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Dysregulation of the transcription factor CRTC1 by a t(11;19) chromosomal rearrangement mediates the
formation of mucoepidermoid salivary gland carcinoma (MEC). Although the CRTC1 promoter is consis-
tently active in fusion-positive MEC and low levels of CRTC1 transcripts have been reported in normal
adult salivary glands, the distribution of CRTC1 protein in the normal salivary gland is not known. The
aim of this study was to determine if CRTC1, like many known oncogenes, is expressed during early sub-
mandibular salivary gland (SMG) development and re-expressed in an experimental tumor model. Our
results indicate that CRTC1 protein is expressed in SMG epithelia during early stages of morphogenesis,
disappears with differentiation, and reappears in initial tumor-like pathology. This stage-dependent
expression pattern suggests that CRTC1 may play a role during embryonic SMG branching morphogenesis
but not for pro-acinar/acinar differentiation, supporting a precursor cell origin for MEC tumorigenesis.
Moreover, the coincident expression of CRTC1 protein and cell proliferation markers in tumor-like histo-
pathology suggests that CRTC1-mediated cell proliferation may contribute, in part, to initial tumor
formation.

� 2010 Elsevier B.V. All rights reserved.
1. Results and Discussion

Mucoepidermoid carcinoma (MEC) is the most frequent pri-
mary malignancy of salivary glands in both children and adults,
representing 5% of all salivary gland tumors and 35% of all malig-
nant forms (Enlund et al., 2004; Behboudi et al., 2006; Kaye,
2009; O’Neill, 2009). MECs, composed of mucous forming goblet,
epidermal and intermediate cells, are thought to originate in the
excretory and intercalated ducts of the salivary gland (Behboudi
et al., 2006). In approximately 40% of the primary salivary gland
MEC carcinomas, the fusion protein CRTC1-Maml2 has been de-
tected (see reviews, Stenman, 2005; Kaye, 2009; O’Neill, 2009).
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Importantly, the CRTC1-Maml2 fusion protein is associated
with distinct tumor subtypes and clinicopathologic features
(Behboudi et al., 2006; Okabe et al., 2006; Nakayama et al., 2009;
Kaye, 2009).

The CRTC1 gene (CREB-Regulated Trancription Coactivator 1;
also known as Mect1 or Torc1) is a coactivator of cyclic AMP
(cAMP)/cAMP response-element binding protein (CREB) transcrip-
tion (Conkright et al., 2003; Iourgenko et al., 2003). CREB regulates
genes involved in cell proliferation and differentiation, and abnor-
mal CREB activity is associated with carcinogenesis (Wu et al.,
2005). CRTC1 acts by binding CREB and enhancing its transcription,
independent of phosphorylation (O’Neill, 2009). The Maml2 gene
(related to the Drosphila gene Mastermind and to the mammalian
mastermind-like gene Maml1) is an essential coactivator for Notch
receptor transcriptional activation and signaling for cell prolifera-
tion and differentiation (Wu et al., 2005; Tonon et al., 2003). In
the t(11;19) chromosomal translocation generated CRTC1-Maml2
fusion oncogene, the CREB binding domain from CRTC1 replaces
the free intracellular Notch-binding domain from Maml2 to pro-
duce a protein with novel transformational properties (O’Neill,
2009). Since deletions in CRTC1 abolished transforming activity,
and disruption of CREB activity eliminated CRTC1-Maml2-medi-
ated tumorgenicity, indications are that CRTC1 dysregulation is
the principal mediator of cell transformation and tumor formation
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Fig. 1. Cell-specific localization of CRTC1 protein with progressive SMG morphogenesis and differentiation. A. Stages of embryonic SMG development. (B–H) Stage-dependent
immunolocalization of CRTC1 protein. (B) Initial Bud stage. (C) Early Pseudoglandular stage. (D) Pseudoglandular stage. (E) Canalicular stage. (F) Terminal Bud stage. (G)
Newborn (Late Terminal Bud stage) SMG. (H) 3-week-old SMG. In the Initial Bud stage, intense CRTC1 immunostaining is seen in the epithelial stalk and end bud (e) and is
relatively absent from mesenchyme (m). In the Pseudoglandular and Canalicular stages, strong CRTC1 immunostaining is localized to epithelial ducts (d) and buds (b). CRTC1
immunostaining is primarily seen in the cytoplasm and, to a lesser extent, in nuclei, of epithelia. By the Terminal Bud stage, reduced CRTC1 immunostaining is found in
epithelial cell surrounding distinct ductal and terminal bud (pro-acinar) lumina (arrows) as compared to that seen in earlier stages. Postnatally, CRTC1 immunostaining is
weakly detected in the newborn SMG and is relatively absent in the differentiated 3-week-old SMG. Bar scale: 30 lm.
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(Coxon et al., 2005; Wu et al., 2005). Although the precise role of
the CRTC1-Maml2 fusion oncogene remains unclear, molecular
studies suggest that CRTC1-Maml2 plays a role during initial stages
of tumor formation (Kaye, 2006, 2009).



T. Jaskoll et al. / Gene Expression Patterns 11 (2011) 57–63 59
In addition to enhancing CREB-dependent transcription, CRTC1
is also a potent modulator of AP-1-mediated cellular proliferation
and transformation (Canettieri et al., 2009). In this regard, recent
studies demonstrated that disruption of the LKB1/CRTC pathway
resulted in tumor formation (Komiya et al., 2010). Though low
levels of CRTC1 transcripts have been reported in normal adult
salivary glands (Behboudi et al., 2006), the distribution of CRTC1
protein in the normal salivary gland is not known. The aim of this
study was to determine if CRTC1, like many known oncogenes, is
expressed during normal submandibular salivary gland (SMG)
development and is re-expressed in an experimental tumor model.
We determined the cell-specific distribution of CRTC1 protein dur-
ing epithelial branching morphogenesis and differentiation of the
Fig. 2. mCMV infection of E15 SMGs induces tumor-like histopathology. (A and B) Histol
Control SMGs (A) display clusters of epithelial ducts (open red arrows) and terminal bud
cuboidal cells. mCMV-infected SMGs (B) exhibit a notable histopathology. Abnormal du
severely dilated lumina, with clusters of abnormal, hyperplastic epithelial cells (red *) fou
in a hypercellular stroma which no longer resembles mesenchyme, but is composed of g
(black *). (B–D and F) Immunolocalization of CRTC1 protein. In control SMGs (C), immun
acinar epithelia. With mCMV infection (D and F), there is a substantial increase in imm
enlarged ductal lumina and in epithelial cells found within dilated lumina (triple black arr
and F inserts) Colocalization of CRTC1 protein (green) and DAPI-stained nuclei (dark blue
appears light blue. High magnification images demonstrate that CRTC1 protein is localized
nuclei appear light blue (D and F inserts, white arrow). (E) Negative control section of con
4 lm.
SMG from embryonic day 13 (E13) to 3-weeks postnatal. Our re-
sults demonstrate that CRTC1 protein is present in SMG epithelia
during early stages of morphogenesis, disappears with acinar
maturation, and reappears in initial tumor-like histopathology.

1.1. Cell-specific distribution of CRTC1 protein during SMG
morphogenesis and maturation

Embryonic mouse SMG morphogenesis is initiated with a thick-
ening of the oral epithelium adjacent to the tongue on embryonic
days 11.5–12 (E11.5–E12) to form the primitive SMG knot and is
best conceptualized in stages (see reviews, Melnick and Jaskoll,
2000; Jaskoll and Melnick, 2005; Fig. 1A). In the Initial Bud stage,
ogical analysis of E15 control (A) and mCMV-infected (B) SMGs cultured for 12 days.
s (pro-acini) (red arrowheads) with distinct lumina surrounded by a single layer of
cts are characterized by a pseudostratified epithelium (blue arrows) surrounding
nd within the enlarged lumina. These abnormal epithelial structures are embedded

iant basophilic round cells (black double arrowheads) and smaller eosinophilic cells
odetectable CRTC1 is diffusely and weakly distributed throughout ductal and pro-

unodectable CRTC1 in the pseudostratified epithelia (D, black arrows) surrounding
ows), as well as in cytomegalic, hypercellular stromal cells (D, black arrowheads). (D
) was assessed as merged images. In areas of colocalization, the DAPI dark blue stain

in the cytoplasm (green) (D insert) and colocalized CRTC1 protein and DAPI-stained
trol SMG showing absence of immunostaining. Bar scale: A–F. 30 lm. Inserts D and F
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the oral epithelium proliferates and grows down into the mandib-
ular mesenchyme to form a solid, elongated epithelial stalk, termi-
nating in a bulb. In the Pseudoglandular stage, the solid cord of
epithelium proliferates, elongates and grows by repeated end-
bud branching to produce a bush-like structure, comprised of a
network of elongated epithelial branches with buds at their
termini. With progressive development, the number of epithelial
branches and terminal end-buds increases and hollow out (cana-
lize/cavitate) to form the ductal system and pro-acini in the Cana-
licular and Terminal Bud stages, respectively. By the Late Terminal
Bud stage, ductal and pro-acinar lumina are surrounded by a single
layer of low cuboidal cells and, within the lumina, SMG-specific
mucin proteins are expressed. Postnatally, pro-acini continue to
differentiate for the next few weeks, with definitive acinar cells
being seen around 3 weeks of age (see review, Gresik 1980).

To determine the cell-specific distribution of CRTC1 protein
during SMG morphogenesis and differentiation, we used immuno-
localization methodologies and anti-CRTC1 antibodies to demar-
cate the distribution of CRTC1 protein in embryonic days 13–18
(E13–18), newborn and 3-week-old SMGs; that is, from the Initial
Bud stage to terminal differentiation. Notable temporal changes in
CRTC1 distribution are seen with progressive glandular morpho-
genesis and maturation (Fig. 1B–H). In the Initial Bud stage
(Fig. 1B), strong CRTC1 immunostaining is seen in the epithelial
stalk and end-bulb, but is relatively absent from the surrounding
mesenchyme. In the Pseudoglandular (Fig. 1C and D) and Canalic-
ular (Fig. 1E) stages, intense CRTC1 immunostaining is primarily
found in the cytoplasm of ductal and terminal bud epithelia. In
Fig. 3. mCMV-infected newborn SMGs exhibit a tumor-like histopathology. (A and B) His
12 days (NB + 12). Control SMGs (A) are characterized by epithelial ducts and pro-acini
infected SMGs (B) are severely dysmorphic, characterized by abnormal ducts composed
abnormal, hyperplastic epithelial cells within these enlarged lumina. These abnormal
basophilic round cells and smaller eosinophilic cells. Note the consolidation of the cytome
arrowheads). (C–E) Immunolocalization of CRTC1 protein. In control SMGs (C), immunod
In mCMV-infected SMGs (D and E), there is a marked increase in immunolocalized CRTC
arrows), in hyperplastic epithelial cells within dilated lumina (D, arrows), and in cytome
CRTC1 protein (green) and DAPI-stained nuclei (dark blue) was assessed as merged im
magnification images demonstrate that CRTC1 protein is localized in the cytoplasm (gre
blue (right insert, white arrow). Bar scale: A–E 30 lm; Inserts E 5 lm.
the Terminal Bud stage (Fig. 1F), the stage when cytodifferentiation
begins (see reviews Melnick and Jaskoll, 2000; Jaskoll and Melnick,
2005), a reduction in immunodetectable CRTC1 is seen in ductal
and terminal bud epithelia as compared to earlier stages (compare
Fig. 1F to B–E). Postnatally, CRTC1 immunostaining is weakly seen
in newborn (Late Terminal Bud stage) SMGs (Fig. 1G) and is virtu-
ally absent in the differentiated 3-week-old gland (Fig. 1H). CRTC1
immunostaining is also found in developing nerves (data not
shown). The relative absence of CRTC1 protein in the mature gland
is consistent with the prior report of low levels of CRTC1 transcripts
in adult salivary glands (Behboudi et al., 2006). Taken together, the
presence of immunodetectable CRTC1 protein in embryonic SMG
branching epithelia and its disappearance with acinar differentia-
tion suggest that CRTC1 may play a stage-specific, regulatory role
during early SMG morphogenesis.

1.2. Increased CRTC1 protein expression in tumor-like SMG phenotype

Since the CRTC1-Maml2 fusion protein is frequently found in
salivary gland MEC tumors (see reviews, Kaye, 2009; O’Neill,
2009) and CRTC1 has been shown to mediate cell transformation
and tumor formation (Coxon et al., 2005; Komiya et al., 2005;
Canettieri et al., 2009; Komiya et al., 2010), we postulated that
CRTC1 protein would be re-expressed with induction of tumor-like
histopathology. To address this question, we employed an in vitro
strategy shown to induce cellular pathology in SMGs which resem-
bles secretory glandular neoplasia (Melnick et al., 2006). In this set
of experiments, we infected E15 (mostly Canalicular stage) and
tological analysis of control (A) and mCMV-infected (B) newborn SMGs cultured for
, with distinct lumina being surrounded by a single layer of cuboidal cells. mCMV-

of pseudostratified epithelia surrounding severely dilated lumina and clusters of
epithelial structures are embedded in a hypercellular stroma composed of giant
galic, basophilic cells around pseudostratified epithelial ducts and pro-acini (double
etectable CRTC1 is diffusely distributed throughout ductal and pro-acinar epithelia.

1 in the pseudostratified epithelia surrounding enlarged ductal lumina (D–E, double
galic, hypercellular stromal cells (E, black arrowheads). (E inserts) Colocalization of
ages. In areas of colocalization, the DAPI dark blue stain appears light blue. High
en, left insert) and colocalized CRTC1 protein and DAPI-stained nuclei appear light



Fig. 4. PCNA-positive nuclei are seen in mCMV infected and affected cells. The cell-
specific localization of PCNA-positive nuclei in E15 control (A) and mCMV-infected
(B and C) SMGs cultured for 12 days. In controls (A), PCNA-positive nuclei are
infrequently seen in ductal and pro-acinar epithelia. (B) In mCMV-infected SMGs (B
and C), PCNA-positive nuclei are found in the epithelial cells within dilated lumina
(*) and pseudostratified ductal epithelia as well as in cytomegalic, hypercellular
stromal cells (black arrowheads). (C) Higher magnification of section shown in (B).
The dotted line outlines the ductal epithelia surrounding the dilated lumen. Note
the presence of PCNA-positive nuclei in the hyperplastic epithelial cells within
dilated lumina (*) and in the cytomegalic, round stromal cells (black arrowheads).
Bar scale: A and B 40 lm; C 20 lm.
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newborn (Late Terminal Bud stage) SMGs with mouse cytomegalo-
virus (mCMV) for 11–12 days in vitro; controls consisted of SMGs
cultured for the entire period in control medium. mCMV infection
in vitro results in a severely dysplastic phenotype as compared to
controls (compare Fig. 2B to A; Fig. 3B to A). mCMV-infected SMGs
exhibit atypical ductal epithelial hyperplasia, severely dilated duc-
tal lumina, apparent mesenchymal-to-epithelium transformation,
and oncocytic-like stromal cell metaplasia. Pseudostratified epi-
thelium surround extremely enlarged ductal and pro-acinar lumi-
na which are filled, to varying degrees, with living and dead cells
that appear to have budded off the epithelia, alone or in clusters.
These abnormal epithelial structures are embedded in a hypercel-
lular stroma composed of two distinct cell types, large basophilic
round cells and smaller eosinophilic cells, which resemble onco-
cytic metaplasia. Note the increase in cytomegalic, basophilic
round cells within the stroma of mCMV-infected newborn glands
as compared to infected E15 glands (compare Fig. 3B to Fig. 2B).

We compared the cell-specific distribution of CRTC1 protein in
control and mCMV-infected SMGs and detected marked differ-
ences (compare Fig. 2D and F to C; Fig. 3D and E to C). In cultured
E15 and newborn control SMGs, weak CRTC1 immunostaining is
found throughout ductal and pro-acinar epithelia (Figs. 2B and
3A). There is a notable upregulation of CRTC1 protein expression
in abnormal epithelial and stromal cells in cultured mCMV-
infected E15 and newborn SMGs as compared to control glands.
In mCMV-infected glands, intense immunostaining is seen in the
pseudostratified epithelia surrounding dilated lumina (Figs. 2D
and 3E), in the epithelial cells within dilated lumina (Fig. 2D and
E; Fig. 3D), and in the cytomegalic, hypercellular stromal cells
(Figs. 2D and 3E). Note the marked increase in CRTC1 immuno-
staining in the pseudostratified epithelia and cytomegalic, round
cells in the mCMV-infected newborn SMGs as compared to
mCMV-infected E15 glands (compare Fig. 3D and E to Fig. 2D and
F). High magnification colocalization of CRTC1 protein and DAPI-
stained nuclei in mCMV-infected SMGs clearly demonstrates that
CRTC1 protein localization is both cytoplasmic (Fig. 2D insert and
Fig. 3E upper left insert) and nuclear (Fig. 2F insert and Fig. 3E
upper right insert). Taken together, our results indicate that CRTC1
protein is routinely re-expressed with epithelial dysplasia and
stromal metaplasia, early characteristics of tumor formation.

1.3. Cell proliferation in CRTC1 positive tumor cells

Given that CRTC1 induces AP1-dependent and, to a lesser degree,
cAMP-dependent cell proliferation (Canettieri et al., 2009), and the
CRTC1-Maml2 fusion oncoprotein exerts its transforming activity
through CRTC1-mediated cell proliferation (Coxon et al., 2005;
Komiya et al., 2005; Canettieri et al., 2009; Komiya et al., 2010), it
was reasonable to postulate that CRTC1-positive abnormal cells
are proliferating. To begin to address this question, we determined
the cell-specific distribution of proliferating cell nuclear antigen
(PCNA), a marker of cells in early G1 and S phases of the cell cycle,
in control and mCMV-infected SMGs. As shown in Fig. 4, marked dif-
ferences in the pattern of cell proliferation are found between cul-
tured control and mCMV-infected E15 SMGs (compare Fig. 4B and
C to A). In control glands, PCNA-positive nuclei are infrequently seen
in ductal and pro-acinar epithelia (Fig. 4A). In mCMV-infected
glands, there is a marked increase in PCNA-positive nuclei found in
abnormal epithelial cells within dilated lumina and the surrounding
pseudostratified epithelia, as well as in cytomegalic, hypercellular
stromal cells (Fig. 4B and C). This increase in cell proliferation corre-
lates with the cell-specific increase in CRTC1 protein expression
(compare Fig. 4B and C to Fig. 2E and F). A similar correlation be-
tween the cell-specific distribution of proliferating cells and intense
CRTC1 immunostaining is seen in mCMV-infected newborn SMGs
(data not shown). Taken together, the coincident expression of
CRTC1 protein and cell proliferation suggests that CRTC1 signaling
is a mediator of cell proliferation. Our observation of reduced cell
proliferation (Jaskoll and Melnick, 1999) and CRTC1 protein expres-
sion (Fig. 1B–H) in embryonic SMG epithelia with progressive
development and differentiation, provides additional evidence sup-
porting this conclusion.
2. Concluding remarks

In conclusion, the results reported here demonstrate that CRTC1
protein is expressed in epithelia during early SMG morphogenesis,
disappear with differentiation and are re-expressed with initial
tumor formation. This stage-dependent CRTC1 expression pattern
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indicates that CRTC1 may play a role during embryonic SMG
branching morphogenesis but not for subsequent pro-acinar/aci-
nar differentiation. Mucoepidermoid carcinoma (MEC) of the sali-
vary gland has long been thought to originate from precursor
(stem) cells in excretory and intercalated ducts (Auclair and Ellis,
1991). The dedifferentiation and transformation observed in our
experimental SMG tumor model (Figs. 2 and 3; Melnick et al.,
2006), and re-expression of CRTC1 protein in these ‘‘embryonic”
cells (Figs. 2 and 3), would support a precursor cell origin of
MEC. Moreover, the coincident expression of CRTC1 protein and
cell proliferation markers in tumor-like histopathology suggests
that CRTC1-mediated cell proliferation may contribute, in part, to
initial tumor formation. Given that the current model proposes
that CRTC1 activity requires nuclear localization to mediate gene
expression (Bittinger et al., 2004), our results suggest that tight
regulation of CRTC1 activity during normal early salivary gland
development results in very low, but still relevant, levels of nucle-
ar-localized CRTC1, while mCMV-mediated cell proliferation is
associated with higher levels of nuclear-localized CRTC1. Func-
tional studies are needed to determine if CRTC1 signaling is neces-
sary and/or sufficient as a mediator of cell proliferation and cell
transformation during tumorigenesis.
3. Experimental procedures

3.1. Animals and tissues

Inbred C57/BL6 female mice (Charles River, Wilmington, MA)
were mated overnight (plug day = day 0 of gestation) and
embryonic days 13–14 (E13–E14) heads and E15–E18, newborn
and 3-week-old SMGs were dissected and collected for immunolo-
calization or organ culture experiments as previously described
(Melnick et al., 2006, 2009). All protocols involving mice were
approved by the Institutional Animal Care and Use Committee
(USC, Los Angeles, CA).

3.2. Immunofluorescent localization of CRTC1

Embryonic heads and SMGs were fixed for 4 h in Carnoy’s fixa-
tive at 4 �C, embedded in low melting point paraplast, serially sec-
tioned at 8 lm and immunostaining conducted essentially as
previously described (Melnick et al., 2006, 2009) using 2
anti-CRTC1 polyclonal rabbit antibodies raised against amino acids
19–34 of human CRTC1 (formerly Mect1) purchased from ProSci
Incorporated (Poway, CA) and Rockland Immunochemicals
(Gilbertsville, PA), biotin-labeled anti-rabbit IgG (Fab)2 fragment
(Invitrogen, Camarillo, CA) and Alexa Fluor 488 strepavidin (Invit-
rogen). Nuclei were counterstained with 4,6-diamidino-2-phenyl-
indole (DAPI) (Invitrogen). A minimum of 3 SMGs per day and
treatment were analyzed. Negative controls were performed in
parallel under identical conditions and consist of sections incu-
bated without anti-CRTC1 antibodies. Since CRTC1 is highly ex-
pressed in the brain and in nerves whereas CRTC2 is highly
expressed in skeletal muscles, we analyzed the distribution of
immunostain in E13 and E14 heads to confirm specificity of these
antibodies for CRTC1. Our observations that brain and nerves
stained positive and that the skeletal muscles of the head stained
negative with these antibodies demonstrates CRTC1 specificity
(data not shown).

3.3. Organ culture experiment

E15 (mostly Canalicular stage) or newborn (Late Terminal Bud
stage) SMGs were cultured for 11–12 days using a modified Tro-
well method essentially as previously described (Melnick et al.,
2006). For mCMV infection, SMGs were incubated with 1�10�5

plaque-forming units (PFU)/ml of lacZ-tagged mCMV RM427+ on
day 0 for 24 h and then cultured in virus-free BGJb media (Invitro-
ger) for an additional 10–11 days; controls consisted of SMGs
cultured in control medium for the entire period. SMGs were
collected and processed for hematoxylin and eosin histology,
immunolocalization or cell proliferation analysis.
3.4. Cell proliferation assay

The cell-specific localization of PCNA (proliferating cell nuclear
antigen) was determined in control and mCMV-infected E15 and
newborn SMGs cultured for 11–12 days using the Zymed mouse
PCNA kit (Invitrogen, Carlsbad, CA.) and counterstained with
hematoxylin as previously described (Melnick et al., 2006). In this
set of experiments, the cytoplasm appears blue and PCNA-positive
nuclei appear dark brown. For cell proliferation analysis, 3–4 SMGs
per treatment per age were analyzed.
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