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Ectodysplasin-A signaling is a key integrator in the lacrimal
gland–cornea feedback loop
Alison Kuony1,2, Kaisa Ikkala1, Solja Kalha1, Ana Cathia Magalha�es1,3, Anniina Pirttiniemi1 and
Frederic Michon1,3,*

ABSTRACT

A lack of ectodysplasin-A (Eda) signaling leads to dry eye symptoms,
which have so far only been associated with altered Meibomian glands.
Here, we used loss-of-function (Eda�/�) mutant mice to unravel the
impact of Eda signaling on lacrimal gland formation, maturation and
subsequent physiological function. Our study demonstrates that Eda
activity is dispensable during lacrimal gland embryonic development.
However, using a transcriptomic approach, we show that the Eda
pathway is necessary for proper cell terminal differentiation in lacrimal
gland epithelium and correlated with modified expression of secreted
factors commonly found in the tear film. Finally, we discovered that
lacrimal glands present a bilateral reduction of Eda signaling activity in
response to unilateral corneal injury. This observation hints towards a
role for the Eda pathway in controlling the switch from basal to reflex
tears, to support corneal wound healing. Collectively, our data suggest
a crucial implication of Eda signaling in the cornea–lacrimal
gland feedback loop, both in physiological and pathophysiological
conditions. Our findings demonstrate that Eda downstream targets
could help alleviate dry eye symptoms.
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INTRODUCTION
The lacrimal apparatus is responsible for producing the tear film,
which protects the cornea from the external environment (Zieske,
2004). The tear film is composed of three layers, each of them
produced by a different element of the lacrimal apparatus. Goblet
cells secrete the inner or mucous layer, directly in contact with the
cornea. Lacrimal glands (LGs) secrete the central or aqueous layer.
Meibomian glands secrete the outer or lipid layer. Lastly, the
Harderian gland produces an oily component necessary for the
nictating membrane movements. The oily part of the lacrimal film
is known to be important for maintaining the film stability, but,
based on observations in mouse models, other potential roles
remain unclear (Miletich, 2018). Together, the different elements
of the lacrimal apparatus secrete three types of tears, namely basal,
reflex and psycho-emotional tears. Basal tears supply the avascular
corneal epithelium with growth factors necessary for its maturation
and maintenance (for reviews, see Klenkler et al., 2007; Zieske,

2004). Some growth factors can originate from the aqueous humor,
through the endothelium following injury (Chandler et al., 2019).
Epidermal growth factor (EGF), for instance, is one of the most
characterized LG-secreted factor and is known to positively
regulate proliferation of corneal epithelial cells (Xiao et al.,
2012). Transforming growth factor-beta (TGF�) and hepatocyte
growth factor (HGF), among others, are likewise produced by LGs
and play pleiotropic roles in corneal epithelium homeostasis
(Wilson et al., 1999). Reflex tear production results from eye injury
and supports corneal regeneration. Finally, psycho-emotional tears
have so far only been found in human and seem to be related to
social interactions (Murube, 2009).

Similarly to cornea, LG epithelium originates from the embryonic
ectoderm. After a budding and ductal elongation period starting at
embryonic day (E) 14 in mouse, LG branching morphogenesis begins
around E16 and continues after birth. Our previous work showed that
the LG continues its growth in postnatal stages, reaching its full size
by postnatal day (P) 50 (Kuony and Michon, 2017). Numerous
signaling pathways are involved in LG morphogenesis, such as
fibroblast growth factor (FGF), Notch and Wnt pathways (Chen et al.,
2014; Dean et al., 2005; Dvoriantchikova et al., 2017; Makarenkova
et al., 2000; Tsau et al., 2011).

The ectodysplasin-A (Eda) pathway is known to be involved in the
formation of several ectodermal organs, including hair and mammary
glands (Mikkola, 2008), but has not been extensively studied in the LG
context (Pispa et al., 2003). Eda loss-of-function (Eda�/�) mutation in
mammals, which leads to X-linked hypohidrotic ectodermal dysplasia
(XLHED, MIM 305100) in humans (Bayés et al., 1998; Headon et al.,
2001; Kowalczyk et al., 2011; Srivastava et al., 1997), is characterized
by severe symptoms, including hair, tooth, sweat gland and salivary
gland hypoplasia (for reviews, see Lefebvre and Mikkola, 2014;
Reyes-Reali et al., 2018). Moreover, LG defects in XLHED patients
lead to dry eye diseases (Dietz et al., 2013).

In mouse, Eda�/� (tabby) mutants present atrophied LGs during
embryogenesis (Grüneberg, 1971), and a dry eye phenotype in
postnatal stages (Wang et al., 2016). However, this last report
disregarded the effect of Eda mutation on LG formation and function,
attributing the related dry eye phenotype to atrophied or missing
Meibomian glands, and subsequent tear film-accelerated evaporation
(Wang et al., 2016). The lack of thorough study on Eda�/� LGs has
precluded a full understanding of all aspects of dry eye symptoms
experienced by XLHED patients.

Corneal abrasion represents one of the most common eye injuries
(Kalha et al., 2018a). In a healthy context, cornea wound healing
occurs spontaneously and is known to be supported by an increase
in secretion of LG-specific factors in reflex tears (Petznick et al.,
2013). Corneal repair is characterized by a cell migration period
followed by a stratification step. This well-conserved mechanism
results in a fully re-stratified corneal epithelium 7 days post-injury in
cat (Petznick et al., 2013). Interestingly in mouse, Eda�/� mutantsReceived 10 February 2019; Accepted 17 June 2019
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exhibit delayed corneal wound healing in comparison with control
animals (Li et al., 2017).

In this study, we characterized physiological and molecular defects
of LGs resulting from an Eda loss-of-function mutation. After
showing Eda and Edar expression patterns during LG formation, we
localized Eda pathway activity in the epithelium, from E16 to
13 weeks old (wo). As expected, Eda activity was absent in Eda�/�

LGs. Eda�/� animals displayed a lower basal tear secretion volume,
reflecting defective LG function. We demonstrated that, despite
normal morphology, Eda�/� LGs exhibited altered terminal
differentiation in comparison with control. Moreover, 1.8% of the
Eda�/� LG transcriptomic signature was significantly different from
control. Finally, we showed that corneal injury leads to an inhibition
of Eda signaling in both LGs. Subsequently, a set of key genes
reacting to corneal injury responded differently in Eda�/� LGs,
illustrating the role of Eda signaling in LG–cornea crosstalk and reflex
tear composition.

RESULTS
The Eda pathway is active in embryonic and adult LG
epithelium
To study Eda pathway activity, we first confirmed the expression of
the ligand Eda and its receptor Edar in LGs using RNAscope
technology (Kalha et al., 2018b; Wang et al., 2012). Edar was
previously reported in the LG epithelial pre-bud at E14 (Pispa et al.,
2003). However, LG branching morphogenesis seemed delayed and
did not initiate before E16 in mice from the C57BL/6J background,
compared with E15 in ICR mice (Kuony and Michon, 2017)
(Fig. S1). Therefore, as the mouse lines used in this study were
maintained in a C57BL/6JRccHsd background, we focused here on
the morphogenesis events happening between E16 and E18. During
this period, Eda expression was mostly detected in the LG
mesenchymal compartment, whereas Edar was found in the
epithelium (Fig. 1A). As the ligand and receptor were present, we
aimed at visualizing Eda pathway activity. For that purpose, we used

Fig. 1. The Eda pathway is active in embryonic
and postnatal LG epithelium. (A) RNAscope
assay shows Eda (red) and Edar (blue)
expression pattern (single mRNA molecules)
from E16 to E18. Low magnification (upper
panels) allows the visualization of LG global
morphology. The boxed areas in the upper
panels indicate the magnified region in the lower
panels, in which Eda and Edar signals are
replaced with false colors for clarity. White lines
delimit the epithelial compartment. (B) X-gal
staining (blue) shows �-galactosidase activity in
NF-�B-gal reporter samples, from E16 to E18.
NF-�B-gal reporter unravels Eda pathway
activation. Dashed black lines delimit the
epithelial compartment. (C) X-gal staining (blue)
shows �-galactosidase activity in NF-�B-gal
reporter samples, from P7 to 13 wo, in different
portions of the LGs (beginning, center and end).
At postnatal stages, the Eda pathway is active in
single acinar cells (black arrowheads). n>3
animals per time point. Scale bars: 100 µm.
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