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Abstract
The secretory acinar cells of the salivary gland are essential for saliva secretion, but are

also the cell type preferentially lost following radiation treatment for head and neck cancer.

The source of replacement acinar cells is currently a matter of debate. There is evidence for

the presence of adult stem cells located within specific ductal regions of the salivary glands,

but our laboratory recently demonstrated that differentiated acinar cells are maintained with-

out significant stem cell contribution. To enable further investigation of salivary gland cell lin-

eages and their origins, we generated three cell-specific Cre driver mouse strains. For

genetic manipulation in acinar cells, an inducible Cre recombinase (Cre-ER) was targeted

to the prolactin-induced protein (Pip) gene locus. Targeting of the Dcpp1 gene, encoding

demilune cell and parotid protein, labels intercalated duct cells, a putative site of salivary

gland stem cells, and serous demilune cells of the sublingual gland. Duct cell-specific Cre

expression was attempted by targeting the inducible Cre to the Tcfcp2l1 gene locus. Using

the R26Tomato Red reporter mouse, we demonstrate that these strains direct inducible, cell-

specific expression. Genetic tracing of acinar cells using PipGCE supports the recent finding

that differentiated acinar cells clonally expand. Moreover, tracing of intercalated duct cells

expressing DcppGCE confirms evidence of duct cell proliferation, but further analysis is

required to establish that renewal of secretory acinar cells is dependent on stem cells within

these ducts.

Introduction
The salivary glands are responsible for the secretion of saliva, which is essential for oral health.
The major cellular component of the salivary glands is the secretory acinar cells (reviewed in
[1]), which are arranged in clusters. The acinar cells secrete primary saliva into the small, inter-
calated ducts, which are linked to striated ducts. Eventually, the saliva is conducted through the
ductal tree to the large excretory ducts, which empty into the oral cavity (Fig 1). A decrease in
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saliva secretion leads to the condition known as xerostomia and results in debilitating health
problems. Saliva secretion is severely reduced by radiation therapy to treat head and neck can-
cers, and as a consequence of the autoimmune disease, known as Sjögren’s syndrome. In both
cases, the underlying cause is an irreversible loss of the acinar cells [2]. Thus, repair or regener-
ation of the salivary glands is primarily concentrated on replacement of the secretory cells.
Current strategies to accomplish this are focused on the use of putative adult stem cells [3–5].
The prevailing view is that stem cells are localized to the small intercalated, and large excretory
ducts in the salivary gland (reviewed in [6]) (see Fig 1). However, evidence of their differentia-
tion into acinar cells has not yet been directly demonstrated. Furthermore, in a study to directly
determine the source of newly generated acinar cells, we found that there is little stem cell con-
tribution to acinar cell renewal in adult salivary glands [7].

In order to further investigate the role of each cell type in salivary gland homeostasis, we
have generated three cell-specific inducible Cre recombinase mouse strains. The prolactin-
induced protein (Pip) is a secretory glycoprotein produced by serous cells of the mouse and
human salivary glands [8–10]. The Pip gene locus was targeted to generate a Cre-driver active
in acinar cells. To label intercalated duct cells, the presumptive site of stem cells in the parotid
gland, the demilune cell and parotid protein gene (Dcpp1) [11], one of three linked Dcpp-
related genes on mouse chromosome 17 [12], was targeted. Dcpp1 is also a marker of serous
demilune cells in the sublingual gland [13]. Each acinus of the sublingual gland is comprised of
mucous-secreting cells and one or two serous cells, distinguished by their expression of Dcpp1
(see Fig 1) [11, 14, 15], and of Sox2, a stem cell marker [7, 16]. A third Cre-driver strain was
generated to label duct cells by targeting the Tcfcp2l1 gene locus, which encodes a transcription
factor specifically expressed in duct cells of the developing kidney and all three major salivary
glands [17, 18]. Although this line does show Cre activation in duct cells, ectopic expression in
acinar cells may limit its usefulness in lineage tracing studies.

Fig 1. Schematic diagram of general salivary gland structure. Secretory acinar cells are arranged in
clusters, known as acini, which produce primary saliva. The smallest intercalated ducts conduct saliva from
the acini to the striated, and excretory ducts. Sites of inducible Cre drivers are indicated, color-coded for each
strain. Dcpp1, gene encoding demilune cell and parotid protein; Pip, gene encoding prolactin-inducible
protein; Tcf, gene encoding Tcfcp2l1 transcription factor.

doi:10.1371/journal.pone.0146711.g001
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Results

PipGCE labels acinar cells in the submandibular gland
The Pip gene (gene ID 18716) was targeted by homologous recombination with a fusion cas-
sette encoding GFP and CreERT2 (GCE) [19] to remove the coding sequences from Exon 1 and
place the GCE cassette under the control of Pip regulatory sequences (Fig 2A). To determine
the pattern of GCE expression, PipGCE/+ heterozygote males were crossed with females from
the Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J reporter strain, hereafter referred to as R26TdT. Double
heterozygous PipGCE/+ / R26TdT/+ animals (3 weeks old) were administered tamoxifen by
gavage for 3 consecutive days. Tissues were harvested after a 3-day chase, and frozen sections
were examined for RFP fluorescence. Labeled cells were detected specifically in the submandib-
ular gland (SMG) (Fig 2B). In contrast to the endogenous expression of Pip in parotid, sublin-
gual and lacrimal glands (S1 Fig)[20], there was no evidence of Cre activation in these tissues
(Fig 2C–2E). To ascertain the cell type expressing PipGCE, sections of SMG were co-stained
with antibody to Nkcc1, which labels acinar cell membranes (Fig 2F). All tomato red-positive

Fig 2. Characterization of PipGCE knock-in allele. (A)Generation of PipGCE knock-in mice. Pip genomic
structure and restriction map is shown at the top. White box represents the non-coding exon sequences and
filled boxes, the coding sequences. Thick bars show the sequences used to generate the homologous arms
in the targeting vector. Gray box represents 3’ external probe used for Southern blotting. Arrows indicate
positions of genotyping PCR primers (An3’ and PipR). (B-E) Analysis of Cre expression in mice after 3 days
of tamoxifen treatment, followed by a 3-day chase. (B) Frozen sections were prepared from submandibular
gland (SMG); activation of Cre results in expression of Tomato red reporter (TdT) (red); Scale bar = 50 μm.
No Cre activity is detected in (C) parotid (Par), (D) lacrimal gland (Lac) or (E) sublingual gland (SLG). Nuclei
are stained with DAPI (blue). Scale bars = 25μm. (F) Section from PipGCE/+;R26 TdT/+ SMG at 3 days after
tamoxifen treatment. Single labeled acinar cells (red) co-localize with antibody to Nkcc1 (green). Scale
bar = 50μm (G) Section from PipGCE/+;R26 TdT/+ SMG at P9, isolated 3 days after tamoxifen administration.
Positively labeled acinar cells are red. Nuclei are stained with DAPI. Scale bar = 25μm (H) Section from
PipGCE/+;R26 TdT/+ SMG at 3 months after tamoxifen treatment, co-stained with antibody to Nkcc1 (green) to
label acinar cells. Labeled acinar cells have expanded to clones (red). Scale bar = 50μm (I) Section from
PipGCE/+;R26 TdT/+ SMG after 3 month chase shows expansion of labeled acinar cells into clones
(arrowheads). 3d, 3 days chase; 3mos, 3 month chase; d, duct; Scale bar = 50 μm.

doi:10.1371/journal.pone.0146711.g002
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cells are co-localized with Nkcc1, indicating that they are acinar cells. PipGCE expression was
not detected in duct cells. No expression of R26TdT was detected in the absence of tamoxifen
(data not shown).

The expression of Pip is initiated by embryonic day 14 (E14), and marks proacinar cells in
the developing SMG [21]. However, administration of tamoxifen to pregnant females on 2 con-
secutive days failed to induce PipGCE activity in embryonic SMG after a 2-day chase when ana-
lyzed at E15.5 or E17.5 (data not shown). In contrast, tamoxifen administered by gavage on
postnatal days 4 (P4) through P6 labeled a large number of acinar cells in the SMG by P9 (Fig
2G), although not in parotid, lacrimal or sublingual glands (data not shown). Pip expression is
limited to apocrine glands of the eye, ear canal, and reproductive organs [22]. In agreement, we
detected no activation of PipGCE in kidney, lung, pancreas, prostate, or ovary (data not shown)
following tamoxifen administration. The PipGCE allele therefore represents a specific Cre driver
for genetic manipulation in the SMG.

We have recently reported that differentiated acinar cells in the adult salivary glands con-
tinue to proliferate, and are maintained through self-duplication [7]. As the PipGCE allele drives
tightly controlled, inducible Cre expression in postnatal and adult SMG acinar cells, we exam-
ined whether this system can also be used to follow clonal expansion. Single acinar cells were
genetically labeled in heterozygous PipGCE; R26TdT/+ mice (3 weeks old) by administering
tamoxifen for 3 consecutive days (Fig 2F). After a chase period of 3 months, labeled acinar cells
are present in clusters, evidence of clonal expansion through self-duplication (Fig 2H and 2I),
as described [7]. Thus, the PipGCE can be used to genetically label or modify an expanding pop-
ulation of secretory acinar cells in the SMG.

Dcpp1GCE labels sublingual serous demilune cells and parotid gland
intercalated duct cells
The GCE fusion cassette [19] was inserted into the Dcpp1 gene (gene ID 13184) at the initiation
site in Exon 2 through homologous recombination (Fig 3A). To assess the Cre expression pat-
tern in this line, Dcpp1GCE heterozygote males were mated with females from the R26TdT

reporter strain. Tamoxifen was administered by gavage to 3-week-old Dcpp1GCE/+/ R26TdT/+

mice on 3 consecutive days, and tissues were analyzed after a 3-day chase. In the sublingual
gland (SLG), the tomato red reporter was activated in single cells (Fig 3B). Both cell morphol-
ogy and co-staining with antibody to Nkcc1 indicate that the labeled cells are serous demilunes
(Fig 3C and 3D), as expected based on endogenous Dcpp1 expression (see Fig 1 and S2 Fig).
No expression was detected in mucous acinar cells. The availability of Dcpp1GCE as a molecular
tag for the serous acinar cell type will be useful for defining the specific role of serous demilune
cells in the SLG.

Analysis of parotid glands after a 3-day chase also showed activation of DcppGCE in a scat-
tered cell population (Fig 3E). In the parotid gland, Dcpp1 is exclusively expressed in interca-
lated duct cells (see Fig 1 and S2 Fig) [11]. Higher magnification, as well as absence of co-
localization with antibody to Nkcc1, was used to confirm that tomato red-positive cells are
intercalated duct cells (Fig 3F and 3G). Thus, the Dcpp1GCE allele faithfully recapitulates the
expression pattern of the endogenous Dcpp1 gene.

Intercalated ducts in the parotid gland have long been thought to be the site of salivary
gland stem cells [23–26]. Short-term lineage tracing demonstrated progenitor activity in inter-
calated ducts [27], but lineage tracing from intercalated duct cells into acinar cells has not been
reported. We used Dcpp1GCE/ R26TdT/+ mice to trace the intercalated duct cells over time.
Tamoxifen was administered by gavage to 4-week-old mice for 3 consecutive days. After a
3-month chase, analysis of the parotid glands showed an increased number of labeled cells in
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Fig 3. Characterization ofDcpp1GCE knock-in allele. (A)Generation ofDcpp1GCE knock-in mice. Dcpp1
genomic structure and restrictionmap is shown at the top.White box represents the non-coding exon
sequences and filled boxes, the coding sequences. Thick bars show the sequences used to generate the
homologous arms in the targeting vector. Arrows indicate positions of external long-range PCR primers (5’
external primer and GCE primer) and internal primers (An3’ and Dcpp1R) used for genotyping. (B) Analysis of
Cre expression in sublingual gland (SLG) ofDcpp1GCE/+;R26 TdT/+mice after 3 days of tamoxifen treatment,
followed by a 3-day chase. Activation of Cre results in expression of Tomato red reporter (TdT) (red). (C)Higher
magnification of labeled SLG cells reveals the morphology of serous demilunes (arrowheads). (D) Antibody to
Nkcc1 labels SLG acinar cell membranes, and co-localizes with TdT-labeled serous demilune cell (yellow;
arrowhead). (E) Analysis of Cre expression in parotid gland (Par) ofDcpp1GCE/+;R26 TdT/+mice after 3 days of
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each cluster (compare Fig 3H and 3E). Most of the TdT-positive cells remain within interca-
lated ducts (Fig 3I, arrows). However, there were some TdT-positive cells that co-localized
with Nkcc1 antibody, suggesting that they may be acinar cells (Fig 3I, arrowheads). Given the
widely held view that the intercalated ducts harbor stem cells, further characterization of these
double-labeled cells will clearly be interesting, and underscores the potential utility of this Cre
line. While the question of stem cells remains open, the low number of double-labeled acinar
cells after a 3 month chase is in agreement with our recent conclusion [7] that the intercalated
ducts do not make a significant contribution to replenishment of acinar cells under normal
homeostatic conditions.

Tcfcp2l1GCE drives ectopic expression of Cre in salivary gland acinar as
well as duct cells
The Tcfcp2l1 gene (gene ID 81879) was targeted with the GCE fusion cassette at the initiation
codon in Exon 1 (Fig 4A). The Cre expression pattern was investigated by mating TcfGCE with
the R26TdT/+ reporter strain. Tamoxifen was administered by gavage to 3-week-old mice. After
only one day and a single administration of tamoxifen, tomato red reporter expression was
detected in the SMG, and SLG (Fig 4B and 4D). As expected, many labeled cells were in the
ducts. However, Cre activation was also observed in acinar cells outside the ducts in both
glands (Fig 4B and 4D; arrows). Tamoxifen treatment for 3 days resulted in significantly more
labeled cells, showing that the labeling of acinar cells is dependent on tamoxifen induction
(Fig 4C and 4E). When these cells were analyzed after 1 month, the labeled acinar cells had
expanded into multicellular clones (data not shown), as would be expected based on our recent
demonstration that acinar cells are maintained by self-duplication [7]. Tamoxifen activation of
TcfGCE also induced reporter expression in both duct and acinar cells of the parotid glands (Fig
4F), and in the lacrimal glands, which produce tear secretions at the eye (Fig 4G).

Tcfcp2l1 gene expression is initiated by E13.5 in development, and is required for the matu-
ration of kidney and salivary gland duct cells [18]. To induce activation of TcfGCE in embryos,
tamoxifen was administered intraperitoneally to pregnant females at E13.5, and sections were
analyzed at E15.5. However, we found no evidence of Tomato red reporter expression in the
embryonic salivary glands (data not shown). The pattern of TcfGCE expression was also ana-
lyzed in other tissues. In agreement with published expression patterns for the Tcfcp2l1 gene
[17, 18], tamoxifen did activate TcfGCE in single bronchial cells of the adult lung, and in ducts
of the kidney cortex (Fig 4H and 4I).

We note that in all trials the use of the ROSA 26Stm1Sor (R26LacZ) reporter yielded only lim-
ited detectable expression following tamoxifen induction (data not shown) and is not recom-
mended with these GCE strains. Furthermore, although the GCE cassette comprises a GFP and
CreERT2 in-frame fusion, we were unable to detect GFP fluorescence or GFP signal with anti-
body in any of the 3 strains (data not shown).

tamoxifen treatment, followed by a 3-day chase. Activation of Cre results in expression of TdT (red) in small
clusters of intercalated duct cells (arrowheads). (F)Higher magnification of TdT-labeled (red) intercalated duct
cells (arrowhead). Nuclei are stained with DAPI (blue). (G) Antibody to Nkcc1 labels acinar cells (green). TdT-
positive cells (red) do not co-localize with acinar cells, but are found within the smallest intercalated ducts
(arrowheads). (H) Section fromDcpp1GCE/+;R26 TdT/+ parotid gland after 3 days of tamoxifen treatment,
followed by a 3-month chase. TdT-positive cells (red) are clustered in duct-like structures (arrows). (I) At 3
months chase, TdT-labeled cells (red) derived fromDcpp1-expressing cells are clustered in intercalated ducts
(arrows). Some Dcpp1-labeled cells may overlap with acinar cells labeled with antibody to Nkcc1 (green;
arrowhead). Nuclei are stained with DAPI (blue). 3d, 3 days chase; 3mos, 3 month chase; Scale bars = 50μm
(B,E,H); = 25μm (C,D,F,G); = 20μm (I).

doi:10.1371/journal.pone.0146711.g003
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Discussion
An understanding of salivary gland biology is essential for the development of therapies to
treat salivary gland dysfunction, or to harness the glands for expression and secretion of heter-
ologous proteins for therapeutic use. The parotid, submandibular and sublingual salivary
glands bear morphological, developmental and molecular similarities, but also have distinct
cellular compositions and secretory products. A better understanding of the biology of these
glands will come only with the ability to manipulate or modify salivary gland gene expression.

We report the generation of three mouse strains driving expression of tamoxifen-inducible
CreERT2 for genetic manipulation in the salivary glands. Knock-in targeting of the Pip gene
drives Cre expression specifically in the secretory acinar cells of the SMG. Targeting of the
Dcpp1 gene yields Cre expression specifically in the serous demilune cells of the sublingual
gland, as well as in parotid gland intercalated duct cells, the putative site of salivary gland stem
cells. Targeting of the Tcfcp2l1 gene directs Cre expression to duct cells in all three salivary
gland types, as well as the lacrimal gland ducts, but also drives unexpected ectopic expression
in acinar cells. Although selection of these genes was also based on their patterns of expression
during embryonic salivary gland development, none of the three strains has thus far demon-
strated evidence of prenatal activation of the GCE cassette.

Fig 4. Characterization of TcfGCE knock-in allele. (A)Generation of TcfGCE knock-in mice. Tcfcp2l1
genomic structure and restriction map is shown at the top. White box represents the non-coding exon
sequences and filled boxes, the coding sequences. Thick bars show the sequences used to generate the
homologous arms in the targeting vector. Shaded box represents 5’ external probe used for Southern
blotting. Arrows indicate positions of genotyping PCR primers (An3’ and TcfcpR). (B) Analysis of Cre
expression in TcfGCE/+;R26 TdT/+ mice on frozen sections from submandibular gland (SMG) 1 day after a
single tamoxifen gavage shows TdT-positive labeled duct cells (red; arrowheads) and acinar cells (red;
arrows). Scale bar = 50μm (C) Section of SMG after 3 days tamoxifen gavage shows TdT-positive Cre activity
in ducts, granulated ducts of males (arrowheads) and acinar cells (arrows). Scale bar = 25μm (D) Section of
sublingual gland (SLG) after a single tamoxifen gavage at 1 day shows TdT-positive Cre activity in duct
(arrowhead) and acinar cells (arrow). (E) SLG after 3 days tamoxifen gavage shows increased TdT-positive
labeling of duct (arrowheads) and acinar cells (arrows). (F) Section of parotid (Par) after 3 days tamoxifen
gavage shows TdT-positive labeling of both duct (arrowhead) and acinar cells (arrows). (G) Section of
lacrimal (Lac) gland after 3 days tamoxifen gavage shows labeling of both duct (arrowhead) and acinar cells
(arrow). (H) Section of lung after 3 days tamoxifen gavage shows Cre activity due to TcfGCE expression (red).
(I) Section of kidney after 3 days tamoxifen gavage shows Cre activity due to TcfGCE expression (red). Nuclei
stained with DAPI (blue). Scale bars = 50μm; 1d, 1 day chase; 3d, 3 days chase.

doi:10.1371/journal.pone.0146711.g004
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In contrast to the widely held dogma that salivary gland homeostasis is dependent on stem
cells, we have recently reported that maintenance of differentiated acinar cells in the postnatal
salivary glands is accomplished through self-duplication [7]. Genetic cell labeling using the
PipGCE allele also demonstrates that acinar cells continue to divide and expand clonally in the
adult gland. In agreement with a recent report that intercalated duct cells harbor proliferative
progenitor cells [27], genetic tracing in Dcpp1GCE/+/ R26TdT/+ mice for 3 months showed evi-
dence of duct cell expansion within the intercalated ducts of the parotid gland. However, there
was little evidence of acinar cell replenishment from the labeled intercalated duct cells. This
suggests that acinar cells are not generally replaced by stem cells located within the intercalated
ducts. Taken together, cell tracing using the PipGCE and Dcpp1GCE strains supports a revised
model of acinar cell homeostasis [28], which does not strictly depend on stem cells.

The reason for the unexpected ectopic expression of the TcfGCE in acinar cells is not clear.
In a previously published report, insertion of the βgeo gene trap construct into Exon 2 of the
Tcfcp2l1 gene showed expression that was limited to duct cells [18]. In our targeting construct,
the GCE cassette was inserted into Exon 1 at the initiation site (Fig 4A), suggesting that down-
stream sequences may be required for duct cell-specific expression. Although activation of the
reporter in both duct and acinar cells by TcfGCE could be interpreted as evidence of a stem cell,
we consider this unlikely. First, the ectopic labeling of acinar cells is detected within 24 hours
of tamoxifen administration, a short time window for tracing of acinar cells putatively derived
from a ductal stem cell. Second, in comparison to one day (Fig 4B and 4D), gavage on 3 conse-
cutive days resulted in extensive acinar cell labeling (Fig 4C and 4E), suggesting that increased
numbers of labeled acinar cells is dependent on tamoxifen dose. Third, the high number of
labeled acinar cells generated after the short 3-day chase is inconsistent with recent reports
demonstrating a lack of significant duct cell contribution to acinar cell replacement under nor-
mal homeostatic conditions [7, 27].

We anticipate that the Cre driver strains described here will facilitate numerous types of
investigations into salivary gland biology, including a more detailed analysis of each specific
cell type, to provide further insight into their lineage relationships. These alleles can also be
used to analyze knockout phenotypes as the GCE cassette has been inserted at the start codon
to yield a null allele in all three genes. Recently, it was discovered that Tcfcp2l1 plays a central
role in sustaining ES cell pluripotency through the LIF/Stat3 signaling pathway [29, 30]. The
Tcfcp2l1 transcription factor can reprogram post-implantation epiblast stem cells to ES cells.
Although we have not investigated this, the TcfGCE allele might prove useful for early embry-
onic studies. In humans, PIP has been used as a diagnostic marker for breast cancer [31].
Although it has not yet been established whether the Pip gene is also activated in mouse breast
cancer models, the availability of the PipGCE driver may provide a tool for such studies. Finally,
these Cre drivers can also be used to target floxed genes, or to activate ectopic gene expression
in a cell-specific manner. We expect that these alleles, which are freely available to the general
scientific community, will be valuable tools for genetic manipulation in the salivary glands.

Materials and Methods

Generation ofGCE knock-in mice
The PipGCE (MGI:5661584), Tcfcp2l1GCE (MGI:5662395) and Dcpp1GCE (MGI:5661581) mouse
strains were produced in the Transgenic Facility at the University of Rochester. Genomic
sequences for each targeted gene were isolated from Bac clones (ordered from Children’s Hos-
pital Oakland Research Institute) by PCR amplification. The PipGCE targeting construct was
generated by inserting the diphtheria toxin A gene (DTA, for positive selection), 4.4 kb 5’
homologous arm containing the 5’ UTR of Exon 1, and 4.7 kb 3’ homologous arm including
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Exon 2, 3 and 4 into pBluescript SKII(+). The eGFP-CreERT2 (GCE) fragment [19] with an
SV40 polyadenylation site and Neo cassette were inserted immediately downstream of the
translational initiation codon ATG. The PipGCE knock-in construct removed the coding
sequences from Exon 1 and placed the GCE gene under the control of Pip regulatory
sequences.

The Tcfcp2l1GCE and Dcpp1GCE targeting constructs were generated in a similar manner.
Briefly, a 3.2 kb 5’ homologous arm containing the 5’ UTR of Exon 1 and 5.5 kb 3’ homologous
arm containing Exon 2 were used for the Tcfcp2l1GCE targeting construct. A 3 kb 5’ homolo-
gous arm containing the 5’ UTR of Exon 1, and 6.9 kb 3’ homologous arm including Exons 2, 3
and 4 were used for the Dcpp1GCE targeting construct. Both GCE knock-in constructs removed
the coding sequences downstream from the initiation codon and placed the GCE gene under
the respective regulatory sequences.

To generate PipGCE knock-in mice, the PipGCE targeting construct was linearized with NotI
and was electroporated into 129S6-C57BL/6J embryonic stem (ES) cells. Two targeted ES
clones were identified by Southern blotting using an external 3’ probe (Fig 2A, gray box) and
were injected into C57BL/6J blastocysts to generate mouse chimeras. Chimeras were mated
with C57BL/6J mice to generate heterozygous PipGCE/+ mice. PCR method was used to geno-
type mice generated from subsequent breeding of PipGCE/+ heterozygotes. The PCR primers
used to identify the GCE knock-in allele are An3’: 5- CCA CAC CTC CCC CTG AAC CTG -3’
and PipR: 5’- GCT CTC ATT CTC AGA GAC TCC TG -3’.

To generate Dcpp1GCE knock-in mice, the Dcpp1GCE targeting construct (Fig 3A) was linear-
ized with AscI and was electroporated into 129S6-C57BL/6J embryonic stem (ES) cells. Nine
correctly targeted ES clones were identified by 5’ long range PCR using an external 5’ primer
and GCE internal primer; two of the clones were injected into C57BL/6J blastocysts to generate
mouse chimeras. Chimeras were mated with C57BL/6J mice to generate heterozygous
Dcpp1GCE/+ mice. The long range PCR primers used to identify ES clones are: 5’ external
primer DCPP1 F 11948–86: 5’- GCA GAC AGC CAA CAA GTA CTC TTC GAC TCC TGA
CCT TG -3’ and GCE internal primer GCEmer308-269R: 5’-GAA GTC GTG CTG CTT CAT
GTG GTC GGG GTA GCG GCT GAA G -3’; primers used to identify the GCE knock-in allele
are An3’: 5’- CCA CAC CTC CCC CTG AAC CTG -3’ and Dcpp1R: 5’- GCA GAC TTC AGA
CTT GAC TTA CCT TGT GTC -3’.

To generate Tcfcp2l1GCE knock-in mice, the Tcfcp2l1GCE targeting construct was linearized
with AscI and was electroporated into 129S6-C57BL/6J embryonic stem (ES) cells. Ten targeted
ES clones were identified by Southern blotting using an external 5’ probe (Fig 4A, shaded box).
Two were injected into C57BL/6J blastocysts to generate mouse chimeras. Chimeras were
mated with C57BL/6J mice to generate heterozygous Tcfcp2l1 GCE/+ mice. The PCR primers
used to identify the GCE knock-in allele are An3’: 5'- CCA CAC CTC CCC CTG AAC CTG -3’
and TcfcpR: 5’- TGC AGC GCA GAC CTG CT -3’.

The neomycin gene cassette was removed from each targeted allele by crossing with the
Actin-Flippase mouse strain (Jackson Laboratory) [32]. All three strains were subsequently
backcrossed onto a C57Bl/6 background. Mice were maintained on a 12-hour light/dark cycle
in a one-way, pathogen-free facility at the University of Rochester Medical Center. Food and
water were provided ad libitum.

Characterization of GCE expression in each strain was done using the R26-CMV-TdTo-
mato (R26TdT/ TdT) reporter mouse strain purchased from Jackson Laboratory (Bar Harbor,
Maine). Cre-positive males were mated with R26TdT/TdT females to generate double heterozy-
gotes. Genotyping for TdTomato-positive double heterozygotes used the following PCR prim-
ers: Cre: forward 5’- CACGACCAAGTGACAGCAATGCT- 3’, reverse 5’- CCATCGCTCG
ACCAGTTTAGTTACC- 3’; RTR: forward 5’- CTGTTCCTGTACGGCATGG- 3’, reverse
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5’- GGCATTAAAGCAGCGTATCC- 3’. R26TdT/ + heterozygotes were used as negative con-
trols. Tissues were obtained from mice after euthanasia with CO2, followed by a secondary
method (cervical dislocation).

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the University Committee on Animal Resources at the University of Rochester
Medical Center (protocol: 101362).

Tamoxifen administration
Tamoxifen (156738, MP Biomedicals) was dissolved at 20 mg/ml or 40 mg/ml in corn oil
(Sigma) and administered by intraperitoneal injection (i.p.) at 0.075 mg/g body weight, or by
oral gavage at 0.25 mg/g body weight (adults and neonatal pups) on 3 consecutive days. To
induce Cre in embryos, 0.125 mg/g body weight of tamoxifen was administered to the pregnant
female by i.p. for 1 or 2 consecutive days. Tissues were harvested 3 days after tamoxifen admin-
istration unless otherwise indicated.

Histology
Tissues were harvested and fixed 30 min on ice in 2% paraformaldehyde, 0.25% glutaraldehyde,
0.01% IGEPAL in PBS after 3 days or 3 month (for long-term lineage tracing) tamoxifen
administration. The fixed tissues were rinsed in PBS, equilibrated overnight in 30% sucrose
and embedded into OCT compound (Tissue-Tek). Sections (10 μm thickness) were stained by
DAPI (10 μg/mg) and observed under the fluorescent microscope (IX81, Olympus) or confocal
microscope (TCS SP5, Leica microsystems). For immunohistochemical analysis, tissues were
fixed overnight in 4% paraformaldehyde in PBS at 4 degree, embedded into paraffin and cut
into 5 μm sections. All sections were deparaffinized and subjected to antigen retrieval in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH6.0) for 10 min with heating.
Other steps were performed as described previously (Bullard et al., 2008). Primary antibodies
used were rabbit anti-RTR (1: 500, Rockland) and goat polyclonal anti-Nkcc1 antibody (1:100,
sc-21545, Santa Cruz Biotechnology), rabbit polyclonal anti-Dcpp (Gift from Dr. Art R. Hand,
University of Connecticut Health Center), and rabbit anti-Pip antibody (generous gift from
Dr. Yvonne Myal, University of Manitoba) ([8], 1: 200). Secondary antibodies used were
Cy3-conjugated donkey anti-rabbit or Cy2 labeled donkey anti-goat antibody (1: 500, Jackson
ImmunoResearch).

Imaging
Imaging was done using an Olympus iX81 microscope, Hamamatsu CCD camera, and Meta-
Morph software. Adobe Illustrator1 CS6 and Photoshop1 CS5 (Adobe Systems Incorpo-
rated, San Jose, CA) were used to compile illustrations and to perform image adjustments. All
changes in contrast and brightness were applied to the entire image.

Supporting Information
S1 Fig. Pip expression in adult salivary and lacrimal glands.Upper panel: Antibody to Pip
was used for immunohistochemistry on sections of submandibular (SMG), sublingual (SLG),
parotid (Par), and lacrimal gland (Lac). Positive cells are brown due to labeling with DAB.
White arrows indicate serous demilune cells in SLG. Lower panel was treated with secondary
antibody only. Scale bars = 100 μm
(TIF)
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S2 Fig. Endogenous Dcpp1 expression in sublingual and parotid glands. Antibody to Dcpp1
(generous donation from Dr. Art Hand, University of Connecticut School of Dentistry) high-
lights endogenous expression pattern on sections of (A) serous demilune cells of the SLG
(arrowhead); and (B) intercalated ducts of the parotid gland (arrow). Acini are outlined. Scale
bars = 20 μm.
(TIF)
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