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In somatic cells, abscission, the physical separation of daughter cells at the completion of cytokinesis,
requires CEP55, ALIX, and TSG101. In contrast, cytokinesis is arrested prior to abscission in differentiating
male germ cells that are interconnected by TEX14-positive intercellular bridges. We have previously shown
that targeted deletion of TEX14 disrupts intercellular bridges in all germ cells and causes male sterility.
Although these findings demonstrate that intercellular bridges are essential for spermatogenesis, it remains to
be shown how TEX14 and other proteins come together to prevent abscission and form stable intercellular
bridges. Using a biochemical enrichment of male germ cell intercellular bridges, we identified additional bridge
proteins, including CEP55. Although CEPS55 is highly expressed in testes at the RNA level, there is no report
of the presence of CEPS5 in germ cells. We show here that CEP55 becomes a stable component of the
intercellular bridge and that an evolutionarily conserved GPPX3Y motif of TEX14 binds strongly to CEP55 to
block similar GPPX3Y motifs of ALIX and TSG101 from interacting and localizing to the midbody. Thus,
TEX14 prevents the completion of cytokinesis by altering the destiny of CEP55 from a nidus for abscission to

an integral component of the intercellular bridge.

Cytokinesis is the process by which a single cell separates
into two genetically identical daughter cells (8). The events of
cytokinesis begin shortly after the sister chromatids separate
during mitotic anaphase. As the contractile ring narrows, the
future daughter cells are connected by a narrow channel in
which the evolutionarily conserved centralspindlin complex (a
heterotetrameric complex of MKLP1 and MgcRacGap) lo-
calizes (16). Centrosomal 55-kDa protein (CEP55) is re-
cruited from the centrosome to this centrally located com-
plex and interacts with MKLP1 (6, 15, 22). Subsequently,
ALIX (ALG-2 interacting protein X, also known as pro-
grammed cell death 6 interacting protein) and TSG101 (a
component of the ESCRT-1 [endosomal sorting complex
required for transport-1] complex) are recruited to the mid-
body through coiled-coil interactions with the CEPS55 ho-
modimer (3, 15, 17). Glycine (G)-proline (P)-proline (P)-X-X-
X-tyrosine (Y) (GPPX3Y) motifs in ALIX and TSG101 are
critical for this interaction with CEP55 (14, 17). Knockdown
experiments in somatic cells have revealed that a deficiency of
CEPS55 leads to incomplete abscission and formation of
multinucleated cells (3, 17). In addition, knockdown of either
TSG101 or ALIX, known direct downstream interacting part-
ners of CEP55, leads to a similar phenotype (3, 17). These
interactions are essential for somatic cell abscission (2, 3, 17).

In contrast to these abscission events in somatic cells, differen-
tiating germ cells do not complete cytokinesis and instead are
linked together through 0.5- to 3-wm electron-dense “channels”
called intercellular bridges (5, 7, 12). Intercellular bridges are
evolutionarily conserved structures that are present in the gonads
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of essentially all multicellular organisms from fruit flies and hydra
to marsupials, mice, and humans. In mammals, intercellular
bridges play roles in synchronization of germ cells by passage of
organelles and molecules between germ cells (especially impor-
tant postmeiotically in haploid spermatids) (1, 19).

We have previously shown that testis expressed gene 14
(TEX14) localizes to male and female germ cell intercellular
bridges (9, 11) and that the bridge forms through a direct
interaction between TEX14 and the MKLP1-containing
midbody protein complex (10). TEX14-positive intercellular
bridges interconnect human and mouse spermatogonia as
soon as spermatogonia begin to differentiate and continue to
interconnect male germ cells up through formation of mature
spermatozoa (11). Targeted deletion of TEX14 disrupts inter-
cellular bridges in germ cells and causes sterility in male mice
(11) but not in female mice (9). Furthermore, not only do
MKLP1 and TEX14 interact in male germ cells, but MKLP1
and its centralspindlin complex partner, MgcRacGap, become
stable components of the intercellular bridge (10). These re-
sults demonstrate that intercellular bridges are essential for sper-
matogenesis; however, until now, it was unclear how TEX14 par-
ticipated in intercellular bridge formation to prevent abscission
and the completion of cytokinesis in male germ cells. We dem-
onstrate here that a TEX14-CEPS5 interaction is critical for sub-
verting abscission toward a stable intercellular bridge.

MATERIALS AND METHODS

Enrichment of intercellular bridges. Intercellular bridge preparations were
obtained from an 8-week-old wild-type mouse testis as previously described (10).
The enriched intercellular bridge fractions were used for Western blot assays,
and the final fraction PT was transferred to Superfrost/Plus microscope slides
(Fisher Scientific) and allowed to air dry. After drying, the slides were lightly
rinsed in TBS (100 mM Tris-HCI [pH 7.5]; 0.9%/150 mM NaCl) and used for
immunofluorescence detection of mouse CEP55 and TEX14, as described below.

Production of anti-CEP55 and anti-MKLP1 antibodies. Antibodies to full-
length mouse CEP55 and MKLP1 protein were generated in guinea pigs using
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methods described previously (11). The antibodies were purified with the CEP55
or MKLP1 antigens, respectively, using the ProFound mammalian coimmuno-
precipitation kit (Pierce).

Immunofluorescence analysis. Mouse testes and ovaries were fixed overnight
at 4°C, and cultured cells were fixed for 10 min at room temperature in 4%
paraformaldehyde in TBS, followed by three washes in 70% ethanol and then
overnight at 4°C in 70% ethanol. The testes and ovaries were processed and
embedded by the Department of Pathology Core Services Laboratory (Baylor
College of Medicine), and 4-pm sections were cut and prepared for immuno-
staining.

Samples were blocked in 3 or 5% bovine serum albumin (BSA)-TBS blocking
buffer for 1 h at room temperature. Antibodies were diluted in 3 or 5% BSA-TBS
blocking buffer and used for overnight incubation at 4°C at the following dilu-
tions: rabbit or goat anti-TEX14, 1:500; guinea pig anti-CEP55, 1:500; and
guinea pig anti-MKLP1, 1:200. Alexa 488- and Alexa 594-conjugated secondary
antibodies were purchased from Molecular Probes. Samples were mounted with
VectaShield mounting medium with DAPI (4',6’-diamidino-2-phenylindole;
Vector), covered with microscope coverslips (VWR Scientific), and examined by
using an Axiovert 200 fluorescence microscope (Carl Zeiss). Fluorescence and
differential interference contrast images were captured and processed using
AxioVision release 4.6.

Generation of the N-terminal FLAG-tagged TEX14, MYC-tagged CEP55,
mCherry-tagged TX or AAAX3A, and yellow fluorescent protein (YFP)-tagged
full-length ALIX constructs. The mouse TEX14 open reading frame (ORF)
sequence was ligated into the BamHI and Sall sites of the pCMV-tag2 vector
(Stratagene), which contains an N-terminal FLAG tag sequence. The mouse
CEP55 ORF was cloned from testis cDNA and subcloned into the EcoRI and
Sall sites of the pcDNA3 (Invitrogen) vector containing an N-terminal MYC tag
sequence. The truncated and mutant TEX14 (TX, AAAX3A) and the full-length
ALIX sequences were ligated into the BamHI and Notl or the Notl and Xbal
sites, respectively, of the pcDNA3 vectors, while mCherry or YFP sequences
were subcloned into the Kpnl and BamHI sites. Purified plasmid DNA was
obtained by using a QIAprep spin miniprep kit (Qiagen), and all constructs were
sequenced for integrity.

Cell culture and transfection. HEK293T or HeLa cells were maintained in
Dulbecco’s modified Eagle medium (Invitrogen) supplemented with 10% fetal
calf serum (SAFC Biosciences), 1% L-glutamine (Invitrogen), and penicillin-
streptomycin (Invitrogen) and grown on poly-D-lysine (Sigma)-coated coverslips
in culture plates at 37C° in a humidified 5% CO, atmosphere. For immunopre-
cipitation and immunoblot experiments, cells were seeded at 50 to 80% conflu-
ence in 10-cm? dishes (Corning) and transiently transfected using Fugene 6/HD
transfection reagent (Roche) according to the manufacturer’s instructions.

Coimmunoprecipitation and Western blot analysis. FLAG-TEX14 and/or
MYC-CEPS55 (3 or 6 pg of DNA for double or single transfection, respectively)
were overexpressed in HEK293T cells, as described above. At 48 h after trans-
fections, cells were rinsed with phosphate-buffered saline (PBS) and lysed with
M-PER mammalian protein extraction reagent (Pierce), and the lysates were
sonicated and divided equally into three tubes. Lysates were incubated with
anti-FLAG and anti-MYC antibodies and, as a control, protein G at 4°C for 1 h
to overnight and then incubated with protein G-Sepharose 4B (Sigma) pre-
blocked with 3% BSA-TBS. The immunoprecipitates were washed four times
with PBS-1% Triton and once with PBS. The immunoprecipitates and total cell
lysates were separated by 3 to 8% Tris-acetate gel (Invitrogen) and transferred
onto a nitrocellulose membrane (Protran BA83). Western blot assays were per-
formed using mouse anti-MYC monoclonal antibody (1:5,000; BD Biosciences)
and mouse anti-FLAG monoclonal antibody (1:8,000; Sigma) as primary anti-
bodies and horseradish peroxidase-conjugated anti-mouse IgG (1:10,000; Jack-
son Immunoresearch) as a secondary antibody. Western blot analyses of the
enriched intercellular bridge fractions were performed using the affinity-purified
goat anti-TEX14 antibody (1:500) and guinea pig anti-CEP55 antibody (1:500) as
primary antibodies. Proteins were detected with chemiluminescence by Super-
Signal West Pico chemiluminescent substrate (Thermo Scientific) and exposed to
BioMax XAR film (Eastman Kodak).

Yeast two-hybrid system and oxygen-biosensor assay. Protein-protein interac-
tions were evaluated by using the Matchmaker Two-Hybrid System 3 (Clontech)
as described previously (10). Mouse full-length TEX14 and MLKP1 were pre-
viously subcloned into the Matchmaker GAL4 two-hybrid pGBKT7 and
pGADT7 vectors (10). The constructs of full-length mouse and human CEP55,
human TEX14, truncated mouse CEP55-C1, and truncated mouse TEX14-T1,
T2, T1+T2, T3, T4, and T4-C were made by using the Matchmaker GAL4
two-hybrid pGBKT?7 bait vector and pGADT?7 prey vectors. The constructs used
are summarized in Fig. 5A and Table 1. Some Y2H interactions were examined
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TABLE 1. Constructs and results of yeast two-hybrid and
biosensor experiments”

Protein”
Assay Figure Species Interaction®
pGADT7  pGBKT7
Biosensor 4B Mouse TEX14 TEX14 ++
Mouse MKLP1 TEX14 +
Mouse CEP55 TEX14 ++
5B Mouse T1 CEP55 -
Mouse T2 CEP55 -
Mouse T3 CEP55 +++
Mouse T1 + T2 CEP55 -
Mouse T4 CEP55 ++
Mouse TEX14 CEP55 ++
Y2H 4C Mouse TEX14 TEX14 ++
Mouse TEX14 CEP55 ++
Human TEX14 TEX14 —
Human TEX14 CEP55 ++
5C Mouse TEX14 CEP55 ++
Mouse T3 CEP55 ++
Mouse T4 CEP55 ++
Mouse T4-C CEP55 -
Mouse TEX14 C1 ++
Mouse T3 C1 ++
Mouse T4 C1 ++
Mouse T4-C C1 -

“This table summarizes the results of the biosensor and yeast two-hybrid
assays in Fig. 4B and C and 5B and C. The source of the proteins that we used
in these experiments is given in the species column.

® TEX14, CEP55, and MKLP1 indicate full-length proteins, whereas T1 to T4,
T4-C, or C1 denotes truncated proteins.

¢ The terms “+” and “—” indicate positive and negative interactions, respec-
tively, and the number of “+” symbols indicates the strength of the interaction.

with an oxygen biosensor assay (Clontech PT3584-1) that measured the fluores-
cence emitted by an oxygen-sensing platform that detects GAL4.

Mammalian two-hybrid system. A modified form of the CheckMate/Flexi
vector mammalian two-hybrid system (Promega) was used to study the interac-
tions of proteins in mammalian cells. A pGL4Cherry (mCherry/GAL4UAS/
Hygro) vector was engineered from the pGL4.31 (luc2P/GALAUAS/Hygro) vec-
tor by replacing the Luc2P firefly luciferase reporter sequence with the mCherry
sequence. The pACT vector expresses a protein of interest, “X,” fused to a
transcriptional activation domain (VP16-AD) and the pBIND vector expresses
the other protein of interest, “Y,” fused to a DNA-binding domain (GAL4-BD)
and Renilla luciferase by separate promoters. A pBIND-YFP vector was engi-
neered from the pBIND vector by replacing Renilla luciferase sequence with the
YFP sequence for experiments in Fig. 9.

Sequences encoding the truncated TEX14, CEP55, ALIX, or TSG101 frag-
ments were cloned into the multiple cloning regions of the pACT and pBIND
vectors. The constructs used are summarized in Fig. 6A and B and Table 2
(procedure A). pACT (protein X), pBIND (protein Y), and pGL4Cherry
(mCherry/GAL4UAS/Hygro) were transiently cotransfected into HEK293T cells
using Fugene 6/HD transfection reagent, and the cells were examined 44 h later
for red fluorescence by using an Axiovert 40 CFL microscope (Carl Zeiss).
AxioVision release 4.6 was used for analysis of the image. The pACT-MyoD and
pBIND-Id vectors served as positive controls, whereas the empty pACT and
pBIND vectors served as negative controls for protein interaction. The cells were
lysed by using Renilla luciferase assay reagent (Promega), and red fluorescence
and Renilla luciferase were measured by using a Polar Star Omega microplate
reader (BMG LabTech). The excitation and emission wavelengths were 580 and
610 nm, respectively, for red fluorescence (mCherry), 480 and 520 nm for yellow
fluorescence (YFP), and luminescence for Renilla luciferase. Protein interactions
were quantified by using the ratio of red fluorescence divided by Renilla lucif-
erase or yellow fluorescence.

Competition assays using the mammalian two-hybrid assay system. The trun-
cated TEX14 (TX), TEX14 AAAX3A mutant (AAAX3A), ALIX (ALIX), and
TSG101 (TSG) pcDNA3 overexpression vectors were produced and expressed in
HEK293T cells with mammalian two-hybrid vectors, pGL4Cherry (mCherry/
GAL4UAS/Hygro), the VP16-AD-X and the GAL4-BD-Y vectors. Empty
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TABLE 2. Constructs made for the mammalian two-hybrid assays®

MoL. CELL. BIOL.

Procedure Figure Human, mouse pGAL4.3 pACT (protein X) pBIND (protein Y) pcDNA3 (vector) Interaction
A 7C Human, mouse mCherry Empty CEP -
Human, mouse mCherry ALIX CEP ++
Human, mouse mCherry TSG CEP +
Human, mouse mCherry X CEP +++
7D Human, mouse mCherry Empty CEP -
Human, mouse mCherry X CEP +++
Human, mouse mCherry Empty ALIX -
Human, mouse mCherry X ALIX -
Human, mouse mCherry Empty TSG +, —
Human, mouse mCherry X TSG +, =
7E Human, mouse mCherry Empty X -
Human, mouse mCherry CEP X +++
Human, mouse mCherry Empty TX-AAAX3A -
Human, mouse mCherry CEP TX-AAAX3A -
7F Mouse mCherry Empty CEP -
Mouse mCherry X CEP +++
Mouse mCherry TX-APPX3Y CEP +++
Mouse mCherry TX-GAPX3Y CEP -
Mouse mCherry TX-GPAX3Y CEP ++
Mouse mCherry TX-GPPX3A CEP -
Mouse mCherry TX-AAAX3A CEP -
B 8A and 9, left Mouse, human mCherry Empty CEP NA -
Mouse, human mCherry ALIX CEP Empty ++
Mouse, human mCherry ALIX CEP X +
Mouse, human mCherry ALIX CEP TX-AAAX3A ++
8B and 9, center Mouse mCherry Empty CEP NA -
Mouse mCherry TSG CEP Empty +
Mouse mCherry TSG CEP X -
Mouse mCherry TSG CEP TX-AAAX3A +
8C and 9, right Mouse mCherry Empty CEP NA -
Mouse mCherry X CEP Empty +++
Mouse mCherry X CEP ALIX +++
Mouse mCherry X CEP TSG +++

“ The table shows the species from which each protein is derived. In most cases the experiments were performed using both human and mouse TX, ALIX, TSG, and
CEP. Boldfacing indicates experiments that are presented in Fig. 7C to F, Fig. 8A to C, and Fig. 9. “Empty” refers to the original pACT and pcDNA vector without
insert. For procedure A, the two vectors were cotransfected with the pGL4-mCherry vector. For procedure B, the three vectors were cotransfected with the
pGLA4-mCherry vector. Under the “pcDNA3 (vector)” column, no additional vector is indicated by “NA.” A pBIND-YFP vector with CEP was used for mammalian
two-hybrid analyses instead of a pBIND vector for Fig. 9. The terms “+” and “—” indicate positive and negative interactions, and the number of “+” symbols indicates

the strength of the interaction.

pcDNA3 vector was transfected as a control. The constructs used are summa-
rized in Fig. 6A and B and Table 2, procedure B.

Alignment of the motif and flanking sequences from TEX14 orthologs. By
database mining using UCSC Genome Browser (http:/genome.ucsc.edu/), NCBI
(http:/Awww.ncbi.nlm.nih.gov/), and Ensembl (http:/www.ensembl.org), the protein
sequences for TEX14 orthologs were obtained directly or deduced from ORFs of
predicted cDNAs assembled from expressed sequence tags. Full-length Xenopus
laevis and chicken (Gallus gallus) Tex14 cDNAs were cloned using 5’ and 3' RACE
(rapid amplification of cDNA ends), using the SMART RACE cDNA amplification
kit (BD Biosciences). The following gene-specific primers were used: XI/Tex/4-
3RACE, 5'-CGTTGGTCAGCCCAGAAGTCATCA; XITex14-5RACE, 5'-GGGC
CCAGCAGTATGGTTTCCTACA; XiTexI4-INT-F, 5'-CTTTTCTGGGAACCA
GTGGAGT; XliTexI4-INT-R, 5'-TTATGGCCAGAAATCACTGCAT; gTexI4-
SRACE, 5'-ACAGCGATGGTTAGGGTCTGAG,; gTex14-3RACE, 5'-GGACCT
AGACCACGAGCATTTA; gTexI4-Ext-F, 5'-CGCTGTTAGGCCTTGGTAA
GAT; and gTexI/4-Ext-R, 5'-TCTTCTTTGCTTCCACTTGCTG. The ORFs of
deduced and cloned cDNAs were determined by using the EditSeq program of
DNAStar (Madison, WT).

Statistical analysis. Data were analyzed by analysis of variance according to
the two-tailed Student ¢ test. Differences between the mean values were consid-
ered to be statistically significant at P < 0.05.

RESULTS AND DISCUSSION

CEP55 is a component of stable intercellular bridge in testis
and ovary. To identify components of the mammalian inter-

cellular bridge and determine how the bridge forms, we devel-
oped a biochemical method to enrich intercellular bridges
from mouse testes using TEX14 as a major marker protein
(Fig. 1B) (10). This material was fractionated by size and
subjected to liquid chromatography-tandem mass spectrome-
try proteomic analysis. In addition to TEX14, we isolated 19
proteins that have roles in cytokinesis, including the central-
spindlin complex, MKLP1, and MgcRacGap (10). CEP55
mRNA was previously shown to be highly expressed in the
testis (6, 15), and CEP55 protein was also identified with 24
peptides in our bridge preparation (Fig. 1C). To confirm that
CEPS55 was a component of the intercellular bridge and not a
contaminant, we performed Western blot analyses of the en-
riched intercellular bridges and immunofluorescence of the
purified intercellular bridge preparations. We discovered that
CEPS55 and TEX14 are coenriched by this biochemical method
and colocalize in the purified intercellular bridges (Fig. 1A and
B). To analyze the localization of CEP55 protein in immature
and adult testes, we performed immunofluorescence analysis
with antibodies generated to mouse TEXI14 and mouse
CEPS55. Consistent with our purified bridge results, CEP55 and
TEX14 perfectly colocalize as ring-shaped intercellular bridge
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FIG. 1. CEPS55 is a component of the intercellular bridge. (A) Immunofluorescence was performed using custom-generated goat anti-mouse
TEX14 and guinea pig anti-mouse CEP55 antibodies on isolated intercellular bridge preparations from an 8-week-old testis. The results from
double staining (a to c), single staining (d and e), and preimmune using goat serum (f) or guinea pig serum (g) are shown as red, TEX14 or goat
serum; green, CEPS5 or guinea pig serum; and yellow, merged. (B) Western blot analysis of intercellular bridge enrichment using the anti-TEX14
and anti-CEPS55 antibodies. (C) The 24 CEP55 peptides that were identified by proteomic analysis. The identified peptides are highlighted in yellow

and green, with shorter overlapping peptides underlined.

structures in germ cells throughout the seminiferous tubules
and at all stages of spermatogenesis (Fig. 2). The bridge diam-
eter expands from the juvenile to the adult stage, suggesting
that additional CEP55 and TEX14 are added to the intercel-
lular bridge during spermatogenesis. In the female, CEPS5S is
expressed and colocalizes with TEX14 in embryonic day 18.5
mouse ovary (Fig. 3).

TEX14 interacts with CEP55. Since both CEP55 and TEX14
interact with MKLP1 (10, 22), we wanted to know whether
CEPS55 and TEX14 are components of the intercellular bridge
as direct or indirect interactors. We first overexpressed full-length
FLAG-TEX14 and MYC-CEP55 constructs in HEK293T cells
(Fig. 4A). Immunoprecipitation with anti-FLAG antibody, fol-
lowed by Western blot analysis with anti-FLAG or anti-MYC
antibodies, reveals that we not only immunoprecipitate FLAG-

TEX14 but also MYC-CEPS55. Likewise, when we immunopre-
cipitate with anti-MYC antibody, we immunoprecipitate both
MYC-CEP55 and FLAG-TEX14. When we express only
FLAG-TEX14 and immunoprecipitate with anti-FLAG anti-
body, the anti-MYC antibody does not cross-react and con-
versely when we only express MYC-CEP55 and immunopre-
cipitate with anti-MYC antibody, the anti-FLAG antibody
does not cross-react. Thus, by coimmunoprecipitation, we are
able to show that TEX14 and CEPS55 form a complex.

To determine the intensity of the interactions of TEX14 and
CEP55, we first performed yeast two-hybrid assays with full-
length mouse or human TEX14 and CEP55. Mouse TEX14
interacts strongly with itself and CEP55 and more weakly with
MKLP1 (Fig. 4B and C and Table 1). Human TEX14 and
CEPS5S5 also interact, but, oddly, human TEX14 does not in-
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FIG. 2. CEPS55 colocalizes with TEX14 in testes. Immunofluorescence was performed with rabbit anti-TEX14 and guinea pig anti-CEP55
antibodies in postnatal 15-day-old and 6-week-old mouse testes. The results from double staining (A to J), single staining (K and L), and
preimmune using rabbit serum (M) or guinea pig serum (N) are shown; green, TEX14 or rabbit serum; red, CEP55 or guinea pig serum; blue,
DAPI; yellow, merged. High-magnification images (E and J) are derived from the boxed regions of panels D and I.

teract with itself in this assay (Fig. 4C). Thus, mammalian
orthologs of TEX14 and CEPSS5 interact strongly.

TEX14 has a GPPX3Y motif. To define the core regions of
TEX14 and CEPS55 that interact, we constructed yeast two-
hybrid vectors to express full-length and truncated mouse
TEX14 and CEP55 proteins (Fig. 5A). TEX14 has three
ankyrin repeats, a kinaselike domain, and a C-terminal leucine
zipper dimerization motif (21) (Fig. SA). Whereas full-length
TEX14 interacts with full-length CEP55, N-terminal trunca-
tions of TEX14 that contained the ankyrin repeats, the kinase-
like domains, or both failed to interact with full-length CEP55
(Fig. 5B and Table 1). However, the long TEX14 C-terminal
domain that contains several coiled-coil domains interacts with
full-length CEP55 (Fig. 5B and Table 1).

In somatic cells, CEPS5 dimerizes through coiled-coil do-

mains at the N terminus (17, 22) (see Fig. 11, left). During
cytokinesis, GPPX3Y-containing coiled-coil domains of ALIX
and TSG101 bind to the “hinge” region of CEP55 (14, 17) (Fig.
6A and B and see Fig. 11, left). These interactions are essential
for somatic cell abscission (2, 3, 17). Because the C-terminal
region of TEX14 contains coiled-coil domains and interacts
with full-length CEP55 (Fig. 5B and C and Table 1), we
searched for similar GPPX3Y domains in TEX14 that could be
mimicking the ALIX and TSG101 interactions with CEP55. In
addition to previously published mouse and human TEX14
orthologs (20, 21), we cloned the Xenopus laevis and Gallus
gallus orthologs and uncovered an additional 15 full-length or
partial TEX14 sequences in the public database. Although
there is significant divergence of these orthologs in their C-
terminal regions compared to the ankyrin repeats and kinase-
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FIG. 3. CEPS5S5 colocalizes with TEX14 in the ovary. Immunofluo-
rescence was performed using goat anti-TEX14 and guinea pig anti-
CEP55 antibodies in embryonic day 18.5 mouse ovaries. The results
from double staining (A to H): green, TEX14; red, CEP55; blue,
DAPI; and yellow, merged. High-magnification images (E to H) are
derived from the boxed regions in panels A to D, respectively. Arrows,
intercellular bridges.

like domains in their N termini, 17 of the 19 proteins share a
similar GPPX3Y motif in their C termini, with the exceptions
being the Xenopus laevis and dolphin orthologs (Fig. 5D).
Analysis of the TEX14 sequences in and around the GPPX3Y
motif demonstrated a conserved alanine upstream of the motif
that is also shared with the human ALIX and TSG101 se-
quences, a conserved serine/threonine/alanine within the mo-
tif, and two conserved prolines downstream, one of which is
also present in TSG101.

The region including the GPPX3Y motif of mouse and hu-
man TEX14 interacts with the hinge of CEP55. To determine
the relevance of this GPPX3Y motif as it relates to the inter-
action of TEX14 with CEPSS5, we performed yeast two-hybrid
assays with mouse TEX14 amino acids 756 to 815 that contain
the GPPX3Y motif (Fig. 5A). These 60 amino acids interacted
with full-length CEP55 (Fig. 5B and C and Table 1). Con-
versely, an 80-amino-acid fragment of CEP55 (Cl1) that con-
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FIG. 4. TEX14 interacts with CEP55. (A) Immunoprecipitation
(IP) of FLAG-TEX14 and/or MYC-CEP55 from HEK293T cells, fol-
lowed by Western blot analysis with the antibodies as shown. Immu-
noprecipitation of protein G (lanes G) is the control. (B) Yeast two-
hybrid analyses using vectors encoding full-length mouse TEX14,
MKLP1, CEP55, and positive and negative controls. The relative ratios
of TEX14-TEX14, TEX14-MKLP1, and TEX14-CEP55 interactions
were determined by using an oxygen-biosensor system. (C) Yeast two-
hybrid interactions of mouse and human full-length TEX14 and
CEPS55. (a) Yeast were stably transformed with vectors and plated for
yeast two-hybrid analysis as depicted. SV40 T antigen with p53 and
SV40 T antigen with lamin C were used as positive and negative
controls, respectively. (b) Interactions between the two-hybrid proteins
are evident by colony growth and blue color on selection plates. (¢) A
nonselection plate shows that all of the transformed yeast are capable
of growing.

tains the hinge region interacted with full-length TEX14, the C
terminus (T3), and GPPX3Y-containing fragment (T4) but not
a shorter sequence that lacked the GPPX3Y motif (T4-C) (Fig.
5A to C and Table 1). Thus, similar GPPX3Y-containing re-
gions of TEX14, ALIX, and TSG101 interact with the hinge
region of CEPS55.

Based on these expression, colocalization, and yeast two-
hybrid interaction data, we hypothesized that the conserved
GPPX3Y motif of TEX14 (Fig. 5D) interacts strongly with the
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FIG. 5. The region encoding the conserved TEX14 GPPX3Y motif interacts with the hinge region of CEP55. (A) The full-length and truncated
regions of mouse TEX14 and CEP55 were cloned into the yeast two-hybrid vectors and used for the studies in panels B and C below. (B and C)
Yeast two-hybrid oxygen biosensor between the full-length and truncated TEX14 proteins and the full-length CEP55 protein and/or selection plate
analyses of the full-length and truncated TEX14 and CEPS55 proteins. The terms “+” and “-~” indicate positive and negative interactions,
respectively. (D) Alignment of the GPPX3Y motif and flanking sequences from TEX14 orthologs and human ALIX and TSG101. Conserved

amino acids are highlighted.

hinge region of CEP55 and blocks the interaction of CEP55
with TSG101 and ALIX (see Fig. 11, right). To test this hy-
pothesis, we developed several modified mammalian two-hy-
brid assays to study these protein-protein interactions in a
more natural mammalian cell setting. When our expressed
proteins “X” and “Y” interact, the mCherry protein can be
detected as red fluorescence (Fig. 7A and B). The GAL4-BD
(“Y”) vector expresses Renilla reniformis luciferase (Fig. 7C to
F and Fig. 8A to C) or yellow fluorescence (YFP) (Fig. 9)
under the control of the simian virus 40 (SV40) promoter,
normalizing for differences in transfection efficiency. Key re-
gions of mouse and human TEX14 (TX), CEP55 (CEP), ALIX
(ALIX), and TSG101 (TSG) (Fig. 6A and B) were cloned in

frame into these vectors and cotransfected into HEK293T cells.
Similar to previous reports (14, 17), we confirmed that the regions
including the GPPX3Y motifs of human TSG101 and ALIX
interact with the hinge region of human CEP55 (Fig. 7C and
Table 2). Similar to our yeast two-hybrid data, the GPPX3Y
region of human TEX14 (TX) (the 60 amino acids from 754 to
813, Fig. 6A and B) strongly binds to the hinge region of human
CEP55 in our mammalian two-hybrid assay (Fig. 7C and Table 2).
In all three cases, intracellular red fluorescence was also detected
(Fig. 7C, bottom). In contrast, TEX14 does not interact with
ALIX and, in the case of TSG101, TEX14 binding is not signif-
icantly different than the TSG101 interaction with empty pACT
vector as a control (Fig. 7D and Table 2).
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FIG. 6. Essential motifs (A) and sequences (B) of TEX14, CEP55, ALIX, and TSG101. (A) The sizes and the domains/motif-containing regions
of full-length TEX14, CEP55, ALIX, and TSG101 are shown. The domain regions highlighted in red are referred to as TX, CEP, ALIX, and TSG.
(B) The corresponding amino acid sequences of these regions with the conserved consensus sequences in mouse and human are shown. These

truncated proteins were used for the mammalian two-hybrid assays.

The GPPX3Y domain of TEX14 and the first P and Y of
GPPX3Y are essential for binding with the hinge of CEP55. To
define how the TEX14 GPPX3Y motif functions during the
binding of TEX14 with CEP55, we generated the alanine mu-
tant, AAAX3A. The TEX14 mutant AAAX3A is unable to
bind to CEPS55 (Fig. 7E and F and Table 2). To precisely define
the amino acids in the TEX14 GPPX3Y motif that are most
required for the interaction with CEP5S5, we mutated individ-
ual glycine (G), proline (P), and tyrosine (Y) residues to ala-
nines. Specific mutations in the first proline (i.e., GAPX3Y)
and the tyrosine (i.e., GPPX3A) of the motif are sufficient to
abolish TEX14 interaction with CEP55 (Fig. 7F and Table 2).
Consistent with the lack of conservation of the glycine in the
Xenopus laevis ortholog of TEX14 (i.e., a G-to-E substitution)
(Fig. 5D), mutation of this glycine to alanine did not alter the
interaction of human TEX14 with CEP55. It is unclear whether
the presence of the glutamine (Q) in the dolphin ortholog (i.e.,
GPQX3Y) functions like a proline in interactions with CEP55
or is a result of a genomic sequencing error.

The GPPX3Y motif of TEX14 inhibits the interaction of
truncated CEP55 with ALIX or TSG101. Based on our model
(see Fig. 11, right), we hypothesize that TEX14 competes more
efficiently for the CEP55 hinge region than either ALIX or
TSG101. To test this hypothesis, we first analyzed the ALIX-
CEP55 and TSG101-CEPS5 interactions when TEX14 was
overexpressed. Whereas ALIX and TSG101 demonstrate a

strong interaction with CEP55 in our mammalian two-hybrid
assay when an empty pcDNA vector is cotransfected, overex-
pression of TEX14 (TX) in this setting suppressed both the
ALIX-CEP and the TSG-CEP interactions (Fig. 8A and B, Fig.
9 [left and center], and Table 2). However, overexpression of
the TEX14 mutant AAAX3A does not block either the ALIX-
CEP or the TSG-CEP interaction (Fig. 8A and B, Fig. 9 [left
and center|, and Table 2), confirming that the GPPX3Y motif
is important for the interaction with CEP55 and also essential
for the antagonism of ALIX and TSG101 interactions with
CEP55. In contrast, overexpression of ALIX and TSG fails to
disrupt the TX-CEP interaction (Fig. 8C, Fig. 9 [right], and
Table 2). In addition, the TX-CEP interaction was typically
stronger than the ALIX-CEP or TSG-CEP interactions (Fig. 9
and Table 2).

Full-length TEX14 localizes to the midbody and blocks cell
abscission. When full-length TEX14 is overexpressed in HeLa
cells, many interconnected cells are visualized with anti-
TEX14 and anti-MKLP1 antibodies by immunofluorescence
(Fig. 8D). These data suggest that overexpressed TEX14 binds
with CEP55 and blocks endogenous HeLa cell-produced ALIX
and TSG101 from interacting with CEPS5S5, resulting in inhibi-
tion of the completion in cytokinesis and stabilization of a
transient intercellular bridge.

The GPPX3Y motif of TEX14 inhibits entry of full-length
ALIX into the midbody. In the testes of mice lacking TEX14,
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FIG. 7. The GPPX3Y motif of TEX14 is essential for binding to the hinge region of CEP55. (A and B) Summary of the modified mammalian-
two-hybrid assays (A) Three kinds of transfection vectors were made. One protein coding sequence (“X”) was fused to a transcriptional activation
domain sequence (VP16-AD), and the other protein coding sequence (“Y”) was fused to a DNA-binding domain sequence (GAL4-BD). (B) When
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GALA4-BD-Y vector expresses the Renilla reniformis luciferase, allowing for normalization of transfections. The relative interaction of protein X
and Y is determined by the mCherry/Renilla reniformis luciferase ratio. (C to F) Mammalian-two-hybrid interactions of chimeric VP16-AD-X and
GALA4-BD-Y proteins in transfected HEK293T cells is shown (see Fig. 6 and Table 2 for additional details).

male germ cells continue to divide and enter meiosis, indepen-
dent of the intercellular bridges. However, these germ cells
quickly die at the pachytene spermatocyte stage (11). To study
how the expression of TEX14 prevents these germ cells from
dividing and stabilizes the intercellular connection, we trans-
fected our various constructs into mammalian cells. We fo-
cused on ALIX because of its strong interactions with CEP55
in our assays (Fig. 7C, Fig. 8A, and Fig. 9, left) and on the

truncated TEX14 to confirm that the GPPX3Y motif of
TEX14 inhibits the interaction of ALIX:CEP55. We generated
pcDNA-mCherry-truncated TEX14 (wild-type TX or mutant
AAAX3A) and pcDNA-YFP full-length ALIX overexpression
vectors and cotransfected them into HeLa cells. The truncated
TEX14 and AAAX3A mutant are overexpressed throughout
the cells, including the midbody, but do not specifically localize
to the midbody like full-length TEX14 (Fig. 8D) because the
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Renilla luciferase. The relative interaction of proteins X and Y is determined by the mCherry/YFP ratio. The interactions of chimeric VP16-AD-X
and GAL4-BD-Y proteins in transfected HEK293T cells are shown (see Fig. 6B and Table 2 for additional details).

truncated TEX14 and AAAX3A mutant are only 60 amino
acids and do not have the other critical domains except the
GPPX3Y motif (Fig. 6). The truncated GPPX3Y TEX14 (TX)
inhibits full-length ALIX localization to the midbody (Fig. 8E
and G, right), and several interconnecting cells were visualized
in the TX transfected cells similar to the full-length TEX14-
transfected cells in Fig. 8D (Fig. 8G, left). In contrast, full-
length ALIX continues to localize to the midbody when the
truncated TEX14 mutant (AAAX3A) construct is cotrans-
fected (Fig. 8F and G, right), similar to the control experiment
when the pcDNA-mCherry empty vector is transfected along
with ALIX (data not shown). Thus, TEX14 blocks the ability of
ALIX to interact with endogenous CEP55, preventing abscis-
sion, and instead TEX14-CEP55 complexes contribute to the
formation of stable intercellular bridges (Fig. 8D and E).
Conclusions and implications. In summary, our studies
show that the GPPX3Y containing region of TEX14 binds to
the hinge region of CEPS55 and inhibits the interactions of
ALIX and TSG101 with CEPS5S (Fig. 7C to F, Fig. 8A and B,
and Fig. 9). Our studies involving mutations in the GPPX3Y
motif and disruption of the interactions between CEP55 and

ALIX or TSG101 argue strongly for this to be a direct inter-
action. In our model (see Fig. 11), the steps involved in abscis-
sion normally are MKLP1 — CEP55 — ALIX/TSG101 —»~—
abscission. However, in differentiating male (and presumably
female) germ cells, the steps involved appear to be MKLP1 —
TEX14 — CEPS55 — intercellular bridge. When GPPX3Y con-
taining TEX14 fragments are present (Fig. 7E and F), ALIX
does not enter the midbody, suggesting that TEX14 prevents the
completion of cytokinesis, including the localization of ALIX, by
altering the fate of CEP55 from a midbody organizer protein that
recruits proteins for abscission to the midbody to a major com-
ponent in the stable intercellular bridge. One additional mecha-
nism by which TEX14 could more effectively compete for CEP55
is through its interaction with MKLP1. Our previous results (10)
show that TEX14 appears early in the process of cytokinesis by
binding MKLP1 and “filling” the intercellular bridge. At a later
point, MKLP1, MgcRacGap, and TEX14 are overlapping in a
single structure. We believe it is at this point that CEP55 ap-
proaches the midbody and is bound tightly and simultaneously by
both MKLP1 and TEX14, never allowing the recruitment of
ALIX or TSG101 for abscission.
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FIG. 10. TEX14 inhibits the completion of cytokinesis in the testis. Immunofluorescence of wild-type (WT) and TEX14 knockout (KO) testes
from 3-week-old mice. TEX14 and CEPS55 colocalize at the intercellular bridge in WT mouse testis (A to D). In TEX14 knockout testes (E to L),
CEPSS5 localizes to midbodies (F and H, arrowhead) and abscissed midbodies (J and L, arrow). Green, TEX14; red, CEPS5S5; blue, DAPI; yellow,

merged.
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FIG. 11. Models for cytokinesis and intercellular bridge forma-
tion. (Left) Model of somatic cell abscission. CEP5S5 is essential in
the recruitment of additional proteins (e.g., TSG101 and ALIX)
that are required for abscission of the midbody (2, 3, 17). The
regions of TSG101 and ALIX containing GPPX3Y motifs interact
with the hinge region of CEP55 (14, 17) to complete cytokinesis.
(Right) Model of the intercellular bridge in differentiating germ
cells. The conserved GPPX3Y motif of TEX14 interacts strongly
with the hinge region of CEPS5 in differentiating germ cells to block
CEPSS5 interactions with TSG101 and ALIX, resulting in formation
of a stable intercellular bridge.

Thus, in male (and presumably female) germ cells, through
a combination of a high local concentration of TEX14 in the
transient bridge and a stronger TEX14-CEPS55 interaction rel-
ative to the CEP55-ALIX or CEP55-TSG101 interactions (Fig.
9), ALIX and TSG101 are not recruited to the midbody and
are unable to bind with CEP55 to complete cytokinesis (see
Fig. 11, right). In the testes of TEX14 knockout mice, CEP55
localizes to the midbody and, in the absence of local TEX14 to
interact, ALIX and TSG101 are permitted access to CEP55 to
complete cytokinesis, disrupting the transient intercellular
bridge and resulting in an eventual failure of spermatogenesis
(Fig. 10 and Fig. 11, left) (11).

CEP55 mRNA and protein are increased in a number of
tumor cell lines and carcinoma tissues (13, 18), and CEP55 is
part of a 70-gene signature of chromosomal instability that is
predictive of decreased survival in several cancer types (4).
These findings suggest that interfering with CEPSS5 function in
tumor cells may be a novel therapeutic strategy for targeting
multiple different types of cancer. Further studies are warranted
to determine whether small peptides containing the GPPX3Y
motif of TEX14 could function as antineoplastic agents, capable
of suppressing cancer cell proliferation by binding with CEP55
and generating stable intercellular bridges.
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