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ABSTRACT

Thymomas are thymic epithelial tumors. Because most of them are
rich in nonneoplastic T-cells, recurrent genetic aberrations have been
reported only in the rare, lymphocyte-poor WHO types A, B3, and C.
We have now investigated virtually the whole spectrum of thymomas,
including the commoner types AB and B2, microdissecting or culturing
neoplastic cells from these lymphocyte-rich thymomas and applying 41
microsatellite markers covering 17 loci on 10 chromosomes. In 28
cases, comparative genomic hybridization data were available. Apart
from type A, there was striking heterogeneity between thymomas.
Allelic imbalances were seen in 87.3% of the 55 cases, and MSI in
9.9%. Losses of heterozygosity (LOHs) were much the commonest
aberration. Overall, they were most prevalent at four regions on
chromosome 6. Aberrations elsewhere, affecting mainly 8p11.21 and
7p15.3, suggested a cortical footprint because they recurred only in the
thymopoietically active type AB and B thymomas. LOHs were also seen
at the adenomatous polyposis coli (APC) locus (5q21-22) in subsets of
these thymomas, whereas combined LOHs at the APC, retinoblastoma
(13q14.3), and p53 (17p13.1) loci were confined to a subset of B3
thymomas that had possibly evolved from APC-hemizygous B2 thymo-
mas by tumor progression; indeed, thymomas combing B2 plus B3
features are common. Notably, some AB and B thymomas shared
LOHs despite their nonoverlapping morphology and different clinical
behavior. Finally, allelic imbalances at 8p11.21 and 16q22.1 (CDH1)
were significantly more frequent in stage IV metastatic thymomas. We
conclude that the WHO-defined histological thymoma types generally
segregate with characteristic genetic features, type A thymomas being
the most homogeneous. Many findings support the view that B2 and B3
thymomas form a continuum, with evidence of tumor progression.
However, other findings imply that types A and AB are biologically
distinct from the others, any potential invasiveness being severely
restricted by a medullary commitment in the precursor cell undergoing
neoplastic transformation.

INTRODUCTION

Thymomas are the commonest human mediastinal tumors and
frequently associated with MG3 (1–3). According to the recently
published WHO classification (4), they are divided into types A (also
called medullary), AB (mixed), B, and C thymomas. Type B thymo-
mas are additionally subdivided into type B1 (predominantly cortical),
B2 (cortical), or B3 (well-differentiated thymic carcinoma; Refs.

3–6). Type C thymomas comprise a heterogeneous group of thymic
carcinomas (4).

Although the immunological features of thymomas have been in-
tensively studied (7–15), their genetic characterization has been ham-
pered by the abundant nonneoplastic lymphocytes in �70% of cases.
Therefore, genetic characterization has concentrated on the rare WHO
types A, B3, and C that harbor few lymphocytes (16, 17). For the
majority of lymphocyte-rich type AB, B1, and B2 thymomas, there
are only a few case reports of karyotypes revealed by classical
cytogenetics (18–20). Using CGH and more sensitive/more finely
localized microsatellite analyses, we previously defined some recur-
rent genetic abnormalities in WHO types A, B3, and C thymoma (16,
17). LOHs frequently occurred on chromosomes 3p, 6, 13q, and 16q
(16), especially on the long arm of chromosome 6 (17). Other con-
sistent LOHs were detected at 5q21-22, including the APC locus, and
at 17p13.1, including the p53 locus (17). Comparing the allelotypes of
types A, B3, and C thymoma, we inferred two mutually exclusive
pathogenetic pathways characterized by either the 6q23.3-25.3 or
5q21-22 LOHs.

However, we could not address certain controversial issues because
of the exclusion of the common types AB and B2: (a) whether the new
WHO-defined thymoma types are just convenient descriptive labels or
reflect true biologically distinct entities with specific genetic alter-
ations, clinical features, and prognoses, analogous to most WHO-
defined lymphoma types (21); (b) whether the various histological
thymoma types represent a continuum ranging from the usually be-
nign type A to the frankly malignant types B3 and C (22) or whether
types A and AB show qualitatively distinct differentiation pathways
(3, 6, 23); and (c) the supposedly close relationships between type A
and AB thymomas and between types B2 and B3 remain hypotheses
(3, 6, 24) based on clinical or morphological observations and require
substantiation by genetic data.

To address these questions, we have now extended allelotyping
studies to all WHO-defined thymoma types, except for the very rare
WHO type B1 thymoma, of which we have not received a single fresh
sample during the last 2.5 years. By contrast, the lymphocyte-rich and
clinically most relevant types AB and B2 were studied here for the
first time with a broad panel of microsatellite markers using laser-
assisted microdissection or short-term primary thymoma epithelial
cell cultures to isolate tumor DNA. To detect allelic imbalance or MSI
at putative tumor suppressor gene loci, we applied microsatellite
markers that proved useful in the previous study (17). Although we
recently found several LOH hot spots on chromosome 6 using mic-
rosatellite analysis (25), the other chromosomes have not been studied
across the spectrum of thymomas. Moreover, we added additional
markers for CDH1 (at 16q22.1) because it contributes to invasion in
gastric and breast cancers (26, 27), and also the AIRE (at 21q22.3)
locus because of its role in tolerance induction in the thymus (28) and
the frequent occurrence of autoimmunity in thymoma patients. The
results suggest a spectrum of genetic alterations with diversity in-
creasing from the relatively homogeneous type A through AB to B2
and possibly B2 to B3 progression.
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MATERIALS AND METHODS

Patients. Fifty-seven patients (ages 29–84 years; mean, 59 years; 29
females, 28 males) with thymoma were selected for this study from our files.
Among these, 55 thymomas were evaluated using microsatellite analysis and
28 were analyzed by CGH. Thymomas were classified according to the WHO
system (4): type A (n � 11); AB (n � 18); B2 (n � 6); B3 (n � 18); and C
(n � 4). Our type C thymomas included only epidermoid thymic carcinomas.
Tumor stage was defined according to Masaoka’s staging system as modified
by Shimosato and Mukai (2, 29): 12 cases were stage I; 25 cases were stage II
(infiltration through the tumor capsule into the mediastinal fat); 11 cases were
stage III; and 9 cases were stage IV. Among the 57 cases, type AB (n � 18)
and B2 (n � 6) lymphocyte-rich thymomas were tested here for the first time
with a broad panel of microsatellite markers. MG diagnosis was confirmed by
detection of anti-AChR antibodies in 32 cases. Among these MG patients, two
had been pretreated with corticosteroids (both type A tumors).

Microdissection. Frozen sections (7-�m thick) were stained with anti-CD3
antibody (Immunotech, Marseille, France) using the Dako ChemMate DAB
kit K5001 (Dako, Glostrup, Denmark), followed by hematoxylin. By laser-
assisted microdissection, we collected cells from neoplastic epithelium-rich
areas that were clearly separate from lymphocyte-rich areas in 15 type AB
thymomas. Tumor cells were laser-microdissected on the IX 70 microscope
(Olympus, Tokyo, Japan) using the Robot-MicroBeam program (Palm, Bern-
ried, Germany) and then catapulted into the microcentrifuge caps coated with
DNA digestion buffer. Manual microdissection under a microscope was per-
formed on type B3 thymomas to harvest the most epithelium-rich areas.
Twenty serial 10-�m thick tissue sections were cut; the first and last were
stained with H&E to assure high tumor content. Tumor-rich areas were scraped
from fresh frozen tissue sections visualized under the microscope. Paraffin-
embedded tissue sections were additionally stained by Nuclear-Fast Red to
delineate tumor areas precisely.

Short-Term Primary Culture of Neoplastic Thymic Epithelial Cells.
Epithelial cells from short-term primary cell cultures were used as a source of
tumor DNA in six type B2 thymomas, which, by definition, contain abundant
nonneoplastic lymphocytes throughout the tumor, as also in two of the 17 type
AB thymomas. Fresh surgical specimens of thymoma were minced and cul-
tured for 5 days in the presence of 1.35 mM 2-deoxyguanosine (Sigma,
Steinheim, Germany) in MEM-D-Val (Life Technologies, Inc. Ltd., Paisley,
United Kingdom) supplemented with 10% FCS. 2-Deoxyguanosine-treated
tissue fragments were incubated in 0.25% trypsin-0.02% EDTA for 30 min at
37°C and vortexed vigorously. Dispersed cells were cultured for 2 days and
only adherent tumor cells were then collected; their purity was �95% as
confirmed by labeling with a mixture of anticytokeratin 8 and 18 antibodies
(CAM 5.2; Becton-Dickinson, San Jose, CA). Only tumor cells harvested from
the first passage of primary cultures within 1 week after surgical resection were
used. These cultured cells were clearly an appropriate source of tumor DNA:
(a) primary cultures from lymphocyte-poor type A (n � 1) and B3 (n � 3)
thymomas showed genotypes identical to those of cells from the same patient’s
tumor block (data not shown); and (b) genotypes of thymic epithelial cells
from a primary culture of a hyperplastic thymus showed no sign of in vitro
acquisition of genetic aberrations (data not shown).

DNA Extraction and Microsatellite Analysis. DNA extraction was per-
formed according to conventional protocols (30). Microdissected or whole
tumor tissue (types A, AB, B3, and C thymomas) or pellets of cultured tumor
cells (types AB and B2) were digested using proteinase K. DNA was extracted
using phenol-chloroform, followed by ethanol precipitation. Control DNA was
obtained from peripheral blood lymphocytes or adjacent remnant thymus tissue
not involved by the tumor.

For microsatellite analyses, we used the 41 highly selected repeats that
revealed frequent allelic imbalances in our previous study and in exactly the
same way (17). D3S1293 and D3S1283 at 3p24, D3S4103 and D3S1300 at
3p14.2 (FHIT), D5S82 and D5S346 at 5q21-22 (APC), D6S105, D6S1666, and
D6S1560 at 6p21.3 (MHC), D6S1596, D6S284, and D6S460 at 6q14-15,
D6S1592 and D6S447 at 6q21, D6S441, D6S290, D6S473, D6S442,
D6S1708, and D6S1612 at 6q25.2-25.3, D7S493 and D7S673 at 7p15.3,
D8S1734 and D8S1820 at 8p21.2-21.1, D8S532 and D8S255 at 8p11.21,
D13S153 and D13S319 at 13q14.3 (RB), D16S663 and D16S405 at 16p13,
D16S3031 and D16S3095 at 16q22.1 (CDH1), D16S516 and D16S402 at
16q23-24, TP53CA and p53p at 17p13.1 (P53), D18S35, D18S1127, and

D18S1129 at 18q21 (BCL-2 and DCC), and D21S49 and D21S171 at 21q22.3
(AIRE). The primer sequences for the amplification of microsatellite repeats
were retrieved from the Genome Data Base).4 Chromosomal locations of
markers were derived from the gene map on the National Center for Biotech-
nology Information web site and Ensembl Human Genome server.5, 6 PCR
primers were synthesized at MWG Biotech (Munich, Germany) or Applied
Biosystems (Weiterstadt, Germany), and one oligonucleotide of each primer
pair was labeled with fluorescent dye phosphoramidites FAM, HEX, NED, or
with TAMRA. Paired normal and tumor DNA samples from each thymoma
patient were amplified with the AmpliTaq Gold enzyme (Applied Biosystems,
Foster City, CA) using 50 ng of genomic DNA as template under conditions
specified by Genome Data Base. Thirty PCR cycles were carried out in an
MWG Primus Gold thermal cycler (MWG Biotech) in a total volume of 20 �l.
The annealing temperatures ranged from 55°C to 61°C. Aliquots of the PCR
products were mixed with Genescan 350-ROX (Applied Biosystems, War-
rington, United Kingdom) as a size standard and formamide-denatured and
electrophoresed on a 4.5% polyacrylamide gel using a 377 DNA Sequencer
(Applied Biosystems). The automatically collected data were analyzed using
Genescan and Genotyper software. Because homozygosity and MSI render any
locus uninformative for allelic imbalances, we studied only heterozygous
cases, determining ratios of the alleles in both the normal and the tumor
samples. Any ratios differing by �20% were additionally evaluated for pos-
sible allelic imbalances. For determination of LOH or amplification in the
cases without CGH data, the unchanged allele was first identified by compar-
ison with other microsatellites showing no change in the same multiplex PCR
and then the ratios between the alleles at each locus were calculated. An
increase of at least 40% in the tumor:control ratio is designated amplification;
a decrease by at least 40% is an LOH (25). MSI was detected as the appearance
of new bands not seen in the genomic DNA (25). Any genetic aberrations were
checked at least twice more.

CGH. When sufficient DNA was available, CGH analysis was performed
as described previously (16). Briefly, tumor DNA was labeled with biotin-16-
dUTP, whereas normal DNA extracted from placenta was labeled with digoxi-
genin-11-dUTP by nick translation (Roche Diagnostics, Mannheim, Germany).
Equal amounts of test and reference DNA (1 �g each) were cohybridized on
commercially available metaphase slides (Vysis, Downers Grove, IL). Detec-
tion of biotin- and digoxigenin-labeled probes was accomplished with FITC
avidin (Vector Laboratories, Burlingame, CA) or Cy3-conjugated antidig-
oxigenin (Dianova, Hamburg, Germany), respectively. 4,6-Diamidino-2-
phenylindole counterstain was used for chromosome identification after anti-
body detection. Signals were visualized under a Zeiss Axiophot fluorescence
microscope and analyzed with the ISIS digital image analysis system (Meta-
Systems, Altlussheim, Germany). At least 15 metaphases/case were analyzed.
For identification of chromosomal imbalances, ratios of 1.25 and 0.8 were used
as upper and lower thresholds, respectively.

Immunohistochemistry for hMLH1 and hMSH2. In cases showing in-
creased levels of MSI, we performed immunohistochemical staining for the
mismatch repair gene products hMLH1 and hMSH2 (anti-hMLH1 antibody
was from hybridoma clone G168-15 from PharMingen, San Diego, CA;
anti-hMSH2 antibody was from hybridoma clone FE11 from Calbiochem, San
Diego, CA) on formalin-fixed, paraffin-embedded tissue sections using stand-
ard immunoperoxidase techniques. Normal lymphoid cells on the same slide
served as a control.

Statistical Analysis. Statistical differences were analyzed by �2 test or
Fisher’s exact test using the commercially available Stat View statistical
program (Abacus Concepts, Inc., Berkeley, CA).

RESULTS

Overall Frequencies of Genetic Aberrations in Thymoma. We
found genetic aberrations at one or more of the 17 chromosomal
regions studied in 87.3% of cases. There were allelic imbalances in 48
of 55 cases (87.3%). Most of these were LOHs, whereas only 7 cases
(12.7%) showed amplifications at certain loci (Fig. 1). MSIs were
found in 5 of 55 cases (9.9%; Figs. 2 and 3).

4 Internet address: http://gdbwww.gdb.org/.
5 Internet address: http://www.ncbi.nlm.nih.gov.
6 Internet address: http://www.ensembl.org/.

3709

ALLELOTYPING OF WHO-DEFINED THYMOMA SUBTYPES



Overall, the aberrations at four regions on chromosome 6 and 13
regions on nine other chromosomes give a strong impression of
heterogeneity. Types B2, B3, and C thymomas usually showed ge-
netic aberrations on multiple chromosomes, although such multiple
aberrations were rare in type A and intermediate in type AB thymoma
(Fig. 4). Types B and C showed more allelic imbalances than types A
or AB (Fig. 1A). In all types, they were most frequent on chromosome
6, especially at 6q25.2-25.3 and 6p21.3, as shown in Fig. 1B. In
addition, we saw amplifications at three regions on chromosome 16
(including CDH1), one region on chromosome 5 (including APC), and
one region on chromosome 18 (including BCL-2 and DCC) in a total
of seven thymomas (Fig. 1B).

Although we found MSIs in only five thymomas (1 AB, 1 B2, and
3 B3), they frequently involved multiple sites; in case no. 36, they
occurred at 44% of informative loci (MSI-high) and at 10 and 20%

(MSI-low) in case nos. 39 and 40 (all type B3). Nevertheless, we
found no sign of defective expression of the mismatch repair proteins
hMLH1 and hMSH2; nuclear staining was strongly positive in these
thymomas (data not shown).

Frequent and Multiple LOHs on Chromosome 6 in all Thy-
moma Types. The two regions most frequently affected were on
chromosome 6-6p21.3 (MHC) and 6q25.2-25.3 (Fig. 2); interestingly,
these showed LOHs in all thymoma types, whereas those at 6q14-15
and 6q21 were less common in types A and AB (Fig. 2) such as those
at the other chromosomal regions (Fig. 3). We found deletions of one
entire chromosome 6 (monosomy 6) in one type B2, three B3, and one
C thymomas using both microsatellite analysis and CGH. One type B3
(case no. 36) with numerous MSIs and one type C (case no. 53),
exhibited an apparently complete loss of chromosome 6 by CGH,
whereas microsatellite analysis detected small regions of chromosome
6 with retention of heterozygosity in both samples. Monosomy 6
detected by CGH occurred significantly more frequently in types B–C
than types A–AB (P � 0.0045). No amplifications were seen at any
of the four regions on chromosome 6.

Fig. 1. Overall frequencies of allelic imbalances for each thymoma type (A) and
microsatellite region (B). f indicates LOHs and descending stripes amplifications. A,
significant differences by �2 test were found in type A versus B2 (P � 0.0001), A versus
B3 (P � 0.0001), A versus C (P � 0.0001), AB versus B2 (P � 0.0001), AB versus B3
(P � 0.0001), and AB versus C (P � 0.0001). B, the most frequent LOHs occurred at
6q25.2-25.3 and 6p21.3 (MHC).

Fig. 2. Genetic aberrations on chromosome 6 in thymoma. Status of each locus is
indicated: (f), LOH; (`), MSI; (o), retention of heterozygosity; and (�), homozygosity.
In CGH data: (�), no gain or loss; NA, not available for CGH.
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Frequent Allelic Imbalances at 13q14.3 (RB), 16q22.1 (CDH1),
8p11.21, and 7p15.3 in Non-A Type Thymomas. Results for chro-
mosomes other than 6 are shown in Fig. 3; recurring aberrations are
summarized in Table 1. Only 3 of 11 type A thymomas showed LOHs
there, affecting multiple loci only in one (case no. 11). By contrast,
genetic aberrations were more frequent in some AB thymomas, espe-
cially at 13q14.3 (RB) and 7p15.3, strikingly, also in 22 of 28 with
types B2, B3, or C and involving 8p11.21, 16q22.1 (CDH1), and
17p13.1 (p53) in addition. Thus, in these cases, LOHs at multiple
regions were also commoner (Fig. 4). We noted amplifications (p,
Fig. 3) more often on chromosome 16 in the B2 and B3 samples and
MSIs (`) at multiple sites in the B3s especially (Fig. 3).

Whereas type A thymomas showed recurrent alterations only on
chromosome 6, the aberrations at other loci become increasingly
diverse as one scans from types AB through B2 to B3 in Table 1 and
Fig. 3. Their prevalence approached 100% only in type C, where we

also saw unusual LOHs at 16q23-24.1. Interestingly, in two type B2
thymomas, there were amplifications at 16q22.1 (CDH1; Fig. 3),
whereas recurrent LOHs in the B2s were seen at 5q21-22, 7p15.3, and
8p11.21 (Fig. 3); in addition, three advanced stage III or IV type B3s
shared a unique combination of LOHs at 5q21-22 (APC), 13q14.3
(RB), and 17p13.1 (p53; case nos. 44, 45, and 46 marked � in Table
1 and Fig. 3). Surprisingly, this co-occurred with LOH at 6q25.2-25.3
in one B3 (case no. 46), although we had previously concluded that
these were mutually exclusive (16, 17). Finally, recurring LOHs at
5q21-22, 7p15, and 8p11 in both type B2 and B3 thymomas, plus the
generally higher frequencies of genetic aberrations in the B3s (includ-
ing shared MSIs at 7p15.3), are consistent with B2 to B3 progression
in some cases.

Gross Genetic Aberrations Detected by CGH Analysis. CGH
was performed in the 28 cases in which sufficient DNA was available.
The results of 18 cases are already published (16); we now add one

Fig. 3. Genetic aberrations on other chromosomes than 6 in thymoma. Status of each locus is indicated: (f), LOH; (p), amplification; (`), MSI; (o), retention of heterozygosity;
and (�), homozygosity. In the CGH column: (�), no gain or loss; NA, not analyzed by CGH.
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type A, four conventional AB (including case no. 56), one AB with
unusual histological heterogeneity (case no. 57; Fig. 5), and four B2
thymomas. Monosomy 6 was detected in one B2, four B3, and two C
thymomas (Fig. 2). Seven cases showed losses at 13q (including the
RB locus): one AB; five B3; and one C. Thus, when both types of
analysis were performed in a given case, the CGH findings confirmed
the results of the microsatellite analysis (Figs. 2 and 3).

In two cases (nos. 56 and 57), only CGH was performed because
nonneoplastic tissue was not available. Loss at 5q21-q31 (including
the APC locus) was the only aberration detected in case no. 56
(conventional type AB by morphology). By contrast, the carcinoma-
like area in an unusual AB thymoma with heterogeneous histology
showed a complex pattern of genetic imbalances (case no. 57 Fig. 5,
a–c). Chromosomal gains were found at 1q, 5q15-qter, 17q, and
Xq22-qter. Chromosomal losses occurred at 3p14-pter, 10p, 11q21-
q23, 13q, 16q, 17p13-pter, and Xp14-pter (Fig. 5, d and e).

Correlation with Tumor Stage. We found an association between
tumor progression and genetic characteristics (Table 2). Allelic im-
balances at 8p11.21 (all LOHs) and 16q22.1 (CDH1, including two
amplifications) were significantly more frequent in stage IV meta-
static cases than in stages I–III (Table 2).

Some Thymomas Share Identical Allelic Imbalances despite
very Different Clinicopathological Features. We looked for simple
correlations between genetic and clinicopathological findings but
found several intriguingly discordant pairs of thymomas that differed
strikingly in invasiveness despite very similar LOHs (Table 3). For
example, although one type of AB thymoma (case no. 19) had three
LOHs, it was fully encapsulated (stage I), whereas one B3 (case no.
48) that shared two of them (at 7p15.3 and 8p11.21) exhibited pleural
dissemination (stage IVA). Other similar, if less extreme, contrasts are
highlighted in Table 3. Taken together, these pairs suggest that the
correlation between genetic and clinicopathological thymoma features
is not simple. That is supported by the apparent intratumorous pro-
gression revealed by CGH in case no. 57. The focal high-grade change
in this otherwise conventional AB thymoma was accompanied by
complex aberrations, including gains at 1q and LOHs at 16q and 17p.
Although these changes are characteristic of advanced stage B3 thy-
momas and thymic epidermoid carcinomas (Table 2; Refs. 16, 17), no
such morphological patterns were seen in the high-grade focus of this

Masaoka stage II thymoma (Fig. 5a). This suggests that the biology of
the (medullary/spindle) tumor cell acquiring the stereotypic high-
grade genetic imbalances at 1q, 16q, and 17p could restrict the
subsequent phenotypic potential.

DISCUSSION

This study reports five major new findings about the genetics of
thymomas in addition to their obvious heterogeneity: (a) the various
WHO-defined histological thymoma types, including the lymphocyte-
rich AB and B2 systematically studied here for the first time, exhibit
different profiles of genetic aberrations; (b) some of the lymphocyte-
poor type B3 thymomas are genetically closely related to the
lymphocyte-rich B2 thymomas and may arise from them by gain of
genetic aberrations; (c) only WHO type A thymomas exhibit a gen-
erally homogeneous profile of genetic abnormalities mainly involving
chromosome 6, in contrast with the heterogeneity in the other thy-
moma types; (d) metastatic behavior shows a significant correlation
with allelic imbalances at 8p11.21 and 16q22.1; and (e) some type A
and AB thymomas share apparently similar profiles of genetic aber-
rations with type B or C thymomas but maintain their distinctive
morphology and benign clinical behavior.

Frequent LOHs on Chromosome 6. The frequent LOHs on chro-
mosome 6 might play several important roles in thymoma evolution.
Interestingly, the hitherto elusive lymphocyte-rich AB and B2 types
closely resembled the previously studied lymphocyte-poor types A,
B3, and C thymomas in their frequent LOHs at 6q25 (Figs. 1B and 2;
Refs. 16, 17). This suggests nearby tumor suppressor genes in this
region that is lost early in thymomagenesis. Its rarity in other epithe-
lial neoplasms (31, 32) and non-Hodgkin’s lymphoma (33) implies a
specific role in normal thymic epithelial homeostasis. In addition,
because localized chromosome 6 LOHs were common in all thymoma
subtypes, whereas complete deletions (i.e., monosomy 6) were found
only in clinically malignant types B2, B3, and C of at least stage III
(Fig. 2), loci elsewhere on this chromosome may influence histolog-
ical phenotype and prognosis.

The 6p21.3 LOH, spanning the MHC locus, was common in types
A, AB, B3, and C but was seen in only one of six B2 thymomas, a
possible difference that requires confirmation. In theory, loss of a
MHC haplotype might affect intratumorous T-cell selection (7); how-
ever, the LOH at 6p21.3 did not associate significantly with MG in
this study (P � 0.05) and nor did the LOH of the putative autoim-
munity-related AIRE locus on chromosome 21 (28). Alternatively,

Fig. 4. Frequency of cases showing genetic aberrations on multiple chromosomes for
each thymoma type: A (n � 11); AB (n � 18); B2 (n � 6); B3 (n � 18); and C (n � 4).
This frequency was significantly lower in type A than in the other thymoma types
(P � 0.0003).

Table 1 Loci showing recurrent allelic imbalances according to WHO classification of
thymic tumors

Locus Gene

WHO thymoma typea

A AB B2 B3 C

3p14.2 FHIT (16%)
5q21-22 APC 33%b (16%)*
6p21.3 MHC 27% 25% 41% 75%
6q14-15 27% 37% 75%
6q21 33%
6q25.2-25.3 36% 37% 33% 39% 100%
7p15.3 50%
8p11.21 33% 30%
13q14.3 RB 27% 28%*
16q22.1 CDH1 50% 50%
16q23-24.1 50%
17p13.1 p53 (16%)*
a Type: histological type according to the WHO classification of thymic tumors (4).
b Percentage (%): loci showing recurrent LOHs or amplification in at least 25% of

informative cases in each thymoma type.
* Combined LOHs in three advanced B3 thymomas (stage III-IVA): case nos. 44, 45,

46. In addition, case nos. 44 and 46 shared the LOH at 3p14.2 (FHIT; Fig. 3). Percentages
of LOHs in this subset of B3 thymomas are given in brackets when �25%.
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MHC loss might reflect escape from immune surveillance, as with
other tumors: colorectal, head and neck, and cervical carcinomas;
chronic lymphocytic leukemia; and astrocytoma (34).

Signs of Tumor Progression. Whereas type A thymomas were the
most homogeneous, with recurrent LOHs restricted to chromosome 6,
the other types typically showed multiple recurrent allelic imbalances
at other chromosomal loci, sometimes without aberrations on chro-
mosome 6 (Figs. 2 and 3). Surprisingly, AB thymoma was more akin
to type B in this respect, despite sharing a singularly benign clinical
behavior with type A. Some type B2 and B3 thymomas shared
recurrent genetic features as well, notably LOHs at 5q21-22 (APC),
7p15, and 8q11, suggesting B2 to B3 progression. However, the
combined loss of regions 5q21-22 (APC), 13q14.3 (RB), and 17p13.1
(p53) was unique to a subset of more invasive type B3 thymomas (�
in Table 1). The APC gene is involved both in intercellular adhesion
through �-catenin and E-cadherin and in the control of proliferation
via the WNT pathway (35, 36). Inherited or acquired APC mutations
initiate a variety of tumors (35–40) indicating the APC-dependent
adenoma-colon carcinoma sequence (also involving the APC, RB, and
p53 loci) that predisposes to both sporadic and familial colorectal
cancer (37, 38), a sequence strikingly echoed by the combined LOHs
in this subset of B3 thymomas (� in Table 1).

The shared aberrations at 5q21-22, 7p15 and 8p11 and the com-

bined LOHs at 3p14.2, 5q21-22, 13q14.3, and 17p13.1 only in some
type B3 thymomas suggests that a subset of B3s may arise from B2s;
that is also supported by the frequent occurrence of both B2- and
B3-like areas in combined thymomas (3, 4, 6, 24). In line with this
progression, B2 and especially B3 thymomas have proved aggressive
in most clinicopathological studies (6, 41, 42). On the other hand, we
saw LOHs at 5q21-22 (APC) not only in type B but also (by CGH) in
one AB thymoma (case no. 56), which therefore seems closer to type
B than to A. Furthermore, these recurrent LOHs in type AB, B2, and
B3, but not A, thymomas correlate with the generation of abundant
thymocytes, as in normal thymic cortex, and may imply a cortical
footprint.

Correlates of Invasiveness/Metastasis. The LOH at 8p11.21 was
seen in approximately one-third of both type B2 and B3 thymomas
and appears to be independent of the LOHs at 5q21-22 or 6p25.2-25.3.
LOHs at 8p have been observed in many cancers, including gastro-
intestinal (43, 44), hepatic (45), oral and laryngeal (46), pulmonary
(47), prostate (48), breast (49), and ovarian carcinomas (50). Although
there is a candidate LZTS1 tumor suppressor near 8p22 (51), imbal-
ances at 8p21.2-21.1 proved to be �2-fold less frequent there than at
8p11.21, perhaps implying additional more centromeric candidates.

A third recurrent feature in occasional type B thymomas (16.7%)
was the MSI that affected multiple loci both on chromosome 6 and
elsewhere. The isolated MSIs at 7p15.3 in one of six B2 samples (case
no. 31) and at 16q23-24.1 in 1 of 17 ABs (case no. 22) may be unusual
events, for example, in this rare monophasic variant of the AB type
that is lymphocyte-rich throughout the tumor (case no. 22). It would
be interesting to compare the genetic profiles of thymoma epithe-
lial cells cultured from such cortex-like areas and lymphocyte-poor
(medulla-like) areas that occur side-by-side in the commoner com-
posite variant of AB thymomas. In any event, the findings suggest
that, in some cases, MSI may represent a third route to thymoma

Fig. 5. High-grade progression within a type AB
thymoma (case no. 57) as revealed by morphology
and CGH. a, high-grade tumor region composed of
elongated tumor cells in a trabecular arrangement
and hyalinized stroma. b, region inside the same
tumor composed of spindle cells arranged in the
conventional composite AB pattern with sharply
delineated lymphocyte-rich (top right) and lympho-
cyte-poor (bottom left) areas. c, a lymphocyte-poor
region in the same tumor made up of benign look-
ing polygonal cells. This is a well known but less
frequent feature of AB thymomas. d, representative
metaphase of CGH with DNA from the microdis-
sected high-grade region shown in a, showing gains
on chromosomes 1q, 5q, 17q, and Xq and losses on
3p, 10p, 11q, 13q, 16q, 17p, and Xp (e). By con-
trast, CGH of microdissected lymphocyte-poor re-
gions as shown in b or c revealed no allelic imbal-
ances (data not shown).

Table 2 Loci showing frequent allelic imbalances in advanced thymoma

Locus Gene

Stagea

PbI II III versus IV

8p11.21 (Unknown) 1/10 2/21 2/10 4/8 0.0284
16q22.1 CDH1 0/11 3/20 2/11 4/9 0.0402

a Stage: Masaoka’s staging system (29) as modified by Shimosato and Mukai (2).
b P: stage I–III versus IV, calculated using Fisher’s exact test. Allelic imbalances at

8p11.21, and 16q22.1 were significantly more frequent in stage IV metastatic cases than
those in stage I–III thymomas.
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development in addition to the previously suggested pathways via
6q25.2-25.3 or 5q21-22.

Advanced tumor spread (stage IV) correlated primarily with allelic
imbalances, particularly LOHs at 8p11.21 and 16q22.1 (CDH1), but
not with any others (Table 2). That echoes findings in other malig-
nancies, including LOHs at 8p in advanced colorectal and breast
cancers (44, 49), that seem not to involve LZTS1 at 8p22. In addition,
reduced expression of E-cadherin, encoded by the CDH1 gene at
16q22.1, may impair adhesion among tumor cells, therefore, favoring
invasion or metastasis; CDH1 deletions or mutations have been ob-
served in invasive gastric (26), breast (27), and prostate carcinomas
(52). Taken together, our results implicate a variety of pathways in
metastatic thymomas. However, tumor stage is subject to other influ-
ences such as early discovery by chance on routine screening. More
systematically, associated autoimmune disorders (especially MG)
may lead to earlier diagnosis of thymomas; because MG is most
common in type B2 (2–6, 53), advanced stages may be underrepre-
sented in this type.

Notably, several pairs of A/B, A/C, AB/B, or AB/C thymomas with
very similar LOHs differed strikingly in their invasiveness (Table 3).
Therefore, we suspect that additional loci must also be involved,
although we have screened most of the candidates best known to
confer aggressiveness to a wide histogenetic spectrum of other tumors
(26, 27, 43, 52), particularly the LOHs at 7p, 8p11, 16q22.1 (CDH1),
and 17p13.1 (p53). The apparent resistance of some type A and AB
thymomas to tumor progression despite their numerous aggression-
prone allelic imbalances (Table 3) is very striking (see below).

Does Epithelial Progenitor Commitment Restrict the Malignant
Potential of Thymomas. Although the view that thymomas form a
biological continuum (7, 22) or represent distinct biological entities
(3, 23) may appear conflicting, our present findings suggest that there
is truth in both hypotheses. Already favoring the latter are the rarity of
tumor-related deaths in types A and AB but not other types (2, 41, 42),
and the virtual absence of thymomas combining histological features
of types A or AB with those of type B3 (3, 6, 23). We can now add
that, genetically, type A thymomas clearly form a distinct, relatively
homogeneous group, with abnormalities apparently restricted to chro-
mosome 6 (Table 3). However, with other types, many other findings
support the continuum hypothesis (22): rare thymomas combine mor-
phological features of types A or AB with type C (54); malignancy
varies considerably within each of the B1–3 types, tumor stage being
a better prognosticator for survival (24, 41, 42, 53); and some thy-
momas combine morphological features of B1, B2, B3, and C thy-
momas (3). To these arguments, we can now add: the frequent
recurrence of LOHs on chromosome 6 regardless of thymoma type;
the overlapping LOH at 5q (APC) and/or 16q between rare AB
thymomas (case nos. 56 and 57) and a subgroup of B and C thymomas
(Table 3, Fig. 5); the evidence of tumor progression discussed above;
and the co-occurrence in case no. 46 (type B3, stage III) of LOHs at

both 5q21-22 and 6q25.2-25.3, arguing that these pathways are not
mutually exclusive as previously inferred (17).

In conclusion, type A thymomas appear distinct and relatively
homogeneous, with genetic aberrations mainly on chromosome 6. By
contrast, the diverse changes in other subtypes suggest that, geneti-
cally, type AB thymomas are true intermediates between type A and
B thymomas and that some B3 thymomas may arise from B2s by
tumor progression. However, the distinctively benign behavior of
types A and AB strongly suggests some additional genetic silencer(s);
these could explain the imperfect correlation between genotype and
phenotype in Table 3. Considering also the accumulating evidence
that the diverse cortical and medullary epithelial subtypes (55, 56)
derive from a common precursor (56, 57), we therefore propose that
the stage at which neoplastic transformation occurs (e.g., in an un-
committed precursor or one with a medullary or cortical commitment)
influences the biology and phenotype of the resulting thymoma.
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