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NF1. The benign tumors are derived from nerve sheaths and
involve both neurofibroblasts and Schwann cells. On occasion,
some of the tumors acquire malignant features. Additionally,
iris proliferation and adrenal medullary tumors that resemble
iris hamartomas and pheochromocytomas in NF1 patients are
detected. Since the viral Tax protein is a transcriptional transregulator which can both activate and repress cellular genes
(for review, see reference 48), we speculated that the tax transgenic mice might develop peripheral nerve tumors as a result
of specific down-regulation of NF1 gene expression.
For Tax to be capable of regulating NF1 expression, it must
be expressed in the same cell type in which neurofibromin is
expressed and from which neurofibromas are derived. To facilitate single-cell analysis, promoter specificity was compared
in transgenic mice by using the transcriptional regulatory sequences from the respective genes to drive expression of a
reporter gene encoding the bacterial enzyme b-galactosidase
(b-Gal). The b-Gal activity could be detected with ease and
sensitivity, either in wet whole mounts or in fixed tissue sections.
In transgenic mice carrying both the pLTR-tax and pLTRbgal genes, in which the former provided the Tax transactivator to upregulate its own expression as well as that of the latter
(3), b-Gal expression was detected in a few neuronal cell bodies within a nerve ganglion (Fig. 1B) and in a majority of cells
in a nerve trunk (Fig. 1C). In transgenic mice with the pNFbgal gene, which contains an ;3.8-kb 59 flanking sequence
from the human NF1 gene, b-Gal activity was detected in a
majority of cells within a nerve ganglion (Fig. 1D) and in a few
cells in a nerve trunk (Fig. 1E). In adult mice, these are the
predominant sites of NF1 gene expression. The latter finding
agrees well with those from immunohistochemical studies
which localized neurofibromin accumulation to the same restricted sites (8). Since neurofibromas are derived from peripheral nerve sheaths which are made up of mostly Schwann cells
and neurofibroblasts, the colocalization of tax and NF1 expression to cells in peripheral nerves is consistent with the suggestion that the Tax protein may regulate NF1 transcription.
To address whether Tax may down-regulate NF1 gene expression, we proceeded to determine by reverse transcriptase

While there is overwhelming evidence for the accumulation
of specific genetic mutations in human cancers (45), fundamental questions arising from such findings remain unanswered. First, it is not clear which of these genetic alterations
play a role in initiating the disease process. Second, it is uncertain whether they occur entirely at random or are secondary
to existing selective pressure. There is now increasing evidence
that epigenetic changes, such as imprinting, result in altered
gene expression and may contribute significantly to the development and progression of human cancers (18, 40). An interplay between epigenetic and genetic events may be responsible
for the multistage progression of disease, a hallmark of most
malignancies (36).
Neurofibromatosis type 1 (NF1) is a common hereditary
syndrome predisposing to neoplasia (31). It is an autosomal
dominant disorder caused by mutations in the NF1 tumor
suppressor gene (7, 42, 44), which encodes a GTPase-activating protein named neurofibromin (2, 25, 46). In familial cases,
individuals who inherit a mutated NF1 allele develop multiple
neurofibromas, which are benign tumors of the peripheral
nerves. The finding that most individuals predisposed to NF1
develop neurofibromas in childhood or adolescence, but only
about 4% develop neurofibrosarcomas later in life (32) (usually arising in deeply placed ‘‘plexiform’’ neurofibromas), suggests that they represent two successive stages of tumor progression. If the malignant tumors were derived from the benign
lesions, then there must have been additional genetic or epigenetic changes in the neurofibromas which resulted in progression to neurofibrosarcoma.
Prior to the identification of the NF1 gene, we reported that
insertion of the human T-lymphotropic virus type 1 (HTLV-1)
trans-regulatory gene (tax) under the control of the viral regulatory element (long terminal repeat) into the germline of
mice leads to the development of multiple neurofibromas in
the resulting transgenic animals (14, 19, 27) (Fig. 1A). This
observation has since been confirmed by others (28). The
transgenic mouse model has numerous similarities to human
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In familial neurofibromatosis type 1 (NF1), individuals with a germ line-transmitted NF1 mutation develop
multiple neurofibromas. To explain the observation that transgenic mice expressing the human T-lymphotropic virus type 1 (HTLV-1) tax gene under the control of the viral regulatory element also develop multiple
neurofibromas, we demonstrate that the Tax trans-regulator can functionally repress NF1 gene expression
through a cis-acting element located immediately upstream of its transcriptional start site, thereby allowing the
development of benign neurofibromas without the need for direct mutations in NF1. We propose that such a
mechanism would suffice to epigenetically alter NF1 gene expression. The fact that transgenic animals have
localized rather than diffuse neurofibroma formation, however, suggests that additional genetic or epigenetic
events may be required for neurofibroma formation.
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FIG. 1. Gross features of a 3-month-old transgenic mouse carrying the pLTR-tax gene and showing multiple neurofibromas (long arrows) and a malignant
neurofibrosarcoma (short arrow) in the ear and tail (A). Sites of expression of the tax gene in a 2-week-old double transgenic mouse with both the pLTR-tax gene and
the pLTR-b-gal gene, in which basal expression of Tax led to transactivation of both transgenes, were determined. Sections of a nerve ganglion (B) and a nerve trunk
(C) are shown. The promoter specificity of the NF1 gene was similarly determined by analysis of a 2-week-old transgenic mouse carrying the pNF-bgal gene. The b-Gal
activity in a nerve ganglion (D) and in a nerve trunk (E) is shown. To determine the pattern of b-Gal activity, animals were transcardially perfused with 4%
paraformaldehyde in phosphate-buffered saline followed by perfusion with a solution containing 5-bromo-4 chloro-3-indolyl-b-D-galactopyranoside (X-Gal) at 0.5
mg/ml, 25 mM potassium ferrocyanide, 25 mM potassium ferricyanide, 2 mM MgCl2, 1 mM spermidine, 0.02% Nonidet P-40, and 0.01% sodium deoxycholate (4).
Dissected tissues were then incubated at 378C for 16 h in the X-Gal cocktail, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
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PCR analysis whether NF1 mRNA accumulation in nerves is
reduced in the Tax transgenic mice. We observed that in the
trigeminal nerve, individual control CD1 mice expressed an
equivalent level of NF1 transcripts relative to actin mRNA,
regardless of whether the mice were young or old (data not
shown). In contrast, the relative level of NF1 transcripts in the
Tax transgenic mice, while normal at 3 weeks of age became
significantly reduced by 17 weeks of age (Fig. 2A) when tax
expression became elevated (Fig. 2B). We have chosen to
analyze the trigeminal nerve because it can be easily dissected
and tumors have frequently been found associated with it (19).
Given the relatively low frequency of cells in the nerve sheath
which normally support significant levels of NF1 expression, we
have purposely chosen to use an averaging assay rather than a
single-cell assay in this analysis. Since there were many more
Tax-expressing cells than there were NF1-expressing cells in
the nerve trunk (Fig. 1), the significant reduction in the accumulation of NF1 transcripts is consistent with the ability of Tax
to modulate NF1 gene expression.
The 59 flanking region of the NF1 gene is highly conserved
between humans and mice (17). Like typical housekeeping
genes, it is highly G1C rich and has no obvious TATA or
CCAAT boxes. To determine whether Tax can act, directly or
indirectly, on the NF1 promoter region to regulate its expression, we have used the human 3.8-kb 59 flanking sequence to
drive expression of chloramphenicol acetyltransferase (CAT)
(pNFScat) in transfection studies, in either the absence or
presence of pLTR-tax, which encodes the Tax protein. We
have chosen to use the NIH 3T3 mouse embryo fibroblast cell
line as the recipient in these transfection experiments because
we have previously shown that neurofibroblasts in the nerve

sheaths of the Tax transgenic mice can support pLTR-tax expression (19), and others have observed that NIH 3T3 cells
constitutively express the NF1 gene product (9).
Unlike the simian virus 40 promoter, which was nonresponsive to Tax, the 3.8-kb NF1 promoter was markedly inhibited
by Tax (Fig. 3). In experiments with various input ratios of
pNFScat to pLTR-tax, we observed that inhibition of NF1
transcriptional activity was dependent on the amount of Tax
protein made (data not shown). Under optimal conditions,
.92% inhibition could be achieved. This suggests that there
must be a cis-acting element(s) located somewhere within the
3.8-kb fragment used which can be regulated by Tax to control
NF1 gene expression.
In order to map the putative cis-acting element within the
NF1 promoter region, we have performed deletional analysis
by scoring for the loss of Tax responsiveness in transfection
experiments. Results from selected mutations are shown (Fig.
3). It is notable that certain deletions resulted in either an
increase or a decrease in basal promoter activity in the absence
of Tax, suggesting that there are both negative and positive
control elements at different regions within this promoter fragment which contribute to normal NF1 expression. For example, there appear to be an inhibitory control element(s) located
between positions 21663 and 2995 and multiple stimulatory
control elements lying between 2995 and 23. Despite the
presence of these regulatory elements, we were able to demonstrate that overlapping deletions from 22901 to 2236 did
not interfere with Tax repression. However, deletion downstream of 2236 and up to 23 could suffice to completely ablate
the ability of Tax to down-regulate this promoter.
The ability of Tax to down-regulate the human NF1 promoter in NIH 3T3 cells and the high level of homology between the human and mouse promoter sequences prompted us
to determine whether stable transfection of the tax gene into
NIH 3T3 cells would lead to down-regulation of the endogenous mouse NF1 gene as shown by a decrease in steady-state
accumulation of its gene product. Neurofibromin has been
shown to be constitutively expressed in NIH 3T3 cells (9).
Selective inhibition of its synthesis upon introduction of the tax
gene would constitute proof of transregulation of expression
and confirm our observation with transgenic mice that increased expression of Tax correlated with a substantial decrease in NF1 transcripts in nerves.
The pLTR-tax gene was cotransfected with the pRSVneo
gene into NIH 3T3 cells, and G418-resistant clones were isolated. The presence of the tax gene was confirmed by radioimmunoprecipitation analysis of metabolically labelled cell extracts with an anti-Tax serum (19, 27). When the parental NIH
3T3 cells and a G418-resistant neo-only-transfected clone were
compared with two independent G418-resistant neo- and taxtransfected clones, the 40-kDa Tax protein was detected only
in the latter (Fig. 4A), which were selected because of their
difference in the level of expression of the transfected gene.
When the same set of radiolabelled cell extracts were subjected to immunoprecipitation with an anti-NF1 serum raised
against the catalytic region of neurofibromin (9), a substantial
reduction (;90%) in the amount of the ;220-kDa protein was
detected in the two Tax-expressing clones compared with that
in the two control cell lines (Fig. 4B). The clone that expressed
a high level of the Tax protein has a somewhat greater reduction of neurofibromin. All four radiolabelled cell extracts had
virtually identical specific activities and, when equivalent
amounts of protein from each were analyzed without immunoprecipitation, showed overall protein patterns that were
practically indistinguishable from one another (Fig. 4C).
Our findings with tissue culture cells that (i) a stably trans-
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FIG. 2. Analysis of expression of the transgenic tax gene and the endogenous
NF1 gene in mice of different ages. Total RNA was extracted from the trigeminal
ganglia and the associated nerves of two 3-week-old (lanes 1 and 3) and two
17-week-old (lanes 2 and 4) transgenic mice. The levels of expression of the NF1
mRNA (A) and the Tax mRNA (B) were separately determined by PCR either
with (1) or without (2) inclusion of reverse transcriptase (49). Two mice were
used for each time point to ensure that the level of gene expression detected was
reproducible. The primers specific for NF1 were 59-GAGTTTGATCAACGAA
TTCTTTATG-39 and 59TGGCTCTGCAGTGCAGGAGGGTAAG-39, and
those specific for Tax were 59CTGTCCAGAGCATCAGATCACCTGG-39 and
59-GGTTCCATGTATCCATTTCGGAAGG-39. The 401-bp NF1 PCR product
and the 222-bp Tax PCR product were separately detected by hybridization to
32
P-end-labelled oligonucleotide probes specific for NF1 (59-GGCTTGTGGCG
GTTTGCAGGACCG-39) and Tax (59-CCCAGAGAACCTCTAAGACCCTCA
AGGTCCTTAC-39) followed by electrophoresis in 5% polyacrylamide gels.
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fected tax gene could significantly reduce the level of the NF1
gene product and (ii) the tax gene in transient transfection
experiments could down-regulate transcription of the NF1 promoter through a specific target site, explain our observations
with transgenic mice that (i) both the tax gene and the NF1
gene were transcriptionally active in cells in the peripheral
nerve sheath where neurofibromas were derived and that (ii)
an increase in tax expression with age correlated with a decrease in NF1 gene expression and the development of numerous neurofibromas. Together, our observations suggest that
Tax can repress the NF1 promoter, leading to the development
of benign tumors in peripheral nerves.
Since its isolation 15 years ago, HTLV-1 has been associated
with an increasing number of disorders, including adult T-cell
leukemia (20, 29), tropical spastic paraparesis (12, 34), infective dermatitis (24), hypercaliuria and end-stage hypercalcemia
(6, 11), Sjögren’s syndrome (37, 41), and polymyositis (22, 26,
38). In each of these disorders, the role of HTLV-1 in the
disease process has not been defined. Indeed, while HTLV-1
can be transmitted by cell fusion to a variety of cell types in
culture, viral gene expression in infected patients has been
difficult to demonstrate. Even leukemic cells isolated from
individuals with ATL do not usually support viral gene expression (21). The transgenic approach appears uniquely appropriate for both identifying the target cells and delineating the
disease mechanisms (15, 16, 35).
The present study suggests that the tax gene of HTLV-1 may
act as a cofactor for the development of neurofibromas and
prompts an epidemiological study to determine whether there

is such an association in areas in which HTLV-1 is endemic. It
has to be pointed out that most of the disorders associated with
HTLV-1 are far more widespread than originally suspected
and that clinical symptoms frequently develop only after a long
latency and with a low penetrance. This may reflect a low
frequency of infection of the respective target cells and the
indirect nature of the viral function in inducing the pathological changes, as shown here for the development of neurofibromas.
Interestingly, our finding that physical trauma can function
as a cofactor for Tax transactivation of the HTLV-1 long terminal repeat in epidermal keratinocytes in transgenic mice led
to our demonstration that Tax is expressed in the hyperplastic
epidermis of infective dermatitis in HTLV-1-infected patients
(our unpublished data). We are hopeful that we will similarly
be able to show tax gene expression in HTLV-1-positive NF
lesions. However, we anticipate that it may be difficult to demonstrate down-regulation of NF1 gene expression in neurofibroma cells from patients because their origin and differentiation state are still being debated, which makes it difficult to
compare the levels of neurofibromin expression in uninvolved
and involved cells of the same genealogy. An alternative approach would be to try culturing these benign NF cells and
determine whether blockage of tax gene expression, possibly by
using antisense oligonucleotides, would lead to derepression of
NF1 and suppression of cell growth.
Mapping of the Tax-responsive element of the NF1 promoter to a region of 233 bp is preliminary but informative.
While this region does not have a TATA box, it has both a
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FIG. 3. Dissection of the NF1 promoter region for Tax responsiveness. The 3.8-kb 59 flanking sequence of the NF1 gene was excised from the plasmid 17L1B20 as
an XhoI-SstII fragment and inserted into the promotorless CAT reporter construct pCAT3M at the XbaI site. The resulting plasmid, pNFScat, was subjected to deletions
at the restriction sites NdeI to SapI (22901 to 22364), SapI to XcmI (22364 to 21663), TthIII1 to TthIII1 (22818 to 2995), StuI to StuI (22464 to 2515), StuI to
BssHI (2515 to 2236), and BssHI to EcoNI (2236 to 23). The number coordinates correspond to the locations of the restriction sites with respect to the NF1
transcriptional start site (F). A simian virus 40 promoter-bearing cat construct (pSV2cat) was used as a control. The transcriptional activities of these constructs were
determined by CAT assays (13). Briefly, 10 mg of wild-type or deletion mutant NF1 DNA construct was transfected with either 20 mg of filler plasmid DNA (2) or
20 mg of pLTR-tax DNA (1). After 48 h, cell extracts were prepared and incubated with 14C-chloramphenicol, and the extent of acetylation was determined by
thin-layer chromatography. The results for each of the constructs, in either the absence or presence of Tax, are indicated as percentages of inhibition of CAT activity.
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cyclic AMP (cAMP) response element and a serum response
element that are perfectly conserved between the mouse and
human genes (17). Whether either of these elements is involved in the repression is unclear, but the cAMP response
element is of particular interest because Tax has been shown to
directly increase the DNA binding activities of multiple cAMP
response element binding transcription factors, including
CREB, ATF-1, and ATF-2, by promoting their dimerization to
form either homo- or heterodimers (1, 10, 39, 43, 47, 50). The
suggestion that a particular transcription regulator can both
activate and repress gene expression is intriguing (30, 33).
Depending on the regulatory subunit, a specific DNA binding
protein can have diametric consequences. Alternatively, the
molar ratio between the two may suffice to dictate which opposing function will predominate. Tax may be such a regulator.
Since the stably transfected tax gene could repress the endogenous NF1 gene, we are currently pursuing a more precise
mapping of the Tax-responsive element within the chromosomal NF1 promoter region rather than that in a cotransfected
NF1 promoter construct. We are hopeful that this approach
will lead to the identification of not only the specific cis-acting
element but also, eventually, the relevant trans-acting proteins.
The apparent excess of Tax-expressing cells over NF1-positive cells in the Tax transgenic mice may predict the development of diffuse neurofibromas at a very early age. Interestingly,
we observed predominantly nodular proliferation of cells simultaneously at numerous body sites, eventually killing the
mouse at a premature age. This could imply the need for an
additional genetic event. Alternatively, tax gene expression in
the rare NF1-positive cells may be subthreshold in most cells
and hence may not suffice to completely shut off the NF1
tumor suppressor activity. Indeed, the transgenic line with the

highest level of tax gene expression has the shortest latency for
tumor development and is the earliest to succumb to tumors.
Analysis of mice with a targeted mutation in the NF1 gene
has revealed that NF11/2 heterozygotes, while predisposed to
the formation of various tumor types, do not develop neurofibromas (5, 23). Furthermore, NF12/2 homozygote chimeras
generated by injection of normal blastocysts with ES cells harboring a double knockout of the NF1 gene only occasionally
develop neurofibromas, which are invariably focal in nature.
These findings suggest that the development of neurofibromas
in mice requires not only the loss of both NF1 alleles but also
additional events, either genetic or epigenetic. This is consistent with our observation that repression of NF1 gene expression by Tax, a process which is expected to affect both NF1
alleles, while sufficient to induce neurofibromas gave rise to
multifocal rather than diffuse tumors. These transgenic and
knockout studies with mice further our understanding of the
mechanism which underlies neurofibroma formation.
We thank Douglas Lowy for providing anti-NF1 serum, Lien Ngo
for microinjection of the NF-bgal transgene, and Lisa Ruiz for her help
in the preparation of the manuscript.
This study was supported by NIH grant CA51779.
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