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SUMMARY

A new member of the gelsolin/villin family of actin regulatory ~ message is most highly expressed in the endometrium of the
proteins was initially identified by screening an adult murine  uterus, the intestinal lining, and at the surface of the tongue.
brain cDNA library with a probe for bovine adseverin. The  In murine embryonic development, strong expression of the
predicted amino acid sequence of the 92 kDa murine protein message is observed by day 14.5 in dorsal root ganglia and
p92 (advillin) is 75% homologous to vilin and 65% trigeminal ganglia. Expression is also noted at day 16.5 in
homologous to gelsolin and adseverin. It shares a six domain cerebral cortex. We propose that p92 (advillin) has unique
structure with other gelsolin family members and has a functions in the morphogenesis of neuronal cells which form
carboxy-terminal headpiece, similar to, yet distinct from, ganglia, and that it may compensate to explain the near
villin. Northern blot analysis shows a high level of mMRNA normal phenotype observed in villin-deficient mice.
expression in murine uterus and human intestine. In situ

mMRNA analysis of adult murine tissues demonstrates that the Key words: Cytoskeleton, Actin, Gelsolin, Villin, Advillin, Ganglion

INTRODUCTION extensively in adrenal chromaffin cells. In these cells, there is
evidence that adseverin is involved in exocytosis (Zhang et al.,
Cell matility is an integral part of numerous physiologic and1996); however, the involvement of this protein in other processes
pathologic processes including development, wound healings also possible, given its activity and tissue distribution in other
and immune defense. The crawling movement of mosmnammalian cell types (Tchakarov et al., 1990).
mammalian cell types is based upon dynamic changes in theVillin, which shares the six domain structure with gelsolin and
actin cytoskeleton (Stossel, 1993). In order to understand thélseverin, also contains a carboxy-terminal headpiece domain
process, it is necessary to define the proteins and othgkrpin et al., 1988; Bazari et al., 1988; Bretscher and Weber,
molecules involved in the regulation of actin polymerization.1980; Hesterberg and Weber, 1986; Matsudaira et al., 1985). This
Gelsolin is a multifunctional actin-binding protein with domain confers actin filament bundling activity to the protein
important effects on actin dynamics, as defined by analysis @frpin et al., 1988). Villin is expressed mainly in differentiated
tissues and cells from gelsolin-null mice (Azuma et al., 1998epithelial tissues with a brush border: intestinal villi, proximal
Furukawa et al., 1997; Witke et al., 1995; Yin and Stossekenal tubule, oviduct, and seminiferous ducts (Ezzell et al., 1989;
1979). Several other proteins from diverse species have be&mnone etal., 1986; Horvat et al., 1990). Despite villin's postulated
identified which share similarity either in whole or in part withimportance in the morphogenesis of microvilli (Franck et al.,
gelsolin, delineating a family of related molecules (Schafer an&i990; Friedrich et al., 1989), targeted disruption of the villin gene
Cooper, 1995). Members of the family are capable of cappingroduces minimal changes in the structure of microvilli,
and severing actin filaments in a regulated fashion. suggesting that functional redundancy may exist (Pinson et al.,
Gelsolin itself consists of six homologous structural domains1998). In this regard, several more recently identified proteins
as defined by analysis of its primary sequence and crystebntain a domain with similarity to villin headpiece which is
structure (Kwiatkowski et al., 1986; Burtnick et al., 1997). Thdikely to provide actin-binding activity. These include the two
actin-binding activity of this protein is regulated by calcium, pH,subunits of dematin (Rana et al., 1993), abLIM (Roof et al.,
and polyphosphoinositides (Yin and Stossel, 1979; Janmey aid97), supervillin (p205) (Pestonjamasp et al., 1997), and a
Stossel, 1987). Gelsolin is expressed in most mammalian tissuesitative villin homologue identified by DNA sequencing along
whereas adseverin (also known as scinderin), a family memb#re region of chromosome 3p22-p21.3 (Ishikawa et al., 1997).
with similar overall structure, has a more limited tissue Other mammalian members of the gelsolin/villin family
distribution. It is found mainly in neural and endocrine tissuesnclude capG, which consists of only the first three homologous
(Sakurai et al., 1990), and its function has been studied mastpeats of gelsolin and which lacks actin-severing activity
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(Southwick and DiNubile, 1986), and flightless-1 which has aithese segments using KlenTag polymerase (Clontech) according to the
amino-terminal leucine-rich region hypothesized to be involvednanufacturer’s instructions. AP1 and AP2 primers supplied with the
in macromolecular interactions (de Couet et al., 1995). Marathon kit were used in round 1 and round 2, respectively, of the

In order to better define the role of gelsolin and other family’ @nd 3 rapid amplification of cDNA ends (RACE) reactions. Other
members in mammalian cell motility, we have generate@IMmers were as follows:

. : - : : ternal round 1: 5GGGAGACTGCTACATCGTCC-3
transgenic mice deficient in one or more of these proteins. T  CCTGCCAGATGTACAAGATGTAATG-3:

finding that transgenic mice completely lacking gelsolin have ...~ \"0ind 2: 5CCTCTCGACCCGGAGAGTGG-3

specific defects (Azuma et al., 1998; Furukawa et al., 199%_cACATCGTACGTGTAGAGAACCAG-3:

Witke et al., 1995), yet are viable and can reproduce, led % RACE round 1: 5SCAAGCCAGAAGTGGCTGCACAGGAG-3
investigation of whether other family members coulds' RACE round 2: 5GGTGGACGACGGCAAAGGCCAGGTT-3
compensate for gelsolin’s absence. In attempting to clone murir®eRACE round 15GATGATGCCCTGCTTGAAGTAGCCACGG-3
adseverin, so as to be able to examine its expression patterrBiRACE round 2 5GGAAGGTGTCGGACTCGTGGTACTGG-3

mice lacking gelsolin, a cross-reactive signal led to the After the second round of PCR, products of expected size were
identification and cloning of a new member of the gelsolin/villinband isolated from low melting temperature agarose gels using
family with significant similarity to villin. The expression Geneclean Spin Preps (Biol01, Vista, CA). These were then cloned
patterns of the murine and human isoforms of this protein of 9 to pUC18 by blunting/kinasing with the SureClone ligation kit

. . : harmacia Biotech, Piscataway, NJ), and sequence analysis was used
kDa predicted molecular mass are described herein. o identfy clones encoding the desired product,

To assemble the full length clone, a double ligation was performed

MATERIALS AND METHODS using anEcaRI/BssSI fragment containing the &nd of the gene, a

BssSSI/BsiWl fragment containing the middle portion, and
All restriction enzymes, Klenow fragment, and polynucleotide kinasd=coRI/BsiWI digested plasmid (pUC18) containing the cONA.
were obtained from New England Biolabs (Beverly, MA). Both strands of the full length clone were sequenced
Oligonuclotides were obtained from either Integrated DNA(GenBank/EMBL/DDBJ accession number AF041448).
Technologies (Coralville, IA) or Research Genetics (Huntsville, AL). Database searches revealed several partial length human expressed
Chemicals of molecular biologic grade were obtained from Americasequence tag (EST) clones which appeared to encode the human
Bioanalytical (Natick, MA). Southern blot analysis was performed bycounterpart of this protein. One of these clones was from Soares
capillary transfer onto GeneScreen Plus (Dupont, Boston, MA)pregnant uterus and appeared to encode then@ of the gene
followed by radioactive detection usiigP-labeled oligonucleotides (GenBank/EMBL/DDBJ accession number AA098895); the other
or [32P]dGTP-labeled cDNA probes. cDNA and genomic clones werelone was from Soares fetal liver spleen and appeared homologous to
sequenced with eitheP3S]dATP and Sequenase 2.0 (United Statesa region roughly in the middle of the murine cDNA
Biochemical, Cleveland, OH) or polynucleotide kin®3B-labeled (GenBank/EMBL/DDBJ accession number AA034150). A full-length
oligonucleotides and Cycle Sequencing (Perkin Elmer, Foster Cithjuman cDNA clone was generated from human uterus PS\RNA
CA). All animal studies were conducted in accordance with th€Clontech) by RT-PCR in a manner similar to the procedure described

guidelines for care and use of experimental animals. above. 5RACE was used in order to determine thedgjuence of the
o ) cDNA. This 8 sequence was then used in combination with the known
cDNA and genomic library screening 3 sequence in order to generate primers which amplified the cDNA

An adult mouse brain lambda-ZAP Il library (Stratagene, La Jolla(with the exception of the'and 3 most ends) in two rounds of PCR.
CA) was screened with a 1 kb probe corresponding to'theding In order to facilitate cloning@anHl| restrictions sites were engineered
sequence of bovine adseverin kindly provided by Dr Walter Witke. Aat the 5and 3 ends of the product. The gene specific primers for 5
single weakly hybridizing clone was plaque purified, phagemid rescuRACE were:

was performed, and the DNA sequence of the insert was determin8dRACE round 1: SACGGTCTCCACATTGGTGCTGCTGGGG3

as previously described (Marks and Kwiatkowski, 1996). A 0.4 kbb' RACE round 2: 5GATGAAGCCCAGCGCTTTAGACATGGC-3
fragment with nucleic acid homology to villin at the derived from thisThe primers for amplification of the cDNA were:

clone was used to rescreen the initial cDNA library and several otherS, round 1: 5>GATGTTTCAGTCCTGGAAAGACAAGC-3;

eventually yielding a cDNA clone of length 1.1 kb with nucleic acid3' round 1: 5GATCTGGGTATTTGGATTTTGCCTATGG-3

homology to segments 3 to 5 of villin. The 1.1 kb partial-length cDNA5' round 2: 5GCGGGATCCCTCTGACCAGTGCCTTCAGGG-3

was used to identify corresponding murine genomic clones, from8' round 2: 5CGCGGATCCGCTAGAGGGGCCACAAAACCC-3
which selected subclones were prepared and sequenced, providing alsequence corresponding to the full length human cDNA was
additional 0.25 kb of probable cDNA sequencedbthat obtained determined on both strands (GenBank/EMBL/DDBJ accession
from the previous cDNA clones. This genomic fragment was used toumber AF041449).

rescreen the adult murine cDNA libraries, but a full length cDNA

clone could not be identified. Northern blot analysis

] ) ) Total RNA was isolated from the organs of adult Balb/c mice, the RNA
Reverse trganscrlptase-polymerase chain reaction (RT- blotted onto GeneScreen Plus, and hybridization was performed as
PCR) cloning previously described (Marks and Kwiatkowski, 1996). Approximately

To obtain a full length murine cDNA, a strategy utilizing RT-PCR was10 pg of RNA as determined beo was loaded into each lane, and
employed. Total RNA was prepared from the brains of adult Balb/equivalence of loading was demonstrated by ethidium bromide staining
mice using Trizol reagent (Gibco Life Sciences, Grand Island, NY)of ribosomal subunits. The probe, which was labeled ¥fhusing
Poly(A)* RNA was then isolated using the Oligotex Poly(A) Klenow fragment, consisted of a 349 Bpt/Xba fragment from the
purification kit from Qiagen (Chatsworth, CA). cDNA synthesis and3'-untranslated region (UTR) of the murine p92 cDNA. Determination
ligation to adaptor primers was performed using the Marathon cDNAf the murine and human expression patterns were also made using
amplification kit (Clontech, Palo Alto, CA). Primers were developedClontech multiple tissue northern blots using ExpressHyb solution
for PCR amplification of the internal segmeritadd 3 ends. Overlap  according to the manufacturer’s instructions. In the latter case, the probe
was provided to facilitate creation of a full length cDNA from the was generated from a 210 BanHI/Std fragment corresponding to
fragments. Two rounds of PCR were performed to amplify each ahe 3-UTR of the human cDNA. These probes had no significant
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nucleic acid homology with murine or human villin, and a search of théinearized plasmid DNA using an in vitro transcription system with
GenBank sequence database produced no corresponding murineT&; T7, and SP6 RNA polymerases (Promega, Madison, WI). After
human cDNA clones. All northern blots were probed in a similaphenol-chloroform extraction these probes were purified using G-50
manner to the above with a human beta-actin probe (Clontech) in ord8ephadex Quick Spin columns (Boehringer Mannheim, Indianapolis,
to estimate the amount of RNA which had been loaded into each lan&l). Their specific activity was adjusted tex* cpmiul. In situ

] ) hybridization was performed as described by Zheng et al. (1994).
In situ MRNA analysis Sections on slides were prehybridized for 1 to 3 hours and then
A 575 bpPst fragment corresponding to coding sequence and #ybridized with the probes overnight. After washing, the slides were
Pst/Xbd fragment corresponding to the BTR of the murine cDNA  dehydrated and autoradiographs were exposed for 1 to 3 days. Nuclear
were cloned into pGEM-3Z and used for in situ analysis of theemulsion autoradiography was then performed using NTB-2 emulsion
distribution of RNA in fetal and adult tissues. These two probes gaveiluted 1:1 (Kodak, Rochester, NY) for 2 to 4 weeks exposure at 4°C.
identical results. Embryos were obtained from Balb/c mice, dissectefifter exposure, these slides were developed in Kodak D-19, fixed, and
from surrounding tissue, and placed into OCT (TBS, Durham, NCgounterstained with hematoxylin and eosin (H & E). Slides were
for cryosectioning into slices of 10 to 16n thickness. Gestational examined with conventional light microscopy and dark field
age was determined by the stage of digit formation. Adult tissues werricroscopy using an upright microscope. Experiments were all
obtained from 3 to 6 month old Balb/c females and treated similarlyrepeated at least twice using both antisense and sense probes of similar

[35S]dUTP labeled sense and antisense probes were prepared frepecific activity.

mr p92 1 . MBLSSAFRA VSN..DPRI| TWRI EKMELA LVPLSAHGNF YEGDCYI VLS TRRVGSLLSQ NI HFW GKDS SQDEQSCAAI YTTQLDDYLG GSPVQHREVQ
Fr ettt e et Fer el I||||| FECEEE e et e e e e e
hum p92 1 . MPLTSAFRA VDN..DPG | VWRI EKMELA LVPVSAHGNF YEGDCYVI LS TRRVASLLSQ DI HFW GKDS SQDEQSCAAI YTTQLDDYLG GSPVQHREVQ

| |l LT e T N A R e
humvil 1 MIKLSAQUVKG SLNI TTPGLQ | WRI EAMQW PVPSSTFGSF FDGDCY! | LA | HKTASSLSY DI HYW GQDS SLDEQGAAAI YTTQVDDFLK GRAVQHREVQ

mur p92 98 YHESDTFRGY FKQG | YKKG GVASGMKHVE TNTYDVKRLL HVKGKRNI QA TEVEMBVDSF NRGDVFLLDL GWI | QANGP ESNSGERLKA MLLAKDI RDR
FEVELCREEE P L e e e I|||||II A A R R R R R RN A AN
hum p92 98 YHESDTFRGY FKQG | YKQG GVASGMKHVE TNTYDVKRLL HVKGKRNI RA TEVEMBVIDSF NRGDVFLLDL GKVI | QANGP ESNSGERLKA MLLAKDI RDR

[1 1L A R e A A s A R A e A e e A A e
hum vil 101 GNESEAFRGY FKQGLVI RKG GVASGMKHVE TNSYDVQRLL HVKGKRNWA GEVEMBVKSF NRGDVFLLDL GKLI | QANGP ESTRVERLRG MTLAKEI RDQ

mur p92 198 ERGGRAEI GV | EGDKEAASP GLMIVLQDTL GRRSM KPAV SDEI MDQQQK SSI MLYHVSD TAGQLSVTEV ATRPLVQDLL NHDDCY! LDQ SGTKI YWKG
R R A R R A e e A A e A A A e A R A A N RN R R RN R Ry
hum p92 198 ERGGRAEI GV | EGDKEAASP ELMKVLQDTL GRRSI | KPTV PDEI | DQKQK STI MLYH SD SAGQLAVTEV ATRPLVQDLL NHDDCYI LDQ SGTKI YWKG

IR I N A [ N I | NN A R
hum vi| 201 ERGGRTYVGV VDGENELASP KLMEVMNHVL GKRRELKAAV PDTWEPALK AALKLYHVSD SEGNLWREV ATRPLTQDLL SHEDCY! LDQ GGLKI YWKG

mur vil 298 KGATKVEKQA ANMSKALDFI K MKGYPSSTNV ETVNDGAESA MFKQLFQKME VKDQTTGLGK | FSTGKI AKI FQDKFDVSLL HTKPEVAAQE RMVDDGKGQY
III|| R s R N A R R R A e A A R I A A R A A ANy,
hum p92 298 KGATKAEKQA AMBKALGFI K MKSYPSSTNV ETVNDGAESA MFKQLFQKWS VKDQTMGELGK TFSI GKI AKV FQDKFDVTLL HTKPEVAAQE RMVDDGNGKV

R R A R R AN A R I I N A
hum vi| 301 KKANEQEKKG AMBHALNFI K AKQYPPSTQV EVQNDGAESA VFQQLFQKWI ASNRTSGLGK THTVGSVAKV EQVKFDATSM HVKPQVAAQQR KMVDDGSGEV

mur p92 398 EVWRI ENLEL VPVEYQWHGF FYGGDCYLVL YTYDVNGKPH Y1 LYI WQGRH ASRDELAASA YRAVEVDQQF DRAPVQVRVS MEKEPRHFMA | FKGKLVI YE
RN R A AR s A e A A R RN IIII||| I et b ettt e |

hum p92 398 EVWRI ENLEL VPVEYQWGF FYGGDCYLVL YTYEVNGKPH Hi LYl WQDRH ASQDELAASA YQAVEVDRQF DGAAVQVRVR MGTEPRHFMA | FKGKLVI FE
FEVEECREE e bt LR b L CLEEE TP [ et

hum vil 401 QWRI ENLEL VPVDSKW.GH FYGGDCYLLL YTYLI GEKQH YLLYWQGSQ ASQDEI TASA YQAVI LDQKY NGEPVQ RVP MGKEPPHLMS | FKGRWVYQ

mur p92 498 GGTSRKGNEE PDPPVRLFQ HGNDKSNTKA VEVSASASSL | SNDVFLLRT QAEHYLWYGK GSSGDERAVA KELVDLLCDG NADTVAEGQE PPEFVDLLGG

R R A e e A A e A A R R A A N A AR R AR e A ey LELEEEE T L
hum p92 498 GGTSRKGNAE PDPPVRLFQ HGNDKSNTKA VEVPAFASSL NSNDVFLLRT QAEHYLWGK GSSGDERAMA KELASLLCDG SENTVAEGQE PAEFWDLLGG

I e A COEE L e e e e [ 1
hum vi| 501 GGTSRTNNLE TGPSTRLFQV QGTGANNTKA FEVPARANFL NSNDVFVLKT QSCCYLWCGK GCSGDEREMA KMWADTI SRT EKQUWVEGQE PANFWALGG

mur p92 598 KTAYANDKRL QQETLDVQVR LFECSNKTCGR FLVTEVTDFT QEDLSPGDVM LLDTWDQVFL W GAEANATE KKGALSTAQE YLVTHPSGRD PDT!

Pl

FE et e e et e bt Py |III|||||I ot et
hum p92 598 KTPYANDKRL QQEI LDVQSR LFECSNKTGQ FVWTEI TDFT QDDLNPTDVM LLDTVIDQVFL W GAEANATE KESALATAQQ YLHTHPSGRD PDTPI
[
Pl

AP et R R A R N e e e A
hum vi| 601 KAPYANTKRL QEENLVI TPR LFECSNKTGR FLATEl PDFN QDDLEEDDVF LLDWDQVFF W GKHANEEE KKAAATTAQE YLKTHPSGRD PET!

mur p92 698 GFEPPTFTGW FLAWDPH W5 EGKSYEQLKN ELGDATAI VR | TADMKNATL YL.. ... NPS DGEPKYYPVE VLLKGONQEL PEDVDPAKKE NYLSEQDFVS

LR Tt fer fr IIII| IR I R A R A ARy
hum p92 698 GFEPPI FTGW FLAWDPNI W5 AGKTYEQLKE ELGDAAAI MR | TADMKNATL SL. .. .. NSN DSEPKYYPI A VLLKNQNQEL PEDVNPAKKE NYLSEQDFVS

L L R Y R A P [ | | | [t
hum vi| 701 GHEPPTFTGW FLAWDPFKWS NTKSYEDLKA ESGNLRDWSQ | TAEVTSPKV DVFNANSNLS SGPLPI FPLE QLVNKPVEEL PEGVDPSRKE EHLSI EDFTQ

mur p92 793 VFA TRGQFT ALPGWKRLQL KRERGLF* 819

FECEEEEEE e i 1 |
hum p92 793 VFG TRGQFA ALPGAKQLQVI KKEKGLF* 819

[ L [1 1111
hum vi| 801 AFGMTPAAFS ALPRVWKQONL KKEKGLF* 827

Fig. 1. Amino acid sequence comparison of murine p92, human p92, and human villin. The single letter code for amino acids isused. Line
between the sequences denote identity. Amino acids indicated in bold correspond to those in villin which have been demaonshated

with actin (Doering and Matsudaira, 1996; DiMarkus et al., 1997); underlined residues correspond to those which havetée¢n bambr
polyphosphoinositides in gelsolin/villin family members (Nakamura et al., 1994). The murine and human p92 cDNAs are 2,918 and 2
nucleotides, respectively. The predicted protein product of both cDNAs is 819 amino acids and has a molecular mass ofedyptokDza
These sequence data are available from GenBank/EMBL/DDBJ under accession numbers AF041448 and AF041449.
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RESULTS

a z . b
Cloning of murine and human p92 - ) -
While screening an adult mouse brain cDNA library for the _ < I~
gelsolin family member adseverin, a single weakly cross < & = wn N — >\
hybridizing signal was detected. Isolation and analysis of thi 8 ) = E i-rf - 8 9_:) 3
clone revealed that it had a novel sequence with strongest ami 3_5 g ) S E 'f_i = 9%
acid identity to villin and adseverin. Initial attempts to clone the & ﬁ = > on ZY

full length cDNA involved an iterative process of screening
murine cDNA libraries from brain and adrenal gland, among
others, as well as screening of a murine genomic library. Th
strategy yielded partial length sequences for the putative cDN
when compared to its closest homologue, murine villin. Becaus
of the difficulty in obtaining a full length clone by cDNA library
screening, RT-PCR was utilized. Poly{AZNA prepared from
murine brain was used in the synthesis of an adaptor-ligate
cDNA library. PCR on this material using nested internal
primers, as well as nested primers fomdd 3 RACE yielded
cDNA clones providing the entire sequence of this novel gene
The murine cDNA consists of 2,973 nucleotides encoding
putative protein of 819 amino acids of molecular mass 92 kD
(Fig. 1), here denoted p92. When the amino acid sequence
p92 is compared to murine gelsolin, adseverin, and villin, ther
is 46%, 47%, and 59% identity, respectively (Table 1)
Although the similarity of p92 is weaker to villin headpiece
than to the rest of the molecule, amino-terminal residue
demonstrated by multidimensional nuclear magnetic resonan:
spectroscopy to interact with actin and residues which hawvég. 2.(a) Expression pattern of p92 in murine tissues using total
been determined by cysteine mutagenesis to be essential RXA. (b) Expression pattern of p92 in murine tissues using poly(A)
villin headpiece binding to actin are highly conserved (Doerin%NA- (c) Expression pattern of p92 in human tissues using paly(A)
and Matsudaira, 1996; Markus et al., 1997). NA. T_he murine message is about 3.0 kb, and the hurr_lan 2.8 kb, as
After the murine cDNA was cloned, database Comparisogeterm'ned by size markers. The top panel of each portion of the

. re demonstrates the p92 signal, and the lower panel shows the
revealed several partial length human expressed sequence % -actin signal, which is an approximation of the total amount of

(EST) clones \_Nh'Ch appeared to represent the huquNA loaded into each lane. The beta-actin probe reacts with a 2.0 kb
homologue of this gene. These clones had been prepared frafassage, as well as a 1.6-1.8 kb message, particularly in heart and

a variety of different libraries: pregnant uterus, fetal liver-skeletal muscle. Differences between the expression of p92 in murine
spleen, neuroepithelium, and several different tumor typesnd human intestine may reflect the fact that total colon, rather than
Using sequence obtained from EST clones of fetal liver-spleetolonic lining, was used to prepare the murine RNA.

and pregnant uterus libraries, cDNA clones containing the full

length human sequence were obtained by RT-PCR using

poly(A)* uterus RNA and 'SRACE. The human protein is tissue panels. Because the coding region of p92 shares a high
encoded by a cDNA of 2,718 nucleotides and shares 89%ggree of identity with villin, cONA probes generated from this

B
..

sm. intestine
leukocyte

heart

brain

placenta

lung

liver

sk. muscle

kidney

pancreas
B thymus
i prostate
P testes

uterus
!colon-mucosa

I spleen

amino acid identity with its murine counterpart (Fig. 1). region were found to be cross-reactive in northern blot
_ . experiments even under high stringency hybridization
Tissue expression pattern of p92 conditions (data not shown). Therefore probes lacking

Northern blot analysis was performed on murine and humagignificant homology at the nucleic acid level were generated
from the 3 untranslated regions of the cDNAs.

Northern blot analysis of total and poly(ARNA prepared
from various murine tissues revealed expression in uterus and
: : : : testes, and weaker expression in brain (Fig. 2a,b). Expression
Gelsolin  Adseverin  Vilin  Headpiece 55 glso seen in total RNA prepared from a murine uterus

Table 1. Homology of advillin with other members of the
gelsolin family

Homology ) o) (6) _ of villin (%) cell line, MBAC57.Ut (Fig. 2a). Examination of a human
Nucleic acid identitiy 61 60 65 44 tissue panel showed that p92 was most highly expressed in
Amino acid homology 65 65 75 60 small intestine and the colonic lining, and a weak signal was
Amino acid identity 46 47 59 40 also detected in thymus, prostate, testes, and uterus (Fig. 2c).

The difference in expression pattern between the murine and
Murine advillin was compared with GenBank sequences for the murine  human tissue patterns may reflect interspecies differences in
forms of gelsolin (GenBank accession number J04953), adseverin (GenBan ;
accession number U04354), and villin (GenBank accession humber M9845. he expres_S|on of p9.2' In the case of the COIOD’ howeve.r’ the
For comparison, murine gelsolin and adseverin share 64% identity at the ~ diff€rence in expression pattern may reflect a difference in the
nucleic acid level, with 75% homology and 58% identity in amino acid portion of the large intestine which was utilized to prepare

sequence. the RNA: the total thickness of colon, including the muscle
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uterus

gut

tongue

kidney and adrenal ulerus tongue

Fig. 3.1n situ MRNA analysis of p92 in adult murine tissues. (A) advillin mRNA expression in uterus (a-d), gut (e-h) and tongpireg(ah
antisense riboprobe for the coding region. Hematoxylin and eosin (H & E) counterstained sections are shown to the kéi¢ldfiendge at

low (x40) and high%200) power magnification, respectively. (B) advillin mRNA expression in kidney and adrenal at low power magnification
using the same probe (a) H & E, (b) darkfield. (C) similar expression pattern in tissues probed with an antisense ribogiretse ik (a)

uterus at low power and (b) tongue at high power magnification. Staining is most apparent in the surface lining cellsusf anel iriehe

intestinal villi. In the tongue, staining appears to be concentrated around papillated areas. Tissues such as adultdmdirarideidney did

not show significant expression of p92.

layer, was used to prepare the murine total RNA, whereas theWhen embryos were examined for expression of p92,
human poly(A} RNA was prepared from the lining layer strikingly positive signals were detected in dorsal root and

which had been dissected off of the muscle layer. trigeminal ganglia by embryonic day 14.5 and continued
) ] through at least day 16.5 (Fig. 4). A strong signal in trigeminal
In situ mRNA analysis ganglia was also seen in the adult animal. Ossification in the

In order to better define the tissue expression of murine p9adult, however, made in situ analysis of dorsal root ganglia
in situ analysis of MRNA was performed. Examination of adulexpression impossible. In addition to the ganglionic
tissues revealed that message for p92 was expressed in utedistribution, a weaker signal was detected in the subcortical
at the epithelial surface (endometrium), as well as in intestinaegion of E16.5 brain (Fig. 4j-m). As above, sense controls
villi (Fig. 3A). Although the distribution of p92 message in were non-reactive. As an additional control for the specific
intestine was similar to that of villin as determined byexpression of p92, antisense riboprobes to other members of
immunohistochemistry (Bazari et al., 1988; Ezzell et al., 1989}he gelsolin family (gelsolin, adseverin, and capG) have been
its presence in endometrium was distinctly different (Horvat etised with this in situ method to stain similar embryonic
al., 1990). Additionally, p92 message was detected on theections, and have revealed distinctly different reactivity (M.
surface of the tongue in structures which appeared to represeéktai and D. J. Kwiatkowski, unpublished).

taste buds. Other tissues, such as kidney and adrenal (Fig. 3B)

reveal little, if any, p92 message. The specificity of thepscussion

hybridization signal for p92 message was confirmed through

the use of a probe derived from tHdB'R of murine p92 (Fig. p92 is a new member of the gelsolin/villin family of proteins,
3C). Sense controls on all of these tissues were negative. most homologous to villin. It shares the six domain structure
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of a number of other mammalian gelsolin/villin family acid sequence tadseverin andvillin, we propose that the
members, as well as the carboxyl-terminal headpiece domagrotein be called advillin.
of villin (Fig. 5). Because p92 has highest identity in amino Villin has been thought to play an important role in

eld.5 -
el6.5
-
- .

Fig. 4.In situ mRNA analysis of p92 during murine development and in adult neural tissues. Embryonic stages E14.5, E16.5, atidredult se
are shown. (a-i) Brightfield images reflecting a high level of expression. e14.5: (a) transverse section through dorséibrdbt gaBagittal
sections through dorsal root ganglia (DRG) in the mid-spinal region at low power and high power magnification (d) sagittat addtiher
spinal level viewed at low power. (e,f) Sagittal sections through trigeminal ganglion at low and high power magnificatiqg,le6.5

transverse sections through dorsal root ganglia at low power magnification: from cranial to caudad (g) upper, (h) mijldbeyexrdb(sal

root ganglia. (j,k) low and (I,m) high power H & E and corresponding darkfield images of cerebral cortex. Adult: (n,0) |owy)dngh power

H & E and corresponding darkfield images of trigeminal ganglia.
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6 is not found in other gelsolin/villin family members, but has
an actin-binding villin-like carboxy-terminus (Roof et al.,

Gelsolin P OO 1997). It is also expressed in a variety of tissues (Roof et al.,
_ 1997).
Adseverin T Proteins have also been identified which do share additional

CapG XX regions of similarity to gelsolin outside of the villin-like
carboxy-terminal headpiece domain. Supervillin (p205) was

Flightless-1 T oo XX XD isolated from bovine neutrophil plasma membranes
villin OO ) (Pestonjamasp et al., 1997). It has strong similarity to gelsolin

. domains 2 and 5 and contains a villin-like headpiece. Based on
Advillin C OO X% immunostaining, a role for this molecule in regulating actin
filament assembly at adherens junctions is postulated. Another
Fig. 5. Mammalian gelsolin/villin family members, including p92.  noyel villin-like protein was identified by DNA sequencing
Thg structure of the prototyplca! family member gelsolin can be _along the region of chromosome 3p22-p21.3
ilwded into six domains. Domains 1 to 3are homologous_to deamﬁ%enBank/EMBL/DDBJ accession number D88154: Ishikawa
to 6. The shaded oval of flightless-1 represents the leucine rich o .
region, and the black circles of villin and p92 represent the headpie<ﬁet al., .1997)' .In addition to a homologous carbpxy-tgrmlna!
domains. eadpiece, this molecule shares 68% homology in amino acid
sequence to villin domains 2 through 5, but does not appear to
contain domains 1 or 6. In contrast, advillin (p92) which also
conjunction with other cytoskeletal proteins in thecontains a carboxy-terminal headpiece domain, shares
morphogenesis of microvilli by crosslinking actin filamentshomology in amino acid sequence to villin along its entire
into the uniformly polarized bundles observed bylength, including domains 1 through 6.
ultrastructural analysis (Louvard, 1989; Mooseker, 1985). All of the above homologues of villin headpiece are identical
Experimental evidence supporting this view includesatthe last 6 of 7 amino acids defined as critical for actin binding
experiments using transient transfection or microinjection oby in vitro mutagenesis (Fig 6; Doering and Matsudaira, 1996):
villin into cells not normally expressing this protein (Franck etLys38, Glu39, Lys65, Lys70, Lys71, Leu75, and Phe76
al., 1990; Friederich et al., 1989, 1992). In both of these casgsumbering from the beginning of the villin headpiece
structures resembling microvilli appear, suggesting that villirdomain). Of note, human advillin (p92) is the only family
is capable of facilitating the organized actin structure necessangember identical at all 7 of these residues. The strong
for the morphogenesis of microvilli. More recently, however,similarity of advillin (p92) to villin (75% at the amino acid
the analysis of villin-null mice has revealed minimal changegevel), and its expression in intestinal microvilli may help to
in the ultrastructure of microvilli (Pinson et al., 1998). Thisexplain why villin-deficient mice have minimal deficits in the
suggests that other proteins may also function in the generatiomrphogenesis of these structures (Pinson et al., 1998).
of these complex and essential structures. Although advillin (p92) is expressed along with villin in
In this regard, a number of proteins have now been clonddtestine, its presence in uterus, in structures resembling taste
which share a villin-like carboxy-terminal headpiece (Fig. 6)buds on the surface of the tongue, and in dorsal root and
This is the region of the villin molecule which is required fortrigeminal ganglia at high expression level, is different from
its ability to bundle actin filaments (Arpin et al., 1988; Doeringthat reported for villin (Ezzell et al., 1989; Horvat et al., 1990).
and Matsudaira, 1996). These proteins containing headpietieis interesting to speculate on the origin of the strong signal
domains have been cloned from diverse sources, and shdwdorsal root and trigeminal ganglia, as well as on its presence
varying degrees of similarity to the villin molecule outside ofin taste buds and embryonic brain. Filipodia of neurons have
the headpiece domain. Dematin was first identified in théeen observed to contain tight bundles of microfilaments at
erythrocyte membrane skeleton, alhough it has subsequentlyeir cores, which are presumably important for neurite
been found in numerous other tissues as well (Rana et abxtension (Bridgeman and Dailey, 1989). Perhaps advillin
1993). Cloning of dematin has revealed that its two subunit92) is involved in generating these actin bundles and in
differ by a 22 amino acid insertion within the headpiecedeveloping the cytoskeletal architecture necessary for this
domain (Azim et al., 1995). It can bind to and bundle actirprocess.
filaments (Azim et al., 1995), although it does not contain the Advillin is similar to several other members of the
six domain repeat structure typical of gelsolin/villin family gelsolin/villin family in that it is evolutionarily conserved, and
members. Similarly, abLIM contains a zinc finger motif whichits expression is restricted to certain embryonic and adult

1 11 21 31 41 51 61 71
villin 752 VFNANSNLSS..GPLPIFPLEQLVNKPVEELPEGVDPSR  KEEHLSIEDFTQAFGMTPAAFSALPRQQNKKEKA.F
p92 742 MKNATLSLNSNDSEPKYYPIAVLLKNQNQELPEDVNPAKKENYLSEQDFVSVFGITRGQFAALPBW QMKEKA.F
dematin 306 FSPSGSETGSPGLQIYPYEVLVVTNKGRTKLPPGVDRMRRHLSAEDFSRVSAMSPEEFGKLAKRMELIKKKAS F
abLIM 774 NRGRNKILREVDRTRL ERHLAPEVFREIFGMSIQEFDRLPIRRNDMKKAKLF
D88154 633 HQAVEDLPEGVDPARR EFYLSDSDFQDIFGKSKEEFYSMARQRQEKQLG-F

Fig. 6. Comparison of the carboxy-terminal domain of villin subfamily members. Human sequences for villin, p92, dematin-1/2, abLIM, and
villin-like protein (GenBank/EMBL/DDBJ accession number D88154) are shown. The numbering corresponds to that of the pitticehead
domain. Villin and p92 are identical at the 7 residues (bold) critical for actin binding as demostrated by Doering andddt38&jaThe

other subfamily members differ at the first of these residues, but are identical at the remaining 6.
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differentiated tissues. These proteins are likely to serversne, H. J., Weber, K., Helmchen, U. and Osborn, M(1986). Villin — a
important functions in regulating the actin organization and marker of brush border differentiation and cellular origin in human renal
motility of each tissue where they are expressed. The viability €/l carcinomaAm. J. Pathol124, 294-302.

H Isoli d G d villi f . | h esterberg, L. K. and Weber, K. (1986). Isolation of a domain of villin
of gelsolin- and capG- and villin-null animals suggest that eiining calcium-dependent interaction with G-actin, but devoid of F-actin

compensatory mechanisms permit viability of these mice fragmenting activityEur. J. Biochem154, 135-140.
(Pinson et al., 1998; Witke et al., 1995; W. Witke and D. JHorvat, B, Oshorn, M. and Damjanov, I.(1990). Expression of villin in the
Kwiatkowski, unpublished observation), but detailed analysis Mmouse oviduct and the seminiferous tubultistochemistryd3, 661-663.

: : . . . . Ishikawa, S., Kai, M., Tamari, M., Takei, Y., Takeuchi, K., Bandou, H.,
of gelsolin-null tissues has yielded a harvest of data implicating v, oo™y, Ogawa, M. and Nakamura, Y(1997). Sequénce analysis of

its critical functions (Azuma et al., 1998; Furukawa et al., a685-kb genomic region on chromosome 3p22-p21.3 that is homozygously
1997). Similar analyses of advillin-null mice and their ganglia deleted in a lung carcinoma linBNA Res4, 35-43.
will likely be required to delineate the in vivo function of this Janmey, P. A. and Stossel, T. R1987). Modulation of gelsolin function by
protein phosphatidylinositol 4,5-bisphosphal¢ature 325 362-364.

’ Kwiatkowski, D. J., Stossel, T. P., Orkin, S. H., Mole, J. E., Colten, H. R.

. . and Yin, H. L. (1986). Plasma and cytoplasmic gelsolins are encoded by a
The authors thank Drs T. Azuma and W. Witke for expert technical gjgje gene and contain a duplicated actin-binding dorhaiture323 455-

advice. P.W.M. was supported by NIH Grant KO8 HL03235 through 453
the National Heart, Lung, and Blood Institute. D.J.K. was supportedouvard, D. (1989). The function of the major cytoskeletal components of the
by NIH Grant HL54188. brush borderCurr. Opin. Cell Biol.1, 51-57.
Marks, P. W. and Kwiatkowski, D. J. (1996). Genomic organization and
chromosomal location of murinédc42 Genomics38, 13-18.
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