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Abstract
Since the identification of the antisense protein of HTLV-2 (APH-2) and the demonstration that APH-2 mRNA is expressed
in vivo in most HTLV-2 carriers, much effort has been dedicated to the elucidation of similarities and/or differences between
APH-2 and HBZ, the antisense protein of HTLV-1. Similar to HBZ, APH-2 negatively regulates HTLV-2 transcription.
However, it does not promote cell proliferation. In contrast to HBZ, APH-2 half-life is very short. Here, we show that APH-2
is addressed to PML nuclear bodies in T-cells, as well as in different cell types. Covalent SUMOylation of APH-2 is readily
detected, indicating that APH-2 might be addressed to the PML nuclear bodies in a SUMO-dependent manner. We further
show that silencing of PML increases expression of APH-2, while expression of HBZ is unaffected. On the other hand,
SUMO-1 overexpression leads to a specific loss of APH-2 expression that is restored upon proteasome inhibition.
Furthermore, the carboxy-terminal LAGLL motif of APH-2 is responsible for both the targeting of the protein to PML
nuclear bodies and its short half-life. Taken together, these observations indicate that natural APH-2 targeting to PML
nuclear bodies induces proteasomal degradation of the viral protein in a SUMO-dependent manner. Hence, this study
deciphers the molecular and cellular bases of APH-2 short half-life in comparison to HBZ and highlights key differences in
the post-translational mechanisms that control the expression of both proteins.

Introduction

In contrast to human T lymphotropic virus type 1 (HTLV-1)
that is etiologically linked to severe diseases, such as adult
T-cell lymphoma/leukemia (ATLL) and HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/
TSP), infection by HTLV-2 remains asymptomatic in most
infected carriers with rare cases of spinal cord disease (for a
review, see [1, 2]). While HTLV-1 infects mostly CD4+ T-
cells, HTLV-2 preferentially infects CD8+ T-cells [3, 4].
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Because HTLV-1 and HTLV-2 share a similar genomic
organization, comparative approaches meant to highlight
correlations between functional properties of HTLV-1/2
genes and pathogenicity have been undertaken in the last
years.

At the molecular level, HTLV-1-induced pathogenicity
has been linked to the expression of two regulatory genes

encoding the transactivator Tax and the antisense protein
HBZ (HTLV-1 basic leucine zipper [bZip] factor), respec-
tively [5–7]. In addition to its viral function in transacti-
vating the viral LTR promoter, Tax interferes with many
cellular functions by interacting with cellular partners and
transactivating or transrepressing cellular genes [8]. For
instance, Tax induces a constitutive activation of the

Fig. 1 APH-2 localizes in PML nuclear bodies and is SUMOylated. a
HeLa cells and b Jurkat T-cells were transfected with HBZ-Myc or
APH-2-Myc as indicated, and fixed 24 h after transfection. Subcellular
localization of APH-2 and HBZ was examined by confocal micro-
scopy after anti-Myc and anti-PML staining. Nuclei were counter-
stained with DAPI (blue). Scale bar= 10 μm. Images representative of
at least three independent experiments are shown. c HeLa cells were

transfected with SUMO2/3 and VSV-APH-2 or with empty vector.
After treatment with MG132, anti-SUMO2/3 immunoprecipitation was
performed on cell lysates in denaturing conditions, allowing specific
retention of post-translationally modified APH-2. Precipitates were
analyzed by western blot using anti-SUMO2/3 and anti-VSV anti-
bodies. Results are representative of three independent experiments. ns
non-specific signal
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canonical and non-canonical NF-κB pathways that are
involved in both cell transformation (in the course of ATLL
development [9, 10]) and inflammation (in the course of
HAM/TSP development [11]). As such, Tax is considered
as the main viral oncoprotein. HBZ was identified in 2002
as a viral protein encoded by the negative strand of the
provirus and controlled by a promoter located in the 3′LTR
[12]. Of note, while tax expression is severely decreased
and difficult to detect in most patients upon ATLL devel-
opment, hbz spliced form (sHBZ/SP1) is consistently
expressed in HTLV-1-infected asymptomatic individuals, as
well as in ATLL patients. Surprisingly, HBZ-transgenic
mice expressing HBZ in CD4+ T-cells, which are the main
HTLV-1 target cells in vivo, also develop lymphoma and
dermatitis in an IFN-γ-dependent manner [13], indicating
that HBZ is intrinsically capable of inducing inflammation
and cell transformation. HBZ contributes to the negative
regulation of viral expression by inhibiting transcription
from the 5′LTR after competition with transcription co-
activators required by Tax [12]. It is now well established
that HBZ cooperates with Tax for cell transformation,
inflammation, and maintenance of transformed state in T-
cells (for a recent review, see [14]), although Tax alone is
sufficient for transforming T-cells in vitro [15] and in ani-
mal models in vivo [16, 17].

We previously reported the existence of the antisense
protein of HTLV-2, termed APH-2 (ref. [18]). Similar
functions have been attributed to APH-2 and HBZ regard-
ing negative regulation of viral expression, since APH-2 is
also able to inhibit transcription from HTLV-2 5′LTR [18].
However, APH-2 is unable to induce cell proliferation
in vitro and is dispensable for cell immortalization in an
in vivo rabbit model [19, 20]. A recent study also high-
lighted distinctive features of APH-2 vs. HBZ in vitro in
modulating cell signaling pathways [21]. Differences in the
functions of APH-2 vs. HBZ might thus contribute to the
distinct ability of HTLV-2 vs. HTLV-1 to cause leukemia
in vivo.

We previously observed that APH-2 had a nuclear
localization that is very different from that of HBZ [18].
Importantly, APH-2 expression was also difficult to detect
in vitro even in overexpression assays using expression
vectors with strong promoters, indicating that the protein
might be very unstable in cells. Recently indeed, Panfil
et al. reported a half-life of about 30 min in transfected
HEK293T cells, and of about 20 min in transfected Jurkat
T-cells [21].

The aim of the present study was to understand the
molecular and cellular bases of this instability in compar-
ison to HBZ. We show here that APH-2 is covalently linked
to SUMO moieties and addressed to PML nuclear bodies in
all cell types tested, including T-cells. We further show that

this natural targeting of APH-2 to PML nuclear bodies
induces proteasomal degradation of the viral protein in a
SUMO-dependent manner. Hence, APH-2 short half-life is
controlled by its post-translational modifications and its
subnuclear distribution. This might explain the decreased
pathogenicity of HTLV-2 viral infection.

Results

APH-2 localizes in PML nuclear bodies

We previously described APH-2 as a nuclear protein that
was distributed in nuclear speckles distinct from nucleoli
and which stained negative for sc-35 (ref.[18]).To further
characterize APH-2 subnuclear distribution, HeLa cells
were transfected with expression vectors encoding APH-2
or HBZ and sharing the same tag (Fig. 1a). As previously
shown [18], confocal imaging revealed that APH-2 was
distributed in nuclear speckles. Co-staining with anti-PML
antibodies indicated that these speckles were PML nuclear
bodies (PML-NBs) (Fig. 1a), while HBZ did not colocalize
with PML, consistent with a previous report indicating that
HBZ is a nucleolar protein [22].

To extend these results to T-cells, the main in vivo
target of HTLV-2, Jurkat cells were transfected with an
APH-2 expression vector and stained for PML (Fig. 1b).
APH-2 also co-localized with PML in T-cell nuclei, con-
firming that this localization is not cell-type specific. To
exclude the fact that these results were due to the tag used,
experiments were also repeated with expression vectors
containing different tags and showed the same pattern (data
not shown).

We then hypothesized that APH-2 might be addressed to
PML-NBs following covalent poly-SUMOylation, which
may be in the form of poly-SUMO2/3 chains terminated by
SUMO-1 moieties. Therefore, SUMO2/3 was immunopre-
cipitated from cells co-transfected with APH-2 and
SUMO2/3 vectors. Those cells were treated with the
MG132 proteasome inhibitor to facilitate APH-2 detection
(Fig. 1c). Immunoprecipitation was performed under
denaturing conditions to eliminate non-covalent partners.
Purification of SUMO2/3 followed by anti-VSV-APH-2
western blot led to the detection of two SUMO2/3-modified
forms of APH-2 that were enriched compared to empty
vector-transfected cells (Fig. 1c compare lane 3 vs. 4).
These results are typical of SUMO-modified proteins.
Complementary experiments also indicated that APH-2 is
modified by SUMO1 (Supplemental Fig. 1). Thus, APH-2
is SUMOylated in cells. Taken together, these observations
suggest that SUMOylated APH-2 could be addressed to
PML-NBs where it accumulates.
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PML nuclear bodies control APH-2 stability in a
SUMO-dependent manner

In order to demonstrate the involvement of PML-NBs in the
control of APH-2 stability, APH-2 expression was mon-
itored in PML-silenced cells (Fig. 2a, b). Cells were trans-
fected with siRNA targeting PML or control siRNA,
together with Myc-tagged APH-2 or HBZ constructs. First,
PML silencing was validated by confocal microscopy after
PML staining (Fig. 2a, see difference in cells treated with
siRNA against PML or control siRNA). In PML-silenced
cells, APH-2 expression levels were higher than in control
cells (Fig. 2b, compare lane 4 vs. 3), indicating that indeed,
PML is required for the low stability of APH-2. In contrast,
HBZ expression was unaffected by PML silencing (Fig. 2b,
compare lane 6 vs. 5), indicating that PML specifically
controls APH-2 stability.

Because PML-NBs are enriched in SUMOylated pro-
teins, and because SUMO modifications are known as a
degradation signals for PML-NBs-associated proteins,
SUMO-1 and SUMO2/3 signals were first checked by
immunofluorescence and quantified in HeLa, HeLa-
SUMO1, and HeLa-SUMO2/3 cells (Fig. 2c upper panel for
SUMO2/3 and lower panel for SUMO1). Then, APH-2 and
HBZ were transfected in HeLa-SUMO2/3 (Fig. 2d) and
HeLa-SUMO1 (Fig. 2e), as well as in control HeLa cells.
As compared to control HeLa cells, HeLa SUMO2/3 as well
as HeLa-SUMO1 cells showed a severe decrease in APH-2
detection (Fig. 2d,e compare lanes 1 vs. 3). Proteasome
inhibition by MG132 restored detection of APH-2 in HeLa-
SUMO2/3 and HeLa-SUMO1 cells (Fig. 2d, e compare
lanes 3 vs. 4), indicating that APH-2 is degraded by the
proteasome in a SUMO-dependent manner. Of note, HBZ
expression levels were unaffected by SUMO2/3 and

SUMO1 overexpression and only marginally affected by
proteasome inhibition (Fig. 2d,e right panel), again indi-
cating that SUMO-dependent degradation is specifically
controlling APH-2 stability.

The LXXLL2 domain of APH-2 is required for PML
localization and is responsible for the short half-life
of the protein

APH-2 harbors a C-terminal LXXLL motif (aa 179-183,
LXXLL2, Fig. 3a left panel) that was previously reported to
be required for efficient APH-2 binding to CREB and hence
for efficient repression of 5′LTR transcription by APH-2
(ref. [20]). It also harbors a LXXLL-like motif located in the
central domain of the protein (aa 64-68, LXXLL1, Fig. 3a
left panel) whose function is unclear. In order to investigate
whether the C-terminal LXXLL motif is involved in PML-
NB localization, we generated a truncated version of the
protein, APH-21-178, which lacks the C-terminal LXXLL2

motif. Jurkat cells were transfected with full-length or
truncated APH-2 and imaged by confocal microscopy after
PML staining (Fig. 3a right panel). While full-length APH-2
was distributed in PML-NBs, APH-21-178 was found diffuse
in the cytoplasm of cells, indicating that in T-cells, the
LXXLL2 domain of APH-2 is required for nuclear locali-
zation and more specifically for PML-NBs localization.
This suggests that the 179-183 motif could allow APH-2 to
interact with cellular partners accumulated at PML-NBs,
and hence induce its association with these nuclear sub-
domains. However, we could not show any accumulation of
CREB in PML-NBs (data not shown), suggesting that the
interaction with CREB does not mediate APH-2 association
with PML-NBs.

We next used mutant APH-2 constructs to confirm that
localization in PML-NBs is responsible for the short half-
life of APH-2. We first analyzed the expression levels of
wild-type APH-2 compared to mutant proteins that have
lost the localization in PML-NBs (APH-21-178, see Fig. 3a,
and APH-2LL182-183AA in which the C-terminal LXXLL
motif was mutated to abrogate its function). As a control,
APH-2LL67-68AA in which the central LXXLL-like motif was
mutated, was included, as well as the APH-2LL67-68AA-LL182-
183AA double mutant (Fig. 3b). While WT APH-2 expres-
sion was low as usual (Fig. 3b, lane 2), expression levels of
APH-21-178, APH-2LL182-183AA, and APH-2LL67-68AA-LL182-
183AA were greatly enhanced (Fig. 3b, lanes 3, 5 and 6,
see graph for quantification), demonstrating the importance
of the 179–183 amino acid sequence for the control of
APH2 stability. Expression levels of APH-2LL67-68AA were
similar to WT APH-2 (Fig. 3b, lane 4, and see graph for
quantification), indicating that mutation of LXXLL-like
motifs per se did not affect APH-2 stability. Thus, deletion
or substitutions in the C-terminal LXXLL motif of APH-2

Fig. 2 The stability of APH-2 is controlled by PML nuclear bodies. a
HeLa cells were transfected with control (siCTRL) or PML-targeting
(siPML) siRNA. PML silencing was analyzed by confocal microscopy
using an anti-PML antibody (green). Nuclei were counterstained with
DAPI (blue). Scale bar= 10 µm. b HeLa cells were transfected with
HBZ-Myc or with APH-2-Myc in the presence of control (−) or PML-
targeting (+) siRNA. Western blot analyses were performed using an
anti-Myc antibody. Both anti-Myc panels come from the same gel but
correspond to distinct exposure times. Results are representative of
three independent experiments. c SUMO2/3 and SUMO1 expression
was analyzed in HeLa, HeLa-SUMO2/3, and HeLa-SUMO1, respec-
tively, by epifluorescence microscopy with an anti-SUMO2/3 or an
anti-SUMO1 antibody (green). Nuclei were counterstained with DAPI
(blue). Fluorescence intensity in 15 individual cells per condition was
measured using ImageJ software and the mean intensity and SEM are
plotted on the graph. ***P-value < 0.001 (t-test). d HeLa and HeLa-
SUMO2/3 or e HeLa and HeLa-SUMO1 cells were transfected with
APH-2-Myc or HBZ-Myc and treated with MG132 (+) or vehicle (−).
APH-2 and HBZ expression levels were analyzed by western blot with
an anti-Myc antibody. β-actin was used as a loading control. Results
are representative of at least three independent experiments
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are sufficient to stabilize the protein, indicating that this
motif is responsible for the short half-life of the protein.
Because this motif is also responsible for targeting APH-2

to PML-NBs, this result is a strong additional indication that
localization in PML-NBs is responsible for the short half-
life of APH-2.

Fig. 3 The LXXLL2 domain of
APH-2 is required for PML
localization and is responsible
for the short half-life of APH-2.
a Jurkat T-cells were transfected
with full length APH-2-Myc or
with APH-21-178 and fixed 24 h
after transfection. Subcellular
localization of APH-2 was
examined by confocal
microscopy after anti-Myc and
anti-PML stainings. Nuclei were
counterstained with DAPI
(blue). Scale bar= 10 µm.
Images are representative of two
independent experiments. b
HeLa cells were transfected with
wild-type (WT) and mutant
APH-2-Myc expression vectors.
APH-2 expression levels were
analyzed by western blot using
an anti-Myc antibody. β-actin
was used as a loading control.
Signals were quantified and
normalized to actin, and are
shown in the graph
(representative of two
independent experiments). c
HeLa cells were transfected with
wild-type APH-2 or APH-
2LL182-183AA. Cells were treated
the following day with
cycloheximide for the indicated
time. Immunoblot analysis was
performed to monitor APH-2
expression levels. β-actin was
used as a loading control.
Signals were quantified and
normalized to actin, and are
shown on the graph
(representative of two
independent experiments). d
HeLa cells were transfected with
SUMO2/3 and VSV-APH-2,
VSV-APH-2LL182-183AA or with
empty vector. After treatment
with MG132, anti-SUMO2/3
immunoprecipitation was
performed on cell lysates in
denaturing conditions, allowing
specific retention of post-
translationally modified APH-2.
Precipitates were analyzed by
western blot using anti-SUMO2/
3 and anti-VSV antibodies.
Results are representative of
three independent experiments.
nc bZip non-conventional bZip
domain
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To confirm that the presence of the LXXLL2 motif of
APH-2 is responsible for the short half-life of the protein,
we performed cycloheximide (CHX) chase experiments
(Fig. 3c). Cells were transfected with WT APH-2 or APH-
2LL182-183AA and treated with CHX for varying durations to
inhibit protein translation. APH-2 levels were then mon-
itored by western blot analyses. Consistent with previous
reports [21], WT APH-2 levels decreased as soon as 15 min
after CHX treatment. APH-2 level was reduced to 20% of
initial protein amount by 60 min of treatment (Fig. 3c, see
right panel for quantification). In contrast, APH-2LL182-183AA
levels were maintained at 80% of initial protein amount up
to 30 min of treatment and reduced to 50% of initial protein
amount by 60 min of treatment (Fig. 3c, right panel). This
confirms that mutation of the LXXLL2 motif of APH-2

greatly stabilizes the protein and thus that this motif con-
tributes to the short half-life of APH-2.

Interestingly, analysis of APH-2LL182-183AA SUMOyla-
tion status indicated that although SUMO2/3-modified
forms remained detectable, they were markedly reduced
compared to the WT APH-2 (Fig. 3d), further strengthening
the conclusion that a SUMO-dependent mechanism reduces
APH-2 stability.

To confirm the importance of the LXXLL2 domain of
APH-2 in the control of protein stability, this motif (which
exact sequence is LAGLL) was fused at the C-terminus of
either GFP or HTLV-1 HBZ (Fig. 4). Expression of GFP or
GFP-LAGLL and HBZ or HBZ-LAGLL was evaluated by
fluorescence microscopy (Fig. 4a), flow cytometry (Fig.
4b), and western blot (Fig. 4c), respectively. Fusion of the

Fig. 4 The LAGLL domain of APH-2 is sufficient to induce protea-
somal degradation of stable proteins. a HeLa cells were transfected
with GFP or GFP-LAGLL constructs and fluorescence was analyzed
after 24 h by epifluorescence microscopy. Nuclei were counterstained
with DAPI (blue). Scale bar= 50 µm. Images are representative of at
least three independent experiments. b HeLa cells were transfected
with GFP or GFP-LAGLL constructs and treated with MG132, when
indicated. Fluorescence was analyzed by flow cytometry after 24 h
following live cell gating by FCS/SSC. The gray curve represents

mock-transfected cells. Mean fluorescence intensities (MFI) are shown
as ΔMFI over mock-transfected cells. The graph shows mean and
SEM from three independent experiments. c HeLa cells were trans-
fected with HBZ-Myc or HBZ-LAGLL-Myc expression vectors. HBZ
and HBZ-LAGLL expression levels were analyzed by western blot
using an anti-Myc antibody. β-actin was used as a loading control.
Signals were quantified and normalized to actin, and are shown in the
graph as mean and SEM from two independent experiments
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LAGLL motif at the C-terminus of GFP drastically
decreased its detection (Fig. 4a,b). The mean fluorescence
intensity of GFP-LAGLL was ~10-fold reduced compared
to GFP backbone protein alone (Fig. 4b, right panel). Of
note, proteasome inhibition using MG132 partially rescued
GFP-LAGLL detection (Fig. 4b), indicating that the
LAGLL motif targets GFP to proteasomal degradation. It is
worth noting however that GFP-LAGLL was not re-
localized to PML-NBs in the presence of MG-132, sug-
gesting that this motif is not sufficient to address GFP to
PML-NBs. HBZ-LAGLL levels were also seriously
reduced compared to wild-type HBZ (Fig. 4c and graph on
the right for quantification of the signal). Thus, the LAGLL
motif found at the C-terminus of APH-2 is sufficient to
promote decreased protein stability, independently of the
protein to which it is fused. Taken together, these results
indicate that (i) the LAGLL motif decreases protein abun-
dance when fused to a stable protein such as GFP, (ii) that
this decrease in protein abundance is due, at least in part, to
proteasomal degradation, (iii) that deletion or mutation of
the LAGLL motif slows APH-2 degradation over time.
These three characteristics define the LAGLL sequence in
APH-2 as a degron, i.e. a sequence controlling protein
degradation, in addition to its role as a PML-targeting
sequence.

Taken together, these results demonstrate that APH-2 is
degraded by the proteasome in a process that depends both
on PML and on SUMO-1 modification. Thus, we propose
that APH-2 is SUMOylated and addressed to PML-NBs
before being targeted to proteasomal degradation.

Discussion

It is well established that several viruses have developed
mechanisms that allow them to manipulate the cellular
SUMOylation mechanisms to their profit. In general, this
helps their replication and is detrimental to the infected host
[23]. A substantial number of viral proteins were previously
shown to be SUMOylated with either positive or negative
consequence on the function of these proteins (for a review,
see ref. [24]). During HTLV-1 infection, it is well estab-
lished that the HTLV-1 Tax oncoprotein is SUMOylated
[25], although SUMOylation does not seem to be critical for
NF-κB activation, an important step required during cell
transformation [26]. Interestingly, it was demonstrated that
arsenic/interferon combination which is used to treat ATLL
patients, leads to HTLV-1 Tax poly-SUMOylation followed
by degradation in PML nuclear bodies [27]. SUMO also
contributes to the anti-HIV-1 effect of interferon [28].
HTLV-2 is barely pathogenic, and on the contrary to
HTLV-1 Tax, its Tax protein is barely SUMOylated [29].

As HTLV-1, which encodes HBZ, HTLV-2 infection
leads to transcription of the antisense protein of HTLV-2
(aph-2) mRNA that is expressed in vivo in most HTLV-2
carriers. APH-2 protein is barely detectable in vitro with a
half-life of 20 min in T-cells, and this short half-life is
mainly due to a low protein stability [21]. The lack of ability
of APH-2 to enhance TGF-β signaling, or to repress NF-κB
p65 or IRF-1 transactivation [21] might be due to the very
low availability of the protein in cells.

A number of previously published studies demonstrated
that the replication of some DNA viruses is targeted by
PML-NBs (for a review see ref. [30]). Here, our results
show that APH-2 is very efficiently addressed to PML-NBs.
However, the situation is distinct from DNA viruses, since
APH-2 is absent from the viral particle, thus its expression
requires productive infection. We have demonstrated here
that the C-terminal LXXLL domain of APH-2 is required
for the efficient localization of the protein to PML-NBs.
Interestingly, this motif represents a protein-protein inter-
action motif that was previously identified as necessary for
APH-2 interaction with CREB [20]. However, we excluded
the possibility that CREB mediated the recruitment of APH-
2 in PML-NBs. The “LAGLL” sequence was also identified
as a Sin3a-interacting motif in the Sin3a-associated protein
SAP25 (ref. 31), raising the possibility that APH-2 could
also interact with Sin3a. Sin3a is a transcriptional modulator
that interacts with multiple partners including transcrip-
tional repressors, enzymes that perform post-translational
modifications, DNA binding factors and docking proteins
(for a review, see [32]). Sin3a is also able to maintain HIV-1
replication at a latency stage [33]. Because SAP25 was
shown to concentrate in PML-NBs, it has been postulated
that SAP25 could address the Sin3a complex to PML-NBs
[31], a hypothesis consistent with the observation that Sin3a
interacts with PML [34]. Interestingly, we observed that
APH-2 interacts with Sin3a, although its LAGLL motif is
dispensable for the interaction (data not shown). Thus,
whether APH-2 interferes with the PML-dependent activ-
ities of the Sin3a complex is under current investigation.
Altogether, these observations indicate that APH-2 could
both be controlled by PML-dependent processes, but also
modulate PML-dependent cellular activities, such as tran-
scriptional regulation.

We previously showed that HTLV-2 neo-infection is
very sensitive to type I interferon (IFN-I) [35]. Because
PML is an IFN-I-induced gene product that was shown to
mediate the IFN-I-induced antiviral state against human
retroviruses such as human foamy virus [36], it is possible
to hypothesize that PML has two functions during HTLV-2
infection: (1) inducing APH-2 degradation and (2) being
involved in the IFN-induced antiretroviral defense
mechanism.
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Materials and methods

Cell culture

HeLa and Jurkat T cells were obtained from the American
type culture collection (ATCC). HeLa cells stably expressing
SUMO-1 (HeLa-SUMO-1) and parental HeLa cells were
described elsewhere [37]. HeLa cells and stable HeLa-
SUMO1 cells were maintained in high glucose, GlutaMAX
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life
Technologies) supplemented with 10% fetal bovine serum
(FBS, Biosera) and antibiotics (100U/ml penicillin and 100
µg/ml streptomycin, Gibco, Life Technologies). Jurkat cells
were maintained in GlutaMAX Roswell Park Memorial
Institute medium (RPMI, Gibco, Life Technologies) sup-
plemented with 10% FBS and antibiotics (100 U/ml peni-
cillin and 100 µg/ml streptomycin, Gibco, Life
Technologies). All cells were maintained at 37 °C in 5% CO2

and tested for mycoplasma contamination at regular intervals.

Plasmids and siRNA

pcDNA3.1-APH2-Myc-His and pcDNA3.1-HBZ-Myc-His
expression vectors [18, 38], as well as HA-SUMO1 and
HA-SUMO3 expression vectors were previously described
[25]. APH2 truncation mutant (APH21-178) as well as HBZ-
LAGLL fusion protein were PCR-amplified and cloned
between EcoRI and HindIII sites into the pcDNA3.1-Myc-
His vector (Promega). The LAGLL peptide sequence was
inserted downstream the GFP coding sequence by primer
hybridization and cloning between the EcoRI and BamHI
sites of the pEGFP-C3 vector (Clontech). Expression vec-
tors for mutated APH2-LXXAA1 (67LL68 to 67AA68),
APH2-LXXAA2 (182LL183 to 182AA183), and APH2-
LXXAA1-2 (combining mutations in both LXXLL motifs)
were obtained using the QuikChange II site-directed
mutagenesis kit (Stratagene) and verified by Sanger
sequencing (GATC).

The following siRNAs directed against PML were used:
5′CACCCGCAAGACCAACAACAU3′ and 5′
GUGUACCGGCAGAUUGUGGAU3′ (Sigma-Aldrich).

Antibodies

The following primary antibodies were used: mouse anti-
PML (sc-966, Santa Cruz Biotechnology); mouse anti-Myc
(clone 4A6, Merck Millipore); FITC-labeled mouse anti-
Myc (clone 9E10, Sigma); mouse anti-β-actin (clone AC-
74, Sigma-Aldrich); anti-GMP-1/SUMO-1 (clone 21C7,
Invitrogen), mouse anti-VSV (clone P5D4, Sigma-Aldrich);
rabbit anti-VSV (V4888, Sigma-Aldrich); rabbit anti-
SUMO2/3 (ab3742, Abcam), anti-SUMO2/3-HRP (from
Signal-SeekerTM SUMOylation 2/3 Detection Kit,

Cytoskeleton), rabbit anti-His (sc-804, Santa Cruz). The
following secondary antibodies were used in western blot:
horseradish peroxidase-conjugated anti-mouse IgG
(NA9310, GE Healthcare or #32430, Thermo Fisher) and
anti-rabbit IgG (NA9340, GE Healthcare or #32460,
Thermo Fisher).

Transient transfections

For western blot, immunoprecipitation and immuno-
fluorescence assays, HeLa cells were transiently transfected
using Effectene or Polyfect transfection reagents (Qiagen),
according to the manufacturer’s guidelines. For siRNA
experiments, 2 × 105 HeLa cells were seeded in six-well
plates and transfected the following day with 50 pmol of
siPML using Lipofectamine 2000 Reagent (Life
Technology).

Jurkat cells were transfected by electroporation with
Neon Transfection kit (MPK5000, Invitrogen). Briefly, 4 ×
105 cells were electroporated with 2 μg of DNA using a 10
μl tip (MPK1096, Invitrogen). Electroporation conditions
were: voltage 1325 V, 3 pulsations of 10 ms. Cells were
maintained in antibiotic-free RPMI containing 10% FBS for
24 h post-transfection and seeded on poly-lysine-coated
coverslips for immunofluorescence assays.

Cycloheximide analysis

Sixteen hours post-transfection, cells were incubated in the
presence of cycloheximide (CHX, 100 µg/ml) for varying
durations before harvesting and western blot analysis.
Results are representative of two independent experiments.

Proteasome inhibition

Twenty-four hours post-transfection, HeLa and stable
HeLa-SUMO-1 cells were treated with 10 μM of the pro-
teasome inhibitor MG-132 (Calbiochem) for 16 h at 37 °C.
DMSO was used as a vehicle.

Fluorescence microscopy

Cells seeded on coverslips were fixed 24 h after transfection
with formalin (HT5011, Sigma-Aldrich) for 20 min. Cells
were washed in PBS and permeabilized in PBS–Triton X-
100 0.5% for 30 min at room temperature. Cells were then
washed, saturated in PBS–Tween 0.2%–milk 5% for 1 h
and incubated for 45 min with primary antibodies in
saturation buffer. Cells were then washed and incubated for
45 min with the appropriate conjugated secondary anti-
bodies prepared in saturation buffer. Coverslips were
mounted in mounting medium containing DAPI (Fluor-
omount-G, 0100-20, Southern Biotech).
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For confocal analyses, slides were examined under a
Leica spectral SP5 confocal microscope equipped with a
63× 1.4–0.6 oil-immersion objective using the LAS-AF
software, or under an inverted confocal microscope (LSM
800; Carl Zeiss MicroImaging) equipped with a 63× 1.4
plan apochromat oil-immersion objective on the ZEN
software and analyzed using the ImageJ software. Images
representative of at least two independent experiments are
shown.

For epifluorescence imaging, slides were examined under
an AxioImager.Z1 microscope (Zeiss) equipped with a 63×/
1.4 Plan Apochromat oil-immersion objective. Images were
acquired using a Coolsnap HQ monochrome CCD (Zeiss;
1392 × 1040−6.45 μm pixel; 12 bit) camera and the Meta-
morph software. Fluorescence intensity was measured in 15
cells/condition using ImageJ software and Student's t-test
was used to compare means. GFP epifluorescence was
analyzed under an AMG Evos fl digital inverted fluores-
cence microscope. Images are representative of at least three
independent experiments.

Flow cytometry analyses

Cells were fixed in 4% paraformaldehyde and analyzed on a
MACSQuant cytometer (Miltenyi) in three independent
experiments. FACS analyses were performed under the
FlowJo software.

Western blots

Cells were lyzed in radioimmunoprecipitation assay (RIPA)
buffer containing 50 mM Tris–HCl pH 7.4, 150 mM NaCl,
1% Nonidet P-40, 0.25% Na-Doc, 5 mM PMSF, and pro-
tease inhibitors (Complete Protease Inhibitor Cocktail
EDTA-free, Roche) at 4 °C for 20 min. After centrifugation
and protein concentration determination (Bradford, Biorad),
lysates were separated by SDS-PAGE on Criterion XT
precast gels 10% Bis–Tris (Biorad) or on NuPAGE Novex
4–12% Bis–Tris Gel (Invitrogen), transferred on PVDF
membrane and saturated in TBS–Tween 0.1%–milk 5%.
After incubation with the appropriate primary and second-
ary antibodies, ECL prime western blotting detection
reagent (GE healthcare) and super signal west femto max-
imum sensitivity substrate (Thermo Scientific) were used
for revelation. Signals were quantified with ImageJ
software.

Denaturing immunoprecipitation

To examine covalent protein–protein interaction
between APH2 and SUMO-2/3, HeLa cells were treated
with 10 μM MG-132 for 16 h before lysis and immuno-
precipitation of SUMO2/3 using the Signal-SeekerTM

SUMOylation 2/3 Detection Kit (Cytoskeleton)
according to the manufacturer’s instructions. Briefly, three
100 mm dishes of HeLa cells were harvested in lysis
buffer. After protein quantification, 1.2 mg of proteins
were incubated with control beads or SUMO2/3 affinity
beads 2 h at 4 °C. After wash, proteins were eluted and
analyzed by western blot together with whole cell extracts
(input). Results are representative of three independent
experiments.

To examine covalent protein–protein interaction between
APH-2 and SUMO1, HeLa cells were treated with 10 μM
MG-132 for 16 h before lysis in Abis–Guanidine buffer
(Guanidine 6M, NaH2PO4 100 mM, imidazole 10 mM).
After sonication, proteins were incubated with Ni-NTA
beads (His-select HF Agarose Beads, Sigma-Aldrich)
overnight at 4 °C. Bound fractions were then washed three
times in Abis–Guanidine buffer, twice in 0.25×
Abis–Guanidine buffer (diluted in Tris–HCl 25 mM, imi-
dazole 10 mM), and twice in Tris–HCl 25 mM, imidazole
10 mM, before elution in Laemmli buffer followed by
western blot analysis. Results are representative of two
independent experiments.

Statistical analyses

No specific test was used to calculate the sample size. When
appropriate, unpaired two-sided Student's t-test with
Welch’s correction was used (GraphPad Prism) to compare
means of two experimental groups for which data followed
a normal distribution.
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