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Abstract

The Tax oncoprotein of the type I human T cell leukemia virus
(HTLV-I) activates transcription of cellular and viral genes
through at least two different transcription factor pathways.
Tax activates transcription of the c-fos proto-oncogene by a
mechanism that appears to involve members of the cAMPre-
sponse element binding protein (CREB) and activating tran-
scription factor (ATF) family of DNA-binding proteins. Tax
also induces the nuclear expression of the NF-,B family of rel
oncogene-related enhancer-binding proteins. Wehave investi-
gated the potential role of these CREB/ATF and NF-KB/Rel
transcription factors in Tax-mediated transformation by analyz-
ing the oncogenic potential of Tax mutants that functionally
segregate these two pathways of transactivation. Rat fibro-
blasts (Rat2) stably expressing either the wild-type Tax protein
or a Tax mutant selectively deficient in the ability to induce
NF-KB/Rel demonstrated marked changes in morphology and
growth characteristics including the ability to form tumors in
athymic mice. In contrast, Rat2 cells stably expressing a Tax
mutant selectively deficient in the ability to activate transcrip-
tion through CREB/ATF demonstrated no detectable changes
in morphology or growth characteristics. These results suggest
that transcriptional activation through the CREB/ATF path-
way may play an important role in Tax-mediated cellular trans-
formation. (J. Clin. Invest. 1991. 88:1038-1042.) Key words:
adult T cell leukemia/lymphoma * NF-KB, Rel * enhancer-bind-
ing proteins * transcription

Introduction

HTLV-I is the etiologic agent of the adult T cell leukemia/lym-
phoma (ATLL)' (1, 2), an often aggressive and fatal malig-
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1. Abbreviations used in this paper: ATF, activating transcription fac-
tor; ATLL, adult T cell leukemia/lymphoma; CRE, cAMPresponse
element; CREB, CRE-binding protein; HTLV-I, type I human T cell
leukemia virus; LTR, long terminal repeat; neoR, neomycin resistance
gene.

nancy of mature CD4+ T-lymphocytes. The mechanism of
type I human T cell leukemia virus (HTLV-I)-induced cellular
transformation appears distinct from that of most other trans-
forming animal retroviruses. The HTLV-I genome neither
contains a known oncogene (3) nor does this retrovirus pro-
mote cis-activation of endogenous proto-oncogenes by site-
specific integration (4). Rather, several lines of evidence suggest
that the 40-kD Tax transactivator encoded by the pX region of
HTLV-I plays a central role in cellular transformation. Specifi-
cally, mice expressing tax as a transgene develop mesenchymal
tumors and neurofibromas (5, 6). Further, overexpression of
the tax gene in established mouse or rat fibroblast cell lines
results in the transformation of these cells (7). Similarly, coex-
pression of the tax gene with the ras oncogene immortalizes
primary rat fibroblasts (8).

Tax is essential for viral replication and potently activates
transcription of HTLV-I genes (9, 10). In addition, Tax tran-
scriptionally activates several cellular genes involved in T cell
growth, including IL-2, the alpha chain of the IL-2 receptor
(IL-2Ra) and the c-fos proto-oncogene (11-14). Tax does not
directly bind to the transcriptional regulatory elements within
these genes but, rather, acts indirectly through at least two host
transcription factor pathways. Tax activation of HTLV-I gene
expression involves three imperfectly repeated 21 base en-
hancer elements present within the proviral long terminal re-
peat (LTR) (15-17). Tax transactivation of the LTR is me-
diated through constitutively-expressed cellular proteins that
bind to a cAMPresponse element (CRE) present within these
2 1-base pair enhancer elements (18). Molecular cloning of
cDNAsencoding these enhancer-binding proteins has revealed
that they represent members of the CRE-binding protein
(CREB) and activating transcription factor (ATF) family of
DNA-binding proteins (19, 20). The Tax-responsive sequences
in the c-fos promoter also contain a CRE(14), suggesting that
Tax activation of both the HTLV-I LTR and c-fos promoter
may involve the CREB/ATF transcription factors. In contrast,
Tax activation of the IL-2 and IL-2Ra cellular genes is me-
diated in part through the induced nuclear expression of NF-KB
(21). NF-KB binding activity has recently been shown to corre-
spond to a family of transcription factors that share amino
terminal sequence homology with the v-rel oncogene (22-24).
This acutely transforming gene product was first identified in
the avian reticuloendotheliosis virus strain T (REV-T), which
produces rapidly fatal lymphoid tumors in young birds. The
activity of NF-KB/Rel proteins is regulated by a posttransla-
tional mechanism involving their induced release from a cyto-
plasmic inhibitor termed lKB. Additionally, recent studies have
shown that Tax activates these transcription factors at a pre-
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translational level by increasing NF-KB and c-rel mRNAex-
pression (Arima, N., J. A. Molitor, M. R. Smith, J. H. Kim, Y.
Daitoku, and W. C. Greene, submitted for publication).

The precise role for Tax-mediated transactivation of either
the CREB/ATFor NF-KB/Rel transcription factor pathways in
Tax-mediated cellular transformation remains undefined.
However, we have recently identified mutant versions of the
tax gene that functionally segregate these two pathways of tran-
sactivation in Jurkat T cells (25). Specifically, the M22 Tax
mutant ('37GlyLeu -- AlaSer) lacks the ability to induce NF-
KB/Rel but retains the ability to transactivate the CRE-depen-
dent HTLV-I LTR and c-fos promoter. Conversely, the M47
Tax mutant (319LeuLeu -- ArgSer) lacks the ability to transac-
tivate CRE-dependent promoters but retains the ability to in-
duce NF-KB/Rel. In this report, we have investigated the onco-
genic potential of these phenotypically novel tax mutants when
stably introduced into the Rat2 fibroblast cell line. Both the
wild-type and M22 mutant Tax proteins produce marked
changes in the morphology and growth characteristics of these
cells including anchorage-independent growth and formation
of tumors in athymic mice. In contrast, rat fibroblasts express-
ing the M47 Tax mutant appear phenotypically normal and
fail to form tumors in athymic mice. These results suggest that
activation of the CREB/ATFtranscription factor pathway may
play a dominant role in Tax-mediated transformation of fibro-
blasts.

Methods
Plasmids. The pcTaxWT-neo plasmid constitutively expresses both
the HTLV-I tax gene and the selectable bacterial neomycin resistance
gene (neoR) (Fig. 1). An EcoR I/EcoR I fragment containing neoR
under the control of the SV40 early promoter was derived from the
pSV2-neo plasmid (26) using the polymerase chain reaction (27). The
pcTaxWT-neo expression vector was constructed by ligating this frag-
ment into the unique EcoR I site within the pcTax plasmid (25). The
pcTaxM22-neo and pcTaxM47-neo mutant expression vectors were
subsequently constructed by ligating Sac I/Bst ElI fragments from the
pcTaxM22 and pcTaxM47 expression vectors (25) into the Sac I/Bst
ElI backbone of pcTax-neo. The M22 mutation involves the substitu-
tion of the dipeptide alanine-serine for amino acids 137-138 ('3'Gly-
Leu -. AlaSer) and creates a unique Nhe I restriction site within the tax
gene. The M47 mutation substitutes the dipeptide arginine-serine for
amino acids 319-320 (319LeuLeu -* ArgSer) and creates a unique Bgl II
restriction site within the tax gene.

Preparation of Rat2 cells stably expressing Tax. The Rat2 cell line
(cell repository line 1764; American Type Culture Collection, Be-
thesda, MD), a phenotypically normal subclone of the Fischer rat fibro-
blast cell line Rat-i (28), was maintained in Iscove's medium supple-
mented with 5%heat-inactivated fetal calf serum (complete medium).
The pSV2-neo, pcTaxWT-neo, pcTaxM22-neo, and pcTaxM47-neo
expression vectors were introduced into Rat2 cells by calcium phos-
phate transfection as previously described (29). Transfected cells were
cultured for 2 d in complete medium then simultaneously selected and
cloned by seeding various dilutions of cells into individual microtiter
wells (- 1000, 300, 100, and 30 cells/well) in complete medium con-
taining the G418 antibiotic (800 .g/ml). After 21 d of culture, multiple
G418-resistant clones were expanded and screened for Tax expression
by immunoprecipitation with rabbit anti-Tax antisera. Clones express-
ing high levels of Tax were selected for further study and maintained in
complete media containing G418 (200 .g/ml).

Immunoprecipitation. Subconfluent cell cultures (- 106 cells) were
metabolically labeled for 4 h with [35S] cysteine (200 ,Ci/ml) and ex-
tracted in RIPA buffer as previously described (25). Cell extracts were
precleared with preimmune rabbit antisera then specifically immuno-
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Figure 1. Summary of
transcriptional pheno-
types of the HTLV-I tax
gene mutants. The wild-
type Tax protein acti-

+ vates transcription of
various viral and cellu-
lar genes through both
the NF-KB Rel and
CREB/ATF cellular
transcription factor

pathways. In contrast, the M22 and M47 tax gene mutants demon-
strate differential phenotypes of transactivation (25). The M22 tax
mutant ('37GlyLeu -a AlaSer) fails to activate NF-KB-responsive pro-
moters but retains the ability to activate CREB/ATF responsive pro-
moters (-, < 5% wild-type activity; +, > 50% wild-type activity).
Conversely, the M47 tax mutant (319LeuLeu -. ArgSer) fails to acti-
vate transcription of CREB/ATF-responsive promoters but retains
the ability to activate NF-KB-responsive promoters. The pcTax-neo
plasmid expresses the HTLV-I tax gene under the control of the hu-
man cytomegalovirus immediate early promoter (CMV) and the se-
lectable bacterial neoR under the control of the SV40 early promoter
(SV40). Relevant restriction sites are designated by the following one
letter abbreviations: B, Bgl II; E, Bst ElI; H, Hind III; N, Nhe I; R,
Eco RI; and S, Sac I.

precipitated with rabbit anti-peptide antisera specific for the carboxy
terminal 33 amino acids of Tax (aTax-C; 1:200 dilution). The resultant
immunoprecipitates were analyzed on discontinuous SDS-10% poly-
acrylamide gels electrophoresed under reducing conditions.

In vitro growth in soft agar and in vivo tumorigenicity in nude mice.
The ability of the stably transfected Rat2 cell lines to form colonies in
semisolid media was assayed by culturing 2 x 103 cells per 35-mm dish
in complete media containing 0.33% agarose and 200 ug/ml G418.
After 21 d of culture, cell lines that grew as colonies of greater than 100
cells were scored as positive. In vivo tumorigenicity was assessed by
subcutaneous injection of 2.5 x 106 viable cells into 4-7-wk-old female
athymic BALB/c mice (Life Sciences, St. Petersburg, FL). Tumor
development was monitored at regular intervals. Tumor tissue was
analyzed for Tax expression by Western blot analysis as previously
described (25).
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Figure 2. Immunoprecipitation analysis of Tax expression in stably
transfected clones of Rat2 cells. Subconfluent cultures of Rat2 clones
stably transfected with either pSV2-neo (lanes 1-3), pcTaxWT-neo
(lanes 4-6), pcTaxM22-neo (lanes 7-12), or pcTaxM47-neo (lanes
13-15) were metabolically radiolabeled with [35S]cysteine for 4 h fol-
lowed by extraction in RIPA buffer. These cellular extracts were pre-
cleared with preimmune rabbit antisera then specifically immuno-
precipitated rabbit anti-peptide antisera directed against the carboxy
terminus of the Tax protein (aTax-C). Immunoprecipitates were an-
alyzed on SDS-10% polyacrylamide gels and visualized by autoradi-
ography. The migration of known molecular weight standards is in-
dicated at the left and the position of the 40-kD Tax protein is indi-
cated by the arrow.
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Results

,ZZ To investigate the potential role of the NF-KB/Rel and CREB/l2W~jj~ijjtit-\SiiiM ' % i t%7 A, b %,>ATF transcription factor pathways in Tax-mediated cellular
9$~~~~~~4

'A ixii.. >, of rat fibroblast cells constitutively expressing high levels of the
wild-type or select mutant Tax proteins were examined. The
pSV2-neo, pcTaxWT-neo, pcTaxM22-neo, and pcTaxM47-
neo plasmids (Fig. 1) were introduced into Rat2 cells by cal-

/;;;g!Jc ciu phosphate-mediated DNAtransfection. Transfected cells
were then selected with the antibiotic G418 and cloned by limit-
ing dilution. Tax expression in each of the resultant G418-re-

?~~A'~ sistant Rat2 clones was analyzed by immunoprecipitation us-
cm ' ing rabbit anti-peptide antisera directed against the carboxy

terminus of the Tax protein. Approximately 30% of the G418-
resistant clones expressed detectable amounts of Tax protein in

,ffiffi5> i!! ;05#>zjFthis assay. Clones expressing high levels of the wild-type and
mutant Tax proteins were selected for further analysis (Fig. 2).
The presence of the appropriate plasmid DNAwas verified in
each of these clones by Southern blot analyses (data not

_ shown). To confirm the functional phenotypes of these novel
mutants in Rat2 cells, cell lines expressing either the M22 or
M47 mutant Tax protein were transfected with CRE-depen-

*40_ dent and KB-dependent chloramphenicol acetyl transferase
(CAT) reporter plasmids. Consistent with the previously re-
ported phenotype of these mutants in transiently transfected
Jurkat T cells (25), Rat2 cells stably expressing the M22mutant
preferentially activate CRE-dependent promoters, whereas
Rat2 cells stably expressing the M47 mutant preferentially acti-

co vate KB-dependent promoters (data not shown). In contrast,
Rat2 cells stably expressing the wild-type Tax protein activate

Nhi CRE-dependent and KB-dependent promoter with similar effi-
ciency compared with cell lines expressing these mutant pro-

i|WLiz I_ ~~~~~~~teins.
Morphology. Rat2 cell lines stably expressing only the neoR

gene grow as uniform monolayers of cells that undergo contact
inhibition at confluence (Fig. 3 A). The morphology and
growth characteristics of Rat2 cell lines stably expressing the
M47 Tax mutant are indistinguishable from that of the
Rat2neo cell lines (Fig. 3 D). In contrast, Rat2 cells stably ex-

-7 "pressing either the wild-type or M22 mutant Tax protein grow
X ~~~~~~~~~~~~~~~~asan irregular and densely packed sheet of cells (Fig. 3, B and

C). These cells do not undergo contact inhibition at con-
CMj fluence, forming both microscopic and macroscopic foci after
co~ 7 to14 din culture.

In vitro growth in soft agar. To assess potential differences
in the requirement of cell anchorage for growth, each of the
Tax -expressing Rat2 clones were cultured in semisolid media.

i..-*>5by;6> If i | 8 t . + Rat2 cells expressing either the wild-type or M22 mutant Tax
J ~~protein formed small colonies in soft agar within 7 dof culture.

These colonies continued to grow and reached macroscopic
~~~)'4\~~~~~~~ ~~J size (> 100 cells/colony) after 3 wk of culture (Table I, and data

WI'~ not shown). Rat2 cells expressing the M47 Tax mutant or neoR
,0 i & ago ; tf ilk gene alone also formed small colonies (' 10 cells/colony) in

soft agar after 7 d in culture. However, these small coloniesv He,, All $0ii; Be~~~~~Y- failed to increase in siize euvletnrafter 3 wekin culture (mTalble I, nid
o ' data not shown).

CSJ . . t . .' * AS as<> 3X . .,, . . i' Aft.Figure3. Phase contrast photomicrogrAphs (magnification, 100), of
wild-type and mutant Tax-expressing Rat2 ceM lines. Representative
clones were cultured for 5 d after plating 1 x IO' cells per 10-cm dishes.
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In vivo tumorigenicity. After subcutaneous delivery of 2.5
x 106 viable cells into 4-7-wk-old athymic BALB/c mice, all
three of the wild-type Tax-expressing cell lines and all six of the
M22 mutant Tax-expressing lines produced visible tumors at
the site of injection within 7-10 d (Table I). These tumors
continued to enlarge, reaching 4 to 12 mmwithin 3 wk. Tax
protein expression was detectable within these tumors as as-
sessed by Western blot analysis (data not shown). In sharp con-
trast, both the M47 mutant Tax-expressing cell lines and neoR
expressing control Rat2 cells did not form detectable tumors
during the same period of observation (Table I).

Discussion

The HTLV-I Tax oncoprotein is a pleiotropic transcriptional
activator. Tax activates a variety of genes containing functional
KB enhancer elements by inducing the nuclear expression of
the NF-KB/Rel family of enhancer-binding proteins (22-24).
Tax also activates the c-fos proto-oncogene by a mechanism
that appears to involve the CREB/ATF family of transcription
factors (14, 25). Wehave recently identified and characterized
tax gene mutants that functionally segregate activation of the
NF-KB/Rel and CREB/ATF transcription factor pathways
(25). In this study, we have investigated the role of these path-
ways in Tax-mediated transformation of nonlymphoid rat fi-
broblasts. Consistent with earlier reports (7), Rat2 cells stably
expressing the wild-type Tax protein displayed marked changes
in morphology and growth characteristics including anchor-
age-independent growth and formation of tumors in athymic
mice. Rat2 cells stably expressing the M22 Tax mutant, which

Table 1. Oncogenic Potentials of Tax-expressing Rat2 Cell Lines

Growth in In vivo Average tumor
Cell Line soft agar* tumorigenicityt diameter

mm

Rat2neo. 1 - 0/3
Rat2neo.2 - 0/3
Rat2neo.3 - 0/3
Rat2Tax. I + 3/3 9.7
Rat2Tax.2 + 3/3 5.4
Rat2Tax.3 + 3/3 5.0
Rat2M22. 1 + 3/3 4.4
Rat2M22.2 + 4/4 6.3
Rat2M22.3 + 3/3 5.1
Rat2M22.4 + 3/3 6.3
Rat2M22.5 + 3/3 5.4
Rat2M22.6 + 3/3 4.4
Rat2M47.1 - 0/3
Rat2M47.2 - 0/3
Rat2M47.3 - 0/3

* Anchorage-independent growth of the various Tax-expressing and
control cell lines was determined by culturing cells in semisolid
media (0.33% agarose) for 3 wk. Cell lines that formed large colonies
(> 100 cells) after 3 wk in culture were scored as positive (+).
t In vivo tumorigenicity was determined by subcutaneous injection of
2.5 x 106 viable cells into 4-7 wk old athymic BALB/c mice. Data
are expressed as number of mice with detectable tumors 3 wk after
injection/number of mice injected. The diameter of each tumor was
measured 3 wk postinjection.

lacks the ability to induce NF-KB/Rel but retains the ability to
activate transcription through CREB/ATF, produced a similar
transformed phenotype both in vitro and in vivo. In contrast,
Rat2 cells stably expressing the M47 Tax mutant, which lacks
the ability to activate transcription through CREB/ATF but
retains the capacity to induce NF-KB/Rel, displayed no detect-
able changes in morphology or growth characteristics. These
results suggest that Tax transactivation through the CREB/
ATFpathway plays a central role in Tax-mediated transforma-
tion of fibroblasts. Tax transactivation of the c-fos proto-onco-
gene likely participates in this transformation process because
the overexpression of Fos protein also leads to the transforma-
tion of rat and mouse fibroblasts (30). However, our findings
do not exclude the contribution of other CREB/ATF-respon-
sive genes to this transformation process.

Tax induces the expression of NF-KB/Rel in lymphoid and
some nonlymphoid cells including Rat2 fibroblasts (31-33,
and P. Sista, M. R. Smith, and W. C. Greene, unpublished
observations). However, the ability of the M22 Tax mutant,
but not M47 Tax mutant, to transform Rat2 cells suggests that
the induction of NF-KB is neither necessary nor sufficient to
transform these cells. In contrast, Tax activation of NF-KB/Rel
likely participates in the transformation of T-lymphocytes, be-
cause Tax transactivation of the genes for both IL-2 and the a
chain of the IL-2 receptor requires induction of NF-KB/Rel
(21). These differences may have important implications for
understanding ATLL.

The development of ATLL appears to represent a multistep
process (34). Early HTLV-I infection is likely characterized by
a period of polyclonal T cell proliferation (35). The ability of
Tax to transactivate the genes encoding IL-2 and IL-2Ra raises
the possibility that this viral transactivator may initiate the pro-
cess of leukemogenesis by promoting a period of autocrine T
cell growth. The long period of clinical latency that precedes
the development of leukemia (36), and the observation that
leukemic cells from ATLL patients are monoclonal (2), suggest
that additional cellular events are required for the development
of the full malignant phenotype (34). The nature of these later
cellular events remains undefined. However, the ability of Tax
to transform nonlymphoid cells by a mechanism that is distinct
from its ability to induce NF-KB/Rel raises the intriguing possi-
bility that one or more of these additional events may also be
mediated by Tax. Thus, Tax may initiate the process of leuke-
mogenesis by activating the NF-KB/Rel pathway and induce
subsequent steps in the transformation process by activating
additional cellular genes through CREB/ATF. A more com-
plete understanding of the role of Tax and other viral gene
products in the progression to ATLL will require the develop-
ment of an appropriate animal model of this disease.
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