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ZF21 Protein, a Regulator of the Disassembly of Focal
Adhesions and Cancer Metastasis, Contains a Novel
Noncanonical Pleckstrin Homology Domain™
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Directional migration of adherent cells on an extracellular
matrix requires repeated formation and disassembly of focal
adhesions (FAs). Directional migration of adherent cellsWe
have identified ZF21 as a regulator of disassembly of FAs and
cell migration, and increased expression of the gene has been
linked to metastatic colon cancer. ZF21 is a member of a protein
family characterized by the presence of the FYVE domain, which
is conserved among Fablp, YOPB, Vps27p, and EEA1 proteins,
and has been shown to mediate the binding of such proteins to
phosphoinositides in the lipid layers of cell membranes. ZF21
binds multiple factors that promote disassembly of FAs such as
FAK, B-tubulin, m-calpain, and SHP-2. ZF21 does not contain
any other known protein motifs other than the FYVE domain,
but a region of the protein C-terminal to the FYVE domain is
sufficient to mediate binding to B-tubulin. In this study, we
demonstrate that the C-terminal region is important for the
ability of ZF21 to induce disassembly of FAs and cell migration,
and to promote an early step of experimental metastasis to the
lung in mice. In light of the importance of the C-terminal region,
we analyzed its ternary structure using NMR spectroscopy. We
demonstrate that this region exhibits a structure similar to that
of a canonical pleckstrin homology domain, but that it lacks a
positively charged interface to bind phosphatidylinositol phos-
phate. Thus, ZF21 contains a novel noncanonical PH-like
domain that is a possible target to develop a therapeutic strategy
to treat metastatic cancer.
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Interaction between cells and extracellular matrices (ECM)>
plays crucial roles during physiological processes such as
embryonic development, wound repair, angiogenesis, and
pathological processes such as cancer metastasis (1-4). Integ-
rins act as major receptors for ECM proteins and transmit bidi-
rectional transmembrane signals upon binding to the latter (5).
Binding to the ECM causes integrins to cluster, which leads to
the recruitment of various cellular proteins to the inner surface
of the plasma membrane so as to form structures called focal
adhesions (FA) (5, 6). The cytoplasmic proteins recruited to the
cytoplasmic portion of integrins at FAs include signal proteins,
such as focal adhesion kinase (FAK) and c-Src, and adaptor
proteins, such as paxillin, vinculin, talin, «-actinin, and
p130Cas (7-9). Some FA components, such as talin and vincu-
lin, are further linked to the actin cytoskeleton and allow the
generation of the forces that maintain cell morphology and
mediate cell migration via the contraction of actin fibers (10,
11). However, a dynamic turnover of FAs is necessary for cell
migration and the processes triggering the formation and dis-
assembly of FAs are regulated by distinct mechanisms,
although the details of these mechanisms remain to be clarified
(12).

The formation of FAs has been studied extensively. On the
other hand, the process of FA disassembly remains unclear,
although several proteins that play specific roles during the dis-
assembly step have been identified (13, 14). Microtubules
(MTs) are key regulators that initiate disassembly of FAs (12,
15, 16). Treatment of cells with nocodazole, an agent that dis-
rupts MTs, stabilizes FAs, and subsequent depletion of the
agent releases the blockade allowing disassembly of FAs to
resume in a synchronous manner (12, 15, 16). FAK, especially
the form phosphorylated at Tyr**’, is required to internalize

3 The abbreviations used are: ECM, extracellular matrix; EEA1, early endosome
antigen 1; FA, focal adhesion; FYVE, Fab1p YOPB Vps27p EEA1; MT, micro-
tubule; m1V, m1Venus; PH, pleckistrin homology; PI(3)P, phosphatidylino-
sitol 3-phosphate; ZF21, ZFYVE21; C-ter, C-terminal; aa, amino acid(s);
Ins(1,4,5)P5, inositol (1,4,5)-trisphosphate; PLC, phospholipase C.
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integrin 81 from the surface by recruiting dynamin to FAs (12).
Calpain-1 and -2, classical members of the family of calcium-
dependent endopeptidases, are also crucial for the MT-medi-
ated disassembly of FAs by cleaving components such as integ-
rin, FAK, paxillin, talin, and a-actinin (17). Dephosphorylation
of FAK, paxillin, and p130Cas by protein tyrosine phosphates,
such as PTP-PEST, SHP-2, or PTP-1B, also induces the disas-
sembly of FAs (18 —20). However, further information is needed
to understand how these factors coordinate FA disassembly.

We have recently been studying functions of cytoplasmic
adaptor proteins that are localized in close proximity to the
invasion-promoting membrane protease, MT1-MMP (21-25).
These include MTCBP-1, which regulates cell migration by
unknown mechanisms (21); Mint3, which regulates activation
of HIF-1a via the cytoplasmic tail of MT1-MMP (23, 25);
p27RF-Rho (LAMTOR1), which regulates formation of invado-
podia (26); and ZF21 (MTCBP-2), which regulates the disas-
sembly of FAs (27, 28). ZF21 is expressed ubiquitously in adher-
ent cells and contains an FYVE domain (29), which binds
phosphoinositides in the lipid layers of cell membranes. It local-
izes predominantly to endosomes, but is also found in FAs at
the ECM-cell interface. Depletion of ZF21 expression by RNA
interference prevents disassembly of FAs, increases the adher-
ence of cells to the ECM, and reduces cell migration. Depletion
of ZF21 does not affect the extent of accumulation of FAs in
cells treated with nocodazole, but specifically prevents disas-
sembly of FAs after removal of nocodazole. The results indicate
that ZF21 is required during MT-dependent disassembly of
FAs. Using pulldown or immunoprecipitation assays, we also
found that ZF21 binds the above mentioned disassembly
related proteins, such as FAK, SHP-2, m-calpain, and B-tubulin
(27, 28). Therefore, it is conceivable that ZF21 associated with
vesicles being transported by microtubules via its FYVE domain
may also carry SHP-2 and m-calpain on the vesicles. Because
depletion of ZF21 in cells prevents dephosphorylation of FAK
at FAs, ZF21 may deliver SHP-2 to FAK so as to facilitate the
dephosphorylation of the latter. These FA-disassembly pro-
teins interact with ZF21 through the FYVE domain and other
regions of the protein. For example, the FYVE domain and the
region C-terminal to the FYVE domain are sufficient to bind
FAK and B-tubulin, respectively (27). Although the FYVE
domain is conserved among family members, the N- and C-ter-
minal regions of ZF21 show no similarity to other known pro-
teins. Therefore, distinct protein-protein interaction interfaces
that are independent from the FYVE domain appear to be
important in the function of ZF21.

In this study, we evaluate the contribution of each region of
the ZF21 protein to the disassembly of FAs and the promotion
of cell migration. Furthermore, consistent with the fact that the
expression of ZF21 is specifically enhanced in metastatic
human colon carcinomas (30), we demonstrate that ZF21
indeed promotes an early step of metastasis of tumor cells to the
lung in mice, in a fashion dependent upon both the FYVE
domain and the C-terminal region of ZF21. In light of the
importance of the C-terminal region of ZF21, we analyzed its
ternary structure in solution using NMR spectroscopy. The
C-terminal fragment contains a protein fold similar to that of
the canonical pleckstrin homology (PH) domain (31) despite
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exhibiting no amino acid sequence homology to the latter. In
addition, the PH-like domain of ZF21 appears to lack an inter-
face to bind phospholipids. Thus, ZF21 contains a novel PH-
like protein fold within the region C-terminal to the FYVE
domain, and both this PH-like domain and the FYVE domain
are important for mediating both disassembly of FAs and pro-
motion of metastasis.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Reagents—MDA-MB231 and HeLa
cells were obtained from the American Type Culture Collec-
tion (Manassas, VA). Cells were cultured in DMEM (Invitro-
gen), supplemented with 10% fetal bovine serum, penicillin, and
streptomycin (Invitrogen Corp.). All cells were cultured at
37 °C under a 5% CO,, 95% air atmosphere. A polyclonal anti-
ZF21 antibody was prepared as described previously. We used
commercially available antibodies to detect GFP (Invitrogen),
actin (C4, Millipore), FAK (BD Biosciences), and Tyr**’-phos-
phorylated FAK (BIOSOURCE). Nocodazole (Sigma) was used
at 5 um. All other chemical reagents were purchased from
Sigma or Wako, unless otherwise indicated.

Plasmids—cDNAs encoding ZF21 or EEA1 were amplified
from HT1080 cells by reverse transcription-PCR (RT-PCR).
Expression constructs encoding ZF21-N (aa 1-105), ZF21-
FYVE (aa 41-105), and EEA1-FYVE (aa 1349 —1411) were pre-
pared by RT-PCR using human ZF21 and EEAI genes. The
FYVE domain (encoded by aa 41-103) of the ZF21 mutant
(SWAP) is replaced by the FYVE domain from EEA1 (encoded
by aa 1349 -1411). The mammalian expression vector pLenti6/
V5-DEST or the Escherichia coli expression vector pDEST15
(Invitrogen) was used to express the recombinant proteins as
described previously.

Knockdown Experiments Using shRNA—The coding se-
quence of the shRNA used to knock down human ZF21 expres-
sion is as follows: 5'-caccgcagtgtgacgccaagtttgacgaatcaaacttg-
gegtcacactge-3'. The sequence of the sShRNA used to knock
down expression of human FAK is as follows: 5'-caccgcatcttc-
cagttacaaattccgaagaatttgtaactggaagatge-3' (shFAK#1). Lentivi-
ral vectors expressing the shRNAs were generated and used
according to the manufacturer’s instructions. For rescue of
ZF21 expression following shRNA-mediated knockdown, an
expression construct encoding a mutant ZF21 mRNA refrac-
tory to the shRNA was generated by site-directed mutagenesis
and the mutant protein was expressed with a m1Venus tag at
the N terminus, using the pENTR vector (Invitrogen).

Cell Migration Assay—The transwell migration assay was
performed as described previously (28). Briefly, both sides of
transwells with 8-um pore size filters (Corning) were precoated
with fibronectin (5 ug/ml). DMEM containing 10% FBS was
added to the lower chamber, and a cell suspension (5 X 10*
cells) was placed in the upper chamber. Following incubation
for 6 h, the cells that had migrated to the lower chamber were
stained with 0.5% crystal violet solution and counted using a
light microscope at X200 magnification. Values represent aver-
ages from 5 fields.

Pulldown Assay—The pulldown assay was performed as
described previously (28). Briefly, cleared cell lysates were incu-
bated with GST-tagged ZF21 (GST-WT) or the ZF21 mutant
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that had been previously bound to glutathione-conjugated Sep-
harose beads at 4 °C for 6 h. Pellets containing the beads were
collected, washed with RIPA buffer used for cell lysis, and sub-
jected to SDS-PAGE followed by Western blot analysis using
the indicated antibodies.

Focal Adhesion Disassembly Assay—The focal adhesion dis-
assembly assay was performed as described previously (28).
Briefly, cells were grown on fibronectin-coated glass coverslips
and treated with 5 uMm nocodazole for 30 min to depolymerize
microtubules. After the drug was removed, cells were incubated
to resume polymerization of microtubules. Cells were fixed in
—20 °C methanol for 10 min, rehydrated in PBS followed by
permeablization with 0.1% Triton X-100 in PBS for 5 min, and
subjected to immunostaining.

FAK Dephosphorylation Assay—The FAK dephosphory-
lation assay was performed as described previously (28). Briefly,
cells were grown on fibronectin-coated plastic dishes and
treated with 5 um nocodazole for 30 min to depolymerize
microtubules. After the drug was removed, cells were incubated
to resume polymerization of microtubules. Cells lysates were
resolved by PAGE following cell lysis and mixing with Laemmli
sample buffer and the extent of FAK phosphorylation was eval-
uated by Western blot analysis.

Protein Expression and Purification for the Structural
Analysis—The C-terminal region of zinc finger FYVE domain-
containing protein 21 (ZF21) (amino acid residues Ala'®” to
GIn?3*) (Swiss-Prot code Q9BQ24) was cloned into the expres-
sion vector pCR2.1 (Invitrogen), as a fusion with an N-terminal
His, affinity tag and a tobacco etch virus protease cleavage site
(32). The actual construct contains seven extra residues
(GSSGSSQ) after the tobacco etch virus cleavage site and six
extra residues at the C terminus (SGPSSG) derived from the
expression vector. The fusion protein was synthesized using a
cell-free protein expression system and *C/**N-labeled amino
acids (33, 34), and was subsequently purified using a chelating
column, as described elsewhere (35). The purified protein was
concentrated to 1.2 mm in 20 mm *H, , Tris-HCl buffer (pH 7.0),
containing 100 mm NaCl, 1 mm ?H,, dithiothreitol, 10% *H.,O,
and 0.02%(w/v) NaN,.

Structure Determination—All NMR experiments were per-
formed at 296 K on Bruker 600- and 900-MHz Avance spec-
trometers, and on Varian 600-, 800-, and 900-MHz Inova spec-
trometers. Resonance assignments were accomplished using
standard NMR techniques, as described elsewhere (35). NMR
spectra acquired for the assignments and distance restraints
were two-dimensional "H-'>N HSQC, "H-"*C HSQC, three-
dimensional HNCA, HN(CO)CA, HNCO, (HCA)CO(CA)NH,
HNCACB, CBCA(CO)NH, HBHANH, C(CCO)NH, HC(C)H-
TOCSY, (H)CCH-TOCSY, HNHB, HN(CO)HB, '°N-edited
NOESY-HSQC (60 ms mixing time), and **C-edited NOESY-
HSQC (50 ms mixing time). All of the spectra were processed
using the program NMRPipe (36). Analyses of the processed
data were performed with the programs NMRView and
KUJIRA (37, 38).

Automated NOE cross-peak assignments and structure cal-
culations with torsion angle dynamics were performed using
the CYANA software package (39, 40). Two NOE peak lists,
obtained from three-dimensional *N-edited NOESY-HSQC
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and "?*C-edited NOESY-HSQC spectra, were used for structure
calculations. In addition, backbone dihedral angle restraints,
derived from the program TALOS, were used for structure cal-
culations (41). A total of 100 structures were independently
calculated, and the 20 structures in the final calculation cycle
with the lowest target function values were selected. The struc-
tures were validated using the program PROCHECK-NMR
(42). The programs MOLMOL (43) and PyMOL (DeLano Sci-
entific, Palo Alto, CA) were used for analyzing the calculated
structures and preparing the drawings of the structures.

Lung Colonization Assays—The lung colonization assays
used cells fluorescently labeled with CellTracker Green and
CellTracker Orange (Invitrogen). ZF21-depleted and control
cells, ZF21-depleted cells, and HT1080 cells (1 X 10° each for
HT1080 and MDA-MB231) were injected into the tail veins of
nude mice, which were killed 1 or 24 h later. Fluorescently
labeled cells in the lung were counted by confocal microscopy
(Nikon).

RESULTS

FAK Binds the FYVE Domain of ZF21 but Not EEA1—The
domain structures of ZF21 and EEA1 and the regions of the
proteins interacting with protein factors are shown schemati-
cally in Fig. 1A. The FYVE domain and the C-terminal region
(C-ter) of ZF21 are sufficient to bind FAK and B-tubulin,
respectively (28). In contrast, both the N-terminal fragment
including the FYVE domain (N-ter + FYVE) and the C-termi-
nal region are required for binding m-calpain (28) or SHP-2
(supplemental Fig. S1). Unlike ZF21, the FYVE domain of EEA1
is located at the C terminus and in contrast to ZF21, its binding
proteins have not been implicated in FA disassembly (Fig. 14).
ZF21 localizes to FAs as expected from its binding to FAK (Fig.
1B, a) and also associates with endosome vesicles through
interaction with PI(3)P via the FYVE domain (Fig. 1B, b). Muta-
tions in the FYVE domain abolish localization of ZF21 to endo-
somes and abrogate the ability of the protein to promote cell
migration, as demonstrated previously (27). The interaction of
ZF21 with FAK also plays a pivotal role in cell migration, as
evidenced by the fact that ZF21 cannot promote cell migration
in MDA-MB231 cells in which the endogenous FAK has been
depleted by expression of shRNA (Fig. 1C, and supplemental
Fig. S2 for protein expression levels).

Members of the FYVE domain-containing family of proteins
contain two conserved zinc fingers and basic amino acid resi-
dues. Comparison of the FYVE domain sequences of ZF21 and
EEA1 reveals 41% overall amino acid conservation as shown in
Fig. 2A. Therefore, we tested whether the FYVE domain
sequence of EEA1 could bind FAK in a pulldown assay. We first
generated a number of fusion proteins comprising glutathione
S-transferase (GST) fused to the N termini of the FYVE
domains of ZF21 or EAAL, or to full-length ZF21 or a mutant of
the latter with its FYVE domain substituted by that of EEA1, as
shown in Fig. 2B. These fusion proteins were used to pull down
FAK from the HeLa cell lysate (Fig. 2C). The GST fusions to
full-length ZF21 (GST-WT) or its FYVE domain alone (GST-
ZF21FYVE) bound to FAK. In contrast, the GST fusions to the
FYVE domain of EEA1 (GST-EEA1FYVE) or the FYVE
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FIGURE 1.ZF21 is an adaptor protein that regulates disassembly of FAs and migration of cells. A, schematic illustration of the domain structures of ZF21
(left) and EEA1 (right). Binding proteins and regions of the respective proteins that interact with them are indicated. B, ZF21 resides in FAs (a) and on cytoplasmic
vesicles (b). ZF21 binds to FAK and vesicles via the N-terminal FYVE domain. G, effect of FAK on ZF21-dependent cell migration was analyzed using MDA-MB-231
cells. Expression of either or both ZF21 and FAK was carried out by expressing the corresponding shRNAs. Knock down efficiency is presented under supple-
mental Fig. S2. Cells were subjected to a migration assay using a transwell chamber equipped with filters coated with fibronectin, and FBS was used as the
attractant. First lane, shLacZ + shLacZ; second lane, shZF21 + shLacZ; third lane, shLacZ + shFAK; fourth lane, shZF21 + shFAK. Error bars represent the mean *

S.D. (n = 3).* p < 0.005 (Student's t test).

domain-swapped ZF21 mutant (GST-SWAP) bound FAK very
weakly.

Crucial Roles for the FYVE Domain and the C-terminal
Region of ZF21 in Regulation of FAs and Cell Migration—To
evaluate the contributions of the FYVE domain and the C-ter of
ZF21 to the process of disassembly of FAs and the migratory
activity of cells, we expressed the fusion proteins shown in Fig.
3A in human breast carcinoma MDA-MB-231 cells. These
fusion proteins comprise an m1Venus tag fused to either full-
length ZF21 (m1V-WT), the mutant ZF21 containing the FYVE
domain of EEA1 (m1V-SWAP), or the fragment of ZF21 lacking
the C-terminal region (m1V-N). These fusion proteins were
individually expressed in MDA-MB-231 cells in which the
expression of endogenous ZF21 was first depleted by express-
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ing an shRNA targeting endogenous ZF21 (Fig. 3B). The exog-
enously expressed proteins are encoded by mRNAs resistant to
the shRNA targeting endogenous ZF21. Disassembly of FAs
was analyzed by treating the cells with nocodazole, which
inhibits disassembly of FAs by disrupting microtubules. Subse-
quent deprivation of the drug from the culture medium induces
disassembly of FAs in a synchronized manner. The FAs in
MDA-MB231 cells in which expression of endogenous ZF21
was knocked down with shZF21 (MDA-MB231/shZF21) were
visualized by monitoring the phosphorylated form of FAK at
Tyr*” (Fig. 3C, red). In the control MDA-MB231/shZF21 cells,
a significant number of FAs remained even 30 min following
removal of nocodazole from the medium (Fig. 3C, 30 min/
mock, red). In contrast, expression of m1V-WT in the cells

JOURNAL OF BIOLOGICAL CHEMISTRY 31601


http://www.jbc.org/cgi/content/full/M110.199430/DC1
http://www.jbc.org/cgi/content/full/M110.199430/DC1

Analysis of Focal Adhesion Regulator ZF21

A * ok k * k *k * k dlokk k ok Kk %k ok
ZF21 41 WVPDKEGRRG MQCDAKFDF LTRKHHCRRG GKCGFCDRGGS 80
EEA1 1349 WAEDNEVQNG MACGKGFSV TVRRHHGRQG GNIFCAEC-S 1388
* % ¥k k% *
ZF21 81 QKVPLRRMGF VDPVRQCAEG A—LVS 103
EEA1 1389 AKNALTPSSK K-PVRVGCDAG FNDLQG 1411
B C ek [ B — 100
e EF 1 —100
GST-WT AL — 50
csTzr21FYvE  (osTEVEL
GST

GST-EEATFYVE
C

-ter

= - w w n
°\°cn'§>><
05 > =
= [l S
5 8N<I—I
o L W wm
= N WO
'_
o o
O o
Pull down

FIGURE 2. The FYVE domain of ZF21 binds specifically to FAK. A, sequence alignment of the FYVE domains of ZF21 and EEA1. Conserved residues are
denoted with asterisks. B, schematic representation of the GST fusion proteins used for the FAK pulldown assay. GST was fused at the N terminus of wild-type
ZF21 (GST-WT), the FYVE domain of ZF21 (GST-ZF21FYVE), the FYVE domain of EEA1 (GST-EEA1FYVE), or two full-length ZF21 that has had its FYVE domain
substituted by that of EEA1 (GST-SWAP). The numbers in the figure represent amino acid positions. C, whole cell lysates of HelLa cells were incubated with
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promoted disassembly of FAs markedly, such that the majority
of the FA signals had disappeared by 30 min (Fig. 3C, 30 min/
m1V-WT, red), whereas expression of m1V-SWAP or m1V-N
did not (Fig. 3C, 30 min/m1V-SWAP and m1V-N, red). Expres-
sion of the ZF21 fusion proteins in the cells was confirmed by
monitoring the signal from the m1Venus tag (Fig. 3C, green).
m1V-WT exhibited a punctate distribution, consistent with its
association with vesicles, whereas m1V-SWAP and m1V-N
appeared to be localized diffusely throughout the cytoplasm
(Fig. 3C, green). The number of FAs evaluated by immuno-
staining of the phosphorylated form of FAK correlated well
with the overall levels of phosphorylation of FAK at Tyr*” in
the cells, as demonstrated by Western blot analysis (Fig. 3D).
Merged pictures of the signals from both phospho-Tyr**”-FAK
and the m1Venus tag are represented under supplemental
Fig. S3.

We have previously reported that the rate of turnover of FAs
regulated by ZF21 correlates with the migratory activity of cells
and that the FYVE domain is indispensable for the activity (28).
We next examined whether the mutant ZF21 proteins listed in
Fig. 3A retain the ability to restore migration in ZF21-depleted
cells using a transwell migration assay (Fig. 3E). As we reported
previously, depletion of ZF21 (second lane, -/shZF21)
decreased the migratory activity of cells relative to that of the
control cells (first lane, -/shLacZ). Only the cells expressing
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mlVenus-tagged ZF21 (fourth lane, m1V-WT/shZF21) were
able to migrate to an extent similar to that of the control cells
(first lane, -/shLacZ), whereas the expression of the empty vec-
tor (third lane, mock), the mutant ZF21 containing the FYVE
domain of EEA1 (m1V-SWAP), or the fragment of ZF21 lacking
the C-terminal region (m1V-N) did not. Thus, both the FYVE
domain and the C-ter region are indispensable for the regula-
tion of FA disassembly and cell migration by ZF21.

Effect of the ZF21 on an Early Step of Experimental Metastasis
to Lung—Increased migratory activity is a characteristic of
highly metastatic tumor cells. Interestingly, the expression of
ZF21 is increased in metastatic colorectal carcinomas, accord-
ing to the results of serial analysis of gene expression analysis of
clinical specimens (30). Therefore, we next evaluated the effect
of the expression of ZF21 or the various truncation mutants on
the metastatic ability of human tumor cells in mice. Tumor cell
functions such as migration and invasion are important for
metastatic spreading of tumors and formation of secondary col-
onies. For example, in an early step of lung metastasis, tumor
cells that have reached the lung microvasculature must traverse
the vessel wall for extravasation and establishment of an initial
deposition in the lung parenchyma (44, 45). Therefore, we eval-
uated whether ZF21 affected an early step of experimental
metastasis to the lung using MDA-MB231 cells and human
fibrosarcoma HT1080 cells. Control (expressing shLacZ) and
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FIGURE 3. Analysis of the contribution of regions of the ZF21 protein required for FA disassembly and promotion of cell migration. A, schematic
representation of the structures of the m1Venus-tagged fusion proteins of ZF21 expressed in ZF21-depleted MDA-MB231 cells (MDA-MB231(shZF21)).
m1Venus was fused to the N terminus of wild-type ZF21 (m1V-WT), full-length ZF21 that has had its FYVE domain substituted by that of EEA1 (m1V-SWAP), or
aZF21 mutantlacking the C-terminal aa 106 -234 region (m7V-N). B, each construct was stably expressed in MDA-MB231(shZF21) cells using a lentivirus vector
system. The expression of each m1Venus-tagged protein was analyzed by Western blot using the indicated antibodies. The control (mock) represents cells
infected with the empty lentiviral vector. C, immunostaining of MDA-MB-231(shZF21) cells for phospho-Tyr*?’-FAK. MDA-MB231(shZF21) cells were seeded
onto fibronectin-coated glass coverslips and cultured for 48 h. The cells were treated with nocodazole (5 um) for 30 min. Then the cells were washed and
cultured with nocodazole-free media for 0 (a-g) or 30 min (h-n). The cells were subjected to immunostaining for phospho-Tyr**’-FAK (red, a- d and h-k). ZF21
or the mutant thereof was visualized using the fluorescence of the tagged m1Venus protein (green, e-g and I-n). Scale bar, 20 um. D, the same set of cells used
in Cwas subjected to Western blot analysis using specific antibodies to detect the indicated forms of FAK. £, the cells were subjected to a migration assay using
a transwell chamber equipped with filters coated with fibronectin and FBS was used as an attractant. First lane, shLacZ alone; second lane, shZF21 alone; third
lane, shZF21 + mock vector; fourth lane, shZF21 + m1V-WT; fifth lane, shZF21 + m1V-SWAP; sixth lane, shZF21 + m1V-N. Error bars indicate the mean = S.D.
(n =3).* p <0.005 (Student’s t test).

ZF21-depleted cells (expressing shZF21) were labeled with red
and green fluorescent protein cell trackers, respectively, and a
mixture of the cells was injected into the tail vein of mice. Effect
of expression of the shRNAs in the cells was confirmed by
Western blot analysis (supplemental Fig. S4, A and B). The
number of cells that reached the lung was evaluated 1 and 24 h
later (Fig. 4). A similar number of red and green circulating cells
were observed to reach the lung 1 h after injection (Fig. 4, A-C,
1 h). However, most circulating cells were cleared from the lung
during the following 24 h and only a limited number of cells
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remained in the lung tissue at this time point (Fig. 4, A for
MDA-MB231, and B for HT1080, 24 /). These are presumably
the cells that escaped from the bloodstream after extravasation.
Comparison of control shLacZ (red) and shZF21 (green) cells
showed that shLacZ cells were retained more frequently than
shZF21 cells (Fig. 4C). Thus, ZF21 contributes to the metastatic
ability of tumor cells, at least at an early step that reflects extrav-
asation and survival of the cells.

Using the same assay system, we next assessed whether ZF21
or the mutants thereof (m1V-WT, m1V-SWAP, or m1V-N,
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FIGURE 4. ZF21 promotes an early step of metastasis of tumor cells to the lung. As baseed on the reported methods (44, 45), metastasis of human tumor
cells to the lung was analyzed by injecting the cells into the tail vein of mice. MDA-MB231 (A) or HT1080 (B) cells were used for the assay. Control cells were
labeled with cell tracker orange and ZF21-depleted cells with cell tracker green. An equal number of the control and depleted cells were mixed and injected into
the tail vein. The lung was dissected 1 or 24 h after injection and tumor cells in the tissue section were visualized (A and B) and the number of the cells counted

(Q). Error bars indicate the mean = S.D. (n = 3).*, p < 0.005 (Student'’s t test).

summarized in Fig. 34) could restore the metastatic activity of
ZF21-depleted cells (Fig. 5). The ZF21-depleted cells express-
ing the empty vector (mock) or ZF21 mutants were labeled with
green cell trackers. ZF21-depleted cells (expressing shZF21
alone) were labeled with red cell trackers. The green (mock,
mlV-WT, m1V-SWAP, or m1V-N expressed in shZF21 cells)
and red (shZF21 alone) labeled cells were mixed and injected
into the tail vein of mice. One hour after injection, green-la-
beled cells were observed to reach the lung to an extent similar
to that of the red-labeled cells (Fig. 54). Only cells expressing
the wild type ZF21 fusion (Fig. 5B, shZF21+ml1V-WT,
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green) exhibited a greater rate of survival in the lung com-
pared with the ZF21-depleted cells (Fig. 5B, shZF21, red),
whereas cells expressing the other ZF21 fusions could not
promote survival of the cells in the lung at 24 h after injection
(Fig. 5B, shZF21 + mock, m1V-SWAP, or m1V-N, green).
Indeed, the ZF21-depleted cells expressing ml1V-WT
formed metastatic colonies in lung at 5 weeks after injection,
whereas those expressing either the m1V-SWAP or m1V-N
did not (supplemental Fig. S5). Thus, both the FYVE domain
and the C-ter of ZF21 are indispensable for the metastasis-
promoting activity of ZF21.
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FIGURE 5. Analysis of the contribution of the FYVE and the C-terminal domains to the activity of ZF21 in the experimental metastasis assay. MDA-
MB231 cells expressing shZF21 alone were labeled with red cell tracker and the cells expressing both shZF21 and each of the fusions shown in Fig. 3 were
labeled with green cell tracker. A similar number of cells labeled with each color were mixed and analyzed as described in the legend to Fig. 4. Tissue sections
analyzed at 1 (A) or 24 h (B) after injection are presented. The number of colored cells was counted and is presented in C. Error bars indicate the mean = S.D. (n =

3). %, p < 0.005 (Student’s t test).

The C-terminal Region of ZF21 Exhibits a Structural Fold
Similar to That of Members of the PH Domain Superfold Family—
The FYVE domain of ZF21 binds both PI(3)P and FAK. The
sequence conservation between ZF21 and EEA1 within the FYVE
domain indicates that the FYVE domain of ZF21 has a similar fold
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to the reported structure of EEA1 (46, 47). In contrast, the C-ter of
ZF21 alone is sufficient to bind B-tubulin suggesting that the C-ter
of ZF21 contains an independent protein fold.

To investigate the domain composition of the C-ter of ZF21,
we first searched the Pfam data base (Pfam 24.0) with the
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FIGURE 6. Structures of the C-terminal domain of ZF21. A, the ensemble of
the final 20 best structures of the ZF21 C-terminal domain. The N and C ter-
mini are indicated as N and C, respectively. B, ribbon representation of the
C-terminal domain is presented using a colored ribbon. The a-helices and
B-strands are shown in red and green, respectively. The orientation is the
sameasinA.

sequence of this region (48). However, we could not find any
Pfam matches, indicating that this C-terminal region lacks
sequence homology with known domains (data not shown).
Hence, to elucidate the structure of the C-terminal region of
ZF21, we used NMR spectroscopy to determine the solution
structure of the C-ter fragment of ZF21 synthesized using an in
vitro cell-free system. The structural statistics and the NMR
constraints are summarized in supplemental Table S1. Fig. 64
shows the set of the 20 lowest energy structures of the C-termi-
nal fragment of ZF21, and Fig. 6B shows a ribbon representa-
tion of a representative structure of the same fragment. The
root mean square deviations for the C-ter fragment (Ala'®"—
Glu'”, Arg"®-Glu**) are 0.83 = 0.16 A for the backbone
atoms and 1.29 * 0.14 A for the heavy atoms, respectively.

The C-ter region of ZF21 adopts a compact, globular fold,
which consists of seven B-strands (81, Ala'*'-Val'?*®; B2,
Glu*-Leu'"®; B3, Leu'*’—Asp'®% B4, His'**-Ile'*’; B5,
Ser'®3-GIn'®; 86, Glylss—Tyrlss; and 87, Thr*®”—Thr??) and
two a-helices (al, Glu'*®*-Ser''’; a2, Arg®''-Glu**°). The
seven B-strands are folded into two antiparallel B-sheets
(B1-B4 and B5-B7), which are orthogonally arranged to form a
B-sandwich structure that is closed off by the C-terminal a-he-
lix (a2). These structural features are characteristic of the
canonical PH domain fold (Fig. 7A), whereas the additional
a-helix (a1) is tethered to the C-terminal a-helix («2). A typical
PH domain from PLC-81 complexed with Ins(1,4,5)P; (PDB
code 1MAI) is presented in Fig. 7B as a reference. Inositol
(1,4,5)-trisphosphate (Ins(1,4,5)P;) binds to the positively
charged surface (indicated by blue color) of the PH domain of
PLC-81 and a corresponding positively charged surface is
absent in the C-ter of ZF21.

31606 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 7. Comparison of the structures of the ZF21 C-terminal and
PLC-61 PH domains. A, the ZF21 C-terminal domain. B, crystal structure of
the PLC-81 PH domain in complex with Ins(1,4,5)P; (PDB code TMAI). Left
panels are ribbon representations. The a-helices and B-strands are shown in
red and green, respectively. Ins(1,4,5)P5 is shown as a stick model. Right panels
are electrostatic potential surfaces. The electrostatic potentials were calcu-
lated with the GRASP program (58). The range of the potential is from —5.0
(red) to +5.0 kT/e (blue). The orientations are the same as in the left panels.

DISCUSSION

Four CXXC sequences are conserved within the FYVE
domain, as is the case with other zinc finger domains (49). In
addition to the zinc finger motif, the FYVE domain comprises
three additional conserved elements: the N-terminal WXXD,
the central R(R/K)HHCR, and the C-terminal RVC sequences
(49). These elements are conserved in the FYVE domain of
ZF21, although the C-terminal RVC sequence is substituted by
RQC. As we reported previously, the subcellular localization of
ZF21 largely overlaps with that of EEA1, a well characterized
endosomal marker, and substitution of the conserved His resi-
dues within the central R(R/K)HHCR motif of ZF21 to aspara-
gine prevented its localization to endosomes (28). However,
several studies have reported that the FYVE domain of EEA1 is
essential but not sufficient for endosome targeting (29). Target-
ing of EEA1 to the endosome requires the presence of an addi-
tional ~40 amino acids N-terminal to the FYVE domain (29).
Consistent with this observation, substitution of the FYVE
domain of ZF21 with that of EEA1 abrogates the endosomal
localization, leading to a diffuse cytoplasmic localization (Fig.
3C, m1V-SWAP, green). Unlike EEA1, ZF21 requires sequences
C-terminal to the FYVE domain to localize to endosomes,
because truncation of the C-ter region also leads to a pattern of
diffuse cytoplasmic localization (Fig. 3C, m1V-N, green).
Therefore, association of FYVE domain-containing proteins
with lipid bilayers via the FYVE domain is likely affected by the
nature of the surrounding protein sequences in a manner spe-
cific to each protein. In addition to PI(3)P, the FYVE domain of
ZF21 binds FAK, whereas EEA1 does not. ZF21 also localizes to
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the sites of FAs even though it has no FA-targeting motif (50).
Therefore, the interaction of the FYVE domain of ZF21 with
FAK is thought to be important for this localization. Indeed,
expression of ZF21 could not promote cell migration of FAK-
depleted cells and a ZF21 mutant that could not bind to FAK
was unable to restore the migratory ability of ZF21-depleted
cells. Thus, the FYVE domain of ZF21 is indispensable for its
specific activity.

The C-ter of ZF21 also has a function independent from that
of the FYVE domain, as it is sufficient to bind B-tubulin but not
FAK. Structural analysis of the C-ter fragment by NMR spec-
troscopy and a structural similarity search using the Dali server
(51) revealed that the C-ter domain shares structural homology
with the PH domain of phospholipase C-B2 (PLC-32) (PDB ID
2ZKM), with a Z-score of 9.8 and a sequence identity of 11%,
and with that of phospholipase C-81 (PLC-61) (PDB code
1MALI), with a Z-score of 9.3 and a sequence identity of 13% (52,
53). PH domains exist in a number of proteins involved in signal
transduction and in components of the cytoskeleton (31). Many
PH domains bind phosphoinositides and are involved in mem-
brane targeting. The PLC-81 PH domain tightly interacts with
Ins(1,4,5)P,, which is bound on the positively charged surface
consisting of the B1/82 and B3/B4 loops (Fig. 7B, blue color
area) (53). The basic amino acid residues generating the posi-
tively charged surface in the PH domain make direct contact
with the sugar phosphates of Ins(1,4,5)P;. Site-directed
mutagenesis of these residues markedly decreased the affinity
of the PH domain for Ins(1,4,5)P; (54), indicating that the pos-
itively charged surface is essential to bind the phospholipid.
These residues are also conserved and indispensable in other
Ins(1,4,5)P,-binding proteins, such as the phosphotyrosine-
binding domain (55) or fructose-1,6-bisphosphate aldolase A
(56). On the other hand, the corresponding surface of the ZF21
C-ter domain lacks such positively charged residues (Fig. 74,
red color area), suggesting that the ZF21 C-ter domain cannot
bind phosphoinositides (Fig. 7A4). However, confirmation of
whether ZF21 indeed lacks affinity for phosphoinositides and
whether the C-ter domain plays a role in the function of ZF21
via the PH-like domain will require the study of recombinant
proteins with mutations within this region of the protein. The
phosphotyrosine binding and the Enabled/VASP homology
domains, which are members of the PH domain superfold fam-
ily, are also used as interaction interfaces for protein ligands
such as that of PLC-B2 (31, 57). Hence, it is particularly inter-
esting how the C-ter domain of ZF21 interacts with B-tubulin.

The PH-like domain of ZF21 is sufficient to bind B-tubulin
(27), but the role of this interaction in the function of ZF21
remains unclear. This is largely because of the fact that deletion
of the PH-like domain also abolishes the ability of ZF21 to inter-
act with intracellular vesicles via the FYVE domain. The FYVE
domain and the PH-like domain of ZF21 may be functionally
and/or conformationally interdependent in vivo. However, the
interaction of ZF21 with B-tubulin must be important for the
regulation of the disassembly of FAs, because B-tubulin is a
component of microtubules that extend to FAs so as to trigger
the disassembly (12). Kinesin motor proteins that convey vesi-
cles to the cell periphery along with microtubules are also
important for the regulation of the disassembly of FAs (16).
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FIGURE 8. Possible function of the PH-like domain of ZF21. A, the PH-like
domain of ZF21 may facilitate the loading of ZF21 onto transport vesicles
localized to MTs and facilitates to convey the FA disassembly factors. Interac-
tion of ZF21 with MTs via the PH-like domain and B-tubulin may represent an
initial step of this process (/). ZF21 on MTs is thought to bind phosphoinositi-
des within the transport vesicles (ii). ZF21 on MTs recruits FA disassembly
factors, such as SHP-2 or m-calpain, to the transport vesicles (iii). The plus or
minus end of MTs is indicated by symbols (+ or —), respectively. B, the PH-like
domain of ZF21 may act as an acceptor site for MTs on FAs. MTs extended to
FAs may be anchored to FAs by interacting with the PH-like domain of the
ZF21 protein that already is localized to the FAs (a). ZF21 may recruit the
heterodimeric a- and B-tubulin complex via the PH-like domain so as to pro-
vide substrates for the polymerization of MTs (b).

Therefore, the interaction of the PH-like domain of ZF21 with
B-tubulin proteins comprising microtubules might facilitate
the loading of ZF21 onto transport vesicles on microtubules
(Fig. 8A). ZF21 also interacts with m-calpain and SHP-2, which
might allow the former to convey these disassembly factors to
FAsvia microtubules (Fig. 84). The PH-like and FYVE domains
of ZF21 cooperate to bind these FA disassembly factors,
whereas the interaction of ZF21 with FAK and B-tubulin only
requires the FYVE or PH-like domain, respectively. Otherwise,
the PH-like domain of ZF21 localized to FAs may act as an
acceptor site for the plus end of microtubules (Fig. 8B, 4). The
exact mechanism might become more clear when the structural
basis of the interaction between the PH-like domain and 3-tu-
bulin is solved. It is also possible that ZF21 binds a heterodimeric
a- and B-tubulin complex via the PH-like domain so as to convey
it along microtubules to the plus end where polymerization of
tubulin is taking place (Fig. 8B, b). These possible functions of the
PH-like domain of ZF21 are summarized in Fig. 8.

After we reported that ZF21 is a regulator of cell adhesion
and migration, a separate report appeared that revealed that the
expression of this gene (also termed MGC2550) is increased in
metastatic colorectal cancer when compared with non-meta-
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static disease, based on serial analysis of gene expression (30).
Consistent with this finding in clinical specimens, ZF21 was
confirmed to promote an early step of lung metastasis at least in
an experimental metastasis assay in mice. The ability of ZF21 to
promote cell migration through the ECM is presumably impor-
tant for cancer cells to traverse blood vessels for extravasation
and this idea is consistent with the fact that ZF21 knockdown
rendered cells unable to invade into lung tissue. Cancer cells
that failed to accomplish extravasation generally died within
24 h and were cleared rapidly from the bloodstream of lung
tissue. However, increased expression of ZF21 in cancer cells
promotes cell migration in, on the one hand, and reduces the
ability of the cell to adhere to the ECM on the other. Therefore,
overexpression of ZF21 in cancer cells may diminish survival
signals evoked by the attachment to the ECM and enhance the
rate of anoikis. Presumably, cancer cells use acquired resistance
to apoptosis to antagonize the process of anoikis.

In conclusion, both the FYVE domain and the C-terminal
PH-like domain are indispensable for prometastatic activity of
ZF21. Thus, analysis of the structure of ZF21 provides impor-
tant information to develop therapeutic agents to treat malig-
nant tumors.
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