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Abstract  24 

Background. HTLV-1 is a complex human retrovirus and an etiologic agent causing a malignant 25 

and intractable T-cell neoplasia termed Adult T-cell leukemia and lymphoma (ATLL). Patients 26 

suffering from ATLL present with poor prognoses and a dearth of treatment options warranting a 27 

continuous need to develop novel therapeutic targets. In contrast to the HTLV-1 transactivator 28 

protein Tax, HTLV-1 bZIP protein (HBZ) maintains its expression in ATLL cells. The HBZ gene 29 

is encoded from the antisense strand of the provirus and is not under the transcriptional control of 30 

the 5’ long terminal repeat (LTR) unlike other viral genes such as Tax. Few modifications have 31 

been reported in the 3’LTR, which regulates HBZ expression. Herein, we delineate the activities 32 

of a transcription factor MEF (Myocyte enhancer factor)-2 at both 5’ and 3’LTRs in the context of 33 

ATLL progression and maintenance. 34 

Results.  In this study, we report that two MEF isoforms (2A and 2C) are highly overexpressed in 35 

acute ATLL patients from North America. These isoforms are recruited to the viral promoters at 36 

both the 5’ and 3’LTRs. Their knockdown by shRNAs resulted in the downregulation of Tax and 37 

HBZ expression as well as a significant decrease in proliferation and cell cycle arrest in ATLL 38 

cells. Similarly, chemical inhibition of MEF proteins by MC1568 (a selective Class IIa HDAC 39 

inhibitor) resulted in the cytotoxicity of ATLL cells in vitro as well as reduction of proviral load 40 

and viral gene expression in vivo. At the molecular level, high enrichment of MEF-2C occurred at 41 

the 3’LTR along with cofactors Menin, Jun D, and Sp1/Sp3 thus providing a novel mechanism of 42 

regulation at the antisense promoter of HTLV-1.  43 

Conclusions. This study establishes MEF-2 as critical players in ATLL, which interacts with Tax 44 

and HBZ at their respective promoters highlighting a novel mechanism of regulation at the 3’LTR 45 

involving Jun D and Menin. MEF signaling represent a potential target for therapeutic intervention.  46 



Introduction 47 

The development of adult T-cell leukemia/lymphoma (ATLL) is attributed to HTLV-1 infection 48 

(1-5), which infects an estimated 20 million people worldwide (6) with a recent outbreak among 49 

aboriginal populations in central Australia (7). HTLV-1 is endemic to regions of southwestern 50 

Japan, South American countries, equatorial Africa, and small groups in the Middle East (8-11). 51 

HTLV-1 possesses common retroviral genes including gag, pol and env, in addition to two 52 

regulatory genes, transactivation protein Tax and HTLV-1 bZIP factor (HBZ). Tax along with 53 

other viral genes are expressed through transcripts initiated by promoter activity from the 5’LTR 54 

region. The only protein encoded on the negative strand and transcribed from the 3’LTR is HBZ 55 

(12). ATLL cells from patients frequently express HBZ (13) while other viral proteins are 56 

transcriptionally repressed (14-16). HBZ inhibits Tax-mediated viral transcription from the 5’LTR 57 

via interactions with CREB/ATF that impede their DNA binding ability and thus prevent binding 58 

to Tax at the 5’LTR promoter. HBZ also interacts with cellular proteins of the AP-1 transcription 59 

factor family including c-Jun, JunB, and JunD, and modulates their transcriptional activity.  60 

Previously, we showed that a member of the Myocyte enhancer factor 2 transcription 61 

family, MEF-2A, interacts directly with Tax at the 5’LTR and recruits transcriptional machinery 62 

such as CREB/p300 while disassociating the repressive histone deacetylase (HDAC) complex to 63 

promote viral gene expression and T-cell proliferation (17). MEF-2 is a member of the MCM-64 

Agamous-Deficiens-Serum response factor (MADS) box group of transcription factors. The MEF-65 

2 family consists of four isoforms (A-D, reviewed in (18)), which are well studied in the 66 

development of skeletal, cardiac, and neural tissues with established roles in embryogenesis. 67 

Interestingly, some of these isoforms play critical roles in T-cell development by regulating the 68 

transcription of the T-cell growth factor interleukin-2 (IL-2) (19). MEF-2 dysregulation has been 69 



implicated in several T-cell leukemias/lymphomas including peripheral T-cell lymphoma (PTCL) 70 

(20) and T-cell acute lymphoblastic leukemia (T-ALL) (21). 71 

In the study presented herein, we demonstrate the gene and protein level expression 72 

patterns of MEF-2 isoforms in multiple ATLL cell lines, and in a specific ATLL cohort termed 73 

North American (NA)-ATLL, which exhibit acute clinical manifestations with higher rates of 74 

aggressive subtypes compared to chronic counterparts (22). NA-ATLL patients demonstrate 75 

chemoresistance and a distinct pattern of somatic mutations (23). Most patients in this cohort 76 

showed drastically higher expression of MEF-2A; and also, of MEF-2C in a subset of patients. 77 

The transient silencing of both MEF-2A and MEF-2C decreased Tax and HBZ expression in 78 

ATLL cells. Similarly, chemical inhibition of MEF-2 by MC1568, a selective class I HDAC 79 

inhibitor known to suppress its activity (24-27), caused cytotoxicity exclusively in HTLV-1-80 

infected T cells along with the downregulation of viral proteins in a MEF-2-dependent manner. 81 

Similarly, in HTLV-1-infected humanized mice, MC1568 exposure led to a reduction in the 82 

proviral load and viral gene expression. MEF-2 genes are required for G0/G1 transition in response 83 

to growth factor stimulation (28). Consequently, suppression of MEF-2A and MEF-2C expression 84 

led to a decrease in proliferation and cell cycle arrest of ATLL cells suggesting its involvement in 85 

ATLL pathogenesis. To further tease out the molecular mechanisms underlying MEF-2 activity in 86 

ATLL, we examined direct interactions of MEF-2A/C with HBZ and their recruitment to the 87 

3’LTR along with Menin, a tumor suppressor protein. Together, these proteins assembled at the 88 

3’LTR along with MEF-2A and MEF-2C provide a novel mechanism of transcriptional regulation 89 

of HBZ in the understudied antisense regulation of HTLV-1 gene expression. Collectively, these 90 

studies shed light on the complex mechanism of ATLL pathogenesis, HTLV-1 gene regulation 91 

from the 3’LTR and establishes MEF-2 signaling as a potential target for therapeutic intervention.  92 



Results 93 

MEF-2A and MEF-2C are the predominantly expressed isoforms in HTLV-1/ATLL cell lines. 94 

Due to the varying sensitivities of cell lines to culture conditions, and to ensure the utilization of 95 

exponential growth phase culture, we first sought to verify cell viability by assessing cellular 96 

metabolism with the Vybrant® MTT Cell Proliferation Assay. As shown in Figure S1A, all cell 97 

lines maintained at least 85% viability at peak growth except for SLB-1 and M8166 which 98 

exhibited slightly less viability. We next determined the number of integrated copies of HTLV-1 99 

DNA per cell for each cell line through amplification of the HTLV-1 pX region by qPCR (Fig. 100 

S1B, C). Standard curve-based analysis revealed that SLB-1, ATL-2, ATL-ED and M8166 101 

contained only 1-2 copies per cell of HTLV-1 provirus, in line with what is known for ATLL 102 

patients (29). As reported in the literature, MT-2 cells possessed 7 copies of integrated viral DNA 103 

per cell (29) similar to SP cells, while MT-4 had the highest copy number with approximately 25 104 

per cell. Due to the varying number of HTLV-1 DNA copies among cell systems, we asked 105 

whether viral mRNA or protein expression levels would correlate with genome copy number. 106 

Western blot analysis showed comparable HBZ expression across all cell lines tested (Fig. S1D). 107 

Tax and p19 expression were mostly observed in viral-producing, non-ATLL-like cell lines such 108 

as MT-2, MT-4 and SLB-1 with the exception of ATL-2, which displayed both p19 and Tax 109 

expression at substantial levels. As expected, M8166 cell line exhibited high expression of Tax. 110 

Extracellular secretion of p19 was also reflected in MT-2, MT-4 and SLB-1 cells, confirming the 111 

viral-producing status of these cell lines (Fig. S1E, F). For some of the cell lines, FACS 112 

phenotyping was conducted to confirm their T-cell status and intracellular Tax presence (Fig. 113 

S1G). By combining these results, we categorized the studied cell systems into two groups: 1) 114 



viral-producing cells such as MT-2, MT-4, and SLB-1; 2) non-viral-producing ATLL-like cells 115 

such as ATL-2S, SP, ATL-55T, ATL-ED, and M8166. 116 

To determine the expression of MEF-2 isoforms at the mRNA level, RT-qPCR was 117 

performed on all cell lines as well as naïve and activated T cells (CD3+/CD28+), which were used 118 

as references for gene expression and determination of fold-change, respectively. There was a 119 

significant upregulation of MEF-2A mRNA in all cell lines, specifically in MT-4, SP, ATL-ED, 120 

and M8166 cells which demonstrated up to 100,000-fold-change compared to Jurkat (Fig. 1A). 121 

MEF-2B levels did not differ from Jurkat, except in M8166 cells but this difference was not 122 

significant. However, MEF-2C showed significant upregulation in all cell lines (up to 100-fold 123 

change), except in SP, ATL-55T, and M8166. However, MEF-2D expression levels remained 124 

unchanged across all cell lines except for ATL-ED.  Overall, these results suggest that MEF-2A is 125 

highly overexpressed upon HTLV-1 infection and is maintained among non-viral producing ATLL 126 

cell systems. The upregulation of MEF-2C mRNA suggests its involvement in the infection profile 127 

but may be playing an ancillary role in ATLL pathogenesis along with MEF-2A, which needs 128 

further investigation. Furthermore, we validated mRNA changes for MEF-2 isoforms at the single-129 

cell level within CD4+ T-cell populations by a novel PrimeFlowä RNA assay. As shown by the 130 

flow cytometry histograms, MEF-2A expression peaks shifted among cell lines compared to Jurkat 131 

(Fig. S2A). This was true of MEF-2C in the case of SLB-1, SP, ATL-2, and M8166, whereas MT-132 

4 and ATL-ED displayed a moderate increase. In addition, to HTLV-1/ATLL cell lines, some 133 

HTLV-1-negative non-ATLL lymphoma cell lines were also analyzed for MEF-2 expression that 134 

revealed a slight increase in MEF-2C mRNA expression, while other isoforms showed no change 135 

(Fig. S2B). However, the observed fold change was significantly lower than that of ATLL cell 136 

lines. 137 



To determine whether MEF-2 isoform mRNA expression is reflected at the protein level, 138 

western blotting was performed with the same cell lines. Consistent with the mRNA expression, 139 

western blotting showed an increase in MEF-2A expression in almost all cell lines in comparison 140 

to Jurkat, naïve and activated T cells (Fig. 1B). Except for MEF-2B the remaining MEF-2 isoforms 141 

showed increased expression with activation of T cells (CD3+/CD28+). Although we saw an 142 

increase in expression of MEF-2C between naïve and activated T-cells, we also observed a post-143 

translational modification (a distinct upper band) in most of infected cell lines, except for MT-4 144 

and SP (Fig. 1B), which may suggest a divergence of activity in MEF-2C in these cell types. This 145 

modification, which may represent a phosphorylated or ubiquitinated form, may be speculated to 146 

dictate the activity of MEF-2C in various ATLL cell lines. Another important observation is the 147 

downregulation of MEF-2B in the majority of the ATLL cell lines (Fig. 1B), which has previously 148 

been shown to function as a tumor suppressor (30). The expression of MEF-2D showed increased 149 

levels in activated T cells but remained similar in all the ATLL cell lines (Fig. 1B). To 150 

quantitatively corroborate our western blotting results, we utilized automated capillary-based 151 

protein electrophoresis that provides quantitative values of protein expression (Fig. 1C). 152 

Comparable to the results from conventional western blotting, we observed a similar pattern of 153 

increased MEF-2A expression. Altogether, these results provide additional support for MEF-2A 154 

and MEF-2C in HTLV-1/ATLL pathogenesis. 155 

 156 

Knockdown of MEF-2A and MEF-2C downregulates HBZ expression. Since we observed 157 

increased expression of MEF-2A and MEF-2C in ATLL cell lines, we wanted to address the role 158 

of these two isoforms in ATLL by performing MEF-2A/C knockdown (KD) studies in ATL-ED, 159 

a representative Tax-negative cell line, and MT-4, a Tax-positive virus-producing cell line. We 160 



transfected the cells with either siMEF-2A or scrambled siRNA (Fig. 2A). We analyzed MEF-2A 161 

expression along with other isoforms by RT-qPCR to determine potential compensatory effects 162 

following MEF-2A KD. We noticed that there was a dose-dependent downregulation of MEF-2A 163 

in both cell lines but did not observe any changes for the other isoforms. Interestingly, HBZ was 164 

significantly downregulated in both cell lines in a dose-dependent manner (Fig. 2A). When MEF-165 

2A was depleted in MT-4 cells, a slight decrease in MEF-2C expression was observed at the 166 

highest concentration of siRNA. As expected, a significant dose-dependent reduction of Tax and 167 

HBZ was observed (Fig. 2A). To assess the effects of MEF-2C depletion, we performed siRNA-168 

mediated MEF-2C KD in ATL-ED and MT-4 cells. MEF-2C expression decreased at both the 169 

mRNA (Fig. 2B) and protein (data not shown) levels in an siRNA dose-dependent manner. 170 

Likewise, mRNA expression of HBZ and Tax was assessed by RT-qPCR in MT-4 cells; however, 171 

a significant decrease in HBZ was only seen at the highest siRNA concentration (Fig. 2B). 172 

Following MEF-2C KD, Tax mRNA was only downregulated upon transfection of 50 nM of MEF-173 

2C siRNA. These results indicate that MEF-2A and MEF-2C KD in ATL-ED and MT-4 174 

significantly downregulate HBZ and are essential for its transcriptional activity. 175 

 176 

Knockdown of MEF-2A and MEF-2C decreases proliferation and cell cycle progression in 177 

ATLL cell lines. We next sought to elucidate how MEF-2 isoforms modulate various physiological 178 

and phenotypic changes in ATLL cell lines. We assessed whether transiently silencing MEF-2A 179 

and MEF-2C could alter the phenotypic state of the ATLL cell lines utilized in this study. We 180 

transiently transfected MEF-2A and 2C siRNAs along with scrambled controls in Jurkat, ATL-ED 181 

and MT-4 cells. We subsequently observed depletion of both MEF-2A and MEF-2C at the 50 nM 182 

concentration (Fig. 3A). To assess the phenotypic state of these cell lines, we analyzed 183 



proliferation status and cell cycle progression. We determined the proliferation profile of these cell 184 

lines via Ki-67 staining and flow cytometry following siMEF-2A/2C treatment as compared to 185 

scrambled siRNA. The presence of Ki-67 at specific phases of the cell cycle serves as a surrogate 186 

for proliferation. We stained all three representative cell lines, Jurkat, ATL-ED, and MT-4 with 187 

Ki-67 after transfection with either MEF-2A, MEF-2C or control siRNAs (Fig. 3B). We observed 188 

decreased Ki-67 expression in the siMEF-2 transfected samples compared to scrambled controls, 189 

suggesting that the proliferation of these ATLL cell lines was inhibited via MEF-2A/C knock 190 

down. However, we observed only a 3% decrease in proliferation in uninfected Jurkat cells after 191 

MEF2 KD, whereas ATL-ED exhibited 26% and 32% decrease in proliferation with siMEF-2A 192 

and siMEF-2C respectively (Fig. 3B). Similarly, in MT-4 cells there was a significant inhibition 193 

of proliferation, with a 43% decrease with siMEF-2A and 46% decrease with siMEF-2C, compared 194 

to scrambled control. Due to the dramatic effects of MEF-2 depletion on the proliferation of these 195 

ATLL cell lines, we next sought to determine if there were any perturbations in cell cycle 196 

regulation, which could explain such changes in phenotype. To this end we performed propidium 197 

iodide (PI) staining to label and quantify the different phases of the cell cycle. We carried out 198 

similar knockdown experiments with siMEF-2A and siMEF-2C and observed the various cell 199 

cycle phases with histogram plots. We observed significant alterations in the cell cycle profiles in 200 

representative ATLL cell lines compared to Jurkat cells. Moreover, we noticed a profound change 201 

in cell cycle progression of ATLL cells transfected with siMEF-2A and siMEF-2C compared to 202 

scrambled controls (Fig. 3C). In Jurkat cells, there was a modest decrease in the G2-M proliferating 203 

cells comparing scrambled control and siMEF-2, whereas in ATL-ED and MT-4 cells there was 204 

an accumulation of cells in the G1-S phase and a ~50% decrease in the G2-M mitotic cells when 205 

transfected with siMEF-2A or siMEF-2C. Similarly, cell cycle progression was suppressed in MT-206 



4 cells, which exhibited G1 accumulation of 64% with siMEF-2A and 58.6% with siMEF-2C 207 

respectively, compared to scrambled control (29.3%). There was also a significant decrease in 208 

mitotic cells from 57.8% (scrambled control) to 13.8% (siMEF-2A) and 13.7% (siMEF-2C), 209 

respectively (Fig. 3C). Thus, we inferred that these perturbations in the cell cycle resulted in 210 

decreased proliferation and likely loss of cell viability. The percentage of cells in the G2-M phase 211 

of the mock transfected Jurkat, ATL-ED and MT-4 consisted of nearly 50% of cells in the mitotic 212 

phase and active proliferation. After transfection with siMEF-2A or siMEF-2C, the percentage of 213 

cells in G0-G1 phase increased, suggesting that MEF-2A/C KD led to a suppression in cell cycle 214 

progression in actively proliferating ATLL cells, causing cell cycle arrest in the G1-S phase (Fig. 215 

3C), potentially leading to apoptosis or another form of cell death. 216 

 217 

Chemical inhibition and siRNA-mediated knockdown of MEF-2A/C modulates viral gene 218 

expression in vitro and in vivo: For knockdown studies we had chosen a specific dose and duration 219 

of siMEF-2A and siMEF-2C treatment that did not induce cell death, so as to ascertain 220 

physiological differences in the transcription of viral genes. However, to study the role of MEF-2 221 

in ATLL cell line survival, we resorted to a specific Class IIa HDAC inhibitor (HDACi) termed 222 

MC1568, that could inhibit MEF-2 activity. Due to the known interactions between MEF-2, class 223 

IIa histone deacetylases (HDACs) (31, 32), and associated repressor complexes that keep MEF-2 224 

isoform(s) expression in a repressed state (25, 33), we aimed to investigate the effect of MC1568 225 

(24-27) on MEF-2 activity in ATLL cells. To examine cell viability following MC1568 treatment 226 

in HTLV-1-infected ATLL cell lines, we performed an MTT cell proliferation assay to derive IC50 227 

curves. We calculated IC50 curves for primary activated T cells, Jurkat, ATL-ED, and MT-4 cells 228 

(Fig. 4A). There was no toxicity in activated T cells and calculated IC50 values of 3.011µM and 229 



0.389µM for ATL-ED and MT-4, respectively. Furthermore, we derived an IC50 value of 13.38µM 230 

in Jurkat cells, supporting the ATLL-specific cytotoxic activity of MC1568. 231 

To ensure that the observed cytotoxic activity was due to specific inhibition of MEF-2 activity, we 232 

established combinatorial treatments by first knocking down MEF-2A or MEF-2C via siRNA transfection 233 

and then derived MC1568 IC50 values for Jurkat, ATL-ED, and MT-4 cell lines. Here, we observed that 234 

MEF-2A knockdown resulted in increased IC50 values for MT-4 and ATL-ED cells, and Jurkat cells 235 

exhibited no cytotoxicity. In a similar experiment with siMEF-2C, MT-4 and ATL-ED showed no 236 

cytotoxicity compared to non-transfection conditions (Fig. 4B). Furthermore, we transiently silenced serum 237 

response factor (SRF) in these same cell lines as an additional control to determine whether the activity of 238 

MC1568 was specific to MEF-2 isoform(s). SRF is a transcription factor that is in the same family as MEF-239 

2 and has similar interactions with class II HDACs (34, 35). We noticed that SRF knockdown resulted 240 

in no or modest change in IC50 values as shown in Fig. 4B compared to the original IC50 values derived 241 

from cells not transfected with siRNA in all three cell lines. To ascertain that observed effects are HTLV-242 

1 mediated, we performed gain in function studies with pSG-Tax-His and pSG-HBZ-His overexpression 243 

plasmids in all three cell types. As expected, Jurkat did not show any real change in IC50 values but both 244 

ATL-ED and MT-4 cells showed increase in IC50 upon HBZ (3.02/11.7 um, 0.38/1.32 um, respectively) 245 

and Tax (3.02/16.65 um, 0.38/2.65 um, respectively). 246 

To assess the in vivo effects of MC1568 treatment, humanized NOD/SCID/γ-null mice 247 

were injected with MT-2 cells for 2 weeks to establish HTLV-1 infection. Mice were then stratified 248 

into vehicle control groups and treatment groups. We assessed proviral load in the blood and spleen 249 

of MC1568-treated mice and observed a significant decrease with MC1568 treatment (Fig. S3). 250 

We isolated PBMCs from the blood of the control and the treated animals via Ficoll-paque based 251 

gradient isolation and isolated DNA using aforementioned methods; we also obtained RNA from 252 

the same process which was then converted into cDNA. Between the control and the treated 253 



groups, there was a decrease of at least 10 copies of Tax and HBZ in the DNA, and a 10-to-20-254 

fold decrease of Tax expression, but a massive downregulation of HBZ at the RNA level (Fig. 255 

S3A). Similarly, there was a significant downregulation of Tax and HBZ by at least 10 copies in 256 

the spleens of the control and treatment groups. Furthermore, we observed a 15 to 20-fold decrease 257 

in the expression of Tax and at least a 100-fold decrease of HBZ, respectively (Fig. S3B). 258 

 259 

MEF-2A and MEF-2C are significantly upregulated in an acute NA-ATLL patient cohort. To 260 

ascertain the clinical importance of MEF-2 isoforms, we investigated their expression and 261 

relevance within patient cohorts. We obtained mRNA from PBMCs of North American ATLL 262 

(NA-ATLL) patient cohorts (23, 36), along with seronegative, asymptomatic carriers (ACs) and 263 

HAM/TSP patients from the same geographic areas of and South America. We performed RT-264 

qPCR and derived the relative fold-change in comparison to activated PBMCs as a reference. 265 

Following our characterization of ATLL cell lines and MEF-2A/C knockdown, we anticipated 266 

higher expression of MEF-2A and/or MEF-2C in the NA-ATLL samples. Our results showed a 267 

significant logarithmic increase of MEF-2A in NA-ATLL samples (p<0.05) but did not show a 268 

noticeable fold-change in comparison to other stratified groups of seronegative, ACs and 269 

HAM/TSP patients (Fig. 5). Differences in MEF-2B and MEF-2D expression were not statistically 270 

significant. We noticed a logarithmic fold-change in MEF-2C expression in more than half of the 271 

NA-ATLL samples, but the other half of the samples displayed low to modest expression and did 272 

not achieve statistical significance. We also assessed three immortalized NA-ATLL patient-273 

derived cell lines (ATL13, ATL18, ATL21) (23) for MEF-2 isoform and viral protein expression 274 

(Fig. S4A, B). The increased expression of Tax and HBZ correlated with increased expression of 275 

MEF-2A and 2C or vice-versa in ATL18 and ATL21 cell lines. Similarly, ATL13 cells, the 276 



absence of MEF-2A/2C correlated with lower viral protein expression suggesting a linkage 277 

between MEF-2 isoform expression patterns and the expression of viral proteins. For further 278 

verification of these findings, we quantified protein lysates from ATL-18 and ATL-21 cells using 279 

capillary electrophoresis to obtain a quantitative readout and virtual plot generated using WES 280 

compass software (Fig. S4C), which yielded a similar pattern of expression in patient cell lines 281 

compared to Jurkat cells.  282 

 283 

MEF-2A and MEF-2C are enriched in the 3’LTR and bind with HBZ to control viral expression 284 

via activation of MEF-2A/C. We previously reported that MEF-2A is enriched in the 5’LTR of 285 

the provirus and interacts with Tax to regulate viral gene expression (17), but it remains unclear 286 

how viral gene expression is controlled at the 3’LTR. To this end, we first examined localization 287 

of MEF-2 isoforms and HBZ in ATL-ED cells at the steady state by nuclear/cytoplasmic 288 

fractionation. We observed that only MEF-2A and MEF-2C were present in the nuclear fraction 289 

along with HBZ (Fig. 6A). We then evaluated enrichment of MEF-2 isoforms (A and C), viral 290 

proteins (HBZ and Tax), and various co-factors including Menin, Jun D, C/EBPα (known 291 

transcriptional repressor of HTLV-1 5’LTR (37)) as well as Sp1/Sp3 (known activator of 3’LTR 292 

(38)) at the both promoter sites. NR4A1 promoter was utilized as a control, which has been shown 293 

to be occupied by MEF-2 in T cells (39) thus serving as a canonical MEF-2 binding (Fig. 6A). 294 

ATL-ED being Tax negative did not show any recruitment of Tax on the 5’LTR (Fig. 6B) although 295 

considerable recruitment of RNA pol II, MEF-2A, and CREB was observed, which is a known 296 

binding factor at CRE elements at the 5’LTR (40). Interestingly, high level enrichment of CEBPα, 297 

but not Sp1/Sp3, was observed at this site. Presence of HBZ was also detected, which is known to 298 

bind with C/EBPα to inhibit the activation of HTLV-1 5’LTR (41). Together, these observations 299 



explain blockade of transcription from 5’LTR in ATL-ED cells.  At the 3’LTR, we observed a 300 

basal level enrichment of MEF-2A and a much higher recruitment of MEF-2C along with JunD, 301 

Menin, Sp1 and Sp3 but not C/EBPα representing a transcriptionally active state (Fig. 6C). 302 

Interestingly, at the NR4A1 promoter, both repressor and activator were recruited in exact same 303 

proportion (Fig. 6A) thus reaffirming our previous observations (37, 38) about the ratio of 304 

activators and repressors being the key for controlling transcription at a particular promoter site. 305 

To further assess the mechanistic aspects of MEF-2 effects on HBZ, we overexpressed 306 

HBZ in Jurkat cells and performed co immunoprecipitation to assess the binding. MEF-2A 307 

interacted weakly but MEF-2C strongly with HBZ (Fig. 7A). A reciprocal binding assay was 308 

performed in ATL-ED cells with endogenous MEF-2A/2C to investigate the binding of HBZ and 309 

Menin, a tumor suppressor that is downregulated in ATLL (42). Both MEF-2A and MEF-2C 310 

interacted with Menin at steady state in ATL-ED, MT-2 and MT-4 along with HBZ but not in 311 

Jurkat, indicating that these proteins exist in the same complex (Fig. 7B). Additionally, we 312 

examined the binding of Menin and JunD in ATL-ED cell compared to Jurkat cells, and found that 313 

Menin did not bind to JunD in ATL-ED cells (Fig. 7C). To investigate this further, we transiently 314 

knocked down both MEF-2A/2C by siRNA and in the absence of MEF-2A/2C, there was no 315 

recruitment of JunD compared to scramble control that showed 20-fold enrichment of JunD at the 316 

3’ LTR (Fig. 7D), in the presence of both MEF-2A and MEF-2C isoforms. Together, these data 317 

demonstrate that MEF-2C forms complexes with HBZ and Menin at the 3’LTR, which liberates 318 

JunD to activate the antisense promoter. 319 

 320 

 321 

 322 



Discussion 323 

Extensive efforts have been underway to understand the etiology and pathogenesis of HTLV-1-324 

induced leukemogenesis, although much remains unknown. Our previous study identified a role 325 

for MEF-2 in facilitating T-cell transformation and leukemogenesis via Tax-mediated LTR 326 

activation and viral replication (17). We observed increased MEF-2 expression in ATLL patients 327 

compared to controls, however, additional studies were required to elucidate the role of MEF-2 328 

isoforms. Here, we present data that implicates the MEF-2A/C isoforms in exacerbating aggressive 329 

carcinogenesis and related symptoms in North American ATLL patients.  330 

  First, we characterized several active HTLV-1 producing and non-HTLV-1 producing 331 

ATLL-like cell lines by determining virion copy number and protein levels of Tax and HBZ. We 332 

observed consistent level of HBZ expression across all cell lines, whereas higher HTLV-1 DNA 333 

copy number and Tax expression were only observed in the viral-producing cell lines. These 334 

results support a recently proposed model of sporadic Tax expression and its potential function as 335 

an immunodominant epitope (43). We then examined MEF-2 isoform expression in HTLV-1 336 

positive cell lines and ATLL cell lines to ascertain whether differential expression could be 337 

facilitating ATLL progression/development. The data presented in Fig. 1A clearly shows 338 

consistently upregulated MEF-2A and MEF-2C mRNAs in viral-producing cell lines compared to 339 

control Jurkat cells, although MEF-2A displays significantly higher expression compared to MEF-340 

2C. These two isoforms also exhibit increased mRNA expression in most of the ATLL cell lines 341 

examined, indicating that variability in expression exists between ATLL patients. These 342 

expression patterns were further confirmed with single cell-based RNA priming in real-time, 343 

which yielded similar results of higher MEF-2A expression in ATLL cell lines. Interestingly, only 344 

MEF-2C mRNA was upregulated in non-ATLL cells compared to MEF-2A except in Ly13.2 cells 345 



where both isoforms showed a modest increase, suggesting a potentially synergistic role for MEF-346 

2C in leukemogenesis rather than a role in viral pathogenesis. This also suggests that higher 347 

expression of MEF-2A is specific to HTLV-1-induced ATLL cell lines as observed in Fig. 1. 348 

Furthermore, we corroborated protein expression levels using naïve and activated CD3+/CD28+ T 349 

cells as controls to differentiate activation versus infection-mediated changes in MEF-2 isoforms, 350 

which revealed that the overexpression of MEF-2A was more of a viral mediated effect rather than 351 

the activation of lymphocytes. However, the expression of MEF-2C was probably more of a T cell 352 

activation phenomenon together with post-translational modifications, which may or may not be 353 

viral mediated. This additional slower migrating band observed in western blots is absent in 354 

uninfected Jurkat and MT-4 cell lines; the latter of which has defective reverse transcriptase (40, 355 

41), suggesting that this modification could be an activation phenomenon, although the precise 356 

mechanism remains to be determined. We also noticed that the expression of MEF-2B was 357 

diminished in activated T cells. Although MEF-2B mRNA levels for all cell lines were comparable 358 

to Jurkat there was a clear downregulation of MEF-2B at the protein level across all cell lines. 359 

Furthermore, we also observed similar MEF-2A expression patterns in a capillary-based 360 

electrophoresis approach, where there was increased expression of MEF-2A in all cell lines except 361 

SP cells, which is an IL-2-dependent cell line that contains only one copy of the virus in its genome 362 

(44). Similarly, M8166, a lymphoblastoid cell line that harbors a defective provirus of HTLV-1 363 

did not demonstrate increased MEF-2A expression (45). Additionally, there was significantly 364 

increased expression of MEF-2C in MT-2, MT-4, SLB-1 and ATL-ED, but not as much in the 365 

other cell lines; this heterogeneity of expression of MEF-2C needs more investigation. These 366 

results suggest a potential positive correlation between increased MEF-2A expression and viral 367 

copy number. In line with the current literature, our results suggest a role for MEF-2B as a tumor 368 



suppressor, where downregulation of MEF-2B promotes ATLL pathogenesis (30). Collectively, 369 

these results demonstrate that MEF-2A is the predominantly expressed isoform across most ATLL 370 

cell lines while MEF-2C was overexpressed in some of the ATLL cell lines and mostly in the non-371 

ATLL cell lines. 372 

Previous studies have conducted MEF-2 isoform-specific knockdown and knockout 373 

experiments to elucidate their distinct functions in various tissue types; however, our 374 

understanding of the roles of MEF-2 isoforms in ATLL is severely lacking. Here, we performed 375 

MEF-2A and MEF-2C knockdown studies in representative cell lines, ATL-ED (HBZ+Tax-) and 376 

MT-4 (HBZ+Tax+). Following knockdown of MEF-2A, there was a significant downregulation of 377 

HBZ in both cell lines, which suggests a direct correlation between MEF-2A and HBZ. We also 378 

observed downregulation of Tax in MT-4 cells following MEF-2A knockdown, which reaffirmed 379 

our earlier studies. Since there was increased MEF-2C expression in most ATLL cell lines, we 380 

transiently knocked down MEF-2C in ATL-ED and MT-4 cells and observed downregulated HBZ 381 

mRNA in ATL-ED, even at the lowest siRNA concentration. Although HBZ was downregulated 382 

in MT-4 cells, there was only a modest decrease in Tax expression at the highest siRNA 383 

concentration. These data suggest that MEF-2C is more important in the regulation of HBZ 384 

expression, but in the presence of Tax may play an ancillary role to MEF-2A, suggestive of a more 385 

synergistic relationship. We hypothesize that both MEF-2A and MEF-2C have overlapping 386 

functions in HTLV-1 pathogenesis in conjunction with both Tax and HBZ. It was evident from the 387 

proliferation and cell cycle profile analysis that both of the genes are necessary for the maintenance 388 

of highly proliferative mitotic cells in MT-4 and ATL-ED. Nonetheless, the negligible decrease in 389 

the proliferation of Jurkat cells may be due to its immortalization and presence of SV40 T antigen. 390 

Similarly, there was a difference in cell cycle progression compared to controls wherein we 391 



observed a block in G1-S transition in si-MEF-2A/2C transfected cells thus impeding the transition 392 

of S-phase cells to highly proliferating mitotic cells. From the literature there is a requirement of 393 

MEF-2 isoform(s) in cell cycle progression, and unscheduled MEF-2 transcription during the cell 394 

cycle reduces cell proliferation, which may also occur after knockdown of MEF-2A and 2C in 395 

ATLL cell lines (46). 396 

Due to the lack of standard of care for ATLL, we assessed the efficacy of pharmacological 397 

inhibition of MEF-2 using MC1568, a selective class IIa HDACi known to repress MEF-2 activity 398 

in muscle cells (25, 26). We treated representative ATLL cell lines with MC1568 alone and we 399 

observed no toxicity in activated T cells. However, there was significant cytotoxicity in ATL-ED 400 

and MT-4 cells, although the IC50 curves were in the micromolar range at 3.0 µM and 0.38 µM, 401 

respectively. Our results indicated that the cytotoxicity in ATLL cell lines was associated with the 402 

MEF-2 pathway and not any other MAPK pathway. However, we observed a high IC50 value in 403 

Jurkat cells (13.38 uM) compared to the ATLL cell lines, therefore cytotoxicity increases due to 404 

the presence of HTLV-1. In order to determine whether the cytotoxicity was associated with MEF-405 

2 suppression, we performed combinatorial experiments by transiently knocking down MEF-2A 406 

or MEF-2C and treating with MC1568. When either MEF-2A or MEF-2C were transiently 407 

silenced followed by MC1568 treatment, MEF-2A knockdown resulted in a nearly 20-25-fold 408 

increase in IC50 values, 20.96 uM and 25.68 uM, in MT-4 and ATL-ED, respectively. Similarly, 409 

when MEF-2C was transiently silenced in combination with MC1568, there was no cytotoxicity 410 

in both ATLL cell lines. We also knocked down SRF, which is involved in the same signaling 411 

pathway as MEF-2 (34, 35), and observed little to no change in IC50 values with similar values 412 

compared to siRNA negative treatments. Together, these experiments argue for specificity of 413 

targeting of the MEF-2 signaling pathway and no other signaling molecules. Additionally, 414 



overexpression of Tax, in ATL-ED cell increased the IC50 values 4-fold, suggesting that the drug 415 

has effects on viral genes, since the IC50 values did not change in Jurkat cells. The overexpression 416 

of Tax is likely promoting the proliferation (47, 48) of the cells and possibly contributing an 417 

adjunct role to the pathogenesis of HBZ in ATL-ED cells thus resulting in an increase in the IC50 418 

in ATLL cells but not in Jurkat. 419 

        Moreover, in the NOD/SCID ATLL humanized mouse model we observed a significant 420 

decrease in viral gene copy numbers when treated with MC1568 as well as decreased expression 421 

of Tax and HBZ at the mRNA level thus substantiating the effect of MC1568 in regulating the 422 

activity of MEF-2 complexes in vivo both in the blood and spleen. In vivo activity of MC1568 423 

exhibits less toxicity in mice at a dosage of 50 mg/kg and has been shown to decrease the 424 

proliferation of epithelial testicular carcinoma cell lines (24). Our results provide proof of concept 425 

that chemical inhibition of MEF-2 can downregulate HTLV-1 gene expression in vivo and is 426 

translatable in an animal model of ATLL. 427 

Since there was elevated MEF-2A and MEF-2C expression in viral-producing and ATLL 428 

cell lines, we wanted to assess MEF-2 isoform expression patterns in patient samples to ensure 429 

clinical relevance. We characterized a specific HTLV-1-infected NA-ATLL patient cohort (22, 430 

23, 36) for expression of MEF-2 isoforms and observed a significant logarithmic increase in the 431 

expression of MEF-2A in ATLL patients compared to seronegative, asymptomatic carriers and 432 

also HAM/TSP patients. We observed a similar trend with MEF-2C expression in a subset of 433 

ATLL patients, although they were not statistically significant. Nonetheless, there was divergent 434 

MEF-2B and MEF-2D expression in NA-ATLL patients, where certain subsets of patients 435 

exhibited increased MEF-2B/D expression while others exhibited little to no expression. This 436 

range of expression across patient samples resulted in differences not deemed significant within 437 



each patient group. The correlation between viral proteins and MEF2A/C strongly suggest that 438 

there is evidence of synergy of Tax and MEF-2A and MEF-2C in patient cell lines. In the ATL-18 439 

and ATL-21 cell lines, the expression of MEF-2A and MEF-2C correlated with the presence of 440 

Tax and HBZ expression. 441 

Our previously published data demonstrated that MEF-2A was recruited to the 5’ viral LTR 442 

for transactivation by Tax (17).  Our current results indicate that at steady state MEF-2A and MEF-443 

2C are present in the nuclear fraction and not in the cytoplasmic fraction suggesting they might be 444 

continuously transcribing viral genes. The recruitment of both MEF-2A and MEF-2C to the 3’LTR 445 

of the virus in ATL-ED cells, which lacks Tax transactivation at the 5’LTR as shown in Fig. 6B 446 

confirms that they are present at the anti-sense region of the viral LTR. We also precipitated 447 

various known targets that are enriched in the 3’LTR of the virus along with MEF-2A and MEF-448 

2C to examine how the transcriptional profiles are enriched in the viral LTRs. Although MEF-2A 449 

and MEF-2C were recruited to the 5’LTR along with HBZ, Menin and members of the Sp family, 450 

there was also a significant upregulation of CEBP-α (CCAAT/enhancer-binding proteins) which 451 

serves as an inhibitory factor of transcription at the 5’LTR, thus potentially explaining why the 452 

5’LTR is transcriptionally silent (37). At the 3’LTR there was a significant increase in the Sp-1 453 

family of transcription factors along with enrichment of JunD and Menin (49, 50). Interestingly, 454 

there was a significantly higher enrichment of MEF-2C compared to MEF-2A at the 3’LTR, 455 

suggesting that MEF-2C may be playing a more important role in the transcriptional activity at the 456 

3’LTR. Based on the enrichment of MEF-2A and MEF-2C at the 3’LTR, we were interested in the 457 

protein-protein interactions that occurred between MEF-2 and HBZ, along with JunD and Menin. 458 

Protein binding assays revealed that HBZ could interact with both MEF-2C and MEF-2A in Jurkat 459 

cells, but MEF-2A binding was rather modest. However, when we performed a reciprocal 460 



immunoprecipitation with endogenous proteins in ATL-ED cells, MEF-2A and MEF-2C 461 

interacted with both HBZ and Menin in three different representative ATLL cell lines, including 462 

ATL-ED. Furthermore, we observed that Menin bound JunD in uninfected Jurkat cells but not in 463 

ATL-ED implying that different JunD complexes exist in ATLL cells. Taken together, MEF-2C 464 

binds Jun D and Menin, which is a tumor suppressor (51, 52) to regulate its transcriptional activity. 465 

Based on our data, we hypothesize that Menin interacts with MEF-2C and is sequestered along 466 

with HBZ, to prevent Menin binding with JunD, which subsequently allows JunD to mediate 467 

transcriptional activity along with HBZ at the 3’LTR. To this end, when MEF-2A and MEF-2C 468 

were transiently knocked down, we noticed that there was no enrichment of JunD at the viral LTRs, 469 

but we saw significant enrichment of JunD at the 3’LTR in the scrambled control. This observation 470 

implies that in the presence of MEF-2C or MEF-2A, Menin binds to MEF-2C and HBZ in a 471 

complex as seen in Fig. 7B&D and thus allows JunD to be recruited to the 3’LTR to activate 472 

transcription. However, in the absence of MEF-2A/2C the enrichment/recruitment of JunD to the 473 

3’LTR is minimal suggesting there might be binding of Menin with JunD that could decrease its 474 

activity or enrichment. Mechanistically, the presence of MEF-2C at the 3’LTR is essential for the 475 

transcriptional activation of JunD and the antisense promoter of HTLV-1.  476 

Taken together we posit that MEF-2A and MEF-2C may represent potential mechanistic 477 

targets in the pathogenesis of ATLL. Since MEF-2A and MEF-2C appear to be enriched in the 478 

3’LTR of the virus, and the MEF-2A and HBZ interactions suggest this may be important for the 479 

antisense transcription of the viral genome. We speculate that MEF-2A and MEF-2C bind to HBZ 480 

in different chronological order to control the 3’LTR and viral pathogenesis. It is possible that a 481 

distinct transcriptional machinery may control the HTLV-1 3’LTR compared to the 5’LTR. 482 

Factors such as Menin, Sp-1 and AP-1 have already been studied in this regard (53-55). Therefore, 483 



there is a possibility that these transcription factors may associate with MEF-2 to regulate the 484 

transcriptional activity at the 3’LTR.  We have also demonstrated that MEF-2A and MEF-2C are 485 

essential at the 3’ viral promoter for sequestering Menin and increasing JunD transcriptional 486 

activity. Finally, we have demonstrated a potential use of MC1568 for targeted treatment of ATLL 487 

by regulating MEF-2 isoforms as a target for HTLV-1-induced ATLL pathogenesis. 488 

 489 

Conclusions 490 

This study provides evidence for the involvement of MEF-2A and MEF-2C in the 3’LTR mediated 491 

anti-sense transcriptional program. The clinical relevance of this study is established via the 492 

overexpression of MEF-2A and MEF-2C in acute ATLL patients and patient-derived cell lines and 493 

showcases how MEF-2 isoforms can modulate the proliferation and cell cycle regulation in ATLL 494 

cells. Moreover, in the absence of 5’LTR activity, MEF-2 can bind to relevant factors such as 495 

Menin and modify the activity of JunD and promote transcription from the 3’LTR of the virus. 496 

 497 

Materials and Methods 498 

Patient samples and primary cells. Samples from NA-ATLL patients, as published (22, 23, 56), 499 

were obtained from the Albert Einstein College of Medicine (NY, USA). In addition, samples from 500 

11 HTLV-1-associated myelopathy/Tropical spastic paraparesis (HAM/TSP) patients (82% 501 

female) and 10 asymptomatic HTLV-1-infected individuals (60% female) were studied. These 502 

were followed up at a reference outpatient clinic of Infectious and Parasitic Diseases Service (DIP) 503 

at the Hospital Universitário Oswaldo Cruz (HUOC/UPE), located in Recife, Pernambuco, Brazil. 504 

HAM/TSP was diagnosed according to WHO guidelines. Samples from 10 non-infected healthy 505 

Brazilian individuals (70% female) were also included in this study. HTLV-1 serological screening 506 



and confirmation (WB) was performed at HEMOPE Blood Bank Center, in Recife, Brazil. 507 

Infection was additionally confirmed at Fiocruz-PE Institute, also in Recife, Brazil, through qPCR 508 

using a previously described protocol (57). Samples were blinded throughout the study and 509 

categorized as control/seronegative, asymptomatic carriers (ACs), ATLL, and HAM/TSP. The 510 

median age range for females and males was: 46-49 and 38-45 (Control); 42-43 and 37.5-60 (ACs); 511 

48-49 and 38-53 (ATLL); 45-48 and 46-59 (HAM/ TSP), respectively. PBMCs were isolated from 512 

Buffy Coat using Ficoll-Paque and T cells were isolated using a negative selection kit (Stem Cell 513 

Technologies, Vancouver, Canada). Activation of PBMCs was achieved by phytohemagglutinin 514 

(PHA) stimulation (2 mg/mL) for 3 days, as previously described (17). T cells were activated using 515 

ImmunoCult™ Human CD3/CD28 T Cell Activator kit (StemCell Technologies) for 2 days.  516 

 517 

Cell lines. HTLV-1-transformed cell lines MT-2, MT-4 (58, 59), M8166 (60) and SP (HTLV-1-518 

infected clone from PBMCs of an ATLL patient) (61) were obtained through the NIH AIDS 519 

Reagent Program (Catalog No. 237, 120, 11395 and 3059, respectively). HTLV-1-negative Jurkat 520 

cell line (E6-1, Cat No. 177) was also obtained from NIH while SLB-1 (62-65) and ATLL-derived 521 

cell lines, ATL-2(S) (14, 66, 67), ED-40515(-) (referred here as ATL-ED) (66-68), and ATL-55T 522 

were described previously (68, 69). Cultures were maintained in RPMI 1640 medium 523 

supplemented with L-glutamine (Atlanta Biologicals, Flowery Branch, GA), 10% fetal bovine 524 

serum (FBS, Atlanta Biologicals) and 1x Penicillin/Streptomycin (Gibco, Gaithersburg, MD) in a 525 

humidified incubator with 10% CO2 at 37°C. SP culture was supplemented with 100 U/mL of 526 

human IL-2 (Peprotech Inc., Rocky Hill, NJ). 527 

In addition, three NA-ATLL patient-derived CD4+ T-cell lines (ATL13, ATL18, ATL21) 528 

were obtained from the Albert Einstein College of Medicine (NY, USA) and maintained in IMDM 529 



with 100 units/mL IL-2 and 20% human serum. Two additional HTLV-1-negative human T-cell 530 

lines HUT78 and OCI-Ly13.2 were cultured in RPMI with 10% FBS while the third HH line was 531 

maintained in IMDM plus 20% FBS.  532 

 533 

MTT cell viability/cytotoxicity assay.  Before experiments, viability of all cell lines was assessed, 534 

and exponential phase cultures were utilized. Cells were seeded into 96-well plates at a density of 535 

100,000 cells per well in Gibco’s phenol red-free RPMI medium for 48 hours at 37°C in a 536 

humidified chamber. Cell viability was assessed using Vybrant® MTT Cell Proliferation Assay 537 

according to the manufacturer’s protocol (ThermoFisher, Waltham, MA). Following the initial 48 538 

hr incubation, 10 µL of 12 mM MTT was added to each well, then incubated for 4 hrs at 37°C 539 

before cells were lysed in 100µL of SDS-HCl solution. Cells were incubated for another 4 hrs at 540 

37°C before final absorbance was measured at 570 nm (Sunriseä, Tecan, NC) as a direct 541 

assessment of viable cells in each culture. Similar MTT assays were utilized to test cytotoxic 542 

effects of MC1568 in a standard 2-fold dilution method with IC50 calculation by Prism8 software 543 

(GraphPad). 544 

 545 

qPCR assay for determining integrated HTLV-1 copy number. Genomic DNA (gDNA) for 546 

each cell line was obtained using Qiagen’s DNeasy Kit (Germantown, MD). Integrated HTLV-1 547 

copy number was determined by performing quantitative polymerase chain reaction (qPCR) using 548 

the SYBR green assay (QuantStudio 6 Flex, Applied Biosystems, Foster City, CA) with GAPDH 549 

as an internal control and gDNA from the HTLV-1-infected rat cell line (TARL-2) as a reference 550 

since it carries one copy of provirus per cell (70). The following primer set was used to amplify 551 

the HTLV-1 regulatory Px region: 5’-CAAAGTTAACC ATGCTTATTATCAGC-3’ (forward) 552 



and 5’-ACACGTAGACTGGGTATCCGAA-3’ (reverse). A standard curve for the Px region, 553 

representing integrated HTLV-1, was generated from assay results using two-fold serial dilutions 554 

of TARL-2 gDNA. The HTLV-1 copy number for each cell line was calculated from the standard 555 

curve, using the respective CT values, and divided by the estimated number of cells (1ng DNA = 556 

151.51 diploid cells).  557 

 558 

Western blotting for viral protein expression. Protein lysates were extracted from transfected 559 

cultures using Pierce RIPA Buffer supplemented with protease inhibitor cocktail 560 

(Thermofisher Scientific) and phosphatase inhibitor Cocktail 3 (Sigma-Aldrich).  Total protein 561 

concentration was measured using a BCA protein assay and 25-30 μg of proteins were loaded per 562 

lane in 4-15% gradient SDS-PAGE gels (Bio-Rad). Proteins were transferred onto PVDF 563 

membranes at 4oC for 16-18 hours at 30V.  Membranes were then blocked for 1 hour in 5% fat-564 

free milk in 1xTBS plus Tween 20. Images were read using the Gel Doc XR+ Gel Documentation 565 

System (Bio-Rad) and processed on Image Lab software. Primary antibodies used were anti-HBZ 566 

(dilution 1:1000; provided by Dr. Patrick Green), anti-Tax LT-4 (1:2000, provided by Dr. Yuetsu 567 

Tanaka), and anti-p19 (1:1000; Zeptometrix, Buffalo, NY).  568 

 569 

Measurement of HTLV-1 infectivity (p19) via ELISA. Supernatants from each cell line were 570 

collected at 48 hrs in order to quantify extracellular levels of p19 protein released by each cell line. 571 

Enzyme-linked immunosorbent assay (ELISA) was performed in duplicate for each cell line using 572 

the HTLV p19 Antigen ELISA kit (Zeptometrix), according to manufacturer’s instructions. The 573 

final absorbance was measured at 450 nm (Sunriseä) and data was analyzed using the standard 574 

curve method, which was generated from serial dilutions of the standards. 575 



Phenotyping of cell lines by FACS. Jurkat cells and three virus-producing cell lines, MT-2, MT-576 

4 and SP, were counted and 1 x 106 cells were surface stained for CD3 and CD4 using 577 

fluorochrome-conjugated antibodies, AF700 and FITC, respectively. Samples were incubated for 578 

30 mins at 4°C in the dark. For intracellular staining of Tax, cells were fixed and permeabilized 579 

with 200 µL of permeabilization buffer followed by staining using 20 µL of PE-conjugated Tax 580 

antibody for 30 mins at 4°C in the dark. After incubation, cells were washed twice with 1x 581 

permeabilization buffer and resuspended with staining buffer for analysis by flow cytometry using 582 

BD FACS Calibur (BD Biosciences, San Jose, CA).  583 

 584 

Analysis of MEF-2 isoform mRNA levels by PrimeFlowä and RT-qPCR. The PrimeFlowä 585 

RNA assay (Affymetrix, Santa Clara, CA) is an in situ hybridization assay that can detect target 586 

RNA transcripts at the single-cell level. mRNA levels of MEF-2 isoforms were assessed in the 587 

indicated HTLV-1-infected and uninfected cell lines using the PrimeFlowä RNA assay according 588 

to the manufacturer’s protocol. Cells were surface stained for anti-CD4 (PerCP Cy5.5) and 589 

individually hybridized with either an RPL13A probe (Alexa Fluor 488) to gate for 590 

transcriptionally active cells, or one of the four MEF-2 isoform probes (Alexa Flour 647 591 

conjugated). Following target hybridization, signal amplification is accomplished through serial 592 

and sequential hybridizations of the highly specific PreAmplifier molecules, which only hybridize 593 

when both sides of the target probe pair are bound to the target RNA. Upon completion of the 594 

assay, the cells were analyzed using BD FACS Calibur (BD Biosciences). MEF-2 mRNA levels 595 

were also evaluated by RT-qPCR to validate PrimeFlowä results. As previously described, RNA 596 

was converted into cDNA, which was then used as a template for qPCR amplification with primers 597 

given in (Supplemental Table 1). The fold-change expression was normalized to Jurkat and 598 



calculated by 2-ΔΔCT method. Total RNA from patient samples was converted to cDNA and 599 

amplified using standard real-time PCR. MEF-2 isoform fold-change expression was normalized 600 

to activated PBMCs.  601 

 602 

MEF-2 isoform protein detection by western blot and WES (Protein Simple).  Western 603 

blotting was performed as described above utilizing MEF-2 isoform (A-D)-specific antibodies 604 

from Proteintech in the dilution of 1:1000. Automated quantitative protein analysis was performed 605 

by WES (ProteinSimple, San Jose, CA) according to manufacturer’s instructions. Lysates were 606 

diluted to optimum concentration using Simple Western sample dilution buffer (ProteinSimple) 607 

mixed with the fluorescent master mix and denatured at 95°C for 3 mins. Samples, primary 608 

antibodies, and HRP-conjugated secondary antibodies were loaded in pre-assigned wells of a 25-609 

sample cartridge, then placed in WES instrument (Protein Simple). Primary antibodies were 610 

titrated for WES and utilized in the dilution of 1:50 for MEF-2A, MEF-2B, MEF-2C, MEF-2D, 611 

and Vinculin (R&D Systems, Minneapolis, MN). After capillary-based separation of the protein 612 

samples and incubation with the primary and secondary antibodies, proteins were detected using 613 

chemiluminescence. Protein signal and quantitation was generated automatically after each run 614 

through the Compass for SW software. Detected protein quantities are presented as area under the 615 

curve, normalized to vinculin as a loading control.  616 

To assess MEF-2 isoforms in the nuclear-cytoplasmic fractions, cells were collected, 617 

washed with PBS and then nuclear-cytoplasmic extracts collected using NucBusterä Protein 618 

Extraction Kit (MilliporeSigma, Burlington, MA). After isolation of the cytoplasmic fraction, the 619 

cell pellet was sonicated along with reagent B and then supernatant was collected. Both the 620 



cytoplasmic and nuclear fractions were probed for MEF-2A, -2B, -2C, and -2D (Proteintech) along 621 

with GAPDH as the loading control by western blotting. 622 

 623 

siRNA transfection. Cells (3 x 105/well) were plated on 6-well plates and transfections were 624 

performed using Lipofectamineä RNAiMAX (Invitrogen) according to manufacturer’s protocol. 625 

Briefly, Lipofectamineä and siRNA were diluted in Opti-MEM medium (Gibco).  The diluted 626 

Lipofectamineä and siRNA were incubated in a 1:1 ratio for 15 mins at room temperature. The 627 

siRNA-lipid complex was added to the corresponding wells. After 36 hrs. of incubation at 37°C, 628 

cell pellets were collected and processed to obtain total RNA (Qiagen RNAeasy mini kit) and 629 

protein, for RT-qPCR and western blotting, respectively. 630 

 631 

Ki-67 and Propidium iodide staining. The representative cell lines were plated and subjected to 632 

siMEF-2A or siMEF-2C treatment at 25 nm concentration using Lipofectamineä RNAiMAX 633 

(Invitrogen), along with negative scramble controls. The cells were collected 36 hrs post-634 

transfection, washed with 1X PBS and cell pellets fixed with 2 mL of 70% ethanol overnight at  635 

-20°C. The cell suspension was resuspended with 20 µL of PE-KI-67 (BD Biosciences), mixed 636 

gently and incubated at room temperature for 30 mins. The cells were washed with 2 mL of staining 637 

buffer at 200xg for 5 mins and 500 µL of staining buffer was added to each tube and FACS analysis 638 

was performed. All cell lines were fixed in 70% ethanol at -20°C overnight after siRNA treatment 639 

as mentioned above. Cells were washed and RNase inhibitor and PI ready-probe reagent 640 

(Invitrogen) was added. The resulting DNA distributions were obtained by BD FACS Calibur 641 

(BD) and quantified for the proportion of cells in cell cycle phases using Flow-Jo software. 642 

 643 



In vivo testing of MC1568 in NOD/SCID/γ-null humanized mice. Five-week-old female 644 

NOD/SCID/γ-null (NODC57/BL) mice were housed and treated in accordance with Drexel 645 

University laboratory animal resources guidelines and experimental protocols were approved by 646 

the Institutional Laboratory Animal Care and Use Committee (IACUC). Each group had a total of 647 

5 mice. Animals were irradiated within the first week of birth, receiving 10 million human CD34+ 648 

cells, and then housed for 8-10 weeks. Once animals were 30% humanized, they received one 649 

interperitoneally injected dose of 10 million irradiated MT-2 cells. The animals were housed for 650 

another 2 weeks to allow for viral spread then stratified into vehicle control and treatment groups. 651 

After the 2-week incubation, animals were treated with MC1568 (5mg/kg) at Day 0 and Day 3. 652 

Animals were sacrificed 7 days post-MC1568 treatment. Spleens, liver, lung, brain, and blood 653 

were collected post-mortem. The splenocytes and PBMC were isolated from spleens and blood, 654 

respectively. RNA was then isolated using Trizol extraction protocol and converted into cDNAs 655 

that were subjected to RT-qPCR to analyze expression of HBZ and Px region.  656 

 657 

Chromatin immunoprecipitation (ChIP) assay. ChIP assays were performed using Pierce 658 

Magnetic ChIP Kit (Thermo Scientific) per manufacturer’s instructions with modifications for 659 

non-adherent cells. Crosslinking and cell pellet isolation were performed using approximately 660 

4x106 cells per ChIP. Briefly, cells were pelleted and fixed with 16% formaldehyde in serum free 661 

media, quenched with 1x glycine and washed twice with 1x PBS. Steps for Lysis and MNase 662 

digestion, IP elution, and DNA recovery was performed per manufacturer’s protocol. 663 

Immunoprecipitation was adjusted and combined such that magnetic beads, target antibodies 664 

(Supplemental Table 2) and chromatin samples were incubated overnight at 4°C. DNA was then 665 



eluted and subjected to RT-PCR using primers listed in supplemental Table 3.  Samples were 666 

normalized to IgG for fold enrichment or adjusted based on 10% input for analysis.    667 

 668 

Co-immunoprecipitation assays. For Co-IP, cells (Jurkat, ATL-ED, MT-2 or MT-4, as indicated) 669 

were lysed by sonication and cells lysates were pre-cleared with protein L magnetic beads. 670 

Samples were incubated overnight with 2mg of indicated antibodies and were washed to remove 671 

beads. Immunoprecipitated samples were resolved by SDS-PAGE and transferred to a PVDF 672 

membrane. Membranes were immunoblotted for either HBZ antibody or Menin and probed for the 673 

indicated markers. Where indicated, HBZ was over-expressed using a S-tag-HBZ plasmid in 674 

Jurkat cells and was pull down to detect its binding with MEF-2A and MEF-2C. 675 

 676 
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