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Abstract

Activation of I-kB kinases (IKKs) and NF-kB by the human T lymphotropic virus type 1 (HTLV-1) trans-activator/oncoprotein,
Tax, is thought to promote cell proliferation and transformation. Paradoxically, expression of Tax in most cells leads to
drastic up-regulation of cyclin-dependent kinase inhibitors, p21CIP1/WAF1 and p27KIP1, which cause p53-/pRb-independent
cellular senescence. Here we demonstrate that p21CIP1/WAF1-/p27KIP1-mediated senescence constitutes a checkpoint against
IKK/NF-kB hyper-activation. Senescence induced by Tax in HeLa cells is attenuated by mutations in Tax that reduce IKK/NF-
kB activation and prevented by blocking NF-kB using a degradation-resistant mutant of I-kBa despite constitutive IKK
activation. Small hairpin RNA-mediated knockdown indicates that RelA induces this senescence program by acting
upstream of the anaphase promoting complex and RelB to stabilize p27KIP1 protein and p21CIP1/WAF1 mRNA respectively.
Finally, we show that down-regulation of NF-kB by the HTLV-1 anti-sense protein, HBZ, delay or prevent the onset of Tax-
induced senescence. We propose that the balance between Tax and HBZ expression determines the outcome of HTLV-1
infection. Robust HTLV-1 replication and elevated Tax expression drive IKK/NF-kB hyper-activation and trigger senescence.
HBZ, however, modulates Tax-mediated viral replication and NF-kB activation, thus allowing HTLV-1-infected cells to
proliferate, persist, and evolve. Finally, inactivation of the senescence checkpoint can facilitate persistent NF-kB activation
and leukemogenesis.
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Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is the causative

agent of adult T-cell leukemia/lymphoma (ATL), a malignancy of

CD4+ T cells that develops in 2–5% of infected individuals over a

course of several decades [1,2]. HTLV-1 transactivator/oncopro-

tein, Tax, is thought to play a key role in ATL development. Tax is

a potent activator of HTLV-1 transcription and NF-kB [2]. To

promote viral mRNA synthesis, it acts as an adaptor that links

three 21-bp Tax-responsive enhancer elements in the HTLV-1

long terminal repeats (LTRs) to transcription factors CREB/ATF-

1 and transcriptional co-activators CBP/p300, p300-CBP-associ-

ated factor (PCAF) and transducers of regulated CREB (TORCs)

[3–5]. Activation of NF-kB by Tax is mediated by direct binding

of Tax to the regulatory subunit of I-kB kinase (IKK), NF-kB

essential modulator (NEMO), also known as IKKc. This

interaction results in constitutive activation of IKKa and IKKb,

degradation of all I-kBs, and activation of both classical and

alternative NF-kB pathways [6–8]. The oncogenic activity of Tax

in cell culture and in transgenic mice is driven by NF-kB [9–13].

We have shown recently that Tax can activate the anaphase

promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase

that controls metaphase to anaphase transition and mitotic exit

[14]. APC/C activation by Tax leads to premature poly-

ubiquitination and degradation of mitotic regulators including

cyclin B and Skp2 [14]. Skp2 is the substrate-recognition subunit

of another E3 ubiquitin ligase known as SCFSkp2, which mediates

the destruction of cyclin E/A-CDK2 inhibitor (CKI), p27Kip1

(referred to as p27 henceforth) during S/G2 [15,16]. The

premature degradation of Skp2 as induced by Tax leads to

SCFSkp2 inactivation and p27 protein stabilization. The mRNA

level of another CKI: p21CIP1/WAF1 (referred to as p21 henceforth)

also increases dramatically as a result of promoter activation and

mRNA stabilization brought on by Tax [17]. The massive surge in

p21 and p27 in turn leads to p53- and pRb-independent cellular

senescence termed Tax-induced rapid senescence (Tax-IRS) [14].

Here we show that the p21-/27-mediated cellular senescence

induced by Tax constitutes a cellular checkpoint response towards

chronic NF-kB hyper-activation. We further demonstrate that

RelA is the primary effector of this pathway and RelA acts

upstream of the APC/C and RelB to stabilize p27 protein and p21

mRNA respectively. Our results suggest that Impairment to the

p21-/27-mediated senescence checkpoint facilitates constitutive

NF-kB activation and leukemia development. This is best
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evidenced by the loss of p27 expression and cytoplasmic

localization of p21 in HTLV-1-transformed T cells [14,18].

Importantly, we found that the HTLV-1 anti-sense RNA-encoded

bZip protein, HBZ, could mitigate Tax-induced senescence by

virtue of its ability to inhibit NF-kB [19]. HBZ has been shown

previously to block trans-activation of viral mRNA expression by

Tax [20,21]. Thus, active HTLV-1 replication characterized by

potent Tax-mediated LTR and NF-kB activation leads to

senescence, while moderation of Tax activities and attenuation

of viral replication by HBZ allow HTLV-1-infected T cells to

proliferate, expand, and persist.

Results

NF-kB activation by Tax correlates with senescence
induction

To investigate the mechanism by which Tax induces senes-

cence, we analyzed five well-characterized Tax mutants. TaxV89A

and TaxL319R, L320S (M47) are deficient in HTLV-1 LTR

trans-activation, but competent in NF-kB activation [22,23]. By

contrast, TaxH43Q and TaxT130A, L131S (M22) are defective in NF-

kB activation, but are able to trans-activate the HTLV-1 LTR

[23,24]. Finally, TaxK85A mutant is inactive for both [22]. We use

the degradation of I-kBa as an indicator of NF-kB activation and

the decrease in cyclin B1 and Skp2 levels with concomitant

increase in the levels of p21 and p27 as surrogate markers for

senescence induction. HeLa cells were transduced with lentivirus

vectors carrying each of the Tax alleles or the control GFP gene,

and analyzed by immunoblots. As shown in Fig. 1, wild-type Tax

(WT) and those Tax mutants (V89A and M47) that are potent

activators of NF-kB greatly reduced the levels of cyclin B and

Skp2, and dramatically elevated p21 and p27 expression. Tax

mutants that are impaired in NF-kB activation (H43Q, K85A, and

M22), in comparison, had only moderate or no effect on cyclin B,

Skp2, p21, or p27. These data suggest a link between Tax-IRS and

persistent NF-kB activation.

NF-kB inhibition by a degradation-resistant I-kBa mutant
prevents Tax-induced rapid senescence

We next asked if direct inhibition of NF-kB could prevent Tax-

IRS. To this end, we used a lentivirus vector to derive HeLa cell

lines that expressed DN-I-kBa, a truncated form of I-kBa lacking

36 NH2-terminal amino acid residues that constitute the IKK

phosphorylation and degradation domain of I-kBa [25]. This

deletion renders DN-I-kBa resistant to IKK-mediated degrada-

tion. As a result, DN-I-kBa constitutively retains NF-kB in the

cytoplasm and blocks NF-kB activation [26]. A pool of DN-I-kBa-

expressing HeLa-G cells (HeLa-G/DN-I-kBa) and two cloned cell

lines: HeLa-G/DN-I-kBa L6 and H5 were generated. HeLa-G/

DN-I-kBa L6 and H5 respectively express DN-I-kBa at lower (L6)

and higher (H5) levels than that of the endogenous I-kBa. As

expected, E-selectin-Luc reporter assays indicated that NF-kB

activation by Ad-Tax (an adenovirus vector for Tax) versus Ad-

tTa (an adenovirus vector for the tet trans-activator) control in the

HeLa-G/DN-I-kBa cell lines were repressed, and the degrees of

repression correlated with the extent of DN-I-kBa expression

(Fig. 2A). We noticed that HeLa-G/DN-I-kBa cells in general

grew more slowly and took longer to attach to a culture dish after

plating. These phenotypes reflect the role of basal NF-kB activity

in growth, survival, and expression of adhesion molecules. Efforts

to establish DN-I-kBa-expressing human T cell lines were

Figure 1. NF-kB activation by Tax correlates with induction of
cellular senescence. HeLa cells were transduced with lentivirus
vectors carrying the EGFP (GFP) gene and wild-type and mutant tax
alleles (H43Q, V85A, V89A, M22 [T130A, L131S], and M47 [L319R, L320S])
respectively at an MOI of 5, grown for 72 hours, and then harvested.
Cell lysates were prepared, resolved by SDS-12% PAGE, and probed
with antibodies against Tax, cyclin B1, Skp2, p27, p21, I-kBa, and b-actin
(Actin), respectively.
doi:10.1371/journal.ppat.1002025.g001

Author Summary

Transcription factors of the NF-kB/Rel family are critical for
the proliferation of lymphocytes and the expression of
genes that mediate inflammatory and immune responses.
They are often aberrantly activated in human cancers,
especially leukemia, where they confer survival and
proliferation advantages. Through the study of the trans-
activator/oncoprotein, Tax, of the human T-lymphotropic
virus type 1 (HTLV-1), we have found that persistent and
potentially oncogenic activation of NF-kB triggers a
defense mechanism that commits cells into senescence,
an irreversible state of cell cycle arrest. This checkpoint is
turned on by hyper-activated p65/RelA and is mediated by
two cyclin-dependent kinase inhibitors, p21 and p27, in a
p53- and pRb-independent manner. It is often impaired in
cancer cells with constitutively active NF-kB. Our results
anticipate that the anti-sense protein of HTLV-1, HBZ,
which down-regulates NF-kB and HTLV-1 trans-activation
by Tax, would mitigate or prevent Tax-induced senes-
cence. This prediction has been borne out experimentally.
Thus, Tax promotes robust HTLV-1 replication, potent NF-
kB activation and senescence, while HBZ attenuates Tax-
driven viral replication and NF-kB activation to allow
proliferation of infected cells and persistent infection.
Finally, our data support the notion that inactivation of the
senescence checkpoint facilitates chronic NF-kB hyper-
activation, a critical step in leukemia development.

NF-kB Activation by HTLV-1 Tax Causes Senescence
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unsuccessful however, most likely because of the importance of

NF-kB for T cell proliferation and survival.

HeLa-G (CTRL), HeLa-G/DN-I-kBa, HeLa-G/DN-I-kBa L6,

and HeLa-G/DN-I-kBa H5 cells were then transduced with Ad-

Tax and Ad-tTa vectors respectively, and analyzed for their levels

of Tax, I-kBa cyclin B, p21, p27, and actin. As shown in Fig. 2B &

C, 48 hours after transduction by Ad-Tax, the endogenous wild-

type I-kBa level became greatly reduced in both parental HeLa-G

(CTRL) and HeLa/DN-I-kBa cells due to Tax-mediated IKK

activation (Fig. 2B lanes 2 & 4, Fig. 2C lanes 2, 4 & 6). As

expected, Tax was unable to induce DN-I-kBa degradation

(Fig. 2B lane 4, Fig. 2C lanes 4 & 6). Rather, the level of DN-I-kBa
was increased by Tax. This is because the cis regulatory element

used for DN-I-kBa expression is a composite of the HIV LTR and

the CMV immediate early promoter known to be activated by

Tax. DN-I-kBa also blocked the induction and processing of the

NF-kB2 precursor, p100, by Tax (compare Fig. 2B lanes 2 & 4),

thereby dampening activation of the alternative NF-kB pathway.

Importantly, while Tax greatly elevated the levels of p21 and p27

in the parental HeLa-G cells (compare Fig. 2B lanes 1 & 2, and

Fig. 2C lanes 1 & 2), little change in p21 or p27 was observed in

HeLa-G/DN-I-kBa cells (compare Fig. 2B lanes 3 & 4, and Fig. 2C

lanes 3 & 4 and 5 & 6). At 48 hours after Ad-Tax transduction,

most if not all cell cycle activities ceased for HeLa-G cells as

indicated by the complete absence of cyclin B1 (Fig. 2B lane 2). By

contrast, HeLa/DN-I-kBa cells continued to produce normal

levels of cyclin B1 irrespective of Tax (Fig. 2B lane 4, Fig. 2C lanes

4 & 6), suggesting that their cell cycle progression is not

significantly influenced by Tax.

HeLa-G/DN-I-kBa cells and their parental cell line, HeLa-G

(abbreviated from HeLa/18621-EGFP), all contain a reporter

cassette, 18621-EGFP, composed of the enhanced green fluores-

cent protein (EGFP) gene transcriptionally regulated by 18 copies

of the 21-bp-repeat Tax-responsive enhancer element [27]. Cells

harboring the reporter cassette synthesize little EGFP when

untreated, but produce it abundantly when infected by an

adenovirus (Ad-Tax) or a lentiviral vector (LV-Tax) for Tax,

thereby rendering Tax-expressing cells to be easily scored

microscopically [18,27]. To demonstrate further that Tax-IRS

can be prevented by blocking NF-kB activation, HeLa-G, HeLa-

G/DN-I-kBa L6 and HeLa-G/DN-I-kBa H5 cells were plated

sparsely on a culture dish. Cells were then transduced with Ad-

Tax at a multiplicity of infection (MOI) of approximately 1 (viral

titer determined on HEK 293 cells) such that 30–50% of the

population became transduced, and then monitored for 5 days. As

shown in Fig. 3A, Tax-expressing EGFP-positive HeLa-G cells

became enlarged, flattened, highly vacuolated, and expressed the

senescence-associated b-galactosidase over 5 days. The nuclei of

Figure 2. DN-I-kBa, a degradation-resistant form of I-kBa, blocks Tax-mediated activation of NF-kB, induction of p21 and p27, and
down-regulation of cyclin B. HeLa-G cells stably expressing DN-I-kBa were derived after lentivirus-mediated transfer of the DN-I-kBa gene (see
Materials and Methods) as a pool (DN-I-kBa) or as isolated clones that express DN-I-kBa at a level lower (DN-I-kBa L6) or higher (DN-I-kBa H5) than
that of endogenous I-kBa. (A) E-selectin-Luc, an NF-kB luciferase reporter plasmid, and the control Renilla luciferase reporter plasmid, pRL-TK, were
transfected into the cell lines listed above. One day post-transfection, the medium was changed and the transfected cells were infected by Ad-Tax or
Ad–tTa (a control adenovirus vector for the tet trans-activator) at an MOI of 10. Cells were harvested 24 hours after infection. The firefly luciferase
activity was measured and normalized against Renilla luciferase activity. Data (mean 6 standard deviation) are from at least three independent
experiments. Fold activation of the promoter by Tax in each cell line was determined by comparing the normalized luciferase activities to that of the
Ad-tTa-transduced control HeLa-G cells. (B & C) Asynchronously grown HeLa-G and pooled HeLa-G/DN-I-kBa cells (B) or HeLa-G and HeLa-G/DN-I-
kBa cell lines L6 and H5 (C) were transduced by Ad-Tax or At-tTa at an MOI of 10. Cell lysates were prepared at 48 (B) or 40 hours (C) post-
transduction for immunoblots using the antibodies indicated.
doi:10.1371/journal.ppat.1002025.g002

NF-kB Activation by HTLV-1 Tax Causes Senescence
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the senescent cells also became significantly larger as previously

reported [14,18]. Soon after Ad-Tax transduction, EGFP-positive

(Tax-expressing) HeLa-G cells ceased proliferation (Fig. 3B left

column). By contrast, neighboring EGFP-negative cells divided 5–

6 times over 5 days to form sizable colonies of approximately 40–

50 cells. Importantly, Tax-expressing HeLa-G/DN-I-kBa L6 and

H5 cells continued to grow and divide (Fig. 3B middle and right

columns), albeit their rate of cell division was slightly reduced

compared to the un-transduced cells, with most colonies smaller in

size and containing 14–30 cells (see Fig. 3 Day 5 middle and right

panels). After 5 days in culture, the EGFP expression in the

dividing Ad-Tax-transduced colonies decreased moderately and

sometimes became variegated. This is likely a result of the

transient nature of Ad-vector-driven Tax expression and the

dilution of Tax upon successive cell divisions. Interestingly, as long

as DN-I-kBa was expressed at a level comparable to that of the

endogenous I-kBa (Fig. 3B, DN-I-kBa L6), Tax-IRS could be

effectively prevented (Fig. 3B and supplemental Fig. S3A). No

advantage was seen with a higher level of DN-I-kBa expression

(Fig. 3B, DN-I-kBa H5). This suggests that once a threshold level

of DN-I-kBa sufficient to block NF-kB is reached, additional DN-

I-kBa has little biological impact. Finally, HeLa-G/DN-I-kBa L6

and H5 cells were transduced with a lentivirus vector for Tax.

Indeed, stable Tax expression was readily established in these cells

(Fig. 3C). In HeLa-G/DN-I-kBa/Tax cell lines (L6 Tax-1 L6 Tax-

7, H5 Tax-1, and H5 Tax-5), endogenous I-kBa was undetectable,

consistent with its degradation after IKK activation by Tax. Their

levels of cyclin B1, p27, and p21, however, were similar to the

Tax-null parental cell lines (Fig. 3C, HeLa-G, DN-I-kBa L6, and

DN-I-kBa H5). Finally, the flow cytometry DNA histogram of the

L6 Tax-7 cell line was similar to that of the parental DN-I-kBa L6

cell line except for a small increase and a corresponding decrease

of cells in the G1 and the S phases respectively (Fig. 3D), reflecting

slower growth of Tax-expressing cells, but in stark contrast to the

dramatic change seen in Tax-expressing HeLa-G cells (Fig. 3E

and previous publications [14,18]). It should be pointed out that

time-lapse microscopy of reporter cells expressing fluorescent-

ubiquitin-cell-cycle indicators [28] has revealed that many Ad-

Tax-transduced cells completed S/G2, but bypassed mitosis and

became arrested in G1/senescence, but with G2/M DNA content

(Yang et al. manuscript in revision). These results demonstrate that

Tax-induced senescence is NF-kB-driven and suggest that many of

the cell cycle abnormalities induced by Tax may also be caused by

NF-kB. Once NF-kB is blocked by DN-I-kBa, constitutively

activated IKK has minimal impact on cell cycle progression or

senescence.

Hyper-activated NF-kB stabilizes p27 protein and p21
mRNA

We have shown recently that Tax stablizes p27 protein in part

by causing APC/C-mediated poly-ubiquitination and degradation

of Skp2, the substrate-recognition subunit of SCFSkp2, the E3

ubiquitin ligase that targets p27 for destruction [14]. Tax also up-

regulates p21 expression by promoter trans-activation and mRNA

stabilization [17]. Since NF-kB inhibition prevented the up-

regulation of p21 and p27 by Tax, we asked if p27 protein

stabilization and p21 mRNA stabilization were also NF-kB-driven.

The stabilities of p21 and p27 proteins in HeLa-G and its DN-I-

kBa progenies L6 and H5 were similar after infection with the

control Ad-tTa vector, (Fig. 4A) suggesting that NF-kB in HeLa-G

cells was already regulated by endogenous I-kBa, additional

blocking of NF-kB with DN-I-kBa did not alter the levels of p21

and p27. By contrast, the stabilization of p27 protein and the

increase of p21 mRNA (through stabilization) caused by Tax were

abrogated by DN-I-kBa (Fig. 4B & C, compare HeLa-G control,

CTRL, with its DN-I-kBa-expressing progenies L6 and H5).

Trans-activation of the p21 promoter by Tax was unaffected by

NF-kB inhibition except for a reduction in overall luciferase

reporter activities in DN-I-kBa H5 cells (Fig. 4D). This is as might

be expected if NF-kB mediates the stabilization of p21 mRNA.

These data support the notion that NF-kB is the upstream effector

of the increase in p21 mRNA stability and APC/C-mediated p27

protein stabilization.

RelA mediates senescence induction by Tax
As Tax activates all NF-kB/Rel family members including

RelA, c-Rel, RelB, p50 and p52, we ask which NF-kB/Rel

member(s) is/are responsible for Tax-IRS. To this end, we over-

expressed RelA, RelB, and c-Rel, the three NF-kB/Rel members

that contain trans-activation domains by transducing HeLa-G cells

with adenovirus expression vectors: Ad-RelA, Ad-RelB, and Ad-c-

Rel respectively. RelA dramatically activated the E-selectin-Luc

NF-kB reporter construct in a dose-dependent manner as

expected (supplemental Fig. S1A). Since I-kBa mRNA transcrip-

tion is under NF-kB control, the levels of I-kBa in Ad-RelA-

transduced cells also increased sharply in accordance with RelA

levels (Fig. 5A). Likewise, the levels of RelB, p100, and p52 were

also elevated in a dose-dependent manner in response to RelA

(Fig. 5A), indicating that RelA is a critical activator of the

alternative NF-kB pathway. Surprisingly, except for a small

increase in p27, no dramatic change in p21 or cyclin B level was

detected in cells over-expressing RelA (Fig. 5A), and no overt

cellular senescence was observed (supplemental Fig. S1B). RelB

and to a lesser extent, c-Rel, increased p21 expression. C-Rel, but

not RelB, further raised p27 level (Fig. 5B & C). These increases in

p21 and p27 levels are relatively modest when compared to those

caused by Tax however. Similar to RelA, c-Rel dramatically

induced I-kBa expression. By contrast, RelB had only a moderate

effect on I-kBa, but significantly induced the expression, but not

the processing of p100, which is expected to bind and retain RelB

in the cytoplasm in its inactive form (Fig. 5B). Finally, c-Rel also

increased p100 expression (Fig. 5A & C) and elevated RelB levels,

but had little effect on RelA and vice versa (Fig. 5A). No overt

senescence was observed for cells over-expressing RelB and c-Rel

(supplemental Fig. S1B).

While these data suggest that the classical NF-kB pathway,

when activated, can positively affect p100 expression and

processing as reported recently [29] and that RelA and c-Rel

can up-regulate p27 while RelB, p21, the effects of RelA, RelB and

c-Rel on p21 and p27 induction were modest most likely because

their activities were quickly dampened by the surge in I-kBa and

p100 (Fig. 5A–C). As such, these results were inconclusive in

implicating a specific NF-kB/Rel family member as the key

mediator of Tax-induced senescence. For this reason, stable

expression of small hairpin RNA (shRNA) in HeLa-G cells was

carried out to knockdown RelA, RelB, c-Rel, and p100

respectively (Fig. 5D). Most interestingly, knockdown of RelA

and to a rather limited extent, that of RelB, but not that of c-Rel or

p100 prevented Tax-induced senescence (Fig. 5E and supplemen-

tal Fig. S3B). This is evidenced by the proliferation of EGFP+
HeLa-G/RelAKD cells (Fig. 5E sh-RelA Day 5) and the absence of

p21 and p27 up-regulation therein after Ad-Tax transduction

(Fig. 5F, sh-RelA). We observed limited cell division of EGFP+
HeLa-G/RelBKD cells after Tax expression (sh-RelB panels of

Fig. 5E). This partial effect correlated with the muted p21 but

highly robust p27 induction by Tax in HeLa-G/RelBKD cells (sh-

RelB panels 5F). These results demonstrate RelA to be the major

effector of Tax-IRS. Furthermore, the facts that RelB knockdown

NF-kB Activation by HTLV-1 Tax Causes Senescence
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Figure 3. DN-I-kBa prevents Tax-induced senescence. (A) HeLa-G cells become senescent 5 days post-transduction by Ad-Tax. Twenty five
thousand HeLa-G cells were plated on a 3.5-cm dish, transduced with Ad-Tax at an MOI of 1 for 5 days, and then fixed and stained with X-gal under
acidic condition [14,18]. Cells were photographed for EGFP expression (EGFP) using fluorescence microscopy and with an RGB filter under visible light
for senescence b-galactosidase expression (SA-b-Gal). The EGFP and RGB images were overlaid (merged) to show correlation of EGFP and SA-b-Gal
expression. (B) DN-I-kBa prevents Tax-induced senescence. Asynchronously grown HeLa-G (labeled as CTRL) or HeLa-G/DN-I-kBa cells (DN-I-kBa L6
and DN-I-kBa H5) were transduced by Ad-Tax at an MOI of 1 such that approximately 30–50% of cells were transduced. They were sparsely plated as
single cells. Cells were photographed at 1, 3, and 5 days after Ad-Tax transduction as indicated. EGFP-positive cells were Ad-Tax-transduced. EGFP-
negative cells were un-transduced and served as an internal control. (C) Establishment of stable Tax-expressing HeLa/DN-I-kBa cell lines. Two HeLa-G/
DN-I-kBa/Tax cell lines each (L6 Tax-1 and Tax-7; and H5 Tax-1 and Tax-5) were derived from their parental cell lines DN-I-kBa L6 and DN-I-kBa H5
after transduction with a Tax lentivirus vector, LV-Tax [14]. Cell lysates from HeLa-G, DN-I-kBa L6, DN-I-kBa H5, L6 Tax-1, L6 Tax-7, H5 Tax-1 and H5
Tax-5 were resolved by SDS-12% PAGE and immunoblotted with the antibodies indicated on the right. (D) Flow cytometry histograms of propidium

NF-kB Activation by HTLV-1 Tax Causes Senescence
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prevents Tax/RelA-/NF-kB-induced p21 increase and RelA can

up-regulate RelB expression (Fig. 5A) indicate that RelB acts

downstream of RelA to stabilize p21 mRNA (Fig. 5F).

HBZ mitigates senescence induction by Tax
The 39 region of HTLV-1 encodes an mRNA transcript of

opposite polarity to the major HTLV-1 mRNA. This anti-sense

mRNA is singly spliced and encodes a basic domain-leucine zipper

protein known as the HTLV-1 b-Zip (HBZ) protein [20]. Earlier

studies have indicated that HBZ could down-regulate Tax-

mediated trans-activation of the HTLV-1 LTR by binding CREB,

c-Jun, and CBP/p300 [20,21]. Most recently, HBZ has been

shown to selectively inhibit the classical NF-kB pathway by

blocking RelA binding to DNA and by targeting RelA for

ubiquitin-mediated degradation [19]. That HBZ antagonizes the

activities of Tax by dampening LTR trans-activation and NF-kB

activation, and the results herein showing that NF-kB hyper-

activation by Tax triggers senescence raise the possibility that

HBZ may prevent Tax-IRS. Indeed, in agreement with published

results, NF-kB and LTR activation by Tax are both attenuated by

HBZ (supplemental Fig. S2A & B). The HBZ TTG mutant

wherein the HBZ translational initiation site ATG had been

mutated to TTG failed to block NF-kB or LTR activation by Tax

(supplemental Fig. S2A & B).

To determine if HBZ can mitigate or prevent Tax-IRS, a Flag-

epitope-tagged HBZ cDNA construct was generated by PCR

iodide-stained HeLa-G/DN-I-kBa L6 (upper panel) and its Tax-expressing counterpart L6 Tax-7 cell lines (lower panel). The percentages of cell
population in G1, S, and G2/M phases of the cell cycle were determined as described in Materials and Methods. (E) Flow cytometry histograms of Ad-
Tax- and Ad-tTa-trasnsduced HeLa-G cells. HeLa-G cells were plated at a density of 26105 cells/well in a 6-well plate, transduced with Ad-Tax or Ad-
tTa at an MOI of 10 for 48 hours. Cell preparation and data analyses are as described in (D).
doi:10.1371/journal.ppat.1002025.g003

Figure 4. Inhibition of NF-kB prevents the stabilization of p27 protein and the up-regulation of p21 mRNA, but not the trans-
activation of p21 promoter by Tax. (A) P21 and p27 protein levels in Ad-tTa-transduced HeLa-G (CTRL), DN-I-kBa L6, and DN-I-kBa H5 cells.
Times (0, 2, 4 and 6 hours) after the addition of protein synthesis inhibitor, cycloheximide (100 mg/ml), are indicated. Immunoblots for p21 and p27
were done with all samples loaded in one gel. The comparable loading of protein samples in each set of 4 time points was confirmed by an actin
immunoblot, which was sometimes done separately before the p21 and p27 blots were performed. (B) P21 and p27 protein levels in Ad-Tax-
transduced parental HeLa-G (CTRL), DN-I-kBa L6, and DN-I-kBa H5 cells. Immunoblots were carried out as in (A) except the amount of lysate used in
each lane of the control (CTRL) was one fifth that of the DN-I-kBa cell lines because of the dramatic p21 and p27 up-regulation by Tax in the former.
(C) Quantitative analysis of p21 mRNA in Ad-tTa- (open bars) versus Ad-Tax- (solid bars) transduced HeLa-G (CTRL), DN-I-kBa L6, and DN-I-kBa H5
cells. (D) Transcriptional activation of p21-Luc reporter (22.4 kB to +16 of p21 promoter fused to Luc) by Ad-tTa versus Ad-Tax in HeLa-G (CTRL), DN-
I-kBa L6, and DN-I-kBa H5 cells. DNA transfection, luciferase assays and data analyses are as in Fig. 3A.
doi:10.1371/journal.ppat.1002025.g004
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Figure 5. RelA is the major downstream effector of Tax-induced senescence. (A–C) The effects of RelA, RelB, and C-Rel over-expression.
HeLa-G cells were transduced with increasing amounts (MOI = 0, 5, 10, 20 and 50) of Ad-RelA, Ad-RelB, or Ad-c-Rel vectors for 48 hours. Cell lysates
were prepared and analyzed by immunoblotting using the antibodies indicated. (D) Immunoblot analysis of parental HeLa-G cell line (CTRL) and
progeny cell lines (sh-RelA, sh-RelB, sh-c-Rel, and sh-p100) wherein RelA, RelB, c-Rel and p100 had been knocked down respectively by small hairpin
RNAs (shRNAs) stably expressed after lentivirus vector transduction and puromycin selection. The sequences targeted by the shRNAs are as listed
(supplemental Table S3) (E) RelA knockdown prevented Tax-induced senescence. Cell lines from (D) were transduced with Ad-Tax and photographed
as in Fig. 3B at days 1 and 5. (F) Immunoblot analysis of lysates from cell lines in (D) prepared 48 hours after transduction by Ad-Tax at an MOI of 10.
CTRL denotes parental HeLa-G cell line. Progeny cell lines with various NF-kB/Rel genes knocked down are as indicated.
doi:10.1371/journal.ppat.1002025.g005
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using the cDNA of the spliced HBZ mRNA as template, and

inserted into the pBabe-Puro murine retroviral vector [30] to yield

pBabe-Flag-HBZ. Like native HBZ, Flag-HBZ efficiently inhibits

NF-kB activation by Tax (supplemental Fig. S2C). HeLa-G cells

expressing Flag-HBZ (HeLa-G/Flag-HBZ) were then derived after

retroviral gene transfer and puromycin selection, and confirmed

for HBZ expression by immunoblotting (compare Fig. 6A lanes 2

& 3). Consistent with the notion that HBZ inhibits NF-kB, the

level of p100, an endogenous NF-kB-inducible gene (see Fig. 5A),

was lowered in HBZ-expressing cells (compare Fig. 6A lanes 4 &

5). This is in contrast to the previous report that HBZ down-

regulates only the classical but not the alternative NF-kB pathway

[19]. No significant change in the level of RelA was detected in

HBZ-expressing cells (Fig. 6A). Thus, the inhibition of NF-kB by

HBZ is likely due more to a direct inhibition of NF-kB binding to

DNA and less to HBZ-induced RelA degradation. Importantly, a

significant number of HeLa-G/Flag-HBZ cell clones transduced

by Ad-Tax continued to divide up to 3–4 cell division cycles but

eventually ceased proliferation, indicating that Ad-Tax-induced

senescence was delayed by HBZ (Fig. 6B). The degree of

senescence resistance of HeLa-G/Flag-HBZ is approximately

25% (supplemental Fig. S3C), hence no dramatic change in p21

and p27 up-regulation was observed (not shown). Finally, stable

cell lines (H3-6 HBZ+Tax+ is shown as an example) that express

low levels of Tax could be established in HeLa-G/Flag-HBZ cells

(H3 HBZ+) after transduction by the Tax lentivirus vector, LV-

Tax (Fig. 6C & D). While NF-kB activation in these cells was

undetectable due to HBZ and a low level of Tax expression

(Fig. 6E, E-selectin-Luc reporter assay), the 18621-EGFP reporter

remained significantly induced (see Fig. 6C fluorescence image)

and LTR-Luc reporter trans-activation readily detected (Fig. 6E,

compare H3 HBZ+ and H3-6 HBZ+Tax+). These results support

the notion that HBZ can moderate NF-kB activation by Tax and

thereby delay or prevent the onset of senescence. This in turn

allows cells expressing low to moderate levels of Tax to grow,

divide, and produce viral particles. Importantly, these results

strongly suggest that in order for NF-kB hyper-activation by Tax

to drive pre-leukemic or leukemic cell growth, inactivation of the

senescence checkpoint is still necessary.

Discussion

The data reported herein have revealed constitutive IKK

activation and NF-kB hyper-activation to be the cause for Tax-

induced cellular senescence. These results have further established

RelA to be the major driver of cellular senescence. Because NF-kB

activation is often associated with cell survival and proliferation, we

previously thought that a mechanism distinct from IKK/NF-kB

activation is responsible for the cellular senescence induced by Tax

[31]. Present data show unequivocally that the potentially

deleterious IKK/NF-kB hyper-activation by Tax (or other means)

immediately triggers a checkpoint mediated by p21 and p27, which

act independently of pRb and p53 to induce cellular senescence [14].

We have previously reported that the stabilization of p27 by Tax is

a result of premature activation of the APC/C, which brings about

degradation of Skp2 and inactivation of SCFSkp2, the E3 ligase that

targets p27 for degradation [14]. Present data indicate that hyper-

activated NF-kB acts upstream of APC/C to stabilize p27. How NF-

kB (RelA specifically) affects unscheduled activation of the APC/C

remains to be elucidated. In agreement with our results, the loss of

Skp2 has been shown recently to facilitate p21-/p27-mediated and

Arf/p53-independent senescence in Skp2-/p19Arf-null mice [32].

The dramatic induction of p21 mRNA by Tax is a result of both

promoter trans-activation and mRNA stabilization [17]. The

increase in p21 mRNA stability is now shown to be RelB-

dependent. Since RelB expression is up-regulated by RelA [29]

(also see Fig. 5A), repression or knockdown of RelA effectively

prevents p21 mRNA increase. How RelB increases p21 mRNA

stability is not clear at present. It may promote the expression of a

cellular factor crucial for blocking p21 mRNA degradation.

We think p21-/p27-mediated senescence constitutes a checkpoint

for blocking potentially oncogenic IKK-NF-kB hyper-activation.

Since NF-kB is constitutively active in many human cancers,

especially leukemia, present data would suggest that cellular changes

that disable this senescence pathway must accompany NF-kB de-

regulation in human cancers. Indeed, impairments of p21 and p27

function and expression have been observed in most if not all

HTLV-1-transformed T cells previously [14,33]. Studies of human

breast cancers also show a correlation between the over-expression

of IKK (i.e. chronic NF-kB activation) and the cytoplasmic

localization of p21, in support this conclusion [34]. We think

Tax-induced cell cycle aberrations such as DNA damage, and

chromosome instability is likely to be NF-kB-mediated. That HeLa-

G/DN-I-kBa/Tax cell lines are largely normal in their growth and

division is consistent with this conclusion.

Cellular signaling pathways activated by oxidative stress,

inflammation, and DNA damage are known to cause aging and

shortened lifespan, and these pathways impact NF-kB activation

[35]. Earlier studies have also implicated NF-kB/Rel in aging, cell

cycle arrest, or senescence [36–39]. Senescent cells are known to

secret chemo-attractants for macrophages and NK cells [40],

which are responsible for their eventual elimination. Whether

senescent HTLV-1-infected cells may use this mechanism for virus

transmission and spread, especially to macrophages, can only be

speculated upon at this point.

Our results also show that NF-kB activation caused by the over-

expression of RelA, RelB, or c-Rel, however potent it may be,

occurs transiently and leads rapidly to a steep surge in I-kBa and

p100 (and possibly other I-kB proteins), which promptly dampen

NF-kB activity and prevent drastic p21/p27 up-regulation and

senescence. This contrasts with the NF-kB hyper-activation by

Tax that is mediated by the destruction of I-kBa and I-kB-like

molecules via activated IKKs.

How does HTLV-1 infection lead to adult T-cell leukemia when

the expression of Tax causes senescence? Based on our results,

moderation of Tax activities by HBZ, especially at the level of NF-

kB activation, is obligatory for the proliferation and expansion of

infected cells. Thus, the balance between Tax and HBZ

expression, determined by the sites of proviral integration and

the availability of cellular transcription factors, can modulate the

extent of viral replication and NF-kB activation during infection.

This, in turn, may determine the fate of infected cells, which likely

ranges from robust viral replication and senescence, oligoclonal

expansion, to viral latency and persistence (Fig. 7). Recently, Tax

has been shown to up-regulate the expression of HBZ and this up-

regulation is influenced by the HTLV-1 integration sites [41].

Furthermore, HBZ has been found to enhance viral infectivity and

persistence, and facilitate proliferation of HTLV-1-infected

lymphocytes [42,43]. Finally, HBZ mRNA expression has been

shown to correlate with HTLV-1 proviral load while Tax

expression was found to decline over time after HTLV-1-infection

in a rabbit model [44]. These results are consistent with the notion

that HBZ plays a critical role in viral persistence in part by down-

regulating the senescence-inducing activity of Tax (Fig. 7). Finally,

Tax-induced senescence should be considered as a precancerous

condition. While HBZ may either delay or prevent the onset of

senescence by attenuating the expression of Tax and NF-kB

activation by Tax, cellular changes that inactivate the senescence
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Figure 6. HTLV-1 HBZ mitigates cellular senescence induced by Tax. (A) Immunoblot analysis of HeLa-G/Flag-HBZ cells. HeLa-G cells
transduced by the pBabe-Flag-HBZ retroviral vector were selected in liquid media containing 1 mg/ml puromycin for 6 days. Puromycin-resistant cells
were further subcloned by limiting dilution. HEK293T cells transfected with the pBabe-Flag-HBZ plasmid, control HeLa-G cells (CTRL), and HeLa-G/
Flag-HBZ cells were harvested for immunoblots using the Flag epitope antibody (lanes1, 2 & 3 respectivley). HeLa-G (CTRL) and HeLa-G/Flag-HBZ
samples were further probed with antibodies against p100/p52/NF-kB2, RelA, and b-actin (lanes 4 & 5). (B) Tax-induced rapid senescence is delayed
in HeLa-G/Flag-HBZ cells. A representative HeLa-G/Flag-HBZ cell line and its parental HeLa-G cell line were transduced by Ad-Tax as in Fig. 3B, and
photographed at 12, 60, and 84 hours post-transduction. (C) HeLa-G/Flag-HBZ cells can stably express Tax. HeLa-G/Flag-HBZ cells were transduced
with the Tax lentivirus vector, LV-Tax, as in Fig. 3C, and then sorted for high EGFP expression using a BD FACSAria cell sorter, which deposited one cell
per well in 96-well plates. Cell clones were grown and expanded in the presence of 200 ml of DMEM containing 20% FBS, 2 mM L-glutamine, and
antibiotics. The fluorescence and phase contrast images (upper and middle panels) of a representative clone, H3-6, are shown. (D) Immunoblots of
HeLa-G, H3 and H3-6 cell lines. Lysates of HeLa-G/Flag-HBZ (H3), HeLa-G/Flag-HBZ/Tax (H3-6), and control HeLa-G cells were immunoblotted with
antibodies against Tax, Flag-HBZ, and b-actin (Actin), respectively. (E) NF-kB and LTR reporter activities in HeLa-G, H3, and H3-6 cells. E-selectin-Luc
and LTR-Luc respectively were co-transfected with the internal control Renilla luciferase plasmid, pRL-TK, into the indicated cell lines in triplicates.
Luciferase activities were measured, normalized, and fold trans-activation calculated as in Fig. 2A.
doi:10.1371/journal.ppat.1002025.g006
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checkpoint may ultimately facilitate potent and persistent NF-kB

activation by Tax to promote leukemia development.

ATL cells often cease to express Tax, but continue to produce

HBZ mRNA and, presumably, HBZ protein [45]. Whereas Tax,

in association with HBZ, may facilitate cell proliferation and

survival in the early stage of HTLV-1 infection, at a later time,

cytotoxic T lymphocyte killing of Tax-expressing cells likely

select for loss of Tax expression. It is conceivable that defects in

the senescence checkpoint that develop during the evolution of

the infected cells then facilitate the emergence of Tax-

independent NF-kB activation (Fig. 7). Finally, the mitogenic

activity of HBZ mRNA [46] may also play a role in leukemia

maintenance.

Materials and Methods

Immunoblotting
Standard methods were used for immunoblotting and flow

cytometry. Each sample typically contains 20-30 mg of whole cell

proteins. HTLV-1 Tax hybridoma antibody 4C5 was as described

[14]. The rabbit polyclonal antibody against HBZ was a kind gift

of Dr. Jean-Michel Mesnard. Other antibodies used are as listed

(supplemental Table S1).

Adenovirus vectors
Recombinant adenovirus vectors Ad-Tax, Ad-tTA, Ad-RelA,

Ad-RelB, and Ad-c-Rel were grown and titered as previously

published [14].

Derivation of HeLa cell lines
The cDNA for the degradation-resistant I-kBa, DN-I-kBa, was

generated by PCR (see supplemental Table S2 for primer

sequences). BamHI and EcoRI restriction endonuclease sites were

used to subclone the cDNA into LV-SV-puro vector [18,27].

HeLa/18621-EGFP (HeLa-G) cells [18] were transduced with

LV-DN-I-kBa-SV-puro, grown in DMEM containing fetal bovine

serum (10%) and puromycin (1 mg/ml, Sigma-Aldrich) for one week

with change of medium every 48 hours. HeLa-G/DN-I-kBa
clones were then isolated in 96-well plates after limiting dilution

and confirmed for DN-I-kBa expression by immunoblotting. The

cDNA of the COOH-terminus Flag-tagged HBZ (Flag-HBZ) was

generated by PCR (primer sequences listed in supplemental Table

S2) using the cDNA of the spliced HBZ transcript as the template

[45] and cloned into an MuLV-based retroviral vector, pBabe-

Puro [30]. The pBabe-Flag-HBZ retroviral vector was produced

as described [47]. HeLa-G transduced by the Flag-HBZ retroviral

vector was selected in medium containing puromycin (1 mg/ml)

and cloned by limiting dilution.

Luciferase reporter assay
Each of the NF-kB, HTLV-1 LTR and p21 promoter constructs

(E-selectin-Luc, LTR-Luc and p21-Luc) together with pRL-TK, a

control plasmid that contains the HSV thymidine kinase (TK)

promoter-driven Renilla luciferase reporter cassette (Promega), were

used in the luciferase reporter assays according to standard

procedures [17]. The p21 (22.4 kb to +16)-Luc (also known as

WWP-luc) was kindly provided by Dr. Wafik S EL-Deiry.

Figure 7. The balance between Tax and HBZ expression regulates the outcome of HTLV-1 infection. HTLV-1 infection may lead to two
alternative outcomes. Proviral integration sites and transcription factors availability determine the levels of Tax and HBZ expression in infected cells.
High levels of Tax drive NF-kB hyper-activation and robust viral replication. Dysregulated RelA then induces APC/C- and RelB-mediated up-regulation
of p27 and p21, and cellular senescence. By contrast, HBZ modulates viral trans-activation and NF-kB activation by Tax. Moderated NF-kB activation
and other mitogenic activities of Tax, in turn, promote survival and oligoclonal expansion of HTLV-1-infected T cells. Cytotoxic T lymphocyte killing
can control virus replication in asymptomatic carriers and select for cells that carry latent proviral DNA. Finally, genetic or epigenetic changes that
impair the p21-/p27-senescence checkpoint may allow persistent Tax expression, NF-kB hyper-activation, and facilitate development of Tax-
independent NF-kB activation, leading to ATL.
doi:10.1371/journal.ppat.1002025.g007
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Flow cytometry
Cells were harvested after trypsin treatment, and washed twice

with 2 ml of cold phosphate-buffered saline solution (PBS),

resuspended in 0.5 ml of PBS and fixed in 5 ml of 70% ethanol

overnight at 4uC. Ethanol-fixed cells were then washed twice with

5 ml of cold PBS containing 1% bovine serum and incubated for

30 min at 37uC in 1.0 ml of a solution containing propidium iodide

(PI) (20 mg/ml) and RNase (1 mg/ml), filtered through a 70-micron

cell strainer (BD Falcon, Cat. 35-2350) to remove cell clumps. The

cellular DNA content was determined by fluorescence-activated cell

sorting (FACS) (EPICS XL-MCL flow cytometer; Beckman-

Coulter). The percentages of cells in G0/G1, S, and G2/M phases

of the cell cycle were computed using the ModFit LT software.

Ordinate: cell numbers; abscissa: DNA content.

Protein half-life determination and quantitation of p21
mRNA

The half-lives of p21 and p27 were measured as previously publ-

ished [17]. The mRNA levels of p21 were measured by real-time PCR

as described [17] using the primers listed (supplemental Table S2).

Knockdown of NF-kB genes
HeLa-G cell lines with stable knockdown of each of the NF-kB

members, RelA, RelB, c-Rel and p100, were isolated after

screening cell clones (by immunoblotting) transduced by pooled

shRNA lentiviral vectors containing the puromycin-resistance

gene. The sequences targeted for each gene are as listed

(supplemental Table S3).

Accession numbers
The GENBANK accession numbers or ID numbers for genes

encoding the proteins described in this article are: HTLV-1 Tax:

AB038239; HTLV-1 HBZ: DQ273132; p21: NM_000389; p27:

NM_004064; Cyclin B1: NM_031966; Skp2: NM_005983; I-kBa:

NM_020529; p100/p52: NM_002502; p105/p50: NM_003998;

RelA: NM_021975; RelB: NM_006509; and c-Rel: NM_002908.

Supporting Information

Figure S1 (A) Ad-RelA activates NF-kB reporter. HeLa G cells

were transfected with E-selectin-Luc and control Renilla luciferase

plasmid, pRL-TK, as in Fig. 2A, and then transduced with

increasing amounts (MOI: 0, 2.5, 10, 25, and 50) of Ad-RelA or

Ad-tTa control. Luciferase activities and fold activation of the E-

selectin-Luc reporter were determined as in Fig. 2A. (B) Over-

expression of RelA, RelB or c-Rel does not cause senescence.

HeLa G cells were transduced as in Fig. 3a with Ad-tTa, Ad-RelA,

Ad-RelB and Ad-c-Rel vectors respectively at an MOI of 100 to

ensure most of the cells were transduced. They were then

monitored for 5 days and photographed.

(TIF)

Figure S2 NF-kB and LTR activation by Tax are attenuated by

HBZ. (A) E-selectin-Luc and (B) LTR-Luc respectively were co-

transfected with the control Renilla luciferase plasmid, pRL-TK, and

increasing amounts of wild-type (WT) or null mutant (TTG) HBZ-

expression plasmid as indicated. The total amount of DNA was kept

constant by including the empty vector plasmid, pME-18Sneo when

necessary. One day post-transfection, the medium was changed and

the transfected cells were infected by Ad-Tax or Ad–tTa at an MOI

of 5. Luciferase activities and fold trans-activation by Tax were

calculated similarly as Fig. 2A. (C) Both untagged HBZ and Flag-

epitope tagged HBZ inhibit NF-kB activation by Tax. HeLa G cells

were co-transfected with E-selectin-Luc, pRL-TK, Tax-expression

plasmid BC12-Tax, and increasing amounts of CMV-HBZ or

CMV-HBZ-Flag plasmid. Luciferase activities were measured

48 hours after transfection and plotted as in (A) and (B).

(TIF)

Figure S3 Quantitative analysis of resistance to Tax-induced

senescence. (A) HeLa-G and HeLa-G/DN-I-kBa L6 and H5 cells

were plated sparsely (10,000 cells/well, approximately 1%

confluency) on a 6-well plate. The cells were then transduced

with the Ad-Tax vector. Five days after transduction, the degree of

cellular senescence for each cell line was estimated by counting the

foci of EGFP+ cells. The percentages of foci containing more than

4 EGFP+ cells were determined and plotted as an indicator of

resistance to senescence. (B) HeLa-G (CTRL) and HeLa-G

derivatives with RelA, RelB, c-Rel, and p100 knockdown (sh-

RelA, sh-RelB, sh-c-Rel, and sh-p100) were transduced by Ad-Tax

as in (A) and the degrees of resistance to Tax-induced senescence

calculated and plotted. (C) Similar to (A) and (B) except the HeLa-

G/Flag-HBZ cell line was analyzed.

(TIF)

Table S1 Antibodies used for immunoblots.

(RTF)

Table S2 Primers used for PCR.

(RTF)

Table S3 shRNA clones and their target sequences.

(RTF)
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