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ABSTRACT

The skin is a squamous epithelium that is continuously renewed by a
population of basal layer stem/progenitor cells and can heal wounds.
Here, we show that the transcription regulators YAP and TAZ localise
to the nucleus in the basal layer of skin and are elevated upon wound
healing. Skin-specific deletion of both YAP and TAZ in adult mice
slows proliferation of basal layer cells, leads to hair loss and impairs
regeneration after wounding. Contact with the basal extracellular
matrix and consequent integrin-Src signalling is a key determinant
of the nuclear localisation of YAP/TAZ in basal layer cells and in
skin tumours. Contact with the basement membrane is lost in
differentiating daughter cells, where YAP and TAZ become mostly
cytoplasmic. In other types of squamous epithelia and squamous cell
carcinomas, a similar control mechanism is present. By contrast,
columnar epithelia differentiate an apical domain that recruits CRB3,
Merlin (also known as NF2), KIBRA (also known as WWC1) and
SAV1 to induce Hippo signalling and retain YAP/TAZ in the cytoplasm
despite contact with the basal layer extracellular matrix. When
columnar epithelial tumours lose their apical domain and become
invasive, YAP/TAZ becomes nuclear and tumour growth becomes
sensitive to the Src inhibitor Dasatinib.

KEY WORDS: Hippo pathway, Integrin, Yes-associated protein, TAZ,
Stratified squamous epithelium

INTRODUCTION

The Yes-associated protein (YAP) family of transcriptional co-
activators are emerging as potent oncoproteins that strongly drive
cell proliferation in many types of stem/progenitor cells and cancers
(Harvey et al., 2013; Irvine and Harvey, 2015; Pan, 2010, 2015;
Piccolo et al., 2013). The function of YAP family co-activators was
first discovered by Drosophila genetics, where the sole YAP
homologue Yorkie (Yki) was found to be necessary and sufficient to
promote cell proliferation and tissue overgrowth in epithelia (Huang
et al., 2005). Subsequent genetic experiments in mice showed that
ectopic expression of YAP (also known as YAP1) was sufficient to
drive cell proliferation in liver, intestine, bronchus and skin (Cai
etal., 2010; Camargo et al., 2007; Dong et al., 2007; Schlegelmilch
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et al., 2011; Zhang et al., 2011a; Zhao et al., 2014). Surprisingly,
YAP knockout mice have mild phenotypes, although they are
deficient in proliferative repair of the intestine and resistant to
intestinal tumour formation (Azzolin et al., 2014; Cai et al., 2010),
as well as showing reduced bronchial stem cells (Zhao et al., 2014)
and kidney defects (Reginensi et al., 2015). An important and
widespread physiological role for YAP in mice might be obscured
by the possibility of redundancy between YAP and TAZ (also
known as WWTRI1) a second mammalian family member that is
highly similar in both sequence and function.

At the molecular level, Yki and YAP were shown to function by
associating with the DNA-binding transcription factor Scalloped
(Sd; or TEAD in humans) to drive transcription of anti-apoptotic
and pro-proliferative target genes (Koontz et al., 2013; Liu-
Chittenden et al., 2012; Vassilev et al., 2001; Wu et al., 2008).
Other co-factors of Yki/YAP that promote transcription include
WBP2 (Zhang et al., 2011b), MASK1/2 (Sansores-Garcia et al.,
2013; Sidoretal., 2013) and the SWI/SNF complex (Jin etal., 2013;
Ohetal., 2013). The activity of Yki was found to be regulated by the
Drosophila Hippo-Warts (Hpo-Wts) kinase signalling pathway, in
which Wts directly phosphorylates Yki to promote its relocalisation
from the nucleus to the cytoplasm (Dong et al., 2007; Huang
et al., 2005; Oh and Irvine, 2008). In human cells in culture, YAP
nuclear localisation is similarly inhibited upon LATS1/2 kinase
phosphorylation, because phosphorylated YAP is retained the
cytoplasm by binding to 14-3-3 family proteins (Dong et al., 2007,
Zhao et al., 2007). This entire molecular system is now referred to as
the Hippo signalling pathway.

Much recent work has aimed to identify upstream regulators of
Hippo signalling. A group of apically localised proteins including
Crumbs (Crb, CRB1/2/3 in humans), Merlin (Mer, NF2 in humans),
Expanded (Ex, similar to Willin and AMOT in humans) and Kibra
(Kib, KIBRA or WWCI in humans) were found to activate Hippo
signalling (repressing Yki activity) in Drosophila epithelia
(Baumgartner et al., 2010; Chen et al., 2010; Genevet et al.,
2010; Hamaratoglu et al., 2006; Ling et al., 2010; Varelas et al.,
2010; Yu et al., 2010) and in mice (Szymaniak et al., 2015). In
addition, a group of adherens junction-localised proteins including
Ajuba (Jub), Zyxin (Zyx), Dachs, Mib and Riquiqui (Riq), were
shown to inhibit Hippo signalling (activating Yki) in Drosophila
epithelia (Cho et al., 2006; Das Thakur et al., 2010; Degoutin et al.,
2013; Gaspar et al., 2015; Mao et al., 2006; Rauskolb et al., 2011).
Finally, manipulation of the level of F-actin in Drosophila can also
affect Hippo signalling, possibly via signalling through the Src
kinase, which can promote Yki activation (Enomoto and Igaki,
2013; Fernandez et al., 2011, 2014; Sansores-Garcia et al., 2011).
Human YAP and TAZ were subsequently found to act as F-actin
responsive mechanosensors in cell culture (Aragona et al., 2013;
Benham-Pyle et al., 2015; Dupont et al., 2011; Zhao et al., 2007),
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but how their subcellular localisation is physiologically regulated in
human epithelial tissues and cancers in vivo remains a fundamental
unsolved problem.

Here, we examine the physiological function and regulation of
YAP and TAZ in mammalian epithelial tissues. We focus on
stratified squamous epithelia, particularly the skin, and compare our
findings with columnar epithelia, such as the intestine and bronchus.
We propose that YAP and TAZ act as sensors of both apical and
basal signals in vivo, and that this regulatory logic explains why
these proteins localise to the nucleus in basal stem/progenitor cells
to promote cell proliferation and tissue renewal. Elevation of YAP
and TAZ can then drive increased cell proliferation during wound
healing or tumour formation.

RESULTS

YAP and TAZ are expressed in both mouse and human skin,
and regulate gene expression in basal layer stem/progenitor
cells

We began by characterising the expression and subcellular
localisation of YAP and TAZ in both mouse and human skin.
Both proteins were found to be expressed and nuclear localised in a
subset of cells in the skin of the mouse embryo, neonate and adult.

A Mouse skin

Embryo E17.5

Nuclear localisation of YAP and TAZ was particularly prominent in
basal layer cells of both interfollicular epidermis and the hair follicle
(Fig. 1A). Some nuclear localisation was also detected in the highly
flattened squamous cells, consistent with results in cell culture
where cell flattening induces nuclear accumulation of YAP and TAZ
(Dupont et al., 2011) (Fig. 1A). Human YAP and TAZ show a
similar pattern of subcellular localisation in sections of adult human
skin (Fig. 1B). Basal layer cells feature nuclear YAP and TAZ,
whereas differentiating daughters feature cytoplasmic YAP and
TAZ (Fig. 1B). Again, some nuclear localisation is also detectable
in highly flattened squamous cells that have terminally
differentiated (Fig. 1B).

To confirm that YAP and TAZ are transcriptionally active in
the skin, we sought to identify YAP-regulated genes by an RNA-
sequencing (RNA-seq) approach in human keratinocytes. mRNA
was isolated from cells expressing activated mutant YAP S or
siRNAs against Y4P and subjected to RNA-seq and gene-set
enrichment analysis (Fig. 1C, Fig. S1). We found that the YAP-
regulated gene sets included: the previously identified Hippo/
YAP reactomes; cell cycle reactomes (such as E2F targets or
cyclin E-associated genes); cell growth reactomes (such as Myc,
global translation regulators or regulation of ornithine

B Human skin C I1dentitying YAP targets
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D Human YAP-regulated genes .
CycE1 PCNA E2F1¢

Cell cycle

Cell growth

Fig. 1. YAP and TAZ are expressed in both mouse and human skin and regulate gene expression in basal layer stem cells. (A) Mouse skin at three
developmental stages, including embryonic (E17.5), neonate and adult. Tissue sections were stained for either YAP or TAZ to reveal their expression and
subcellular localisation. (B) Human skin (adult) stained for either YAP or TAZ. Note the nuclear localisation in basal layer stem/progenitor cells as well as terminally
differentiating flattened cells. Other differentiating cells have cytoplasmic YAP and TAZ localisation. Arrows indicate nuclear YAP/TAZ; asterisks indicate flattened
suprabasal cells with nuclear YAP/TAZ. (C) Analysis of YAP-dependent gene expression by RNA-seq was performed by comparison of YAP gain and loss of
function in keratinocytes (see Fig. S1). (D) YAP-regulated genes identified by RNA-seq analysed for their expression patterns in skin tissue by mining the Human
Protein Atlas dataset (see Materials and Methods). Strong enrichment in basal layer stem/progenitor cells is evident for many target genes, indicating that YAP

and TAZ are transcriptionally active in this population of cells.
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decarboxylase); cancer signalling reactomes (such as EGFR-Ras
signalling targets); and cancer microenvironment/metastasis
reactomes (including regulators of cellular interactions with the
extracellular matrix) (Fig. S1). We therefore analysed the
expression of the corresponding cell cycle [CycEl (CCNE2),
PCNA, E2F1], cell growth [RPTOR, ODC1, ADC (AZIN2)]
and EGFR and integrin signalling (CYR61, CTGF, AREG,
integrins a3, a6, B1, B2, f4) regulators (Fig. 1D). We found a
striking restriction of these YAP targets to the basal layer of
the skin, indicating that YAP/TAZ transcriptional regulation is
active exclusively in the basal stem/progenitor cell population
(Fig. 1D).

YAP and TAZ are required for skin homeostasis

To examine the physiological role of YAP and TAZ, we generated
double conditional knockout (dKO) mice with the skin-specific
Keratin5-CreERT recombinase. Compared with control animals, the
YAP/TAZ dKO mice showed a dramatic loss of hair in patches
beginning 2 weeks after tamoxifen injection in adult mice, or
causing complete blockade of hair growth in neonates treated with

A Control B

sFFFREREE

K5-CreERT yapfloxfiox tazlioxiox 4 TAM (dKO)
w . |m - .

tamoxifen (Fig. 2A,B). Histological sections of the skin revealed
expression and nuclear localisation of YAP and TAZ in control skin,
which was lost in the dKO tissue. Proliferation of basal layer cells, as
marked by Ki67 staining, was clearly reduced in YAP/TAZ dKO
skin (Fig. 2A,B), as was YAP target gene expression (Fig. S2).
These phenotypes are reminiscent of skin-specific conditional
knockouts of integrin f1 (ITGB1) (Brakebusch et al., 2000; Grose
et al., 2002; Piwko-Czuchra et al., 2009; Raghavan et al., 2000;
Singh et al., 2009).

We next tested whether YAP and TAZ contribute to skin repair
after wounding. We found that levels of both YAP and TAZ were
elevated after wounding, particularly in the basal cell layer of the
epidermis where strong nuclear staining is visible (Fig. 2C,D). We
next recorded the time taken to repair small (4 mm) wounds in the
back skin of control versus YAP/TAZ dKO mice. We found that
control wounds normally healed completely by 10 days, whereas
dKO wounds failed to heal within 10 days and instead required an
additional 2 days to heal (Fig. 2E,F). This delay in healing was not
observed when YAP or TAZ were deleted individually. To
investigate the cause of the delay in wound healing, we examined
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Fig. 2. Conditional inactivation of YAP and TAZ impairs skin homeostasis and wound repair in mice. (A) Control mice have a thick layer of hair (fur) covering
their skin, which sections reveal is positive for YAP, TAZ and Ki67 (a marker of cell proliferation). (B) Double conditional knockout mice for YAP and TAZ
treated with tamoxifen as adults or neonates exhibit dramatic hair loss. Adult skin sections are negative for YAP and TAZ, and have reduced levels of Ki67*
positive cells (quantified as a percentage of total interfollicular basal cells in each randomly selected 40x field of view. n=757 control cells; n=896 dKO cells).
(C) Control mouse skin stained for YAP and TAZ. (D) Punch biopsy wound edge stained for YAP and TAZ. (E) Imaging of wound healing in control (n=8) and YAP/
TAZ double conditional knockout mice (dKO; n=8). Note delayed healing in dKO. (F) Quantification of wound healing rates in control versus dKO animals. ImageJ
was used to measure the wound area at each stage. (G) Proliferation of cells as marked by Ki67 staining is reduced in dKO wounds versus control animals. Values
are meansts.e.m. *P<0.05, **P<0.01.
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cell proliferation in wounds of control versus dKO mice. We
found that the number of Ki67" cells was reduced in dKO wounds
versus controls (Fig. 2G). These findings demonstrate a crucial,
physiological requirement for YAP and TAZ in basal layer stem/
progenitor cells to promote cell proliferation.

In the skin of the ITGBI1 conditional knockout mice, cells that
escape Cre-mediated recombination are able to repopulate the mutant
skin in a short time frame (Piwko-Czuchra et al., 2009). We found
that the same phenomenon occurs in YAP/TAZ dKO skin, where
after Cre activation and YAP/TAZ deletion, either YAP" or TAZ"
residual cells expanded their territory, consistent with the notion that
YAP and TAZ promote proliferation of basal layer cells (Fig. S3).
This phenomenon was also evident during wound healing, where
YAP or TAZ positive cells were able to populate the wound and
allow proliferation and healing in dKO animals (Fig. S3). These
findings underscore the importance of YAP and TAZ in epidermal
progenitor cell proliferation and skin homeostasis and suggest a close
relationship between integrin signalling and YAP/TAZ function.

Mechanisms controlling nuclear localisation of YAP in basal
layer cells

We next sought to understand how YAP and TAZ become nuclear
localised in basal layer cells. Since YAP and TAZ are similar

Normal skin Skin SCC Normal cervix
. AT »

) Integrin 1

proteins that localise identically in skin, we henceforth focus on the
regulation of YAP localisation. Recent work in cultured MCF10A
breast cancer cells indicate a role for integrin-Src signalling and
EGFR-PI3K signalling in promoting the nuclear localisation of
YAP (Fan et al., 2013; Kim and Gumbiner, 2015). To test whether
these pathways are active in skin, we examined their expression and
subcellular localisation. By mining the Human Protein Atlas
dataset, we found that ITGB1, SRC, EGFR and AKT2 (a marker
of PI3K activation) are all expressed strongly in basal layer cells,
with AKT?2 recruited to the interface between basal layer epidermal
cells and the underlying basement membrane extracellular matrix
(Fig. 3A-E). This pattern is also evident in other squamous epithelia
such as cervix or oesophagus and is retained in squamous cell
carcinomas (Fig. 3A-E). These data suggest that nuclear YAP
localisation might be stimulated by integrin-Src and/or PI3K
signalling in basal layer skin keratinocytes (Fig. 3F).

To confirm that integrin-Src and PI3K signalling pathways
are required for YAP nuclear localisation in keratinocytes, we
systematically manipulated these pathways with siRNA knockdown
or treatment with specific inhibitor compounds in human
keratinocytes in culture. We found that inhibition of ITGB1 with
blocking antibodies or siRNA, inhibition of the downstream
effectors SRC or FAK, or inhibition of PI3K profoundly impairs
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Fig. 3. Integrin-Src and EGFR-PI3K localisation in human stratified squamous epithelia and squamous cell carcinomas (SSCs). The Human Protein
Atlas dataset was mined to compare the expression and localisation of potential YAP regulators in human skin sections. YAP staining reveals basal layer nuclear
localisation (A), ITGB1, SRC and EGFR staining reveals basal layer expression (B-D) and AKT2 staining reveals basal subcellular localisation (E) across
squamous tissue types and cancers. (F) Model for YAP regulation in stratified squamous epithelia.
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YAP nuclear localisation (Fig. 4A,B). Interestingly, inhibition of
the PI3K effectors AKT and TORCI had no effect on YAP
localisation, whereas inhibition of PDK1 did partially impair YAP
nuclear localisation (Fig. 4C). Notably, drugs inhibiting F-actin,
myosin II or Rho kinase had only a moderate effect on YAP
localisation in keratinocytes (Fig. 4D). Quantification of these
phenotypes highlights the strong effect of inhibition of integrin-Src
and PI3K (Fig. 4E). Both Src inhibitors and PI3K inhibitors led to a
clear increase in phosphorylated YAP (p-YAP), indicating that
Hippo signalling (MST-LATS signalling) is elevated by these
treatments (Fig. 4F). We confirmed these findings in a classic
‘scratch-wound’ assay, where Src inhibition completely reversed
the nuclear localisation of YAP at the leading edge (Fig. 4G). These
findings indicate that integrin-Src and EGFR-PI3K signalling are
essential for YAP nuclear localisation in keratinocytes (Fig. 4H).
To extend these findings in vivo, we examined the role of
integrin-Src  signalling in mouse skin. We compared YAP

Keratinocytes (HaCaT) in culture

Control IgG anti-Intp1 Control siRNA

Src inh.

Latrunculin

Intp1 siRNA

localisation in untreated and TPA-treated (inflamed) skin samples
from control animals and knockouts for FAK or Src (Fig. SA-C). We
found that loss of FAK or Src results in decreased YAP levels and
nuclear localisation in both normal and inflamed skin (Fig. SA-C).
Some nuclear YAP remained in flattened cells (Fig. 5A-C,
asterisks). Similar results were obtained by treatment of mice with
the topical Src inhibitor (Dasatinib), which was able to drastically
reduce YAP levels and nuclear localisation in untreated or TPA-
treated skin, as well as in skin papillomas induced by a TPA
+DMBA treatment regimen (Fig. 5D-I). These findings show that
integrin-Src signalling is crucial to promote YAP stabilisation and
nuclear localisation in basal layer stem/progenitor cells.
Accordingly, recent work indicates that skin papillomas induced
by DMBA+TPA in mice can be strongly reduced in size and
frequency by homozygous deletion of YAP along with one copy of
TAZ or by treatment with Dasatinib (Creedon and Brunton, 2012;
Serrels et al., 2009; Zanconato et al., 2015).
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Fig. 4. Basal integrin-Src signalling promotes nuclear localisation of YAP in human HaCaT keratinocyte epithelial cells. (A) YAP nuclear localisation is
prevented by treatment of keratinocytes with anti-ITGB1 antibodies (PD52) or by ITGB1 siRNA treatment. (B) YAP nuclear localisation is prevented by treatment
of keratinocytes with the Src inhibitor Dasatinib, by the FAK inhibitor PF573228 or by the PI3K inhibitor GDC0941, but not by treatment with DMSO solvent.
(C) YAP nuclear localisation is reduced by treatment of keratinocytes with the PDK1 inhibitor BX795, but not by the AKT inhibitor MK2206, TORC1 inhibitor
Everolimus or DMSO solvent. (D) YAP nuclear localisation is reduced by treatment of keratinocytes with the F-actin destabilising drug Latrunculin, the myosin Il
inhibitor Blebbistatin, or the Rho-kinase inhibitor Y27632. (E) Quantification of A-D. (F) Western blotting analysis of p-YAP levels in keratinocytes treated with
either DMSO control, PI3K inhibitor or Src inhibitor. Total YAP levels are shown as a control. (G) Nuclear YAP localisation at the leading edge of a scratch wound in
keratinocyte culture is abolished by treatment with the Src inhibitor Dasatinib. (H) Schematic diagram of YAP regulation in keratinocytes.

1678

DEVELOPMENT



STEM CELLS AND REGENERATION

Development (2016) 143, 1674-1687 doi:10.1242/dev.133728

Mechanisms controlling YAP cytoplasmic localisation

in differentiating daughter cells of squamous versus
columnar epithelia

The above analysis suggests that daughter cells differentiate in the
skin simply by loss of contact with the basement membrane
extracellular matrix and consequent loss of integrin-Src signalling,
EGFR-PI3K signalling and YAP nuclear localisation. This model is
plausible in all stratified squamous epithelia, but cannot explain the
self-renewal versus differentiation decision in columnar epithelia
because differentiated columnar epithelial cells retain contact with
the basement membrane. Thus, columnar cells must employ an
additional mechanism to promote Y AP localisation to the cytoplasm.
An obvious candidate is the expression of a differentiated apical
plasma membrane domain in columnar epithelial cells, because
apical proteins associated with Crumbs (CRB3) are well known to
induce Hippo signalling (MST-LATS signalling) to drive YAP to the
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cytoplasm (Chen et al., 2010; Fletcher et al., 2015; Ling et al., 2010;
Szymaniak et al., 2015; Varelas et al., 2010).

To test this notion in vivo, we compared the subcellular
localisation of YAP with that of CRB3 in columnar epithelia in
the gallbladder, endometrium, lung bronchus, breast duct, urinary
bladder, small intestine, colon and salivary gland. In all cases, apical
localisation of CRB3 in differentiated daughter cells correlated with
cytoplasmic localisation of YAP (Fig. 6A-H). Accordingly, basal
layer stem/progenitor cells of the lung, breast or intestine retained
nuclear YAP but lack apical CRB3. Notably, CRB3 is not expressed
in squamous epithelia so cannot mediate the regulation of YAP in
these tissues (Fig. 6I-L). The key Hippo pathway components
Merlin, SAV1 and KIBRA colocalised with CRB3 (Figs S4 and S5)
(Chen et al., 2010; Genevet et al., 2010; Hamaratoglu et al., 2006;
Ling et al., 2010; Yin et al., 2013; Yu et al., 2010; Zhang et al.,
2010). These results indicate that a universal regulatory logic exists

YAP stalnlng of mouse skin papilloma
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Fig. 5. Basal integrin-Src signalling promotes YAP stability and nuclear localisation in mouse skin. (A) YAP staining in control and TPA-treated skin

to induce hyperplasia. (B) YAP staining is reduced in FAK conditional KO skin before or after treatment with TPA. Note some residual nuclear YAP
localisation in basal layer cells or highly flattened cells (asterisk). (C) YAP staining is reduced in Src conditional KO skin before or after treatment with TPA. Note
that there is some residual nuclear YAP localisation in basal layer cells or highly flattened cells (asterisks). (D) YAP staining is reduced in Dasatinib-treated skin
before or after treatment with TPA for 2 days. Note there is some residual nuclear YAP localisation in basal layer cells or highly flattened cells (asterisk). (E) YAP
staining of mouse skin papilloma induced by DMBA-TPA treatment of mice expressing v-Ha-Ras (see Materials and Methods). Note stronger nuclear
localisation in the basal layer. (F) YAP staining of mouse skin squamous cell carcinoma induced by DMBA-TPA treatment of v-Ha-Ras-expressing mice. (G) YAP
staining is strongly reduced by treatment of DMBA-TPA induced papillomas with the Src inhibitor Dasatinib topically for 3 days. (H) Quantification of nuclear
YAP intensity in A-D. (I) Quantification of nuclear YAP intensity in F,G. Values are meansts.e.m.
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Fig. 6. Apical-domain formation inhibits YAP nuclear localisation in human columnar epithelia. The Human Protein Atlas dataset was mined to

compare the localisation of YAP with the presence of absence of the apical domain in different epithelia. YAP localises to the cytoplasm in columnar gallbladder
epithelium (A) and columnar endometrial epithelium (B) which have a CRB3" apical domain. (C) YAP localises to the nucleus of basal layer stem/progenitors,
which lack CRB3 expression, and cytoplasm in columnar epithelial cells, which have a CRB3™ apical domain, in the bronchus. (D) YAP localises to the nucleus of
basal layer stem/progenitors, which lack CRB3 expression, and cytoplasm in columnar epithelial cells, with a CRB3" apical domain, in the breast. (E) YAP
localises to the cytoplasm in pseudostratified columnar bladder epithelium, with a CRB3" apical domain. (F) YAP localises to the nucleus of crypt base stem/
progenitors, which lack a large CRB3" apical domain, and cytoplasm in columnar epithelial cells, which feature a large CRB3" apical domain, in the small
intestine. (G) YAP localises to the nucleus of crypt base stem/progenitors, which have a small CRB3™ apical domain, and cytoplasm in columnar epithelial cells,
which feature a large CRB3™ apical domain, in the colon. (H) YAP localises to the nucleus of basal layer stem/progenitors, which lack CRB3 expression, and
cytoplasm in columnar epithelial cells, which have a CRB3" apical domain, in the salivary gland. (I-L) YAP localises to the nucleus of basal layer stem/progenitors,
and cytoplasm of differentiating squamous epithelial cells, even though the entire tissue lacks CRB3 expression. (M) Schematic diagram of YAP localisation in

different epithelial tissue types.

in which YAP nuclear localisation requires contact with the
basement membrane but is inhibited by expression of an apical
domain (Fig. 6M).

We next sought to confirm that apical and basal signals act
antagonistically in columnar epithelial cells. We examined human
intestinal epithelial cells in culture that are capable of forming 3D
cysts or 2D monolayers in which YAP becomes cytoplasmic.
We found that siRNA knockdown of the apical determinant
CDC42 or LATSI1/2 has similar effects, driving YAP to the
nucleus (Fig. 7A,B). Strong YAP nuclear localisation can also be
achieved simply by plating these cells at low density, so that they
are unable to differentiate an apical domain and also retain a flat
morphology with an extensive basal surface area (Fig. 7C). This
basal contact appears to invoke the same integrin-Src signals
identified in keratinocytes, because blocking of integrins with low
Ca?", anti-ITGBI1 antibodies or ITGBI siRNAs relocalised YAP to
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the cytoplasm (Fig. 7C). Inhibition of Src, FAK, PI3K or PDKI
also impaired YAP nuclear localisation (Fig. 7D,E). These effects
are once again as strong as inhibition of F-actin, myosin II or Rho
kinase (Fig. 7F,G). Examination of p-YAP levels indicated that
integrin-Src  signalling acts via regulation of MST-LATS
phosphorylation of YAP (Fig. 7H). These results suggest that
apical domain formation activates LATS kinases to retain YAP in
the cytoplasm, whereas basal integrin-Src and PI3K signalling
inhibits LATS kinases to promote nuclear YAP localisation
(Fig. 71).

To further explore these findings in vivo, we examined how YAP
behaves in columnar epithelial tumours that progress to invasive
adenocarcinomas. We found that YAP remains cytoplasmic
whereas tumours of the colon, stomach, lung, endometrium,
urothelium or ovary retained their columnar epithelial form
(Fig. 8A-F). By contrast, invasive adenocarcinomas of the same
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apical-basal polarity and induces more nuclear YAP localisation. (B) Caco2 colon adenocarcinoma cells form 2D epithelial monolayers at high density. Silencing
of CDC42 by siRNA knockdown disrupts apical-basal polarity and induces more nuclear YAP localisation, similar to silencing of LATS1/2. (C) YAP nuclear
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cells with low-calcium medium, anti-ITGB1 antibodies (PD52) or by ITGB1 siRNA treatment, but not in controls. (D) YAP nuclear localisation is prevented by
treatment of Caco2 cells with the Src inhibitor Dasatinib, by the FAK inhibitor PF573228 or by the PI3K inhibitor GDC0941, but not by treatment with DMSO
solvent. (E) YAP nuclear localisation is reduced by treatment of Caco2 cells with the PDK1 inhibitor BX795, but not by the AKT inhibitor MK2206, TORC1 inhibitor
Everolimus or DMSO solvent. (F) YAP nuclear localisation is reduced by treatment of Caco2 cells with the F-actin destabilising drug Latrunculin, the myosin Il
inhibitor Blebbistatin or the Rho kinase inhibitor Y27632, or a combination of Blebbistatin and Y27532. (G) Quantification of C-F. (H) Western blotting analysis of
p-YAP levels in Caco2 cells treated with control siRNAs or ITGB1 siRNAs, as well as DMSO control, FAK inhibitor, PI3K inhibitor or Src inhibitor. Total YAP levels

are shown as a control. (1) Schematic diagram of YAP regulation in Caco2 cells.

tissue origin all featured a loss of columnar form and a dramatic
localisation of YAP to the nucleus (Fig. 8A-F). These results
suggest that loss of the apical domain during tumour progression
allows YAP to become nuclear. We therefore tested whether nuclear
YAP in invasive adenocarcinomas would be sensitive to inhibition
of integrin-Src signalling with Dasatinib. We examined 4pc™'~ p53
(Trp53)~~ mutant intestinal organoids that had been implanted
subcutaneously into nude mice. On transplantation, these organoids
rapidly produce highly invasive adenocarcinomas, entering the
surrounding stromal tissue. We found that YAP localisation became
strongly nuclear, specifically in the invasive tumour cells (Fig. 8G).
We next treated mice carrying such invasive tumours with the Src
inhibitor Dasatinib, which strongly suppressed nuclear YAP
localisation and reduced tumour growth and invasion (Fig. 8H).

These findings indicate that Src activity promotes YAP nuclear
localisation in vivo and suggest a potential therapy for invasive
adenocarcinomas and carcinomas.

DISCUSSION

Our results identify a physiological role for YAP and TAZ in skin
homeostasis, promoting cell proliferation in basal layer stem/
progenitor cells (Figs 1, 2). YAP and TAZ localise to the nucleus of
basal layer cells to drive transcription of a set of genes associated
with cell cycle progression, cell growth, EGFR signalling and cell-
matrix adhesion via integrins. In the absence of YAP and TAZ,
proliferation is reduced and dramatic hair loss occurs, indicating that
YAP and TAZ are crucial players in the stem/progenitor cell biology
of the skin. Importantly, loss of either YAP or TAZ individually had
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from G and H. Values are meansts.e.m.

no visible phenotype, confirming that the two proteins act in a
redundant fashion in this tissue.

Both YAP and TAZ localise to the nucleus in the basal layer cells
of the skin and we focused on YAP to characterize the molecular
mechanisms responsible for this nuclear localisation (Figs 3—5). We
examined the model that integrin-Src and EGFR-PI3K signalling
promotes YAP nuclear localisation, which was first proposed based
on experiments in MCF10A breast cells in culture (Fan et al., 2013;
Kim and Gumbiner, 2015), and found that these signalling
molecules are indeed strongly expressed in basal layer skin cells
and are essential to promote YAP nuclear localisation in
keratinocytes in culture and in mouse basal layer skin cells
in vivo. Since YAP appears to induce expression of integrins,
integrin ligands (CYR61, CTGF) and EGFR ligands (AREG), we
propose that a positive feedback loop drives basal layer stem/
progenitor cell identity and that this loop is broken when daughter
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cells lose contact with the basement membrane and differentiate —
forming a bistable system of cell fate determination. Our findings
provide an explanation for how these signalling pathways integrate
to control skin stem/progenitor cell biology.

The notion that nuclear localisation of YAP occurs upon contact
with basement membrane extracellular matrix applies equally to
other squamous epithelia. By contrast, columnar epithelia
differentiate an apical domain that induces YAP relocalisation to
the cytoplasm via apical CRB3-MER-KIBRA-SAYV signals, which
are known to activate the MST and LATS kinases to promote YAP
phosphorylation and cytoplasmic retention despite contact with the
basement membrane (Figs 6, 7, Figs S4-S6) (Baumgartner et al.,
2010; Chen et al., 2010; Fletcher et al., 2015; Genevet et al., 2010;
Hamaratoglu et al., 2006; Ling et al., 2010; Sun et al., 2015;
Szymaniak et al., 2015; Varelas et al., 2010; Yin et al., 2013; Yu
etal., 2010). The CRB3-MER-KIBRA-SAV complex appears to be
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absent in squamous epithelia, which never differentiate a true apical
domain, leaving basement membrane contact as the sole regulatory
mechanism (Fig. 6). Thus, our results show that antagonistic apical
and basal polarity signals serve as the primary control mechanism
that determines YAP subcellular localisation in vivo. In a striking
parallel, the same apical and basal polarity determinants act
antagonistically in epithelial membrane polarisation, with integrin
and PI3K signalling localising PtdIns(3,4,5)P3 basally, and helping
to restrict and/or orient PtdIns(4,5)P2, CDC42 and the CRB3
complex apically (Akhtar and Streuli, 2013; Bryant et al., 2014;
Fletcher et al., 2012; Martin-Belmonte et al., 2007; Thompson,
2013). Further work will be necessary to fully elaborate the
molecular interactions that mediate the antagonistic relationship
between apical and basal signals in cell polarisation and nuclear
signalling via YAP.

This fundamental control mechanism appears to be conserved
across the animal kingdom. For example, Drosophila simple
columnar epithelia such as imaginal discs rely primarily on apical
Crb-Mer/Ex-Kibra-Sav signalling to retain Yki in the cytoplasm and
restrict tissue growth (Baumgartner et al., 2010; Chen et al., 2010;
Genevet et al., 2010; Hamaratoglu et al., 2006; Ling et al., 2010; Yu
et al., 2010). By contrast, Drosophila stratified columnar epithelia
such as the intestine require integrins, Src, EGFR and Yki to promote
proliferation of basal layer stem/progenitor cells, suggesting that the
regulatory connection between them described here is also conserved
(Cordero et al., 2014; Jiang et al., 2011; Kohlmaier et al., 2015; Lin
et al., 2013; Shaw et al., 2010; Staley and Irvine, 2010; Xu et al.,
2011). Furthermore, ectopic activation of Src, EGFR, PI3K or Yki in
simple columnar imaginal discs is sufficient to induce
overproliferation of cells, whereas loss of PI3K or Yki strongly
impairs imaginal disc tumour formation (Doggett et al., 2011;
Enomoto and Igaki, 2013; Fernandez et al., 2014; Herranz et al.,
2012, 2014; Strassburger et al., 2012; Willecke et al., 2011).

Our model raises interesting questions about the possible
physiological roles of other YAP regulators identified in cell
culture, namely that YAP is controlled by Wnt signalling (Azzolin
et al., 2014; Cai et al., 2015; Park et al., 2015), GPCR signalling
(Yuetal., 2012), PKA signalling (Yu et al., 2013), LKBI-MARK
signalling (Mohseni et al., 2014), protease-activated receptors
(Mo et al., 2012) or the Mevalonate pathway (Sorrentino et al.,
2014). Further work is necessary to understand in which tissues
and under what conditions these diverse signals are utilised and
integrated in vivo.

Importantly, our model is easily reconciled with a possible role
of YAP as a mechanosensor in epithelial tissues in vivo (Dupont
et al., 2011). Mechanical force has been proposed to modulate
signalling by both the apical Crb-Mer/Ex-Kibra-Sav system in
Drosophila (Fletcher et al., 2015; Rauskolb et al., 2014) as well
as the basal integrin-Src system in mammalian cell culture
(reviewed in Humphrey et al., 2014; Lawson and Burridge, 2014).
In the early mouse pre-implantation embryo, cortical tension is
higher in outer cells than inner cells, leading to nuclear YAP in
outer cells despite the presence of an apical domain (Anani et al.,
2014; Kono et al., 2014; Nishioka et al., 2009). Consistently,
reducing cortical tension with a ROCK inhibitor abolishes nuclear
localisation of YAP in early mouse embryos (Anani et al., 2014,
Kono et al., 2014; Nishioka et al., 2009). Mechanical forces
might also explain why YAP becomes nuclear in some terminally
differentiating and extremely flattened keratinocytes (Fig. 5, cells
marked by asterisk).

Finally, our model is also easily reconciled with the ability of
YAP to respond to inflammatory cues in epithelia, such as

interleukin-6 (IL-6). Recent work revealed that the IL-6 co-
receptor gpl30 triggers stabilisation and nuclear translocation of
YAP via Src kinases (Taniguchi et al., 2015). This signalling
module was shown to be activated by mucosal injury to intestinal
epithelia to promote intestinal regeneration, a known Src and YAP
function (Cai et al., 2010; Cordero et al., 2014; Taniguchi et al.,
2015). We confirm that tissue damage (with 14Gy of radiation)
elevates YAP levels in a Src-dependent manner in the intestine
(Fig. S7). However, we note that upon damage, localisation of YAP
is still mostly nuclear in basal crypt stem cells, which normally lack
an apical domain, and mostly cytoplasmic in differentiated
columnar epithelial cells, which have an apical domain (Fig. S7).
Interestingly, hyperproliferation per se driven by conditional
deletion of APC and oncogenic mutation of KRAS (VillinCreER
Apd™ K-ras*St-912P) does not change the fundamental pattern of
YAP localisation, with localisation of YAP remaining most strongly
nuclear in the basal stem cells but not the columnar epithelial
cells (Fig. S6). In the skin, YAP is also elevated upon wounding
(Fig. 2C,D) or inflammation (upon TPA treatment) in a Src-
dependent manner (Fig. 5), but remains most strongly nuclear in the
basal layer stem/progenitor cell population (Fig. 5). Thus, Src acts as
a point of convergence between inflammatory cues and apical-basal
polarity cues, with polarity cues being the dominant input. Further
work is necessary to understand whether Src acts primarily by
directly phosphorylating YAP or indirectly via enhancing PI3K
signalling to inhibit MST-LATS activity. Nevertheless, our findings
add weight to the notion that chemical inhibitors of Src kinases such
as Dasatinib are promising cancer therapeutics (Creedon and
Brunton, 2012; Karim et al., 2013) (Fig. 8).

In conclusion, epithelial stem/progenitor cell proliferation and
differentiation might be regulated primarily by apical-basal polarity
signals. In particular, YAP, a key driver of cell proliferation in stem/
progenitor cells and cancer, appears to act primarily as a sensor of
epithelial cell polarity and only secondarily as a sensor of other
stimuli. Stem/progenitor cells thus use information about their
polarity status to inform their decisions to either proliferate or arrest/
differentiate via control of YAP. In the skin epithelium, nuclear
YAP acts redundantly with TAZ to drive gene expression in the
basal stem/progenitor cell layer to maintain cell proliferation and
normal tissue homeostasis.

MATERIALS AND METHODS

Mouse strains

All experiments were carried out in accordance with the United Kingdom
Animal Scientific Procedures Act (1986) and UK Home Office regulations
under project licence number 70/7926. The Yap™" Taz"" mice were a gift
from Axel Behrens (Francis Crick Institute). K5-CreERt mice were obtained
from lan Rosewell (Francis Crick Institute). v-HA-Ras transgene (TG.AC)
mice were a gift from Ilaria Malanchi (Francis Crick Institute) and have been
previously described (Leder et al., 1990). Wild-type mice were used in
mixed background. All transgenic mice were in mixed background and used
with littermate controls. APC p53 tumour sections from implanted nude
mice were obtained from Owen Sansom (The Beatson Institute). K/4-Cre
Fal™ mice and Sr™ Fyn‘/ = Yes™™ mice were obtained from Val
Brunton (University of Edinburgh) and were described previously (Marcotte
et al., 2012; Ridgway et al., 2012). Apc™~ p537/~ (Apc™'PP5%P ps3
Trp53A°~19 allele) mice were obtained from Owen Sansom and were
previously described (Jonkers et al., 2001; Shibata et al., 1997). AhCre is
previously described (Ireland et al., 2004). K-ras®’?? allele is from Tyler
Jacks (Jackson et al., 2001).

siRNA treatment

Human Caco-2, A431 or HaCAT cells were cultured as previously stated
(Fletcher et al., 2015; Elbediwy et al., 2012). All siRNA transfections
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were performed using Lipofectamine RNAiMax transfection reagent
(Invitrogen). Briefly, cells were seeded in 6-well plates and treated with
the siRNA/transfection mix 2 h post seeding. A final concentration of
50-100 nM siRNA was used for transfections. The following day, another
transfection was performed before the cells were trypsinised 4 h later and
reseeded either for 2D or 3D culture. 2D siRNA treatments were left for a
total of 72 h and 3D treatments were left for a total of 120 h. 3D cultures
were prepared as previously stated (Elbediwy et al., 2012). siRNAs were
used as siGenome pools (Dharmacon).

Treatment with inhibitor, blocking antibody and low-calcium
medium

2D mammalian inhibitor treatments were for 4 h. They were as follows:
S uM PF573228 (FAK); 5 uM Saracatinib (Src); 5 pM Dasatinib (Src/Abl);
5uM BX795 (PDK1); 5 uM MK2206 (AKT); 2 uM GDC0941 (PI3K);
100 uM Blebbistatin (myosin); 100 uM Y27632 (Rock); 2 uM Latrunculin
A (actin) and 3 puM Everolimus (mTOR); reagents were supplied by Sigma-
Aldrich and Stratech Scientific Ltd. Integrin 1 blocking antibody or control
IgG antibody (gifts from Nancy Hogg, Francis Crick Institute) was
incubated with the cells for 1 h at a concentration of 10 pg/ml before the
cells were replated. Low-calcium conditions were as previously reported
(Elbediwy et al., 2012). 2D wound healing involved plating the cells at high
density, causing a scratch and subsequent addition of Dasatinib for 4 h.

Antibodies, image acquisition and quantification

Primary antibodies used were: rabbit YAP (H-125, Santa Cruz, sc-15407,
1:2001IF, 1:1000 IB), mouse YAP (63.7; Santa Cruz, sc-101199; 1:200 IF,
1:1000 IB), rabbit p-YAP (Cell Signaling Technology, 4911; 1:1000 IB).
Samples were imaged with a Leica SP5 confocal microscope using a 63x oil
immersion objective and processed using Adobe Photoshop. Fixation and
cell culture quantification was carried out as previously described (Fletcher
etal., 2015).

YAPITAZ conditional deletion

Tamoxifen (Sigma, 20 mg/ml in peanut oil) was injected intraperitoneally
(IP) (5 ul/g body weight) for 5 consecutive days into 8- to 16-week-old
controls or transgenic animals carrying K5-CreERt Yap™" Taz"" to induce
Yap/Taz knockdown and analysed for Yap/Taz deficiency by
immunohistochemistry 7 days thereafter. K5-CreERt Yap™" Taz"" mice
used for long-term analysis were subsequently IP injected with tamoxifen
every month for 3 consecutive days and analysed 8 weeks after the start of
tamoxifen treatment.

Wound healing

Following the 5-day tamoxifen treatment, 4 hydroxy-tamoxifen (4OHT,
Sigma) was topically applied to shaved back skin for 5 consecutive days at a
dosage of 10 mg/ml in ethanol and 100 pl was applied per mouse. Mice were
anaesthetised with IsoFlo (Isoflurane, Abbott Animal Health) and treated
with the analgesics Vetergesic (Alstoe Animal Health) and Rimadyl (Pfizer
Animal Health) for 2 days after wounding. A 4 mm punch wound was made
in the back skin using a biopsy punch (Miltex) 10 days after tamoxifen/
40HT treatment start and wound closure monitored over time.

Dasatinib treatment of skin

Wild-type mice between 8 and 12 weeks of age were topically treated with
150 pl Dasatinib (10 uM in DMSO, Selleck) onto the shaved back skin
directly followed by 200 ul TPA (12-O-tetradecanoylphorbol-13-acetate;
stock dissolved in DMSO and diluted in acetone, 12.5 ng/mouse) treatment
for 2 consecutive days. Mice were analysed and the back skin harvested on
the third day. Control mice were treated with DMSO and acetone.

Chemical carcinogenesis

Chemical skin carcinogenesis was induced on 12-week-old v-Ha-Ras
transgene (TG.AC)-expressing mice in mixed background by a single
application of 100 pg/mouse DMBA [7,12-dimethylbenz(a)anthracene,
Sigma] onto the shaved backskin followed by biweekly topical treatments
with TPA (4 pg/mouse) starting 1 week after DMBA application. Skin
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papillomas were detectable 8 weeks after start of DMBA-TPA treatment and
harvested at 13 weeks. For Dasatinib treatment, papillomas allowed to reach
~1 cm®. These established papillomas were treated topically with Dasatinib
(10 uM in DMSO/acetone; 100 pl/papilloma) once and analysed 3 or 7 days
thereafter. For generation of skin carcinomas, ~12-week-old DMBA-treated
FVB/N wild-type mice were treated biweekly with 4 ng/mouse TPA onto
shaved back skin for 10 weeks then weekly for a further 4 weeks before the
carcinomas were harvested.

Intestinal experiments

Mice carrying the A1 Cre recombinase were induced by three intraperitoneal
(i.p.) injections of 80 mg/kg p-Napthoflavone for 1 day. Intestinal
phenotypes were analysed 4 or 7 days after transgene induction to assess
homeostasis or regeneration, respectively. Intestinal regeneration was
induced by irradiating mice with 14Gy gamma-irradiation 4 days after
recombinase induction. Mice were sacrificed 72 h post irradiation and the
small intestine isolated and flushed with tap water. Ten 1 cm portions of
small intestine were bound together with surgical tape and fixed in 4%
neutral buffered formalin.

Organoid transplantation experiments

Intestinal crypts from VillinCreER Apc™ p53™" mice were removed 4 days
following Cre induction with Tamoxifen (2 mg). This causes full
recombination at both the Apc and p53 loci and organoids now grow as
spheres in an R-Spondin-independent manner (Sato et al., 2009). For
transplantation of organoids, 50 organoids were transplanted subcutaneously
into nude mice (see Valeri et al., 2014). A dose of 10 mg/kg Dasatinib daily
gavage was chosen as we have previously shown to cause a reduction in
p-SRC in vivo without toxicity (Morton et al., 2010). Mice were treated
continuously from 10 days post injection of spheres.

Immunohistochemistry

Mouse back skin samples were harvested and fixed in neutral-buffered
formaldehyde 10% v/v and then embedded in paraffin blocks. 4-um-thick
sections were cut, deparaffinised and rehydrated using standard methods.
After an antigen retrieval step, sections were stained with Hematoxylin and
Eosin (H&E) solution or with primary antibody. Additional images of
human samples were obtained by datamining the www.proteinatlas.org
database (Berglund et al., 2008; Lundberg and Uhlén, 2010; Pontén et al.,
2008; Uhlen et al., 2005, 2015, 2010).

RNA-seq analysis

A431 or HaCAT cell lysates transfected with empty vector, YAP1 S5A,
control siRNA or YAPI siRNAs were used. Sequencing was performed on
biological triplicates on the Illumina HiSeq 2500 platform and generated
~69 million 100 bp paired end reads per sample (data deposited in GEO
under accession number GSE80082). Sequenced reads were trimmed to 75
base pairs and mapped to the Refseq genome model, using RSEM
(v.1.2.21). RSEM uses the bowtie2 alignment tool. Gene counts were
filtered to remove genes with 10 or fewer mapped reads per sample. TMM
(treated mean of M-values) normalisation and differential expression
analysis using the negative binomial model was carried out with the R-
Bioconductor package ‘EdgeR’. Genes with logCPM>1 and FDR<0.05
were judged to be differentially expressed. Enrichments of pathway,
category and motif gene sets were assessed using GSEA with logFC pre-
ranked gene lists. Gene sets with an enrichment false discovery rate (FDR)
value of less than 0.05 were judged to be strongly statistically significant and
values of less than 0.25 significant.

qPCR

Total RNA was extracted from homogenised mouse skin using an RNeasy
Mini Kit (Qiagen). cDNA synthesis for WT or dKO mice was performed
using Superscript II (Invitrogen). Primers were purchased as Quantitect
Primers (Qiagen). Gene samples were run in triplicate on a Quantstudio 12
Flex Thermocycler. Expression values were calculated using the AACT
method relative to the housekeeping gene [B-2-microglobulin (B2M).
All error bars indicate s.e.m.

DEVELOPMENT


http://www.proteinatlas.org

STEM CELLS AND REGENERATION

Development (2016) 143, 1674-1687 doi:10.1242/dev.133728

Acknowledgements

We thank Jimmy Hu and Ophir Klein for discussions of the K14-Cre YAP/TAZ dKO
phenotype. We thank Elanor Wainwright for providing mouse skin papillomas. We
thank Nancy Hogg for providing Integrin p1 blocking antibody and Nic Tapon for
comments on the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions

A.E., Z.1.V.-M. and B.J.T. designed research, planned experiments and analysed the
data; A.E. performed mammalian cell cuture experiments and RT-PCR; Z.V.M
performed the mouse experiments. A.E. and Z.1.V.-M. performed the RNA-seq. S.B.
analysed the RNA-seq and prepared the data. B.S.-D and R.K.S stained and
prepared the tissue sections; J.C., E.H.T., RR.,, V.G.B,, E.S,, H.G,, AB., .M. and
0.J.S. provided tissue samples and reagents; S.K.W. assisted with some mouse
experiments. B.J.T. along with input from the other authors wrote the manuscript.

Funding
This research was funded by the Francis Crick Institute, Cancer Research UK and
the Wellcome Trust. Deposited in PMC for immediate release.

Data availability

RNA-seq data has been deposited in Gene Expression Omnibus (GEQO) under
accession number GSE80082 and is available at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE80082.

Supplementary information
Supplementary information available online at
http:/dev.biologists.org/lookup/suppl/doi:10.1242/dev.133728/-/DC1

References

Akhtar, N. and Streuli, C. H. (2013). An integrin—ILK—microtubule network orients
cell polarity and lumen formation in glandular epithelium. Nat. Cell Biol. 15, 17-27.

Anani, S., Bhat, S., Honma-Yamanaka, N., Krawchuk, D. and Yamanaka, Y.
(2014). Initiation of Hippo signaling is linked to polarity rather than to cell position in
the pre-implantation mouse embryo. Development 141, 2813-2824.

Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N.,
Dupont, S. and Piccolo, S. (2013). A mechanical checkpoint controls
multicellular growth through YAP/TAZ regulation by actin-processing factors.
Cell 154, 1047-1059.

Azzolin, L., Panciera, T., Soligo, S., Enzo, E., Bicciato, S., Dupont, S., Bresolin,
S., Frasson, C., Basso, G., Guzzardo, V. et al. (2014). YAP/TAZ incorporation in
the beta-catenin destruction complex orchestrates the Wnt response. Cell 158,
157-170.

Baumgartner, R., Poernbacher, I., Buser, N., Hafen, E. and Stocker, H. (2010).
The WW domain protein Kibra acts upstream of Hippo in Drosophila. Dev. Cell 18,
309-316.

Benham-Pyle, B. W., Pruitt, B. L. and Nelson, W. J. (2015). Cell adhesion.
Mechanical strain induces E-cadherin-dependent Yap1 and beta-catenin
activation to drive cell cycle entry. Science 348, 1024-1027.

Berglund, L., Bjorling, E., Oksvold, P., Fagerberg, L., Asplund, A., Szigyarto,
C. A.-K,, Persson, A., Ottosson, J., Wernerus, H., Nilsson, P. et al. (2008). A
genecentric Human Protein Atlas for expression profiles based on antibodies.
Mol. Cell. Proteomics 7, 2019-2027.

Brakebusch, C., Grose, R., Quondamatteo, F., Ramirez, A., Jorcano, J. L., Pirro,
A., Svensson, M., Herken, R., Sasaki, T., Timpl, R. et al. (2000). Skin and hair
follicle integrity is crucially dependent on beta 1 integrin expression on
keratinocytes. EMBO J. 19, 3990-4003.

Bryant, D. M., Roignot, J., Datta, A., Overeem, A. W., Kim, M., Yu, W., Peng, X.,
Eastburn, D. J., Ewald, A. J., Werb, Z. et al. (2014). A molecular switch for the
orientation of epithelial cell polarization. Dev. Cell 31, 171-187.

Cai, J., Zhang, N., Zheng, Y., de Wilde, R. F., Maitra, A. and Pan, D. (2010). The
Hippo signaling pathway restricts the oncogenic potential of an intestinal
regeneration program. Genes Dev. 24, 2383-2388.

Cai, J., Maitra, A., Anders, R. A., Taketo, M. M. and Pan, D. (2015). beta-Catenin
destruction complex-independent regulation of Hippo—YAP signaling by APC in
intestinal tumorigenesis. Genes Dev. 29, 1493-1506.

Camargo, F. D., Gokhale, S., Johnnidis, J. B., Fu, D., Bell, G. W., Jaenisch, R.
and Brummelkamp, T. R. (2007). YAP1 increases organ size and expands
undifferentiated progenitor cells. Curr. Biol. 17, 2054-2060.

Chen, C.-L., Gajewski, K. M., Hamaratoglu, F., Bossuyt, W., Sansores-Garcia,
L., Tao, C. and Halder, G. (2010). The apical-basal cell polarity determinant
Crumbs regulates Hippo signaling in Drosophila. Proc. Natl. Acad. Sci. USA 107,
15810-15815.

Cho, E., Feng, Y., Rauskolb, C., Maitra, S., Fehon, R. and Irvine, K. D. (2006).
Delineation of a Fat tumor suppressor pathway. Nat. Genet. 38, 1142-1150.

Cordero, J. B., Ridgway, R. A., Valeri, N., Nixon, C., Frame, M. C., Muller, W. J.,
Vidal, M. and Sansom, O. J. (2014). c-Src drives intestinal regeneration and
transformation. EMBO J. 33, 1474-1491.

Creedon, H. and Brunton, V. G. (2012). Src kinase inhibitors: promising cancer
therapeutics? Crit. Rev. Oncog. 17, 145-159.

Das Thakur, M., Feng, Y., Jagannathan, R., Seppa, M. J., Skeath, J. B. and
Longmore, G. D. (2010). Ajuba LIM proteins are negative regulators of the Hippo
signaling pathway. Curr. Biol. 20, 657-662.

Degoutin, J. L., Milton, C. C., Yu, E., Tipping, M., Bosveld, F., Yang, L.,
Bellaiche, Y., Veraksa, A. and Harvey, K. F. (2013). Riquiqui and minibrain are
regulators of the Hippo pathway downstream of Dachsous. Nat. Cell Biol. 15,
1176-1185.

Doggett, K., Grusche, F. A., Richardson, H. E. and Brumby, A. M. (2011). Loss of
the Drosophila cell polarity regulator Scribbled promotes epithelial tissue
overgrowth and cooperation with oncogenic Ras-Raf through impaired Hippo
pathway signaling. BMC Dev. Biol. 11, 57.

Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S. A., Gayyed,
M. F., Anders, R. A., Maitra, A. and Pan, D. (2007). Elucidation of a universal
size-control mechanism in Drosophila and mammals. Cell 130, 1120-1133.

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M.,
Zanconato, F., Le Digabel, J., Forcato, M., Bicciato, S. et al. (2011). Role of
YAP/TAZ in mechanotransduction. Nature 474, 179-183.

Elbediwy, A., Zihni, C., Terry, S. J., Clark, P., Matter, K. and Balda, M. S. (2012).
Epithelial junction formation requires confinement of Cdc42 activity by a novel
SH3BP1 complex. J. Cell Biol. 198, 677-693.

Enomoto, M. and Igaki, T. (2013). Src controls tumorigenesis via JNK-dependent
regulation of the Hippo pathway in Drosophila. EMBO Rep. 14, 65-72.

Fan, R., Kim, N.-G. and Gumbiner, B. M. (2013). Regulation of Hippo pathway by
mitogenic growth factors via phosphoinositide 3-kinase and phosphoinositide-
dependent kinase-1. Proc. Natl. Acad. Sci. USA 110, 2569-2574.

Fernandez, B. G., Gaspar, P., Bras-Pereira, C., Jezowska, B., Rebelo, S. R. and
Janody, F. (2011). Actin-Capping Protein and the Hippo pathway regulate F-actin
and tissue growth in Drosophila. Development 138, 2337-2346.

Fernandez, B. G., Jezowska, B. and Janody, F. (2014). Drosophila actin-Capping
Protein limits JNK activation by the Src proto-oncogene. Oncogene 33,
2027-2039.

Fletcher, G. C., Lucas, E. P., Brain, R., Tournier, A. and Thompson, B. J. (2012).
Positive feedback and mutual antagonism combine to polarize Crumbs in the
Drosophila follicle cell epithelium. Curr. Biol. 22, 1116-1122.

Fletcher, G. C., Elbediwy, A., Khanal, I, Ribeiro, P. S., Tapon, N. and
Thompson, B. J. (2015). The Spectrin cytoskeleton regulates the Hippo
signalling pathway. EMBO J. 34, 940-954.

Gaspar, P., Holder, M. V., Aerne, B. L., Janody, F. and Tapon, N. (2015). Zyxin
antagonizes the FERM protein expanded to couple F-actin and Yorkie-dependent
organ growth. Curr. Biol. 25, 679-689.

Genevet, A., Wehr, M. C., Brain, R., Thompson, B. J. and Tapon, N. (2010). Kibra
is a regulator of the Salvador/Warts/Hippo signaling network. Dev. Cell 18,
300-308.

Grose, R., Hutter, C., Bloch, W., Thorey, I., Watt, F. M., Fassler, R., Brakebusch,
C. and Werner, S. (2002). A crucial role of beta 1 integrins for keratinocyte
migration in vitro and during cutaneous wound repair. Development 129,
2303-2315.

Hamaratoglu, F., Willecke, M., Kango-Singh, M., Nolo, R., Hyun, E., Tao, C.,
Jafar-Nejad, H. and Halder, G. (2006). The tumour-suppressor genes NF2/
Merlin and Expanded act through Hippo signalling to regulate cell proliferation and
apoptosis. Nat. Cell Biol. 8, 27-36.

Harvey, K. F., Zhang, X. and Thomas, D. M. (2013). The Hippo pathway and
human cancer. Nat. Rev. Cancer 13, 246-257.

Herranz, H., Hong, X. and Cohen, S. M. (2012). Mutual repression by bantam
miRNA and Capicua links the EGFR/MAPK and Hippo pathways in growth control.
Curr. Biol. 22, 651-657.

Herranz, H., Weng, R. and Cohen, S. M. (2014). Crosstalk between epithelial and
mesenchymal tissues in tumorigenesis and imaginal disc development. Curr. Biol.
24, 1476-1484.

Huang, J., Wu, S., Barrera, J., Matthews, K. and Pan, D. (2005). The Hippo
signaling pathway coordinately regulates cell proliferation and apoptosis by
inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122, 421-434.

Humphrey, J. D., Dufresne, E. R. and Schwartz, M. A. (2014).
Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell
Biol. 15, 802-812.

Ireland, H., Kemp, R., Houghton, C., Howard, L., Clarke, A. R., Sansom, O. J.
and Winton, D. J. (2004). Inducible Cre-mediated control of gene expression in
the murine gastrointestinal tract: effect of loss of beta-catenin. Gastroenterology
126, 1236-1246.

Irvine, K. D. and Harvey, K. F. (2015). Control of organ growth by patterning and
Hippo signaling in Drosophila. Cold Spring Harb. Perspect. Biol. 7, a019224.
Jackson, E. L., Willis, N., Mercer, K., Bronson, R. T., Crowley, D., Montoya, R.,
Jacks, T. and Tuveson, D. A. (2001). Analysis of lung tumor initiation and
progression using conditional expression of oncogenic K-ras. Genes Dev. 15,

3243-3248.

1685

DEVELOPMENT


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80082
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80082
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.133728/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.133728/-/DC1
http://dx.doi.org/10.1038/ncb2646
http://dx.doi.org/10.1038/ncb2646
http://dx.doi.org/10.1242/dev.107276
http://dx.doi.org/10.1242/dev.107276
http://dx.doi.org/10.1242/dev.107276
http://dx.doi.org/10.1016/j.cell.2013.07.042
http://dx.doi.org/10.1016/j.cell.2013.07.042
http://dx.doi.org/10.1016/j.cell.2013.07.042
http://dx.doi.org/10.1016/j.cell.2013.07.042
http://dx.doi.org/10.1016/j.cell.2014.06.013
http://dx.doi.org/10.1016/j.cell.2014.06.013
http://dx.doi.org/10.1016/j.cell.2014.06.013
http://dx.doi.org/10.1016/j.cell.2014.06.013
http://dx.doi.org/10.1016/j.devcel.2009.12.013
http://dx.doi.org/10.1016/j.devcel.2009.12.013
http://dx.doi.org/10.1016/j.devcel.2009.12.013
http://dx.doi.org/10.1126/science.aaa4559
http://dx.doi.org/10.1126/science.aaa4559
http://dx.doi.org/10.1126/science.aaa4559
http://dx.doi.org/10.1074/mcp.R800013-MCP200
http://dx.doi.org/10.1074/mcp.R800013-MCP200
http://dx.doi.org/10.1074/mcp.R800013-MCP200
http://dx.doi.org/10.1074/mcp.R800013-MCP200
http://dx.doi.org/10.1093/emboj/19.15.3990
http://dx.doi.org/10.1093/emboj/19.15.3990
http://dx.doi.org/10.1093/emboj/19.15.3990
http://dx.doi.org/10.1093/emboj/19.15.3990
http://dx.doi.org/10.1016/j.devcel.2014.08.027
http://dx.doi.org/10.1016/j.devcel.2014.08.027
http://dx.doi.org/10.1016/j.devcel.2014.08.027
http://dx.doi.org/10.1101/gad.1978810
http://dx.doi.org/10.1101/gad.1978810
http://dx.doi.org/10.1101/gad.1978810
http://dx.doi.org/10.1101/gad.264515.115
http://dx.doi.org/10.1101/gad.264515.115
http://dx.doi.org/10.1101/gad.264515.115
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://dx.doi.org/10.1073/pnas.1004060107
http://dx.doi.org/10.1073/pnas.1004060107
http://dx.doi.org/10.1073/pnas.1004060107
http://dx.doi.org/10.1073/pnas.1004060107
http://dx.doi.org/10.1038/ng1887
http://dx.doi.org/10.1038/ng1887
http://dx.doi.org/10.1002/embj.201387454
http://dx.doi.org/10.1002/embj.201387454
http://dx.doi.org/10.1002/embj.201387454
http://dx.doi.org/10.1615/CritRevOncog.v17.i2.20
http://dx.doi.org/10.1615/CritRevOncog.v17.i2.20
http://dx.doi.org/10.1016/j.cub.2010.02.035
http://dx.doi.org/10.1016/j.cub.2010.02.035
http://dx.doi.org/10.1016/j.cub.2010.02.035
http://dx.doi.org/10.1038/ncb2829
http://dx.doi.org/10.1038/ncb2829
http://dx.doi.org/10.1038/ncb2829
http://dx.doi.org/10.1038/ncb2829
http://dx.doi.org/10.1186/1471-213X-11-57
http://dx.doi.org/10.1186/1471-213X-11-57
http://dx.doi.org/10.1186/1471-213X-11-57
http://dx.doi.org/10.1186/1471-213X-11-57
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1038/nature10137
http://dx.doi.org/10.1038/nature10137
http://dx.doi.org/10.1038/nature10137
http://dx.doi.org/10.1083/jcb.201202094
http://dx.doi.org/10.1083/jcb.201202094
http://dx.doi.org/10.1083/jcb.201202094
http://dx.doi.org/10.1038/embor.2012.185
http://dx.doi.org/10.1038/embor.2012.185
http://dx.doi.org/10.1073/pnas.1216462110
http://dx.doi.org/10.1073/pnas.1216462110
http://dx.doi.org/10.1073/pnas.1216462110
http://dx.doi.org/10.1242/dev.063545
http://dx.doi.org/10.1242/dev.063545
http://dx.doi.org/10.1242/dev.063545
http://dx.doi.org/10.1038/onc.2013.155
http://dx.doi.org/10.1038/onc.2013.155
http://dx.doi.org/10.1038/onc.2013.155
http://dx.doi.org/10.1016/j.cub.2012.04.020
http://dx.doi.org/10.1016/j.cub.2012.04.020
http://dx.doi.org/10.1016/j.cub.2012.04.020
http://dx.doi.org/10.15252/embj.201489642
http://dx.doi.org/10.15252/embj.201489642
http://dx.doi.org/10.15252/embj.201489642
http://dx.doi.org/10.1016/j.cub.2015.01.010
http://dx.doi.org/10.1016/j.cub.2015.01.010
http://dx.doi.org/10.1016/j.cub.2015.01.010
http://dx.doi.org/10.1016/j.devcel.2009.12.011
http://dx.doi.org/10.1016/j.devcel.2009.12.011
http://dx.doi.org/10.1016/j.devcel.2009.12.011
http://dx.doi.org/10.1038/ncb1339
http://dx.doi.org/10.1038/ncb1339
http://dx.doi.org/10.1038/ncb1339
http://dx.doi.org/10.1038/ncb1339
http://dx.doi.org/10.1038/nrc3458
http://dx.doi.org/10.1038/nrc3458
http://dx.doi.org/10.1016/j.cub.2012.02.050
http://dx.doi.org/10.1016/j.cub.2012.02.050
http://dx.doi.org/10.1016/j.cub.2012.02.050
http://dx.doi.org/10.1016/j.cub.2014.05.043
http://dx.doi.org/10.1016/j.cub.2014.05.043
http://dx.doi.org/10.1016/j.cub.2014.05.043
http://dx.doi.org/10.1016/j.cell.2005.06.007
http://dx.doi.org/10.1016/j.cell.2005.06.007
http://dx.doi.org/10.1016/j.cell.2005.06.007
http://dx.doi.org/10.1038/nrm3896
http://dx.doi.org/10.1038/nrm3896
http://dx.doi.org/10.1038/nrm3896
http://dx.doi.org/10.1053/j.gastro.2004.03.020
http://dx.doi.org/10.1053/j.gastro.2004.03.020
http://dx.doi.org/10.1053/j.gastro.2004.03.020
http://dx.doi.org/10.1053/j.gastro.2004.03.020
http://dx.doi.org/10.1101/cshperspect.a019224
http://dx.doi.org/10.1101/cshperspect.a019224
http://dx.doi.org/10.1101/gad.943001
http://dx.doi.org/10.1101/gad.943001
http://dx.doi.org/10.1101/gad.943001
http://dx.doi.org/10.1101/gad.943001

STEM CELLS AND REGENERATION

Development (2016) 143, 1674-1687 doi:10.1242/dev.133728

Jiang, H., Grenley, M. O., Bravo, M.-J., Blumhagen, R. Z. and Edgar, B. A.
(2011). EGFR/Ras/MAPK signaling mediates adult midgut epithelial homeostasis
and regeneration in Drosophila. Cell Stem Cell 8, 84-95.

Jin, Y., Xu, J., Yin, M.-X,, Lu, Y., Hu, L., Li, P., Zhang, P., Yuan, Z., Ho, M. S., Ji, H.
et al. (2013). Brahma is essential for Drosophila intestinal stem cell proliferation
and regulated by Hippo signaling. eLife 2, €00999.

Jonkers, J., Meuwissen, R., van der Gulden, H., Peterse, H., van der Valk, M.
and Berns, A. (2001). Synergistic tumor suppressor activity of BRCA2 and p53 in
a conditional mouse model for breast cancer. Nat. Genet. 29, 418-425.

Karim, S. A,, Creedon, H., Patel, H., Carragher, N. O., Morton, J. P., Muller, W. J.,
Evans, T. R., Gusterson, B., Sansom, O. J. and Brunton, V. G. (2013).
Dasatinib inhibits mammary tumour development in a genetically engineered
mouse model. J. Pathol. 230, 430-440.

Kim, N.-G. and Gumbiner, B. M. (2015). Adhesion to fibronectin regulates Hippo
signaling via the FAK-Src—PI3K pathway. J. Cell Biol. 210, 503-515.

Kohlmaier, A., Fassnacht, C., Jin, Y., Reuter, H., Begum, J., Dutta, D. and
Edgar, B. A. (2015). Src kinase function controls progenitor cell pools during
regeneration and tumor onset in the Drosophila intestine. Oncogene 34,
2371-2384.

Kono, K., Tamashiro, D. A. and Alarcon, V. B. (2014). Inhibition of RHO-ROCK
signaling enhances ICM and suppresses TE characteristics through activation of
Hippo signaling in the mouse blastocyst. Dev. Biol. 394, 142-155.

Koontz, L. M., Liu-Chittenden, Y., Yin, F., Zheng, Y., Yu, J., Huang, B., Chen, Q.,
Wu, S. and Pan, D. (2013). The Hippo effector Yorkie controls normal tissue
growth by antagonizing scalloped-mediated default repression. Dev. Cell 25,
388-401.

Lawson, C. D. and Burridge, K. (2014). The on-off relationship of Rho and Rac
during integrin-mediated adhesion and cell migration. Small GTPases 5, e27958.

Leder, A., Kuo, A., Cardiff, R. D., Sinn, E. and Leder, P. (1990). v-Ha-ras
transgene abrogates the initiation step in mouse skin tumorigenesis: effects of
phorbol esters and retinoic acid. Proc. Natl. Acad. Sci. USA 87, 9178-9182.

Lin, G., Zhang, X., Ren, J., Pang, Z., Wang, C., Xu, N. and Xi, R. (2013). Integrin
signaling is required for maintenance and proliferation of intestinal stem cells in
Drosophila. Dev. Biol. 377, 177-187.

Ling, C.,Zheng, Y., Yin, F., Yu, J., Huang, J., Hong, Y., Wu, S. and Pan, D. (2010).
The apical transmembrane protein Crumbs functions as a tumor suppressor that
regulates Hippo signaling by binding to Expanded. Proc. Natl. Acad. Sci. USA
107, 10532-10537.

Liu-Chittenden, Y., Huang, B., Shim, J. S., Chen, Q., Lee, S.-J., Anders, R. A.,
Liu, J. O. and Pan, D. (2012). Genetic and pharmacological disruption of the
TEAD-YAP complex suppresses the oncogenic activity of YAP. Genes Dev. 26,
1300-1305.

Lundberg, E. and Uhlén, M. (2010). Creation of an antibody-based subcellular
protein atlas. Proteomics 10, 3984-3996.

Mao, Y., Rauskolb, C., Cho, E., Hu, W.-L., Hayter, H., Minihan, G., Katz, F. N. and
Irvine, K. D. (2006). Dachs: an unconventional myosin that functions downstream
of Fat to regulate growth, affinity and gene expression in Drosophila. Development
133, 2539-2551.

Marcotte, R., Smith, H. W., Sanguin-Gendreau, V., McDonough, R. V. and
Muller, W. J. (2012). Mammary epithelial-specific disruption of c-Src impairs
cell cycle progression and tumorigenesis. Proc. Natl. Acad. Sci. USA 109,
2808-2813.

Martin-Belmonte, F., Gassama, A., Datta, A., Yu, W., Rescher, U., Gerke, V. and
Mostov, K. (2007). PTEN-mediated apical segregation of phosphoinositides
controls epithelial morphogenesis through Cdc42. Cell 128, 383-397.

Mo, J.-S., Yu, F.-X., Gong, R., Brown, J. H. and Guan, K.-L. (2012). Regulation of
the Hippo-YAP pathway by protease-activated receptors (PARs). Genes Dev. 26,
2138-2143.

Mohseni, M., Sun, J., Lau, A., Curtis, S., Goldsmith, J., Fox, V. L., Wei, C.,
Frazier, M., Samson, O., Wong, K.-K. et al. (2014). A genetic screen identifies an
LKB1-MARK signalling axis controlling the Hippo—YAP pathway. Nat. Cell Biol.
16, 108-117.

Morton, J. P., Karim, S. A., Graham, K., Timpson, P., Jamieson, N., Athineos, D.,
Doyle, B., McKay, C., Heung, M.-Y., Oien, K. A. et al. (2010). Dasatinib inhibits
the development of metastases in a mouse model of pancreatic ductal
adenocarcinoma. Gastroenterology 139, 292-303.

Nishioka, N., Inoue, K.-i., Adachi, K., Kiyonari, H., Ota, M., Ralston, A., Yabuta,
N., Hirahara, S., Stephenson, R. O., Ogonuki, N. et al. (2009). The Hippo
signaling pathway components Lats and Yap pattern Tead4 activity to distinguish
mouse trophectoderm from inner cell mass. Dev. Cell 16, 398-410.

Oh, H. and Irvine, K. D. (2008). In vivo regulation of Yorkie phosphorylation and
localization. Development 135, 1081-1088.

Oh, H., Slattery, M., Ma, L., Crofts, A., White, K. P., Mann, R. S. and Irvine, K. D.
(2013). Genome-wide association of Yorkie with chromatin and chromatin-
remodeling complexes. Cell Rep. 3, 309-318.

Pan, D. (2010). The Hippo signaling pathway in development and cancer. Dev. Cell
19, 491-505.

Pan, D. (2015). YAPing Hippo forecasts a new target for lung cancer prevention and
treatment. J. Clin. Oncol. 33, 2311-2313.

1686

Park, H. W., Kim, Y. C., Yu, B., Moroishi, T., Mo, J.-S., Plouffe, S. W., Meng, Z.,
Lin, K. C., Yu, F.-X., Alexander, C. M. et al. (2015). Alternative Wnt signaling
activates YAP/TAZ. Cell 162, 780-794.

Piccolo, S., Cordenonsi, M. and Dupont, S. (2013). Molecular pathways: YAP and
TAZ take center stage in organ growth and tumorigenesis. Clin. Cancer Res. 19,
4925-4930.

Piwko-Czuchra, A., Koegel, H., Meyer, H., Bauer, M., Werner, S., Brakebusch,
C. and Fassler, R. (2009). Beta1 integrin-mediated adhesion signalling is
essential for epidermal progenitor cell expansion. PLoS ONE 4, e5488.

Pontén, F., Jirstrom, K. and Uhlen, M. (2008). The Human Protein Atlas-a tool for
pathology. J. Pathol. 216, 387-393.

Raghavan, S., Bauer, C., Mundschau, G., Li, Q. and Fuchs, E. (2000). Conditional
ablation of beta1 integrin in skin. Severe defects in epidermal proliferation,
basement membrane formation, and hair follicle invagination. J. Cell Biol. 150,
1149-1160.

Rauskolb, C., Pan, G., Reddy, B. V. V. G., Oh, H. and Irvine, K. D. (2011). Zyxin
links fat signaling to the Hippo pathway. PLoS Biol. 9, e1000624.

Rauskolb, C., Sun, S., Sun, G,, Pan, Y. and Irvine, K. D. (2014). Cytoskeletal
tension inhibits Hippo signaling through an Ajuba-Warts complex. Cell 158,
143-156.

Reginensi, A., Hoshi, M., Boualia, S. K., Bouchard, M., Jain, S. and McNeill, H.
(2015). Yap and Taz are required for Ret-dependent urinary tract morphogenesis.
Development 142, 2696-2703.

Ridgway, R. A., Serrels, B., Mason, S., Kinnaird, A., Muir, M., Patel, H., Muller,
W. J., Sansom, O. J. and Brunton, V. G. (2012). Focal adhesion kinase is
required for beta-catenin-induced mobilization of epidermal stem cells.
Carcinogenesis 33, 2369-2376.

Sansores-Garcia, L., Bossuyt, W., Wada, K.-l., Yonemura, S., Tao, C., Sasaki, H.
and Halder, G. (2011). Modulating F-actin organization induces organ growth by
affecting the Hippo pathway. EMBO J. 30, 2325-2335.

Sansores-Garcia, L., Atkins, M., Moya, I. M., Shahmoradgoli, M., Tao, C., Mills,
G. B. and Halder, G. (2013). Mask is required for the activity of the Hippo pathway
effector Yki/YAP. Curr. Biol. 23, 229-235.

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange,
D. E., van Es, J. H., Abo, A., Kujala, P., Peters, P. J. et al. (2009). Single Lgr5
stem cells build crypt-villus structures in vitro without a mesenchymal niche.
Nature 459, 262-265.

Schlegelmilch, K., Mohseni, M., Kirak, O., Pruszak, J., Rodriguez, J. R., Zhou,
D., Kreger, B. T., Vasioukhin, V., Avruch, J., Brummelkamp, T. R. et al. (2011).
Yap1 acts downstream of alpha-catenin to control epidermal proliferation. Cell
144, 782-795.

Serrels, B., Serrels, A., Mason, S. M., Baldeschi, C., Ashton, G. H., Canel, M.,
Mackintosh, L. J., Doyle, B., Green, T. P., Frame, M. C. et al. (2009). A novel Src
kinase inhibitor reduces tumour formation in a skin carcinogenesis model.
Carcinogenesis 30, 249-257.

Shaw, R. L., Kohlmaier, A., Polesello, C., Veelken, C., Edgar, B. A. and Tapon,
N. (2010). The Hippo pathway regulates intestinal stem cell proliferation during
Drosophila adult midgut regeneration. Development 137, 4147-4158.

Shibata, H., Toyama, K., Shioya, H., Ito, M., Hirota, M., Hasegawa, S.,
Matsumoto, H., Takano, H., Akiyama, T., Toyoshima, K. et al. (1997). Rapid
colorectal adenoma formation initiated by conditional targeting of the Apc gene.
Science 278, 120-123.

Sidor, C. M., Brain, R. and Thompson, B. J. (2013). Mask proteins are cofactors of
Yorkie/YAP in the Hippo pathway. Curr. Biol. 23, 223-228.

Singh, P., Chen, C., Pal-Ghosh, S., Stepp, M. A., Sheppard, D. and Van De
Water, L. (2009). Loss of integrin alpha9beta1 results in defects in proliferation,
causing poor re-epithelialization during cutaneous wound healing. J. Invest.
Dermatol. 129, 217-228.

Sorrentino, G., Ruggeri, N., Specchia, V., Cordenonsi, M., Mano, M., Dupont, S.,
Manfrin, A., Ingallina, E., Sommaggio, R., Piazza, S. et al. (2014).
Metabolic control of YAP and TAZ by the mevalonate pathway. Nat. Cell Biol.
16, 357-366.

Staley, B. K. and Irvine, K. D. (2010). Warts and Yorkie mediate intestinal
regeneration by influencing stem cell proliferation. Curr. Biol. 20, 1580-1587.

Strassburger, K., Tiebe, M., Pinna, F., Breuhahn, K. and Teleman, A. A. (2012).
Insulin/IGF signaling drives cell proliferation in part via Yorkie/YAP. Dev. Biol. 367,
187-196.

Sun, S., Reddy, B. V. V. G. and Irvine, K. D. (2015). Localization of Hippo signalling
complexes and Warts activation in vivo. Nat. Commun. 6, 8402.

Szymaniak, A. D., Mahoney, J. E., Cardoso, W. V. and Varelas, X. (2015).
Crumbs3-mediated polarity directs airway epithelial cell fate through the Hippo
pathway effector yap. Dev. Cell 34, 283-296.

Taniguchi, K., Wu, L.-W., Grivennikov, S. I., de Jong, P. R,, Lian, I., Yu, F.-X,,
Wang, K., Ho, S. B., Boland, B. S., Chang, J. T. et al. (2015). A gp130-Src-YAP
module links inflammation to epithelial regeneration. Nature 519, 57-62.

Thompson, B. J. (2013). Cell polarity: models and mechanisms from yeast, worms
and flies. Development 140, 13-21.

Uhlen, M., Bjorling, E., Agaton, C., Szigyarto, C. A.-K., Amini, B., Andersen, E.,
Andersson, A.-C., Angelidou, P., Asplund, A., Asplund, C. et al. (2005). A

DEVELOPMENT


http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.7554/eLife.00999
http://dx.doi.org/10.7554/eLife.00999
http://dx.doi.org/10.7554/eLife.00999
http://dx.doi.org/10.1038/ng747
http://dx.doi.org/10.1038/ng747
http://dx.doi.org/10.1038/ng747
http://dx.doi.org/10.1002/path.4202
http://dx.doi.org/10.1002/path.4202
http://dx.doi.org/10.1002/path.4202
http://dx.doi.org/10.1002/path.4202
http://dx.doi.org/10.1083/jcb.201501025
http://dx.doi.org/10.1083/jcb.201501025
http://dx.doi.org/10.1038/onc.2014.163
http://dx.doi.org/10.1038/onc.2014.163
http://dx.doi.org/10.1038/onc.2014.163
http://dx.doi.org/10.1038/onc.2014.163
http://dx.doi.org/10.1016/j.ydbio.2014.06.023
http://dx.doi.org/10.1016/j.ydbio.2014.06.023
http://dx.doi.org/10.1016/j.ydbio.2014.06.023
http://dx.doi.org/10.1016/j.devcel.2013.04.021
http://dx.doi.org/10.1016/j.devcel.2013.04.021
http://dx.doi.org/10.1016/j.devcel.2013.04.021
http://dx.doi.org/10.1016/j.devcel.2013.04.021
http://dx.doi.org/10.4161/sgtp.27958
http://dx.doi.org/10.4161/sgtp.27958
http://dx.doi.org/10.1073/pnas.87.23.9178
http://dx.doi.org/10.1073/pnas.87.23.9178
http://dx.doi.org/10.1073/pnas.87.23.9178
http://dx.doi.org/10.1016/j.ydbio.2013.01.032
http://dx.doi.org/10.1016/j.ydbio.2013.01.032
http://dx.doi.org/10.1016/j.ydbio.2013.01.032
http://dx.doi.org/10.1073/pnas.1004279107
http://dx.doi.org/10.1073/pnas.1004279107
http://dx.doi.org/10.1073/pnas.1004279107
http://dx.doi.org/10.1073/pnas.1004279107
http://dx.doi.org/10.1101/gad.192856.112
http://dx.doi.org/10.1101/gad.192856.112
http://dx.doi.org/10.1101/gad.192856.112
http://dx.doi.org/10.1101/gad.192856.112
http://dx.doi.org/10.1002/pmic.201000125
http://dx.doi.org/10.1002/pmic.201000125
http://dx.doi.org/10.1242/dev.02427
http://dx.doi.org/10.1242/dev.02427
http://dx.doi.org/10.1242/dev.02427
http://dx.doi.org/10.1242/dev.02427
http://dx.doi.org/10.1073/pnas.1018861108
http://dx.doi.org/10.1073/pnas.1018861108
http://dx.doi.org/10.1073/pnas.1018861108
http://dx.doi.org/10.1073/pnas.1018861108
http://dx.doi.org/10.1016/j.cell.2006.11.051
http://dx.doi.org/10.1016/j.cell.2006.11.051
http://dx.doi.org/10.1016/j.cell.2006.11.051
http://dx.doi.org/10.1101/gad.197582.112
http://dx.doi.org/10.1101/gad.197582.112
http://dx.doi.org/10.1101/gad.197582.112
http://dx.doi.org/10.1038/ncb2884
http://dx.doi.org/10.1038/ncb2884
http://dx.doi.org/10.1038/ncb2884
http://dx.doi.org/10.1038/ncb2884
http://dx.doi.org/10.1053/j.gastro.2010.03.034
http://dx.doi.org/10.1053/j.gastro.2010.03.034
http://dx.doi.org/10.1053/j.gastro.2010.03.034
http://dx.doi.org/10.1053/j.gastro.2010.03.034
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://dx.doi.org/10.1242/dev.015255
http://dx.doi.org/10.1242/dev.015255
http://dx.doi.org/10.1016/j.celrep.2013.01.008
http://dx.doi.org/10.1016/j.celrep.2013.01.008
http://dx.doi.org/10.1016/j.celrep.2013.01.008
http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://dx.doi.org/10.1200/jco.2015.61.2093
http://dx.doi.org/10.1200/jco.2015.61.2093
http://dx.doi.org/10.1016/j.cell.2015.07.013
http://dx.doi.org/10.1016/j.cell.2015.07.013
http://dx.doi.org/10.1016/j.cell.2015.07.013
http://dx.doi.org/10.1158/1078-0432.CCR-12-3172
http://dx.doi.org/10.1158/1078-0432.CCR-12-3172
http://dx.doi.org/10.1158/1078-0432.CCR-12-3172
http://dx.doi.org/10.1371/journal.pone.0005488
http://dx.doi.org/10.1371/journal.pone.0005488
http://dx.doi.org/10.1371/journal.pone.0005488
http://dx.doi.org/10.1002/path.2440
http://dx.doi.org/10.1002/path.2440
http://dx.doi.org/10.1083/jcb.150.5.1149
http://dx.doi.org/10.1083/jcb.150.5.1149
http://dx.doi.org/10.1083/jcb.150.5.1149
http://dx.doi.org/10.1083/jcb.150.5.1149
http://dx.doi.org/10.1371/journal.pbio.1000624
http://dx.doi.org/10.1371/journal.pbio.1000624
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1242/dev.122044
http://dx.doi.org/10.1242/dev.122044
http://dx.doi.org/10.1242/dev.122044
http://dx.doi.org/10.1093/carcin/bgs284
http://dx.doi.org/10.1093/carcin/bgs284
http://dx.doi.org/10.1093/carcin/bgs284
http://dx.doi.org/10.1093/carcin/bgs284
http://dx.doi.org/10.1038/emboj.2011.157
http://dx.doi.org/10.1038/emboj.2011.157
http://dx.doi.org/10.1038/emboj.2011.157
http://dx.doi.org/10.1016/j.cub.2012.12.033
http://dx.doi.org/10.1016/j.cub.2012.12.033
http://dx.doi.org/10.1016/j.cub.2012.12.033
http://dx.doi.org/10.1038/nature07935
http://dx.doi.org/10.1038/nature07935
http://dx.doi.org/10.1038/nature07935
http://dx.doi.org/10.1038/nature07935
http://dx.doi.org/10.1016/j.cell.2011.02.031
http://dx.doi.org/10.1016/j.cell.2011.02.031
http://dx.doi.org/10.1016/j.cell.2011.02.031
http://dx.doi.org/10.1016/j.cell.2011.02.031
http://dx.doi.org/10.1093/carcin/bgn278
http://dx.doi.org/10.1093/carcin/bgn278
http://dx.doi.org/10.1093/carcin/bgn278
http://dx.doi.org/10.1093/carcin/bgn278
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1126/science.278.5335.120
http://dx.doi.org/10.1126/science.278.5335.120
http://dx.doi.org/10.1126/science.278.5335.120
http://dx.doi.org/10.1126/science.278.5335.120
http://dx.doi.org/10.1016/j.cub.2012.11.061
http://dx.doi.org/10.1016/j.cub.2012.11.061
http://dx.doi.org/10.1038/jid.2008.201
http://dx.doi.org/10.1038/jid.2008.201
http://dx.doi.org/10.1038/jid.2008.201
http://dx.doi.org/10.1038/jid.2008.201
http://dx.doi.org/10.1038/ncb2936
http://dx.doi.org/10.1038/ncb2936
http://dx.doi.org/10.1038/ncb2936
http://dx.doi.org/10.1038/ncb2936
http://dx.doi.org/10.1016/j.cub.2010.07.041
http://dx.doi.org/10.1016/j.cub.2010.07.041
http://dx.doi.org/10.1016/j.ydbio.2012.05.008
http://dx.doi.org/10.1016/j.ydbio.2012.05.008
http://dx.doi.org/10.1016/j.ydbio.2012.05.008
http://dx.doi.org/10.1038/ncomms9402
http://dx.doi.org/10.1038/ncomms9402
http://dx.doi.org/10.1016/j.devcel.2015.06.020
http://dx.doi.org/10.1016/j.devcel.2015.06.020
http://dx.doi.org/10.1016/j.devcel.2015.06.020
http://dx.doi.org/10.1038/nature14228
http://dx.doi.org/10.1038/nature14228
http://dx.doi.org/10.1038/nature14228
http://dx.doi.org/10.1242/dev.083634
http://dx.doi.org/10.1242/dev.083634
http://dx.doi.org/10.1074/mcp.M500279-MCP200
http://dx.doi.org/10.1074/mcp.M500279-MCP200

STEM CELLS AND REGENERATION

Development (2016) 143, 1674-1687 doi:10.1242/dev.133728

human protein atlas for normal and cancer tissues based on antibody proteomics.
Mol. Cell. Proteomics 4, 1920-1932.

Uhlen, M., Oksvold, P., Fagerberg, L., Lundberg, E., Jonasson, K., Forsberg,
M., Zwahlen, M., Kampf, C., Wester, K., Hober, S. et al. (2010). Towards a
knowledge-based Human Protein Atlas. Nat. Biotechnol. 28, 1248-1250.

Uhlen, M., Fagerberg, L., Hallstrom, B. M., Lindskog, C., Oksvold, P.,
Mardinoglu, A., Sivertsson, A., Kampf, C., Sjostedt, E., Asplund, A. et al.
(2015). Proteomics. Tissue-based map of the human proteome. Science 347,
1260419.

Valeri, N., Braconi, C., Gasparini, P., Murgia, C., Lampis, A., Paulus-Hock, V.,
Hart, J. R., Ueno, L., Grivennikov, S. I., Lovat, F. et al. (2014). MicroRNA-135b
promotes cancer progression by acting as a downstream effector of oncogenic
pathways in colon cancer. Cancer Cell 25, 469-483.

Varelas, X., Samavarchi-Tehrani, P., Narimatsu, M., Weiss, A., Cockburn, K.,
Larsen, B. G., Rossant, J. and Wrana, J. L. (2010). The Crumbs complex
couples cell density sensing to Hippo-dependent control of the TGF-beta-SMAD
pathway. Dev. Cell 19, 831-844.

Vassilev, A., Kaneko, K. J., Shu, H., Zhao, Y. and DePamphilis, M. L. (2001).
TEAD/TEF transcription factors utilize the activation domain of YAP65, a Src/
Yes-associated protein localized in the cytoplasm. Genes Dev. 15,
1229-1241.

Willecke, M., Toggweiler, J. and Basler, K. (2011). Loss of PI3K blocks cell-cycle
progression in a Drosophila tumor model. Oncogene 30, 4067-4074.

Wu, S, Liu, Y., Zheng, Y., Dong, J. and Pan, D. (2008). The TEAD/TEF family
protein Scalloped mediates transcriptional output of the Hippo growth-regulatory
pathway. Dev. Cell 14, 388-398.

Xu, N., Wang, S. Q., Tan, D., Gao, Y., Lin, G. and Xi, R. (2011). EGFR, Wingless
and JAK/STAT signaling cooperatively maintain Drosophila intestinal stem cells.
Dev. Biol. 354, 31-43.

Yin, F., Yu, J., Zheng, Y., Chen, Q., Zhang, N. and Pan, D. (2013). Spatial
organization of Hippo signaling at the plasma membrane mediated by the tumor
suppressor Merlin/NF2. Cell 154, 1342-1355.

Yu, J., Zheng, Y., Dong, J., Klusza, S., Deng, W.-M. and Pan, D. (2010). Kibra
functions as a tumor suppressor protein that regulates Hippo signaling in
conjunction with Merlin and Expanded. Dev. Cell 18, 288-299.

Yu, F.-X., Zhao, B., Panupinthu, N., Jewell, J. L., Lian, I., Wang, L. H., Zhao, J.,
Yuan, H., Tumaneng, K., Li, H. et al. (2012). Regulation of the Hippo-YAP
pathway by G-protein-coupled receptor signaling. Cell 150, 780-791.

Yu, F.-X., Zhang, Y., Park, H. W., Jewell, J. L., Chen, Q., Deng, Y., Pan, D., Taylor,
S. S, Lai, Z.-C. and Guan, K.-L. (2013). Protein kinase A activates the Hippo
pathway to modulate cell proliferation and differentiation. Genes Dev. 27,
1223-1232.

Zanconato, F., Forcato, M., Battilana, G., Azzolin, L., Quaranta, E., Bodega, B.,
Rosato, A., Bicciato, S., Cordenonsi, M. and Piccolo, S. (2015). Genome-wide
association between YAP/TAZ/TEAD and AP-1 at enhancers drives oncogenic
growth. Nat. Cell Biol. 17, 1218-1227.

Zhang, N., Bai, H., David, K. K., Dong, J., Zheng, Y., Cai, J., Giovannini, M., Liu,
P., Anders, R. A. and Pan, D. (2010). The Merlin/NF2 tumor suppressor functions
through the YAP oncoprotein to regulate tissue homeostasis in mammals. Dev.
Cell 19, 27-38.

Zhang, H., Pasolli, H. A. and Fuchs, E. (2011a). Yes-associated protein (YAP)
transcriptional coactivator functions in balancing growth and differentiation in skin.
Proc. Natl. Acad. Sci. USA 108, 2270-2275.

Zhang, X., Milton, C. C., Poon, C. L. C., Hong, W. and Harvey, K. F. (2011b). Wbp2
cooperates with Yorkie to drive tissue growth downstream of the Salvador—\Warts—
Hippo pathway. Cell Death Differ. 18, 1346-1355.

Zhao, B., Wei, X., Li, W., Udan, R. S., Yang, Q., Kim, J., Xie, J., Ikenoue, T., Yu, J.,
Li, L. et al. (2007). Inactivation of YAP oncoprotein by the Hippo pathway is
involved in cell contact inhibition and tissue growth control. Genes Dev. 21,
2747-2761.

Zhao, R, Fallon, T. R., Saladi, S. V., Pardo-Saganta, A., Villoria, J., Mou, H.,
Vinarsky, V., Gonzalez-Celeiro, M., Nunna, N., Hariri, L. P. et al. (2014). Yap
tunes airway epithelial size and architecture by regulating the identity,
maintenance, and self-renewal of stem cells. Dev. Cell 30, 151-165.

1687

DEVELOPMENT


http://dx.doi.org/10.1074/mcp.M500279-MCP200
http://dx.doi.org/10.1074/mcp.M500279-MCP200
http://dx.doi.org/10.1038/nbt1210-1248
http://dx.doi.org/10.1038/nbt1210-1248
http://dx.doi.org/10.1038/nbt1210-1248
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1016/j.devcel.2010.11.012
http://dx.doi.org/10.1016/j.devcel.2010.11.012
http://dx.doi.org/10.1016/j.devcel.2010.11.012
http://dx.doi.org/10.1016/j.devcel.2010.11.012
http://dx.doi.org/10.1101/gad.888601
http://dx.doi.org/10.1101/gad.888601
http://dx.doi.org/10.1101/gad.888601
http://dx.doi.org/10.1101/gad.888601
http://dx.doi.org/10.1038/onc.2011.125
http://dx.doi.org/10.1038/onc.2011.125
http://dx.doi.org/10.1016/j.devcel.2008.01.007
http://dx.doi.org/10.1016/j.devcel.2008.01.007
http://dx.doi.org/10.1016/j.devcel.2008.01.007
http://dx.doi.org/10.1016/j.ydbio.2011.03.018
http://dx.doi.org/10.1016/j.ydbio.2011.03.018
http://dx.doi.org/10.1016/j.ydbio.2011.03.018
http://dx.doi.org/10.1016/j.cell.2013.08.025
http://dx.doi.org/10.1016/j.cell.2013.08.025
http://dx.doi.org/10.1016/j.cell.2013.08.025
http://dx.doi.org/10.1016/j.devcel.2009.12.012
http://dx.doi.org/10.1016/j.devcel.2009.12.012
http://dx.doi.org/10.1016/j.devcel.2009.12.012
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://dx.doi.org/10.1101/gad.219402.113
http://dx.doi.org/10.1101/gad.219402.113
http://dx.doi.org/10.1101/gad.219402.113
http://dx.doi.org/10.1101/gad.219402.113
http://dx.doi.org/10.1038/ncb3216
http://dx.doi.org/10.1038/ncb3216
http://dx.doi.org/10.1038/ncb3216
http://dx.doi.org/10.1038/ncb3216
http://dx.doi.org/10.1016/j.devcel.2010.06.015
http://dx.doi.org/10.1016/j.devcel.2010.06.015
http://dx.doi.org/10.1016/j.devcel.2010.06.015
http://dx.doi.org/10.1016/j.devcel.2010.06.015
http://dx.doi.org/10.1073/pnas.1019603108
http://dx.doi.org/10.1073/pnas.1019603108
http://dx.doi.org/10.1073/pnas.1019603108
http://dx.doi.org/10.1038/cdd.2011.6
http://dx.doi.org/10.1038/cdd.2011.6
http://dx.doi.org/10.1038/cdd.2011.6
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1016/j.devcel.2014.06.004
http://dx.doi.org/10.1016/j.devcel.2014.06.004
http://dx.doi.org/10.1016/j.devcel.2014.06.004
http://dx.doi.org/10.1016/j.devcel.2014.06.004


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


