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Viruses causing chronic infection artfully manipulate infected cells
to enable viral persistence in vivo under the pressure of immunity.
Human T-cell leukemia virus type 1 (HTLV-1) establishes persistent
infection mainly in CD4+ T cells in vivo and induces leukemia in
this subset. HTLV-1-encoded Tax is a critical transactivator of viral
replication and a potent oncoprotein, but its significance in path-
ogenesis remains obscure due to its very low level of expression in
vivo. Here, we show that Tax is expressed in a minor fraction of
leukemic cells at any given time, and importantly, its expression
spontaneously switches between on and off states. Live cell imag-
ing revealed that the average duration of one episode of Tax
expression is ~19 hours. Knockdown of Tax rapidly induced apo-
ptosis in most cells, indicating that Tax is critical for maintaining
the population, even if its short-term expression is limited to a
small subpopulation. Single-cell analysis and computational simu-
lation suggest that transient Tax expression triggers antiapoptotic
machinery, and this effect continues even after Tax expression is
diminished; this activation of the antiapoptotic machinery is the
critical event for maintaining the population. In addition, Tax is
induced by various cytotoxic stresses and also promotes HTLV-
1 replication. Thus, it seems that Tax protects infected cells from
apoptosis and increases the chance of viral transmission at a crit-
ical moment. Keeping the expression of Tax minimal but inducible
on demand is, therefore, a fundamental strategy of HTLV-1 to pro-
mote persistent infection and leukemogenesis.

HTLV-1 | Tax | HBZ | adult T-cell leukemia-lymphoma |
computational simulation

hronic viral infection is established when there is a meta-
stable balance between host immunity and viral strategies for
maintaining infected cells in infected individuals. Several human
viruses cause persistent infection and are closely associated with
inflammatory diseases and/or cancers (1). Human T-cell leuke-
mia virus type 1 (HTLV-1) and human herpesviruses (HHVs),
such as EBV (HHV-4) and Kaposi’s sarcoma-associated virus
(KSHV; HHV-8), are representatives of this type of virus (2) and
express a limited number/amount of viral products, enabling
infected cells to survive in vivo by escaping from host immune
surveillance. Reactivation of viral replication, such as in the lytic
phase of EBV and KSHYV infection, is then a critical step for
facilitating viral transmission to new hosts. Human oncogenic
viruses encode the regulatory factors, which are involved in viral
replication and cellular oncogenesis (3); however, their expres-
sion dynamics and the roles in each phase are poorly understood.
HTLV-1 is a human retrovirus that chronically infects CD4+

T cells. Some infected individuals develop a malignant disease of
CD4+CD25+ T cells, adult T-cell leukemia—lymphoma (ATL),
and/or inflammatory diseases, such as HTLV-1-associated

www.pnas.org/cgi/doi/10.1073/pnas.1715724115

myelopathy/tropical spastic paraparesis and HTLV-1 uveitis (4, 5).
Unlike that of HIV, the replication of HTLV-1 is at a very low
level in vivo, and viral RNA is rarely detected in the plasma of
infected individuals (6). Instead, this virus persists in the host by
using two different strategies: cell-to-cell transmission of viral
particles (de novo infection) and clonal proliferation of infected
cells (mitotic expansion) (7, 8).

HTLV-1 encodes two oncogenic factors, Tax and human T-cell
leukemia virus type 1 bZIP factor (HBZ), in the sense and an-
tisense strands of provirus, respectively, and these two factors
counteract each other in many signaling pathways (9). Tax is not
only a potent oncoprotein (10) but also an efficient transactivator of
viral replication, which means that Tax is required for de novo in-
fection. However, Tax expression is generally suppressed in infected
cells in vivo (11). In contrast, HBZ is constitutively expressed in
infected cells and plays important roles in viral latency (8) and

Significance

The oncogenic retrovirus human T-cell leukemia virus type 1
(HTLV-1) encodes Tax, an activator of both viral replication and
cellular oncogenic pathways. Despite the potent activities of
Tax, its precise roles in pathogenesis remain unclear, since it is
faintly expressed in vivo. This study shows that sporadic and
transient Tax expression is observed in a small subpopulation
of HTLV-1-induced leukemic cells. This limited Tax expression is
critical for survival of the whole population through ignition of
antiapoptotic signals. Tax is induced by various stresses, sug-
gesting that Tax efficiently protects cells from apoptosis and
reactivates virus from reservoirs under conditions of cellular
stress. It is an elaborated strategy of HTLV-1 to evade host
immunity and enable persistence in vivo.

Author contributions: M. Mahgoub, J.-i.Y. and M. Matsuoka designed research; M. Mahgoub,
J-i.Y., S.1., S.N., K.S., and M. Matsuoka performed research; M. Mahgoub, J.-i.Y., S.I., S.N.,
Y.K., K.S., and M. Matsuoka analyzed data; and M. Mahgoub, J.-i.Y., S.I., S.N., and
M. Matsuoka wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The RNA-Seq data reported in this paper have been deposited in the
Gene Expression Omnibus (GEO) database, https://www.ncbi.nIm.nih.gov/geo (accession
no. GSE108601). C++ source code is freely available at https:/github.com/petadimension/
Tax_dynamics/. R source code is available at https://github.com/petadimension/Tax_
dynamics/tree/master/ABM.

"To whom correspondence may be addressed. Email: jyasunag@infront.kyoto-u.ac.jp or
mamatsu@kumamoto-u.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1715724115/-/DCSupplemental.

PNAS Early Edition | 1 of 10

>
o
=]
=
]
@2
[=]
13
=
=



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1715724115&domain=pdf&date_stamp=2018-01-22
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108601
https://github.com/petadimension/Tax_dynamics/
https://github.com/petadimension/Tax_dynamics/
https://github.com/petadimension/Tax_dynamics/tree/master/ABM
https://github.com/petadimension/Tax_dynamics/tree/master/ABM
mailto:jyasunag@infront.kyoto-u.ac.jp
mailto:mamatsu@kumamoto-u.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715724115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715724115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1715724115

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5

RBAEFHERY LS b %I
KYOTO UNIVERSITY !

KUREN

Kyoto University Research Information

epository

<
Z |
=y

proliferation of infected cells (12). These facts suggest that HTLV-1
fine-tunes the expression and function of these counteracting viral
factors to establish persistent infection in infected individuals. Since
Tax is highly immunogenic (13-15), HTLV-1 seems to minimize
Tax expression to escape from host immunity. Therefore, the sig-
nificance of Tax in leukemogenesis has been an important
unsolved issue.

In this study, we show that only a small fraction (0.05-3%) of cells
transiently expresses Tax. However, knockdown (KD) of Tax
induced apoptosis in the majority of cells, suggesting that Tax
expressed in a minor subset is required for survival of the whole
population. At a single-cell level, Tax-expressing cells highly
expressed several antiapoptotic and NF-kB-related genes, and Tax-
negative cells were divided into two subpopulations, which
expressed medium or low levels of the antiapoptotic genes. Com-
putational simulations support our hypothesis that transient Tax
expression confers an antiapoptotic property on the expressing cell
and that this effect lasts after Tax expression is diminished. This
study shows the dynamics of Tax expression at a single-cell level and
shows roles of Tax in establishing persistent infection by HTLV-1.

Results

A Small Fraction of MT-1 Cells Expresses Tax, and This Expression Is
Critical for the Survival of the Whole Cell Population. HTLV-1 rax is
generally silenced or transcribed at quite low levels in ATL cells
in vivo (16). An ATL cell line, MT-1, has an equivalent expres-
sion profile of viral genes to primary HTLV-1-infected cells (17).
We carried out single-cell qRT-PCR to elucidate the expression
levels of tax and HBZ in individual MT-1 cells. The initial ex-
periment showed that only 1 in 71 cells expressed a high level of
tax, while no detectable expression was observed in the remain-
ing 70 cells (Fig. 14). In contrast, HBZ was expressed in Tax-
negative cells, while it was not detected in the Tax-expressing
cell. These results suggest that the expression of fax and HBZ is
strictly and reciprocally regulated in MT-1 cells.

Our next question was the following: what is the role of Tax
expression in a small number of MT-1 cells? To address this issue,
we knocked down Tax with shRNA. Two different lentivirus
vectors expressing ShRNA targeting Tax (shTax1 and shTax4)
were transduced into MT-1 cells, and each construct efficiently
inhibited Tax expression to ~15% of the level in control cells
(Fig. 1B, Left). Intriguingly, progressive cell death was observed
in MT-1 cells after Tax was knocked down (Fig. 1B, Right), and
as a mechanism, we found that Tax-KD induced apoptosis of
MT-1 cells but not Jurkat cells (Fig. 1C and Fig. S1). To compare
population dynamics between Tax-KD cells and Tax-intact cells, a
GFP competition assay was carried out (schema in Fig. 1D, Left).
To our surprise, ~90% of shTax-transduced cells were eliminated
from culture by day 21 (Fig. 1D, Right), which was faster than we
expected. These results indicated that Tax is indispensable for the
survival of MT-1 cells, although only a small fraction of MT-1 cells
expresses it. Since shTax-transduced cells were not rescued by the
presence of nontransduced cells, it also seems that a cell’s survival
may depend at least partly on Tax expression within that cell
rather than depending on Tax expression by neighboring cells.

Tax Is Transiently Expressed in MT-1 Cells. We wished to further
distinguish between these two possible hypotheses: (i) that a
small population of cells constantly expresses Tax and supports
the survival of the whole population or (if) that all cells tran-
siently express Tax by turns. To monitor Tax expression, we
established a reporter subline of MT-1, MT1GFP, which
expresses destabilized EGFP (d2EGFP; the half-life of the
modified EGFP is 2 h) under the control of 18 copies of the Tax-
responsive element (schema in Fig. 1E, Upper) (18). It was
confirmed that d2EGFP expression in MT1GFP cells was closely
correlated with Tax expression by intracellular staining with anti-
Tax antibody, and a very small population (~0.5%) of MT1GFP
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cells expressed d2EGFP (plot in Fig. 1E, Lower). Several stable
clones of MT1GFP were established, and all clones possessed a
small Tax-expressing subset. Using one of the MT1GFP clones,
we evaluated the dynamics of Tax expression in individual cells
by time-lapse imaging. The result revealed that d2EGFP ex-
pression was transient in most d2EGFP-positive cells (Fig. 1F
and Movie S1), indicating that Tax is expressed temporarily in
MT-1 cells. We could also see cells with fluctuating and con-
tinuous patterns of d2EGFP expression (Fig. 1G has definitions
of these terms), although the percentages of cells with those
patterns were lower than cells with transient expression (6% for
fluctuating and 18% for continuous cells) (Fig. 1G). Analysis of
87 cells with transient d2EGFP expression showed that the me-
dian and mean durations of Tax expression were ~22 and 18 h,
respectively (95% confidence interval, 19.3-24.7) (Fig. 1H).

It has been reported that two other ATL cell lines, KK-1 and
SO-4, have expression levels of Tax and HBZ similar to those of
fresh ATL cells (17). Small fractions of KK-1 and SO-4 cells each
expressed Tax, and a subline of KK-1 reporting Tax expression,
KK1GFP, was successfully established (Fig. S2 4 and B). Since
DNA hypermethylation in 5° LTR is known to suppress tax tran-
scription, we evaluated its methylation level and fax expression in
fresh ATL cells and three ATL cell lines (MT-1, KK-1, and SO-4).
In approximately one-half of ATL cases and all cell lines, DNA
methylation level of 5" LTR was low, and tax mRNA was detectable,
suggesting that fax expression is inducible in these cells (Fig. S2C).

Computer Simulation Represents the Dynamics of Tax Expression. It
was an incomprehensible observation that KD of Tax in a minor
fraction (~0.5%) of MT-1 cells induced progressive apoptosis.
To estimate the duration that all MT-1 cells experience Tax
expression, we used a computational simulation based on a
mathematical model. A previous study on HIV elegantly estab-
lished a mathematical model of 5’ LTR activation by Tat in la-
tently infected cells (19). We adapted this model to simulate the
regulation of the HTLV-1 5' LTR by Tax (details are in S/
Materials and Methods, and Fig. S34 shows a schematic repre-
sentation). We tested several parameters used in the HIV study
and adjusted them to fit our experimental data of transient Tax
expression (SI Materials and Methods, Fig. S3 B-D, and Table
S1). The simulation could then successfully reproduce the dy-
namics of Tax expression in MT-1 cells, and the calculated mean
duration of Tax expression was 13.6 h, consistent with experi-
mental observations (Fig. S3C), suggesting that the parameters
that we used were suitable for the model for activation of the
HTLV-1 LTR. Using this model, we then estimated the distri-
bution of the interval between two successive Tax expression
episodes (Fig. S3E), and interestingly, our simulation repro-
duced the single-cell level expression pattern of Tax (Fig. S3F).
Furthermore, we calculate that it takes ~150 d for 90% of MT-
1 cells to experience Tax expression (Fig. S3G). This result
means that the loss of Tax-KD cells occurs much faster than the
Tax expression (Fig. 1D). The details of our single cell-level
computational simulations are described in SI Materials and
Methods.

This simulation suggests a possible mechanism that short-term
expression of Tax by a cell confers some effects on not only to
the cell during its period of Tax expression but also, to the cell
and its progeny, even after Tax expression is lost.

Distinct Transcriptional Profiles in Tax-Expressing Cells. To clarify the
effects of Tax on both Tax-expressing cells and nonexpressing
cells, we analyzed the transcriptional profiles of each population.
Tax-expressing MT1GFP or KK1GFP cells (Fig. 1E or Fig. S2B,
respectively) were purified from bulk cells by a cell sorter using
d2EGFP as a marker for Tax, and RNAs from each fraction were
subjected to RNA-Seq. Many T-cell activation-associated genes
were differentially regulated in Tax-expressing cells compared

Mahgoub et al.
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with nonexpressing cells (Fig. 2 A and B). Upstream regulator
analysis was carried out using the Ingenuity Pathway Analysis
program and revealed that NF-xB-related pathways were sig-
nificantly affected by Tax in both cell lines (Fig. 2B).

To analyze the correlation between Tax expression and that of
other genes at a single-cell level, we chose ~90 representative
genes in addition to HBZ and compared their mRNA levels in
sorted Tax-positive vs. Tax-negative MT-1 cells by single-cell
gRT-PCR. As expected, clustering analysis could clearly sepa-
rate Tax-positive cells from Tax-negative cells (Fig. 2C). Ex-
pression of NF-kB target genes and apoptosis-related genes was
positively correlated with that of tax in each MT-1 cell (Fig. 2D
and Fig. S4). Interestingly, violin plots of several antiapoptotic
genes, such as CFLAR, GADD45B, TRAF1, and TNFAIP3,
showed two peaks in Tax-negative cells: one with almost no ex-
pression and another with lower expression than Tax-positive
cells (Fig. 2D). In addition, a 3D principal component analysis
(PCA) plot generated by the expression levels of these genes
revealed that there were two clusters in Tax-negative cells (Fig.

Mahgoub et al.

Time (hours)

87 cells with transient expression. Mean + SD is shown.

2F). These findings suggest that Tax influences the expression of
antiapoptotic genes in Tax-negative cells: there are two sub-
populations—those with medium and those with low levels of
antiapoptotic factors—and thus, different degrees of sensitivity
to apoptosis.

Tax Expression Is Induced by Cytotoxic Stresses and Contributes an
Antiapoptotic Property to Cells. Since Tax expression was associ-
ated with the up-regulation of antiapoptotic genes, we hypoth-
esized that Tax might be induced in response to cytotoxic stress.
First, we evaluated the effect of the phases of cell growth on Tax
expression. As shown in Fig. 34, the percentage of d2EGFP-
positive (Tax-expressing) cells increased stepwise from 1.2% at
day 1 to 11.5% at day 7 if cells were cultured without passage. In
contrast, the ratio of d2EGFP-expressing cells remained less
than 3% when cells were properly passed, suggesting that
stresses associated with the cell overgrowth triggered Tax ex-
pression. Importantly, under stressed conditions, the viability of
Tax-expressing (d2EGFP+) cells was strikingly higher than that
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of Tax-negative (d2EGFP-) cells (Fig. 3B). These observations
suggest that stress-induced Tax expression confers antiapoptotic
capacities on MT-1 cells.

Similarly, an inducer of oxidative stress, H,O,, induced Tax
(Fig. 3C, Left), and the viability of Tax-expressing cells was sig-
nificantly higher than that of nonexpressing cells (Fig. 3C, Right).
It has been reported that one of the platinum-containing anti-
cancer drugs, cisplatin, induces production of reactive oxygen
species (ROS) in cancer cells and contributes to cytotoxicity (20).
Cisplatin induced Tax in MT1GFP cells, while an inhibitor of
ROS, N-acetyl-L-cysteine (NAC), completely canceled its effect
(Fig. 3D). These results suggest that Tax functions as a safeguard
against apoptosis induced by various cytotoxic stresses.

Similar Mechanisms for Latency of HTLV-1 and HIV. It has been
known that cytotoxic stresses, such as DNA damage and oxidative
stress, activate the HIV LTR (21, 22). Several HIV reactivating
reagents (disulfiram, panobinostat, SAHA, and JQ-1) could also
induce Tax expression in MT1GFP cells (Fig. 3E). JQ-1 is an in-
hibitor of bromodomain-containing 4 (BRD4) and robustly reac-
tivates HIV transcription when it is used with phorbol 12-myristate
13-acetate (PMA) and ionomycin (23). A combination of

JQ-1 and PMA/ionomycin exhibited potent activity on Tax
induction in MT1GFP cells (Fig. 3F), suggesting overlapping
mechanisms for latency of HTLV-1 and HIV.

It has been reported that minimum feedback circuit between
HIV Tat and the HIV 5" LTR is sufficient to establish HIV la-
tency (19). When a lentivirus vector expressing Tat through the
HIV 5" LTR was transduced into Jurkat cells, gene expression
from the 5’ LTR was highly transactivated in most cells, while a
small population of infected cells became latent (24). Since our
results suggested that Tax has roles similar to Tat in latency, it
was tested if the HTLV-1 LTR-Tax circuit can generate latency
in T cells. We found that, in Jurkat cells expressing Tax and
d2EGFP through the HTLV-1 5’ LTR (Jurkat/LTRd2EGFP Tax
cells), a very small population expressed d2EGFP—just as was
the case for MT1GFP cells (Fig. S54, Right). In contrast, a
similar construct containing HIV Tat and HIV LTRs induced
continuous expression of Tat and d2EGFP in more than 95% of
cells, while a remaining subset was dormant (Fig. S5B); this
observation was compatible with the previous report (24).
Treatment by JQ-1, PMA, and ionomycin together could activate
expression of d2EGFP in all Jurkat/LTRA2EGFP Tax clones
(Fig. S5C), and time-lapse imaging revealed transient expression
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of d2EGFP in some untreated Jurkat/LTRdA2EGFP Tax cells
(Fig. S5D). These findings suggest that the Tax—5" LTR circuit is
a basic unit for modulating Tax expression flexibly in response to
various stimulations.

Tax Suppresses the Cell Cycle Transition from S to G2/M. A possible
alternate explanation for the big impact of Tax-KD on MT-1 cell
survival was that Tax-expressing cells might proliferate faster
than nonexpressing cells. To test this hypothesis, the effect of
Tax on the cell cycle was analyzed using a method combining
DAPI staining and 5-ethynyl-2'-deoxyuridine (EdU) incorporation
(Fig. 44)—a method by which we can evaluate temporal cell cycle
progression without synchronization (25). We found that the
proportions of cells in S and G2/M phases 2 h after the start of an
EdU pulse were comparable between Tax-positive and Tax-
negative cells. However, at 6 h, the proportion of G2/M cells
within the Tax-positive population was only ~80% of that within
the Tax-negative population (G2/M cells made up 39.4 and 48.7%
of Tax-positive and -negative cells, respectively), suggesting that, if
anything, Tax retarded, rather than sped up, the G2/M transition
of MT-1 cells (Fig. 4 B and C). This result implies that Tax does
not promote faster proliferation of expressing cells; rather, the
antiapoptotic property of Tax is responsible for the survival of
MT-1 cells.

The Carryover of Antiapoptotic Factors into the Tax-Negative Interval
Is Important for Maintaining the MT-1 Cell Population. Based on the
results of the Tax-KD and single-cell analysis experiments, we
hypothesized that transient Tax expression triggers antiapoptotic
genes in a small number of MT-1 cells, that this effect is carried
over in a significant number of these cells when they enter the
Tax-negative phase, and that such carryover is critical for the
survival and expansion of the cell population. To check this hy-
pothesis, we constructed a population-level agent-based model
(ABM) that can represent our experimental observations. More

A . 1st analysis
Pulse with EdU  \n5shout of EQU

} |

precisely, the ABM simulates the population dynamics of MT-
1 cells transduced with shNC or shTax4 as an inhomogeneous
(birth—death) Poisson process with a stage transition (Fig. 54
shows a schematic representation, and SI Materials and Methods
has details). We carried out ABM simulations and confirmed
that the time course of experimental data for the number and
fraction of shNC and shTax4 cells was well-reproduced in Fig. 5
B and C. Based on our ABM simulations, we reconstructed the
time course of the frequency of Tax-positive cells under normal
conditions. As shown in Fig. 5D, our simulation predicted that a
small number of MT-1 cells would express Tax (i.e., around 3%
at the steady state). In addition, we calculated the predicted
subpopulation dynamics of shNC and shTax4 cells (Fig. 5 E and
F, respectively). The numbers of cells that are Tax positive and
antiapoptotic gene positive (i.e., Ton), Tax negative and anti-
apoptotic gene high (i.e., TotAnign), and Tax negative and anti-
apoptotic gene low (i.e., ToAiow) are shown. Under normal
conditions (Fig. 5E), the fraction of cells that are T,, remains
small; however, the number of cells in each subpopulation in-
creases, and the total cell population expands, since MT-1 cells
are able to express Tax. This expression protects them from
apoptosis. In fact, our simulation predicts that the major sub-
population will be ToeAnigh, Which is consistent with our de-
tection of the expression of apoptosis-related genes in Fig. 2D.
However, under Tax-KD conditions (Fig. 5F), the fraction of
cells that are T,, decreases until there are almost none left,
because there is no additional transition of cells from Tax neg-
ative to Tax positive. The collapse of the Ty, subpopulation leads
to a corresponding decrease in antiapoptotic gene expression,
renders more cells susceptible to apoptosis, and decreases the
degree to which the total cell population expands.

To examine whether having experienced Tax expression pro-
longs cell survival time, we also calculated the survival proba-
bilities of the subpopulations of shNC cells in our ABM
simulations (details are in SI Materials and Methods). For this
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Fig. 4. Cell cycle transition in d2EGFP+ (Tax+) and d2EGFP- (Tax-) cells. (A) Scheme for analysis of cell cycle transition without cell synchronization. (B and C)
Cell cycle phase distributions for EdU+ cells among d2EGFP+ (Tax+) and d2EGFP— (Tax-) cells at 2 and 6 h. (B, Left) Gating strategy for EdU+ cells; (B, Right)
linear flow cytometric analysis of cell cycle with DAPI staining. Distribution of EdU+ cells is shown in red, and that of whole cells is blue. (C) Bar charts showing

the percentage of EdU+ cells in the indicated phase.
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calculation, we defined the subpopulations of shNC cells based
on whether Tax had been expressed at least once or had never
been expressed (solid and dashed lines in Fig. 5G, respectively).
Interestingly, in this simulation, Tax expression significantly in-
creases the average lifespan of the cell.

Taken together, these simulations support a model for ATL
persistence: transient expression of Tax in cells is responsible for
cell population-level maintenance and expansion (Fig. 6). In a
steady state (Fig. 6, Left), Ton cells turn successively into TofeA high
and then, TopAow cells. Although ToiAow cells are sensitive to
apoptotic signals and gradually die in culture, Tax-negative cells
proliferate more rapidly than Tax-positive cells. In response to
cytotoxic stresses, Tax can be induced in some Tax-negative cells,
and thus, Ty, cells are replenished, a process that is critical for
the persistence of the population. Tax-KD (Fig. 6, Right) causes
a decrease in Ty cells, resulting in a shortage of apoptosis-resistant
cells and the induction of massive apoptosis. This model enables us
to explain how such a small number of Tax-expressing cells has a big
impact on the dynamics of the whole population.

Discussion
Persistent viruses have evolved shrewd strategies to propagate in
vivo while evading host immune surveillance. Here, we show that
HTLV-1 utilizes a unique way to enhance survival and pro-
liferation of infected cells: the transient expression of Tax con-
fers an antiapoptotic property to cells and maintains the whole
population. Since it has been reported that continuous expres-
sion of Tax induces DNA damage and senescence in the
expressing cells (26, 27), it is suggested that short-term expres-
sion of Tax is beneficial to cells. Interestingly, a similar phe-
nomenon of cell survival being promoted by transient gene
expression was reported in mouse ES cells (mESCs). Zscan4,
which functions in the maintenance of telomeres, is transiently
expressed in only ~5% of mESCs at any given time. KD of
Zscan4 induces massive cell death before all cells experience its
expression (28). Moreover, expression of Zscan4 is linked to
activation of an endogenous retrovirus, MERVL (29). Those
studies and our observations suggest an association between the
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transient activation of retroviral LTRs and the maintenance of
cell populations.

Tax expression is essential for de novo infection by HTLV-1,
since viral transcription depends on Tax (30, 31). However, Tax
expression strongly induces expression of viral proteins, in-
cluding Tax, Env, and Gag, resulting in attacks by cytotoxic T
lymphocytes (CTLs). Therefore, intermittent Tax expression is a
clever strategy of HTLV-1 to evade the host immune response
most of the time, but it maintains the ability to cause de novo
infection under certain conditions. A recent study has reported
that fax is induced by hypoxia (32); it is compatible with the
previous observation that high fax expression was detected in the
bone marrow, which is physiologically hypoxic (33). As another
example, HTLV-1 can be transmitted through breastfeeding—a
process in which HTLV-1-infected cells have to pass through the
alimentary tract with acidic conditions and bile acids. Stress-
induced Tax expression would be beneficial for de novo in-
fection in these conditions. It is known that low pH and hypoxia
in the physiological environment suppress adaptive immunity
(34, 35), suggesting that infected cells may be able to “get away
with” expressing Tax for a limited time in such immunological
niches. To clarify the in vivo dynamics of Tax expression in im-
munocompetent hosts, additional studies using animal models
will be required.

Tax expression is suppressed by genetic/epigenetic mecha-
nisms in 50% of ATL cases (16, 36). The other one-half of ATL
cases have the potential to express Tax, and indeed, it is known
that nearly 50% of ATL cases express viral antigens after ex vivo
culture (37). In this study, we show that survival of MT-1 cells,
which express a level of fax similar to that of primary ATL cells
(17), depends on Tax, suggesting that clinical ATL cases are
divided into at least two classes: Tax-dependent and -in-
dependent ATL. A previous finding that the arsenic/IFN treat-
ment induced apoptosis of several Tax-expressing cell lines,
including MT-1, through degradation of Tax protein implies that
those established cell lines still possess the characteristics of Tax-
dependent ATL (38). It is known that the activity of Tax-specific
CTLs is an important factor in inhibiting the onset of ATL (15).
A recent study provided more evidence that Tax plays an im-
portant role in ATL: a clinical trial of a dendritic cell vaccine
targeting Tax was efficacious (39). Tax expression was faint in
fresh ATL cells of the enrolled patients, but it was inducible by
ex vivo culture. These reports support our hypothesis that tran-
siently expressed Tax plays critical roles in the development and
maintenance of ATL, even if its expression is limited to a small
fraction of leukemic cells. Recent comprehensive genomic studies
of clinical ATL cases showed that genetic/epigenetic alterations
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accumulate in Tax-associated genes (40, 41), suggesting that the
effects of these changes can substitute for Tax functions in
leukemogenesis.

It is noteworthy that expression of tax was contrary to that of
HBZ, even at the single-cell level (r = —0.8, P < 0.0001) (Fig.
2D). A similar observation in HTLV-1-infected T-cell clones was
published while our study was under consideration for publica-
tion (42). That study showed the heterogeneity in the expression
levels of tax and HBZ mRNA in fixed cells, whereas we here
show the dynamics of Tax expression using live cell imaging. Tax
and HBZ have opposing functions in many signaling pathways
(9); however, the significance of their contrary activities has not
been clarified. In this study, we found that Tax induces anti-
apoptotic genes, such as CFLAR, TNFRSF9, TRAFI, and
TNFAIP3 (43-45). In contrast, pathways associated with cell
proliferation, such as CD3, CD28, and melanogenesis-associated
transcription factor (46, 47), are significantly activated in
Tax-negative cells that express HBZ (Fig. 2B). This finding is
compatible with the previous studies that showed that HBZ
promotes T-cell growth by enhancing signals through CD3 and that
KD of HBZ suppresses the proliferation of ATL cells, including
MT-1 cells (12, 48, 49). The alternation of expression of Tax and
HBZ seems to execute cooperative programs for survival and
proliferation rather than cause them to interfere with each other.
It has been reported that hyperactivation of the NF-kB pathway
by Tax triggers senescence in HeLa cells, while HBZ could
cancel this suppressive effect (27), suggesting that the collabo-
ration of Tax and HBZ is important for the expansion of HTLV-
1-infected cells. Transgenic mouse models have shown that both
Tax and HBZ are oncogenic (50); however, their roles in HTLV-
1-infected individuals are thought to be more complicated due
to immune surveillance and the fact that human cells are more
resistant to malignant transformation than rodent cells (51, 52).
HBZ plays important roles in determining the immunopheno-
type of HTLV-1-infected cells, and HBZ itself has low immu-
nogenicity (53, 54). It has been reported that the expression level
of HBZ is higher in ATL cells than in nonleukemic infected cells,
implying that infected clones with higher HBZ expression are
selected during leukemogenesis (17). These findings suggest that
constant expression of HBZ drives proliferation of cells with this
specific immunophenotype, while transient Tax expression en-
gages to inhibit cell death caused by various stresses. The dif-
ferent functions and expression patterns of Tax vs. HBZ are
thought to be important in the malignant transformation of
human T cells.

Recent studies show that many pathogens can persist in their
reservoirs during both acute and chronic infections and reemerge
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Fig. 6. Proposed model of the dynamics and significance of Tax expression. (Left) Under normal conditions; (Right) under Tax-KD conditions.
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in the host under stressful conditions (55). In this study, we show
that the HTLV-1 5’ LTR is activated by various cytotoxic stresses
and several reagents that reactivate latent HIV (Fig. 3). These
results suggest that HTLV-1-infected cells utilize mechanisms
analogous to those of latent HIV-infected cells to act as reser-
voirs. One example is the antagonism of Tax and Tat to BRD4.
BRD4 is a negative regulator of positive transcription elongation
factor b (P-TEFDb). It has been reported that both Tax and Tat
compete with BRD4 for binding to P-TEFDb (56, 57), and indeed,
we found that a BRD4 inhibitor, JQ-1, efficiently reactivated the
HTLV-1 5’ LTR (Fig. 3 E and F and Fig. S5C). These findings
suggested that BRD4 can interrupt the positive feedback loop
generated by the 5' LTR and Tax/Tat and allow the establish-
ment of latent infection by HTLV-1/HIV. Interestingly, many
other viruses, including KSHV and human papilloma virus, also
use BRD4 and/or P-TEFb to regulate viral lifecycles and path-
ogenesis (58-60). Identification of the cellular factors acted on
by diverse viruses will contribute to exploring common mecha-
nisms of viral latency and reactivation. In the case of HTLV-1,
several repressors of viral replication, such as p30, Rex, and
HBZ, are encoded in the provirus (9). These viral factors may be
able to regulate the duration and/or timing of Tax expression in
infected cells more elaborately. Additional investigation will be
required to understand the precise roles of each protein in
HTLV-1 latency.

Since the discovery of HTLV-1, a number of studies on its
pathogenesis have been conducted; however, the prevention and
treatment of HTLV-1-induced diseases are still unsatisfactory
(61). In this study, we showed that sporadic and transient Tax
expression in a small subset of cells has significant influence on
gene expression of their progeny cells and consequently, main-
tains the whole population of ATL cells. This is a mechanism of
the retrovirus for persistence and latency in vivo, and elucidation
of this mechanism can contribute to a better understanding of
viral pathogenesis and the development of strategies for treat-
ment and prophylaxis of viral-associated diseases.

Materials and Methods

Cells. An IL-2-independent ATL cell line MT-1 (62), two IL-2-dependent ATL
cell lines KK-1 and SO-4 (63), and an HTLV-1-negative T-cell line Jurkat were
used in this study. MT-1 and Jurkat cells were maintained in RPMI supple-
mented with 10% (vol/vol) FBS. The MT1GFP cell line was maintained as MT-
1 cells were, with the addition of 500 pg/mL G418 (Nacalai). KK-1 and SO-4
cell lines were maintained in RPMI supplemented with 10% FBS and IL-2
(100 U/mL; PeproTech).

Clinical Samples. Fresh ATL cells were obtained from 20 aggressive-type ATL
cases and used for extraction of genomic DNA and total RNA. Use of the
clinical samples in this research was approved by the Ethics Committee of
Kyoto University (approval no. G204). Written consent was obtained from the
patients. Using genomic DNAs from primary ATL cells and ATL cell lines, DNA
methylation level of 5 LTR was analyzed by the Combined Bisulfite Re-
striction Analysis method as previously described (36). Expression level of tax
in fresh ATL cells was analyzed by a conventional gRT-PCR (16).

GFP Competition Assay. The GFP competition assay (64) was carried out to
observe the long-term effect of Tax-KD on MT-1 or Jurkat cells transduced
with pLKO-GFP lentivirus expressing shNC, shTax1, or shTax4. Cells were
infected with concentrated lentivirus at a multiplicity of infection (MOI) of
0.5 to adjust the ratio of transduced cells to around 50%. The effect of
shRNAs on target cells was evaluated by measuring the percentage of GFP+
cells using a FACSverse flow cytometer (BD Biosciences).

Single-Cell qPCR. The C1 Single-Cell Auto Prep Array for PreAmp (Fluidigm)
was used for harvest of RNA, cDNA synthesis, and preamplification of cDNA
(18 cycles of PCR for the target genes) from single cells according to the
manufacturer’s instructions. After loading cells onto an integrated fluidic
circuit, we checked all 96 chambers by microscope to verify capture of a
single cell. Thereafter, preamplified cDNA was harvested and subjected to
gPCR. The Biomark HD system (Fluidigm) combined with EvaGreen
chemistry (Bio-Rad) was used for the gPCR assay. To increase specificity,
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we used nested primers (one pair for the preamplification step and an-
other pair for the subsequent qPCR of 30 cycles). The sequences of the
primers used in this study are indicated in Table S3. Raw data were pro-
cessed by Fluidigm Real-Time PCR analysis software, and the melting
curve was used to determine the pass/failure call of qPCR. Data were
analyzed with the R program using the Singular Analysis Toolset package
(Fluidigm). Any chamber that contained more than one cell was excluded
from analysis; outlier cells that had low global expression were also ex-
cluded. The level of detection value was set to 24 cycles according to the
manufacturer’s recommendation.

Time-Lapse Imaging. For live cell imaging, 8 x 10 MT1GFP cells were seeded
in a 5-mm glass-bottom dish (Matsunami) precoated with poly-p-lysine
(Sigma) and incubated at 37 °C in 5% CO,. Images in the differential in-
terference contrast (DIC) and GFP channels were captured with an LCV110
microscope (Olympus) every 20 min for 96 h. Semiautomated cell tracking
was done by Fiji software with the Trackmate plugin (65). Cells, which had
already expressed d2EGFP at the beginning of the observation, were ex-
cluded from analysis, because the starting point for expression was unknown.
To analyze single-cell dynamics of d2EGFP expression, normalized fluorescence
intensities are plotted against time. The starting time (t = 0) is the time at
which the cell started expressing d2EGFP above background level.

RNA-Seq. MT1GFP or KK1GFP cells were sorted into d2EGFP+ and d2EGFP—
populations with a FACSAria Ill (BD Biosciences), and RNA was then
extracted using the RNeasy mini kit (Qiagen). Single-end RNA sequencing
was performed (BGI). A quality check was done with FastQC, and then,
Tuxedo pipeline was used for RNA quantification (66). Upstream regulator
analysis was carried out by Ingenuity Pathway Analysis (Qiagen).

Cell Cycle Analysis. To measure the cell cycle dynamics of MT1GFP cells
without cell synchronization, a method combining EdU incorporation and
DAPI staining was carried out as previously described (25) using the Click-iT
Plus EdU Alexa Fluor 647 kit (Thermo Fisher). Initially, 1 x 107 cells were
cultured in complete RPMI medium containing 10 pM EdU for 2 h and
washed thereafter. At that point (time = 2 h), one-half of the cells were
fixed and stained for EdU and DAPI according to the manufacturer’s pro-
tocol. The other one-half of the cells were recultured again for 4 h without
adding EdU. At the end of the assay (time = 6 h), those cells were washed,
fixed, and stained. Cell cycle status in the d2EGFP+ or d2EGFP— population
was analyzed using a FACSVerse based on the levels of EdU and DAPI.

Statistical Analysis. Statistical analysis was done using Microsoft Excel, GraphPad
Prism, R, or Python. Data obtained by flow cytometry were analyzed with
FlowJo. Two-sided t test was used to compare between two different groups.

Computational Simulations. A simple deterministic two-state model of Tax-
positive feedback was developed (the chemical reaction scheme is shown
in Fig. S3A) (19) and simulated by the Gillespie algorithm (67) to investigate
the stochastic dynamics of Tax expression, especially to estimate the length
of Tax expression (tperiog) and the interval between Tax expression episodes
(tinterva)- In addition, an ABM of cell population dynamics (birth-death
Poisson process) with stage transitions as described in Fig. 5A was con-
structed based on the individual-based Gillespie algorithm (67) to confirm
the experiment-based hypothesis that the transient expression of Tax is a
critical event for the persistence of the MT-1 cell population. Additional
details are in S/ Materials and Methods.
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S| Materials and Methods

Plasmids. The PiggyBac Transposon system (System Biosciences)
was used in this study. A Tax-responsive element (TRE)-driven
reporter plasmid, PB-18 x 21-RFP, and a transposase expression
vector, PB-Tase, were provided by Chou-Zen Giam, Uniformed
Services University of Health Sciences, Bethesda (1). To obtain
d2EGFP under the control of the TREs, we generated PB-18 x
21-d2EGFP from PB-18 x 21-RFP and pd2EGFP (Clontech) by
replacing the coding sequence of RFP with the fragment containing
d2EGFP and the neomycin resistance gene. The 2A peptide-based
bicistronic construct expressing Tax (or Tat) and d2EGFP through
the HTLV-1 5’ LTR (or HIV 5’ LTR) replaced the CMV promoter
of PB-CMV-MCS-EF1-Puro (System Biosciences) to produce
PB-HTLV-1 LTR-d2EGFP Tax and PB-HIV LTR-d2EGFP Tat,
respectively. For KD experiments, lentivirus vectors expressing
shRNAs were used. For shRNAs, a fragment targeting a Tax coding
sequence (shTaxl: gecttectcaccaatgttc or shTax4: ggcagatgacaatg-
accatga) or a nontarget sShRNA (shNC: caacaagatgaagagcaccaa)
was inserted into pLKO.1-EGFP (Sigma-Aldrich).

Transfection and Lentivirus Transduction. We stably transfected MT-
1 cells with the reporter transposon PB-18 x 21-d2EGFP using
the Neon Transfection System (Thermo Fisher Scientific), thus
generating MT1GFP cells; 5 x 10° MT-1 cells were electro-
porated with 1 pg of PB-18 x 21-d2EGFP and 0.3 pg of PB-Tase
helper plasmid. Forty-eight hours later, G418 (1,000 pg/mL) was
added for selection. Stable clones were isolated by limiting di-
lution and expanded in 96-well plates. For lentivirus production,
3-5 x 10° of HEK293T cells were seeded in a 10-cm dish, and
24 h later, they were transfected with 15 pg of HIV Gag/Pol-
expression plasmid (pCMVAS/9), 7.5 pg of Env expression
plasmid (pVSV-G), and 15 pg of shRNA-expressing plasmid
(pPLKO-GFP-shRNA). Polyethylenimine (PEI MAX 40000 from
Polysciences) was used for packaging of the lentivirus vectors.
Forty-eight hours after transfection, the supernatant was col-
lected and concentrated using ultracentrifugation; 3 x 10° MT-
1 or Jurkat cells were seeded in 12-well plates and infected with
the concentrated virus.

Flow Cytometry. To measure GFP expression, cells were washed
once with FACS buffer (PBS + 2% FBS) and analyzed with a
FACSVerse directly or after staining with LIVE/DEAD Near-IR
(Molecular Probes) for viability. For apoptosis, cells were stained
with Alexa Fluor 647 Annexin V and 7-AAD (Biolegend). For
intracellular staining of Tax, cells were fixed and permeabilized
with the Foxp3 Intracellular Staining Buffer Set (eBioscience)
and then stained with anti-Tax mouse monoclonal antibody
(clone MI73) and anti-Mouse IgG Alexa Fluor 647 (Life Tech-
nologies). Cells were also stained with DAPI to exclude sub-
G1 dead cells.

Stochastic Simulation of Intracellular Tax Expression Model. A pre-
vious study on HIV elegantly established a mathematical model of
5" LTR activation by Tat in latently infected cells (2). We
adapted this model to simulate the regulation of the HTLV-1 5’
LTR by Tax (Fig. S34 shows a schematic representation). We
tested several parameters used in the HIV study and adjusted
them to fit our experimental data of transient Tax expression
(Fig. S3 B-D and Table S1) (see below). A simple deterministic
two-state model of Tax-positive feedback was developed (the
chemical reaction scheme is shown in Fig. S34) (2). A stochastic
simulation model corresponding to the deterministic two-state

Mahgoub et al. www.pnas.org/cgi/content/short/1715724115

model was constructed and implemented by the Gillespie algo-
rithm (3) to investigate the stochastic dynamics of Tax expres-
sion, especially for the length of Tax expression (fyerioa) and the
interval between Tax expression periods (finterval):

d
T [5'LTRorr) = —kon[5'LTRoFF| + korr[5'LTRoN]
— kind[S'LTRon][Tax] + kunpina[S'LTRON -Tax)»

d
CE [5 /LTRON] =k0N [5/LTROFF} _kOFF [S'LTRON],
d
7 MRNA| = ki [S'LTRow) + Ka[S'LTRoN 1] — 3 mRNA,

d
E [Tax] = kp [mRNA} — kbind [5 'L TROFF} [Tax]
+ kunbind [5 'L TRON—Tax] - 5p [Tax],

d
7 [5'LTRON-Tax]) = kvind[S'LTRoFr][Tax] — kunbina [S'’L TRON -Tax) -

The description of the chemical reaction scheme and parameter
values used in our simulations is summarized in Table S1. The
Gillespie direct method was coded in C++ (the source code is
freely available at https://github.com/petadimension/Tax_dynamics/)
to achieve fast and efficient computations. Each stochastic sim-
ulation was performed until a computational time of 100,000. An
arbitrarily chosen timescale factor 0.00065 was multiplied with
the computational time to imitate the experimental time period
for the live cell imaging (65 h as a maximum period). Initial condi-
tions for all chemical reaction agents were set to zero, except for
5’LTRon (the second variable in the deterministic model), which
was set to one. A sample path of Tax protein population (the fourth
variable in the deterministic model) is presented in Fig. S3B.

Fitting Mathematical Model to Data. Simulated Tax periods gen-
erated from the stochastic simulation model were fitted to the
distribution of experimentally observed Tax periods (gray bars in
Fig. S3C). Using the “entropy” package of statistical software R
(4), we calculated the discretized Kullback-Leibler divergence
for simulated and experimental data of Tax periods with equal-
sized 10 bins (7 h each) to evaluate the closeness of fit between
the simulation and experimental data. In fitting, all of the pa-
rameters except for Kping and kynbing Were kept fixed to the ref-
erence value (Table S1). A brute force computation of closeness
was performed on a uniform 16 x 16 grid of (kpind, Kunbind ), Where
the ranges of kping and kynbing are set to [0.0005, 0.04] and [0.005,
0.04], respectively. The ranking of closeness (ranking 1-256) is
presented in Fig. S3D.

Agent-Based Simulation of Cell Population Dynamics. The ABM
simulating the population dynamics of MT-1 cells transfected
with shRNA as a Poisson (birth—-death) process with a stage
transition as described in Fig. S54 was constructed based on the
individual-based Gillespie algorithm: an extension of the con-
ventional Gillespie algorithm (3), which allows one to include
nonexponentially distributed waiting times of event occurrences
as a nonhomogeneous Poisson process (5). Possible events in-
clude cell division, death, and stage transitions among three cell
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types. The ABM that we constructed describes cell division and
death events as a Poisson process with the growth rate parameter
g=0.68 for both Tax-negative cells expressing high levels of
antiapoptotic genes (ZofeAdnign cells) and Tax-negative anti-
apoptotic gene expression low (TofAow) cells as well as the
growth rate parameter gon =0.54 for Tax-expressing (7on) cells.
The lower value for the g,, parameter reflects our experimental
observation that the transition to G2/M occurs only 80% as
quickly in T, cells (Fig. 4). We used the death rate parameter
6=0.25 for TopAiow cells. The stage transition of Tax-negative
cells from antiapoptotic gene expression high to low is also de-
scribed by a Poisson process with rate parameters p =0.02 and
p*=0.40 for shNC and shTax4 cells, respectively. Note that the
parameters governing the rates of other stage transitions (i.e., the
transition from Tax,, to Tax.y and vice versa) need to be de-
termined based on sampling from experimental (or previously
simulated) Tax period/Tax interval data, which would be appro-
priately fitted with nonexponential distributions. In fact, our ABM
allows us to include sampling of arbitrary waiting times (Tax pe-
riods and intervals) from experimental (or previously simulated)
data. We summarize the parameter values in Table S2.

To simulate and reproduce the dynamics of shRNA-transduced
cells growing in a mixture with untransduced cells, we need also to
consider the growth rate of the untransduced cells. Untransduced
MT-1 cells would show the same population dynamics as sShNC-
transduced cells in our ABM. Numerical simulation results from
our ABM exhibit transient behaviors until day 3 due to de-
mographic stochasticity when the number of cells is small (i.e.,
around 10 cells). However, after this transient phase, a steady-
state phase is reached, in which our numerical results are quite
stable. Hence, we started our ABM after day 3 to avoid possible
artifacts due to demographic stochasticity in a transient phase.
We fixed the initial numbers of MT-1 cells with and without
shRNA at day 3 at 104 and 63, respectively. (The corresponding
expected numbers of cells at day 0 are 12 and 11, respectively.)
The initial conditions of ABM simulation were set as follows. For
both shNC and shTax4 cells, less than 10% of the total cell
population are T,,. However, we assumed that large and small
fractions of the total cell population consist of TszApigh for sShNC
and shTax4 cells (78 and 2%, respectively). This is because we
needed to consider the effect of Tax-KD on the expression of
antiapoptotic genes. We also confirmed that the choice of these
values is not qualitatively essential in a steady-state phase (re-
sults not shown). ABM simulations for mixtures of MT-1 cells

. Zahoor MA, Philip S, Zhi H, Giam CZ (2014) NF-kB inhibition facilitates the establish-
ment of cell lines that chronically produce human T-lymphotropic virus type 1 viral
particles. J Virol 88:3496-3504.

2. Razooky BS, Pai A, Aull K, Rouzine IM, Weinberger LS (2015) A hardwired HIV latency

program. Cell 160:990-1001.
3. Gillespie DT (1976) A general method for numerically simulating the stochastic time
evolution of coupled chemical reactions. J Comput Phys 22:403-434.

Mahgoub et al. www.pnas.org/cgi/content/short/1715724115

with and without shRNA were performed until day 21. Simula-
tion results with Tax period sampling from experimental and
simulated values for shNC and shTax4 cells are shown in Fig.
5 and Fig. S6, respectively.

Since the total number of MT-1 cells without shRNA reaches
10* around day 10, the propensities of cell division, death, and
transition rarely change. In other words, the propensities re-
quired to determine the relative occurrence of an event to be
selected in the Gillespie algorithm remain almost constant for a
period of computational time. This allows us to skip updating the
propensities, which efficiently reduces computational time.
Hence, we adopted an approximation algorithm to update pro-
pensities only once every 10,000 events if the total cell number
exceeds 10* (after day 10) and confirmed that this approximation
does not affect population dynamics. The ABM is coded and
implemented by statistical software R. (The source code is avail-
able at https://github.com/petadimension/Tax_dynamics/tree/
master/ABM.)

Survival Probability for Subpopulations. We performed a tracking
simulation for the shNC population to investigate the difference
in survival time among subpopulations. Note that, in this simu-
lation, subpopulations are defined as Tax experienced (cells in
which Tax has already been expressed at least once) or Tax naive
(cells in which Tax has never been expressed). Let a denote the
age of a daughter cell, which corresponds to the time since a
mother cell divided. Since we were calculating survival proba-
bilities, we only needed to track the survival of one cohort: a
subgroup of cells with the same age a. In the tracking simulation,
we recorded the times of cell death and the statuses of all cells,
and we produced probability density distributions f;(a) for the
survival time of the Tax experienced (i=e¢) and naive (i=n)
subpopulations. Survival probabilities are then derived as

a
Fi(a)=1- [fi(s)ds (6). In this tracking simulation, we used the
0

same parameter values that we used in the ABM simulations (see
above) (Table S2), except for the growth rate (g=0 for the
tracking simulation, because tracking requires only one cohort)
and the initial number of a target cohort, which is set to 10,000.
Survival probability curves of the two subpopulations are shown in
Fig. 5G: about 90% of Tax nonexperienced cells die within 2 wk,
but Tax experienced cells survive much longer, suggesting that Tax
expression can make a significant contribution to cell survival.

4. R Core Team (2017) R: A Language and Environment for Statistical Computing.
Available at www.R-project.org/. Version 3.3.3.

5. Nakaoka S, Aihara K (2013) Stochastic simulation of structured skin cell population
dynamics. J Math Biol 66:807-835.

6. Aalen O, Borgan O, Gjessing H (2008) Survival and Event History Analysis: A Process
Point of View (Springer Science & Business Media, New York).
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Fig. S1. Effects of shRNAs against Tax on HTLV-1-uninfected cells. (A) Tax-KD does not cause apoptosis in uninfected cells. Jurkat cells were transduced with

anti-Tax shRNA or control nontarget shRNA. The percentage of dead cells in the transduced (GFP+) population was measured by flow cytometry using LIVE/
DEAD reagent. (B) AnnexinV/7-AAD double staining in shRNA-transduced Jurkat cells at day 15 posttransduction.
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Fig. S2. Tax expression in several ATL cell lines. (A) Intracellular Tax staining in ATL cells lines KK-1and SO-4 and an HTLV-1-negative T-cell line Jurkat. FSC,
forward scatter. (B) Generation of a Tax reporter subline of KK-1 (KK1GFP). (Upper) Scheme of the reporter cassette expressing d2EGFP under the control of
tandem repeats of TRE. (Lower) Expression of d2EGFP in a representative subclone of KK1GFP. (C) Correlation between levels of tax mRNA and DNA meth-
ylation of 5’ LTR in fresh ATL cells and ATL cell lines. Fresh ATL cells from aggressive-type ATL (n = 20) and three ATL cell lines (MT-1, KK-1, and SO-4) were
subjected to the analysis.
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Fig. S3. Computational simulation of intracellular Tax expression dynamics. (A) Scheme for the mathematical modeling of the Tax expression process. (B) A
sample path of the stochastic simulation of the Tax expression process. The Tax period is defined as the time period of sustained Tax expression between the
start point (the first time to reach the burst threshold of 200 copies from no expression) and the end point (the time to return to no expression; i.e.,
toeriod = t1 — to). The Tax interval is defined as the time from the end of one Tax period to the beginning of the next (the time during which the Tax con-
centration never reaches the burst threshold; i.e., tinervai =t2 — t1). (C) The experimental and simulation-predicted distributions of Tax period durations are
shown. (D) The ranking of feasible parameter sets determined by computing the closeness of simulated and experimentally determined Tax periods. For each
choice of the two parameters kping and kunping, @ distribution of Tax periods was generated by a single long-run stochastic simulation (up to 1.0x 102 h). The
closeness between simulated and experimental Tax periods was then numerically computed by the discretized Kullback-Leibler divergence (R package en-
tropy). The ranking is determined by the closeness: the box with the minimum Kullback-Leibler divergence value is ranked one. If no Tax periods are found, the
maximum Kullback-Leibler divergence value is assigned (boxes with ranking 256). (E) Comparison of histograms for the distribution of Tax periods between
the collection of short-run (up to 65 h) and long-run (65,000 h) stochastic simulations. A total of 362 Tax periods from 10,000 short-run simulations are used (red
bars), while 407 Tax periods were obtained from a single long-run simulation (blue bars). (F) Plots of Tax periods generated from short-run stochastic simu-
lations. Twenty-four samples that exhibit a Tax interval are mapped on the time axis. (G) The simulation-predicted cumulative distribution of Tax intervals is
shown; 50% of Tax intervals are longer than about 40 d.
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Fig. S4. Violin plots of genes expressed differentially in Tax+ and Tax— MT1GFP cells. Results of single-cell gPCR for the selected genes are shown as violin
plots. Inner lines represent the population’s distribution percentiles: (top line) 75th; (middle line) 50th; and (bottom line) 25th.
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Fig. S5. Latent phenotype established by HTLV-1-LTR Tax minimal circuit. (A and B) d2EGFP expression under the control of the LTR promoter from HTLV-1 or
HIV-1 in the presence or absence of transactivator (Tax or Tat, respectively) in stably transfected Jurkat cells. (A) d2EGFP expression from the HTLV-1 LTR: basal
transcription (Left) and transcription in the presence of Tax-positive feedback (Right). (B) d2EGFP expression from the HIV-1 LTR: basal transcription (Left) and
transcription in the presence of Tat-positive feedback (Right). (C) Reactivation of LTR Tax latency. Several Jurkat subclones stably transfected with HTLV-1-LTR-
d2EGFP-2A Tax (Jurkat/LTRA2EGFP Tax cells) were established. All subclones had a similar latent phenotype and could be drastically reactivated by PMA/lonomycin +
JQ1 treatment. (D) Transient expression of Tax and d2EGFP in Jurkat/LTRA2EGFP Tax cells. White arrowheads indicate cells transiently expressing Tax. Cells were
seeded in CytoCapture imaging dish (zell-kontakt GmbH) coated with Fibronectin (Corning).
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Fig. $6. An agent-based simulation using Tax period sampling from previously simulated values. The simulation in this figure resembles the simulation in Fig.
5, except that Tax period sampling is done from simulated values (i.e., the gray bars in Fig. S3C) and Tax interval sampling is from simulated values (i.e., Fig.
S3G). (A and B) Time course of the number and fraction of shNC and shTax4 cells. (C) The simulated dynamics of the frequency of Tax-positive cells in the
normal MT-1 cell population. (D and E) The simulated dynamics of subpopulations of cells transduced with shNC (D, blue lines) or shTax4 (E, green lines).

Table S1.

Reactions

Chemical reaction scheme and parameter values for stochastic simulation of the intracellular Tax expression model

Description Rate and value*

5" LTRorr < 5" LTRon Promoter toggling from active to inactive state kon =3.0x 107" kopr =1.0x 1072*

5 LTRon — 5 LTRon + MRNA Transcription of mRNA encoding Tax km=0.1*

MRNA — mRNA + Tax Translation ko =10*

5 LTRogr + Tax < 5 LTRon.Tax Tax binding/unbinding to 5’ LTR Kpind =2.5%1073," kynping = 1.8 x 10727
5 LTRon.Tax = 5 LTRon.Tax + MRNA Transactivated rate of transcription ks =5*

mRNA - ¢ mRNA decay Sm=1

Tax — ¢ Tax decay 8p=0.125%

*Time in simulation is in arbitrary units.
"These parameter values, which are specific to HTLV-1, are estimated from experimental data by fitting.
*These parameter values are fixed as estimated in ref. 1.

1. Razooky BS, Pai A, Aull K, Rouzine IM, Weinberger LS (2015) A hardwired HIV latency program. Cell 160:990-1001.
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Table S2. Parameter values for agent-based simulation of cell population dynamics under normal and Tax-KD

conditions

Parameter Description Unit Value
Jon Growth rate of Tax-expressing cells Day™’ 0.54"
g Growth rate of Tax-negative cells with or without antiapoptotic gene expression Day™' 0.68"
P Decay rate of antiapoptotic gene expression for ToApigh for shNC cells Day™’ 0.02"
p* Decay rate of antiapoptotic gene expression for TotApign for shTax4 cells Day' 0.40"
5 Apoptosis rate for TogAjow cells Day™’ 0.25"

"These parameter values are estimated from experimental data by fitting.
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qPCR primers

Forward

Reverse

Forward

Reverse

ACTB
ATF3
BCL2
BCL2A1
BCL2L1
BCL3
BIRC5
CADM1
CASP4
CASP8
CCL20
ccL2z
ccL3
CCND2
CCR10
CCR4
CCR6
CCR9
CD48
CD55
CD69
D82
CD99
CDC25B
CDKN1A
CFLAR
COL1A1
CREB3
CXCL10
CXCL11
CXCL8
DUSP1
DUSP2
EGR1
FZD6
GADD45B
HIF1A
HIGD1A
ICAM1
ID2

IFIT2
IFIT3
IKZF1
ILTORA
IL13
IL15
IL23A
IL2RA
IMMT
INSIGT
JUNB
LSP1
LY75
MAP3K14
MTI1X
MT2A
MYD88
NFKB1
NFKB2
NFKBIA
NR4A1
NR4A2
PHF13
PKMYT1
PPP1R21
PRKACB
PYCARD
RELA
RGST
SELPLG
SMAD7
SMIM4
STAT1
STAT3
STAT4
STAT5A
STAT5B
THEMIS2
TNFAIP3
TNFRSF1B
TNFRSF9
TNFSF10
TNFSF4
TNIP1
TP53
TRAF1
UBE2C
WiIPI1
tax

hbz
Spike1
Spike4
Spike7

CCTTCCAGCAGATGTGGATCAG
GCTGTCTTCCTGTGTACCTCTA
GGATTGTGGCCTTCTTTGAGTT
CGTCCAGAGTGCTACAAAATGT
CCTAAGGCGGATTTGAATCTCTT
CAGGATTTGCACAGAAGCACAT
GACCACCGCATCTCTACATTC
GAAGTACAGTATAAGCCTCAAGTGC
TGGGCTCTATCTTCATCACACA
CTTTGACCACGACCTTTGAAGA
GTGCTTATCTAATTTGTGCCTCACT
CTTCTACTGGACCTCAGACTCC
CTGCAACCAGTTCTCTGCATC
GGAAGTTGAAGTGGAACCTGG
CTAGGGCTGCGAATCTAGAGG
AAAGCAAGCTGCTTCTGGTTG
GATACAGTCAACAAGCCTGACC
GGAAGTTCCAGACCTTCATGTG
ATGGAAGATCAAGCTGCAAGTG
CCCTAATCCGGGAGAAATACGA
GAGCTCCAGCAAAGACTTTCAC
GATGGGCTCAGCCTGTATCAA
TTAATCTTGCGATGTGCTTTGC
CTGGACAAGAGAGTCATCCTCA
ACCAGCATGACAGATTTCTACC
CCCCTAGGAATCTGCCTGATAA
AGACATGTTCAGCTTTGTGGAC
GGCTAGTACTGACAGATGAGGA
TGTCCACGTGTTGAGATCATTG
TGGGGTAAAAGCAGTGAAAGTG
AAACTTTCAGAGACAGCAGAGC
GAAATCCTGCCCTTTCTGTACC
GATCTTGCCCTACCTGTTCCT
TAGGTCAGATGGAGGTTCTCAG
CTTGGGTCTCTGATCATTGTCG
GAGTCGGCCAAGTTGATGAATG
TACAGGATGCTTGCCAAAAGAG
ACAGGTGTTTCCCTTCCTTCAT
ATGTGCAAGAAGATAGCCAACC
TCAAATGACAGCAAAGCACTGT
TCAGCATTTATTGGTGGCAGAA
GGCAGTATTTTCCTGTCAGCAT
ATATTGGAGACCGGAGGGTAAC
CTCCTAACCTCTGGAGAAGTGG
TCATTGCTCTCACTTGCCTTG
GAAGTGCTTTCTCTTGGAGTTACA
TGATGTTCCCCATATCCAGTGT
GGAAGACAAGGTGGACCCAG
GCTCGGGATGACTTTAAACGAG
ACTGCATTAAACGTGTGGTGTT
GCACTAAAATGGAACAGCCCTT
TATTGTGGCTGGAGACATGAGC
AAGAGTTGTCTGCAAAGTGCC
GCAGCTGGAAATAGAATTATTCCTC
CCACGCTTTTCATCTGTCCC
AATGCACCTCCTGCAAGAAAAG
CAATTCCTGGAGATGCCAACTT
CCGTGTAAACCAAAGCCCTAAA
TGTTGCATATGCCTGACTTTGA
AATGCTCAGGAGCCCTGTAA
ATAGCGCCGTGCTGTAAATAAG
GAATGAATGAAGAGAGACGCGG
ATGATGAGGACATCATGGTGGA
CCTCACCATCCTGGAAGTGG
TGCGTTAAGAGCCAGGAATCTA
CTGGAGATACCAGCAACTTTGA
CCTAAGGGAGTCCCAGTCCTA
GCTTGTAGGAAAGGACTGCC
TGCAATGGTCTCAATCTCTGGA
CTCTAACATCTCCCATGGCTCT
GCTTTCAGATTCCCAACTTCTTCT
TCCAGTGCTTAGTTCCGTCATA
GACCGCACCTTCAGTCTTTTC
CACTACTAAAGTCAGGTTGCTGG
CTAATGCTTGGGCATCCATCAT
CACAGAACCCTGACCATGTACT
CTACGTGTTTCCTGATCGGC
AGAAGGTGGTCTGTGAGAACC
GACACAGACTTGGTACTGAGGA
CATGCCGGCTCAGAGAATACTA
CAGGATGCAGCATGTGTGAA
GGCATTCATTCCTGAGCAACTT
GTCTGTCAACTCCTTGATGGTG
CTGGCCAAGTCCAAGATTGAAA
GCTCAGATAGCGATGGTCTGG
CACTTTCCTGTGGAAGATCACC
ATAAGCTCTCGCTAGAGTTCCC
ATGGATTCACAATTCCTCTGCG
GATCCCAAAGAAAAAGACCACCA
TAAACTTACCTAGACGGCGGAC
GTATTTGATTACCGGCAACGGA
ATGCGTAGATAACATTCAGGCG
GAGAAAGGTAATGACCTGGTGC

TCATCTTGTTTTCTGCGCAAGTTAG
AAATCCTGGAGTTGAGGCAAAG
CCAGCCTCCGTTATCCTGG
CCGTCTTCAAACTCCTTTTCCA
TATAATAGGGATGGGCTCAACCAG
GGAAATGGAAGATGTGGGTGG
GCTCCTTGAAGCAGAAGAAACA
TTCATCATCGACTCTCACCCAA
TCATGGACAGTCGTTCTATGGT
CATGGGAGAGGATACAGCAGAT
TAGCTAAACACAGAAAACCTACAGC
GGTCATCAGAGTAGGCTCTTCA
TTAGGAAGATGACACCGGGC
CAAACTTAAAGTCGGTGGCACA
GGGTTGCATCTCATTTCCATGT
TGCAAGGCTTGGGGATACTTT
CAACCTGAGCTGCTTTATCCAA
TTTCTCCCTCCAAGTATGTGCT
TTTTGTCCCCATACCAGGTGTA
GGACAGAGCTGCCTGAAATAAG
GGACTGGTGGCATCATTTTCTT
GGAGGTTTGCAGGACAGAGAT
AATAATGGCCAGCCTTTCACAT
TAGCCGCCTTTCAGGATATACA
CACACAAACTGAGACTAAGGCA
TACAGGCAAATTGGCCAAGAAT
GTACCTGAGGCCGTTCTGTA
GGCTCTCTTGAGCAGATCTTTTA
GATTTTGCTCCCCTCTGGTTTT
ATAAGCCTTGCTTGCTTCGATT
CAGAGCTGCAGAAATCAGGAAG
AGGGATGCTCTTGTACTGGTAG
TCCACAGGGATACTCTTGTAGC
AGAACTTGGACATGGCTGTTTC
TTTTGCTTCCAACCCAGAAGAC
ACGATGTTGATGTCGTTGTCAC
GGAGAAAATCAAGTCGTGCTGA
AGTATTTCCCCTGCTCTTCAGT
GGTAAGGTTCTTGCCCACTG
CCATTCAACTTGTCCTCCTTGT
ATGGCATTTTAGTTGCCGTAGG
AGGCTTCTGATGCTCTGTTTTC
TTACAGAAGGGATATGGGGCAA
AGAAGATGATGACGTTGGTCAC
GTTGATGCTCCATACCATGCTG
TCCTCACATTCTTTGCATCCAG
AGAAGGCTCCCCTGTGAAAATA
TGAAAATCTGTTGTTGTGACGAGG
TCAATACGACGATGTGCATGAG
ACAAGGCTCAGATTGGTTTTCA
CTTTGAGACTCCGGTAGGGG
TCCACAAGCACCTTCTCATACT
GAACTGATGAGAAACCCGCC
GAGCTTTGAGAGGCCTTTGATG
GTGCATTTGCACTCTTTGCATT
TGGAAGTCGCGTTCTTTACATC
GTCTCAGCTGGTCCTGTTCTAT
GAACCAAGAAAGGAAGCCAAGT
CTAGATGCAAGGCTGTTCGTC
AGGTGAGCTGGTAGGGAGAAT
GAAGGAGGGTAGGAAGAGAGAG
TTACAGGCGTTTTCGAGGAAAT
ATTTCCGGATTTTCGCACAGG
CTCCAGCATCATGACAAGGAC
ACACAGAACTGTAGTTTGTCCG
TCTCTCAACAGAGTGCAAACAC
CAAGCTGGCTTTTCGTATATTGTG
TTGTTGTTGGTCTGGATGCG
GCTTTACAGGGCAAAAGATCAGA
AATGTCCACTTCCTGTTTGGTG
CCATTCCCCTGAGGTAGATCAT
ATCGTTCCTCCCAGGACAAAA
GCAATTTCACCAACAGTCTCAAC
CATCACTTTTGTGTTTGTGCCC
TCTGAGTTAAGACCACGACCAA
AGAGGTGAAAAGACCGGCAG
AGATGCGTTCACAAACTCAGG
TGCTTGGAGCTCTGAGTTGT
TCCAGTTCCGAGTATCATAGCA
AGTTCCAGAGCTGGGTGTATG
GACTTTCCATCCAAAGAACAGTTTG
TGGACCATTTGTTTGTCGTTCT
AGGACACAGAATTCACCAGGAT
GCTGGATCTCCTTTTCCTGGTA
GTACAGTCAGAGCCAACCTCAG
TGCCATCTCCATTCAGGTACAG
ATCATACAGGGCAGACCACTTT
AGGTAGTTGGTAGCAGCCATAA
CTCCAAACACGTAGACTGGGTA
ACCAATTCCTCCACCAGCAG
ACCGTCGTCATTGAAGATATGC
GTGGTGAAATTCGATCCTACCG
TTTGGGTATTGAAGATCAGGCG

AAGCAGGAGTATGACGAGTCC
CAGCAGCAGAGAACCATCAAG
TGGGGTCATGTGTGTGGAGAG
GAAGTGGAAAAGAATCTGAAGTCATGC
CTCTCCCTTCAGAATCTTATCTTGG
CTCTTCTGAGCACAGATGTTCC
AAGAACTGGCCCTTCTTGGAG
CAGATGACTTATCCTCTACAAGGCT
GAAATATTCTTGGTGCTGCCAC
TCATTTTGAGATCAAGCCCCAC
CTAATTTGTGCCTCACTGGACT
CGTGGTGTTGCTAACCTTCAG
CTTGCTGCTGACACGCCG
TGACTTCATTGAGCACATCTTGC
GGTCGTGGGAAAGGGGAGTA
GCCCAGACCTGCCTTGAG
AAATGGAGGTGGAAAGACAAGC
GGTCAACAGCATGTACAAGATGAAC
GTACCCAAGCCTGTCATCAAAA
AATGGTCAGATTGATGTACCAGG
GACTTGACCTGAGATTAACTAGGGA
GTCACCAAATACTTTCTCTTCCTCTTC
GCTGGGCGGATGATGTTTACTA
TGTGAATTCTCATCTGAGCGTG
CGGCTGATCTTCTCCAAGAGG
ATTGGCAATGAGACAGAGCTTC
GGCTCCTGCTCCTCTTAGC
AGAGTCTATTGGAGAAGGAGGG
GGTGAGAAGAGATGTCTGAATCC
AGCCTCCATAATGTACCCAAGT
ACAAGCTTCTAGGACAAGAGCC
CAGTGCGTATCACGCTTCC
CTGCAGTCACTCGTCAGACC
CAAGTCCTCCCTCTCTACTGGA
CCCATGTCCTTATCAGGCAAAA
CTGCCTCTTGGCCATTGACGA
CTGGGTTGAAACTCAAGCAACT
GGAAGATCAGGGATCAAAACTCA
GCTATTCAAACTGCCCTGATGG
GTGGCTGAATAAGCGGTGTTC
GGAAGATTTCTGAAGAGTGCAGC
TGAGCTTGAGGATGGTAGTGAG
GTTGGCCTGTTGATTACAGCTA
GAGTTCTGTGTCCAGGTGAAAC
CCTGTGCCTCCCTCTACAGC
ATTTCACTTGAGTCCGGAGATG
CCCAAGGACTCAGGGACAAC
CAGCTCATATGCACAGGTGAAA
AGCTGGACAGTATTACTCCAGAA
GTGAGCACAATGTATTCATTTAATGGC
TACCACGACGACTCATACACAG
AAGAAAAGCCTCTGGGAGCAGAA
GGCCCTGATTACACAGCAATAG
CCTGTCCCAGCCATTTTCTCT
CTGCGTGTTTTCCTCTTGATCG
TGGGCTGTGCCAAGTGTG
CAGCAGCTGGACATCACATTTC
ATTCCACTGCGTTGTCCAC
CTGTATCCAGTACACCTGGCGG
CCTTCACCTCGCAGTGGAC
CAGGAAGAAAGAGCTTGAGGTG
CCTAAGGAGGAGATTGGACAGG
CTCAGATGACGATTCCTGGGAC
CATGCAACATGGAGCTGCCC
TGACAGCTGTGTTTGAGAAGC
TGACTATGAAGAAGAAGATATCCGTG
CTGGTGGAGGACCTGGAG
GGATGGCTTCTATGAGGCTGAG
TGCCAACCAAACTGGTCAAAAT
CTTCTCCTGGTCACTGGAGTC
GGATCGGTCACACTGGTGC
GGTCGAGCATGTTCACCAG
TCATTCAGAGCTCGTTTGTGG
TTCCCTGAGTTGAATTATCAGCTT
CAACGATTCCCAGAACTTGGTT
GGATGGAGAATTCGACCTGGAT
TACTCCAAATACTACACACCAGTTC
CGAAGACCAGCCAGACCAT
TTCAGCACGCTCAAGGAAAC
TGCAGCAAATGCTCGCCG
CAGGATTGTAAACAAGGTCAAGAAC
CACTTGAGGAATGGTGAACTGG
GCCTCTCTGACTTACAAAGACAA
TGGAGGAGACCGACAAGGAG
CTCCTCAGCATCTTATCCGAGT
AATGTCACCAGGCGGTGC
CAGTGGCTACCCTTACAATGC
CCGAGACGGTACACATCTTCAA
GATCCCAAAGAAAAAGACCACCA
CAGTTCAGGAGGCACCACAG
GTGCATTCTCTGGAAGGTGAAC
AAGAGCTGTACACCGTAGTGG
TCCCATATGCTGGAAGTCTGC

CAAGAAAGGGTGTAACGCAACT
CTGGTCCAAGACCCACTCTG
GGTGCCGGTTCAGGTACTCA
TCACTTGGTTGAATAGTGTTCTGGC
ATTGTCCAAAACACCTGCTCAC
CATTCCGGACAGGGACTGG
AAGTCTGGCTCGTTCTCAGTG
GTTACCATCACAGGCTGGGG
GCATTTGAGCTTTGGCCCTT
GTTACTGTGGTCCATGAGTTGG
TGTGATGCTTAAACAAAGCAAACT
TTGGCTCAGCTTATTGAGAATCA
GCTGCTCGTCTCAAAGTAGTCA
AGAGCAATGAAGGTCTGAGCAT
TTTAATGTGGCAAGGCACAGA
TTGCTGTATATGCTTTCATCGAGGG
AATTGTCACCAACACCTGTTCT
GGCAATGGCAATGTACCTGT
TTTACAGACTCGCCAGGTATCA
AATAATTTGTACCCTGTGTTACATGAGAAG
TCCACTCTCCGGATGCAAAG
GAAACTGCTCTTGTCGGCCA
GGGCCTTGGAGAATGGGG
GTAGTAGAGGCTGGGGTAGTC
GAAGATGTAGAGCGGGCCTTT
TGGGATATACCATGCATACTGAGA
AGGTGATTGGTGGGATGTCTT
CGCACACGTTTCAGAATTTGTT
GAGATCTTTTAGACCTTTCCTTGCT
GGATTTAGGCATCGTTGTCCTTT
GCCAGCTTGGAAGTCATGTTTA
CCCTCAAAATGGTTGGGACAAT
GAAAAGGCCCTCAAAGTGGTTG
GCAGCTGAAGTCAAAGGGAATA
TGCCAACAATTAATGTCATCAGGT
AGCAGAAGGACTGGATGAGCG
ACCACTCACAACGTAATTCACA
CAACAATTGCTGCAAAACCCG
GGAGGGGTGCCAGTTCCA
AAGTTCAGCACTTAAAAGATTCCGTG
CTGCTCTCCAAGGAATTCTTATTGT
TCTGTCTCAGTTCAGTTGCTCT
TGAGATCCAGGCTTTCCACAT
GTGAAATACTGCCTGGTGAGG
CATTGCAGAGCGGAGCCTTC
GAAGACAAACTGTTGTTTGCTAGG
TCCGATCCTAGCAGCTTCTCAT
CAGGAAGTCTCACTCTCAGGAC
CATCAGTAGAGAGCTTGTCAGC
TGCACTTGAAGTTTAAGACCCA
GCTCGGTTTCAGGAGTTTGTAG
CGGTGGCCACAAACTTATACCT
GAAGAGGAACCAAATCAGTCCG
GGTTCTTCTCACTGTCATCCGA
CAGGCACAGGAGCCAACAG
GGGCTGTCCCAGCATCAG
GGCTGATAATCCAGCAAGTGG
AAATCGAGAATGATTCAGGCGG
CTCCACTTCAGCCCCACTGTC
CCCTGGTAGGTAACTCTGTTGA
CAGCAGGAGGCTGGAAAGG
AGGTGGACAGTGTCGTAATTCA
TGGCACTCATTACACTCGATCA
GAAGACAGACCGGCAGTGAA
AAGGAGTCCATCTGGCTCTGTA
GTCATCTTGTTCCTCTTTAAAATTCACC
TCAGGATGATTTGGTGGGATTG
CCGCTTCTTCACACACTGGATT
TTATAGTCTTCACAAGCCAGCC
CATGGCAACCAAAAGACAATGG
AGAAGATATCCAGAGAGGGCTCC
AGGAACCGGTAGATGCCAAATC
AGTGAACTGGACCCCTGTCT
AATGTTAAATTTCCGGGATCCTCT
ATGAAAACTGCCAGCTCATCAC
CGGGAGTCAAGACTGTCCATT
GACCACTTGCTTGATCTGTGG
CTCCTCCAGGGTTTCATAGCTC
AAGCCCCGTTTCAACAAATTCC
CTGTCCTCACAGGAGTCACAC
GACAGATGCCACGTTTCTGAT
TTTCCTCCTGAAATCGAAAGTATGT
AAGAATCAGTTCTCCGCCATTC
CTCACGCTGTCGGGTGAGT
ATAGGGCACCACCACACTATG
CATACTTGGCAGTGTAGAAGGC
ATGTCCAGGCATATGTTACCCT
ACATCTTTCCCATGTAGCCACT
CTCCAAACACGTAGACTGGGTA
ACAGGCAAGCATCGAAACAG
CTCGGGTATCCCATTGCTGAT
CCACATCTTTGGCAGCGAAT
GATCGTCCTTACCACCAATACC
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Movie S1. Time-lapse imaging of MT1GFP cells. Tax is transiently expressed in a small subpopulation of MT1GFP.

Movie S1
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