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Article

Hippo/Yap signaling controls epithelial progenitor
cell proliferation and differentiation in the embryonic
and adult lung
Alexander W. Lange1, Anusha Sridharan1, Yan Xu1, Barry R. Stripp2, Anne-Karina Perl1,
and Jeffrey A. Whitsett1,*
1 Division of Pulmonary Biology, Cincinnati Children’s Hospital Medical Center and the University of Cincinnati College of Medicine, Cincinnati, OH 45229-3039, USA
2 Cedars-Sinai Medical Center, Los Angeles, CA 90048, USA

* Correspondence to: Jeffrey A. Whitsett, E-mail: jeffrey.whitsett@chmcc.org

The Hippo/Yappathway isawell-conserved signaling cascade that regulates cellproliferationand differentiation tocontrolorgansizeand

stem/progenitor cell behavior. Following airway injury, Yap was dynamically regulated in regenerating airway epithelial cells. To deter-

mine the role of Hippo signaling in the lung, the mammalian Hippo kinases, Mst1 and Mst2, were deleted in epithelial cells of the embry-

onic and mature mouse lung. Mst1/2 deletion in the fetal lung enhanced proliferation and inhibited sacculation and epithelial cell

differentiation. The transcriptional inhibition of cell proliferation and activation of differentiation during normal perinatal lung maturation

were inversely regulated following embryonic Mst1/2 deletion. Ablation of Mst1/2 from bronchiolar epithelial cells in the adult lung

caused airway hyperplasia and altered differentiation. Inhibitory Yap phosphorylation was decreased and Yap nuclear localization and

transcriptional targets were increased after Mst1/2 deletion, consistent with canonical Hippo/Yap signaling. YAP potentiated cell prolif-

eration and inhibited differentiation of human bronchial epithelial cells in vitro. Loss of Mst1/2 and expression of YAP regulated transcrip-

tional targetscontrollingcellproliferationand differentiation, including AjubaLIM protein. Ajubawasrequired for the effects of YAPon cell

proliferation in vitro. Hippo/Yap signaling regulates Ajuba and controls proliferation and differentiation of lung epithelial progenitor cells.

Keywords: Hippo/Yap pathway, lung, Ajuba, proliferation, differentiation

Introduction

Lung morphogenesis is a highly coordinated process categor-

ized by distinct developmental stages, and is regulated by

complex reciprocal signaling interactions between epithelial and

mesenchymal progenitor cells (Maeda et al., 2007; Morrisey and

Hogan, 2010; Hines and Sun, 2014). Stereotypical branching mor-

phogenesis establishes the proximal conducting airways leading to

peripheral acinar tubules/buds during the embryonic (E9–11.5 in

mice) and pseudoglandular (E11.5–15.5) stages of development.

Lung maturation is initiated during the canalicular (E15.5–17.5)

and saccular (E17.5–PN5) stages, during which the acinar tubules/

buds dilate to form saccules. While undifferentiated progenitor

cells are highly proliferative during the early stages of branching

morphogenesis, perinatal lung maturation is associated with dy-

namic changes in the expression of transcription factors and signal-

ing molecules that function in regulatory networks to decrease

proliferation and promote epithelial cell differentiation (Xu et al.,

2012). The epithelium of the mature lung is comprised of multiple

differentiated cell types, including basal, secretory (club, serous,

and goblet), ciliated, and neuroepithelial cells in the conducting

airways, and alveolar type I and type II cells in the peripheral lung

that are readily distinguished by morphology and expression of

cell type selective genes. Although respiratory epithelial cells of

the mature lung are generally nonproliferative, multiple epithelial

cell types function as facultative progenitors with remarkable regen-

erative activity to repair the lung after injury, including basal cells

and distinct subsets of nonciliated epithelial cells in the conducting

airways and alveolar type II cells (Hogan et al., 2014; Kotton and

Morrisey, 2014). During repair, these epithelial progenitors

undergo marked changes in cell shape, migrate, proliferate, and

re-differentiate to restore the respiratory epithelium with the appro-

priate cell type composition and structural organization. Several

pathways that regulate lung morphogenesis are also involved in re-

generation of the lung epithelium following injury, including Wnt,

Shh, Fgf, Tgf-beta, and Notch signaling (Shi et al., 2009; Crosby

and Waters, 2010; Morrisey and Hogan, 2010). Mechanisms coord-

inating proliferation and differentiation of respiratory epithelial pro-

genitor cells during lung development and repair remain unclear.
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The Hippo signaling pathway plays pleiotropic roles in the regu-

lation of cellular behavior and organ size. The Hippo pathway is

comprised of kinase-adaptor protein complexes, wherein the mam-

malian Ste20-like serine/threonine kinases Mst1 and Mst2 (hippo

in Drosophila) interact with Sav1 (salvador), and large tumor sup-

pressor kinases Lats1 and Lats2 (warts) bind Mob1a/b (Mats).

Upon stimulation, Mst1/2-Sav1 phosphorylates and activates the

Lats1/2-Mob1a/b complex, which in turn phosphorylates down-

stream transcriptional effectors Yap (yorkie) and its paralog Taz

(encoded by WWTR1) to promote their cytoplasmic localization

and targeting for proteosomal degradation. In the absence of in-

hibitory phosphorylation by the Hippo kinase cascade, Yap/Taz

translocate to the nucleus and interact with transcriptional cofac-

tors, including the TEAD family of proteins, to regulate target

genes associated with cell proliferation, apoptosis, and differenti-

ation. Genetic models involving the loss of upstream kinase signal-

ing or activation of Yap/Taz demonstrate that the Hippo pathway

controls growth and cell fate decisions in stem/progenitor cells

during embryogenesis and homeostasis (Zhao et al., 2011;

Varelas, 2014). Recent studies showed that Yap is required for

branching morphogenesis and epithelial differentiation in the

developing lung, and interacts with p63 in basal cells to regulate

cell fate and stratification of the postnatal tracheal epithelium

(Mahoney et al., 2014; Zhao et al., 2014). Taz is expressed in re-

spiratory epithelial cells of the developing mouse lung and inter-

acts with TTF-1 to induce surfactant protein-C (Sftpc) gene

expression (Park et al., 2004). Homozygous deletion of Taz in

mice causes airspace enlargement, while Taz heterozygous mice

are resistant to pulmonary fibrosis induced by bleomycin treatment

(Mitani et al., 2009). Mst1/2 were proposed as regulators of Foxa2

protein stability to control differentiation of peripheral type I and

type II pneumocytes in the embryonic lung, while signaling

through the canonical transcriptional effectors Yap/Taz was un-

altered (Chung et al., 2013). However, the mechanisms by which

canonical Hippo/Yap/Taz signaling controls lung maturation and

homeostasis remain unclear.

The present study demonstrates that Yap is dynamically regu-

lated during regeneration of the airway epithelium following lung

injury. Conditional deletion of Mst1/2 in the embryonic and adult

lung and expression of YAP in primary human bronchial epithelial

cells (HBECs) increased cell proliferation and inhibited differenti-

ation of multiple epithelial cell types. Ablation of Mst1/2 reduced

Yap inhibitory phosphorylation and promoted Yap nuclear localiza-

tion and transcriptional activity. Ajuba LIM protein was identified as

a novel target of Mst1/2–Yap signaling, and was required for the

proliferative effects of Yap in vitro. Hippo/Yap signaling regulates

Ajuba in respiratory epithelial cells and controls progenitor cell pro-

liferation and differentiation in the developing and mature lung.

Results

Yap is expressed in airway epithelial cells and is dynamically

regulated during bronchiolar epithelial regeneration

While the epithelium of the mature lung is normally quiescent,

subsets of respiratory epithelial cells proliferate and migrate to re-

generate the respiratory epithelium following injury. Since the

Hippo/Yap pathway is an important regulator of cell proliferation,

differentiation, and stem/progenitor behavior, expression of Yap,

the transcriptional effector of Hippo signaling, was assessed in em-

bryonic and mature lungs to identify cells utilizing this signaling

cascade. Nuclear and cytoplasmic Yap staining was detected in

airway epithelial cells of the developing and mature lungs

(Figure 1A). Intense Yap staining was also present in peripheral re-

spiratory epithelial cells in the adult lung (Figure 1A). To determine

whether Yap was expressed in club or ciliated cells in the airway epi-

thelium, immunofluorescence colabeling was performed for Yap,

CCSP (club cell secretory protein), and acetylated tubulin. Diffuse

nuclear and cytoplasmic Yap staining was observed in both

CCSP-positive club cells and acetylated tubulin-positive ciliated

cells at E18.5 and in adulthood (Figure 1B). These data demon-

strate that Yap is widely expressed in respiratory epithelial cells

of the embryonic and mature lung.

To determine if the Hippo pathway is active during regeneration

of the respiratory epithelium following injury, immunostaining for

Yap and phospho-Yap (murine Ser112 homologous to human

Ser127) was performed on adult mouse lungs in which club cells

were depleted following naphthalene exposure or after their condi-

tional ablation using diphtheria toxin A (DTA) in transgenic mice

(Park et al., 2006; Perl et al., 2011). The distribution and intensity

of Yap staining were increased, whereas phospho-Yap staining

was decreased in the squamous bronchiolar epithelial cells remain-

ing 2 days following naphthalene exposure (Figure 1C). Regeneration

of the bronchiolar epithelium was substantially complete 10 days

following naphthalene injury, at which time Yap and phospho-

Yap staining were similar to that in the uninjured airway (Figure 1C).

In Scgb1a1-rtTA/tetO-Cre/DTA transgenic mice, club cell ablation

was mediated by acute expression of DTA initiated by administra-

tion of doxycycline for 2 days (Perl et al., 2011). After 5 days of re-

covery, Yap staining was increased and phospho-Yap decreased in

the remaining bronchiolar epithelial cells (Figure 1D). Increased

Yap and decreased phospho-Yap during lung repair is consistent

with dynamic regulation of Hippo/Yap signaling in progenitor

cells during regeneration of the bronchiolar epithelium.

Conditional deletion of Mst1/2 from respiratory epithelial

progenitor cells impairs lung maturation

The requirement of the mammalian Hippo kinases Mst1 and

Mst2 for lung morphogenesis was assessed by generating

Shh-Cre/Mst1flx/flx;Mst2flx/flx mice to conditionally delete Mst1

and Mst2 from respiratory epithelial cell progenitors during lung

formation. At E14.5, lung histology was similar in control and

Mst1/2-deleted embryos (Figure 2A). While lobation and lung

size were generally unaffected (Supplementary Figure S1B), saccu-

lation was inhibited and lung cellularity was increased in E18.5

Mst1/2-deleted mice (Figure 2A). Lung abnormalities were only

observed following deletion of both Mst1 and Mst2 and resulted

in death at birth. Proliferation and apoptosis in the developing re-

spiratory epithelium were examined by double-label immunofluor-

escence for TTF-1/BrdU and TTF-1/TUNEL, respectively. While

undifferentiated respiratory epithelial progenitor cells are highly

proliferative during the early embryonic and pseudoglandular
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stages of lung morphogenesis, prenatal lung maturation during the

canalicular and saccular stages is associated with decreased prolif-

eration and the induction of respiratory epithelial cell differenti-

ation (Xu et al., 2012). BrdU incorporation was increased in both

TTF-1-positive epithelial cells and TTF-1-negative mesenchymal

cells of E18.5 Mst1/2-deleted lungs (Figure 2B), whereas apoptotic

cells were not detected (Supplementary Figure S2). TTF-1 and Sox2

staining were not significantly changed in the developing airway

epithelial cells following deletion of Mst1/2, indicating that these

cells maintained bronchiolar epithelial cell identity (Supplemen-

tary Figure S1A). The bronchiolar epithelium of Mst1/2-deleted

mice was hypercellular and pseudostratified in contrast to the

simple columnar-cuboidal morphology typical in control mice

(Supplementary Figure S1A). Immunofluorescence staining for

E-cadherin and keratin 8 was utilized to assess airway epithelial cell

shape and organization. While basolateral E-cadherin and apical

keratin 8 localization was well-organized in epithelial cells from con-

trols at E18.5, E-cadherin/keratin 8 revealed pseudostratification

and cell shape alterations in the airway epithelium after Mst1/2 de-

letion (Figure 2D). These findings show that deletion of Mst1/2

from epithelial progenitors in the developing lung enhanced prolif-

eration, causing lung hypercellularity, sacculation defects, and

perinatal lethality.

Perinatal lung maturation during the canalicular and saccular

stages is associated with coordinate induction of epithelial cell dif-

ferentiation and inhibition of cell proliferation prior to birth.

Immunostaining of E18.5 lungs showed that CCSP, acetylated

tubulin, and pro-SP-C were reduced in Mst1/2-deleted mice, indi-

cating decreased differentiation of club, ciliated, and alveolar

type II epithelial cells, respectively (Figure 2E). In the peripheral

lung, staining for T1-alpha, a marker of alveolar type I cells, lined

the developing saccules in controls and was detected in the saccu-

lar structures that failed to expand in Mst1/2-deleted mice

(Figure 2F). Analysis of gene expression in Epcam-positive epithe-

lial cells isolated from the lungs of E18.5 control and Mst1/

2-deleted mice demonstrated that mRNAs associated with cell

Figure 1 Yap is expressed in airway epithelial cells and is dynamically regulated during bronchiolar repair. (A) Yap was detected in the nucleus and

cytoplasm of bronchiolar epithelial cells in E18.5 and adult mouse lungs. Intensity of Yap staining was highest in peripheral epithelial cells in the

adult lung. (B) Immunofluorescence staining for Yap (red), CCSP (green), and acetylated tubulin (white) was performed on E18.5 and adult mouse

lungs. Yap was detected in the nucleus and cytoplasm of club and ciliated cells. (C and D) Yap and phospho-Yap (p-Yap) staining was assessed

following naphthalene (C)- or diphtheria toxin A (D)-mediated bronchiolar cell ablation. Yap was increased and p-Yap decreased in squamous bron-

chiolar epithelial cells remaining on Day 2 following naphthalene exposure (C) and on Day 5 following DTA-induced cell ablation (D). Yap and p-Yap

staining at 10 days following naphthalene injury were similar to controls on Day 0 (C). Scale bar, 20 mm.
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cycle progression (Ccnd1, Ccna2, Ccnb2, Cdk1, and Mycn) were

increased and those associated with differentiated alveolar type

II cells (Sftpc, Sftpb, Abca3) and secretory (Scgb1a1, Scgb3a1),

goblet (Muc5ac), and ciliated (Foxj1) bronchiolar cells were

decreased (Figures 2G and 4D). Surprisingly, distal epithelial pro-

genitor markers (Sox9, Id2) were decreased and mRNAs typically

associated with alveolar type I cell epithelial cells in the mature

lung (Hopx, Pdpn/T1-alpha, and Aqp5) were increased following

Figure 2 Conditional deletion of Mst1/2 in epithelial progenitors of the embryonic lung increases proliferation and inhibits maturation. (A–E)

Control (top panels) and Shh-Cre/Mst1△/△;Mst2△/△ (Mst1/2△/△; bottom panels) embryo lungs were analyzed at E14.5 (A) and E18.5 (A–F).

(A) Lung histology was similar in control and Mst1/2△/△ mice at E14.5. Deletion of Mst1/2 caused lung hypercellularity and sacculation

defects at E18.5. (B) Increased BrdU labeling was observed in TTF-1-positive epithelial cells (arrowheads) and in mesenchymal cells of Mst1/

2△/△ mice. (C) Phospho-Yap immunostaining was reduced and Yap nuclear localization was increased in epithelial cells after deletion of

Mst1/2. (D) E-cadherin (E-cad, red) and keratin 8 (Krt8, green) immunofluorescence showed pseudostratification and altered cell shape in

airway epithelial cells of Mst1/2△/△ mice. (E) Deletion of Mst1/2 caused decreased staining for CCSP, acetylated tubulin, and pro-SP-C. (F)

T1-alpha immunostaining and Hopx/Sox2 immunofluorescence are shown. T1-alpha lined the saccular structures that failed to expand in

Mst1/2△/△ embryos. T1-alpha (arrow) and Hopx were ectopically detected in the Sox2-positive conducting airway epithelium in Mst1/

2-deleted embryos. a, airway lumen. (G) qPCR analysis of Epcam-positive epithelial cell mRNAs isolated from E18.5 control and Mst1/

2-deleted lungs. mRNAs identifying alveolar epithelial type II cells (Sftpc, Sftpb, Abca3) and distal epithelial progenitor markers (Sox9, Id2)

were decreased. Proliferation-associated mRNAs (Ccnd1, Ccna2, Ccnb2, Cdk1, Mycn) and alveolar type I cell markers (Hopx, Pdpn, Aqp5) were

increased. Asterisks indicate statistical significance (P , 0.05). Scale bar, 20 mm (B, D, and F); 50 mm (C and E); 100 mm (A).
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deletion of Mst1/2 (Figure 2G). Consistent with these findings,

immunostaining showed aberrant expression of T1-alpha and Hopx

in bronchiolar epithelial cells of Mst1/2-deleted mice (Figure 2F).

Sox2 staining was normally restricted to conducting airway epithe-

lial cells in Mst1/2-deleted lungs (Figure 2F and Supplementary

Figure S1A), indicating that proximal/distal patterning of the devel-

oping lung epithelium was generally maintained despite the

altered expression of distal epithelial progenitor markers. These

data show that deletion of Mst1/2 in epithelial progenitor cells of

the developing mouse lung inhibited sacculation and altered re-

spiratory epithelial cell differentiation.

Conditional deletion of Mst1/2 from bronchiolar epithelial cells in

the mature lung causes airway hyperplasia

To examine whether Hippo/Yap signaling influences respiratory

epithelial cell homeostasis in the mature lung, Scgb1a1-rtTA/

tetO-Cre/Mst1flx/flx;Mst2flx/flx mice were generated to conditional-

ly delete Mst1 and Mst2 from nonciliated bronchiolar epithelial

cells of adult mice upon administration of doxycycline. Deletion

of Mst1/2 in the adult lung caused bronchiolar epithelial hyperpla-

sia within 1 week and gradually expanded by 6 weeks following

doxycycline treatment (Figure 3A). Seven months following

Mst1/2 deletion, increased subepithelial collagen deposition

was evident in the hyperplastic airways (Figure 3B). Bronchiolar

epithelial abnormalities were only observed following conditional

deletion of both Mst1 and Mst2. While deletion of Mst1/2 in the

postnatal bronchiolar epithelium induced progressive airway

hyperplasia, tumor formation was not observed in the lungs of

Mst1/2 ablated mice by 7 months. To determine which airway epi-

thelial cells proliferated following deletion of Mst1/2, immuno-

fluorescence for CCSP, acetylated tubulin, and phospho-histone

H3 (pHH3) was performed on lungs 1 and 6 weeks following doxy-

cycline administration. Increased numbers of pHH3 stained cells

were detected in the hyperplastic bronchiolar epithelium 1 and 6

weeks after deletion of Mst1/2 (Figure 3C). pHH3-positive cells

were only detected in CCSP-expressing club cells and not in acety-

lated tubulin-positive ciliated cells (Figure 3C), and bronchiolar epi-

thelial cell counts demonstrated increased numbers of club cells

while ciliated cell numbers were unchanged (Figure 3D). Apoptotic

cells were not detected in the bronchiolar epithelium of control

or Mst1/2-deleted mice 1 or 6 weeks following doxycycline (Sup-

plementary Figure S2). Hyperplastic foci contained a subset of

cells that did not label with differentiated club or ciliated cells

markers, but maintained bronchiolar cell identity indicated by

Sox2 staining (Figure 3C, D and Supplementary Figure S1C).

Similar to findings in the embryonic lung, Hopx was aberrantly

induced in the airway epithelium of adult Mst1/2-deleted mice

(Figure 3G). Notably, Hopx-positive airway epithelial cells had

reduced staining for CCSP, consistent with the concept that club

cell differentiation is altered following Mst1/2 loss. Bronchiolar

epithelial cell shape and polarity were assessed by immunofluores-

cence staining for E-cadherin, keratin 8, and the tight junction

protein PAR3. Keratin 8 and PAR3 were apically localized and

E-cadherin detected on basolateral surfaces in bronchiolar

epithelial cells from controls (Figure 3F). Following Mst1/2 loss,

E-cadherin, keratin 8, and PAR3 localization was disrupted and epi-

thelial cell shape was altered in the hyperplastic airways (Figure 3F).

Deletion of Mst1/2 from nonciliated bronchiolar epithelial cells in

the adult lung induced club cell proliferation, causing airway hyper-

plasia associated with disrupted epithelial cell shape and polarity

and the expansion of a population of undifferentiated bronchiolar

cells. Thus, Hippo kinase activity is required to maintain quiescence

and architecture of the postnatal bronchiolar epithelium.

Deletion of Mst1/2 in lung epithelial cells modulates canonical

Hippo/Yap signaling

In the canonical Hippo signaling pathway, Mst1/2 kinase activity

induces inhibitory phosphorylation of Yap. In contrast, recent

studies indicated that Foxa2 mediated the effects of Mst1/2 dele-

tion in the embryonic lung independently of Yap/Taz (Chung

et al., 2013). To determine whether Mst1/2 deletion influenced ca-

nonical versus noncanonical Hippo signaling, immunostaining for

Foxa2, Yap, and phospho-Yap was performed on embryonic and

adult lungs following Mst1/2 deletion. Foxa2 expression in embry-

onic or adult lungs was unchanged after deletion of Mst1/2 (Supple-

mentary Figure S3). In contrast, decreased phospho-Yap and

increased nuclear Yap staining was detected in respiratory epithelial

cells at E18.5 and in bronchiolar epithelial cells of adult mice at 1 and

6 weeks following Mst1/2 loss (Figures 2C and 3E). Direct Yap tran-

scriptional targets Ctgf and Birc5/survivin were increased following

Mst1/2 deletion in the fetal and mature lung, further supporting Yap

activation in these models (Figure 4D and E) (Dong et al., 2007; Zhao

et al., 2008). These data are consistent with the concept that Mst1/2

deletion in both embryonic and adult lung epithelial cells affects ca-

nonical signaling through Yap activation.

Mst1/2 deletion in embryonic and mature lung epithelial cells

regulates mRNAs associated with proliferation and differentiation

Epcam-positive epithelial cells were isolated from control and

Mst1/2-deleted lungs at E18.5, and relative mRNA expression

was measured by microarray. Epithelial-specific mRNAs Cdh1

(E-cadherin) and Epcam were highly enriched in the Epcam-positive

cells, while lung mesenchymal markers Vimentin and Twist2 were

enriched in the Epcam-negative cells (Supplementary Figure S4A).

Microarray analysis identified that 741 mRNAs were significantly

decreased and 551 mRNAs increased after deletion of Mst1/2

(1.5-fold). mRNAs associated with respiratory epithelial cell differen-

tiation, metabolic and lipid biosynthetic processes were decreased,

and mRNAs associated with proliferation were increased by deletion

of Mst1/2 from the developing lung (Supplementary Figure S5).

Lung mRNAs that change during normal perinatal lung maturation

(E15.5–birth) (Xu et al., 2012) were compared with those in Mst1/

2-deficient epithelial cells from E18.5 lungs. The increase in epithe-

lial maturation markers and decrease in proliferation-related mRNAs,

which occur during perinatal lung maturation, were reversed

in Mst1/2-deleted mice, wherein �50% of the 150 top-ranked

mRNAs changed during normal lung maturation were oppositely

regulated (Figure 4A). These data support the concept that Hippo

kinase activity and Yap inhibition are required for precise regula-

tion of transcriptional programs during perinatal lung maturation.
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Figure 3 Conditional deletion of Mst1/2 in nonciliated airway epithelial cells causes bronchiolar hyperplasia. (A–G) The bronchiolar epithelium of

control (top panels) and Scgb1a1-rtTA/tetO-Cre/Mst1△/△;Mst2△/△ (Mst1/2△/△; bottom panels) mice were examined following doxycycline

treatment. (A) Deletion of Mst1/2 caused bronchiolar epithelial cell hyperplasia. (B) Trichrome staining demonstrated subepithelial fibrosis indi-

cated by increased collagen (blue) in Mst1/2△/△mice treated with doxycycline for 7 months. (C) Immunofluorescence staining and quantification

of CCSP (white), acetylated tubulin (green), and phospho-histone H3 (pHH3; red) showed increased numbers of pHH3/CCSP stained cells after

deletion of Mst1/2. (D) Bronchiolar cell counts demonstrated that Mst1/2-deleted airways had increased numbers of club cells after 1 week on

doxycycline. Hyperplastic foci contained subsets of epithelial cells that did not label with CCSP or acetylated tubulin (yellow arrow, C). (E)

Immunostaining for phospho-Yap was reduced and nuclear Yap was increased in bronchiolar epithelial cells from Mst1/2△/△ lungs. (F)

Basolateral E-cadherin, apical keratin 8, and tight junction PAR3 localizations were disrupted and cell shape was altered in the hyperplastic

airway epithelium following Mst1/2 deletion. (G) Hopx (green), CCSP (white), and acetylated tubulin (red) immunofluorescence is shown.

Hopx was restricted to alveolar type 1 cells in controls and was induced in a subset of bronchiolar epithelial cells in Mst1/2 deleted mice 1

week after doxycycline treatment. Hopx-positive airway cells had reduced CCSP staining (arrowheads). Asterisks indicate statistical significance

(P , 0.05). Scale bar, 20 mm (C, E, F, and G); 50 mm (A and B).
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Lin2/Epcam+/CD24-intermediate airway epithelial cells isolated

by fluorescence cell sorting from normal adult and Mst1/2-deleted

mice after 16 days of doxycycline (Supplementary Figure S4C)

were used for RNA-sequence analysis. Enrichment of mRNAs for

Scgb1a1 and Scgb3a1 in Lin2/Epcam+/CD24-intermediate cells

validated the isolation of bronchiolar epithelial club cells by

sorting (Supplementary Figure S4B). RNA-seq identified 646 signifi-

cantly increased and 665 decreased mRNAs following Mst1/2 dele-

tion in bronchiolar epithelial cells in adult mice (1.5-fold). mRNAs

associated with cell migration and proliferation were increased,

while those associated with host defense/immune response were

decreased (Figure 4B and Supplementary Figure S5).

Comparison of the RNA profiling performed on epithelial cells

isolated from fetal and adult Mst1/2-deleted mice, identified 122

similarly regulated mRNAs (64 increased and 58 decreased). In

both fetal and adult lung Mst1/2-deficient epithelial cells,

mRNAs activating cell proliferation and migration were induced

and those associated with various aspects of epithelial cell

differentiation were decreased (Figure 4C). As expected, Mst1 and

Mst2 RNAs were significantly decreased (Figure 4D and E). While

many proliferation-related mRNAs were induced following Mst1/2 de-

letion in embryonic and adult lung epithelial cells, Jub (Ajuba), Ect2,

and known Yap targets Ctgf, and Birc5/survivin (Dong et al., 2007;

Zhao et al., 2008) were similarly increased in both Mst1/2 deletion

models (Figure 4C–E). Transcripts associated with differentiation of

multiple conducting airway epithelial cell types were similarly

decreased, including inhibition of mRNAs selectively identifying club

cells (Scgb1a1, Scgb3a1), ciliated (Foxj1), goblet cells (Muc5ac),

and basal cells (Trp63) (Figure 4C–E). Thus, activation of prolifer-

ation and inhibition of epithelial differentiation seen after deletion

of Mst1/2 were consistent findings in both fetal and adult lungs.

YAP potentiates the growth of human bronchiolar

epithelial cells in vitro

Since Yap activation was induced following Mst1/2 deletion in

vivo, YAP(WT) and activated YAP(S127A) were expressed in

Figure 4 Mst1/2 deletion in embryonic and mature lung epithelial cells regulates mRNAs associated with proliferation and differentiation. (A) Heat

map of proliferation- and differentiation-related genes that were dynamically regulated during lung maturation (E15.5-birth, left column) com-

pared with the mRNAs from Epcam-sorted epithelial cells from E18.5 Mst1/2△/△ lungs (right column). mRNAs associated with lung maturation

were inversely regulated after Mst1/2 ablation. (B) RNA-seq analysis of FACS-enriched bronchiolar epithelial cells from adult lungs revealed that

deletion of Mst1/2 increased mRNAs associated with proliferation and migration, and decreased bronchiolar differentiation and host defense gene

expression. (C) Fold changes of selected mRNAs similarly regulated following deletion of Mst1/2 in the embryonic and adult lung are shown. (D and

E) qPCR of mRNAs isolated from epithelial cells from E18.5 lungs (D) and adult conducting airways (E) are shown. Mst1, Mst2, and mRNAs encoding

respiratory epithelial cell differentiation markers were significantly decreased. Yap targets (Ctgf, Birc5), Ajuba (Jub), and Ect2 mRNAs were

increased. ND, not detected. Asterisks indicate statistical significance (P , 0.05).
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primary HBECs cultured at air– liquid interface (ALI) or as broncho-

spheres to determine the direct effects of increased YAP activity.

After 3 weeks at ALI, control HBEC cultures formed a well-organized

pseudostratified epithelium that included P63-positive basal cells

(Figure 5A). While expression of YAP(WT) increased ALI pseudostra-

tification, YAP(S127A) caused marked hyperplasia of ALI cultures

with disrupted cellular organization, aberrant localization of

P63-positive cells, and altered cell shape indicated by b-catenin

staining (Figure 5A). Similarly, YAP(WT) and YAP(S127A) expres-

sion increased the size and number of primary HBEC broncho-

spheres (Figure 5B). YAP variably increased KRT14 mRNA in ALI

and sphere cultures, and decreased mRNAs associated with secre-

tory (SCGB1A1, SCGB3A1), goblet (MUC5AC, MUC20), and ciliated

(FOXJ1) airway epithelial cells (Figure 5D and E). Expression of

the YAP target CTGF was increased in YAP(WT) and YAP(S127A)

bronchospheres, but was not affected by YAP in HBEC cells

grown at ALI (Figure 5D and E). While the basal localization of

P63-positive cells was disrupted in the hyperplastic YAP(S127A)

ALI cultures, neither the relative P63-positive cell fraction nor

P63 mRNA were substantially affected by YAP expression in ALI or

bronchosphere cultures (Figure 5D, E and Supplementary Figure

S6). Inactivation of YAP in primary HBECs or HBEC-3KT cells using

RNA interference caused decreased cell number after 72 h but

did not alter cell viability (Figure 5F and Supplementary Figure

S7), indicating that YAP is required to promote lung epithelial cell

proliferation in vitro. RNA-seq analysis of YAP(S127A)-expressing

bronchospheres showed that mRNAs associated with cell growth

and migration were increased and those related to cellular meta-

bolic processes, lung epithelial formation, and chromosome segre-

gation were decreased (Figure 5C). Comparison of the microarray

and RNA-seq data from YAP(S127A) bronchospheres and embryon-

ic and adult Mst1/2-deficient epithelial cells, identified biological

processes that were similarly regulated following Mst1/2 deletion

in vivo and YAP activation in vitro (Supplementary Figure S5).

Increased mRNAs were consistently associated with cell prolifer-

ation, migration, and adhesion, and were enriched for genes

Figure 5 YAP promotes growth and inhibits differentiation of human bronchiolar epithelial cells in vitro. (A) Orthogonal views of whole mount im-

munofluorescence forb-catenin (red) and P63 (white) on lentiviral-infected (GFP, green) primary HBECs grown at ALI. YAP(WT) increased epithelial

cell pseudostratification and YAP(S127A) caused hyperplasia, altered cell shape, and disrupted normal basal localization of P63 in ALI cultures. (B)

YAP increased primary HBEC bronchosphere size and number. (C) Fold expression changes of selected mRNAs from RNA-seq analysis of

YAP(S127A)-infected bronchospheres. (D and E) qPCR of mRNAs isolated from ALI (D) and bronchospheres cultures (E) showed that YAP variably

induced KRT14 and CTGF, and inhibited mRNAs of secretory (SCGB1A1, SCGB3A1), goblet (MUC5AC, MUC20), and ciliated (FOXJ1) cells. (F)

siRNA-mediated YAP inhibition blocked HBEC-3KT proliferation indicated by decreased total cell numbers while percent viability was unchanged.

Asterisks indicate statistical significance (P , 0.05).
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related to MAPK, Ras, and Rho signaling. Decreased mRNAs were

associated with various metabolic processes related to differen-

tiated respiratory epithelial cell functions and homeostasis.

Taken together, Mst1/2 deletion in vivo and YAP expression in

primary HBECs in vitro similarly activated cell proliferation and

inhibited differentiation of several airway epithelial cell types.

Ajuba is a target of Hippo/Yap signaling and regulates cell

proliferation and differentiation

Ajuba is a member of the Zyxin/Ajuba family of LIM domain

proteins that functions as an adaptor-scaffold molecule with pleio-

tropic effects on cell signaling, proliferation, transcription, migra-

tion and differentiation. Consistent induction of Ajuba mRNA was

noted in microarray and RNA-seq analyses from both in vivo and

in vitro experiments (Figures 4 and 5), indicating that it is regulated

by Hippo/Yap signaling. Ajuba was detected in the nuclei of airway

epithelial cells in control E18.5 and adult mouse lungs (Figure 6A

and B). Epithelial Ajuba staining was increased after deletion of

Mst1/2 in both developing and adult lungs (Figure 6A and B), con-

sistent with the mRNA findings. Ajuba was increased in the nucleus

of club cells in adult Mst1/2-deleted mice and was induced during

airway regeneration following DTA-mediated cell ablation (Figure 6B

and C). AJUBA mRNA and protein were induced by YAP(WT) and

YAP(S127A) and decreased following YAP inhibition in vitro

(Figures 6D, E, 7C and Supplementary Figure S7C). These data

show that Ajuba is regulated by Hippo/Yap signaling in lung epi-

thelial cells.

To determine if AJUBA mediated the effects of YAP on bronchiolar

epithelial cell proliferation and differentiation, AJUBA was inacti-

vated in primary HBECs and HBEC-3KT expressing YAP in vitro.

AJUBA was induced by YAP(WT) and YAP(S127A) in control cultures

and its expression was substantially inhibited by two separate tar-

geted shRNAs (Figure 7C). Loss of AJUBA blocked cell proliferation

induced by YAP(WT) and YAP(S127A) in both bronchospheres and

HBEC3-KT cells (Figure 7A, B, D and Supplementary Figure S8). The

increase in bronchosphere size and number induced by YAP was

inhibited by AJUBA inactivation and loss of Ajuba disrupted spher-

oid morphology (Figure 7A and B). While HBEC3-KT cell number was

increased by YAP and decreased by loss of AJUBA, cell viability was

not affected (Figure 7D and E), consistent with regulation of cell

proliferation by YAP and AJUBA. Although both AJUBA shRNA con-

structs abrogated YAP activity in vitro, shAJUBA-2 consistently

had more potent effects on cell growth and sphere morphology.

Taken together, Ajuba was induced following Mst1/2 loss or Yap

activation in vivo and in vitro, and its inhibition blocked the prolif-

erative effects of Yap in lung epithelial cells.

Figure 6 Ajuba is regulated by Hippo/Yap signaling and is induced during bronchiolar epithelial cell repair. (A and B) Ajuba staining was increased

in the nucleus of epithelial cells of Mst1/2△/△ lungs at E18.5 (A) and in adult mice after 1 week of doxycycline treatment (B). (B)

Immunofluorescence for Ajuba, CCSP, and acetylated tubulin showed weak nuclear staining for Ajuba in ciliated and club cells in controls and

increased nuclear staining in the hyperplastic lesions of Mst1/2-deleted mice. Bottom panels show Ajuba staining separated from the merged

top panels. (C) Ajuba staining was increased in squamous bronchiolar epithelial cells remaining on Day 5 following DTA-mediated cell ablation.

(D) YAP induced AJUBA in ALI and bronchosphere cultures. (E) AJUBA mRNA was decreased following RNAi-mediated inhibition of YAP in

HBEC-3KT cells and primary HBECs. Asterisks indicate statistical significance (P , 0.05). Scale bar, 20 mm (fluorescence in B and C); 50 mm

(A and immunostains in B).
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Discussion

The present study demonstrates that Hippo/Yap signaling

regulates epithelial cell proliferation and differentiation critical

for embryonic lung maturation and postnatal airway homeostasis.

Deletion of Mst1/2 or activation of Yap regulated gene networks

enhancing respiratory epithelial cell proliferation and migration,

and inhibiting selective aspects of differentiation. Ajuba was

induced following Mst1/2 deletion or Yap activation and mediated

the effects of Yap on epithelial cell proliferation and tissue organ-

ization. Thus, Mst1/2 deletion caused canonical Yap activation to

regulate Ajuba and influence respiratory epithelial cell proliferation

and differentiation.

In the canonical Hippo signaling pathway, Mst1/2 kinase activity

inhibits Yap function to restrict proliferation and influence cell fate

to control organ size. The present study demonstrates that the

mammalian Hippo kinases Mst1/2 are critical regulators of peri-

natal lung maturation. Deletion of Mst1/2 in the developing lung

caused activation of Yap and broadly inhibited the transcriptional

and structural changes required for lung sacculation, epithelial

cell maturation, and respiration at birth. While Mst1/2 deletion

caused marked lung hypercellularity at E18.5, earlier stages of

lung formation were not overtly affected by Mst1/2 loss. In con-

trast, conditional deletion of Yap from fetal lung epithelial progeni-

tors disrupted branching morphogenesis, causing lung hypoplasia

and dilated cystic structures that were apparent by E12.5 (Mahoney

et al., 2014). These findings indicate that Yap regulates epithelial

progenitor cell functions during the early stages of lung morpho-

genesis while Mst1/2 activity is required during perinatal lung mat-

uration to restrict proliferation and orchestrate structural and

functional changes in cellular activities required for sacculation

and differentiation. The expression of peripheral epithelial progeni-

tor cell markers was altered in both Yap- and Mst1/2-deleted mice.

Inactivation of Yap caused the expansion of distal epithelial pro-

genitors and loss of proximal airway precursors (Mahoney et al.,

2014), while Mst1/2 deletion caused decreased mRNAs of distal

epithelial progenitor markers (Sox9, Id2) and induced ectopic ex-

pression of markers typically associated with alveolar type I cells.

Hopx is expressed in airway epithelial progenitors during branching

morphogenesis prior to the onset of differentiation, but later

becomes increasingly restricted to alveolar type I cells in the

Figure 7 Ajuba mediates the proliferative effects of YAP in human bronchiolar epithelial cells. (A–E) Primary HBEC (A and B) and HBEC-3KT (C–E)

cultures were infected with YAP-expressing or AJUBA shRNA lentiviruses. (A and B) YAP increased HBEC bronchosphere size and number, and in-

hibition of AJUBA blocked YAP-induced growth and altered spheroid morphology. (C) Western blot analysis of HBEC-3KT cells demonstrated that

AJUBA was induced by YAP and inhibited by AJUBA shRNA. (D) YAP increased HBEC-3KT cell numbers and proliferation was inhibited by AJUBA

shRNA. (E) HBEC-3KT viability was not affected by YAP or shAJUBA.
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mature lung (Yin et al., 2006; Barkauskas et al., 2013). Therefore,

the aberrant expression of Hopx in airway epithelial cells in embry-

onic and adult Mst1/2-deleted mice may represent the induction of

progenitor cell activity. Together these findings are consistent with

the concept that precise temporal regulation of Mst1/2 and Yap ac-

tivity during lung development coordinately balances proximal–

distal epithelial progenitor cell proliferation and differentiation to

control lung branching morphogenesis and maturation.

Deletion of Mst1/2 in nonciliated bronchiolar epithelial cells in

the mature lung caused normally quiescent secretory/club cells

to re-enter the cell cycle, causing airway epithelial hyperplasia

and disrupting cell shape and polarity. These findings illustrate

the remarkable plasticity and progenitor capacity of bronchiolar

epithelial club cells, and are consistent with the concept that the

Hippo kinases are required to suppress proliferation and maintain

differentiation in the normal bronchiolar epithelium. Consistent

with these findings, transgenic expression of activated

Yap(S127A) in airway basal cells enhanced tracheal epithelial

stratification (Zhao et al., 2014). Similarly, conditional deletion of

the PI3K/AKT/mTOR pathway inhibitor Pten (Yanagi et al., 2007;

Davé et al., 2008; Tiozzo et al., 2009) and transgenic expression

of K14 (keratin 14; Habib Dakir et al., 2008) in bronchiolar epithelial

cells caused airway hyperplasia. Although K14 mRNA was not

changed in airway epithelial cells from Mst1/2-deleted mice, YAP

induced K14 in primary HBEC cultures. Yap directly regulates

miR-29, a known suppressor of PTEN translation, thereby integrat-

ing the Hippo/Yap and PI3K/AKT/mTOR pathways (Tumaneng

et al., 2012). Transcriptional changes in miR-29 or components of

the PI3K/AKT/mTOR pathway were not detected following bronchi-

olar epithelial deletion of Mst1/2, although posttranslation regula-

tion of the associated networks cannot be excluded. These findings

indicate a critical role for Hippo/Yap signaling in maintaining

homeostasis in the postnatal airway epithelium.

Yap and phospho-Yap were dynamically regulated after epithe-

lial Mst1/2 deletion and in regenerating epithelial cells following

naphthalene and DTA-mediated club cell ablation, wherein

increased Yap activity correlated with proliferation and cell shape

alterations in epithelial progenitors. Present findings regarding

Yap activation in vivo are consistent with in vitro findings in

which YAP and YAP(S127A) induced proliferation, cell shape

changes, and inhibited differentiation in primary HBECs. Deletion

of Yap in developing lens progenitors caused lens hypocellularity

and disrupted cell shape and polarity complexes (Song et al.,

2014). In airway basal stem cells, transgenic expression of acti-

vated Yap(S127A) induced airway hyperplasia and inhibited differ-

entiation, whereas deletion of Yap caused terminal differentiation

of basal stem cells and columnar simplification of the pseudostra-

tified epithelium (Zhao et al., 2014). These findings support a role

for Hippo/Yap signaling in coordinately regulating epithelial cell

proliferation, differentiation, and polarity. Hippo/Yap modulation

of proliferation and differentiation in diverse fetal and adult lung

stem/progenitor cell populations is consistent with studies dem-

onstrating that Mst1/2 deletion or activation of Yap promoted

the expansion of somatic stem/progenitor cells and inhibited dif-

ferentiation in multiple tissues in vivo, including the intestine,

skin, liver, and central nervous system (Ramos and Camargo,

2012). While Hippo/Yap signaling influences lung progenitor cell

activity during development and homeostasis, further studies are

necessary to determine the role of Hippo/Yap signaling during

lung regeneration and in the pathogenesis of acute and chronic

lung disease.

Ajuba was consistently induced following Mst1/2 deletion

in vivo and after expression of YAP in vitro, demonstrating that

Hippo/Yap signaling regulates Ajuba expression in respiratory

epithelial cells. Ajuba has multiple adaptor protein functions in

various nuclear and cytoplasmic protein complexes to regulate

cell adhesion, migration, proliferation, and differentiation. In-

creased Ajuba staining was detected in the nucleus of respiratory

epithelial cells following Mst1/2 deletion, suggesting a nuclear

rather than a cytoplasmic function of Ajuba in this context. In the

nucleus, Ajuba localizes to centrosomes to regulate chromosome

segregation during mitosis through interactions with mitotic check-

point kinases including Aurora-A and Lats2 (Hirota et al., 2003; Abe

et al., 2006), and nuclear shuttling of Ajuba regulates proliferation

and differentiation of P19 embryonal cells (Kanungo et al., 2000).

Previous studies in mammalian and Drosophila cells demonstrated

that Ajuba negatively regulates Hippo signaling through interac-

tions with core pathway components Lats/Warts and WW45/salva-

dor to inhibit phosphorylation of Yap/yorkie (Das Thakur et al.,

2010). While the present findings demonstrate that increased

Yap activity induced Ajuba expression, whether increased Ajuba

in turn affected Lats1/2 activity remains unclear. Ajuba also

forms transcriptional corepressor complexes with retinoic acid

receptors, Isl1, and the SNAG domain proteins Snail and Gfi to regu-

late gene expression (Ayyanathan et al., 2007; Langer et al., 2008;

Montoya-Durango et al., 2008; Hou et al., 2010; Witzel et al., 2012).

Although Ajuba binds to TTF-1, this interaction has no effect on

TTF-1 transcriptional activity (Missero et al., 2001). Thus, the tran-

scriptional role of Ajuba in lung epithelial cells remains unknown. In

the present study, inhibition of AJUBA blocked the proliferative

effects of YAP in vitro, indicating that increased nuclear Ajuba

may influence mitotic progression in respiratory epithelial cells.

Ajuba modulated cell proliferation in vitro and immunohistochem-

ical data showed that Yap and Ajuba were increased during lung

repair in vivo. However, both Yap and Ajuba were present in

normal, quiescent respiratory epithelial cells, indicating that their

proliferative effects are constitutively inhibited during homeosta-

sis. Ajuba2/2 mice are viable and fertile without obvious phenotype

at baseline (Pratt et al., 2005), perhaps related to compensation by

related LIM proteins, Limd1 and Wtip. Thus, the role of Ajuba during

normal lung morphogenesis or regeneration remains unclear.

The present study demonstrates that Hippo/Yap pathway activ-

ity is a critical regulator of cell proliferation, differentiation, and

progenitor cell behavior in respiratory epithelial cells of the devel-

oping and mature lungs. While the role of Hippo signaling in the

lung is in early stages of investigation, present findings show

that dysregulation of core pathway kinases and activation of Yap

in respiratory epithelial cells regulates transcriptional networks

promoting cell proliferation, migration, and adhesion and inhibit-

ing specific aspects of differentiation, supporting the concept
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that precise regulation of Hippo/Yap activity coordinates diverse

cellular functions to control tissue morphogenesis and maintain

homeostasis. Further elucidation of Hippo/Yap pathway upstream

regulators, signaling interactions, and transcriptional targets will

advance the understanding of lung progenitor cell behavior and

improve targeted therapeutic strategies for lung diseases and

cancer.

Materials and methods

Mice

Mst1flx and Mst2flx mice were a kind gift from Dr Randy L. Johnson

(University of Texas M.D. Anderson) (Lu et al., 2010), and Shh-Cre

mice were obtained from Jackson Labs (stock number 005622).

Naphthalene treatment and Scgb1a1-rtTA line 2, (tetO)7CMV-Cre,

and diphtheria toxin A transgenic mice have been previously

described (Perl et al., 2002, 2009, 2011; Brockschnieder et al.,

2006; Park et al., 2006). The presence of a copulation plug in the

morning represented embryonic day (E) 0.5 for timed matings.

Pregnant dams were sacrificed by CO2 inhalation and embryos

were harvested at E14.5 or E18.5. Intraperitoneal injections of

BrdU (50 mg/kg, Pharmingen) were administered to pregnant

dams 2 h prior to harvesting embryos. Doxycycline-containing

food (625 mg/kg; Harlan Teklad) was used as described for specific

experiments for conditional deletion of Mst1/2 in adult mice.

Isolation of epithelial cells from E18.5 and adult mouse lungs is

detailed in the Supplementary methods. Adult mice were sacrificed

by anesthesia using a mixture of ketamine, acepromazine, and

xylazine and exsanguination by severing the inferior vena cava

and descending aorta. Animals were housed in pathogen-free con-

ditions according to the protocols approved by the Institutional

Animal Care and Use Committee at Cincinnati Children’s Hospital

Research Foundation. All experiments were performed using at

least four animals per group.

Immunohistochemistry and immunofluorescence

Adult mouse lungs were inflation-fixed and embryos harvested

from timed matings were fixed by immersion using 4% paraformal-

dehyde in phosphate-buffered saline. Following overnight fixation

at 48C, tissues were processed for paraffin embedding. Histological

staining, immunohistochemistry, and immunofluorescence were

performed on tissue sections (6 mm) using methods and antibodies

described in the Supplementary material (Supplementary Table

S1). Brightfield images were obtained using a Zeiss Axio ImagerA2

microscope equipped with AxioVision Software. Fluorescent images

were obtained using a Nikon A1Rsi inverted laser confocal micro-

scope and analyzed using Imaris software (Bitplane Scientific Soft-

ware). Cell proliferation and bronchiolar epithelial cell counts in

control (n ¼ 4) and Mst1/2-deleted (n ¼ 4) embryonic and adult

lungs, were determined using at least three independent images

per sample and Imaris software to quantify the number of airway

nuclei and immunostained cells per field.

Cell culture

Primary HBECs from normal donor lungs were obtained from

Dr Scott Randell (UNC Chapel Hill, NIH Grant DK065988)

cryopreserved at passage 1 and were cultured as previously

described (Fulcher et al., 2005). HBEC-3KT cells, human bronchial

epithelial cells immortalized by retroviral expression of Cdk4 and

hTERT, were a kind gift from Dr John D. Minna (UT Southwestern)

(Ramirez et al., 2004). Primary HBEC ALI or bronchosphere cultures

(Rock et al., 2009) and HBEC-3KT experiments are detailed in the

Supplementary methods.

RNA analyses

Total RNA was isolated from cells using a RNeasy Micro Kit

(Qiagen), and reverse transcription reactions were performed

using an iScript cDNA synthesis kit (BioRad) according to the man-

ufacturer’s recommendations. qPCR was performed using a

StepOnePlus Real-Time PCR System and TaqMan gene expression

assays listed in Supplementary Table S2 (Applied Biosystems).

Relative expression was calculated using the delta-delta Ct

method and statistical significance was determined by two-tailed

unpaired Student’s t-test (P ≤ 0.05). Microarray and RNA-seq

data have been deposited in the NCBI Gene Expression Omnibus

database (GEO Series accession number GSE61628). Detailed

methods for microarray and RNA-seq are provided in the

Supplementary methods.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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