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Abstract

YWK-II protein/APLP2 is a member of an evolutionarily conserved protein family that

includes amyloid precursor protein (APP) and amyloid precursor like protein-1 (APLP1). We
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have previously demonstrated that YWK-II/APLP2 functions as a novel Go-protein-coupled

receptor for Miillerian inhibiting substance (MIS) in cell survival. However, factors regulating

the stability and turnover of YWK-II/APLP2 have not been identified. Here we present

evidence that human leukocyte antigen-B-associated transcript 3 (Bat3), an important

regulator involved in apoptosis, can interact with YWK-II/APLP2 and enhance its stability by

reducing its ubiquitination and degradation by the ubiquitin-proteasome system.

Co-expression of different Bat3 domain deletion constructs with YWK-II/APLP2 reveals that

the proline-rich domain of Bat3 is required for its binding to YWK-II/APLP2. In addition, we find

that the protein levels of YWK-II/APLP2 could be enhanced by nuclear export of Bat3 under

apoptotic stimulation. We also find elevated levels of Bat3 and YWK-II/APLP2 in human

colorectal cancer with a positive correlation between the two. Taken together, these results

have revealed a previously undefined mechanism regulating cell apoptosis and suggest that

aberrant enhancement of YWK-II/APLPZ2 by nuclear export of Bat3 may play a role in cancer

development by inhibiting cell apoptosis.
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Introduction

YWK-II protein was initially identified as the target antigen to a monoclonal antibody raised

against human sperm proteins, which is synonymous with amyloid beta (A4) precursor-like

protein 2 (APLP2) and thus referred to as YWK-II protein (YWK-II)/APLP2 (Yan et al., 1990;

Huang et al., 2000). YWK-II/APLP2 appears to be a multifunctional protein but its exact role

remains elusive. We have previously shown that YWK-I/APLP2 may serve as a

Go-protein-coupled receptor for Miillerian inhibiting substance (MIS) and activate the Erk

signaling pathway, which promotes cell survival through an anti-apoptotic pathway

suppressing p53 (Yin et al, 2007). Injection of anti-YWK-II/APLP2 antibody into the

seminiferous tubule of mouse testis, which highly expresses YWK-II/APLP2 protein, resulted

in a significant reduction in sperm count with elevated cell apoptosis (Yin et al., 2007).

Expression of YWK-II/APLP2 has also been found increased in the process of apoptosis

induced by trophic factor withdrawal in rat pheochromocytoma PC12 cells, further supporting

its role in apoptosis (Araki and Wurtman, 1998). Interestingly, increased levels of

YWK-II/APLP2 expression have been found in invasive ductal carcinoma (Abba et al., 2004).

Together with the demonstrated role of YWK-II/APLP2 in apoptosis or cell survival, it suggests

that YWK-II/APLP2 may play a role in tumor development.

In a yeast two-hybrid screening using a segment of YWK-II/APLP2 as bait, we found

interaction of YWK-II/APLP2 with human leukocyte antigen-B-associated transcript 3 (Bat3).

Bat3 was initially identified within the class Il region of the major histocompatibility complex

(MHC) on human chromosome 6 (Banerii et al., 1990). Depletion of Bat3 in mouse was found

to result in embryonic lethality with defects in the development of the brain, testis, lung, and
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kidney. In all these cases, the developmental defects were associated with widespread

aberrant apoptosis and cellular proliferation (Desmots et al., 2005). The Xenopus homolog of

Bat3, Scythe, has been reported to be associated with Reaper (Rpr), a central regulator of

apoptosis in Drosophila melanogaster, and the interaction between Scythe and Reaper is

necessary for Reaper-induced apoptosis (Thress et al, 1999). Recent studies have also

shown that Bat3 regulates the stability and localization of apoptosis-inducing factor (AIF) after

apoptotic stimuli, and p53 has been identified as a Bat3 target after DNA damage, indicating

its important role in apoptosis (Desmots et al., 2008; Sasaki et al., 2007). Bat3 has also been

implicated in regulating apoptotic cell death in various tumor or cancer cells (Tsukahara et al.,

2009). However, there is no study reporting the interaction between Bat3 and YWK-II/APLP2.

Given that both YWK-II/APLP2 and Bat3 have been implicated in cell apoptosis, their

interaction, as indicated in the yeast two-hybrid screening, may represent an important

regulatory mechanism governing the process. We therefore undertook the present study to

investigate the detailed interaction of Bat3 with YWK-II/APLP2 and the potential role of this

interaction in cell apoptosis and tumorigenesis.

Results

Bat3 interacts with YWK-II/APLPZ2 in vivo

We first confirm the interaction between Bat3 and YWK-II/APLP2 observed in the yeast

two-hybrid screening using co-immunoprecipitation assays. Myc-tagged YWK-II/APLP2

(APLP2-Myc) and FLAG-tagged Bat3 (Bat3-FLAG) were co-expressed in human embryonic

kidney HEK-293T cells. As shown in Figure 1A, cell lysates were immunoprecipitated with
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anti-Myc antibody and analyzed by western blot using anti-FLAG antibody. The results showed

that APLP2-Myc was co-precipitated with Bat3-FLAG. The interaction between Bat3 and

YWK-II/APLP2 was further confirmed in reverse immunoprecipitation experiment (Figure 1B).

We next sought evidence for endogenous interaction between endogenous Bat3 and

endogenous YWK-II/APLP2 in HEK-293T cells. Immunoprecipitation assays shown in

Figure 1C  demonstrated that endogenous YWK-II/APLP2 pulled down with

anti-YWK-II/APLP2 antibody resulted in co-precipitation of endogenous Bat3, whereas no Bat3

was found in the immunocomplex precipitated with a nonspecific immunoglobulin G (IgG)

control. Thus, YWK-II/APLP2 formed a complex with Bat3 /n vivo.

As shown in Figure 1D(a), Bat3 contains several highly conserved domains, including an

N-terminal ubiquitin-like domain, a proline-rich domain, and a C-terminal Bcl2-associated

athanogene (BAG) domain. To map the domain of Bat3 that mediates the interaction with

YWK-II/APLP2, we prepared a series of FLAG-tagged Bat3 deletion constructs including

Bat3-AUBL (aa 1 to 88 deleted), Bat3-NT (aa 1-482), Bat3-CT (aa 1 to 482 deleted), and

Bat3-Aproline-rich (aa 387 to 675 deleted). These Bat3 deletion constructs were

co-transfected with Myc-tagged YWK-II/APLP2 into HEK-293T cells. Co-immunoprecipitation

with anti-Myc antibody results shown in Figure 1D(b) revealed that both Bat3-NT and Bat3-CT

bind readily to YWK-II/APLP2 with stronger affinity in Bat3-NT construct. However,

Bat3-Aproline-rich failed to bind to YWK-II/APLP2 in this assay, suggesting that the

proline-rich domain of Bat3 is required for its binding to YWK-II/APLP2. Together, the results of

these experiments demonstrate that Bat3 physically interacts with YWK-II/APLP2 in vivo and

the proline-rich domain of Bat3 is necessary for the interaction.
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Bat3 modulates YWK-II/APLP2 turnover

Since Bat3 has been proposed as a nucleus-cytoplasm shuttling protein and implicated in

stabilizing its binding proteins, we speculated that Bat3 might modulate YWK-II/APLP2

expression/turnover (Desmots et al., 2008; Tsukahara et al., 2009). To test this, we expressed

different amount of FLAG-tagged Bat3 in HEK-293T cells and determined the expression of

YWK-II/APLP2 by western blot. As shown in Figure 2A, endogenous YWK-II/APLP2 levels

rose with increasing exogenous Bat3. The up-regulation of YWK-II/APLP2 can be resulted

from an increase in expression or a decrease in protein turnover. Therefore, we next used

cycloheximide (CHX) chase assays, in which CHX is used as an inhibitor of protein synthesis,

to determine whether YWK-II/APLP2 protein stability was affected by enhanced Bat3. As

shown in Figure 2B, the half-life of YWK-II/APLP2 was dramatically increased in cells with

exogenous Bat3 expression compared with the empty vector control. To confirm that the

observed increase in YWK-II/APLP2 stability was indeed caused by Bat3, we tested whether

Bat3 knockdown could decrease the half-life of YWK-II/APLP2. As the kinetics of

YWK-II/APLP2 stabilization tested under CHX treatment shown (Figure 2C), the half-life of

YWK-II/APLPZ2 in HEK-293T cells was markedly shortened from 50 minutes to 25 minutes by

Bat3 knockdown. Interestingly, the turnover of YWK-II/APLPZ2 in a colon cancer cell line,

HCT116, was also found to be dependent on Bat3, with its half-life greatly shortened from 50

minutes to 25 minutes by Bat3 knockdown (Figure 2D). Taken together, these data indicate

that Bat3 can markedly increase the stability of YWK-II/APLPZ2 in normal and cancer cells.
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Bat3 reduces YWK-II/APLP2 ubiquitination

The two main routes for regulating intracellular protein turnover are the

ubiquitin-proteasome and autophagy-lysosome pathways (Ciechanover, 2005). To determine

which pathway is responsible for YWK-II/APLP2 turnover, HEK-293T cells were treated with

MG132 (a proteasome inhibitor) or chloroquine (a lysosome inhibitor). The levels of

YWK-II/APLP2 were markedly increased after treatment with MG132 or chloroquine

(Figure 3A). We used CHX chase analysis to confirm that YWK-II/APLP2 stability was indeed

regulated by the two pathways, as shown in Figure 3B, the half-life of YWK-II/APLP2 was

increased after treatment with MG 132 or chloroquine.

Proteins targeted for degradation by the 26S proteasome are typically covalently modified

with a polyubiquitin chain. Since Bat3, with a ubiquitin-like domain, has been reported to be

involved in protein degradation, we were interested in testing whether Bat3 affects

YWK-II/APLP2 degradation, particularly through regulating its ubiquitination (Thress et al,,

2001; Sasaki et al., 2008). We first performed ubiquitination assay on YWK-I/APLP2. As

shown in the left panel of Figure 3C, coexpression of hemagglutinin (HA)-tagged ubiquitin

(HA-Ub) with YWK-II/APLP2-FLAG (APLP2-FLAG) in HEK-293T cells induced the formation of

high-molecular-weight ladder-like bands that could be recognized by anti-HA antibody in the

YWK-II/APLP2 immunoprecipitates. Furthermore, the ubiquitinated YWK-II/APLP2 became

more pronounced after MG132 treatment due to inhibition of its degradation by

ubiquitin-proteasome pathway. To rule out the possibility that these ladder-like bands were

YWK-II/APLPZ2-associated proteins rather than YWK-II/APLP2 itself, a re-immunoprecipitation

assay was performed to pull down ubiquitinated proteins with anti-FLAG antibody. The protein
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mixture was first heated in the presence of 1% sodium dodecyl sulfate (SDS) and 5 mM

dithiothreitol (DTT) to disassociate protein-protein interactions before immunoprecipitation,

and was pulled down with anti-FLAG antibody. The immunoprecipitates immunoblotted with

anti-HA antibody showed that ubiquitinated YWK-II/APLP2 was increased upon MG132

treatment, confirming the involvement of ubiquitin-proteasom pathway in degradation of

YWK-II/APLP2 (Figure 3C, right panel). To study the effect of Bat3 on the ubiquitination status

of YWK-II/APLP2, Myc-tagged YWK-II/APLP2 (APLP2-Myc) was expressed in HEK-293T cells

with or without FLAG-tagged Bat3 (Bat3-FLAG), followed by treatment with MG132.

YWK-II/APLP2 was then immunoprecipitated by anti-Myc antibody, and the extent of

ubiquitination was analyzed. Inhibition of proteasome activity by MG132 enhanced the

YWK-II/APLP2-Myc protein content (Figure 3D(a), lanes 7 and 8). The weak ubiquitination of

YWK-II/APLP2 detected in cells transfected with APLP2-Myc alone (Figure 3D(a), lane 3) was

markedly elevated in the presence of MG132 (Figure 3D(a), lane 7). Expression of Bat3

effectively suppressed the ubiquitination of YWK-II/APLP2 in both MG132-treated and

untreated groups (Figure 3D(a), lanes 8 and 4). Next, we tested whether Bat3 knockdown

could induce YWK-II/APLP2 poly-ubiquitination. HEK-293T cells were transfected with control

or Bat3 siRNA in combination with FLAG-tagged YWK-II/APLP2 and HA-tagged ubiquitin. As

shown in Figure 3D(b) , Bat3 knockdown significantly enhanced the level of poly-ubiquitylated

YWK-II/APLP2 in both MG132-treated and untreated groups. Taken together, these data

suggest that Bat3 antagonizes YWK-II/APLP2 ubiquitination, thereby suppressing

YWK-II/APLP2 degradation.
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Upregulation and positive correlation between Bat3 and YWK-II/APLP2 in human colorectal

tumor tissues

Given that YWK-II/APLP2 had been demonstrated to have anti-apoptotic activity, the

currently observed Bat3-suppressed YWK-II/APLP2 degradation prompted us to speculate

that abnormal Bat3-dependent YWK-II/APLP2 turnover might be involved in tumor formation

and/or cancer development (Yin et al., 2007). To test this, we analyzed the correlation of Bat3

and YWK-II/APLP2 in colorectal carcinoma from patients with matched normal colorectal

tissues. As shown in Figure 4A, of the eleven pairs of matched normal and carcinoma tissue,

all carcinoma samples exhibited higher levels of Bat3 and nine of the eleven cases showed

higher levels of YWK-II/APLP2 compared with corresponding normal tissues. These findings

demonstrate a positive correlation between Bat3 and YWK-II/APLP2 in human colorectal

tumor samples.

We further audited the expression profile of Bat3 and YWK-II/APLP2 in colon

adenocarcinoma tissue array (US Biomax) using standard immunohistochemistry. As shown in

Table1, the results revealed that YWK-II/APLP2 was upregulated in 24% (24 of 102) of colon

cancers (Figure 4B). Interestingly, while Bat3 was mainly localized to the nuclei in normal

colon tissue, 15% (15 of 102) colon adenocarcinoma demonstrated a diffuse Bat3 signal in the

cytoplasm indicating possible nucleus-to-cytoplasm shuttle of Bat3 in these specimens (Figure

4C, Table1). This shuttle is likely to be associated with high grade tumors since we have

observed higher association between tumor grading and nuclear export of Bat3 (14% in grade

3; 17% in grade 2 and 9.5% in grade 1). Of note, 9 out of these 15 specimens demonstrated

an up-regulation of YWKII/APLP2 simultaneously, indicating that nuclear to cytoplasmic

10
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shuttle of Bat3 is co-related with up-regulation of YWKII (Pearson Chi-square test p<0.001).

Nuclear export of Bat3 enhances protein stability of YWK-II/APLP2

To confirm whether nuclear export of Bat3 increases the protein stability of YWK-II/APLP2

by reducing the ubiquitination-mediated protein turnover, we investigated the half-life of

YWK-II/APLP2 after overexpression of a nuclear localization signal mutated Bat3 construct

(Bat3ANLS/ARNAI). Endogeneous Bat3 was first depleted by si-Bat3 and followed by

co-transfection of either Bat3 or Bat3 ANLS/ARNAI 24 hours after endogenous Bat3

knockdown. As shown in Figure 5A, the half-life of YWK-II/APLP2 in Bat3ANLS/ARNAI group

was increased from 45 minutes to 60 minutes compared with the half-life in Bat3 group. We

further used ubiquitination assay to determine the effect of overexpression of Bat3ANLS/A

RNAI on the ubiquitination level of YWK-II/APLP2. As shown in Figure 5B, forced expression

of Bat3 in the cytoplasm by Bat3ANLS/ARNAI significantly reduced the ubiquitination level of

YWK-II/APLPZ2 in both MG132-treated and untreated groups when compared to wild type Bat3.

These data provide compelling evidence indicating that nuclear export of Bat3 stabilizes

YWK-II/APLP2 by reducing ubiquitination.

Apoptotic stimulation-induced elevation of YWK-II/APLP2 is associated with Bat3 nuclear

export

We further examined the association of YWK-II/APLP2 levels with Bat3 nuclear export in

response to apoptotic stimuli in the colon cancer cell line. HCT116 cells were treated with 5 pM

camptothecin (CPT), a topoisomerase inhibitor known to induce apoptosis, for 12 h and the

levels of YWK-II/APLP2 in HCT116 cells were observed to increase gradually from 0 hto 12 h

1
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after treatment with the progression of apoptosis that was marked by the cleaved PARP

(Figure 6A). Interestingly, the levels of Bat3 did not change notably during the process

(Figure 6A). However, the CPT-enhanced levels of YWK-II/APLP2 were abolished when Bat3

in HCT116 cells was depleted by siRNA, but remained unaffected in control (Figure 6B).

These results indicate that the elevated levels of YWK-II/APLP2, which may be important for

cell survival, in response to the apoptotic stimulus are dependent on Bat3.

We further hypothesized that the elevated levels of YWK-II/APLP2 in response to apoptotic

stimuli are due to its suppressed ubiquitination by Bat3, which requires binding of Bat3 to

YWK-II/APLP2, and therefore, Bat3 nuclear export since YWK-II/APLP2 is known to mainly

localize to the plasma membrane and intracellular compartments (Kaden et al., 2009). In fact,

Bat3 could be exported to the cytoplasm and bind with its interacting proteins in cells exposed

to specific apoptotic stimuli (Desmots et al., 2008; Pogge von Strandmann et al., 2007). To

confirm nuclear export of Bat3 in response to apoptotic stimuli, HCT116 cells were treated with

5 uM CPT and harvested at different time points. Bat3 levels in the cytoplasmic and nuclear

fractions at each time point were analyzed by immunoblotting. The quality of the cytoplasmic

and nuclear fractionation was determined by the presence of cytoplasmic glyceraldehyde

3-phosphate dehydrogenase (GAPDH) and nuclear Lamin A/C. At time point O h, Bat3 was

distributed nearly equally between cytoplasmic and nuclear fractions. CPT treatment promoted

the export of Bat3 to the cytoplasm in HCT116 cells with corresponding decrease in its levels

in the nucleus fraction (Figure 6C). Similar results were also obtained in a cervical cancer cell

line, HelLa, showing gradual increase of Bat3 in the cytoplasmic fraction with corresponding

decrease in the nucleus faction in response to UV exposure (Figure 6D). To further

12
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demonstrate the correlation between nuclear export of Bat3 and upregulation of

YWK-II/APLPZ2 in response to apoptotic stimuli, we constructed certain Bat3 mutant, Bat3A

NES/ARNAI (the nuclear exporting signal of Bat3 was mutated). Cells were transfected with

si-Bat3 and co-tranfected 24h later with different plasmids, including Bat3ANES/ARNAI, Bat3A

RNAI, or null vectors. At 48 hour post-transfection, the cells were treated with CPT and the

level of YWK-II/APLP2 was detected. As shown in Figure 5E, the enhanced levels of

YWK-II/APLP2 resulted from overexpression of wild type Bat3 was abolished in Bat3 NES

mutant group. Taken together, these results suggest that Bat3 nuclear export is required for

the enhanced levels of YWK-II/APLP2 in response to apoptotic stimuli.

Nuclear export of Bat3 suppresses the apoptosis induced by knock-down of YWK-II/APLP2

To further demonstrate the physiological significance of the interaction between Bat3 and

YWK-II/APLP2, and to determine whether this interaction promotes colon tumorigenesis, we

examined the effect of either Bat3 or YWK-II/APLP2 knockdown on cell survival of HCT116

cells in response to apoptotic stimulus. HCT116 cells were transiently transfected with either

Bat3 or YWK-II/APLP2 siRNA and treated with CPT for inducing apoptosis. As shown in Figure

7A, knockdown of either Bat3 or YWK-II/APLP2 significantly inhibited cell survival denoted by

higher LDH release. To demonstrate the correlation between Bat3 and YWK-II/APLP2 in

apoptosis, we used Annexin V/PI| staining assay to determine whether Bat3 can rescue the

apoptosis induced by knockdown of YWK-II/APLP2. HCT116 cells were transfected with either

si-APLP2 or si-Bat3 and co-transfected 24 h later with Bat3ANLS or null vectors. At 48 hour

13
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post-transfection, the cells were treated with Vulcade (an inhibitor of proteasome, can induce

cell apoptosis) for 24 hours and the apoptotic ratio was detected using Annexin V/PI staining

assay. The result in Figure 7B showed that knockdown of either Bat3 or YWK-II/APLP2

enhanced the cell apoptosis and overexpression of Bat3ANLS could partially rescue the

apoptosis induced by knockdown of YWK-II/APLP2. Taken together, these results suggest

that the elevated levels of YWK-II/APLP2 induced by nuclear export of Bat3 can inhibit cancer

cell apoptosis.

Depletion of Bat3 suppresses the growth of colon tumor xenograft

To further access the role of Bat3 in tumor formation, we performed xenograft assay.

HCT116 cells were stably infected with lentivirus vector (plentilox3.7) expressing control or

Bat3 shRNA and inoculated subcutaneously into the dorsal flanks of athymic nude mice. As

shown in Figure 8, knock-down of Bat3 significantly suppressed the tumor formation of

HCT116 cells in nude mice. Taken together, our results suggest that depletion of Bat3

suppresses colonrectal tumor formation in vivo.

Discussion

The present study has revealed a previously undefined mechanism involving interaction

between YWK-II/APLP2 and Bat3 in regulating cellular response to apoptotic stimuli,

aberrance of which may contribute to tumorigenesis or cancer development. The present

findings suggest that the previously demonstrated anti-apoptotic activity of YWK-II/APLP2 or

its effect on cell survival may be enhanced by Bat3 through suppression of YWK-II/APLP2

ubiquitination and thus degradation.

14
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The ability of Bat3 to stabilize its interacting proteins has been previously documented. The

ubiquitin-like domains of Bat3 have been shown to interact with the Xrpn10c subunit of the

proteasome, and those domains are required for normal development of the Xenopus embryo

(Minami et al., 2007). In addition, Bat3 has been reported to increase heat shock protein (Hsp)

70-2 protein stability by reducing its ubiquitination and degradation (Sasaki et al., 2008).

YWK-II/APLP2, as a newly identified Bat3-interacting protein, is also shown in the present

study to be stabilized by Bat3, which suppresses YWK-II/APLP2 degradation through the

ubiquitin-proteasome system. In eukaryotic cells, the ubiquitin-proteasome system degrades

many cellular proteins and regulates numerous cellular processes, including cell-cycle

progression, apoptosis, gene transcription, and receptor downregulation (Hoeller and Dikic,

2009). The interaction between YWK-II/APLP2 and Bat3 observed in the present study

provides a novel mechanism regulating cell apoptosis. While the proline-rich domain of Bat3 is

shown to be necessary for the interaction, the detailed mechanism by which Bat3 reduces the

ubiquitination of YWK-II/APLP2, as well as its other interacting proteins, remains to be

elucidated.

The present study has also demonstrated that the apoptotic stimulation-enhanced

YWK-II/APLP2 levels are associated with the nuclear export of Bat3. Bat3 contains a nuclear

localization signal (NLS) and a nuclear export signal (NES), indicating that it is subject to

nuclear export. It has been reported that Bat3 translocates from the nucleus to the cytoplasm

during endoplasmic reticulum stress-induced apoptosis (Desmots et al., 2008). In the present

study we also observed time-dependent nuclear export of Bat3 upon apoptotic stimulation,

which may be responsible for the time-dependent elevation of YWK-I/APLP2 levels in

15
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response to the stimulation since this elevation could be abolished by knocking down Bat3 or

mututating the nuclear exporting signal of Bat3. Considering the anti-apoptotic role of

YWK-II/APLP2, we propose that the Bat3 translocation-mediated suppression of

YWK-II/APLP2 degradation may be a protective mechanism against apoptotic challenge.

The most interesting result of the present study is the finding that both Bat3 and

YWK-II/APLP2 protein levels were drastically elevated in colorectal tumor tissues as

compared to that of the matched normal tissues. What is more intriguing is that the elevated

levels of Bat3 were found in the cytoplasm of the tumor tissues in contrast to its predominant

nuclear localization in the normal tissues. We further demonstrated increased protein stability

and suppression of YWK-II/APLPZ2 ubiquitination by translocation of Bat3. These observations,

together with the results that nuclear export of Bat3 suppresses the apoptosis induced by

knockdown of YWK-II/APLP2, suggest that the translocation of Bat3 mediated enhancement

of YWK-II/APLP2 may be aberrant in cancer tissues leading to abnormal anti-apoptotic activity

and abnomal tissue growth. Thus, the present study not only reveals a novel mechanism

regulating cell apoptosis, but also a previously unsuspected cause of tumorigenesis. It should

be noted that although we focused on colorectal cancer in the present study, elevated

expression of YWK-II/APLP2 is also found in 17 out of 20 human pancreatic adenocarcinoma

samples (Supplemental Figure 1). We also observed that over-expression of YWK-II/APLP2 in

Chinese hamster ovary (CHO) cells suppressed apoptotic cell death (supplemental Figure 2),

whereas knockdown YWK-II/APLP2 (Supplemental Figure 3) in a pancreatic carcinoma cell

line, Aspc-1 cells, promoted apoptosis (Supplemental Figure 4) with reduced viable cells

(Supplemental Figure 5). These observations suggest that YWK-II/APLP2 can be upregulated

16
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by apoptotic stimuli not only in HCT116 cells , but also in other cell lines such as GC-1 spg (a

mouse germ cell line) (Supplemental Fig 6). Taken together, these findings confirm a role of

YWK-II/APLPZ2 in cell survival, which might be mediated by Bat3, in different cell types and

suggest that aberrant expression of YWK-II/APLP2 may be a common disorder contributing to

the development of various types of cancer.

In closing, the present study has discovered a novel molecular mechanism regulating

apoptotic process through the interaction between Bat3 and YWK-II/APLP2, which may be

important for cell survival under stress. The present study has also demonstrated that

abnormal upregulation of both Bat3 and YWK-II/APLP2 with enhanced cell survival in cancer

cells, suggesting a possible cause of tumorigenesis. The present findings also warrant future

investigation into the details how this novel regulatory mechanism is involved in cell death and

survival under various physiological and pathological conditions.

Materials and Methods

Cell culture

Cells including HEK-293T adenovirus-transformed human embryo kidney cells, AsPc-1

human pancreas adenocarcinoma cells, HeLa human epitheloid carcinoma cells, and CHO

Chinese hamster ovary cells were maintained in DMEM (Invitrogen), supplemented with 10%

fetal bovine serum (Invitrogen) and 100 ug/ml penicillin 100pU/ml streptomycin in 5% CO: at

37°C, while HCT116 human colon carcinoma cells were maintained in IMDM (Invitrogen) was

supplemented with 10% fetal bovine serum (Invitrogen). All the above cell lines were

obtained from the American Type Culture Collection.

17
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RNA/ and transfection

siRNA sense sequences were 5-GUUCCUGACAAGUGCAAAUUC-3 for control (si-CNT),

and 5-GTGCGTGCGCTTTATATAT-3', 5-CCAATGATGTTGATGTGTA-3' and 5'-

GAGCGTCACCTGAACAAGA-3' for YWK-II/APLP2 (si-APLP2-1, si-APLP2-2, si-APLP2-3,

respectively). Synthetic siRNA oligoduplexes for Bat3 were designed as previously described?

and purchased from Dharmacon. Transfection was carried out using the Lipofectamine 2000

transfection kit (Invitrogen) or Engreen transfection kit (Engreen). Cells were cultured to 40%

confluency and transfected with siRNA oligoduplexes. Cells were assayed 48 or 72 h after

transfection unless otherwise indicated.

Bat3 mutant

The construction of Bat3ARNAI (a Bat3 mutant resistant to RNAI by si-Bat3), Bat3ANLS (a

mutant containing mutation within the NLS consensus sequence) had been previously

described (Sasaki et al., 2007). We also established a mutant containing both mutations,

Bat3ARNAI/ANLS. According to Ref (Desmots et al., 2008) and prediction of NetNES1.1, we

deleted 20 aa from 272 to 291aa in Bat3ARNAI protein sequence to construct a NES mutant

(Bat3ARNAI/ANES). The mutations were introduced by the QuikChange Mutagenesis Kit

(Stratagene) according to the manufacturer's protocol. All of the mutations were verified by

sequencing.

Western blot analysis
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Protein samples were prepared in NP-40 lysis buffer (1% NP-40, 20 mM Tris-HCI [pH 7.5],

150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail [Roche Diagnostics]), and 20 ug total

protein was immunoblotted according to standard procedures. Antibodies recognizing the

following proteins were used in this study: APLP2 (Calbiochem), Bat3 and Lamin A/C (both

from Abcam), beta-actin, Caspase3, GAPDH and Myc (all from Santa Cruz Biotechnology),

PARP (Cell Signaling Technology), and FLAG (M2) (Sigma).

Immunoprecipitation

HEK-293T cells were transfected with empty vector (p3xFLAG-CMV-14; Sigma),

Bat3-FLAG, or APLP2-Myc. Cells were lysed in lysis buffer (50 mM Tris HCI, 150 mM NacCl,

1% NP-40) supplemented with protease inhibitor cocktail (Roche Diagnostics) for 30 min on

ice and then cleared by centrifugation. Extracts were incubated with the appropriate antibodies

overnight at 4°C with rotation, and then incubated for an additional 2 h with protein A/G

agarose beads (Roche Diagnostics). In some experiments, anti-FLAG (Sigma, M2) or anti-Myc

agarose beads (Santa Cruz Biotechnology) were used to pull down FLAG-tagged or

Myc-tagged proteins. The samples were fractionated by SDS-PAGE and subjected to

immunoblotting as described above.

In vivo ubiquitination assay

In vivo ubiquitination assays were performed as described previously (Zhong et al., 2005).

HEK-293T cells were co-transfected with HA-Ubiquitin and the indicated YWK-II/APLP2 and

Bat3 expression constructs. At forty-eight hours post-transfection, cells were incubated for 6 h
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with 25 mM of MG132 or vehicle. Cells were then boiled in the presence of 1% SDS and 5 mM

DTT. The boiled extract was diluted ten times containing iodoacetamide then subjected to

immunoprecipitation using anti-FLAG or anti-Myc antibody as indicated. Immunocomplexes

were analyzed by SDS-PAGE followed by immunoblotting with an anti-HA antibody to detect

ubiquitin conjugates.

Cell death measurement

LDH activities in the conditioned media were measured using a Cytotoxicity detection kit

(Roche, USA), according to the manufacturer’s instructions and absorbance was measured at

490 nm using a microplate reader (Biotek, USA).

Apoplosis

Treated cells were stained by using Annexin V/Pl| staining kit according to the

manufacturer's guidelines (Invitrogen) and the cells were immediately ananlyzed by using flow

cytometry( BD, FACScalibur)

Tissue microarray

Colon adenocarcinoma tissue array was purchased from US Biomax and stained by

standard immunohistochemical protocol. Briefly, slide was deparafinized by serial

xylene-ethanol treatment. Antigen was retrieved by boiling in sodium citrate buffer for 10

minutes. Slide was blocked in 5% normal goat serum (Sigma) for 1 hour at room temperature

followed by probing with 1:50 Mouse Anti-Bat3 Ab (AbCAM). Signal was detected by
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Ultravision ONE detection system (Thermo Scientific).

Tumor Xenograft Assay

Experimental procedures involving animals were reviewed and approved by the Institutional

Animal Care and Use committee of the University of Wuhan. 6-week-old male nude mice were

inoculated subcutaneously in both flanks with 5*108 HCT116 cells stably infected with either

control or Bat3 targeting shRNA virus. Tumors were measured after 7 days with calipers.

Statistical analysis was done using paired Student’s t test, and *p710.05 was used as threshold

for statistically significant different tumor growth rate.

Stafistical methods

To compare two groups, two-tailed £tests were used. A probability 2 < 0.05 was considered

to be statistically significant.
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Figures legends

Table 1. Clinical co-relation between nucleus to cytoplasm shuttle of Bat3 and up-regulation of

APLP2 in colon cancer patients. Expression and localization of Bat3 and APLP2 were

21



Journal of Cell Science e Accepted manuscript

analyzed in 102 cancer patients and 10 normal control from colon cancer tissue arrays. The

cytoplasm shuttle of Bat3 is highly co-related with the up-regulation of APLP2 as observed in 9

out of 102 cancer patients. Pearson Chi-square test, * p<0.001

Figure 1. Bat3 interacts with YWK-IVAPLP2 in vivo.

(A-B) HEK-293T cells were transfected with empty vector (=), Bat3-FLAG, APLP2-Myc, or

Bat3-FLAG plus APLP2-Myc plasmids as indicated. (A) After immunoprecipitation with

anti-Myc antibody, Bat3-FLAG was detected by western blot using anti-FLAG antibody.

(B) After immunoprecipitation with anti-FLAG beads, APLP2-Myc was detected by western

blot using anti-Myc antibody. (C) HEK-293T cell lysates were immunoprecipitated using

anti-YWK-II/APLP2 antibody or control IgG. The immunoprecipitated samples were analyzed

by western blot using anti-Bat3 or anti-YWK-II/APLP2 antibody. (D)(a) Schematic

representation of Bat3 construction. (b) HEK-293T cells were transfected with APLP2-Myc and

a series of Bat3-FLAG deletion mutants. Lysates were immunoprecipitated with anti-Myc

antibody and immunoblotted with anti-FLAG antibody.

Figure 2. Bat3 modulates YWK-II/APLP2 turnover.

(A) HEK-293T cells were transfected with empty vectors or different doses of expression

vectors for Bat3-FLAG (0.1, 0.3, 1, or 3 ug). 48 h later extracts were immunoblotted with

YWK-II/APLP2, FLAG, or Bat3 antibody; beta-actin as a loading control. (B) HEK-293T cells

were transfected with empty vectors or Bat3-FLAG vectors (2 g). 48 h later cells were treated

with cycloheximide (CHX, 50 ug/ml) and extracted at different time points and immunoblotted
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with anti-YWK-II/APLP2, FLAG or Bat3 antibody; beta-actin as a loading control. (C-D)

HEK-293T cells (C) or HCT116 cells (D) were transfected with control siRNA (si-CNT) or

siRNA for Bat3 (si-Bat3). 72 h later cells were treated with CHX (50 pug/ml) for the indicated

time and extracts were immunoblotted with anti-YWK-II/APLP2 antibody, GAPDH as a loading

control. The right panel shows averaged ratio values of triplicate measurement of

YWK-II/APLP2 quantitation in the indicated groups. The values are normalized to the

expression of GAPDH.

Figure 3. Bat3 reduces YWK-II/APLPZ2 ubiquitination.

(A) HEK-293T cells were treated for 14 h with MG132 (5, 10, or 20 pM), chloroquine (100 pM)

or vehicle. Cell lysates were immunoblotted with anti-YWK-II/APLPZ2 antibody and beta-actin

as a control. (B) The half-life of YWK-II/APLP2 was analyzed by a cycloheximide (CHX) chase

procedure following a 4-hour pretreatment with MG132 (25 pM) or chloroquine (100 pM). Cell

lysates were immunoblotted with antibody against YWK-II/APLP2 and GAPDH (loading

control). (C) HEK-293T cells were co-transfected with APLP2-FLAG and HA-ubiquitin

plasmids. At 48 h post-transfection, cells were mock-treated or treated with 25 yM MG132 for

6 h. Cell lysates were immunoprecipitated by anti-FLAG antibody or control 1gG and the

immunoprecipitates were either denatured and re-dissolved in SDS sample buffer (1% SDS, 5

mM DTT) (right panel) or without treatment (left panel). The SDS sample buffer was diluted ten

times then subjected to second immunoprecipitation with anti-FLAG M2 agarose beads. The

immunocomplex was subjected to western blot with anti-HA antibody. HA-Ub denotes ubiquitin

conjugates of YWK-II/APLP2. (D) (a) HEK-293T cells were transfected with empty vector (-),
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HA-Ubiquitin, APLP2-Myc, or Bat3-FLAG plasmids. 48 hours later cells were treated with

25 M MG132 for 6 h or vehicle, and cells were then boiled in the presence of 1% SDS and 5

mM DTT. Myc-tagged APLP2 was immunoprecipitated from preheated cell extracts using

anti-Myc antibody. Immunoprecipitates were separated by SDS-PAGE, and blotted with

anti-HA antibody. Expression of APLP2-Myc, Bat3-FLAG, or endogeneous Bat3 in cell lysates

was determined by corresponding antibodies. (b) HEK-293T cells were transfected with

control or BAT3-targeted RNAIi in combination with FLAG-tagged APLP2 and HA-tagged

ubiquitin plasmids. 72 h later cells were treated with 25 yM MG132 for 6 h or vehicle, cell

lysates were prepared and the ubiquitin assay was carried out as in (a)

Figure 4. Upregulation and positive correlation between Bat3 and YWK-II/APLP2 in human

colorectal tumor tissues.

(A) Eleven pairs of fresh frozen human colorectal tumor tissues and corresponding normal

tissues were lysed, and tissue lysates were blotted with the indicated antibodies. (N, normal

tissue; T, tumor tissue.) Beta-actin or GAPDH as a loading control. (B) Expression of Bat3 and

YWKII/APLP2 were studied by immunohistochemical staining in colon adenocarcinoma tissue

arrays. Corresponding representative images from Bat3 and YWKII/APLP2 arrays were shown.

(C) Localization of Bat3 was determined from tissue arrays in B. The result showed that 15 of

102 specimens demonstrated the nucleus to cytoplasm shuttle of Bat3 and among the 15

specimens with elevated cytoplasmic Bat3, 9 of them showed an up-regulation of

YWKII/APLP2 simultaneously. Magnification: 200x.
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Figure 5. Nuclear export of Bat3 enhances protein stability of YWK-II/APLP2

(A) HCT116 cells were tranfected with si-Bat3 and cotransfected 24h later with null,

Bat3ARNAI, or Bat3ARNAIJANLS. At 48h post-transfection,cells were treated with

cycloheximide (CHX, 50 pg/ml) and extracted at different time points and immunoblotted with

anti-YWK-II/APLP2 or Bat3 antibody;. Beta-actin was used as a loading control. (B) HEK-293T

cells were transfected with si-Bat3 oligo-duplexes and cotransfected 24 h later with the

indicated plasmids including null, HA-ubiquitin, APLP2-Myc, Bat3ARNAI, or Bat3ARNAI/ANLS.

At 48 h post-transfection, the cells were treated by MG132 or vehicle and the ubiquitination

level of YWKII/APLP2 were examined

Figure 6. Apoptotic stimulation-induced elevation of YWK-I/APLP2 is associated with Bat3

nuclear export.

(A) HCT116 cells were treated with CPT (b pM) for different time. Cell lysates were

immunoblotted for YWK-II/APLP2, Bat3 or PARP. (B) HCT116 cells were transfected with

control (si-CNT) or Bat3-specific siRNA (si-Bat3). 72 h later cells were treated with CPT (5 pM)

and harvested at the indicated time. Cell lysates were blotted for YWK-II/APLP2, Bat3 and

GAPDH as a control. The right panel shows averaged ratio values of triplicate measurement of

YWK-II/APLP2 quantitation in the indicated groups. The values are nomalized to the

expression of GAPDH. (C) HCT116 cells were treated with CPT (5 uM) for the indicated time.

Both the nuclear and cytoplasmic fractions were collected and the fractions were

immunoblotted for Bat3. The nucleus-ocalized protein Lamin A/C and cytoplasm-localized

protein GADPH demonstrate separation of the fractions and proper sample loading. The right
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panel shows averaged ratio values of triplicate measurement of Bat3 quantitation in the

indicated groups. The values of Bat3 in cytoplasm or nucleus are normalized to the expression

of GAPDH or Lamin A/C. (D) Following UVB irradiation (30 mJ/cm?), HelLa cells were

harvested at indicated time, fractionation, immunoblot and quantitation were carried out as in

(C).(E) HCT116 cells were transfected with Bat3-specific siRNA oligo-duplexes and

cotransfected 24 h later with null, Bat3ARNAI, or Bat3ARNAI/ANES. At 48 h post-transfection,

the cells were treated by CHX and the half-life of YWKII/APLP2 was examined as in Figure 2

(D).

Figure 7. Nuclear export of Bat3 suppresses the apoptosis induced by knock-down of

YWK-II/APLP2

(A) HCT116 cells were transfected with YWK-II/APLP2 or Bat3 specific siRNA. At 48 h

post-transfection, cells were treated with different doses of CPT for 2 days. LDH activities in

the media were measured using a Cytotoxicity detection kit (Roche). LDH release (%

cytotoxicity) was calculated using the following equation: {{(OD490 experimental release -

0OD490 spontaneous release)/(OD490 maximum release — OD490 spontaneous release)} x

100. The spontaneous release is the amount of LDH released from the cytoplasm of untreated

cells, whereas the maximum release is the amount released by total lysates of untreated cells

by Triton X-100. Data represent the means+S.E.M. of four separate experiments (*~ < 0.05

versus control groups). (B)HCT116 cells were transfected with control (si-CNT),

YWK-II/APLP2(si-APLP2) or Bat3 (si-Bat3) RNA oligo-duplexes, and cotransfected 24 h later

with null or Bat3ANLS. At 48h post-transfection, the cells were treated with vulcade (1 mM).
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Percentage of cell apoptosis was assayed at 24 h post-treatment by Annexin-V/PI staining.

Data shown are one trial representative of three independent experiments.

Figure 8. Depletion of Bat3 suppresses the growth of colon tumor xenograft

HCT116 Bat3 knock-down or control cells were injected into the dorsal flanks of athymic nude

mice and tumor volume were measured at different time points up to 4 weeks, and the average

volume at each time point was plotted.(n=10, and *p < 0.05 for si-CNT vs. si-Bat3 is

statistically significant) .
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Clinical co-relation between nucleus to cytoplasm shuttle of Bat3 and up-
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