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ABSTRACT The divergent clinical outcomes of human T cell leukemia virus type 1
(HTLV-1) and HTLV-2 infections have been attributed to functional differences in
their antisense proteins. In contrast to HTLV-1 bZIP factor (HBZ), the role of the anti-
sense protein of HTLV-2 (APH-2) in HTLV-2 infection is poorly understood. In previ-
ous studies, we identified the endosomal sorting complex required for transport 0
(ESCRT-0) subunit HRS as a novel interaction partner of APH-2 but not HBZ. HRS is a
master regulator of endosomal protein sorting for lysosomal degradation and is hi-
jacked by many viruses to promote replication. However, no studies to date have
shown a link between HTLVs and HRS. In this study, we sought to characterize the
interaction between HRS and APH-2 and to investigate the impact of HRS on the life
cycle of HTLV-2. We confirmed a direct specific interaction between APH-2 and HRS
and showed that the CC2 domain of HRS and the N-terminal domain of APH-2 me-
diate their interaction. We demonstrated that HRS recruits APH-2 to early endo-
somes, possibly furnishing an entry route into the endosomal/lysosomal pathway.
We demonstrated that inhibition of this pathway using either bafilomycin or HRS
overexpression substantially extends the half-life of APH-2 and stabilizes Tax2B ex-
pression levels. We found that HRS enhances Tax2B-mediated long terminal repeat
(LTR) activation, while depletion of HRS enhances HTLV-2 production and release, in-
dicating that HRS may have a negative impact on HTLV-2 replication. Overall, our
study provides important new insights into the role of the ESCRT-0 HRS protein, and
by extension the ESCRT machinery and the endosomal/lysosomal pathway, in
HTLV-2 infection.

IMPORTANCE While APH-2 is the only viral protein consistently expressed in in-
fected carriers, its role in HTLV-2 infection is poorly understood. In this study, we
characterized the interaction between the ESCRT-0 component HRS and APH-2 and
explored the role of HRS in HTLV-2 replication. HRS is a master regulator of protein
sorting for lysosomal degradation, a feature that is manipulated by several viruses to
promote replication. Unexpectedly, we found that HRS targets APH-2 and possibly
Tax2B for lysosomal degradation and has an overall negative impact on HTLV-2 rep-
lication and release. The negative impact of interactions between HTLV-2 regulatory
proteins and HRS, and by extension the ESCRT machinery, may represent an impor-
tant strategy used by HTLV-2 to limit virus production and to promote persistence,
features that may contribute to the limited pathogenic potential of this infection.
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Human T cell leukemia virus type 2 (HTLV-2) was the second retrovirus discovered
in the late 1970s and is estimated to infect approximately 800,000 people world-
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wide (1, 2). While HTLV-2 is 70% similar to HTLV-1, the causative agent of adult T cell
leukemia (ATL) or HTLV-1-associated myelopathy/tropical spastic paraparesis, HTLV-2 is
mainly nonpathogenic, being associated with lymphocytosis, certain inflammatory
conditions, and an overall higher mortality risk (3, 4). Despite intensive efforts,
mechanisms behind the establishment of such divergent clinical outcomes are still
unclear (5).

Most HTLV structural and enzymatic genes (gag, pol, and env) and regulatory genes,
such as tax and rex, are expressed from the 5= long terminal repeat (LTR) using the
sense strand of the viral genome. The viral Tax protein promotes viral transactivation by
interacting with various host transcriptional factors such as activating transcription
factor (ATF)/CREB and p300/CREB-binding protein (CBP), resulting in their recruitment
to Tax-responsive elements (TxREs) at the 5= LTR and transcriptional activation (6). In
addition to sense transcription, HTLVs use the antisense strand of their viral genomes
to express proteins from the 3= LTR. This leads to the production of antisense proteins,
i.e., HTLV-1 bZIP factor (HBZ) for HTLV-1 and antisense protein of HTLV-2 (APH-2) for
HTLV-2 (7, 8).

As opposed to Tax, both antisense proteins are consistently expressed in most
infected cells and interact with shared and unique cellular factors. Like HBZ, APH-2
inhibits Tax-mediated viral gene expression by interacting with CREB (9–12). A recent
study examined the effects of APH-2 on pathways known to be regulated by HBZ and
showed that, while both proteins downregulate the Tax-mediated NF-�B pathway,
APH-2 has divergent effects on transforming growth factor � (TGF-�) and interferon
regulatory factor 1 (IRF-1) signaling (13). Such opposite effects show that APH-2 and
HBZ modulate cellular and viral pathways in a divergent manner, leading to the
suggestion that these differences may influence key processes involved in the viral life
cycle and disease development in the case of HTLV-1 but not HTLV-2. While both
proteins are dispensable for the immortalization of T cells in vitro, studies show that
APH-2, unlike HBZ, has no effect on the proliferation of HTLV-2-infected cells and is
dispensable for viral replication and persistence in vivo (9, 12, 14). This was shown by
the finding that rabbits infected with APH-2-deficient virus displayed higher rates of
replication and higher proviral loads (12). This led to the conclusion that APH-2 may
have a protective role in HTLV-2 infection and may contribute to the nonpathogenic
nature of HTLV-2. To date, however, few studies have examined interactions between
APH-2 and cellular factors (12, 15, 16).

To expand our current knowledge on possible cellular interaction partners for
APH-2, we performed yeast two-hybrid screening (N. Sheehy and W. W. Hall, unpub-
lished data). This screening showed that APH-2 interacts with several components of
the endosomal complex required for transport (ESCRT) machinery. This machinery is
involved in membrane remodeling, facilitating membrane budding and vesicle release.
This key feature means that the ESCRT machinery regulates many cellular processes,
such as trafficking and lysosomal degradation of internalized membrane-bound recep-
tors via the multivesicular body (MVB) pathway, cytokinesis, exosome release, au-
tophagy, neuron pruning, and nuclear envelope reassembly (17).

The ESCRT machinery is composed of multiprotein complexes known as ESCRT-0, I,
II, and III and the VPS4 ATPase complex, together with accessory proteins such as Alix.
Each ESCRT complex is recruited sequentially to membranes to promote the budding
and release of vesicles, which are essential for the trafficking and lysosomal degradation
of internalized plasma membrane receptors (18). The role of the ESCRT machinery in
the lysosomal degradation of cellular signaling receptors such as epidermal growth
factor receptor (EGFR) and TGF-� via the MVB pathway is well characterized (19, 20).
The ESCRT-0 protein HRS initiates this process by binding to ubiquitinated cargos and
tethering them to the surface of early endosomes (21). HRS subsequently recruits the
ESCRT-I complex by binding TSG101 through a conserved PSAP motif (22, 23). ESCRT-I
in turn recruits ESCRT-II, which recruits and activates ESCRT-III complexes. Finally,
ESCRT-III complexes recruit the VPS4 ATPase, which dissociates the ESCRT machinery
from the membrane, completing the release of vesicles to form MVBs (17, 24).
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Viruses usurp the ESCRT machinery for replication and release from infected cells.
The role of the ESCRT machinery has been extensively studied for retroviruses, but it is
now established that most enveloped viruses use this machinery to bud from infected
cells (25). The PSAP late domain in the HIV-1 Gag protein mimics the PSAP domain in
HRS to interact with the ESCRT-I protein TSG101 and to recruit the ESCRT machinery,
ensuring efficient viral budding (26). HTLV-1 also relies on the ESCRT machinery to bud
from infected cells. Previous studies have shown that the HTLV-1 Gag protein interacts
with TSG101 through a PPPYEPTAP motif, resulting in efficient release of virions (27, 28).
In addition to viral budding, the interactions of the HIV-1 accessory proteins Vpu and
Nef with the ESCRT-0 protein HRS and the ESCRT accessory protein Alix, respectively,
promote viral replication by facilitating the lysosomal degradation of cellular restriction
factors such as tetherin and the viral receptor CD4 (29, 30). Overall, it is clear that the
ESCRT machinery plays a significant role in the establishment and dissemination of
retroviral infections. Interactions between HTLV-2 and the ESCRT machinery have yet to
be described.

In this study, we sought to confirm the interaction between APH-2 and HRS
highlighted by our yeast two-hybrid screening and to investigate the impact of HRS on
the life cycle of HTLV-2. Our study confirms a direct interaction between APH-2 and HRS
and reveals that HRS overexpression or bafilomycin treatment, which is known to
inhibit the endolysosomal pathway, leads to the recruitment and stabilization of APH-2
into early endosomes. This strongly suggests that this pathway is involved in the
degradation of APH-2 and is responsible in part for its instability. We also demonstrate
that HRS has an overall negative impact on HTLV-2 replication and dissemination.

RESULTS
APH-2 directly interacts with the ESCRT-0 subunit HRS. In order to better

decipher the function of APH-2 in HTLV-2 infection, a yeast two-hybrid approach was
used to screen a number of different T cell cDNA libraries to identify potential APH-2
interactors. From those studies, we discovered that APH-2 interacts with several com-
ponents of the ESCRT machinery, including the ESCRT-0 subunit HRS, also known as
HGS (data not shown). Although retroviral Gag proteins mimic HRS to bind TSG101 and
to recruit the ESCRT machinery, which is essential for viral budding, HRS is also known
to have a significant impact on viral replication via the endosomal/lysosomal pathway
(31). Based on this, we speculated that HRS may also play a role in HTLV-2 replication
via its interaction with APH-2 and possibly other viral proteins. To confirm the inter-
action between APH-2 and HRS, we performed glutathione S-transferase (GST) pull-
down assays using GST, GST-APH-2, and HRS-His-Myc proteins purified from Escherichia
coli (Fig. 1A). Our results illustrated that HRS-His-Myc bound GST-APH-2 but not GST,
thus indicating a direct and specific interaction between APH-2 and HRS.

HRS is ubiquitously expressed in a variety of cell types, and HRS overexpression is
linked to cancer development (32, 33). Initially, we sought to examine the expression
levels of HRS in HTLV-infected cells, compared to HTLV-negative cells, to determine
whether HTLV infection affects HRS expression levels. To this end, Western blot analysis
was performed on lysates from a HTLV-negative T cell line (Jurkat), two chronically
HTLV-1-infected cell lines (MT2 and C91), a chronically HTLV-2-infected cell line (Mo),
and two ATL patient cell lines (ATL-CR and ATL-TH) (Fig. 1B). Compared to Jurkat cells,
the highest level of HRS expression was observed in the ATL cell lines, followed by MT2,
C91, and Mo. In order to confirm the interaction between HRS and APH-2 in mammalian
cells, we transfected HEK293T cells with a FLAG-APH-2 expression plasmid or an empty
control plasmid. Cellular lysates were subjected to coimmunoprecipitation assays using
an anti-FLAG M2 resin, and precipitates were analyzed by Western blotting. We showed
that endogenous HRS could be precipitated in the presence of APH-2 but not in its
absence (Fig. 1C). Because endogenous levels of HRS in HEK293T cells were not
detectable in whole-cell lysates by Western blotting, we decided to perform the same
coimmunoprecipitation assays in cells overexpressing HRS (Fig. 1D). We confirmed that
hemagglutinin (HA)-HRS was coprecipitated with FLAG-APH-2 when the two proteins
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were coexpressed but not in the absence of FLAG-APH-2, thus confirming the interac-
tion.

The CC2 domain of HRS interacts with APH-2. HRS possesses several well-
characterized domains, including a VHS domain, an FYVE domain, a ubiquitin interac-
tion motif (UIM), a proline-rich domain that contains a PSAP motif, a coiled-coil domain
(CC2), a proline-glutamine-rich (Pro/Gln) domain, and a clathrin-binding domain (CBD)
(Fig. 2A) (23). These domains are responsible for the capacity of HRS to bind ubiquiti-
nated proteins, to recruit the subsequent ESCRT components, and to sort cargo
proteins into the endosomal/lysosomal pathway (34). To better understand the func-
tional significance of the interaction between APH-2 and HRS, we sought to determine
which domain of HRS was involved in the interaction with APH-2. To this end, we
cotransfected HEK293T cells with FLAG-APH-2 and the indicated HRS deletion mutants
and coimmunoprecipitations were performed on cellular lysates using an anti-FLAG M2
resin (Fig. 2B to E). Possible interactions were analyzed by Western blotting. While the
HA-HRS 1–307 and Myc-HRS 500 –775 mutants did not coprecipitate with FLAG-APH-2,
we observed pulldown of the deletion mutant Myc-HRS 287–775 in the presence of
APH-2 (Fig. 2C). This suggests that the region of HRS encompassing amino acids 307 to
500 mediates the interaction with APH-2. This region contains a proline-rich domain
and, interestingly, the PSAP motif, which is essential for the interaction of HRS with
TSG101 and the recruitment of the other ESCRT components (23). This region also

FIG 1 APH-2 directly interacts with the ESCRT-0 subunit HRS. (A) GST pulldown assays were performed by incubating purified HRS-His-Myc with GST or
GST-APH-2 immobilized on GST resin. Eluates were analyzed by immunoblotting using an anti-Myc antibody (left) and Coomassie blue (CB) staining (right). HRS
input corresponds to 10% of the total HRS added to each pulldown. M indicates protein markers. Dots indicate purified GST, GST-APH-2, and HRS. (B) Expression
levels of endogenous HRS in Jurkat cells, the HTLV-1-transformed cell lines MT2 and C91, the HTLV-2-transformed cell line Mo, and the ATL cell lines ATL-TH
and ATL-CR were determined. Equal amounts of whole-cell lysates were analyzed by Western blotting using antibodies against HRS and �-tubulin. For the
densitometric analysis, individual bands for HRS were quantified and normalized to the tubulin signal. (C and D) Coimmunoprecipitation assays were performed
on lysates from HEK293T cells cotransfected with 10 �g of FLAG-APH-2 or empty plasmid (C) or 5 �g of FLAG-APH-2 together with either 5 �g of empty plasmid
or 5 �g of HA-HRS expression plasmid (D). Proteins from whole-cell lysates (WCL) were immunoprecipitated using anti-FLAG M2 resin and were analyzed by
Western blotting using anti-FLAG, anti-HRS, and anti-HA antibodies. IP, immunoprecipitation; wt, wild type.
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contains the first half of the CC2 domain, a domain that is essential for targeting HRS
to early endosomes (35). To assess whether the CC2 domain facilitates the interaction
with APH-2, we performed coimmunoprecipitation on lysates from cells cotransfected
with expression plasmids encoding FLAG-APH-2 and the deletion mutant HA-HRSΔCC2,
lacking the CC2 domain. We showed that HA-HRSΔCC2 was not coprecipitated with
FLAG-APH-2 (Fig. 2E). Collectively, these data demonstrate that the CC2 domain is
involved in the interaction between HRS and APH-2.

APH-2 binds HRS via the N terminus. APH-2 contains a nonconventional bZIP
domain (ncbZIP), a LXXLL motif in the C terminus, and two putative EXXXLL endosomal
trafficking motifs (8, 36). To further characterize the interaction between APH-2 and
HRS, we sought to determine the domain in APH-2 involved in the interaction. To this

FIG 2 HRS interacts with the N terminus of APH-2 via its CC2 domain. (A) Schematic representation of the functional domains in HRS and the deletion mutants
used in this study. VHS, VPS27-Hrs-STAM; FYVE, FYVE zinc finger domain; UIM, ubiquitin interaction motif; Pro, proline-rich domain containing the PSAP motif;
CC2, coiled-coil domain; Pro/Gln, proline- and glutamine-rich domain; CBD, clathrin-binding domain. (B to E) HEK293T cells were cotransfected with FLAG-APH2
or empty plasmid and the indicated HRS deletion plasmids. Cellular lysates were subjected to immunoprecipitation using an anti-FLAG M2 resin, and
interactions were analyzed by Western blotting using anti-FLAG, anti-HA, and anti-Myc antibodies. The asterisks indicate the band for FLAG-APH-2. (F) Schematic
representation of full-length APH-2 and deletion mutants used in this study. Functional domains are indicated, as follows: EXXXLL, endosomal trafficking motif;
ncbZIP, nonconventional basic leucine zipper domain; LXXLL, LXXLL motif. (G) Coimmunoprecipitations with lysates from HEK293T cells cotransfected with
HA-HRS and the indicated FLAG-APH-2 deletion mutants were performed using anti FLAG-M2 resin. Antibodies against HA and FLAG epitopes were used to
analyze interactions. IP, immunoprecipitation; WCL, whole-cell lysate.
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end, we used two different deletion mutants; the APH-2 ΔncbZIP mutant lacks the
ncbZIP domain, and APH-2 1–93 contains only the N-terminal portion of APH-2 (Fig. 2F).
We performed coimmunoprecipitations using anti-FLAG M2 resin with lysates of
HEK293T cells transfected with plasmids encoding HA-HRS and the indicated APH-2
deletion mutants. Western blot analysis of precipitates showed that HA-HRS interacted
with APH-2 ΔncbZIP and APH-2 1–93 (Fig. 2G), suggesting that the N-terminal region
of APH-2 mediates the interaction with HRS and that the ncbZIP domain plays no role
in the interaction.

HRS and APH-2 colocalize in endocytic structures in a CC2-dependent manner.
Because HRS plays a crucial role in trafficking proteins through the endocytic pathway
to lysosomes for degradation, HRS localizes in the cytoplasm and has been shown to
mainly colocalize with EEA1, an early endosome marker. Based on this, we sought to
examine the subcellular localization of APH-2 and either exogenous or endogenous
HRS in HeLa cells (Fig. 3A and B). HeLa cells were cotransfected with green fluorescent
protein (GFP)-APH-2 (green) alone (Fig. 3A) or together with a HA-HRS expression
plasmid (Fig. 3B). Both endogenous HRS and exogenous HRS were detected using an
anti-HRS antibody followed by the anti-mouse IgG-Alexa Fluor 594 secondary antibody
(red). Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) (blue), and the
subcellular localization of these proteins was examined by fluorescence microscopy. We
observed that endogenous HRS localized in the cytoplasm in a granular pattern, which
is consistent with previous reports. APH-2, as described previously, displays fluores-
cence in a speckle-like manner in the cytoplasm and the nucleus (8, 16). In Fig. 3A, we
observed some foci that were positive for both APH-2 and HRS, suggesting that the two
proteins can colocalize in such structures in the cytoplasm.

To further investigate the localization of APH-2 and HRS, we performed the previ-
ously described staining in cells overexpressing HRS (Fig. 3B). Under these conditions,
HRS was detected in large vesicular structures possibly consisting of clustered endo-
cytic structures, as reported previously (37). Interestingly we also observed extensive
colocalization of APH-2 and HRS in such structures. This suggests that HRS recruits
APH-2 into endocytic structures. Furthermore, we consistently observed that HRS
overexpression led to the accumulation of APH-2. Based on our finding that the CC2
domain mediates the interaction between APH-2 and HRS, we sought to determine
whether this domain was sufficient to recruit APH-2 into the endocytic structures. To
this end, we transfected HeLa cells with GFP-APH-2 and Myc-HRS-CC2 or HA-HRSΔCC2
expression plasmids (Fig. 3C and D). Strikingly, we observed marked colocalization of
Myc-HRS-CC2 and GFP-APH-2 in enlarged endosomal clusters, confirming our previous
finding that the CC2 domain mediates the interaction between HRS and APH-2 and is
sufficient for the accumulation of APH-2 in the endocytic structures (Fig. 3C). This is in
stark contrast to the localization of GFP-APH-2 in the presence of HA-HRSΔCC2, where
APH-2 predominantly localized in the nucleus and did not accumulate to any great
extent in cytoplasmic clusters (Fig. 3D). However, we observed limited colocalization
between APH-2 and HA-HRSΔCC2 (Fig. 3D, lower), suggesting that other HRS domains
may be involved in the localization of APH-2 to structures distinct from the endocytic
structures. Taken together, our results show that the CC2 domain of HRS targets APH-2
to endosomal structures and is responsible for its accumulation and stabilization.

APH-2 and HRS interact in EEA1- but not CD63-positive endosomes. Cellular
proteins destined for lysosomal degradation are initially incorporated into intraluminal
vesicles (ILVs) of early endosomes, which mature into late endosomes/MVBs that
eventually fuse with lysosomes and are degraded. MVBs can also fuse with the cell
membrane and deliver ILVs to the outside of cells or fuse with autophagosomes before
lysosomal degradation during autophagy (38). This process is governed by the ESCRT
machinery and is initiated by the ESCRT-0 component HRS. Based on this, we postu-
lated that HRS recruits APH-2 to early endosomes for trafficking to lysosomes via the
MVB pathway. This was investigated by staining HeLa cells transfected with GFP-APH-2
(Fig. 4A to C) and either an empty control plasmid (Fig. 4A and C) or HA-HRS (Fig. 4B)
with an antibody against the early endosome marker EEA1 or the late endosomal
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FIG 3 HRS and APH-2 colocalize in endocytic structures in a CC2-dependent manner. HeLa cells were transfected with 750 ng of
GFP-APH-2 (green) and 250 ng of control plasmid (A), HA-HRS (B), Myc-HRS-CC2 (C), or HA-HRSΔCC2 (D) expression plasmids; 24 h
posttransfection, endogenous HRS and exogenous HRS were detected using anti-HRS (A, B, and D) or anti-Myc antibodies (C), followed
by Alexa Fluor 594-conjugated secondary antibody (red). Nuclei were stained with DAPI (blue). Two representative images are shown
per condition. The arrowheads indicate colocalization of HRS and GFP-APH-2. Scale bars, 10 �m.
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FIG 4 APH-2 and HRS interact in EEA1-positive but not CD63-positive endosomes. HeLa cells were transfected with 750 ng of GFP-APH-2 (green) and 250 ng
of control plasmid (A and C) or HA-HRS (B) expression plasmid; 24 h posttransfection, endogenous EEA1 or CD63 was detected using antibodies against EEA1
(A and B) or CD63 (C) epitopes, followed by Alexa Fluor 594-conjugated secondary antibody (red). Nuclei were stained with DAPI (blue). Scale bars, 10 �m.

Martini et al. Journal of Virology

January 2020 Volume 94 Issue 1 e01311-19 jvi.asm.org 8

https://jvi.asm.org


marker CD63, followed by the anti-rabbit IgG-Alexa Fluor 594 secondary antibody (red).
We observed that GFP-APH-2 colocalized with EEA1 in a limited number of foci (Fig. 4A).
Interestingly, HRS overexpression resulted in higher levels of GFP-APH-2 in EEA1-
positive structures, compared to levels observed in cells not transfected with exoge-
nous HRS expression plasmids (Fig. 4A and B). Moreover, we observed low levels of
colocalization of APH-2 with the late endosomal marker CD63 (Fig. 4C), indicating that
HRS overexpression, and hence disruption of the endolysosomal pathway, mainly
blocks the trafficking of APH-2 to lysosomes in early endosomes but it can also be
found in late endosomes.

HRS overexpression extends the half-life of APH-2, and APH-2 is degraded in
lysosomes. Based on our observation from immunofluorescence analysis that HRS
enhances APH-2 expression levels, we sought to investigate the mechanisms involved.
Initially, we examined the effect of HRS overexpression on APH-2 mRNA levels. We
performed reverse transcription-quantitative PCR (RT-qPCR) on mRNA extracted from
HEK293T cells cotransfected with FLAG-APH-2 and HA-HRS (Fig. 5A). The APH-2 signal
was normalized to the �-actin signal, and the signal for cells transfected with FLAG-
APH-2 alone was set as the control, with a value of 1. We observed no statistically
significant difference in APH-2 mRNA levels in the presence versus absence of exoge-
nous HRS, suggesting that HRS does not affect the stability of APH-2 mRNA levels. In
contrast, Western blot analysis of cellular lysates from HEK293T cells transfected with
FLAG-APH-2 and HA-HRS expression plasmids showed a 4-fold increase in APH-2
protein levels in the presence of exogenous HRS, compared to the control condition
(Fig. 5B). Unexpectedly, we found that HRS knockdown in HeLa cells expressing APH-2
resulted in a 40-fold reduction in APH-2 levels, compared to those observed with the
negative-control small interfering RNA (siRNA), clearly indicating that endogenous HRS
stabilizes APH-2 protein levels (Fig. 5C).

Previous studies showed that, in contrast to the HTLV-1 antisense protein HBZ,
which has a half-life of approximately 6.4 h, APH-2 has a half-life of �30 min (13). To
assess the effect of HRS on the turnover of APH-2, HEK293T cells were transfected with
a FLAG-APH-2 expression plasmid, with or without a plasmid encoding HRS, and were
treated with the translation elongation inhibitor cycloheximide for defined periods.
Western blot analysis of lysates showed that APH-2 had a half-life of �30 min in the
absence of exogenous HRS (Fig. 5D). In stark contrast, although reduced levels of APH-2
were observed in cells treated with cycloheximide for 30 min, HRS overexpression
resulted in steady-state levels of APH-2 and extended its half-life to at least 90 min.

Previous studies reported that HRS overexpression had a dominant negative effect
on the endosomal/lysosomal pathway by preventing the recruitment of downstream
ESCRT components (22). Hence, our finding that APH-2 expression levels are enhanced
under such conditions suggests that APH-2 may be degraded via the lysosomal
pathway. Based on this, we sought to determine the role of lysosomes in APH-2
degradation. To this end, we treated cells transfected with an expression plasmid
encoding FLAG-APH-2 with bafilomycin (1 �M), a well-characterized lysosomal inhibi-
tor, or dimethyl sulfoxide (DMSO) and examined APH-2 levels by Western blotting (Fig.
5E). We observed a 2-fold increase in APH-2 protein levels in cells treated with
bafilomycin, compared to control cells treated with DMSO. This finding firmly estab-
lishes that APH-2 is degraded in lysosomes.

HRS enhances the stability of APH-2 in a CC2-dependent manner. To determine
the domain in HRS responsible for APH-2 stabilization, we transfected HEK293T cells
with FLAG-APH-2 and Myc-HRS deletion mutant expression plasmids. Protein expres-
sion was analyzed by Western blotting, and FLAG-APH-2 signals were normalized to
tubulin levels (Fig. 6A). We observed a 6-fold increase in the levels of FLAG-APH-2 in the
presence of Myc-HRS 287–775, compared to APH-2 alone. FLAG-APH-2 levels were
similarly enhanced by Myc-HRS-CC2 but not by Myc-HRS 1–289 or Myc-HRS 500 –775.
Surprisingly, loss of the CC2 domain in HRS resulted not only in the loss of the APH-2
stabilization but also in a 4-fold decrease in APH-2 basal expression (Fig. 6B). Overall,
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this shows that the interaction between HRS and APH-2 via the CC2 domain is required
for APH-2 stabilization.

Analysis of the protein sequence of APH-2 indicates that it contains two possible
endocytic targeting motifs of EXXXLL (residues 6 to 68 and 101 to 106), which resemble
the consensus dileucine endocytic targeting motif [D/E]XXXLL/I, where X is any amino
acid. These motifs are found in several cellular receptors that traffic through endosomes
to lysosomes for degradation (36). Moreover, these domains are also present in viral
proteins such as HIV Nef and Vpu, which are involved in the trafficking of cellular
proteins for lysosomal degradation. Based on this, we speculated that these domains
may play a role in trafficking APH-2 to lysosomes. To examine this possibility, we

FIG 5 HRS overexpression increases the half-life of APH-2, and APH-2 is degraded in lysosomes. (A and B) Effects of HRS overexpression on APH-2 mRNA and
protein levels. (A) HEK293T cells were cotransfected with FLAG-APH-2 and either FLAG-empty (control) or HA-HRS expression plasmids. Twenty-four hours
posttransfection, mRNAs were extracted, and APH-2 expression was measured by qRT-PCR. APH-2 mRNA levels were calculated by the ΔCT method. Values were
normalized to �-actin expression and compared to the expression of APH-2 when HRS was not transfected, which was set as 1. (B) HEK293T cells were
transfected as described for panel A. Twenty-four hours after transfection, cells were lysed and proteins levels were analyzed by Western blotting using anti-HA,
anti-FLAG, and anti-�-tubulin antibodies. The APH-2 level in the absence of exogenous HRS was set as 1. (C) Effect of HRS knockdown on APH-2 expression.
HeLa cells were transfected twice with a siRNA against HRS or a control siRNA, at times of 0 h and 48 h; cells were transfected with a FLAG-APH-2 expression
plasmid 24 h after the second transfection and were lysed after 24 h. Lysates were analyzed by Western blotting using anti-HRS, anti-FLAG, and anti-�-tubulin
antibodies. (D) Effect of HRS overexpression on APH-2 half-life. HEK293T cells were transfected with a FLAG-APH-2 plasmid and an empty control plasmid (top)
or a HA-HRS expression plasmid (bottom). Twenty-four hours posttransfection, cells were treated with cycloheximide (100 �g/ml) for the indicated times. Cells
were lysed with RIPA buffer, and equal amounts of proteins were analyzed by Western blotting using anti-FLAG and anti-�-tubulin antibodies. (E) Effect of the
inhibition of lysosomal acidification on APH-2 degradation. HEK293T cells were transfected with a FLAG-APH-2 plasmid. Twenty-four hours posttransfection,
cells were treated with bafilomycin (1 �M) for 4 h. Cells were lysed with RIPA buffer, and equal amounts of proteins were analyzed by Western blotting using
anti-FLAG and anti-�-tubulin antibodies. Densitometric analyses were performed in three independent experiments. Results are shown as fold changes in
comparison with the control condition, which was arbitrarily set as 1. Error bars represent the standard error of the mean. *, P � 0.05; **, P � 0.01; ***, P � 0.001,
ns, not significant, by two-tailed Student’s t test.
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transfected HEK293T cells with expression plasmids encoding APH-2 proteins with
leucine-to-alanine (LL/AA) substitutions in both endocytic motifs, with or without a
plasmid encoding HRS (Fig. 6C). We showed that wild-type FLAG-APH-2 and FLAG-
APH-2-LL/AA1 were both stabilized by HRS overexpression, whereas there was no

FIG 6 The CC2 domain of HRS suffices to stabilize APH-2, and an EXXXLL motif in APH-2 targets it for lysosomal degradation. (A and B) Cellular lysates of HEK293T
expressing FLAG-APH-2 plasmid and Myc-HRS (A) or HA-HRS (B) deletion mutants were analyzed by Western blotting using anti-FLAG, anti-Myc, anti-HA, and
anti-�-tubulin antibodies. Results are shown as fold changes in comparison with the condition in which APH-2 was expressed alone, which was arbitrarily set as 1.
Error bars represent the standard error of the mean. *, P � 0.05; **, P � 0.01, by two-tailed Student’s t test. Data represent three independent experiments. (C) The
effect of the EXXXLL motif on APH-2 stabilization was assessed. HeLa cells were transfected with the indicated FLAG-APH-2 mutants and an empty control plasmid
or HA-HRS expression plasmid. Cellular lysates were analyzed by Western blotting using anti-FLAG and anti-�-tubulin antibodies. The value for APH-2 expressed
alone was arbitrarily set as 1, and error bars represent the standard error of the mean. Data represent two independent experiments.
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difference in the stability of FLAG-APH-2-LL/AA2 in the presence or absence of exog-
enous HRS. Indeed, the FLAG-APH-2-LL/AA2 expression levels were higher than those of
wild-type FLAG-APH-2 in the absence of exogenous HRS, suggesting that this motif is
involved in targeting APH-2 for lysosomal degradation. When the two motifs were
mutated (FLAG-APH-2-LL/AA1 � 2), however, the stabilization induced by HRS overex-
pression was restored, suggesting that both motifs are required for APH-2 to be
stabilized by HRS.

HRS overexpression enhances Tax2B-mediated LTR activation. To examine the
possible role of HRS in HTLV-2 replication, we investigated the impact of HRS overex-
pression on basal and Tax2B-mediated LTR activation. We transfected HeLa cells with a
plasmid containing the HTLV-2 LTR linked to a luciferase reporter, together with either
an empty plasmid or a His-Tax2B expression plasmid and a HA-HRS construct, as
indicated (Fig. 7A and B). Twenty-four hours posttransfection, cells were lysed, and

FIG 7 HRS enhances Tax2B-mediated LTR activation and suppresses HTLV-2 production and release. (A and B) Effects of HRS on basal (A) and Tax2B-mediated
(B) LTR activation. HeLa cells were cotransfected with 100 ng of HTLV-2 LTR-luciferase reporter construct, 20 ng of pCAGGS-Tax2B, and 3 �g of HRS or control
plasmids as indicated. Luciferase assays were carried out 24 h posttransfection, and results were normalized to the protein concentrations. The mean of three
independent experiments is shown. Results are plotted as percentage luciferase activation relative to the control, which was arbitrarily set as 100%. Lysates were
subjected to Western blot analysis using anti-HA, anti-His, and anti-�-tubulin antibodies. (C) HTLV-2 infection model. HeLa cells were transfected with 100 ng
of HTLV-2 LTR; 24 h posttransfection, similar numbers of Jurkat or Mo cells were added on top of the HeLa cells for 24 h before the cells were washed three
times with PBS and incubated for an additional 24 h prior to cell lysis with passive lysis buffer. Luciferase assays were carried out, and values were normalized
to protein concentrations. (D and E) Effects of HRS overexpression (D) or knockdown (E) on HTLV-2 Gag levels. HeLa cells were transfected with similar amounts
of HA-HRS or control expression plasmids (D) or were double transfected over 24 h with a control siRNA or a siRNA against HRS (E); 24 h posttransfection, similar
numbers of Mo cells were added on top of the HeLa cells for 24 h before the cells were washed three times with PBS and incubated for an additional 24 h prior
to cell lysis. Protein levels were analyzed by Western blotting using antibodies against HA, HRS, p24, and �-tubulin epitopes. p19gag protein levels in the
supernatants were quantified by ELISA. Results are shown as fold changes in comparison with the control condition, which was arbitrarily set as 1. Error bars
represent the standard error of the mean. *, P � 0.05; ns, not significant, by two-tailed Student’s t test. Data represent three independent experiments.
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luciferase assays were performed. We found that, while HRS overexpression had no
effect on basal LTR activation (Fig. 7A), it upregulated Tax2B-mediated activation of the
LTR promoter (Fig. 7B). Analysis of cellular lysates by Western blotting showed that,
similarly to APH-2, Tax2B levels were increased by HRS overexpression (Fig. 7B). Overall,
we conclude that inhibition of the endosomal/lysosomal pathway by HRS overexpres-
sion stabilizes Tax2B expression possibly by inhibiting its lysosomal degradation. This
may contribute to the elevated levels of Tax2B-mediated LTR activation observed when
HRS is overexpressed.

HRS inhibits HTLV-2 production and release. We next sought to examine whether
HRS affects HTLV-2 production and release. In order to study this, we used an infection
model consisting of HeLa cells transfected with our plasmid of interest or siRNA and
cocultured with Mo cells for 24 h. To assess the efficiency of the infection, HeLa cells
were first transfected with the HTLV-2 LTR-luciferase reporter construct and then
cocultured with HTLV-2-infected Mo cells. Twenty-four hours later, Mo cells were
removed, and HeLa cells were extensively washed before being cultivated for an
additional 24 h. Control cells were cocultured with similar numbers of noninfected
Jurkat cells. Luciferase assays showed a 4-fold increase in the luciferase activity for cells
cultured in the presence of Mo cells, compared to that detected in the presence of
Jurkat cells, thus validating our infection model (Fig. 7C). To examine the effect of HRS
on HTLV-2 replication, we performed the same infection in HeLa cells that overex-
pressed HRS or were knocked down for HRS (Fig. 7D and E). We observed that, while
HRS overexpression had no statistically significant effect on the release of p19gag in the
supernatant, intracellular p24gag levels were strongly reduced (Fig. 7D). HRS knock-
down, however, induced a 3-fold increase in p19gag levels in the supernatant and
increased intracellular p24gag levels (Fig. 7E). Overall, our results suggest that inhibition
of the endolysosomal pathway by HRS overexpression substantially reduced intracel-
lular levels of p24gag, suggesting that the endolysosomal pathway is involved in the
intracellular accumulation of virus. However, HRS knockdown increased p19gag and
intracellular p24gag levels, suggesting that HRS has an overall inhibitory effect on
HTLV-2 production.

DISCUSSION

It is well established that viruses hijack the ESCRT machinery to promote viral
replication. The interaction between the late domain in retroviral Gag proteins and the
ESCRT-I subunit TSG101 has been extensively studied and is essential for recruitment of
the ESCRT machinery and viral budding and release. Although the PSAP domains in
retroviral Gag proteins mimic the PSAP in HRS to bind TSG101, HRS plays an alternative
role in viral replication that is mediated mainly by its interactions with viral accessory
proteins and the endosomal/lysosomal pathway. For instance, the interaction between
the HIV-1 Vpu accessory protein and HRS promotes viral release by facilitating the
lysosomal degradation of BST-2/tetherin (39). Our previous studies showed that the
HTLV-2 antisense protein APH-2 interacts with several components of the ESCRT
machinery, thus implicating this pathway in HTLV-2 infection. In this study, we char-
acterized one of these interactions, namely, the interaction between APH-2 and the
ESCRT-0 subunit HRS. We show that HRS recruits APH-2 to early endosomes, possibly
furnishing an entry route into the MVB/lysosomal pathway. We demonstrated that
inhibition of this pathway using either bafilomycin or HRS overexpression resulted in
the stabilization of APH-2 and Tax2B expression levels, clearly indicating that this
pathway is involved in the degradation of these viral proteins. Moreover, we found that
HRS enhanced Tax2B-mediated LTR activation and may have an overall negative impact
on HTLV-2 replication.

The abnormal expression of growth factor receptors is associated with a large
number of malignancies (40). Based on its key role in the degradation and hence
deactivation of cell surface receptors that regulate cell growth and survival, HRS was
speculated to play a protective role against cancer. However, previous studies have
shown the opposite, in that HRS is overexpressed in several cancers, compared to
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corresponding healthy tissue, and disruption of HRS expression in cancer cells dimin-
ishes cell proliferation, soft agar colony formation, and in vivo tumorigenesis (33). Our
analysis of the expression levels of HRS in HTLV-1- and HTLV-2-infected cells showed
that the highest HRS expression levels were detected in ATL-TH and ATL-CR cells,
followed by MT2, C91, and Mo cells, compared to Jurkat cells. Given that HRS expres-
sion is induced by interleukin 2 (IL-2) stimulation of T cells (32) and can be upregulated
by viral infection (41), it would be of great interest to investigate the levels of HRS
expression in cells from patients infected with HTLV-1 and HTLV-2.

Ubiquitin is a well-established marker for targeting proteins for ESCRT-dependent
lysosomal degradation (42). HRS together with the ESCRT-0 subunit STAM and Eps15b
bind to ubiquitinated proteins via UIMs to initiate protein sorting at early endosomes
(43). In the present study, using bacterially expressed proteins and GST pulldown
assays, we show that APH-2 directly interacts with HRS independently of posttransla-
tional modification. Moreover, we show that the HRS CC2 domain alone and not the
UIM in HRS is responsible for its interaction with APH-2. This clearly indicates that this
interaction is not ubiquitin dependent. There are several studies showing that HRS
interacts with and downregulates cellular proteins in a ubiquitin-independent manner.
HRS has been shown to downregulate cytokine receptors such as IL-2 receptor �

(IL-2R�) and IL-4R� in a ubiquitin-independent manner (44). Moreover, ubiquitin is not
involved in the association of the hepatitis B core (HBc) antigen and HRS (54). The CC2
domain of HRS is responsible for the interaction between HRS and the ESCRT-0
component STAM, and loss of this domain leads to destabilization of the ESCRT-0
complex (32, 35). The CC2 domain is also required for the localization of HRS to early
endosomes (21). We initially speculated that the interaction between APH-2 and HRS
via the CC2 domain might disrupt the normal function of HRS by preventing the
binding of cellular components essential for the stability and function of the ESCRT-0
complex. However, we did not observe that APH-2 altered the normal subcellular
localization of HRS; instead, HRS overexpression led to the colocalization of APH-2 in
EEA1-positive early endosomes.

A striking observation made in this study is that HRS overexpression significantly
enhances APH-2 protein levels, while HRS knockdown promotes its degradation. Pre-
vious studies showed that, in contrast to the HTLV-1 antisense protein HBZ, which has
a half-life of approximately 6 h, APH-2 has a very short half-life of 20 min in Jurkat cells
(13). In the present study, we observed that HRS overexpression resulted in substan-
tially higher levels of APH-2 in EEA1-positive endosomes, in a CC2-dependent manner.
Based on our finding that HRS and APH-2 interact via this domain, we propose that HRS
recruits APH-2 into such structures. We also demonstrated that, although there was a
substantial reduction in APH-2 expression levels after 30 min of cycloheximide treat-
ment, which is consistent with previous studies (13), HRS overexpression extended the
half-life of APH-2 to at least 90 min, clearly indicating that APH-2 levels are stabilized
under these conditions. HRS overexpression was shown in previous studies to lead to
the accumulation of EGFR in early endosomes and to inhibit the trafficking of this
receptor from early to late endosomes (22). We also found that HRS overexpression
resulted in the accumulation of APH-2 in early endosomes, suggesting that, like EGFR,
APH-2 is trafficked through early endosomes on the way to lysosomes. This conclusion
was supported by our data showing that bafilomycin, a lysosomal inhibitor, also
stabilized APH-2 expression. Although lysosomal degradation of APH-2 has not been
reported previously, APH-2 has been shown to be degraded by the proteasome
following its SUMOylation (45). Overall, our data support the view that, in addition to
the proteasome, APH-2 is degraded by the lysosomal pathway. On the face of it, our
data showing that HRS depletion promotes the degradation of APH-2 are counterin-
tuitive, because we would have expected that, if HRS was responsible for targeting
APH-2 to early endosomes and lysosomal degradation, we would observe higher levels
of APH-2 in the absence of HRS. Although the reasons behind these observations are
not clear, they raise the possibility that APH-2 is degraded by alternative means,
possibly in the proteasome, in the presence of reduced levels of HRS. Overall our data
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support the view that the interaction between APH-2 and HRS is essential for the initial
recruitment of APH-2 to early endosomes, which is followed by endosomal/lysosomal
degradation.

Previous studies showed that the ESCRT machinery plays a role in HTLV-1 replication
and release. It was proposed that interactions between the PPPY and PTAP domains in
the HTLV-1 Gag protein and the ubiquitin ligase Nedd4 and TSG101, respectively,
govern the viral trafficking of Gag proteins through the endocytic pathway to the cell
membrane and promote virus release (28). The role of HRS in HTLV replication and
release has not been previously addressed. To address this, we initially sought to
determine the effects of HRS on basal and Tax2B-mediated LTR activation. We show
that, although HRS has no effect on basal LTR activation, HRS overexpression gave rise
to a significant increase in Tax2B-mediated activation of the HTLV-2 promoter. Since
HRS is not a nuclear protein, the mechanism involved in the stimulation of Tax2B-
mediated LTR activation is not clear but, like APH-2, we consistently observed elevated
levels of Tax2B expression in the presence of exogenous HRS, which may account in
part for the elevated levels of LTR activation by Tax2B detected under such conditions.
A previous study examining the host/HTLV protein/protein interactomes showed that
Tax1 and Tax2 from HTLV-1 and HTLV-2, respectively, interact with HRS (46). Although
not confirmed, the interaction between Tax2B and HRS may influence the capacity of
Tax2B to activate the LTR or Tax2B and APH-2 may compete to bind HRS, but this
requires further investigation. In terms of HTLV-2 replication and release, we show that
inhibition of the endolysosomal pathway by HRS overexpression reduces intracellular
p24gag levels while having no effect on viral release. This suggests that this pathway is
involved in the control of HTLV-2 production. HRS knockdown, however, enhances
intracellular p24gag levels and cell-free p19gag levels. This suggests that HRS may have
an overall inhibitory effect on HTLV-2 replication and release. Although the mecha-
nisms involved in the regulation of HTLV-2 replication by HRS are unclear, the ESCRT
machinery, and HRS in particular, has been shown to regulate other endosomal
degradative processes, such as autophagy (47). Loss of HRS promotes the accumulation
of autophagosomes by inhibiting the fusion of these structures with lysosomes. HRS is
indispensable for the lysosomal degradation of neurodegeneration-related proteins,
and the disruption of HRS is linked to the development of neurological disorders such
as Alzheimer’s disease and Parkinson’s disease (48–50). Previous studies showed that
Tax1 and Tax2 also promote the accumulation of autophagosomes, which aids viral
replication and survival of infected cells (51, 52). The role of APH-2 in autophagy has not
been determined, but it may have the opposite effect, compared with Tax2, and
promote autophagosome fusion with lysosomes. This may have an overall negative
impact on viral replication, which could be related to the observations made in the
present study but requires further investigation.

In conclusion, we have identified for the first time the interaction between
HTLV-2 and the ESCRT machinery. We demonstrate that HRS leads to the stabilization
of APH-2 and Tax2B, two key HTLV-2 regulatory proteins. We show that HRS affects
HTLV-2 replication and release, leading us to conclude that the ESCRT-dependent
endolysosomal pathway plays a key role in HTLV-2 infection and possibly low patho-
genicity.

MATERIALS AND METHODS
Cell culture. HeLa cells and HEK293T were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (FBS). The HTLV-2-
infected cell line Mo was cultured in RPMI 1640 medium containing 20% FBS and 100 �g/ml penicillin-
streptomycin (Gibco, Life Technologies). The HTLV-1-infected cell lines MT2 and C91-PL, the ATL cell lines
ATL-CR and ATL-TH, and Jurkat cells were maintained in RPMI 1640 medium supplemented with 10% FBS
and 100 �g/ml penicillin-streptomycin. Cells were cultured under standard tissue culture conditions.

Plasmid constructs and transfection. The expression plasmids encoding FLAG-APH-2, FLAG-APH-
2Δncbzip, FLAG-APH-2 1–103, and GFP-APH-2 were described previously (15). FLAG-APH-2-LL/AA1 was
obtained by site-directed mutagenesis (Phusion site-directed mutagenesis kit; Thermo Scientific), using
FLAG-APH-2 as a template for the primers 5=-GATCTTAAAAGCTGCGCAGGAGC-3= and 5=-TCCCGCTGCTC
CTCCG-3=. FLAG-APH-2-LL/AA2 was also obtained by site-directed mutagenesis, using FLAG-APH-2 as a
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template for the primers 5=-GTGTATAGGAGCCGCGGGTTTTGATG-3= and 5=-TCCAACTGCTGATGCCTTTCT
TCCCTCTC-3=. FLAG-APH-2-LL/AA1 � 2 was generated by site-directed mutagenesis using FLAG-APH-2-
LL/AA1 as a template for the primers used for FLAG-APH-2-LL/AA2. To obtain pBAD HRS-His-Myc, we
generated an HRS PCR product by using pCIneo3�HA-HRS (29) as a template. The HRS PCR product was
then digested with EcoRI and cloned into the pBAD expression vector. HRS-HA Δ307 was constructed by
site-directed mutagenesis using pCIneo3�HA-HRS as a template for the primers 5=-TGTACTCTTCACCT
GTGAACTCGTC-3= and 5=-GAATTCAGCGTAATCTGGAACGTC-3=. HA-HRSΔCC2 was generated by site-
directed mutagenesis using pCIneo3�HA-HRS as a template for the primers 5=-CTGGAGCAGCAGAAGC
AGACGGTC-3= and 5=-CATGCGTTGATGGACTGGAAGAGTGAG-3=. Myc-HRS, Myc-HRS 1–289, Myc-HRS287-
775, Myc-HRS 500 –775, and Myc-HRS CC2 were kindly provided by Camilla Raiborg (University of Oslo)
(21).

HEK293T cells were transfected using Lipofectamine 2000 (Life Technologies), according to the
manufacturer’s guidelines. TurboFect (Thermo Scientific) transfection reagent was used to transfect HeLa
cells.

Western blotting. Cellular lysates were subjected to SDS-PAGE and transferred to nitrocellulose
membranes (GE Healthcare). Membranes were blocked with 4% milk in Tris-buffered saline (TBS)-Tween
for 1 h at room temperature and incubated overnight with primary antibodies. This study used
antibodies against FLAG (product no. F3165; Sigma), �-tubulin (product no. ab7291; Abcam), HA (product
no. 26183; Invitrogen), and Myc (product no. 44-0603; Life Technologies), together with antibodies
against HRS (product no. sc-271455; Santa Cruz Biotechnology) and HTLV-2 p24 (product no. 0801087;
ZeptoMetrix). Anti-mouse IgG and anti-rabbit IgG secondary antibodies were from GE Healthcare.
Densitometric analysis of Western blots was performed using LI-COR Image Studio Lite software.

GST pulldown assay. GST and GST-APH-2 fusion proteins were expressed and purified from E. coli
BL21 cells as described previously (53). HRS protein was expressed in E. coli Top10 cells and purified using
a nickel resin (Qiagen). Purified GST or GST-APH-2 fusion proteins were immobilized on glutathione-
Sepharose Fast Flow beads (GE Healthcare) overnight at 4°C. Following this incubation, resins were
incubated with purified HRS for an additional 24 h. Beads were then washed using GST wash buffer (0.5%
Triton X-100 in phosphate-buffered saline [PBS]), and bound proteins were eluted using GST elution
buffer (50 mM Tris-HCl [pH 8.0] containing 10 mM reduced glutathione). Eluted proteins were analyzed
by Western blotting and Coomassie brilliant blue staining (InstantBlue protein stain; Expedeon).

Coimmunoprecipitations. HEK293T cells were transfected with the relevant amounts of expression
constructs. Twenty-four hours posttransfection, cells were lysed in a buffer containing 1� TBS (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl), 5 mM EDTA, and 1% Triton X-100, supplemented with protease inhibitors
(complete protease inhibitor cocktail, EDTA free; Roche). Cellular lysates were subjected to coimmuno-
precipitation with an anti-FLAG M2 resin (Sigma-Aldrich) overnight at 4°C. The beads were washed three
times with relevant buffer. Coimmunoprecipitations were analyzed by Western blotting using relevant
antibodies, as indicated in the individual figure legends.

Immunofluorescence assays. HeLa cells were seeded into 2-well chamber slides (Nunc Lab-Tek;
Thermo Scientific) and transiently transfected with enhanced GFP or GFP-APH-2 and, where indicated,
Myc-HRS, Myc-HRS-CC2, or HA-HRSΔCC2 expression plasmids. After 24 h, cells were fixed with 4%
paraformaldehyde for 10 min and permeabilized using 0.5% Triton X-100 in PBS for 10 min at room
temperature; 5% bovine serum albumin (BSA) in PBS was used as a blocking buffer for 1 h at room
temperature. To stain for HRS, slides were incubated with anti-HRS followed by Alexa Fluor 594-
conjugated goat anti-mouse IgG (Life Technologies). EEA1 was stained with anti-EEA1 (product no.
ab50313; Abcam), while CD63 was stained with an antibody against CD63 (product no. sc15363; Santa
Cruz Biotechnology). Nuclei were stained using DAPI (Sigma-Aldrich). Primary antibodies were incubated
overnight at 4°C, and secondary antibodies were incubated at room temperature for 1 h. All antibodies
were diluted in the blocking buffer. Slides were mounted in ProLong Gold Anti-Fade (Life Technologies),
and images were acquired with a Zeiss Axio Imager microscope.

RT-qPCR. RT-qPCR was performed on RNA templates extracted from HEK293T cells transfected
with the indicated plasmids. RNA extractions were performed using the RNeasy minikit (Qiagen), and
equal amounts of RNA were subjected to RT-qPCR using the QuantiNova SYBR green RT-PCR kit
(Thermo Fisher Scientific) with specific primers for �-actin (5=-GGTCACCCACACTGTGACTACCTCA-3=
and 5=-GCTTCTCCTTAATGTCACGCACGAT-3=) and for APH-2 (5=-CCCCAAGACTATTTTAGGAGATTGC-3=
and 5=-CCGATCCCGACCCCAGAG-3=). Amplification was carried out on an Applied Biosystems 7300
system, following the manufacturer’s instructions. Relative RNA expression was calculated as PCR
efficiency(CT internal control – CT sample), where the efficiency was the mean PCR efficiency for all reactions
within the primer set, calculated using the LinRegPCR program.

Knockdown of HRS by siRNA. The siRNA duplex targeting HRS was 5=-CGACAAGAACCCACACGU
C-dTdT-3=, purchased from Dharmacon. Allstars negative-control siRNA from Qiagen was used to monitor
any nonspecific effect of the siRNA transfection. Briefly, 160,000 HeLa cells were seeded into individual
wells of a 6-well plate and transfected with 50 nM siRNA using Lipofectamine RNAiMAX on day 1. On day
3, cells were replated and retransfected. Cells were transfected with FLAG-APH2 or an empty control
plasmid on day 4, using TurboFect. Cell lysis was performed on day 5 using radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium
deoxycholate) supplemented with protease inhibitors. Cellular lysates were analyzed by Western blot-
ting.

Drug treatments. HEK293T cells were transfected with the indicated expression plasmids. Twenty-
four hours after transfection, cells were incubated with bafilomycin (1 �M; Sigma) or cycloheximide
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(100 �g/ml; Sigma) for the indicated times. Cells were lysed using RIPA buffer supplemented with
protease inhibitors. Cellular lysates were subjected to Western blotting.

Luciferase reporter gene assay. HeLa cells were transfected with HTLV-2 LTR-luciferase reporter
construct and different combinations of expression vectors as indicated. Luciferase assays were per-
formed using the dual-luciferase reporter assay system (product no. E1501; Promega), according to the
manufacturer’s recommendation. Luciferase activity results were normalized to the protein concentra-
tions quantified using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific).

Cell-to-cell infection. HeLa cells were transfected with the indicated plasmids; 24 h posttransfection,
equivalent numbers of Mo cells were added on top of the HeLa cells. Cells were incubated for 24 h, the
Mo cells were then removed, and the HeLa cells were washed multiple times with PBS prior to incubation
with DMEM with 10% FBS for another 24 h. Cells were then lysed, and luciferase assays and Western
blotting were performed.

p19gag ELISAs. HTLV-2 matrix p19gag protein in the cell culture supernatant was measured using a
commercially available enzyme-linked immunosorbent assay (ELISA) kit (RETROtek HTLV-2 p19 antigen
ELISA; ZeptoMetrix), following the manufacturer’s recommendations.

Statistics. Two-tailed Student’s t tests were performed on results from three independent experi-
ments using GraphPad Prism 5 software.
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