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The p53 tumor suppressor protein plays a crucial role in tumori-
genesis by controlling cell-cycle progression and apoptosis. We
have previously described a transcript designated tumor suppres-
sor activated pathway-6 (TSAP6) that is up-regulated in the p53-
inducible cell line, LTR6. Cloning of the murine and human full-
length TSAP6 cDNA revealed that it encodes a 488-aa protein with
five to six transmembrane domains. This gene is the murine and
human homologue of the recently published rat pHyde. Antibodies
raised against murine and human TSAP6 recognize a 50- to 55-kDa
band induced by p53. Analysis of the TSAP6 promoter identified a
functional p53-responsive element. Functional studies demon-
strated that TSAP6 antisense cDNA diminished levels of the 50- to
55-kDa protein and decreased significantly the levels of p53-
induced apoptosis. Furthermore, TSAP6 small interfering RNA in-
hibited apoptosis in TSAP6-overexpressing cells. Yeast two-hybrid
analysis followed by GST�in vitro-transcribed�translated pull-
down assays and in vivo coimmunoprecipitations revealed that
TSAP6 associated with Nix, a proapoptotic Bcl-2-related protein
and the Myt1 kinase, a negative regulator of the G2�M transition.
Moreover, TSAP6 enhanced the susceptibility of cells to apoptosis
and cooperated with Nix to exacerbate this effect. Cell-cycle
studies indicated that TSAP6 could augment Myt1 activity. Overall,
these data suggest that TSAP6 may act downstream to p53 to
interface apoptosis and cell-cycle progression.

A series of 10 differentially expressed genes designated as
either tumor suppressor activated pathway (TSAP) or tu-

mor suppressor inhibited pathway (TSIP) have been described
that were either up- or down-regulated, respectively, by p53
activation in LTR6 cells (1). LTR6 cells are derivatives of the
murine myeloid M1 cell line carrying the Val-135 temperature-
sensitive p53 mutant (2). After shifting to 32°C, LTR6 cells
acquire wild-type p53 function and subsequently undergo mas-
sive apoptosis (2). Among the isolated genes characterized
subsequently are Siah1b (TSAP3) and presenilin-1 (TSIP2) (1).
Siah1b is the mammalian homologue of the Drosophila seven in
absentia gene, Sina (3, 4). Presenilin-1, a predisposition gene for
familial Alzheimer’s disease (5), is inhibited by p53 activation
and functions as an antiapoptotic molecule (6). TSAP6 repre-
sents a molecule up-regulated by p53. Recently it was reported
that pHyde, the rat homologue of TSAP6, could induce apo-
ptosis in a caspase-dependent manner in prostate cancer cells
(7, 8).

The p53 tumor suppressor protein functions to maintain
genomic integrity. It prevents the proliferation of cancer-prone
cells primarily by enlisting two biological processes: cell-cycle
arrest and apoptosis (9, 10). The proapoptotic effects of p53 are
mediated by a variety of mechanisms (9, 11–13). Part of the
cell-cycle regulatory function of p53 involves the induction of
p21waf-1 (14, 15), an inhibitor of cyclin-dependent kinases, which
inhibits cell-cycle progression at both G1 and G2 (16–18). p53

also blocks cells at the G2�M checkpoint by inhibiting the
function of p34cdc2, the cyclin-dependent kinase required for
entry into mitosis. The enzymatic activity of p34cdc2 is subjected
to negative regulation by the Wee1 kinase, which phosphorylates
p34cdc2 on Tyr-15 (19), and Myt1, a dual-specificity kinase, that
phosphorylates p34cdc2 on both Thr-14 and Tyr-15 residues
(20, 21).

In the present study we characterize TSAP6. TSAP6 is tran-
scriptionally activated by p53, whereas its gene product associ-
ates with Myt1 and Nix proteins. Elevation of TSAP6 expression
augments cell-cycle delay and apoptosis, suggesting that TSAP6
might play a pivotal role in tumor suppression.

Materials and Methods
TSAP6 cDNA and Promoter Cloning. To obtain the murine TSAP6
full-length cDNA, an antisense primer (5�-GTGAGTACATAT-
CACATGTATGGGGTGTCA-3�, GenBank accession no.
U50961) was designed for 5� rapid amplification of cDNA ends
on a murine liver Marathon cDNA library (CLONTECH).
Human TSAP6 full-length cDNA was cloned from a human
pooled-tissue cDNA (CLONTECH). Nonoverlapping fragments
covering �20,700 bp on chromosome 1 upstream of the first exon
of mouse TSAP6 were cloned from DNA derived from mouse
embryonic stem cells.

Antibodies and Cells. Anti-TSAP6 S15N antibody was raised
against a peptide derived from the sequence of murine TSAP6
SNPTEKEHLQHRQSN. Anti-TSAP6a was generated against
amino acids 16–30 (DSDSSLAKVPDEAPK) of the human
TSAP6 protein. The anti-Myt1 (3027) antibody (22) and anti-Nix
(Abcam, Cambridge, U.K.) were used for immunoblotting.
LTR6-as2 and LTR6-as4 are two polyclonal LTR6 cell lines
stably transfected with pBK-RSV (Promega) containing murine
TSAP6 antisense. The HeLa-39 and HeLa-51 monoclonal cell
lines stably express hemagglutinin (HA)-TSAP6 and were se-
lected with G418. HA-TSAP6-inducible HeLa cells (Invitrogen)
were grown in the presence of blasticidin (5 �g�ml) and hygro-
mycin (150 �g�ml). Doxycycline (ICN) was added at the indi-
cated times to induce HA-TSAP6 expression.

Yeast Two-Hybrid (Y2H) Screen. Full-length human TSAP6 was
fused in frame with the LexA DNA-binding domain of pEG202.
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A cDNA library (�106) derived from the murine LTR6 cell line,
incubated at 32°C for 4 h, was cloned into the galactose-inducible
pYESTrp2 vector (Invitrogen). Y2H screening was performed
as described (23).

Protein-Interaction Assays. GST�in vitro-transcribed�translated
(IVT) and 293T cell transfection interaction analysis were
performed by using standard procedures. For detection of
endogenous interactions, U20S, HeLa-39, K562, and human
fetal tissue-derived lysates were immunoprecipitated with anti-
TSAP6 antibody or an IgY-negative control and immunoblotted
with either anti-Nix or anti-Myt1 antibody.

Apoptotic and TSAP6 Small Interfering RNA (siRNA) Studies. Cell
death was assessed by either measuring the DNA content of
isolated nuclei stained with propidium iodide or staining cells
with annexin V-phycoerythrin (Roche, Indianapolis). For
siRNA experiments, TSAP6 mRNA was knocked down with
small interfering RNA molecules (24). RNA duplex with 3�-
dTdT overhang directed against TSAP6 5�-AAGATCCTGGT-
GGATGTGAGC-3� was synthesized (Dharmacon, Lafayette,
CO). Mouse Trt siRNA duplex 5�-AACCATCACTTACAA-
GAAACC-3� was used as control.

Northern Blot Analysis and Luciferase Assays. Northern blot analysis
was carried out by using 3 �g of poly(A)� mRNA. For luciferase
assays, 293T cells were transfected by using Lipofectamine
(GIBCO�BRL) with 0.8 �g of the indicated TSAP6-Luc con-
structs together with 0.8 �g of either pCMVc5-p53 or vector
control.

Cell-Synchronization Studies. HeLa cells were synchronized at
the G1�S border by double-thymidine block (DTB) as de-
scribed (25).

Results
TSAP6 Is a Putative Multipass Membrane Protein. Full-length human
and murine TSAP6 cDNA were cloned. The deduced amino acid
sequence predicts that both proteins are of 488 aa, sharing 87%
identity (Fig. 1A). TSAP6 is predicted to have five to six
transmembrane-spanning regions. An iterative PSI-BLAST search
revealed a GXGXXG�A motif, also known as Rossmann fold
(26), within the NH2-terminal cytoplasmic portion of TSAP6, a
domain prevalent in molecules containing oxidoreductase and
dehydrogenase activities. BLAST search analysis revealed that
TSAP6 is homologous to the previously reported pHyde (Gen-
Bank accession no. AF238864) and dudulin-2 (GenBank acces-
sion no. NM�018234). Furthermore, TSAP6 displays significant
homology with six-transmembrane epithelial antigen of the
prostate (STEAP), a molecule overexpressed in prostate cancer
cells (27), and TIARP, tumor necrosis factor-�-induced adipose-
related protein, implicated in adipocyte differentiation (28).

Northern blot analysis on human (Fig. 1B Left) and murine
(Fig. 1B Right) multitissue blots revealed differentially expressed
TSAP6 transcripts of 4.3 and 3.8 kb, respectively. Last, f luores-
cence in situ hybridization localized TSAP6 to human chromo-
some 2q14.2 (data not shown).

The protein-expression pattern of TSAP6 was also assessed.
The anti-murine TSAP6 (S15N) antibody recognized an �50- to
55-kDa species in cell extracts derived from LTR6 cells, the
amount of which increased when wild-type p53 function was
activated at 32°C (Fig. 1C Left). Overexpression of human
HA-TSAP6 by IVT, stable expression in HeLa cells (HeLa-39),
or induced expression after doxycycline treatment of HeLa
Tet-on cells resulted in the appearance of a doublet in the 50- to
55-kDa region (Fig. 1C Right). Furthermore, anti-human TSAP6
(TSAP6a) immunoprecipitated overexpressed HA-TSAP6 (Fig.
1C Right, lane 4).

TSAP6 Transcripts Are Up-Regulated by p53. Northern blot analysis
confirmed the up-regulation of TSAP6 4–8 h after p53 activa-
tion in LTR6 cells (Fig. 1D) and in MCF7 cells after actinomycin

Fig. 1. TSAP6 encodes a putative five- to six-transmembrane protein that is
transactivated by p53. (A) Amino acid sequence comparison of human (Hu)
and murine (Mu) TSAP6. The five-transmembrane regions (TM1–5) are under-
lined. The conserved Rossmann-fold motif is boxed in bold. *, amino acid
identities between human and mouse TSAP6. (B) Multitissue Northern blots
probed with either human (Left) or murine (Right) TSAP6. (C) Anti-murine
TSAP6 (S15N) Western blot analysis of extracts from LTR6 cells either before
(lane 1) or after (lane 2) temperature shift to 32°C to induce p53 activity.
Anti-HA immunoblot detects a doublet of �50 and 55 kDa from nonradiola-
beled IVT TSAP6-HA, HeLa-39 lysates, and HeLa-TRex cells 24 h after the
addition of doxycycline. Anti-TSAP6a immunoprecipitated (IP) the same spe-
cies (Right, lane 4). (D) Northern blot analysis of TSAP6 expression levels in
LTR6 cells compared with its parental p53 null cell line, M1, before and after
temperature shift. (E) Sequences of the potential p53 response elements
within the mouse and human TSAP6 promoters aligned with the consensus
p53-binding site (14) (where R indicates purine, Y indicates pyrimidine, and W
indicates A or T). Also shown is the sequence of a consensus p53-binding site
(p53 control) used as a positive control in G. (F) The indicated fragments of
the mouse TSAP6 promoter were transfected either alone or together with
pCMVc50-p53 and tested in luciferase assays. Numbers represent arbitrary
units. (G) TSAP6 promoter sequences containing the predicted p53-binding
site (p53 BS) are transactivated by p53. Luciferase activity is shown as fold
activation. Data represent the mean � SD (n � 3).
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treatment, which activates the endogenous p53 protein (see Fig.
6, which is published as supporting information on the PNAS
web site, www.pnas.org). Luciferase assays were performed in
293T cells to monitor transactivation of the TSAP6 promoter by
p53. To that end, four nonoverlapping fragments covering �20
kb of the first exon of the murine TSAP6 promoter were cloned
in front of the luciferase reporter gene (TSAP6-Luc). The
proximal �734 �64 sequence contains a putative p53-binding
site, the sequence of which can be aligned with a typical p53
consensus site and appears to be conserved with its human
counterpart (Fig. 1E). Luciferase assays showed strong induction
of �734 �64 TSAP6-Luc by p53 (Fig. 1F). Further mapping
showed that fragments containing the p53-binding site retained
transactivation by p53, whereas �360 �1 TSAP6-Luc, lacking
this p53-binding site, was unresponsive (Fig. 1G). Overall, these
data argue that TSAP6 can be transcriptionally activated by p53.

TSAP6 Antisense Dampens p53-Induced Apoptosis. To investigate a
possible role of TSAP6 in p53-mediated apoptosis, LTR6 cells
carrying either vector control or TSAP6 antisense (-as2 and -as4)
were generated. Immunoblot analysis confirmed that by 24 h
after p53 activation, endogenous TSAP6 expression was partially
compromised in LTR6-as2 compared with their parental LTR6
cells (Fig. 2A). DNA fragmentation analysis by flow cytometry
revealed that by 19 and 23 h after p53 activation, LTR6-as2
exhibited a significant reduction in cell death of �35% and
�41%, respectively, as compared with LTR6 control cells (Fig.
2B). A similar conclusion was reached by annexin V staining.
Two-color flow-cytometry analysis revealed that by 18 h after
p53 activation, 28% of LTR6 cells became annexin V� as
compared with only 8% of LTR6-as2 cells (Fig. 2C). In addition,
cleavage of poly(ADP-ribose) polymerase (PARP), another
indicator of apoptosis, was notably diminished 18 h after p53

activation in LTR6-as2 and -as4 cells as compared with LTR6
cells (Fig. 2D).

A role of TSAP6 in apoptosis was explored further in transient
transfection assays. HeLa cells were transfected with either
pGFP or pGFP-TSAP6 expression constructs. GFP� cells were
directly visualized and scored for apoptosis over 3 days by
determining the percentage of cells that had undergone nuclear
shrinkage. These data show that in HeLa cells, GFP-TSAP6
promoted a time-dependent augmentation of apoptosis (Fig.
3A). HeLa cells stably expressing HA-TSAP6 (clones 39 and 51)
were isolated and assessed for their growth rate. Fig. 3B shows
that compared with parental HeLa and HeLa-vector control
cells, which exhibited a relatively similar rate of increase in cell
number, HeLa-39 and HeLa-51 cells showed a marked reduc-
tion. Moreover, TSAP6 overexpression in HeLa-51 cells corre-
lated with the partial cleavage of PARP (Fig. 3C Middle),
suggesting the activation of cell death in these cells. Importantly,
this PARP cleavage is likely due to overexpressed TSAP6,
because TSAP6 depletion by siRNA lead to the disappearance
of cleaved PARP (Fig. 3C). Immunoblot and immunofluores-
cence analysis using an anti-HA antibody confirmed the efficient
depletion of overexpressed TSAP6 (Fig. 3 C and D).

Fig. 2. TSAP6 antisense impairs p53-induced apoptosis. LTR6-control (Co) or
LTR6-TSAP6 antisense (-as2 and -as4) cells were cultured at 32°C to activate
p53. At the indicated time points, cells were harvested and assayed for
apoptosis. (A) TSAP6 proteins levels in LTR6-as2 cells are diminished 24 h after
p53 activation as detected by immunoblotting with the S15N anti-TSAP6
antibody. �-tub, �-tubulin. (B and C) Apoptosis was measured by flow cytom-
etry by either determining the percentage of nuclei undergoing DNA frag-
mentation (B) or annexin V staining (C). The percentage of cell death repre-
sents the mean of three independent experiments. LTR6 (Co) represents LTR6
cells with or without vector. PI, propidium iodide. (D) Reduced PARP cleavage
in LTR6-as2 and -as4 cells after p53 activation. Total lysates were generated
and analyzed by immunoblotting with an anti-PARP antibody.

Fig. 3. TSAP6 sensitizes cells toward apoptosis. (A) Transient expression of
GFP-TSAP6 in HeLa cells promotes apoptosis. Plasmids expressing GFP or
GFP-TSAP6 were transfected into HeLa cells. GFP� cells were scored for apo-
ptosis by monitoring nuclear shrinkage. (B) HeLa and HeLa-vector control cells
were analyzed in parallel with HeLa-39 and -51 clones for cell growth. At the
indicated time points, cells were harvested and counted. Experiments were
performed in triplicate (mean � SD). (C) HeLa-vector (Left) and HeLa-51 cells
(Right) were transfected with either an siRNA control or siRNA TSAP6. Immu-
noblot analysis with an anti-HA antibody confirmed the efficient depletion of
overexpressed TSAP6 (Top Right), which resulted in reduced PARP cleavage
(Middle Right). �-tub, �-tubulin. (D) Immunofluorescence analysis using an
anti-HA antibody (red) verified the depletion of overexpressed TSAP6 by
siRNA. (E) Induced expression of TSAP6 promotes apoptosis. Flow cytometry
was performed on propidium iodide (PI)-stained nuclei derived from HeLa-
Trex-HA-TSAP6 cells before or at the indicated times after the addition of
doxycycline (Dox.).
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In addition, HA-TSAP6-inducible HeLa cells were also used
in apoptosis assays. Immunoblotting with an anti-HA antibody
showed HA-TSAP6 expression 24 h after induction (Fig. 1C
Right). DNA fragmentation analysis by flow cytometry revealed
that by 48 h after doxycycline treatment, 48% of the cells were
apoptotic as represented by the sub-G1 population (Fig. 3E).
Overall, these data imply that TSAP6 promotes apoptosis.

TSAP6 Interacts with Nix and with the Myt1 Kinase. To characterize
further the functional relevance of TSAP6, a Y2H screen was
carried out by using full-length human TSAP6 as ‘‘bait’’ and a
cDNA library derived from murine LTR6 cells cultured at 32°C
for 4 h. Initial Y2H analysis identified Nix (29) as a TSAP6
binding partner. Three overlapping fragments of Nix were
identified consisting of the last 62, 167, and 206 aa, respectively.
In addition, a 150-aa COOH-terminal fragment of the Myt1
kinase (Myt1-150) was also identified as a TSAP6 interactor.
Yeast mating assays confirmed a specific TSAP6 interaction with
both Myt1 or Nix Y2H fragments as well as their respective
full-length human counterparts (data not shown). Furthermore,
in GST pull-down assays, radiolabeled IVT TSAP6 bound
specifically with the GST-Nix and -Myt1 fusion proteins but not
with the negative control GST-NKTR. A reciprocal interaction
was also detected between GST-TSAP6 and IVT-labeled Myt1
and Nix, demonstrating a direct association between these two
proteins and TSAP6 (see Fig. 7, which is published as supporting
information on the PNAS web site).

In vivo interaction analysis was performed to corroborate the
above findings. 293T cells were transiently cotransfected with
plasmids expressing HA-TSAP6 in combination with either
Flag-Nix (Fig. 4A) or Flag-Myt1-150 (Fig. 5A). Western blot
analysis of protein complexes immunoprecipitated with anti-HA
antibodies revealed that Flag-Nix and Flag-Myt1-150 but not
Flag-apoptosis-linked gene-2-interacting protein 1 (AIP) were
coprecipitated with TSAP6.

Initial attempts to demonstrate a physical association between
endogenous TSAP6 and Nix in nonstimulated cells were unsuc-
cessful. We reasoned that such an association might require an
initial signal such as a cell-death stimulus. We therefore took
advantage of the observation that activation of endogenous p53
by adriamycin in U2OS cells promotes apoptosis (13). Total cell
lysates derived from U2OS cells treated with adriamycin for 0,
4, 8, or 24 h were used to immunoprecipitate TSAP6. Immu-
noblot analysis with an anti-Nix antibody demonstrated that
TSAP6 interacted with Nix in a time-dependent manner (Fig.
4B). Furthermore, an interaction between endogenous TSAP6
and Myt1 was demonstrated also. As illustrated in Fig. 5B,
TSAP6 coprecipitated endogenous Myt1 from HeLa-39 cells,
K562 cells, and human fetal liver. Thus, TSAP6 associates in vivo
with both Nix and the Myt1 kinase.

TSAP6 Cooperates with Nix to Promote Apoptosis. The finding that
TSAP6 interacts with Nix, a proapoptotic protein, suggested that
TSAP6 might exert cell death-related activities, in part, through
Nix. We initially investigated the effects of Nix on TSAP6-
overexpressing cells by transiently transfecting HeLa-vector and
HeLa-51 stable clones with Flag-tagged constructs expressing a
negative control (AIP), Nix, or the COOH-terminal portion of
Bid (Bid-t). Bid-t is a potent mitochondrial-dependent proapo-
ptotic protein used as a positive control. Flag-positive cells were
scored for apoptosis by assessing nuclear shrinkage. Although
AIP had negligible effects on cell death in either cell line, excess
Nix clearly exacerbated cell death in HeLa cells stably overex-
pressing TSAP6 (Fig. 4C). This effect appeared to be specific for
Nix, because Bid-t promoted cell death to a similar degree in
both cell lines. Moreover, immunoblot analysis demonstrated
enhanced PARP cleavage in HeLa-51 cells transfected with Nix
(Fig. 4D). We reasoned that if TSAP6 and Nix signal through a

common pathway, TSAP6 antisense should inhibit the cell-death
effects of Nix. Indeed, cotransfection experiments in 293T cells
demonstrated that although overexpression of Nix resulted in
partial PARP cleavage, introduction of TSAP6 antisense
blocked this effect (Fig. 4E). Taken together, these data suggest
that through their association TSAP6 and Nix may cooperate to
augment apoptosis.

TSAP6 Positively Regulates Myt1. The observation that TSAP6 and
Myt1 interact suggested that TSAP6 could also participate in cell
cycle-related activities. To examine the impact of TSAP6 on
cell-cycle progression, HeLa HA-TSAP6 polyclonal cells were
used in cell-synchronization studies. A DTB procedure was
performed to synchronize cells at the G1�S border. HA-negative
and HA-positive populations were gated (Fig. 5C Lower Left)
and analyzed by flow cytometry. As expected, HeLa-vector cells
displayed a normal progression through S, G2, and M phases of
the cell cycle (Fig. 5C Upper). Compared with HA-negative cells,
the HA-positive subpopulation of the HA-TSAP6 polyclonal
pool contained an additional, predominantly G2�M population
(�25%) that was initially observed before DTB release (Fig. 5C
Lower). By 12 h, at a time when the HA-negative population
initiated a return to G1, a majority of the HA-positive population

Fig. 4. Interaction and functional analysis of TSAP6 and Nix. (A) HA-TSAP6
and Flag-Nix interact in 293T cells. 293T cells were transiently cotransfected
with the indicated expression plasmids. Nix expression levels in total cell
lysates (TL) and anti-HA immunoprecipitates (IP) were determined by immu-
noblotting with anti-Flag antibody. hc, Ig heavy chains; WB, Western blot. (B)
Endogenous TSAP6 and Nix interact in U2OS cells under conditions that
promote apoptosis. Cell lysates derived from U2OS cells treated with adria-
mycin were incubated with an anti-TSAP6 antibody coupled to IgY-agarose
followed by immunoblotting with an anti-Nix antibody. The Nix dimer is
detected as a 38-kDa protein. ActD, actinomycin D. (C) HeLa-51 cells overex-
pressing Nix are more susceptible to apoptosis. HeLa-vector or HeLa-51 cells
were transiently transfected with expression plasmids encoding Flag-tagged
proteins containing the AIP negative control, Nix, or COOH-terminal portion
of Bid (Bid-t). Flag-positive cells were scored for apoptosis based on nuclear
shrinkage. Experiments were performed in triplicate (mean � SD). (D) En-
hanced PARP cleavage in HeLa-51 cells overexpressing Nix as determined by
immunoblot analysis with an anti-PARP antibody. (E) TSAP6 antisense impairs
Nix-induced cell death. 293T cells were cotransfected with the indicated
expression plasmids. Twenty-four hours after transfection, cell lysates were
analyzed for PARP cleavage.
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was still in G2�M. Furthermore, this population was determined
to be predominantly in G2 by analyzing the mitotic index and the
phosphohistone H3� and BrdUrd� populations after DTB re-
lease of HeLa-39 and -51 cells (see Fig. 8, which is published as
supporting information on the PNAS web site).

The hyperphosphorylation of p34cdc2 and Myt1 have been
directly correlated with the down-modulation of their respective
activities (22, 30). Thus, we addressed whether overexpressed
TSAP6 could influence the phosphorylation status of either
p34cdc2 or Myt1. First, total cell lysates derived from synchro-
nized HeLa-control or HeLa-39 cells either before or after DTB
release were analyzed by immunoblotting for p34cdc2. Compared
with HeLa vector cells, HeLa-39 cells retained a comparably
hyperphosphorylated form of p34cdc2 by 12 h after DTB release
(Fig. 5D). This is consistent with previous reports on the effects
of overexpressed Myt1 on p34cdc2 phosphorylation (25).

Next, 293T cells were cotransfected with Flag-Myt1 in com-
bination with either HA-TSAP6 or pcDNA3 control and treated
with nocodazole for different times to induce a block in mitosis.
Anti-Flag immunoblot analysis on total cell lysates transfected
with pcDNA3 revealed a time-dependent increase in the ap-

pearance of additional higher molecular weight species of Myt1
(Fig. 5E). By contrast, these hyperphosphorylated species of
Myt1 were not detectable in lysates derived from TSAP6-
overexpressing cells even by 13 h. A similar hypophosphorylated
phenotype was observed by overexpressing the Myt1�RNL
mutant alone, which lacks the cyclin B1�p34cdc2-binding motif
(ref. 25; Fig. 5F). Overall, these results indicate that TSAP6
modulates the G2�M transition and regulates the level of phos-
phorylation of p34cdc2 and Myt1.

Discussion
TSAP6 was originally cloned from the murine LTR6 cell line as
a transcript induced in response to wild-type p53 activation (1).
Accordingly, we have observed that TSAP6 transcripts were also
increased by endogenous activation of p53. Moreover, the
identification of a p53-response element within the promoter
region of TSAP6, conserved between the human and murine
genes, argues in favor of the involvement of p53 in the regulation
of TSAP6 expression. That TSAP6 antisense impaired p53-
mediated apoptosis hinted at the possibility that TSAP6 may
participate in cell death-related activities. This observation

Fig. 5. TSAP6 interacts with Myt1 and influences cell-cycle progression. (A) Overexpressed HA-TSAP6 immunoprecipitates (IP) Flag-Myt1-150 from extracts of
293T cells. WB, Western blot; Ic, Ig light chain. (B) Endogenous TSAP6 and Myt1 interact in HeLa-39 cells (Left), K562 cells (Center), or human fetal liver tissue
(Right). Lysates were incubated with either a control antibody or anti-TSAP6a antibody followed by incubation with agarose anti-IgY and Western blot analysis
with anti-Myt1 antibody. TL, total cell lysate. (C) Overproduction of TSAP6 induces a G2�M delay. Polyclonal HeLa-vector and HeLa HA-TSAP6 cells were
synchronized at the G1�S border by a DTB procedure and analyzed by flow cytometry after release from the block. Flow-cytometry analysis was performed
separately on either gated HA-positive (solid blue line) or HA-negative (dotted red line) subpopulations (Left). (D) TSAP6 maintains p34cdc2 in an inactive state.
Cell lysates derived from either synchronized HeLa vector or HeLa-39 cells were immunoblotted by using an anti-p34Cdc2 antibody. (E) TSAP6 overexpression
prevents Myt1 hyperphosphorylation during mitotic entry. 293T cells overexpressing pcDNA3 or pcDNA-TSAP6 in combination with Flag-Myt1 were treated with
nocodazole (Noco) for the indicated times. Western blot analysis with anti-Flag (Upper) or anti-HA (Lower) antibodies was used to reveal Myt1 and TSAP6
proteins, respectively, in total cell lysates. (F) The effect of TSAP6 on Myt1 phosphorylation is similar to that of the Myt1�RNL mutant alone.
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prompted us to explore its function further by identifying
relevant TSAP6-interacting partners. A Y2H hunt revealed that
TSAP6 physically associates with Nix and the Myt1 kinase, and
this conclusion was confirmed by in vitro and in vivo studies.

Our studies point to a cooperation between TSAP6 and Nix
in promoting apoptosis. This is supported by the observation that
cells overexpressing TSAP6 are more sensitive toward apoptosis
and that Nix exacerbates this effect. Similar to Nix, the p53-
inducible Bax, Noxa, and Puma promote apoptosis at the mito-
chondria and associate with Bcl-2 (11, 12, 31). The observations
that TSAP6 is up-regulated by p53 and interacts with Nix suggest
yet another level of control by p53 on apoptosis.

Nix, a Bcl-2 family member, was originally cloned based on its
high degree of homology with BNIP3 (29). Nix was shown to
promote apoptosis through its targeting to the mitochondria (29,
32–34). Deletion of the Nix transmembrane domain abrogated
both its ability to associate with the mitochondria and to induce
apoptosis (29). Recently, a previously uncharacterized isoform
of Nix was identified, Nix-short, which was shown to het-
erodimerize with Nix and block its proapoptotic activity (35).

The identification of Myt1 kinase as a TSAP6 binding partner
indicated that TSAP6 could also participate in events related to
cell-cycle control. The studies presented here provide evidence
that TSAP6 promotes a delay at the G2�M transition of the cell
cycle. Similarly, Liu et al. (25) observed that by 14 h after DTB
release, the majority of HeLa cells overproducing Myt1 had
accumulated at the G2�M border. Given the similar impact of
TSAP6 and Myt1 on cell-cycle progression and the direct

association between these two molecules, we postulated that
TSAP6 could act as a positive regulator of Myt1. The mainte-
nance of p34cdc2 in an inactive state by TSAP6 overexpresssion,
a pattern highly reminiscent of cells overproducing Myt1 (25),
supports this possibility. Finally, the observation that TSAP6
prevents the hyperphosphorylation of Myt1 during entry into
mitosis reinforces this hypothesis.

The phosphorylation of Myt1 has been attributed, at least in
part, to p90rsk kinase, Akt kinase, and cyclin B1�p34cdc2, all of
which down-regulate the activity of Myt1 (22, 36, 37). By
contrast, TSAP6 apparently counteracts these effects by pro-
moting Myt1 activity. Interestingly, the binding domain of cyclin
B1�p34cdc2 has been mapped to an RNL motif present within the
COOH-terminal region of Myt1. Consistent with the present
data, TSAP6 maintained Myt1 in a hypophosphorylated state,
similar to the effects of Myt1�RNL alone, suggesting that
TSAP6 could interfere with MPF recruitment to Myt1. Alter-
natively, through its association with Myt1, TSAP6 could either
recruit Myt1-specific phosphatases or mask the accessibility of
its phosphorylation sites. Future studies may aim at addressing
these issues.
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