKVLLSYYESQHPSNC and CYFRRETT-
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KRPSLKTG, corresponding to amino acids 157-171
and 58-73 of the human NF-HEV sequence, respec-
tively, using multiple antigen peptides technology
(Eurogentec, Seraing, Belgium). The antisera were
applied in immunohistochemistry as previously de-
scribed.?” In brief, acetone-fixed sections (4 um) of
human palatine tonsils were first incubated with a
mixture of mAb MECA-79 (rat IgM, 1:30; courtesy of
E.C. Butcher, Stanford, CA) and anti-NF-HEV rabbit
antiserum (1:1000), followed by a mixture of Cy3-
conjugated goat anti-rat IgM (1:200; Jackson Im-
munoResearch, West Grove, PA) and Alexa Fluor
488-conjugated goat anti-rabbit IgG (Molecular Probes,
Eugene, OR). The sections were mounted with 4'6-
diamidino-2-phenylindole (DAPI)-containing Vectashield
(Vector, Burlingame, CA). Negative controls were tissue
sections incubated with concentration-matched irrelevant
rat IgM and preimmune rabbit serum. Lysates from purified
HEVECs and primary cultures of PMECs and HUVECs
(each corresponding to ~10° cells) were fractionated
by sodium dodecyl! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (10%). Detection was performed
with rabbit antiserum to NF-HEV (1:500), followed by
HRP-conjugated donkey anti-rabbit Ig (1:1000; Amersham),
and finally an enhanced chemiluminescence kit (Pierce,
Rockford, IL).

Threading and Molecular Modeling Analyses

We used the Insightll, SegFold, Homology and Discover
modules from the Accelrys (San Diego, CA) molecular
modeling software (version 98), run on a Silicon Graphics
02 workstation. Structural homologs of human NF-HEV
were searched with the SegFold threading program,®®
which combines sequence and secondary structure
alignment. Optimal secondary structure prediction of the
query protein domains was ensured by the DSC meth-
0d>® within SeqgFold. The engrailed homeodomain (PDB
code: 1DUQ) was identified as the best structural tem-
plate of the NF-HEV amino-terminal domain (NF-HEV aa
1-65). We used the threading-derived secondary struc-
ture alignments as input for homology-modeling, which
was performed according to a previously described pro-
tocol.?” The validity of the models was checked both by
Ramachandran analysis and folding consistency verifica-
tion as previously reported.®”

Results

Identification of the NF-HEV cDNA as a cDNA
Preferentially Expressed in HEVECs

To identify cDNAs preferentially expressed in HEVEC, we
generated a PCR Select library from HEVEC cDNA sub-
tracted against PMEC cDNA (HEVEC pyec).?” MECA-79-
positive HEVECs were purified from human tonsils®® and
PMECs were isolated from nasal polyps as described.®?
A total of 960 clones were obtained in the PCR-select
HEVEC syec cDNA library. Differential screening of these
960 clones with radioactive probes generated from

HEVEC or PMEC cDNAs, revealed 49 cDNAs preferen-
tially expressed in HEVECs. Sequencing of these cDNAs
showed that the most abundant family of genes was
mitochondrial enzymes (12 clones), particularly tran-
scripts for cytochrome ¢ oxidase 1. This was in line with
our previous report?” that HEVECs express higher levels
of these enzymes than other ECs. Our screen also iden-
tified three independent clones corresponding to the se-
creted matricellular protein hevin, one of the known mark-
ers of tonsillar HEVECs.?"?” Using two distinct polyclonal
antisera, we confirmed preferential expression of hevin in
MECA-79-positive-HEVECs from human tonsils, as well
as MadCAM-1-positive-HEVECs from human Peyer’s
patches (data not shown). In addition to the hevin clones,
which validated our HEVEC pyec SSH approach, we
identified several other cDNAs corresponding to previ-
ously characterized genes, including endothelial multim-
erin (four clones), which is a secreted homomultimeric
factor V-binding protein,®® the complement inhibitor
CD59 (two clones), and the Nck adaptor protein NCK1
(two clones). Abundant expression of multimerin and
CD59 in HEVECs was confirmed by immunohistochem-
istry on human tonsil sections (data not shown).

Among the sequences corresponding to human genes
not yet characterized, we focused on one that was rep-
resented by four distinct cDNA clones within the HEVEC_
pmec library. To assess the tissue distribution of this gene,
we prepared riboprobes corresponding to the open read-
ing frame, which were applied for in situ mMRNA hybrid-
ization (Figure 1). Strikingly, the antisense riboprobe
hybridized strongly to HEVs in the T-cell zones of human
tonsil (Figure 1A), Peyer’'s patch (Figure 1B), and mes-
enteric lymph node (Figure 1C). Indeed, higher magnifi-
cation clearly revealed hybridization signals within HEV-
ECs as well as in scattered cells in the T-and B-cell
zones. Hybridization with a sense probe produced no
signal (Figure 1, A-C). Based on these in situ results,
which confirmed preferential expression of this gene
in human HEVs in vivo, and the localization of the cor-
responding protein in the cell nucleus (see below),
we designated this gene nuclear factor from HEV
(NF-HEV).

Sequence of the NF-HEV ¢cDNA and Genomic
Structure of the NF-HEV Gene

Sequencing of the four NF-HEV cDNA clones isolated
from the PCR-select HEVEC e cDNA library revealed
a sequence identical to that of a human cDNA deposited
in GenBank with the annotation “Homo sapiens mMRNA
for DVS27-related protein” (GenBank Accession No.
ABQ024518). This cDNA appears to encode a putative
human ortholog of the canine DVS27 protein, previously
identified in a screen for genes differentially expressed in
canine vasospastic cerebral arteries after subarachnoid
hemorrhage.3® Database searches with both the nucleo-
tide and amino acid sequences of canine DVS27 (Gen-
Bank Accession No. AB024517), using the programs
BLASTN, TBLASTN, and BLASTP (GenBank non-
redundant, human htgs, and human EST databases at
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Figure 1. NF-HEV mRNA expression in HEVs of human tonsil, Peyer's patch, and mesenteric lymph node. In situ hybridization was performed on
paraformaldehyde-fixed sections with an RNA probe complementary to NF-HEV mRNA (antisense), and hybridization signal (red) occurs in HEVs of the T-cell
zone around lymphoid follicles in tonsil (A), Peyer’s patch (B), and mesenteric lymph node (C). Higher magnification (X600, right panels) reveals that the signal
is confined to HEVECs and scattered cells in the T- and B-cell zones. Hybridization with a sense probe produced no signal (left panels).

National Center for Biotechnology Information, http://
www.ncbi.nlm.nih.gov/), failed to reveal any other human
cDNA or protein more closely related to DVS27 than
NF-HEV. This further suggested that human NF-HEV is an
ortholog of canine DVS27. Two murine cDNAs encoding
a putative mouse ortholog of human NF-HEV (GenBank
Accession Nos. XM 123362 and NM 133775) were
also identified by searching GenBank databases with the
human NF-HEV sequence. Alignment of the human and
mouse NF-HEV proteins (48% identity over 270 residues)
with the canine DVS27 sequence (56% identity between
hNF-HEV and canine DVS27) revealed that the NF-HEV/
DVS27 protein is composed of two evolutionary con-
served regions separated by a highly divergent linker
region in the central part (Figure 2A).

A BLAST search of the non-redundant sequence da-
tabase at NCBI with human NF-HEV cDNA or protein
sequences as baits, revealed a genomic hit from the
Homo sapiens chromosome 9 sequence (GenBank Ac-
cession No. NT  008413) that covered the whole NF-HEV
cDNA. This genomic contig contains three independent
UniSTS (UniSTS entries: SHGC-15129, stSG27179, and

RH101248) that have been previously mapped at 9p24.1,
between microsatellite markers D9S178 and D9S168.
This suggested that the human NF-HEV gene is located
on the short arm of chromosome 9 at 9p24.1. Alignment
between the NF-HEV cDNA and genomic sequences re-
vealed that there are seven exons that span more than 16
kb of genomic DNA (Figure 2B). All of the exon-intron
boundaries followed the GT-AG rule. The human NF-HEV
gene shared a similar organization with its mouse or-
tholog (Figure 2B), that we identified in a Mus musculus
genomic contig (GenBank Accession No. NW  000143).
The size of exons were found to be strictly conserved
between the two species, with the exception of exon 3
that contains 15 additional nucleotides in the human se-
quence, corresponding to an insertion of five residues in
the middle of the human NF-HEV protein (Figure 2A).

NF-HEV Is a Nuclear Protein

Because the predicted NF-HEV amino acid sequence
contains a consensus bipartite nuclear localization se-
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Figure 2. Human and mouse NF-HEV proteins and genes. A: Amino acid sequence alignment of human NF-HEV (hNF-HEV) with its mouse ortholog (mNF-HEV)
and canine DVS27 (caDVS27). Conserved residues are boxed. Black boxes indicate identical residues, whereas shaded boxes show similar amino acids.
Dashed lines represent gaps introduced to align sequences. Sequence alignment was performed with ClustalW (http://www2.ebi.ac.uk/clustalw) and colored
with Boxshade (http://www.ch.embnet.org/software/BOX_form.html). The bipartite NLS and the three helices of the homeodomain-like HTH putative DNA-
binding motif are indicated. B: Genomic structure of the human and mouse NF-HEV genes. Open boxes indicate non-translated exon sequence and black boxes
coding exon sequence. The two genes share a similar organization with seven exons. A major difference is the size of the first intron, which is >9 kb in the human

gene but only ~2 kb in its mouse ortholog.

quence (NLS, Prosite PS00015), near the linker region
(Figure 2A), we decided to investigate whether NF-HEV
could localize to the nucleus of ECs. For that purpose,
we designed an expression construct with NF-HEV
fused to the c-myc epitope tag, which was transfected
into primary HUVECs and detected by indirect im-
munofluorescence staining with antibodies to myc.
Confocal immunofluorescence microscopy revealed a
strict intranuclear localization of the epitope-tagged
NF-HEV (Figure 3A). The myc-tagged-NF-HEV pro-
tein also localized to the nucleus when ectopically
expressed in Hela cells (Figure 3B), NIH 3T3, and
COS-7 cells (data not shown), suggesting that the
nuclear localization of NF-HEV is not a specific prop-
erty of ECs.

Preferential Expression of NF-HEV in HEVECs
Compared with Other EC Types

Preferential expression of NF-HEV in human HEVECs was
confirmed by virtual Northern and Western blot analyses.
Virtual Northern blot analysis of PCR-generated full-
length ¢cDNA from human HEVECs, PMECs, HUVECs,
and placenta with a cDNA probe corresponding to the
NF-HEV open reading frame, revealed a prominent band
of ~2.6 kb in HEVECs (Figure 4A); it agreed well with the
size of NF-HEV mRNA. Conversely, this 2.6-kb signal was
detected at only very low levels in PMECs and HUVECs
and was almost undetectable in placenta (Figure 4A). To
confirm such preferential expression of NF-HEV in
HEVECs at the protein level, we raised rabbit antibodies
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Hela

Figure 3. NF-HEV encodes a nuclear protein. A-B: Nuclear localization of epitope-tagged NF-HEV ectopically expressed in primary HUVECs or immortalized
HelLa epithelial cells. HUVECs (A) and HeLa cells (B) transfected with myc-tagged NF-HEV expression vector were stained by indirect immunofluorescence with
antibodies to myc and analyzed by confocal laser scanning microscopy. Original magnification, X1000.

against NF-HEV peptides. By immunoblotting, these an-
tibodies recognized a ~30-kd protein in lysates from
tonsil stroma and purified HEVECs, but not in PMECs or
HUVECs (Figure 4B). The apparent molecular weight of
~30 kd for endogenous NF-HEV was in agreement with
the predicted M,, of 31 kd and the size of a recombinant
NF-HEV protein produced in Escherichia coli (data not
shown).
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Figure 4. Virtual Northern and Western blot analyses demonstrating pref-
erential expression of NF-HEV in HEVECs. A: Virtual Northern blot analysis
of NF-HEV expression in HEVECs, PMECs, HUVECs, or placenta tissue.
PCR-generated full-length ¢cDNAs from the various types of ECs were elec-
trophoresed on a 1% agarose gel, transferred to nylon filters, and hybridized
under high-stringency conditions with a **P-labeled human NF-HEV ¢cDNA
probe. B: Western blot analysis of extracts of tonsillar stroma, HEVECs,
PMECs, or HUVECs with rabbit antibodies to NF-HEV. A single band of ~30
kd was detected in extracts of tonsillar stroma and HEVECs.

Endogenous NF-HEV Localizes to the Nucleus
of HEVECs in Situ

To determine the subcellular localization of NF-HEV in
HEVECs in situ, we performed immunohistochemistry with
the rabbit antibodies raised against NF-HEV peptides.
Immunostaining of human tonsil sections with these re-
agents demonstrated strong NF-HEV expression in
MECA-79-positive HEVs (Figure 5A-C). NF-HEV and
MECA-79 immunostainings overlapped and NF-HEV ap-
peared to be expressed in all MECA-79-positive HEVs
but not in other vessels. Costaining of nuclear DNA with

lumen lumen

lumen

MERGE MERGE

*

lumen lumen

Figure 5. [n situ expression of NF-HEV protein in the nucleus of tonsillar
HEVECs. Cryosections of human tonsils (4 um, acetone-fixed) were double-
stained with HEV-specific rat mAb MECA-79 (A) or antibodies to NF-HEV
peptides (B). C: Two-color overlays reveal that NF-HEV immunoreactivity is
associated with MECA-79-positive HEVECs. Counterstaining with the nuclear
dye DAPI showed a clear nuclear localization of NF-HEV in MECA-79-
positive HEVECs (right panels). No nuclear staining was observed with
preimmune rabbit serum (not shown). Original magnification, X600.



76  Baekkevold et al
AJP July 2003, Vol. 163, No. 1

DAPI further showed that NF-HEV was concentrated in
the nucleus of HEVECs (Figure 5, right panels). Lower
magnification also revealed that the antibodies to NF-
HEV decorated, scattered single cells (the identity of
which remains unknown) in the T- and B-cell zones (data
not shown), in addition to the MECA-79-positive-HEVs.
This result was consistent with the in situ hybridization
results described above (Figure 1). In conclusion, al-
though NF-HEV expression did not appear to be strictly
HEV-specific, our immunohistochemistry data clearly re-
vealed abundant in vivo expression of NF-HEV in the
nucleus of HEVECs.

NF-HEV Contains a Putative Homeodomain-
Like Helix-Turn-Helix DNA-Binding Domain

Searches in Prosite and Pfam databases with the NF-HEV
sequence failed to reveal significant similarities to previ-
ously characterized protein sequence motifs, except for
a low level of homology of the NF-HEV amino acids 28 to
68 with prokaryotic HTH DNA-binding domains (HTH
ARAC, Prosite PS00041). Because detection of se-
quence homology is more sensitive and selective when
aided by secondary structure information, we searched
for structural homologs of human NF-HEV in the PDB
crystallographic database, with the SeqgFold threading
program®® which combines sequence and secondary
structure alignment. This search revealed significant
structural homologies between the first 65 amino-terminal
residues of NF-HEV and the DNA-binding homeodo-
mains of several drosophila (engrailed, fushi-tarazu) and
vertebrate (POU) transcription factors. The crystallo-
graphic structure (PDB No. 1DUOQ) of the drosophila tran-
scription factor engrailed homeodomain®® provided the
best score of the search. We used the resulting thread-
ing-derived secondary structure alignment, to generate a
homology-based model for the amino-terminal domain of
human NF-HEV (Figure 6; see the Materials and Methods
section for a detailed account of the model-building and
structural check protocols). Similarly to the homeodo-
main®! and various other eukaryotic HTH DNA-binding
domains (human centromere protein CENP-B, human
Myb transcription factor, and yeast telomere binding pro-
tein RAP1),%? NF-HEV was predicted to contain a home-
odomain-like HTH motif that could be described as a
right-handed three-helical bundle,*®*' composed of an
hydrophobic core of two a-helices (helices 2 and 3 cor-
responding to the HTH motif) completed by another N-
terminal a-helix (helix 1). A conserved characteristic of
this HTH motif is the packing of a-helices 2 and 3 at
nearly a right angle to each other (Figure 6); the turn
between a-helices 2 and 3 offsets a-helix 3 so that the
N-terminal part of a-helix 3, which is predicted to bind to
the target DNA major groove, is packed against the mid-
dle of a-helix 2. Together, our threading and modeling
results suggested that the amino-terminal part of NF-HEV
(aa 1-65) corresponds to a novel homeodomain-like HTH
DNA-binding domain.

Figure 6. NF-HEV contains a homeodomain-like HTH motif. Model of the
three-dimensional structure of the homeodomain-like HTH motif of human
NF-HEV (aa 1-65), based on its threading-derived homology with the crys-
tallographic structure of the homeodomain from drosophila transcription
factor engrailed (PDB code: 1DU0). The a-helices have been numbered in
order and color-coded in brown. The potential DNA recognition helix (a-
helix 3) is marked by a red arrow. The turn of the HTH motif is coded in
blue. Molecular modeling was performed as described in the Materials and
Methods.

Discussion

Despite intensive efforts, the specialized HEV endothe-
lium remains poorly characterized at the molecular level,
and only a few genes preferentially expressed in HEVECs
have been identified.'®6:18:20.21.43 \glecular character-
ization of HEVECs has been hampered by the fact that
these cells, like other specialized ECs, are not abun-
dantly available for analysis and lose their specialized
phenotype rapidly when grown in vitro isolated from their
natural tissue environment.®>4* In this study, we used the
PCR-based method of SSH to compare freshly purified
HEVECs with nasal microvascular PMECs. This strategy
allowed us to identify NF-HEV, the first nuclear factor
preferentially expressed in HEVECs. In situ hybridization
revealed high levels of NF-HEV mRNA in HEVs from
human tonsils, mesenteric lymph nodes, and Peyer's
patches. Virtual Northern and Western blot analyses con-
firmed preferential expression of NF-HEV mRNA and pro-
tein in HEVECs compared with another type of microvas-
cular ECs (PMECs) and ECs from large vessels
(HUVECS). Finally, immunohistochemistry on human ton-
sillar sections with antibodies to NF-HEV peptides dem-
onstrated that the NF-HEV protein accumulates at high
levels in the nucleus of MECA-79-positive HEVECs in situ.
This nuclear localization of NF-HEV in vivo is in agreement
with the presence of a consensus bipartite NLS in the
amino-terminal part of the protein. Also notably, we ob-
served nuclear targeting of an epitope-tagged NF-HEV
protein when ectopically expressed in primary HUVECs
and immortalized Hela epithelial cells.



In addition to the consensus NLS, NF-HEV contains
another protein motif (homeodomain-like HTH motif) that
exhibits structural similarity with several DNA-binding do-
mains, including the HTH motifs of prokaryotic regulators
and the homeodomains of vertebrate POU transcription
factors as well as the drosophila transcription factors
fushi-tarazu and engrailed.*’ Our molecular modeling
studies predict that this putative NF-HEV DNA-binding
domain may fold, similarly to the homeodomain, as a
right-handed three-helical bundle, composed of an hy-
drophobic core of two «-helices corresponding to the
HTH motif, which is completed by another N-terminal
a-helix. To this end, we used a threading method that can
reliably detect structural homology between protein do-
mains that show only some 20% sequence homology.*®
The critical issue is then to determine whether the two
domains found to be structurally related, are distant par-
ents from the same phylogenetic superfamily or are the
products of convergent evolution without common ances-
try. Further studies will therefore be required to determine
whether the NF-HEV homeodomain-like HTH motif is a
distant relative of the homeodomain, which possesses
similar sequence-specific DNA-binding properties.

NF-HEV may, in fact, be one of the nuclear factors that
participates in the control of the specialized HEV pheno-
type. Thus, NF-HEV may play a role in HEV differentiation
analogous to the role of the atypical homeodomain tran-
scription factor Prox-1 in the induction of the lymphatic
endothelium phenotype.*¢~*® Recent studies have
shown that ectopic expression of this transcription factor
in blood vascular ECs is sufficient for expression of lym-
phatic endothelium-specific genes such as VEGFR-3.48
These results suggest that Prox-1 is a major regulator of
the lymphatic EC phenotype. In contrast, none of the
nuclear factors likely to play important roles in the induc-
tion of the HEV phenotype have yet been identified. It has
been known for a long time that the specialized features
of HEVs are under the control of the local tissue environ-
ment.® In contrast to non-lymphoid post-capillary
venules, HEVs are present in a microenvironment with
many cytokines generated during activation of abundant
lymphoid cells. Evidence for a key role (either direct or
indirect) of these cytokines in the induction and mainte-
nance of the HEV specialized phenotype has been pro-
vided by in vivo studies in transgenic mice, which have
revealed that structural and functional characteristics of
HEVs are induced on HEV-like vessels in the pancreas of
transgenic mice whose pancreatic B cells express the
chemokines CCL21%° or CXCL13,°° or the cytokines
IFN-vy, IL-10,% or lymphotoxin.®' The induction of HEV-
specific genes by these cytokines is likely to be mediated
by several distinct nuclear transcription factors. Because
we showed that NF-HEV is a putative DNA-binding pro-
tein preferentially expressed in HEVECs, it is an attractive
candidate for mediation of the cytokine effects that in-
duce HEV-specific genes.

NF-HEV did not appear to be a strictly HEV-specific
factor because human lymphoid organs (tonsils, mesen-
teric lymph nodes and Peyer’s patches) showed NF-HEV
expression both at the mRNA and protein level in scat-
tered single cells of the T-cell zone. In addition, the
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probable canine ortholog (DVS27) of human NF-HEV has
previously been found to be expressed at the mRNA level
in cultured smooth muscle cells stimulated with IL-1 or
IFN-y, and in vasospastic cerebral arteries after sub-
arachnoid hemorrhage in a canine cerebral vasospasm
model.*® Similarly to NF-HEV, the lymphatic endothelium
transcription factor Prox-1 is expressed in some non-EC
types such as intestinal and pancreatic epithelial cells,
hepatocytes, and cardiomyocytes.®® However, Prox-1 is
able to induce the lymphatic endothelium marker
VEGFR3 in ECs but not in epithelial cells,*® suggesting
that the role of Prox-1 as a regulator of the lymphatic
endothelium phenotype most likely requires the presence
of other EC-specific transcriptional co-activators. A sim-
ilar scenario may apply to NF-HEV; despite its expression
in some non-EC types, NF-HEV may nevertheless be one
of the key nuclear factors for the induction of the HEV
phenotype.

Even though the nuclear localization and structural
homology with DNA-binding domains is consistent with
the idea that NF-HEV functions as a transcription factor,
NF-HEV might have other functions in the nucleus. For
instance, NF-HEV may play a role in chromatin dynamics,
RNA or DNA metabolism (including DNA replication and
repair), nuclear signaling pathways, or nucleo-cytoplasmic
trafficking of nuclear components. Future studies should
aim at investigating the biological role of NF-HEV in the
nucleus and its functional role in HEV differentiation.
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