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ABSTRACT

Human T-lymphotropic virus type I (HTLV-I) infects
CD4+ T-cells resulting in a latent, life-long infection in
patients. Crosstalk between oncogenic viral factors
results in the transformation of the host cell into an
aggressive cancer, adult T-cell leukemia/lymphoma
(ATL). ATL has a poor prognosis with no currently
available effective treatments, urging the develop-
ment of novel therapeutic strategies. Recent evi-
dence exploring those mechanisms contributing to
ATL highlights the viral anti-sense gene HTLV-I bZIP
factor (HBZ) as a tumor driver and a potential ther-
apeutic target. In this work, a series of zinc-finger
protein (ZFP) repressors were designed to target
within the HTLV-I promoter that drives HBZ expres-
sion at highly conserved sites covering a wide range
of HTLV-I genotypes. ZFPs were identified that po-
tently suppressed HBZ expression and resulted in a
significant reduction in the proliferation and viability
of a patient-derived ATL cell line with the induction of
cell cycle arrest and apoptosis. These data encour-
age the development of this novel ZFP strategy as
a targeted modality to inhibit the molecular driver of
ATL, a possible next-generation therapeutic for ag-
gressive HTLV-I associated malignancies.

GRAPHICAL ABSTRACT

INTRODUCTION

Human T-lymphotropic virus type I (HTLV-I), a retrovirus,
is transmitted by bodily fluids and establishes a life-long
infection in patients. The virus infects primarily CD4+ T-
cells in which the reverse transcribed genome integrates
within the host cell to form a provirus. Viruses are pre-
dicted to cause about 15% of known cancers world-wide (1),
and HTLV-I is the established etiological agent involved in
the development of a group of blood-borne malignances.
Through a complex interplay between viral factors over an
extended incubation time, the virus has been linked to the
transformation of CD4+ T-cells into a tumor state, result-
ing in acute T-cell leukemia/lymphoma (ATL). In its most
aggressive form, acute ATL, the prognosis for the overall
survival rate is ∼9 months. There remains no vaccine or
treatment for HTLV-I, and, furthermore, ATL is refrac-
tory to chemotherapy and radiation therapy with no ef-
fective, FDA approved alternative cancer treatment. The
C-C Motif Chemokine Receptor 4 (CCR4) is upregulated
on the surface of most ATLs (2), and a monoclonal anti-
body, mogamulizumab, has been used in clinical trials in
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CCR4-positive ATL patients with limited improvement in
disease outcomes (3). However, a sub-class of ATLs with
gain-of-function CCR4 mutations substantially improved
the antibody’s treatment response (4). Nonetheless, the
overall lack of effective approaches to inhibit ATL urges the
development of novel therapeutic strategies.

HTLV-I has ∼9 kb genome flanked by long terminal
repeats (LTRs) at the 5′ and 3′ ends that serve as pro-
moters to drive sense and anti-sense expression, respec-
tively. The HTLV-I transactivator protein Tax is expressed
from the 5′ LTR, along with other accessory and structural
genes involved in productive viral replication, and is a well-
established factor in clonal expansion and oncogenic trans-
formation (5). However, Tax is highly immunogenic result-
ing in cytotoxic CD8+ T-cell clearance of Tax-positive cells,
and in ATL is generally lowly expressed or silent as a result
of gene mutation, 5′LTR truncation, or promoter epigenetic
hypermethylation (6).

Recently, the anti-sense HTLV-I bZIP factor (HBZ) gene
expressed from the 3′LTR has been realized as playing an
underappreciated role in oncogenesis as it suppresses apop-
tosis (7), induces genetic instability (8), and causes T-cell
lymphomas in HBZ transgenic mice (9). Importantly, the
HBZ RNA and protein have been implicated in various pro-
liferative and pathological roles in ATL (10), such as the
up-regulation of CCR4 that augments the tumor’s migra-
tion and proliferation (11). Furthermore, all primary ATL
samples are positive for HBZ expression (12), and the selec-
tive inhibition of HBZ reduced proliferation in a range of
HTLV-I cell lines (13,14), presenting a potential common
molecular target for cancer intervention.

The cys2his2 zinc-finger proteins (ZFPs) are abundant
endogenous regulatory proteins that bind specific DNA
motifs to control gene expression. As a result of well-
characterized rules for DNA motif recognition, custom
zinc-finger arrays can be generated to target unique se-
quences and artificially regulate a gene of interest (15). Here,
the development of a novel ZFP-based therapy is described
that suppresses HBZ expression as a means to inhibit ATL
proliferation. A series of HTLV-I ZFP repressors were de-
signed to target the LTR at highly conserved sequences
across various HTLV-I genotypes. Potent anti-HBZ ZFP
inhibitors were identified which were further modified to
improve anti-HBZ activity, and then tested in a patient-
derived ATL cell line, resulting in the significant reduction
of proliferation markers. This study demonstrates the utility
of a novel anti-HTLV-I molecular approach to inhibit ATL.

MATERIALS AND METHODS

Vectors and cell culture

For details on vector generation, see Supplemental Materi-
als and Methods. The HEK293 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scien-
tific, MA, USA). The TL-Om1, Jurkat cells or Jurkat-LTR-
HBZ-IRES-GFP-Puro cells were maintained in RPMI me-
dia supplemented with 10% fetal bovine serum. The TL-
Om1 cells were kindly provided by Prof. Kazuo Sugamura
(16). All cell lines were cultured at 37◦C and 5% CO2.

To generate the Jurkat-LTR-HBZ-IRES-GFP-Puro cell
line, the LTR-HBZ-IRES-GFP-puro vector (Supplemen-
tal Materials and Methods) was linearized, purified, and
1 �g of DNA was electroporated using the Neon® trans-
fection system into a Jurkat cell line using the electropora-
tion conditions below. The media was then supplemented
with 1.5 �g/ml puromycin (Gibco, Thermo Fisher Scien-
tific, MA, USA).

In vitro mRNA synthesis and electroporation

The ZFP templates were linearized by digestion with XbaI
and purified with the Zymo DNA Clean & Concentrator-
25 kit (Zymo Research, CA, USA) and 1 �g of template
was used for mRNA production with the T7 mScript™ Stan-
dard mRNA Production System according to instructions
(Cellscript, WI, USA). The integrity and molecular weight
of the mRNA was confirmed using PAGE loaded on to
6% Novex™ TBE-Urea Gels (Thermo fisher scientific, MA,
USA), and visualised with ethidium bromide staining.

For the proliferation assays, a total of 5 × 104 TL-Om1
or Jurkat cells were electroporated with 2 or 4 �g of mRNA
using the 10 �l Neon® transfection system. The electropo-
ration conditions were as follows: ATL55T(+) and TL-Om1
cells: 1325 V, 10 ms, 3 pulse; Jurkat cells: 1450 V, 10 ms,
3 pulse. For the experiments using DNA vectors, 1 �g of
expression vector was electroporated into 2×105 TL-Om1
cells with the same described conditions. For the qPCR,
western blot, and apoptosis assays, 1 × 106 TL-Om1 cells
were electroporated with the described amount of mRNA.
For the LTR-GFP knockdown assays, 1 × 106 Jurkat-LTR-
HBZ-IRES-GFP-Puro cells were electroporated with the
described amount of mRNA. For the cell cycle arrest as-
says, 2 × 106 TL-Om1 cells were electroporated with 4 �g of
mRNA. The electroporated cells were added to 1 ml of pre-
warmed complete media in a 48-well plate and processed for
further analysis at the described timepoints.

Transfections and luciferase assays

For the reporter assays, HEK293 cells were seeded at 1.2 ×
105 cells per well, and 24 h later were transfected using Lipo-
fectamine 3000® (Thermo fisher scientific, MA, USA) with
250 ng of HBZ luciferase reporter vector (Rluc-HTLV-I-
LTR-Fluc or Rluc(splice)-HTLV-I-LTR-Fluc) and 250 ng
of the ZFP expression vector. At 48 h post-transfection,
the levels of Rluc and Fluc were assessed using a Dual-
luciferase® Reporter Assay and activity detected on the
Glomax® Explorer system (Promega, WI, USA). For the
detection of HBZ RNA and protein, transfections were per-
formed with the pcDNA-LTR-HBZ-3xFLAG vector as de-
scribed above. At 48 h post-transfection, the samples were
processed for either the RT-qPCR or western blot assays as
described below.

RT-qPCR assay

After treatment, at the specific time points, RNA was
extracted from the HEK293 or TL-Om1 cells using the
Promega Maxwell™ RSC simplyRNA Tissue Kit (Promega,
WI, USA). One-microgram of HEK293 RNA or 200 ng
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of TL-Om1 or ATL55T(+) RNA was reverse transcribed
using the QuantiTect® Reverse Transcription Kit (Qia-
gen, Hilden, Germany), and 4 �l of RT-template was am-
plified in a LightCycler® 96 (Roche, Basel, Switzerland)
using the KAPA Sybr® Fast qPCR Master Mix (Sigma-
aldrich, MO, USA) with the following conditions: initial
denaturation: 95◦C for 3 min, denaturation 95◦C for 5 s,
annealing/extension at 60◦C for 20 s. The data was anal-
ysed with the LightCycler® 96 software (V1.1.0.1320). The
primers used to detect the various expressed and endoge-
nous targets are described in Supplementary Table S1.

Western blots

After treatment, the cells were lysed in M-PER™ Mam-
malian Protein Extraction Reagent supplemented with
Halt™ Protease Inhibitor Cocktail and the protein concen-
tration determined by Pierce™ BCA Protein Assay Kit ac-
cording to manufacturer protocols (Thermo Fisher Scien-
tific, MA, USA). Equal amounts of protein from each sam-
ple was loaded onto a 4–20% Mini-PROTEAN TGX Pre-
cast Protein Gels (Bio-Rad, CA, USA) and transferred us-
ing the Trans-Blot® Turbo™ Transfer System with Trans-
Blot® Turbo™ Mini Nitrocellulose Transfer Packs (Bio-
Rad, CA, USA). The membrane was blocked with 3%
BSA TBS-T and subsequently probed with the following
antibodies: �-FLAG mouse mAb Anti-Flag® M2 (Cat.
No. F1804; Milliporesigma, CA, USA), �-myc mouse mAb
9B11 (Cat. No. 2276; Cell Signalling Technology, MA,
USA), or �-alpha tubulin rabbit polyclonal (Cat. No.
4074; Abcam, Cambridge, United Kingdom). Secondary
antibodies used were the HRP-conjugated �-Mouse IgG
goat antibody (Cat. No. 1705047; Bio-Rad, CA, USA) or
Immun-Star™ Goat Anti-Rabbit (GAR)-HRP Conjugate
(Cat. No. 170546; Bio-Rad, CA, USA), and exposed using
a Pierce™ SuperSignal™ West Pico PLUS Chemilumines-
cent Substrate (Thermo Fisher Scientific, MA, USA). The
Bio-Rad Chemidoc™ Touch Gel-Imaging System was used
to detect the signal and analysed using the Bio-rad Image
Lab™ Software V6.1.0. All antibodies were diluted in block-
ing buffer.

Cell proliferation assays

After treatment of the TL-Om1 cells or Jurkat cells, an ala-
marBlue™ Cell Viability assay was performed at the des-
ignated time points (Thermo Fisher Scientific, MA, USA)
and fluorescent signal measured on the Glomax® Explorer
system (Promega, WI, USA). To measure cell viability and
counts, trypan blue staining was performed and the cells
assessed on the Countess® II Automated Cell Counter
(Thermo Fisher Scientific, MA, USA).

Cell cycle assay

At 24 h post-treatment, the TL-Om1 cells were collected,
washed twice with PBS, and the fixed with ice-cold 70%
ethanol for 30 min at 4◦C. The cells were pelleted by cen-
trifugation at 850 g for 5 min, washed twice with PBS,
and resuspended in FxCycle™ PI/RNase Staining Solution
(Thermo Fisher Scientific, MA, USA). Single cells were

then counted to 10000 events on a BD Accuri™ C6 and cell
cycle phase analysed using the FlowJo vX5.0 software.

Apoptosis assays

To assess apoptosis, Annexin V and propidium iodide (PI)
staining was performed. One-hundred thousand TL-Om1
cells were electroporated with the described amount of ZFP
mRNA and the cells were harvested at 24 or 48 h. The cells
were washed twice with ice-cold PBS, the pellet resuspend
in 100 �l of 1× Annexin V Binding Buffer (Cat. No. 51-
66121E; BD Biosciences, NJ, USA), and then 1 �l of anti-
Annexin V-FITC (Cat. No. 556419; BD Biosciences, NJ,
USA) and 2 �l of PI stain was added (Cat. No. P3566;
Thermo Fisher Scientific, MA, USA) and incubated for 15
min in the dark at RT. Four-hundred microliters of 1x An-
nexin V Binding Buffer was added and 10 000 events were
assessed on a BD Accuri™ C6 flow cytometer and analysed
using the FlowJo vX5.0 software

To assess Caspase 3/7 activity, the TL-Om1 cells electro-
porated with mRNA as described above were assessed using
the Caspase-Glo® 3/7 Assay System according to manu-
facturer instructions (Promega, WI, USA) and the signal
detected on the Glomax® Explorer system (Promega, WI,
USA).

FACS analysis of CCR4 surface expression

For the detection of the CCR4 receptor, TL-Om1 cells after
electroporation were centrifuged at 1000 rpm for 5 min and
resuspened in 45 �l of PBS with 1% bovine serum albumin
(BSA) and incubated with 5 �l of a mouse PE anti-human
CD194 L291H4 (Cat. No. 359411; Biolegend, CA, USA)
for 30 min at RT in the dark. Five-hundred microliters of
PBS with 1% BSA was added, the cells washed, and resus-
pended in 100 �l of PBS with 1% BSA. Single cells were
counted to a total of 10000 events using the BD Accuri™

C6 and analysed on the FlowJo vX5.0 software.

ATAC-seq and analysis

ATAC-seq analysis was performed by the City of Hope
integrative genomic core. A previously published OMNI
ATAC-Seq protocol (17) was used for cell lysis, tagmen-
tation, and DNA purification. The Tn5 treated DNA was
amplified with 10 cycles of PCR in 50 �l reaction volumes.
1.8× AmpurXP beads purification was used for the PCR
product clean-up. The libraries were validated with Agilent
Bioanalyzer DNA High Sensitivity Kit, and quantified
with qPCR. ATAC-seq libraries were sequenced on Illu-
mina NovaSeq6000 with S4 Reagent v1.5 kit (Illumina,
Cat 20028312) at Tgen with the sequencing length of 2 ×
101. Real-time analysis (RTA) 3.4.4 software was used to
process the image analysis. Raw sequencing reads were fil-
tered using the fastp (https://github.com/OpenGene/fastp)
(18) and aligned against a reference genome with HTLV
sequence in chromosome 1 into the hg38 genome using
HISAT2 V2.1.0 (19) aligner with its very-sensitive default
parameters. Furthermore, aligned reads with a mapping
quality less than 20 along with PCR duplicates were
filtered out using samtools v1.6 (20). Detection of open

https://github.com/OpenGene/fastp
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chromatin areas was performed with the MACS2 v2.2.5
peak calling tool using the paired-end alignment informa-
tion setup (–BAMPE parameter), after which the peaks
detected within the promoter regions of protein coding
genes defined as 3 kb upstream from the Transcription
Start Site (TSS) were selected for analysis. The peaks
are annotated using ChIPseeker (https://bioconductor.
org/packages/release/bioc/html/ChIPseeker.html) and
UCSC genome hg38 with default settings. The path-
way enrichments were done using ReactomePA package
(https://bioconductor.org/packages/release/bioc/html/
ReactomePA.html), including three canonical pathway
databases, KEGG (https://www.genome.jp/kegg/), Re-
actome (https://reactome.org/), and Biocarta (https:
//maayanlab.cloud/Harmonizome/resource/Biocarta). The
node sizes represent the number of genes overlapped
with the pathway genes while the heatmap represent the
statistical significance. The peaks are reannotated with
narrower genomic regions (tssRegion = c(-1000, 1000)).
The R/Bioconductor package csaw (21) was used to detect
differential accessibility among groups.

Statistical analysis

Graphing and statistical analyses was performed using
GraphPad Prism version 8 (V8.1.2).

RESULTS

Screening of potent ZFP repressors of the HTLV-I LTR pro-
moter

The 3′ LTR of the HTLV-I drives the expression of the anti-
sense HBZ RNA and protein, implicated in ATL prolifer-
ation and pathology (Figure 1). Using the ZF Tools Ver
3.0 software (22), a series of nine ZFPs were generated to
target the LTR of HTLV-I, each recognizing a unique 18
nucleotide DNA motif (Figure 1 and Supplementary Table
S1 and S2). The ZFP coding sequence was inserted into a
cytomegalovirus (CMV) expression vector and fused to a
nuclear localization signal (NLS) and well-known krüppel-
associated box (KRAB) repressor domain, ZFP10/KOX1
(23) (Supplementary Figure S1A). To assess if the ZFPs
affected HTLV-I promoter expression of the HBZ tran-
script, the ZFPs were co-transfected with a bi-directional
expression vector containing the HTLV-LTR driving Fire-
fly (Fluc) and Renilla (Rluc) luciferase in the sense and anti-
sense direction, respectively (Figure 2A). The HBZ intron
was maintained so that the 5′ HBZ sequence located within
the LTR spliced to Rluc, which provides for luciferase ac-
tivity to serve as an indicator of spliced HBZ transcript
expression. At 48 hrs post-transfection the ZFP3-KRAB
and ZFP5-KRAB demonstrated a strong reduction in Rluc
levels (>99%) compared to a control ZFP known to tar-
get the LTR of human immunodeficiency virus (ZFP-HIV-
KRAB) (Figure 2A) (24). Furthermore, the ZFP5-KRAB
was able to potently inhibit sense Fluc activity and ZFP3-
KRAB demonstrated ∼50% inhibition. To assess if the
ZFP affected basal LTR promoter activity, the ZFP ex-
pression vectors were transfected into HEK293 cells with
a bi-directional expression vector without the spliced in-
tron and, likewise, ZFP3-KRAB and ZFP5-KRAB showed

a comparable level of luciferase suppression to their activ-
ity against the spliced vector, suggesting the ZFPs function-
ally augmented promoter activity to affect HBZ reporter ex-
pression (Supplementary Figure S1B).

To assess if the ZFP repressors reduced HBZ RNA and
protein expression, an exogenous vector containing the
3′LTR driving the expression of the HBZ transcript was
generated (LTR-HBZ) (Figure 2B) (25). The four top ZFP-
KRAB repressors (ZFP3,5,6 and 10) were transfected into
HEK293 cells with the LTR-HBZ vector, and the expres-
sion of the spliced and nascent HBZ RNAs and ZFP mR-
NAs were readily detectable by RT-qPCR (Supplementary
Figure S1C and D, respectively) as well as the FLAG-tagged
HBZ or myc-tagged ZFP proteins (Figure 2D). When com-
pared to the ZFP-HIV-KRAB control, potent suppression
of the spliced HBZ RNA was observed with ZFP3- and
ZFP5-KRAB (>99%) (Figure 2C) and HBZ protein (Fig-
ure 2D), which corroborated the luciferase reporter data
(Figure 2A). The ZFP5-KRAB had no significant effect on
the levels of HBZ from a CMV-HBZ vector (Supplementary
Figure S2A). However, upon electroporation into a Jurkat
cell line, the ZFP3-KRAB had a non-specific restrictive ef-
fect on growth (Supplementary Figure S2B) and, as a result,
the ZFP5-KRAB was selected as the lead candidate.

Modified ZFP repressors inhibits LTR activity of all circu-
lating genotypes

To further enhance repressor activity of the ZFPs, new
versions of the ZFP5 with alternative repressor domains
were generated. These domains have been described to have
more potent activity which included a novel KRAB repres-
sor ZIM3 (26), the current KOX1 KRAB fused to an ad-
ditional methyl CpG binding protein 2 (meCP2) (27), or
replacing the KRAB with a recently described fusion re-
pressor from this group, PAM (28) (Supplementary Figure
S3A). The ZFP5 variants were transfected into HEK293
cells with the HBZ spliced Rluc reporter or LTR-HBZ
vectors, and the ZFP5-KRAB-meCP2 showed compara-
ble suppressive activity to the ZFP5-KRAB when detect-
ing HBZ spliced Rluc levels (Figure 3A), protein (Figure
3B), and RNA levels (Figure 3C and Supplementary Figure
S3B). A ZFP5 without a KRAB domain was also tested to
determine if steric hinderance at the promoter was causing
HBZ suppression. The ZFP5 alone slightly suppressed pro-
moter activity by ∼50%, but potent suppression required
the KRAB domain, demonstrating a domain-specific effect
(Figure 3A–C). THE ZFP5-KRAB (ZIM3) suppressed ac-
tivity by ∼50%, suggesting the ZIM3 KRAB was not con-
tributing to suppression, and the ZFP5-PAM was ineffec-
tive, likely from poor expression of the fusion protein (Fig-
ure 3A and B). Overall, in these assays, the ZFP5-KRAB-
meCP2 demonstrated comparable activity to the ZFP5-
KRAB and was therefore selected for further characteriza-
tion.

The ZFPs were designed to target conserved sites within
the LTR to ensure activity against a wide-range of HTLV-I
genotypes. The reference LTR sequence of each global cir-
culating genotype (a–g) was inserted upstream of the HBZ
start site in the spliced Rluc luciferase reporter vector (Fig-
ure 3D). The ZFP5 target site is fully conserved within

https://bioconductor.org/packages/release/bioc/html/ChIPseeker.html
https://bioconductor.org/packages/release/bioc/html/ReactomePA.html
https://www.genome.jp/kegg/
https://reactome.org/
https://maayanlab.cloud/Harmonizome/resource/Biocarta
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Figure 1. Schematic of the HTLV-I genome and ZFP target sites. A schematic depicting the 5′ LTR and 3′ LTRs flanking the ∼9 kb integrated HTLV-I
genome with the 3′ LTR (light blue) driving the expression of the anti-sense HBZ gene. The representative target sites of a series of ZFP within the LTR
are indicated (red arrows, ZFP2-10). Transcription factor SpI binding sites and the transcription start site (TSS) in the 3′ LTR are shown in purple. The
HBZ coding sequence is highlighted in dark blue.

genotypes a–d, single mismatches in genotypes e and f, and
a triple mismatch in genotype g. To test the repressive ac-
tivity, the ZFP5 vectors were transfected into HEK293 cells
with the spliced Rluc luciferase reporter vectors of each
genotype, and the ZFP5-KRAB successfully knocked down
each genotype, except for the triple mismatch genotype g,
while the ZFP5-KRAB-meCP2 inhibited luciferase expres-
sion from all genotypes (Figure 3E). These data suggest that
the ZFPs should affect HBZ expression in a wide range
of circulating HTLV-I genotypes and the ZFP5-KRAB-
meCP2 may have enhanced functionality compared to un-
modified ZFP5.

Transient HBZ suppression by a ZFP repressor significantly
inhibits ATL cell line proliferation

To determine if the ZFP repressors inhibited the pro-
liferation of ATL, the ZFP vectors were tested in a
patient-derived TL-Om1 cells. These cells have been well-
characterized to have a single HTLV-I proviral integrant
(16), and positive for HBZ but negative for Tax expression
(29) (Supplementary Figure S4A) as a result of hypermethy-
lation of the 5′LTR (30). As all primary ATLs express HBZ
(12), these features make the TL-Om1 cells a representa-
tive model for studying the anti-proliferative effects through
HBZ repression.

The TL-Om1 cells were generally negatively affected by
the introduction of DNA vectors into the cells; however,
transient expression of the ZFPs would be preferable for
therapeutic development as mRNA is emerging as the nu-
cleic acid of choice for such applications. Accordingly,
the ZFP5-KRAB was generated as mRNA and electropo-
rated in the TL-Om1 cells, which was efficiently delivered
and well-tolerated. In the cells electroporated with ZFP5-
KRAB mRNA at a ‘low’ dose, a clear reduction in TL- Om1
proliferation was observed compared to controls, although
no effect on cell viability was observed (Figure 4A and Sup-

plementary Figure S4B). The ZFP5-KRAB-meCP2 mRNA
showed higher inhibition of proliferation compared to the
ZFP5-KRAB. Although there was no significant effect on
viability between the treated groups, there were fluctuations
in the viability in the ZFP5-KRAB-meCP2 treated cells
at day 6 at the ‘low’ dose. Increasing the amount ZFP5-
KRAB-meCP2 mRNA to a ‘high’ dose resulted in a po-
tent anti-proliferative effect and marked reduction in viabil-
ity compared to the ZFP5-KRAB (Figure 4B and Supple-
mentary Figure S4B). Of interest, the ZFP5-KRAB showed
similar fluctuations in viability at day 7 at the ‘high’ dose,
further suggesting a dosing effect.

Lastly, to confirm these anti-proliferative effects were spe-
cific to a HTLV-I leukemia cell line, these conditions were
repeated in Jurkats cells, a non-HTLV-I leukemia cell line.
The ZFP5 repressors had no effect on the proliferation,
cell count, or viability of these cells (Supplementary Fig-
ure 5A and B). Furthermore, to assess if the ZFP could af-
fected the LTRs from other retroviral vectors, the HTLV-
targeted ZFPs were transfected into a reporter cell line with
the HIV-1 LTR driving the expression of GFP and no ef-
fect on reporter levels was observed (Supplementary Figure
S5C). Furthermore, suppression of the HTLV-I LTR in an-
other ATL cell lines, ATL55T(+), likewise resulted in a re-
duction in HBZ RNA levels and proliferation (Supplemen-
tary Figure S5D-F). These data demonstrate that the anti-
proliferative effects from the ZFP5 repressors were specific
to HTLV-I.

The ZFP repressors affected HBZ levels and downstream in-
duced CCR4

Next, the effect the ZFP5 repressors had on HBZ expres-
sion in TL-Om1 cells was assessed. The ZFP5-KRAB and
ZFP5-KRAB-meCP2 mRNA electroporated cells showed
a comparable reduction in HBZ RNA levels (Figure 5A
and Supplementary Figure S7A). As expected, the detected
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Figure 2. Screening of ZFP repressors that inhibit HTLV-I LTR expression. (A) HEK293 cells were transfected with a vector that contains a HTLV-I LTR
bidirectionally driving the expression Rluc (anti-sense) and Fluc (sense) luciferase. A mutated Rluc translational start ensures that expression of Rluc only
occurs if the 5′ HBZ sequence within the LTR is spliced onto the reporter. A series of HTLV-I ZFP-KRAB repressors (2–10) were transfected with the
reporter vector and 48 hrs post-transfection the levels of luciferase were determined. (B) Schematic of the HBZ exogenous vector. (C) HEK293 cells were
transfected with a vector containing the HTLV-I 3′-LTR driving the expression of the HBZ-3xFLAG with the ZFP vectors, and 48 hrs post-transfection the
levels of HBZ RNA were assessed. Both spliced (HBZsp) and nascent HBZ RNA (HBZusp) was detected. For (A) and (C), error bars represent standard
deviation from samples treated in triplicate from two independent experiments. The levels of luciferase or HBZ RNA was made relative to a ZFP-HIV-
KRAB control, set a 100%. (D) HEK293 cells were transfected as described in (C) and the HBZ-3xFLAG and ZFPs were detected through their Flag and
myc tags, respectively. A Rluc expression vector or untreated cells (mock) were included as ZFP and HBZ detection controls, respectively. Alpha-tubulin
was detected as a loading control.
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Figure 3. Anti-HTLV-I ZFP repressors inhibit the LTRs from multiple HTLV-I genotypes. (A) HEK293 were transfected with a vector containing the
HTLV-1 LTR bi-directional reporter to measure Fluc (sense) or the HBZ(spliced)-Rluc (anti-sense) activity with the modified ZFP5 vectors, and at 48
h post-transfection the levels of luciferase activity were assessed. The modified vectors were generated by fusing the ZFP5 to a KRAB(ZIM3), KRAB-
meCP2 or PAM. A ZFP5 without a KRAB domain was also included (–). The levels of HBZ (B) protein or (C) RNA were determined after transfecting
HEK293 cells with an LTR-HBZ and the modified ZFP5 vectors. (D) A schematic of the HTLV-I LTR bidirectional vector with the LTR upstream of
the HBZ translation start replaced with sequences from different HTLV-I genotypes (a-g). The country of viral origin, accession numbers, genotypes and
ZFP5 target site sequences are indicated. Mismatches are highlighted in red. (E) HEK293 cells were transfected with an LTR(a-g) spliced reporter vector
with the ZFP5-KRAB and ZFP5-KRAB-meCP2 vectors, and 48 h post-transfection the levels of Rluc and Fluc luciferase was determined. For (A), (C)
and (E), the ZFP5 vectors were made relative to a control ZFP-HIV-KRAB, which was set a 100%. Error bars represent standard deviation from samples
treated in triplicate. For (B), the HBZ and ZFPs were detected through a FLAG tag and myc tag, respectively. Untreated cells (mock) were included as
ZFP and HBZ detection controls and �-tubulin as a loading control.

ZFP5 repressor mRNA and protein rapidly reduced over
a 72 or 48 h period, respectively, (Supplementary Figure
6A–C), and the declined in ZFP mRNA was mirrored by
a concordant increase in HBZ RNA levels (Supplementary
Figure S6C), confirming the ZFPs were affecting HBZ ex-
pression within its genomic context.

The HBZ RNA and protein affects a number of host
genes in ATL and both upregulate CCR4 expression (11).
To confirm if the ZFPs were affecting HBZ-induced host
proteins, the CCR4 mRNA levels were assessed, and a sig-
nificant reduction of about 50% was observed at 24 h but
only in the ZFP5-KRAB-meCP2 treated cells (Figure 5B).
Even though CCR4 mRNA levels were re-established at 48
h, the amount of surface CCR4 detected by flow cytome-
try was reduced at 24 and 48 h (Figure 5C). Increasing the
amount of ZFP mRNA to the ‘high’ dose did not improve

the reduction of HBZ or CCR4 levels (Supplementary Fig-
ure S7A–C).

The ZFP5-KRAB and ZFP5-KRAB-meCP2 showed
comparable levels of HBZ suppression in the TL-Om1
cells (Figure 5A), but only ZFP5-KRAB-meCP2 was able
to affect CCR4 levels (Figure 5B and C), suggesting
that the ZFP5-KRAB-meCP2 was a more potent effector.
Considering this observation, we surmised that the anti-
proliferative effects were masking the extent of HBZ sup-
pression. To assess the anti-HBZ effects of the ZFPs in the
absence of proliferative factors, the ZFP mRNAs were elec-
troporated into a Jurkat cell line engineered with an LTR-
HBZ in-frame with a GFP reporter (Supplementary Figure
S8A). In the absence of confounding anti-proliferative ef-
fects, the ZFP5-KRAB-meCP2 had a more rapid decline
in GFP signal than the ZFP5-KRAB, demonstrating the
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Figure 4. Anti-proliferative effects of the anti-HBZ ZFP repressors. TL-Om1 cells were electroporated with (A) 2 �g ‘low’ dose or (B) 4 �g ‘high’ dose
of mRNA expressing the ZFP5-KRAB or ZFP5-KRAB-meCP2 and outgrowth was assessed through proliferation (top panel), viability (middle panel),
or cell count (bottom panel). The ZFP-HIV-KRAB or GFP mRNAs were included as negative controls. Error bars represent standard deviation from
samples treated in triplicate.

ZFP5-KRAB-meCP2 was a more potent repressor (Supple-
mentary Figure S8B). Overall, these data demonstrate that
the ZFPs reduced HBZ mRNAs levels in TL-Om1 cells, and
the ZFP5-KRAB-meCP2 was a more potent effector that
can affect a downstream HBZ-induced gene.

The ZFP repressors induce cell cycle arrest and activate apop-
totic pathways

To better understand the mechanisms behind the anti-
proliferative effects, a cell cycle arrest assay was performed.
At 24 h post-electroporation, the ZFP5-KRAB was able to
induce an increase in G2/M phase and a reduction in G1,
suggesting the inhibition of HBZ was causing G2/M ar-
rest in the TL-Om1 cells (Figure 6A). Notably, the ZFP5-
KRAB-meCP2 resulted in a different arrest profile, result-
ing in a likewise increase in G2 phase, although to a lesser
extent than the ZFP5-KRAB, and a reduction of cells in S
phase. The HBZ RNA is known to upregulate the transcrip-
tion factor E2F1, which is a well-known driver of cell cycle
progression (31). The levels of E2F1 mRNA were reduced at
24 hrs in the ZFP treated TL-Om1 cells (Figure 6B), further

demonstrating the ZFPs were affecting cell cycle factors in-
duced by HBZ.

Next, induction of apoptosis by the ZFPs was assessed.
When determining the activation caspase 3/7 activity, the
ZFP repressors induced activity in the TL-Om1 cells to
comparable levels even when using a ‘low’ or ‘high’ dose,
with no effect observed with the ZFP-HIV control (Supple-
mentary Figure S9). Annexin V/PI staining revealed that
at the ‘low’ dose, both ZFP repressors induced a mod-
est but equitable induction of late-stage apoptosis at 48
and 72 h (Figure 6C). However, at the ‘high’ dose, TL-
Om1 cells receiving the ZFP-KRAB-meCP2, strongly in-
duced late-stage apoptosis at 48 h compared to the ZFP5-
KRAB (Figure 6D), which was comparable at the 72-h
time point. Collectively, these data demonstrate the anti-
HBZ ZFPs induced anti-proliferative effects through cell
cycle arrest and the induction of apoptosis in a ATL cell
line. Lastly, to demonstrate a mechanism of chromatin re-
modelling at the LTR by the anti-HTLV ZFPs, treated
TL-Om1 cells were subjected to ATAC-seq (32). Briefly,
chromatin is exposed to Tn5 transposase and euchromatin
regions at transcriptional active genomic sites are more
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Figure 5. Anti-HTLV-I ZFPs reduce HBZ-induced CCR4 levels. TL-Om1 cells were electroporated with 2 �g of ZFP5-KRAB or ZFP5-KRAB-meCP2
mRNA, and the levels of (A) HBZ spliced RNA, (B) CCR4 RNA, (C) or surface CCR4 receptor was assessed at 24 and 48 h post-electroporation. Cells
treated with a ZFP-HIV-KRAB mRNA or untreated cells (mock) were included as negative controls. Error bars represent standard deviation from samples
treated in triplicate and P-values were determined by one-way ANOVA analysis (Dunnett’s post-test) when compared to the ZFP-HIV-control (*P < 0.05,
**P < 0.01 ***P < 0.001, ****P < 0.0001).

accessible to transposase tagmentation. Treatment with the
ZFP5-KRAB or ZFP5-KRAB-meCP2 resulted in reduced
reads across the HTLV-I genome (Figure 7A) and a reduc-
tion in nucleosome-free regions in the LTR (Figure 7B).
Furthermore, pathway analysis was performed for differ-
ential chromatin accessibility across TSS sites. P53 is func-
tionally inhibited by HBZ and a top hit was genes associ-
ated with p53 transcription regulation in the ZFP treated
samples, which was not observed in the ZFP-HIV-KRAB
treated cells (Supplementary Figure S10), suggesting anti-
HBZ ZFPs are affecting genes downstream of p53.

DISCUSSION

Current approved treatments for ATL have limited im-
provements on patient survival, and ATL is considered re-
fractory to chemotherapy and radiation therapy, promoting
the development of novel therapeutics. Here we describe a

novel molecular therapy against a potential gene driver of
ATL, the anti-sense HBZ gene, which is functional against
the LTRs of a broad range of HTLV-I genotypes. Other
knockdown studies have shown that a reduction in HBZ re-
sults in reduced proliferation in the TL-Om1 cells as well as
a number of in vitro HTLV-I transformed cells (MT-1, SLB-
1, PBLACH) (13,14), suggesting that the anti-HBZ ZFP re-
pressors will affect a wide range of ATL samples.

A zinc-finger nuclease that introduces mutations into
the LTR through nuclease activity has been shown to re-
duce HTLV-I associated tumor growth in vitro and in vivo
(33). However, no further characterization of the mecha-
nism of inhibition was performed. In the knockdown stud-
ies, reduced proliferation in HTLV-I cell lines was observed
(13,14), but no reduction in viability (13). The ZFP repres-
sors showed a rapid and strong induction of late-stage apop-
tosis and, at the ‘high’ dose, the ZFP5-KRAB-meCP2 re-
sulted in a stark reduction in viability (Figure 4 and 6).
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Figure 6. Anti-HBZ ZFPs cause cell cycle arrest and apoptosis. (A) TL-Om1 cells were electroporated with 2 �g of mRNA expressing the ZFP5-KRAB
or ZFP5-KRAB-meCP2 and the percentage of cell cycle phase was assessed at 24 hrs post-electroporation. (B) The levels of E2F1 mRNA were assessed
at 24 h and 48 hrs post-electroporation. Cells treated with a ZFP-HIV-KRAB mRNA or untreated (mock) were included as negative controls. For (C), the
samples were made relative to the ZFP-HIV-KRAB set at 100%. To assess the induction of apoptosis, TL-Om1 cells were electroporated with a (C) 2 �g
‘low’ dose or (D) 4 �g ‘high’ dose of mRNA and Annexin V and PI detected at 48 and 72 h post-electroporation. ZFP-HIV-KRAB was used as a negative
control. For (A) and (B), error bars represent standard deviation from samples treated in triplicate. For (C) and (D), the line represents the mean from
samples treated in triplicate. The P-values were determined by one-way ANOVA analysis (Dunnett’s post-test) when compared against ZFP-HIV-control
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

These different observations may reflect the potency of
HBZ inhibition, where previous studies knocking down the
HBZ RNA and protein levels was limited, and may be in-
sufficient to induce cell death (13). However, some of the
cell lines in these studies also expressed a functional Tax
oncogene, which may affect anti-proliferative effects and
additional studies will be needed to determine the thresh-
old of ATL oncogene suppression required to induce cell
death.

Still, it is unclear why ZFP5-KRAB-meCP2 reduced vi-
ability at the ‘high’ dose as caspase 3/7 activation was sim-
ilar to the ZFP5-KRAB (Supplementary Figure S9), but
a more potent and rapid induction of late-stage apoptosis
was observed (Figure 6D). Furthermore, the ZFP5-KRAB-
meCP2 caused S-phase arrest which has been linked to
apoptosis, and these observations may suggest this modal-
ity is more effective at committing the TL-Om1 cells to pro-
grammed death. Furthermore, the ZFP5-KRAB-meCP2 at
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Figure 7. LTR-targeted ZFP repressors reduce chromatin accessibility. TL-Om1 cells were electroporated with 4 �g of mRNA expressing the ZFP5-KRAB
or ZFP5-KRAB-meCP2 and at 24 h the cells were subjected to ATAC-seq to assess chromatin accessibility. (A) IGV of the HTLV-I genome displaying
accessibility. (B) Enrichment plot of nucleosome-free regions across HTLV-I’s LTR. The read counts are the average of triplicate treated cells.

the ‘high’ dose was the only system that substantially re-
duced viability (Figure 4B), affecting an HBZ downstream
factor (Figure 5B and C), suggesting a possible threshold
for reversing HBZ-induced factors involved in maintaining
the tumor state. The HBZ protein has proapoptotic func-
tion while the HBZ RNA has pro-survival effects (10), and
this apparent threshold may support the ‘oncogenic shock’
model for this viral oncogene (34), where the reduction of
the oncogene’s pro-survival signals are outbalanced by the
proapoptotic signals, ultimately driving the cell down a cel-
lular death pathway. Further studies elucidating this mech-
anism would assist in a more rational design of anti-HBZ
modalities.

An alternative explanation may be warranted. The ZFP5-
KRAB-meCP2 was selected as the meCP2 component may
elicit epigenetic changes at the target promoter (35), allow-
ing for sustained, if not permanent, silencing. The ‘high’
dose ZFP5-KRAB-meCP2 may elicit a sustained suppres-
sive effect on HBZ, resulting in cell death. Further studies
should explore this possibility, and, if so, epigenetic mod-
ulators like ‘block and lock’ strategies for the silencing of
the LTR of HIV (28,36), could be applied to the inhibi-
tion of HBZ as an ATL treatment approach. Regardless,
whether the effect was through potency or duration, the
unique observation presented here suggests that the abla-
tion of HBZ expression may prove to be a viable means to
eliminate HBZ-driven malignances.

HBZ has been implicated in a wide range of pathological
features of ATL. The upregulation of CCR4 is known to
enhance ATL proliferation and trafficking (11), especially
migration to the skin (2). The reduction in CCR4 surface
levels by the anti-HBZ ZFPs was low (Figure 6C) and is

unclear if this will be enough to affect pro-migratory and
proliferative effects but warrants further investigation. Fur-
thermore, the HBZ protein is associated with bone degen-
eration through the RANKL/c-Fos pathway (37), and the
HBZ RNA is known to augment Survivin (10), a factor in-
volved in chemoresistance and a feature of ATL (38,39).
Therefore, targeting HBZ with the ZFP repressors may be
a means to modify a spectrum of ATL disease features.

HTLV-I has been associated with another disorder,
HTLV-I associated myelopathy/tropical spastic parapare-
sis (HAM/TSP), which is a progressive, chronic neurolog-
ical disorder that has been associated with HBZ and Tax
expression (40). Furthermore, there are currently no ther-
apeutics that can suppress Tax-mediated productive infec-
tion in active HTLV-I. The ZFP5 did affect 5′LTR activity
in reporter assays (Figure 2A), however, we observed no sig-
nificant suppression of Tax transcripts in the ATL55T(+)
cells, demonstrating the repressive activity of the ZFPs is
3′ LTR specific. Still, novel ZFP repressors specifically de-
signed to inhibit the 5′ LTR could be developed to affect
Tax expression, an important factor in active infection and
HAM/TSP.

Delivery of gene therapies remains a challenge within the
field. Although viral vectors, such as T-cell tropic adeno-
associated viral vectors (AAVs), may be an option, the sus-
tained expression of the ZFPs in potential off-target tis-
sues through systemic administration would not be advis-
able and antibody responses to the vector would preclude
repeat dosing. There has been significant interest in the cur-
rent development of mRNA and lipid nanoparticle (LNP)
formulations because of the success of the COVID-19 LNP-
based vaccine. Currently, T-cell delivery in vivo with LNPs
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is limited; however, there has been recent success with T-
cell delivery in vivo (41), and the combination of the ZFP
mRNA with an LNP formulation to target ATL cells could
be a feasible approach. More innovative solutions could
explore extracellular vesicles (EVs) as an emerging deliv-
ery platform. EVs are a broad group of small, membraned
nano-size products derived from the cell, which are biocom-
patible and non-immunogenic, and are being developed as
a delivery system for therapeutic cargo (42). Recent work
has demonstrated that ZFP activators can be transferred to
recipient cells to activate an endogenous gene (43) as well
as deliver a ZFP repressor targeted to HIV’s LTR resulting
in epigenetic repression of HIV after systematic adminis-
tration in a humanized mouse model (28). Therefore, po-
tential platforms compatible with systemic administration
are available that could prove to be a viable, druggable, ap-
proach for clinical application of this novel modality.

In conclusion, described here is a novel ZFP repressor
that can target the HTLV-I LTR and suppress the HBZ
gene, resulting in the reduced proliferation of a patient de-
rived ATL cell line. These data not only add to the growing
body of evidence establishing HBZ a molecular driver and
potential target in ATL, but encourages the further devel-
opment of this modality to potentially treat HTLV-I asso-
ciated malignancies.
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