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The FEZ1/LZTS1 gene maps to chromosome 8p22, a region that is
frequently deleted in human tumors. Alterations in FEZ1/LZTS1
expression have been observed in esophageal, breast, and prostate
cancers. Here, we show that introduction of FEZ1/LZTS1 into
Fez1/Lzts1-negative cancer cells results in suppression of tumori-
genicity and reduced cell growth with accumulation of cells at late
S-G,/M stage of the cell cycle. Fez1/Lzts1 protein is hyperphos-
phorylated by cAMP-dependent kinase during cell-cycle progres-
sion. We found that Fez1/Lzts1 is associated with microtubule
components and interacts with p34<9< at late S-G,/M stage in vivo.
Present data show that FEZ1/LZTS1 inhibits cancer cell growth
through regulation of mitosis, and that its alterations result in
abnormal cell growth.

H uman cancers result from the accumulation of genetic
alterations at specific chromosomal regions involving a
multistep process (1-3). The short arm of human chromosome
8 (8p) is frequently deleted in human cancer (4-7). We have
positionally cloned and characterized the FEZ1/LZTS1 (leucine
zipper, putative tumor suppressor 1) gene at 8p22 (8), a region
that is lost in many tumors, including prostate, breast, head-
and-neck, esophageal, and urinary bladder carcinomas. FEZI
expression is altered in cancers, including >50% of tumor cells
tested, and somatic mutations were observed in several cancers
(8,9). Immunohistochemical analysis shows that Fez1 expression
is absent or reduced in 44% of gastric cancer with significant
correlation to diffuse histotype (P < 0.001); its inactivation is
caused by several factors, including genomic deletion and meth-
ylation (9). The data show that the FEZI gene is prone to
inactivation in human cancer, and that the FEZ]I is inactivated
by “two-hit” events that include allelic loss, point mutations, and,
possibly, allelic loss plus shut-down transcription. These events
suggest alterations of FEZI contribute to cancer development.

Although Fez1 has a region of homology with protein kinase
A (PKA)-activated leucine-zipper protein, little is known about
its biological function. Leucine-rich repeats have been found in
peptide sequences of over 70 proteins with diverse functions and
origins (10). Leucine-rich repeat superfamily proteins are lo-
cated in the nucleus, cytoplasm, plasma membrane, and extra-
cellular matrix (10). The present analysis shows that Fezl
localizes predominantly in the cytoplasm. Yeast two-hybrid
screening has allowed the identification of Fezl-binding part-
ners, including elongation factor (EF) 1+, which has been shown
to associate with microtubules (11-14), and p34°4<2 kinase (14,
15). Investigation of the interaction of Fezl/Lztsl indicates
Fezl/Lztsl is associated with microtubule components and
interacts with p34°9°2 jn vivo. The present data show that Fezl
protein plays a role in mitosis and is involved in the stabilization
of active p34°d2, and that alterations of Fezl lead to early exit
from mitosis.

Materials and Methods

Cell Culture and Cell-Cycle Synchronization. Cell lines were obtained
from the American Type Culture Collection and were main-
tained as recommended. Synchronization of cells at G;/S was
performed by double-thymidine block, as described (16). PKA
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inhibitor N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline-
sulfonamide (Sigma) was used in culture medium (17).

Expression Vectors and Transfection. Full-length and mutated
FEZI cDNAs were cloned by reverse transcription—-PCR ampli-
fication from human normal brain cDNA (CLONTECH) or
from cancer cDNAs as templates (8). FEZI cDNAs were ligated
in the sense direction into pcDNA vectors (Invitrogen), tetra-
cycline (Tet)-Off-inducible vector (CLONTECH), glutathione
S-transferase (GST)-fusion pGEX vector (Amersham Pharma-
cia), or cytomegalovirus-driven green fluorescent protein
(GFP)-fusion plasmid-enhanced-GFP vector (CLONTECH).
Full-length FEZI cDNA was ligated in an antisense direction
into ecdysone-inducible vector (Invitrogen). Nucleotide se-
quences of inserted cDNAs were verified by sequencing. For
transfection, cells were grown and incubated with plasmid DNAs
and GenePorter reagent (Gene Therapy Systems, San Diego,
CA). To obtain stable transfectants, cells were cultured in
selection medium containing 300 wg/ml neomycin/G418 or 200
wg/ml hygromycin.

Cell Growth Assay. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium, in-
ner salt] assay was performed with the CellTiter 96 Aqueous
nonradioactive cell-proliferation assay kit (Promega). A reading
of OD at 490 nm in the MTS assay in a 96-well plate showed
linear compatibility with the number of cells in a range between
2 X 10% and 1 X 10° cells per well, counted by trypan-blue
staining to exclude dead cells. Four independent assays were
performed for each experimental group. For the tumorigenicity
study, cells were inoculated s.c. into the left dorsal subclavicular
region of 6-week-old female BALB/c nude mice. The tumor
volume for each mouse was determined by measuring in two
directions and was calculated as follows: tumor volume =
[length X (width)?]/2.

Cellular Protein Fractionation. Cytoplasmic and nuclear protein
was extracted as described (18). Briefly, 293 cells (107) were
suspended in hypotonic buffer and centrifuged, and the super-
natant was collected as cytoplasmic extract C1. The pellet was
broken by homogenization and centrifuged, and the supernatant
was collected as intermediate extract C2. The pellet was resus-
pended in nuclear sample buffer.

Protein-Protein Interaction. Yeast two-hybrid screening was per-
formed with MATCHMAKER system 2 (CLONTECH). For in
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vitro binding assay, peptide EF family proteins «, 8, and 6 cDNAs
were cloned by reverse transcription-PCR amplification from
human liver cDNA (CLONTECH) and ligated into vectors. In
vitro transcription/translation was performed with a rabbit re-
ticulocyte system (Amersham Pharmacia) by labeling with
[33S]methionine (Amersham Pharmacia). Proteins were incu-
bated in two binding buffers: buffer A (100 mM NaCl/0.5%
Nonidet P-40/0.75 mg/ml BSA/20 mM Tris'HCI, pH 8.0/1 mM
EDTA), or buffer B [150 mM NaCl/0.1% Tween 20/0.75 mg/ml
BSA/50 mM TrissHCI, pH 8.0/5 mM EDTA/10% (vol/vol)
glycerol] in 100 ul. After adding glutathione—agarose beads
preincubated with 10% (wt/vol) BSA, samples were washed five
times with each binding buffer and were centrifuged to pull down
binding proteins. Samples were boiled and subjected to SDS/
PAGE, and gels were exposed to x-ray film.

Microtubule Assembly. Tubulin purified by two heat-dependent
assemble/disassemble cycles from bovine brain (Sigma) con-
taining 15% microtubule-associated proteins were disassembled
at 4°C and subjected to in vitro assembly as described (19). Forty
micrograms of assembled or disassembled tubulin was subjected
to 4-20% gradient SDS/PAGE followed by Coomassie blue
staining or by immunoblot analysis. In vitro tubulin polymeriza-
tion assay was performed as described (20).

Immunoassay. Immunoblotting and immunoprecipitation fol-
lowed by detection of signals with the enhanced chemilumines-
cence (ECL) system (Amersham Pharmacia) were performed as
described (21). Mouse monoclonal antibodies used were anti-V5
tag (Invitrogen), anti-Xpress (EXP) tag (Invitrogen), anti-a
tubulin (Santa Cruz Biotechnology), anti-p34cdkl/ede? (Santa
Cruz Biotechnology), anti-cyclin B; (Santa Cruz Biotechnolo-
gy), anti-phosphoserine (Sigma), and anti-B-actin (ICN). Rabbit
polyclonal antibodies used were anti-Fezl (9) and anti-EF1vy,
kindly given by W. Moller and G. M. C. Janssen (Univ. of Leiden,
The Netherlands). Immunofluorescence staining was performed
by culturing cells on chambered coverglass, followed by meth-
anol fixation, 0.05% Triton X-100 treatment, and staining with
first and secondary antibodies (Zymed) as indicated. Confocal
analysis was performed on a Bio-Rad MRC-600 laser scanning
confocal microscope.

Phosphorylation Assay. The PKA catalytic subunit (Sigma) was
used for the PKA phosphorylation assay in reaction buffer, as
described (20). The p34¢dkl/ede? kinase assay was performed with
the kit (Upstate Biotechnology, Lake Placid, NY) by using
[y-3?P]ATP with or without the addition of cyclin B. Samples
were separated by SDS/PAGE, and gels were exposed to x-ray
film.

Results and Discussion

Fez1 Protein Expression in Cancer Cells Results in Reduced Cell Growth
in Vitro and in Vivo. By using a Tet-inducible Fezl expression
system, we constructed FEZI transfectants of Fezl-negative
breast cancer MCF7 cells. In this system, the transgene expres-
sion is suppressed by Tet, whereas transfectants express the
transgene in the absence of Tet (22). Transfectants were grown
and maintained in medium with Tet to repress Fezl expression.
We picked up 120 well isolated, independent clones after 5 weeks
of selection in medium with hygromycin B and Tet. Immunoblot
analysis showed that four well isolated clones showed substantial
induction of Fezl expression when cultured without Tet,
whereas Fezl expression either was barely detectable or was not
detectable when cultured with Tet. We repeated immunoblot
analysis in medium with or without Tet by using different serum
concentrations (0.5-10%) to confirm the reproducibility of Fez1
induction [representative data in 5% (vol/vol) serum culture are
shown in Fig. 14]. In vitro cell growth of inducible MCF7 FEZ1
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Fig. 1. Cell growth and tumorigenicity of Tet-inducible MCF7 FEZT trans-

fectants. (A) Immunoblot analysis with anti-Fez1 antibody of MCF7 FEZ1
transfectants. Four Tet-inducible MCF7 FEZ1 transfectants (clones 15, 18, 54,
and 118) were cultured in Tet-free 5%-serum medium to induce Fez1 expres-
sion. Proteins were extracted and analyzed before (lanes 1, 3, 5, 7, and 9) and
after (lanes 4, 6, 8, and 10) Fez1 induction. Lanes 1 and 2, control vector
transfectants. (B) In vitro cell-growth analysis. After Fez1 induction, four
clones were seeded in 10, 5, 2.5, 1, or 0.5% serum medium without Tet. Cell
growth of Tet-inducible MCF7 FEZ1 transfectants were analyzed by MTS assay.
Data from transfectants were divided by data from control vector transfec-
tants for the ratio. (C) Tumorigenicity of MCF7 FEZ1 transfectants. Cells of four
MCF7 FEZ1 transfectants precultured in Tet-free medium for 72 hr [5 X 108 (/)
or 2 X 107 (/)] were inoculated into four nude mice for each. ®, clone 15; m,
clone 18; [J, clone 54; <, clone 118; O, control vector transfectant.

transfectants was analyzed by MTS assay (Promega) to analyze
viable cell numbers (Fig. 1B). Results show that cell growth was
reduced after Fezl induction, compared with control transfec-
tants. This reduction was more pronounced when cells were
cultured in 0.5-5% serum (Fig. 1B) and when cells were grown
at subconfluent densities (40-80%; data not shown). In vivo
tumorigenicity of MCF7 FEZI transfectants was reduced,
whereas control cells formed tumors (Fig. 1C). These data
indicate that Fezl expression inhibited cell growth in vitro and
tumor formation in vivo.

MCF7 FEZI transfectants were subjected to flow-cytometry
analysis to assess the effect of Fezl expression on cell-cycle
progression (Fig. 24 and B). FEZI transfectants in medium with
or without Tet were synchronized at G;/S with a double-
thymidine block. After the removal of thymidine, cell popula-
tions corresponding to G,/M (Fig. 2BI) and S (Fig. 2BII) were
measured at indicated times. Data show that Fezl-positive cells
accumulated in S phase at 7-12 hr and in G,/M phase at 9-12
hr. Taken together with the analysis shown in Fig. 1B, these data
indicate that Fezl expression exerts an inhibitory effect on cell
growth by affecting cell-cycle progression.
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Fig. 2.  Cell-cycle analysis and protein modification of Fezl. (A and B)

Cell-cycle analysis of synchronized MCF7 FEZ1 transfectants. FEZ1 transfec-
tants were cultured in Tet-free medium and treated with double-thymidine
block. After medium was exchanged for fresh medium, cells were fixed at
indicated times and subjected to flow-cytometry analysis. Representative data
for clone 54 is shown in A. Data in B are shown as ratios of Gy/M (Upper) or S
(Lower) to Gy population of clone 18 (solid line) or clone 54 (dotted line). ®,
with induced Fez1; O, without Fez1. (C and D) Endogenous Fez1 protein
analysis in synchronized 293 cells in medium without (C) or with (D) 20 M PKA
inhibitor. After medium was exchanged for fresh medium, cellular proteins
were extracted at indicated times and subjected to immunoblot analysis with
anti-Fez1 or anti-actin antibody. P in figure denotes Fez1 with lower mobility.
(E) Serine phosphorylation of Fez1 protein in MCF7 Tet-inducible FEZT trans-
fectants (clone 54). After synchronizing, cells were incubated in fresh medium
for indicated times. Lysates were immunoprecipitated with anti-Fez1 anti-
body, followed by immunoblot analysis with anti-phosphoserine (P-Ser) or
anti-Fez1 antibody (Fez1). Cells were harvested at 0 (lane 1), 1 (lane 2), 2.5
(lane 3), 6 (lane 4), or 8 hr (lane 5) after relief from G4/S block. (F) In vivo
phosphorylation of Tet-inducible MCF7 FEZ1 transfectants (clone 54) with
[32P]orthophosphate. Cells were cultured in medium containing
[32P]orthophosphate with Tet (lane 1) and without Tet (lane 3). Lane 2, control
vector transfectant. Lysates were immunoprecipitated with anti-Fez1 anti-
body, subjected to SDS/PAGE, dried, and exposed to film.

Fez1 Protein Is Phosphorylated During Cell-Cycle Progression. To
assess whether Fezl protein is modified during cell-cycle pro-
gression, we synchronized endogenous Fez1-positive 293 cells or
Tet-inducible MCF7 FEZI transfectants by double-thymidine
block, followed by culture in fresh medium to allow progression
through the cell cycle. Immunoblot analysis of 293 cell lysates
with anti-Fez1 antibody showed Fez1 protein with lower mobility
at 8—12 hr after relief from G/S block, when cells are at late
S-G,/M phase (Fig. 2C). The presence of Fezl protein with a
different mobility suggests SDS-resistant modification of Fezl,
or different charges of the protein. Proteins were subjected to a
denaturing condition of 6 M urea-SDS/PAGE, followed by
immunoblot analysis with anti-Fez1 antibody, which showed the
disappearance of the lower mobility Fezl protein (H.I. and
C.M.C,, unpublished data), suggesting that SDS-resistant mod-
ification(s) of Fezl occurred during cell-cycle progression. Da-
tabase searches indicated that Fezl has a region homologous to
PKA-responsive activated protein (8), and it has been shown that
PKA phosphorylates serine and threonine residues of various
proteins (23). Immunoblot analysis with anti-phosphoserine
antibody showed that Fezl protein immunoprecipitated from
FEZ] transfectants was hyperphosphorylated on serines during
cell-cycle progression (Fig. 2E). When we treated synchronized
293 cells with PKA inhibitor in medium, immunoblot analysis of
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293 cell lysate with anti-Fezl antibody showed an absence of
lower mobility Fezl protein during cell-cycle progression (Fig.
2D). In addition, Tet-inducible MCF7 FEZ] transfectants were
radiolabeled to analyze phosphorylation in vivo. Results showed
that, after Fezl induction, a 67-kDa radiolabeled protein was
immunoprecipitated with anti-Fez1 antibody after a 2-hr culture
with [3?P]orthophosphate (Fig. 2F). These data demonstrate
protein modifications of Fezl, including serine phosphorylation
by PKA during cell-cycle progression.

Fez1 Protein Binds to EF1y Protein. Cytoplasmic and nuclear pro-
teins were extracted separately from 293 fetal kidney cells to
assess cellular localization of Fez1 protein. Immunoblot analysis
showed that Fezl protein was localized predominantly in the
cytoplasm with only a small fraction in the nucleus (Fig. 34). An
expression vector with GFP-fused FEZ1 cDNA was transfected
to analyze cellular localization in living cells, showing GFP-Fez1
predominantly in the cytoplasm, whereas a control GFP vector
transfectant showed GFP expression in both the cytoplasm and
nucleus (Fig. 3B), suggesting that Fezl protein caused localiza-
tion of fusion protein preferentially in the cytoplasm in vivo.

Yeast two-hybrid screening was performed in the Y790 yeast
strain to identify binding partner(s) of the Fezl protein. The
Y190 was transformed with pAS2-1 full-length FEZI vector as
a “bait,” to screen 3 X 10° clones of pACT2 cDNA expression
library, followed by B-galactosidase assay. We isolated clones
and performed DNA sequencing. Positive clones were redun-
dant and classified into 24 sequences (>100 bp), including six
unknown fragments. Of the 18 known gene sequences, 8 corre-
sponded to EF1y (12, 13), whereas 6, 2, and 2 corresponded to
other genes. To confirm the result, B-galactosidase assay was
performed with four isolated cDNA clones, demonstrating that
the candidate clone EF1y showed strong interaction with Fezl
(the reaction time was <15 min, whereas positive control
reaction was 15-20 min, and negative control was >48 hr). The
other three clones took >1 hr to express the B-galactosidase
reaction.

EF1vy is a member of the protein family composed of EFla,
B, v, and 8 proteins (12, 13). To analyze binding of EFs to Fezl
further, we performed an in vitro binding assay with GST-fused
Fezl1 proteins and in vitro-translated EFle, 3, v, and 6 proteins.
We found that Fezl bound to EF1y (Fig. 3C), whereas binding
of Fezl to EFla (Fig. 3C) or & (data not shown) was not
detected. Binding of Fezl to EF18 was not informative, because
EF1B bound to GST (data not shown). We made three deletion
mutants of in vitro-translated EF1vy, retaining the N-terminal 153
aa, the C-terminal 126 aa, or the mid-portion 149 aa, and
analyzed binding with GST-Fezl. Fezl bound to N-terminal
EF1vy but not to the other two parts (data not shown). To
confirm this fact, we performed another binding assay with
GST-fused N-terminal 153-aa protein of EFly and in vitro-
translated Fezl, which showed truncated Fezl protein (N-
terminal 2/3 part of Fezl protein, which lacks a C-terminal
region downstream of the leucine-zipper repeat) bound to the
N-terminal 153-aa protein of EF1y (Fig. 3D). HeLaS3 cells were
cotransfected by using two expression vectors with full-length
FEZI and EF1y cDNAs to assess in vivo interaction, showing
Fezl was coimmunoprecipitated with EF1ly protein (Fig. 3E).
We also detected in vivo association of endogenous Fezl and
EF1vyproteins in synchronized 293 cells (Fig. 3F). It is shown that
EF1vy protein is involved in microtubule association (11-14) as
well as in peptide synthesis (12, 13). Our current study shows that
induction of Fez1 results in the accumulation of cells in S-G»/M,
when microtubule dynamics are developed (24). We then exam-
ined Fezl involvement in microtubule function.

Fez1 Is Associated with Assembled Microtubules. Tubulin- and
microtubule-associated proteins extracted from brain by heat-
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Fig. 3. Intracellular localization of Fez1 protein and characterization of
Fez1-interacting proteins. (A and B) Cytoplasmic localization of Fez1 protein.
(A) Proteins were extracted from the cytoplasm (C1) and nucleus (N) of 293
cells, electrophoresed, and immunoblotted with anti-Fez1 (lanes 1-3) or anti-
tubulin antibody (lanes 4-6) by using 40 ug of protein per lane. C2, interme-
diate extract. (B) GFP-fusion Fez1 expression vector was transfected into
Fez1-negative HelaS3 cells (/l), and GFP expression was observed under a
fluorescent microscope. (/) GFP vector control transfectant. (Bar = 5 um.) (C)
In vitro binding of EF1y to Fez1. The interaction was shown by binding assay
with [3*S]methionine-labeled in vitro-translated EF1y protein (lanes 1-8),
which was incubated with GST-Fez1 (67 kDa; lane 2) or GST-C-terminal trun-
cated Fez1 (40 kDa, corresponding to nucleotides 1-1128; lanes 4 and 7). Lanes
1, 3, and 6, addition of only GST protein as negative control; lanes 5 and 8,
translated EF1y protein alone as positive control (showing input). Reaction
was shown in two different buffers, buffer A (lanes 1-4) and buffer B (lanes
6 and 7), as described in text. Binding of in vitro-translated EF1« (lanes 9 and
10) to GST-Fez1 (lane 10) was analyzed with buffer B. Lane 9, addition of only
GST; lane 11, in vitro-translated protein alone, showing input. (D) In vitro
binding of Fez1 proteins to N-terminal EF1yprotein. Similar to C, binding assay
in buffer B was performed with in vitro-translated full-length 67-kDa Fez1
(lanes 1 and 2) or truncated 40-kDa Fez1 (lanes 3 and 4), incubated with
GST-N-terminal EF1y protein (lanes 2 and 4). Lanes 1 and 3, addition of only
GST. In vitro-translated full-length 67-kDa (lane 5) or truncated 40-kDa Fez1
(lane 6) were shown as positive controls. (E) Interaction of Fez1 with EF1yin
transfectants. Full-length FEZT or EF1y cDNA was ligated to pcDNA4V5 or
pcDNA3His vector to express V5 tag- or EXP tag-fused protein, respectively.
HeLaS3 cells were cotransfected with the vectors. Immunoblot analysis with
antitag antibodies shows transfectants express ~70-kDa Fez1 protein (lane 2)
or ~50-kDa EFy protein (lane 8). Lanes 1 and 7, vector control transfectants.
Immunoprecipitation (IP) with antitag antibodies (V5 and EXP) or control
normal serum (NRS) was performed from lysates, followed by immunoblot
analysis with anti-V5 (lanes 3-6) or anti-EXP antibody (lanes 9-12). (F) Immu-
noprecipitation of Fez1 and EF1y in synchronized 293 cells. Similar to Fig. 5
A-C, 293 cells were synchronized and analyzed after a 6-hr culture plus a 2-hr
treatment with 40 ug/ml nocodazole (late S-G,/M). Cellular proteins (1.5 mg)
were subjected to immunoprecipitation with anti-EF1y antibody (EF1y) or
normal rabbit serum (NR), followed by immunoblotting with anti-Fez1 anti-
body (wt:Fez, indicated by arrow).

dependent assemble/disassemble treatment were used to ana-
lyze the association of Fezl with tubulin. Coomassie blue
staining after SDS/PAGE showed assembled tubulin contained
proteins of various sizes, including 65- to 70-kDa proteins (Fig.
44). Immunoblot analysis with anti-Fezl antibody detected a
67-kDa band in assembled tubulin but not in disassembled
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Fig. 4. Interaction of Fez1 with Microtubules. (A) Association of Fez1 with
assembled tubulin. Forty ug each of disassembled (lanes 1 and 3) or assembled
(lanes 2 and 4) tubulin, which was extracted from brain, was electrophoresed
and stained with Coomassie blue (lanes 1 and 2) or immunoblotted with
anti-Fez1 antibody (lanes 3 and 4). (B) Double immunofluorescence with
mouse anti-tubulin and fluorescein-labeled anti-mouse antibody (Tubulin),
and with rabbit anti-Fez1 and rhodamine-labeled anti-rabbit antibody (Fez1).
Yellow areas depict colocalization of the two fluorochromes (Tubulin + Fez1).
Fetal kidney 293 cells were cultured in medium without (293) or with (293 +
Noc) nocodazole (40 ng/ml) before staining. 293/AS (similar to Fig. 5 A-C), 293
cell transfectants expressing ecdysone-inducible antisense FEZ1, cultured with
ecdysone derivative ponasterone A to inhibit endogenous Fez1 expression.
(Bar = 5 um.) (C) Fez1-negative cervical cancer HeLaS3 cells transfected with
full-length (Wt) or N-terminal truncated (C-term, lacking N-terminal 388-aa
portion) FEZ1 cDNA in pcDNA4VS5 vector. MTS cell-growth assay (Upper) was
performed, similar to Fig. 1B. Immunofluorescence (Lower) was performed
with anti-V5 tag and fluorescein-labeled anti-mouse antibody. wt, wild-type
FEZ1; C-term, truncated FEZ1; Control, without primary antibody. (Bar = 5
um.) (D) In vitro kinase assay of Fez1 proteins. Purified recombinant GST-Fez1
proteins (wt, S29P, and Q501Stop) were subjected to the analysis. PKA was
incubated with wt (lane 1), mutated (Q501Stop) (lane 2), or mutated (S29P)
protein (lane 3) at 30°C for 45 min for [y-32P]ATP labeling. Samples were
subjected to SDS/PAGE, dried and exposed to film. (E) In vitro kinetics of Fez1
phosphorylation by PKA. One pg each of purified GST-wt or S29P mutated
Fez1 protein (Mut) was subjected to kinase assay using [y-32P]ATP, without or
with (+ Hep) heparin at 20 png/ml. Samples were separated by SDS/PAGE,
dried, and exposed to film for quantitative analysis with the Phosphorimager
(Molecular Dynamics). y axis, mol of phosphate per mol of Fez1. (F and G)
Involvement of Fez1 with tubulin polymerization in vitro. Purified tubulin and
purified MAP2 were incubated at 37°C for indicated times with GST-Fez1 (F,
@), PKA-phosphorylated GST-Fez1 (F, ®), GST-mutated Fez1 (S29P) (G, m), and
PKA-phosphorylated GST-mutated Fez1 (S29P) (G, square with cross). Controls
in Fand G include reactions with tubulin and MAP2 (OJ), with tubulin, MAP,
and GST (diamonds with cross), or reaction buffer alone (O). Absorbance at
350 nm was measured with spectrophotometer, and the increase is shown.

tubulin (Fig. 44). To investigate the effect of tubulin assembly
on Fezl association, cytoplasmic fractions were extracted from
synchronized 293 cells and incubated with paclitaxel to inhibit
tubulin depolymerization in vitro (25). Results showed that Fez1
is associated with assembled tubulin precipitates from the ex-
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tracted cytoplasmic protein of cells in the G;/S, S, and, to a lesser
extent, the G,/M phase, but not with disassembled precipitates
induced by colchicine (data not shown).

We performed double immunofluorescence to assess colocal-
ization of Fezl protein with microtubules in vivo. The results
demonstrated the filamentous nature of Fezl throughout the
cytoplasm (Fig. 4B). Tubulin and Fez1 filaments were colocal-
ized in 293 cells (Fig. 4B) and esophageal cancer TE1 FEZI
transfectants (data not shown). When cells were treated with
nocodazole to inhibit microtubule polymerization, both tubulin
and Fez1 staining were diffusely cytoplasmic, suggesting that the
filamentous pattern of Fezl protein depends on polymerized
microtubules. To elucidate Fezl function further, we analyzed
microtubule association and cell-growth inhibition. When we
transfected Fezl-negative cells with FEZ1 cDNA vectors, the wt
Fezl protein was associated with microtubules and cell growth
was inhibited, whereas the truncated Fezl lacking the N-
terminal segment neither associated with microtubules nor
inhibited cell growth (Fig. 4C). The data show that Fezl protein,
but not its C-terminal segment, plays a role in association with
microtubules and inhibition of cell growth.

Previous analysis of human cancer cells has shown altered
expression and somatic mutations of FEZ], including missense
mutation (S29P) and nonsense mutation (Q501Stop; ref. 8).
cDNAs were synthesized from mRNAs of these cancer cells and
ligated into expression vector to make recombinant, mutated
Fezl proteins. Five micrograms of purified GST-fused mutated
Fez1 proteins, S29P, and Q501Stop, and wt Fezl protein were
incubated with [y->’P]ATP and PKA catalytic subunit in vitro.
Results showed that wt protein was phosphorylated to a level
similar to that of mutated Q501Stop protein, whereas mutated
S29P protein was hyperphosphorylated compared with wt Fez1
protein (Fig. 4D). The data suggest that the phosphorylation
sites are N-terminal to GIn-501. The S29P protein seems to be
more susceptible to PKA phosphorylation. To confirm this
possibility, phosphorylation kinetics were analyzed by incubating
purified GST-fused wt and mutated S29P proteins with
[y-?P]ATP and PKA. Results showed that mutated S29P pro-
tein was hyperphosphorylated with a faster reaction and at a
higher intensity than wt Fez1 protein, and that heparin enhanced
phosphorylation (Fig. 4F). Purified GST-fused Fezl proteins,
wt, and S29P mutant, with and without PKA phosphorylation,
were incubated with purified tubulin in the presence of purified
mitogen-activated protein (MAP)2, which had been shown to
induce tubulin polymerization (26). Results showed that both wt
and mutant (S29P) Fez1 proteins without PKA phosphorylation
inhibited (by 90% and >95%) M AP2-induced tubulin polymer-
ization in vitro, whereas GST did not (Fig. 4 F and G), suggesting
that Fezl protein is involved in MAP2-induced assembly of
microtubules in vitro. The inhibition of tubulin polymerization
was reduced by 70-75% when wt and mutant (S29P) Fezl
proteins had been phosphorylated by PKA (Fig. 4 F and G). The
release was more evident in mutant Fez1 (S29P) than in wt Fez1
protein, suggesting that hyperphosphorylation of mutant Fez1
(S29P) might result in the loss of normal Fezl function. The
present data demonstrate that Fezl protein is involved in
microtubule assembly, which is regulated, at least in part, by Fez1
phosphorylation by PKA.

p34<d<2 Mitotic Kinase Interacts with Fez1 Protein. To analyze the
cell-growth regulatory function of Fezl further, we studied its
interaction with other cell-cycle regulators. Previous study
showed that EF1vy is phosphorylated by the p34°4¢? kinase, which
is an important factor in G,/M transition of cell cycle in vivo (14,
15). Infection of Fezl-negative SW780 cancer cells with adeno-
viral FEZ1 vector resulted in the inhibition of cell growth, and
we detected Fezl protein immunoprecipitated with p34cdc?
protein in the infected SW780 cancer cells (A.V. and C.M.C,,
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Fig.5. Association of Fez1 with p34<d<2, (A) Immunoprecipitation of p34<dc2
and Fez1 in synchronized 293 transfectants. 293 cell transfectants expressing
antisense FEZ1 vector under control of ecdysone-inducible system were de-
veloped to inhibit endogenous Fez1 expression with the ecdysone derivative
ponasterone A, as shown in Fig. 4B. 293 antisense FEZ1 transfectants (AS44)
were cultured with (Right, Antisense) or without ponasterone A (Left, Con-
trol) in medium. 293 transfectants were synchronized by double-thymidine
block. After thymidine medium was exchanged, cells were analyzed at 0, 3, or
6 hr plus an additional 2-hr treatment with 40 ug/ml nocodazole (6 h + Noc.).
Cellular proteins (1.5 mg) were subjected to immunoprecipitation with anti-
p34<d2 antibody (Cdc2) or normal rabbit serum (NR), followed by immunoblot
analysis with anti-Fez1 or with anti-p34<< antibody. (B) Histone H1 phos-
phorylation afterimmunoprecipitation with anti-p34<4< or with anti-cyclin B4
antibody from synchronized 293 transfectants. Similar to A, samples were
subjected to phosphorylation assay with [y-32P]JATP and histone H1 after
immunoprecipitation, separated by SDS/PAGE, and exposed to film. Arrows
indicate phosphorylation of histone H1. (C) The p34<d< activation in synchro-
nized 293 transfectants. Similar to A, samples were subjected to immunoblot
analysis with anti-p34<d2 or with anti-cyclin By antibody after immunopre-
cipitation with anti-cyclin By antibody. Asterisks with arrows indicate a de-
phosphorylated active form of p34<d<2, (D and E) Double immunofluorescence
with mouse anti-p34<<2 (D) or mouse anti-cyclin B1 antibody (E), followed by
rhodamine-labeled anti-mouse antibody (Middle), or with rabbit anti-Fez1
antibody (D and E), followed by fluorescein-labeled anti-rabbit antibody
(Left). Yellow areas depict colocalization of both fluorochromes (Right). Chro-
matin was stained with Hoechst 2495 to show in blue. (Bar = 10 um.)

. L chain

unpublished data). In vitro binding data show that PKA phos-
phorylation of Fezl results in a greater association with p34¢dc2
(data not shown).

Because Fezl is phosphorylated by PKA during cell-cycle
progression, we investigated the association of endogenous Fez1
with p34<d<2in 293 cells synchronized by double-thymidine block;
for this experiment, we used synchronized 293 antisense FEZ]
transfectants. Data show that endogenous Fezl was immuno-
precipitated with p34°92 protein in synchronized 293 transfec-
tants (Fig. 54), which were cultured in the absence of ponas-
terone A to express endogenous Fezl. The association was
greater for cells cultured in thymidine-free medium for 6 hr plus
a 2-hr treatment with nocodazole (the late S-G,/M phase) than
for cells cultured for 0 hr (G, /S phase) or for 3 hr (S phase). Less
association was found in 293 antisense FEZI transfectants
cultured with ponasterone A to inhibit endogenous Fezl1 than in
antisense noninduced transfectants. These data show that
p34¢de2 associates with Fezl predominantly in late S-G,/M
phase.

Studies have shown that the activation of p34°4¢? cyclin B,
induces entry into M phase (27), and that the inactivation of the
kinase is indispensable for exit from M phase (28). Immuno-
precipitation was performed with 293 antisense FEZ] transfec-
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tants to assess histone H1 phosphorylation (Fig. 5B). Data show
that, in antisense FEZI noninduced 293 transfectants, histone
H1 phosphorylation was detected in late S—-G,/M phase and was
greater than in antisense-induced transfectants. Data were con-
firmed by immunoprecipitation with anti-cyclin B; antibody,
which showed that the active p34°4<? form in late S-G,/M phase
was reduced in 293 antisense FEZI-induced transfectants (Fig.
5C), suggesting that Fezl is involved in the stability of active
p34¢de2_cyclin By complex in late S-G2/M phase in vivo, and that
inactivation of Fez1 results in destabilization of the kinase, which
leads to an early exit from M phase and uncontrolled cell
proliferation.

We then performed double immunofluorescent staining to
assess localization of Fezl, p34°4°2 and cyclin By in vivo. Results
demonstrated that Fezl colocalized with p34°4¢? and cyclin By in
mitotic 293 cells (Fig. 5 D and E). It has been reported that cyclin
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