




epithelial and myoepithelial cells in a myxoid stroma. They also
showed solid areas of poorly differentiated basophilic epithelial
cells, with a high mitotic index. A sebaceous differentiation was
often seen. Mammary gland tumors were not observed in P1-Mcre
mice, because these mice had to be sacrificed for ethical reasons
before the age of 4 months because of their enormous salivary
gland tumors. Nevertheless, some histologic abnormalities were
found in mammary glands of P1-Mcre mice, showing abnormal
differentiation with sebaceous differentiation, multilayered cells
around the ducts and cystic structures (data not shown).

Discussion

It is well established that overexpression of the developmentally
regulated PLAG1 gene occurs frequently in various benign human
solid tumors, such as pleomorphic salivary gland adenomas (1, 2),
lipoblastomas (3, 4), and also in the childhood neoplasia
hepatoblastoma (6). In the first two tumor types, it has been
suggested that overexpression of PLAG1 is directly responsible for

the formation of this type of tumors. This is mainly based on the
causal link between the cytogenetically and molecularly well-
defined recurrent chromosome 8q12 aberrations and the invariably
strong up-regulation of PLAG1 expression in such tumors. Direct
solid proof, however, is still lacking (1). Recently, PLAG1 and
PLAGL2 have also been found implicated in AML (7, 9). Further-
more, experiments have clearly established the in vitro oncogenic
potential of PLAG1 (16). Altogether, these findings have demarcat-
ed the PLAG1 gene as a versatile proto-oncogene and attracted
considerably attention to the study of its function. As an approach
to assess in vivo the consequences of overexpression of PLAG1 in
the complex genetic background of a mammalian model system,
two independent PLAG1 transgenic mouse strains were developed
and various features are reported here.
Our PLAG1 transgenic mouse strains constitute a valuable model

to study pleomorphic salivary gland tumorigenesis. With the P1-
Mcre model, tumor progression can easily be followed in the time.
Indeed, already after 1 week, 100% of the salivary glands of these
mice contain early tumoral stages in the ductal region. It should be

Figure 6. A, malignant features in an 8-week-old P1-Mcre mouse salivary gland tumor, H&E. Original magnification,�200. Necrotic area (n). Salivary gland
tumor in a 2-month-old P1-Mcre mouse, with fusiform cells. Original magnification, �200. C, lung metastasis of the salivary gland tumor shown in (B), with similar
morphologic features. D, mammary gland tumor in a 34-week-old P2-Mcre mouse, H&E. Original magnification, �100. The tumor shows variable patterns: tubes
(arrowheads) or cysts (c) that can be filled with an eosinophilic material, ribbons, among a myxoid pale blue stroma (s). Cells undergoing sebaceous differentiation are
frequent (arrows).
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noticed that the expression pattern of the Cre recombinase in the
salivary glands of B6129-Tgn(MMTV-LTR/Cre)1Mam transgenic
mice is also limited to these regions (19). Already after 5 weeks, P1-
Mcre mice develop pleomorphic adenomas, which share many
histopathologic features with human pleomorphic adenomas. Like
the human tumors (26), they are mixed tumors containing
epithelial and myoepithelial cells. Epithelial elements are highly
polymorphic within the tumor, because a tubular, acinar, cystic,
papillary, or solid pattern with frequent squamous differentiation
can occur. Tumors are embedded in a pale myxoid stroma in which
fusiform to stellate myoepithelial SMA-positive cells are seen.
Usually, the tumor is encapsulated and epithelial structures are well
differentiated. In some of the older P1-Mcre and P2-Mcre mice,
besides typical features of pleomorphic adenoma also malignant
characteristics were observed, including areas of necrosis, hemor-
rhages, and metastasis to the lungs. Some regions even resembled
carcinomas. Consistently, it has been well described that also
human pleomorphic adenomas can progress to malignancy. In
humans, 2% to 17% of the pleomorphic adenomas can progress to
carcinomas ex pleomorphic adenomas (27–29). Sometimes, the
pleomorphic part of the tumor is only very small. The malignant
characteristics observed in our mouse model suggest a similar
malignant progression.
Although the PLAG1-induced salivary gland tumors in the

transgenic mouse strains possess the basic hallmarks of human
pleomorphic adenoma, a major difference with the human
tumors pertains to the aggressive growth of the tumors, at least
for those of the P1-Mcre strain. The engineered genetic
intervention and/or the different genetic background of the
mouse can most likely explain this difference. Human pleomor-
phic adenomas of the salivary glands are assumed to arise
following a genetic accident, presumably in a single progenitor
cell, and leading to a clonal activation of PLAG1 expression long
after birth. In contrast, in the PLAG1 transgenic mouse model
system, PLAG1 activation starts already during embryonic
development and occurs multiclonally and at an early phase in
the epithelial duct cells of the developing salivary glands. We
cannot exclude that some of the alterations observed in the early
stages are developmental changes. In any case, a major
phenotypic effect of overexpression of the PLAG1 transgene is
the onset of fast growing salivary gland tumors.
There are some differences between our two PLAG1 transgenic

mouse strains. First, in P1-Mcre mice lesions occur bilaterally and
in most of the lobules. Moreover, 100% of the mice develop tumors.
In contrast, however, in the P2-Mcre strain, the tumor frequency is
low and the tumorigenic process has a long latency period (several
months). Moreover, such tumors arose invariably locally and
unilaterally. Zhao et al. reported a similar variation in tumor

incidence in PLAG1 transgenic mouse strains (30). Second, crossing
of the PTMS1 with PGK-cre mice to generate PGK-Cre+/�/Plag1+/�

mice resulted in embryonic lethality, due to early and ubiquitous
expression of the transgene. Embryonic lethality was not observed
in similar experiments with PTMS2, probably because there is
almost no expression of the PLAG1 transgene in the offspring. We
assume that the differences in expression of the PLAG1 transgene
in the two founder strains are due to the effect of the integration
site of the transgene (31).
Of interest to note, finally, is that after a latency period of

about 1 year, 8% of the P2-Mcre mice developed mammary
gland tumors, which possessed histologic features similar to
those observed in the salivary gland tumors. Similar observations
were not made with the P1-Mcre mice, because they developed
fast growing salivary gland tumors and had to be sacrificed
before mammary gland tumors could arise. For this strain, more
direct and specific targeting of expression of the PLAG1
transgene to the mammary gland, excluding the salivary gland,
seems the strategy to follow. It should be mentioned that PLAG1
expression has never been described in primary human
mammary gland tumors.
In conclusion, our studies clearly establish first that ubiquitous

overexpression of the PLAG1 proto-oncogene leads to lethality
during embryonic life. Second, a direct link was shown between
overexpression of the PLAG1 proto-oncogene and tumorigenesis.
Third, activation of genes from independent imprinted gene
clusters (Ig f2 , H19 , Dlk1 , and Gtl2 ; refs. 32–34) may play a role
in this tumorigenic process, although the precise nature of it
remains to be established. In human salivary gland pleomorphic
adenomas, the IGF-II gene, which is an established important
element in tumor cell growth (35), has been identified as a genuine
target gene of PLAG1 (12, 15). On the other hand, it is possible that
the mechanism of imprinting is involved. Finally, the PTMS1 and
PTMS2 strains described here have been designed in such a way
that activation of expression of the PLAG1 transgene is Cre
mediated. With the availability of mouse strains with different
tissue-specific Cre expression (36), valuable models can now be
obtained to study the contribution of PLAG1 to the development of
other types of tumors.
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