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Abstract

Adult T-cell leukemia and lymphoma (ATLL) is an intractable T-cell neoplasia caused by a retrovirus, namely human T-cell
leukemia virus type 1 (HTLV-1). Patients suffering from ATLL present a poor prognosis and have a dearth of treatment
options. In contrast to the sporadic expression of viral transactivator protein Tax present at the 5’ promoter region long
terminal repeats (LTR), HTLV-1 bZ/P gene (HBZ) is encoded by 3’LTR (the antisense promoter) and maintains its constant
expression in ATLL cells and patients. The antisense promoter is associated with selective retroviral gene expression and
has been an understudied phenomenon. Herein, we delineate the activity of transcription factor MEF (myocyte enhancer
factor)-2 family members, which were found to be enriched at the 3'LTR and play an important role in the pathogenesis
of ATLL. Of the four MEF isoforms (A to D), MEF-2A and 2C were highly overexpressed in a wide array of ATLL cell lines
and in acute ATLL patients. The activity of MEF-2 isoforms were determined by knockdown experiments that led to
decreased cell proliferation and regulated cell cycle progression. High enrichment of MEF-2C was observed at the 3'LTR
along with cofactors Menin and JunD resulting in binding of MEF-2C to HBZ at this region. Chemical inhibition of MEF-2
proteins resulted in the cytotoxicity of ATLL cells in vitro and reduction of proviral load in a humanized mouse model.
Taken together, this study provides a novel mechanism of 3’LTR regulation and establishes MEF-2 signaling a potential
target for therapeutic intervention for ATLL.

Introduction

The development of adult T-cell leukemia and lymphoma
(ATLL) is attributed to human T-cell leukemia virus type 1
(HTLV-1) infection,'? which infects an estimated 20 million
people worldwide,® with a recent outbreak among aborig-
inal populations in central Australia.* HTLV-1 is endemic
to regions of southwestern Japan, South American coun-
tries, equatorial Africa, and small groups in the Middle
East.>® HTLV-1 possesses common retroviral genes (gag,
pol, env) and some regulatory genes such as transactiv-
ation protein Tax and HTLV-1 bZIP factor (HBZ). Tax along
with other viral genes are expressed through promoter ac-
tivity from the 5°LTR (long terminal repeats) region. The
only protein encoded on the negative strand and tran-

scribed from the 3’LTR is HBZ.” ATLL cells from patients
frequently express HBZ® while other viral proteins are
transcriptionally repressed.® HBZ inhibits Tax-mediated
viral transcription from the 5°LTR via interactions with
CREB/ATF that impede their DNA binding ability and pre-
vents binding to Tax at the 5°LTR.? HBZ also interacts with
AP-1 transcription factor family members including c-Jun,
JunB, and JunD, and modulates their transcriptional ac-
tivity.”

Previously, we showed that a member of the Myocyte en-
hancer factor transcription family, MEF-2A, interacts di-
rectly with Tax at the 5’LTR and recruits transcriptional
machinery such as CREB/p300 while disassociating the
repressive histone deacetylase (HDAC) complex to pro-
mote viral gene expression and T-cell proliferation.* MEF-
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2 is a member of the MCM-Agamous-Deficiens-Serum re-
sponse factor (MADS) box group of transcription factors.
The MEF-2 family consists of four isoforms (A to D, re-
viewed in™), which are well studied in the development of
skeletal, cardiac, and neural tissues. Interestingly, some
of these isoforms play critical roles in T-cell development
by regulating the transcription of the T-cell growth factor
interleukin-2 (IL-2).* MEF-2 dysregulation has been impli-
cated in several T-cell leukemias/lymphomas including
peripheral T-cell lymphoma (PTCL)" and T-cell acute lym-
phoblastic leukemia (T-ALL).”®

In the study presented herein, we demonstrate the gene
and protein level expression patterns of MEF-2 isoforms
in multiple ATLL cell lines, and in a specific ATLL cohort
termed North American (NA)-ATLL, who exhibit acute
clinical manifestations with higher rates of aggressive
subtypes compared to chronic counterparts.® NA-ATLL
patients demonstrate chemoresistance and a distinct pat-
tern of somatic mutations.?° Most patients in this cohort
showed drastically higher expression of MEF-2A and MEF-
2C. The transient silencing of both isoforms decreased Tax
and HBZ expression in ATLL cells. Similarly, chemical in-
hibition of MEF-2 by MC1568, a selective class | HDAC in-
hibitor known to suppress its activity,?>® caused
cytotoxicity exclusively in HTLV-1-infected T cells along
with the downregulation of viral proteins in a MEF-2-de-
pendent manner. Similarly, in HTLV-1-infected humanized
mice, MC1568 exposure led to a reduction in the proviral
load and viral gene expression. MEF-2 genes are required
for GO/G1 transition in response to growth factor stimu-
lation.?* Consequently, the suppression of MEF-2A and
MEF-2C expression led to a decrease in proliferation and
cell cycle arrest of ATLL cells suggesting its involvement
in ATLL pathogenesis. In order to further tease out the
molecular mechanisms underlying MEF-2 activity in ATLL,
we examined direct interactions of MEF-2A/C with HBZ
and their recruitment to the 3’LTR along with Menin, a
tumor suppressor protein. Together, these proteins as-
sembled at the 3’LTR along with MEF-2A and MEF-2C pro-
vide a novel mechanism of transcriptional regulation of
HBZ at the antisense promotor regulation of HTLV-1 gene
expression. Collectively, this study sheds light on the
complex mechanism of ATLL pathogenesis, HTLV-1 gene
regulation from the 3’LTR and establishes MEF-2 signaling
as a potential target for therapeutic intervention for treat-
ment of ATLL.

Methods

Patient samples and primary cells

Samples from NA-ATLL patients were obtained from the
Albert Einstein College of Medicine (NY, USA) as published
before.®292% |n addition, samples from nine HTLV-1-associ-
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ated myelopathy/tropical spastic paraparesis (HAM/TSP)
patients (82% female) and ten asymptomatic HTLV-1-in-
fected individuals (60% female) were studied. These were
followed up at a reference outpatient clinic of Infectious
and Parasitic Diseases Service (DIP) at the Hospital Uni-
versitario Oswaldo Cruz (HUOC/UPE), located in Recife,
Pernambuco, Brazil. HAM/TSP was diagnosed according to
World Health Organization guidelines. Samples from ten
non-infected healthy Brazilian individuals (70% female)
were also included in this study. HTLV-1 serological
screening and confirmation was performed at HEMOPE
Blood Bank Center, in Recife, Brazil. Infection was addi-
tionally confirmed at Fiocruz-PE Institute, also in Recife,
Brazil, through quantitative polymerase chain reaction
(qPCR) using a previously described protocol.?® Samples
were blinded throughout the study and categorized as
control/seronegative, asymptomatic carriers (AC), ATLL,
and HAM/TSP. The median age range for females and
males was: 46-49 and 38-45 (control); 42-43 and 37.5-60
(AC); 48-49 and 38-53 (ATLL); 45-48 and 46-59 (HAM/
TSP), respectively. As for ATLL group, we used ten samples
with case ID/Genoptix ID: Pt-4a, Pt-5a, Pt-7a, Pt-15a, Pt-
16b, Pt-30a, Pt-32a, ATL30, ATL21, ATL18 as seen in™. De-
tailed characteristics of ATLL patient samples are
mentioned in the supplementary of'™. HTLV-1 proviral load
measurement and determination, molecular and immu-
nological methods such as immunoblots, immunoprecipi-
tation, flow cytometry, reverse transcription qPCR
(RT-gPCR), and chromatin-immunoprecipitation are pro-
vided in the Online Supplementary Appendix. The primers
and antibodies used in RT-gPCR, western blotting and
chromatin immunoprecipitation (ChIP) assays are also
provided in various tabular forms in the Online Supple-
mentary Appendix.

Ethics statement

This manuscript utilizes patient-derived samples and
blinded data from the Albert Einstein College New York
from a retrospective study. The patient cohort has been
published before and was handled according to the Insti-
tutional Ethics Committee approval.

Results

MEF-2A and MEF-2C are the two predominantly
expressed isoforms in HTLV-1-infected/adult T-cell
leukemia and lymphoma cell lines

All cell lines were maintained at minimum 85% viability to
ensure the utilization of exponential growth phase culture
(Online Supplementary Figure S1A). Standard curve-based
analysis revealed that non-virus-producing cell lines (SP,
ATL-2S, ATL-55T, ATL-ED and M8166) contained lower
copies of HTLV-1 provirus Online Supplementary Figure S1B
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and C), whereas virus-producing cell lines (MT-2, MT-4
and SLB-1) contained higher copy numbers. Western blot
analysis showed comparable HBZ expression across all
cell lines tested (Online Supplementary Figure S1D). Tax
was mostly observed in viral-producing like cell lines such
as MT-2, MT-4 and SLB-1 with the exception of ATL-2S and
M8166, which displayed Tax expression at higher levels.
Extracellular secretion of p19 confirmed the viral-produc-
ing status of MT-2, MT-4 and SLB-1(Online Supplementary
Figure S1E and F) and fluorescence-activated cell sorting
(FACS) phenotyping confirmed their T-cell status and in-
tracellular Tax presence (Online Supplementary Figure
S1G). Herein, we stratified the cells in two groups: 1) viral-
producing cells (MT-2, MT-4, and SLB-1); 2) non-viral-pro-
ducing ATLL-like cells (ATL-2S, SP, ATL-55T, ATL-ED, and
M8166). In order to understand the role of MEF-2 isoforms
in these cell lines, we performed RT-gPCR on all cell lines
including naive and activated T cells (CD3*/CD28*) to de-
termine MEF-2 isoform(s) expression. 100,000-fold up-
regulation of MEF-2A was observed in MT-4, SP, ATL-ED,
and M8166 cells in comparison to activated T cells (Figure
1A). MEF-2C showed significant upregulation in all cell
lines (up to 100-fold change), except in SP, ATL-55T, and
M8166. However, MEF-2B/2D expression levels remained
unchanged across all cell lines. Collectively, these results
suggest that MEF-2A/2C are highly overexpressed in all
viral-producing cell line (MT-2, MT-4, SLB-1) and in only
two (ATL-2S and ATL-ED) of the five non-viral-producing
ATLL cell lines. Furthermore, mRNA changes for MEF-2
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isoforms at the single-cell level within CD4* T-cell popu-
lations showed MEF-2A/2C expression peaks shifted
among cell lines compared to Jurkat (Online Supplemen-
tary Figure S2A). Additionally, HTLV-1-negative non-ATLL
cell lines, HUT78, HH and Ly13.2 were also analyzed as
controls for MEF-2 expression. Of all isoforms analyzed,
only MEF-2C mRNA expression exhibited a slight increase
but this was nowhere close to what was observed in ATLL
cell line (Online Supplementary Figure S2B).

Consistent with the mRNA expression, western blotting
for protein expression showed an increase in MEF-2A ex-
pression in almost all cell lines in comparison to Jurkat,
naive and activated T cells (Figure 1B). MEF-2C expression
was increased compared to naive and activated T cells
implying it could be activation dependent. However, we
observed a post-translational modification (a distinct
upper band) in most of infected cell lines, except for MT-
4 and SP (Figure 1B), which may suggest a divergence of
activity in MEF-2C in these cell types. In order to quanti-
tatively corroborate our western blotting results, we util-
ized an automated capillary-based protein
electrophoresis system (WES, Protein Simple) that pro-
vides quantitative values of protein expression (Figure 1C)
and saw comparable results. Altogether, these results
provide additional support for MEF-2A and MEF-2C in
HTLV-1/ATLL pathogenesis. Out of the two non-viral pro-
ducing ATLL cell line, only ATL-ED expressed HBZ and not
Tax. Therefore, for further studies to understand the role
of MEF-2A/2C in HBZ mediated anti-sense transcriptional

Continued on following page.
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Figure 1. Evaluation of mRNA expression and protein expression of MEF-2 isoforms in CD4+ HTLV-1 infected and uninfected T-
cell lines. (A) Quantitative reverse transcription polymerase chain reaction (RT-gPCR) was performed to assess the expression
of MEF-2 isoforms in several cell lines. MEF-2 mRNA expression in HTLV-1-negative control, Jurkat cells, was compared to ex-
pression in HTLV-1-transformed and ATL-derived cell lines. MEF-2 mRNA expression is presented as the mean fold-change of 2
independent experiments relative to activated T cells, which were normalized to 1. Error bars represent the standard deviation
of duplicate samples. (B) Top panel illustrates representative western blot of protein expression on MEF-2 isoforms with control
(Jurkat) and various HTLV-1-infected T-cell lines. Bottom panel illustrated quantified images using densitometry. Cofilin was used
as a loading control. (C) Results from traditional immunoblotting were validated with the automated western blot system, Wes
(Protein Simple) with GAPDH used as a loading control. All data represent one of 2 separate experiments. *P<0.05, **P<0.01.

activity, we used ATL-ED as a representative cell line. MT-
4 was used as a representative viral producing cell line as
it had the highest expression of MEF-2A/2C together in
comparison to other virus-producing cells.

Knockdown of MEF-2A and MEF-2C downregulates viral
protein expression

Increased expression of MEF-2A/2C in ATLL cell lines led
us to further understand the role of these two isoforms
in ATLL using a SMART pool of small interfering RNA
(siRNA) per isoform (Dharmacon). MEF-2A knockdown
(K/D) in Jurkat, ATL-ED (representative Tax-negative cell
line) and MT-4 (Tax-positive virus-producing cell line) was
assessed by RT-gPCR and immunoblotting. Dose-depend-
ent downregulation of MEF-2A at both mRNA and protein
level was observed in all cell lines but no changes in the
other isoforms indicated the specificity of our knockdown

(Figure 2A-B; Online Supplementary Figure S3A). HBZ was
downregulated in ATL-ED cell line in a dose-dependent
manner similar to MEF-2A K/D (Figure 2A). When MEF-2A
was depleted in MT-4 cells, a slight decrease in MEF-
2C mRNA expression was observed at the highest con-
centration of siRNA, nonetheless, as expected, a
dose-dependent reduction of Tax and HBZ was also ob-
served (Figure 2B). In ATL-ED, decrease of MEF-2C ex-
pression was observed along with Tax and HBZ at both
MRNA and protein level (Figure 3A). In MT-4, however,
decrease in MEF-2C was not dose-dependent at mRNA
level (Figure 3B). Further analysis using western blotting
indicated the 50 nM dose of siRNA had the highest de-
gree of MEF-2C depletion as well as significant decrease
in HBZ expression. As a result, 50 nM of siRNA was used
as optimal concentration for further experiments. These
results indicate that MEF-2A and MEF-2C K/D in ATL-ED
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Figure 2. Evaluation of knockdown of MEF-2A with small interfering RNA transfection and downmodulation of viral genes. (A)
Upper left- transfection of MEF-2A small interfering (siRNA) at 2 concentrations (10 nM and 50 nM) and quantitative reverse tran-
scription polymerase chain reaction (RT-gPCR) conducted to assess the expression of MEF-2 isoforms in ATL-ED. Upper right-
the effect of MEF-2A knockdown on HBZ represented as fold-change compared to scrambled control. Lower left- immunoblots
of protein expression after MEF-2A knockdown from respective experiments; and lower right- corresponding densitometry analy-
sis is shown. Error bars represent the standard deviation of duplicate samples. (B) Upper left- transfection of MEF-2A siRNA per-
formed at 2 concentrations (10 nm, 50 nm) in MT-4 cells and RT-gqPCR conducted to assess the expression of MEF-2 isoforms.
Upper right- Tax and HBZ expression as the mean fold-change compared to scrambled control. Lower left- immunoblots of pro-
tein expression after MEF-2A knockdown, and lower right — corresponding densitometry analysis is shown. All data represents
one of three separate experiments. *P<0.05, **P<0.01.
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and MT-4 significantly downregulate HBZ and are es-
sential for its transcriptional activity. Additionally, in
order to validate that viral protein expression depended
on MEF-2A/2C expression, we performed K/D studies in
an another common HTLV-1 viral producing cell line, MT-
2, and saw that K/D of MEF-2A/2C exhibited decrease
in Tax and HBZ (Online Supplementary Figure S3B), simi-
lar to what was observed from previous experiments.

Knockdown of MEF-2A and MEF-2C decreases
proliferation and cell cycle progression in adult T-cell
leukemia and lymphoma cell lines

In order to determine if K/D of MEF-2A/2C modulated
physiological and phenotypic changes in ATLL cell lines,
we assessed the proliferation and cell cycle progres-
sion. Since depletion of MEF-2A/2C was already vali-
dated in Jurkat, ATL-ED and MT-4, we sought to
determine the proliferation profile via Ki-67 staining.
Decreased Ki-67 expression after depletion of MEF-
2A/2C suggested that the proliferation of these ATLL
cell lines was dependent on these two isoforms of MEF-
2 (Figure 4A and B) but there was no considerable
change in proliferation in Jurkat cells after K/D. More
specifically, there was a stronger inhibition in prolifer-
ation with siMEF-2C (~38% decrease) than siMEF2A
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(~15% decrease) in ATL-ED and MT-4 cell lines (Figure
4C). These results indicate a stronger role of MEF-2C in
ATLL progression.

We next sought to determine if proliferation defects
were due to any perturbations in cell cycle regulation.
Propidium iodide (PI) staining was done following K/D
of MEF-2A/2C to observe different phases of the cell
cycle. In Jurkat cells, there was a modest decrease in
the G2-M proliferating cells compared to scrambled
control and siMEF-2A/2C, whereas in ATL-ED and MT-4
cells there was an accumulation of cells in the G1-S
phase and a ~50% decrease in the G2-M mitotic cells
following K/D (Figure 4C and D). Concurrently, treat-
ment with siMEF-2A/2C resulted in accumulation of
cells in GO-G1 phase. These results indicate that MEF-
2A/2C K/D regulated cell cycle progression in actively
proliferating ATLL cells. In order to further validate the
proliferation and cell cycle progression defect, we util-
ized miR-21C which was previously shown to target the
MRNA of MEF-2C.?" After treatment of MT-4, ATL-ED and
Jurkat with miR-21C, we observed decrease in MEF-2C
expression but not MEF-2D (Online Supplementary Fig-
ure S3C). We observed a similar decreasing trend in pro-
liferation and cell cycle progression as seen with K/D
of MEF-2A/2C (Online Supplementary Figure S3D and E).
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Figure 3. Evaluation of knockdown of MEF-2C with small interfering RNA transfection and downmodaulation of viral genes. (A)
Upper left- transfection of small interfering RNA (siRNA) at different concentrations (10 nM, 25 nM, 50 nM and 100 nM) and
guantitative reverse transcription polymerase chain reaction (RT-qPCR) conducted to assess the expression of MEF-2 isoforms
in ATL-ED. Upper right- effect of MEF-2C knockdown (K/D) on HBZ as represented as fold-change compared to scrambled control.
Lower left- immunoblot of protein expression after (K/D) of MEF-2C from respective experiments; lower right- corresponding
densitometry values are shown. Error bars represent the standard deviation of duplicate samples. (B) Upper left- transfection of
MEF-2C siRNA was performed at various concentrations (10 nM, 50 nM and 100 nM) in MT-4 cells and RT-gPCR conducted to as-
sess the expression of MEF-2 isoforms. Upper right- effect of MEF-2C K/D on Tax and HBZ as the mean fold-change compared
to scrambled control. Lower left and right panels show representative immunoblots and densitometric analysis from K/D ex-
periments. All data represents one of three separate experiments. *P<0.05, **P<0.01.

MEF-2A and MEF-2C are significantly upregulated in an
acute North American adult T-cell leukemia and
lymphoma patient cohort

In order to ascertain the clinical importance of MEF-2 iso-
forms, we investigated their expression and relevance
within patient cohorts. We obtained mRNA from periph-
eral blood mononuclear cells (PBMC) of ten NA-ATLL pa-
tients?%2® along with nine seronegative, nine AC, and nine
HAM/TSP patients from the same geographic areas of
South America (all patient characteristics and related ref-
erences are listed in the methods section). Our results
showed a significant logarithmic increase of MEF-2A and
MEF-2C in NA-ATLL samples (P<0.05) but also a signifi-
cantly higher fold-change (P<0.01) in the expression of
MEF-2C in comparison to seronegative, AC, and HAM/TSP
patients (Figure 5). Differences in MEF-2B/2D expression
were not statistically significant. We noticed a logarithmic
fold-change in MEF-2C expression in most NA-ATLL

samples. We also assessed three immortalized NA-ATLL
patient-derived cell lines?® for MEF-2 isoforms (Online
Supplementary Figure S4A and B) and observed upregu-
lated expression of Tax and HBZ correlated with increased
expression of MEF-2A/2C in ATL18 and ATL21. In ATL13, the
absence of MEF-2A/2C correlated with lower viral protein
expression. In ATL21 cells, lower expression of MEF-2C
correlated with the decreased expression of HBZ but not
Tax, suggesting a direct relation of MEF-2C to HBZ. These
results were corroborated using whole exome sequencing
(WES) capillary electrophoresis (Online Supplementary
Figure S4C), suggesting linkage between MEF-2A/2C ex-
pression and viral protein expression.

MEF-2C is enriched in the 3’LTR and bind with HBZ to control
viral expression via Menin, JunD and Sp1/Sp3

We previously reported that MEF-2A is enriched in the
5’LTR of the provirus and interacts with Tax to regulate
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Figure 4. Analyzing the proliferation and cell cycle of adult T-cell leukemia and lymphoma cell lines post si-MEF-2A/2C trans-
fection by Ki-67 and propidium iodide staining. (A) Dot plots represent cells stained with Ki-67 and subjected to flow cytometric
assays to measure cellular proliferation. (B) Analysis was carried out with Flow-Jo software to quantify the percent proliferation
profiles for each cell line and represented as a bar graph. (C) Jurkat, ATL-ED, and MT-4 cells were collected, fixed, and stained
with propidium iodide (PI, 25 pug/mL) to assess cell cycle progression via flow cytometry. Left- mock transfected, right- si-MEF-
2A and si-MEF-2C transfection with 50 nM respectively. (D)The percentage of sub-G1 cells, GO/G1, S and G2-M cells was analyzed
using Flow-Jo software and represented as a stacked column plot.
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viral gene expression.* However, the role of MEF-2C in this
context is unknown. Additionally, it remains unclear how
viral gene expression is controlled at the 3’LTR.
Nuclear/cytoplasmic fractionation of ATL-ED cells showed
MEF-2A/2C were only seen in the nuclear fraction along
with HBZ (Figure 6A). We then evaluated enrichment of

K.K. Madugula et al.

MEF-2A/2C, viral proteins, and various known co-factors
including Menin, JunD, Sp1/Sp3 (activator of 3’LTR?°) at
both 3’LTR and 5°LTR. MEF-2’s canonical promoter in T
cells, NR4A1, was utilized as a control.*® At the 3’LTR, we
observed a basal level enrichment of MEF-2A and a higher
recruitment of MEF-2C along with JunD, Menin, Sp1, and

Figure 5. Expression of MEF-2 isoforms in North American-adult T-cell leukemia and lymphoma. Quantitative reverse transcrip-
tion polymerase chain reaction (RT-qPCR) was performed to evaluate the expression of MEF-2 isoforms in activated peripheral
blood mononuclear cells (PBMC) (control n=3), seronegative (n=9), asymptomatic carriers (AC, n=9), adult T-cell leukemia and
lymphoma (ATLL, n=10), and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP, n=9), patient samples. Fold-
change is normalized to activated PHA-treated PBMC and compared to asymptomatic carriers and seronegative subjects. Stat-
istical analyses were performed using GraphPad Prism8, where the distribution of each dataset was tested for normality
(Kolmogorov-Smirnov and Shapiro-Wilks Normality Testing) and histograms were compared across groups. Data that were not
normally distributed underwent non-parametric analysis. All data are presented as mean + standard error of the mean. Statistical
testing included the one-way Anova non-parametric t-test. Data that violated normality did so because of the nature of the het-

erogeneity of patient cohort. *P<0.05, **P<0.01.
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Sp3 but not C/EBPa representing a transcriptionally ac-
tive state (Figure 6C). At the NR4A1 promoter, both re-
pressor and activator were recruited similarly (Figure 6C)
thus reaffirming our previous observations?®® that the
ratio of activators and repressors are key to controlling
transcription. At the 5’LTR (Online Supplementary Figure
S5A), recruitment of RNA pol Il, MEF-2A, and CREB was
observed, which is a known binding factor at CRE el-
ements.?? High level enrichment of C/EBPa, HBZ but not
Sp1/Sp3, was also observed. Interestingly, HBZ is known
to bind with C/EBPx to inhibit the activation of 5’LTR.*3

K.K. Madugula et al.

Together, these observations suggest inhibition of tran-
scription at 5°LTR. In order to further validate the recruit-
ment of factors at the 5’ and 3’LTR, we utilized the MT-4
cell line. We observed a higher enrichment of MEF-2A
than MEF-2C at 5°LTR and an ~40-fold enrichment of Tax,
which is expected for the 5’LTR activity (Online Supple-
mentary Figure S5B). We observed the enrichment of
MEF-2C, Menin (a tumor suppressor?®), JunD, and HBZ at
3’LTR suggesting their presence within one complex. In
order to assess this, we performed protein-protein bind-
ing assay in ATL-ED and other representative cell lines.
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Figure 6. Cell fractionation and chromatin immunoprecipitation of ATL-ED cells for various transcriptional targets, viral genes,
and MEF-2 isoforms at the viral long terminal repeats. (A) Immunoblots representing nuclear and cytoplasmic fractions for
protein expression. with Lamin B1 was used as nuclear fraction control in ATL-ED cells. (B) Chromatin immunoprecipitation (ChIP)
analysis of ATL-ED for enrichment of transcriptional targets in the 3’ long terminal repeats (3’LTR) of the viral promoter. (C) ChIP
analysis of ATL-ED cells for enrichment of transcriptional targets at the 3’ LTR and in the canonical MEF-2 promoter, NR4AT.
Shown is the representative image of an average of at least 3 experiments. All targets are represented as fold-change based on
10% input and immunoglobulin G negative control. *P<0.05, **P<0.01.
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MEF-2C interacted with Menin along with HBZ at steady
state, indicating that these proteins exist in the same
complex (Figure 7A), while MEF-2A although bound to
Menin rather weakly, and was not enriched in the 3’LTR.
Additionally, we found that Menin did not bind to JunD
in ATL-ED cells but bound in Jurkat cells (Figure 7B).
Transient K/D of both siMEF-2A/2C showed no recruit-
ment of JunD at the 3’ LTR compared to control (Figure
7B and C). From these results we conclude that MEF-2C
forms complexes with HBZ and Menin at the 3’LTR, which
liberates JunD to activate the antisense promoter (Figure
7D).

K.K. Madugula et al.

Chemical inhibition and small interfering RNA-mediated
knockdown of MEF-2A/2C modulates viral gene
expression in vitro and in vivo

Due to the known interactions between MEF-2, class lla
HDAC,*® and associated repressor complexes that keep
MEF-2 isoform(s) expression in a repressed state,? we
aimed to investigate the effect of MC1568%'22 on MEF-2 ac-
tivity and ATLL cell line survival. We calculated half maxi-
mal inhibitory concentration (IC.)) curves for primary
activated T cells, Jurkat, ATL-ED, and MT-4 cells (Figure
8A). There was no toxicity in activated T cells and calcu-
lated IC_, values of 3.011 uM and 0.389 uM for ATL-ED and
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Figure 7. Protein-protein interactions of MEF-2, Menin and JunD and enrichment of JunD in transient knockdown of MEF-2 iso-
forms. (A) Representative immunoblots after co-immunoprecipitation with MEF-2A and MEF-2C showing endogenous binding of
HBZ and Menin in 4 different representative cell lines. (B) Representative immunoblots showing the binding of Menin and JunD
in Jurkat and ATL-ED. (C) Cromatin immunoprecipitation (ChlIP) analysis of ATL-ED cells for enrichment of JunD at 3’LTR and the
canonical MEF-2 NR4A1 promoter after transiently knocking down MEF-2A and MEF-2C. (D) Mechanistic model of MEF-2 isoforms
activity in adult T-cell leukemia and lymphoma (ATLL) pathogenesis and viral gene expression. At the 3’ long terminal repeats
(3’LTR), we posit that complexes of HBZ, Menin, and MEF-2A/2C are sequestered together to liberate JunD- which controls the
transcriptional activity at the antisense promoter for viral gene expression. (E) Role of MEF-2C in the modulation of 3’LTR, aiding
in the maintenance of proliferation and survival phenotype from the anti-sense region, in the absence of 5°LTR in ATLL patho-

genesis.
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MT-4, respectively. Furthermore, we derived an IC, value
of 13.38 uM in Jurkat cells, supporting the ATLL-specific
cytotoxic activity of MC1568. In order to ensure that the
observed cytotoxic activity was due to specific inhibition
of MEF-2 activity, we K/D MEF-2A/2C using siMEF-2A/2C
and then treated with MC1568 in representative cells. We
observed that MEF-2A K/D resulted in increased IC,,
values in all ATLL cell lines except Jurkat. Conversely, with
MEF-2C K/D, MT-4 and ATL-ED showed no cytotoxicity
(Figure 8B). K/D of Serum Response Factor (SRF, tran-
scription factor of the MEF-2 family that has similar inter-
actions with class Il HDAC3%%) resulted in no or modest
change in IC, values as shown in Figure 8B. In order to
ascertain that observed effects are HTLV-1 mediated, we
performed gain-of-function studies with pSG-Tax-His and
pSG-HBZ-His overexpression plasmids in all three cell
types. As expected, Jurkat did not show any change but
both ATL-ED and MT-4 cells showed increase in IC_  upon
HBZ (3.02/11.7, 0.38/1.32, respectively) and Tax (3.02/16.65,
0.38/2.65, respectively). In order to assess the in vivo ef-

K.K. Madugula et al.

fects of MC1568 treatment, humanized NOD/SCID/y-null
mice were injected with MT-2 cells for 2 weeks to estab-
lish HTLV-1 infection followed by MC1568 treatment (Fig-
ure 8C). Proviral load in the blood and spleen of
MC1568-treated mice was significantly reduced in com-
parison to control. A decrease of at least ten copies of Tax
and HBZ in the DNA, and a 10-to-20-fold decrease of Tax
expression was observed in comparison to control, in-
cluding a massive downregulation of HBZ at the RNA level
(Figure 8D). Similar downregulation of Tax and HBZ was
observed in in the spleens of MC1568 treatment group.

Discussion

Despite extensive efforts to understand the etiology and
pathogenesis of HTLV-1-induced leukemogenesis, much
remains unknown. After integration of the provirus, the
LTR are duplicated in identical promoters which influence
transcriptional activity of viral proteins along with other
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erated using GraphPad Prism8 software.

co-factors in the pathogenesis of ATLL. Tax and other
viral genes are expressed through transcripts initiated by
promoter activity from the 5° LTR region,*® whereas the
only protein encoded on the negative strand and tran-
scribed from the 3’LTR is HBZ.” ATLL cells from patients
frequently only express HBZ,® as all the other viral pro-
teins are transcriptionally repressed.” Previous studies
including ours identified various factors including MEF-
2A in facilitating T-cell transformation and leukemogen-
esis via Tax-mediated 5’ LTR activation and viral
replication.™ Classically, retroviruses are known to have
active 5’LTR and transcriptionally silent 3’LTR.*® In the
pathogenesis of HTLV-1-induced ATLL, there is a loss of
5’ LTR activity due to a variety of reasons including com-
plete loss via mutation or deletion and methylation of
the 5’LTR.*° Additionally, Tax is an immunodominant epi-
tope and it is eliminated by immunosurveillance, which
abrogates its activity at the 5’LTR.* Despite the loss of
5’LTR activity, ATLL patients still have aggressive disease
progression which may be through the transcriptionally
active 3’LTR.*?

In the event of loss of 5’LTR, there would be an inactivity
of multiple transcriptional complexes involving MEF-2A
and Tax, among others, which drive the pathogenesis
HTLV-1 and subsequent ATLL progression. In this study
we demonstrated that MEF-2C is another predominant
isoform that is highly expressed in the acute ATLL pa-
tients, various ATLL cell lines, and is also overexpressed
in non-ATLL cell lines. Furthermore, evidence suggests
that K/D of MEF-2C results in a decrease in viral protein
expression of HBZ, which has resulted in the decrease in
the ATLL cell proliferation and blockade of the cell cycle
progression. Our results point to the direction of MEF-
2C being a crucial factor in ATLL cell fitness. MEF-2C has
also been implicated in various leukemias such as T-
ALL,*? progression in chronic myelogenous leukemia,*
and in pediatric patient samples of early T-cell precursor
acute lymphoblastic leukemia (EPT-ALL).** Additionally,
the activation of MEF-2C showed a post translational
modification in ATLL cells, which is currently unknown,
and requires further proteomic analysis.

Furthermore, we present data that implicates MEF-2A/2C
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isoforms in exacerbating aggressive carcinogenesis and
related symptoms in NA-ATLL patients. Cell line obser-
vations validated in a specific NA-ATLL patient cohort’®:2°
reaffirmed a significant logarithmic increase in MEF-2A
in all ATLL patients compared to seronegative, asympto-
matic carriers, and HAM/TSP patients, whereas MEF-2C
over expression was observed only in 80% of the cohort.
This may be due to multiple reasons, such as the varying
degrees of ATLL progression, chemotherapeutic drug
pressure, or the presence and/or absence of varying 5’
LTR activity and viral proteins. This was evident from the
immortalized patient cell lines where ATL18 cells had a
higher expression of MEF-2A/2C and correlated with the
presence of Tax and HBZ expression. While in ATL-21
cells, the lower expression of MEF-2C correlated with the
absence of HBZ, but MEF-2A correlated with upregulated
Tax expression, establishing a clear connection between
MEF-2A-Tax, as seen in previously published studies,”
and MEF-2C-HBZ. Although quite promising, further vali-
dation is necessary to assess if these correlations seen
in our NA-ATLL will hold true in all ATLL patients despite
their origin, since a new subgroup of high risk ATL muta-
tional signature has been identified.***¢ Taken together,
we demonstrate MEF-2A and MEF-2C as the two pre-
dominantly expressed isoform across most HTLV-1 in-
fected cell systems with tangible clinical relevance in the
ATLL patients, providing evidence that MEF-2C is an im-
portant factor in leukemogenesis.

In order to further explore this newly established linkage
between MEF-2C and HBZ, we utilized ATL-ED cells, that
lack the activity of 5’LTR thereby allowing possible acti-
vation of 3’LTR. At this promoter, significant enrichment
of MEF-2C, but not MEF-2A, along with known transcrip-
tion factors, JunD and Menin, control the activity of the
3’LTR. Although, the 5’LTR was able to recruit MEF-2A/2C,
it also recruited CEBPa, a known suppressor of HTLV-1
sense promoter thus explaining why 5’LTR is transcrip-
tionally silent in ATL-ED cells.®' Due to the enrichment of
these factors, we hypothesized that these factors are in
complex, and our protein-protein binding studies re-
vealed that MEF-2C strongly bound with HBZ forming a
complex with a tumor suppressor Menin,** but not with
MEF-2A. Interestingly, the tumor suppressor Menin,*+48
bound with JunD in uninfected Jurkat cells but not in
ATL-ED implying that a different JunD complex exist in
ATLL cells. When 3’LTR is active, Menin interacts with
MEF-2C and HBZ, which subsequently allows the release
of JunD from Menin’s anti-tumor activity. MEF-2A/2C K/D
studies further fortified that there was enrichment of
JunD at the 3’LTR and is dependent on the presence of
MEF-2C for the transcriptional activation of JunD and the
antisense promoter activity of HTLV-1 (Figure 7D).

MEF?2 transcription factors act as both activators and re-
pressors depending on the specific kind of interaction

K.K. Madugula et al.

with the co-activators or co-repressors respectively.*®
Class IIA HDAC (HDAC 4/5/7/9) are known binding
partners of MEF-2, which when scaffolded with MEF-2
becomes a transcriptional repressor,*® making MEF-2 iso-
forms druggable targets. We have shown a specific class
[l HDAC inhibitor, MC1568, induced cytotoxicity in ATLL
cell lines selectively. This inhibitor works in a non-ca-
nonical way of HDAC inhibition and allows the repressed
state of MEF-2 proteins and their binding entities, in this
case viral proteins such as Tax and HBZ. This was evident
from the decrease of copy numbers and mRNA ex-
pression of both Tax and HBZ in the humanized HTLV-1
model of infection. Further studies using models of pa-
tient-derived xenografts, which mimic real-time infection
as in patients, will be necessary to assess MEF-2 iso-
forms as a potential therapeutic target. In conclusion, we
establish MEF-2C as a novel target in ATLL pathogenesis
especially against the 3’LTR antisense transcriptional ac-
tivity in the absence of the 5’LTR and MEF-2A (Figure 7E)
and can serve as a major therapeutic target for treat-
ment of ATLL.
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