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DEVELOPMENTAL BIOLOGY

Lacrimal gland budding requires PI3K-dependent

suppression of EGF signaling

Qian Wang', Chenqi Tao'", Abdul Hannan'?, Sungtae Yoon', Xuanyu Min', John Peregrin’,
Xiuxia Qu?, Hongge Li'*, Honglian Yu'?, Jean Zhao*, Xin Zhang'*

The patterning of epithelial buds is determined by the underlying signaling network. Here, we study the cross-
talk between phosphoinositide 3-kinase (PI3K) and Ras signaling during lacrimal gland budding morphogenesis.
Our results show that PI3K is activated by both the p85-mediated insulin-like growth factor (IGF) and Ras-mediated
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fibroblast growth factor (FGF) signaling. On the other hand, PI3K also promotes extracellular signal-regulated
kinase (ERK) signaling via a direct interaction with Ras. Both PI3K and ERK are upstream regulators of mammalian
target of rapamycin (mTOR), and, together, they prevent expansion of epidermal growth factor (EGF) receptor
expression from the lacrimal gland stalk to the bud region. We further show that this suppression of EGF signaling
is necessary for induction of lacrimal gland buds. These results reveal that the interplay between PI3K, mitogen-
activated protein kinase, and mTOR mediates the cross-talk among FGF, IGF, and EGF signaling in support of lac-

rimal gland development.

INTRODUCTION

Glandular organs are formed via the process of branching morpho-
genesis, which in essence is a reiterative cycle of budding and elon-
gation of epithelial tubes (1). To produce the stereotypical pattern
of branching in each organ, however, the competition between bud-
ding and elongation must be tightly controlled in a tissue-specific
manner. This balance is shaped by the local mesenchyme that pro-
vides the unique environmental cue and by the intrinsic molecular
network that determines the identity of the epithelium.

The lacrimal gland secretes the aqueous layer of the tear film,
which is crucial for nourishing and protecting the ocular surface
(2, 3). During murine embryogenesis, the lacrimal gland arises as a
thickening epithelium from the conjunctiva, before invading into
the periocular mesenchyme to form an enlarged bud followed by an
elongated stalk (Fig. 1A) (4). This eventually develops into a bipar-
tite structure of intra- and extraorbital glands (iLG and eLG), each
consisting of dense networks of ducts and acini (Fig. 1A). Many
extracellular factors have been implicated in lacrimal gland devel-
opment, the most prominent among which is fibroblast growth fac-
tor (FGF) (4). Previous studies have established that lacrimal gland
development is induced by the mesenchyme-derived Fgf10, which
binds Fgfr2b on the conjunctival epithelium in the presence of heparan
sulfate proteoglycans (5-7). FGF-induced Ras/mitogen-activated
protein kinase (MAPK) signaling in the epithelium targets the Pea3
family transcription factors to specify the lacrimal gland cell fate
(8, 9). On the other hand, Shp2 (Src homology region 2 domain-
containing phosphatase-2)-mediated FGF-Ras-MAPK signaling in
the neural crest controls expression of homeodomain protein Alx4,
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which promotes the periocular mesenchyme to produce Fgf10 (10).
Thus, Ras-MAPK signaling is essential for the formation of both the
epithelial and mesenchymal compartments of the lacrimal gland.

In addition to MAPK, the class IA phosphoinositide 3-kinase
(PI3K) is another major cell signaling regulator activated by FGF
receptors and other receptor tyrosine kinases (RTKs) (11). Com-
posed of a p85 regulatory subunit and a p110 catalytic subunit, PI3K
may be recruited through SH2 domains of p85 or the Ras binding
domain (RBD) of p110, respectively. The latter belies a direct cross-
talk between PI3K and Ras signaling (12, 13). Previous studies have
shown that disruption of the Ras-PI3K interaction by mutating the
RBD of p110a blocked Ras-driven tumorigenesis in the lung (14-16).
Similarly, we also observed that the RBD-mediated signaling from
Ras is necessary for the elevated PI3K-AKT activity in skin tumors
caused by Pten deletion (17). Although both models have demon-
strated that Ras promotes PI3K activity in vivo, whether PI3K also
affects Ras signaling under the physiological condition remains
unclear.

In this study, we used lacrimal gland development as a model to
study the regulation and function of PI3K. We present evidence
that genetic ablation of p85 only partially disrupts PI3K activity
during lacrimal gland development, whereas the RBD of p110 is
specifically required for FGF to induce PI3K signaling. In contrast,
loss of p110 disrupts insulin-like growth factor (IGF) signaling and
abolishes lacrimal gland budding. p110 deletions also impair MAPK
signaling, and the p110-mutant lacrimal gland phenotype can be
partially reversed by active MAPK signaling, demonstrating that
PI3K is required for MAPK activity in vivo. Our data further indi-
cate that PI3K and extracellular signal-regulated kinase (ERK)
jointly regulate mammalian target of rapamycin (mTOR) signaling
in the lacrimal gland bud, which is in turn required for PI3K and
MAPK activity. Last, we demonstrate that the PI3K-MAPK-mTOR
signaling network prevents the expression of epidermal growth fac-
tor receptor (Egfr) in the lacrimal gland bud and increasing EGF
signaling inhibits lacrimal gland budding. These results not only
establish the reciprocal interactions among PI3K, Ras, and mTOR
in vivo but also reveal that they control the spatial patterning of cell
surface receptors to regulate budding morphogenesis.
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Fig. 1. PI3K signaling is required for lacrimal gland development. (A) The lacri-
mal gland primordium arises as thickening of the conjunctival epithelium at mouse
embryonic day 13.5 (E13.5). One day later, it elongates to form a bud followed by
an extended stalk. At postnatal day 0 (P0), the lacrimal gland is composed of two
glandular structures with extensive branches. iLG, intraorbital lacrimal gland; eLG,
extraorbital lacrimal gland. (B to D) Lacrimal gland buds (arrows) were presented at
E14.5 in control and p85°*C mutants but not in p710%© embryos. H&E, hematoxylin
and eosin. (E to J) Although the progenitor cell marker Sox9 was preserved in the
lacrimal gland primordia, pAKT was reduced in p85%© and lost in p170*° mutants.
(K to M) Compared to controls, p85CKO and pI]OCKO mutants exhibited fewer or
even no pHH3" cells, respectively. (N) Quantification of pHH3" cells and pAKT
staining. One-way analysis of variance (ANOVA): *P < 0.02 for p85%© versus control,
**p < 0.05 for p85C versus p110°°, #P < 0.0001 for p85¥° versus control, and
##P=0.0002 for p85C versus p110%C. n =5 for pHH3* quantification of controls
and n =3 for all other genotypes.
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RESULTS
Both p85 and Ras regulate p110 activity in the lacrimal gland
To investigate the role of PI3K signaling in lacrimal gland develop-
ment, we first used Le-Cre to generate a conditional knockout of the
PI3K regulatory subunits p85a and p85p. Le-Cre is a bicistronic
transgene expressing both Cre and green fluorescent protein (GFP)
in the conjunctival and lacrimal gland epithelium (7). As revealed
by the GFP reporter and histology, Le-Cre;p850//*/1°%;p85K0/k0
(p85°%°)-mutant embryos still presented elongated lacrimal gland
buds comparable to wild-type controls (Fig. 1, B and C, and fig.
S1A). At PO (postnatal day 0), however, whereas control lacrimal
glands contained both intra- and extraorbital compartments (iLGs
and eLGs) linked by a connecting duct, p85“%° mutants displayed only
residual iLGs close to the eye (fig. S1A, arrows). We next ablated the
PI3K catalytic subunit p110a and p110p to determine the full extent of
PI3K function in lacrimal gland development. Le-Cre;p110c//1o
mutants exhibited residual lacrimal gland buds at E14.5 (embryonic
day 14.5), whereas Le-Cre;p1103"/* mutants only showed slight reduc-
tion in the lacrimal gland length (fig. S1B). In contrast, lacrimal gland devel-
opment was completely blocked in Le-cre;p110c/*/1%,p110p/ o<l
(p]lOCKO) mutants (Fig. 1D and fig. S1A, arrows). These results
demonstrated that PI3K is essential for lacrimal gland development.
We next sought to understand the molecular basis of the pheno-
type disparity between the p85°%? and p110“° mutants. At E14.5,
Sox9 (SRY-Box Transcription Factor 9) marked the lacrimal gland
buds in both control and p85“° embryos (Fig. 1, E and F) (18).
Although there was no lacrimal gland bud in E14.5 p110°*° mutants,
Sox9 expression was present in the fornix of the conjunctiva (Fig. 1G),
suggesting that the lacrimal progenitor cells were still preserved. In
addition, the expression of Fgf10 in the periocular mesenchyme was
unchanged in p110“*° mutants, confirming that this main induc-
tive signal for the lacrimal gland budding was unaffected (fig. S1C,
arrows). In contrast, phospho-AKT (pAKT) staining was diminished
in p85°%° mutant lacrimal glands in comparison to controls, and it
was further reduced in p1 10°%° mutants (Fig. 1, Hto J and N). pAKT
was also down-regulated in the periocular mesenchyme surrounding
the lacrimal gland bud, suggesting an intricate interaction between
these two tissue compartments. Consistent with the role of PI3K-AKT
signaling in cell proliferation, the number of phospho-histone3-
positive (pHH3") mitotic cells was reduced in p85“%° lacrimal gland
buds and further eliminated in p110“*° mutants (Fig. 1, K to N). Thus,
PI3K signaling is progressively disrupted by p85 and p110 deletions.
Because PI3K signaling was reduced to different extents in p110
and p85 mutants, we reasoned that p110 must have an alternative
mode of activation during lacrimal gland development (Fig. 2A).
One potential candidate is FGF signaling, which is active in the lac-
rimal gland bud. Although previous in vitro studies have suggested
that FGF can elicit PI3K signaling using the adaptor protein Gabl
(GRB2 Associated Binding Protein 1) to recruit p85, we have shown
in mouse embryonic fibroblast (MEF) cells that Gab1 is dispensable for
FGF to activate PI3K-AKT signaling (19, 20). We did not observe any
lacrimal gland phenotype in 2-month-old Le-cre;Gab "% (Gab1°%©)
animals (fig. S2). On the other hand, it has also been shown that FGF
can promote PI3K signaling via Ras, which is known to interact with
p110a directly (14). We confirmed this finding in MEF cells carrying two
point mutations in the RBD of p110a. (p1100*”*5P)_ In contrast to con-
trol MEF cells that displayed significant increase in pAKT after addition
of FGF, the FGF-induced AKT phosphorylation was lost in p1100?” /RBD
cells (Fig. 2B). We next generated Le-Cre;p110a/*EP;p1 10pox/Mlox
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Fig. 2. The p1100-Ras interaction is required for FGF to activate PI3K signaling.

(A) Schematic diagram of PI3K activation. The p110a catalytic subunit of PI3K can be

stimulated by RTK via binding to p85, or it could be coupled to FGF signaling via interaction with Ras. (B) FGF2 treatment led to increased levels of pAKT in control but not
in p11008RE0 MEF cells that carry mutations disrupting the p1100 RBD domain. One-way ANOVA was used to test for statistical significance (n = 4 for data at 0’ and 5’
and n =3 for data at 10'). N.S., not significant. (C and D) p770%° mutants still expressed Sox9in lacrimal gland buds but exhibited reduced staining for both pAKT and
pHH3, while TUNEL staining was increased. The lacrimal glands were much reduced in p1 10%P mutants at E15.5 and birth. (E) Quantification of pHH3 (n=6)- and TUNEL

(n=3)-positive cells. Student’s t test was used to calculate statistical significance.

(p110**P) animals to block the Ras-p110c: interaction during lacri-
mal gland development. As expected, we found that phosphmgllation
of AKT in lacrimal gland buds was attenuated in E14.5 p110**” em-
bryos as compared to controls (Fig. 2C). As a result, although Sox9
was still expressed in p110**P-mutant lacrimal gland buds, there
was a significant decrease in cell proliferation as indicated by pHH3
staining and a drastic increase in cell apoptosis as revealed by termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) assay (Fig. 2, C to E). Similar to
p85°K0 mutants, p110RBP animals also exhibited smaller lacrimal
gland buds at E15.5 and hypoplastic lacrimal glands at PO (Fig. 2D,
arrow and arrowhead). Together, our data showed that the PI3K activ-
ity in the lacrimal gland bud requires both RTK signaling mediated
by p85 and FGF signaling mediated by the Ras-p1100 interaction.

p110 is required for PI3K and MAPK signaling during
lacrimal gland development

We next explored the downstream targets of PI3K in lacrimal gland
development by transcriptomic analysis. The lacrimal gland epithelial

Wang et al., Sci. Adv. 2021; 7 : eabf1068 30 June 2021

tissues were collected from E14.5 control (Le-Cre), pl1 10780 and

p110°%© embryos by microdissection using laser capture microscopy
(n = 3 for each condition) and subjected to RNA sequencing (RNA-seq)
as previously described (21). Unsupervised clustering analysis using
the top 100 most variable genes showed that these samples were
segregated into three discrete groups, demonstrating the consistency
of our preparations (Fig. 3A). Furthermore, the gene expression
profiles exhibited orderly transitions from control, p110**" to
p110““° mutants, corresponding to the worsening of the lacrimal
gland phenotypes. As expected, from the biochemical function of
p110, these differentially expressed genes are enriched in gene on-
tology (GO) terms such as PI3K-AKT signaling and inositol phos-
phate metabolism (Fig. 3B). Moreover, GO analysis indicated that
cell cycle, carbon metabolism, and glycolysis were also affected,
consistent with the known role of PI3K in cell growth and metabo-
lism. A major RTK pathway targeting PI3K and cell metabolism is
IGF signaling, whose ligands (Igfl and Igf2) and receptors (Igfrl
and Igfr2) are expressed in the lacrimal gland region (fig. S3). Gene
set enrichment analysis (GSEA) showed that p110 deletion disrupted
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Fig. 3. p110 mutations disrupt PI3K signaling and expression of MAPK response genes. (A) Segregation of E14.5 control, p110%?, and p110%© lacrimal gland tran-

scriptomes shown by cluster analysis. (B) GO analysis showed that the differentially regulated genes in p1 10“C mutants were enriched in PI3K-regulated pathways. ECM,
extracellular matrix. (C) GSEA revealed that IGF signaling was disrupted in p110%© mutants. FDR, false discovery rate. (D) As shown in volcano plot of the control versus
the p110%© transcriptome, Igf1 and Igf2 were among up-regulated genes, and Fgf1, Etv4, Etv5, Duspé, Six1, and Sox10 were significantly down-regulated. (E) Heatmap of
differentially regulated genes implicated in IGF and MAPK pathways. (F to W) RNA in situ hybridization and immunostaining confirmed down-regulation of MAPK
response genesinpl 10%° and pl1 10%© mutants.

Wang et al., Sci. Adv. 2021; 7 : eabf1068 30 June 2021 40f13



SCIENCE ADVANCES | RESEARCH ARTICLE

IGF signaling (Fig. 3C). The volcano plot revealed that Igf2 and, to
the less extent, Igfl were among the most significantly up-regulated
genes in p110°K0 mutants, whereas Fgfl expression was greatly re-
duced (Fig. 3D). Therefore, loss of PI3K results in dysregulation of
RTK signaling during lacrimal gland development.

An unexpected finding from the transcrié)tomic analysis is that
MAPK signaling was also affected in p110“° mutants (Fig. 3B).
Several known MAPK responsive genes were progressively down-
regulated in p110**P and p110““° mutants (Fig. 3, B and E). These
include Etv4 and Etv5, which encode ETS (E-twenty six) domain
transcription factors important for lacrimal gland cell fate determi-
nation (8). RNA in situ hybridization experiments confirmed that
Etv4 and Etv5 were specifically expressed in the control lacrimal gland
buds but attenuated in p110**" and greatly diminished in p110“%°
mutants (Fig. 3, F to K). Dusp6 (Dual-specificity phosphatase 6) is a
dual specificity MAPK phosphatase frequently induced in the re-
gion of active MAPK signaling. In p110*®? and p110“° mutants,
Dusp6 expression was either reduced or absent (Fig. 3, L to N). Six1,
Six2, and Sox10 are also known targets of MAPK signaling important
for branching morphogenesis of the lacrimal gland (8). Their ex-
pressions were similarly blocked by genetic ablation of p110
(Fig. 3, O to W). Considering the importance of these MAPK-
dependent genes in lacrimal gland development, these observations
suggested that dysregulation of MAPK signaling contributes sig-
nificantly to the p110 lacrimal gland phenotype.

PI3K activates MAPK signaling to promote lacrimal

gland budding

To explore the mechanism by which PI3K regulates MAPK activity,
we first considered Racl (Ras-related C3 botulinum toxin substrate 1),
which has been shown to act downstream to PI3K to promote MAPK
signaling in cancer cells (22). However, genetic ablation of RacI did
not produce any lacrimal gland phenotype in adult Le-cre;Rac "/
animals (fig. S4), which ruled out Racl as a significant regulator of
MAPK signaling. On the other hand, since the RBD of p110a is re-
quired for PI3K activation by Ras after FGF stimulation, we asked
whether this domain may also mediate the activation of Ras by
PI3K. As shown in Fig. 4A, FGF2 induced both ERK and AKT
phosphorylation in control MEF cells. In p1100**”"**P MEF cells,
however, not only was pAKT activation abolished, but there was
also significant reduction in the level of pERK. We further per-
formed Ras pull-down assay to measure the ratio of active Ras ver-
sus total Ras. Consistent with the lower Ras activity, the proportion
of the guanosine 5’'-triphosphate (GTP)-bound form of Ras (Ras-
GTP) was also reduced in p1100*P”*EP MEF cells compared to the
control (Fig. 4A). In addition, although the FGF-induced pERK and
pAKT were unaffected after ablation of p85, the IGF-induced pERK
and pAKT were down-regulated in both p85 knockout and
p1100"BP/RED MEF cells (fig. S5, A to C). Last, combined deletion of
both p1100 and p110p resulted in drastic loss of both pAKT and
PERK (Fig. 4B). These results showed that p110 proteins are re-
quired for FGF and IGF to stimulate MAPK.

To confirm the role of PI3K in MAPK activation in vivo, we next
examined ERK phosphorylation during lacrimal gland develop-
ment. At E14.5, pERK was restricted to lacrimal gland buds in con-
trol embr%os (Fig. 4C), but the staining was reduced in both p85<©
and p110*®P lacrimal glands and greatly diminished in p110°%©
mutants (Fig. 4C and fig. S5D). We reasoned that, if MAPK is a
functional target of PI3K, constitutively active MAPK may ameliorate

Wang et al., Sci. Adv. 2021; 7 : eabf1068 30 June 2021

lacrimal gland phenotypes in p110 mutants. To test this hypothesis,
we took advantage of a Cre-inducible allele, R26R-LSL-Mek1"®, to
express a mitogen-activated protein kinase kinase 1 (Mek1) variant
(Mek1PP) that can phosphorylate ERK in the absence of upstream
stimulation (23). In Le-cre;p1 106", p110p"*/*, R26R-LSL-Mek1°P
(p110°*%;Mek1°P) mutants, we observed an increase in pERK staining
compared to p110““° mutants (Fig. 4C). Whereas lacrimal gland
development was aborted in p110°%© embryos, lacrimal gland
buds were observed in p110°%%;Mek1PP mutants. At birth, both
control (Le-Cre) and MekIPP (Le-Cre;Mek1PP) pups displayed exten-
sively branched iLG and eLG, whereas mostly residual iLGs were present
in p110*®P animals (Fig. 4D, arrows and arrowheads). In contrast,
Le-cre;p110a®8P, p110pfo¥/fox, R26R-LSL-MekIPP (p110RBP;Mek 1°P)
mutants predominantly had stunted eLG and sometimes even in-
tact lacrimal glands. Similarly, although p110°% pups lacked either
iLG or eLG, 50% of p110““%;Mek1°® mutants presented residual lac-
rimal glands. These genetic rescue experiments provided strong sup-
port that MAPK activation by PI3K is important for lacrimal gland
development.

MAPK and PI3K converge upon mTOR signaling

mTOR is a well-known effector of the PI3K/AKT pathway (24). In
control E14.5 lacrimal gland buds, we observed strong phosphoryl-
ation of mTOR and two of its downstream targets, 4EBP1 [eukaryotic
translation initiation factor 4E (eIF4E)-binding protein 1] and S6
(Fig. 5, A, E, and I). Consistent with the role of PI3K in mTOR
regulation, these staining weakened in both p85°%© and p110*5P
lacrimal glands (Fig. 5, B, C, F, G, J, and K). In p110°° mutants,
however, although p4EBP1 and pS6 were lost, there was still residual
pmTOR staining (Fig. 5, D, H and L), suggesting that inactivation of
PI3K does not completely abolish mTOR signaling.

Previous studies have suggested that Wnt and MAPK signaling
may also regulate mTOR, although the in vivo evidence is lacking
(25, 26). To test these two candidates, we first generated a lacrimal gland
specific knockout of Lrp5 (LDL Receptor Related Protein 5) and Lrpé,
two obligatory receptors of the canonical Wnt signaling. Although
Le-cre;Lrp5"1o% " Lrp6/ "M% (Lrp©®©) mutants lacked lacrimal
gland buds at E14.5, there were still lacrimal gland progenitor cells
marked by Sox9 expression in the conjunctiva (Fig. 5, M and N).
These cells displayed pERK and pmTOR staining comparable to
those in control lacrimal gland buds (Fig. 5, P, Q, S, and T), demon-
strating that Wnt signaling was dispensable for mTOR activity. We next
ablated the two MAPKs, Erkl and Erk2. In Le-cre;Erk1™;Erk2/flox
(Erk“®©) embryos, not only was pERK lost, but pmTOR staining
was also greatly diminished (Fig. 5, O, R, and U). Together, these
results showed that MAPK, but not Wnt signaling, is required for
mTOR signaling during lacrimal gland development.

The partial reduction of pmTOR in either p110“%© or Er.
mutants raised the possibility that PI3K and MAPK may cooperate
to regulate mTOR activity. We tested this hypothesis in MEF cells
using pharmacological inhibitors. In control cells treated with di-
methyl sulfoxide (DMSO), there was active mTOR signaling as in-
dicated by the phosphorylation of mTOR and 4EBP1 (Fig. 5V).
Treatment with PI3K inhibitor LY294002 abolished the AKT phos-
phorylation as expected, and it also partially reduced the level of
PERK, consistent with our early results that MAPK signaling was
dependent on PI3K activity. In agreement with in vivo findings, in-
hibition of PI3K by LY294002 blocked phosphorylation of 4EBP1
but left pmTOR at a reduced level. On the other hand, the MEK
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Fig. 4. PI3K activates MAPK via the p110a-Ras interaction. (A) In p1100"”""8 MEF cells, the loss of the p110a-Ras interaction not only prevented FGF from inducing
AKT phosphorylation but also down-regulated the levels of pERK and active Ras (Ras-GTP). One-way ANOVA test for statistical significance (n = 2). (B) Deletion of p7170a
and p110B in MEF cells disrupted IGF-induced AKT and ERK phosphorylation. One-way ANOVA test for statistical significance (n = 2). (C) pERK staining was down-regulated
in p110%° glands and sharply reduced in p170%© mutants. Expression of the constitutively active Mek1°P allele led to partial recovery of lacrimal gland budding and pERK
staining in p170““;Mek1°® mutants. One-way ANOVA test (n=>5 for the control and n =3 for the rest). (D) In comparison to control and Mek1°° pups, p1107° mutants
mostly displayed residual glands at birth, whereas p7 1078P:Mek1°P animals showed more extensively branched glands. Similarly, lacrimal gland induction was observed
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tants, however, there was persistent pmTOR staining despite loss of p4EBP1 and pS6. (M to U) Although Lrp
mutants also preserved Sox9 expression, but the pERK staining was lost, and pmTOR was diminished.

and pmTOR staining in the Sox9-positive progenitor cells. Erk©

K0 mutants lacked lacrimal gland buds, they retained pERK

(V) In MEF cells treated with FGF2 (25 ng/ml), PI3K inhibitor LY294002 (LY) abolished induction of pAKT, but pERK and pmTOR were only partially reduced. MEK inhibitor
U0126 (U) only abrogated pERK induction. In contrast, combined treatment of PI3K and MEK inhibitors (LY + U) abolished mTOR phosphorylation. One-way ANOVA test (n = 3).

inhibitor U0126 abrogated ERK phosphorylation and reduced
pmTOR similar to LY294002 treatment. Only in the presence of
both PI3K and ERK inhibitors was phosphorylation of mTOR com-
pletely abolished. This result was corroborated using another PI3K
inhibitor PX866 (fig. S6), demonstrating that PI3K and MAPK sig-
naling functions cooperatively regulate mTOR signaling.

mTORC1 controls AKT and MAPK signaling during lacrimal
gland development

mTOR can form two multiprotein complexes, n"TORC1 and mTORC2,
which are distinguished by their respective subunits, Raptor and
Rictor (24). To determine which complex is required for lacrimal gland
development, we examined conditional knockout mutants targeting
these two critical partners of mTOR. At E14.5, Le-cre;Rictor/lox/flox
(Rictor”®) mutants have formed lacrimal gland buds expressing the
progenitor cell marker Sox9, but the Sox9* cells in Le-cre;Raptorfo/fox

Wang et al., Sci. Adv. 2021; 7 : eabf1068 30 June 2021

(Raptor“©) embryos were still confined to the conjunctiva (Fig. 6,
A to C). Unlike those in Rictor“° mutants, these Raptor-deficient
cells not only lacked p4EBP1 and pS6 but also lost pmTOR staining
(Fig. 6, D to L), suggesting an auto regulatory mechanism by which
mTORCI1 regulates its own activity. In Raptor“*© mutants, we also
failed to observe expression of Sox10 (Fig. 6, M to O), which we
have previously showed to be downstream to MAPK signaling (8).
In line with this finding, mTOR inhibitor Torin not only abolished
phosphorylation of AKT and mTOR in MEF cells but also prevented
FGF from inducing ERK phosphorylation (Fig. 6P). This result was
further confirmed in vivo, where pERK staining was significantly down-
regulated in RaptorCKO mutants (Fig. 6, Q and R). These data showed
that mTORCI is required for both AKT and MAPK signaling.
The results so far have revealed the mutual dependency between
MAPK and mTORCI signaling. Thus, we investigated whether ele-
vation of one pathway was able to rescue lacrimal gland defects
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cells. (M to O) The expression of Sox10 was also lost in Rapl‘orCKo mutants. (P) The mTOR inhibitor Torin not only abolished FGF-induced phosphorylation of mTOR and
AKT but also down-regulated the level of pERK. The statistical significance was calculated using one-way ANOVA test (n = 3 for pERK and n =4 for pAKT). (Q to X) pERK
staining was reduced in Raptor™© mutants, elevated in Mek1°°, and partially recovered in Raptor™®C:Mek1°P embryos. As a result, although Raptor™®© mutants lacked any

lacrimal gland, residual lacrimal gland was observed in Raptor™*©:Mek1°° pups. (Y) Quantification of lacrimal gland phenotypes.

caused by the loss of the other. Tuberous Sclerosis Complex 1 (Tsc1) is  compared to the control and Raptor“ ©, respectively (Fig. 6, S and T).

anegative regulator of mMTORCI (24). As shown by increasing pmTOR  As a result, although lacrimal gland was absent in Raptor“<®
and pS6 staining in Le-cre; Tsc "M% (Tsc1°%9) mutants (fig. S7A),  pups, 40% of Raptor®*%;Mek1”” mutants presented residual lac-
deletion of Tscl resulted in up-regulation of mTORCI activity. rimal gland at birth (Fig. 6, U to Y). Therefore, increasing MAPK
However, neither Erk®®° (n = 16) nor Le-cre;Erk1™/~;Erk2/ /1%, signaling can partially restore lacrimal gland induction in the ab-
Tsc "M% (ErkK0; T5c1°K0; n = 8) mutants displayed any lacrimal ~ sence of mTORCI signaling.

gland at PO (fig. S7B), indicating that the removal of the mTORC1

suppressor alone was unable to compensate for the loss of MAPK  PI3K and mTORC1 suppressed aberrant EGF signaling
signaling during lacrimal gland development. In contrast, we ob- detrimental to lacrimal gland budding

served that expression of Mek1”" led to significance increase in  In addition to the down-regulated genes in p110 mutants, our tran-
pERK staining in E14.5 Le-cre;R26R-LSL-Mek1P” (Mek1PP) and  scriptomic analysis also showed that many genes were up-regulated.
Le—cre;Rapto:ﬂDX/ﬂ"x, R26R-LSL-Mek1”® (Raptor™%;Mek1°P) embryos ~ Among them was Egfr, whose expression was progressively elevated
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interaction also activates Ras to stimulate MAPK signaling, which cooperates with AKT to control mTOR activity. We propose that these signaling pathways may suppress

Egfr expression (dashed lines), allowing the budding of the lacrimal gland from the conjunctiva.
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from p110"®® to p110“*° mutants (Fig. 7A). This drew our atten-
tion because EGF signaling is known to play an important role in
epidermal proliferation and differentiation (27). Immunostaining
showed that Egfr was expressed in the E14.5 conjunctival epithelia,
stronger in the bulbar conjunctiva adjacent to the developing cor-
nea than that in the palpebral conjunctiva on the other side of the
fornix (Fig. 7B). Egfr expression was restricted to the stalk of the
developing lacrimal gland but excluded from the distal bud region
marked by Sox10 (Fig. 7B and fig. S8A, arrows). This differential
expression pattern disappeared in p110"*” mutants, where Egfr
expression was extended to the entire lacrimal gland primordia.
Moreover, p110°“? and Raptor®®© mutants expressed uniform
levels of Egfr from the bulbar to the palpebral conjunctiva, including
the fornix where the lacrimal gland progenitor cells reside. Similar
pattern of Egfr expression was also observed in Le-cre;Fgfr2*ox
(FgfrZCKO) and Erk“*© mutants (Fig. 7B). In pIIORBD;MekIDD and
p110°%%;Mek1PP mutants where lacrimal gland induction was par-
tially rescued, Egfr expression was reduced in distal lacrimal gland
buds (fig. S8A). Therefore, deficient FGF-PI3K-MAPK-mTOR
signaling may lead to dysregulation of Egfr during lacrimal gland
development.

The lack of Egfr expression in the distal lacrimal gland region
suggested that EGF signaling may be a negative regulator of lacri-
mal gland budding. To test this hypothesis, we performed explants
cultures to investigate whether increasing EGF signaling affects
budding morphogenesis of the lacrimal gland. To this end, ocular
tissues including the periocular mesenchyme were dissected from
E13.5 embryos and placed on floating membranes to maintain the
air-liquid interface as previously described (Fig. 7C) (28). These
embryos carried the Le-Cre transgene that coexpresses a GFP re-
porter, which allowed us to visualize development of lacrimal
glands. Since we included the periocular mesenchyme that secreted
the endogenous Fgfl0, ocular explants spontaneously sprouted
lacrimal gland buds after placed in culture for 2 days. As expected,
these buds were blocked by inhibitors against IGFR, PI3K, and
mTOR, confirming the important role of these signaling in lacrimal
gland budding (fig. S9). Addition of EGF also suppressed the bud-
ding of lacrimal gland buds in the ocular explants (Fig. 7, D and E).
These results showed that up-regulation of EGF signaling is inhibi-
tive for lacrimal gland budding.

DISCUSSION

In this study, we systematically explored the regulation and func-
tion of PI3K signaling in lacrimal gland development (Fig. 7F). Our
results show that the PI3K catalytic subunit p110 is partially con-
trolled by the regulatory subunit p85, which can be activated by IGF
signaling. On the other hand, p110a interacts with Ras to mediate
the FGF-induced PI3K signaling. We present biochemical and ge-
netic evidence that the p110a-Ras interaction is also required for
Ras activity, establishing a direct mechanism by which PI3K pro-
motes MAPK signaling. These two pathways act in parallel and also
cooperate with each to stimulate mTOR, which is in turn neces-
sary for both AKT and ERK activations. Last, we show that PI3K,
MAPK, and mTOR signaling likely suppresses expression of EGF
receptor to promote the budding of the lacrimal gland. Together,
these results reveal that the intracellular signaling network can
promote budding morphogenesis by controlling cell surface recep-
tor expression.
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FGF signaling is the critical inductive signal for lacrimal gland
budding. The current model of FGF signaling posits that the adap-
tor protein Frs2 (Fibroblast Growth Factor Receptor Substrate 2)
recruits Grb2 (growth Factor Receptor Bound Protein 2) and Shp2
to activate Ras signaling (29). It has also been suggested that Grb2
may interact with Gabl, which binds p85 to activate PI3K signaling
(20). However, at least in lens development, we have previously
shown that Gabl is dispensable for FGF signaling (19). Here, in the
lacrimal gland, we again demonstrated that genetic deletion of Gab1l
did not produce any phenotype. This result is consistent with our
previous in vitro data that FGF-induced AKT phosphorylation was
unaffected in Gabl-deficient cells (19). Instead, we confirmed in
MEEF cells that loss of the Ras-p110a interaction abolished the abil-
ity of FGF to activate PI3K signaling (14). This interaction is also
functionally significant in vivo, as p110**” mutants displayed re-
duced pAKT in the lacrimal gland bud and hypoplastic lacrimal
gland at birth. These results support the model that FGF-Ras signaling
provides the p85-independent route of p110a activation during lac-
rimal %land development. It is notable that, in both p110**” and
p110“%° mutants, pAKT was down-regulated in the periocular
mesenchyme, which correlated with reduction in Fgfl expression in
the lacrimal gland epithelium. As we have previously demonstrated
that deletion of FGF receptors in the neural crest-derived mesen-
chyme disrupted lacrimal gland budding (10), we speculate that
the FGF-induced AKT signaling may have been important in
both mesenchymal and epithelial compartments during lacrimal
gland development.

Although stimulation of PI3K by Ras has been well established,
the potential role of PI3K in Ras activation is far less certain (12).
Nevertheless, a number of studies have presented evidence that
PI3K activates MAPK pathway in response to a variety of stimuli,
including insulin, integrin, interleukin, G protein-coupled recep-
tor, platelet-derived growth factor, and EGF (30-35). Here, we
showed that FGF-induced MAPK activation was also reduced in
p110"BP/RED MEF cells, demonstrating that PI3K is necessary for
FGF-dependent MAPK signaling. Notably, the p110a RBD muta-
tion reduced the ratio of Ras-GTP versus total Ras protein, suggesting
that the Ras-p110a interaction may stabilize the active conforma-
tion of Ras. In support of the functional role of MAPK downstream
to PI3K, we showed that elevation of MAPK signaling activity by
expressing Mek1”® could partially ameliorate p110 mutant pheno-
types. There are likely two reasons for the incomplete rescue in
p110°%%;Mek1PP mutants. First, since Mek1"” is specific to activat-
ing MAPK signaling, it is unlikely to restore other downstream
pathways stimulated by PI3K. Second, constitutive expression of
Mek1PP could induce the negative feedback mechanism that damp-
ens MAPK activation. Such a scenario has been previously observed
in the lacrimal gland, where we showed that oncogenic Kras in Shp2
mutants induced expression of Sprouty2, a negative regulator of
MAPK signaling (9). Only after deletion of Sprouty2 could mutant
Kras fully restore MAPK si%naling in Shp2 mutants. Consistent
with this, expression of MekI”® only resulted in modest up-regulation
of pERK in p110“*® mutants. Nevertheless, the attenuation of
lacrimal gland phenotype in both p110**%;Mek1”” and p110°¥°;
Mek1PP mutants supports MAPK signaling as a downstream target
of PI3K. Together, these results demonstrate that the Ras-p110a in-
teraction serves as an important conduit for PI3K to activate Ras.

mTOR signaling controls cell growth and homeostasis in re-
sponse to nutrients, energy, and growth factor availability, but its
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molecular mechanism in the lacrimal gland has not been studied.
We demonstrate that the Raptor-containing mTORC1 complex
plays a critical role in lacrimal gland budding. Inactivation of PI3K
in lacrimal gland progenitor cells abrogates phosphorylation of
mTORCI downstream targets, S6 and 4EBP1, but not mTOR itself,
suggesting that there exists PI3K-independent mechanism(s) of
mTOR regulation. Previous in vitro studies have indicated that
mTOR inhibitor Tsc2 (Tuberous Sclerosis Complex 2) may be a
substrate of Erk and Gsk3 (Glycogen synthase kinase-3), the latter
activated by Wnt signaling (25, 26). However, our genetic analysis
showed that pmTOR is only dependent on Erkl and Erk2, not Wnt
receptors Lrp5 and Lrp6. These results establish MAPK signaling as
a bona fide regulator of mTOR in vivo. We also observed that inhi-
bition of mTOR suppressed ERK phosphorylation both in vitro and
in vivo, suggesting that mTOR also regulates MAPK signaling. The
cross-regulatory interaction between mTOR and MAPK signaling
is supported by genetic rescue experiments, which showed that lac-
rimal gland development can be induced in mTOR-deficient mutants
by expressing Mek1”P to augment MAPK activity. Nevertheless,
our attempt to elevate mTOR activity by deleting TscI failed to res-
cue Erk-deficient mutants, showing that mTOR and MAPK signaling
also play nonredundant roles during lacrimal gland development.
FGF is the only growth factor thus far implicated in lacrimal
gland development, but our study suggests that additional RTK sig-
naling may also play important roles. One inkling is that FGF stim-
ulation can only account for part of PI3K activation in the lacrimal
gland bud. Our biochemical and genetic data showed that FGF pro-
motes PI3K signaling via direct binding of Ras to p1100, but disrup-
tion of the Ras-pl10a interaction only partially reduced PI3K
signaling during lacrimal gland development. This is consistent
with previous studies indicating that FGF signaling is primarily me-
diated by Ras-MAPK pathway and, only to a less extent, by PI3K-AKT
pathway (36). By transcriptomic analysis, we uncovered the disruption
of IGF signaling in p110 mutants, but expression of Igfl and Igf2
was strongly elevated. This is reminiscent of observations in cancer
cells, where inhibition of PI3K signaling frequently leads to increasing
expression of upstream RTK ligands and receptors as part of the
feedback response. PI3K is the main downstream effector of IGF
signaling transmitted by the IGFR-IRS (Insulin Receptor Substrate)-
p85 cascade (37), the components of which are highly expressed
in the lacrimal gland. It is likely that IGF is the key p85-dependent
stimulus for PI3K signaling during lacrimal gland development.
Another dysregulated pathway identified in our study is EGF
signaling. Expression of Egfr is normally strong in the bulbar
conjunctiva, weak in the palpebral conjunctiva, and absent in the
lacrimal gland bud. These distinctions were lost after genetic abla-
tion of Fgfr2, p110, Erk, or Raptor. In p110**P mutants, Egfr ex-
pands from the lacrimal gland stalk into the lacrimal gland bud,
which was partlg reversed by activation of MAPK signaling in
p110"BP;Mek1PP mutants. These results suggest that the active
FGF-PI3K-MAPK-mTOR signaling in the lacrimal gland bud may
be necessary to restrict EGF signaling to the lacrimal gland stalk.
Egfr expression could be regulated at the transcriptional level by
MAPK-activated transcriptional factors or at the translational level
by the PI3K-mTOR axis. The restricted expression of Egfr in lacri-
mal gland is particularly interesting because the distinction between
the stalk and the bud is known to be important for branching mor-
phogenesis. We explored the biological significance of restricted
EGF expression using ocular explants, showing that increasing EGF
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inhibited lacrimal gland budding. It is possible that ectopic EGF
signaling disrupts the proximal-distal patterning of the lacrimal
gland, which is necessary for specification of the bud. On the other
hand, EGF signaling is known to promote proliferation and differ-
entiation of the epidermis (27), which share the developmental ori-
gin as the lacrimal gland. EGF signaling may be excluded from the
lacrimal gland bud to prevent it from adopting the epidermal fate.
Future studies are needed to delineate the mechanism by which
EGF signaling plays such a distinctive function. FGF, IGF, and EGF
signaling are members of the large RTK signaling family important
for development and physiology. Understanding their roles in lacri-
mal gland development provides a blueprint for future efforts to
repair or regenerate lacrimal glands.

METHODS AND MATERIALS

Mice

Mice carrying Le-Cre, Erk1X0, Erk2™~, FgfrZﬂox, Gab1*, pll 0c"*,
p110aRBP (JAX strain name, Pik3ca™%/]), p110§"*, and Rac*
mice were bred and genotyped as described (17, 19, 38). p85¢/** and
858 were from L. Cantley (Weill Cornell Medicine, New York, NY)
(39, 40). Rictor™* and Raptor™* mice were provided by M. A. Riiegg
and M. N. Hall (Biozentrum, University of Basel, Basel, Switzerland).
R26R-LSL-Mek1” (stock no. 012352) and Tsc}™* (stock no. 005680)
mice were originally obtained from the Jackson laboratory and pro-
vided by J. Li (University of Connecticut Health Center, Farmington,
CT) and S. Tsang (Columbia University, New York, NY), respectively.
Lrp5ﬂ"x (stock no. 026269) and Lrp6ﬂ°" (stock no. 026267) mouse
strains were purchased from the Jackson laboratory. Animals were
maintained in a mixed genetic background, and at least three animals
were analyzed for each genotype. We did not observe phenotypic
difference in lacrimal gland development among Le-cre and p1100-
floxtflox,p, 1 1030 mice, and they were used as controls. All animal
experiments were performed according to protocols approved by
Columbia University Institutional Animal Care and Use Committee.

Laser capture microdissection, RNA-seq,

and bioinformatics analysis

Laser capture microdissection and RNA-seq were performed as
previously described (21). The RNA-seq data are available at the
Gene Expression Omnibus repository under accession number
GSE158300. Preprocessing, quality assessment, and differential gene
expression analysis of RNA-seq data was carried out in R platform.
Differential expression was first tested with the limma R/Bioconductor
software package comparing control and experimental groups. The
adjusted P values (Adj.P.Val) and fold change (FC) data obtained
from limma were visualized in a volcano plot using EnhancedVolcano
package. Statistical significance was determined using thresholds
of —logio(Adj. P. Val) > 2 and |logx(FC)| > 1.5. Unsupervised
clustering analysis was performed with the DEseq2 package. Kyoto
Encyclopedia of Genes and Genomes pathway enrichment analysis
and functional annotation were performed in DAVID. GSEA was
performed using a desktop application developed by the Broad
Institute. Collection of annotated gene sets were obtained from the
Molecular Signatures Database (MSigDB) v7.2 category C5: ontology
gene set. Standard (not preranked) GSEA was performed using
normalized counts data imported from DESeq2 module. Permutations
were set to 1000 for each run, and ¢ test was used to determine
statistically significant enrichment. GSEA output data were imported
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to R platform to generate enrichment plots following the standard
GSEA plot format.

Histology and immunohistochemistry

Histology and immunohistochemistry were performed on the par-
affin and cryosections as previously described (41, 42). For pERK,
pAKT, p4EBP1, pS6, pmTOR, Sox9, and Sox10 staining, the signal
was amplified using a Tyramide Signal Amplification kit (PerkinElmer
Life Sciences, Waltham, MA). Antibodies used are Egfr (ab52894)
(Abcam); IGF1 (AF791), IGF2 (AF792), IGF1R (AF305), and IGF2R
(NB300-514) (Novus Biologicals); FGFR2 (#23328), p4EBP1 (#2855),
p85 (#4257), pERK1/2 (#4370), pAKT(#4060), pmTOR (#5536),
and pS6 ribosomal protein (#5364) (Cell Signaling Technology);
Sox9 (sc-20095) and Sox10 (sc-365692) (Santa Cruz Biotechnology);
E-cadherin (#610181) and Ki67 (#550609) (BD Pharmingen); and
pHH3 (#06-570) (Millipore). The proliferation rates were calculated
as the ratio of pHH-positive cells to 4’,6-diamidino-2-phenylindole-
positive cells. The pAKT and pERK fluorescence in lacrimal gland
buds were measured by ImageJ and normalized against those in the
retina. At least three samples were examined for each genotype. The
results were analyzed by t test for two samples and one-way analysis
of variance (ANOVA) test for three or more samples.

RNA in situ hybridization

Section in situ hybridization was performed as described (43). The
following probes were used: Etv4, Etv5 (from B. Hogan, Duke Uni-
versity Medical Center, Durham, NC, USA), SixI (from B. Morrow,
Albert Einstein College of Medicine, New York, NY, USA), Six2
(from T. Caroll, UT Southwestern Medical center, Dallas, TX, USA),
Dusp6 (IMAGE clone, 3491528) and Fgf10 (IMAGE clone, 6313081)
(from Open Biosystems, Huntsville, AL, USA).

MEF cells and Western blot

Primary MEF cells were isolated from embryos at E13.5 stages and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum as described (28). The cells were starved
for 24 to 48 hours before FGF2 (104-02-50, ScienceCell) or IGF1
(291-G1-200, R&D Systems) treatment at 37°C. For gene deletions,
MEF cells carrying homozygous flox alleles were infected with
Ad5CMV-eGFP or Ad5CMV Cre-eGFP (Gene Transfer Vector Core,
University of Iowa, IA) in DMEM overnight at a multiplicity of in-
fection of 500 plaque forming units per cell and cultured for
5 days. For inhibitor studies, cells were starved for 24 hours and
treated for another 6 hours with PI3K inhibitors LY294002 (50 uM;
#9901) and PX866 (1 uM; #13055), MEK inhibitor U0126 (50 puM;
#9903), or mTOR inhibitor Torin (150 nM; #14385), all from Cell
Signaling Technology. After growth factor stimulation, cells were
washed in cold phosphate-buffered saline and harvested in ice-cold
CelLytic reagent (C2978, Sigma-Aldrich) supplemented with prote-
ase inhibitor cocktail (78841, Thermo Fisher Scientific). Protein
samples were denatured at 95°C for 5 min before loaded onto SDS-
polyacrylamide gel electrophoresis gels. The antibodies used for
Western blot were the same for immunohistochemistry, except
anti-pERK1/2 (sc-7383, from Santa Cruz Biotechnology) and anti-
ERK1/2 (#4695, Cell Signaling Technology).

Explant culture
Lacrimal gland explant cultures were prepared as previously
described (28). Briefly, the whole eye, together with the adjacent
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ectoderm and mesenchyme, was dissected from E13.5 mouse embryos
carrying Le-Cre. The explants were cultured on a membrane filter
(HAWPO01300, 0.45-um pore, Millipore) and covered by Matrigel/
DMEM/F12 mixture in the presence or absence of growth factors.
Bovine serum albumin (BSA) or EGF (final concentration, 100 ng/ml)
were first diluted in DMEM/F12 before mixed with Matrigel in
2:1 ratio. Ten microliter of the mixture was added on top of each
explant. In each experiment, one side of embryo was treated with
BSA and the other side with EGF. For inhibitor study, IGF inhib-
itor Picropodophyllin (10 pM; #S7668, Selleckchem), PI3K inhib-
itor LY294002 (1 mM) and mTOR inhibitor Torin (0.5 uM) were
added to the media. After 2 days of incubation at 37°C with 5%
CO,, the explants were examined for GFP-expressing lacrimal
gland buds.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabf1068/DC1

View/request a protocol for this paper from Bio-protocol.
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