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Significance

Over time, retroviruses evolved 
the ability to exploit cellular 
pathways to promote their life 
cycle. In turn, host cells have 
developed restriction factors to 
control different steps of 
retroviral replication. Here, we 
describe a mechanism of 
restriction against human T cell 
leukemia virus type 1 (HTLV-1) by 
the helicase-like transcription 
factor (HLTF). HLTF fragments the 
Golgi apparatus and enlarges 
lysosomes in HTLV-1-infected 
cells, leading to budding of 
defective virions. As the HIV, 
HLTF-mediated restriction also 
occurs at early and late steps of 
HTLV-1 infection. This report thus 
reveals that HLTF interferes with 
different steps of the infectious 
cycle of the two retroviruses 
consistent with specificities in 
their mode of replication.
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Retroviruses and their host have coevolved in a delicate balance between viral rep-
lication and survival of the infected cell. In this equilibrium, restriction factors 
expressed by infected cells control different steps of retroviral replication such as 
entry, uncoating, nuclear import, expression, or budding. Here, we describe a mech-
anism of restriction against human T cell leukemia virus type 1 (HTLV-1) by the 
helicase-like transcription factor (HLTF). We show that RNA and protein levels 
of HLTF are reduced in primary T cells of HTLV-1-infected subjects, suggesting 
a clinical relevance. We further demonstrate that the viral oncogene Tax represses 
HLTF transcription via the Enhancer of zeste homolog 2 methyltransferase of the 
Polycomb repressive complex 2. The Tax protein also directly interacts with HLTF 
and induces its proteasomal degradation. RNA interference and gene transduction 
in HTLV-1-infected T cells derived from patients indicate that HLTF is a restric-
tion factor. Restoring the normal levels of HLTF expression induces the dispersal 
of the Golgi apparatus and overproduction of secretory granules. By synergizing 
with Tax-mediated NF-κB activation, physiologically relevant levels of HLTF inten-
sify the autophagic flux. Increased vesicular trafficking leads to an enlargement 
of the lysosomes and the production of large vacuoles containing viral particles. 
HLTF induction in HTLV-1-infected cells significantly increases the percentage of 
defective virions. In conclusion, HLTF-mediated activation of the autophagic flux 
blunts the infectious replication cycle of HTLV-1, revealing an original mode of 
viral restriction.

HTLV-1 | HLTF | restriction factors | intrinsic immunity | Tax

As obligate intracellular parasites, viruses use the host cell machinery to persist and replicate 
(1, 2). Viruses and their host have coevolved in a delicate balance between viral replication 
and survival of the infected cell. This fine-tuned equilibrium is notably mediated by the 
interaction of viral and cellular factors that govern the host immune response (3–6). 
Besides innate and adaptive immunity, restriction factors are antiviral proteins that control 
different steps of the virus replication cycle. Restriction factors interfere with virus entry 
and cell fusion (e.g., IFITM1, IFITM3/2, SERINC5), uncoating (TRIM5α), nuclear 
import (MxB), genome replication (APOBEC, SAMHD1, and MxA), viral transcription, 
translation or protein synthesis (CIITA), and virion release (BST-2) (3–6). Viruses express 
proteins counteracting the activities of these restriction factors as exemplified in the case 
of HIV-1 by Nef, Vif, and Vpu that inhibit SERINC5 (5), APOBEC3G (7), and BST-2 
(8, 9), respectively.

Although the mechanisms may differ among viruses (e.g., sequestration), the antiviral 
proteins primarily target the restriction factor for proteasomal or lysosomal degradation. 
This proteolysis is mediated by polymerization of K48- or K63-linked ubiquitin chains 
(5). Ubiquitin E3 ligases and deubiquitinating enzymes (DUBs) are notably recruited to 
the Golgi apparatus and regulate the intracellular trafficking of proteins (10). Besides 
proteolysis associated with the endoplasmic reticulum, ubiquitinated proteins can be 
directly degraded by proteasomes bound to the Golgi membranes. For example, this process 
involves ubiquitination of the structural Golgi protein (GM130) in response to Golgi 
stress and its subsequent proteolysis in the proteasome. This Golgi apparatus–related deg-
radation (GARD) thus allows the Golgi to quickly regulate its morphology in response to 
stress. Alternatively, ubiquitinated proteins can be trapped in autophagosomes and undergo 
vesicular trafficking (11). The autophagosomes then either fuse with lysosomes or migrate 
to the plasma membrane via the endosomal system (12). If not degraded in autophago-
lysosomes, proteins will bind to the plasma membrane and will be secreted into the 
extracellular milieu (13).
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Vesicular trafficking and autophagy have been subverted by a 
number of viruses (11). Among these, the human T cell leukemia 
virus type 1 (HTLV-1) encodes the Tax oncoprotein. The Tax 
oncoprotein is a master regulator of cellular gene transcription by 
signaling through three main pathways (ATF/CREB, NF-κB, and 
SRF) (14–16). Tax affects vesicular trafficking by promoting auto-
phagosome formation and inhibiting fusion with lysosomes (17, 18). 
The regulatory mechanisms mediated by Tax appear to be quite 
complex but involve at least in part the activity of several 
ubiquitin-modifying enzymes and activation of the NF-κB path-
way. HTLV-1 Tax stimulates the assembly of K63-linked poly-
ubiquitin chains by RNF8 followed by a TAK1-dependent IKK 
activation (19). Tax can also induce the generation of Lys63- and 
Met1-linked hybrid polyubiquitin chains (20). The Tax protein 
itself is ubiquitinated by the E3/E4 ubiquitin conjugation factor 
UBE4B, promoting NF-κB activation (21). The autophagic recep-
tor protein p62 potentiates Tax activity in cells by facilitating the 
association of ubiquitin chains with the Tax/IKK signalosome 
(22). Collectively, these observations thus indicate that ubiquiti-
nation, NF-κB activation, and autophagy are tightly regulated by 
Tax. Promotion of autophagy at the expense of lysosomal prote-
olysis is believed to be a major step in HTLV-1 infectivity (12).

In this study, we show that the helicase-like transcription factor 
(HLTF), an E3 ubiquitin ligase, is down-regulated in T cells from 
HTLV-1-infected subjects. HLTF belongs to the SWI/SNF family 
of chromatin remodelers and mediates DNA damage tolerance 
pathways. Here, we demonstrate that HLTF is a restriction factor 
that reduces HTLV-1 transmission both at early and late steps of 
the viral life cycle.

Results

Helicase-Like Transcription Factor (HLTF) Expression Is Down-
Regulated in HTLV-1-Associated Myelopathy/Tropical Spastic 
Paraparesis (HAM/TSP) and Adult T Cell Leukemia (ATL). This study 
was initiated as a follow-up to RNA sequencing and microarray 
datasets indicating that HLTF expression was dysregulated in ATL 
patients compared to healthy donors (SI Appendix, Fig. S1). To 
validate these transcriptomic analyzes, the levels of HLTF mRNAs 
were quantified by RT-qPCR in CD8+ depleted peripheral blood 
mononuclear cells (PBMCs) from HTLV-1-infected subjects. 
Clinical and pathological information about HTLV-1 samples 
is described in SI Appendix, Table S2. Consistently with previous 
reports, tax expression was significantly up-regulated in HAM/
TSP compared to asymptomatic carriers (AC) and ATLs (Fig. 1A) 
(23–25). In contrast, the levels of the HTLV-1 bZIP factor (HBZ) 
mRNAs were increased in ATLs confirming previous findings of 
an inverse correlation with tax transcription (Fig. 1B) (26, 27). In 
this series of 60 HTLV-1-infected subjects, HLTF expression was 
significantly down-regulated in TSP/HAM and ATLs compared 
to AC and noninfected healthy donors (HD) (Fig. 1C). Note that 
a limitation of these analyses was the presence of monocytes and 
B cells in addition to CD4+ T cells. Therefore, these data might 
not reflect the expression level in HTLV-1-infected cells and ATL 
cells since the percentage of HTLV-1-infected CD4+ T cells in AC 
and TSP was lower than that in ATL cases. Interestingly, HLTF 
transcription was even completely undetectable by RT-qPCR in 
13 out of 20 ATL cases. Considering the transcription levels in 
each sample individually, the expression levels of tax and HLTF 
were inversely correlated in ATL (ρ=−0.71, P=0.00043; Fig. 1D). 
ATL samples that were completely negative for tax transcripts 
thus contained higher levels of HLTF RNA. Furthermore, flow 
cytometry analysis with two representative ATL samples able to 
express Tax (ATL#1) or not (ATL#2) indicated that the mean 

fluorescence intensity (MFI) of HLTF was reduced (MFI 634 
vs 963), illustrating a negative correlation with Tax (MFI 418 vs 
240), respectively (Fig. 1E). These RT-qPCR and flow cytometry 
analyzes thus showed that HLTF was down-regulated in ATL. 
HLTF transcription was also significantly reduced in a series of 
HTLV-1-infected lymphocytes (C8166, C91PL, MT4, HuT102, 
and MT2) compared to control T cell lines (CEM, MOLT4, KIT-
225, and Jurkat) (Fig. 1F). Analysis of RNAseq datasets further 
demonstrated that HLTF transcription was lower in primary 
T cell populations than in Jurkat and KIT-225 (SI  Appendix, 
Fig. S2). In particular, an HTLV-1-infected cell line derived from 
a patient with cutaneous T cell lymphoma (HuT102) was devoid 
of detectable HLTF mRNAs as observed in a proportion of ATL 
samples. Reduced expression of HLTF protein was confirmed by 
immunoblot (Fig. 1G). Quantification of Tax and HLTF proteins 
indicated that their levels were inversely correlated (Fig. 1H). Using 
a doxycycline-inducible system, HLTF expression was slightly 
increased in two HTLV-1-infected cell lines (2.5-fold in MT2-
iHLTF and 2-fold in C91PL-iHLTF) (Fig. 1I). In the presence 
of doxycycline, the levels of the HLTF protein (i.e., 0.5-0.6 band 
luminescence intensities relative to tubulin, RLU) remained below 
the physiological range of the Jurkat control (0.9 RLU). Upon 
HLTF induction, Tax expression was not significantly affected in 
the two cell lines. In contrast, induction of Tax expression with 
zinc chloride (ZnCl2) in JPX-9 T lymphocytes correlated with a 
reduction of HLTF protein (RLU from 0.9 to 0.6; Fig. 1J).

These data demonstrate that HLTF is down-regulated both at 
the transcriptional and translational levels in HTLV-1-infected 
cell lines as well as in primary lymphocytes from HAM/TSP and 
ATL patients.

HLTF Transcription is Repressed by Promoter Cytosine 
Methylation and by the Enhancer of Zeste Homolog 2 (EZH2) 
Methyltransferase. Besides activating transcription (14–16), 
Tax also mediates gene repression via the EZH2 H3K27me3 
methyltransferase of the Polycomb Repressive Complex 2 (PRC2) 
(28). To investigate whether this mechanism applies to HLTF 
transcription, Tax expression was induced with ZnCl2 in JPX-9 T 
lymphocytes, and chromatin immunoprecipitation (ChIP) of the 
HLTF promoter was performed with EZH2-specific antibodies. 
Results of SI Appendix, Fig. S3 indicated that Tax hijacks EZH2 
to induce trimethylation of H3K27 on the CpG region of the 
HLTF promoter, leading to the inhibition of HLTF transcription.

The HLTF gene also appeared to be silenced by cytosine meth-
ylation. Indeed, treatment of HuT102 cells with 5-aza-dC 
increased transcription of HLTF (SI Appendix, Fig. S4), revealing 
a mechanism of epigenetic repression by DNA methylation of the 
HLTF promoter. This mechanism may also explain HLTF tran-
scriptional silencing in a proportion of ATL samples in which tax 
RNA is absent.

Tax Interacts with and Induces Proteasomal Degradation of HLTF. 
Transient induction of Tax expression in JPX-9 T lymphocytes 
mitigated the amounts of HLTF protein (Fig. 1J). To further explore 
the interaction between these two proteins, the presence of HLTF in 
the Tax complex was investigated in Hek293T cells via the Gaussia 
princeps Complementation Assay (GPCA) (29). In this system, Tax 
and HLTF were fused to complementary and inactive fragments of 
the Gaussia princeps luciferase enzyme (Fig. 2A). After cotransfection 
of the recombinant plasmids (i.e., pSPICA-N1-Tax with pSPICA-
N2-HLTF and pSPICA-N2-Tax with pSPICA-N1-HLTF) into 
Hek293T, the interaction between Tax and HLTF restored luciferase 
activity (TaxN2+HLTFN1 and TaxN1+HLTFN2; Fig. 2B). The Tax/
HLTF interaction was then evaluated by a coimmunoprecipitation 
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assay in JPX-9 T lymphocytes (Fig. 2C). After induction of Tax 
expression with ZnCl2 in JPX-9 cells and immunoprecipitation 
with an anti-Tax antibody, immunoblotting revealed the presence 
of HLTF in the protein complex (Fig. 2C). Coimmunoprecipitation 
thus indicated that Tax complexes with HLTF in T cells. This 
conclusion was also valid in HTLV-1-infected cells (C91PL, Fig. 2D) 
and in HuT102 transduced with an HLTF-inducible lentivector 
(HuT102-iHLTF+dox; Fig. 2E).

To determine the biological relevance of the interaction, the colo-
calization of Tax and HLTF was investigated by confocal microscopy 
in HTLV-1 immortalized C91PL cells. Tax and HLTF were mainly 
colocalized in regions surrounding the nucleus (red arrows on colo-
calization Tax/HLTF; Fig. 2F). Quantification of the fluorescence 
intensities in two representative cells nevertheless highlighted a 
broad diversity in the expression profiles (Fig. 2G). When HLTF 
protein levels were induced by 1.9-fold in doxycycline-inducible 
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Fig. 1. HLTF is down-regulated in primary lymphocytes from HTLV-1-infected subjects and patient’s derived cell lines. (A–C) RT-qPCR quantification of tax, HBZ, 
and HLTF RNAs from nine healthy donors (HDs), HTLV-1-infected asymptomatic carriers (ACs; n = 20), and patients with tropical spastic paraparesis (TSP; n = 20) 
or with acute adult T cell leukemia (ATL; n = 20). Dunn’s multiple comparison tests were used to determine statistically significant differences between groups. (D) 
Nonlinear regression of tax and HLTF RNA levels in ATL samples was performed with the curve fitting function of Matlab. ρ represents the Spearman correlation 
between tax and HLTF. (E) The MFI of Tax and HLTF was quantified by flow cytometry in 2 ATL samples (ATL#1 and ATL#2). After labeling with the corresponding 
primary antibodies, Tax and HLTF were fluorescently revealed with Alexa Fluor 488 and Alexa Fluor 647 conjugates, respectively. An isotype antibody was used 
as control. The numbers indicate the MFI. (F) RT-qPCR quantification of HLTF in HTLV-1-infected T cell lines (C8166, C91PL, MT4, HuT102, and MT2) and control 
T lymphocytes (CEM, MOLT4, KIT-225, and Jurkat). RT-qPCR data are presented as mean ± SD of at least five independent experiments. A Mann–Whitney test 
was used to determine the statistical significance of the difference between HTLV-1-infected and control cell lines. (G) Western blot analysis of HLTF and Tax 
proteins in HTLV-1-infected and control cell lines. Numbers in immunoblots indicate the band intensities of HLTF and Tax normalized to tubulin. (H) Pearson 
correlation analysis between Tax and HLTF normalized band intensities. (I) Western blot analysis of HLTF and Tax proteins in MT2 and C91PL cells transduced 
with a doxycycline-inducible HLTF expression system (MT2-iHLTF and C91PL-iHLTF). (J) Western blot analysis of HLTF and Tax levels in JPX-9 cells after induction 
of Tax with ZnCl2.
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(B) Luciferase activity in Hek293T cells coexpressing Tax and HLTF (i.e., Tax-N1 with HLTF-N2 and Tax-N2 with HLTF-N1) or coexpressing each partner with matched 
empty plasmid (i.e., Tax-N1 with N2, HLTF-N2 with N1, Tax-N2 with N1, and HLTF-N1 with N2). Data are the mean (±SD) of three independent experiments.  
P values were calculated according to the Dunnett’s multiple comparison test (C) Coimmunoprecipitation analysis of the Tax/HLTF interaction in JPX-9 cells 
after induction of Tax. Tax immunoprecipitates were analyzed by western blot using anti-HLTF antibody. (D) Coimmunoprecipitation analysis of the Tax/HLTF 
interaction in C91PL and HuT102 HTLV-1 infected cells using an anti-Tax antibody. Tax immunoprecipitates were analyzed by western blot using an anti-HLTF 
antibody. (E) Immunoprecipitation of HLTF in HuT102-iHLTF cells using an anti-Tax antibody 48 h after induction with doxycycline. (F) Confocal analysis of the 
colocalization between Tax (green, Alexa Fluor 488) and HLTF (red, Alexa Fluor 647) in C91PL cells. Voxel colocalization (small red arrows) was determined using 
software Zen Blue and Imaris. The colocalization threshold was set manually. (G) The fluorescence intensities of Tax (green) and HLTF (red) in two C91PL cells 
(Cell-1 and Cell-2) were quantified along the arrows shown in the Nomarski image of panel F. (H) Mean fluorescent intensity (MFI) of HLTF in C91PL-iHLTF after 
induction of HLTF with doxycycline (iHLTF+dox). The P value was calculated according to the Mann–Whitney test. (I) Quantification of Tax/HLTF colocalized voxels 
in C91PL-iHLTF after induction of HLTF with doxycycline. The P value was calculated according to the Mann–Whitney test. (J) Confocal microscopy after labeling 
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JPX-9 cells were treated with the MG132 proteasome inhibitor for 6 h (the two lanes below the triangle correspond to 20 µM and 30 µM MG132). Numbers in 
immunoblots indicate the quantification of band intensities of HLTF and Tax normalized to tubulin.
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C91PL-iHLTF cells (Fig. 2H), Tax/HLTF colocalization signifi-
cantly increased (Fig. 2I). Two other HTLV-1 infected cell lines 
(MT2 and HuT102) displayed a similar heterogeneity in Tax 
expression as well as in Tax/HLTF colocalization (SI Appendix, 
Figs. S5 and S6). Multiple labeling of different cell compartments 
(nucleus, cytoskeleton, and cis-Golgi) validated the spatial colo-
calization of Tax and HLTF (SI Appendix, Fig. S7). The voxel 
profiles nevertheless revealed a bimodal distribution characterized 
by a proportion of events almost completely devoid of colocaliza-
tion. In other words, the expression of Tax and HLTF was mutu-
ally exclusive in a subpopulation of HTLV-1-infected cells, as 
illustrated in MT2 cells (Fig. 2J). Profiling of the fluorescence 
intensity quantified this observation along the double arrows 
(Cell-1 and Cell-2; Fig. 2K). The most likely hypothesis of this 
phenotype is that Tax, whose expression fluctuates in HTLV-1 
infected cells (27, 30), degrades HLTF in the proteasome (31). 
Consistently, induction of Tax expression decreased the protein 
levels of HLTF in JPX-9 cells (Fig. 2L). Involvement of the pro-
teasomal degradation was validated by using the MG132 inhibitor 
that blocks the proteolytic activity of the 26S complex (Fig. 2M).

Based on the opposite effects of Tax and another viral factor 
(HBZ), similar experiments were undertaken to evaluate their 
combined activity on HLTF expression. Induction of HBZ expres-
sion in JPX-9 T lymphocytes affected neither HLTF protein levels 
(SI Appendix, Fig. S8 A–C) nor interactions with Tax (SI Appendix, 
Fig. S8D). Furthermore, gene transduction of HBZ into MT2 or 
C91PL did not modify HLTF transcription and protein levels 
(SI Appendix, Fig. S8 E–J).

Together, these results show that the Tax oncoprotein interacts 
with and depletes HLTF in the proteasome.

HLTF Is a Restriction Factor. The targeted degradation in the 
proteasome (Fig.  2) combined with transcriptional repression 
(Fig.1 and SI Appendix, Fig. S3) of HLTF by the Tax oncoprotein 
suggests an important role in the life cycle of HTLV-1. To address 
viral infectivity, HLTF expression levels were modulated by RNA 
interference and gene transduction in HTLV-1-infected lymphocytes. 
Special attention was given to the biological relevance of the cell 
model based on human lymphocytes derived from patients and on 
physiological levels of HLTF. These conditions were achieved in 
two HTLV-1 cell lines (MT2 and C91PL) using RNA interference 
(shHLTF) and transduction of a doxycycline-inducible expression 
system (iHLTF) (Fig. 3). To quantify the predominant mode of 
cell-to-cell infection, MT2 and C91PL were cocultured with Jurkat-
luc reporter T cells containing a luciferase gene controlled by the 
HTLV-1 LTR viral promoter (32) (Fig.  3A). Compared to the 
scrambled control, interference with the shHLTF lentivector reduced 
HLTF transcription in the two HTLV-1-infected cell lines (Fig. 3 B 
and D) but only marginally affected tax RNA levels (SI Appendix, 
Fig. S9). Concomitantly, RNA interference with HLTF increased 
luciferase reporter activity upon coculture with Jurkat-luc cells 
(Fig. 3 F and H). In contrast, induction of HLTF expression in 
C91PL (Fig. 3C) and MT2 (Fig. 3E) by gene transduction (iHLTF 
vs iHLTF+dox) did not affect tax RNA (SI Appendix, Fig. S9) but 
reduced luciferase activity (Fig. 3 G and I).

This standard infectivity assay suggests that HLTF interferes 
with HTLV-1 transmission to Jurkat-luc T lymphocytes and acts 
as a restriction factor without impacting Tax expression. A similar 
conclusion was drawn when HLTF expression was modulated 
directly in the Jurkat-luc cells instead of in the HTLV-1-infected 
lymphocytes (SI Appendix, Fig. S10). HLTF therefore restricts 
HTLV transmission both in the donor and in the acceptor cell 
(i.e., persistently infected and target cell, respectively)

HLTF Increases Vesicle Production in HTLV-1-Infected Cells. As a 
member of the SWI/SNF chromatin remodelers, HLTF may affect 
HTLV-1 transcription and indirectly reduce HTLV-1 infectivity. 
Experiments described in SI Appendix, Fig. S11 invalidated this 
trivial hypothesis.

To further characterize the mechanism of restriction, the subcel-
lular localization of HLTF was identified by confocal microscopy. 
Since HTLV-1-infected lymphocytes naturally express low amounts 
of HLTF (Fig. 1 A–H), the doxycycline-inducible system was imple-
mented to increase its protein levels in MT2 cells (i.e., from 0.2 to 
0.5 compared to 0.9 in Jurkat; Fig. 1I). HLTF localized in punctate 
areas of the nucleus consistently with its involvement in mechanisms 
of tolerance to DNA damage (33). However, most HLTF proteins 
colocalized with Tax and the cis-Golgi matrix protein GM130 
(Fig. 4A). In HTLV-1-infected MT2 cells, large aggregates containing 
HLTF, Tax, and GM130 polarized upon cell-to-cell contact. 
Induction of HLTF with doxycycline decreased the mean fluores-
cence intensity (MFI) of Tax in the cis-Golgi as identified by the 
GM130 marker (Fig. 4B). Furthermore, the volume of the cis-Golgi 
apparatus was considerably reduced in the presence of HLTF (Fig. 4 
C and D). As a control, doxycycline did not affect the Golgi apparatus 
in parental MT2 cells that were not transduced with the lentiviral 
HLTF expression system (Fig. 4D). Similar experiments in C91PL 
cells broadened these observations to another HTLV-1-infected cell 
line, further supporting the role of HLTF in shrinkage of the cis-Golgi 
apparatus (SI Appendix, Fig. S12). Deeper insight into the organelle 
structure by transmission electron microscopy revealed that the 
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Fig. 3. HLTF is a restriction factor in C91PL and MT2 cells persistently infected 
with HTLV-1. (A) Schematic representation of the infectivity assay. HLTF 
expression was modulated by RNA interference (shHLTF) or gene transduction 
(iHLTF) in MT2 and C91PL HTLV-1-infected cells. MT2-shHLTF, MT2-iHLTF, C91PL-
shHLTF, and C91PL-iHLTF cells were then cocultured at a 5/1 ratio with Jurkat-luc 
lymphocytes containing a stably integrated luciferase gene controlled by the 
LTR promoter. (B–E) Quantification of HLTF RNAs by RT-qPCR in MT2-shHLTF, 
MT2-iHLTF, C91PL-shHLTF, and C91-iHLTF cells. MT2 and C91PL cells transduced 
with a scramble shRNA were used as control. Analysis was performed 48 h 
after induction of HLTF expression with doxycycline (+dox). (F–I) Quantification 
of luciferase activity in cocultures of MT2-shHLTF, MT2-iHLTF, C91PL-shHLTF, 
or C91PL-iHLTF with Jurkat-luc reporter lymphocytes. Relative luminescence 
units (RLU) data are presented as the mean (±SD) of at least three independent 
experiments. P values were calculated according to the t tests.
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number of dictyosomes (i.e., the stack of cisternae forming the Golgi 
apparatus) was not significantly affected by HLTF (black arrows in 
Fig. 4 E and F). However, the thickness of the cisternae (Fig. 4E 
inserts, black arrowheads) expanded 2.2-fold from 74.57 nm 
(±26.27) to 164.6 nm (±90.16) (t test with Welch’s correction, P < 
0.0001) (Fig. 4G). Concomitantly, the number of secretory granules 
per cell increased when HLTF was induced (Fig. 4H).

These results thus indicate that HLTF affects the Golgi apparatus 
organization and increases vesicle production in HTLV-1-infected 
cells.

HLTF Stimulates Tax-Mediated NF-κB Activation and Affects 
the Autophagic Flux. Since HLTF increased the number of 
secretory granules exiting the Golgi apparatus (Fig. 4 E and H),  
it was predicted that Tax-mediated NF-κB activation and autophagy 
may also be affected. By recruiting the IKK kinase complex to lipid 
rafts of the Golgi apparatus, Tax activates NF-κB and modulates 

the autophagy dynamics (34, 35). Because Tax stimulates 
autophagosome biogenesis and blocks autophagosome-lysosome 
fusion, this mechanism is essential for the viral life cycle (18, 36). To 
address this mechanism, Tax and HLTF were expressed in Hek293T 
cells using a doxycycline-inducible system. Adequate transcription 
and translation of Tax and HLTF were assessed by RT-qPCR (Fig. 5 
A and B) and immunoblot assays (Fig. 5C), respectively. Activation 
of NF-κB was then quantified by lentiviral transduction of an NF-
κB-luciferase reporter. Induction of Tax expression with doxycycline 
(iTax+dox) increased NF-κB signaling (Fig. 5D), consistently with 
previous reports (16). In similar conditions, HLTF alone had no 
effect (iHLTF+dox) but further stimulated the NF-κB pathway 
in the presence of Tax (iTaxiHLTF+dox) (Fig. 5D).

Tax connects the NF-κB pathway to autophagosome biogenesis 
via the BECN1/Bif-1/PI3KC3 complex (12). Tax promotes the for-
mation of autophagosomes and concomitantly inhibits their fusion 
with lysosomes. To address this mechanism, the autophagic pathway 
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Fig. 4. Restoring normal levels of HLTF in HTLV-1-infected cell lines fragments the Golgi apparatus and increases granule secretion. (A) Confocal analysis of 
HLTF (pink, Texas Red), Tax (green, Alexa Fluor 488), GM130 (red, Alexa Fluor 647), and DAPI (blue) in MT2-iHLTF. Colocalization was determined with Zen Blue 
and Imaris software. (B) MFI of Tax protein in the cis-Golgi as identified with the anti-GM130 antibody in MT2-iHLTF cells after HLTF induction (+dox). The P 
value was calculated according to the Mann–Whitney test. (C) Confocal analysis of the cis-Golgi region (i.e., the cisternae nearest the endoplasmic reticulum) 
labeled by GM130 (red, Alexa Fluor 647) in MT2-iHLTF cells after HLTF induction (+dox). (D) Volume of the cis-Golgi region in MT2-iHLTF cells after HLTF induction. 
The volume of the cis-Golgi apparatus and voxel intensities were determined after a 3D-reconstructed confocal z-stacks of GM130 fluorescence using surface 
creation of Imaris. P values were calculated according to the Dunn’s multiple comparison test. (E) Electron microscopy of MT2-iHLTF cells after HLTF induction 
(+dox) containing several dictyosomes (black arrows). Inserts show a dictyosome with these different cisternae (black arrowheads) at higher magnification. G 
are secretory granules. (F) Number of dictyosomes per cell in MT2-iHLTF cells with and without induction of HLTF (±dox). The P value was calculated according to 
the unpaired test (G) Cisternae width in MT2-iHLTF cells before and after HLTF induction (±dox). The P value was calculated according to the unpaired t test with 
Welch’s correction. (H) Number of secretory granules per cell in MT2-iHLTF cells before and after HLTF induction (±dox). The P value was calculated according 
to the Mann–Whitney test.
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Fig. 5. HLTF synergizes with Tax to activate NF-κB signaling and affects the autophagic flux. (A and B) RT-qPCR of tax and HLTF RNAs in Hek293T cells after 
induction of Tax (iTax), HLTF (iHLTF) or both (iTaxiHLTF) with doxycycline (±dox). Data are presented as the mean (±SD) of at least three independent experiments. 
Statistical differences between ±dox for each condition (iHLTF, iTax, and iTaxiHLTF) were calculated according to t tests. (C) Western blot analysis of HLTF and Tax 
proteins in Hek293T cells after induction of Tax and/or HLTF. (D) Hek293T cells were transduced with a luciferase reporter vector to measure NF-κB activation. 
Relative luminescence units (RLU) are presented as the mean (±SD) of at least three independent experiments. Differences between ±dox for each condition 
(iHLTF, iTax, and iTaxiHLTF) were calculated according to t tests. (E) Confocal analysis of LC3B in Hek293T cells after transient transfection with the pBABE-puro-
mCherry-EGFP-LC3B (F) Quantification of LC3B puncta per cell in Hek293T cells after induction of Tax and HLTF expression (+dox). Autophagosomes are positive 
for both fluorescent proteins (R+G+) while acidification in autolysosomes destroys EGFP emission (R+G−). Data are presented as the mean (±SEM) of at least 
three independent experiments. P values were calculated according to t tests. (G) Volume of LC3B-mCherry in Hek293T cells after Tax and HLTF expression. 
Data are presented as the mean (±SEM) of at least three independent experiments. P values were calculated according to Dunn’s multiple comparison tests. (H) 
MT2 were labeled with Tax (green, Alexa Fluor 488) and the LAMP1 lysosomal marker (red, Alexa Fluor 647) upon induction of HLTF. Nuclei (DAPI) are in purple. 
(I) Percentages of LAMP1-positive puncta per cell. Data are presented as the mean (±SD) of at least three independent experiments. The Mann–Whitney test 
indicated that the datasets were not statistically different. (J) Data (MFI of LAMP1 per cell) are presented as the mean (±SD) of at least 3 independent experiments. 
P values were calculated according to the Mann–Whitney test. (K and L) Electron microscopy of lysosomes (red arrows) and viral particles (yellow arrows) in 
MT2-iHLTF cells after HLTF induction (+dox).
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was analyzed with a retroviral vector expressing the LC3B marker 
fused to mCherry and EGFP (pBABE-puro-mCherry-EGFP-LC3B) 
(17). Using this vector, autophagosomes stained positive for both 
fluorescent proteins (R+G+) while acidification in autolysosomes 
destroyed EGFP emission (R+G−) (Fig. 5E). The percentages of red 
puncta per cell decreased in Hek293T cells transduced with a Tax 
lentivector in the presence of doxycycline (Fig. 5F). This observation 
confirms previous reports showing that Tax inhibits the fusion of 
autophagosomes with lysosomes (12, 17). Coexpression of Tax and 
HLTF did not significantly modify the ratio between R+G+ and 
R+G− puncta. However, the R+G− volume per cell significantly 
increased in the presence of HLTF and Tax (Fig. 5G), indicating that 
the lysosomes became larger.

To further extend these conclusions to HTLV-1-infected cells, 
MT2 cells were labeled with the LAMP1 lysosomal marker upon 
induction of HLTF (LAMP1 in red and Tax in green in Fig. 5H). 
The percentage of LAMP1-positive puncta per cell was not mod-
ified (Fig. 5I) but the MFI/cell significantly increased (Fig. 5J). 
Transmission electron microscopy revealed that upon induction 
of HLTF, large lysosomes (~1 mm) appeared in the peri-Golgi 
area (red arrows, Fig. 5K). Concomitantly, large autolysosomes 
containing numerous viral particles formed in the presence of 
HLTF (yellow arrows, Fig. 5L). Note that all these experiments 
were performed in conditions of physiologically relevant levels of 
HLTF expression (Fig. 1I).

Together these results demonstrate that HLTF does not affect 
the ability of Tax to block autophagosome-lysosome fusion. 
However, the coexpression of Tax and HLTF exacerbates the vesic-
ular trafficking leading to an enlargement of the lysosomes and 
the production of large autolysosomes containing viral particles.

HLTF Induction Increases the Number of Defective Virions and 
Restricts HTLV-1 Infectivity in Primary Lymphocytes. Increased 
granule secretion in the Golgi apparatus (Fig. 4) combined with 
the enlargement of lysosomes (Fig. 5) is predicted to affect the 
infectious cycle of HTLV-1. To study virus transmission through 
the virological synapse, HTLV-1-infected MT2 lymphocytes were 
cocultured with noninfected Jurkat T cells and imaged by confocal 
microscopy. Clustering of the lymphocyte function-associated 
antigen 1 (LFA-1, integrin alpha, CD11a) at the cell contact sites 
indicated the genesis of a virological synapse (37) (Fig. 6A). When 
HLTF was induced in MT2 cells, the colocalization of Tax, HLTF, 
and CD11a was slightly reduced although this trend approached 
but did not reach statistical significance (P=0.0741 according to 
the Mann–Whitney test) (Fig. 6B). Careful examination of the 
viral particles by transmission electron microscopy highlighted 
a major change in the structure of the virions (Fig.  6C). The 
percentage of enveloped particles containing electron-dense cores 
decreased from 19.0 to 11.3% (Fig. 6C). The mean diameter of the 
virions very significantly increased in the presence of HLTF (from 
69.8 to 76.6 nm; P < 0.0001 according to the t test) (Fig. 6C). 
This change in the virion size has been associated with immature 
viral particles devoid of fully processed capsids complexed with 
the genomic RNA (38, 39).

To further validate this conclusion, the particle distribution was 
determined in the cell culture supernatant using a molecular size 
analyzer (Zetasizer Nano ZS, Malvern Instruments). Induction of 
HLTF reduced the proportion of ~100 nm particles expressed by 
MT2-iHLTF cells (blue arrows on Fig. 6D). In contrast, the pro-
file of exosomes was unaffected by HLTF (SI Appendix, Fig. S13).

Together, these results show that physiologically relevant levels 
of HLTF promote the release of defective viral particles by 
HTLV-1-infected cells. To further sediment this conclusion, we 
analyzed the capacity of MT2 cells to transduce virus to normal 

lymphocytes upon HLTF induction. Lymphocytes from five 
healthy donors were isolated from the peripheral blood, labeled 
with CFSE, and cocultured with γ-irradiated MT2-iHLTF for 10 
d (Fig. 6E). As illustrated in Fig. 6F, the percentages of Tax+CFSE+ 
lymphocytes decreased from 30 to 20% when HLTF was induced 
in MT2 (lymphocytes + MT2 − iHLTF). This infectivity assay 
indicated that HLTF also restricted early steps of HTLV-1 infec-
tion, as demonstrated for HIV (40). Using normal lymphocytes 
isolated from 5 different healthy donors, the difference was statis-
tically significant (Fig. 6G).

Confocal microscopy analysis of the primary cultures revealed 
that HLTF expression was induced in CFSE+ lymphocytes stain-
ing positive for Tax used here as a marker of HTLV-1 infection 
(see arrows in Fig. 6H). Tax and HLTF colocalized in discrete 
speckles in newly infected primary lymphocytes (Fig. 6I), sup-
porting the biological relevance of their interaction. A spatial 
colocalization of Tax and HLTF was also observed in transiently 
cultured PBMCs isolated from ATL patients (SI Appendix, 
Fig. S14 A and B). In these ATL cell cultures, Tax expression was 
heterogenous, consistently with reports from the literature (27). 
In the fraction of Tax+ cells, the MFI of HLTF was increased (from 
MFI 432 in Tax− to MFI 1032 in Tax+; SI Appendix, Fig. S14C), 
as observed in newly infected lymphocytes (Fig. 6H). After cocul-
ture of ATL PBMCs and CFSE-labeled primary lymphocytes from 
two healthy donors, expression of HLTF increased (SI Appendix, 
Fig. S14D), consistently with a model of HLTF-dependent restric-
tion at early steps of infection.

In summary, these results show that (i) the capacity of MT2 
cells to transduce virus to normal lymphocytes is restricted by 
HLTF, (ii) Tax and HLTF colocalize in discrete speckles in newly 
infected primary lymphocytes and ATL PBMCs, and (iii) HLTF 
expression is induced at early steps of viral infection. These data 
thus support the biological relevance of HLTF as a restriction 
factor in primary lymphocytes.

Discussion

In this report, we showed that HLTF is a restriction factor that 
limits cell-to-cell infection by HTLV-1 at early and late steps of 
the viral life cycle. The biological relevance of HLTF in viral 
replication and pathogenesis is supported by the analysis of 
HLTF expression in patients’ samples (Fig. 1). Transcription of 
HLTF is indeed significantly reduced in HAM/TSP and ATL 
subjects compared to healthy donors and asymptomatic carriers. 
In relevant cell culture models, the HLTF transcription is 
impaired by the EZH2 chromatin methyltransferase and by cyto-
sine methylation of the gene promoter (SI Appendix, Figs. S3 and 
S4). Besides transcriptional inhibition, the Tax protein interacts 
with and binds HLTF for proteosomal degradation (Fig. 2). 
These three inhibitory levels of HLTF expression further support 
its key role in HTLV replication. Modulation by RNA interfer-
ence and gene transduction demonstrates that HLTF acts as a 
restriction factor in HTLV-1-infected cell lines (Fig. 3 and 
SI Appendix, Fig. S10).

The mechanism of HLTF restriction involves a dysregulation 
of the vesicular trafficking from the Golgi apparatus (Fig. 4). When 
normal levels of HLTF expression are restored in HTLV-1-infected 
cells, the Golgi cisternae enlarge and the number of secretory gran-
ules increases. This process does not affect the ability of Tax to 
inhibit autophagosome-lysosome fusion (Fig. 5). The consequence 
of Golgi fragmentation and increased vesicular trafficking is an 
enlargement of the lysosome. Overall, this results in the production 
of immature viral particles (Fig. 6). The spatial colocalization and 
infectivity assays with ATL PBMCs and primary lymphocytes 
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distribution of particles in the supernatant of MT2-iHLTF cells before and after HLTF induction with doxycycline. The arrow indicates the fractions containing 
the ~100 nm particles. A representative experiment out of 4 is shown. (E) Primary lymphocytes were labeled with CFSE and cocultured for 10 d at a 1:1 ratio 
with γ-irradiated (10 Gy) MT2-iHLTF. (F) Cells were labeled with an antibody directed against Tax and an Alexa Fluor 647 conjugate. Newly infected Tax+CFSE+ 
cells were analyzed by flow cytometry. A representative experiment out of 5 is shown. (G) Quantification of Tax+CFSE+ cells in cocultures of MT2-iHLTF with 
lymphocytes from five donors. P values were calculated according to the t test. (H) Tax (Alexa Fluor 647, red) and HLTF (Texas red, orange) were analyzed by 
confocal microscopy. (I) Colocalization of Tax and HLTF in a newly infected lymphocyte. The threshold for colocalization was set manually. The numbers indicate 
the percentages of Tax and HLTF that colocalize with HLTF and Tax, respectively.
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support the biological relevance of HLTF as a restriction factor 
in vivo (Fig. 6 and SI Appendix, Fig. S14).

Together, these results highlight a complex dynamic equilibrium 
between different secretory pathways that are required for adequate 
production of infectious viral particles (Fig. 7). Of note, mature 
HTLV-1 virions are quite heterogeneous (113 ± 23 nm) based on 
cryo-TEM (41). Our analysis of thinner sections by TEM (Fig. 6) 
consistently yielded lower but still heterogeneous values (69.8 ± 
20.33 nm). In fact, HTLV-1-infected cells express a broad spectrum 
of noninfectious virions, mature particles, and extracellular vesicles 
(42). Differential ultracentrifugation identified different types of 
vesicles containing viral proteins (p19, Tax), autophagy compo-
nents (LC3 and p62), cytokines (IL18 and IL-33), and even, core 
histones. Whether HLTF affects the number and/or the composi-
tion of these extracellular vesicles remains to be determined. Our 
data of SI Appendix, Fig. S13, nonetheless indicated that the 
exosomes appear to be unaffected in the presence of HLTF. Another 
interesting issue is the kinetics that mediates the mutual exclusion 
of Tax and HLTF expression (Fig. 2 J and K). Expression of Tax is 
indeed heterogeneous in primary HTLV-1-infected T cell clones 
and fluctuates in intermittent bursts in the absence of HBZ (27). 
Conceptually, it is therefore predicted that a transient increase in 
Tax levels would impair HLTF transcription and induce its pro-
teasomal degradation. Conversely, reduced Tax expression would 
restore HLTF levels and promote viral restriction. This model is 
consistent with a dynamic role of Tax in viral persistence and ATL 
maintenance (43).

The HLTF protein has a rather unusual structure combining 
apparently unrelated activities: DNA binding, ATP-dependent 
nucleosome remodeling, and E3 ubiquitin ligase (44). HLTF is a 

translocase that regulates fork reversal in the DNA damage toler-
ance pathways. HLTF inhibits early steps of cell entry by other 
viruses such as human cytomegalovirus (hCMV) and HIV. By 
promoting proteasomal degradation, hCMV UL145 and HIV 
Vpr counteract HLTF-mediated restriction (40, 45–47). HLTF 
also inhibits early HTLV-1 infection when expressed in recipient 
Jurkat T cells (SI Appendix, Fig. S10), highlighting conserved 
restriction pathways shared by different viruses. The restriction 
mechanism that we have described here occurs at later steps in the 
cell that is persistently infected by HTLV-1. HLTF activates 
Tax-dependent NF-κB signaling, fragments the Golgi apparatus, 
and enlarges lysosomes (Fig. 5). The mechanism involved in HLTF 
restriction within persistently infected HTLV-1 cells also differs 
from that of Tetherin/BST-2. This transmembrane protein 
potently anchors budding viral particles at the cell membrane, 
preventing the release of HIV-1 (48). In contrast, HLTF-dependent 
restriction of HTLV-1 is mediated by the autophagic flux (Fig. 5). 
Another important restriction factor of HIV is the E3 ubiquitin 
ligase TRIM5α which blocks viral replication immediately after 
entry and prior to integration. TRIM5α targets the viral capsid 
and prevents the uncoating of the viral preintegration complex 
(49). The E3 ubiquitin ligase activity associated with the RING 
domain of TRIM5α is required for degradation of the HIV-1 
capsid in the proteasome. Whether this mechanism also applies 
to HLTF-mediated restriction of HTLV-1 early infection remains 
to be determined.

This report thus contributes to a better understanding of the 
viral restriction of the HTLV-1 replication cycle. Relatively few 
restriction factors of HTLV-1 have been identified and their modes 
of action are still unclear and sometimes controversial (3, 6).
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Fig. 7. A model of HLTF-mediated restriction. The levels of Tax fluctuate in HTLV-1-infected lymphocytes (27). In cells expressing Tax (Tax>HLTF), HLTF transcription 
is inhibited via the EZH2 methyltransferase. The Tax protein directly interacts with HLTF and induces its proteasomal degradation. Tax activates NF-κB signaling 
and inhibits autophagosome fusion with lysosomes. Promotion of autophagy at the expense of lysosomal proteolysis favors the release of mature viral particles. 
Restoring HLTF levels (HLTF>Tax) overactivates the NF-κB pathway, fragments the Golgi apparatus, and produces large autolysosomes containing viral particles. 
As a consequence, HLTF increases the number of immature virions, thereby restricting HTLV-1 infection.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216127120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216127120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216127120#supplementary-materials


PNAS  2023  Vol. 120  No. 31  e2216127120� https://doi.org/10.1073/pnas.2216127120   11 of 12

Restoration of physiologically relevant levels of HLTF expression 
in lymphocytes derived from patients drastically modifies the secre-
tory pathways. In particular, the Golgi morphology is critically 
regulated by proteasomal degradation after a stress-induced acti-
vation (50). The ubiquitination of the Golgi tethering factors 
GM130 and GRASP65 controls the morphology of the organelle. 
Degradation of these structural factors leads to GARD. Under 
Golgi-stress conditions, activation of GARD leads to cell death in 
multiple myeloma likely due to their extended secretory system 
(50). In HTLV-1-infected lymphocytes, apoptotic events occurred 
upon Golgi dispersal but concerned only a relatively small fraction 
of cells. Instead, the stress likely associated with NF-κB overacti-
vation induced by the synergistic action of HLTF and Tax leads to 
the secretion of large autophagic vacuoles containing viral particles 
(Fig. 5). These autophagosomes are predicted to undergo a matu-
ration process after fusion with endosomes to generate amphisomes 
(51). Indeed, formation of these intermediate organelles is an essen-
tial step during a sequential maturation process of autophagosomes 
before their ultimate fusion with lysosomes for cargo degradation. 
Amphisomes can either fuse with lysosomes for subsequent degra-
dation or be exported to the plasma membrane for secretion. The 
present work reveals that Tax still inhibits autophagosome-lysosome 
fusion (Fig. 5) and that the proportion of mature virions in the 
supernatant is reduced (Fig. 6). It is however likely that the Golgi 
fragmentation is responsible for the enlargement of the lysosomes, 
indicating that the ability of Tax to inhibit autophagosome-lysosome 
fusion is overwhelmed or bypassed. Lysosomes respond rapidly to 
a broad diversity of intra- and extracellular stimuli triggering struc-
tural changes (52). The numbers, size, and position of lysosomes 
mediate their activity and influence cell homeostasis. In particular, 
increased lysosomal size negatively influences exocytosis and is 
associated with a number of disease conditions (52, 53). The 
dynamics of these structural changes of the lysosomes in HTLV-1 
restriction by HLTF clearly merit further investigation.

In conclusion, this report highlights a mechanism of restriction 
based on the ability of HLTF to overactivate Tax-dependent 
NF-κB-mediated autophagy. Stress-induced Golgi fragmentation, 

excessive release of secretory granules, lysosomal enlargement, and 
ultimately the decrease of viral infectivity recapitulates the mech-
anisms of HLTF-mediated restriction.

Materials and Methods

SI Appendix contains the description of HTLV-1-infected cell lines as well as the isola-
tion of ATL PBMCs and primary lymphocytes. It also describes the different methods: 
luciferase reporter tests, GPCA, RT-qPCR, immunoblotting, coimmunoprecipitation, 
immunofluorescence and confocal microscopy, transmission electron microscopy, 
single-cycle infectivity assay, quantification of particle distributions in cell culture 
supernatants, and infectivity assays with primary lymphocytes and statistics.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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