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Summary

CD21 is a multifunctional receptor for Epstein-Barr virus  function in antigen filtration. Formins are molecular
(EBV), for C3dg and for CD23. Upon engagement of scaffolds that nucleate actin by a pathway distinct from
immune complexes CD21 modulates immunoreceptor Arp2/3 complex, linking signal transduction to actin
signaling, linking innate and adaptive immune responses. reorganization and gene transcription. Thus, ligand
The mechanisms enabling CD21 to independently relay stimulation of FHOS-CD21 interaction may transmit
information between the exterior and interior of the cell,  signals through promotion of cytoskeletal rearrangement.
however, remain unresolved. We show that formin Moreover, formin recruitment to sites of actin assembly
homologue overexpressed in spleen (FHOS/FHODZ1) binds initiated by immunoreceptors could be a general
the cytoplasmic domain of human CD21 through its C mechanism whereby co-receptors such as CD21 modulate
terminus. When expressed in cells, EGFP-FHOS localizes intracellular signaling.

to the cytoplasm and accumulates with actin in membrane

protrusions. Plasma membrane aggregation, redistribution

and co-localization of both proteins are stimulated when Supplemental data available online

EBV (ligand) binds CD21. Though widely expressed,

FHOS RNA is most abundant in the littoral cell, a major  Key words: Formin, CD21, Splenic littoral cell, Epstein-Barr virus,
constituent of the red pulp of human spleen believed to Actin cytoskeleton

Introduction receptor (complement receptor type 1(CR1)/CD35) and a C3d

Human CD21 is a multifunctional cell surface glycoproteinreceptor (CR2/CD21), depending on the pattern of N-terminal
that is highly expressed on B-lymphocytes and follicularsplicing. In man, two independent proteins, CD21 and CD35
dendritic cells (FDCs), although it can be detected on mange synthesized; however, the intracellular domain of human
additional cell types. CD21 is the receptor for the C3dg-D21 is most similar to that of mCD21/CD35 (Fingeroth,
fragment of complement (lida et al., 1983), for CD23 (Aubry1990).

et al., 1994) and human CD21 and is also the major cellular CD21 participates in regulation of antibody (Ab) production
attachment protein for Epstein-Barr virus (EBV) (Fingeroth ethrough immune complex (C3d-Ab-Ag)-mediated modulation
al., 1984). CD21 is composed of an extracellular domai®f B-cell receptor (BCR) signaling and internalization, Fc
consisting of 15-16_t®rt mnsensus_apeat modules, a receptor signaling and through retention of pathogenic antigens
hydrophobic transmembrane, and a 34 amino acid cytoplasmimcluding HIV) on FDCs for stimulation of B-cell memory
domain (Fearon and Carroll, 2000; Moore et al., 1987). ThéCherukuri et al., 2001; Fearon and Carroll, 2000; Moir et al.,
three known ligands all bind within the two N-terminal repeat2000; Poe et al., 2001; Prodinger, 1999). Interaction of CD21
(Aubry et al., 1994; Fearon and Carroll, 2000), which form awvith CD23 on B-cells is believed to additionally protect B-cells
highly flexible domain as demonstrated by crystal structurérom apoptosis (Bonnefoy et al., 1993). However, the function
analysis (Prota et al., 2002). of CD21 on most other cell types remains unknown.

At present, the role of human CD21 is best understood in The attachment of C3d-coated antigen to B-cells and FDCs
the context of the immune response. Many relevant studigghysically links CD21 to the BCR. Precisely how these
have been conducted in mice (Fearon and Carroll, 2000teractions culminate in quantitative and qualitative
Holers, 2000), where a related though clearly diverged proteialterations in antibody production is not fully understood. On
(mCD21/CD35) serves the dual function of both a C3khe resting B-lymphocyte, noncovalent associations between
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the extracellular domain of CD21 and other B-cell surfacen epithelial cells lacking CD19. This receptor aggregation is
proteins, in particular CD19, that independently mediate Bgreatly diminished in the absence of the C-terminal amino
cell signal transduction have been shown to play a kegcids of FHOS. We propose a mechanism to explain the
role (Fearon and Carroll, 2000; Poe et al.,, 2001). Botlinteraction of these proteins in vivo, and suggest that anchorage
mCD21/CD35 and CD19 can co-localize with a retained BCRind aggregation of cell surface proteins are an effector function
in cholesterol-rich microdomains (lipid rafts). This eventof certain formins. Unexpectedly, FHOS was abundant in the
extends the duration and efficiency of intracellular signalingsplenic littoral cell, a major constituent of the red pulp of
(Cherukuri et al., 2001), augments B-cell proliferation anchuman spleen that lines the splenic sinuses. Littoral cells are
may logarithmically increase antibody production (Fearorbelieved to play a key role in antigen filtration, though at
and Carroll, 2000). There is still considerable debate aboydresent little is known about their biology.
whether human CD21 regulates ligand (C3d, EBV, CD23)
internalization and/or contributes to transmission of an
stimuli across the plasma membrane directly anﬁgI
independently of CD19 (Bradbury et al., 1992; Carel et al., )
1990; Martin et al., 1994; Tanner et al., 1987). Expression vectors: yeast _ _

No direct role for the short conserved cytoplasmic domai§ONA encoding the cytoplasmic 34 amino acids (aa) of CD21
of human CD21 in relation to CD21 biology has been(GenBank accession no. P20023) was amplified using Taq

established. Recently, human CD46, a related compleme ﬁmers 5 GCGGAATTCTCAAAACACAGAGAACGCAAT 3

receptor, pathogen receptor and a TCR co-receptor, was SNOW ) and 5 GCGCTGCAGGCTGGCTGGGTTGTATGG 3

to signal in vivo through its short cytoplasmic domains (Cytlpsyy)."cDNA encoding the cytoplasmic 43 aa of CD21 (last 34 + 9

and cyt2) (reviewed by Lee et al., 2002). Phosphorylation ofa of proximal transmembrane domain) was amplified by PCR

cyt2 was required to effectively anchor gonococcal pili tousing the same reverse primer and the forward primer 5

the surface of epithelial cells. Furthermore, direct CD465CGGAATTCTTGATTGTCATTACCTTA 3 (EcaRl). Both PCR

stimulation of primary T-cells activated Vav while products were cloned into the pGBT.C vector (Clontech), placing the

costimulation with CD3 enhanced Rac activation and induceiisert CD21 sequence in frame with a Gal4 binding domain. The

actin reorganization and morphological change (Zaffran et alfésulting target plasmids were verified by sequencing and named

2001). Crosslinking of human CD21 on normal B-lymphocyteGBT-C-CD21-CT and pGBT.C-CD21-TMCT respectively.

by virus and by monoclonal antibodies (mAbs) has also been

observed to result in rapid F actin assembly (Melamed et al., Bacterial

1994) however, the relative roles of CD19 and associated Bo generate a glutathione S-transferase (GST)-FHOS CT fusion

cell proteins was not defined. protein, a 600 bp C-terminal fragment, including nucleotides that
To investigate the function of the intracellular domain ofencoded the last 199 aa and the stop codon of HeLa FHOS was

human CD21, we utilized a yeast two-hybrid assay to identifgmplified by PCR using the gene-specific primer$:G6G-
proteins that directly interact with this region. We show that &TCGASCAGGCGGCCCGT-3 (Xhd) and S-GCCCTCGAGT-
member of the formin family, FHOS (formin homologue SACACCTCCAGGC-3 (Xhd). The PCR product was cloned in-

: me into the expression plasmid, pGEX4T-1 (Pharmacia), and
g\slergﬁggslsezjK:)nkZplgte ngL(,nggeg;d?r?[;;iltg 1\22? aclgozllm?n rgquenced (both strands), generating pGEX4T-1-FHOS-CT.
mammalian cells through its C terminus.

Formins are multidomain proteins conserved during Mammalian
eukaryotic evolution that directly nucleate actin by aTo synthesize pEGFP-FHOS (full length, 1-1164) and pEGFP-
mechanism independent of Arp2/3 complex (Evangelista et aFHOSACT (C terminus deletion, 1-965), FHOS cDNA was amplified
2002; Kovar et al., 2003; Li and Higgs, 2003; Sagot et al.'?}’ PCR and cloned into pEGFPC2 (Clontech) using unique restriction

2002b). They serve as molecular scaffolds, recruiting proteindtes _as follows: FHOS full length ~primers [MG182' 5
that link cellular signal transduction pathways (Rho faminMg%@gggfgﬁ?&iﬁgﬁéﬁﬁggcg Agcl%():can%
GTPases and src family tyrosine kinases) to actin-bindin TARCT

anHIl)] and FHO®RCT primers [MG 182 and MG196'5

proteins (profilins) and promote cytoskeletal reorganizatioltGoGGATCCTCACGGGGTG TAGCCCAGG 73 (BanHl)]. To
(Tanaka, 2000; Zeller et al., 1999) and downstream gengnerate pBABE-CD21, CD21 cDNA was cloned into the multiple
transcription (Copeland and Treisman, 2002; Zeller et algloning site of pBABE (Morgenstern and Land, 1990), an eukaryotic
1999). Formins are critical for cytokinesis, for the expression vector.

establishment of cell polarity and for control of
morphogenesis. FHOS, a human formin first identified in
spleen library has been shown to interact with the sma e"§

GTPase Racl, to bind the actin binding protein profilin lla and 1"€S _ _

to activate the serum response transcription factor in vitro (TojBaii, Burkitt's ymphoma; Nalm6, B-cell leukemia (a gift from Arnold

et al., 2003; Westendorf, 2001). Recent studies indicate th {eedman, Dana-Farber Cancer Institute); 293T, embryonic kidney

: . : e transformed with adenovirus fragments and bearing SV40-T
FHOS can interact with actin monomers and may play a ro'ér:]tigen [a gift from Hava Avraham, Beth Israel Deaconess Medical

in the regulation of ce_II motility and vesicle recycling as well oo ey (BIDMC)]; JY, B lymphoblastoid line (a gift from Jack
(Koka et al., 2003; Tojo et al., 2003). Strominger, Harvard University); HeLa, cervical carcinoma and the

By means of fluorescence microscopy we document thakurine fibroblast line, 3T3 were utilized in these studies. Cells were
engagement of CD21 by extracellular ligand producesbtained from the American Type Tissue Collection except as
coordinate re-localization and clustering of FHOS and CD2indicated.

aterials and Methods
onstruct design

lymerase, Advantage Tag-2 (Clontech) with the forward and reverse
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Primary cells hours at room temperature (RT), washedWRBS, incubated with

B- and T_|ymphocytes and monocyte/macrophages werdoat qnti-rabbit-HRE’ Secondary Ab (13000 dilution WTBRBS/ ]
independently isolated from freshly obtained normal human spleep% milk) for 20 minutes at RT, re-washed and developed with
using a Rosette-Sep Cell purification kit (Stem Cell Technologies)chemiluminescent substrate, ECL (Amersham).

Discarded splenic tissue was obtained in accordance with the policies

of the Institutional Review Board at BIDMC. The resultant cell .

preparations were examined by flow cytometry to confirm the purity 'MVivo _ _

of the individual cell populations using phycoerythrin (PE)-labeledAn EGFP-modified version of the mammalian MATCHMAKER two-
mAbs to human IgG, CD19, CD3, CD14 and CD16 (Sigma-Aldrich).hybrid assay (Clontech, Catalog no. K1602-1) was used to confirm in
Purified dendritic cells were a generous gift from Dr David Avigan,vivo FHOS-CD21 interaction. To increase the sensitivity of the

BIDMC, and FDCs were a generous gift from Dr Arnold Freedmanreporter activity the chloramphenicol acetyl transferase (CAT)
reporter gene in pG5CAT was replaced with EGFP (Clontech).

] Briefly, the CAT open reading frame was removed from pG5CAT by
Yeast two-hybrid screen PCR with Pfu polymerase (Stratagene) using the forward and reverse
A HeLa cDNA library, pGAD10-HeLa cDNA Matchmaker primers, 5 GAAGATCTTTTAGCTTCCTTAGCTCC 3 (Bglll) and
(Clontech), was screened with the pGBT.C-CD21.CT target plasmid’ ATAAGAAT GCGGCCGUTGCCCTTAAACGCCTGGTGC 3
Briefly, plasmid DNA prepared from a single library amplification and(Notl), respectively. The PCR product (M85AT) was ligated with
pGBT.C-CD21.CT were co-transformed into the yeast strain, Y19@he EGFP gene isolated from pEGFPN2Bglil and Notl digestion.
(Clontech) by the lithium acetate method. Approximately® 10 The resulting plasmid was named g&AT-EGFP.
independent clones were screened. Transformants were selected oo generate bait and target vectors containing either FHOS.CT or
the basis of their ability to activate both the GAL1::HIS3 andCD21.CT both genes were amplified, introducing unicggedRl)
GAL1l:lacZ reporter genes using standard procedures for yeaststriction sites for subcloning. The primers used were as follows: 5
manipulations (Chien et al., 1991). CGGAATTCCAGGCGGCCCGTGAAGTGCGCATCATGC &and 3
Yeast plasmid DNA was isolated and sequenced. To confirm theGGAATTCTCACACCTCCAGGCCAGGACC 3 (for FHOS.CT)
specificity of the candidate interactions, isolated plasmids werand 3 CGGAATTCAAACACAGAGAACGC 3 and 3 CG-
independently re-transformed into Y190 with either pGBT.C-GAATTCTCAGCTGGCTGGGTTGTATGG 3 (for CD21.CT). To
CD21.CT or three unrelated target plasmids, encoding lamin (Bartglenerate bait vectors, FHOS.CT (966-1164) and CD21.CT (1000-
et al., 1996), bacteriophage T7 gene 2 (Bartel et al., 1996), or tH®33) were fused with the GAL4 DNA binding domain generating
intracellular domain of the Coxsackie and adenovirus receptor, CAhe clones pM-FHOS.CT and pM-CD21.CT, respectively. To
(Bergelson et al., 1997). Candidates that activated both reporter gergenerate target vectors FHOS.CT (966-1164) and CD21.CT (1000-
(as above) when co-transformed with pGBT.C-CD21.CT werel033) were fused to the VP16 activation domain, generating the
considered true positives. clones pVP16-FHOS.CT and pVP16-CD21.CT, respectively. 293T
cells were co-transfected using Lipofectamine 2000™ (Invitrogen)
. with 0.5 pg of pGAACAT-EGFP plus each of the following
Cloning of full length HeLA FHOS cDNA combination of plasmids: (1) pM3-VP16 (+ control) (2) pM-53 +
The full-length FHOS HelLa cDNA sequence was amplified from VP16-T (+ control) (3) pM-53 + pVP16-CP (- control) (3) pM-
Marathon-Ready™ human HelLa cDNA library (Clontech) using the FHOS.CT + pVP16-CD21.CT and (4) pM-CD21.CT + pVP16-
FHOS-specific forward and reverse primers T®AGCCGGCC-  FHOS.CT. Additionally, the bait and target vectors were co-
GCAGAGCC 3 and 3 CGGGATCCTCACACCTCCAGGCCAG-  transfected with an irrelevant corresponding positive control vector
GACC 3) respectively. The Hela cDNA clone obtained was(pM-53 or pvP16-T). Twenty-four hours later cells were fixed and
sequenced on both strands and deposited in GenBank under accesgifllyzed by fluorescence microscopy.
no. AY192154.

Fluorescence microscopy

Demonstration of FHOS-CD21 interaction For indirect immunofluorescence cells were plated into 12-well trays
In vitro at 2x10P cells/well. Co-localization studies were performed with cells
Initially GST-FHOS.CT, GST-EBV.TK (thymidine kinase) and GST (293T, HelLa) that were transfected withpfy of pEGFP-FHOS,
alone were expressed and purified from BL21 carrying pGEX4T1pEGFP-FHOACT, or pBABE-CD21 alone or in combination as
FHOS.CT, pGEX6P2-EBV.TK (Gustafson et al., 1998) and pGEX4Tstated. At selected time points after transfection cells were fixed and
1 vectors, respectively, using a glutathione-Sepharose 4B colunstained as outlined below and imaged using the Eclipse E600
(Amersham), and assessed for purity. Cell lysates were prepared frdlnorescence microscope (Nikon) at eithex 40 100« magnification
both Raji (CD21+) and Nalm6 (CD21-) cell lines’tells were lysed employing Spot Advance for image capture and processing
in 0.5 ml of 1% NP-40 buffer supplemented with 1 mM of each of(Diagnostic Instruments). Twenty-four hours after transfection cell
the following protease inhibitors: leupeptin, pepstatin, PMSF anchuclei were stained with Hoechst 33342 (Molecular Probes) and fixed
aprotinin. The lysates were centrifuged at §@@ 4°C for 10 minutes  with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (0.2 M
to remove cell debris and then incubated withgBof purified (a) NaHPQy.H20, 0.2 M NaHP@, pH 7.2) for 30 minutes at RT. Fixed
GST-FHOS.CT, (b) GST, or (c) GST-EBV.TK, overnight (o/n) at 4°C.cells were permeabilized with 0.1% Triton X-100/PB/3% BSA for 15
For co-purification 0.1 ml of pre-washed glutathione-Sepharose 4Biinutes at RT and extensively washed with PB. For actin staining,
beads was added to each sample (a-c) and further incubated o/rfia¢d cells were incubated with TRITC-labeled phalloidin (Sigma-
4°C. Beads were then washed three times in 0.1% NP<BBAS  Aldrich) in 1% BSA/PB (1:20,000 dilution) for 1 hours at RT. Eer
(0.1% NP-40 in PBS and 0.05% Tween 20) and then once in PB@®bulin staining fixed cells were incubated with aniubulin mAb
containing 0.5 M LiCl to remove non-specific proteins binding to the(clone B-5-5-1-2, Sigma-Aldrich) in 1% BSA/PB at a 1:200 dilution
glutathione beads. The beads were boiled in sample buffer, separafed 1 hour at RT, washed and then visualized by staining with goat
by 7% SDS-PAGE and transferred to nitrocellulose (Osmonics) b¥(ab)2 anti-mouse IgG R-PE (Biosource) in 1% BSA/BP at 1:200
electroblot. The nitrocellulose filter was pre-blocked ¥TRBS 5%  dilution for 1 hour at RT. All cells were mounted using
powdered milk (Carnation) o/n, incubated with rabbit anti-CD21AquaPoly/mount (Polysciences). For CD21 staining, fixed cells
serum (Prota et al., 2002) (diluted 1:250 ¥TPBS/5% milk) for 2  (above) were incubated with anti-CD21 mAb HB-5 (Tedder et al.,
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1984) in 1% BSA/PB (1Qug/ml) for 1 hour at RT and visualized as diverse formin family members (Wallar and Alberts, 2003;
described for tubulin. Westendorf, 2001; Westendorf et al., 1999;) including the FH
~ For ligand challenge experiments, prior to fixation, cells werejomains, two coil-coiled domains, a collagen-like domain and
incubated with either concentrated EBV, prepared and purified asg putative diaphanous autoregulatory domain (DAD)-like
described previously (Prota et al., 2002), concentrated Kaposi; omain (Wallar and Alberts, 2003). The latter is proposed to

sarcoma-associated herpesvirus (Dezube et al.,, 2002) or wi - : . . .
polyclonal rabbit anti-CD21 SCR1-SCR2 antisera (Prota et al., 200 k the N terminus with the C terminus in an intramolecular

; . : : ; " hibitory interaction.
diluted 1:100 in PB. This antiserum does not block binding of mAD . e . .
HB-5, which recognizes SCR4 of CD21 (Carel et al., 1990). Pre- 10 Verify the specificity of the CD21-FHOS interaction a
immune serum was used as a control. Cells were washed three tinfiect yeast two-hybrid assay was performed. The bait vector
in PB, fixed and developed for CD21 localization as above; UPC1gontaining the C terminus of FHOS was co-transformed with

(lgG2a) was the isotype matched control for HB-5. CD21.CT (the original target vector) or with CD21-TMCT, a
related vector which contains nine amino acids from the
RT-PCR adjacent transmembrane of CD21, together with three control

: L target vectors expressing unrelated proteins. As shown in Fig.
Total RNA was prepared from cells using a RNeasy Mini kit (Qiagen L
RT-PCR was pgrfoemed using a Gene,?\mp kit (R)(;che) wiﬂ(;;gbfg )1a, activation of the HIS3 (and LacZz, data not shown) reporter
total RNA prepared from relevant cells, using FHOS (MG112 and/€Ne only occurred in co-transformants that expressed
MG113) and GAPDH-specific primers (MG121 6CCATGAG- CD21.CT (or CD21-TMCT) together with the C terminus of
GTCCACCACCCTGT 3and MG122 5 CTACTGGCGCTGCCA- FHOS (Fig. 1la). These findings confirm that FHOS-CD21
AGGCTGT 3). interaction is specific and highly reproducible in yeast.

In situ hybndu.zatlgn , L . CD21 expressed in human cells interacts with FHOS
Non-radioactive in situ hybridization was performed as describe det . hether EHOS d int t with end
previously (Berger and Hediger, 2001) using a digoxigenin-labele 0 determine whether could interact with endogenous

CRNA probe containing 3496 nucleotides (ATG — STOP codon) of-P21 that is expressed on the plasma membrane of human B-
FHOS cDNA, which had been first cloned into the pGEMT vectodymphocytes a bacterial vector linking GST with the C-
(Promega) to facilitate preparation of an antisense probe. Contrégrminal 199 aa residues of FHOS was generated to enable
sections were incubated in an identical concentration of the sensxpression and purification of a GST-FHOS fusion protein.
FHOS probe. GST-FHOS was then immobilized on glutathione-Sepharose
and used to precipitate CD21 from freshly prepared cell
membrane lysates originating from B-cell lines. After elution,

Results _ _ _ _ GST-FHOS and its bound ligand(s) were analyzed by
The cytoplasmic domain of CD21 interacts with the immunoblot using both an anti-GST Ab to confirm the elution
C-terminus of FHOS of the GST-FHOS fusion protein and using an anti-CD21 Ab

To identify candidate proteins that interact with theto confirm the presence of CD21 as a FHOS-interacting protein
cytoplasmic domain of human CD21 a modified version obn the column. When cell lysates prepared from CD21+ Raji
Field’'s yeast two-hybrid assay (Fields and Song, 1989) wasells were used (Fig. 1b, lane 4), CD21 could be readily
utilized (see Materials and Methods). A vector, CD21.CTdetected in the fraction eluted from GST-FHOS. No protein
(target) expressing the cytoplasmic 34 aa of human CD21 wags detected when lysates from the CD21-Nalm6 line was
synthesized and then co-transformed into yeast with mlentically analyzed (Fig. 1b, lane 6). When GST-FHOS was
HelLa cDNA vector library (bait). A positively identified replaced with GST alone or with GST-TK (irrelevant control)
transformant was sequenced and shown to contain an 858 &g the immobilized ligand, neither of the control ligands bound
insert predicting an open reading frame of 199 aa (966-11649D21 (Fig. 1b, lanes 2 and 3). As shown in Fig.ldbe 1, the
followed by a stop codon and @ntranslated sequence. The size of CD21 detected in Raji cell lysates was the same as that
complete DNA sequence encoding a 1164 aa protein wag CD21 co-precipitated by FHOS. These results demonstrate
subsequently cloned and found to be identical to FHO®at FHOS interacts with endogenously expressed CD21 from
(Westendorf et al., 1999). The HeLa cDNA fragment identifieccell membrane lysates of human B-cells confirming that the
encodes the carboxyl terminus 199 aa of FHOS. This is BHOS-CD21 interaction first identified in yeast occurs in vitro.
variable region located C-terminal to the highly conserved
formin homology domains (FH1/FH2) that may confer unique _ ) o
interaction(s) to different formin family members (EvangelistaFHOS interacts with CD21 in vivo
et al., 2003; Wallar and Alberts, 2003). To demonstrate the in vivo interaction between FHOS and
Following identification of the HeLa FHOS fragment, the CD21 a modified version of the mammalian two-hybrid system
full length HeLa cDNA clone was amplified by PCR (GenBank(Clontech) was employed in which the reporter vector enzyme
accession no. AY192154) using a HeLa cDNA library as &AT was replaced with the fluorescent protein EGFP and cells
template. Comparison of splenic and HelLa derived-sequencegre analyzed by fluorescence microscopy to visualize EGFP
revealed 13 nucleotide alterations that resulted in $9see Materials and Methods). First the fluorescent two-hybrid
predominantly conservative aa changes (E264D, E359[assay was validated using the bait (pM) and target (pVP16)
S387T, D633E, V634L, T700S, R689Q, E745G, G751Econtrol vectors provided by the manufacturer (positive control:
D849E) all located upstream of the C-terminal CD21pM3-VP16 and pM-53+pVP16-T and negative control: pM-
interactive domain. As expected, Hela-derived FHOS3+pVP16-CP) as shown in Fig. 1c, top. Both bait and target
contained the predicted domains that are conserved amowgctors were then generated that contained either FHOS.CT (C
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Fig. 1. The intracellular domain of CD21 interacts with
FHOS. (a) in yeast. A GAL4 activation domain plasmid 5 .
encoding the C-terminal amino acids of FHOS was -E
serially diluted (16%-10-4 UD, undiluted) and co- 3
transformed into a yeast reporter strain with plasmids =
encoding the GAL4 DNA binding domain fused to one 8

of the following: the 34 aa residues of the CD21

cytoplasmic tail (CD21-CT), the 34 aa residues of the

CD21 cytoplasmic domain plus nine residues of the transmembrane domain (CD21-TMCT), lamin, the 105 aa residues of thdaSARC cytop
domain (CAR-CT), or bacteriophage T7 gene 2 (T7/gp2; see Materials and Methods). Co-transformants were selected on minimal medi
Growth (i.e. activation of the HIS3 reporter) indicates a positive interaction. +C (positive control) represents co-trarsfafrplasmids
encoding SNF1 and SNF4, proteins that interact in the two-hybrid assay. (b) In vitro. Purified fusion proteins exprestngitine ©f

FHOS, GST-FHOS, GST alone or GST-TK (irrelevant protein) were incubated with cell lysates prepared from the B-cell IBB2 Raji (
lanes 2-4) and Nalm6 (CD21—; lanes 5 and 6). Proteins interacting with FHOS were co-purified on glutathione beads, s§BaRxEy

and detected by immunoblot using a monospecific rabbit anti-CD21 antiserum. A total protein lysate from Raji cells (lanealyzagdsas a
CD21 positive control. (c) In vivo. 293T cells were transfected with I -EGFP (reporter) plus the desired combination of bait (pM-X)
and target (pVP16-X) vectors as indicated. X denotes the fusion protein of interest. Twenty-four hours after transfectiere tdgintified

with Hoechst (nuclear stain), fixed, and analyzed by fluorescence microscopy. Fluorescent EGFP+ cells indicates a pasitinebietiessen
bait and target fusion proteins. Top panel (method verification): EGFP induction was assessed using positive control &St Goavhd
pM-53 + pVP16-T) compared with negative control vectors (pM-53 + pVP16-CP, control protein; Clontech). Middle panel: EGiBR induc
following co-transfection of recombinant vectors encoding the cytoplasmic domain of CD21, CD21.CT together with the CateRiHiDGs
FHOS.CT. Right and left panels show reciprocal experiments. Bottom panel (control), EGFP induction following transfecttdn@t 6D

of FHOS.CT together with cognate two-hybrid vectors encoding irrelevant proteins (T antigen or p53).

terminus, 966-1164) or CD21.CT (cytoplasmic domain, 1000were individually transfected into 293T cells together with the
1033), i.e. pM-FHOS.CT, pM-CD21.CT, pVP16-FHOS.CT modified reporter vector, p@Q&EAT-EGFP, to ensure that no

and pVP16-CD21.CT to enable confirmation of proteinauto-activation of the reporter EGFP gene occurred (not
interaction in reciprocal assays. First, the recombinant vectoshown). Next both combinations of the bait and the target
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vector (i.e. pM-FHOS.CT/pVP16-CD21.CT and pM- nucleus as well as at the tips of elongating protrusions. These
CD21.CT/pVP16-FHOS.CT) were co-transfected into 293Tfindings are consistent with the integral role of formins in the
cells along with pGACAT-EGFP. As seen in Fig. 1¢ middle, regulation of actin organization (Pelham and Chang, 2002;
each combination of the bait and target proteins was able flliday et al., 2002). Coordinate staining to detect both actin
interact in 293T cells inducing expression of the fluorescenfTRITC-phalloidin) (Fig. 2a, panel 4) and microtubules (
reporter. For additional controls both the bait and target vectotsbulin, anti-mouse PE) (Fig. 2a, panel 7) further showed that
were transfected with a corresponding control plasmidcFHOS specifically co-localizes with actin at the cell periphery
provided by the manufacturer (e.g. pM-CD21.CT + pVP16-T)and at the borders between cells (Fig. 2a panel 5 and Fig. 2b,
(Fig. 1c, bottom) to ensure absence of nonspecific EGFpanels 1-7), but does not co-localize with tubulin (Fig. 2a,
induction. These results demonstrate that in mammalian cellganel 8). Remarkably, as shown in Fig. 2a, panel 3,
the C terminus of FHOS is able to specifically interact with theverexpressed FHOS formed actin cables (inset), as has been
cytoplasmic domain of human CD21. reported for yeast formins (Feierbach and Chang, 2001; Sagot
et al.,, 2002a). In the perinuclear region, the association of
o o ) ) FHOS with actin was less prominent than at other locations
FHOS distribution and co-localization with actin (Fig. 2b, panels 1-3), as has been previously noted (Koka et al.,
Next, a series of experiments were undertaken to analyze tR603).
cell biology of the FHOS-CD21 interaction. First a eukaryotic
expression vector encoding full length FHOS fused at the N- ) o _
terminus to the enhanced green fluorescent protein (EGFPF)ggregation and co-localization of CD21 and FHOS is
generating pEGFP-FHOS, was utilized to assess the cellullynamically enhanced in the presence of a cross-linking
distribution of FHOS in live cells. pEGFP-FHOS was ligand
transfected into 293T cells and 24 hours later the cells wet®ased on the known functions of both CD21 and FHOS we
imaged by fluorescence microscopy. As shown in Fig. 2&hypothesized that the interaction of both proteins would be
panels 1 and 2, FHOS localized to the cytoplasm of the ceiihfluenced by environmental and/or intracellular cues that
where it was observed surrounding the nuclear membranegcur only in vivo. To investigate the mechanics of this
though it was excluded from the nucleus itself as demonstratéateraction in cells that lack CD19, 293T cells were initially
by Hoechst staining (Fig. 2a, panels 5 and 8). FHOSo-transfected with both pEGFP-FHOS and pBABE-CD21 (a
accumulated at the cell periphery (Fig. 2a) and at the bordeesikaryotic expression vector that encodes full length human
between two cells (Fig. 2b). However, FHOS was mosCD21) in order to highly express the respective proteins (Fig.
apparent close to the leading edge where it was prominentBa). Twenty-four hours later the cells were analyzed with either
observed in filopodia, microspikes (Fig. 2a, panel 2) and ia mAb directed to human CD21 (anti-CD21, HB-5) (Fig. 3a,
small lamellipodia (Fig. 2a, panels 3 and 6). Fig. 2a, panel panel 5) or with an isotype-matched control mAb, UPC10 (Fig.
further demonstrates FHOS accumulation along one side of ti3a, panel 2) or with second Ab alone, the latter to document
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Fig. 2. FHOS associates with the actin (. ¢
cytoskeletion. (a) FHOS co-localizes with | w
actin in the cytoplasm and in protrusions.
Transfected 293T cells expressing full
length FHOS fused to EGFP, FHOS
(green, panels 1-3, 6) were co-stained with
either TRITC-phalloidin (panel 4; red) to
detect actin or with anti-tubulin/goat
F(ab’) anti-mouse Ig R-PE (panel 7; red).
Merged images (panel 3 with 4 and panel 6
with 7) are shown in panels 5 and 8, |
respectively. Hoechst 33342 (blue) was @ FHOS 7) Anti-Tubulin
used to detect nuclei in panels 5 and 8. (b)
FHOS accumulates with actin at the border
between cells and without actin in a
perinuclear patch. Transfected 293T cells
expressing EGFP-FHOS (green; panels
1,4-5) were co-stained with TRITC-
phalloidin (panels 2 and 6; red) and
merged images (panel 1 with 2 and panel 5 (1) FHOS

with 6) are shown in panels 3 and 7,

respectively. Nuclei are stained blue as in

a. All cells were fixed, stained and imaged

using an Eclipse E600 fluorescence

microscope and processed using Spot 4) FHOS N picas

Advance technology. (4) (5) FHOS (6) Anti-Actin| (7) Merge

(4) Anti-Actin (5) Merge/Ho®chst

(8) Merge/Hoechst
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the absence of non-specific FCR interactions (not shownEBV to CD21 is known to cause receptor cross-linking
Examination of the cells by fluorescence microscopy reveale@@imerization in the case of antibody (IgG), multimerization in
that CD21 was localized to the outer membrane of the cell (Fighe case of virus), potentially leading to receptor redistribution
3a, panel 5), whereas FHOS was predominately located in tldgthin the plasma membrane.
cytoplasm, with some protein localized to patches under the When 293T cells were challenged with EBV, CD21 was
outer plasma membrane (Fig. 3a, panels 1 and 4). Overlappingdistributed into larger membrane patches and in some cells a
images for both overexpressed CD21 (red) and FHOS (greemjore discrete cap-like structure could be observed (Fig. 3a,
demonstrated minimal co-localization (yellow) of both panel 8). Remarkably, in the regions where CD21 formed tight
proteins, as shown in Fig. 3a, panel 6. aggregates in the presence of EBV, some of the expressed
To address whether extracellular ligand engagement &fHOS protein coordinately re-localized with CD21 and
CD21 alters its cellular localization relative to FHOS, epithelialaccumulated in the same cap-like structures (Fig. 3a, panel 7).
cells expressing both CD21 and EGFP-FHOS were incubatéderging of both images for CD21 (red) and FHOS (green)
with either purified EBV (or purified Kaposi's sarcoma- demonstrated the co-localization (yellow) of both proteins,
associated herpesvirus as a control) or with rabbit anti-CD2éspecially in the cap-like structure, as shown in Fig. 3a, panel
Ab (or a pre-immune serum control). Attachment of Ab or9. Enhanced co-localization of both CD21 and FHOS was also
observed when cells were challenged with rabbit anti-
a CD21 Ab, though it was less pronounced (not shown).
293T Cells - EGFP-FHOS The addition of either Kaposi's sarcoma herpesvirus or

pre-immune serum did not cause redistribution of CD21
with FHOS in 293T cells.
To extend the observations obtained when using 293T
cells, both EGFP-FHOS and EGFP-FHEIS (FHOS
1-965, lacking the C-terminal 199aa/the CD21
{2 UTC1e {3) Morgh interacting domain) were co-expressed with CD21 in a

HelLa cell line. HeLa cells lack all HLA-Class Il
expression (Zhou et al., 1997) whereas 293T cells can
express minimal HLA-DP (Fingeroth et al., 1999)
(personal observation). Selection of the HeLa cell line
(5) Anti-CD21 for further study was based upon knowledge that HLA-
Class Il can act as a co-receptor for a distinct
glycoprotein present on EBYV, following initial
attachment of EBV gp350 to CD21 (Li et al., 1997). The

] cellular distribution of FHOS, FHQECT and CD21

$8) AnttGD21 were examined in HeLa cells, first in the absence (Fig.

Hela Cells - EGFP-FHOSACT

- EBV
(2) Anti-CD21 11) Anti-CD21 (12) Merge
+ EBV : i
et
(13) FHOSACT (14) Anti-CD21 (15) Merge
+ EBV Fig. 3. FHOS co-localizes, aggregates and caps with CD21 in

response to cell surface EBV bhinding. (a) FHOS co-localizes
. . with aggregated CD21. Transfected 293T cells expressing

) Ant-CO%S U ot EGFP-FHOS (green) and CD21 were co-stained with an

isotype control mAb (UPC10; panel 2) or with anti-CD21

(mAb HB-5; panels 5 and 8) followed by goat F(aljti-mouse 1gG-R-PE (red). Cells challenged with concentrated EBV are shown in panels
4-9. Merged imaged (panel 4 with 5 and panel 7 with 8) are shown in panels 6 and 9 respectively. (b) The C terminus oédiH®© figr
efficient aggregation and co-localization. Transfected Hela cells expressing either FHOS (EGFP-FHOS, green; panels 1-8C®r FHOS
(EGFP-FHOACT, green; panels 10-15) and CD21 (red; stained as in a) were incubated with EBV (panels 4-9 and 13-15) or without EBV
(panels 1-3 and 10-12). Merged images of FHOS with CD21 are shown in panels 3 (panel 1+2), 6 (panel 4+5) and 9 (pangkd+8). Mer
images for FHOSCT with CD21 are shown in panels 12 (panel 10+11) and 15 (panel 13+14). All cells were fixed, stained and imaged as
stated in Fig. 2.




2716 Journal of Cell Science 117 (13)

b
a - FAntise 'pﬁ_i“ 3 || [Sense
. 2 - "“;;.;;-w,.pgf
s, 2 “ e oF L e 1
Jp, 88828 i M P
I mS=meEFOLWL bl fy*, -.gg":ﬁ‘”
"n

v ¥ g7 e N ? |
& NS &
—  ——————_ LT § NG I { by
e Y. \m&, ) o v
a4 L ! b “‘ ' ¥,
T corovso (A0 (O
B g v

Fig. 4. FHOS is abundantly expressed in splenic littoral cells. (a) FHOS expression in primary hematopoietic cells. RT-PCR of tetal RNA
performed using internal FHOS-specific primers (Materials and Methods) and demonstrates the ubiquitous expression of FHASIRMA in
primary hematopoietic cells (B cells, T cells, monocytes, dendritic cells, FDCs) and certain cell lines (HeLa, JY). Negativemadne 3T3
cells. (b) FHOS expression in spleen. Normal frozen human spleen was sectioned and analyzed by in situ hybridizatioenSenpaels
demonstrates high expression of FHOS mRNA in splenic littoral cells, whereas no signal can be detected in the senseqgbanel (cont

3b, panels 1-3 and 10-12) and then in the presence (Fig. IBHOS is expressed in many tissues, including tissues that do
panels 4-9 and 13-15) of EBV. and do not express CD21, FHOS expression is not ubiquitous
In the absence of EBV, there was limited co-localization ofind is absent in the central nervous system. Of note, a related,
FHOS and CD21 in HelLa cells (Fig. 3b, panels 1-3), identicabut distinct human formin cDNA that maps to chromosome 18
to that observed in 293T cells. In the presence of EBV, CD2(FHOS maps to 16), in GenBank as KIAA1695: hypothetical
re-localized and could be observed in concentrated aggregaf@®tein FLJ22297 (accession no. BAB21786) was obtained
as shown in Fig. 3b, panel 5, and even seen in dense cap-likem brain.
structures (Fig. 3b panel 8). As expected, a portion of FHOS
coordinately re-localized with CD21 into concentrated o ) o
aggregates and cap-like structures as shown in Fig. 3b, panElJOS is highly expressed in splenic littoral cells
4 and 7 (compared to Fig. 3b, panels 5 and 8). Merging of tigased on the observation that FHOS interacts with the
CD21 (red) and FHOS (green) images demonstrated that bathitoplasmic domain of CD21, we hypothesized that splenic
FHOS and CD21 had specifically reorganized and aggregatedyerexpression’ of FHOS as described by Westendorf
and accumulated at the same regions in the cell in response(testendorf et al., 1999) would localize to B-lymphocytes and
EBV (Fig. 3b, panels 6 and also 9). Notably, in the absence #DCs where CD21 is expressed. To identify the splenic cell
its CD21 interacting domain, FH@ET failed to significantly type that abundantly expresses FHOS we purified cell
co-localize with CD21 even in the presence of EBV (Fig. 3bpopulations from the hematopoietic constituents of splenic
panels 13-15). FHQECT did not appear to re-localize FHOS white pulp (B-cells, T-cells, macrophages, dendritic cells and
or cause significant stress fiber formation (Fig. 3b, panels 1BDCs), using both splenic and peripheral blood sources of the
and 12 compared with 1 and 3). respective lineages to prepare total RNA. Surprisingly, when
analyzed semi-quantitatively by RT-PCR (Fig. 4a), the
expression of FHOS mRNA in each cell population appeared

FHOS RNA is highly expressed in skeletal muscle, approximately equivalent suggesting that abundant expression
hematopoietic tissue, lung and heart, but is completely of FHOS RNA in spleen might result from cumulative
absent from brain expression of the transcript in white pulp. To test this

Examination of an adult human tissue blot revealed an ~4 Kiyypothesis RNA in situ hybridization was performed on human
message, as previously reported (Westendorf et al., 1999), ttsgtlenic tissue using full-length FHOS cDNA as a probe.
was present in spleen, heart, lung, skeletal muscle, kidney, bBtirprisingly FHOS mRNA was most highly transcribed in the
not in brain (Fig. Sla, http://jcs.biologists.org/supplemental)red pulp, specifically in a population of sinus lining cells
Expression of FHOS mRNA in other tissues was analyzed bynown as littoral cells (Fig. 4b). Littoral cells express cell
a Multiple Tissue Expression Array (MTE). The rank ordersurface markers indicative of a mixed endothelial and
of FHOS expression in these tissues was as followshistiocytic lineage, although they also express the T-cell marker
hematopoietic tissues including spleen, lymph nodes, bor@D8 (Buckley, 1991). Characterization of this ubiquitous red
marrow, peripheral blood lymphocytes, fetal liver > adult liverpulp cell type (~30% of cellular constituents) has in fact been
and, to a lesser extent, fetal and adult muscle, lung and hegqtite limited (Arber et al., 1997; Hirasawa and Tokuhiro,
> kidney and colon. However, FHOS mRNA was not detected970). To confirm that the FHOS-expressing cells were littoral
in either whole adult or fetal brain tissue (Fig. S1b, http:/fcells, an adjacent section was fixed in formalin and analyzed
jcs.biologists.org/supplemental). Furthermore, hybridizatiorby immunoperoxidase staining. This revealed expression of
analysis of a MTE Array (Clontech) that contained spinal cordelevant antigens including von Willebrands factor and CD8 on
tissue as well as neural tissue obtained from 20 anatomimorphologically identical cells (not shown). These studies
subdivisions of the brain failed to detect full length FHOSdemonstrate that FHOS is highly expressed in a specialized cell
mRNA (not shown). These findings establish that althouglype that lines the vascular channels of the red pulp of human
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and is believed to be important for antigen internalization andpeculatively may regulate exo- and endocytosis. We are
clearance. currently using our modified EGFP-mammalian two-hybrid
technology to fine map the region(s) in both FHOS and CD21
] ) that enables their specific interaction in vivo.
Discussion In addition to the direct binding experiments, the functional
Formins are a family of actin binding proteins that areconsequences of FHOS-CD21 interaction was directly
conserved throughout eukaryotic evolution (Wasserman, 1998jsualized by overexpression of the full-length proteins in two
Zeller et al., 1999). They function in dynamic remodeling ofepithelial lines. These cells lack CD19 (and also CD35;
the cytoskeleton thereby regulating cell polarity and migrationpersonal observation), a protein that complexes with the
cytokinesis, trafficking of vesicles, signaling to the nucleusextracytoplasmic domains of CD21 on B-lymphocytes and is
and cell survival (Tanaka, 2000; Wallar and Alberts, 2003believed to mediate the B-cell effector functions linked to
Wasserman, 1998; Zeller et al., 1999). In higher eukaryote§D?21 ligation and crosslinking (Fearon and Carroll, 2000; Poe
these functions form the basis for control of embryonicet al.,, 2001). In the absence of a suitable antibody and to
development and organ formation. Nine mammalian formingptimize visualization of intracellular distribution, EGFP
have thus far been identified (Li and Higgs, 2003). In vivofusion proteins were generated for both full length FHOS and
mutation of the C terminus of certain of these proteins has be@&tOS lacking the C-terminal CD21 interactive domain. When
associated with limb deformity (mouse forminl), renal aplasi@&xpressed in cells both EGFP fusion proteins localized to the
(mouse forminl), deafness (human diaphanousl) and ovariagtoplasm of the cell, as has been reported recently (Koka et
failure (human diaphanous2, mouse formin2) (reviewed bwl., 2003). EGFP-FHOS was present together with F-actin in
Leader et al., 2002). leading edge structures where it could be clearly visualized in
Until recently formins were believed to function solely aselongating lamellipodia as well as in filopodia, microspikes,
molecular scaffolds providing a platform for crosstalk betweemegions of cell-cell contact, as well as at the contractile ring in
signal transduction effectors (Rho family GTPases, src famildividing cells (not shown).
kinases, wnt pathway proteins, others), actin binding proteins In cells that were co-transfected with both CD21 and FHOS,
(profilin and profilactin binding proteins) and mediators ofFHOS was predominately localized in the cytoplasm and CD21
transcriptional regulation (activators of the serum-responseas uniformly expressed along the cell surface, thus co-
transcription factor). Several critical studies now show that théocalization under these conditions was limited. However,
highly conserved FH2 domain from yeast formins (Kovar ewwhen challenged with either EBV or polyclonal antibodies
al., 2003; Pring et al., 2003; Pruyne et al., 2002; Sagot et ataised to the extracellular portion of CD21, both FHOS and
2002b) and from a mammalian formin, mDial (Li and Higgs,CD21 coordinately re-localized forming aggregates and cap-
2003) can directly nucleate the barbed ends of actin filamenlike structures along the plasma membrane. When C-terminal
leading to actin cable formation. This process is independettuncated FHOS was utilized in these studies, even in the
of assembly of branched actin filaments mediated by Arp2/Bresence of EBV, neither re-localization of FHOS nor
complex and provides evidence for a separate cellular pathwajgnificant CD21 aggregation was observed. From the data
of actin nucleation and dynamic control of cytoskeletalobtained in this study we propose that upon extracellular ligand
reorganization. engagement of CD21 in vivo, FHOS binds to the cytoplasmic
We show that FHOS, a human formin recently implicateddomain of CD21, in turn linking this membrane protein to the
in the regulation of cell motility (Koka et al., 2003) and actin cytoskeleton. Formin attachment anchors the ligand
vesicle trafficking [i.e. of IRAP/GLUT4 (insulin-responsive bound receptor and provides physical control for CD21 re-
aminopeptidase/glucose transporter isoform type 4) bearirigcalization in the form of aggregation and cap formation at
vesicles] (Tojo et al., 2003) binds to the short cytoplasmithe cell surface (Fig. 5).
domain of human CD21. The FHOS-CD21 interaction, which The precise mechanisms that cause FHOS to redistribute to
was originally identified using a yeast two-hybrid assay, wathe cell membrane enabling it to interact with and co-aggregate
confirmed in vitro using a stringent GST-FHOS pull downCD21 are not known. FHOS recruitment may occur upon
assay to precipitate B-lymphocyte CD21 and was furtheligand induced modulation of intracellular CD21 (Barel et al.,
verified in vivo using an EGFP-modified version of a2003) or may result from ligand-stimulated application of a
mammalian two-hybrid assay. Interaction with CD21 occursnechanical force generating a physical and/or spatial cue
via the C-terminal amino acid residues of FHOS (aa 966-1164PGTPase activation, Racl) that attracts FHOS proximate to
in a region that encompasses a DAD-like domain and has be@D21 (Riveline et al., 2001). Although the overall structural
proposed to bind its own N terminus in an intramoleculaorganization of FHOS is similar to that of diaphanous-related
inhibitory interaction (Westendorf, 2001). In the case offormins, important differences are suggested by the
diaphanous-related formins this interaction is released upasbservation that Racl can bind FHOS in the absence of
binding of phosphorylated Rho GTPases to an N-termingbhosphorylation (and therefore activation). Furthermore, the
GTPase binding domain. Recently this region of FHOS hakcation of the FHOS GTPase binding domain is altered
also been reported to interact with IRAP (Tojo et al., 2003)relative to that of other formins and the results of transcription
The significance of this overlapping FHOS domain isregulation studies suggest that Racl may function downstream
unknown, however, interestingly a related sequence in the shagther than upstream of FHOS (Westendorf, 2001). Although
interactive region of each protein partner, ESSxK (in IRAP}FHOS contains a C-terminal DAD-like domain, the structure
and DTSxK (in CD21) can be identified (though this motif isdiffers from that of diaphanous-related formins (Wallar and
not conserved in mCD21/mCD35). These findings suggest thatberts, 2003). Together with current findings (unpublished
human FHOS may participate in vesicle trafficking or moredata) (Tojo et al., 2003) these observations raise the possibility
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Fig. 5. Schematic representation of proposed EBV-CD21-FHOS interactions. (Leff) Aggregation and anchoring

In the unstimulated cell FHOS is in an auto-inhibited conformation in the cytoplasm,, . sieam signaling (Serum response factor activation)
(Middle) When CD21 is engaged by one of its ligands (e.g. EBV) an intracellular
signal is generated (? Racl activation/mechanical force) that results in release of
nearby FHOS from intramolecular inhibition. FHOS unfolds and interacts with the
cytoplasmic domain of CD21 via its unique C-terminal domain (CT). (Right) The exposed FH domains engage cytoskeletonjasseniated
and the FH2 domain nucleates actin leading to localized formation of actin cables. Actin clustering enables the phyBizdloelot&€D21
into membrane aggregates, provides an anchor for ligand bound CD21 and may regulate endocytosis.

Cell motility Vesicle trafficking Exo/Endocytosis

that FHOS may initiate activation (release of intramoleculathe GEF Vav (activator of Racl) and WASp (activator of
bonds and exposure of FH1/FH2) through interaction of the CArp2/3 complex), may alter the pattern and/or augment actin
terminal DAD with specific membrane proteins, rather tharassembly at the immunoreceptor. These cytoskeletal alterations
through its N-terminal GTPase binding domain, which impliescould contribute to aggregation of the BCR in microdomains,
that FHOS is functionally distinct (Fig. 5, model). Irrespectivealter the rate of endocytosis or otherwise enhance signal
of the mechanism of interaction, release of FHOS from #&ansduction and lymphocyte activation. An understanding of
presumed autoinhibitory (intramolecular) conformation mayprecisely how ligand bound CD21 initiates actin assembly
further initiate or enhance actin polymerization throughand of how this differs from patterns of actin cytoskeletal
positive feedback loops (Wedlich-Soldner et al., 2003) and thisearrangement initiated by ligation of the BCR or of CD19 may
could provide the first direct link to downstream signalexplain the unresolved mechanisms through which human
transduction pathways initiated by CD21 alone (Fig. 5, model)CD21 functions: as a tether for C3d-bound antigen on FDCs,
The discovery of two separate actin nucleation pathwayas a mediator of virus (and ligand) endocytosis on other cell
suggests that cooperation between actin networks initiated ypes and as a lymphocyte co-receptor (for the BCR and other
branched Arp2/3 complex nucleated filaments and by forminimmunoreceptors).
mediated nucleation at barbed ends may represent a majorSince  FHOS was highly expressed in spleen we
mechanism for directing and enhancing actin assembly ihypothesized that it would be abundant in either lymphocyte
mammalian cells (Svitkina et al., 2003). Recently in yeast, ther FDC cell populations that also expressed CD21. Although
conserved PCH family protein Cdcl5, a protein critical forFHOS was detected in many tissues and in most immortalized
formation of the cytokinetic actin ring, was found to coordinatecell lines, in the majority of cases FHOS was more highly
both nucleation pathways by binding directly to both theexpressed in normal cells than in their cognate lines (data not
Arp2/3 complex activator Myolp and the formin Cdcl2pshown). As FHOS RNA was not detected in human brain tissue
(Carnahan and Gould, 2003). In man, a Cdcl5-like adaptar in cells of the central nervous system, FHOS is not a
protein (CD2AP) interacts with the cytoplasmic domain of theubiquitously expressed protein. Unexpectedly, when we
T-cell co-receptor CD2 (Li et al., 1998), and this interactionanalyzed human spleen sections by RNA in situ hybridization,
has recently been linked via WASp interaction to Arp2/3FHOS was most abundant in the splenic littoral cell. Littoral
complex mediated nucleation. Although actin polymerizatiorcells constitute more than 30% of the splenic red pulp
following CD2 ligation was impaired in a WAS/p (Arp2/3 (Hirasawa and Tokuhiro, 1970). They line the splenic sinusoids
complex activator)-deficient cell line (Badour et al., 2003), itand display antigens consistent with a dual endothelial and
was not abolished, suggesting other important interactions ahéstocytic lineage (Arber et al., 1997; Buckley, 1991). Littoral
involved. On the basis of several recent discoveries weells can extend long protrusions into the splenic sinuses and
speculate that physical ligation by immune complexes of bothontain abundant intracellular vesicles. Therefore a role has
CD21 (formin) and immunoreceptor (Arp2/3 complex) actinbeen proposed for these cells in antigen capture, filtration and
nucleation pathways, particularly in lymphocytes that contairclearance — though no direct proof is available. Interestingly,



Formin interaction with CD21 2719

in the littoral cell angioma, a vascular tumor of red pulp that binding, internalization, and viral infectiod. Biol. Chem.265 12293-

originates from littoral cells, the expression of CD21 is 12299 , _
significantly upregulated (Arber et al., 1997). Carnahan, R. H. and Gould, K. L.(2003). The PCH family protein, Cdc15p,
|th0u h Im |icated in organ malformation thUS far no I'ECI’LIII-S tWO F—ac‘tln nucleation pathways to coord_lnate cytoklnetlc actin rnng
A g p g ) formation in Schizosaccharomyces pomhbeCell Biol. 162, 851-862.

abnormalities in splenic development have been linked tgQherukuri, A., Cheng, P. C., Sohn, H. W. and Pierce, S. K2001). The
mammalian formins. FHOS maps proximate to the locus for CD19/CD21 complex functions to prolong B cell antigen receptor signaling

; from lipid rafts.Immunity14, 169-179.
J[CI;SEEEIEBBP gene .Otn dChr(-iLnoFSQOLT?e t1§ _?_ndb.deletlgns %fhien, C. T., Bartel, P. L., Sternglanz, R. and Fields, $1991). The two-
are assoclated wi ubinstein-laybr syndrome. hybrid system: a method to identify and clone genes for proteins that

Intriguingly, in a report about the association of some cases Ofinteract with a protein of interestroc. Natl. Acad. Sci. US88, 9578-
Rubinstein-Taybi syndrome with polysplenia and hypoplastic 9582.

heart it was Suggested that a Contiguous gene syndrome n@}ﬁeland, J. W.I and Treisman, R.(?OOZ). The diaﬁhanohus—reI?fted formin

. Dial controls serum response factor activity through its effects on actin
Sometl_mes occur (_Barts_Ch et al., 1999). . . polymerization.Mol. Biol. Cell 13, 4088-4099.
In this study we identify FHOS as a novel CD21 interactinthezube, B. J., Zambela, M., Sage, D. R., Wang, J. F. and Fingeroth, J. D.

protein, a formin that binds the cytoplasmic domain of CD21 (2002). Characterization of Kaposi sarcoma-associated herpesvirus/human

through its own carboxyl terminus, and itself re-localizes in the herpesvirus-8 infection of human vascular endothelial cells: early events.
: : ; Blood 100, 888-896.

cell coordinately with CD21 at the plasma membrane upoEvangelista, M., Pruyne, D., Amberg, D. C., Boone, C. and Bretscher, A.

specific ligand engagement of CD21. FHOS may provide (2002). Formins direct Arp2/3-independent actin filament assembly to

CD21 with an independent and critical link to the cytoskeletal polarize cell growth in yeashat. Cell Biol.4, 260-269.

reorganization and interior signaling pathways of the cell.  Evangelista, M., Zigmond, S. and Boone, ((2003). Formins: signaling
effectors for assembly and polarization of actin filameht€ell Sci.116

; : 2603-2611.
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