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ABSTRACT
The ocular surface epithelia, including the stratified but non-
keratinized corneal, limbal and conjunctival epithelium, in concert
with the epidermal keratinized eyelid epithelium, function together to
maintain eye health and vision. Abnormalities in cellular proliferation
or differentiation in any of these surface epithelia are central in the
pathogenesis of many ocular surface disorders. Goblet cells are
important secretory cell components of various epithelia, including
the conjunctiva; however, mechanisms that regulate goblet cell
differentiation in the conjunctiva are not well understood. Herein, we
report that conditional deletion of transforming growth factor β
receptor II (Tgfbr2) in keratin 14-positive stratified epithelia causes
ocular surface epithelial hyperplasia and conjunctival goblet cell
expansion that invaginates into the subconjunctival stroma in the
mouse eye. We found that, in the absence of an external phenotype,
the ocular surface epithelium develops properly, but young mice
displayed conjunctival goblet cell expansion, demonstrating that
TGFβ signaling is required for normal restriction of goblet cells within
the conjunctiva. We observed increased expression of SAM-pointed
domain containing ETS transcription factor (SPDEF) in stratified
conjunctival epithelial cells in Tgfbr2 cKOmice, suggesting that TGFβ
restricted goblet cell differentiation directly by repressing Spdef
transcription. Gain of function of Spdef in keratin 14-positive epithelia
resulted in the ectopic formation of goblet cells in the eyelid and
peripheral cornea in adult mice. We found that Smad3 bound two
distinct sites on the Spdef promoter and that treatment of keratin
14-positive cells with TGFβ inhibited SPDEF activation, thereby
identifying a novel mechanistic role for TGFβ in regulating goblet cell
differentiation.
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INTRODUCTION
The ocular surface epithelia, including the stratified but non-
keratinized corneal, limbal, and conjunctival epithelium, in concert
with the epidermal, keratinized eyelid epithelium, function together to
enable eye health and vision (Swamynathan, 2013). The transparent
cornea is essential for vision, and increases in cellular stratification and

keratinization of the cornea result in vision loss or blindness and are
associated with many severe ocular surface diseases (Li et al., 2007).
The limbus exists at the transition between corneal and conjunctival
epithelium, and is a stem cell niche containing limbal stem cells that
migrate centripetally to maintain the cornea (Pellegrini et al., 1999;
Swamynathan, 2013). Conjunctival epithelium, which encompasses
the palpebral conjunctiva, the fornix and the bulbar conjunctiva, lines
the inner surface of the eyelid, is composed of stratified epithelium
interspersed with goblet cells, and adjoins the cornea at the limbus
(Wei et al., 1993, 1997; Pellegrini et al., 1999). Goblet cells are
important secretory cell components of various epithelia, including
the lung (Park et al., 2007; Chen et al., 2009; Tompkins et al., 2009),
the intestine (Radtke and Clevers, 2005) and the conjunctiva (Wei
et al., 1993, 1995, 1997; Mantelli and Argueso, 2008). Within the
conjunctiva, goblet cells secrete aqueous mucins that protect the
surface of the eye by contributing to the tear film to maintain
lubrication, clear molecules and maintain mucosal barrier integrity
(Wei et al., 1993; Mantelli and Argueso, 2008). Abnormalities in
goblet cell function are associated with dry eye syndrome and other
drying diseases (Mantelli and Argueso, 2008; Marko et al., 2013;
Zhang et al., 2013), and lead to perturbations of the ocular surface
epithelium that negatively affect eye health and vision. Mechanisms
that regulate goblet cell differentiation in the conjunctiva are not well
understood, thereby limiting therapeutic options for ocular surface
disorders, such as dry eye syndrome, largely to analgesic measures,
such as artificial tears (Cornec et al., 2014).

Although the precise regulatory networks governing goblet cell
differentiation in the conjunctiva are unknown, conjunctival
phenotypes in murine models have identified Krüppel-like family
4 (KLF4) (Swamynathan et al., 2007; Gupta et al., 2011) and
5 (KLF5) (Kenchegowda et al., 2011), SAM pointed domain-
containing ETS transcription factor (SPDEF) (Marko et al., 2013)
and the Notch signaling pathway (Zhang et al., 2013) as essential
factors required for goblet cell differentiation in the mouse
conjunctiva, as deletion of these genes, or inhibition of Notch
signaling, results in conjunctiva that lack goblet cells. SPDEF plays
a crucial role in goblet cell differentiation in multiple organs,
including the lung (Park et al., 2007), the intestine (Gregorieff et al.,
2009; Noah et al., 2010) and the conjunctiva (Marko et al., 2013).
Although upstream regulators of SPDEF have been reported in the
lung (Ren et al., 2013) and the intestine (Aronson et al., 2014), less
is known about its upstream regulators in the conjunctiva.

Transforming growth factor β (TGFβ) has an established role in
controlling epithelial cell proliferation and differentiation
(Derynck et al., 1998; Feng and Derynck, 2005). In the presence
of TGFβ ligand, the transmembrane serine/threonine kinases
TGFβ receptor I (TGFβRI) and receptor II (TGFβRII)
heterodimerize to phosphorylate Smad2 (Derynck et al., 1998;
Massague and Wotton, 2000). Phosphorylated Smad2 and Smad3
form a heteromeric complex in the cytoplasm with Smad4, theReceived 12 September 2014; Accepted 6 October 2014
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common mediator of TGFβ and bone morphogenetic protein
(BMP) signaling, which translocates to the nucleus and directly
binds DNA to effect transcription of target genes (Derynck et al.,
1998; Massague and Wotton, 2000; McNairn et al., 2013a). BMP
signaling, via Smad4, has been implicated in eyelid development
and differentiation of the mouse conjunctiva at early stages, but
loss of components of canonical TGFβ signaling failed to produce
a perinatal phenotype using Le-Cre (Huang et al., 2009). Although
TGFβ signaling is important for corneal epithelial wound healing
(Terai et al., 2011), and loss of Tgfbr2 in CD4+ T cells induces an
immune response in the eye (DePaiva et al., 2011), a cell-
autonomous function for TGFβ signaling in conjunctival
epithelial cell fate or goblet cell differentiation has not been
identified.
Here, we report that conditional deletion of Tgfbr2 in keratin 14

(K14)-positive stratified epithelia causes ocular surface epithelial
hyperplasia and conjunctival goblet cell expansion that invaginates
into the subconjunctival stroma in the mouse eye. We found that the
ocular surface epithelium develops properly in the absence of TGFβ
signaling, but young asymptomatic mice displayed conjunctival
goblet cell expansion, demonstrating that TGFβ signaling is
required for restriction of goblet cells differentiation within the
conjunctiva. The adult hyperplastic Tgfbr2-deficient palpebral
conjunctiva retained its conjunctival identity but displayed
increased SPDEF expression, not only in goblet cells but also in

stratified conjunctival epithelial cells. Overexpression of SPDEF in
K14-positive epithelia resulted in the formation of ectopic goblet
cells in the eyelid and peripheral cornea in adult mice. We
hypothesized that TGFβ restricted goblet cell differentiation directly
by repressing Spdef transcription. We found that Smad3 bound two
distinct sites on the Spdef promoter and that treatment of K14-
positive cells with TGFβ inhibited SPDEF activation, thereby
identifying a novel mechanistic role for TGFβ in the regulation of
goblet cell differentiation.

RESULTS
Tgfbr2 conditional deletion inK14-expressing cells results in
progressive periorbital tissue expansion with narrowing of
the palpebral fissure
Murine ocular surface epithelium is derived from K14-expressing
cells (Pajoohesh-Ganji et al., 2012; Zhang et al., 2013).Mice that lack
Tgfbr2 in stratified epithelia expressing K14 (cKO mice; K14-
Cre×Tgfbr2flox/flox), including skin, oral and anogenital epithelia, are
susceptible to squamous cell carcinoma formation (Lu et al., 2006;
Guasch et al., 2007). Here, we report that these mice also develop
progressive periorbital tissue expansion with narrowing of the
palpebral fissure upon aging. To lineage trace Tgfbr2-deficient cells
in the eye, we backcrossedK14-Cre×Tgfbr2flox/floxmicewith an eYFP
reporter strain (R26R-eYFPflox-STOP-flox) (Srinivas et al., 2001)
(Fig. 1A), such that K14-positive epithelial cells, including those of

Fig. 1. Tgfbr2 conditional deletion in K14-expressing cells results
in progressive periorbital tissue expansion with narrowing of the
palpebral fissure. (A) Triple transgenic mice were obtained by
crossing Tgfbr2flox/flox mice with R26R-eYFPflox-STOP-flox mice and
K14-Cremice. (B) External appearance of K14-Cre×Tgfbr2+/+×R26R-
eYFPflox-STOP-flox wild-type and K14-Cre×Tgfbr2flox/flox×R26R-
eYFPflox-STOP-flox (Tgfbr2 cKO) eyes showing representative examples
of mice with an asymptomatic, a moderate and a severe phenotype.
Asterisks indicate that the lens is autofluorescent. (C,D) YFP-positive
and YFP-negative cells were isolated by FACS from dissected eyes of
cKOmice and subjected to mRNA extraction and qPCR. Fluorescence
in the PerCP channel was used to exclude autofluorescence. Data
represent the mean±s.d.; Student’s t-test, *P=0.007.
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the ocular surface epithelium, lacked Tgfbr2 and expressed YFP
(McCauley and Guasch, 2013). The external appearance of juvenile
Tgfbr2 cKO eyes, between birth and 8 months of age, appeared
indistinguishable from the eyes of age-matched wild-type mice;
however, by ∼9 months of age, the periocular tissue of Tgfbr2 cKO
mice became grossly swollen and enlarged, with excessive mucous
discharge andmarked narrowing of the palpebral fissure (Table 1 and
Fig. 1B). YFP fluorescence was detected in both wild-type
(K14-Cre×Tgfbr2+/+×R26R-eYFPflox-STOP-flox) and Tgfbr2 cKO skin
and eyelid epithelium, demonstrating efficient targeting by K14-Cre
(Fig. 1B). We confirmed expression of YFP in the ocular surface
epithelium of adult wild-type mice, and verified the normal
cell-surface expression pattern of TGFβRII in the basal layer of
eyelid, conjunctival and corneal epithelia (supplementary material
Fig. S1A-C). Tgfbr2 cKO ocular surface epithelium also expressed
YFP, indicating its derivation from K14-expressing cells, but lacked
expression of TGFβRII in eyelid, conjunctival and corneal epithelia
(supplementarymaterial Fig. S1D-F). Additionally, the loss ofTgfbr2
was directly demonstrated at the mRNA level in YFP-positive cells
isolated from Tgfbr2 cKO eyes (Fig. 1C,D), providing evidence that
the loss of Tgfbr2 in the ocular surface epithelium caused ocular
pathology in these mice.

Tgfbr2-deficient mice develop extensive abnormalities in
eyelid, corneal and conjunctival epithelia
In order to characterize the ocular phenotype, we first assessed the
ocular histology of Tgfbr2 cKO mice and age-matched wild-type
controls by Hematoxylin and Eosin (supplementary material Fig. S2)
and periodic acid-Schiff’s (PAS) staining (Fig. 2). The eyelid swelling
observed in Tgfbr2 cKO mice was due to marked conjunctival
epithelial hyperplasiawith epithelial cell nests and epithelial cell-lined
cystic spaces invaginating into the underlying stroma (Fig. 2B).
Some mice developed a more severe phenotype with additional
abnormalities, including thickened, keratinized and/or ulcerated
corneal epithelium, thickened eyelid epithelium with parakeratosis
and/or hyperkeratosis, and variable occurrence of ectopic goblet cells
in the peripheral cornea and squamous eyelid epithelium (Table 1,
Fig. 1B, Fig. 2A,B; supplementary material Fig. S2). Given that
Tgfbr2 cKO mice are known to be susceptible to squamous cell
carcinoma (Lu et al., 2006;Guasch et al., 2007),Tgfbr2 cKOeyeswere
histologically evaluated for features of malignancy. The invaginating
hyperplastic Tgfbr2 cKO conjunctival epithelium lacked dysplastic
cytological features andmitotic activity characteristic of squamous cell
carcinoma, and the surrounding stroma lacked the desmoplastic

response typical of invasive carcinomas. Furthermore, analysis of
LM332 (formerly called kalinin or laminin 5), a basement membrane
marker that, when discontinuous, is indicative of invasion (Barsky
et al., 1983), revealed a continuous and intact basement membrane
throughout the invaginated hyperplastic Tgfbr2 cKO conjunctiva
(supplementary material Fig. S3). The histopathology of the Tgfbr2
cKO ocular phenotype shared features with inverted mucoepidermoid
papillomas and inverted follicular keratosis, which are benign lesions.
By 9 months of age, all Tgfbr2 cKO mice analyzed displayed gross
ocular pathology (Table 1). Therewas a marked increase in goblet cell
density at the expense of stratified, non-goblet epithelial cells in the
conjunctival fornix of symptomatic Tgfbr2 cKO mice (Fig. 2A′,B′).
Furthermore, goblet cells in the expanded and invaginatedTgfbr2 cKO
conjunctiva expressed Muc5AC (Fig. 2C,D), a mucin normally
produced by human and murine conjunctival goblet cells (Mantelli
and Argueso, 2008). Taken together, these results suggest that TGFβ
signaling may play a previously unidentified role in ocular surface
epithelial homeostasis and differentiation.

Tgfbr2-deficient ocular surface epithelia differentiate
properly, but Tgfbr2-deficient conjunctiva begins to
invaginate by 6 weeks of age
To determine whether Tgfbr2 cKO eyes developed normally, we
examined expression of ocular surface differentiation markers in
asymptomatic 6-week-old mice (Fig. 3). We found no difference
betweenwild-type andTgfbr2 cKOmice in keratin 10 expression in the
skin and eyelid epithelium (Fig. 3A,B)or in keratin 12 expression in the
corneal epithelium (Fig. 3C,D). Paired box homeotic gene 6 (Pax6), a
master regulator of corneal epithelial differentiation (Li et al., 2007),
which is essential for maintenance of corneal cell fate (Ouyang et al.,
2014), is also normally expressed in Tgfbr2 cKO mice (Fig. 3E,F).
Although no difference in keratin 13 expressionwas observed between
wild-type and Tgfbr2 cKO conjunctiva, we found that the Tgfbr2 cKO
conjunctiva had keratin 13-positive papillary epithelial hyperplasia in
the absence of external symptoms (Fig. 3G,H; supplementarymaterial
Fig. S4A,B). Furthermore, we observed an increase in goblet cell
density in asymptomatic Tgfbr2 cKO conjunctiva between 6 weeks
and 5 months of age, with a paucity of intervening non-goblet cell
stratified epithelium, compared with K14-Cre-negative littermate
conjunctiva (supplementary material Fig. S4C,D). These data
demonstrate that, although the ocular surface epithelium develops
normally in the absence of TGFβ signaling, TGFβ is required for
normal restriction of goblet cell differentiation in the conjunctiva
(supplementary material Fig. S4E).

Table 1. Summary of abnormalities observed in Tgfbr2-deficient eyes

Age

Gross
phenotype
observed (n)

Number of eyes
sectioned for detailed
analysis

Conjunctival GC
expansion and
epithelial invagination (%)

Eyelid epithelial
thickening, with or
without ectopic GCs (%)

Corneal epithelial
thickening, with or
without ectopic GCs (%)

Wild type
1-8 months 0* 3 0 0 0
Over 9 months 0* 10 0 0 0

Tgfbr2 cKO
1-8 months 0 5 100 0 0
Over 9 months 70 21 100 90.5 38

Adult Tgfbr2 cKO mice developed progressive periorbital tissue expansion with narrowing of the palpebral fissure with 100% frequency as they aged, whereas
wild-type (either K14-Cre×Tgfbr2+/+×R26R-eYFPflox-STOP-flox or Cre-negative Tgfbr2flox/flox×R26R-eYFPflox-STOP-flox) mice never developed an eye phenotype.
*Careful observation of over 100 wild-type mice in the colony from 5 months to 2 years of age. Between birth and 8 months of age, Tgfbr2 cKOmice displayed no
gross ocular pathology; however, upon histologic analysis, all mice between 1 month and 8 months of age displayed conjunctival epithelial hyperplasia with
invagination into the subconjunctival stroma and conjunctival goblet cell (GC) expansion. As mice aged beyond 9 months, eyelids were swollen due to
invaginating conjunctival epithelial hyperplasia deep into the underlying stroma. In 90.5% of cases analyzed, we observed hyperplasia of the eyelid epithelium
(see Fig. 4), with or without parakeratosis and/or hyperkeratosis; in 38% of cases analyzed, we observed hyperplasia, keratinization and/or ulceration of the
cornea (see Fig. 5). Occasionally, we observed sporadic ectopic goblet cells in the eyelid or peripheral corneal epithelium (see Fig. 2).
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Adult Tgfbr2-deficient eyelid epithelium is hyperplastic
Although Tgfbr2-deficient eyes differentiated properly at early stages,
we observed marked changes in eyelid, corneal and conjunctival
epithelium in adult Tgfbr2 cKOmice (Table 1, Fig. 2; supplementary
material Fig. S2). Because TGFβ is known to regulate epithelial
cellular proliferation and differentiation (McNairn et al., 2013a,b), we
questioned whether the K14-positive ocular surface epithelia in adult
Tgfbr2 cKO mice was hyperproliferative. The eyelid epithelium of

adult Tgfbr2 cKO mice was expanded, containing three to five
additional p63-positive basal layers and three to five additional keratin
10-positive suprabasal layers compared with wild-type eyelid
epithelium (Fig. 4A-D). Quantification of 5-bromo-2-deoxyuridine
(BrdU) staining revealed that Tgfbr2 cKO eyelid epithelium was
hyperproliferative, compared with wild type (Fig. 4E-G).

The hyperplastic Tgfbr2-deficient adult cornea becomes
keratinized
Of all adult Tgfbr2 cKO mice analyzed, ∼38% displayed severely
affected corneal epithelium (Table 1).AdultTgfbr2 cKOmicewithout
severe corneal pathology displayed a reduction in the number of
stratified corneal epithelial layers and aweakening of expression of the
corneal epithelial marker keratin 12 (Fig. 5A,B). However, in Tgfbr2
cKO mice with severely affected corneal pathology, keratin 12
expression was completely lost in the corneal epithelium, which was
associated with an increase in epithelial stratification (Fig. 5C). Loss
of keratin 12 expression occurred progressively, beginning with loss
of expression in the central cornea as the number of corneal epithelial

Fig. 2. Tgfbr2-deficient mice develop eyelid, corneal and conjunctival
epithelial hyperplasia. (A-B′) Combined PAS and Hematoxylin and Eosin
staining demonstrated extensive squamous andmucous epithelial hyperplasia
with invaginations into the underlying stroma, involving the palpebral
conjunctiva, fornix and eyelids of symptomatic Tgfbr2 cKOmice compared with
sections of comparable regions from age-matched wild-type mice. Ectopic
goblet cells (magenta) were found within Tgfbr2 cKO hyperplastic eyelid
epithelium and peripheral corneal epithelium (B, asterisks). Higher
magnification of the boxed areas are shown in A′ and B′. White arrows indicate
non-goblet cell stratified conjunctival epithelial cells interspersed between
goblet cells. (C,D) Goblet cells within the expanded and invaginated Tgfbr2
cKO conjunctiva expressed Muc5AC. Dotted lines indicate the basal layer.
DAPI counterstains nuclei in blue. co, cornea; le, lens; f, fornix; p, palpebral
conjunctiva; M, Meibomian gland; el, eyelid; f, fornix. Scale bars: 100 µm in
A,B,C,D; 20 µm in A′,B′.

Fig. 3. Tgfbr2-deficient ocular surface epithelia differentiate properly.
(A-F) Immunofluorescent staining with antibodies against keratin 10 (A,B),
keratin 12 (C,D), Pax6 (E,F) and keratin 13 (G,H) on eyes dissected from
6-week-old mice indicated that the eyelid (A,B), cornea (C-F) and conjunctiva
(G,H) developed normally in Tgfbr2 cKO mice. In the absence of external
symptoms, the Tgfbr2 cKO conjunctiva was noted to invaginate into the
subepithelial stroma by 6 weeks of age (H). Dotted lines indicate the basal
layer. DAPI counterstains nuclei in blue. el, eyelid; hf, hair follicle; f, fornix.
Scale bars: 50 µm in A,B,G,H; 20 µm in C-F.
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layers increased (supplementarymaterial Fig. S5).Wewere interested
to see whether the expression of other corneal markers was lost or
affected in Tgfbr2 cKO mice. We observed no change in Pax6
expression between wild-type and Tgfbr2 cKO corneal epithelium
(Fig. 5D-F), suggesting that Pax6 functions either upstream or
independently of the TGFβ signaling pathway in this context. The
murine cornea normally expresses p63 in the basal layer; p63 staining
revealed an expansion of the corneal basal layer in severely affected
Tgfbr2 cKO mice (Fig. 5G-I). The severely affected Tgfbr2 cKO
cornea became keratinized, as the expanded suprabasal layers
expressed keratin 10 (Fig. 5L). We did not find any keratin 10
expression in adult wild-type or adult asymptomatic Tgfbr2 cKO
corneal epithelium (Fig. 5J,K). Quantification of BrdU staining
revealed that severely affected Tgfbr2 cKO corneal epithelia was
hyperproliferative compared with wild-type or asymptomatic adult
Tgfbr2 cKO (Fig. 5M-P).

The hyperplastic Tgfbr2-deficient palpebral conjunctiva is
hyperproliferative
The hyperplastic Tgfbr2 cKO conjunctiva retained keratin 13
expression, a marker of normal conjunctival epithelium (Fig. 6A-C).
Quantification of BrdU staining indicated that the Tgfbr2 cKO
palpebral conjunctival epithelium was hyperproliferative compared
with wild-type palpebral conjunctiva (Fig. 6D-F), but there was no
significant difference in proliferation in the conjunctival fornix
(Fig. 6G-I) between wild-type and Tgfbr2 cKO mice. Quantification
of the ratio of BrdU-positive cells to total basal epithelial cells
demonstrated that the stratified conjunctival epithelial cells, but not

Fig. 4. The Tgfbr2-deficient eyelid becomes hyperplastic with age.
Immunofluorescence staining with antibodies against the suprabasal marker
keratin 10 (A,B), the basal marker p63 (C,D) and BrdU (E,F) indicated that the
Tgfbr2 cKO eyelid epithelium (B) was hyperplastic with increased epithelial
layers (brackets) compared with wild type. (E-G) Quantification (G) of BrdU
immunofluorescence staining (E,F, arrows) indicated that the Tgfbr2 cKO
eyelid epithelium was hyperproliferative. Data represent the mean number of
BrdU-positive cells in relation to total basal epithelial cells±s.d.; Student’s
t-test; *P=0.003. hf, hair follicle. Asterisks in C,D indicate autofluorescence
originating from the hair shaft. Scale bars: 50 µm in A-D; 20 µm in E,F.

Fig. 5. The hyperplastic Tgfbr2-deficient adult cornea becomes
keratinized. (A-C) Immunofluorescence staining with antibodies against
keratin 12 (A-C), Pax6 (D-F), p63 (G-I), keratin 10 (J-L) and BrdU (M-O)
indicated that the corneal epithelium of adult Tgfbr2 cKO mice becomes
keratinized with increasing phenotypic severity. (M-P) Quantification (P) of
BrdU immunofluorescence staining (M-O, arrows) indicated that the severely
affected Tgfbr2 cKO corneal epithelium was hyperproliferative compared with
wild-type and asymptomatic Tgfbr2 cKO adult corneal epithelium. Data
represent the mean number of BrdU-positive cells in relation to total basal
epithelial cells ±s.d.; Student’s t-test; *P=0.04. Dotted lines indicate the basal
layer. Asterisk in C denotes autofluorescence in the stroma. DAPI
counterstains nuclei in blue. Scale bars: 20 µm.
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goblet cells, were hyperproliferative in Tgfbr2 cKO palpebral
conjunctiva, whereas the ratio of stratified epithelial cells to goblet
cells was unchanged (Fig. 6J). Conversely, quantification of the ratio
of BrdU-positive cells to total basal epithelial cells in the conjunctival
fornix revealed no significant difference inproliferationbetweenwild-
type and Tgfbr2 cKO mice, whereas the ratio of stratified epithelial
cells to goblet cells reflected an expansion of the goblet cell
compartment (Fig. 6K). The lack of BrdU-positive goblet cells
indicated that the increase in goblet cell density observed in theTgfbr2
cKO conjunctiva was a result of aberrant differentiation rather than
goblet cell proliferation.

The hyperplastic Tgfbr2-deficient stratified palpebral
conjunctiva exhibits increased SPDEF expression
associated with the goblet cell expansion
We next sought to identify whether the hyperplastic conjunctival
epithelium invaginating into the subconjunctival stroma of Tgfbr2
cKO mice retained normal conjunctival identity. We confirmed
that Tgfbr2 cKO conjunctiva, despite the expansion and marked
abundance of goblet cells, expressed normal markers of conjunctival
epithelium, including keratin 13 (Fig. 6A-C), KLF5 (Fig. 7A-C) and
SPDEF (Fig. 7D-F). Interestingly, although KLF5 staining appeared
consistent between wild-type and Tgfbr2 cKO conjunctiva, SPDEF

staining appeared markedly increased in the nuclei of goblet cells, as
well as abundantly expressed in the nuclei of interspersed stratified
cells in the hyperplastic Tgfbr2-deficient conjunctival epithelium
(Fig. 7D-F). We confirmed that Spdef mRNA expression was
significantly increased in Tgfbr2-deficient conjunctival epithelium
isolated by laser-capture microdissection (Fig. 7G-I). These data
suggest that the increased conjunctival stratified epithelial SPDEF
expression may promote goblet cell expansion in Tgfbr2-deficient
mice.

Overexpression of SPDEF in K14-positive epithelium results
in ectopic goblet cell formation and upregulation of goblet
cell-associated genes
To test whether epithelial expression of SPDEF was sufficient to
drive goblet cell differentiation in the ocular surface epithelia, we
bred mice to express SPDEF in all K14-positive cells, including
those of the ocular surface epithelia, in a doxycycline-inducible
manner (K14-rtTA×TRE2-Spdef ) (Fig. 8A). When doxycycline was
administered continuously from birth, K14-rtTA×TRE2-Spdef mice
displayed growth retardation compared with K14-rtTA littermates,
and died by 3 weeks of age. Analysis of these mice at postnatal day
18 (P18) revealed abundant nuclear SPDEF expression in skin,
eyelid and conjunctival epithelium, and patchy expression in the

Fig. 6. Tgfbr2-deficient stratified conjunctival
epithelial cells, but not goblet cells, are
hyperproliferative. (A-I) Immunofluorescence staining
with antibodies against keratin 13 (A-C) revealed positive
keratin 13 expression in the Tgfbr2 cKO conjunctival
epithelium (B), including the hyperplastic conjunctival
epithelium (C). (D-I) Quantification (F,I) of BrdU
immunofluorescence staining (D,E,G,H, arrows)
indicated that the Tgfbr2 cKO palpebral conjunctiva, but
not the fornix, was hyperproliferative compared with wild
type. (J,K) Quantification of the ratio of BrdU-positive cells
to total basal epithelial cells demonstrated that the
stratified conjunctival epithelial cells, but not goblet cells,
were hyperproliferative in Tgfbr2 cKO palpebral
conjunctiva, whereas the ratio of stratified epithelial cells to
goblet cells remained unchanged (J). Quantification of the
ratio of BrdU-positive cells to total basal epithelial cells in
the conjunctival fornix demonstrated no significant
difference in proliferation between wild-type and Tgfbr2
cKO mice, whereas the ratio of stratified epithelial cells to
goblet cells reflected an expansion of the goblet cell
compartment (K). Asterisk in B denotes autofluorescence
originating from inflammatory cells. Asterisk in D indicates
a rare BrdU-positive goblet cell. Data represent the
mean number of BrdU-positive cells in relation to total
basal epithelial cells±s.d.; Student’s t-test; *P=0.02.
cj, conjunctival; p, palpebral conjunctiva; f, conjunctival
fornix. Scale bars: 50 µm in A-C; 20 µm in D,E,G,H.
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corneal epithelium in K14-rtTA×TRE2-Spdef mice compared with
K14-rtTA alone; however, no additional or ectopic goblet cells were
found outside the conjunctiva, and no changes in goblet cell density
in the conjunctiva were observed (supplementary material Fig. S6).
Doxycycline-induced SPDEF expression in adult mice, from P30
to P42 or from P120 to P148, resulted in an overt phenotype in
K14-rtTA×TRE2-Spdef mice, which is characterized by progressive
periorbital tissue expansion with narrowing of the palpebral fissure
(supplementary material Fig. S7A), reminiscent of the external
phenotype observed in Tgfbr2 cKO mice (Fig. 1). We found
increased goblet cell density in the palpebral conjunctiva and
conjunctival fornix of doxycycline-induced adult K14-rtTA×TRE2-
Spdef mice compared with K14-rtTA littermates (Fig. 8B,C),
suggesting that the level of SPDEF expression in the conjunctiva
may correlate with goblet cell density. We confirmed abundant
nuclear expression of SPDEF in K14-positive epithelia of
doxycycline-induced adult K14-rtTA×TRE2-Spdef mice, including
the skin, eyelid and conjunctiva (Fig. 8D-G; supplementary material
Fig. S7B,C), but observed only occasional nuclear SPDEF
expression in the cornea (supplementary material Fig. S7E).
SPDEF expression was limited to goblet cell nuclei in the
conjunctival epithelium in doxycycline-treated K14-rtTA
littermates (Fig. 8D,E), replicating the normal pattern observed in
wild-type animals, as expected (Fig. 7D). Although no ectopic
goblet cells were observed in the skin or cornea of doxycycline-
induced adult K14-rtTA×TRE2-Spdefmice (supplementary material
Fig. S7B-E), clusters of ectopic goblet cells were found interspersed
in the eyelid epithelium and in the peripheral cornea (Fig. 8F-K;
supplementary material Fig. S8), indicating that overexpression of
SPDEF is sufficient to drive goblet cell differentiation in adult K14-
positive ocular epithelia. Lentiviral-mediated overexpression of

SPDEF (Chen et al., 2009) in K14-positive cells resulted in modest
yet significant upregulation of goblet cell-associated genes, such as
Muc5aC, Foxa3 and Gcnt3 (Fig. 8L,M), confirming the in vivo
observation that SPDEF is sufficient for goblet cell differentiation in
K14-positive stratified epithelia.

TGFβ negatively regulates SPDEF in a Smad3-dependent
manner
Because loss of function of Tgfbr2 and gain of function of Spdef
both resulted in expansion of the goblet cell compartment in the
mouse eye, we hypothesized that TGFβ directly repressed Spdef
to control goblet cell differentiation. Inspection of the promoter
region of the mouse Spdef gene revealed five putative Smad-
binding elements (SBE) that are evolutionarily conserved and
not found in repeat regions of the genome (Fig. 9A). Four of
these sites contained the consensus SBE sequence GTCT (sites
1-4) (Derynck et al., 1998; Massague and Wotton, 2000),
whereas one site (site 5) contained the consensus repressive SBE
sequence GNNTTGGNGN (Kerr et al., 1990; Frederick et al.,
2004). We performed chromatin immunoprecipitation to
determine whether Smad3, a canonical effector of TGFβ
signaling, bound the potential SBE in the Spdef promoter.
Smad3 bound to the Spdef promoter at sites 3 and 5, but not sites
1, 2 or 4 (Fig. 9B), indicating that Spdef may be a previously
unidentified target of TGFβ signaling. To test directly whether
TGFβ regulated the transcriptional activity of Spdef, we
performed luciferase reporter assays. Overexpression of Smad3
in K14-positive cells and treatment with TGFβ resulted in an
85% reduction in luciferase activity driven by 7 kb of the mouse
Spdef promoter (Fig. 9C). In parallel, we performed these
luciferase promoter assays using K14-positive cells from Tgfbr2

Fig. 7. The hyperplastic Tgfbr2-deficient conjunctiva
exhibits increased SPDEF expression associated with
the goblet cell expansion. (A-C) Immunohistochemistry
on the conjunctival epithelium in wild-type (A) and Tgfbr2
cKO mice (B), and the invaginated conjunctival epithelium
within the subepithelial stroma of Tgfbr2 cKO eyes (C)
showed similar expression of KLF5. (D-F) Alcian Blue-
positive goblet cells within the conjunctiva of wild-type
mice expressed SPDEF (D, black arrows). Alcian Blue-
positive goblet cells (black arrows), as well as some
stratified Alcian Blue-negative epithelial cells (white
arrows) within the conjunctiva (E) and the epithelial
invaginations (F) of Tgfbr2 cKO mice strongly expressed
SPDEF. Nuclear Fast Red stains all nuclei in red. Scale
bars: 20 µm. (G-H′) Conjunctival fornix (G,H) from wild-
type (G,G′) and Tgfbr2 cKO (H,H′) mice were subjected to
laser-capture microdissection and RNA extraction.
(I) Tgfbr2 cKO conjunctival epithelium expressed Spdef
over 400,000 fold more than in wild type. Data represent
the mean±s.d.; Student’s t-test, *P=0.00006. f, fornix.
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cKO mice and found no change in the transcriptional activity of
Spdef after treatment with TGFβ (Fig. 9C), indicating that loss of
TGFβRII abolishes regulation of Spdef in response to TGFβ
signaling. Taken together, these data indicate that TGFβRII is
essential for modulating Spdef expression and goblet cell
differentiation in K14-positive cells.

DISCUSSION
Loss of TGFβ signaling in the ocular surface epithelium is not
sufficient to drive carcinogenesis
Present findings elucidate a new role for TGFβ signaling in the
ocular surface epithelium. We found that loss of TGFβ signaling in
the conjunctiva results in goblet cell expansion and conjunctival

Fig. 8. Overexpression of SPDEF in K14-positive epithelium results in ectopic goblet cell formation in vivo and upregulation of goblet cell-associated
genes in vitro. (A) K14-rtTA mice were crossed to TRE2-Spdef mice and fed doxycycline to induce SPDEF expression in K14-positive epithelium at three
different timepoints (P0, P30 and P120), and analyzed at P18, P42 and P148, respectively. (B,C) Immunofluorescence staining with an antibody against Muc5AC
revealed that adult K14-rtTA×TRE2-Spdef mice (C), which were induced with doxycycline from P120 to P148, exhibited increased goblet cell density in the
conjunctival fornix, compared with K14-rtTA control littermates (B). Dotted lines indicate the basal layer. (D-K) Immunohistochemistry with an antibody
against SPDEF revealed that adult K14-rtTA control mice expressed SPDEF exclusively in the nuclei of conjunctival goblet cells (D,E). However, adult
K14-rtTA×TRE2-Spdefmice, induced at P120, expressed SPDEF abundantly throughout eyelid epithelium and conjunctival epithelium (F,G), and formed ectopic
Alcian Blue-positive goblet cells in the eyelid epithelium (arrows, F) and peripheral cornea (arrows, G), which also expressed PAS (H,I, arrows) and Muc5AC (J,K,
arrows). (J,K) Co-immunofluorescence staining with an antibody against keratin 12 revealed goblet cells in the keratin 12-positive peripheral corneal epithelium.
(L,M) Lentiviral infection of K14-positive cells with the full-length Spdef gene resulted in a 10,000-fold enrichment of Spdef mRNA compared with cells
infected with empty vector control (*P=0.00004) (L), and significantly upregulated genes associated with goblet cell differentiation, including Muc5aC
(*P=0.00005), Foxa3 (*P=0.006) and Gcnt3 (*P=0.002) (M). Data represent the mean±s.d.; Student’s t-test. Scale bars: 50 µm. f, fornix; el, eyelid; co, cornea;
p, palpebral conjunctiva; lim, limbus.
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epithelial hyperplasia. TGFβ signaling has been widely implicated
in cancer, and can function as both a tumor suppressor and tumor
promoter. Loss of either Smad3 (Maggio-Price et al., 2006) or
Smad4 (Takaku et al., 1999), the common mediator Smad, has been
reported to cause gastric and duodenal mucinous adenocarcinoma,
characterized by an abundance of goblet cells. Similarly, mucinous
squamous cell carcinoma-like tumors have been reported in the peri-
orbital region when αv-integrin, a cell-surface protein that interacts
with TGFβ in the extracellular matrix, is conditionally deleted using
a neuronal specific GFAP-Cre recombinase (McCarty et al., 2008).
Transition zones are unique regions between two distinct types of
epithelia (McNairn and Guasch, 2011), which develop spontaneous
malignant tumors when TGFβ is compromised. These spontaneous
tumors occur at the anorectal (Guasch et al., 2007; Honjo et al.,
2007; Yoshinaga et al., 2008), the gastrointestinal (Bleuming et al.,
2007) and the gastric transition zones (Nam et al., 2012). Loss of
TGFβ signaling is not sufficient on its own to cause spontaneous
tumors in non-transition zone epithelia, including the tongue (Bian
et al., 2009), the skin (Guasch et al., 2007), the pancreas (Ijichi et al.,
2006), the intestine (Takaku et al., 1999) or the colon (Maggio-Price
et al., 2006), in which additional insults are required to drive
carcinogenesis. Intriguingly, the limbal transition zone is highly
susceptible to tumor formation in humans (Lavker et al., 2004), but
a link to loss of TGFβ signaling has not been established. The goblet
cell expansion and conjunctival epithelial hyperplasia observed in
our Tgfbr2 cKO mice does not have the morphological features
indicative of a malignant lesion, and maintains an intact basement
membrane. Moreover, no invasive tumor was detected in the
limbus, supporting the concept that consequences of epithelial
TGFβ deficiency differ contextually. Our results indicate that loss of

TGFβ signaling in the ocular surface epithelium is sufficient to
promote epithelial hyperplasia and goblet cell differentiation but is
not sufficient for progression to carcinoma.

A new role for TGFβ in regulating cellular differentiation
This is the first report of TGFβ directly regulating goblet cell
differentiation in any system, although TGFβ has an established
role in controlling differentiation in other epithelia. In the
sebaceous (McNairn et al., 2013b) and salivary (Janebodin et al.,
2013) glands, inhibition of TGFβ signaling in vitro results in an
increase of differentiated, mature structures. Our findings support
this trend, by which the loss of TGFβ signaling in the conjunctival
epithelium results in an expansion of differentiated goblet cells.
Although it is known that goblet cells and stratified conjunctival
epithelial cells share a common progenitor (Wei et al., 1997;
Pellegrini et al., 1999), definitive goblet cell precursor cells have
not been identified. We found strong nuclear expression of SPDEF
in both goblet cells as well as stratified conjunctival epithelial cells
in Tgfbr2 cKO mice, but only detected SPDEF in the nuclei of
goblet cells in wild-type conjunctiva. Transgenic overexpression of
SPDEF in adult K14-positive epithelium resulted in abundant
nuclear SPDEF expression in the skin, eyelid and conjunctiva;
however, we did not observe ectopic goblet cell formation in the
skin, suggesting that the skin is a specialized type of epithelium that
uses mechanisms to control cellular differentiation that differ from
mechanisms operating in the ocular surface epithelium. SPDEF
was only sporadically expressed in the nuclei of the corneal
epithelium, indicating that, although the cornea is derived from
K14-expressing cells, K14 may not be the most efficient driver for
transgenic studies involving the cornea. However, transgenic

Fig. 9. TGFβ negatively regulates SPDEF in a Smad3-dependent manner. (A) Promoter analysis using MatInspector (Genomatrix) revealed five putative
Smad-binding elements (SBEs) in the Spdef promoter, including four SBEs containing the consensus sequence GTCT (sites 1-4), and one repressive SBE
containing the consensus sequenceGNNTTGGNGN (site 5). All five sites are evolutionarily conserved and are not within repeat regions. Sites 1 and 2 are located
3511 bp upstream of the transcription start site (TSS, black arrow) of the Spdef gene. Site 3 is located within exon 1 of the Spdef gene and Site 4 is located
within the first intron of the Spdef gene. The inhibitory Site 5 is located 1065 bp upstream of the TSS of Spdef. (B) Chromatin immunoprecipitation with an
anti-Smad3 antibody was used to isolate DNA fragments that were amplified by primers designed to flank sites 3 and 5 in theSpdef promoter, but not sites 1 and 2
or site 4 after overexpressing Smad3 in NIH3T3 cells and treating with TGFβ1 (2 ng/ml) for 24 h. Non-template (NTC) and no-antibody (no Ab) controls were used
to verify the specificity of binding. (C) SPDEF-Luciferase activity was reduced by 85% after overexpressing Smad3 in wild-type keratinocytes and treating
with TGFβ1 (2 ng/ml) for 1 h compared with transfected cells without treatment. SPDEF-Luciferase activity was unchanged in Tgfbr2 cKO keratinocytes
overexpressing Smad3 and treated with TGFβ1 (2 ng/ml) for 1 h compared with untreated Tgfbr2 cKO keratinocytes. Data represent the mean±s.d.; Student’s
t-test, *P=0.000002.
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overexpression of SPDEF was sufficient to drive goblet cell
metaplasia in the eyelid epithelium and the peripheral cornea,
similar to the mechanism of goblet cell metaplasia described in the
lung (Park et al., 2007; Chen et al., 2009) and the intestine (Noah
et al., 2010), indicating that SPDEF is sufficient to drive goblet
cell differentiation in some K14-positive ocular cell types. Only
a subset of SPDEF-expressing K14-positive epithelial cells
underwent metaplasia into goblet cells in vivo, suggesting that
these epithelia employ additional mechanisms to restrict goblet cell
differentiation. Our data demonstrate that TGFβ is one such factor
required for restriction of goblet cell differentiation in adult mice,
and that it acts upstream of Spdef.

TGFβ is a novel regulator of SPDEF
We found that Smad3 bound two distinct sites on the Spdef
promoter and that treatment of K14-positive cells with TGFβ
inhibited SPDEF activation, thereby identifying a novel
mechanistic role for TGFβ in the regulation of goblet cell
differentiation. Although the role of Spdef in goblet cell
differentiation is consistent between the lung, the intestine and
the conjunctiva, transcriptional control of Spdef remains unclear,
especially in the conjunctiva. Conditional deletion of Klf4
(Swamynathan et al., 2007; Gupta et al., 2011) or Klf5
(Kenchegowda et al., 2011), which are structurally related and
expressed in the ocular surface epithelium, results in a loss of
conjunctival goblet cells and reduced Spdef mRNA expression
(Gupta et al., 2011; Marko et al., 2013). Gene expression analysis
of Klf4-deficient mice yielded Spdef, but not elements of the TGFβ
signaling pathway, as direct targets of KLF4 in the conjunctiva
(Gupta et al., 2011). We detected no change in KLF5 expression in
Tgfbr2 cKO conjunctiva, suggesting that TGFβ may function
independently of KLF4/5 in a novel mechanism of transcriptional
regulation of goblet cell differentiation. Because SPDEF is
required for goblet cell differentiation in many organs, our
findings support the concept that TGFβ may have a more global
role in spatial or temporal restriction of goblet cell differentiation.

TGFβ as a therapeutic target for human goblet cell
pathologies
SPDEF is known to play a role in goblet cell function in humans.
SPDEF is expressed in the nuclei of healthy human conjunctival
goblet cells, and samples obtained from individuals with Sjögren’s
syndrome, an autoimmune disorder that causes dry eye, display
decreased Spdef mRNA expression (Marko et al., 2013).
Individuals with Sjögren’s syndrome also display hyposalivation
and exogenous TGFβ1 production in the salivary gland of mice
results in a dry mouth phenotype (Hall et al., 2010), supporting the
possibility of TGFβ as a therapeutic target for this type of disorder.
Treatment for dry eye, including Sjögren’s syndrome, currently
relies largely on managing symptoms of disease with artificial tears.
Our findings present exciting opportunities for development of
therapeutic strategies that target TGFβ signaling to treat disorders of
goblet cell differentiation, including dry eye syndromes, Sjögren’s
syndrome and mucinous adenocarcinoma, in humans.

MATERIALS AND METHODS
Mice and genotyping
The conditional knockout Tgfbr2flox/flox×K14-Cre mouse model (Leveen
et al., 2002; Guasch et al., 2007) is derived in a pure C57BL/6
background and backcrossed (McCauley and Guasch, 2013) into a mouse
reporter containing an enhanced yellow fluorescent protein gene (EYFP)
inserted into the Gt(ROSA)26Sor locus (Srinivas et al., 2001) and called

R26R-eYFPflox-STOP-flox (Jackson Laboratory). Control mice were either
Tgfbr2flox/flox×R26R-eYFPflox-STOP-flox or Tgfbr2+/+×R26R-eYFPflox-STOP-flox×
K14-Cre, all in a C57BL/6 background.

Mice expressing SPDEF were in a mixed background and were generated
by crossing K14-rtTAmice (Nguyen et al., 2006) (Jackson Laboratory) with
TRE2-Spdefmice (Park et al., 2007). Control mice were K14-rtTA alone. To
induce transgene expression, adult compound transgenic mice were fed with
Dox-chow (doxycycline 1 g/kg chow, Bioserv) ad libitum. Neonates were
administered doxycycline at birth (P0) by feeding the nursing mother with
Dox-chow ad libitum.

All experiments were approved by the Cincinnati Children’s Hospital
Research Foundation Institutional Animal Care and Use Committee and
were carried out using standard procedures. Genotyping was conducted by
PCR of tail skin DNA using mouse Cre, Tgfbr2, EYFP, K14-rtTA and
TRE2-Spdef primers, as described previously (Soriano, 1999; Nguyen et al.,
2006; Guasch et al., 2007; Park et al., 2007).

Histological analysis
After sacrificing mice by carbon dioxide inhalation, eyes, including the skin,
intact eyelids and eyeball, were dissected and fixed in 4% paraformaldehyde
for 48 h. The samples were then dehydrated and embedded in paraffin or
cryopreserved in 30% sucrose and embedded in OCT compound (Tissue-Tek),
and stored at –80°C as previously described (McCauley and Guasch, 2013).
Deparaffinized sections (5 µm) were stained with Hematoxylin and Eosin
(Ventana Medical Systems), periodic acid-Schiff (PAS; Sigma-Aldrich) or
Alcian Blue (Poly Scientific) according to the manufacturer’s instructions.

Immunostainings and antibodies
Deparaffinized tissue sections (5 µm) were subjected to antigen retrieval and
immunostaining as previously described (Tompkins et al., 2009). Frozen
tissue sections (10 µm) were subjected to immunofluorescence labeling as
previously described (Runck et al., 2010). Antibodies used and image
acquisition are described in the methods in the supplementary material.

Detection of cellular proliferation
Mice were injected intraperitoneally with 10 mg/ml of 5-bromo-2-
deoxyuridine (BrdU, Sigma-Aldrich) 2 h before sacrifice, and eyes were
harvested, sectioned and stained as described in the methods in the
supplementary material, with additional treatment of slides with 1 N HCl
for 40 min at 37°C prior to incubation with antibody against BrdU (Abcam,
ab6326, 1/100). The percentages of BrdU-positive cells were determined by
counting the total number of nuclei in the basal layer and the number of
BrdU-positive basal epithelial cells using a 40× objective in z-stack
combined images. Data represent quantification of eyes from threewild-type
and six Tgfbr2 cKO mice.

Fluorescence-activated cell sorting (FACS)
Eyes, including the surrounding skin, intact eyelids and eyeball, were removed
from Tgfbr2flox/flox×R26R-eYFPflox-STOP-flox×K14-Cre mice and dissociated
into a single cell suspension as previously described (McCauley and Guasch,
2013). Dead cells were excluded using 7-amino-actinomycin D (7-AAD;
eBioscience) incorporation and the remaining live YFP-positive and YFP-
negative cells were collected directly into cell lysis buffer containing β-
mercaptoethanol using a FACS Aria II (BD) and FACSDiva software (BD).
Sorted cells were vortexed and stored at –80°C until RNA extraction.

Laser-capture microdissection
Eyes were dissected from adult wild-type and Tgfbr2 cKO mice and
processed for laser capture microdissection as previously described (Potter
and Brunskill, 2012). Once samples were obtained, RNAwas isolated using
a ZR RNAMicroPrep kit (Zymo Research) and amplified using the Ovation
RNA-Seq System V2 (Nugen) according to the manufacturer’s directions
before being subjected to qPCR as described below.

Real-time PCR
Total RNA was isolated using a Qiagen RNeasy Mini Kit and used to
produce cDNA (Maxima first strand cDNA synthesis kit, Fermentas).
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Real-time PCR was performed using the CFX96 real-time PCR System,
CFX Manager Software and SsoFast EvaGreen Supermix reagents (Bio-
Rad) or StepOnePlus real-time PCR system and TaqMan reagents (Applied
Biosystems). All reactions were run three times in triplicate and analyzed
using the ΔΔCT method with relative expression normalized to Gapdh or
18S. Primers are described in the methods in the supplementary material.

Isolation of primary keratinocytes and cell culture
Wild-type and Tgfbr2 cKO keratinocytes were isolated from newborn
C57BL/6 mice at P1. Detailed protocol is described in the methods in the
supplementary material. Loss of Tgfbr2 has been verified by qPCR and loss
of TGFβ responsiveness confirmed as previously described (Guasch et al.,
2007).

Chromatin immunoprecipitation
NIH3T3 cells were seeded in 10 cm plates at 80% confluence and transiently
transfected with a pCMV-driven mouse Smad3 (Sino Biological) using X-
treme Gene transfection reagent (Roche Applied Science) for 24 h, then
treated with recombinant human TGFβ1 (R&D Systems, 2 ng/ml) for an
additional 24 h. Cells were crosslinked with 1% formaldehyde and subjected
to ChIP using an antibody against Smad3 (Abcam, ab28379) using a ChIP
assay kit (Millipore) according to the manufacturer’s instructions. After
purification, DNA obtained from the ChIP assay was used as PCR templates
to verify the interaction between DNA and protein, using primers designed to
amplify distinct sites in the mouse Spdef promoter. Primers are described in
themethods in the supplementarymaterial. PCR products were then subjected
to gel electrophoresis on a 3% agarose gel using a molecular weight marker to
verify the size of migrating bands.

Cloning and luciferase reporter assay
Using SalI and EcoRI restriction enzymes, a 7634 bp fragment of the mouse
Spdef promoter, containing∼3.7 kb upstream of the transcriptional start site,
the first exon (399 bp) and the first intron (∼3.5 kb), was isolated from the
WI1 - 1250E21 Fosmid containing the mouse Spdef gene (SpectraGenetics).
The fragment was gel purified and ends were blunted with Klenow fragment
followed by alkaline phosphatase to prevent re-ligation. In parallel, the
pGL3 Basic Luciferase Vector (Promega) was cut with the blunt-end cutting
SmaI restriction enzyme, followed by alkaline phosphatase to prevent re-
ligation. The Quick Ligase kit (NEB) was used to combine the opened
pGL3 Basic Vector with the 7634 bp Spdef fragment, and the resulting
ligation was transformed into DH5α competent cells and selected on LB-
ampicillin plates overnight. Colonies were subjected to enzymatic digestion
followed by sequencing to confirm the integration.

Primary wild-type and Tgfbr2 cKO keratinocytes were seeded in six-well
plates at 80% confluence and were transiently transfected with the pGL3
basic luciferase vector containing 7634 bp of the mouse Spdef promoter and
pCMV-mSmad3 (Sino Biological) using X-treme gene transfection reagent
(Roche Applied Science). The pcDNA3.1 empty vector and pCMV-
β-galactosidase vector (Addgene) were used to normalize total DNA and
transfection efficiency, respectively. A Foxa3 expression vector (Chen et al.,
2009, 2014) was used as a positive control. Forty-eight hours after
transfection, cells were treated with recombinant human TGFβ1 (R&D
Systems, 2 ng/ml) for 1 h at 37°C before measuring luciferase activity using
a Luciferase Assay System kit (Promega). Experiments were performed
three times in triplicate and statistical significance was determined using a
paired two-tailed Student’s t-test.

TheSPDEF-expressing lentivirus has been previously described (Chen et al.,
2009). Seventy-two hours after infection, cells were trypsinized andGFP+ cells
were isolated by FACS and processed for RNA extraction and qPCR.
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