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Abstract

Embryonic stem (ES) cells are one of the most promising resources of regenerative

medicine in the future. Further knowledge about ES cells, especially the mechanism

how the different factors and pathways function together to control ES cell

self-renewal and pluripotency is the key point to improve ES cell regenerative therapy

efficiency and safety. The Hippo pathway has been shown to be a major signaling

pathway to control organ size and cell-to-cell contact inhibition. Moreover, previous

results in our group have identified putative Hippo pathway downstream

transcriptional factor TEAD and co-activator YAP to be important in self-renewal of

ES cell. The purpose of this study is to investigate the presence and function of Hippo

pathway in ES cells. Interestingly, the Hippo core components are expressed in mES

cells and regulated during the differentiation process. Further on we will define the

potential roles of these components role in ES cell self-renewal and differentiation.

Up to now, cell-to-cell contact inhibition in stem cell lines remains elusive. Here we

showed that there is higher YAP s127 phosphorylation in confluent mouse ES cells

but no YAP cytoplasmic localization as in other confluent cell cultures. EdU labeling

and other data show proliferation inhibition that is caused by confluence in ES cells is

weaker and happens at a later stage, compared to differentiated cells, e.g. NIH 3T3

cells. These results strengthen our hypothesis that cell-to-cell contact inhibition is

weak, and the Hippo pathway might be ignored in mES cells.
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1. Introduction

1.1. Origin and property of Embryonic Stem cells
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LIF needed to sustain the ES cells is usually supplied by the fibroblast feeder layer

and the rest is added to the growth medium. LIF/receptor interaction leads to

heterodimerization of two LIF-specific receptor subunits LIFRβ and the gp130 

subunit, as well as a conformational change in the intracellular part of the receptor

and activation of four different downstream pathways: JAK (Janus tyrosine

kinase)/STAT (signal transducer and activator of transcription), Ras/ERK1/2

(extracellular-signal-related kinases 1/2), PI3K (phos- phoinositide 3-kinase) and SFK

(Src family kinase) pathways6. Notably, STAT3 activation is sufficient to prevent

mES cell differentiation in the presence of serum7.

Wnt

Unlike the different roles of LIF in mouse and human ES cells, evidence has been

provided that the Wnt pathway could be critical in the maintenance of both human

and mouse ES cells pluripotency8. Activation of the Wnt pathway by

6-bromoindirubin-3-oxime (BIO), a specific pharmacological inhibitor of glycogen

synthase kinase-3, can maintain the undifferentiated phenotype of ES cells and sustain

expression of the ES cells specific markers Oct4, Rex1 and Nanog. Wnt signaling is

endogenously activated in ES cells and is downregulated upon differentiation9. Wnt

signaling activation can upregulate STAT3 expression, suggesting that it could be an

intersect from LIF mediated pathway10. BIO may provide a huge improvement in

human ES cell culture techniques and prevent cross-species contamination from

mouse feeder cells for future transplantation surgery.

BMP

LIF is insufficient to maintain mES self-renewal under serum-free conditions. Several

factors in serum has been show to help LIF to sustain the undifferentiated state, such

as bone morphogenetic protein 4 (BMP4)11. BMP4 have been shown to phosphorylate

Smad1/5 in both human and mouse ES cells. Smad1/5 activation results in the

expression of inhibitor of differentiation (Id) protein, which blocks neural

differentiation 11. However, in contrast to the selfrenewal function in mES cells,

BMP4 leads to hES cells trophoblast or primitive endoderm differentiation 12.

TGFb/Activin/Nodal pathway

TGFb/Activin/Nodal pathway includes TGFb superfamily and its correlated factors,

e.g Nodal. Activin A, a TGFb member is known as the mouse embryonic feeder

secretion component that can sustain human undifferentiated state in absence of

condition medium (CM) or STAT3 activation 13. This pathway is activated through

the transcription factors Smad2/3 in undifferentiated cells. Smad2/3 activation

suppresses Smad1/5 activity, thus TGFb/Activin/Nodal can negatively regulate BMP4

in human ES cells 13,14. Smad2/3 activity is not necessary for maintenance of

undifferentiated state in mouse ES cells 14. The interaction of TGFb pathway with

other pathways in ES cells and its role in self-renewal still needs to be elucidated.

1.1.2.2 Intrinsic factors



To date there is an abundance of transcription factors known to be involved in both

self-renewal and differentiation of ES cells.

Oct4

Oct4 is highly expressed in human and mouse ES cells, and its expression diminishes

when these cells differentiate and lose their pluripotency. Expression levels of this

gene are controlled in a window, or the ES cells will differentiate. Hence, the level of

Oct 4 is an important determination of cell fate15,16. Loss of Oct4 results in

differentiation of ES cells into trophectoderm, whereas over-expression of Oct4

results in differentiation into primitive endoderm and mesoderm17. Several target

genes of Oct4 in ES cells have been identified, and these include Fgf4, Utf1, Opn,

Rex1/Zfp42, Fbx15, and Sox28.

Sox2

Sox2 is an HMG-family protein, which together with Oct4 as a complex, targets many

genes required for ES cells pluripotency sustenance. Sox2 is expressed in ES cells,

early embryos, germ cells and neural stem cells, which may indicate a general

stemness factor role of Sox218. Disruption of Sox2 in mouse ES cells with conditional

knockout or RNAi results in rapid differentiation 19.

Nanog

Nanog is a major regulator of the pluripotent state. Mouse ES cells with Nanog

overexpression can self-renew in absence of LIF, although the self-renewal capability

is reduced. Nanog disruption in ES cells results in differentiation to endoderm

lineages. 21,22. Nanog regulates pluripotency mainly via transcriptional repression of

downstream differentiation genes and the activation the other self-renewal genes, e.g.

Rex1. Rex1 is also a target gene of the Oct4/Sox2 complex22.

1.1.3. Induced pluripotent stem (iPS) cells

The transcription factors described above are sufficient to reprogram somatic cells

into induced pluripotent stem (iPS) cells23,24. Previous accumulated knowledge of

these self-renewal factors lead to this revolutionary breakthrough. The groups of

Yamanaka and Thomson used different combination of factors (Sox2, Oct4, c-Myc,

Klf 4)23 and (Oct4, Sox2, Nanog, and Lin28)24 to produce mouse and human iPS cells.

iPS cells was recently shown to be capable to generate full-term mice via tetraploid

blastocysts complementation, which demonstrates its full pluripotency25. The

therapeutic potential of iPS cells has been assessed in Sickle-cell disease and

hemophilia A mouse models26,27. Transplantation of hematopoietic progenitors

derived from corrected iPS cells significantly suppresses the symptoms of sickle cell

anemia 26. Similar therapeutic effect was also acquired on the hemophilia A mouse,

which prevented death from bleeding27. The iPS cells are an attractive resource of

regenerative medicine, because of two major advantages. First, iPS cells can be

produced from patients’ own somatic cells to avoid immunological rejection problem

in transplantation. Second, there is no ethical issue in iPS cells as adaption of embryos



or oocytes. The safety issues are the main obstacle needed to be overcome from the

lab research to clinical applications, e.g the oncogenic potential of iPS. The future

research of ES cell self-renewal and differentiation factors could be very helpful to

improve the efficiency and safety of iPS cells.

1.2. Hippo pathway and cell-to-cell contact

1.2.1 Hippo pathway signal transduction and its biological function.

Mechanisms controlling organ size is an important area of biological research. The

Hippo pathway has been shown to be a major organ size control signaling pathway28.

Components of the Hippo pathway have been shown to be preserved in Drosophila

and mammals, and include Mst1/2 (the mammal homolog to the Drosophila protein

Hpo), WW45 (Sav homolog), Lats1/2 (Wts homolog), Mob1 (Mats homolog), and the

Yes-associated protein (YAP) and its paralog transcriptional coactivator with PDZ

binding motif (TAZ), both Yki homologs, as well as NF2 (Mer homolog), FRMD6

(Ex homolog), and Fat4 (Fat homolog)28. The TEAD (TEA domain) family

transcription factors are a type of newly discovered conserved key transcription factor

downstream of YAP/TAZ to mediate Hippo pathway biological functions29. At the

present the Hippo pathway is thought to be initiated via cell-to-cell contact, which

subsequently induces a kinase cascade involving the core components Lats1/2, Mst1/2,

WW45 and Mob130. The biochemical mechanisms of Mer, Ex and Fat in regulation of

the Hippo pathway core components are not clear. In the mammalian Hippo pathway

kinase cascade, Mst is considered to the most central factor on the basis of its capacity

to phosphorylate all three other core components, Lat, WW45, Mob. Mst1/2

phosphorylates Lats1/2 on the activation loop and hydrophobic motif31. There are

SARAH domains on WW45 and Mst to form an interface to facilitate phosphorylation

by Mst32. Phosphorylation by Mst1/2 enhances Mob1interaction with Lats133.

Activation of Lats leads to the serine phosphorylation and ensuing cytoplasmic

localization of YAP/TAZ/Yorkie transcription co-activators with the help of protein

14-3-328. One of the most intriguing questions right now is; which cell-cell contact

signal or adhesion molecular is actually initiating Hippo signal transduction?

The Hippo pathway limits organ size by inhibiting cell proliferation and promoting

apoptosis. Such regulation is achieved at least partly by transcriptional activation of

target genes like cycE and diap134. Inducible YAP overexpression could give a severe

reversible increase in liver size35. Moreover, TEAD1/2 double knockout mice embryo

shows a similar reduced cell proliferation and increased apoptosis phenotype as YAP

knockout embryo36. It indicates that YAP control organ size via TEAD1/2 by cell

proliferation and apoptosis regulation in mammals.



Figure. 2 The signal transduction of Hippo pathway in Drosophila and mammals28.

homolog components in Drosophila and mammals are shown in the same color. Dashed arrows indicate

unknown biochemical mechanism and question marks repesents unknown components

1.2.2 Hippo pathway and cell-to-cell contact inhibition in cell cultures

A fundamental property of in vitro cultured cells is to cease proliferation upon

reaching confluence, a phenomenon referred to cell contact inhibition37. How the cells

sense the confluence in vitro is a puzzle as well as the question how the cells sense the

organ size in vivo. Results up to date show that Hippo pathway components function

in a similar manner in sensing cell confluence and organ size. First, Mer has been

shown to regulate YAP localization and inhibit its activity in cell culture30. Second,

overexpression of YAP increases saturation cell density in NIH-3T3 cell culture, a

mouse fibroblast cell line30. It is a typical lack of cell-to-cell contact phenomenon. A

dominant negative form of TEAD2 can mimic this lack of cell-to-cell contact

inhibition by the YAP overexpression in NIH 3T3 cell38. Loss of function evidence in

vitro also shed light on discovering the function of endogenous YAP and the Hippo

pathway in organ size. Replacement of the activation domain of YAP converts it into

weak or strong co-repressors of TEAD strongly reducing cell proliferation rate and

saturation density. Although the function of endogenous YAP in vivo still remains

elusive, an organ size decrease in a YAP conditional knockout mouse might be

speculated. More importantly, a dominant-negative form of YAP restores contact

inhibition in the human renal adenocarcinoma cell lines ACHN, which has a Sav

defect and thus a loss of a functioning Hippo pathway, and stops the cells from

growing on top of each other 30. This provides a promising target to decrease the

malignancy in various cancers. Cell cultures provide convenient in vitro model to

study the Hippo pathway and organ size control mechanisms.

1.2.3 Hippo pathway in cancer biology



Escaping of cell-to-cell contact inhibition is one of the main properties of cancer cells,

which facilitates the tumor invasion and metastasis. Since the main function of the

Hippo pathway is cell-to-cell contact inhibition, it has become a research hot spot in

cancer research. YAP is to date considered to be a candidate oncogene because it

presence in human chromosome 11q amplicon, which is very common in several

human cancer39,40. There are some experiments supplying evidence for YAP’s

oncogenic function. YAP overexpression in MCF10A cells induces

epithelialmesenchymal transition (EMT), which is very important in cancer

metastasis39. Inducible YAP overexpression could initiate presence of nodules and

eventually develop tumors35. Many results have also indicated tumor-suppressor

function of Hippo pathway upstream components, which is consistent with YAP’s

oncogenic role28. Because of the similar indefinite proliferation ability of the ES and

cancer cells, it is very interesting to dissect how the Hippo pathway is involved in ES

cell self renewal, and how it escape from the Hippo pathway mediated cell-to-cell

contact inhibition.

1.2.4 Known function of Hippo pathway components in ES cell and the early

embryo

1.2.4.1 TAZ/YAP/TEAD2 in ES cell self-renewal

Several components in the Hippo pathway have been show to be involved in ES cell

self-renewal, e.g. TAZ/YAP and TEAD2. TAZ has been shown to maintain hES cell

pluripotency by binding Smad2/3-4 and contribute to its nuclear accumulation under

TGF activation. Loss of TAZ leads to inhibition of TGF signaling and

differentiation of hES cells into a neuroectoderm lineage41. Transcriptional profiling

of mES cells found an enrichment of the YAP and TEAD2 in mES cells42, and

silencing of these genes results in a significant decrease in ES cell colony formation

capacity (Tamm et al, unpublished data). In addition, inhibition of TEAD2 activity

causes differentiation of ES cells into primitive endoderm, whereas an up-regulation

of TEAD2 results in differentiation into what is suspected to be trophectoderm

(Tamm et al, unpublished data). Three-dimensional EB5 cell aggregates, a mouse

ES cell line, has been done to examine whether the degree of cell-cell contact can

regulate the subcellular localization of YAP. According to that study YAP was only

detected in the cytoplasm of cells internal of the aggregates, whereas YAP was

detected in both the nucleus and cytoplasm of the outer cells43.

1.2.4.2 Hippo pathway’s crosstalk with other signaling pathway in ES cells

The crosstalk between the Hippo pathway and other signaling pathways especially in

ES cells is another key question needed to be addressed. A recent study has revealed a

link between BMPs and the Hippo pathway44. Both these signaling cascades have the

capacity to control organ size. YAP is recruited to BMP-activated Smad1 in response

to BMP in mES cells. Both these two factors were bound to the BMP-responsive

region of Id1 and Id2 when these genes were actively transcribed44. The effect of

BMPs on the expression of Id genes was inhibited by YAP knockdown. Both BMPs



and YAP act as suppressors of neural differentiation45,46. YAP was showed to support

the ability of BMPs to block neural lineage commitment through the activation of Id

family members.

1.2.4.3 Lats/YAP/TEAD in early embryo

In the early embryo, the level of nuclear YAP seems to be one of the determinants of

ICM and trophoblast cell fate43. After the 8-cell stage, levels of nuclear YAP

increased in the 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 nucleus. In the inner cells, the YAP phosphorylation and cytoplasmic

accumulation is induced by the Hippo signaling pathway component Lats. Tead4

activity is suppressed in inside cells by cell-to-cell contact and Lats-mediated

inhibition of nuclear YAP localization43. In the outside cells, YAP nuclear

localization leads to Tead4 activation and promotes trophectoderm development. At

the mid/late blastocyst stage, nuclear YAP is thus restricted to outside cells of the

trophectoderm and was not detected in the ICM43.

1.3. Cell-cell contact and signal transduction in ES cell

The cell-to-cell contacts, which include cadherins and connexin, are involved in

signal transduction in ES cells proliferation, self-renewal and differentiation. ES cells

deficient in connexin-43 showed aberrant neuroectodermal specification and lineage

commitment, highlighting the importance of cell-to-cell contact in determination of

cell fate in differentiation47. E-cadherin knockout mES cells lose their cell-cell contact

and result in undifferentiated phenotype in absence of LIF. The optimal medium for

the maintenance of Ecad-/- ES cells in an undifferentiated state represents a

combination of Activin A, Nodal, which are essential for undifferentiated state

maintainance, and FGF-2, which is required for cellular proliferation.

Activin/Nodal-dependent and LIF/BMP-dependent signaling pathways are

alternatively functional within ES cells, and the cell-cell contact mediated signal is

important in the ES cell self-renewal48. There are two well known facts in ES cell

culturing concerning the cell-to-cell contact. First, human ES cells are optimal to seed

out in clumps consist of several dozen cells. The single cell seeds will lead to poor

cell survival. This phenomenon indicates cell-cell contact mediated cell proliferation

signal is important in hES cell proliferation. Second, when two mouse ES cell

colonies attach to each other, the cells on the fringe will differentiate. The cell-cell

contact has great impact on the ES cell differentiation.

2. Aim of the study

In this study, we have focused on Hippo pathway’s potential role in mES cell

cell-to-cell contact. Previously, our group has identified cYes, YAP, TEAD2 to be

important in self-renewal of ES cells as a pathway (Tamm et al, unpublished data). As

YAP is the putative downstream activator in the Hippo pathway, it is very intriguing

to identify the role of this pathway in ES cell self-renewal. Our previous finding



indicated that both the silencing and overexpression of YAP lead to ES cell

differentiation, and it failed to establish a stable expressed YAP siRNA cell line.

These problems increase the difficulty for further research in Hippo pathway.

Moreover, YAP could also play a central role in ES cell cell-to-cell contact inhibition.

A possible cell-to-cell contact inhibition in stem cell cultures has not been well

defined in previous publications. The aim with this study has been to further define

whether there is cell-to-cell contact inhibition and a functioning Hippo pathway in

mES cells like in other cell models, e.g. the NIH 3T3 cell line. In our study, mES cells

were examined for cell density dependent variations in cell growth speed, cell cycle

distribution. YAP S127 phosphorylation levels were examined by Western blot in

lysates from cells grown at different densities. Further on we have studied the YAP

cytoplasmic localization in confluent mES and NIH 3T3 cells by immunofluoresent

staining or fractionized cell lysates by Western blot analysis. There are also ongoing

experiments using transient transfections of mES cells with various YAP mutation

construct, including constant activate, dominant negative and activate domain-less

variants of YAP. The efficiency of these constructs is tested by a TEAD2-enhanced

luciferase gene transcription reporter assay. By geneticin selection we can rapidly

eliminate untransfected cells and follow the cells for a prolonged period of time. We

will try to induce cell-to-cell inhibition in low cell density and reverse the inhibition

in the high density by these YAP manipulations.

3. Material and Methods

3.1 Embryonic stem cell and NIH 3T3 culturing

mES cells

The E14Tg2a.IV, a polyoma large T-constitutively expressing mouse embryonic stem

cell line, was cultivated in the absence of feeder cells on 0.1% gelatin-coated (Sigma)

cell culture plastic (Corning). Cells were maintained in Glasgow modified Eagle’s

medium (GMEM, Sigma) supplemented with 5% fetal calf serum (Invitrogen), 5%

KnockOutTM Serum Replacement (Invitrogen), 2mM glutamine (Invitrogen), 1x Non

Essential Amino Acids (Invitrogen), 1mM sodium pyruvate (Invitrogen), 0.1mM

2-mercaptoethanol (Sigma), and 1000U/ml LIF (Millipore). Cells were cultivated in a

humidified atmosphere of 5% CO2 and 95% air at 37°C. Medium was changed every

day and cells were split using 0.05% trypsin/EDTA (Invitrogen) every two days to

prevent a too high confluency. For ES cell differentiation either grown in the absence of

LIF, or in the absence of LIF and with the addition 100 nM retinoic acid (RA).

NIH 3T3

The NIH 3T3 cells were growing in Dulbecco's modified Eagle medium (Invitrogen)

with 4.5 g/l glucose (Invitrogen), 4 mM L-glutamine (Invitrogen), 1.5 g/l sodium

bicarbonate (Invitrogen) and 10% fetal bovine serum (FBS, Invitrogen).

3.2 Immunofluoresent staining



Immunofluoresent staining was performed according to the standard procedure. The

cells were grown on the glass covers (coated with 0.1% gelatin), rinsed with PBS twice,

fixed with 4% Paraformaldehyde (Sigma), blocked for 1 h in 1% FBS in PBS with 0.1%

Triton-X (Sigma), and incubated in anti-YAP antibody (Santa Cruz, 1:200) over night

at 4°C, then incubate in anti rabbit Alexa Fluor 488 (Invitrogen, 1:400). The nuclei

were stained with Hoechst 33342 (Invotrogen), mounted using Fluromount

(Vectashield), and analyzed using fluorescent microscopy (Zeiss).

3.3 Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted from harvested cells using the Qiagen RNeasy Mini kit

(Qiagen) according to the manufacturer’s protocol. The RNA concentration and quality

was determined using Spectrophotometer (Genequant). First-strand cDNA was

synthesized using the SuperScriptII (Invitrogen) according to the manufacture’s

protocol using 1μg RNA and 100 ng random primers. For quantitative amplification, 

samples were diluted 1:100 and subjected to 40 cycles of quantitative real-time PCR

performed in 48-well PCR plates (Bio-Rad) in a Miniopticon Real-Time PCR

Detection System (Bio-Rad). Each PCR reaction contained 2μl cDNA, 6μl dH2O, 10μl 

SsoFast EvaGreen® Supermix (Bio-Rad) and 2μl 2mM target gene primers. Samples 

were loaded in duplicates, thoroughly mixed by vortexing, and spun down at 1500 rpm

for 1 min before qPCR run. The samples were amplified using the following PCR

conditions: 98°C for 1 min, 50 cycles of 95°C for 5 sec, 60°C for 10 sec. The average

C(t) value for each gene was normalized against β-actin, calibrated against controls, 

and the comparative C(t) value (fold change) was calculated using the 2-ΔΔC(t) formula.

The following primers were bought from Invitrogen: Mob1 Forward:

ACCACCAGCACTTTGACTCC Reverse: GCCAACTCACGCCTATCAAT Mst2

Forward: TGGTCCCTTGGCATTACTTC Reverse: AATGTTGGTGGTGGGTTTGT

Mst1 Forward: CTCCTACAGCACCCGTTTGT Reverse:

TGAGTTCTCCTCGTCGTCCT WW45 Forward: CAGAGGATGCCACAGAGTCA

Reverse: TCCCTCTCATTGTCCAGTCC Lats2 Forward:

GTGTCCACAAGATGGGCTTT Reverse: Lats1 Forward:

TGACTGACTTTGGCTTGTGC Reverse: GAAGGATCTCCCCATTCGTT

3.4 Cytosol fractionation

Cytoplasmic fractionation was done with the SigmaTM CelLyticTM Nuclear Extraction

kit. Cells were harvested by scraping and centrifuged at 2100rpm for 5min. The cells

were resuspended in hypotonic lysis buffer with protease inhibitory cocktails (Roche)

and 1mM sodium orhovanadate (Sigma), incubated on ice for 15 minutes to swell, and

vortexed vigorously for 10 sec with the adding of IGEOAL CA-630 to 0.6% final

concertration. The cytoplamic supernatant was collected after centrifuge at 13000 rpm

for 1 min.

3.5 Flow cytometry

Cells were harvested, centrifuged at 1000 rpm for 5 min, and washed with PBS. Cells

were resuspened in ice-cold EtOH added slowly while vortexing. Then cells were



centrifuged as above, and resuspended in 500 μl PBS with 5 μg/μl propidiumiodide and  

0.5 μg/μl RNAse A and subsequently incubated at RT on orbital shaker for 2 hours at 

RT and analysed using a FACScan.

3.6 Western blot

Cells were harvested 24h after seed outing wash the cell with PBS once and then spin

down again. Then a lysis buffer with the addition of complete protease inhibitor

cocktail (Roche) and 1mM sodium orthovanadate (Sigma) was used. Total protein

concentration was measured using BCATM Protein Assay Kit to ensure equal loading.

The samples were mixed with Laemmli's loading buffer (2% SDS, 10% glycerol, 5%

2-mercaptoethanol, 0.002% bromphenol blue and 0.0625 M Tris-HCl), boiled for 5-10

min, and loaded to 10% SDS-PAGE at 120V, followed by electroblotting to PVDF

transfer membrane (Millipore) 200V for 2 hours. Membranes were blocked for 1h with

5% bovine serum albumin (BSA, Roche) in TBST at RT and subsequently probed

overnight with rabbit anti- YAP (1:1000, Abcam); rabbit anti-Serin127-Phrophrylation

YAP (1:1000, Santa Cruz); and Rabbit anti- GAPDH (1:1000, Santa Cruz). The

membranes were rinsed and incubated with a horseradish peroxidase-conjugated

secondary antibody (1:5000, Abcam) and 5% milk. The membranes were subsequently

rinsed and developed with ECL reagents for chemiluminescence (Thermo Scientific)

and exposed to X-ray autoradiography films (Fujifilm).

3.7 Cell growth curves

The cells were harvested and kept in medium, then centrifuged or diluted to 2-8105

cell/ml (average 20-80 cells in 16 grids area, 0.04 mm2) suspension solution and put in

counting chambers (MARIENFELD Bürker 0.100mm×0.04mm2), each sample was

accounted in at least 9 (16 girds area). Cells in clumps were less than 10% total cell

number. Each sample was cultured in duplicate. The total cell number=total volume

of cell suspension × average cell number in 16 grids area ×104(cell/ml). Two kind of

plastic plate were used, whose cell growth area 9.5 cm2 and 55.5cm2 for each well. Cell

density=total cell number/cell growth area. Doubling time=Time2-1 / log2
(Cell Number2/Cell

Number1)

3.8 Transfection procedures

Our expression constructs of choice were introduced into the mES cells by transfection

with LipofectamineTM 2000 (Invitrogen) according to the manufacture

recommendations. Then 24h post-split LipofectamineTM 2000 and OPTI- MEM® I

Reduced Serum Medium (Invitrogen) were mixed with YAP constructs or empty

vector control (final concentration 3- 5μg DNA/well). The mixture was mixed by 

flicking and incubated in room temperature (RT) for 30 min before being added to the

cells. Cells were incubated at 37oC for 4h, then twice volume regular ES cell medium

with serum was added.

3.9 Luciferase reporter assay

Transfections were performed in 24-well plates with 300ng reporter construct



(pCAGGs-GTIIC,) and euqal amounts of our expression constructs (3-5μg) per well. 

For each experiment the same amount of DNA was added to each well. 24-48 h

post-transfection cells were lysed in wells using 150μl lysis buffer (10mM Tris-HCl 

pH 8.0, 1mM EDTA pH 8.0, 150mM NaCl, 0.65% NP40, 0.4mM PMSF and 1mM

DTT) for 20 min at 4oC. 50μl cell lysates were transferred to 96-well plates with 

100μl luciferase buffer (10mM MgCl2, 100mM KH2PO4 pH 7.8 and 5.5mM ATP). 

Samples were assayed for luciferase activity using a Wallac VICTOR 1420 Multilabel

Counter (Perkin Elmer) adding 50μl luciferin working solution (100mM KH2PO4 pH 

7.8 and 1mM luciferin automatically. The results were normalized against total

protein concentration measured with BCA™ Protein Assay Kit (PIERCE). Values

shown are the means of at least three independent experiments run in triplicates.

4. Results

4.l. The Hippo core components are expressed in mES cells and are regulated

during the differentiation process.

Our group has identified that cYes, YAP, Tead2 function as a pathway involved in the

regulation of self-renewal of ES cells (Tamm et al, unpublished data). Previous results

of other groups have also showed that YAP and TAZ are critical in ES cells

maintenance. However, it still remains unclear whether function of YAP and TAZ in

ES cells also are a part of a functioning Hippo signaling pathway. In this study we

have tried to identify the occurrence and function of an operational Hippo signaling

pathway in mES cells. To start, we wanted to identify the expression of the six Hippo

pathway core components, since we already had identified the expression of YAP and

TEAD2, in our model cell systems: Mst1/2, Mob1, Lats1/2 and WW45(Figure 3A).

We could confirm the expression of all six components in both the mES cell line

E14/T and the fibolast cell line NIH-3T3 on mRNA level by RT-PCR. We then

assessed the differences between expression levels in the fast growing ES cells

compared to their slow-growing differentiated counterparts by quantitive RT-PCR.

We let the cells differentiate under to two conditions; LIF withdrawal and under the

induction of RA (100nM). Interestingly, we could see that Mst1 was downregulated

about 3 fold under induction of RA after three days and stay on the same level from 4

to 6 days(Figure 3B). WW45 was downregulated about 1.5 fold under induction of

RA after three days, and the downregulation increased to 2.5 fold after 6 days (Figure

3B). Lats2 is upregulated about 5 fold under induction of RA after 3 days, and the

upregulation decrease to about 3 folds after 6 days (Figure 3B) . The downregulation

of Mst1 and WW45 may indicate a lower demand for Hippo pathways mediated

cell-to-cell inhibition in differentiated cells, since they have gone through the most

rapid growth stage and more of them are kept in quiescent state.

4.2. YAP is not localized to the cytosol in confluent mES cells.

As mentioned in the introduction YAP is a transcription coactivator acting in the cell

nucleus, and upon Hippo pathway signaling it is serine phosphorylated and

subsequently retained in the cytosol by binding to factors such as 14-3-3. To possibly



detect the presence of a functioning Hippo pathway induced by cell-to-cell contact in

mES cells, we seeded the E14/T cells at various densities and examined YAP

localization. As a positive control we did similar experiments on the NIH 3T3 cells,

and concurrent to previous studies 30, YAP was predominantly localized in the nuclei

at lower cell densities but was translocated to the cytoplasm at higher densities

(Figure 4). In addition, in the human breast epithelial cell line MCF10A, which grow

in cell colonies just like the mES cells, YAP is preferentially localized to the nuclei in

cells at the edge but display cytoplasmic localization in cells toward the center 30.

However, we could not discern a similar phenomenon in the mES cells (Figure 4). In

cell aggregates of the ES cell line EB5 study, a suppressed nuclear YAP localization

was shown in the inside cells43, there is no obvious difference between the E14/T cells

at the edge and the cells in the center of the colonies. Interestingly, when examining

the phosphorylation levels at YAP ser127 in various cell culture densities by Western

blotting we could see that both the NIH 3T3 and E14/T had higher levels of ser127

phosphorylation in the cultures with high cell densities (data not shown). Although

previous studies claim there to be a correlation between YAP ser127 phosphorylation

and the YAP cytoplasmic localization, this does not seem to apply to our mES model

system. Additionally, we have performed Western blot analysis of nuclear and

cytoplasmic fractions of samples from the various cell densities and we could not

detect the presumed increase in cytoplasmic YAP levels in the E14/T cells that should

be present at higher cell densities and a functioning Hippo pathway (data not shown).

4.3. Cell cycle distrubution is slightly affected by cell density in mES cells.

To detect a possible halt in proliferation, e.g. a difference in cell cycle distribution or

an arrest at a certain phase, we ethanol-fixed and stained E14/T cells from various cell

densities with the DNA-stain propidium iodide and analyzed the cell cycle by flow

cytometry. In our previous results we could see slight increase in the proportion of

G1/G0-phase cells and slight reduction in G2/M-phase cells in the most confluent

cells, comparing the least confluent cells (Figure 5A). This could be an effect due to

the cell-to-cell contact. The proportion of S-phase and was quite similar in all samples

(Figure 5B). To further analyze proliferation we labeled the newly synthesized DNA

with EdU, which can be incorporated into the newly synthesized DNA of replicating

cells during the S phase of the cell cycle as a substitute to thymidine. Our analysis

showed that in the NIH 3T3 cells the EdU positive population decreased from about

60% to 40% at our highest cell density (Figure 6A, C). In contrast, there was no such

reduction in the mES cells even though the huge colonies of the mES had a markedly

higher density then the NIH 3T3 cells (Figure 6B).

4.4. Cell-to-cell contact cell proliferation inhibition occurs at much later stages in

mES than in the NIH 3T3 cells.

Although there was no change in cell cycle distribution as cell densities were

increased in the mES cells, we continued to examine the cell expansion speed at

different cell densities to further elucidate the presence or lack of a functioning Hippo

pathway in mES cell. We seeded both the mES cells and NIH 3T3 cells at low, middle



and high densities. For mES cells, the middle and high densities did not show a big

difference in proliferation speed the first or second day after seeding, and after that

they reached almost full confluence compared to their growth space. Interestingly, the

cells grown at the lowest density showed a slower proliferation rate compared to the

other two densities, which might be explained by a decrease of the growth factors that

are secreted by mES cells into the medium and is needed for normal mES growth

(Figure 7). However at the second day they grew at a similar rate as the highest

density-seeded cells. In contrast, the control experiments in the NIH 3T3 cells showed

the fastest growth rate in the low and middle density-seeded cells both days after

seeding, while at the highest density the growth speed was markedly decreased

(Figure 7). Finally, the inhibition of growth rate occurred in much later stage in mES

than the NIH-3T3 cells, and is for these cells more likely to be caused by the lack of

growth space.

4.5. YAP manipulation could affect the promoter activity in both positive and

negative way.

We have recently received several YAP mutant constructs as a kind gift from Dr.

Sasaki at the Riken Center for Developmental Biology in Japan. To elucidate whether

these constructs could be used in our experiments we transfected both the E14/T and

the NIH 3T3 cells with the constructs together with a reporter construct expressing the

firefly luciferase gene driven by the human chorionic somatomammotropin promoter

with multiple copies of the TEAD-binding GTIIC (GGAATG) enhanson, after which

luciferase activities could be measured. So far we have transformed, propagated and

isolated three different YAP constructs; wild-type YAP (YAP full), YAP-S112A

where the serine 112 (equivalent to serine 127 in human YAP) was converted to

alanine thus inhibiting the cytoplasmic retention due to phosphorylation at this site,

and a dominant negative YAP fusion mutant where the transcriptional activation

domain of YAP was replaced with the Drosophila Engrailed repression domain (YAP

dn) (Figure 8A). Our preliminary data show that over-expression of the wild type

YAP increases the activity of TEAD enhanced transcriptional activity 3.4 times

compared to its endogenous levels in NIH 3T3 cells (Figure 8B). YAP S112A, which

is supposed to be insensitive to Hippo signaling, further increased the TEAD

enhanced transcriptional activity by 40% compared to the wild type YAP full (Figure

8B). The dominant negative mutant reduces the promoter activity to levels lower than

those seen at endogenous levels of YAP (Figure 8B). We obtained similar results in

both cell lines and could thus conclude that the constructs work as intended in our

model systems, and can be used for further experiments.

5. Discussion

5.1. Hippo pathway in mES cell fate determination

Our group has previously shown that YAP is important for mES cell maintenance

(Tamm et al, unpublished data). Moreover, the Hippo signaling pathway components

Lats2, YAP and TEAD4 have been shown to be essential in distinguishing



trophectoderm from the inner cell mass (ICM) of pre-implantation embryos in mice43.

Our qPCR results show that in contrast to the other members of the Hippo pathway,

Lats1/2 are either unaffected (Lats1) or slightly upregulated (Lats2) upon early

differentiation. It has been hypothesized that the positional information in embryos

leads to Lats2 activity and a trophectoderm cell fate for certain specific cells43. In

mES cells Lats2 could be important as a differentiation switch for more cell types,

although this remains an open question. The reduction of Lats2 between 3 days and 6

days of differentiation might indicate its requirement for the initiation of the

differentiation process, and the expression is therefore reduced after a certain

differentiation stage. Our results may also indicate that Lats2 rather than Lats1 is the

major functional homolog in mES cells. Since we do not observe a functioning Hippo

pathway when it comes to cell-to-cell induction of growth arrest, the roles of other the

Hippo components in mES cells, such as Mst1, WW45 and Mob1 still remains a

mystery.

5.2. Yap localization in mES cells

Although we could detect a higher level of YAP phosphorylation at ser127 in the

mES cultures with high cell densities, we failed to detect a shift in YAP localization

from the nucleus to the cytosol in these cells. At this stage we can only speculate, but

there might be further modifications to YAP that reduces its binding to 14-3-3, or that

14-3-3 is not expressed in mES cell and thus rendering the cells unable to retain YAP,

serine phosphorylated or not, in the cytsol. Dr. Sasaki and co-workers have previously

shown that YAP was detected mainly in the cytoplasm of some of the internal cells of

the mES cell line EB5 cell aggregates, whereas YAP was detected in the nucleus and

cytoplasm of outer cells of aggregates43. They claimed that this was due to cell-to-cell

contact activation of the Hippo pathway, with the subsequent translocation of YAP

from the nuclei to the cytosol. Conversely, we made a different observation in our cell

model, in which the YAP distribution in nuclear and cytoplasm is homogenous in the

E14/T cell colonies and independent of the colony size as well as the position in

colony. However, in the NIH 3T3, which frequently has been shown to have a

functioning Hippo pathway and cell-to-cell contact-induced inhibition of cell

proliferation, we could clearly see a YAP translocation in cells grown in high

densities. This variation seen in mES cells may be explained by different cell culture

conditions and cell line differences, but remains to be elucidated.

5.3. Weak or total lack of cell-to-cell contact inhibition of mES cell proliferation

Our results showed that the cell cycle distribution is slightly affected by the cell

density in mES cells. It means in confluent ES cells, no apparent halt at various cell

cycle checkpoints could be observed and no slowing down of the cell proliferation

could be perceived. Similar results were obtained when looking at the EdU

incorporation in newly synthesized DNA of dividing cells. While we could see about

30% reduction in EdU positive cells at higher cell densities of NIH 3T3 cells, no such

reduction could be seen in the E14/T cells. Moreover, when looking at the doubling

times for these cell lines at various cell densities, inhibition of growth speed by



cell-to-cell contact occurred in much later stage in mES than the NIH-3T3 cells. This

experiments show that the mES cells are less affected or even not affected at all by the

cell-to-cell contact inhibition of high growth confluence. One question that needs to

be addressed is whether the small decline in growth speed in mES cells is due at all to

Hippo pathway activation or just the lack of growth space. Our results might also

indicate a general difference between stem cells and more differentiated cells. The

higher malignancy of cancer cells may also be due to a lower cell-to-cell contact

inhibition sensitivity or a disfunctioning Hippo pathway.

5.4. The role of TEADs in cell-to-cell contact inhibition of mES cell proliferation.

Studies have shown that YAP mediates the Hippo signaling induced cell growth

reduction by co-working with the TEAD family of transcription factors49. What is

interesting is that although we do not detect a strong cell-to-cell contact proliferation

inhibition in the mES cells, transcriptional profiling of stem cells have revealed an

enrichment of both YAP and TEAD2 in ES cells42. This raises the question whether

YAP and TEAD actually function as in other cell cultures to control the cell

proliferation and cell cycle, or has a more specific role in stem cells. This would mean

that even though there is YAP cytoplasmic localization in the confluent mES cells, it

is not sure that a reduced TEAD activation would mediate cell-to-cell contact

inhibition. Embryonic stem cells might not share the same target gene profile with the

more differentiated cell, e.g. NIH-3T3 cells. Some genes that are important for

controlling cell cycle and cell proliferation should be always switch on state in mES

cells beyond the controlling of transcriptional factors, e.g. TEAD. As the ES cells

differentiated, there might be some epigenetic modification and change the always

switch on state to an inducible switch on state. At the same time the growth speed is

decreasing from the stem cell to the differentiated cells.

5.5. Src cell density dependent kinase activity and YAP tyrosine

phosphorylation.

It has previously been shown Src kinase activity increases with increasing cell

density50, and other Src kinase family members, as for example cYes, might undergo

similar changes. Up to now, the possible role of a cYes mediated tyrosine

phosphorylation of YAP remains to be further dissected. Preliminary results in our

group show that cYes induces activation of TEAD2 activity, which can be inhibited

by YAP RNA interference. The exact biochemical mechanism of YAP activation by

cYes remains an open question, but is so far believed to be due to tyrosine

phosphorylation. In conclution, the Hippo pathway does not control cell-to-cell

contact inhibition of mES cell proliferation, and the activation YAP regulated by both,

and at least, Lats and cYes, while its function still remains an unanswered question.

6. Future work



The Lats2 knockout mES cell line is commercially available, which indicats that it is

not required for the mES cell proliferation and self-renewal. We are greatly interested

whether this Lats2 knockout mES cell line undergoes some differentiation defects. An

other important question is whether these defects could be overcome by enhanced

cYes signal or other signaling pathway. Furthermore, TEAD-enhanced luciferase

gene transcription reporter assay will be applied to test TEAD activities at different

mES cell densities, which might give an indication whether YAP/TEAD activity is

affected by cell-to-cell contact. If there is a correlation in mES cells between cell

densities, nuclear localization of YAP and TEAD transcriptional activity, the TEAD

reporter should show high activity at low cell density and a reduced activity levels

with an increase in cell density. If TEAD activity is not reduced with the increase of

the cell density, our result that the YAP is not translocated to cytoplasm in the

confluent mES cells will be further strengthened.

Lentivirally transduced stable YAP shRNA mES cell lines have been generated,

which exhibited 80% YAP knockdown44. These cell lines provide more knockdown

choices rather than transient transfection to do more experiments. It is more

convincing and convenient to produce this kind of cells with an E14/T background. It

would be intriguing to test whether this YAP shRNA mES cell lines could produce an

artificial cell-to-cell contact inhibition. If reduction in nuclear YAP leads to

cell-to-cell contact inhibition in mES cells as in the NIH 3T3 cells, this YAP

knockdown should lead to a reduction of the growth speed in the mES. If the assumed

inhibition happens in the YAP knockdown mES cells, it may indicate the possible

occurrence of a functional Hippo pathway with a flaw upstream of the YAP.

Transfection of mES cells with YAP dn should have similar impact on the mES cell

saturation density and growth speed, while the wild-type YAP and YAP S112A

should lead to higher saturation density and growth speed than the normal ES cells.

However, the problem needed to be solved is to keep the level of these YAP

manipulations within the range that is enough to maintain mES cell self-renewal.

Another important question to address is whether the binding between the YAP and

14-3-3 is the cause of the lack of cell-to-cell contact inhibition of mES cell

proliferation. Immunoprecipitation with YAP could be used to detect whether there is

other protein involved to block the binding or if there are some modifications in

14-3-3 which lead to a reduction of affinity. PLA technology for protein detection

could also be used to detect the binding efficiency between YAP and 14-3-3 in

different cells and different densities.

Other control cell lines besides NIH-3T3 cells should be used to do the experiments,

e.g. the MCF10A cells mentioned above. Even though cell-to-cell contact inhibition is

well defined in NIH-3T3 cell, there are still demands for comparisons between other

control cell lines with mES cells. MCF10A is also growing in colonies just as the

mES cells. Their cell-to-cell contact condition could be more similar to mES cells in

the same cell densities.



Further experiments in this study will include the analysis of various members of the

cell cycle regulation, e.g. cyclins and CDKs, using both immunocytochemical staining

and Western blot analysis. These tests might tell us to the differences how the cell

cycle is regulated differently in various cell types and cell densities. Finally, it will be

of great interest to test whether the lack cell-to-cell contact inhibition in mES cells can

also translate to hES cells.
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9. Figures
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Figure 3. Hippo components present in mES cells and are regulated during the

differentiation

(A)RT-PCR analysis of Mst1,Mst2,Lats1,Lats2,Mob1,WW45 in mES cells

(B) Expression levels in the mES cells (LIF) compared to the differentiated

counterparts by quantitive RT-PCR. mES cells differentiate under to two

conditions; LIF withdrawal(noLIF) and under the induction of RA(RA) in 3 days

and 6 days.
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Figure 4. Subcellular distribution of YAP localization in E14/T and NIH 3T3 cell

line at different densities (A)YAP is localized to the nuclei in both E14/T and NIH

3T3 cells at low density.(1:40) .YAP is not localized to the cytosol in confluent mES

cells(1:1), while it is localized to the cytosol in confluent NIH 3T3 cells



A
1:1 1:2 1:4

1:8 1:16 1:32

R
at

io
o

f
ce

ll
in

S
P

h
as

e
(

%
)

B

Figure 5. Cell cycle distrubution is slightly affected by cell density in mES cells.

E14/T cells from various cell densities stained with the DNA-stain propidium iodide

and analyzed the cell cycle by flow cytometry. (A)Different population inmES cells

at various densities(1:1 is the highest density, 1:32 is the lowest density). P4 indicates

the cells in G0/G1-phase; P3 indicates the cells in S-phase; P5 indicates the cells in

G2/M phase. There is a larger Go/G1-phase cell population in 1:1 and 1:2. (B).Ratio

of S phase is similar in different densities.





Figure 6. Cell density has little effect on replicating cell population in mES cells.

Incorporation of EdU(30 min pulse) in NIH 3T3(top) and E14/T cells(middle) at

different densities(1:1 is the highest density, 1:32 is the lowest density). (bottom)NIH

3T3 – EdU positive cell population is dicreasing in higher densities.

Figure 7. Cell proliferation inhibition occurs at much later stages in mES than in

the NIH 3T3 cells. Doubling time of NIH 3T3 and E14/T cells at different densities

are indicated. The proliferation rate in the NIH 3T3 cells decrease much faster than

E14/T from the first to second day.



Figure 8. YAP manipulation could affect the promoter activity in both positive

and negative way. (A) Schematic representation of structures of YAP proteins38. (B)

TEAD2-enhanced luciferase gene transcription reporter assay on E14/T and NIH 3T3

cells transfected with empty vector, YAP full, YAP S112A and YAP dn. YAP dn

reduce TEAD activity, while as YAP S112A and YAP full increase TEAD activity.


