Transcriptional Coactivator with PDZ-binding Motif Is
Essential for Normal Alveolarization in Mice
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Rationale: Transcriptional coactivator with PDZ-binding motif (TAZ)
is assumed to act as a coactivator of several transcription factors
including smad2/3. In the lung, surfactant protein C (Sftpc) is known
to be a downstream target of thyroid transcription factor-1 (TTF-1)-
TAZ transcriptional coactivation.

Objectives: The lung phenotype of Taz-deficient mice was explored.
Methods: Taz-deficient mice were analyzed pathologically and phys-
iologically. Next, we performed microarray analysisto determine the
genes closely related to abnormal lung development. Finally, Taz-
heterozygous mice were injected with bleomycin.

Measurements and Main Results: Taz-deficient homozygotes showed
abnormal alveolarization during lung development, which caused in
adult mice airspace enlargement mimicking emphysema. There was
nossignificant difference in the expression of Sfipcbetweenwild-type
and Taz-deficientlungs. Instead, microarray analysis identified some
candidate downstream genesrelated to the pathogenesis, including
the connective tissue growth factor (Ctgf) gene, which is required for
normal lung development. In vitro studies showed that TAZ up-
regulated Ctgf expression not only by reinforcing transforming
growth factor-B/smad signals, but also by interfering in the more
proximal Ctgf promoter region (from bp —123 to —76), defined as
the TAZ response element. Furthermore, Taz-heterozygous mice
were resistant to bleomycin-induced lung fibrosis.

Conclusions: The results indicate the importance of TAZ in lung
alveolarization and its involvement in the pathogenesis of lung
fibrosis.

Keywords: Taz-deficient mice; emphysema; lung development; pul-
monary fibrosis; connective tissue growth factor

Transcriptional coactivator with PDZ-binding motif (TAZ),
also known as WW-domain containing transcription regulator-
1 (Wwtrl), was originally identified as a 14-3-3-interacting
protein (1). TAZ can act as a modulator of various transcription
factors, including core-binding factor-1 (Cbfal)/runt-related
transcription factor-2 (Runx2) (2), thyroid transcription factor-1
(TTF-1) (3), paired box gene-3 (Pax3) (4), and smad2/3 (5). The
C terminus of TAZ not only interacts directly with core
transcriptional machinery to stimulate gene expression, but is

(Received in original form December 5, 2008; accepted in final form June 3, 2009)

Supported by a grant-in-aid for Scientific Research from the Ministry of
Education, Science, Sports, Culture, and Technology of Japan; a grant to the
Respiratory Failure Research Group from the Ministry of Health, Labor, and
Welfare, Japan; a grant-in-aid for Comprehensive Research on Aging and Health
from the Ministry of Health, Labor, and Welfare, Japan; and the Global COE
Program (Integrative Life Science Based on the Study of Biosignaling Mecha-
nisms), MEXT, japan.

Correspondence and requests for reprints should be addressed to Takahide
Nagase, M.D., Ph.D., Department of Respiratory Medicine, Graduate School of
Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: takahide-tky@umin.ac.jp

This article has an online supplement, which is accessible from this issue’s table of
contents at www.atsjournals.org

Am | Respir Crit Care Med Vol 180. pp 326-338, 2009

Originally Published in Press as DOI: 10.1164/rccm.200812-18270C on June 4, 2009
Internet address: www.atsjournals.org

also required for its localization to the membrane, suggesting
that TAZ is involved in transmission of signals from the
membrane and actin cytoskeleton to the nucleus (6). It has
been reported that TAZ plays a role in smad nucleocytoplasmic
shuttling (5).

To investigate the physiological role of TAZ, we generated
Taz-knockout mice. Gene inactivation of Taz in mice resulted
in pathological changes in the kidney and the lung (7-9).
TazlvZfecZ yidneys showed corticomedullary multicystic for-
mation, somewhat reminiscent of human polycystic kidney
disease, and severe concentrating defects (7).

Previous studies detected TAZ in embryonic lung epithelial
cells (3). TAZ directly interacts with TTF-1, which is required
for lung development and differentiation of peripheral respira-
tory epithelial cells, to activate the transcription of target genes
including the surfactant proteins. In the presence of TTF-1,
TAZ synergistically activates the expression of mouse Sfipc-
luciferase reporter constructs (3).

Here, we show that TAZ deficiency caused lung develop-
mental abnormalities, which led to an adult lung phenotype that
resembled human emphysema, a common pathological feature
of chronic obstructive pulmonary disease. We also identified
connective tissue growth factor (CTGF), which is involved in
epithelial-to-mesenchymal cell transition (10), lung fibrosis (11,
12), and lung development, as a downstream target of TAZ.
Interestingly, Taz-heterozygous mice were resistant to bleomycin-
induced lung fibrosis.

METHODS

Animals

Taz-deficient mice were generated as described previously (7). Mice
for the bleomycin-induced fibrosis model had been backerossed to the
C57BL6/J strain for more than ninc generations. All experiments were
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approved by the Ethics Committee for Animal Experiments (Univer-
sity of Tokyo, Tokyo, Japan). The day that the vaginal plug was found
was considered to be embryonic day 0.5 (E0.5); and the day of birth, as
postnatal day 0 (P0).

For bleomycin treatment, 9- to 10-week-old mice were treated for
10 days with intraperitoneal injections, at 10 mg/kg per day, of
bleomycin sulfate (Nippon Kayaku Co., Tokyo, Japan) dissolved in
sterile saline. They were killed at 28 days, after completing the last
injection.

Histological and Physiological Analysis

The lungs were fixed by intratracheal injection of 10% buffered for-
malin at a constant pressure of 25 cm H,O for at lcast 24 hours. As for
embryonic lungs, the intact thorax was immersed in 4% buffered
paraformaldehyde. Specimens were paraffin embedded, cut into 14-pm-
thick sections, and stained with hematoxylin-eosin (H&E) or clastica
van Gieson or Masson trichrome staining.

The mean linear intercept, as a measure of interalveolar wall
distance, was calculated by the Thurlbeck method (13). Briefly, lines
were drawn across light microscopic images of the lung section stained
with hematoxylin-cosin. Then, the mecan linear intercept was calcu-
lated by dividing the total length of the line by the total number of
intercepts encountered in 72 lines per each lung. The destructive index
was calculated to evaluate the destruction of the alveolar wall accord-
ing to the method described previously (14). Fifty randomly selected
fields in each section were used to measure the destructive index. The
Ashceroft score was counted as described previously (15). A paraffin
scction of lung was systematically scanned in a microscope and each
successive field was individually assessed for severity of interstitial
fibrosis and allotted a score, using a predetermined scale of severity.
The mean score of 40 ficlds was taken as the fibrosis score.

Physiological Analysis

Lung clastance of Tuz-homozygous mice was measured as described
previously (16). Ancsthetized mice were mechanically ventilated
(model 683; Harvard Apparatus, South Natick, MA). After the chest
was widely opened, tracheal pressure and tracheal flow were measured
with a piczoresistive microtransducer (8510B-2; Endevco, San Juan
Capistrano, CA) and a Fleisch pnecumotachograph (model 00000;
Metabo SA, Lausanne, Switzerland), respectively. For lung elastance
of Taz-heterozygous mice, the flexiVent ventilator (Scireq, Montreal,
PQ, Canada) was also used. To construct the pressure-volume curve,
we uscd open-chest mice. Using a syringe attached to a three-way
stopcock, air was instilled until the lungs were inflated to total lung
capacity (transpulmonary pressure, <26 cm H,0). The lungs were then
subsequently deflated. After each 0.1-ml deflation, the three-way
stopcock was adjusted so that the pressure in the system could be
measurcd. A 30-second pausc was observed between cach volume
change to ensure that no leaks were present in the system.

Quantitative Real-time Reverse Transcription-Polymerase
Chain Reaction

Quantitative real-time reverse transcription-polymerase chain reaction
(RT-PCR) was performed with the LightCycler system (Roche Diag-
nostics, Mannheim, Germany) according to the protocol provided by
the manufacturer. Sequences of the primers are available on request.
Quantification was performed in duplicate and normalized to Gapdh
mRNA level.

Gene Chip Experiment

Total RNAs from E15.5 lungs werc extracted with an RNcasy mini kit
(Qiagen, Hilden, Germany). Equal amounts of total RNA from four
Taz-dcficient lungs and four wild-type lungs were mixed and subjected
to the mousc genome 430 2.0 array (900496; Affymetrix, Santa Clara,
CA). The hybridized arrays were scanned and analyzed with the
Affymetrix Gene Chip system. Decreased genes were defined as those
with at least a —0.6-fold decrease in mRNA content, Up-regulated
genes were defined as those with a greater than 0.6-fold increase.

%
Immunchistochemistry and Western Blotting

For immunohistochemistry, tissuc sections were processed for cpitope
retrieval by incubation in sodium citrate buffer (10 mM sodium citrate;
pH 6.0). Antibodics against CTGF (ab6992; Abcam, Cambridge, UK)
and smad3 (sc-8332; Santa Cruz Biotechnology, Santa Cruz, CA) were
used. smad3-positive nuclei were counted until the total nuclei count
reached more than 500 per one slide (n = 8). For Western blotting,
lung lysates were fractioned, transferred onto nitrocellulose mem-
branes, and probed with anti-CTGF (sc-14939; Santa Cruz Biotechnol-
ogy), anti-B-actin (A5441; Sigma-Aldrich, St. Louis, MO), and suitable
horseradish peroxidasc-conjugated sccondary antibodies.

5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside Staining

LacZ expression was detected by staining with 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal) for B-galactosidasc activity.
Whole lungs were fixed in 0.1 M phosphate buffer (pH 7.3) containing
0.2% glutaraldchyde, 5 mM ethyleneglycol-bis-(B-aminocthyl ether)-
N.N'-tetraacetic acid, and 2 mM MgCl,. Samples were then incubated
overnight at 30°C in 0.1 M phosphate buffer containing 2 mM MgCl,,
0.02% Nonidet P-40, 0.01% sodium deoxycholate, 5 mM potassium
ferrocyanide, S mM potassium ferricyanide, and X-Gal (2 mg/ml).
After staining, some samples were cryosectioned at 14 pm and photo-
graphed.

Cell Culture and Dual-Luciferase Reporter Assay

To investigate the role of TAZ as a transcriptional coactivator in vitro,
Taz mRNA was knocked down or overexpressed in LA4 cells
(immortalized lung epithelial cells). Furthermore, we used a dual-
luciferase reporter assay to examine the interaction between the Cigf
promoter lesion and TAZ.

LA4 cells were grown in Ham’s F12K medium containing 15% fetal
bovine serum. In some studies, transforming growth factor (TGF)-B, at
0.5-10 ng/ml (R240-B/CF; R&D Systems, Inc., Minneapolis, MN) and/
or 10 uM LY364947 (Sigma-Aldrich) was added.

Stealth small interfering RNAs (siRNAs) against Taz (Taz-994,
-1235, and -1378) were synthesized and purified by Invitrogen
(Carlsbad, CA). Sequences arc as follows: forward Taz-994, 5'-AA
UCCUCUCUCUCUCCAUCUGGAUC-3"; and reverse Tuz-994,
5'-GAUCCAGAUGGAGAGAGAGAGGAUU-3'. Steaith RNAI neg-
ative control medium GC duplex (Invitrogen) was used as a negative
control. LA4 cells were transfected with RNAIMAX (Invitrogen).

Full-length Taz cDNA was cloned into pcDNA3 (Invitrogen). The
5'-flanking region of the Crgf gene was cloned into the pGL3-Basic
vector (Promega, Madison, W1) and pLuc-MCS vector (Stratagene, La
Jolla, CA) to form the Cigf promoter-luciferase reporter construct.
L.A4 cells were transfected with these plasmids, using Lipofectamine
2000 (Invitrogen). The activities of firefly luciferase in pGL3/pLuc and
Renilla luciferase in pRL-SV40 were determined according to the dual-
luciferase reporter assay protocol recommended by Promega.

Data Analysis

All data are expressed as mcans = SEM unless otherwise stated.
Diffcrences between experimental groups were examined for statistical
significance by the Student ¢ test or Mann-Whitney rank sum test. A
P value less than 0.05 denoted the presence of statistical significance.
Statistical analyses were performed with SigmaStat (version 3.5; Systat
Software, Chicago, IL).

RESULTS
Emphysema-like Phenotype of Taz-homozygous Adult Mice

To determine whether the absence of TAZ expression leads to
structural abnormalities, lung morphology of 9-month-old Taz
knockout mice was compared with that of their wild-type
littermates. Viewed from an open abdomen, Tazl<ZacZ Jypgs
pushed the diaphragm caudally, and after extirpation and
fixation with 10% formalin at a constant pressure of 25 cm
H,O, they appeared clearly larger and somewhat paler than
wild-type lungs (Figures 1A and 1B). Next, we examined the
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lungs by light microscopy. There were no obvious morpholog-
ical abnormalities in conducting airway epithelial cells at the
level of light microscopy. However, enlargement of the alveolar
space was noted across the entire Taz-deficient lungs and the
alveolar walls were somewhat thin and fragile (Figures 1C and
1D). In two samples of the five Taz-deficient mice, focal areas of
alveolar space filled with inflammatory cells (predominantly
macrophages) were noted, together with fibrotic changes and
alveolar wall disruption, similar to the histopathological
changes seen in human emphysema (Figure 1E), although these
changes occupied rather small areas (<0.5 and <5% of the
whole lung, respectively).

To assess these emphysema-like changes more quantita-
tively, histomorphometric analysis was conducted. The mean
linear intercept was significantly increased in Taz-deficient mice
compared with wild-type mice (146.9 = 5.3 vs. 52.1 = 1.0 cm
H,O/ml; P < 0.001; Figure 1F). The destructive index was also
significantly increased in Taz-knockout mice (30.6 = 2.7 vs.
9.7 = 1.4%; P < 0.001; Figure 1G). Focal areas with inflam-
mation described previously were so small that they had almost
no effect on the destructive index.

Next, bronchoalveolar lavage fluid (BALF) samples of
younger (2-mo-old) Tazlt?/ucZ Taz+1acZ and wild-type mice
were analyzed. At that age, no focal inflammatory regions were
noted, in contrast to the 9-month-old mice, even in TazglicZiacZ
mice. However, the numbers of macrophages and lymphocytes
in the BALF of Taz-deficient mice were significantly higher
than those in heterozygous or wild-type mice (see Figures E1A
and E1C in the online supplement), similar to that seen in some
patients with emphysema. The number of neutrophils in BALF

lacZ/lacZ
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Figure 1. Morphometric analysis of Taz-deficient mice
aged 9 months. Scale bars: (Aand B) 5 mm; (C-E) 100 pm.
(A and B) Gross appearance of Taz*/* and TazlacZ/lacz
lungs after fixation. Some Taz®Z/lacZ mice had a white
fibrotic change at the lung base (arrow). (C and D)
Hematoxylin and eosin staining of lung sections of Taz*/*
and Tazloc?/lacZ mice. (E) Elastica van Gieson staining of
a lower lung section of the mouse in (B). (F and G) Mean
linear intercept (F) and destructive index (G) from lung
sections of Taz*/* mice (n = 5) and Tazl*c?/lacZ mice (n =
5). Data represent means = SEM.
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also tended to be higher, but was not statistically significant (see
Figure E1B in the online supplement).

To characterize the emphysema-like phenotype of Taz-
deficient mice, lung elastance was measured in 8-month-old
Taz-deficient and wild-type mice (Figure 2A). A significant
decrease in lung elastance was evident (8.4 * 1.2 vs. 15.8 +
0.7 cm H,O/ml; P < 0.001). The deflation limbs of the pressure—
volume curves showed markedly increased lung volumes at any
pressure in mice lacking TAZ (Figure 2B). The air volume
injected at 26 cm H,O was significantly increased in Taz-
deficient mice compared with their wild-type siblings (78.5 +
3.6 vs. 30.6 = 2.8 ml/kg; P < 0.001). These mechanical prop-
erties of the lung were consistent with the histological and
morphometric properties, and emphasized the emphysema-like
abnormality in Taz-knockout mice.

Emphysema-like Changes in Taz-deficient Mice Are Due to
Abnormal Lung Development

Airspace enlargement is a major pathological feature of human
emphysema, but the change is thought to be caused by
disruption of fully developed alveoli. However, many geneti-
cally altered models assumed to mimic emphysema have been
proved developmental abnormalities rather than destruction of
mature lung tissue. Therefore, we histologically examined the
developing lungs of control and Tazl<Z/iacZ mice at various
developmental stages (Figure 3).

The lungs of the Taz*/* littermates developed normally
from E16.5 to P14 (Figures 3A, 3C, 3E, and 3G). At E18.5, the
terminal bronchioles opened into a smooth-walled channel
dividing into several saccules (Figure 3C). After the formation
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Figure 2. Physiological analy-
sis of Taz<Z/a<Z mice aged
7 months (n = 5) and wild-type
siblings (n = 6). (4) Lung ela-
stance. Tracheal pressure (Ptr),
flow, and volume (V) were
measured. Lung elastance (Ei)
and lung resistance (Ri) were
calculated by adjusting the
equation of motion: Ptr = EL.V
+ Ru(dV/dt) + K, where K is
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of the secondary septa, the saccules transformed into alveolar
ducts and alveolar sacs lined with alveoli by the end of the
alveolar stage (Figures 3E and 3G). Once fully developed,
Taz*'* lungs showed a slight increase in alveolar space (Figure
3K). Interestingly, most Taz*Z%%Z fungs grew normally until
birth (Figures 3B and 3D), whereas some embryos had smaller
and immature lungs than their wild-type littermates. After birth,
the terminal airways were in close proximity to the pleural
surface with larger airspace by P5 (Figure 3F). Since then,
although the number of saccules increased in proportion to the
whole lung size, enlarged airspace in Taz/*cZ1acZ Jyngs showed
less alveolar compartmentalization than wild-type lungs, and
the histological difference between Taz/*Z/«Z and wild-type
lungs became much clearer by 3 months (Figures 3H and 3J).
The alveoli of Taz#/4Z lungs showed a further small increase
in size by 9 months (Figure 3L). No inflammatory changes were
noted from the embryonic stage to 3 months in both groups.

These results indicate that Taz-deficient mice have abnor-
malities in distal lung morphogenesis mainly during the saccular
(E17 to PS) and alveolar (P5 to P14) stages, which lead to the
emphysema-like phenotype in adult mice,

Normal Expression of TTF-1 Target Genes and Decreased
Expression of Endothelial and Mesenchymal Marker Genes in
Taz-deficient Mice

To investigate how deficiency of TAZ affects lung development,
quantitative RT-PCR was performed on lung samples at E16.5,
before Taz-deficient lungs begin to show histological changes
relative to the wild-type control. TAZ is known to act as
a coactivator of TTF-1 in vitro (3). First, we tested whether
inadequate transcriptional activity of TTF-1 contributes to the
lung phenotype of Taz'*Z/Z mice, because TTF-1 is essential
for lung development (17). We determined the expression of
Tif-1 and its target genes (Sfipc, Clara cell secretory protein
[Cesp], and bone morphogenetic protein-4 [Bmp4]) by quanti-
tative RT-PCR (Figure 4A). The results showed no significant
differences in their expression between Taz+/* and TazlecZfacZ
lungs, although in the Taz-knockout lungs Sfipc and Cesp tran-
scripts tended to decrease slightly, which may be explained by
differences in cell population and maturity rather than the
direct effect on their transcription. When normalized with the
mRNA level of Ttf-1 instead of Gapdh, the results were almost
the same (data not shown). Analysis of 8-week-old Taz-deficient
lungs also showed no decrease in expression of the previously
mentioned genes, except for Bmp4 mRNA (Figure 4B). These
results suggest that the role of TAZ as a coactivator of TTF-1 is
not critical for embryonic and postnatal lung development.
We then measured the expression of various marker genes,
including E-cadherin (ECD) (epithelial cells), vascular endo-
thelial growth factor receptor- 2 (VEGFR-2, Fik-1) (endothelial

a constant. (B) Deflation limbs
of pressure-volume curves. Data
are expressed as milliliters per
kilogram of body weight.

cells), platelet-derived growth factor receptor-o (PDGFR-A)
(myofibroblasts), «-smooth muscle actin (a-SMA) (smooth
muscle), and vimentin (mesenchymal cells) (Figures 4C and
4D). E16.5 Taz-deficient lungs had slightly decreased expres-
sion of vimentin mRNA and 8-week-old Taz-deficient lungs had
markedly decreased expression of FlkI as well as vimentin. It
was interesting that marker gene expression of endothelial cells
and mesenchymal cells was decreased in the Taz-knockout
lungs, although TAZ was expressed at epithelial cells.

Among various angiogenic factors, we focused on platelet-
derived growth factor-a (PDGF-A). PDGF-A is expressed at
lung epithelial cells and PDGF-A knockout mice have a similar
lung phenotype to Taz-deficient mice (18). PDGF-A transcripts
were significantly reduced in both embryonic and adult Taz-
deficient lungs (Figures 4C and 4D), suggesting that PDGF-A
might be involved in the pathogenesis of Taz-deficient lungs.

Microarray Analysis

We next performed microarray analysis with total RNA ex-
tracted from E15.5 Taz*/* and Taz'%"eZ lungs (GEO acces-
sion number, GSE10805) to determine the genes closely related
to abnormal lung development,. At that stage of development,
lungs of Taz-deficient and wild-type mice were morphologically
identical, as determined by optical microscopy. From the list of
genes whose expression was decreased in Taz-deficient mice
(see Table E1 in the online supplement), we first selected five
genes: metallothionein-1 and -2 (MT] and MT2), transmem-
brane-4 superfamily member-1 (Tm4sf1), fibulin-5 (Fbin5), and
Cigf, considering the potential relationship of their function to
lung development. The up-regulated genes are listed in Table
E2 in the online supplement. Some of the genes are related to
hemoglobin, and some are related to stress protein. But we
could not find any genes possibly related to lung development.

MT!1 and MT2 are involved in metalloregulatory processes
that include cell growth and multiplication (19). Tm4sfl, also
called the tumor-associated antigen L6 (TAL6), is expressed on
most epithelial cell carcinomas and appears to be involved in
cancer invasion and metastasis (20). Fbln5 is an essential
determinant of elastic fiber organization and Fbin5-deficient
mice exhibit a severely disorganized elastic fiber system
throughout the body, including severe emphysema (21). CTGF
is implicated in fibroblast proliferation, cellular adhesion,
angiogenesis, and extracellular matrix deposition (22, 23) and
CTGF deficiency causes pulmonary hypoplasia (24). In addition
to these five genes, we selected angiopoietin-like-4 (Angptl4)
although its function is involved mainly in lipid metabolism.
Because Angptl4 is controlled by TGF-B/smad signaling (25),
we thought that TAZ might control Angpii4 expression as
a coactivator of smads.
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Figure 3. Histological examination of developing lungs in control (A,
G E G, I, and K) and Tazlacz/lacz (B, D, F, H, J, and L) mice. Scale bars:
100 pm. E = embryonic day; P = postnatal day.

Decreased expression of all six genes was confirmed by
quantitative RT-PCR using samples of E16.5 lungs (Figure 4E).
In the adult lungs (Figure 4F), however, MTI and MT2 ex-
pression was increased, rather than decreased, in Taz-deficient
mice, although the difference was significant only in the case of
MT2. The discrepancy in MT] and MT2 expression in E16.5 and
2-month-old lungs could reflect processes of cellular damage and
protective response during abnormal development caused by
TAZ deficiency. Fbln5 and Crgf expression was significantly
decreased in Taz-knockout mice, consistent with the microarray
results. FbIn5 and CTGF are both related to the formation of
extracellular matrix, which is important for alveolarization (26).

Close Relationship between TAZ and CTGF

To confirm the relationship between TAZ and the previously
mentioned genes that had been picked up, we made use of LA4
cells, an immortalized lung epithelial cell line. Although they
were derived from an alveolar epithelial cell, the expression of

lung epithelial cell markers (7¢f-1, Sfipc, and Cesp) was much
less in LA4 cells than in whole lung (data not shown), which is
a common characteristic of immortalized lung cell lines, such as
A549 cells. On the other hand, Taz mRNA was expressed to
almost the same extent both in LA4 cells and whole lung.
Because the marker genes of differentiated lung epithelial cells,
such as Sfipc, were not affected even in Taz-deficient lungs, we
thought that use of the LA4 cell line could be permitted,
recognizing its limitation.

PDGF-A and the six genes identified from the results of
microarray analysis were all expressed in LA4 cells, and TAZ
was depleted in LA4 cells by means of siRNA. LA4 cells
depleted of TAZ, using Taz-994, grew in apparently the same
manner as controls, and the mRNA from these cells was
analyzed by quantitative RT-PCR. Taz mRNA was decreased
to about one-fifth within 2 days in Taz-994-transfected cells
(Figure 5A). Among all of the examined genes, mRNAs of
Tmdsfl, FbinS, and Citgf showed down-regulation in Taz-
deficient cells (Figure 5A), and time series analysis showed that
only Cigf mRNA was constantly reduced (see Figure E2 in the
online supplement). The expression patterns of the other genes
were not confirmative of the gene chip analysis. As for Ctgf, the
mRNA levels were also decreased in cells transfected with
another Taz siRNA (data not shown).

Next, Taz cDNA expression vectors were transfected into
LA4 cells. Taz mRNA was overexpressed in the transfected
cells. As expected, Crgf mRNA was up-regulated in TAZ-
overexpressing cells (Figure 5B). These results suggest a close
relationship between TAZ and CTGF in lung epithelial cells.

Underexpression of CTGF in Embryonic Lungs of
Taz-deficient Mice

Previous immunohistochemical studies reported that CTGF
protein is expressed in distal airway epithelial cells of embry-
onic lungs (27) and in type 2 alveolar cells of adult lungs (12).
Western blotting showed decreased CTGF expression in both
embryonic and adult Taz-deficient lungs (Figure 6A). Immu-
nohistochemical analysis of E18.5 wild-type lungs with anti-
CTGF antibody showed staining of airway epithelial cells and
parenchyma, the same as previously reported (Figure 6B). On
the other hand, Taz-deficient lungs had much weaker staining
than wild-type littermates (Figure 6C).

X-Gal staining of the Taz/*?/*Z Jungs at the same stage,
which reflected the site of TAZ expression during normal
development, showed staining of the nuclei of bronchial epi-
thelial cells and alveolar epithelial cells (Figure 6E), which is also
the same pattern as previously reported (3). It was concluded
that TAZ and CTGF expressed in almost the same distribution,
although the immunohistochemical staining with anti-CTGF
antibody was diffused because CTGF is a secreted protein.

Therefore, both TAZ and CTGF were expressed in bron-
chial epithelial cells and alveolar epithelial cells in wild-type
mice, and CTGF expression was considerably reduced in Taz-
knockout lungs.

TGF-B/smad Signals Are Not Absent in Developing
Taz-deficient Lungs

TGF-B induces CTGF expression in many cell types because
the Crgf promoter contains a TGF-B response element (28).
Furthermore, it has been reported that TAZ binds smad2/3-4
complexes and is recruited to TGF-B response elements on
stimulation with TGF-B (5). Therefore, we postulated that
TGF-B signal insufficiency might be the cause of the emphysema-
like phenotype, especially because lung development is im-
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paired in smad3-deficient mice (29, 30). Real-time RT-PCR
revealed that there was no difference in smad3 expression be-
tween Taz-deficient and wild-type lungs (Figures 7B and 7C).
We then thought of the possibility that smad3 shuttling to nuclei
was inhibited by TAZ deficiency. Immunohistochemistry with
anti-smad3 antibody, however, revealed the presence of smad3
in the nucleoli of epithelial cells even in Taz-deficient lungs
(Figure 7A). We counted the number of smad3-positive nuclei
in wild-type and Taz-deficient mice. The rates were 12.9 = 1.0
versus 10.1 = 1.3%, respectively, and there was no significant
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Figure 4. Quantitative real-time reverse transcription-
polymerase chain reaction (RT-PCR) of (4, C, and £)
embryonic day 16. 5 (E16.5) Tazo<?4o<Z lungs (n = 10)
versus their wild-type siblings (n = 12) and of (8, D,
and F) 8-week-old wild-type (n = 9) versus TAZ*/locZ
(n = 13) versus Tazl*<?49<Z mice (n = 4). (A and B)
Transcriptional coactivator with PDZ-binding motif
(TAZ)- and thyroid transcription factor-1 (TTF-1)~
related genes. (C and D) Marker genes of various cell
types and PDGF-A. (£ and F) The six genes selected
from the results of microarray analysis. See text for
definition of gene abbreviations. Data represent means =+
SEM. *P < 0,05, **P < 0.01.
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difference, suggesting that smad3 signals were not completely
blocked in Taz-deficient mice.

In addition to Cigf and Angpil4, we selected three other
target genes of TGF-B/smad signals that are known to be
expressed in the lungs: plasminogen activaior inhibitor-1 (PAI-
1) (31), collagen type I o2 (Colla2) (32), and transgelin (Tagin)
(33). The expression levels of these three genes were not down-
regulated to levels as low as Ctgf mRNA in E16.5 and 8-week-
old lungs (Figures 7B and 7C). This is partly because TGF-B
signal might not be essential for the expression of these genes.

Figure 5.  Quantitative real-time reverse transcription-

polymerase chain reaction (RT-PCR) of LA4 cells (n = 4). (A)

Relative expression levels of the indicated transcripts in
] control (NC) and Toz siRNA-treated LA4 cells. (B) Relative
g expression levels in control (pcDNA3) and Taz-overexpressing
i (TAZ-pcDNA3) LA4 cells. See text for definition of gene
abbreviations. Data represent means * SEM. *P < 0.05,
**p < 0.01.
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Figure 6. Decreased expression of connective tissue growth factor
(CTGF) in Taz-deficient lungs. (A) Lysates from mouse lung tissues of
wild-type, Taz"/a<Z, and TazlacZ/LacZ mice were blotted with anti-CTGF
antibody and anti-B-actin antibodies. Shown are representative results
of five experiments with similar results. (B and C) Staining of embryonic
day 18.5 (E18.5) lungs with anti-CTGF antibody. (D and E) 5-Bromo-4-
chloro-3-indolyl-B-b-galactopyranoside (X-Gal) staining of E18.5 lungs
reflects transcriptional coactivator with PDZ-binding motif (TAZ) ex-
pression. Scale bars: 200 pm.

However, TGF-B stimulation and inhibition (using a small-
molecule TGF-B receptor-1 kinase inhibitor, LY364947) con-
siderably affected at least the expression of PAI-I mRNA in
LA4 cells (Figure 7E), indicating that, in LA4 cells, TGF-B
signal is important for the expression of PAI-I. The fact that
there was no difference in PAI-I expression between Taz-
knockout and wild-type lungs also suggests that total interrup-
tion of the TGF-B/smad cascade is less likely.

TAZ Can Control CTGF Expression in the Absence of
TGF-B/smad Signals

Taz-deficient LA4 cells showed decreased expression of Cigf
and PAI-1 (Figure 7D). We then investigated whether TGF-3
inhibition blocks the regulation of Crgf mRNA by TAZ.
Interestingly, Taz overexpression without TGF-B stimulation
up-regulated Cigf mRNA (Figure 8A), but not PA/-1 mRNA
(Figure 8C). Furthermore, whereas Taz siRNA-treated LA4
cells expressed PAI-/ mRNA in proportion to TGF-$ concen-
tration, although it was lower than the control (Figure 8D), Taz
knockdown resulted in Cigf mRNA expression reaching a pla-
teau in spite of a high concentration of TGF-g (Figure 8B),
implying that there exists another mechanism in the regulation
of Cigf expression by TAZ.

Dual-Luciferase Reporter Assay

We next investigated the interaction between the Crgf promoter
lesion and TAZ. The Ctgf promoter region contains a smad-
binding site and TGF- response element (28, 34). We cloned

various lengths of DNA fragments of the Crgf promoter region
into pGL3 vectors (which are promoterless and enhancerless)
(Figure 9A). As expected, CTGF(—122)-Luc showed no re-
sponse to TGF-B stimulation because it contains neither
a smad-binding site nor a TGF-B response element (Figure
9C), but it was affected by Taz overexpression as much as
longer promoter regions (Figure 9B). The pLuc vector (con-
taining a TATA box) with Crgf promoter region at positions
—123 to —76 also fully responded to Taz overexpression (Figure
9D). The sequence of this region, defined as the TAZ response
element, was highly conserved between Mus musculus and
Homo sapiens (Figure 9E). Thus, we concluded that the Crgf
promoter region contains a TAZ-responsive element and that
TAZ can control Ctgf expression regardless of TGF-B signals.

Taz-heterozygous Mice Are Resistant to Bleomycin-induced
Lung Fibrosis

TGF-B, is a key cytokine involved in the process of pulmonary
fibrogenesis (35), and CTGF and PAI-1 regulated by TGF-3,/
smad signals also play important roles in the development of
lung fibrotic diseases (11, 12, 36). Because this study showed
that Taz-knockdown LA4 cells expressed lesser amounts of Crgf
and PAI-1 mRNAs after TGF- stimulation (Figures 8B and
8D) and that TAZ also controlled Ctgf expression in a TGF-
B-independent pathway, we speculated that TAZ might be
involved in the pathogenesis of lung fibrosis.

Although the Taz mRNA expression level in Taz-heterozygous
mice was less than that in wild-type littermates (Figure 4B),
the former developed normally and showed no obvious differ-
ences from wild-type mice at least until 15 months of age (see
Figure E3 in the online supplement).

In the next set of experiments, we intraperitoneally injected
Taz-heterozygous mice with bleomycin (10 mg/kg/d for 10 d).
Such treatment resulted in a reduction of body weight of
approximately 20% on Day 14 after starting the treatment.
All mice returned to predosing body weight on about Day 21.
The control, saline-treated mice exhibited no adverse effects
and no weight loss throughout the 38 days of study. Histolog-
ically, bleomycin-treated wild-type mice showed focal areas of
fibrosis with disruption of the alveolar architecture (Figure
10C). On the other hand, bleomycin-treated Taz*7*Z mice
had faint alveolitis and almost no fibrosis (Figure 10D). For
semiquantitative analysis of lung fibrosis, we used the Ashcroft
score. Criteria for grading lung fibrosis include fibrous thicken-
ing of alveolar walls, damage to lung architecture, and forma-
tion of fibrous bands or masses. Bleomycin-treated Taz /4%
mice showed a significantly low Ashcroft score compared with
bleomycin-treated wild-type littermates (0.533 = 0.098 vs. 1.013 =
0.178; P < 0.05; Figure 10E).

The amount of hydroxyproline, which reflects the amount of
collagen, was also reduced significantly in bleomycin-treated
Taz-heterozygous mice compared with wild-type littermates
(139.6 = 2.7 vs. 166.7 = 4.2; P < 0.01; Figure 10F). Needless
to say, comparison of bleomycin and saline groups showed
a significantly high amount in the bleomycin group regardless of
their genotype. Furthermore, lung function analysis showed that
bleomycin administration significantly increased lung elastance
in wild-type mice, but not in Taz*/*Z mice, and the lung
elastance in bleomycin-treated 7az "% mice was significantly
lower than in bleomycin-treated wild-type littermates (10.39 =+
0.57 vs. 13.66 = 0.87; P < 0.01; Figure 10G).

BALF analysis revealed no obvious differences between
Taz*"Z and wild-type mice (see Figure E4 in the online
supplement), although bleomycin stimulation increased the cell
count in BALF of both phenotypes. This result suggests that the
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mild fibrosis in Taz-heterozygous mice might be explained by
the difference in fibrogenic events rather than inflammation.

DISCUSSION

Adult Taz-deficient Mice Have Emphysema-like Lungs
Because of Abnormal Distal Lung Morphogenesis

Our findings indicate that the lungs of adult Taz-deficient mice
have emphysema-like features including enlarged air space and
low elastance. The physiological data of Taz-deficient mice
were so extraordinary that we could not measure them with the
FlexiVent system. Therefore we analyzed them by the method
described in METHODS.

These mice also exhibit abundant inflammatory cells in
BALF, evidence of chronic inflammation in lungs, and some
Taz-knockout lungs had small focal areas with inflammatory
changes. There were some possible reasons for increased in-
flammation in Taz-deficient mice. One is the possibility that
morphological and physiological abnormalities of Taz-deficient
lungs caused susceptibility to infection or other kinds of in-
flammation, as often seen in human patients with chronic lung
diseases. Another possibility is that decreased TGF-B/smad

c.o\\‘l ﬂ@“\

Figure 7. Expression of transforming growth factor
(TGF)-B/smad-regulated genes. (A) Immunostaining of
embryonic day 18.5 (E18.5) lungs with anti-Smad3
antibody shows expression of Smad3 in the nucleoli of
epithelial cells in both wild-type and homozygous
lungs (arrows). Scale bars: 100 pm. (B and C) Quan-
titative real-time reverse transcription-polymerase
chain reaction (RT-PCR) of (B) E16.5 TazlecZ/tacZ |yngs
versus their wild-type siblings and of (C) 8-week-old
wild-type versus Taz'/i7<Z versus Tazlac?/LacZ mice, (D
and £) Relative expression levels in Taz knockdown LA4
cells (n = 4) and in LA4 cells (n = 4) after TGF-B,
stimulation (5 ng/ml, 24 h) or inhibition with
LY364947 (10 pM, 24 h). NC = control. Data repre-
sent means = SEM. *P < 0.05, **P < 0.01.

signals in Taz-deficient lung epithelial cells affected the pro-
duction of proinflammatory cytokines such as tumor necrosis
factor-a. However, the relationship between TAZ and inflam-
mation is still unrevealed.

Sequential analysis of Taz-deficient lungs revealed abnor-
malities in distal lung morphogenesis, which resulted in an
emphysema-like phenotype in the adult mouse. These results
indicate that TAZ plays an important role in lung development,
especially during the saccular and alveolar stages.

Possible Function of TAZ in Lung Development

Entry into the saccular stage is crucial for extrauterine survival.
In this stage, widening of the peripheral air spaces distal to the
terminal bronchioles allows for sufficient gas exchange. The
lung parenchyma increases in size by branching of the terminal
generations of the airway tree. Furthermore, during this period,
preparation for real alveolarization starts by deposition of
elastic fibers at the regions of future secondary septa (37).
Epithelial cells differentiate into their descendants, including
type 2 cells, under the influence of TTF-1, which is also essential
for the complete induction of embryonic lung branching mor-
phogenesis (17, 38). In this regard, a previous in vitro study
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reported that TAZ serves as a coactivator of TTF-1 (3), but the
expression levels of target genes of TTF-1 were not decreased in
Taz-deficient mice. It is quite likely that, as far as TTF-1 tran-
scription activity is concerned, TAZ deficiency can be compen-
sated by alternative factors.

In the alveolar stage, newly formed walls, named secondary
septa, subdivide the saccules incompletely into smaller units, the
alveoli. The secondary septa demonstrate a doubled capillary
layer separated by a sheet of connective tissue. This immature
structure does not yet correspond to the thin interalveolar septa,
in which a capillary monolayer occupies almost the whole space
of the septum, and it undergoes more restructuring, called
microvascular maturation (39). Because Taz-deficient mice
showed decreased alveolarization in the alveolar stage, TAZ
may be involved in the transcriptional regulation of factors
participating in the formation of secondary septa.

Adult Taz-deficient mice also showed decreased expression
of an endothelial cell marker gene (F/kI). Insufficient vascular
development itself could cause abnormal lung development
(40). However, it is difficult to show whether TAZ deficiency
directly caused abnormality of vascular development leading to
abnormal alveolarization, or, the other way around, decreased
alveolar development was the main cause of insufficient vascu-
lar development.

In any case, TAZ deficiency seemed to affect development
of secondary alveolar septa and distal vascular system, although
TAZ existed at lung epithelial cells.

Gene Chip Experiment Revealed Some Candidate Genes
Involved in Pathogenesis

Microarray analysis provided valuable information about pos-
sible underlying mechanism of the phenotype, although this was
not fully examined. Among the genes whose expression was
decreased in Taz-deficient lungs, Fbln5 and CTGF are impor-
tant for the formation of extracellular matrix, and down-
regulation may explain the lung phenotype of Taz-deficient
mice. Furthermore, Taz knockdown by siRNA reduced the
expression of Crgf in LA4 cells, and Taz overexpression by
expression vectors increased Cigf expression, suggesting it has

a close relationship with TAZ. Western blot and immunohisto-
chemistry also revealed decreased CTGF protein expression in
Taz-deficient lungs.

No angiogenic factors belonged to the list of down-regulated
genes. We found that the expression of PDGF-A mRNA was
decreased to some degree by real-time RT-PCR. But in vifro
studies could not reveal the relationship between TAZ and
PDGF-A.

CTGF contains several domains that mediate interactions
with growth factors, integrins, and extracellular matrix compo-
nents. CTGF is considered to play a role in extracellular matrix
production, based on its ability to mediate collagen deposition
during wound healing. CTGF is also a major inducer of
extracellular matrix production in fibrotic diseases, including
lung fibrosis (11, 41). Analysis of Cigf-deficient mice revealed
that CTGF is important for chondrogenesis and angiogenesis
during skeletal development (42) and lung development (24).
Because the hypoplastic lungs of Cigf-deficient mice were
induced partly by restricted thoracic expansion, the role of
CTGF in lung development in the strict sense of the word had
not been fully examined. Although conditional knockout mice
would be useful to clarify its role, we thought that CTGF could
affect mesenchymal cells and vascular development in the lung.

Another problem concerns why the abnormality of Taz-
deficient lungs appeared only in the parenchymal area, because
TAZ and CTGF were expressed in both airway epithelia and
hing parenchyma. One possibility is that because TAZ de-
ficiency has almost no influence on epithelial cells, airway
epithelial cells, which are not so dependent on mesenchyme
as alveolar cells, could develop normally. Crgf conditional
knockout mice might also clear up this point.

Considered together, we concluded that CTGF is a poten-
tially key molecule responsible for the abnormal distal lung
development in Taz-deficient mice.

TAZ Controls CTGF Expression in a TGF-B-independent Way

CTGF expression is up-regulated by various signals, such as TGF-
B/smad (28), dexamethasone (43), a-tocopherol (44), and me-
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chanical stress (45). Among them, TGF-B/smad signals have been
well studied. TGF-B receptors directly phosphorylate smad2/3,
and the phosphorylated smad2/3 forms complexes with smad4. In
the nucleus, smads regulate the transcription of Cigf by interact-
ing with the TGF-B response element within the Cigf promoter
region (28). It hasbeen reported that TAZ, as a binding partner of
smads, is crucial for the nuclear accumulation of smads in
embryonic stem cells (5). On the basis of these findings, we
speculate that insufficient nuclear accumulation of smads in Taz-
deficient mice might explain the lung phenotype.

However, immunohistochemistry showed nucleolar smad3 in
Taz-deficient lung epithelial cells, whereas the number of these
cells was slightly smaller than that in wild-type lung. Quantita-
tive RT-PCR showed that the expression of other target genes

GAGGCAGGAAGGTGGGGAGGAATG 3 L8
ATGAGGCAGGARGGTCGGGAGGAAT! GGAATGTCCCTGTTTGTETAGGAL T

+3
+10

AGTCTCACACE
CCRARCTCACACA

of smads were not affected to the same extent. It is true that
TAZ deficiency reduced the effects of TGF-B/smad signals, but
insufficient TGF-B/smad signals cannot fully explain the de-
creased expression of CTGF and the lung phenotype of Taz-
deficient mice.

The in vitro study revealed that TAZ increased the expres-
sion of Cigf mRNA without TGF-B stimulation and interacted
with a more proximal region than the TGF-8 response element,
defined as the TAZ response element, in the Cigf promoter
sequence. The TAZ response element is composed of DNA
sequence at bp —123 to —76 in the Crgf promoter region. It
contains a putative NF-kB-binding site at bp —97 to —87
(AGGAATGTCCC), but its relationship with TAZ or Crgf
expression remains obscure.
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Involvement of TAZ in Pathogenesis of Bleomycin-induced
Lung Fibrosis

Taz-heterozygous mice expressed reduced Taz mRNA expres-
sion, but showed no obvious abnormality. However, they were
more resistant to bleomycin-induced lung fibrosis, thus indicat-
ing that TAZ plays a significant role in lung fibrosis. In
analyzing these data, the strain of mice is crucially important.
The mice in this experiment, however, had been backcrossed to
the C57BL6/J strain for more than nine generations, and our
preliminary data showed that Taz wild-type mice and C57BL6/J
mice had almost the same response to bleomycin in terms of
Ashcroft score, the amount of hydroxyproline, and lung ela-
stance.

As stated previously, TAZ can reinforce the TGF-B/smad
signals and increase Crgfexpression, which in turn is involved in
pulmonary fibrogenesis. Therefore, we suggest that reduced
TGF-B/smad signals and Cigf expression in Taz /% mice could
be responsible for the tolerance to bleomycin-induced fibro-
genesis.

Clinical Implications

Taz-deficient adult mice showed an emphysema-like phenotype
due to abnormal distal lung development. These mice can
provide useful information for our understanding of the path-

2009

Figure 10. Bleomycin-induced lung fibrosis in Taz*/lacZ
mice and wild-type mice (n = 6). Control mice received
saline injections. (A-D) Masson trichrome staining of the
lung sections. Scale bars: 50 wm. (E) Ashcroft score. (F)
Amount of hydroxyproline in whole right lung. (G) Lung
elastance. Data represent means + SEM. *P < 0.05, **P <
0.01.

ogenesis of emphysema. Because it is widely accepted that
human emphysema is caused by the disruption of fully de-
veloped alveoli, it should be noted that spontaneously de-
veloped emphysema caused by developmental abnormalities
in many gene-targeted animal models including 7Taz-deficient
mice does not represent the same pathological state as human
emphysema. However, developmental risk factors could un-
derlie at least some susceptibility to apparently adult-onset
chronic lung disease, including emphysema. For example,
failure in correct matrix organization may predispose to certain
serious degenerative diseases such as emphysema (46). Another
possibility is that dysplastic or degraded matrix can provide
neither the structural niche nor environmental cues for alveolar
stem/progenitor cells to assume the correct phenotype and/or
repair the correct alveolar cell lineage (47, 48). Therefore, the
function of TAZ in lung development may be directly associ-
ated with the pathogenesis of emphysema. Taken together, we
conclude that the Taz-deficient mouse is a novel model of
pulmonary emphysema. The present study may provide a few
clues to the genetic susceptibility to chronic obstructive pulmo-
nary disease.

The fact that the heterozygous mice are resistant to bleomycin-
induced fibrosis also could be important from the clinical point
of view. Bleomycin is an important, clinically relevant antineo-
plastic agent used as first-line therapy in the management of
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many human cancers, including Hodgkin’s disease, germ cell
tumors, and others. However, bleomycin induces pulmonary
fibrosis in a dose-dependent manner, and fibrosis is a major
dose-limiting side effect. Bleomycin-induced lung fibrosis is also
thought to be a mouse model of human interstitial pneumonias
(49). One form, idiopathic pulmonary pneumonia (IPF), is
characterized by fibroblast proliferation and extracellular ma-
trix remodeling, which result in irreversible distortion of the
lung architecture. IPF is a progressive and usually fatal condi-
tion with no available cure (50). The use of bleomycin in mouse
models threw light on a number of signaling pathways associ-
ated with IPF, although the translation from successful exper-
imental models to effective clinical therapy has not proved to be
easy. This study presents TAZ as a new and important factor in
the pathogenesis of bleomycin-induced lung fibrosis and prob-
ably IPF. Because Taz-heterozygous mice develop normally,
TAZ might have a close relationship with a genetic factor of
susceptibility to these diseases.

There is no published report about Taz mutants in human
emphysema or IPF, and whether TAZ could be a target gene of
these diseases awaits further investigation. However, the fact
that TAZ deficiency is not lethal and homozygous mice have
the abnormality apparently only in kidneys and lungs also
makes us expect that TAZ is a potentially suitable target for
the design of new therapies.
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SUMMARY

Outside cells of the preimplantation mouse embryo
form the trophectoderm (TE), a process requiring the
transcription factor Tead4. Here, we show that tran-
scriptionally active Tead4 can induce Cdx2 and other
trophoblast genes in parallel in embryonic stem cells.
In embryos, the Tead4 coactivator protein Yap local-
izes to nuclei of outside cells, and modulation of
Tead4 or Yap activity leads to changes in Cdx2
expression. In inside cells, Yap is phosphorylated
and cytoplasmic, and this involves the Hippo signaling
pathway component Lats. We propose that active
Tead4 promotes TE development in outside cells,
whereas Tead4 activity is suppressed in inside cells
by cell contact- and Lats-mediated inhibition of
nuclear Yap localization. Thus, differential signaling
between inside and outside cell populations leads to
changes in cell fate specification during TE formation.

INTRODUCTION

During mouse development, the first lineage specified is the
trophoblast/placenta lineage, set aside during blastocyst forma-
tion. In the blastocyst, the trophoblast, or trophectoderm (TE),
surrounds the inner cell mass (ICM), which will give rise to the
fetus and other extraembryonic tissues. The homeodomain tran-
scription factor Cdx2 is expressed in the TE at the blastocyst
stage. Cdx2 is required for TE development and is sufficient to
promote trophoblast fate in ICM-derived embryonic stem (ES)
cells, including suppression of ICM and induction of TE genes
(Niwa et al., 2005; Strumpf et al., 2005). Conversely, ICM fates
are regulated by a distinct set of transcription factors, including

the POU family transcription factor Oct3/4 (encoded by Pou5f1).
Prior to blastocyst formation, Cdx2 and Oct3/4 are initially co-
expressed throughout the embryo (Dietrich and Hiiragi, 2007;
Palmieri et al., 1994; Ralston and Rossant, 2008). Mutual antag-
onism between these two factors may contribute to the eventual
segregation of their expression domains (Niwa et al., 2005), with
Cdx2 in outside cells of the TE and Oct3/4 in inside cells of the
ICM. However, molecular mechanisms that initially interpret
inside/outside positional information within the embryo to estab-
lish this pattern are not known.

We and others recently showed that the TEAD/TEF family tran-
scription factor Tead4 is essential for TE development and Cdx2
expression prior to the blastocyst stage (Nishioka et al., 2008;
Yagi et al., 2007). This provided the first clue about molecular
mechanisms acting upstream of the TE/ICM lineage distinction.
However, whether Tead4 acted permissively or instructively in
this process was unclear, since Tead4 itself was not restricted
to outside cells (Nishioka et al., 2008).

Here, we sought to identify cofactors and signaling compo-
nents that could impart positional information to spatially regu-
late Tead4 activity in the embryo. Many lines of evidence have
suggested that TEAD-mediated transcription is regulated by
the Ser/Thr kinase Hippo in Drosophila, or Stk3 (Mst) in mice.
In Drosophila, Hippo inhibits the Yorkie (Yki) coactivator and
suppresses cell proliferation (Huang et al., 2005). These activities
are mediated by a Tead protein, Scalloped (Goulev et al., 2008;
Wu et al,, 2008; Zhang et al., 2008b). In mammals, Hippo
signaling comprises a growth-regulating pathway, which
controls cell contact-mediated inhibition of proliferation (see
reviews Pan, 2007; Reddy and Irvine, 2008; Saucedo and Edgar,
2007). In this context, cell-cell contact regulates nuclear accu-
mulation of a Yki homolog, Yes-associated protein 1 (Yap1i,
Yap hereafter), through Hippo signaling and controls cell prolifer-
ation by regulating transcriptional activity of Tead proteins (Ota
and Sasaki, 2008; Zhao et al., 2007, 2008). In the mouse embryo,
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Figure 1. Tead4 Regulates Multiple Tropho-
blast Genes in ES Cells

(A-G) Morphologies of ES cells treated for 6 days
with Tx in (A, C, E, and G) ES cell medium and in
(B, D, and F) TS cell culture medium in the pres-
ence of feeder cells.

(H-K) Expression of trophoblast (upper panels) and
ES/ICM (lower panels) genes in representative
clones of (H) 5ECER4 (EB5 + Cdx2ER), (I) 5TVER7
(EB5 + Tead4VP16ER), (J) TACER10 (Teadd '~ +
Cdx2ER), and (K) CTVER5 (Cdx2™/~ +
Tead4VP16ER) cells after Tx treatment for the indi-
cated time periods.

(L) Expression of trophoblast (left panel) and ES/ICM

Cdx2*ES
Tead4VP16ER

H | J K (right panel) genes in EB5 (control) and Tead4 ™'~ ES
cells after transfection of control or Oct3/4 siRNAs.
) / 7 ——Cdx2
5 ‘ M o =@i=Eomes
2 == Psx1
E 0 —& 2 =Hé=Hand1 sufficiency of Tead4 to promote TE fate
< » ~#=ltga7 has not been reported. We examined
§ 1 the ability of Tead4 to promote tropho-
g blast differentiation in ES cells. For com-
8 ) — \ N j M —e—0c13/4 parison, we used the ES cell line 5ECER4
§ -1 o SR \ ~ - Sox2 (Niwa etal., 2005), which stably expresses
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24 —dFgf4 o Ay
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3 20 2 yses (Niwa et al., 2005), treatment of
;2 i i u Cdx2 S5ECER4 cells with Tx led to flattened
2 I u Eomes = Oct3/4 morphologies reminiscent of trophoblast
£ 0 P - m Sox2 cells (Figure 1A), induction of trophoblast
;-f # Hand m Fgf4 genes, and downregulation of ES cell
% 5  liga7 genes (Figure 1H). Using trophoblast
2 o o stem (TS) cell culture conditions (Tanaka
SiRNA Cont Oct3/4 Cont Oct3/4 SIRNA Cont Oct3/4 Cont Oct3/4 stal. 1988), TS-llkecellseould bedstived

from this line (Figure 1B). These observa-

EB5 Tead4*ES EB5

Tead1™~; Tead2™'~ mutants die soon after implantation due to
reduced cell proliferation and increased apoptosis (Sawada
et al,, 2008). Tead1/2 interact genetically with Yap (Sawada
et al., 2008), suggesting that the roles of these genes in Hippo
signaling are conserved in mice.

We examined the role of Tead4 in TE development using both
ES cells and preimplantation embryos. We show that active
Tead4 can promote multiple trophoblast genes in parallel,
including Cdx2. We next show that, inthe embryo, the Tead coac-
tivator Yap localizes to nuclei only in outside cells and is excluded
from inside cell nuclei by the Hippo signaling pathway component
Lats. These observations suggest that Tead4/Yap interpret posi-
tional information along the inside/outside axis of the embryo to
restrict expression of Cdx2 and TE fates to outside cells.

RESULTS

Tead4 Instructively Regulates Multiple Trophoblast
Genes in ES Cells

Although Tead4 is required for establishment of the TE lineage in
the mouse embryo (Nishioka et al., 2008; Yagi et al., 2007), the

Tead4”ES

tions are consistent with previous anal-
yses (Niwaetal., 2005) and provide a stan-
dard against which to evaluate Tead4 activity in ES cells.

We next examined the ability of Tead4 to induce trophoblast
fate in ES cells. We established ES cell lines stably expressing
a Tx-inducible form of active Tead4 (Tead4VP16ER), which con-
sisted of the Tead4 DNA-binding domain fused to the transcrip-
tional activation domain of herpes simplex virus VP16, followed
by the ER domain. After treatment with Tx, multiple independent
clones exhibited morphological changes similar to Cdx2 overex-
pression (Figure 1C). Treated Tead4VP16-expressing clones
also expressed trophoblast genes (Figure 11), and TS-like cells
could be derived under TS cell culture conditions (Figure 1D).
Thus, constitutively active Tead4 is sufficient to promote tropho-
blast fate in ES cells.

Cdx2 Is a Major Target of Tead4

Tead4 is genetically upstream of Cdx2 during TE formation in the
embryo (Nishioka et al., 2008; Yagi et al., 2007), suggesting that
Tead4 is not required for Cdx2-mediated trophoblast gene
expression in ES cells. To test this hypothesis, we established
feeder-free Tead4 ™~ ES cell lines (Nishioka et al., 2008) that
stably express Cdx2ER, and we examined their ability to adopt
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trophoblast fate. After treatment with Tx, multiple independent
clones exhibited similar trophoblast-like morphologies (Fig-
ure 1E). In addition, trophoblast genes were upregulated,
whereas ES genes were downregulated (Figure 1J), suggesting
that Tead4 is not required for Cdx2-mediated induction of
trophoblast differentiation in ES cells. To examine the require-
ment for Tead4 in long-term TS-like potential, we cultured these
cells under TS conditions. Colonies with TS-like morphology
could be derived, but could not be maintained as TS cells
(Figure 1F and data not shown), indicating that Cdx2 cannot fully
substitute for Tead4 in the trophoblast lineage.

As another means by which to examine the epistatic relation-
ship between Tead4 and Cdx2, we established Cdx2~/~ ES cells
(Niwa et al., 2005) stably expressing Tead4VP16ER, and we
examined their ability to adopt trophoblast fate. After treatment
with Tx, multiple independent clones also exhibited tropho-
blast-like morphology (Figure 1G) and trophoblast gene expres-
sion (Figure 1K). Tead4 can therefore regulate trophoblast gene
expression independently of Cdx2. However, TS-like colonies
could not be derived from these cells, suggesting that Cdx2 is
essential for proper trophoblast lineage development. Taken
together, these observations suggest that Tead4 promotes
trophoblast fate through both Cdx2-dependent and -indepen-
dent pathways, and that Cdx2 is a major mediator of Tead4-
dependent changes in trophoblast gene expression.

Tead4 Is Dispensable for Cdx2 Expression when Oct3/4
Levels Are Reduced

In ES cells, Oct3/4 suppresses Cdx2, and reduction of Oct3/4
leads to upregulation of Cdx2 expression and formation of TS-like
cells (Niwa et al., 2000, 2005). Because Tead4 is required for
Cdx2 expression and TE development in vivo (Nishioka et al.,
2008; Yagietal., 2007), we next asked whether Tead4 is required
for Cdx2 expression even if Oct3/4 expression levels are
reduced. We examined the requirement for Tead4 in inducing
Cdx2 expression after siRNA-mediated knockdown of Oct3/4.
In control wild-type (EB5) ES cells, siOct3/4 transfection led to
reduced expression of Oct3/4 and other ES genes, including
Sox2 and Fgf4 (Figure 1L). Knockdown of Oct3/4 also led to
increased expression of Cdx2 and other trophoblast genes
(Figure 1L). Interestingly, Oct3/4 knockdown in Tead4 /'~ ES cells
(Nishioka et al., 2008) led to essentially the same changes in
gene expression as in wild-type ES cells (Figure 1L), indicating
that Tead4 is not required for expression of Cdx2 and other
trophoblast genes as long as Oct3/4 levels are reduced.
However, immediate induction of Cdx2 by Tead4VP16 in ES
cells was not accompanied by a clear reduction of Oct3/4 at
day 1 (Figure 11), suggesting that Tead4 caninduce Cdx2 expres-
sion by overcoming Oct3/4-mediated suppression. Therefore, in
the presence of Oct3/4, Tead4 is required to induce Cdx2
expression.

Tead4 Regulates Cdx2 as a Transcriptional

Activator In Vivo

These observations suggested that Tead4 can instructively
induce Cdx2 expression and trophoblast fate. However, Tead4
is expressed ubiquitously in preimplantation embryos (Nishioka
etal., 2008), raising the question as to how its activity is restricted
to outer cells of the nascent TE. We hypothesized that Tead4

Developmental Cell
Tead4 Regulates TE Development

activity must be regulated along the inside/outside axis. To test
this hypothesis, we first examined the ability of variant forms of
Tead4 to induce Cdx2 expression in inside cells when overex-
pressed. During normal development, Cdx2 is initially ubiqui-
tously expressed and becomes progressively downregulated in
inside cells and upregulated in outside cells during blastocyst
formation (Ralston and Rossant, 2008). Because levels of Cdx2
are highly variable among embryos and among inside cells of
individual embryos during this process (Dietrich and Hiiragi,
2007; Ralston and Rossant, 2008), we examined populations
of embryos in which these constructs were ubiquitously overex-
pressed by RNA injection from the 2-cell stage (Figure 2A).

At the 20- to 30-cell stages, embryos were classified into three
phenotypic categories, depending on the level of Cdx2 expres-
sion detected in inside cells. That is, type | embryos exhibited
undetectable levels of Cdx2 in inside cells, type Il embryos
exhibited low levels of Cdx2 relative to outside cells, and type
1l embryos exhibited high levels of Cdx2 (comparable to outside
cell levels). At this stage, the majority of water or 8-globin mRNA-
injected embryos exhibited either no Cdx2 (type I) or weak Cdx2
expression (type ll) in inside cells, whereas only 8% of embryos
on average exhibited strong Cdx2 expression (type lll) in a few
inside cells (Figures 2C and 2E; see Figure S1 available online).
Expression of either full-length Tead4 or a repressor-modified
form of Tead4, Tead4EnR (a fusion between the Tead4 contain-
ing the DNA-binding domain and the repression domain of
Drosophila Engrailed), did not lead to changes in Cdx2 expres-
sion (Figures 2B and 2E). In contrast, overexpression of
Tead4VP16 led to a significant increase in the number of type
Il embryos exhibiting elevated Cdx2 expression in inside cells
(Figures 2B, 2D, and 2E), consistent with our observations in
ES cells. The number of inside cells expressing high levels of
Cdx2 also increased after Tead4VP16 overexpression (Fig-
ure 2D; Figure S1). Injection of higher doses of Tead4VP16
RNA led to increased lethality (not shown). By contrast, overex-
pression of an unrelated transcription factor fused to the VP16
activation domain (Foxa2VP16) did not affect Cdx2 expression
(Figure 2E).

Taken together, these results suggest that the Cdx2-inducing
activity of Tead4 is dependent on the presence of an exogenous
activation domain. Preimplantation embryos also express Tead1
and Tead?2 (Nishioka et al., 2008), and these factors are known to
bind similar DNA motifs as Tead4 (Sawada et al., 2008). Interest-
ingly, overexpression of activator-modified Tead1 (Tead1VP16)
also increased the frequency of type Ill embryos (Figure 2E),
raising the possibility that other Tead proteins may participate
in regulation of Cdx2 expression during embryogenesis.

Nuclear Localization of Yap Anticipates Cdx2

Expression in the Outer Cells

Our analyses of constitutively active Tead4 both in ES cells and
in the early embryo suggested that Tead4 activity is regulated
along the inside/outside axis of the embryo. Tead proteins are
known to act in conjunction with the coactivator protein Yap
(Vassilev et al.,, 2001), whose nuclear localization is regulated
by phosphorylation (Zhao et al, 2007). Yap mRNA was
detected throughout preimplantation development by RT-PCR
(Figure 3A), prompting us to examine the localization of Yap
protein throughout preimplantation development. During
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Figure 2. Tead4 Instructively Regulates Cdx2 Expression in
Embryos

(A) Scheme for RNA injection for the experiments shown in this figure and
Figures 4 and 6. Expression of Cdx2 was examined in inside cells after 56 hr
of culture.

(B) Tead variants used in this study.

(C) Examples of three classes of water-injected embryos exhibiting different
levels of Cdx2 (red) in inside cells (indicated by a dotted line). Inside cells
were identified based on Z-series confocal images of embryos stained with
nuclei (DAPI, blue) and cell membranes (f-catenin, green). Inside cells
exhibited weak (arrowheads) or strong (arrow) Cdx2 expression.

(D) Arepresentative embryo injected with Tead4VP16 RNA.

(E) Graph summarizing the effects of Tead RNA injection on Cdx2 expressionin
inside cells. Numbers in each column represent the number of embryos in each
category. Asterisks indicate that the differences were statistically significant
compared to the §-globin RNA-injected group (p < 0.05).

development, nuclear Yap was first detected in embryos at the
4-cell stage, although the signal was weak and variable among
embryos and among individual blastomeres (Figure 3B and
data not shown). By the early 8-cell stage, nuclear Yap was
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Figure 3. Nuclear Yap Anticipates Outer Cell-Restricted Expression
of Cdx2

(A) RT-PCR analysis of gene expression in pools of 50 embryos for each stage
indicated.

(B) Immunofluorescence localization of Cdx2 and Yap proteins during preim-
plantation development. Cdx2 is still detected in some inside cells, although
Yap is not (arrowheads).

(C) Yap and Cdx2 localization in nuclei of the TE in the mid/late blastocyst.
(D) Levels of nuclear Yap proteins during preimplantation development. To
account for changes in fluorescence due to changing focal planes, Yap fluo-
rescence levels were normalized to corresponding DAPI fluorescence levels
for each nucleus.

(E) Immunofluorescence localization of Wwtir1. Embryo cell number is indi-
cated in (B), (C), and (E).

detected in all blastomeres, even in embryos that had not yet
undergone compaction (n = 22) (Figure 3B). After the 8-cell
stage, levels of nuclear Yap increased in outside cells up to the
30-cell stage and remained constant thereafter, whereas nuclear
Yap decreased in inside cells and Yap appeared to be excluded
from the nuclei (Figures 3B and 3D). At the mid/late blastocyst
stage, nuclear Yap was restricted to outside cells of the TE
and was not detected within cells of the ICM (Figure 3C).
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Figure 4. Nuclear Yap Regulates Cdx2
Expression

(A) Yap variants used in this study (TeadBD, Tead-
binding domain; WW1 and WW2, WW domains;
AD, activation domain; 14-3-3, 14-3-3-binding
site; SH3, SH3-binding site; PDZ, PDZ domain-
binding site). Residue numbers within the Yap
protein were indicated. The domain structure of
Wwir1 was defined based on sequence homology
to Yap.

(B) Effects of Yap variants on the transcription
activity of Gal4-Tead4C in NIH 3T3 cells.

OGal4
F |:_Gal4-Teadﬂ

D J 1 2 3 (C) Representative embryos showing the effects of
- overexpression of Yap variants on Cdx2 (red)
p-blobin n=95  |evels. Membrane (green) and nuclei (blue) are
also shown.
?fqe"_ o _5'_)r19_"f| "_=_2‘f (D) Graph summarizing the effects of Yap variants
Ya 50ng/ul =40 on Cdx2 levels in inside cells. The asterisks indi-
P g cate that the differences were significant
Yap-ATeadBD 5ong/ul h=16 compared to the -globin RNA-injected group.
Yap-AAD 50ng/ul n=21
Tead4 0.01ng/ul =22|
Yap (low dose) Snglul -3p| Were categorized as described above.
Overexpression of Yap led to a significant
I(agd(‘l‘o;/ dosg)ogﬂglt:l n=34| increase in the frequency of type llI
Wwtrd il iis embryos exhibiting high levels of Cdx2 in
d ol il inside cells (Figures 4C and 4D). In
Wwtr1 50ng/ul 5= n=23| contrast, neither Yap-ATeadBD, lacking
20 40 60 00% the Tead binding domain, nor Yap-AAD,

[Dtype I mtype Il Miype Il Qabnormal|

lacking the transactivation domain, were

Since Cdx2 expression begins after compaction around the
8-cell stage (Ralston and Rossant, 2008), nuclear localization
of Yap appears to precede expression of Cdx2. In addition,
restriction of Yap to outside cells appears to precede that of
Cdx2, since nuclear Yap was restricted to outside cells from
the 16-cell stage onward, whereas Cdx2 is not clearly restricted
to outside cells until later stages (Figure 3B) (Dietrich and Hiiragi,
2007; Niwa et al., 2005; Ralston and Rossant, 2008). Thus,
restriction of Yap to outside cell nuclei precedes restriction of
Cdx2 expression to outside cells, suggesting that Yap could
play a role in Tead4-mediated patterning of Cdx2 expression
along the inside/outside axis during blastocyst formation.

Yap and Wwtir1 Regulate Cdx2 Expression

in Preimplantation Embryos

We next asked whether Yap could induce Cdx2 expression in
inside cells of the embryo. Importantly, Yap cooperatively
increased transcription induced by Gal4-Tead4C (a fusion
protein of the DNA-binding domain of yeast Gal4 and the
C-terminal cofactor-binding domain of Tead4) in NIH 3T3 cells
(Figure 4B), confirming the ability of Yap to enhance Tead4-
mediated transcriptional activity. Next, Yap mRNA was injected
into both blastomeres of the 2-cell embryo, and phenotypes

able to enhance Tead4-mediated trans-
activation in NIH 3T3 cells (Figures 4A
and 4B), and both constructs failed to
increase Cdx2 expression in embryos
(Figures 4C and 4D). Thus, Yap activity
may depend on interaction with Tead.
Overexpression of an unrelated coactiva-
tor protein, Ssdp1 (Nishioka et al., 2005), had no effect on Tead4-
mediated transcription in NIH 3T3 cells, or on Cdx2 expression in
embryos (Figures 4B and 4D), confirming the specificity of our
observations. Finally, to examine whether Yap can confer
Cdx2-inducing ability on unmodified Tead4 (lacking VP16), we
examined the ability of unmodified Tead4 to induce Cdx2
expression in the presence of Yap. Injection of either full-length
Tead4 mRNA or low-dose (56 ng/pl) Yap mRNA alone had no
effect on Cdx2 expression, whereas their coinjection signifi-
cantly increased Cdx2 expression (Figures 4C and 4D). Taken
together, our observations suggest that Yap can induce Cdx2
expression cooperatively with Tead4.

Although Yap is sufficient to upregulate Cdx2 in inside cells,
Yap™/~ mutant embryos exhibit normal TE development
(Morin-Kensicki et al., 2006). This observation suggested that
a Yap-related protein could compensate for the absence of
Yap during early development. We therefore examined the
Yap-related protein Wwtr1 (TAZ) (Mahoney et al., 2005). Wwir1
was detected in preimplantation embryos; high levels of Wwtr1
protein were detected in outside cell nuclei (Figures 3A and
3E), whereas low, but detectable, levels of Wwtr1 were detected
in inside cell nuclei. Importantly, overexpression of Wwir1 was
sufficient to increase Cdx2 expression in inside cells (Figures
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Figure 5. Requirements of Nuclear Yap/
Wwir1 in Cdx2 Expression
(A) Scheme for RNA injection and analysis of Cdx2

OGal4
B Gal4-Tead4C

in outside cells after 56 hr of culture.
(B) Schematic representation of the structure of
dnYap.

(C) Luciferase assay after overexpression of dnYap

in Hela cells.
(D) Examples of embryos classified according to

the number of outside cells with strong Cdx2
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(red, arrows). Membrane (green) and nuclei (blue)
are also shown.

(E and F) Representative embryos injected with (E)
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dnYap or (F) Lats2 RNA.

(G) Graph summarizing phenotypes resulting from
injection of RNAs for dnYap or Lats2 on expression
of Cdx2 in outside cells. The asterisks indicate that
the differences were significant compared to the
control B-globin-injected group.

(H) Effects of Lats2 RNA injection on subcellular
localization of Yap proteins.
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4C and 4D), consistent with the hypothesis that Wwtr1 plays
a Yap-like role in the early embryo.

Next, we tested the requirement for Yap and Wwir? in Cdx2
expression in early embryos. Whereas loss of either Yap or
Wwir1 alone does not lead to abnormalities in preimplantation
development(Hossain etal., 2007; Makita et al., 2008; Morin-Ken-
sicki et al., 2006), Yap /~;Wwir1~'~ embryos died before the
morula stage (16-32 cells), prior to establishment of inside and
outside cell populations (Table S1). Thus, Yap and Wwtr? are
required prior to lineage specification, precluding analysis of their
requirementduring lineage specification. However, use of a domi-
nant-negative Yap (dnYAP), allowed us to address this issue.

To create dnYap, the transcriptional activation domain of Yap
was replaced with the Drosophila Engrailed repression domain,
and Yap-S112 was converted to A (equivalent to human YAP-
§127A) (Figure 5B). Phosphorylation of Yap-S112 by the protein
kinase Lats promotes cytoplasmic localization of Yap through
interaction with the cytoplasmic scaffold protein 14-3-3 (Basu
et al., 2003; Dong et al., 2007; Zhao et al., 2007). In HeLa cells,
dnYap strongly suppressed activation of Tead4 by either Yap
or Wwtr1 (Figure 5C), confirming the dominant-negative activity
of this construct. Next, we overexpressed dnYap in embryos by
RNA injection as described above, and we examined Cdx2
expression (Figure 5A), with the prediction that dominant-nega-
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tive Yap would decrease Cdx2 expression
in outside cells. Overexpression of dnYap
did not cause early lethality, but did alter
Cdx2 expression in early blastocysts.
Embryos were classified into three cate-
gories, based on the fraction of outside
cells exhibiting high levels of nuclear
Cdx2: embryos exhibiting Cdx2 in 0%-—
39% of outside cells (type IV), in 40%-
59% of outside cells (type V), and in
60%-100% of outside cells (type VI
(Figure 5D). Overexpression of dnYap
RNA significantly increased the frequency
of type IV, while decreasing the frequency of type V and type VI
embryos in a dose-dependent manner (Figures 5E and 5G).
Thus, dnYap decreased expression of Cdx2 in outside cells,
and regulation of Cdx2 expression appears to be dependent
on Tead4 coactivator activity. These results are consistent with
the hypothesis that Yap and Wwtr1 act together with Tead4 to
regulate Cdx2 expression in outside cells during blastocyst
formation. In addition, other domains of Yap/Wwtr1 proteins
may be required for viability at very early stages.

Lats Regulates Yap Localization during Preimplantation
Development

We next sought to examine how Yap becomes localized to nuclei
of outside cells prior to TE formation. In cultured cells, Lats1/2-
mediated phosphorylation of Yap/Wwtr1 leads to their cyto-
plasmic localization (Dong et al., 2007; Hao et al., 2008; Lei
et al., 2008; Zhang et al., 2008a; Zhao et al., 2007). We therefore
examined the localization of phosphorylated Yap (p-Yap) by
using an antibody raised against p-Yap. Prior to the blastocyst
stage, p-Yap was detected in the cytoplasm of inside cells,
and at the blastocyst stage high levels of cytoplasmic p-Yap
were detected within ICM cells (Figure 6A). Protein phosphatase
treatment of embryos eliminated this pattern (Figure 6A, right),
confirming the specificity of the antibody. These observations

403



Developmental Cell
Tead4 Regulates TE Development

A [no treatment | +)PPase

B-globin

50ng/ul

Figure 6. Cell Adhesion and Lats2 Suppress
Nuclear Yap Localization in Inside Cells

(A) Immunofluorescence localization of phosphor-

ylated Yap (p-Yap) in preimplantation embryos. A

Yap-S112A Lats2-KD

Yap 10ng/ull_5 |70 AT TUNN 3 n=26 stronger p-Yap signal was detected in inside cells

Yap-S112A 6nglul| 3R bl,ﬁ—ﬁfm 7 n=21 of morula-stage embryos and in the inner cell

masses of blastocyst-stage embryos. Treatment

Yap-8112A 10ng/ull 7 1 TG 4In=39 with lambda protein phosphatase (\PPase) elimi-
Lats2-KD  50ng/ul[iEsms 3 |n=18 (”a)tEd P':ap from ‘"Sid‘; Ce‘::- (VapS112A

B) Graph summarizing the effects of Yap- or

||:|ty o lomtyi(: IIAlIDtypBeOIII z}aggg:’; al | Lats2-KD on Cdx2 expression in inside cells. The

asterisks indicate that the differences were signifi-

Lats2-KD |E Lats2-KD |F Lats14-;[_at324:| cant compared to the control B-globin-injected

group.
(C) Representative embryos showing the effects of
injection of Yap-S71712A or Lats2-KD on Cdx2
expression (red). Membrane and nuclei were coun-
terstained with green and blue, respectively.

(D and E) Representative embryos showing reduc-
tion of the (D) p-Yap signal and (E) increased
nuclear Yap in embryos injected with Lats2-KD
RNA.

(F) A representative Lats1™/~; Lats2™/~ embryo
showing increased nuclear Yap and strong Cdx2

suggest that Yap phosphorylation leads to its cytoplasmic local-
ization in inside cells of the preimplantation embryo.

We next examined factors regulating Yap localization during
TE formation. In cultured cells, Hippo signaling suppresses the
nuclear accumulation of Yap through the activities of Lats1 and
Lats2 (Dong et al., 2007; Hao et al., 2008; Ota and Sasaki,
2008; Zhang et al., 2008a; Zhao et al., 2007). We examined local-
ization of Yap in embryos after Lats2 overexpression. As ex-
pected, Lats2 overexpression greatly reduced nuclear Yap
accumulation (Figure 5H). Moreover, Cdx2 levels were also
significantly downregulated in these embryos (Figures 5F and
5@G), consistent with a requirement for nuclear Yap localization
in Cdx2 expression. Lats2-injected embryos also failed to form
blastocoels after extended culture (data not shown), also char-
acteristic of Tead4 ™'~ embryos (Nishioka et al., 2008), consistent
with a loss of Yap/Tead activity in both situations. Importantly,

expression in the inner cells.

(G) Immunofluorescence localization of Yap in cell
aggregates of two cell lines, EB5 (ES) and MTD1A.
(H) Representative embryos after treatment with an
anti-E-Cadherin antibody, ECCD1 (bottom).

() Altered Yap localization in ECCD1-treated
embryos. ECCD1-treated embryos, which failed
to exclude Yap from nuclei (center) or exhibited
obvious nuclear accumulation of Yap (right)
(embryo cell number indicated).

(J) Levels of p-Yap in ECCD1-treated embryos.

DAPI

Lats2 overexpression did not dramatically
alter cell number, compared with control
embryos, suggesting that the effects of
Lats2 on Yap localization and Cdx2 levels
were not an artifact of altered develop-
mental timing (Figures 5F and 5H and
data not shown). By contrast, overexpres-
sion of a Lats-related kinase, Ndri
(Stk38), had no effect on Cdx2 expression (Figure 5G), indicating
specificity of the Lats2 overexpression phenotype. Taken
together, these observations suggest a model in which Lats
kinases restrict Yap-dependent Tead4 activity to outside cells
of the embryo to restrict Cdx2 expression to the nascent TE.

Given that Yap phosphorylation regulates its localization and
activity, wereasoned thata phosphorylation-defective Yap would
have enhanced Cdx2-inducing activity. To test this, we overex-
pressed Yap-S112A (Figure 4A). Injection of low doses (5 ng/pl
and 10 ng/pl) of Yap-S71712A RNA led to dose-dependent and
significant increases in type Illl embryos with elevated Cdx2
expression and was more effective than wild-type Yap at these
doses (Figures 6B and 6C). These observations support the
proposal that Lats-mediated changes in Yap phosphorylation
can alter the Cdx2-inducing activity of Yap during preimplanta-
tion development.
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