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Abstract

Human T-cell leukemia virus type 1 (HTLV-1) is the etiological agent of adult T-cell leuke-
mia/lymphoma (ATLL), an aggressive malignant proliferation of activated CD4+ T lympho-
cytes. The viral Tax oncoprotein is critically involved in both HTLV-1-replication and T-cell
proliferation, a prerequisite to the development of ATLL. In this study, we investigated the in
vivo contribution of the Tax PDZ domain-binding motif (PBM) to the lymphoproliferative pro-
cess. To that aim, we examined T-cell proliferation in humanized mice (hu-mice) carrying a
human hemato-lymphoid system infected with either a wild type (WT) or a Tax PBM-deleted
(APBM) provirus. We observed that the frequency of CD4+ activated T-cells in the periph-
eral blood and in the spleen was significantly higher in WT than in APBM hu-mice. Likewise,
human T-cells collected from WT hu-mice and cultivated in vitro in presence of interleukin-2
were proliferating at a higher level than those from APBM animals. We next examined the
association of Tax with the Scribble PDZ protein, a prominent regulator of T-cell polarity, in
human T-cells analyzed either after ex vivo isolation or after in vitro culture. We confirmed
the interaction of Tax with Scribble only in T-cells from the WT hu-mice. This association
correlated with the presence of both proteins in aggregates at the leading edge of the cells
and with the formation of long actin filopods. Finally, data from a comparative genome-wide
transcriptomic analysis suggested that the PBM-PDZ association is implicated in the
expression of genes regulating proliferation, apoptosis and cytoskeletal organization. Col-
lectively, our findings suggest that the Tax PBM is an auxiliary motif that contributes to the
sustained growth of HTLV-1 infected T-cells in vivo and in vitro and is essential to T-cell
immortalization.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018

1/24


https://doi.org/10.1371/journal.ppat.1006933
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006933&domain=pdf&date_stamp=2018-04-03
https://doi.org/10.1371/journal.ppat.1006933
https://doi.org/10.1371/journal.ppat.1006933
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102220
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102220
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102220
http://www.ebi.ac.uk/ena/data/view/PRJEB22059
https://www.ligue-cancer.net
https://www.ligue-cancer.net
https://www.finovi.org

@'PLOS | PATHOGENS

Tax PBM in HTLV-1 infected hu-mice

org), from Public Health Service grants CA100730,
and CA063417 (LR), from les Amis de I'Institut
Bordet (Brussels, Belgium), from Télévie (FRS-
FNRS, Belgium) and the International Brachet
Stiftung (IBS). EP and JB were funded by Ministére
de 'Enseignement Supérieur, de la Recherche et de
I'innovation. EP was a recipient of a PhD grant from
the Ligue Nationale Contre le Cancer. MA holds a
Postdoctoral Researcher fellowship of the FRS-
FNRS. VH is funded by a grant from FRS-FNRS-
Télévie. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Author summary

The viral Tax oncoprotein is a critical contributor to the development of adult T-cell leu-
kemia/lymphoma, an aggressive malignant proliferation of T lymphocytes. Tax contains a
PDZ domain-binding motif (PBM) that favors the interaction with several cellular PDZ
proteins. Here, we compare the in vivo involvement of the Tax PBM in humanized mice
infected with either a full-length provirus or a Tax PBM-deleted provirus. We observe
that the establishment of the sustained lymphoproliferation in the peripheral blood of
infected mice is dependent on the Tax PBM. Furthermore, binding of the Tax PBM to the
PDZ Scribble protein correlated with perturbations of cytoskeletal organization and cell
polarity. In addition, genome-wide transcriptomic analyses strongly suggest that the asso-
ciation of Tax PBM with cellular PDZ proteins results in the expression of several genes
involved in proliferation, apoptosis and cytoskeletal organization. Collectively, these
results indicate that the Tax PBM is an auxiliary motif that contributes to the growth of
HTLV-1 infected T-cells. As a consequence, targeting the PBM/PDZ nodes using small
peptides may have the potential to antagonize the Tax-induced lymphoproliferation,
offering a novel strategy for the treatment of this disease.

Introduction

HTLV-1 (Human T-cell leukemia virus, type 1) is the etiological agent of adult T-cell leuke-
mia/lymphoma (ATLL), an aggressive and fatal form of leukemia characterized by the malig-
nant expansion of activated CD4+ T-cells [1]. Among several non-structural regulatory
proteins encoded by HTLV-1, Tax, a crucial transcriptional activator of the viral life cycle,
exerts pleiotropic effects during the initial stages of the multistep leukemic process [2]. This
viral protein modulates the expression of cellular genes leading to the deregulation of T-cell
proliferation, perturbing the integrity of cell cycle checkpoints, the DNA damage response and
apoptosis pathways [3-6].

Like other viral oncoproteins such as human adenovirus E4-ORF1 and human papillomavi-
rus (HPV) E6, Tax encodes a carboxyl-terminal (ETEV amino acids 350-353) PDZ domain-
Binding Motif (PBM) that mediates interactions with a particular group of cellular proteins
containing one or several PDZ (PSD95/DLG/Z0-1) domain(s) [7-9]. Many of these PDZ pro-
teins are involved in processes that control cell attachment, cell proliferation, cell polarity and
cell signaling [10, 11]. Previous studies have indicated that the interaction of viral oncoproteins
with PDZ proteins may play a critical role in the development of malignancies by perturbing
the function of these cellular proteins [12, 13]. The HTLV-1 Tax PBM has been shown to asso-
ciate with several PDZ cellular proteins such as DLG1 (Discs large 1), Scribble, Erbin, TIP-1
(Tax-interacting protein-1) or MAGI-3 (Membrane-associated guanylate kinase-3) in in vitro
studies [14-16]. One of them, Scribble that acts as a tumor suppressor and a regulator of cell
polarity, is highly expressed in activated T-lymphocytes [17, 18].

Interestingly, the absence of this motif in the Tax of HTLV-2, a non-leukemic strain of
HTLYV, has led to the assumption that the HTLV-1 Tax PBM fulfills an essential function in
the leukemic process [19, 20]. Previous studies have shown that the deletion or mutation of the
Tax PBM decreases IL2-independent growth of CTLL-2 cells and the Tax transforming activity
in a rat fibroblast cell line [19]. More interestingly, Xie et al have reported that PBM is required
for virus-mediated T-cell proliferation and genetic instability in vitro and for viral persistence
in a rabbit infection model [21]. These observations strongly support the hypothesis that the
Tax PBM is critically involved in supporting the infectious process, prompting us to in vivo
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evaluate the implication of the PBM in T-cell proliferation. To that aim, we used immunode-
ficient mice, which display a human hemato-lymphoid system, therein referred to as hu-mice.
These hu-mice provide a powerful model for investigating the pathogenesis associated with
infection by human lymphotropic viruses [22, 23]. Several studies have previously demon-
strated that infection of hu-mice with HTLV-1 recapitulates certain features of ATLL [24-26].
More specifically, our group has demonstrated that HTLV-1 is able to perturb early affT-cell
development in humanized BALB/c Rag2'/ yc” (BRG) mice [27]. We showed that HTLV-1
infection propelled thymic human T-cell development towards the mature stages and that this
effect was dependent on Tax expression.

In this study, we addressed the role of the Tax PBM in hu-mice infected with irradiated
cells producing either a wild-type virus (HTLV-1 WT) or a virus characterized by a Tax PBM-
deleted (HTLV-1 APBM). In the peripheral blood of WT hu-mice, the proliferation of acti-
vated CD4+CD25+ T-cells was significantly higher than in the peripheral blood of APBM hu-
mice. Likewise, human T-cells collected from WT hu-mice and cultivated in vitro in presence
of interleukin-2 were proliferating at a higher level than those from APBM animals. We then
showed that the PDZ Scribble protein interacts with Tax in ex vivo or in vitro T-cells from WT
hu-mice, but not in cells from APBM hu-mice. These results underline that the PBM-PDZ
association is critical for sustaining HTLV-1-induced T-cell proliferation. Finally, a genome-
wide transcriptomic analysis of T-cells from infected hu-mice suggests that this association is
involved in the regulation of host genes implicated in cell proliferation, inhibition of apoptosis,
cell polarity and cytoskeletal changes.

Results

Tax PBM enhances HTLV-1-induced T-cell proliferation in infected hu-
mice

To evaluate the role of the Tax PBM in vivo, a total of 32 hu-mice were used for this study.
Thirteen hu-mice were inoculated with X-irradiated 293T cells previously transfected with
either ACH-WT or ACH-APBM molecular clones. Three hu-mice were inoculated with either
X-irradiated 293T cells transfected with ACH-M22 (that displays a Tax PBM, but is unable to
activate the NF-«kB pathway) or untransfected (mock infected). These hu-mice were daily
monitored for apparent suffering signs, such as weight loss, back arches and prostrated behav-
ior. Furthermore, a small volume of peripheral blood was eye-harvested from each infected
hu-mouse every two weeks starting from one week post-infection (Fig 1A) and cytometry
analysis was immediately performed to follow the presence of activated human CD25+ T-cells.
Accordingly, 8 WT and 5 APBM hu-mice with suffering signs between 3 and 5 weeks after
infection were sacrificed. At 7 weeks, the 5 remaining WT hu-mice and 4 APBM hu-mice that
exhibited more than 10% of circulating CD25+ T-cells were sacrificed. The 4 surviving APBM
hu-mice that did not show any suffering signs were sacrificed two days later together with the
3 ACH M22 and the 3 mock infected animals (Fig 1B).

First, contrary to mock and M22 infected hu-mice, the percentage of circulating hu-CD3+
T-cells of WT and APBM hu-mice increased gradually up to 7 weeks (Fig 1C). This correlated
with a significant increase of the frequency of hu-CD45 cells in both WT and APBM infected
hu-mice compared to the M22 and mock infected mice (S3 Table). Among the hu-CD3+ T-
cells, the frequency of activated CD4+CD25+ T-cells increased gradually up to 5 weeks after
infection in the peripheral blood of both WT and APBM hu-mice, while at 7 weeks this per-
centage was significantly higher in WT than in APBM hu-mice (Fig 1D). A low frequency of
CD4+CD25+ T-cells was observed in the peripheral blood of ACH-M22 hu-mice as well as in
that of mock infected hu-mice (S3 Table). We did not observe a significant proliferation of the
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Fig 1. Tax PBM increases HTLV-1-induced proliferation of human CD4+CD25+ T-cells. (A) Schematic representation of the procedure for the generation
of infected hu-mice: newborn immuno-deficient NSG mice were sub-lethally X-irradiated and intra-hepatically injected with purified huCD34+ stem cells. Ten
weeks later, at a time when the human hemato-lymphoid system is established, hu-mice were infected with HTLV-1 by intra-peritoneal inoculation of 293T cells
transfected with various ACH plasmids and then X-irradiated. Peripheral blood was collected every two weeks until the sacrifice. (B) Representative Kaplan-
Meyer analysis of survival of hu-mice infected with ACH-WT (13 animals, dashed line), ACH-APBM (13 animals, grey line), ACH-M22 (3 animals) and 3 mock
infected animals (black line). (C) Kinetics analysis of the frequency of human CD3+ T-cells among human cells in peripheral blood of WT-(black line), APBM-
(grey line); M22 and mock (dashed lines) infected hu-mice. Data are presented as mean+ SEM. (D) Kinetics analysis of the frequency of human CD4+ CD25+
T-cells among human cells in peripheral blood of 5 WT (black) and 8 APBM (grey) infected hu-mice. To evaluate the frequency, we first gated the hu-CD45+
cells, then the CD3+ cells of hu CD45+cells; then the CD4+/CD8+/ CD25+ of hu-CD3+cells. Statistical difference was calculated with Mann-Whitney U test
with **, P =0.0093.

https://doi.org/10.1371/journal.ppat.1006933.g001

CD8+ T-cells in the peripheral blood of either group of mice (S3 Table). It is important to note
that the Tax transcriptional activity mediated by the WT and APBM proviruses through both
CREB/ATF and NF-kB signalling pathways is independent of the Tax PBM (S1 Fig). In addi-
tion, it is evident that the PBM is operational only when the NF-kB pathway is functional. Col-
lectively, these data suggest that the PBM is endowed with a sustaining activity of T-cell
proliferation.
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Fig 2. Proviral load and Tax expression in the spleen of WT or APBM infected hu-mice. (A) The proviral load in splenocytes from the 2 groups of 13 hu-mice
infected with the respective HTLV-1 variants was determined by quantitative PCR and reported as the number of pX copies per 100 human cells. Bar represents
mean. The Mann Whitney U test indicates no statistical difference between the two conditions, P = 0.2939. (B) Tax mRNA expression in splenocytes isolated from
HTLV-1-infected hu-mice with HTLV-1 variants. Levels of Tax mRNA were measured by RT-qPCR; bar represents mean. Mann-Whitney U test, P = 0.0579. (C)
Immunohistochemistry of representative sections of spleen of WT and APBM infected hu-mice; staining with CD3 and Tax revealed an infiltration of T-
lymphocytes with a nuclear and cytoplasmic localization of Tax.

https://doi.org/10.1371/journal.ppat.1006933.9002

Examination of sacrificed mice revealed that enlargement of the spleen was the most fre-
quently observed pathological symptom. Splenomegaly was observed in all, but five WT and
six APBM hu-mice respectively (S4 Table). Spleen was collected as well as bone marrow and
when possible mesenteric lymph nodes. There was no significant difference in the spleen
weight between groups (mean of 0.255+0.199 g for WT vs 0.23240.126 g for APBM hu-mice
compared to 0.103+0.037 g for mock and M22 infected hu-mice) (S4 Table). Sequence analysis
of genomic DNA prepared from splenocytes of infected hu-mice confirmed the original
sequence of the ACH-WT or ACH-APBM molecular clones used for infection (S5 Table). PVL
of both WT and APBM hu-mice splenocytes was between 0.1 to 1 copy/cell with no significant
difference between groups (Fig 2A; S4 Table). Using high throughput sequencing (HTS)-based
mapping of HTLV-1 integration sites, we did not observe significant differences in the number
of unique insertion sites (UIS) corresponding to the number of independent clones between
WT and APBM hu-mice (S2 Fig). Similar levels of Tax mRNA and protein were detected in
CD3+ T-cells from splenocytes of both WT and APBM infected hu-mice (Fig 2B and 2C and
S3 Fig). There was no correlation between Tax mRNA levels and the weight of the spleens.

As shown in Fig 3 and S6 Table, the number and the percentage of CD3+ T-cells collected
from the spleen of WT and APBM infected hu-mice were similar and higher than those
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observed in ACH M22 and mock infected hu-mice. Remarkably, a comparative analysis of the
T-cell subpopulations (DN: CD4-CD8-; DP: CD4+CD8+, and SP: CD4+ or CD8+) among
these CD3+ T cells in both WT and APBM infected hu-mice revealed a low percentage of the
DN T-cells and a high percentage of the SP T-cell population (among which CD4+ T-cells
dominated over CD8+ T-cells), in sharp contrast with the distribution profile of these subpop-
ulations in ACH M22 and mock infected hu-mice (Fig 3C and S4 Fig). Interestingly, even if
similar degrees of splenomegaly (S4 Table) that correlated with similar numbers of CD3+ T-
cells in the spleen (Fig 3A) were detected, it remains that the number as well as the percentage
of CD4+CD25+ T-cells among human splenocytes were higher in WT than in APBM hu-mice
(Fig 3B-3D). Likewise, lymph nodes and bone marrow collected from WT hu-mice showed a
higher frequency of CD4+ CD25+ T-cells than those from APBM-hu mice. As indicated
above, such a difference also observed in the peripheral blood of animals sacrificed at 7 weeks
suggests that the seeding of the periphery by CD4+CD25+ T-cells homing from lymphoid
organs is more efficient for WT hu-mice than for APBM hu-mice. Altogether, these results
indicate that hu-mice are providing an appropriate environment for the proliferation of
human T-cells infected with either HTLV-1 WT or APBM proviruses. Overall, they underline
that the HTLV-1 Tax PBM is acting as an in vivo auxiliary motif in the HTLV-1-induced pro-
liferation of infected human T-cells.

Tax PBM mislocalizes Scribble in T-cells from WT, but not from APBM
hu-mice and sustains proliferation of WT T-cells

As introduced above, several studies have documented that the Tax PBM mediates interactions
with a select group of PDZ-containing proteins [8, 19, 21, 28]. In the present study, we focused
our attention on one of them, the Scribble protein, that under physiological conditions is dif-
ferentially localized throughout polarized T-cells and acts as a tumor suppressor [18]. Indeed,
Scribble has been shown to undergo mislocalization in cultured HTLV-1 infected T-cells [14,
15]. We first examined the interaction of Tax with Scribble and the localization of the two pro-
teins in ex vivo splenocytes collected immediately from WT and APBM infected hu-mice after
their sacrifice, by using the in situ Proximity Ligation Assay (PLA) technology. PLA is a reli-
able readout of the molecular proximity of two endogenous proteins, thereby facilitating the
direct observation of individual protein complexes in situ [29]. Thus, the presence of at least 4
dots per cell in about 60% of splenocytes from WT hu-mice clearly revealed a direct contact
between Tax and Scribble (Fig 4A, panel 1 and 4). In contrast, we did not observe similar inter-
actions in APBM hu-mice (Fig 4A, panel 2). With regards to the intracellular localization of
Scribble and Tax in these ex vivo splenocytes, immunofluorescent-staining (IF) assays clearly
indicated that Scribble was preferentially detected in large polarized aggregates in the cyto-
plasm of cells from WT mice. In contrast, it was diffusely localized in the cytoplasm and at the
plasma membrane of cells from APBM hu-mice (Fig 4B). Concomitantly, Tax was found to be
mostly localized in the cytoplasm and also visible in condensed aggregates at the plasma mem-
brane of cells from WT hu-mice (Fig 4C). In contrast, Tax was detected in the nucleus and in
the cytoplasm of cells from APBM hu-mice. These data strongly suggest that PBM is associated
with the sequestration of Scribble into polarized aggregates of T-cells from WT hu-mice. As
mislocalization of Scribble might interfere with its tumor suppressor function, one can postu-
late that the Tax PBM is implicated in the enhanced T-cell proliferation observed in vivo in
WT hu-mice.

Such a possibility was further investigated in assaying the proliferation of T-cells collected
from WT or APBM hu-mice and in vitro seeded in growth medium supplemented with IL2.
We periodically verified that these T-cells contained integrated copies of the provirus used at

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 6/24


https://doi.org/10.1371/journal.ppat.1006933

@’PLOS | PATHOGENS

Tax PBM in HTLV-1 infected hu-mice

A

1.5x108 -
=
o
()
& 1.0x108 -
2 L
@)
=]
=
S
(=]
5
2 5.0x107
g
=
4
0.0 -
100-

80

% of hu-CD3+
sub-populations in spleen

o
mE
..
[ g
—
.. =
O ]
o =
@ 1|
WT APBM M22 mock
W WT
APBM
mock
skokk m M22

A
%%
%%
%%
%%
%%
A
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
A
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%
A
%%
%%
A
%%

A

5
%%

MMM Sy

seokck

Number of hu CD4+ CD25+ T-cells

% of hu CD4+ CD25+ T-cells

2.5%107 1
7
2.0x10 °®
1.5x107{ ®
1.0x107 A
e "
°
]
5.0x10° - "
() .. [ | u
O. ° ]
0.0 ' LT | B A
WT APBM M22 mock
%
30
W wT
20 L ] APBM
L M22
[M mock
10
o B il
Spleen Bone Marrow Lymph Nodes

Fig 3. Tax PBM increases the frequency of human CD4+CD25+ T-cells in lymphoid organs of infected hu-mice. (A) Number of human CD3+ T-cells among
human cells in the spleen of infected mice (WT, n = 13; APBM, n = 13; M22, n = 3; mock, n = 3). (B) Summary of human CD4+ CD25+ T-cell expansion in the
spleen of infected mice. (C) Composite data from 13 WT (black), 13 APBM (white), 3 M22 (grey) and 3 mock (crossed) infected mice showing the frequency of
human CD3+ T-cells subpopulations: DN (CD4-CD8-), DP (CD4+CD8+) and SP4 and SP8 in the spleen of infected hu-mice. Data are represented as mean+ SEM.
Statistical significance was determined using the ANOVA test with ***, P < 0.005. (D) Frequency of human CD4+ CD25+ T-cells among human cells in lymphoid
organs from infected mice (WT, n = 13; APBM, n = 13; M22, n = 3; mock, n = 3). Lymph nodes were not detected in M22 and mock infected hu-mice. Data are

represented as mean+ SEM. Statistical difference was calculated with Mann-Whitney U test with *, P < 0.05.

https://doi.org/10.1371/journal.ppat.1006933.9003

infection (S5 Table). Interestingly, the patterns of Tax/Scribble interaction (Fig 5A) and sub-
cellular localization of both Tax and Scribble (Fig 5B and 5C) in these cultured human T-cells
were identical to those observed in ex vivo splenocytes. We also observed that they expressed
similar amounts of Tax (Fig 6A). Likewise, periodic FACS analyses of both types of cells
revealed the presence of a majority of CD25+, GITR+, CCR4+ and CADM-1+ T-cells (Fig 6B).
Interestingly, cell enumeration performed during several weeks showed that WT T-cells were
actively proliferating, in contrast to APBM T-cells that displayed a restrained growth (Fig 6C).
Overall, it is important to note that, contrary to APBM T-cells, the proliferation of which was
regularly in crisis, WT T-cells constantly proliferated and became immortalized. Taken
together, these observations proposed that the Tax-PBM is enhancing HTLV-1-mediated T-
cell proliferation and is necessary to immortalize T-cells isolated from hu-mice.
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Fig 4. Tax PBM interacts with Scribble and induces its mis-localization ex vivo. (A) Tax PBM interacts with
endogenous Scribble in splenocytes extracted at sacrifice (ex vivo) of WT (1, 3) and A PBM (2) infected-hu mice. A
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direct quantification of Tax/Scribble interactions (red dots) performed by in situ Proximity Ligation Assay (PLA) is
shown in panel 4. Primary anti-Tax, anti-Scribble antibodies were combined with secondary PLA probes (Olink
Bioscience). Nuclei are stained in blue (DAPI). Negative control (3) was performed in the absence of anti-Scribble
antibodies. (B-C) Tax PBM alters subcellular localization of endogenous Scribble in infected hu-mice. Splenocytes
collected from WT and APBM infected hu-mice were stained at sacrifice with anti-Scribble (B) and anti-Tax (C), and
with DAPI (blue) for nuclear staining. Arrows indicate the presence of condensed aggregates of Tax.

https://doi.org/10.1371/journal.ppat.1006933.9004

It is well known that T-cells infected by HTLV-1 are forming large clumps when cultivated
in vitro in presence of IL2. We observed that the clumps of WT T-cells were regular and con-
centric whereas those of APBM T-cells were irregular and eccentric (Fig 6D). These observa-
tions are reminiscent of the FACS data showing differences in the size and granularity of ex
vivo CD4+CD25+ T-cells isolated from the spleens of either WT hu-mice or APBM hu-mice
(S5 Fig). Furthermore, the WT T-cells displayed long protrusions (filopods) of actin while
APBM T-cells showed shorter actin filopods, suggesting that PBM might be involved in cell
migration (Fig 6D). We also observed that in WT cells, the nuclei were oval (ratio L/l = 1.8)
while they were spherical in APBM cells, suggesting that the cytoskeleton in WT cells exerts a
distortion force on the nuclei (Fig 6D and 6E). In summary, in vivo and in vitro data indicate
that Tax PBM mislocalizes Scribble leading to morphological and cytoskeletal modifications
that correlate with a sustained proliferation of WT T-cells.

Tax PBM impacts transcriptional pathways: A genome-wide
transcriptomic analysis of T-cells isolated from infected hu-mice

As PDZ proteins have been directly linked to the control of processes such as cytoskeletal orga-
nization, cell polarity and signal transduction pathways, we next investigated global transcrip-
tional pathways that might be dysregulated by the PBM-PDZ interaction [17]. This was
achieved by analyzing the transcriptome of cytoplasmic mRNA levels of both WT- and APBM
T-cells by RNA-sequencing (RNA-seq), at 5 months in vitro culture. Differential gene expres-
sion analysis using the DESeq2 package (adjusted P-value <0.01) resulted in the identification
of 629 transcripts downregulated in WT T-cells, 503 of them displaying a fold change of at
least 5.6 (Log2 fold-change <-2.5), whereas 400 transcripts were found to be upregulated, 337
of them displaying a fold change of at least 5.6 (Log2 fold-change >2.5) compared to the
APBM T-cells (Fig 7A, 7B and 7C). We looked for the transcriptional expression of genes cod-
ing for the PDZ proteins known to be involved in T-cell homeostasis, such as Scribble, MAGI-
1, MAGI-3 and DLG1. We did not observe a significant difference in their expression levels,
indicating that expression of these PDZ proteins is PBM-independent. In addition, the num-
ber of HTLV-1-related reads was identical under both conditions suggesting that the viral
expression was not impaired in APBM cells. Finally, we performed a gene ontology analysis of
differentially expressed mRNAs (adjusted P-value <0.01; log2 fold-change of 2.5). Among the
genes upregulated in WT cells we identified genes involved in cell proliferation such as IL9
(fold change of 57) and cell activation such as LCK (fold change of 172) (Figs 7D and S6B). In
contrast, genes downregulated in WT T-cells consisted of genes involved in inhibition of cell
proliferation such as CD9 (fold change of 129) and in apoptotic processes such as RHOB (fold
change of 27). Furthermore, genes related to cytoskeleton organization were also identified as
dependent on the Tax/PDZ interactions, some of them upregulated such as CDC42BPA while
others showed decreased expression such as FLNB. Interestingly, the expression of class I regu-
latory PIK3R6 and PIK3CD subunits was upregulated in WT cells (fold change of 32 and 5.7
respectively). These proteins are implicated in the activation of the Akt/mTOR pathway,
involved in cell proliferation and survival. We also identified a gene involved in the non-
canonical Wnt pathway (WNT5B; increased expression; fold change of 16.7) and two genes
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Fig 5. Tax PBM interacts with Scribble and induces its mis-localization in vitro. (A) Interaction of Tax PBM and endogenous Scribble
in cultured T-cells obtained from the spleen of WT and APBM hu-mice, by PLA as described in Fig 4A. (B) Subcellular localization of
endogenous Scribble in cultured T-cells obtained from the spleen of WT and APBM infected hu-mice. (C) Subcellular localization of Tax in
cultured T-cells obtained from the spleen of WT and A PBM infected hu-mice.

https://doi.org/10.1371/journal.ppat.1006933.9005

associated with the canonical Wnt pathway (WNT2 and WNTI; decreased expression; fold
change of 16.7 and 147 respectively. This indicates that both canonical and non-canonical
Wnt pathways might be modified by the interaction of Tax with PDZ proteins. In conclusion,
these results suggest that the Tax PBM is involved in the transcriptional regulation of multiple
genes implicated in T-cell proliferation, in the inhibition of apoptosis, as well as in cell polarity,
in cytoskeletal and in morphological changes. Taken together, these in vivo and in vitro find-
ings underline that PBM/PDZ recognition may be required for sustaining HTLV-1 mediated
T-cell proliferation, for inducing cell polarity and cytoskeletal modifications and for triggering
the immortalization of T-cells in hu-mice.

Discussion

The generation of hu-mouse models, capable of multi-lineage human hematopoiesis has paved
the way for the in vivo study of infection by human specific pathogens. Several human viruses
and among them lymphotropic viruses have been extensively used in these models [22, 23, 30].
Thus, hu-mice have been used to approach the pathogenic activity of HTLV-1 Tax in a more
biological model than cultured cells [25-27, 31]. Here we have investigated the role played by
the Tax PBM in the lymphoproliferation triggered by HTLV-1 infection of hu-mice. To
achieve this objective, we validated a new procedure to infect these animals with cloned provi-
ruses. Thus, hu-mice were infected either by WT virus or by APBM virus carrying a PBM-
deleted genome, both produced after transfection of 293T cells with the corresponding
provirus.

After examining the response of hu-mice to infection by WT or APBM HTLV-1, we have
characterized T-cells either freshly isolated from the spleen of these infected hu-mice or in
vitro cultured. We observed an increased number and frequency of activated CD4+CD25+ T-
cells in the peripheral blood of WT HTLV-1 hu-mice, albeit at a lower level in APBM HTLV-1
infected mice. Splenomegaly, which was observed in both infected hu-mice, is mainly caused
by a similar accumulation of CD3+ T-cells. But, once again, the number and frequency of CD4
+CD25+ T-cells is significantly higher in WT than in APBM hu-mice. Proviral loads and clon-
ality in both types were similar, indicating that the PBM does not impact any of these parame-
ters. Furthermore, we report that T-cell proliferation was severely impaired in hu-mice
infected with the ACH-M22 provirus that carries the PBM, but unable to activate the NF-xB
pathway. These data indicate for the first time that in vivo the PBM alone is unable to induce
HTLV-1-mediated proliferation, but is only able to sustain the NF-xB-mediated proliferation.
We next analyzed the proliferation of cells collected from the spleen of infected hu-mice and
in vitro cultivated in presence of IL2. Short-term assays underlined that WT T-cells constantly
proliferated over at least more than one year and were therefore considered as immortalized.
In contrast, APBM T-cells showed a restrained growth and experienced several death crisis
suggesting that they were not immortalized. These data provided from infected hu-mice
underline that the Tax-PBM is enhancing HTLV-1-mediated T-cell proliferation and is
required for T-cell immortalization. A previous study has reported that the Tax PBM signifi-
cantly increased HTLV-1-induced T-cell proliferation after in vitro cocultivation of human
PBMC:s (Peripheral Blood Mononuclear Cells) with irradiated cell lines producing WT or
APBM HTLV-1 [21]. These authors report that Tax PBM promotes HTLV-1-induced
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Fig 6. Tax PBM sustains the proliferation of T-cells from HTLV-1 infected hu-mice. (A) Expression of Tax in the
cultured T-cell lines isolated from WT and APBM infected hu-mice. Western blot analysis was performed using anti-Tax
and anti-actin antibodies. (B) Phenotypic characterization of the cultured T-cell lines isolated from WT and APBM infected
hu-mice by FACS analysis of the CD25, CCR4, GITR and CADM-1 markers. (C) Growth curves. Human T-cells (2x10°)
isolated from the spleen of a WT (black line) or a APBM (grey line) infected hu-mice were cultured in growth medium
supplemented with IL2 in 24-well plates. Cells were split as indicated and counted. The mean and sem of each time point
was determined from triplicate counts from one of three representative experiments performed at 2-, 5- and 8-months of in
vitro culture. (D) Clumps of WT and APBM T-cells and the actin cytoskeleton shown by IF staining. (E) Quantification of
the ratio long/short length of the nuclei (Mann-Whitney one-paired: P = 0.0267) (left panel), and the length of the
protrusions (Mann-Whitney one-paired: P = 0.0001) (right panel).

https://doi.org/10.1371/journal.ppat.1006933.9006

proliferation of human PBMCs, but that it is not required for virus-mediated immortalization
of these cells, as they did not detect any difference in immortalization potential between WT
Tax and APBM Tax. As this conclusion concerning the implication of the Tax PBM in
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Adhesion positive regulation of leukocyte cell-cell adhesion GO:1903039 | 1,89E-06 15
Activation positive regulation of T cell activation GO0:0050870 | 1,16E-06 15
Differenciation positive regulation of leukocyte differentiation GO:1902107 | 1,84E-07 13
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Fig 7. Genome-wide expression patterns of WT and APBM T-cells by RNA-seq. (A) Graphic representation of transcript expression in WT T-cells compared to
APBM T-cells expressed as Log?2 fold change. (B) Scatterplots comparing the per transcript read count values between WT and APBM cells. The vast majority of
differentially expressed transcripts (blue dots) in APBM showed up-regulation while a smaller number of transcripts showed down-regulation. (C) Volcano plot
comparing the per transcript fold change versus adjusted P-value. (D) Differential expression of transcripts (adjusted P-value < 0.01) by GO annotation according
to the biological process category, calculated using Genomatix GeneRanker tool.

https://doi.org/10.1371/journal.ppat.1006933.9007
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immortalization is differing from ours, it is tempting to speculate that such a difference may
be related to the specific experimental approach of each study.

Previous studies have shown that the Tax PBM induced the mislocalization of Scribble [14,
15]. However, most if not all of the reported observations have been obtained through the use
of transfected cell lines or HTLV-1 T-cell lines. Our study was performed with T-cells from
hu-mice clearly indicates that the PBM/PDZ interactions are involved in the distribution pat-
tern of Tax. Among the PDZ proteins, we focused our attention on the Scribble protein
known to interact with Tax and to be involved in cell polarity, in T-cell development and pro-
liferation. Based on the results of IF and PLA assays, a comparative analysis of ex vivo (imme-
diately after their collection from the spleen) and in vitro (cultured in the presence of IL2) WT
and APBM T-cells underline that the Tax PBM plays a prominent role in the re-localization of
both proteins. In WT cells, both Tax and Scribble were observed in large aggregates, mainly at
the cell membrane. In contrast, such aggregates were not detected in APBM cells, confirming
the ability of Tax PBM to sequester Scribble.

The mislocalization of Scribble upon binding to the Tax PBM may be linked to morpholog-
ical changes that differentially affect the actin cytoskeleton and the polarity of these WT and
APBM cells. In addition, the binding of the Tax PBM to Scribble may be responsible for the
sustained proliferation of WT infected T-cells by negatively interfering with the tumor sup-
pressor property of that PDZ protein. In contrast, the lack of interaction of Tax with Scribble
may result in the decreased proliferation of APBM T-cells. Further studies in hu-mice will aim
at characterizing other PDZ proteins that interact with the Tax PBM, such as DLG-1, to
unravel the possible link between these interactions and T-cell proliferation. It will also be of
interest to test whether the acetylation of Tax lysine K10 (amino acid 346) located immediately
upstream of the PBM could have an impact on the PBM/PDZ interactions, and finally on the
localization of Tax and its function in T-cell proliferation.

It has been demonstrated that overexpression of Scribble attenuated NFAT reporter activity
in anti-CD3/anti-CD28-stimulated Jurkat cells. By interacting with Scribble, Tax could coun-
teract this negative effect on NFAT activation and thus stimulate T-cell proliferation [14].
Consequently Tax PBM association with PDZ proteins represents an essential event during
the development and maintenance of the lymphoproliferative process. Moreover, this associa-
tion appears to be linked to the exclusive HTLV-1-induced genetic instability observed in
human PBMCs infected with WT-HTLV-1 [21]. In that context, to further explore the differ-
ences between cells expressing either Tax WT or Tax APBM, we performed a comparative
transcriptomic analysis that enabled the identification of a set of genes that are differentially
expressed in either type of cells. Genes coding for PDZ proteins normally expressed in T lym-
phocytes such as Scribble, MAGI-I, MAGI-3 and DLG1 were found to be similarly expressed
in WT and APBM T-cells. In contrast, we noticed the deregulated transcription of genes
involved in T-cell signaling and proliferation, in apoptosis induction and in cytoskeleton orga-
nization. The expression of PIK3 subunits retained our attention as these kinases activate Akt
[32, 33]. We observed that the expression of PIK3 subunits is significantly higher in WT cells
than in APBM cells, suggesting a direct effect on Akt activation. It has been reported that Tax
by binding to the PDZ DLG-1 protein counteracts the negative effects of the PTEN and
PHLPP phosphatases and thus activates Akt [16]. Further studies will be needed to determine
whether Scribble by interacting with Tax will have such an effect on Akt activation.

Finally, results from the genome wide transcriptome analysis, by supporting our in vivo and
in vitro observations, propose that the Tax PBM plays an eminent role in the pathogenicity of
HTLV-1. Further work is needed to establish that such an activity is dependent on PBM-PDZ
interactions and to precisely determine which PDZ protein deregulates which set of genes.
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As stated in the Introduction, the presence of the PBM was identified not only in Tax but
also in several viral oncoproteins such as in the protein E4-ORF1 of adenovirus type 9 and in E6
proteins of several human papilloma viruses [7, 34]. It is worth noting that the presence of a
PBM is linked to the ability of HPV-16 and HPV-18 to induce malignant tumors and that such
a motif is absent in HPV subtypes that induce benign tumors (for example HPV-9 or-11) [35].
Our data converge to a similar conclusion and stress that the PBM/PDZ recognition is perturb-
ing the regulation of processes such as cytoskeletal organization, cell polarity, cell proliferation.
Consequently, the PBM represents a Tax domain endowed with an auxiliary activity essential in
the induction and the maintenance of the HTLV-1-induced T-cell proliferation leading to a
malignant proliferation. Thus targeting the PBM/PDZ nodes by small peptides is offering a
novel strategy to slowdown the T-cell proliferation in HTLV-1 infected hu-mice [36].

Materials and methods
Cells and plasmids

The human embryonic kidney (HEK) 293T cells (American Type Culture Collection CRL-
3216) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) (Sigma-Aldrich, France), 50 ug/ml streptomycin, 100 U/ml penicillin
(Invitrogen, France).

The ACH plasmid is an infectious molecular clone of HTLV-1 [37]. The HTLV-1 provirus
deleted from the PBM of Tax (ACH-APBM) was constructed by introducing a TAA stop
codon instead of the GAA codon in the Tax C-terminus resulting in loss of the last four
amino-acids of Tax (ETEV: consensus PBM). This mutation was confirmed by DNA sequenc-
ing. The ACH-M22 plasmid encoding for a mutated Tax protein that do not activate the NF-
kB pathway is a kind gift of Dr. F. Bex (Belgium).

Cell transfection and Gag p19 ELISA

293T cells were plated at 5x10° cells in a 6-well plate the day prior to transfection. Plasmid
DNA (3.3 ug) was applied to the cells as calcium phosphate coprecipitates. Medium was
changed 6h after transfection. One day later, supernatants were collected and analyzed for
HTLV p19 antigen content by using the Retrotek ELISA-Kit (ZeptoMetrix Corp., USA).

Ethics statement

Anonymized human umbilical cord samples from the Maternity Ward of Hopital Femme-
Mére-Enfant (Bron, France) were obtained from healthy full-term newborns with written
parental informed consent according to the guidelines of the medical and ethical committees
of Hospices Civils de Lyon and of Agence de la Biomédecine, Paris, France. Experiments using
cord blood were approved by both committees and were performed in full compliance with
French law. Animal experimentation was performed in strict accordance with the French
“Comité National de Réflexion Ethique sur 'Expérimentation Animale, n°15” and the ethical
guidelines for the care of these mice of the Plateau de Biologie Expérimentale de la Souris
(PBES, UMS 3444) at Ecole Normale Supérieure (ENS) de Lyon. This protocol has been
approved by the Committee on the Ethics of Animal Experiments of ENS de Lyon (approval
number: ENS_2014_043). All efforts were made to minimize animal suffering.

Isolation of human CD34" cells from cord blood samples

After density gradient centrifugation of human cord blood, CD34" cells were enriched twice
using immunomagnetic beads according to the manufacturer instructions (CD34" MicroBead
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Kit, Miltenyi Biotec, Bergisch-Gladbach, Germany). Purity (> 95%) was evaluated by FACS
analysis using human PE-CD34 antibody (Miltenyi Biotec). Cells were frozen before the trans-
plantion when newborn mice were available.

Generation and infection of humanized mice

NOD.Cg-Prkdc*@ 112ry™ W7 Tg(HLA.A2.1)1Enge/Sz] (NSG-HLA-A2/HDD) were obtained
from the Jackson Laboratory (Bar Harbor, USA) and bred and maintained under pathogen-
free conditions at the PBES. Newborn males and females NSG mice (2 to 5 days old) were sub-
lethally irradiated with 1.1 Gray (320 kV, 12.5 mA) from a X-ray irradiator (XRad-320, PXI
Precision XRay, France) and intra-hepatically injected with 2x10° human CD34" hematopoi-
etic stem cells isolated from cord blood samples [38]. After 10 weeks, humanized mice (> 30%
hu-CD45+ cells in peripheral blood) were infected by HTLV-1. Infection and mice monitoring
were performed in a Biosafety Level 3 Laboratory in accordance with the PBES guidelines.
Lethally irradiated 293T cells (50 Gray, 320kV, 12.5 mA) transfected with full length or trun-
cated HTLV-1 molecular clone were intra-peritoneally injected: the amount of irradiated cells
to inject per mouse corresponds to the number of cells producing 70 ng of p19 in 24h-culture.
Mock infected mice were injected with the same amount of irradiated non-transfected 293T.
Hu-mice were daily monitored for signs of obvious suffering, such as weight loss, back arches
and prostrated behavior. Peripheral blood was collected from the retro-orbital venous sinus
under Isoflurane anesthesia. When mice were either suffering or displaying more than 10%
circulating CD25+ T-cells, they were sacrificed after anesthesia. Tissue specimens (spleen,
mesenteric lymph node and tibia bone) were collected and gently minced in PBS to obtain a
single-cell suspension and immediately frozen in FCS containing 10% DMSO and kept at
-80°C.

Cell preparation and flow cytometry analysis

Spleens from infected hu-mice were harvested and analyzed at indicated time points following
infection. To obtain a single-cell suspension, spleens were minced and passed through a nylon
mesh. Red cell lysis was performed in red cell lysis buffer (Sigma, France) for 10 min. Cells
were then washed and enumerated. For flow cytometry, single-cell suspensions were stained
with the appropriate monoclonal antibody (S1 Table) or the respective isotype control anti-
body for 30 min in the dark at 4°C. Human lymphocytes first gated as hCD45+ cells were then
defined as CD3+ T-cells containing the following subsets: DN, CD4-CD8-; DP, CD4+CD8+;
and SP, CD4+ CD8- or CD4-CD8+. Absolute numbers of cells were determined by multiply-
ing the number of nucleated cells by the percentage of positive cells for the indicated cell sur-
face marker(s). For CADM-1 expression analysis, cells were stained with the primary antibody
(Rabbit polyclonal antibody H-300 Santa Cruz Biotechnology, USA) for 2h at 4°C in PBS con-
taining 5% FCS then washed twice and incubated 30 min at 4°C in the dark with a secondary
fluorescent antibody anti-rabbit (A-11008 Molecular Probes, France). After two wash steps in
FACS-bufter, fluorescence was measured on a flow cytometer (FACSCanto II, BD, San Jose,
CA, USA). Cells were always gated to exclude doublet. Compensations were realized using
Miltenyi MACS Comp Beads. Data were evaluated with BD Diva software (Becton Dickinson
Immunocytometry Systems, Mountain View, CA) and analyzed using Flow]o software (Trees-
tar, Ashland, USA). Results are expressed as the mean of % positivity of surface expression +
SEM or as the Mean Fluorescence Intensity (MFI).

To obtain cell lines derived from infected hu-mice, single cell suspensions were cultured in
complete RPMI 1640 medium supplemented with 10% FCS (Sigma- Aldrich, France). Recom-
binant IL2 (20 U/ml) (Peprotech, France) was added to the cultures every 3 days. After one
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month of culture, selected cell lines were tested for the relevant proviral sequence and weekly
monitored for their proliferation.

Histology and immunohistochemistry

Spleen samples were fixed with 4% paraformaldehyde in PBS, embedded in paraffin, sectioned
and stained with H&E solution. An indirect immunoperoxidase technique with commercially
available monoclonal antibodies to CD3 and rabbit polyclonal antibody to Tax (kind gift of
Dr. B. Cullen) was applied to the tissue sections as previously described [27]. Pictures were
analyzed with Image] software.

Immunofluorescent (IF) staining and proximity ligation assay (PLA)

Slides or ibiTreat p-dishes (IBIDI) were pre-coated with poly-L-lysine (Sigma-Aldrich, France)
20 pg/ml for IF and 10 pg/ml for PLA. To detect Tax and Scribble proteins, T-cells isolated
from spleens were added to the slides before being fixed with 3% paraformaldehyde in PBS for
10 min at room temperature. Cells were then permeabilized with TritonX-100 or methanol at
-20°C. For IF staining, cells were blocked with 5% FCS then stained with primary and second-
ary antibodies and mounting medium with DAPI (Duolink, Sigma, France). Polyclonal goat
antibodies to Scribble (C-20; Santa Cruz Biotechnology), rabbit antibodies to Tax (kind gift of
Dr. B. Cullen) and appropriate controls were used. Phalloidin, fluorescein isothyocyanate
labeled (Sigma-Aldrich) interacts with polymeric actin. PLA was carried out with Duolink In
Situ-Fluorescence Red kit (Sigma-Aldrich) according to the manufacturer’s instructions. Neg-
ative controls were performed on T-cells in the absence of antibodies to Scribble. Microscopic
examination was performed using a Zeiss LSM710 confocal microscope (Carl Zeiss Jena, inc,
Germany) or an Axioimager Z1 epifluorescence microscope (Carl Zeiss Jena, inc, Germany).
Images were analyzed using Image] software.

Statistical analysis

Statistical tests were performed using GraphPad PRISM software. When n< 5 in one or both
groups, they are one-tailed and the non-parametric Wilcoxon-Mann-Whitney test was per-
formed. When n> 5 in one or both groups, the parametric Student t-test was performed if var-
iance are equal (F-test with P-value > 0.05). If not (F-test with P-value < 0.05), the non-
parametric Wilcoxon-Mann-Whitney U test was performed. Statistical analysis of hu-CD3
subpopulations was performed with one-way ANOVA test. The results were considered statis-
tically significant when P-value < 0.05.

Western blot analysis

Cells were lysed with sample buffer (10 mM HEPES, pH 7.9, 500 mM NacCl, 3 mM MgCl2, 1
mM DTT, 1 mM PMSEF, and 0.5% Triton X-100 supplemented with protease inhibitors). After
incubation on ice for 60 min, whole cell lysates were centrifuged at 15,000 g for 10 min at4°C
to remove the debris. Protein concentration of the cleared lysates was determined using the
Bradford assay. Cell lysates (151g) were size-separated by electrophoresis on a 12% SDS-poly-
acrylamide gel (3h migration at 20 mA) and transferred onto PVDF membranes. The blot was
blocked in PBS-5% milk and incubated with anti-Tax antibodies (1:1,000; kind gift of B. Cul-
len), anti-B-actin (1:5,000) obtained from Sigma-Aldrich (clone AC-15). After several washes,
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (1:10,000; Cell Signaling, The Neth-
erlands) or HRP-linked anti-mouse IgG (1:10,000; GE Healthcare, France) were added to the
membranes which were washed again several times and subsequently incubated with the
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Western Lightning ECL solution (Thermo Fisher Scientific, France). Images were captured
using a ChemiDoc Imaging system (Biorad, France).

DNA and RNA extraction, quantitative real-time PCR (qPCR) and proviral
load

Genomic DNA was extracted from the single cell suspension using the Nucleospin Blood kit
(Macherey-Nagel, Diiren, Germany) according to the manufacturer’s instructions. PVL was
measured by qPCR with HTLV-1 tax-specific primers. The PVL was calculated as previously
described [27] and expressed as the number of pX copies per 100 human cells.

RNA was extracted from the single cell suspension using RNAzol RT (Sigma Aldrich,
France) according to the manufacturer’s instructions, and resuspended in 10 pl of RN Ase-free
water and treated with 10 U of RNase-free DNase I (Qiagen, Hilden, Germany) for 15 min at
30°C and then for 15 min at 60°C. 500 ng of total RNA were then retro-transcribed at 42°C
during 50 min in a total volume of 20 pl reaction buffer containing 100 U of SuperScript II
reverse transcriptase (RT; Invitrogen, CA, USA). A reaction without RT was performed as a
control for genomic DNA contamination. The mRNA levels were normalized using 3 different
housekeeping genes (ACTB, RSP11 and RSP14) chosen to be the most stable in our model
with BestKeeper and NormFinder algorithms. Quantitative real-time PCR (qQPCR) was per-
formed using the FastStart Universal SYBR Green Master (Roche, Mannheim, Germany) on a
StepOnePlus system (Applied Biosystem, CA, USA). The initial denaturation step at 95°C for
10 min was followed by 40 cycles with one cycle consisting of 10s at 95°C, 30s at 60°C, and 15s
at72°C.

Primers

The nucleotide sequences of the primers were used for RT-PCR, proviral load measurement
and DNA sequencing of the mutation of Tux gene are shown in S2 Table.

High-throughput sequencing (HTS) of HTLV-1 integration sites

To determine the number and abundance of HTLV-1 infected clones in humanized mice, we
used an improved quantitative HTS method to map the proviral integration sites in the human
genome [39]. Libraries were prepared starting from 500 ng DNA and sequenced on an Illu-
mina MiSeq instrument. 150 bp paired-end reads were acquired and sequencing reads that
supported either the 5" or the 3° LTR-host junctions were retained. The number of unique inte-
gration sites (UIS) was determined as previously described [40].

Cell lysis and RNA-seq analysis

T lymphocytes isolated from the spleen of WT or APBM infected hu-mice were cultured in
complete RPMI medium containing IL2. Cells (5x10°) were then washed with ice-cold PBS,
centrifuged at 500 g for 5 min at 4°C and lysed in 1 ml of lysis buffer (10mM Tris-HCI pH7.5,
5mM MgCl2, 100mM KCl, 2mM DTT, protease inhibitor EDTA-free (Roche, Mannheim,
Germany), 1% Triton X-100). Lysates were gently homogenized and incubated at 4°C for 10
min, centrifuged at 1,300 g for 10 min at 4°C and the supernatant was recovered. Total RNA
was extracted from cellular extracts using Trizol and subjected to cDNA library construction
using the smartseq2 protocol [41].
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Mapping of high-throughput sequencing reads

Reads were first split with respect to their 5’-barcode sequence. After this, 5'-barcode and 3'-
adaptor sequences were removed from reads. Reads were then aligned to a custom set of
sequences corresponding to ribosomal RNA and tRNA sequences using Bowtie [42] in order
to remove contaminants. Remaining reads were aligned to the human genome and transcrip-
tome (hg19 assembly) using TopHat2 [43].

Transcript-level quantification and differential gene expression

The alignment files obtained from TopHat2 were used to count reads mapping to the 5UTR
coding sequence and 3’UTR of human transcripts using HTSeq [44] and the UCSC hg19 gene
annotation file. Differential gene expression was performed using the R package DESeq2 [45].

Data analysis for HTS

Only genes with an adjusted P-value < 0.01 and a log2 foldchange superior to 2.5 were
selected. GeneOntology was done using the GeneRanker tool of Genomatix software.

Supporting information

S1 Table. Monoclonal antibodies and isotype controls used in flow cytometry. IgG indicates
immunoglobulin G; FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocya-
nin; V450, BD Horizon V450, a coumarin dye excited by the violet laser.

(DOCX)

S2 Table. Primers used for PCR and RT-PCR.
(DOCX)

$3 Table. Human T-cell subsets in the peripheral blood (PB) of infected hu-mice, seven
weeks after HTLV-1 infection.

*hu-mice were intraperitoneally inoculated with 293T cells transfected with ACH-WT (n = 5),
ACH-APBM (n = 8), ACH-M22 (n = 3) or mock infected (n = 3) and then X-irradiated.
Peripheral blood samples were collected at 7 weeks after infection.

PFrequencies of the CD3+, CD4+CD25+, and CD8+CD25+ cells in the peripheral blood were
calculated out of hu-CD45+ cells.

(DOCX)

S4 Table. Proviral load, Tax mRNA expression and pathological features in hu-mice
infected with HTLV-1. Hu-mice were intraperitoneally inoculated with irradiated 293T cells
transfected with the indicated plasmids. They were sacrificed at indicated times. Proviral load
is expressed as number of proviral copies per 10° splenocytes. LN = lymph node; nd = not
determined. Levels of Tax mRNA in splenocytes isolated from HTLV-1-infected hu-mice were
measured by RT-qPCR as indicates in Fig 2B.

(DOCX)

S5 Table. Sequencing analysis of representative samples.

*DNA from ACH plasmids, from mouse splenocytes and from cultured T-cells were extracted
as indicated in Materials and methods, subjected to PCR amplification and sequenced by
using the primers listed in S1 Table.

Nucleotide sequence of Tax in italic and of PBM in bold. Note the mutation of GAA into
TAA (stop codon) in ACH APBM plasmid, in the spleen of APBM infected hu-mice and in
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APBM T-cells cultured in vitro.
(DOCX)

$6 Table. Human T-Cell subsets in the bone marrow (BM), lymph nodes (LN) and the
spleen (SPL) of infected hu-mice at the autopsy.

*hu-mice were intraperitoneally inoculated with 293T cells transfected with ACH-WT (n =
13), ACH-APBM (n = 13), ACH-M22 (n = 3) or mock infected (n = 3) and then X-irradiated.
*Bone Marrow (BM) from tibia, Spleen (SPL) and mesenteric lymph nodes (LN) were col-
lected and analyzed by FACS for indicated surface markers.

“Frequency of the CD3+, CD4+CD25+, and CD8+CD25+ cells were calculated out of the
number of hu-CD45+ cells.

(DOCX)

S1 Fig. Tax transcriptional activation of CREB/ATF- and NF-kB-dependent reporter
genes. 293T cells (9 x 10*/ 24 well) were cotransfected with the indicated ACH plasmid (100
ng), TK-Renilla (5 ng) reporter plasmid together with the HTLV-1 LTR-luc (A), or the kB-luc
(B) as calcium phosphate coprecipitates. Cell lysates were harvested 48h after transfection and
luciferase activity was determined using the Dual Luciferase Assay System (Promega). The his-
togram presents the average fold activation over control values for 2 independent experiments
in triplicate; data are presented as mean + SEM.

(TIF)

$2 Fig. Number of unique integration sites (UIS) in both types of infected hu-mice. The
number of independent HTLV-1-infected clones was determined by HTS clonality analysis in
splenocytes (8 WT and 9 APBM). Bar represents mean. Student ¢-test, P = 0.3021.

(TTF)

S3 Fig. Immunohistochemistry of spleen sections of different WT and APBM infected hu-
mice. Staining with anti-Tax antibodies revealed an infiltration of T-lymphocytes with a
nuclear localization of Tax.

(TIF)

S4 Fig. FACS analysis of splenic T-cells in HTLV-1 infected hu-mice. Splenocytes from WT
or APBM-infected hu-mice were harvested 7 weeks after infection. Representative profile for
CD4, CD8, and CD25 expression on gated hu-CD3+ cells.

(TIF)

S5 Fig. (A) Size (FSC for Forward Scatter) and (B) Granularity (SSC for Side Scatter) of
CD4+CD25+ T-cells in the spleen of WT and APBM hu-mice.
(TIF)

S6 Fig. Gene Ontology Analysis. (A) Reads were mapped on the human genome (hgl19). They
are specific of gene exons and do not map on repeated sequences. Shown is the number of
reads in the WT cells (in purple) and APBM cells (in orange). (B) Detailed list of the differen-
tial expression of transcripts (adjusted P-value < 0.01) by GO annotation according to the bio-
logical process category, calculated using Genomatix GeneRanker tool.

(TIF)

Acknowledgments

We thank Pr. Pascal Gaucherand, Virginie Finat (Hopital Femme-Mére-Enfant, Bron) and
Dominique Rigal (Etablissement Frangais du sang, Lyon) for kindly providing us with cord
blood units, Nicolas Gadot (Anipath, Lyon) and the members of animal facility (PBES/

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 20/24


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006933.s012
https://doi.org/10.1371/journal.ppat.1006933

@’PLOS | PATHOGENS

Tax PBM in HTLV-1 infected hu-mice

UMS3444, ENS Lyon) for technical support, and Vincent Gache (ENS, Lyon) for helpful
advices. We are also grateful to Francoise Bex (Brussels, Belgium) for helpful discussions. We
thank the Pole Scientifique de Modélisation Numérique (PSMN ENS-Lyon, France) for com-
puter resource. Sequencing was performed by the IGBMC Microarray and Sequencing plat-
form, a member of the ‘France Génomique’ consortium (ANR-10-INBS-0009). We thank
Wouter Coppieters, Latifa Karim, Manon Deckers and the GIGA Genomics Platform (Liege,
Belgium) for sequencing services and excellent technical support.

Author Contributions
Conceptualization: Eléonore Pérés, Louis Gazzolo, Pierre Jalinot, Madeleine Duc Dodon.
Data curation: Eléonore Péres.

Formal analysis: Eléonore Péres, Emiliano P. Ricci, Anne Van den Broeke, Louis Gazzolo,
Madeleine Duc Dodon.

Funding acquisition: Madeleine Duc Dodon.

Investigation: Eléonore Pérés, Juliana Blin, Maria Artesi, Louis Gazzolo, Madeleine Duc
Dodon.

Methodology: Eléonore Péreés, Juliana Blin, Maria Artesi.

Project administration: Eléonore Pérés, Louis Gazzolo, Madeleine Duc Dodon.
Resources: Lee Ratner, Madeleine Duc Dodon.

Software: Eléonore Pérés, Emiliano P. Ricci, Vincent Hahaut, Antoine Corbin.
Supervision: Anne Van den Broeke, Louis Gazzolo, Pierre Jalinot, Madeleine Duc Dodon.

Validation: Eléonore Pérés, Emiliano P. Ricci, Louis Gazzolo, Lee Ratner, Pierre Jalinot, Mad-
eleine Duc Dodon.

Visualization: Eléonore Pérés, Louis Gazzolo, Madeleine Duc Dodon.
Writing - original draft: Eléonore Pérés, Louis Gazzolo, Madeleine Duc Dodon.

Writing - review & editing: Anne Van den Broeke, Madeleine Duc Dodon.

References

1. Ishitsuka K, Tamura K. Human T-cell leukaemia virus type | and adult T-cell leukaemia-lymphoma. Lan-
cet Oncol. 2014; 15(11):e517-26. https://doi.org/10.1016/S1470-2045(14)70202-5 PMID: 25281470.

2. Matsuoka M, Jeang KT. Human T-cell leukaemia virus type 1 (HTLV-1) infectivity and cellular transfor-
mation. Nat Rev Cancer. 2007; 7(4):270-80. https://doi.org/10.1038/nrc2111 PMID: 17384582.

3. Baydoun HH, Bai XT, Shelton S, Nicot C. HTLV-I tax increases genetic instability by inducing DNA dou-
ble strand breaks during DNA replication and switching repair to NHEJ. PLoS One. 2012; 7(8):e42226.
https://doi.org/10.1371/journal.pone.0042226 PMID: 22916124; PubMed Central PMCID:
PMCPMC3423393.

4. Haoudi A, Semmes OJ. The HTLV-1 tax oncoprotein attenuates DNA damage induced G1 arrest and
enhances apoptosis in p53 null cells. Virology. 2003; 305(2):229-39. PMID: 12573569.

5. Matsuoka M, Jeang KT. Human T-cell leukemia virus type 1 (HTLV-1) and leukemic transformation:
viral infectivity, Tax, HBZ and therapy. Oncogene. 2011; 30(12):1379-89. https://doi.org/10.1038/onc.
2010.537 PMID: 21119600; PubMed Central PMCID: PMCPMC3413891.

6. Lodewick J, Lamsoul |, Bex F. Move or die: the fate of the Tax oncoprotein of HTLV-1. Viruses. 2011; 3
(6):829-57. https://doi.org/10.3390/v3060829 PMID: 21994756; PubMed Central PMCID:
PMCPMC3185767.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 21/24


https://doi.org/10.1016/S1470-2045(14)70202-5
http://www.ncbi.nlm.nih.gov/pubmed/25281470
https://doi.org/10.1038/nrc2111
http://www.ncbi.nlm.nih.gov/pubmed/17384582
https://doi.org/10.1371/journal.pone.0042226
http://www.ncbi.nlm.nih.gov/pubmed/22916124
http://www.ncbi.nlm.nih.gov/pubmed/12573569
https://doi.org/10.1038/onc.2010.537
https://doi.org/10.1038/onc.2010.537
http://www.ncbi.nlm.nih.gov/pubmed/21119600
https://doi.org/10.3390/v3060829
http://www.ncbi.nlm.nih.gov/pubmed/21994756
https://doi.org/10.1371/journal.ppat.1006933

@’PLOS | PATHOGENS

Tax PBM in HTLV-1 infected hu-mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Lee C, Laimins LA. Role of the PDZ domain-binding motif of the oncoprotein E6 in the pathogenesis of
human papillomavirus type 31. J Virol. 2004; 78(22):12366—77. https://doi.org/10.1128/JV1.78.22.
12366-12377.2004 PMID: 15507623; PubMed Central PMCID: PMCPMC525055.

Lee SS, Weiss RS, Javier RT. Binding of human virus oncoproteins to hDIg/SAP97, a mammalian
homolog of the Drosophila discs large tumor suppressor protein. Proc Natl Acad Sci U S A. 1997; 94
(13):6670-5. PMID: 9192623; PubMed Central PMCID: PMCPMC21216.

Rousset R, Fabre S, Desbois C, Bantignies F, Jalinot P. The C-terminus of the HTLV-1 Tax oncoprotein
mediates interaction with the PDZ domain of cellular proteins. Oncogene. 1998; 16(5):643-54. https:/
doi.org/10.1038/sj.onc.1201567 PMID: 9482110.

Fanning AS, Anderson JM. Protein modules as organizers of membrane structure. Curr Opin Cell Biol.
1999; 11(4):432-9. https://doi.org/10.1016/S0955-0674(99)80062-3 PMID: 10449334.

Subbaiah VK, Kranjec C, Thomas M, Banks L. PDZ domains: the building blocks regulating tumorigene-
sis. Biochem J. 2011; 439(2):195-205. https://doi.org/10.1042/BJ20110903 PMID: 21954943.

Javier RT, Rice AP. Emerging theme: cellular PDZ proteins as common targets of pathogenic viruses. J
Virol. 2011; 85(22):11544-56. https://doi.org/10.1128/JV1.05410-11 PMID: 21775458; PubMed Central
PMCID: PMCPMC3209276.

James CD, Roberts S. Viral Interactions with PDZ Domain-Containing Proteins-An Oncogenic Trait?
Pathogens. 2016; 5(1). https://doi.org/10.3390/pathogens5010008 PMID: 26797638; PubMed Central
PMCID: PMCPMC4810129.

Arpin-Andre C, Mesnard JM. The PDZ domain-binding motif of the human T cell leukemia virus type 1
tax protein induces mislocalization of the tumor suppressor hScrib in T cells. J Biol Chem. 2007; 282
(45):33132—41. https://doi.org/10.1074/jbc.M702279200 PMID: 17855372.

Okajima M, Takahashi M, Higuchi M, Ohsawa T, Yoshida S, Yoshida Y, et al. Human T-cell leukemia
virus type 1 Tax induces an aberrant clustering of the tumor suppressor Scribble through the PDZ
domain-binding motif dependent and independent interaction. Virus Genes. 2008; 37(2):231-40.
https://doi.org/10.1007/s11262-008-0259-4 PMID: 18661220.

Cherian MA, Baydoun HH, Al-Saleem J, Shkriabai N, Kvaratskhelia M, Green P, et al. Akt Pathway Acti-
vation by Human T-cell Leukemia Virus Type 1 Tax Oncoprotein. J Biol Chem. 2015; 290(43):26270—
81. hitps://doi.org/10.1074/jbc.M115.684746 PMID: 26324707; PubMed Central PMCID:
PMCPMC4646275.

Ludford-Menting MJ, Oliaro J, Sacirbegovic F, Cheah ET, Pedersen N, Thomas SJ, et al. A network of
PDZ-containing proteins regulates T cell polarity and morphology during migration and immunological
synapse formation. Immunity. 2005; 22(6):737—48. https://doi.org/10.1016/j.immuni.2005.04.009
PMID: 15963788.

Humbert PO, Grzeschik NA, Brumby AM, Galea R, Elsum I, Richardson HE. Control of tumourigenesis
by the Scribble/Dlg/Lgl polarity module. Oncogene. 2008; 27(55):6888—907. https://doi.org/10.1038/
onc.2008.341 PMID: 19029932.

Hirata A, Higuchi M, Niinuma A, Ohashi M, Fukushi M, Oie M, et al. PDZ domain-binding motif of human
T-cell leukemia virus type 1 Tax oncoprotein augments the transforming activity in a rat fibroblast cell
line. Virology. 2004; 318(1):327-36. https://doi.org/10.1016/j.virol.2003.10.006 PMID: 14972558.

Higuchi M, Tsubata C, Kondo R, Yoshida S, Takahashi M, Oie M, et al. Cooperation of NF-kappaB2/
p100 activation and the PDZ domain binding motif signal in human T-cell leukemia virus type 1 (HTLV-
1) Tax1 but not HTLV-2 Tax2 is crucial for interleukin-2-independent growth transformation of a T-cell
line. J Virol. 2007; 81(21):11900-7. https://doi.org/10.1128/JVI.00532-07 PMID: 17715223; PubMed
Central PMCID: PMCPMC2168800.

Xie L, Yamamoto B, Haoudi A, Semmes OJ, Green PL. PDZ binding motif of HTLV-1 Tax promotes
virus-mediated T-cell proliferation in vitro and persistence in vivo. Blood. 2006; 107(5):1980-8. https:/
doi.org/10.1182/blood-2005-03-1333 PMID: 16263794; PubMed Central PMCID: PMCPMC1895710.

Rongvaux A, Takizawa H, Strowig T, Willinger T, Eynon EE, Flavell RA, et al. Human hemato-lymphoid
system mice: current use and future potential for medicine. Annu Rev Immunol. 2013; 31:635-74.
https://doi.org/10.1146/annurev-immunol-032712-095921 PMID: 23330956; PubMed Central PMCID:
PMCPMC4120191.

Legrand N, Ploss A, Balling R, Becker P, Borsotti C, Brezillon N, et al. Humanized mice for modeling
human infectious disease: challenges, progress, and outlook. Cell host & microbe. 2009; 6(1):5-9.
https://doi.org/10.1016/j.chom.2009.06.006 PMID: 19616761

Banerjee P, Crawford L, Samuelson E, Feuer G. Hematopoietic stem cells and retroviral infection. Ret-
rovirology. 2010; 7:8. https://doi.org/10.1186/1742-4690-7-8 PMID: 20132553

Duc Dodon M, Villaudy J, Gazzolo L, Haines R, Lairmore M. What we are learning on HTLV-1 patho-
genesis from animal models. Front Microbiol. 2012; 3:320. Epub 2012/09/13. https://doi.org/10.3389/
fmicb.2012.00320 PMID: 22969759; PubMed Central PMCID: PMC3431546.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 22/24


https://doi.org/10.1128/JVI.78.22.12366-12377.2004
https://doi.org/10.1128/JVI.78.22.12366-12377.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507623
http://www.ncbi.nlm.nih.gov/pubmed/9192623
https://doi.org/10.1038/sj.onc.1201567
https://doi.org/10.1038/sj.onc.1201567
http://www.ncbi.nlm.nih.gov/pubmed/9482110
https://doi.org/10.1016/S0955-0674(99)80062-3
http://www.ncbi.nlm.nih.gov/pubmed/10449334
https://doi.org/10.1042/BJ20110903
http://www.ncbi.nlm.nih.gov/pubmed/21954943
https://doi.org/10.1128/JVI.05410-11
http://www.ncbi.nlm.nih.gov/pubmed/21775458
https://doi.org/10.3390/pathogens5010008
http://www.ncbi.nlm.nih.gov/pubmed/26797638
https://doi.org/10.1074/jbc.M702279200
http://www.ncbi.nlm.nih.gov/pubmed/17855372
https://doi.org/10.1007/s11262-008-0259-4
http://www.ncbi.nlm.nih.gov/pubmed/18661220
https://doi.org/10.1074/jbc.M115.684746
http://www.ncbi.nlm.nih.gov/pubmed/26324707
https://doi.org/10.1016/j.immuni.2005.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15963788
https://doi.org/10.1038/onc.2008.341
https://doi.org/10.1038/onc.2008.341
http://www.ncbi.nlm.nih.gov/pubmed/19029932
https://doi.org/10.1016/j.virol.2003.10.006
http://www.ncbi.nlm.nih.gov/pubmed/14972558
https://doi.org/10.1128/JVI.00532-07
http://www.ncbi.nlm.nih.gov/pubmed/17715223
https://doi.org/10.1182/blood-2005-03-1333
https://doi.org/10.1182/blood-2005-03-1333
http://www.ncbi.nlm.nih.gov/pubmed/16263794
https://doi.org/10.1146/annurev-immunol-032712-095921
http://www.ncbi.nlm.nih.gov/pubmed/23330956
https://doi.org/10.1016/j.chom.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19616761
https://doi.org/10.1186/1742-4690-7-8
http://www.ncbi.nlm.nih.gov/pubmed/20132553
https://doi.org/10.3389/fmicb.2012.00320
https://doi.org/10.3389/fmicb.2012.00320
http://www.ncbi.nlm.nih.gov/pubmed/22969759
https://doi.org/10.1371/journal.ppat.1006933

@’PLOS | PATHOGENS

Tax PBM in HTLV-1 infected hu-mice

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Tezuka K, Xun R, Tei M, Ueno T, Tanaka M, Takenouchi N, et al. An animal model of adult T-cell leuke-
mia: humanized mice with HTLV-1-specific immunity. Blood. 2014; 123(3):346-55. https://doi.org/10.
1182/blood-2013-06-508861 PMID: 24196073.

Villaudy J, Wencker M, Gadot N, Gillet NA, Scoazec JY, Gazzolo L, et al. HTLV-1 propels thymic
human T cell development in "human immune system" Rag2(-)/(-) gamma c(-)/(-) mice. PLoS Pathog.
2011; 7(9):e1002231. https://doi.org/10.1371/journal.ppat.1002231 PMID: 21909275; PubMed Central
PMCID: PMCPMC3164654.

Tsubata C, Higuchi M, Takahashi M, Oie M, Tanaka Y, Gejyo F, et al. PDZ domain-binding motif of
human T-cell leukemia virus type 1 Tax oncoprotein is essential for the interleukin 2 independent growth
induction of a T-cell line. Retrovirology. 2005; 2:46. https://doi.org/10.1186/1742-4690-2-46 PMID:
16042787; PubMed Central PMCID: PMCPMC1199618.

Soderberg O, Gullberg M, Jarvius M, Ridderstrale K, Leuchowius KJ, Jarvius J, et al. Direct observation
of individual endogenous protein complexes in situ by proximity ligation. Nat Methods. 2006; 3(12):995—
1000. https://doi.org/10.1038/nmeth947 PMID: 17072308.

Akkina R, Berges BK, Palmer BE, Remling L, Neff CP, Kuruvilla J, et al. Humanized Rag1-/- gammac-/-
mice support multilineage hematopoiesis and are susceptible to HIV-1 infection via systemic and vagi-
nal routes. PLoS One. 2011; 6(6):e20169. https://doi.org/10.1371/journal.pone.0020169 PMID:
21695116; PubMed Central PMCID: PMCPMC3114781.

Percher F, Curis C, Peres E, Artesi M, Rosewick N, Jeannin P, et al. HTLV-1-induced leukotriene B4
secretion by T cells promotes T cell recruitment and virus propagation. Nat Commun. 2017; 8:15890.
https://doi.org/10.1038/ncomms 15890 PMID: 28639618; PubMed Central PMCID: PMCPMC5489682.

Peloponese JM Jr., Jeang KT. Role for Akt/protein kinase B and activator protein-1 in cellular prolifera-
tion induced by the human T-cell leukemia virus type 1 tax oncoprotein. J Biol Chem. 2006; 281
(13):8927-38. https://doi.org/10.1074/jbc.M510598200 PMID: 16436385.

Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in cancer: divergent roles of isoforms, modes of activation and
therapeutic targeting. Nat Rev Cancer. 2015; 15(1):7—24. https://doi.org/10.1038/nrc3860 PMID:
25533673; PubMed Central PMCID: PMCPMC4384662.

Kiyono T, Hiraiwa A, Fujita M, Hayashi Y, Akiyama T, Ishibashi M. Binding of high-risk human papillo-
mavirus E6 oncoproteins to the human homologue of the Drosophila discs large tumor suppressor pro-
tein. Proc Natl Acad Sci U S A. 1997; 94(21):11612—-6. PMID: 9326658; PubMed Central PMCID:
PMCPMC23554.

Ganti K, Broniarczyk J, Manoubi W, Massimi P, Mittal S, Pim D, et al. The Human Papillomavirus E6
PDZ Binding Motif: From Life Cycle to Malignancy. Viruses. 2015; 7(7):3530-51. https://doi.org/10.
3390/v7072785 PMID: 26147797; PubMed Central PMCID: PMCPMC4517114.

Ivarsson Y, Arnold R, McLaughlin M, Nim S, Joshi R, Ray D, et al. Large-scale interaction profiling of
PDZ domains through proteomic peptide-phage display using human and viral phage peptidomes. Proc
Natl Acad Sci U S A. 2014; 111(7):2542—7. https://doi.org/10.1073/pnas.1312296111 PMID: 24550280;
PubMed Central PMCID: PMCPMC3932933.

Kimata JT, Wong FH, Wang JJ, Ratner L. Construction and characterization of infectious human T-cell
leukemia virus type 1 molecular clones. Virology. 1994; 204(2):656—64. https://doi.org/10.1006/viro.
1994.1581 PMID: 7941334.

Shultz LD, Saito Y, Najima Y, Tanaka S, Ochi T, Tomizawa M, et al. Generation of functional human T-
cell subsets with HLA-restricted immune responses in HLA class | expressing NOD/SCID/IL2r gamma
(null) humanized mice. Proc Natl Acad Sci U S A. 2010; 107(29):13022—7. https://doi.org/10.1073/
pnas.1000475107 PMID: 20615947; PubMed Central PMCID: PMCPMC2919921.

Artesi M, Marcais A, Durkin K, Rosewick N, Hahaut V, Suarez F, et al. Monitoring molecular response in
adult T-cell leukemia by high-throughput sequencing analysis of HTLV-1 clonality. Leukemia. 2017; 31
(11):2532-5. https://doi.org/10.1038/leu.2017.260 PMID: 28811663; PubMed Central PMCID:
PMCPMC5668493.

Rosewick N, Durkin K, Artesi M, Marcais A, Hahaut V, Griebel P, et al. Cis-perturbation of cancer drivers
by the HTLV-1/BLV proviruses is an early determinant of leukemogenesis. Nat Commun. 2017;
8:15264. https://doi.org/10.1038/ncomms 15264 PMID: 28534499.

Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg R. Full-length RNA-seq from
single cells using Smart-seq2. Nat Protoc. 2014; 9(1):171-81. https://doi.org/10.1038/nprot.2014.006
PMID: 24385147.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009; 10(3):R25. https://doi.org/10.1186/gb-2009-10-
3-r25 PMID: 19261174; PubMed Central PMCID: PMCPMC2690996.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-
scriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 2013; 14(4):R36.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 23/24


https://doi.org/10.1182/blood-2013-06-508861
https://doi.org/10.1182/blood-2013-06-508861
http://www.ncbi.nlm.nih.gov/pubmed/24196073
https://doi.org/10.1371/journal.ppat.1002231
http://www.ncbi.nlm.nih.gov/pubmed/21909275
https://doi.org/10.1186/1742-4690-2-46
http://www.ncbi.nlm.nih.gov/pubmed/16042787
https://doi.org/10.1038/nmeth947
http://www.ncbi.nlm.nih.gov/pubmed/17072308
https://doi.org/10.1371/journal.pone.0020169
http://www.ncbi.nlm.nih.gov/pubmed/21695116
https://doi.org/10.1038/ncomms15890
http://www.ncbi.nlm.nih.gov/pubmed/28639618
https://doi.org/10.1074/jbc.M510598200
http://www.ncbi.nlm.nih.gov/pubmed/16436385
https://doi.org/10.1038/nrc3860
http://www.ncbi.nlm.nih.gov/pubmed/25533673
http://www.ncbi.nlm.nih.gov/pubmed/9326658
https://doi.org/10.3390/v7072785
https://doi.org/10.3390/v7072785
http://www.ncbi.nlm.nih.gov/pubmed/26147797
https://doi.org/10.1073/pnas.1312296111
http://www.ncbi.nlm.nih.gov/pubmed/24550280
https://doi.org/10.1006/viro.1994.1581
https://doi.org/10.1006/viro.1994.1581
http://www.ncbi.nlm.nih.gov/pubmed/7941334
https://doi.org/10.1073/pnas.1000475107
https://doi.org/10.1073/pnas.1000475107
http://www.ncbi.nlm.nih.gov/pubmed/20615947
https://doi.org/10.1038/leu.2017.260
http://www.ncbi.nlm.nih.gov/pubmed/28811663
https://doi.org/10.1038/ncomms15264
http://www.ncbi.nlm.nih.gov/pubmed/28534499
https://doi.org/10.1038/nprot.2014.006
http://www.ncbi.nlm.nih.gov/pubmed/24385147
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1371/journal.ppat.1006933

:@.’ PLOS | PATHOGENS Tax PBM in HTLV-1 infected hu-mice

https://doi.org/10.1186/gb-2013-14-4-r36 PMID: 23618408; PubMed Central PMCID:
PMCPMC4053844.

44. Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31(2):166-9. https://doi.org/10.1093/bioinformatics/btu638 PMID:
25260700; PubMed Central PMCID: PMCPMC4287950.

45. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281; PubMed Central PMCID: PMCPMC4302049.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006933 March 22,2018 24/24


https://doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1371/journal.ppat.1006933

	Washington University School of Medicine
	Digital Commons@Becker
	2018

	PDZ domain-binding motif of Tax sustains T-cell proliferation in HTLV-1-infected humanized mice
	Eleonore Peres
	Juliana Blin
	Emiliano P. Ricci
	Maria Artesi
	Vincent Hahaut
	See next page for additional authors
	Recommended Citation
	Authors


	PDZ domain-binding motif of Tax sustains T-cell proliferation in HTLV-1-infected humanized mice

