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NTPDASE4 Gene Products Cooperate with the Adenovirus E4orf4

Protein through PP2A-Dependent and -Independent Mechanisms and
Contribute to Induction of Cell Death
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ABSTRACT

The adenovirus E4orf4 protein induces nonclassical apoptosis in mammalian cells through at least two complementing path-
ways regulated by the interactions of E4orf4 with protein phosphatase 2A (PP2A) and Src kinases. In Saccharomyces cerevisiae
cells, which do not express Src, E4orf4 induces PP2A-dependent toxicity. The yeast Golgi apyrase Ynd1 was found to contribute
to E4orf4-mediated toxicity and to interact with the PP2A-B55a regulatory subunit. In addition, a mammalian Ynd1 orthologue,
the NTPDASE4 gene product Golgi UDPase, was shown to physically interact with E4orf4. Here we report that knockdown of
NTPDASE4 suppressed E4orf4-induced cell death. Conversely, overexpression of the NTPDASE4 gene products Golgi UDPase
and LALP70 enhanced E4orf4-induced cell killing. We found that similarly to results obtained in yeast, the apyrase activity of
mammalian UDPase was not required for its contribution to E4orf4-induced toxicity. The interaction between E4orf4 and
UDPase had two consequences: a PP2A-dependent one, resulting in increased UDPase levels, and a PP2A-independent outcome
that led to dissociation of large UDPase-containing protein complexes. The present report extends our findings in yeast to
E4orf4-mediated death of mammalian cells, and combined with previous results, it suggests that the E4orf4-NTPDase4 pathway,
partly in association with PP2A, may provide an alternative mechanism for the E4orf4-Src pathway to contribute to the cytoplas-

mic death function of E4orf4.

IMPORTANCE

The adenovirus E4orf4 protein contributes to regulation of the progression of virus infection from the early to the late phase,
and when expressed alone, it induces a unique caspase-independent programmed cell death which is more efficient in cancer
cells than in normal cells. The interactions of E4orf4 with cellular proteins that mediate its functions, such as PP2A and Src ki-
nases, are highly conserved in evolution. The results presented here reveal that the NTPDASE4 gene product Golgi UDPase, first
discovered to contribute to E4orf4 toxicity in Saccharomyces cerevisiae, associates with E4orf4 and plays a role in induction of
cell death in mammalian cells. Details of the functional interaction between E4orf4, PP2A, and the UDPase are described. Identi-
fication of the evolutionarily conserved mechanisms underlying E4orf4 activity will increase our understanding of the interac-
tions between the virus and the host cell and will contribute to our grasp of the unique mode of E4orf4-induced cell death.

he adenovirus E4orf4 protein contributes to the progression of

viral infection from the early to the late phase (1-7). When
expressed outside the context of virus infection, E4orf4 induces
caspase- and p53-independent cell death in transformed cells (34,
37, 39, 42). This nonclassical mode of programmed cell death is
more efficient in oncogenically transformed cells than in normal
cells (8), indicating that the study of E4orf4 may have implications
for cancer therapy. Furthermore, a major part of the E4orf4 sig-
naling network is highly conserved in evolution from Saccharomy-
ces cerevisiae through Drosophila to mammalian cells (9-14), un-
derscoring its importance to cell regulation.

E4orf4 associates with several cellular proteins (10, 11, 15-19),
and one of its major partners is protein phosphatase 2A (PP2A).
The interaction with PP2A is required for all E4orf4 functions
known to date (1, 3, 7, 8, 16, 19). PP2A is composed of three
subunits: the catalytic C subunit, a scaffolding A subunit, and
one of several regulatory B subunits encoded by at least four
unrelated gene families, PR55/B55/B, PR61/B56/B’, PR72/B",
and PR93/PR110/B" (20), which dictate substrate specificity of
the PP2A holoenzyme. The interaction of E4orf4 with the B55a
subunit of PP2A, but not the B56 subunits, contributes to
Edorf4-induced cell death and cell cycle arrest in both yeast and
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mammalian cells (10, 12, 18, 19). Earlier reports indicated that
PP2A phosphatase activity was required for various E4orf4
functions within the context of virus infection (4, 16, 21) and
that E4orf4 recruited PP2A to novel substrates, such as the ACF
chromatin remodeling complex, both in the context of virus
infection and when overexpressed alone (15). Furthermore,
overexpression of the PP2A-B55 subunit was reported to en-
hance E4orf4-induced cell death (18). In contrast, it was re-
cently suggested that E4orf4 induces cell death by titrating out
functional PP2A holoenzymes containing the B55 subunit,
thus preventing dephosphorylation of substrates required for
cell survival (22). It was also demonstrated that E4orf4 inhib-
ited PP2A activity toward some substrates but not toward oth-
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ers (23). However, since physiological substrates of the E4orf4-
PP2A complex have not been identified to date, it is not clear
yet how E4orf4 may affect PP2A activity toward them and
whether it prevents PP2A from dephosphorylating them.

In addition to its interaction with PP2A, E4orf4 associates with
Src-family kinases, and this interaction produces a “cytoplasmic”
death signal (24), which leads to remodeling of the actin cytoskel-
eton, alterations in recycling endosome trafficking, changes in
Golgi membrane dynamics, and cell death (25, 26).

Based on the findings that at least part of the E4orf4 effector
network was conserved from yeast to mammalian cells, a genetic
screen was utilized in S. cerevisiae to identify novel E4orf4 effec-
tors. This screen revealed that yeast nucleoside diphosphatase
(Ynd1) contributed to E4orf4-induced toxicity and physically in-
teracted with the viral protein (11). Ynd1 is a Golgi apyrase whose
enzymatic activity is required for regulation of nucleotide-sugar
import into the Golgi lumen (27, 28). We reported previously that
Ynd1 interacted both physically and functionally with Cdc55, the
yeast orthologue of the PP2A-B55 regulatory subunit. Deletions of
Cdc55 and Yndl were shown to confer additive resistance to
E4orf4, suggesting that these proteins participated in more than
one pathway involved in mediating E4orf4 toxicity. On the other
hand, overexpression of Cdc55 was more toxic to the cells in the
absence of Yndl than in the presence of Yndl, indicating that
there may be functional interactions between the two proteins.
Surprisingly, the Ynd1 apyrase activity was found to be dispens-
able for mediating E4orf4-induced toxicity in yeast (11), and the
Yndl cytosolic tail was shown to be sufficient for this function
(29).

The mammalian YNDI orthologue, NTPDASE4, encodes two
proteins, Golgi UDPase and a lysosomal apyrase-like protein of 70
kDa (LALP70), translated from alternatively spliced NTPDASE4
mRNAs. The LALP70 mRNA contains an additional stretch of 24
bp, which encodes 8 amino acids inserted in-frame into the
UDPase protein sequence (30-32). This additional 8-residue mo-
tif was reported to confer calcium sensitivity to LALP70 (33), and
the apyrase products of the two splice variants were shown to
possess somewhat different enzymatic properties (30). The two
NTPDASE4-encoded proteins differ also in their reported cellular
localization. UDPase localized mainly to the Golgi apparatus (32),
whereas part of the LALP70 population was detected in lysosomal/
autophagic vacuoles, in addition to Golgi localization (31). In
mammalian cells, E4orf4 was shown to physically interact with the
Golgi UDPase (11), suggesting the evolutionary conservation of
this part of the E4orf4 effector network.

In the work presented here, we investigated the contribution of
the mammalian Ynd1 orthologues to E4orf4-induced cell death
and found that E4orf4 had both PP2A-dependent and -indepen-
dent effects on UDPase that could contribute to induction of cell
death.

MATERIALS AND METHODS

Cell lines, transfections, and plasmids. HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS). IRBa cells, constitutively expressing a PP2A-B55a-
specific short hairpin RNA (shRNA), were grown in medium as described
above, supplemented with 1 pg per ml puromycin (1).

The following plasmids were used in this work: pEGFP-C1 (BD Bio-
science), pCMV-E4orf4 (34), the pCMV/neo vector (35), pcDNA4/TO,
pcDNAG6/TR (Invitrogen), pcDNA4/To—-E4orf4, pcDNA4/To, encoding
the R81F84A E4orf4 mutant protein and a PP2A-B55a—HA mutant resis-
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tant to knockdown by the shRNA in the IRBa cells (1), pGEX-2TK (GE
Healthcare), and pGEX-PP2A-B55a. The Golgi UDPase sequence was
subcloned from GW1-UDPase-Myc (32) into a pCS2+ vector. LALP70
was subcloned from pEGFP-N3-LALP70 (31) into pCS2+, generating
LALP70-Myc. Myc tagged catalytically inactive UDPase mutants with the
mutations E223Q and S277A were generated using the QuikChange mu-
tagenesis kit (Stratagene). A specific sShRNA for Golgi UDPase was sub-
cloned into pSuperior.neo-GFP (OligoEngine, Inc.) according to the
manufacturer’s protocol. The following primers were used: forward
primer, 5'-GAT CCC CAG ACT ACA ATG CTG CTA AAT TCA AGA
GAT TTA GCA GCA TTG TAG TCT TTT TTG GAA A-3'; reverse
primer, 5'-AGC TTT TCC AAA AAA GAC TAC AAT GCT GCT AAA
TCT CTT GAA TTT AGC AGC ATT GTA GTC TGG G-3".

Transfections, immunoprecipitation, glutathione S-transferase
(GST) pulldown assays, Western blot analysis, and antibodies. Trans-
fections were carried out using the JetPie reagent (Polyplus Transfection
Inc., New York, NY). Cell extracts were prepared in CTAP buffer (50 mM
HEPES-KOH [pH 8], 100 mM KCl, 2 mM EDTA, 10% glycerol, 0.1%
Nonidet P-40, 2 mM dithiothreitol [DTT], 10 mM NaF, and 1/10 volume
of Complete protease inhibitor cocktail [Roche]) by 3 freeze-thaw cycles
and a 30-min incubation on ice and were denatured in SDS loading buffer
at 65°C. Denatured proteins were analyzed by Western blotting using
antibodies against the following proteins or protein tags: E4orf4 (34),
PP2A-B55a (8), c-Myc (9E10 or C-33; Santa Cruz), NTPDase4 and alpha-
tubulin (Sigma), hemagglutinin (HA) (Covance), and green fluorescent
protein (GFP) (MBL, Woburn, MA).

For immunoprecipitation experiments, protein extracts were pre-
pared as described above and incubated with antibodies to E4orf4 or the
Myc tag. The immune complexes were heated to 65°C in SDS loading
buffer and separated by SDS-PAGE. Immunoprecipitated proteins and
input lysates were analyzed by Western blotting using specific antibodies.

GST fusion protein binding assays were carried out as described pre-
viously (16).

Apyrase assays. Apyrase assays were performed using crude mem-
brane preparations, as previously described (11, 32).

Cell death assays. Cell death assays, including determination of nu-
clear aberrations and visualization of cell loss, have been described previ-
ously (15, 36). The average of two or three experiments, each containing
duplicate plates, was calculated. Statistical significance of the results was
determined by a one-tailed Student t test, unless otherwise indicated.

Protein stability assays. Cells were transfected with plasmids express-
ing UDPase-Myc and/or E4orf4. Twenty hours later, cycloheximide sus-
pended in ethanol was added to the cells at a concentration of 50 pg per
ml, and one set of cells was treated with ethanol only. The cells were
harvested one or two hours later and processed for Western blot analysis.
Densitometry was used to quantify protein levels.

Size exclusion chromatography. Protein extracts prepared as de-
scribed above were chromatographed on a Superose 6 column (GE
Healthcare). A 10% volume of each fraction was subjected to Western blot
analysis. Molecular size markers (thyroglobulin and bovine serum albu-
min [BSA]; Sigma) were chromatographed under identical conditions.

Image acquisition and processing. Plated cells were photographed by
an Axiocam camera linked to a Zeiss Axioskop at a magnification of X400.
Gels were scanned with an Epson Photo 4990 scanner. Images were pro-
cessed using Adobe Photoshop 5.0 or 7.0.

RESULTS

Golgi UDPase and LALP70 enhance E4orf4-induced cell death.
Since Ynd1 was shown to contribute to E4orf4-induced toxicity in
yeast (11), we set out to determine whether the Ynd1 human or-
thologues Golgi UDPase and LALP70 participated in E4orf4-in-
duced cell death in mammalian cells. We showed previously that
E4orf4 physically associated with Golgi UDPase (11), and a coim-
munoprecipitation experiment was carried out to test whether
E4orf4 also associated with LALP70. E4orf4 was expressed alone
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FIG 1 Golgi UDPase and LALP70 enhance E4orf4-induced cell death. Plas-
mids expressing UDPase-Myc, LALP70-Myc, or an empty vector were trans-
fected into 293T cells with a plasmid expressing E4orf4 or with the correspond-
ing empty vector. (A) Cell extracts were subjected to immunoprecipitation
(IP) with antibodies to the Myc tag, and the presence of E4orf4 and LALP70-
Myc proteins in the immune complexes and in input lysates was determined by
a Western blot. Alpha-tubulin served as a loading control. The amount of
proteins in the input represents 10% of the amount of proteins used for im-
munoprecipitation. (B) Cells in duplicate plates were stained 24 h after
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or together with LALP70-Myc in 293T cells, and cell extracts were
subjected to immunoprecipitation with antibodies to the Myc tag.
Figure 1A demonstrates that E4orf4 was precipitated by the Myc-
specific antibodies above background levels associated with the
beads in the absence of LALP70-Myc. Thus, both UDPase (11)
and LALP70 can associate with E4orf4.

Next, we examined whether overexpression of UDPase or
LALP70 contributed to E4orf4-induced cell death. It was shown
previously that the most typical morphologies associated with
E4orf4-induced cell death include membrane blebbing, nu-
clear condensation or fragmentation, and cell detachment,
whereas morphologies associated with classical apoptosis, such
as caspase activation, DNA fragmentation, phosphatidylserine
externalization, and mitochondrial changes, do not always ac-
company E4orf4-induced cell death (37-39). We thus mea-
sured E4orf4-induced cell death by assaying nuclear aberra-
tions, or cell loss. UDPase and LALP70 were expressed in 293T
cells alone or together with E4orf4, and cell death was mea-
sured by determination of the fraction of transfected cells ex-
hibiting nuclear condensation or fragmentation. Figure 1B
demonstrates that UDPase and LALP70 by themselves did not
significantly enhance background levels of toxicity. However,
when coexpressed with E4orf4, both proteins caused a signifi-
cant increase in E4orf4-induced cell death (P < 0.044), without
affecting E4orf4 protein levels (Fig. 1C). Similarly, when the
cells were visualized by light microscopy (Fig. 1D), UDPase by
itself did not significantly affect cell growth, and E4orf4 caused
cell blebbing, cell detachment, and death. Cell death was fur-
ther increased in the presence of UDPase. Taken together, these
results suggest that UDPase or LALP70 overexpression syner-
gized with E4orf4 to enhance cell death. Since UDPase and
LALP70 appeared to have similar effects on E4orf4-induced
cell killing, we continued the analysis of the E4orf4-NTPDASE4
interaction using only the Golgi UDPase.

UDPase catalytic activity is not required for the E4orf4-
UDPase cooperation in induction of cell death. It was previously
shown in yeast that Yndl apyrase activity is not required for
E4orf4-induced toxicity. To investigate whether this holds true for
amammalian Ynd1 orthologue as well, we prepared two catalyti-
cally inactive UDPase mutants, with the mutations E223Q and
S277A, which corresponded to the Yndl mutants E152Q and
S189A used in yeast (11). We first verified that these mutants
indeed lost their catalytic activity while maintaining wild-type
(WT) levels of expression, as shown in Fig. 2A and B. We then
compared the ability of WT UDPase and the mutants to enhance
E4orf4-induced cell death. E4orf4 was expressed in 293T cells
alone or together with WT UDPase or the mutants. The results

transfection with antibodies to E4orf4 and the Myc tag and with 4’,6-di-
amidino-2-phenylindole (DAPI). Nuclei with apoptotic morphology were
counted in the double-transfected cell population expressing both E4orf4 and
UDPase-Myc and in single-transfected cells expressing either E4orf4 or UD-
Pase-Myc, and the percentage of cell death was determined. Cell death induced
by E4orf4 alone was defined as 100%, and relative cell death was calculated for
the other samples. Two independent experiments, each with duplicates, were
carried out. Error bars represent the pooled standard deviation, and statistical
significance was determined using a one-tailed ¢ test (*, P = 0.043; **, P =
0.04). (C) Proteins extracted from a parallel set of E4orf4-transfected plates, as
described for panel B, were analyzed by Western blotting using antibodies to
E4orf4 and to alpha-tubulin. (D) Representative photographs of cells contain-
ing the indicated plasmids were taken 24 h after transfection.
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FIG 2 The UDPase catalytic activity is not required for E4orf4-induced cell
death. (A) An empty vector and plasmids expressing WT UDPase-Myc and
Myc tagged UDPase mutants (E223Q and S277A) were transfected into 293T
cells. The cells were harvested 48 h later, and the UDPase catalytic activity was
measured using an apyrase activity assay. (B) Protein extracts from the cells
used for panel A were subjected to a Western blot analysis with antibodies to
the Myc tag and alpha-tubulin. (C) Plasmids expressing WT UDPase-Myc and
Myc tagged UDPase mutants (E223Q and S277A) or an empty vector were
transfected into 293T cells together with a plasmid expressing E4orf4. The cells
were fixed 24 h later and were stained with antibodies to E4orf4 and the Myc
tag and with DAPI. The percentage of cell death in transfected cells was calcu-
lated as described in the legend to Fig. 1. Induction of cell death by E4orf4 in
the presence of WT or mutant UDPase proteins was normalized to induction
of cell death by E4orf4 in the absence of UDPase, defined as 1. Results of two
independent experiments are shown. Error bars represent standard error. *,
P < 0.002.

shown in Fig. 2C indicate that WT UDPase and the two mutants
enhanced E4orf4-induced cell death similarly, confirming that, as
in yeast, the UDPase apyrase activity was dispensable for func-
tional interaction with E4orf4.

NTPDASE4 knockdown inhibits E4orf4-induced cell death.
To determine whether the NTPDASE4 gene products were re-
quired for E4orf4-induced cell death, knockdown of NTPDASE4
expression was carried out. Western blot and densitometry anal-
ysis demonstrated that transient expression of a NTPDASE4-spe-
cific shRNA for 48 h in 293T cells reduced NTPDase4 protein
levels 3-fold (Fig. 3A). The levels of E4orf4-induced cell death in
the presence or absence of the NTPDASE4 shRNA were mea-
sured by determination of the fraction of transfected cells ex-
hibiting nuclear condensation or fragmentation. As seen in
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FIG 3 NTPDASE4 contributes to E4orf4-induced cell death. (A) 293T cells
were transfected with an empty vector or a vector expressing both GFP and a
shRNA sequence targeting NTPDASE4. Protein extracts were prepared 48 h
later and subjected to Western blot analysis using antibodies to NTPDase4 and
alpha-tubulin. NTPDase4 protein levels were determined by densitometry and
normalized to tubulin levels, demonstrating a 3-fold reduction in NTPDase4
expression upon knockdown. (B) 293T cells were transfected with an empty
vector or a plasmid expressing a NTPDASE4-specific ShRNA. These cells were
further transfected 2 days later with a plasmid expressing a shRNA-resistant
UDPase-Myc or a vector control together with a plasmid expressing E4orf4 or
its corresponding empty vector control. The cells were fixed 24 h after the
second transfection and stained with antibodies to E4orf4 and the Myc tagand
with DAPI. Cells transfected with the shRNA were identified by the presence of
GFP expressed from the same plasmid. The percentage of cell death in trans-
fected cells was calculated. Two independent experiments, each with dupli-
cates, were carried out. Error bars represent the standard error. *, P = 0.017;
**, P =0.0001.

Fig. 3B, E4orf4-induced cell death was inhibited significantly
(P = 0.017) when NTPDASE4 expression was knocked down.
Knockdown of NTPDASE4 in control cells did not alter cell
death levels within the time frame of the experiment (Fig. 3B,
left). To confirm that the decrease in cell death was indeed due
to NTPDASE4 knockdown, a mutant UDPase containing silent
mutations, which rendered it resistant to knockdown by the
NTPDASE4 shRNA, was introduced into cells containing
the shRNA by transient transfection. Restoration of UDPase to
the cells led to a significant increase in E4orf4-induced cell
death (P = 0.0001), reaching levels similar to or higher than
those observed in cells that did not express the NTPDASE4
shRNA (Fig. 3B, right). These results confirm that NTPDASE4
contributes to E4orf4-induced cell death.

UDPase only weakly enhances cell death induced by an
E4orf4 mutant incapable of binding PP2A. The PP2A- and Src-
mediated pathways contribute additively to E4orf4-induced
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cell death. Therefore, an E4orf4 mutant which does not bind
PP2A can still induce cell death through a Src-mediated path-
way, albeit at lower levels than WT E4orf4 (24, 40). Since Ynd1
was identified as a partner of E4orf4 and PP2A in yeast cells,
which do not express Src family kinases, we hypothesized that
the mammalian Ynd1 orthologue, Golgi UDPase, functionally
interacted with PP2A rather than with Src kinases in the E4orf4
signaling network. To test this hypothesis, we examined
whether Golgi UDPase cooperated with the Src-dependent
E4orf4 cell death pathway in mammalian cells. For this purpose
we measured the ability of UDPase to enhance cell death in-
duced by an E4orf4 mutant (R81F84A) that did not bind PP2A
(1, 19) and induced cell death through the Src pathway (24).
WT E4orf4 and the R81F84A mutant were expressed in 293T
cells alone or together with a plasmid expressing UDPase-Myc.
In addition, an empty vector or a plasmid expressing UDPase-
Myc was introduced into the cells without E4orf4. Cell death
levels were determined by measuring the percentage of trans-
fected cells with nuclear aberrations 1 day posttransfection.
Figure 4A confirms that the R81F84A mutant induced lower
cell death levels than WT E4orf4. The results further demon-
strate that UDPase did not significantly enhance cell death lev-
els occurring in the absence of E4orf4 and slightly increased
death induced by the R81F84A mutant (by an additional 3.4%;
P = 0.009), whereas it synergistically increased WT E4orf4-
induced cell death by an additional 13.5% (P = 0.002). The
levels of WT and mutant E4orf4 proteins were similar and were
not altered in the presence of UDPase (Fig. 4B). To understand
the mechanistic reason for the reduced functional interaction
between UDPase and the E4orf4 mutant, we set out to compare
the abilities of E4orf4 and the R81F84A mutant to associate
with UDPase. We found that UDPase levels were consistently
higher in the presence of WT E4orf4 than in the presence of
R81F84A, and coimmunoprecipitation of both E4orf4 proteins
with UDPase was proportionate to UDPase levels (Fig. 4C).
These results indicate that the reduced ability of UDPase to
enhance cell death induced by the R81F84A mutant did not
result from lack of an interaction between the two proteins but
could possibly be explained by a different effect of WT E4orf4
and the R81F84A mutant on UDPase levels. The results further
suggest that the E4orf4-PP2A-dependent pathway but not the
E4orf4-Src pathway may cooperate with UDPase and that the
interaction with PP2A may contribute to an effect of E4orf4 on
UDPase levels.

E4orf4 increases UDPase levels in a PP2A-dependent man-
ner. Based on the results shown in Fig. 4C, we continued to ex-
plore how E4orf4 expression led to changes in UDPase protein
levels. First we tested how soon after the onset of E4orf4 ex-
pression UDPase levels were affected. A plasmid expressing
E4orf4 from a doxycycline-inducible promoter was introduced
into 293T cells together with plasmids expressing the Tet re-
pressor, UDPase-Myc, and GFP. E4orf4 expression was in-
duced for various lengths of time by the addition of doxycy-
cline, and protein levels were determined by Western blotting.
As seen in Fig. 5A, induction of E4orf4 expression for 5 h was
not sufficient to increase UDPase protein levels, but a 7-h ex-
pression led to a 40% rise in UDPase quantities. GFP levels,
serving as a transfection and loading control, were not altered
during the same time period. To confirm that an interaction
with PP2A was required for the E4orf4-induced effect on
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FIG 4 UDPase does not synergistically activate cell death induced by an
E4orf4 mutant that binds Src but not PP2A. (A) The E4orf4 R81F84A mutant
(mut) and WT E4dorf4 were expressed in 293T cells alone or together with
UDPase-Myc. Cells in duplicate plates were fixed 24 h after transfection and
stained with antibodies to E4orf4 and the Myc tag and with DAPI. The per-
centage of cell death in transfected cells was calculated. Two independent
experiments, each with duplicates, were carried out. Error bars represent stan-
dard errors. NS, not significant. *, P = 0.009; **, P = 0.002. (B) An additional
set of cells that were transfected similarly was harvested 24 h after transfection,
and a Western blot analysis was performed with E4orf4- and alpha-tubulin-
specific antibodies. (C) Cell extracts as described for panel B were subjected to
immunoprecipitation with antibodies to the Myc tag. A Western blot contain-
ing both immune complexes and input lysates was stained with antibodies to
E4orf4 and the Myc tag. Alpha-tubulin served as a loading control. The blots
were subjected to densitometry, and the results indicated that UDPase levels
were 2-fold higher in the presence of WT E4orf4 than in the presence of the
R81F84A mutant and the levels of WT and mutant E4orf4 proteins found in
the immune complexes mirrored this difference (1.75:1).

UDPase expression, plasmids expressing UDPase-Myc and
GEFP together with an empty vector or a vector expressing WT
Edorf4 or the R81F84A mutant, which does not bind PP2A,
were introduced into 293T cells. Figure 5B demonstrates that
UDPase-Myc levels were increased in the presence of WT but

Journal of Virology


http://jvi.asm.org

NTPDASE4 Cooperates with E4orf4 To Induce Cell Death

A B
UDPase-Myc e Ao A B UDPase-Myc
Edorf4 - a— Edorf4
GFP o
GEE ‘ " . UDPase-Myc:  + + +
UDPase-Myc: - + + + + E4orf4: - WT  mut
Edorf4: - - + - +
Time after
Induction (hrs): 0 5 5 7 7
C
uppaseMye [ N b Bl B B
MyC G S St S R e
Tubulin s " Ra— a—
Edorf4 T — .
UDPase-Myc: - + + + + + + +
E4orf4: - - - = . + + +
CHX (hrs): 0 0 1 2 0 0 1
D
160 7 UDPase-Myc 160 - Myc 160 4 Tubulin
s 140 1 140 A 140 1 +Edorf4
R 120 1 120 A 120 1
£ 100 4 +Edorf4 100 4 100 4 -Edorf4
EE 80 }w: 80 “Edorfs 80
5<
o 60 -Edorf4 60 60
.% 40 | 40 +E4orf4 401
2 201 20 1 201
0 T 0 T 0 T )
0 1 2 0 1 2 0 1 2

Time after CHX treatment (hrs)

FIG 5 E4orf4 increases UDPase protein levels. (A) UDPase-Myc was expressed in 293T cells together with inducibly expressed E4orf4 and with GFP. The
transfection was carried out in duplicate. One day after transfection, E4orf4 expression was induced by the addition of 5 wg/ml doxycycline to the cells (+E4orf4),
and a duplicate plate was treated with ethanol (-E4orf4). The cells were harvested 5 and 7 h later, and equal amounts of proteins were separated by SDS-PAGE.
A Western blot was stained with the indicated antibodies. Densitometry of the blot and normalization to the levels of the GFP transfection control revealed that
UDPase levels increased by 40% in the presence of E4orf4 after 7 h induction. (B) Plasmids expressing UDPase-Myc and GFP were transfected into 293T cells
together with an empty vector or a vector expressing WT E4orf4 or the R81F84A mutant, which does not bind PP2A-B55a (mut). The cells were harvested 1 day
after transfection, and protein levels of UDPase-Myc, E4orf4, and GFP were determined by Western blot analysis using specific antibodies. (C) UDPase-Myc was
expressed in 293T cells with or without E4orf4. Cycloheximide (CHX; 50 pg/ml) or an equal volume of ethanol was added to the medium 1 day after the
transfection, and cells were harvested at 0, 1, and 2 h after addition of the drug. The levels of UDPase-Myc, endogenous Myc, alpha-tubulin, and E4orf4 were
visualized by Western blotting. (D) Protein levels were determined by densitometry of the Western blots. Protein levels at time zero were defined as 100%, and
relative protein levels are shown in the graphs. Diamonds, samples with empty vector; squares, samples with E4orf4. Error bars represent the standard errors from
two independent experiments. Errors smaller than 0.03 are not depicted.

not mutant E4orf4 protein, and control GFP levels were not
altered at all. These results suggest that an interaction with
PP2A is required for an E4orf4-induced increase in UDPase
levels.

Next we set out to determine whether the E4orf4-induced
increase in UDPase levels resulted from alterations in UDPase
protein stability. UDPase-Myc was introduced into 293T cells
in the presence or absence of E4orf4. Cycloheximide (CHX)
was added to the cells 24 h posttransfection, and protein ex-
tracts were prepared at 0, 1, and 2 h after CHX addition. The
levels of UDPase-Myc, endogenous Myc, and alpha-tubulin
were determined by Western blotting (Fig. 5C), and the blots
were subjected to densitometry to quantify the changes in pro-
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tein levels (Fig. 5D). As seen in Fig. 5C and D, the levels of the
short-lived endogenous Myc protein were reduced similarly in
the presence and absence of E4orf4, indicating that E4orf4,
which was previously shown to reduce Myc transcription (1),
did not affect Myc protein stability. The levels of the more
stable alpha-tubulin were also not affected by E4orf4. How-
ever, E4orf4 did affect UDPase levels. During the first hour of
CHX addition and in the absence of E4orf4, UDPase-Myc levels
decreased by 23%, whereas UDPase-Myc levels in the presence
of E4orf4 decreased by only 7%. Between 1 and 2 h of CHX
treatment, the rate of decrease in UDPase-Myc levels was re-
duced both in the absence and in the presence of E4orf4. These
results suggest that the UDPase protein population consisted of
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FIG 6 PP2A-B55a interacts with UDPase and increases UDPase protein levels. (A) UDPase-Myc was expressed in 293T cells and protein extracts were prepared
24 h later. These extracts were incubated with bacterially produced PP2A-B55a fused to GST or with GST alone for 2 h at 4°C. A Western blot analysis was
performed with Myc tag- and GST-specific antibodies. The amount of proteins in the input extracts from 293T cells represents 10% of the amount of proteins
used for incubation with GST proteins. The asterisk marks a nonspecific band. (B) HA-tagged PP2A-B55a was expressed in 293T cells alone or together with
UDPase-Myc. One day after transfection, the cells were harvested and protein extracts were subjected to immunoprecipitation (IP) with a Myc tag antibody. A
Western blot shows the presence of PP2A-B55a—HA and UDPase-Myc in the immune complexes (IP) and in input lysates. Alpha-tubulin served as a loading
control. The amount of proteins in the input represents 10% of the amount of proteins used for IP. Results of one representative experiment out of three are
shown. (C) IRBa cells that constitutively express a PP2A-B55a-specific sShRNA were transfected with a plasmid expressing UDPase-Myc and a plasmid expressing
GFP (serving as a transfection efficiency control) with or without a plasmid expressing mutant PP2A-B55a—HA, which was resistant to the PP2A-B55a-specific
shRNA. The cells were harvested 24 h later, and Western blot analysis was performed with antibodies to the HA and Myc tags and to GFP. (D) Two plates of IRBa
cells were transfected with plasmids expressing UDPase-Myc, GFP, and shRNA-resistant PP2A-B55a—HA. After 24 h, 5 nM okadaic acid was added to one plate
and ethanol was added to the other plate. The cells were harvested 4 h later, and protein extracts were subjected to Western blot analysis with antibodies to the
Myc tag and GFP. Densitometry of the blot and normalization to the GFP control revealed that okadaic acid treatment led to a 2-fold reduction in UDPase levels.
Similar results were obtained in a second independent experiment. (E) 293T cells were treated with 5 nM okadaic acid or with ethanol in three independent
experiments and protein extracts were prepared 4 h later. Western blots were stained with antibodies to NTPDase4 proteins and alpha-tubulin. Densitometry of
the blots and normalization to alpha-tubulin levels revealed an okadaic acid-induced drop of 33% to 75% in NTPDase4 protein levels in the three experiments.
One representative blot is shown. (F) IRBa cells were transfected with a plasmid expressing UDPase-Myc and with a plasmid expressing PP2A-B55a—HA or an
empty vector. The cells were harvested 1 day later, and protein extracts were prepared and loaded on a large SDS gel. Western blot analysis was performed with
antibodies to the Myc tag and to PP2A-B55a. An arrow marks a slower-migrating UDPase-Myc isoform. The figure is representative of three independent
experiments.

at least two subpopulations, one of which was less stable than
the other. The stability of the more labile UDPase proteins was
increased in the presence of E4orf4.

UDPase interacts with PP2A-B55a. Previous reports demon-
strated that E4orf4 interacted with PP2A through its regulatory
B55a subunit and that in both mammalian cells and yeast, this
interaction was required for E4orf4 toxicity (8, 10, 12, 16, 19).
Furthermore, we showed in yeast that Ynd1 associated both phys-
ically and functionally with Cdc55, the yeast PP2A-B55 subunit
(11). To examine whether the mammalian Yndl orthologue,
UDPase, interacted with PP2A-B55a, we carried out GST pull-
down and coimmunoprecipitation experiments. GST alone and
GST-PP2A-B55a were purified on glutathione beads and incu-
bated with protein extracts from 293T cells expressing UDPase-
Myc or containing an empty vector. As seen in Fig. 6A, UDPase-
Myc bound to GST-PP2A-B55a but not to GST alone, although
the interaction levels were low compared with those of input ly-
sates. To confirm that this interaction occurred in cells as well,
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HA-tagged PP2A-B55a was expressed alone in 293T cells or to-
gether with UDPase-Myc. Protein extracts were prepared 1 day
posttransfection and subjected to immunoprecipitation with an-
tibodies to the Myc tag. Figure 6B shows results of a representative
experiment which demonstrate that PP2A-B55a associated with
UDPase, at a level that was higher than background. Thus, the
results indicate that the UDPase-PP2A-B55a interaction is con-
served from yeast to mammals.

PP2A increases UDPase protein levels. Since PP2A-B55a
physically associated with the Golgi UDPase (Fig. 6A and B), and
because the E4orf4 R81F84A mutant that bound Golgi UDPase
(Fig. 4C) but lost the ability to bind PP2A (19) did not increase
UDPase levels, we examined whether PP2A-B55a had an effect on
UDPase levels. For this purpose we used IRBa cells, which consti-
tutively express a PP2A-B55a-specific sShRNA and consequently
contain low PP2A-B55a levels (1). A plasmid expressing UDPase-
Myc was introduced into IRBa cells together with an empty vector
or with a plasmid expressing a HA-tagged mutant PP2A-B55a
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FIG 7 A high-molecular-weight UDPase-containing complex is partially dissociated in the presence of E4orf4, regardless of the ability of E4orf4 to bind PP2A.
(A) Protein extracts from 293T cells expressing UDPase-Myc in the presence or absence of E4orf4 were separated independently on a Superose 6 column.
Twenty-five fractions were collected from each run, and 10% of each fraction were loaded onto SDS gels and subjected to Western blot analysis with antibodies
to the Myc tag. In addition, thyroglobulin and BSA dimers were chromatographed separately on the column as molecular mass markers (670 and 130 kDa,
respectively). M denotes a marker lane. (B) Fractions 7, 15, and 19 from the two column runs whose results are shown in panel A were loaded onto one SDS gel,
and a blot was stained with Myc tag-specific antibodies. The intensities of UDPase-Myc protein bands were quantified by densitometry and the sum of
UDPase-Myc levels in the 3 fractions of each column run was defined as 100%. The percentage of UDPase-Myc in each fraction is shown above the blot. (C and
D) A column run of protein extracts expressing UDPase-Myc in the presence of the R81F84A E4orf4 mutant (mut) was analyzed as described for panels A and

B. The results are representative of 3 independent experiments.

subunit containing silent mutations which rendered it resistant to
knockdown by the B55a shRNA. A plasmid expressing GFP was
added to the transfection mixture and served as a transfection
control. UDPase-Myc, PP2A-B55a—HA, and GFP protein levels
were determined by Western blotting. Figure 6C demonstrates
that UDPase-Myc levels increased when PP2A-B55a was overex-
pressed in the IRBa cells. The levels of the control GFP protein,
expressed from an identical promoter, were not altered. These
results demonstrate that the presence of PP2A-B55a resulted in
enhanced UDPase protein levels. To determine whether phospha-
tase activity was required for the increase in UDPase levels,
UDPase-Myc, B55a, and GFP were expressed in IRBa cells, and 5
nM okadaic acid, a PP2A inhibitor, was added to the cells 4 h prior
to harvest. As seen in Fig. 6D, UDPase-Myc levels were reduced
2-fold in the presence of okadaic acid, as determined by densitom-
etry of the Western blots, whereas GFP levels did not change.
Similarly, we tested whether okadaic acid affected protein levels of
the endogenous NTPDASE4-encoded proteins in 293T cells. In
three independent experiments, endogenous NTPDase4 protein
levels were decreased by 33% to 75% in the presence of the PP2A
inhibitor (Fig. 6E). These results suggest that phosphatase activity
was required for the PP2A-B55a-mediated increase in UDPase
levels.

When protein extracts containing UDPase-Myc were sepa-
rated on a long SDS-polyacrylamide gel, a slower-migrating
UDPase band was regularly observed in extracts from IRBa cells
expressing UDPase-Myc alone but not in extracts from cells coex-
pressing exogenously added PP2A-B55a (Fig. 6F). This observa-
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tion is consistent with the possibility that PP2A complexes con-
taining the B55a subunit are required for dephosphorylation of
the UDPase. UDPase dephosphorylation might then lead to an
increase in UDPase levels, whereas a population of highly phos-
phorylated UDPase polypeptides may be unstable and would dis-
appear fast.

E4orf4 expression leads to a PP2A-independent dissociation
of high-molecular-weight protein complexes containing
UDPase. To further investigate the functional consequences of
the E4orf4-UDPase interaction, we used gel filtration chroma-
tography to examine the effects of E4orf4 on protein complexes
containing UDPase. Whole-cell protein extracts were prepared
from 293T cells expressing UDPase-Myc in the absence or pres-
ence of E4orf4 and were chromatographed on a Superose 6
column. As seen in Fig. 7A, in the absence of E4orf4, most of
the UDPase-Myc population was concentrated in fractions 6
and 7, which contained protein complexes of around 670 kDa.
In contrast, UDPase-Myc from cells expressing E4orf4 ap-
peared to be more spread out both in fractions 5 to 7 and in
fractions 11 to 20. To confirm that the differences did not result
from altered transfer efficiency of the blots, representative frac-
tions from each column run (numbers 7, 15, and 19) were
separated on a single SDS-polyacrylamide gel. The intensity of
the UDPase bands was measured by densitometry, and the per-
centage of intensity of the UDPase band in each fraction was
calculated. Figure 7B demonstrates that the UDPase in the
high-molecular-weight fraction was 74% of UDPase present in
the three fractions in the absence of E4orf4, whereas it was 60%
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in the presence of E4orf4. UDPase levels in the lower-molecu-
lar-weight fractions increased from 26% in the absence of
E4orf4 to 40% in its presence. These results suggest that E4orf4
expression led to partial dissociation of high-molecular-weight
protein complexes containing UDPase. To determine whether
an interaction with PP2A was required for E4orf4-induced dis-
sociation of UDPase-containing complexes, we tested the abil-
ity of the R81F84A mutant, which does not bind PP2A, to
dissociate UDPase complexes. Plasmids expressing UDPase-
Myc and the R81F84A mutant were introduced into 293T cells,
and protein extracts were separated on a Superose 6 column as
described above. The presence of UDPase-Myc in the various
fractions was determined by Western blotting of all fractions
(Fig. 7C) or of representative fractions (Fig. 7D). The results
demonstrate that expression of the R81F84A mutant protein
led to an even more efficient dissociation of UDPase-contain-
ing complexes than the WT E4orf4 protein, resulting in the
presence of only 22% of the UDPase protein in the high-mo-
lecular-weight fraction compared with 78% in the two lower-
molecular-weight fractions. It appears therefore that PP2A is
not required for E4orf4-induced dissociation of UDPase com-
plexes and may even be inhibitory to it.

DISCUSSION

Two important conclusions can be drawn from this work. First, a
significant part of the E4orf4 network required for induction of a
unique mode of cell death is highly conserved from yeast to mam-
mals. Thus, Yndl was required for E4orf4-induced toxicity in
yeast in an apyrase-independent manner (11) and the Ynd1 mam-
malian orthologue UDPase contributed to E4orf4-induced cell
death in mammalian cells, while its apyrase activity was not re-
quired for this function (Fig. 1 to 3). Furthermore, both Ynd1 and
UDPase interacted physically with the major E4orf4 partner PP2A
(11) (Fig. 6). The second conclusion from this work posits that the
interaction between E4orf4 and UDPase had at least two conse-
quences, one that was PP2A dependent and led to an increase in
UDPase levels (Fig. 4 to 6) and another that was PP2A indepen-
dent and led to dissociation of large UDPase-containing protein
complexes (Fig. 7).

A PP2A holoenzyme containing the B55a subunit regulated
UDPase protein levels, possibly by dephosphorylating a sub-
population of the apyrase, leading to its stabilization (Fig. 5 and
6). The slower-migrating UDPase band, observed when B55
levels were low, may represent a hyperphosphorylated form of
the protein (Fig. 6F). This band is much weaker than the ma-
jority of the UDPase population, likely because highly phos-
phorylated forms of UDPase may be unstable and could be
degraded fast. A variety of UDPase bands is sometimes ob-
served in Western blots (for example, see Fig. 6C), depending
on the PAGE conditions utilized, and they conceivably repre-
sent diverse phosphorylated and glycosylated UDPase forms
that may not always be separated efficiently. When E4orf4 was
introduced into the system, it increased UDPase levels in a
PP2A-dependent manner by enhancing the stability of a sub-
population of UDPase polypeptides (Fig. 5). The nature of the
UDPase subpopulation influenced by E4orf4 is not known, but
it may include phosphorylated UDPase molecules with or
without additional modifications, such as glycosylation. The
results demonstrating that E4orf4 must bind PP2A to regulate
UDPase stability by a process requiring PP2A phosphatase ac-
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tivity raise at least two possibilities: E4orf4 may increase PP2A
activity toward the UDPase, or it could augment UDPase ac-
cessibility to the phosphatase. An increase in UDPase protein
levels contributed to E4orf4-induced cell death but was not
sufficient, as UDPase overexpression alone did not result in cell
death within the time frame of our experiments (Fig. 1). An
E4orf4 mutant (R81F84A) that was unable to bind PP2A but
could still induce cell killing in a Src-dependent manner (Fig.
4) could not increase UDPase levels (Fig. 5B), and its ability
to induce cell death was not much enhanced by addition of
UDPase (Fig. 4). These results indicate that UDPase cooperates
with components of the E4orf4-PP2A pathway, but not the
E4orf4-Src pathway, to contribute to cell death. Cooperation
with the PP2A pathway, which leads to increased UDPase lev-
els, may also include interactions with other E4orf4-PP2A ef-
fectors or a requirement for dephosphorylation of UDPase by
PP2A, which would affect UDPase function. To date our results
suggest that PP2A is required to dephosphorylate UDPase,
leading to its stabilization (Fig. 5 and 6), but there is no indi-
cation whether it may also affect UDPase function.

We previously demonstrated in yeast that the Ynd1 cytosolic
tail mediated the interaction with E4orf4 and was sufficient for
providing the Yndl contribution to induction of toxicity by the
viral protein (29). This Ynd1l domain was shown to bind several
membrane proteins involved in protein trafficking in the cell (41).
The E4orf4-Src pathway in mammalian cells was reported to affect
cellular protein trafficking through regulation of Src family ki-
nases, Cdc42, actin dynamics, and Rab11a, leading to modulation
of Golgi membranes and cell death (25). Therefore, we suggested
that E4orf4, in addition to its interaction with Src, may utilize an
alternative mechanism involving Ynd1, which would allow E4orf4
to interact directly with components of the secretory pathway to
affect protein trafficking, thus further transducing its toxic signal
(29). Consequently, the E4orf4-Ynd1/UDPase and E4orf4-Src
pathways may be parallel pathways that achieve similar results,
with the UDPase pathway being at least partially dependent on
PP2A. In yeast cells, which do not express Src, the Ynd1 pathway
may be the sole contributor of this function, whereas in mamma-
lian cells, the Src pathway provides a major contribution. The
finding that the NTPDASE4-specific shRNA did not reduce
E4orf4-induced cell death by more than 25% (Fig. 3) may be con-
sistent with the existence of an additional E4orf4-induced cell
death mechanism, which partially overlaps the NTPDASE4-
PP2A-E4orf4 cell death pathway. However, the NTPDASE4- and
Src-dependent pathways are not completely redundant, since NT-
PDASE4 knockdown decreased E4orf4-induced cell death despite
the ability of E4orf4 to function via the Src-dependent pathway
(Fig. 3).

In addition to affecting the UDPase by a PP2A-dependent
mechanism, E4orf4 appears to manipulate the UDPase by a PP2A-
independent pathway as well (Fig. 8). As observed in Fig. 7, both
WT E4orf4 and the R81F84A mutant could dissociate high-mo-
lecular-weight UDPase-containing complexes. The finding that
the mutant dissociated these complexes more efficiently than the
WT protein raises the possibility that recruitment of PP2A to the
UDPase may inhibit excess dissociation. This inhibition could be
an indirect result of the increase in UDPase levels, which leads to
the formation of more complexes with its partners. The nature
of the high-molecular-weight complexes associating with the
UDPase is not yet known. However, the previous results in yeast
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FIG 8 A model of the interaction between UDPase, PP2A-B55a, and E4orf4,
and their contribution to induction of cell death by E4orf4. E4orf4 affected
UDPase in at least two ways. First, E4orf4 enhanced UDPase levels in a PP2A-
dependent manner, and the increased UDPase levels enhanced E4orf4-in-
duced cell death. Since high levels of UDPase alone did not cause cell death, we
suggest that other substrates of PP2A were required for enhancing E4orf4
toxicity in parallel with UDPase or in cooperation with it. The finding that
UDPase levels were not much influenced by an E4orf4 mutant that bound Src
but not PP2A suggests that UDPase cooperated with the E4orf4-PP2A but not
the E4orf4-Src pathway. Second, independently of PP2A, E4orf4 dissociated
high-molecular-weight complexes that included UDPase. Because the Ynd1l
cytoplasmic tail in yeast appears to act as a scaffold that binds E4orf4 and
several proteins of the secretory pathway and mediates E4orf4 toxicity (29), we
hypothesize that dissociation of a complex tethered to the UDPase cytosolic
tail may contribute to induction of cell death. The Src- and UDPase-dependent
pathways may provide partially overlapping contributions to E4orf4-induced
cell death as they both interact, physically or functionally, with the protein
trafficking machinery.

Src

(29) suggested that the Ynd1 cytosolic tail may have a scaffolding
function, associating with at least 10 proteins involved in the se-
cretory pathway and with E4orf4. The Saccharomyces genome da-
tabase (http://www.yeastgenome.org/) reports that six of these 10
proteins interact among themselves. Thus, it is possible that a
multiprotein complex containing proteins involved in trafficking
associates with the Ynd1 or UDPase cytosolic tails, and this com-
plex is targeted for dissociation by E4orf4. Future research will be
carried out to identify components of the UDPase-containing
complexes before and after treatment with E4orf4.
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