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Comparative genomics on HHIP family orthologs
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Abstract. Hedgehog, FGF, VEGF, and Notch signaling
pathways network together for vascular remodeling during
embryogenesis and carcinogenesis. HHIP1 (HHIP) is an
endogenous antagonist for SHH, IHH, and DHH. Here,
comparative integromics analyses on HHIP family members
were performed by using bioinformatics and human intelli-
gence. HHIPI, HHIP2 (HHIPLI or KIAAI822) and HHIP3
(HHIPL2 or KIAAIS822L) constitute human HHIP gene
family. Rat Hhipl, Hhip2, and Hhip3 genes were identified
within AC107504 .4, AC094820.6, and AC134264.2 genome
sequences, respectively. HHIP-homologous (HIPH) domain
with conserved 18 Cys residues was identified as the novel
domain conserved among mammalian HHIP1, HHIP2, and
HHIP3 orthologs. HHIPI mRNA was expressed in coronary
artery endothelial cells, prostate, and rhabdomyosarcoma.
HHIP2 mRNA was expressed in trabecular bone cells. HHIP3
mRNA was expressed in testis, thyroid gland, osteoarthritic
cartilarge, pancreatic cancer, and lung cancer. Promoters of
HHIP family genes were not well conserved between human
and rodents. Although GLI-, CSL-, and HES/HEY-binding
sites were not identified, eleven bHLH-binding sites were
identified within human HHIPI promoter. Expression of HES/
HEY family members, including HES1, HES2, HES3, HES4,
HESS, HES6, HES7, HEYI, HEY2 and HEYL, in coronary
artery endothelial cells was not detected in silico. Up-regulation
of HHIP1 due to down-regulation of Notch-CSL-HES/HEY
signaling cascade repressing bHLH transcription factors results
in down-regulation of the Hedgehog-VEGF-Notch signaling
cascade. On the other hand, down-regulation of HHIP1 due
to up-regulation of Notch signaling in vascular endothelial
cells during angiogenesis results in up-regulation of the
Hedgehog-VEGF-Notch signaling cascade. Because HHIP1
is the key molecule for vascular remodeling, HHIPI is the
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pharmacogenomics target in the fields of oncology and vascular
medicine.

Introduction

Hedgehog signaling pathway is implicated in a variety of
processes during embryogenesis, chronic persistent
inflammation, and carcinogenesis (1-3). Hedgehog family of
secreted proteins consists of Sonic Hedgehog (SHH), Indian
Hedgehog (IHH) and Desert Hedgehog (DHH) (4-6).
PTCHI1, PTCH2, DISP1, DISP2 and DISP3 are multi-
transmembrane proteins with two PTCH/DISP homologous
domains (7,8). PTCH1 and PTCH2 are Hedgehog receptors,
regulating the Hedgehog signal transducer Smoothened
(SMO) (9-13). KIF27, KIF7, STK36, SUFU and DZIP1 are
Hedgehog signaling components (10-17). GLI family
transcription factors are implicated in the transcriptional
activation of Hedgehog target genes, such as PTCHI,
CCND2, IGFBP6, and FOXM1 (1,18-20).

HHIP1 (HHIP) is secreted-type Hedgehog-interacting
protein, functioning as an endogenous antagonist for SHH,
IHH, and DHH (21). HHIPI expression is down-regulated in
a variety of tumors, such as gastric, pancreatic, colorectal,
esophageal and lung cancer (22,23). HHIPI down-regulation
in pancreatic cancer is due to epigenetic CpG hyper-
methylation of HHIPI promoter.

In contrast to the down-regulation of HHIPI in various
types of human tumors, HHIPI is abundantly expressed in
human aortic endothelial cells (22). However, mechanism of
HHIP] expression in human aortic endothelial cells remains
unclear.

Recently, we identified two other members of human HHIP
gene family. Here, comparative genomics analyses on HHIP
family members as well as expression analyses of HHIP family
members were performed. Because HHIPI was expressed in
coronary artery endothelial cells, transcriptional mechanism
of HHIPI in coronary artery endothelial cells was further
investigated.

Materials and methods

Identification of novel genes. Mouse cDNAs, ESTs, and rat
genome sequences homologous to human HHIP1, HHIP2,
and HHIP3 were searched for with the BLAST program (http://
www.ncbi.nlm.nih.gov) as described previously (24,25). Exon-
intron boundaries were determined by examining the consensus
sequence of exon-intron junctions (‘gt ..... ag’ rule of intronic
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Human Mouse Rat
Gene Alias Chromosomal position Complete CDS Complete CDS Complete CDS
HHIP1 HHIP 4q31.21 NM_022475.1 NM_020259.3 This study
HHIP2 KIAA1822 14q32.2 NM_032425.3 AK166269.1 This study
HHIP3 KIAA1822L 1941 NM_024746.2 This study This study
B Exon Rat Hhip1 gene Rat Hhip2 gene Rat Hhip3 gene
01 AGAAGC— ===~ AACAAG gtaggc GGCCTT====== TGCCAG gtgagc GGCCAA~=====! TGCCAG gtgggt

02 tttcag ATCTITT------TTCCAG gtaaaa
03 ttaaag GTCTTC------CAGCAG gtccat
04 gtttag AAAGCA------ATAAAG gttggc
05 ctgcag GGAGGA~~=~=-— ATCCAG gtatca

06 atgcag GAAAAR------ GTTAAG gtaaca
07 tctcag TGATTT------AGGCAG gtgagyg
08 atgcag ATGTGC------ATTACG gtgagt

09 ttccag AAAGCG------CAATGG gtgtgt
10 tcatag GAATTT------ AATTAG gtatcg
11 caacag GAGAGG------ ARAAAG gtaaga
12 atgcag ACCTTT-~==—~ GAATTG gttagt
13 ttgcag CCAAAT------ TGAGAG

ctacag GAATGC-~--
ctttag GATAAT---
ccgecag GTCAGC---
cctcag ATGACG-—----- GAGCGG gtaagt
ttecag GCGACT~~——-~- AGGCTG gtgagce
tcaaag GGGAGC---
tggcag ACGGGC~--
gtgtag AGTTCA------ ATTTTC

-AGAGAG gtcgcet
-AAACAA gtacgce
-CCCTCG gtgacc

ttccag GAGTGC~-----AGAGAG gtgaga
ttecag GGTCAT~------GAACAA gtaagc
tttcag AAGTIC~-----CCTTGG gtaagt
tgacag ACGACA~----- GAGTGG gtaaga

atctag TCGACT~=~—=m ARGCCG gtaact
ccttag GGGAGC~------CTCAAG gtgaga
ttacag GCGAGC---~--GCGCAG gtgagt
ttccag CCACAG~—----- ATAAAT

-CTCCAG gtgagt
~-AGGAAA gtaagt

Figure 1. (A) Mammalian HHIP gene family consisting of HHIPI, HHIP2 and HHIP3 orthologs. (B) Exon-intron structure of rat Hhip1, Hhip2, and Hhip3 genes.

sequence) and the codon usage within the coding region as
described previously (26,27).

Comparative proteomics analyses. Translation into amino-acid
sequence and amino-acid alignment were performed with the
Genetyx program as described previously (28,29). Signal
peptide and transmembrane domain were searched for with
the Kyte and Doolittle hydrophobicity analysis and PSORT II
program. Domain architecture was at first searched for with
the RPS-BLAST program (http://www.ncbi.nlm.nih.gov)
as described previously (30,31). Novel domains were then
searched for based on the conservation among related proteins
as described previously (32,33).

Comparative genomics analyses. Genome sequences around
human HHIPI, HHIP2 and HHIP3 genes were used as query
sequences for the BLAST program to identify evolutionarily
conserved regions. Transcription factor-binding sites within
the promoter region were searched for with the Match program
(http://www.gene-regulation.com) as well as by manual
inspection.

Results

Human HHIP family genes. BLAST program using HHIP1
amino-acid sequence NP_071920.1 as a query sequence
revealed that NM_032425.3 and NM_024746.2 RefSeqs were
derived from human HHIPI-related genes. Human genes
corresponding to NM_032425.3 and NM_024746.2 were
designated HHIP2 (HHIPLI or KIAA1822) and HHIP3
(HHIPL2 or KIAAI822L), respectively (Fig. 1A).
Preliminary alignment of HHIP family members revealed
that 529-aa NP_079022.1 was N-terminally truncated HHIP3
protein. Although nucleotide position 644-2233 of NM_
024746.2 RefSeq was translated for NP_079022.1, we found
that nucleotide position 59-2233 was the real coding region.
Instead of 529-aa N-terminally truncated HHIP3 partial amino-

acid sequence, 724-aa full-length HHIP3 amino-acid sequence
translated from the real coding region of NM_024746.2
RefSeq was used for the following study.

Mouse Hhip family genes. Mouse cDNAs homologous to
human HHIP1, HHIP2, and HHIP3 were searched for with
BLAST programs. Mouse NM_020259.3 RefSeq, AK166269
cDNA, and NM_030175.1 RefSeq were derived from mouse
Hhipl, Hhip2, and Hhip3 genes, respectively. NM_020259.3
RefSeq and AK166269 cDNA were representative full-length
clones; however, NM_030175.1 RefSeq was a 5'-truncated
partial clone (Fig. 1A).

BE305786 EST, corresponding to the 5'-UTR and N-
terminal part of coding region of Hhip3, overlapped with
NM_030175.1 5'-truncated partial RefSeq. Mouse Hhip3
complete CDS was determined by assembling BE305786 EST
and 5'-truncated NM_030175.1 RefSeq (Fig. 1A).

Rat Hhip family genes. Rat Hhipl, Hhip2 and Hhip3 genes were
identified within AC107504.4, AC094820.6 and AC134264.2
genome sequences, respectively. Exon-intron boundaries of rat
Hhipl, Hhip2 and Hhip3 genes were determined by examining
the consensus sequence of exon-intron junctions and the
codon usage. Rat Hhipl, Hhip2 and Hhip3 genes were found to
consist of 13,9, and 9 exons, respectively (Fig. 1B). Complete
CDSs of rat Hhipl, Hhip2 and Hhip3 were determined by
assembling exonic regions. Rat Hhip 1, Hhip2 and Hhip3 genes
were found to encode 700-, 791- and 712-amino-acid proteins,
respectively (Fig. 2).

Comparative proteomics on HHIP family members. Membrane
topology analyses were performed at first. HHIP1 and HHIP2
orthologs were secreted proteins with N-terminal signal peptide,
while HHIP3 orthologs were type II transmembrane proteins
with short N-terminal cytoplasmic region.

Human, rat, and mouse HHIP family members were then
aligned for comparative proteomics analyses. Although N- and
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++ + o+
Hs HHIP1 MLRMLSFRLLLLAVALGFFEGDAKF RRRRCL PKRLKRRDRRMMSQ-LELLSGGEM~ - - - LCGG!‘!PRLSCCLRSDEPGLG RL!NKI--FBVTNN‘!ECGKLLEEIKCALCSPHSQSLF!SPER!.’VLE 132
Rn Hhipl MLRMLSFRLLLLAVALGFFEGDAKF RRRRCL PKRLRRRDRRMMBQ -LELLSGGET LCGGFYPRVSCCLS GLG-RLENKI--FSA LLEEIKCAPCSPHSQSLFF LD | 132
Mn Bhipl MLRMLSFRLLLLAVALGFFEGDAKF! RRRRC! RLERRDRRVMSQ-LELLSGGEI LCGGFYPRVSCCLY GLG-RLENKI--FSA LLEEIQCAPCSPHSQSLFYTPERDVLD | 132
Hs BHIP2 MA--RARA----GALLALWVLGAAA HPQCLDFRPPFRPTQPLHLCAQ-YSDFGCCDEGRDAELTRRFWALASRVDAAEWARCAGYARDLLCQECSPYARBLYDAEDPFTPL | 104
Rn Bhip2 MA 'VAGIGPGALLALRALLVAR HPQCLDFRPPFRPPQPLAFCAQ-~YSAFGCCTAEQDAALARRFRAL CAGYALDLLCQ YARHLYDA PL | 110
Mn Bhip2 MAGRRAVARIGPGALLVLRALLAAA HPQCLDFRPPFRPPQPLAFCAQ- YSAFGCCTAEQDAALARRFRAL AGYALDLLCQ YARHLYDA TPL | 110
Hs HHIP3 MLRTST-PNLCGGLECRAPWLSSGILCLCLIFLLGQVOLLQG-~——~omommmmm nPQCLDYGPPFQPPLELIP'CSD—YESPGCCDQKRDRRIMRYWDIKE!FDLKRB!LCGD!IKDILCQICSP!N\HL!DAI:NTQTPL 126
Rn Hhip3 MLGKHRSPHTVSGRP--AQWLSPGIFCLGLTFLLGWVGLLOG- HPQCL HLEFCSD-YDSF IAARYWDIMNYFDLKGHELCGGY IRDILCQECSPYARHLYDAENPQTPL | 125
Mn Hhip3 MLGKETSPETVPGHR--APWLSPGIFCLGLPFLLGWVGLLOG- - = w=mn=mmx| !PQCLDYGPPFRPPQHLI!’CED-YDSFBCCDQRKDRRIMR!WDIHE!I‘DLKAH!:LCGGYIKDILCQ!CSP!MBLYDAENPQTPL 125
* PR i B * Pt *
T £3 ¥ + T
Hs HEIP1 | RDLVLPLLCRDYCKREFFYTCRGHIPGFLQTTAD-EFCFYYARKDGGLCFPDFPRRQVRGPASNYLDOMEEYDKVEEISRKHRENC --FCIQEVVSGLRQPVGALESGDGSQRLFILEREGYVKILTPEGEIFKEPYLDIEK | 270
Ro Hhipl [ GDLALPLLCRDYCREFFYTCRGEIPGLLQTTAD-EFCFYYARRDAGLCFPDFPRKQVRGPASNYLDOMEDYEKVEETSRKERENC - - FCVQEVMSGLRQPVGAVESGDGSLRLFI LEREGYVKILTPEGEMLKEPYLDIEK | 270
Mm Ehipl | GDLALPLLCKDYCREFFYTCRGHIPGLLQTTAD-EFCFYYARKDAGLCFPDFPRRQVRGPASNYLGQMEDYERVGGISRKERENC - - LCVQE! FILEKEGYVKI LFREPYLDIHK | 270
Es EHIP2 | RT--VPGLCQDYCLDMWHRCRG-LFREL--STDQELWALEGNLARF-CRYL-SMDDTDYCFPYLLVNKNLNSNLGHVVADARG-CLQLCLEEVANGLRNPVAMVEARDGTHRFFVAEQVGLVHAYLPDRSRLGRKPFLNISR | 237
Ro Bhip2 | RT--VPGLCEDYCLDMWQTCRG-LFREL--SPDRELWALESNRARL-CRYL-SLDDTDYCFPSLLVNENLNSNLGRVVADAKG-CLQLCLEEVANGLRNPVAMVEAGDGSERFFVAEQVGLVHTYLPDRSRLEKPFLNVSQ | 243
Mm Bhip2 | RT--VPGLCEDYCLDMWQTCRG-LFRLL--SPDRELWALESNRAKL-CRYL-SLDDTDYCFPSLLVNENLNSNLGRVVADAKG -CLQLCLEEVANGLRNPVAMVEAGDGSHERFFVAEQVGLVWTYLPDRSRLEKPFLNVSQ | 243
Hs HHIP3 | RN--LPGL ¢ 8-AISLL-~ g ‘CHLL-DLPDRDYCFPNVLRNDYLNRELGMVAQDPQG ~-CLOLCLSEVANGLRNPVSMVEAGDGTHRFFVAEQVGVVHWVYLPDGSRLEQPFLDLRN | 260
Rn Bhip3 | RN--LPGLCSDYCSAFEHNCHS-AISLL--TNDRGL( RFCHLL~NL FPNVLRNDQLNRNLGVVAEDHQG -CLQLCLAEVANGLRNPVSMVEAGDGTHRFFVAEQVGVVWVYLPDGSRLEQPFLDLKS | 259
¥m Hhip3 | RN--LPGLCBDYCSAFHRSCHS- -AISLL--INDRGLQESHGKDGARFCHLL-NLPDEDYCFPNVLRNDQLNRNLGVVAEDQQG-CLOLCLVEVANGLRNPY SMVEAGDGTHRF FVAEQUGVVIVYLPDGSRLEQPFLDLES | 259
[ * * %
Hs EEIP1 | LVQSGIKGGDERGLLSLAFEPNYKKNGKLYVSYTTNQERWAIGPEDHILRVVEYTVSRRNPEQVDLRTARVFLEVAELHRKELGGQLLFGPDGFLYI ILGDGMI! DGLSDFTGSVLRL -NVPYS | 407
Rn Hhipl | LVQSGIKGGDERGLLSLAFHPNYKKNGKLYVSYTTNQERWAIGPEDHILRVVEYTVSRRNPHQUVDVRTARVFLEVAELHRRELGGQLLFGPDGFLYI ILGDGMITL DGLSDFTGSVLRL -NVPYS | 407
Mm Hhipl | LVQSGIRGGDERGLLSLAFHPNYRKNGKLYVSYTTNQERWAIGPEDEILRVVEYTVSRRNPHQVDVRTARVFLEVAELERKELGGQLLFGPDGPLYI ILGDGMITLDDMEEN- - - DGLSDFTGSVLRLDVDTDMC-NVPYS | 407
Hs HHIP2 | VVL! LGIAFHPSF VYYSVGI SEWI-RISEFRVSEDDENAVDHSSERIILEVKE! LFGDDGYLYIF GTF LLGKVLRIDVDRKER-GLPYG | 371
Rn Hhip2 | AVLTSPWEGDERGFLGLAFHPRFPHPSKLYVYYSVGVGF-———— REWI-RISEFRI JLLFGDDGFLYIF FGKF ALLGKVLRIDVDRRER-GLPYG | 377
Mm Hhip2 | AVLTSPWEGDERGFLGLAPHPRFPHPSKLYVYYSVGVGF REWI-RISEFRV IILEI QLLFGDDGFLYIF FGKFGNAQNKSALLGRKVLRIDVDRRER-GLEYG | 377
Hs HHIP3 | IVLTTPWIGDERGFLGLAFHEPKFRENRKFYIYYSCLDRKK--—-VERI-RISEMRV NKADLRSERVILEI QLLFGLDGYMYIFTGDGGQAGDPFGLFGNAQNKSSLLGKVLRIDVNRAGSHGKRYR | 396
Rn Hhip3 | MVLTTPWIGDERGFLGLAFEPKFRENRKFYIYYSCLGKRK-~-~VEKI-RISQMRVSLEDPNKAI ILET LFGLDGYLYIFTGDGGQAGDPFGRFGNAQNRSSLLGKVLRIDVNGAGMSAQRYR | 395
M Hbip3 | MVLITPWIGDERGFLGLAFHPKFRENRKFYIYYSCLGRRK---~VEKI-RISEMRV! KSERVILEI QLLFGLDGYLYIFTGDGGOAGDPFGRFGNAQNKS SLLOKVLRIDVNGADVDGQRYR | 395
Wakkk ok kR - * o * * P Kok EEEEH KX kE Ak » PR
+ + +
Hs HHIP1 | IPRENPHFNSTNQP-PEVFAEGLHDPGRCAVDRH-PTDININLTILC ARILQIIK. --SEPSLLE-FR-PFSNGPLV-GGFVYRGCQSERLYGSYVFGDRN-GNFLT-LQ | 522
Rn Hhipl | IPRSNPHFNSTNQP-PEVFAHGLEDPGRCAVDRE-PTDININLTILC ARILQIIK SEQSLLE-FK-PFSNGPLV-GGFVYRGCQSERLYGSYVFGDRN-GNFLT-LQ | 522
Mn Bhipl | IPRSNPHFNSTNQP-PEVFAHGLHDPGRCAVDRE-PTDININLTILC ARILQIIK SEPSLLE-FK~PFSNGPLV-GGFVYRGCQSERLYGSYVFGDRN-GNFLT-LQ | 522
Hs HAIP2 | IPPDNP-FVGDPAAQPEVYALGVR LFCGDV-GQNKFEEVDVVE--RGGNYGWRAREGFECYDRSLCANTSLNDLLPIFAYPETVGKSVTGGYVYRGCEY PNLNGLY IFGDFMSGR-LMELQ | 507
Rn Bhip2 | IPLDNP-FVDDPEARPEVYALGVR DRGDPV: LFCGDV-GQNKYEEVDLVE- - RGRNYGWRAREGFECYDRKLCANASLDDVLPIFAYPERLGKSVTGGYVYRGCEYPNLNGLY IFGDFMSGR-LMSLR | 513
Mm Bhip2 | IPPDNP-FVDDPGARPEVYALGVRNMWRC LFCGDV-~GQNKYEEVDLVE- - RGRNYGWRAREGFECY DRKLCANTSLDDVLPIFAYPERLGKSVTGGYVYRGCEYPNLNGLY IFGDFMSGR-LMSLR | 513
Hs HHIP3 | VPSDNP-F AEPAIYAYGIRNMWRC: T IFCGDY-GQNRFEEVDLIL--RGGNYGWRAREGFACYDRRLCHNASLDDVLPI YAYGHAVGRSVIGGYVYRGCESPNLNGLY IFGDFMSGR-LMALQ | 532
Rn Hhip3 | VPLDNP-FVSEPGAHPAVYAYGVR v IFC QNRFEEVDLIV--KGGNYGWRAREGFECYDRNLCHNASLDDILPIYAYGHGVGKSVTGGYVYRGCESPNLNGLY IFGDFMEBGR-LMALQ | 531
Mm Bhip3 | VPLDNP-F HPAVYAYGVR v IFCGDV- GONRFEEVDLIV- - RGGNYGHRAKEGFECY DRRLCRNASLDDILPY YAYGHGVGRSVTGGYVYRGCESPNLNGLY IFGDFMSGR-LUALY | 531
P PR P xox o omx T ok x kkw
+ + +
Hs HEIP1 | QSPVTRQWQEKPLCLGTSGSCR--G----YFSCGHIL GEVYIL TQTHNGRLYKIVDPRRPLMPEECRATVQPAQTLTSECSRLCRNGYC! 627
Rn Ehipl | QSPVTRQWOEKPLCLGASGSCQ--G----YFSGHILGF:! GEVYIL LYRIIDPKRPLMPEECRVTVQPAQTLTSDISRLCRNGYYTP 627
Mm Ehipl | QSPVTRQWQEKPLCLGASSSCR--G YFSGHIL GEVYIL LYRIVDPRRPLMPEECRVTVQPAQPLTSDCSRLCRNGYYTP ——- 627
Es HEIP2 | ENPGTGQWQYSEICMGHGQTCEFPGLINNYYP-YIISF TAPRGVVYKIIDAS SCKARBA - = e MPGYVPAPSV T5Q 600
Rn Bhip2 | ENPESGQ E AFPGLINNYYP-YIISFA 'MSTGVP! ARGV IYRVTDPSRRAPPGKCKIRPAQVRVKSHLIPFVPKEKFI RPTARAPTRA! TAAPPAPTLRPTKPARP 653
Mn Hhip2 QWKY BEV AFPGLINNYYP-YIISFA AEGVIYRVIDPSRRAPPGRCKIRPAQVKVRSHLIPFVPKERFIRTPESTPRPTARAPTKAPRRRRPTAAPPAPTPRPTRPARP 653
Hs HEIP3 | EDRRNKKWKKQDLCLGSTTSCAFPGLISTHSR- FIIS!’A!:D!:AG!LYPLATS!PSA!APRGSIYKPVDPSRN\PPGKCK!KPVPVRTKSKRIPPRPLAKWLDLLK!QBE ------ KAARKSSSATLASGPAQGLSE---~ 662
Rn Hhip3 | EDRKTQRWSKRDICLGNSS-CAFPGLISAYSK-FIISFAEDEAGELYFLATSYPSAYAPHGS I YKFVDPSRRAPPGRCKLKPVPVRARSKKIRFRPRAATVLDSMREESC KAAGKPSTSTL APQ 660
Mn Bhip3 | EDRKTQRWIKRDICLONST- CAFPGLISAYSR-FIISFAEDEAGELYFLATSYPSAYAPHGS IYKFVDPSRRAPPGKCKYRPVPVKTRSRKVRFRPLAATVLDLLKEESQ KAARKA 80 660
« ok wkk w w w ww o
Hs HEIP1 KCEPAC VCVRPNRCLCKKGYLGPQCEQVDRNIRRVTRAGILDQI IDMTSYLLDLTSYIV 700
Rn Hhipl GWEGDFCRIAKCEPPCRHGGVCVRPNKCLCRKGYLGPQCERADRSMRRVTRAGILDQIIDVTSYLLDLTSYIV 700
Mm Bhipl GWEGDFCRIARCEPACREGGVCVRPNKCLCKRGYLGPQCEQVDRNVRRVTRAGILDQIIDMTSYLLDLTSYIV 700
Hs HHIP2 PFILQWWK 608
Rn Bhip2 R PONGSVRLVRPSGL EVFI VCDDGWDI KARAVVCRQLGFABAVRARKRAEFGEGRALRILLDDVRC L NCK ECSHEDPDL 791
Mm Bhip2 STAV RLVRPAGL R HERRTLGHGV 709
Hs HHIP3 KGSSKKLA N LK LP 724
Rn Ehip3 RGSPKK KTFQR K KRKQ- - - -~ SQATRKSP -~~~ — GRSHP 712
Mm Bhip3 KGSLKKPASSRSSKKIFRRPGTRKKSRVHSPREQGKRKEN JAR GRSHP 717

Figure 2. Alignment of vertebrate HHIP1, HHIP2 and HHIP3 orthologs. Hs, human. Rn, rat. Mm, mouse. HHIP homologous (HIPH) domain is boxed. Conserved

Cys residues within the HIPH domain are shown by a cross.

C-terminal region of HHIP family members were divergent,
core region corresponding to codon 68-595 of human HHIP1
was well conserved among mammalian HHIP family members
(Fig. 2). The novel conserved region with 18 conserved Cys
residues was designated the HHIP-homologous (HIPH)
domain. These facts indicate that HHIP family members
should be characterized as HIPH domain proteins.

Differential expression of HHIP1, HHIP2 and HHIP3 mRNAs.
ESTs corresponding to HHIPI, HHIP2, and HHIP3 mRNAs
were searched for by using the BLAST program. The sources of
ESTs were then listed up for the in silico expression analyses.
HHIPI mRNA was expressed in coronary artery endothelial
cells, prostate, and rhabdomyosarcoma. HHIP2 mRNA was
expressed in trabecular bone cells. HHIP3 mRNA was
expressed in testis, thyroid gland, osteoarthritic cartilarge,
pancreatic cancer, and lung cancer.

Comparative genomics on HHIPI, HHIP2 and HHIP3
orthologs. BLAST program as well as in house alignment of
5'-flanking regions revealed that HHIP1, HHIP2 and HHIP3
promoters were not well conserved between human and
rodents.

Transcriptional regulation of human HHIPI in coronary artery
endothelial cells. We next analyzed the human HHIP]
promoter to elucidate the mechanism for HHIPI expression

in coronary artery endothelial cells. GLI family transcsription
factors, TCF/LEF family transcription factors, and CSL
transcription factor are implicated in the transcriptional
regulation of Hedgehog, WNT, and Notch target genes,
respectively (1,34-38). Because GLI-, TCF/LEF-, and CSL-
binding sites were not identified within the human HHIPI
promoter (Fig. 3A), HHIPI was not the direct transcriptional
target gene of Hedgehog, WNT, and Notch signaling pathways.

Among HES/HEY family genes encoding transcriptional
repressors with bHLH and orange domains, including HES/,
HES2, HES3, HES4, HES5, HES6, HES7, HEY1, HEY2 and
HEYL (39,40), at least HES1, HES5, HES7, HEY1, HEY2 and
HEYL are best characterized Notch target genes. Expression
of HES/HEY family members was not detected in coronary
artery endothelial cells by using in silico expression analyses.

Eleven bHLH-binding E-boxes were identified within
human HHIP1 promoter, while HES/HEY-binding N-box
was not identified within human HHIPI promoter (Fig. 3A).
Because HES/HEY transcription factors repress bHLH factors,
down-regulation of HES/HEY expression leads to up-regulation
of HHIP] mRNA depending on bHLH transcription factors
(Fig. 3B).

Discussion

Mammalian HHIP family members were comprehensively
identified and characterized in this study (Fig. 1). Complete
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==01== ==02
ATCTC AAAACCTAACTTCACTA CAGGCTCAGGAAGTGARAAAGACAGAAGCCTTACCTAGCCACTGTGACK ATTTAATCAACTGCCCACCTCAACCATCACCAACTTTTGCAATCACT

== ==03== =m04== ==05== ==06==
TGGCGAAATCAATGTCCAACAAGTGAAGCAAACCCAAATGTGGTGAACATTCCTCCATTGCCAAA AACTGCCTTATCTCCTCATCAAAGCCCATCTTC! AATCAGCTTCTCTGTTAAATACCC AGCG
AACCC A TCGTCC 'CAACTTGC 'CCAGTAA 'CTCAAGTCACCGCTCCTGATAAC ATC CACAC ACAGACTTTGTCTAGC AA T

==07==
CAC CACAGCGCTTCTGGATGCCCTCAGACTTGCATCTAATTCT TECTCC ACGCCTC CACCC ACCTCTCCCC TGCGCGCGL 3¢
==08== ==09== ==10==
AAACGAACACTAATTCCGCGCCCAGCTTCTCTCTCCGTCCACCTGCGGCCCAAGAAC! GTTCCC CC. CGGC 'CCGAACAC CCTGAAAG
GGGCGTC CTAACCCGCCCAAACCGTGGCAAACACTC CGACTTGGGCTTGGCC 'CCGACACACCGCCCCACTCCGCGCACACGCGTCTGTGCCACTTC. AGGACCTCCGGC TC
==11==
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Figure 3. Regulation of HHIP] transcription in vascular endothelial cells. (A) Human HHIPI promoter. Exon 1 of human HHIP! gene is boxed. Eleven bHLH-
binding sites within human HHIPI promoter are shown by double over-lines. (B) HHIP1 and Hedgehog-VEGF-Notch signaling cascade. Up-regulation of HHIP1
due to down-regulation of Notch-CSL-HES/HEY signaling cascade repressing bHLH transcription factors results in down-regulation of the Hedgehog-VEGF-
Notch signaling cascade. On the other hand, down-regulation of HHIP1 due to up-regulation of Notch signaling in vascular endothelial cells during angiogenesis

results in up-regulation of the Hedgehog-VEGF-Notch signaling cascade.

CDS of mouse Hhip3 was determined by assembling
BE305786 EST and 5'-truncated NM_030175.1 RefSeq.
Complete CDS of rat Hhipl, Hhip2, and Hhip3 were
determined by assembling exonic regions within AC107504 4,
AC094820.6, and AC134264.2 rat genome sequences, res-
pectively (Fig. 1B). Comparative proteomics analyses revealed
that HIPH domain with 18 conserved Cys residues was
conserved among mammalian HHIP1, HHIP2, and HHIP3
orthologs (Fig. 2).

HHIPI mRNA was expressed in coronary artery endo-
thelial cells, prostate, and rhabdomyosarcoma. HHIP2
mRNA was expressed in trabecular bone. HHIP3 mRNA was
expressed in testis, thyroid gland, osteoarthritic cartilarge,
pancreatic cancer, and lung cancer. Because preferential
expression of HHIPI mRNA in coronary artery endothelial
cells was the most interesting fact obtained by expression
analyses, transcriptional mechanism of HHIPI mRNA in
coronary artery endothelial cells was further investigated.

Notch signaling pathway is implicated in artery morpho-
genesis during embryogenesis as well as angiogenesis during
carcinogenesis (34,35), and HES1, HESS, HES7, HEY1, HEY?2,
and HEYL are Notch target genes in vascular endothelial cells.
Although we can not completely deny the false negativity
based on in silico expression analyses, expression of HES/
HEY family members in coronary artery endothelial cells was
not detected in this study. These facts indicate that the Notch-
CSL-HES/HEY signaling cascade was down-regulated in
human coronary artery endothelial cells.

HES/HEY family members are repressors for bHLH trans-
cription factors. Eleven bHLH-binding sites were identified
within human HHIPI promoter (Fig. 3A), five bHLH-binding
sites within rat Hhipl promoter, and two bHLH-binding sites
within mouse Hhipl promoter. Down-regulation of the Notch-
CSL-HES/HEY signaling cascade in coronary artery endo-
thelial cells leads to HHIPI up-regulation depending on bHLH
transcription factors (Fig. 3B).

VEGF-induced expression of DLL4 in vascular endo-
thelial cells leads to the activation of Notch signaling (41).
Notch signaling activation leads to up-regulation of HES/
HEY family members, and the following down-regulation of
HHIP1 (Fig. 3B). HHIP1 down-regulation then leads to
SHH activation (21), which results in the activation of
VEGF signaling (42). Therefore, VEGF-induced down-
regulation of HHIPI during angiogenesis leads to the
positive feedback to the Hedgehog-VEGF-Notch signaling
cascade (Fig. 3B).

Expression level of HHIP1 affects vascular remodeling
through the regulation of Hedgehog-VEGF-Notch signaling
cascade. HHIP1 itself could be utilized for anticancer agent
as the Hedgehog inhibitor. On the other hand, monoclonal
antibody, RNAi compound, and small-molecule compound
down-regulating HHIP1 function could enhance the angio-
genic effects of VEGF and FGFs for coronary artery disease.
HHIP1 is the pharmacogenomics target in the fields of onco-
logy and vascular medicine.
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