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We earlier reported that Fischer 344/jcl strain (F344) rats carrying a unique pX gene of human T lymphocyte
virus type I (HTLV-I) under control of a rat lymphocyte-specific protein tyrosine kinase (p56lck) type I promoter
(lck-pX rats) spontaneously developed epithelial thymomas from the thymic medulla. To investigate the role of
bone marrow cells carrying the HTLV-I pX gene in development of thymomas, the bone marrow of normal F344
rats after lethal irradiation was reconstituted by bone marrow mononuclear cells (BMMC) of lck-pX rats.
Epithelial thymomas similar to the original thymoma of lck-pX rats frequently developed in the nontransgenic
recipients within 5 months after the BMMC transplantation. The thymomas expressed the pX gene, thereby
indicating the thymoma cells to be of donor BMMC origin. Since the thymoma also developed in nontransgenic
recipients reconstituted by BMMC depleted of adherent cells, it is suggested that nonadherent BMMC of donor
lck-pX rats may migrate to and lodge in the thymus of recipient nontransgenic rats then transform into thymoma
cells with epithelial characteristics. The thymoma cells were shown to bind to Ulex europaeus Agglutinin-1
(UEA-1) lectin, which binds epithelial cells in the thymic medulla. It was also shown that the nonadherent BMMC
fraction used for bone marrow reconstitution contained a number of UEA-1-positive cells. Taken together, UEA-
1 positive BMMCmay be progenitor cells of the epithelial thymoma. The epithelial thymoma in lck-pX rats sheds
light on epithelial cell development in thymic medulla and for oncogenesis of epithelial thymoma in humans.
Laboratory Investigation (2004) 84, 245–252, advance online publication, 15 December 2003; doi:10.1038/labinvest.3700028

Keywords: epithelial thymoma; bone marrow cell transfer; transgenic rat; HTLV-I pX gene; progenitor cell

Human T lymphocyte virus type I (HTLV-I) is one of
the human infectious retroviruses characterized by
an etiologic agent of adult T-cell leukemia.1,2 HTLV-I
infection is also implicated in the pathogenesis of
myeloneuropathy3,4 and a number of immunological
disorders.5 Tax protein encoded by a unique pX gene
of the HTLV-I genome is a potent transcriptional
activator or repressor of several host cellular genes,6,7

and functions as a major pathogenetic molecule of

HTLV-I. To investigate the pathogenetic role of the
pX gene, we established several transgenic rat
models carrying the HTLV-I pX gene under controls
of various promoters.8–10 Among them, a transgenic
rat carrying the pX gene under control of a rat
lymphocyte-specific protein tyrosine kinase (p56lck)
type I promoter (lck-pX rat) is a unique rat model for
spontaneously occurring epithelial thymomas in the
thymic medulla.10 The endogenous p56lck type I
promoter is specifically active in thymic lympho-
cytes. However, in our model, mRNA expression of
the pX transgene was detected in all tissues tested,
because the p56lck type I promoter used (�269 to
þ 26) did not include the region (�564 to 433),
which contains a sequence to potentially lead cell-
specific expression. We concluded that this could be
a reason to induce the pX transgene expression at
significant levels for transformation of thymic
medullary epithelial cells. Morphologically, the
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thymoma consists of spindle-shaped epithelial cells
and expresses p40Tax as a pX gene product and
cytokeratin as an epithelial marker.

In attempts to determine the origin of thymoma cell
in lck-pX rats, we transferred bone marrow mono-
nuclear cells (BMMC) of the lck-pX rat into lethally
irradiated nontransgenic Fischer 344/jcl strain (F344)
rats and determined if same epithelial thymomas as
that of lck-pX rats occur in recipient nontransgenic
rats. We further studied to see if BMMC contain
possible progenitor cells which express the same
molecules as the thymoma cells expressed.

Materials and methods

Animals

Inbred F344 rats were purchased from Clea Japan
(Osaka, Japan). We used the lck-pX transgenic rat
line, Tg38 which frequently develop thymoma.10

Rats were maintained at the Institute of Animal
Experimentation, Hokkaido University Graduate
School of Medicine. All animal experiments were
done according to the Guide for the Care and Use of
Laboratory Animals, Hokkaido University Graduate
School of Medicine.

Preparation of BMMC for Reconstitution

After deep anesthetization with sodium pentobarbi-
tal, BMMC were prepared from tibias and femurs of
6–8 weeks old male donor rats. Both ends of the
bones were cut, and bone marrow was flushed out
with 5ml of phosphate-buffered saline, using a
syringe with a needle. Collected bone marrow cells
in the tube were dispersed by shaking the syringe
then mixed with an equal volume of density
separation solution (Lympholyte-rat, CEDERLANE,
Hornby, Canada). After centrifugation at 1500 rpm
for 30min, the mononuclear cell layer at the inter-
face was collected as the total BMMC. To obtain
nonadherent (nAd)-BMMC, total BMMC were
passed through Sephadex G10 (Pharmacia KK,
Tokyo, Japan) columns at 371C to remove adherent
cells. Total BMMC were cultured in Petri dishes that
contained a-modified minimum essential medium
containing 10% fetal bovine serum (FBS) at 371C in
5% CO2 incubator for 24 h. After the nonadherent
cells had been removed, the adherent cells on the
Petri dishes were cultured for 14 days with change
of fresh medium at 3 day intervals. Adherent cells as
Ad-BMMC were collected after digestion with
0.25% trypsin-EDTA solution for 20min. Thymuses
of all donor rats were histopathologically examined
for thymoma.

BMMC Transfer (BMCT) Experiments

Nontransgenic F344 male rats at age from 5 to 9
weeks of age were used as recipients of BMCT. All

recipient rats were given a lethal dose of radiation
(12Gy) before BMCT. About 107 cells of unseparated
total, nAd- or Ad-BMMC were injected intrave-
nously in each experiment. Three experimental
groups were designed. One group was given an
intravenous injection of unseparated total BMMC
from lck-pX donor rats, another group was given
nAd-BMMC from lck-pX rats, and the third group
was given Ad-BMMC from lck-pX rats mixed with
107 of total BMMC from nontransgenic F344 male
rats. As a control group, recipient rats were given
total BMMC from nontransgenic F344 male rats. All
recipient rats of the experimental groups were
histopathologically examined when symptoms in-
dicating development of thymoma occurred, such as
thoracic enlargement, tachypnea or dyspnea, were
observed, or when rats reached at 45 weeks after the
BMCT. The control group was examined at about 20
weeks after the BMCT. In addition, total BMMC of
nontransgenic rats were transferred into lck-pX rats
for a comparative group, by the same procedure
described above. Recipient rats that had died within
2 weeks after the BMCT were discarded from the
count as a technical failure.

Separation of Thymocytes and Thymic Adherent Cells

Thymus or thymoma of rats were removed asepti-
cally and cut into small fragments with scissors in
Dulbecco’s modified eagle’s medium (DMEM) sup-
plemented with 10% FBS, 5� 10�5M 2-mercap-
toethanol and 50mg/ml streptomycin. Two or three
pieces of the fragments were put into each well of a
24-well flat-bottomed culture plate and cultivated
with 200 ml of DMEM with 50% FBS in a 5% CO2

incubator at 371C. Without discarding the medium,
100 ml of DMEM with 10% FBS was added to the
wells at 3-day intervals. After incubation for 2
weeks, nonadherent cells were collected as thymic
lymphocytes. Adherent cells were washed with
PBS, removed with trypsin-EDTA solution and
seeded into 10 cm Petri dishes with 10ml of DMEM
with 10% FBS for a subculture. After 2 weeks with
changing the medium at 3-day intervals, the ad-
herent cells were collected as thymic adherent cells.

Histopathology and Immunohisto(cyto)chemistry

Thymomas of nontransgenic F344 rats given nAd-
BMMC of lck-pX rats were fixed in 10% phosphate-
buffered formaldehyde and embedded in paraffin
blocks. Each 4mm of sections was stained with
hematoxylin and eosin. For immunohisto(cyto)-
chemical analysis, mouse monoclonal anti-cytoker-
atin (MNF116, DAKO, Glostrup, Denmark) and anti-
Tax (Lt-4),11 for detecting the product of the pX
transgene, antibodies and biotinylated Ulex Euro-
paeus Agglutinin-1 (UEA-1) lectin (Vector Labora-
tories, Burlingame, CA, USA) were used as first
detecting reagents to histological tissue sections of
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thymus and thymoma of nontransgenic F344 rats
given nAd-BMMC of lck-pX rats and to BMMC of
lck-pX rats fixed on a glass slide. To develop these
first reactants, an avidin–biotin immunoperoxidase
kit (DAKO) was used. After immunostaining, tissue
sections or fixed BMMC were counter-stained with
Mayer’s hematoxylin (Merck, Darmstadt, Germany).

Karyotype Analysis

Chromosomes of separated thymoma cells from an
original thymoma of lck-pX rats and a thymoma
developed in nontransgenic rats with BMCT from
lck-pX rats were analyzed, using a standard G-bands
by trypsin using Giemsa method.12 In all, 17 cells for
original thymoma and 10 cells for BMCT thymoma
were analyzed.

Polymerase Chain Reaction (PCR) and Reverse
Transcriptase (RT)-PCR

Total DNAs were extracted from either cell pellets of
about 1� 106 of separated thymocytes, thymic
adherent cells, or thymoma cells, and PCR amplifi-
cation was done to detect integration of the pX
transgene according to methods described else-
where.8 Expression of the pX transgene was detected
using RT-PCR.8,9 Briefly, total RNAs were extracted
from separated thymoma cells and the thymoma
tissues using RNA extraction kits (ISOGEN, Nippon
Gene, Toyama, Japan) and treated with DNase, then
they were reversely transcribed with RT and the
cDNAs were amplified using a pX specific primer
pair to detect the transgene and a rat b-actin primer
pair13 as an internal control.

Quantitative RT-PCR

Expression of the winged-helix-nude (whn) gene in
the thymoma was quantitatively measured, using
real-time RT-PCR. After cutting small pieces of
tissues, the lck-pX thymoma, and nontransgenic
thymocyte-depleted thymus and spleen as controls,
total RNAs were extracted using ISOGEN. After
DNase treatment, total RNAs were reversely tran-
scribed with RT and a random hexamer primer
mixture. whn gene expression levels in 1ng of the
resulting cDNAs were quantified using a QuantiTect
STBR Green PCR kit (Qiagen GmbH, Hilden,
Germany) and ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems, Foster City,
CA, USA). Quantitative PCR was done with primers
50-CCCAAGCTTTGGACAATGGT-30 for sense and 50-
CTGATGAAAGGTGGGCTGAGA-30 for antisense14

(Genbank accession number S80120) according to
methods described in the manufacturer’s handbook.
For standardization, the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene, one of the
house-keeping genes, was quantified in each

sample, using primers 50-GGGAGTTGCTGTTGAAG-
TCA-30 for sense and 50-CCGAGGGCCCACTAAAGG-
30 for antisense15 (Genbank accession number
M17701). Four lck-pX thymomas, three nontrans-
genic thymuses and one nontransgenic spleen were
used and all experiments were done triplicate and
average amounts of whn expression were indicated
by a ratio against those of GAPDH expression in
each sample.

Flow Cytometry

BMMC were reacted with fluorescence thiocyanate-
conjugated UEA-1 (Vector Laboratories), then were
analyzed using FACScan (Becton Dickinson, Frank-
lin Lakes, NJ, USA).

Results

Development. of Epithelial Thymomas in Normal F344
Rats Reconstituted by BMMC from lck-pX Rats

To examine the role of the HTLV-I pX gene in
BMMC, about 107 cells of total BMMC from lck-pX
rats were transferred into lethally irradiated non-
transgenic F344 rats. By reconstructing bone marrow
by lck-pX rats, thymoma developed in 18 of 19
recipient normal rats within 5 months after the
BMCT. BMMC from donor rats with or without
primary thymoma did not affect the outcome (Table
1 and Figure 1a). The tumor, which had medullary
growth, consisted of spindle-shaped cells expres-
sing cytokeratin as an epithelial marker, similar to
the original thymomas in lck-pX rats (Figure 1b and
c). The p40Tax protein expression as an HTLV-I pX
gene product was immunohistochemically detected

Table 1 Development of thymomas in normal F344 rats received
BMMC from lck-pX rats

Combinationa Cells
transferred

Thymoma in
donorsb

No. thymomac/
no. recipient

rats

lck-pX to N Total BMMC + 14/14
Total BMMC � 4/5
nAd-BMMC + 2/3
Ad-BMMC + 0/17d

N to lck-pX Total BMMC � 3/3
N to N Total BMMC � 0/5e

a
BMCT experiments were done on lck-pX rats to nontransgenic rats
(lck-pX to N) or nontransgenic rats to lck-pX rats (N to lck-pX). As a
negative control, BMMC of nontransgenic rats were transferred to
nontransgenic rats (N to N).
b
Development of thymomas in donor rats was histopathologically
examined when BMMC were prepared.
c
All thymomas developed in recipient rats were shown to have
histopathological features similar to the original thymomas in lck-pX
rats.
d
All recipient rats were histopathologically examined at about 45

weeks after the BMCT.
e
No neoplastic change was found in thymuses of all recipients at
about 20 weeks after the BMCT.
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in the tumor (Figure 1d). Karyotype analysis showed
that the same 42XY karyotype, 20 pairs of autosome
and a sex chromosome pair, as the standard
karyotype of rat was found in both separated
thymoma cells from original thymoma and thymoma
developed in BMCT rats (data not shown). The
reconstitution experiments using separated Ad- and
nAd-BMMC from lck-pX rats showed similar thy-
moma developed in two of three recipient nontrans-
genic rats given nAd-BMMC of lck-pX rats within 40
weeks after the BMCT (Table 1), Development of
thymoma was never evident macroscopically and
histologically in all 17 recipient rats given Ad-
BMMC of lck-pX rats at about 45 weeks after the
BMCT. Therefore, the nAd-BMMC fraction of lck-pX
donor rats may contain progenitor cells of epithelial
thymoma. On the other hand, thymomas developed
in all three irradiated lck-pX rats with total BMMC
transfer from nontransgenic rats within 4 months
after the BMCT (Table 1).

Detection of pX Gene in Thymoma Cells of Recipient
Rats

PCR and RT-PCR methods were used to determine
the presence and expression of the pX gene in
thymoma cells of recipient rats. After separation of
thymic lymphocytes and adherent cells, the pX gene
was evident in both lymphocytes and adherent cells
in the recipient rats, regardless of thymoma occur-
rence (Figure 2a). pX mRNA expression was also

evident in lymphocyte-depleted adherent thymoma
cells of recipient rats (Figure 2b), but it was out of
the detection levels in thymic adherent cells in
recipient rats before the development of epithelial
thymoma (data not shown).

Characteristics of Epithelial Thymoma Developed in
the Medulla of lck-pX Rats

Expression of the whn gene, which is a forkhead-
winged helix transcriptional factor (reviewed in
Kaufmann and Knöchel16) the mutation of which
disrupts thymus development and normal hair
growth,17 was examined in the thymoma of lck-pX
rats to determine if the thymoma cells have the same
characteristics as thymic epithelial cells originating
from the third branchial cleft and pharyngeal pouch,
using quantitative real-time RT-PCR. Only minimal
levels of the whn gene expression were detected in
the thymoma tissues compared with that in the
normal thymus (Figure 3). Since the thymoma
tissues seem to contain resident stromal cells of
the thymus, it appears that thymoma cells do not
express the whn gene. The thymoma cells were
positively stained for UEA-1 (Figure 4), a kind of
fucose-binding lectins and is known to specifically
bind to epithelial cells in the medulla of the
thymus,18 indicating that the thymoma of lck-pX
rats originates in UEA-1-positive epithelial cells in
the thymic medulla. This observation is consistent
with histopathological findings of early lesions of

Figure 1 Development of thymomas in normal F344 (nontransgenic recipient) rats after being given total BMMC of lck-pX rats. A large
tumor in the anterior mediastinum of a recipient rat at 20 weeks after the BMCT is shown (a arrowhead). Microscopically, the tumor,
similar to the lck-pX thymoma, is composed predominantly spindle-shaped cells (b) (HE staining, original magnification: � 125).
Immunohistochemically, spindle-shaped tumor cells are uniformly stained by anti-cytokeratin (c) and anti-Tax monoclonal antibodies
(d) (original magnification: � 125).
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the primary thymoma which apparently originated
in the thymic medulla.10 Next, we asked if UEA-1-
positive cells can be observed in BMMC of lck-pX
rats, using flow cytometry, even though it is known
that megakaryocytes are positive for UEA-1 in
humans.19 BMMC of the lck-pX rats contained about
7.5% cells strongly positive for UEA-1 and these
were morphologically small mononuclear round-
type cells which differed from megakaryocytes
(Figure 5). Cells positive for cytokeratin were not
evident in the BMMC fractions (data not shown).

Discussion

In this study, the transfer of BMMC into irradiated
nontransgenic recipient rats from lck-pX rats fre-
quently induced development of thymoma in the
host, similar to the original epithelial thymomas
spontaneously developed in the lck-pX rats. Since
the thymoma cells expressed p40Tax as the pX
transgene product, the epithelial thymoma cells in

the recipient rats would likely have derived from
progenitor cells present in the BMMC of donor lck-
pX rats.

It is generally believed that the epithelial tumor
cells in primary thymomas develop from proper
epithelial cells which existed constitutively in the
cortex or medulla of the thymus, although many
bone marrow-derived cells, such as thymocytes and
dendritic cells, are principal constituents of thymus.
It is generally considered that thymic epithelial cells
in the cortex and medulla are derived from ectoderm
of the third branchial cleft and endoderm of the
third pharyngeal pouch, respectively. The multi-
potentiality of cells derived from bone marrow,
hematopoietic stem cells, was demonstrated in
various models, including transdifferentiations into
cardiomyocytes,20 hepatic cells,21,22 existence of
precursor cells for bone, cartilage and lung,23 and
nerve cells.24 Donor bone marrow cells could
migrate into the recipient thymus and participate
in the positive selection of thymocytes as thymic
stromal cells by bone marrow transplantation plus
bone graft in mice.25 In our model, epithelial
thymomas with donor characteristics develop in
the recipient thymus by nAd-BMMC transfer, sug-
gesting that nAd-BMMC may contain progenitor

Figure 2 (a) Detection of the pX transgene in thymoma cells
isolated from nontransgenic recipient rats received BMMC of lck-
pX rats. The pX transgene was detected in both thymic adherent
stromal cells (lane 1) and thymocytes (lane 2) isolated from the
thymus of a recipient rat before developing thymoma and in both
thymoma cells (lane 3) and thymocytes (lane 4) of a recipient rat
with a developed thymoma, by PCR. NC indicates thymic
adherent stromal cells isolated from an untreated nontransgenic
rat as a negative control and PC is thymic adherent stromal cells
isolated from an lck-pX rat thymus as a positive control. M is a
Hae III digested fX174 DNA size marker. (b) RT-PCR detection of
the pX mRNA in thymoma cells isolated from recipient
nontransgenic rats received BMMC of lck-pX rats. Total RNAs
were prepared from adherent thymoma cells isolated from a
recipient rat (lanes 1, 2 and 5) and an original thymoma tissue as a
positive control (lanes 3, 4 and 6). Lanes 1 and 3 are results of RT-
PCR using a pX specific primer pair. Lanes 2 and 4 are using a
b-actin (Actin) primer pair as internal control. Lanes 5 and 6 are
results of a pX PCR amplification without RT. M is a 100 bp DNA
ladder size marker.

Figure 3 Quantification of whn mRNA expression levels in
thymomas. A measure of 1 ng of each cDNA from total RNAs of
each tissue was amplified with a whn gene specific primer pair
using quantitative real-time PCR. Results are shown as expression
ratios against the level of GAPDH expression in each tissue.
Thymus means the result of nontransgenic lymphocyte-depleted
thymus for a positive control, Thymoma means that of lck-pX
original thymomas, and Spleen means that of nontransgenic
spleen for a negative control. All experiments were done by
triplicate. The average ratio with standard deviation in each
experiment group is shown.
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cells with the potential to transdifferentiate into a
kind of epithelial cells in the thymic medulla. In the
thymus, three distinct stromal and epithelial cell
types related to T-cell differentiation, cortical and
medullary epithelial cells and bone marrow-derived
dendritic cells, are known.26 Except for dendritic
cells, epithelial cells in both areas specifically
express not only cytokeratin but also the whn gene
a transcriptional factor expressed in epithelial cells
of thymic primordium and adult thymus.27 whn
expression was evident in all the thymomas exam-
ined including medullary thymomas in humans.28

Therefore, it is reasonable to expect that epithelial
thymomas developed from thymic medulla of lck-
pX rats would express the whn gene if the thymoma
develops from epithelial cells in thymic medulla
derived from endoderm of the third pharyngeal
pouch. However, expression of the whn gene was
minimal in the thymoma of lck-pX rats, which
means that the thymoma may not develop from
thymic epithelial cells derived from the pharyngeal
pouch. It was clearly shown that the epithelial
thymomas carrying the pX transgene of lck-pX rats
developed in thymus of nontransgenic recipient rats

by transfer of BMMC from lck-pX rats. The collec-
tive evidence indicates that certain medullary
epithelial cells of thymus in rats may derive from
hematopoietic progenitor cells.

It is also known that there is heterogeneity in
epithelial cells of the thymic medulla in rats similar
to those in humans and mice.18,29,30 UEA-1 high
reactivity is only evident in the medulla and can
divide epithelial cells of the medulla into UEA-1
positive or negative. We showed that UEA-1-posi-
tive cells are clearly localized in the medulla of the
rat thymus and the thymomas were positive for
UEA-1. About 7.5% UEA-1-positive cells were
evident in nAd-BMMC fraction used for our BMMC
transfer experiments, suggesting the possibility that
thymomas in the medulla of nontransgenic recipient
rats are derived from the transferred BMMC with
UEA-1 reactivity, although cells positive for cyto-
keratin were nil in BMMC fractions.

Figure 4 Distribution of the UEA-1-positive cells in the lck-pX rat
thymus and the lck-pX rat thymoma. UEA-1-positive cells were
localized in the medulla of lck-pX rat thymus before thymoma
development (a) (original magnification: �60). Thymoma of lck-
pX rat was positive for UEA-1 (b) (original magnification: � 75).

Figure 5 UEA-1 expression of the BMMC in the lck-pX rat. Flow
cytometry revealed two peaks of the curve as for the positive
intensity of UEA-1 (UEA-1). The population strongly stained with
UEA-1 was about 7.5% of the lck-pX BMMC (a). NC means
BMMC without fluorescence thiocyanate-conjugated UEA-1
staining as a negative control. Immunocytochemistry revealed
UEA-1-positive cells (brown) to be small round mononuclear
ones (b).
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Recently, Terada et al31 and Ying et al32 indepen-
dently suggested that spontaneous cell fusion not
transdifferentiation leads to changed phenotypes of
neural or bone marrow stem cells to other adoptive
cells. However, the possibility of cell fusion in our
BMCT model can be negated, since the thymoma
developed in BMCT rats had the same morphologi-
cal and biological features to the original thymoma
and no additional chromosome by cell fusion was
evident in separated thymoma cells from thymoma
developed in BMCT rats.

The thymic organogenesis, including thymic
epithelial cells, is still controversial (reviewed in
Manley and Blackburn33). Recent reports suggested
that thymic epithelial cells might derive from one
progenitor cell in the thymic primordium. Each
epithelial islet in the thymic medulla was shown to
consist of cells from a single progenitor.34 It was also
suggested that all functional epithelial cell types of
both cortex and medulla might derive from a
common progenitor cell with expression of the
MTS24 cell surface glycoprotein in the thymic
primordium.35 Cell fractions containing the progeni-
tor cells were sufficient to fully reconstitute the
complex thymic epithelial microenvironment.36

However, our results suggest the possibility that
bone marrow can supply progenitor cells which
migrate and transdifferentiate into epithelial cells in
the thymic medulla.
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