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MMTYV-cre-mediated fur inactivation concomitant
with PLAGI proto-oncogene activation delays
salivary gland tumorigenesis in mice
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Abstract. Proprotein convertases are serine endoproteases
implicated in the proteolytic processing of a large variety of
regulatory proteins. An important role of proprotein
convertases in tumorigenic processes has been suggested by
various studies. In this study, the role of the proprotein
convertase furin in PLAG! proto-oncogene-induced salivary
gland tumorigenesis was investigated. PLAGI overexpression
in salivary glands has previously been shown to result in
salivary gland tumors in 100% of mice within 5 weeks after
birth. MMTV-cre-mediated inactivation of fur without over-
expression of PLAG] caused smaller but histologically normal
salivary glands. Moreover, the lymph nodes close to the
salivary glands were enlarged, and histology showed that they
had activated follicles. When genetic ablation of 1 or 2 alleles
of fur and overexpression of the PLAG/! transgene were
simultaneously achieved, a significant delay in tumorigenesis
was observed. Collectively, these results suggest an important
role for furin in PLAGI-induced salivary gland tumorigenesis
in mice.
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Introduction

Proprotein convertases (PCs) are serine endoproteases
implicated in the activation of a large variety of regulatory
proteins by cleavage at basic motifs. An important role of PCs
in tumorigenesis has been suggested by the fact that PCs are
implicated in the proteolytic maturation and activation of
growth factors and their receptors, adhesion molecules,
metalloproteinases, and angiogenic factors (1-5). Furin (the
prototype PC) and the other PCs are frequently upregulated
in tumor tissue (3). Also, furin expression increases as the
tumor behaves more agressively (6). Therefore, PC expression
might be a valuable prognostic factor. Recently, a greater
understanding of the signaling pathway that regulates furin
expression has uncovered a complex interplay between
tumorigenesis enhancers transforming growth factor 3 (TGF-)
(through Smad and ERK), hypoxia-inducible factor 1 and
furin (3). A number of in vitro studies have indicated that cell
growth, cell survival and cell invasion decreased when furin,
and to some extent other PCs, were inhibited and increased
when furin was overexpressed (7-13). In rodents, it was shown
that there was a delayed and lower incidence of tumori-
genesis and reduced tumor size when PC inhibitors were
transfected into rat Leydig tumor cells, (HN)SCC, HT-29 and
astrocytoma cells (7-12), while there was an increased tumor
size when furin was overexpressed (13). Besides that,
reduced tumor vascularization was reported when PCs were
inhibited (9). This suggests that PCs can function as a potential
target for tumor therapy.

The general fur knockout mouse displays early embryonic
lethality (the knockouts die between E10.5 and E11.5), due
to failure of ventral closure and axial rotation (14). This is
probably caused by an impaired processing of signaling
proteins responsible for ventral closure and embryonic turning,
such as members of the TGF-3 family. Therefore, a conditional
fur knockout mouse was made in our laboratory, where the
essential exon 2 of fur is flanked by loxP sites by homologous
recombination (15). When these mice were crossed with MX-



1074

cre transgenic mice, a nearly complete ablation of fur in the
liver of adult mice was found after a 10-day induction period
with interferon (15). In sharp contrast with the general fur
knockouts, no obvious adverse effects were found in these
mice. Analysis of candidate furin substrates in liver revealed
a limited redundancy of furin: the insulin receptor was still
completely processed and albumin, a5-integrin, lipoprotein
receptor-related protein, vitronectin and al-microglubulin/
bikunin were still processed to a variable degree.

The pleomorphic adenoma gene 1 (PLAGI or P1 in brief)
is the founding member of a subfamily of zinc finger tran-
scription factors. PLAGI, located on human chromosome 8q12,
is a proto-oncogene and encodes a developmentally regulated
protein (16). It is well established that PLAGI overexpression
is implicated in various human neoplasias, such as pleo-
morphic adenomas of the salivary glands (17-19), lipo-
blastomas (20-22), hepatoblastomas (23), uterine leiomyomas
(17), leiomyosarcomas (17) and acute myeloid leukaemia (24).

When PLAGI overexpression was targeted to the salivary
glands of PLAGI transgenic mice using the MMTV-cre
system, pleomorphic adenoma occurred (25,26) and mammary
gland tumors resulted when PLAG/ was targeted to the
mammary glands (25). When PLAGI overexpression was
controlled by cre using the aP2-promoter, cavernous angio-
matosis arose in PLAG/ transgenic mice (27).

To study the impact of targeted PLAG1 overexpression in
the salivary glands, two independent PLAGI transgenic
mouse strains, PTMS1 and PTMS?2, in which the activation
of PLAGI overexpression can be mediated by the cre enzyme,
were crossed with B6129-Tgn(MMTV-LTR/cre)l Mam
transgenic mice (mouse mammary tumor virus-cre or MMTV-
cre or Mcre in brief) (28), resulting in P/-Mcre and P2-Mcre
double transgenic offspring, respectively (25). One
hundred percent of P/-Mcre mice developed salivary gland
tumors ~5-6 weeks after birth. These tumors bore various
hallmarks of human pleomorphic adenoma of the salivary
glands. The histological features included epithelial structures
in a myxoid stroma in which also myoepithelial cells were
observed, squamous differentiation with keratin pearls,
sebaceous differentiation and mitotic figures. In older PI-
Mcre mice, features such as necrosis, haemorrhages and
cellular polymorphism indicated malignancy, and lung
metastases were also observed. In contrast, only 6% of P2-
Mcre mice developed such tumors and only after several
months. The lower tumor incidence in P2-Mcre mice as
compared to P/-Mcre mice is most likely due to different
genomic integration sites of the transgene.

In this study, we investigated whether furin plays a role in
PLAGI-induced salivary gland tumorigenesis. We used a
mouse compound double conditional transgenic knockout
model, where MMTV-cre-mediated overexpression of PLAG!
was achieved, simultaneously with MMTV-cre-mediated
complete or heterozygous inactivation of fur. Due to the low
salivary gland tumor incidence in P2-Mcre mice, the furin
impact study was only performed with P/-Mcre mice.

Materials and methods

Targeted inactivation of the fur gene in MMTV-cre transgenic
conditional fur knockout mice. The generation of a conditional
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fur knockout mouse line has been reported previously (15).
Briefly, homologous recombination was used to flank the
essential exon 2 of fur with loxP sites. In this way, ES cells
were derived with a fur> allele. These ES cell lines gave rise
to fur** mice and subsequently, the floxed fur allele (fur*)
was turned into a fur null allele (fur#%¥) by crossing with a
general deleter PGK-cre transgenic mouse strain. In this way,
Sfurvlex mice were generated.

In this study, fur"“/4% mice were crossed with B6129-
Tgn(MMTV-LTR/cre)1Mam transgenic mice (MMTV-cre or
Mcre) (Jackson's Laboratories) (28) to generate Mcre*-fur*/4ox
mice. These mice were further crossed with fur*fox mice to
obtain Mcre*-furfevex mice (fur knockout in salivary glands
and other MMTV-promoter-targeted cell lineages, as discussed
below), which have at least one inactivated allele of fur in all
of their cells, and in the cell lineages where cre is or has been
expressed, both alleles of fur are inactivated. Besides
offspring with this genotype, offspring with the following
genotypes were also generated: Mcre*-fur*o* (fur hetero-
zygote in salivary glands and other MMTV-promoter-targeted
cell lineages), Mcre-fur¥ox (fur heterozygote in all cells)
and Mcre -fur** (fur wild-type in all cells).

MMTV-cre mediated fur inactivation concomitant with PLAG1
proto-oncogene overexpression in genetically modified mice.
The generation of a PLAGI transgenic founder line; PTMSI,
has been reported previously (25). In order to generate
compound PLAGI and MMTV-cre transgenic/fur knockout
mice, we crossed furx mice with PTMSI to generate PI+-
Surv!fox mice, and in parallel MMTV-cre transgenic mice were
crossed with fur/v41ox mice to generate Mcre*-fur""4* mice.
Mating of these compound heterozygous PI*-fur*"/x and
Mcre*-fur'4ex mice, yielded various genotypes, including
P1+-Mcret-furfovox (PLAGI transgenic and fur knockout in
salivary glands and other MMTV-promoter-targeted cell
lineages as discussed below), PI*-Mcre*-fur*fex (PLAGI
transgenic and fur heterozygote in salivary glands and other
MMTV-promoter-targeted cell lineages), PI+-Mcre*-furv/Atox
(PLAG] transgenic in salivary glands and other MMTV-
promoter-targeted cell lineages and fur heterozygote in all
cells) and PI*-Mcre*-fur*" mice (PLAGI transgenic in
salivary glands and other MMTV-promoter-targeted cell
lineages and fur wild-type in all cells) as the most important
ones relevant for the study presented here. In parallel, crosses
with fur“fex homozygous PLAG] transgenic mice and fur"/4iox
homozygous MMTV-cre transgenic mice were set up, to
generate more offspring with the desired genotypes for further
analysis of the impact of fur inactivation on PLAGI-induced
tumor formation.

Genotyping the mice by PCR analysis. Genotyping the mice
for PLAGI was conducted by PCR analysis on tail DNA using
oligonucleotide primers POS-1599 (5-TTCTCAAGCATCG
TCATCAT-3") and f3-globin (5'-AAAATTCCAACACACT
ATTGC-3'") at an annealing temperature of 58°C. PCR analysis
was also used to genotype the mice for cre using the
oligonucleotide primers cre-1 (5'-CCTGTTTTGCACGT
TCACCG-3") and cre-3 (5'-ATGCTTCTGTCCGTTTG
CCG-3") at an annealing temperature of 55°C. To genotype
the mice for fur, tail DNA was PCR analyzed with primer I
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(5'-GCTGTATTTATTCCGGAGAC-3"), primer 2 (5'-GTA
GTTAGGAGCACATACTG-3") and primer 4 (5'-AATCT
GTTCCCTGCTGAGGA-3"). Primers 1 and 2 were used to
discriminate between the fur"' allele (product of 219 bp) and
the fur> allele (product of 311 bp), while primers I and 4
were used to identify the fur#%~ allele (product of 322 bp) at
an annealing temperature of 58°C, as described (15).

RNA isolation from salivary glands and salivary gland tumors
and cDNA preparation. Total RNA from salivary glands and
salivary gland tumors was isolated using the NucleoSpin
RNA L Kit of Macherey-Nagel. Total RNA (2.5 ug) was
reverse transcribed using random hexamer primers and
M-MLV reverse transcriptase from Invitrogen in a volume of
20 ul.

Quantitative real-time PCR (QRT-PCR) analysis. QRT-PCR
was performed with the MyIQ System (BioRad), in triplicate
and using the comparative threshold cycle method. In all cases,
40 cycles of annealing/extension for 1 min at 60°C were
performed. QRT-PCR products were detected using SYBR-
Green. QRT-PCR for glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as a reference to correct for sample
quantity (forward primer, 5'-ATGGCCTTCCGTGTTCCT-3'
and reverse primer, 5-CAGGCGGCACGTCAGAT-3"). For
the study presented here, gene-specific primers were
designed for fur (forward, 5'-CAGAAGCATGGCTTCCAC
AAC-3' and reverse, 5-TGTCACTGCTCTGTGCCAGAA-3")
and cre (forward, 5'-CCGTACACCAAAATTTGCCTG-3'
and reverse, 5'-CCTCATCACTCGTTGCATCG-3").

Histopathology. For histopathology, salivary glands, salivary
gland tumors and lymph nodes were removed carefully, fixed
overnight in 4% formaldehyde and embedded in paraffin using
routine procedures. Paraffin sections (5 pm) were stained
with haematoxylin and eosin (H&E).

B- and T-cell isolation, RNA isolation and cDNA preparation
from lymph nodes. CD4* cells were obtained from lymph
nodes by positive selection using anti-CD4-coated magnetic
beads (Dynal) according to the manufacturer's protocol. Beads
were removed from the cells using Detachabead (Dynal) and
a Dynal MPC-6 magnet (Dynal). Isolation of CD8* and
CD19* cells was performed using the MACS CD8a* T-cell
and B-cell Isolation Kits (Miltenyi Biotec), respectively.
Lymph node cells were labeled with the appropriate negative
selection biotin-antibody cocktail and then incubated with
anti-biotin microbeads. Beads with unwanted labeled cells
attached were removed using MS separation columns
(Miltenyi Biotec). Cell purity was assessed by fluorescence-
activated cell sorting (FACS). Cells were stained with PerCp-
labeled anti-CD4, PE-labeled anti-CD8 and FITC-labeled
anti-CD19 monoclonal antibodies (BD Pharmingen). The
cells were analyzed on FACScalibur using CellQuest
software (BD Biosciences). Total RNA from isolated CD4+,
CD8* and CD19* cells was prepared using the RNeasy Mini
Kit and DNAse, as described by the manufacturer Qiagen.
Total RNA (1 ug) was reverse transcribed using random
hexamer primers and M-MLV reverse transcriptase from
Invitrogen in a volume of 20 ul.
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Immunohistochemistry. Immunostainings were conducted on
5-um paraffin sections according to standard procedures.
Briefly, after antigen retrieval in Tris/EDTA (10 mM, pH 9.0)
for smooth muscle actin (SMA) or in citrate buffer (0.01 M,
pH 6.0) for cytokeratin 8/18 (CK8/18), the mouse anti-
human SMA antibody coupled to horseradish peroxidase
(incubation 1 h, undiluted, EPOS clonel A4 from Dako) and
the guinea pig anti-human CK8/18 antibody (incubation 30 min,
1:400, Progen) were used as primary antibodies. These are
frequently used to stain myoepithelial and epithelial cells,
respectively. For SMA, the antibody was visualized using
3,3'-diaminobenzidine (Dako real, code K5007). As a
secondary reagent to detect CK8/18, a rabbit anti-guinea pig
antibody (1:100, Dako) was used followed by the application
of a tertiary swine anti-rabbit antibody coupled to
horseradish peroxidase (1:100, Dako), and for visualization,
3,3'-diaminobenzidine was used.

Results

Fur is efficiently inactivated in the salivary glands of Mcre*-
SfurloxAox mmice and this causes smaller, but histologically
normal salivary glands. The aim of our study was to evaluate
the impact of the absence of furin in the development of
PLAGI-induced salivary gland tumorigenesis in genetically
modified mice. In the control studies, we first evaluated the
impact of the inactivation of fur without overexpression of
PLAGI in Mcre*-furf¥4tex mice. In order to generate Mcre*-
SfurfovAlox mice, a crossing was established as described in
Materials and methods.

Efficiency of removal of exon 2 of fur in the salivary
glands of conditional fur knockout mice using the MMTV-cre
system, was determined by QRT-PCR (Fig. 1A). The
expression level of fur mRNA in the salivary glands of 10
week-old female Mcre*-furfox'Aflox mice (fur knockout in
salivary glands and other MMTV-promoter-targeted cell
lineages as discussed below) was reduced to 4.2% as compared
to the expression level in the salivary glands of female
littermate Mcre-fur*’f>* mice (fur wild-type in all cells). In
the salivary glands of female Mcre*-furfox (fur heterozygote
in salivary glands and other MMTV-promoter-targeted cell
lineages) and Mcre -fur*4~ (fur heterozygote in all cells)
littermates, fur mRNA levels were detected which were
63.8 and 55.4%, respectively, relative to Mcre -fur+flox
mice.

Upon visual inspection of Mcre*-furfov/4ex mice, smaller
salivary glands were observed (Fig. 1B and C). Therefore,
the weight of the salivary glands of mice of all 4 genotypes
was determined to investigate the impact of conditional
inactivation of fur on the development of the salivary glands
(Fig. 1D). The average weight of the salivary glands of female
Mcre*-furv4x mice of 6 to 10 weeks old was significantly
lower than in sex-matched Mcre-fur*/o* littermates (0.063
versus 0.093 g, n=8, p=0.022 using a two-sided Student's
t-test with equal variance). In female (conditional) fur hetero-
zygote Mcre*-furvfex and Mcre -fur/ov4ox littermates, no
significant difference in average weight was found (0.090
and 0.088 g, respectively, n=8, p=0.873 and p=0.721,
respectively, using a two-sided Student's t-test with equal
variance).
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Figure 1. (A) QRT-PCR analysis of fur mRNA levels in salivary glands, comparing female Mcre-fur*fox (red), Mcre*-fur*ox (light blue), Mcre -fur/lovAox
(dark blue) and Mcre*-furf¥lex (green) mice of 10 weeks old. QRT-PCR experiments were performed in triplicate, using the comparative threshold cycle
method and normalization relative to the mRNA levels of the housekeeping gene GAPDH. Average normalized values of 4 mice (littermates for each genotype)
and the standard errors of the mean are indicated. (B) Picture of the ventral neck region after necropsy of a male Mcre*-furf*¥4%x mouse of 10 weeks old. The
salivary glands (asterisk) were smaller and the cervical lymph nodes (arrow) were enlarged. Ten mice were evaluated and all displayed this profile. (C)
Picture of the ventral neck region after necropsy of a male Mcre-fur*”f** mouse of 10 weeks old, littermate of the mouse in B. The salivary glands (asterisk)
and cervical lymph nodes (arrow) had a normal size. Ten mice were evaluated and all had normal size salivary glands and cervical lymph nodes. (D) The average
weight of the salivary glands of female Mcre-fur'*, Mcre*-fur"*, Mcre-fur™¥4ox and Mcre*-furf¥4* mice of 6-10 weeks old. The average weight of the
salivary glands of 8 mice (littermates for each genotype) and the standard errors of the mean are indicated. “p>0.05 and *'p<0.03, using a two-sided Student's t-test

with equal variance.

Histological analysis of several areas of the salivary
glands of male and female Mcre*-furevtex and Mcre -furfox
mice revealed no apparent differences (Fig. 2A and B). The
structure of mucous acini, serous acini, intercalated ducts,
striated ducts and interlobular ducts in Mcre*-furfov4iox mice
was similar to that of the sex-matched littermate control
Mcre-furvf> mice (n=10). The same histological results
were obtained with the salivary glands of Mcre*-fur*fox and
Mcre -furfox/4flox mice (data not shown), in which one fur
allele was (conditionally) inactivated (n=10).

MMTV-cre-mediated fur inactivation causes enlarged cervical
lymph nodes with activated follicles. Most Mcre*-furfox/4fiox
mice that did get born (males and females) died within 5-12
weeks after birth. They generally appeared in poor health.

They developed coarse hair presumably due to impaired
grooming (Fig. 3A). The control Mcre -fur*"fo* littermates
were in good health (Fig. 3B). For Mcre*-fur/ov4lex mice,
there was no significant difference in body weight, compared
to the control sex-matched Mcre -fur*”fo* littermates (data not
shown) (n>10). Mcre*-fur*x and Mcre -fur/*4x mice
appeared to be healthy (data not shown) (n>10).

At necropsy of Mcret-fur*¥ox mice, it was noticed that
the lymph nodes close to the salivary glands were enlarged
compared to the control Mcre -fur*fex sex-matched littermates
(Fig. 1B and C, respectively). Therefore, histological analysis
of these cervical lymph nodes was performed. The lymph
nodes of Mcre*-fur¥4x mice contained activated B follicles,
which were not observed in Mcre-fur*fex mice; Fig. 3C and
D, respectively. Very large B follicles with a prominent
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Figure 2. (A) Histology (H&E staining) of a salivary gland of a female
Mcre*-furfie’ex mouse of 10 weeks old (original magnification x200). The
histology, as far as could be assessed, seemed completely normal. The circle
indicates a serous acinus and the arrow indicates a duct. Ten mice (males
and females) were analyzed and all had a normal histology of the salivary
glands. (B) Histology (H&E staining) of a salivary gland of a female Mcre-
Sfurv!flex mouse of 10 weeks old, littermate of the mouse in A (original
magnification x200). The circle indicates a serous acinus and the arrow
indicates a duct. Ten mice (males and females) were analyzed and all had a
normal histology of the salivary glands. (C) Histology (H&E staining) of a
salivary gland of the female PI*-Mcre*-furfx mouse of 10 weeks old
(original magnification x200). The histology, as far as could be assessed,
seemed completely normal and none of the characteristic features of
PLAGI-induced salivary gland pleomorphic adenoma was present. Neither
were the characteristics of PLAG/-induced early tumoral stages present. The
circle indicates a serous acinus and the arrow indicates a duct. B can be
taken as a normal control.

germinal center and T-cell zones were present in respectively
the cortex and paracortex of the cervical lymph nodes of
Mcre*-furovex mice. All Mcre*-furfo¥4ex mice analyzed,
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displayed this activated profile of the cervical lymph node cells
(n=10). The other lymph nodes in the body of Mcre*-fur/ovAiox
mice were investigated and were also enlarged (data not
shown) (n=10). The poor health condition and enlargement
and activation of the lymph nodes point toward an impact of
fur inactivation on the immunological system, probably
causing a hyperactive immune system. The cervical and other
lymph nodes of Mcre*-fur*fx and Mcre-fur*¥4"* mice had
a normal size and normal histology (data not shown) (n=10).

The observed phenotype in the cervical lymph nodes of
MMTV-cre transgenic conditional fur knockout mice is in
accordance with the described MMTV-promoter-driven cre
expression in B- and T-cells (28). To confirm that fur mRNA
levels were affected in these cell populations of the lymph
nodes of Mcre*-fur*v4x mice, fur expression was analyzed in
the T-helper cells (Th), the T-cytotoxic cells (Tc) and the B-
cells of the lymph nodes of a male Mcre*-fur¥4%* mouse and
a sex-matched littermate Mcre -fur*fx mouse. Therefore,
CD4+, CD8* and CD19* cells were isolated, respectively. Cell
purity was assessed by FACS analysis: 92-95% for CD4*
cells, 90-94% for CD8* cells and ~70% for CD19* cells. QRT-
PCR analysis of fur expression was performed with
normalization relative to GAPDH levels. In the Th-, Tc- and
B-cells of an Mcre*-fur¥4x mouse, fur mRNA levels
ranging from 11 to 23% of the levels in the Th-, Tc- and B-
cells of a sex-matched littermate Mcre -fur"f** mouse were
found (data not shown). cre expression was detected in all of
these cell populations of an Mcre*-furf¥4"* mouse, while no
cre expression could be detected in an Mcre-fur*** mouse
(QRT-PCR data not shown).

Underrepresentation of P1*-Mcre*-fur*vox offspring. To
evaluate the role of furin in PLAGI-induced salivary gland
tumorigenesis, PI*-Mcre*-fur*’/4ex mice were studied. In
order to generate these compound mice with MMTV-cre-
mediated PLAG! overexpression and fur inactivation,
Sfurexfex mice (15) were first crossed with PTMS1 (25), to
generate PI*--fur"flox mice, and in parallel MMTV-cre
transgenic mice (28) were crossed with fur/v4x mice (15),
to generate Mcre* -fur*/4* mice. Subsequently, P1* -fur*"/1ox
mice were crossed with Mcre* -fur*/4ox mice (Table I).
According to Mendelian inheritance, 1/16 (6.3%) of the
offspring should have been of the PI*-Mcre*-fur?/4x geno-
type. This subset appeared to be much smaller than expected
however; only 1 mouse with this genotype was born from a
total of 406 pups (0.2%); a female P1*-Mcre*-fur/lov/Aflox
mouse.

Examination of the exact numbers of mice born per
genotype, revealed that mice that were positive for PLAG/
and MMTV-cre (red areas in Table I) were underrepresented
(p=9.28165 E-22, Chi-square test). P/*-Mcre* mice accounted
for 4.3% (1.7+1.7+0.740.2%) while statistically, 25.0% was
expected. Mcre*-furfevA'ex mice were also underrepresented
(underlined areas in Table I) in these crossings (p=7.76987
E-06, Chi-square test).

In parallel, P1**-fur'“fex mice were crossed with Mcre* -
Sfurr'Alex mice but this produced no PI+-Mcre*-furflov/aflox
offspring, out of 54. After crossing PI**-fur""fox and Mcre**-
Sfurv?ex mice, 1 male PI*-Mcre*-furf*¥4ex mouse was born,
out of 22. Partial embryonic lethality in this background is
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Figure 3. (A) Picture of a male Mcre*-fur*/4x mouse of 10 weeks old. This mouse clearly was in poor health indicated by the coarse hair presumably due to
impaired grooming. More than 10 mice were analyzed and all were in poor health. (B) Picture of a male Mcre-fur*”/** mouse of 10 weeks old, littermate of
the mouse in A. This mouse was in normal health. More than 10 of these mice were analyzed and all were in normal health. (C) Histology (H&E staining) of a
cervical lymph node of a male Mcre*-fur*/4* mouse of 10 weeks old (original magnification x50). The histology showed very large B follicles with a
prominent germinal center (arrow) and corona (area between the dotted lines), and T-cell zones (asterisk) present in the cortex and paracortex, respectively.
All 10 histologically analyzed mice had activated cervical lymph node follicles. (D) Histology (H&E staining) of a cervical lymph node of a male Mcre-
Sur*fox mouse of 10 weeks old, littermate of the mouse in C (original magnification x50). Histology showed a normal lymph node structure, with B follicles
(triangle) which were not activated and T-cell zones (asterisk). This profile was confirmed in 9 other Mcre -fur""fe* mice.

Table I. Percentages of mice born from the crossing of P/+"-
Sfurvifiox and Mcre*"-fur""x mice

n=4006

*Vertically indicated are the possible genotypes resulting from a
PI* -fur""f°x parent, and horizontally indicated are the possible
genotypes resulting from an Mcre*-fur*’4x parent. Mice, 406 in
total, were born and genotyped. The percentages of born mice per
genotype are indicated. These percentages were very diverse, while
statistically 6.3% (1/16) was expected for each genotype. P/*-
Mcre* mice (red areas) were underrepresented, as well as Mcre*-
Sfuro¥'4ox mice (underlined areas). The asterisk indicates that these
mice were in poor health during their life.

the most likely explanation, as resorbed embryos were
repeatedly observed in the uterus of the mothers. The number
of normal PI*-Mcre* and Mcre*-furfo¥4x embryos together
with the number of resorbed embryos was roughly in
accordance with the number of expected PI*-Mcre* and
Mcre*-fur*/4ox embryos (data not shown).

PLAG-induced tumorigenesis in the salivary glands of PI1*-
Mcre*-furo4ox mice is considerably delayed. The female
P1+-Mcre*-furflovdfox mouse was sacrificed at 10 weeks after
birth because of poor health. In this mouse, enlarged cervical
lymph nodes with activated follicles were found, similar to
those observed in Mcre*-furf*4%* mice (data not shown). It
did not have a macroscopically visible salivary gland tumor,
while 100% of the PI*-Mcre*-fur™" mice in this background
had a macroscopically visible salivary gland tumor at 9 weeks,
and >90% at 7 weeks (n=14) (see below). The histology of
the salivary glands, as far as could be assessed, was normal
(Fig. 2C), and none of the features characteristic of PLAGI-
induced pleomorphic adenoma (25) was present. Neither
were characteristics of PLAGI-induced early tumoral stages
(25) observed .

The male PI+-Mcre*-furf*4* mouse was sacrificed at 40
weeks after birth. This mouse had been in poor health
throughout its entire life. Enlarged cervical lymph nodes with
activated follicles were present (data not shown). No tumor in
the ventral neck region could macroscopically be detected.
Histological analysis however showed characteristics similar
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Figure 4. (A) Histology (H&E staining) of an early salivary gland tumor of a male PI*-Mcre*-fur*¥4ex mouse of 40 weeks old (original magnification x50). The
early tumor resembled an early stage of PLAGI-induced salivary gland pleomorphic adenoma (25), with irregular, tubular structures (arrow) and dilated ducts
(asterisk). Some normal parts (N) surrounded the early tumoral part (T). (B) Histology (H&E staining) of an early salivary gland tumor of a male PI*-Mcre*-
Surfovdfex mouse of 40 weeks old (original magnification x400). Some malformed acini-like structures were present (asterisk). A mitotic figure was present,
indicated by the circle. Multilayered epithelium (arrow) and loose myxoid stroma (triangle) were also present. (C) Immunohistochemistry for SMA on an early
salivary gland tumor of a male PI*-Mcre*-fur"4¥ mouse of 40 weeks old (original magnification x100). The structure of a part of this salivary gland was clearly
disturbed and had features of an early tumor (T). Some normal parts (N) were also present. SMA was in this case a marker for myoepithelial cells. (D)
Immunohistochemistry for CK8/18 on an early salivary gland tumor of a male P1*-Mcre*-furflov4ex mouse of 40 weeks old (original magnification x100). The
structure of a part of this salivary gland was clearly disturbed and had early tumoral features (T). Some normal parts (N) were also present. CK8/18 staining
indicated epithelial cells and this staining together with the staining for SMA in C showed the pleomorphic adenoma character of this tumor.

to an early tumoral stage of the salivary glands of fur wild-
type PI-Mcre mice (25). These features included irregular,
tubular structures, dilated ducts, some malformed acini-like
structures, multilayered epithelium, loose myxoid stroma and
mitotic figures (Fig. 4A and B). Additionally, SMA and
CK8/18 stainings of the PI*-Mcre*-fur*v4x salivary glands
confirmed one of the characteristics of pleomorphic
adenoma: the presence of both myoepithelial and epithelial
cells (as illustrated in Fig. 4C and D, respectively).

Delayed onset of PLAGI-induced salivary gland tumor
formation in P1*-Mcre*-fur*fox and P1*-Mcre*-furv/Alox
mice. While only two PI*-Mcre*-fur**x mice were born, a
larger number of PI*-Mcre*-fur*fox and PI1*-Mcre*-fur*/ox
mice could be obtained (males and females). Evaluation of the
age before a tumor mass could be macroscopically detected
in the ventral neck region of PI*-Mcre*-fur*fex (n=12) and
PIl+-Mcre*-furv/4ex (n=14) mice, revealed a significant
difference (p=0.008 and p=0.001, respectively; two-sided
Mann-Whitney U test) compared to PI*-Mcre*-fur"™ (n=14)

mice (Fig. 5A). As a control, PI*-Mcre-fur*" mice were
evaluated (n=14). Fig. 5B and C show H&E staining of a
salivary gland tumor of a PI*-Mcre*-fur*"x mouse of 10 weeks
old. This salivary gland tumor is similar to pleomorphic
adenoma of the salivary glands of PI*-Mcre*-fur"** mice
with the typical characteristics as discussed in the introduction,
and this was the case in all PI*-Mcre*-fur*"°* and PI*-
Mcre*-furv/ex mice salivary gland tumors (males and
females).

Discussion

In this study, we examined MMTV-cre-mediated inactivation
of fur, concomitant with overexpression of a PLAG! proto-
oncogene, in the salivary glands and other organs of
genetically modified mice. Our study clearly shows that mice
lacking 1 functional allele of fur develop PLAGI-induced
salivary gland tumors significantly later than mice with 2
functional fur alleles. An even more striking effect was
observed in 2 fur-deficient mice.



1080

DE VOS et al: INTERFERENCE OF FURIN WITH PLAGI-INDUCED SALIVARY GLAND TUMORIGENESIS

100

80
70
60 -
50
40

1

1

th no detectable tumor

20 -
10

ice wi

% of m
o

OO0
——P1*-Mcre -fur"™t (n=14)
—&— P1*-Mcre*-fur*™t (n=14)
—a— P1*-Mcre*-fur*¥™* (n=12)

—ao— P1*-Mcre*-fur*4iox (n=14)

Figure 5. (A) Percentage of genetically modified mice with no macroscopically detectable tumor mass in the ventral neck region, as a function of their age.
There was a significant (p=0.008 and p=0.001, respectively) difference in macroscopically visible tumor onset between P1*-Mcre*-fur*” mice (red triangle
curve) and PI*-Mcre*-fur*fex mice (light blue square curve) or between PI*-Mcre*-fur'” mice and PI*-Mcre*-fur#* mice (dark blue diamond curve)
(two-sided exact p-value from a Mann-Whitney U test). As a control, P1*-Mcre-fur*” mice were evaluated (green cross curve). (B) Histology (H&E staining) of
a salivary gland tumor of a female PI*-Mcre*-fur*fex mouse of 10 weeks old (original magnification x200). Characteristic features of PLAGI-induced salivary
gland pleomorphic adenoma were present: multilayered epithelium with squamous differentiation and keratin pearls in the middle (arrow) and myxoid stroma
(triangle). (C) Histology (H&E staining) of a salivary gland tumor of a female PI*-Mcre*-fure mouse of 10 weeks old (original magnification x50). Myxoid
stroma (triangle) is present in this pleomorphic adenoma and necrosis (arrow) is indicative of the malignant character of this tumor.

The salivary gland branching morphogenesis in mice starts
at E11 and continues until puberty. Many key molecules in
epithelial-mesenchymal cell interactions, branching morpho-
genesis and organogenesis are involved in the development
of the salivary glands, such as EGF, FGF and TGF-8. Furin
has been suggested to be important in the proteolytic
activation of these growth factors (29-32), which might
explain the smaller size of the salivary glands in the
conditional fur knockout mice. On the other hand, the
architecture of the salivary glands was not affected by fur
deficiency. This might suggest some functional redundancy
probably provided by other PCs, as has been shown
previously in the liver (15).

Mcre*-furv4ex mice had a nearly complete inactivation
of the fur gene in the salivary glands. Only 4.2% of fur mRNA
expression was observed as compared to Mcre -fur**fex mice.
This residual level of fur expression might be due to the
absence of cre expression in a small number of cells in the
salivary glands. The slightly higher fur mRNA expression
level in Mcre*-fur*"o mice compared to Mcre -furflox/4flox
mice, favors this explanation. In fact, in Mcre -furfloxflox
mice, monoallelic expression is germline transmitted and
independent of cre expression.

Mcre*-fur*¥4ox mice appeared to be in poor health and
most of them died between 5-12 weeks after birth. The
cervical lymph nodes of these mice were extremely large and
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showed an activated profile; very large B follicles with a
prominent germinal center were present. These mice probably
had a hyperactive immune system.

Wagner et al described that when using the MMTV-cre
system, cre is also expressed in the T- and B-cells (28),
which would mean that fur is knocked out in these immune
cells. QRT-PCR still showed fairly high fur mRNA levels in
these immune cells of Mcre*-fur*/4x mice (11-23%), and this
may be due to the fact that isolation was not 100% pure or that
fur was not knocked out in all of the Th-, Tc- and B-cells.

Recently, a possible role for furin in the immunological
response was described by Pesu er al (33). They described that
furin expression enhances interferon-y (IFN-y) secretion,
whereas inhibition of furin interfered with IFN-y production.
Also, it was reported that TGF- plays an important role in
the immune sytem (34-37) and since furin is the most important
PC that can activate TGF-8 by endoproteolytic cleavage
(29.32), it might be possible that in the Mcre*fur/4"x mice
described here, TGF-8 processing was impaired and this could
at least partially explain the immune phenotype of these
mice.

Two PI*-Mcre*-fur*/4x mice were born. The first P1*-
Mcre*-fur?4ox mouse was a female and was sacrificed at 10
weeks. At the histological level, no tumoral or early tumoral
features were present in the salivary glands. The second P/*-
Mcre*-furfoAlox mouse was a male and the salivary gland
morphology was evaluated at the age of 40 weeks. While
macroscopically no tumor characteristics could be observed,
early salivary gland tumor features were present. When we
compared these 2 PI*-Mcre*-furfo/4ex mice with P1*-Mcre*-
Sur*™t mice that developed a macroscopically detectable
salivary gland tumor after 6.4 weeks on average (Fig. 5A),
there was a considerable delay in tumor onset in these 2 P/*-
Mcre*-furfio¥/Aflex mice. This suggests that furin plays an
important role in PLAG/-induced salivary gland tumori-
genesis.

The fact that only 2 PI*-Mcre*-furf¥4x mice were born,
was most likely due to partial embryonic lethality of PI*-Mcre*
and Mcre*-fur/*v41x mice in this background, as resorbed
embryos were found in the uterus of the mothers, as discussed
above. Since this underrepresentation of PI*-Mcre* mice was
not observed in the direct crossing of PTMS1 and MMTV-cre
mice, as previously described (25), this underrepresentation
was most likely due to the mixed background caused by
crossing with the fur-modified mice. These fur-modified
mice have a mixed background. A similar partial embryonic
lethality of PI*-Mcre* mice was observed when crosses were
made with igf2°/m™ mice, which also have a mixed background
(Declercq et al, unpublished results). Since general PLAGI
overexpression and also general fur knockout is embryonically
lethal (14,25), it is possible that in the background of the
crosses described in this study, cre expression was in some
mice more widespread or started at an earlier stage.
Therefore, it is possible that in some of these mice, PLAG!
was overexpressed and fur was knocked out in a more general
pattern than in other mice. The MMTV-promoter system was
described to drive expression in a very broad pattern (28).
Backcrossing to a homogeneous background is currently being
performed, which might overcome the partial embryonic
lethality.
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A significant delay in tumor onset was also observed in
PI*-Mcre*-furfex and PI*-Mcre*-fur*’* mice as compared
to PI*-Mcre*-fur*’" mice. This indicates that haplo-
insufficiency of fur was sufficient to have an impact on
PLAG-induced salivary gland tumorigenesis. Hemizygosity
of several other enzymes, such as PCI was also reported to
result in a phenotype (38). The morphology of the salivary
gland tumors that PI*-Mcre*-fur*ox and P1*-Mcre*-furr4x
mice eventually developed, was similar to the morphology of
PLAG-induced pleomorphic adenoma of the salivary glands
in P1*-Mcre*-fur*™ mice.

At present, the molecular pathways involved in PLAGI-
induced salivary gland tumorigenesis, are not fully elucidated.
Nevertheless, there are some indications that IGF-2/IGF-1R
signaling might play a role in PLAG-induced salivary gland
tumorigenesis. Indeed, insulin-like growth factor 2 (igf2), one
of the direct target genes of PLAGI, is highly upregulated in
PLAG-induced salivary gland tumors (25,39). Furthermore,
IGF-1R-negative cells cannot be transformed via trans-
duction of DNA expressing high levels of PLAGI (40).
Notably, IGF-2 and IGF-1R can both be cleaved by furin, at
least in vitro (9,41,42). Nevertheless it cannot be excluded
that other furin substrates such as growth factors like TGF-8,
PDGF, or adhesion molecules like integrins or angiogenic
factors like VEGF or (membrane-type) matrix metallo-
proteinases, which play an important role in tumorigenesis
(5,7,29,32,43-45), are involved. Further analysis of PI/*-
Mcre*-furfoviox mice is necessary to further elucidate the
molecular mechanisms that lead to the delay in tumor
formation.

In conclusion, this study demonstrates that inactivation of
fur considerably delays PLAGI-induced tumor development.
Even heterozygous inactivation of fur is sufficient to
significantly delay tumor onset, establishing the importance
of furin in this process. However, the tumor still develops,
suggesting a functional redundancy probably provided by
other PCs. This study implies that furin could be a valuable
therapeutic target to affect PLAGI-induced tumor development.
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