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COMPOSITION AND METHOD FOR DIFFERENTIATION OF HUMAN EMBRYONIC

STEM CELLS

BACKGROUND OF THE INVENTION

The present application relates to compositions and methods for differentiation of

human embryonic stem cells, in particular to compositions and methods for differentiation of

human embryonic stem cells towards definitive endoderm cells.

Human embryonic stem cells (ESCs) have the remarkable ability of both unlimited

self-renewal and the potential to differentiate into all the cells comprising the three germ

layers of the developing embryo, making them attractive as a source of cells for use in

regenerative medicine and as a model for early human development.

Murine embryonic stem cells can be maintained in a self-renewing state via incubation

with glycogen synthase kinase-3 (GSK-3) inhibitors. For example, in Bone et al (2009) a

number of GSK-3 inhibitors have been described which are capable of promoting self-

renewal of murine embryonic stem cells.

The sequence of events that occur during normal development in vivo are likely to

provide important clues to understanding the control of ESC differentiation. The definitive

endoderm (DE) arises during the gastrulation stage of early embryogenesis when formation of

the primary germ layers, the mesoderm, endoderm and ectoderm, occurs. At this stage,

undifferentiated epiblast cells migrate through a structure called the primitive streak (PS). The

mesoderm and DE are specified in the anterior region of the PS and are thought to arise from

a common progenitor population, the mesendoderm (Tada et al., 2005).

The ability to efficiently generate definitive endoderm, the precursor cell type that

gives rise to endoderm-derived cell lineages, including those of the liver pancreas, lungs,

thyroid and intestines, is of great clinical importance. In particular, there is a need for

derivation of endoderm with hepatic potential from a therapeutic and pharmaceutical

perspective. There is a shortage of donor livers available for transplantation therapies. In

addition, there is a requirement for functional hepatocytes for use in predictive toxicology. At



present, primary human hepatocytes are used for pharmaceutical screening but with the

shortage of cells and the inefficient propagation and maintenance of this cell type, an

alternative source must be found and human ESC-derived hepatocytes hold great promise.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there is provided a method for

inducing differentiation of a human embryonic stem cell or a population of human embryonic

stem cells toward a cell or population of cells characteristic of the definitive endoderm, the

method comprising incubating the cell or population of cells with a GSK-3 inhibitor.

Remarkably, it has been found that, in direct contrast to the role of GSK-3 inhibitors in

promoting self-renewal of murine embryonic stem cells, when administered to human

embryonic stem cells, GSK-3 inhibitors are able to induce differentiation.

According to another aspect of the present invention, there is provided use of a GSK-3

inhibitor for inducing differentiation of a human embryonic stem cell or a population of

human embryonic stem cells toward a cell or population of cells characteristic of the

definitive endoderm.

According to another aspect of the present invention, there is provided a human

embryonic stem cell differentiation composition comprising a GSK-3 inhibitor, wherein the

composition is capable of differentiating a human embryonic stem cell or population of

human embryonic stem cells towards a cell or population of cells characteristic of the

definitive endoderm.

As such, in one embodiment there is provided a human embryonic stem cell towards

definitive endoderm cell differentiation composition comprising a GSK-3 inhibitor.

According to another aspect of the present invention, there is provided a method for

inducing differentiation of a cell or population of cells, characteristic of the definitive

endoderm, towards a hepatocyte-like cell or a population of hepatocyte-like cells, the method

comprising incubating the cell or population of cells with a GSK-3 inhibitor.



According to another aspect of the present invention, there is provided use of a GSK-3

inhibitor for inducing differentiation of a cell or population of cells, characteristic of the

definitive endoderm, towards a hepatocyte-like cell or a population of hepatocyte-like cells.

According to a further aspect of the present invention, there is provided a definitive

endoderm differentiation composition comprising a GSK-3 inhibitor, wherein the composition

is capable of differentiating a cell or a population of cells, characteristic of the definitive

endoderm, towards a hepatocyte-like cell or a population of hepatocyte-like cells.

As such, in one embodiment there is provided a definitive endoderm towards

hepatocyte-like cell differentiation composition comprising a GSK-3 inhibitor.

According to a further aspect of the present invention, there is provided a method for

inducing differentiation of a human embryonic stem cell or a population of human embryonic

stem cells toward a hepatocyte-like cell or a population of hepatocyte-like cells, the method

comprising incubating the cell or population of cells with a GSK-3 inhibitor.

According to another aspect of the present invention, there is provided use of a GSK-3

inhibitor for inducing differentiation of a human embryonic stem cell or a population of

human embryonic stem cells toward a hepatocyte-like cell or a population of hepatocyte-like

cells.

According to another aspect of the present invention, there is provided a human

embryonic stem cell differentiation composition comprising a GSK-3 inhibitor, wherein the

composition is capable of differentiating a human embryonic stem cell or population of

human embryonic stem cells towards a hepatocyte-like cell or a population of hepatocyte-like

cells.

As such, in one embodiment there is provided a human embryonic stem cell towards

hepatocyte-like cell differentiation composition comprising a GSK-3 inhibitor.

Preferably the methods are in vitro methods.



In another embodiment of the present invention, there is provided a culture medium

comprising a composition as described herein. Examples of preferred culture media include

mTeSRl(RTM) chemically defined hESC media (from Stem Cell Technologies) and

KnockOut (KO) Dulbeco's modified Eagle's medium (DMEM; Invitrogen) supplemented

with KO serum replacement.

As such, in one embodiment there is provided a human embryonic stem cell towards

definitive endoderm differentiation culture medium comprising a GSK-3 inhibitor.

In another embodiment there is provided a definitive endoderm towards hepatocyte-

like cell differentiation culture medium comprising a GSK-3 inhibitor.

In a further embodiment there is provided a human embryonic stem cell towards

hepatocyte-like cell differentiation culture medium comprising a GSK-3 inhibitor.

According to a further aspect of the present invention, there is provided a cell or

population of cells obtained by a method described herein.

A further aspect of the present invention relates to use of a human embryonic stem cell

and a GSK-3 inhibitor in the manufacture of a medicament for the treatment of a liver disease

or for the reconstruction of a damaged liver in a subject.

A further aspect of the present invention relates to use of a definitive endoderm cell

and a GSK-3 inhibitor in the manufacture of a medicament for the treatment of a liver disease

or for the reconstruction of a damaged liver in a subject.

A further aspect of the present invention relates to use of a cell of population of cells

as described herein in the manufacture of a medicament for the treatment of a liver disease or

for the reconstruction of a damaged liver in a subject.

Another aspect of the present invention relates to a method for treating a liver disease

or for the reconstruction of a damaged liver in a subject, the method comprising administering

to a subject a composition comprising a human embryonic stem cell and a GSK-3 inhibitor.



A further aspect of the present invention relates to a method for treating a liver disease

or for the reconstruction of a damaged liver in a subject, the method comprising administering

to a subject a composition comprising a definitive endoderm cell and a GSK-3 inhibitor.

A further aspect of the present invention relates to a method for treating a liver disease

or for the reconstruction of a damaged liver in a subject, the method comprising administering

to a subject a composition comprising a cell or population of cells as described herein.

Preferably, the liver disease is associated with the loss of, damage to, or a lack of liver

tissue. Examples of liver diseases include hepatitis, cirrhosis, haemochromatosis, Wilson's

disease, phenylketonuria or genetic diseases affecting the liver (e.g. Crigler-Najjar syndrome).

A damaged liver may result, for example, following prolonged suffering from a liver

disease or following surgery where part or all of the liver is removed. As such, the term

"reconstruction of a damaged liver" may refer to reconstruction of all or part of a liver in a

subject.

Preferably, the subject is a patient suffering from a liver disease or a patient who has

undergone surgery to remove all or part of their liver. Preferably, the subject is a human.

The procedures required to administer a medicament according to the present

invention will depend upon the nature of the liver disease or liver construction involved. Such

procedures will be known to a person skilled in the art and can be applied accordingly. For

example, it may be that a medicament or composition of the present invention can be

administered via injection directly to the required site. Alternatively, the medicament or

composition may be administered during surgery, for example following removal of a section

of liver from a patient.

According to a further aspect of the present invention, there is provided use of a cell or

population of cells described herein for screening for drug toxicity. For example, the

hepatocyte-like cells described herein can be used in screening methods for drug toxicity.



In one aspect of the present invention, there is provided a method for assessing the

toxicity of a compound to liver cells, the method comprising: -

(i) incubating said compound with a cell or population of cells as described herein; and

(ii) assessing the toxicity of the compound to the cell or population of cells,

wherein said toxicity is indicative of liver toxicity.

Toxicity can be measured by methods known to those skilled in the art. In one

example, cell death is indicative of toxicity of the compound toward a cell. In one example,

the measurement of lactate dehydrogenase (LDH) released from lysed cells is indicative of

toxicity. In another example, a change in the morphology of the cells is indicative of toxicity.

In one example, a decrease in the number of viable cells in a sample is indicative of

toxicity of a compound. The number of viable cells in a sample may be counted after staining

with a vital dye. Cell toxicity assay kits are commercially available and an example of such a

kit is the TOX1 Cell toxicity Colorimetric Assay Kit from Sigma Aldrich which measures the

activity of living cells via mitochondrial dehydrogenases.

Preferably, the cell or population of cells is a hepatocyte-like cell or population of

hepatocyte-like cells, as described herein.

As such, in one embodiment, there is provided use of a hepatocyte-like cell or

population of hepatocyte-like cells, as described herein, for assessing the toxicity of a

compound to liver cells.

Preferably, the method is an in vitro method. Preferably, the method is indicative of in

vivo liver toxicity of the compound.



Preferably, the GSK-3 inhibitor is a compound having the following structure, or a

functional derivative, analogue or homologue thereof:-

(A)

wherein,

R 1 is H, a C,-C 6 alkyl (preferably CH3), or CH20(CH 2) SiCH3;

R2 is H, a Ci-C6 alkyl (preferably CH3), or CH20(CH )2SiCH3; or

R and R together are -(CH 2)n- unsubstituted or substituted by OR or R , or -

(CH CH 0 )m(CH2)2-;

R3 is H or a Ci-C6 alkyl (preferably CH3);

R4 is H or a C -C6 alkyl (preferably CH3);

R5 is H or CH2aryl, where aryl is unsubstituted or substituted by alkoxy (preferably methoxy);

R6 is H, CH2CH=CH2, CH2CH2CH=CH , CH2OCH2CH=CH2 or Si BuPh2;

R7 is H, CH2CH=CH2, CH2CH CH=CH2, CH2OCH2CH=CH2 or Si BuPh2;

/ is 6, 7, 8, 9, 10, or 11;

m is 3 or 4;

X and Y are independently C or N.

Si'BuPh2 means teri-Butyldiphenylsilyl

Preferably, R and R2 together are -(CH )pCH(OR )(CH ) - or -CH(R 7)(CH2)q-,

wherein p is 1, 2, 3 or 4, and q is 4, 5, 6, 7, or 8.

The structures of preferred GSK-3 inhibitors are clearly derivable from Table 3 with

reference to formula A above.



n particularly preferred embodiments, the GSK-3 inhibitor is selected from

compound having one of the following structures, or a functional derivative, analogue

homologue thereof: -

(4M)



In other embodiments, the GSK-3 inhibitor is selected from a compound having

the following structures, or a functional derivative, analogue or homologue thereof:-

wherein,

R5 is H or CH2Ph

R6 is H, CH2CH=CH2, CH CH CH=CH2, CH2OCH2CH=CH2 or Si BuPh2; and

R7 is H, CH CH=CH2, CH CH CH=CH2, CH2OCH2CH=CH2 or Si'BuPh .

In other embodiments, the GSK-3 inhibitor is BIO, or a functional derivative,

analogue or homologue thereof. BIO is a commercially available GSK-3 inhibitor with the

following structure:-



In other embodiments, the GSK-3 inhibitor is CHIR99021, or a functional derivative,

analogue or homologue thereof. CHIR99021 is a commercially available GSK-3 inhibitor

with the following structure:

Further GSK-3 inhibitors will be known to a person skilled in the art. In addition, a

person skilled in the art will be able to ascertain whether a compound can function as a GSK-

3 inhibitor by routine methods, such as those described in Bone et al (2009).

It will be appreciated that the human embryonic stem cells described herein can be

obtained from a stem cell bank. As such, it will be appreciated that in order to repeat the

invention defined herein, the destruction of a human embryo is not required. In addition to

obtaining human embryonic stem cells from a stem cell bank (e.g. the UKSCB), it will be

appreciated that other, non-embryo, sources exist. For example, as described by many groups,

adult cells can be reprogrammed to pluripotent cells equivalent to embryonic stem cells. One

example of this is as described by Takahashi et al (2007). Thus, where embryonic stem cells

are referred to herein, this is intended to cover reprogrammed cells equivalent to embryonic

stem cells, i.e. induced pluripotent stem cells.

Example embodiments of the present invention will now be described with reference

to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows that treatment of hESCs with 1M induces differentiation. Human ESCs

[SHEF3] were treated with the indicated concentrations of BIO or compound 1M or left

untreated as a control and cultured for 7 days. (A) Images show typical colonies formed

following the indicated treatments. The scale bars represent 1mm. (B) Histogram plots of



ESCs analysed by flow cytometry following immunostaining with antibodies against the

pluripotency markers Tra-1-60 or SSEA4. Analyses of percent positive cells and mean

fluorescence intensity are given in Tablel . (C) RNA was extracted from the cells and RT-

PCR analyses performed using primers specific to the pluripotency genes OCT4 and NANOG

and to the house-keeping gene β-ACTIN. (D) Western blot analysis was performed on protein

extracted from the cells and immunoblotted with antibodies specific to Oct4. Blots were

stripped and reprobed with anti-Gapdh antibodies to assess equal loading. (E) Compound 0

also induces differentiation of human ESCs. SHEF3 cells were treated with the indicated

concentration of l O for 7 days. Images show typical colony morphology. (F) Histogram plots

of ESCs analysed by flow cytometry following staining with Tra-1-60 and SSEA4 antibodies.

Analysis of percent positive cells and mean fluorescent intensity are indicated on the plots.

(G) RT PCR analysis for the expression of OCT4 and NANOG. Bands for each of the genes

were from the same gel with intervening samples removed. (H) Western blot analysis of

OCT4 protein expression. Proteins bands were from the same immunoblot with intervening

samples removed.

Figure 2 shows that treatment of hESCs with compound 1M inhibits GSK-3 -mediated

signaling. (A) ESCs [SHEF3] were cultured on MEFs or on Matrigel(RTM) in

mTeSRl(RTM) media and treated with BIO or 1 for 30 min. Protein extracts were prepared

and immunoblotting was performed using antibodies detecting the phosphorylated form of β-

catenin. The same immunoblot in each case was reprobed for total β-catenin to assess loading.

(B) TOPFlash luciferase reporter assay of ESCs [SHEF1] treated for 24 hr with BIO or 1M at

the indicated concentrations. Luciferase activity is expressed as a fold increase in activation

compared with the normalised TOPFlash luciferase activity in untreated (Con) cells. Data

represent the mean +/- SEM of 3 independent experiments. Similar results were observed in

SHEF3 ESCs.

Figure 3 shows that 1M treatment induces differentiation towards the definitive

endoderm. Human ESCs [SHEF3] were maintained feeder-free on Matrigel(RTM) in

chemically defined mTeSRl(RTM) media and treated with 2 µΜ 1M for the days indicated.

(A) Expression of the endodermal markers FoxA2, Sox 17 and HNF4a were analysed by

immunofluorescence. Treatment with compound 1M led to expression of all markers after 7

days treatment. Scale bar represents 50 µ η . (B) ESCs were harvested on day 7 following



treatment with 1M for the indicated days. RNA was extracted and RT-PCR analyses

performed using primers selective for the genes indicated. Similar results were observed in

SHEFl human ESCs. (C) BIO induces differentiation towards the DE. SHEF3 ESCs were

treated with 2µΜ BIO for the times indicated and immunostained with antibodies towards the

endodermal markers FOXA2, SOX17 and H F4a . (D) Compound 1L also induces

differentiation towards the DE. SHEFl ESCs were treated with 2µ Μ 1L for the times

indicated and immunostained with antibodies towards the endodermal markers FOXA2 and

H F4a .

Figure 4 shows that 1 induces activation of the Activin/Nodal pathway. (A) RNA

was extracted from ESCs [SHEFl] cultured for 7 days in the presence of 2 µ 1 for the

days indicated. RT-PCR analyses were performed using primers selective for the genes

indicated. (B) ESCs [SHEFl] were treated with 2 µΜ 1 alone or in combination with 10

µ Μ SB43125 (S) for the days indicated and RT-PCR performed on the extracted RNA. (C)

ESCs [SHEF3] were treated with 1M alone or in combination with lOOng/ml Activin A (A)

for the days indicated and RT-PCR performed. (D). ESCs [SHEFl] were treated with 2 µ Μ

1 , or lOOng/ml ActivinA (A) alone or in combination with IM for 5 days. Expression of the

endoderm markers FoxA2 and HNF4a was analysed by immunofluorescence. The number of

percent positive cells averaged from 3 fields of view +/- SD are indicated. Scale bar

represents 50 µ . (E) ESCs [SHEFl] were treated with 2 µ Μ IM, or lOOng/ml ActivinA (A)

alone or in combination with I for 5 days. Expression of the DE marker CXCR4 was

alaysed by flow cytometry.

Figure 5 shows differentiation of human ESCs to hepatocyte-like cells. (A) Schematic

representation of the differentiation protocol. (B) Images of differentiated cells at stage II

(d 14) and stage III (d25). (C) RT-PCR expression analyses of RNA prepared from cells at the

indicated stages of differentiation, using primers specific to the genes indicated. RNA

extracted from human liver was used as a positive control. β-ACTIN was used as a

housekeeping gene. (D) Expression of FoxA2 and the early hepatic markers HNF4a, AFP

and TTR in cells at stage II and stage III of differentiation were analyzed by

immunofluorescence. Scale bar represents 50 µι . (E) Media ( 1 µ ) from stage III (d25) cells,

conditioned for 48 hours, and from a media alone (MA) control were analysed by

immunoblotting with an antibody to AFP. Purified AFP and media conditioned from HUH7



cells were run as controls. (F) ELISA assay for human Albumin from stage III (d25) media.

(G) Differentiation of BlO-derived DE cells to hepatocyte-like cells. SHEF3 ESCs were

treated with 2 µΜ BIO for 5 days to induce differentiation to the DE. ESCs were then

cultured under hepatic induction and maturation conditions as outlined in the Experimental

Procedures and Figure 5A. Expression of FOXA2 and the early hepatic markers HNF4a, AFP

and TTR in ESCs at stage II and stage III of differentiation were analyzed by

immunofluorescence. Scale bar represents 50 µ η . (H) RT-PCR expression analyses of RNA

prepared from cells at the indicated stages of differentiation following BlO-induced DE

differentiation, using primers specific to the genes indicated.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to the use of GSK-3 inhibitors to direct differentiation of human

embryonic stem cells towards cells of the definitive endoderm and to cells with a hepatocyte

phenotype.

The use of small molecule inhibitors represents a powerful approach for efficiently

and reproducibility directing differentiation of ESCs towards a desired cell type. A panel of

compounds that inhibit GSK-3 in mouse ESCs has been previously synthesized and

characterised, resulting in enhanced self-renewal (Bone et al., 2009). As described herein,

treatment of human ESCs with one of these GSK-3 inhibitors, 1M, surprisingly results in

differentiation towards the DE, with prolonged treatment resulting in generation of a

population of cells displaying early hepatic characteristics. Intriguingly, 1M was capable of

activating the Nodal signalling pathway and was better than Activin A for promoting

differentiation. Importantly, lM-derived endoderm was capable of generating cells with a

more mature hepatocyte phenotype under defined culture conditions. Similar results were

obtained with the structurally unrelated GSK-3 inhibitor BIO which was also capable of

inducing differentiation of human ESCs towards the DE.

Furthermore, compounds in the same series as 1M, for example O and 1L were

shown to have a similar capacity to induce hESC differentiation with compound 1L directing

differentiation towards the DE.



The results described herein demonstrate that the methods of the present invention

have a number of advantages over known protocols; they are simple and robust, requiring a

single chemical entity to direct differentiation as far as the hepatoblast, they rely on

monolayer based procedures, utilize chemically defined media, are applicable to distinct

hESC lines and are readily scalable.

The methods used in the invention and detailed examples of the invention are set out

below.

Within this specification embodiments have been described in a way which enables a

clear and concise specification to be written, but it is intended and will be appreciated that

embodiments may be variously combined or separated without parting from the invention.

Within this specification, the terms "comprises" and "comprising" are interpreted to

mean "includes, among other things". These terms are not intended to be construed as

"consists of only".

Reference to GS -3 inhibition refers to inhibition of one or more GSK-3 enzymes.

Thus a GSK-3 inhibitor can inhibit one member, several members or all members of the

family of GSK-3 enzymes. The family of GSK-3 enzymes is well-known and includes but is

not limited to GSK-3a and GSK-3p. A person skilled in the art will be able to ascertain

whether a compound can function as a GSK-3 inhibitor by routine methods, such as those

described in Bone et al (2009) and as described above in relation to Figure 2 .

The term "definitive endoderm" refers to one of the germ layers formed during animal

embryogenesis. The definitive endoderm arises during the gastrulation stage of early

embryogenesis when formation of the primary germ layers, the mesoderm, endoderm and

ectoderm, occurs.

Within this specification, cells may be defined as being characteristic of "definitive

endoderm" or being "definitive endoderm cells" if they are positive for the markers FoxA2,

Sox 17 and CXCR4.



Within this specification, cells may be defined as being "hepatocyte-like cells" if they

are positive for the markers HNF4a, AFP, albumin and transthyretin.

Within this specification, the term "about" means plus or minus 20%, more preferably

plus or minus 10%, even more preferably plus or minus 5%, most preferably plus or minus

2%.

The present invention is further intended to encompass, in addition to the use of the

above listed compounds, the use of functional homologues, derivatives and analogues of such

compounds. In this context, homologues are molecules having substantial structural

similarities to the above-described compounds and analogues are molecules having

substantial biological similarities regardless of structural similarities. The term 'derivatives'

refers to molecules derived from the above-described compounds. Such derivatives may, for

example, be chemical digestion products of the above-described compounds or synthetically

altered derivatives of the above described compounds. The homologues, derivatives and

analogues are said to be functional homologues, derivatives and analogues if they are able to

inhibit GSK-3.

Results

Treatment with GSK-3 inhibitor 1M induces differentiation of human ESCs

A panel of compounds that inhibit GSK-3 in mouse ESCs is described in Bone et al.,

2009. The compounds are more selective than commercially available inhibitors such as BIO

and resulted in enhanced self-renewal.

It has now been found that, in contrast to the results observed in mice, treatment with

the GSK-3 inhibitor, 1M, did not maintain self-renewal of human ESCs but instead induced

differentiation. This was truly surprising and unexpected.

Treatment of human ESCs with 2 µ compound 1 over a 7 day time period led to a

dramatic increase in proliferation and differentiation when cultured on either MEFs in KO

DMEM or in a feeder-free chemically defined system on Matrigel(RTM) in mTeSRl(RTM)



media (Figure 1). This was reflected in analyses of surface markers by flow cytometry which

showed a dramatic decrease in expression of the pluripotency markers Tra-1-60 and SSEA4

following treatment with 1M (Figure IB; Table 1). Gene expression analyses also showed

loss of the pluripotency markers OCT4 and NANOG (Figure 1C) and there is also loss of

Oct4 protein expression (Figure ID). These results were observed in both SHEF1 and SHEF3

cell lines and indicate that the GSK-3 inhibitor 1M has a robust and dramatic effect on human

ESCs resulting in loss of pluripotency and an increase in proliferation. In addition, treatment

of SHEF3 ESCs with compound 10 also induced similar differentiation under both culture

conditions (Figure IE). Again, this was demonstrated by decreased expression of Tra-1-60

and SSEA4 by flow cytometry (Figure IF), loss of OCT4 and NANOG gene expression

(Figure 1G) and loss of OCT4 protein expression (Figure 1H).

Since compound 1M was robustly promoting differentiation in human ESCs, as

opposed to the self-renewal previously observed in mouse ESCs, its ability to inhibit GSK-3

in human ESCs has also now been confirmed. The results are shown in Figure 2.

1M treatment of human ESCs induces differentiation towards the DE

Having observed that treatment of human ESCs with the small molecule GSK-3

inhibitor promotes differentiation, it was next determined towards which lineage the cells

were differentiating.

The following experiments were all performed on human ESCs cultured feeder-free on

Matrigel(RTM) in chemically defined mTeSRl(RTM) media. This system has the advantages

of simplicity and reliability, leading to consistency and reproducibility of cell culture and

differentiation. Immunostaining of Μ-treated human ESCs with antibodies towards

transcription factors expressed in the DE, FoxA2, Sox 17 and hepatocyte nuclear factor 4a

(HNF4a) indicated that the cells were differentiating towards the DE in a time dependent

manner (Figure 3A). Gene expression analyses over the 7 days of differentiation showed the

progression of differentiation though the PS towards the DE (Figure 3B). Induction of

differentiation was indicated by loss of OCT4 and NANOG expression. Initially upregulation

of Brachyury (T) which defines the formation of the PS and is downregulated in DE was

observed. Other primitive streak markers goosecoid (GSC) and MIXL1 were likewise



upregulated at an early time point. This was followed by expression of hepatocyte nuclear

factor (HNF) 3β (FOXA2) and CXCR4, which are expressed in the PS and are maintained in

DE progenitors, and the DE marker SOX17. SOX17 and FOXA2 are expressed not only in

the DE but also in the primitive endoderm. However, CXCR4 is expressed in the DE and

mesoderm but not in the primitive endoderm (McGrath et al., 1999) and has been used as a

marker to distinguish between primitive endoderm and definitive endoderm in mouse

(Yasunaga et al., 2005) and human (D'Amour et al., 2005) ESCs. Importantly, ESCs

(enriched for the surface receptors CXCR4), differentiate into endoderm cells with either

hepatocytic phenotype (Gouon-Evans et al., 2006) or pancreatic endocrine cells (D'Amour et

al., 2006). Expression of SOX17, GSC and FOXA2 are not a result of differentiation to

primitive endoderm. Interestingly, following 7 days treatment with 1M, expression of FTNF4a

and a-fetoprotein (AFP) was observed. Although AFP is a marker for primitive (visceral)

endoderm at the early stages of development, later it marks the earliest specification to the

hepatic lineage. HNF4a is a key transcription factor that regulates a cascade of liver-specific

transcription. Together, the expression of AFP and HNF4q by day 7, suggests maturation of

the DE-specified cells towards an early hepatic lineage.

Treatment with BIO also induced differentiation towards the DE (Figure 3C) as indicated by

immunostaining with antibodies towards the DE markers FOXA2, SOX17 and HNF4a.

Similarly, treatment of SHEF3 ESCs with compound 1L also induced differentiation towards

the DE (Figure 3D).

Involvement of Activin/Nodal signalling in lM-induced DE

During early embryogenesis, the TGF signalling pathway is involved in the formation

of the PS, mesoderm and DE. High levels of Nodal, a member of the TFGP superfamily, are

required for the specification of the endoderm following transition of precursor cells through

the anterior region of the PS. Activin is another member of the TGFP superfamily which

binds to the same receptors as Nodal and is used to mimic Nodal activity in vitro. In human

ESCs, generation of DE has relied on activation of the Activin/Nodal pathway (D'Amour et

al., 2005). Therefore, it was next determined whether the 1M compound was also activating

the Nodal pathway. Indeed, following treatment for only 1 day with 1M, an increase in

NODAL gene expression was seen which was maintained for up to 3 days and then declined



to basal levels by day 7 (despite the media being changed with fresh compound every-other

day) (Figure 4A). Induction of NODAL expression was only partially inhibited by the Activin

receptor-like kinase 4/5/7 (ALK) inhibitor SB43125 (Figure 4B). However, treatment with

SB34125 dramatically reduced lM-induced GSC and FOXA2 expression, downstream targets

of Nodal signalling. These data indicate that is either directly or indirectly activating the

Nodal signalling pathway which is required for lM-induced DE formation.

Next the efficiency of lM-induced DE formation compared with Activin A treatment

alone or in combination with 1M was explored. Gene expression analyses (Figure 4C)

indicated that following 3 days treatment, 1M induced similar levels of expression of the PS

markers T and GSC compared with ActivinA alone; although there appeared to be slightly

higher expression in combination with Activin A. Following 7 days induction, little or no T or

GSC expression was observed following 1M treatment alone, indicating transition through the

PS. GSC expression was maintained in the presence of Activin A (alone or in combination

with 1M) as GSC is a downstream transcriptional target of Nodal signalling. Expression of

DE markers SOX17 and FOXA2 and the early liver-specific transcription factor HNF4a

appeared similar following treatment with either alone or in combination with Activin A.

Intriguingly, lM-induced expression of AFP was lost in the presence of Activin A. Nodal

signalling persists during gastrulation until formation of the DE, after which expression falls

allowing maturation and gut tube formation (Collingnon et al, 1996). Recently in mouse

ESCs, induced Nodal expression resulted in DE specification and subsequent downregulation

of Nodal promoted maturation of the DE (Takenaga et al., 2007). Here, lM-induced AFP

expression also correlated with decreased Nodal gene expression. Inhibition of DE maturation

by sustained Activin/Nodal signalling may be a result of maintained OCT4 expression. Nodal

signalling is involved in the maintenance of pluripotency and is essential in maintaining

OCT4 expression during gastrulation. Both the pluripotency markers NANOG and OCT4 are

maintained following treatment with Activin A for 7 days. However, in the presence of 1 ,

Activin A-induced expression of OCT4 and NANOG are not maintained, although elevated

levels of GSC suggest inhibition of lM-induced maturation from the PS stage in the presence

of Activin A. These results suggest that lM-induced transient activation of the Nodal

signalling pathway results in specification to the DE and its subsequent maturation to an early

hepatic phenotype.



To further examine the efficiency of DE formation FoxA2 and H F4o expression was

analysed by immunofluorecence (Figure 4D). Treatment with 1M for 5 days lead to clusters

of cells expressing a high proportion of FoxA2 (73% positive), whereas expression of FOXA2

in the entire population was 35-40%. Activin A treatment generated a lower proportion of

cells expressing FOXA2 (on average 8%) which were dispersed throughout the population.

Addition of Activin A did not further enhance lM-induced FoxA2 expression.

Compound 1M also appeared to generate more HNF4a-expressing cells (20%) than Activin A

alone (3%). Interestingly, Activin A appeared to inhibit generation of lM-induced HNF4a

expressing cells. Analyses of CXCR4 expression by flow cytometry (Figure 4E) indicated

that treatment with 1M led to enhanced CXCR4 expression (53.0%) as compared with Activin

A alone (26.5%), whereas 1M in combination with Activin A further increased CXCR4

expression (85.0%).

The results obtained show that under the culture conditions described herein, the

efficiency of lM-induced DE formation is similar or better than Activin A alone. 1M

treatment in combination with Activin A may lead to increased DE formation as assessed by

CXCR4 expression but inhibits further differentiation towards an early hepatic phenotype

with loss of HNF4a and AFP expression.

lM-induced DE has Hepatocyte-like potential in vitro

Next, the potential of chemically induced DE to generate hepatocyte-like cells (HLCs)

was investigated. The ability to generate HLCs provides an indication of the developmental

potential of the chemically derived DE with the ultimate aim of generating functional HLCs.

To begin to address this potential, a differentiation protocol based on work by Argawal et al,

2008 (Agarwal et al., 2008) was employed, to generate HLCs as outlined in Experimental

Procedures and Figure 5A. Following lM-induced generation of DE, hepatic induction was

initiated by culturing in hepatocyte growth factor (HGF) and fibroblast growth factor 4

(FGF4), followed by a cocktail of HGF, FGF4, Oncostatin M (OSM) and dexmethasone

(Dex) to induce maturation of the HLCs. Following hepatic induction (stage U), the cells

begin to adopt hepatic characteristics (Figure 5B). They expressed increased levels of AFP

and expression of albumin (ALB), transferrin (TFN) and transthyrettin (TTR) was started to



be seen, correlating with initial hepatic differentiation (Figure 5C). Following the hepatic

maturation step, stage III cells had characteristics of hepatocytes with polygonal morphology,

distinct, round nuclei with 1 or 2 prominent nucleoli, and many were binucleate. Compared

with stage II cells, the matured cells had increased ALB gene expression (Figure 5C) and

increased HNF4a, AFP and TTR protein, as detected by immunostaining (Figure 5D). To

assess liver-specific function, secretion of key serum proteins, AFP and Albumin were

determined. Both AFP and Albumin (Figure 5E and 5F) were detected in the media of stage

III cells derived from 1M induced DE. These results indicate that lM-derived definitive

endoderm has the potential to differentiate into cells with hepatocyte characteristics. Similar

results were also generated using BlO-derived DE cells (Figure 5G and H).

Experimental Procedures

Cell Culture

SHEF1 and SHEF3 human ESCs were obtained from the UKSCB and cultured as

outlined in their protocols. Briefly, ESCs were maintained on mitomycin C-inactivated mouse

embryonic fibroblast (MEF) feeder layers in KnockOut Dulbecco's modified Eagle's medium

(KO DMEM) (Invitrogen) supplemented with 20% (vol/vol) KO serum replacement (KOSR;

Invitrogen), 1 mM non-essential amino acids ( EAA; Invitrogen), Im glutamine

(Invitrogen), 0.1 mM 2-mercaptoethanol (BioRad), penicillin/streptomycin, and 4 ng/ml

recombinant human FGF2 (Peprotech). Cultures were passage using 1 mg/ml collagenase at a

ratio of 1:8 to 1:12 every 7 days. Cultures were transferred to a feeder-free, chemically

defined culture system on ESC-qualified Matrigel(RTM) (BD) coated plates in

mTeSRl(RTM) (Stem Cell Technologies) media according to Stem Cell Technologies'

protocol.

Differentiation to Definitive Endoderm and Hepatocyte-like cells

ESCs were cultured feeder-free on Matrigel(RTM)-coated plates in mTeSRl(RTM)

media, supplemented with 2 µΜ compound 1 for 7 days with the media being refreshed

every-other day. Definitive endoderm cultures were passaged with collagenase ( 1mg/ml) and

plated at a ratio of 1:10 on Matrigel(RTM) in KO DMEM supplemented with glutamine,



penicillin/streptomycin, NEAA, 2% (v/v) KOSR, lOng/ml HGF (Peprotech) and lOng/ml

FGF4 and cultured for a further 7 days with the media being refreshed every-other day. To

allow for maturation of the HLCs, lOng/ml oncostatin M (Peprotech) and 10 7 dexamethasone

(SIGMA) were added to the above media and the cells were cultured for an additional 7 days

with fresh media every-other day.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated and purified using TRIzol Reagent (Invitrogen), following the

manufacturer's instructions. All RNA samples were treated with DNase I (Ambion) before

cDNA synthesis to eliminate any contaminating genomic DNA. RNA ( 1 µg) was reverse

transcribed into cDNA using 01igo(dT)i 5 (Promega) and Superscript II (Invitrogen). Gene-

specific PCR was carried out using primers and annealing temperatures outlined in Table 2.

Immunoblotting

Cell lysates (20 g) were prepared, separated by SDS-PAGE and transferred to

nitrocellulose as described previously (Welham et al., 1994). Immunoblotting was carried out

using primary antibodies at the following dilutions: 1:5,000 anti-Oct4 (Santa Cruz

Biotechnology; sc-9081); 1:2000 anti-GAPDH (sc-20357); 1:10,000 anti-phospho

(Ser33/37/Thr41) β-catenin (Cell signalling Technology; CST 9561); 1:1000 anti-p-catenin

(CST 9562). Anti-rabbit antibodies conjugated to horseradish peroxidise (DAKO) were used

at 1:10,000 and blots were developed using ECL Advance (GE Healthcare) or ChemiGlow

(Alpha Innotech) according to manufacturer's directions. Images were captured and analysed

using the ImageQuant RT ECL system (GE Healthcare). Blots were stripped and reprobed as

described previously (Welham et al., 1994).

Flow cytometry

ESCs were trypsinised (0.05% Trypsin-EDTA) for 0 minutes at 37°C and resuspended

in PBS containing 2% (v/v) FBS (FBS/PBS). Cells were then stained on ice for 45 minutes

with antibodies towards Tra-1-60 (10 µ ΐ Abeam), SSEA4 (15 µ η ΐ ; clone MC813

Abeam), or phycoerythrin (PE) - conjugated anti-CXCR4 ( 1:100; clonel2G5; R&D Systems).



Cells were washed and stained with secondary fluorescein isothiocyanate (FITC)-conjugated

antibodies (SIGMA) for a further 30 minutes, if required. Flow cytometry was performed

using a FACSCanto cytometer (Becton Dickenson) and the data were analysed with

FACSDiva software. Dead cells were excluded for analyses based on forward and side scatter

parameters.

Luciferase reporter assay to measure β -catenin-mediated transcriptional activity

The TOPFlash luciferase reporter plasmid (containing four consensus TCF binding sites

upstream of the c-fos minimal promoter, driving expression of a firefly luciferase reporter)

and its negative control plasmid FOPFlash (containing four mutant TCF binding sites) were

provided by Dr C. Dani (CNRS, Nice, France). To normalise the assay, the Renilla luciferase

control vector phRL-TK (Promega) was included as an internal control. ESCs were plated on

Matrigel(RTM)-coated 24-well plates for 5 days and then transfected with 0.6 µg TOPFlash

(or FOPFlash) and 0.144 µg phRL-TK mixed with 3 µΐ lipofectamine 2000 (Invitrogen). The

transfection mixture (0.1ml) was added to the cells in 0.5 ml fresh mTeSRl(RTM). Following

24 hours, the media was replaced, containing the indicated compounds, and allowed to

incubate a further 24 hours. Cell extracts were prepared and firefly and Renilla luciferase

activities were determined using the dual-luciferase reporter assay system according to the

manufacturer's instructions (Promega). TOPFlash (FOPFlash) firefly luciferase activities

were normalised to those of co-transfected phRL-TK Renilla luciferase activity. Data are

represented as fold increase above unstimulated control FOPFlash values.

Immunofluorescence

ESCs were cultured on Matrigel(RTM)-coated lummox (Greiner Bio One) trays and

fixed with 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Cells were

permeabilised in PBST (with 0.1% Triton X-100) and blocked in 10% blocking reagent

(Roche) before incubating with primary antibodies in 2% blocking reagent overnight at 4°C.

After washing in PBS, cells were incubated with FITC-conjugated secondary antibodies

(Vector Labs) for 3 hours at room temperature. After further washing, the cells were stained

with 4,6-diamidino-2-phenylindole (DAPI) (SIGMA), washed again and mounted in

MOWIOL. The following antibodies and dilutions were used: goat anti-FoxA2 (1:100, R&D



Systems), mouse anti-Soxl7 (1:50, R&D Systems), rabbit anti-HNF4a ( 1 :100, Santa Cruz),

rabbit anti-AFP (1:100, DAKO), rabbit anti-TTR (1:100, DAKO). Images were captured on a

Zeiss 510 Meta confocal microscope using a 40x objective.

Table 1: Flow cytometry analyses of human ESCs treated with BIO and compound 1M

Table 2: PCR Primers



Table 3 : Preferred GSK-3 inhibitors



The use of small molecule inhibitors represents a powerful approach to direct

differentiation of embryonic stem cells (ESCs) towards a specific cell type. Generation of

cells characteristic of the definitive endoderm (DE), from which the liver and pancreas

develop, is an attractive target for chemically-directed differentiation. In particular, the ability

to generate hepatocytes is not only of interest in regenerative medicine but also provides a

novel platform for drug toxicity screening. It has now been demonstrated that treatment with

GSK-3 inhibitors promotes differentiation of human ESCs towards the DE, with prolonged

treatment resulting in generation of a population of cells displaying hepatoblast

characteristics. In turn, these cells have the ability to progress to a more mature hepatocyte

phenotype under defined culture conditions.

It should be understood that various changes and modifications to the presently

preferred embodiments described herein will be apparent to those skilled in the art. Such

changes and modifications can be made without departing from the spirit and scope of the

present invention and without diminishing its attendant advantages. It is therefore intended

that such changes and modifications are covered by the appended claims.

The content of all references cited herein are incorporated herein by reference in their

entirety.
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CLAIMS

1. A method for inducing differentiation of a human embryonic stem cell or a population

of human embryonic stem cells toward a cell or population of cells characteristic of the

definitive endoderm, the method comprising incubating the cell or population of cells with a

GSK-3 inhibitor.

2 . A method for inducing differentiation of a cell or population of cells, characteristic of

the definitive endoderm, towards a hepatocyte-like cell or a population of hepatocyte-like

cells, the method comprising incubating the cell or population of cells with a GSK-3 inhibitor.

3. A method for inducing differentiation of a human embryonic stem cell or a population

of human embryonic stem cells toward a hepatocyte-like cell or a population of hepatocyte-

like cells, the method comprising incubating the cell or population of cells with a GSK-3

inhibitor.

4. A method according to any preceding claim, wherein the GSK-3 inhibitor is a

compound having the following structure, or a functional derivative, analogue or homologue

thereof:-

(A)

wherein,

R 1 is H, a C -C6 alkyl (preferably CH3), or CH 0(CH 2) SiCH3;

R2 is H, a C,-C 6 alkyl (preferably CH ), or CH20(CH 2) SiCH ; or

R and R2 together are -(CH ) - unsubstituted or substituted by OR6 or R7, or -

(CH CH20 ) (CH2)2- ;



R3 is H or a -C6 alkyl (preferably CH3);

R4 is H or a -C6 alkyl (preferably CH3);

R5 is H or CH2aryl, where aryl is unsubstituted or substituted by alkoxy (preferably methoxy);

R6 is H, CH CH=CH2, CH2CH2CH=CH2, CH2OCH2CH=CH2 or Si'BuPhz;

R7 is H, CH2CH=CH2, CH2CH2CH=CH2, CH2OCH2CH=CH2 or Si BuPh2;

is 6, 7, 8, 9, 10, or 11;

m is 3 or 4;

X and Y are independently C or N,

5. A method according to claim 4 wherein the GSK-3 inhibitor is selected from a compound

having one of the following structures, or a functional derivative, analogue or homologue

thereof:-



(4M)

6 . A cell or population of cells obtained by a method according to any preceding claim.

7 . Use of a GSK-3 inhibitor for inducing differentiation of a human embryonic stem cell

or a population of human embryonic stem cells toward a cell or population of cells

characteristic of the definitive endoderm.

8 Use of a GSK-3 inhibitor for inducing differentiation of a cell or population of cells,

characteristic of the definitive endoderm, towards a hepatocyte-like cell or a population of

hepatocyte-like cells.

9 . Use of a GSK-3 inhibitor for inducing differentiation of a human embryonic stem cell

or a population of human embryonic stem cells toward a hepatocyte-like cell or a population

of hepatocyte-like cells.

10. Use of a human embryonic stem cell and a GSK-3 inhibitor in the manufacture of a

medicament for the treatment of a liver disease or for the reconstruction of a damaged liver in

a subject.

11. Use of a definitive endoderm cell and a GSK-3 inhibitor in the manufacture of a

medicament for the treatment of a liver disease or for the reconstruction of a damaged liver in

a subject.



12. Use according to any of claims 7 to 11, wherein the GSK-3 inhibitor is a compound

having the following structure, or a functional derivative, analogue or homologue thereof: -

R is H, a C,-C 6 alkyl (preferably CH3), or CH20(CH 2)2SiCH ;

R2 is H, a C,-C6 alkyl (preferably CH ), or CH20(CH 2)2SiCH3; or

R1 and R2 together are ~(CH2) - unsubstituted or substituted by OR6 or R7, or -

(CH CH20 )m(CH2) - ;

R3 is H or a C,-C alkyl (preferably CH );

R4 is H or a C,-C alkyl (preferably CH3);

R5 is H or CH aryl, where aryl is unsubstituted or substituted by alkoxy (preferably methoxy);

R6 is H, CH CH=CH , CH2CH CH=CH2, CH OCH CH=CH2 or Si BuPh2;

R7 is H, CH CH=CH , CH2CH CH=CH2, CH2OCH CH=CH2 or Si BuPh2;

is 6, 7, 8, 9, 10, or 11;

m is 3 or 4;

X and Y are independently C or N,



13. Use according to claim 12 wherein the GSK-3 inhibitor is selected from a compound

having one of the following structures, or a functional derivative, analogue or homologue

thereof:-

(4M)



14. A human embryonic stem cell towards definitive endoderm cell differentiation

composition comprising a GSK-3 inhibitor.

15. A definitive endoderm towards hepatocyte-like cell differentiation composition

comprising a GSK-3 inhibitor.

16. A human embryonic stem cell towards hepatocyte-like cell differentiation composition

comprising a GSK-3 inhibitor.

17. A composition according to any of claims 14 to 16, wherein the GSK-3 inhibitor is a

compound having the following structure, or a functional derivative, analogue or homologue

thereof :-

(A)

wherein,

R is H, a Ci-C alkyl (preferably CH ), or CH20(CH 2) SiCH3;

R2 is H, a Ci-C6 alkyl (preferably CH ), or CH20(CH 2)2SiCH ; or

R and R2 together are -(CH 2)n- unsubstituted or substituted by OR6 or R7, or -

(CH2CH20 )m(CH ) -;

R3 is H or a C,-C 6 alkyl (preferably CH3) ;

R4 is H or a C,-C 6 alkyl (preferably CH3);

R5 is H or CH2aryl, where aryl is unsubstituted or substituted by alkoxy (preferably methoxy);

R6 is H, CH2CH=CH2, CH2CH CH=CH2, CH2OCH2CH=CH2 or Si'BuPl^;

R7 is H, CH2CH=CH2, CH2CH CH=CH2, CH OCH CH=CH2 or Si BuPh2;

n is 6, 7, 8, 9, 10, or 11;

m is 3 or 4;



X and Y are independently C or N,

18. A composition according to claim 17 wherein the GSK-3 inhibitor is selected from

compound having one of the following structures, or a functional derivative, analogue

homologue thereof:-



(4M)

19. A culture medium comprising a composition according to any of claims 14 to 18.

20. A method for treating a liver disease or for the reconstruction of a damaged liver in a

subject, the method comprising administering to a subject a composition comprising a human

embryonic stem cell and a GSK-3 inhibitor.

2 1. A method for treating a liver disease or for the reconstruction of a damaged liver in a

subject, the method comprising administering to a subject a composition comprising a

definitive endoderm cell and a GSK-3 inhibitor.

22. A method according to claim 20 or 21, wherein the GSK-3 inhibitor is a compound

having the following structure, or a functional derivative, analogue or homologue thereof:-

wherein,



R1 is H, a Ci-Ce alkyl (preferably CH3), or CH20(CH 2)2SiCH3;

R2 is H, a Ci-C alkyl (preferably CH ), or CH20(CH 2)2SiCH ; or

R1 and R2 together are -(CH 2)n- unsubstituted or substituted by OR6 or R7, or -

(CH CH20 )m(CH2)2-;

R3 is H or a Ci-C6 alkyl (preferably CH3);

R4 is H or a Ci-C6 alkyl (preferably CH3);

R5 is H or CH2aryl, where aryl is unsubstituted or substituted by alkoxy (preferably methoxy);

R6 is H, CH2CH=CH2, CH2CH CH=CH , CH2OCH2CH=CH2 or Si BuPh2;

R7 is H, CH2CH=CH2 CH2CH CH=CH , CH2OCH2CH=CH2 or Si BuPh2;

is 6, 7, 8, 9, 10, or 11;

m is 3 or 4;

X and Y are independently C or N,

23. A method according to claim 22 wherein the GSK-3 inhibitor is selected from a

compound having one of the following structures, or a functional derivative, analogue or

homologue thereof:-

H

(10) (II) (1L)



(4M)

24. Use of a cell or population of cells according to claim 6 in the manufacture of a

medicament for the treatment of a liver disease or for the reconstruction of a damaged liver in

a subject.

25. A method for treating a liver disease or for the reconstruction of a damaged liver in a

subject, the method comprising administering to a subject a composition comprising a cell or

population of cells according to claim 6 .

26. Use of a cell or population of cells according to claim 6 for screening for drug toxicity.



27. A method for assessing the toxicity of a compound to liver cells, the method

comprising:-

(i) incubating said compound with a cell or population of cells according to claim 6;

and

(ii) assessing the toxicity of the compound to the cell or population of cells,

wherein said toxicity is indicative of liver toxicity.
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