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Abstract

We report that a single growth factor, NM23-H1, enables serial passaging of both human ES and iPS cells in the absence of
feeder cells, their conditioned media or bFGF in a fully defined xeno-free media on a novel defined, xeno-free surface. Stem
cells cultured in this system show a gene expression pattern indicative of a more ‘‘naı̈ve’’ state than stem cells grown in
bFGF-based media. NM23-H1 and MUC1* growth factor receptor cooperate to control stem cell self-replication. By
manipulating the multimerization state of NM23-H1, we override the stem cell’s inherent programming that turns off
pluripotency and trick the cells into continuously replicating as pluripotent stem cells. Dimeric NM23-H1 binds to and
dimerizes the extra cellular domain of the MUC1* transmembrane receptor which stimulates growth and promotes
pluripotency. Inhibition of the NM23-H1/MUC1* interaction accelerates differentiation and causes a spike in miR-145
expression which signals a cell’s exit from pluripotency.
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Introduction

Both embryonic stem (ES) and induced pluripotent stem (iPS)

cells hold great promise for the treatment of a wide variety of

acquired or hereditary diseases [1,2]. The major obstacles to

clinical applications are: 1) developing cell culture methods that

will comply with expected FDA requirements [3,4]; 2) culturing

enough high quality pluripotent stem cells; and then 3) directing

them to differentiate into functional adult cells. FDA and

European guidelines for human stem cell therapies require some

version of Good Manufacturing Practice (GMP) for quality

assurance and patient safety. Defining a GMP equivalent for stem

cell therapies is challenging because these cells have traditionally

been cultured in a milieu of largely undefined components, many

of which are animal-derived [3–6]. Most protocols used today

involve a supporting layer of fibroblast feeder cells [7,8], their

conditioned media [9] or Matrigel [10,11]. These are complex

mixtures of poorly characterized components that vary greatly

from batch to batch, and therefore cannot be made GMP-

compliant.

Several recent studies focused on the development of defined

media that do not require feeder cells or their conditioned media.

mTeSR and StemPro are two such defined media[5], however,

they remain complex, having 18 and 14 different components,

respectively, in addition to those in the base media. More recently,

researchers reported a simpler bFGF-media, called E8, that is fully

defined but apparently requires hypoxic conditions for growth

[12]. Both mTeSR and E8 contain bFGF at 25-times the

concentration at which it is normally used for stem cell culture.

The use of bFGF at extremely high levels, in combination with a

multitude of other growth factors, calls into question whether or

not these media mimic stem cell growth in vivo, which could

adversely affect attempts to direct differentiation to specific cell

types.

Similarly, the quest for a defined substrate that supports stem

cell adhesion and growth, without introducing biological or

mechanobiological signals that alter stem cell fate, has been

challenging [13,14]. Extracellular matrix proteins as well as small

molecule and polymer coatings have been tried [15–24]. However,

many of these surfaces still require the use of feeder cell

conditioned media, few have been shown to be effective for

long-term growth of both ES and iPS cells and essentially all

function by unknown mechanisms. Further, the effect of various

surfaces on short term stem cell gene expression or long-term cell

fate has not been adequately investigated.

To compound the problem, recent research indicates that

human stem cells, cultured by standard methods are not truly

pluripotent or ‘‘naı̈ve’’, rather they are in a more differentiated
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state called ‘‘primed’’ [25,26]. Current methods for culturing

human stem cells all depend on the addition of exogenous bFGF

[27–30]. However, studies conclude that human stem cells in the

naı̈ve state cannot be maintained in bFGF [26]. Like murine

primed cells, derived from the epiblast, conventional human ES

cells grow as flattened colonies, are intolerant of passaging as single

cells, have undergone X-inactivation and grow in bFGF by the

TGF-beta/activin signaling pathway. In contrast, naı̈ve stem cells

grow in sheets or dome-shaped colonies, can be trypsinized and

passaged as single cells at low densities, are less prone to

spontaneous differentiation than traditional ES cells and grow by

an as yet unidentified pathway. Thus far, researchers have only

been able to temporarily revert human primed cells to the naı̈ve

state via ectopic expression of certain genes and treatment with

kinase inhibitors [26].

The absence of the appropriate growth factor that maintains

human stem cells in the naı̈ve state could be the major reason

behind the difficulties researchers encounter when working with

human stem cells that are not encountered when working with

mouse stem cells. In an attempt to create a growth system that

enables self renewal of naı̈ve stem cells, we discovered that NM23-

H1 can be used as the only growth factor or cytokine required for

the culture of human pluripotent stem cells. NM23-H1 was first

identified as a tumor suppressor because of its reduced expression

in metastatic cancer cells[31]. I-factor, which was isolated from a

differentiation-resistant murine myeloid leukemia cell line and

shown to be responsible for the inhibition of differentiation [32],

was later identified as NM23-H1 [33]. In the subsequent years,

other NM23s have been identified, H1 to 10, with H1 and H2

isoforms being the most studied to date. The NM23-H1 family of

proteins is characterized by the presence of Nucleoside Dipho-

sphae Kinase (NDPK) domains [34,35], although its role in

differentiation was shown to be independent of its catalytic

function [36]. There have been a number of research articles

published that report conflicting, in fact opposite results, regarding

the function of NM23-H1 [37]. Reports that NM23-H1 is a

differentiation inducer are countered by an equal number that

report it is a differentiation inhibitor. Similarly, NM23-H1 has

been reported to be a tumor suppressor and a tumor enhancer.

These apparently mutually exclusive results could be explained by

the fact that researchers were unwittingly testing NM23-H1 in

different multimerization states, which raised the possibility that

the different multimers have different functions [38–40].

In an earlier study [41], we reported that a cleaved form of the

MUC1 transmembrane receptor, called MUC1*, that had

previously only been detected on cancer cells [42] is expressed

on undifferentiated human embryonic stem cells and mediates

their growth in an bFGF-independent manner. That study showed

that ligand-induced dimerization of MUC1* using either a

bivalent antibody or dimeric NM23-H1 was sufficient to support

extended undifferentiated growth of hESCs under feeder-free

conditions. However, in the earlier study, only embryonic stem

cells were tested, they were cultured on Matrigel, serial passaging

was not performed, the effect on karyotype stability was not

examined and the cells’ ability to differentiate was not determined.

The present study includes iPS as well as ES cells, Matrigel is

replaced by a monoclonal antibody surface, serial passaging is

performed, karyotype stability is demonstrated, and the differen-

tiation potential of NM23-H1 cultured stem cells is determined.

The function of different NM23-H1 multimers is explored. More

importantly, the possibility that NM23-H1 could stabilize genet-

ically unmodified human stem cells in the naı̈ve state is

investigated.

Here we clearly demonstrate that NM23-H1 in dimeric form,

but not the hexameric form, alone is sufficient to inhibit stem cell

differentiation, to allow long-term growth and maintenance of

pluripotency and, in combination with a newly defined surface,

increases expression of naı̈ve markers.

Materials and Methods

Stem Cells and Culture
Human ES cells, H9 (WiCell), BGO1V/hOG cells (Life

Technologies), human iPS cells, FTD19 clone 42 and ESIMR90

clone 4, (Kosik Lab) were cultured at 37uC and 5% CO2 on

mitomycin-C inactivated Hs27 human foreskin fibroblasts or

MEFs (ATCC), Matrigel (BD Biosciences) per manufacturer’s

instructions, Vitronectin at (6.25 mg or 12.5 mg), or anti-MUC1*

mab MN-C3 (12.5 mg/well) coated onto 6-well plates (Vita plates,

ThermoFisher; or BD Falcon # 353046). ES cell culture

‘‘Minimal Media’’ (MM) consisted of DMEM/F12/GlutaMAX

I with 20% Knockout Serum Replacement, 1% non-essential

amino acids stock and 0.1 mM b-mercaptoethanol (all from Life

Technologies).

NM23-H1 as growth factor was added to MM (8 nM).

Fibroblast growth factor (bFGF, Peprotech) at 4 ng/ml and 50%

MEF conditioned media was added if stem cells were grown on

Matrigel. NM23-H1 concentrations were calculated using the

theoretical molecular weight of a NM23-H1 monomer (19.2 kDa).

Cells were passaged either by manual dissection or by

Trypsinization every 4–7 days at a ratio of at least 1:3 and

medium was changed every 48 hours. In some cases a Rho kinase

inhibitor (Y-27632, Calbiochem) was added for the first 48 hours.

MEF and HS27 conditioned media depletion
NM23-H1 antibodies (C20 and NM301, Santa Cruz biotech-

nology) were coupled to an AminoLink resin according to the

manufacturer recommendations (Pierce) for depletion of NM23-

H1. The column was equilibrated with PBS pH 7.4 and the

conditioned media was applied to the column and incubated with

end over end mixing for 45 min at 4 uC. The column was washed

and bound proteins were eluted with 0.1 M glycine pH 2.5 into a

tube containing 1/10 of the fraction volume of 1 M Tris pH 8.0.

The elution fractions were concentrated and the molar protein

concentration (NM23-H1) was determined from the optical

density at 280 nm using an extinction coefficient of 1.35 for

1 mg/mL and the theoretical molecular weight of a recombinant

NM23-H1 monomer (19.2 kDa). NM23-H1 depletion from the

media was also confirmed by Western blot (see Methods S1)

Human NM23-H1 WT and S120G protein expression
NM23-H1 WT and S120G mutant were cloned into expression

plasmids containing either a C-terminal histidine tag or a strep tag

II and expressed, after IPTG induction, in E. coli (BL21 DE3,

New England Biolabs). Proteins were purified by affinity

chromatography (NiNTA, Qiagen or Streptactin, IBA). Where

indicated, NM23-H1 S120G was denatured and refolded; a stable

dimer population was then isolated using size exclusion chroma-

tography.

Anti-MUC1* Antibodies
Monoclonal antibodies (mabs) were produced by immunizing

mice with a synthetic peptide (JPT) corresponding to the first forty-

five (45) amino acids of the extracellular domain, GTINVHD-

VETQFNQYKTEAASPYNLTISDVSVSDVPFPFSAQSGA (‘‘MU-

C1*ecd peptide’’). Hybridomas were created by fusion of spleen cells

NM23-H1/Anti-MUC1* mAb: A Defined Culture System
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with SP2/0 myeloma cells and screened by ELISA using the

synthetic MUC1*ecd peptide (ProMab Biotechnologies).

Surface Plasmon Resonance
3.8% NTA-Ni++ SAM-coated SPR chips were prepared as

described previously [43] and experiments performed using a

Biacore3000 instrument. Running buffer was 10 mM HEPES pH

7.5, 150 mM NaCl, 50 mM EDTA and 0.005% Tween20, Flow

rate was 5 mL/min. The surface was activated by 1% NiSO4 and

histidine-tagged MUC1*ecd peptide was immobilized. NM23-H1

variants (64 nM) were injected to measure binding. Before the

next cycle, the surface was regenerated. Each sensograms were

corrected for binding in absence of NM23-H1 protein. The

protein molar concentrations were calculated using the theoretical

molecular weight of a recombinant NM23-H1 monomer

(19.2 kDa).

Gold nanoparticles assay
2.5% NTA-SAM coated nanoparticles (AuNPs) were generated

as described earlier [44], activated with 0.005% NiSO4 for 5 min

at room temperature and loaded with a MUC1* peptide

(QFNQYKTEAASRYNLTISDVSVSDVPFPFSAQS-

GAHHHHHH). NM23-H1 variants bearing Strep-tag II (see

Methods S1) were added to the nanoparticles and color change

was photographed after 75 minutes.

miR-145 expression quantification
Total RNA was extracted from the samples using the

mirVanaTM kit (Applied Biosystem, P/N: AM1561) per manufac-

turer’s instructions. For each total RNA sample, two cDNA

samples were synthesizes using the TaqManH MicroRNA Reverse

Transcription Kit (Applied Biosystems, P/N: 4366596) and two

different stem-loop primers specific for miR-145 and the small

nuclear RNA U6B (RNU6B), which served as an endogenous

control. Quantification of miR-145 and RNU6B in the cDNA

samples was performed using TaqManH MicroRNA Assays

(Applied Biosystems, P/N: 4427975) per manufacturer’s instruc-

tions. The real-time PCR data were analyzed using the

comparative Ct method. The relative amount of miR-145 in each

sample was obtained by computing the difference between the

miR-145 Ct and the corresponding RNU6B Ct (DCt). A second

normalization was performed by subtracting the smallest DCt from

all the others in the data set (DDCt).

Immunocytochemistry of H9 cells and iPS cells
Cells were grown on 4-well chamber slides (Lab-Tek, cat #

177437)to50–75% confluency, then fixed with 4% Paraformalde-

hyde, blocked with 1% Goat Serum (Jackson ImmunoResearch,

Cat # 005-000-121), 1% Bovine Serum Albumin, 0.1% Tween in

PBS pH 7.4 for 1 hour at room temperature. Cells were incubated

overnight at 4uC with: anti Oct-3/4 (C-10), anti SSEA-4 (813–70),

anti TRA-1-81 (TRA-1-80) and anti Nanog (H-155), all antibodies

were from Santa Cruz biotechnology (1:100), for the pluripotency

markers. Cells were incubated overnight at 4uC with one of the

primary antibodies (1:100 dilution) from the human embryonic

germ layer characterization kit (Millipore) or an anti tubulin beta-

III antibody (Covance). Cells were incubated overnight at 4uC
with Tri-Methyl-Histone H3 (Lys27) Antibody (1/1600, Cell

Signaling Technology) for X-activation status. Cells were then

incubated 1 hour at room temperature with one of the following

secondary antibody: Cy3 conjugated goat anti mouse antibody

(Jackson Immunoresearch), FITC conjugated goat anti rabbit

antibody (Jackson immunoresearch) Alexa- Fluor 555 conjugated

goat anti rabbit antibody (Life Technologies) or an AlexaFluor-647

conjugated goat anti rabbit antibody (Life Technologies) at 1:50 or

1:100 dilution. Cells were washed with PBS pH 7.4 and incubated

for 5 minutes at -20uC with 100% methanol. The wells were dried

under the fume hood and mounted with Vectashield with DAPI

(Vector Laboratories, Cat # H-1200). The imaging was done with

Olympus IX 71 inverted microscope using 4X, 10X and or 20X

objectives.

MUC1* antibody surface for ES and iPS cell culture
Varying concentrations of MN-C3 monoclonal anti-MUC1*

antibody was adsorbed onto the surfaces of either a standard tissue

culture plate or Vita plates (ThermoFisher) by diluting antibody to

125 mg/mL–3.25 mg/mL in PBS pH 7.4. 1 mL of antibody was

added to per well and incubated overnight at 4uC or at room

temperature for 3 hrs. Wells were rinsed in PBS pH 7.4 prior to

use.

Growth rate and doubling time measurement

For a daily growth rate of r: r~

ffiffiffiffiffiffi
Nt

N0

t

r
{1 where N0 is the

number of cells seeded at time t = 0, Nt is the number of cells

collected at time t (days), doubling time in hours (Td) is given by:

Td~
log (2)

log (1zr)
|

24hours

1day

Teratoma formation
ES cells serially passaged (p16) on a monoclonal anti-MUC1*

antibody (MN-C3) surface in NM23-H1-MM (1.5 million/site in

30% matrigel) were injected in the kidney capsule and in the testis

of mice (Foc Chase SCID-beige, male, 6weeks old from Charles

River) for teratoma formation analysis. Tumors were fixed over

night, embedded in paraffin, cut into 5 mm serial sections and

stained (Hematoxylin and eosin) to detect embryonic germ cell

layers (endoderm, mesoderm and ectoderm). The teratoma

formation and analysis was done by Applied Stem Cell (Menlo

Park, CA).

Real Time PCR
Total RNA was extracted from the samples using TRIzolH

Reagent (Life Technologies) per manufacturer’s instructions and

treated with TURBO DNA-freeTM kit (Life Technologies).

Quantification of FoxA2 (Applied Biosystems, Assay ID:

Hs00232764_m1), XIST (Applied biosystems Assay, ID:

Hs01079824_m1), Otx2 (Applied biosystems, Assay ID:

Hs00222238_m1), Lhx2 (Applied Biosystems, Assay:

Hs00180351_m1), Klf2 (Applied Biosystems, Assay ID:

Hs00360439_g1), Klf4 (Applied Biosystems, Assay

ID:Hs00358836_m1), Nanog (Applied Biosystems, Assay ID:

Hs02387400_g1), Oct4 (POU class 5 homeobox 1) (ABI assay

ID Hs007742896_s1) and GAPDH (Applied Biosystems, P/N:

4310884E), in the RNA samples was performed using TaqManH
One Step RT-PCR Master Mix Reagents (Applied Biosystems, P/

N: 4309169) per manufacturer’s instructions. For Figure 5i, cDNA

was first generated with Random Hexamers (Life Technologies)

using Super Script II (Life Technologies) and subsequently assayed

for the above genes using TaqManH Gene expression Master Mix

(P/N 4369016). The real-time PCR data were analyzed using the

comparative Ct method. The relative amount of each transcript in

each sample was obtained by computing the difference between

the target Ct and the corresponding GAPDH (DCt). A second

normalization was performed by subtracting the MEF/bFGF

sample DCt from all the others in the data set (DDCt).

NM23-H1/Anti-MUC1* mAb: A Defined Culture System

PLOS ONE | www.plosone.org 3 March 2013 | Volume 8 | Issue 3 | e58601



Results

Fibroblast Conditioned Media Cannot Support Stem Cell
Growth if Depleted of NM23-H1

Our previous work showed that ligand-induced dimerization of

the MUC1* growth factor receptor by NM23-H1 [31] supported

human stem cell growth [41]. Since fibroblast feeder cells, or their

conditioned media, are widely used for the growth of ES and iPS

cells, we investigated whether feeder cells were merely providing

stem cells with NM23-H1.NM23-H1 was immuno-depleted from

fibroblast feeder cell conditioned media (Fig. 1a, b) then tested for

the ability to support stem cell growth. Stem cells cultured in

bFGF and the NM23-H1-depleted conditioned media either did

not proliferate at all or prematurely differentiated (Fig. 1c, d)

compared to stem cells cultured in bFGF and the conditioned

media (Fig 1e, f). This raised the question of why conditioned

media plus bFGF are required if we previously showed that

NM23-H1 alone is sufficient. However, in our previous study a

mutant form of NM23-H1 (S120G) that prefers dimerization was

used. We therefore examined the effect of different NM23-H1

mutlimers on differentiation and on their ability to bind to their

cognate ligand, MUC1*.

NM23-H1 characterization and competitive inhibition of
the NM23-H1-MUC1* interaction

We discovered that the key to NM23-H1 function is its

multimerization state. NM23-H1 can exist as a monomer, dimer,

tetramer or hexamer, depending on its concentration, sequence

and method of expression [45,46]. We previously showed that

NM23-H1 is a ligand of MUC1* and that the MUC1* growth

factor receptor is activated by ligand-induced dimerization of its

extra cellular domain [42]. It therefore follows that the dimeric

form of NM23-H1 should be the multimer that promotes stem cell

growth and pluripotency. Notably, NM23-H1 mutants that prefer

dimer formation, such as NM23-H1 S120G, have been isolated

from cancers, which are cells that have lost their ability to limit

stem-like self-replication [45,47].

In order to test the function of various NM23-H1 multi-

merization states, we produced NM23-H1 wt and the S120G

mutant in different multimerization states. NM23-H1-wt exists

primarily as hexamers. S120G can exist as a hexamer or a dimer,

depending on the expression and purification protocol. Analysis by

size exclusion chromatography (SEC), native gel, and Western blot

showed that simply collecting the soluble fraction of NM23-H1

S120G results in a population that is predominantly hexameric

(NM23-H1S120G-hexamer). However, denaturing and refolding

NM23S120G produces a population consisting primarily of dimer

(Fig. 2a and Fig. S1a, b).

We tested the ability of NM23-H1 hexamers and dimers to bind

to the MUC1*ecd peptide in a direct binding assay using Surface

Plasmon Resonance (SPR) [48]. A synthetic MUC1*ecd peptide

was immobilized onto a gold chip [49]. NM23-H1-wt, NM23-

H1S120G-dimer, NM23-H1S120G-hexamer, or a sample containing

50% of NM23-H1S120G dimer were separately flowed over the

peptide surface. The amount of NM23-H1 that bound to the

peptide surface was a function of the amount of dimer present in

each sample (Fig. 2b). NM23-H1S120G-dimer showed robust

binding to the immobilized MUC1* peptide, while NM23-H1 -

wt and NM23-H1S120G-hexamer, which are mainly hexamers,

showed minimal binding. Note that the SPR signal is directly

proportional to the mass of the molecular species bound at the

solution-peptide surface interface [50]. Therefore, if the hexameric

form of NM23-H1 bound to the MUC1* peptide surface, the

greater mass of the hexamer should result in 3-times more

resonance units (RUs) than the dimer. The fact that the amount of

hexamer binding was minimal is consistent with the idea that

NM23-H1 hexamer does not bind to the MUC1* receptor.

To further explore the binding characteristics of NM23-H1

dimers versus hexamers, we performed a nanoparticle assay in

which the MUC1*ecd peptide was affinity immobilized on SAM-

coated gold colloids [44]. For this assay, all NM23-H1 variants

were expressed and purified with the Strep-tag II (Fig S2). The

addition of NM23-H1S120G-dimer induced a pink to blue solution

color change, indicating a specific binding to the MUC1* peptide

that can be inhibited by the addition of an anti-MUC1* Fab.

Figure 1 Conditioned media depleted of NM23-H1 no longer supports pluripotent stem cell growth. a) Conditioned media from either
murine (MEFs) or human (HS27) embryonic fibroblast cells was immuno-depleted of NM23-H1. Western blot confirmed that the depleted media no
longer contains NM23-H1. b) NM23-H1 was captured by affinity chromatography, eluted and its concentration quantified by the optical density at
280nm. Human conditioned media contains 5-times more NM23-H1 than murine conditioned media. Human ES cells on Matrigel were cultured with:
c, d) NM23-H1-depleted media, e, f) bFGF plus complete conditioned media. NM23-H1-depleted conditioned media induced differentiation (c, d).
doi:10.1371/journal.pone.0058601.g001

NM23-H1/Anti-MUC1* mAb: A Defined Culture System
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Conversely, the addition of NM23-H1-wt or NM23-H1S120G-

hexamer did not induce a color change, consistent with the notion

that the hexamer does not bind to the MUC1* receptor (Fig. 2c).

The ability of NM23-H1 dimers to support stem cell growth was

tested by reconstituting the NM23-H1 immuno-depleted condi-

tioned media (from fibroblast feeder cells) with NM23-H1S120G-

dimer. The results show that in contrast to the depleted media,

Figure 2. Different NM23-H1 multimers are generated and assayed for function. a) Recombinant NM23-H1 wt (wild type) and NM23-
H1S120G mutant were expressed using different protocols that resulted in the formation of different multimerization states, which were characterized
and then purified by size exclusion chromatography. Simple expression and collection of the soluble protein of NM23-H1 -wt and NM23-H1S120G

mutant results in a population that is essentially all hexamer. Denaturation and refolding of the NM23-H1S120G produces a stable dimer population. A
mixture of hexamers, tetramers and dimers was generated such that it contained ,50% dimer, NM23-H1S120G-mixed. b) NM23-H1S120G or wild type
multimers were tested by Surface Plasmon Resonance (SPR) to determine their ability to bind to a synthetic MUC1* extra cellular domain (ecd)
peptide immobilized on the chip surface. The amount of NM23-H1 binding to the MUC1* peptide corresponds to the concentration of dimer present
in each sample. c) Nanoparticles presenting the MUC1*ecd peptide were mixed with NM23-H1-wt, NM23-H1S120G-dimer or NM23-H1S120G-hexamer
containing the Strep-tag II. A nanoparticle color change from pink to blue/gray indicates binding. NM23-H1 dimer binds to the MUC1*ecd peptide at
64nM while the hexamer, whether wild type or S120G mutant, does not. The interaction was competitively inhibited by an anti-MUC1* Fab, showing
that the color change was due to the specific interaction between NM23-H1dimers and MUC1*ecd. d, g) H9 hES cells on Matrigel were cultured in: d)
NM23-H1S120G-dimer, e) NM23-H1S120G-hexamer, f) NM23-H1-wt or g) NM23-H1S120G-dimer plus a synthetic MUC1*ecd peptide (1 mM). Only NM23-
H1S120G-dimers supported pluripotent stem cell growth. Hexamers or inhibition of the NM23-H1S120G-dimer-MUC1* interaction resulted in immediate
differentiation. All images 4X. h) H9 hES cells were cultured in either bFGF plus conditioned media or in NM23-H1S120G-dimer, and then allowed to
differentiate by withholding the growth factor. Some cells cultured in NM23-H1S120G-dimer continued to receive the growth factor but also received
the MUC1*ecd peptide (1 mM) to competitively inhibit the NM23-H1-MUC1* interaction. miR-145, a marker for exit from pluripotency, is measured by
RT-PCR as a function of time. Competitive inhibition of the NM23-H1-MUC1* interaction caused an earlier spike in miR-145 than that by merely
withholding the growth factor, demonstrating that interrupting the NM23-H1-MUC1* interaction induces differentiation.
doi:10.1371/journal.pone.0058601.g002
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which induced differentiation, conditioned media that was

reconstituted with NM23-H1 dimers supported undifferentiated

stem cell growth that was indistinguishable from control cells.

More importantly, we discovered that the addition of NM23-

H1S120G-dimer eliminated the need for the addition of exogenous

bFGF (Fig. S3). To further explore the function of the

differentNM23-H1 multimers on stem cell pluripotency, we

cultured human ES cells in bFGF-free minimal stem cell media

(MM) containing either NM23-H1-wt, NM23-H1S120G-dimer or

NM23-H1S120G-hexamer. Culturing ES cells in NM23-H1S120G-

dimer, produced completely undifferentiated stem cells (Fig. 2d),

but NM23-H1S120G-hexamer and NM23-H1-wt (mostly hexa-

mers) rapidly differentiated (Fig. 2e and f). The addition of a

synthetic MUC1*ecd peptide to competitively inhibit interaction

between NM23-H1S120G-dimer and MUC1* resulted in the

highest degree of differentiation (Fig. 2g). Note that the

concentration of NM23-H1S120G-dimer used in the nanoparticle

assay was greater than the concentrations used in our stem cell

media due to insensitivity of the nanoparticle assay. NM23-

H1S120G-dimer was stable in the culture media over a period of 2

days (Fig. S4). These results demonstrate that it is the specific

interaction of NM23-H1S120G-dimer with the extra cellular

domain of the MUC1* growth factor receptor that promotes

pluripotency.

miR-145 spikes when NM23-H1-MUC1* interaction is
inhibited

An increase in miR-145 expression signals the stem cells’ exit

from pluripotency [51]. RT-PCR measurements showed that

inducing differentiation by withdrawing the growth factor (either

bFGF or NM23-H1 S120G-dimer) stimulates expression of miR-

145 with a peak at 144 hours. However, competitive inhibition of

the NM23-H1S120G-dimer-MUC1* interaction by the free MU-

C1*ecd peptide resulted in an earlier (96 hours) and larger spike in

the expression of miR-145 (Fig. 2h). The level of expression of

miR-145 indicates initiation of differentiation (Fig. S5). Non-

synchronized and non-uniform differentiation within a well can

give rise to differences. However, the two biological replicates

analyzed show the same trend in miR-145 expression. These

results confirm that inhibition of NM23-H1S120G-dimer -MUC1*

interaction induces differentiation and that only dimeriztion of the

MUC1* growth factor receptor’s extra cellular domain by NM23-

H1S120G-dimer promotes self-renewal of pluripotent stem cells.

Performance of NM23-H1 Minimal Media Compared to
bFGF-Based Media

Human ES cells, serially passaged in NM23-H1S120G-dimer in

minimal stem cell media (NM23-H1-MM), grew comparably to

cells cultured in bFGF on feeder cells or in bFGF with conditioned

media on Matrigel (Fig. S6 a-d). Immunocytochemistry (ICC)

confirmed that the cells grown in NM23-H1-MM expressed the

typical pluripotency markers (Fig. 3a) and karyotype was normal

(Fig. S7a). H9 human ES cells cultured in NM23-H1-MM were

also able to differentiate down all three germlines. Cells were

allowed to differentiate by the embryoid body method [52,53]

(supplemental method), then stained for three germline markers:

alpha feto protein, smooth muscle actin and nestin. Both the stem

cells cultured by standard methods in bFGF and stem cells

cultured in NM23-H1-MM differentiated down all three germ-

lines, but interestingly, in many cases most of the cells within a

single embryoid body committed to the same cell fate (Fig. 3b-d).

In contrast, stem cells grown by stimulating the FGF pathway do

not exhibit this uniform differentiation; in each cell cluster,

multiple nuclei do not express the marker that is being assayed for,

indicating that neighboring cells are differentiating down a

different germline (Fig. 3e-g). Quantitative analysis of embryoid

body ICC images verified that the percentage of cells, within an

embryoid body, that were differentiating down the same germline

was higher when cells had been cultured in NM23-H1-MM than

when they were cultured in bFGF (Fig. 3h).

iPS cells cultured in NM23-H1-MM grew faster than the

control cells cultured in bFGF, requiring passage several days

earlier than the control cells, and when on feeder cells formed

larger, more well-defined colonies (Fig. S6 e, f). The iPS cells

cultured in NM23-H1-MM grew as well on Matrigel as they had

on the feeder cells (Fig. S6g) expressed the typical pluripotency

markers (Fig. 3i), and had unchanged karyotype (Fig. S7b).

Novel Stem Cell Growth Surface
Because the biochemical nature of a surface can alter

characteristics of stem cells, we developed a novel stem cell

growth surface comprised only of components known to promote

pluripotency. We reasoned that if ligand-induced dimerization of

the MUC1* extra cellular domain is sufficient for stem cell growth

and MUC1* is expressed on all undifferentiated stem cells [41], we

could design a surface that heightens this interaction and

eliminates the need for other factors that may introduce unwanted

effects. We coated the surface of a multi-well cell culture plate with

anti-MUC1*ecd antibodies that function as both a method for stem

cell attachment and for stimulating growth by dimerizing the

MUC1* receptor. Stem cells attached to the surface as a function

of antibody concentration, with maximal cell attachment reached

at 30 mg/mL of antibody in the coating solution; essentially no

stem cells attached to an identical surface coated with an irrelevant

control antibody (Figure 4a). By switching to a plate with a high

protein binding capacity surface (Vita, ThermoFisher), the

concentration of antibody in the coating solution, required for

maximal stem cell attachment was reduced by more than half to

12.5 mg/mL (Figure 4b–e). Antibody concentrations on plate

surfaces were stable over the four day growth period, under typical

stem cell growth conditions (data not shown). When stem cells

were plated onto surfaces coated with a monoclonal anti-MUC1*

antibody, proliferation was observed even when no growth factor

was added into the media–presumably due to the dimerization of

MUC1* from the surface-immobilized antibodies. However,

growth rate was vastly improved by the use of NM23-H1 dimers

in the minimal media (data not shown). In some cases, a Rho

kinase inhibitor [54] was present during the first 48 hours, which

increased attachment to the surfaces, but did not affect survival.

We next compared the growth rates of stem cells cultured in this

new system to other more standard methods. Doubling time was

measured for a number of human stem cells lines, when cultured

in NM23-H1 on our antibody surface, bFGF on MEFs or mTeSR

on Matrigel as well as for mouse ES cells cultured in LIF on MEFs.

Because cells undergo a temporary decrease in growth rate when

transitioning from bFGF-based media to NM23-H1 media,

doubling times were measured for cells in transition as well as

for steady state growth in NM23-H1 (Fig. 4f, red circles). Once

cells transition to the NM23-H1 media, cells grew at about the

same rate as cells cultured in mTeSR, which was almost twice as

fast as cells cultured in bFGF on MEFs, but a bit slower than

mouse ES cells (Fig. 4f).

After 20 passages in NM23-H1-MM on anti-MUC1* antibody

surfaces, measurement of pluripotency genes by immunocyto-

chemistry (ICC) (Fig. 5 a, b) and FACS analysis (Fig. S8 a–d)

confirmed that human stem cells (ES and iPS) cultured with our

system were pluripotent. The stem cells cultured in NM23-H1 on
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Figure 3. Human ES cells serially passaged in NM23-H1-MM express pluripotency markers, differentiate down all three germlines
and display coordinated differentiation. H9 hES cells on Matrigel were cultured for at least six passages in either NM23-H1-MM (minimal stem
cell media) or bFGF plus MEF conditioned media. a) NM23-H1-MM cultured cells stained positive for the presence of the typical pluripotency markers..
NM23-H1 cultured cells were allowed to differentiate by the embryoid body method (Methods S1) then stained with nuclear marker DAPI and
antibodies against markers of the three germlines: b, e) endoderm - alpha feto protein, c, f) ectoderm - nestin, and d, g) mesoderm - smooth muscle
actin. Cells cultured in either NM23-H1-MM or bFGF-CM both differentiated down all three germlines. Cells that had been cultured in NM23-H1-MM
displayed apparently coordinated differentiation with most cells in a cluster differentiating down the same germline (b–d), whereas cells cultured in
bFGF did not (e–g). h) The percentage of cells in each cluster that expressed the same germline marker was quantified (n = 5 to 7). Cells that had been
cultured in NM23-H1-MM have a higher percentage of cells in the same cluster differentiating down the same germline than cells that had been
cultured in bFGF. i) iPS cells on Matrigel, cultured for six passages in NM23-H1-MM stained positive for the presence of the typical pluripotency
markers. All images 4X
doi:10.1371/journal.pone.0058601.g003
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anti-MUC1* surfaces had unchanged karyotype after more than

28 passages (Fig. S7c, d). ES and iPS cells, after passage 20 and

passage 28 respectively, differentiated down all three germlines

(Fig. 5c–h). As a further demonstration of pluripotency, stem cells

cultured in NM23-H1 over anti-MUC1* antibody surfaces readily

formed teratomas that showed characteristics of all three germlines

(Fig. 5i–q).

To assess the general applicability of our defined stem cell

growth system, we compared the expression levels of pluripotency

genes and miR-145, an indicator of the cell’s exit from

pluripotency, for several stem cells lines (iPS, H14, H7 and H9)

that were cultured in either NM23-H1-MM on anti-MUC1*

antibody surfaces or in bFGF on MEF feeder cells for 10–12

passages. Stem cells cultured in NM23-H1-MM on anti-MUC1*

antibody surfaces express essentially the same or higher levels of

the pluripotency genes than cells cultured in bFGF on MEFs (Fig.

S9). These results clearly indicate that our system not only allows

the maintenance of self renewal but, more importantly, promotes

pluripotency.

Naı̈ve or Primed
To further assess the quality of stem cells cultured in NM23-H1-

MM on anti-MUC1* antibody surfaces, we measured expression

levels of a subset of genes that are thought to be indicators of

Figure 4. Anti-MUC1* antibodies are a novel surface coating that enables stem cell attachment and growth. a) An anti-MUC1* rabbit
polyclonal antibody or a control IgG antibody were adsorbed at varying concentrations onto a tissue culture treated multi-well plate. BGO1V/hOG
hES cells were plated onto the surfaces and allowed to grow for 48 hours. A Calcein AM assay to quantify cell number was performed. Anti-MUC1*
antibody, but not the control antibody, enabled stem cell attachment and growth. BGO1V/hOG hES cells were cultured for 20 passages in NM23-H1-
MM without a decrease in pluripotency or change in karyotype (data not shown). b–e) H9 hES cells (b, c) or iPS cells (d, e) were plated onto VitaTM

multi-well plates, reported to have higher protein binding capability, that were coated with either 3.12 mg/mL (b, d) or 12.5 mg/mL (c, e) of a
monoclonal anti-MUC1* antibody, MN-C3. Cells attached and proliferated as a function of antibody concentration, with maximal attachment
observed at 12.5 mg/mL. f) Doubling times forhuman ES cells (H9 or HES-3), human iPS cells and mouse ES cells were measured as a function of
various culture media and surfaces. The traces marked by red circles/dotted line and red circles/dashed line (human H9 ES and iPS cells, respectively)
show the change in doubling time as cells transition from bFGF-based media to NM23-H1 media on anti-MUC1* surface.
doi:10.1371/journal.pone.0058601.g004
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human stem cells being in the ‘‘naı̈ve’’ or ground state. In addition

to Oct4 and Nanog, Klf4 and Klf2 are usually high in naı̈ve stem

cells, while FoxA2, XIST (an indicator of chromosome X-

inactivation), Otx2 and Lhx2 are very low or not expressed. The

reverse pattern of gene expression happens when cells are in the

‘‘primed’’ state, which is thought to be a more committed state.

We compared expression levels of these genes in stem cells that

were cultured in either NM23-H1-MM on anti-MUC1* antibody

Figure 5. ES and iPS cells cultured long-term in NM23-H1-MM on Anti-MUC1* surfaces express pluripotency markers and
differentiate down all three germlines. a, b) H9 ES cells and iPS cells serially passaged on a monoclonal anti-MUC1* antibody surface in NM23-
H1-MM stained positive for typical pluripotency markers. c, h) After more than 20 passages (H9, P20; iPS, P28), cells were allowed to differentiate by
embryoid body method (see Methods S1). Staining with nuclear marker DAPI and antibodies against markers of the three germlines, endoderm -
alpha feto protein (c, f), ectoderm–beta-III-tubulin (d, g), and mesoderm - smooth muscle actin (e, h) shows that the cells differentiate normally down
all three germlines. (All images 4X). i–q) ES cells serially passaged (p10) on a monoclonal anti-MUC1* antibody surface in NM23-H1-MM were injected
in the kidney capsule and in the testis of mice for teratoma formation analysis (Applied Stem Cell, Menlo Park, CA). Tumors were fixed, embedded in
paraffin, cut into sections and stained (Hematoxylin and eosin) to detect embryonic germ cell layers (endoderm, mesoderm and ectoderm). Typical
structures from each germ layer were detected. All images x200.
doi:10.1371/journal.pone.0058601.g005
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surfaces, bFGF on MEF feeder cells or mTeSR on Matrigel. Stem

cells cultured in NM23-H1-MM on anti-MUC1* antibody

surfaces expressed higher levels of naı̈ve markers and lower levels

of primed markers compared to cells cultured in bFGF on MEFs

or in mTeSR on Matrigel (Fig. 6a). Cells cultured in mTeSR on

Matrigel expressed higher levels of the genes that are indicators of

the primed state, and lower levels of most of the naı̈ve markers

than cells cultured in bFGF over MEFs (Fig. 6a). A statistical

analysis shows that the differences in gene expression between our

system and other culture conditions are highly significant (Fig.

S10). With successive passage number, a trend toward the naı̈ve

state was noted when stem cells were cultured in NM23-H1-MM

(Fig. 6b). A statistical analysis shows that the correlation between

increase of naı̈ve markers expression and passage number is highly

significant (P,0.0001, Fig. S11a). However, no significance was

observed for the expression of the primed markers over the

passage number (P = 0.482, Fig. S11a). Similar analysis of stem

cells cultured in mTeSR on Matrigel did not show any correlation

between gene expression and passage number (Fig. 6c, Fig. S11b).

Although stem cells that were harvested for RT-PCR quantifica-

tion were essentially 100% pluripotent by visual inspection based

on cell morphology and nucleus to cytoplasm ratio, it is possible

that large standard errors or lack of an apparent trend is due to

having a cell population that contained some newly differentiating

cells. To assess the contribution of surface alone, we plated ES cells

that had been growing for 45 passages in bFGF on MEFs onto a

layer of recombinant Vitronectin. The cells were then cultured in

either NM23-H1-MM, bFGF plus MEF conditioned media or

mTeSR for a single passage then assayed for expression of a subset

of the naı̈ve and primed markers. Although cells cultured in

NM23-H1-MM showed higher expression of the naı̈ve markers

and lower expression of the primed markers compared to either

bFGF or mTeSR, growth on Vitronectin resulted in decreased

expression of naı̈ve markers and increased expression of primed

markers for all the media tested (Fig. S12). These results imply that

growth on Vitronectin tends to prime stem cells.

To further investigate the naı̈ve versus primed state of human

stem cells cultured in NM23-H1 media on antibody surfaces, we

looked at the pattern of a specific histone modification. Female

stem cells in the primed state have already undergone X-

inactivation (XaXi), whereas cells in the naı̈ve or true ground

state cells have two active X chromosomes (XaXa) [25]. One way

to measure the X-activation state is to measure expression levels of

the XIST gene, which is a non-translated RNA transcript that

binds to the chromatin of the inactive X-chromosome and can be

elevated when X is inactivated. However, a more stringent method

is to visualize the expression pattern of tri-methylated (Lysine 27)

histone 3 (‘‘H3K27me3"). ICC staining of H3K27me3, stains the

entire genome at a low level that has been described as a weakly

stained ‘‘cloud’’, while the condensed inactive X chromosome, of

the primed state, makes H3K27me3staining appear as a discrete

spot [26]. We measured the change in the pattern of H3K27me3

as we transitioned human ES cells from culture in bFGF over

MEFs to NM23-H1-MM over an anti-MUC1* antibody surface,

then back again to culture in bFGF over MEFs. Human stem cells

cultured in bFGF were 100% in the inactive X state, indicated by

the condensed dot pattern of H3K27me3 staining (Fig. 7a). In

stark contrast, after ten passages in NM23-H1-MM over anti-

MUC1* antibody surface, cells were about a 50/50 mix of cells

with active X and inactive X (Fig. 7b). When the cells were

returned to culture in bFGF, ,85% of the cells showed X-

inactivation by the second passage and 94% by the fourth passage

(Fig. 7c). When stem cells were transitioned from culture in bFGF

to culture in NM23-H1-MM, the percentage of cells with two

active X chromosomes increased with passage number. By passage

eight, ,50% of the stem cell population had reverted to the XaXa

state (data not shown). We observed that the distribution of cells

having active or inactive X appeared to be clustered within a

population, suggesting that X activation status was clonal,

consistent with the findings of Hanna et al [26]. Stem cells

cultured in NM23-H1-MM for 14 passages were serially diluted

and allowed to grow until isolated colonies were observed. The X

activation status of the resultant colonies was determined by ICC

staining of H3K27me3. We found that colonies that resulted from

limiting dilution were either 100% XaXa or 100% XaXi. Two

such clones are shown in Figure 7d and e.

Another characteristic of human stem cells in the naı̈ve state is

that they tolerate serial dissociation using trypsin, proliferate even

when plated at very low densities and have increased single cell

cloning efficiency compared to primed cells [26]. Trypsinization to

single cells was performed routinely for all NM23-H1 cultured

cells described here, but was not tolerated by bFGF-grown cells.

We then compared the single cell cloning efficiency of human ES

cells cultured in NM23-H1-MM over anti-MUC1* antibody

surfaces to that of the same cells cultured in bFGF over MEFs.

Either 1,000 (Fig. 8 a and c) or 3,000 (Fig. 8 b and d) ES cells were

plated per well of a 6-well plate and allowed to grow for six days

until colonies were visible. Colonies were stained for alkaline

phosphatase and counted. Stem cells cultured in the NM23-H1

system reached a cloning efficiency of 21% compared to only

1.4% for cells cultured in bFGF (Fig 8e). By analogy to mouse

naı̈ve cells, we could have expected cloning efficiencies of 30% or

higher. However, these experiments were performed with human

stem cells, which by H3K27me3 analysis were only 50% in the

pre-X-inactivation or true ground state. Yet another morpholog-

ical characteristic of naı̈ve mouse stem cells state is that they grow

in dome shaped colonies rather than as flattened colonies. Human

stem cells that were reverted to the naı̈ve state by genetically

modifying the cells and culturing in the presence of certain

inhibitors have also reported dome shaped colony morphology.

We observed that human ES and iPS cells cultured in NM23-H1-

MM on antibody surfaces didn’t resemble the dome shaped mouse

colonies or the flattened colonies of primed cells. Cells cultured in

NM23-H1-MM on antibody surfaces were flattened but grew as

uniform sheets of cells rather than colonies. One reason for the

morphological difference (dome versus flat) could be due to the

different substrates to which the stem cells are bound. In both the

genetically modified human naı̈ve stem cells and the murine naı̈ve

cells, the substrate is MEFs, whereas we used an antibody coated

surface.

Discussion

We have demonstrated that NM23-H1-MM alone, in a defined,

xeno-free media that is devoid of bFGF or any other growth

factor, supports long term growth of both human ES and iPS cells

on a novel defined, xeno-free surface. NM23-H1 in dimeric form

binds to and dimerizes the extra cellular domain of the cleaved

form of MUC1, called MUC1*. This NM23-H1-MUC1*

interaction promotes pluripotency; competitive inhibition of this

specific interaction induced differentiation and a concomitant

spike in the expression of miR-145, a marker for exit from

pluripotency. The novel surfaces we constructed are comprised of

anti-MUC1* antibodies. Undifferentiated stem cells express

MUC1* but revert to the quiescent full-length MUC1 as soon as

the cells initiate differentiation [41]. The anti-MUC1* monoclonal

antibody recognizes the clipped MUC1* form but not full-length

MUC1. These MUC1* antibody surfaces not only selectively
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Figure 6. Human stem cells cultured in NM23-H1-MM over anti-MUC1* antibody surfaces express higher levels of naı̈ve markers
and lower levels of primed markers. RT-PCR was used to quantify expression of a subset of naı̈ve markers that included Oct4, Nanog, Klf4 and
Klf2, which should be high in the naı̈ve state, and a subset of primed markers that included FoxA2, XIST, Otx2 and Lhx2, which are high in the primed
state but low in the naı̈ve state. Measurements were normalized to housekeeping gene GAPDH and expressed as fold change to H9 ES cells cultured
in 4ng/ml bFGF over MEFs (control, n = 3). a) H9 ES cells cultured in NM23-H1-MM on anti-MUC1* antibody (MN-C3) surfaces, on average, showed
increased expression of naı̈ve markers and decreased expression of primed markers (n = 6). Conversely, H9 cells cultured in mTeSR over Matrigel
showed decreased expression of naı̈ve markers and increased expression of primed markers (n = 4). b) Individual measurements of the subset of naı̈ve
or primed markers are plotted as a function of passage number for NM23-H1-MM over anti-MUC1* antibody surfaces and c) for mTeSR over Matrigel.
The trend toward the naı̈ve state increased with successive passage in NM23-H1-MM but not with mTeSR. Large standard error for some experiments
may be due to contamination of visually pluripotent stem cells with newly differentiating stem cells. For statistical analysis see Fig. S10 and S11.
doi:10.1371/journal.pone.0058601.g006
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capture pluripotent stem cells but also stimulate a pathway shown

to promote growth and pluripotency.

ES and iPS cells that were serially passaged in NM23-H1 media

on the novel surfaces for more than 20 passages, expressed all the

typical markers of pluripotency and were able to differentiate

down all three germlines. Unexpectedly, stem cells grown in

NM23-H1 media differentiated coordinately, often with every cell

in a cluster committing to the same cell fate. This behavior was not

observed for stem cells that had been cultured in media containing

bFGF.

The combination of the anti-MUC1* antibody surface and our

NM23-H1 media uniquely produces human stem cells that have a

pattern and level of gene expression that is indicative of the stem

cell naı̈ve state. They express increased levels of markers of the

‘‘naı̈ve’’ state and decreased levels of markers of the ‘‘primed’’

state, compared to stem cells cultured in standard bFGF-based

Figure 7. hES cells cultured in NM23-H1-MM on Anti-MUC1* surfaces are pre X-inactivation, characteristic of naı̈ve state. a) Staining
with nuclear marker DAPI and antibodies against tri-methylated (Lys27) Histone 3 shows that ES cells cultured in bFGF over MEFs are XaXi or post X-
inactivation, characteristic of primed state. b) The cells shown in (a) were then transferred to anti-MUC1* antibody surfaces and cultured in NM23-H1
media for 10 passages then stained for X-activation status as in (a). The confocal images show a 50/50 mix of regions that are XaXa (dotted region)
and others that are XaXi. c) The ES cells shown in (b) were then transferred back again to culture in bFGF over MEFs for 4 passages and images show
95% reversion to the XaXi, characteristic of primed state. d, e) ES cells cultured in NM23-H1 media over an anti-MUC1* antibody surface for 14
passages were serially diluted and allowed to grow until isolated colonies were observed. Cells were stained with nuclear marker DAPI and antibodies
against tri-methylated (Lys27) Histone 3 to measure Chromosome-X status. X-activation status was clonal as we isolated clones with 100% X-
inactivated (XaXi) and clones with 100% X-activated (XaXa).
doi:10.1371/journal.pone.0058601.g007
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media. ES and iPS cells cultured in this bFGF-free system also

displayed other aspects that are characteristic of the naı̈ve state.

They were not adversely affected by trypsinization to single cells,

could be plated at very low densities without suffering ill effects.

The cloning efficiency of ES cells cultured in NM23-H1-MM over

an antibody surface was 15 times greater than that of cells cultured

in bFGF over MEFs. In support of the idea that MUC1* is a

primal growth factor receptor that is critical to the maintenance

and induction of pluripotency, we note that both OCT4 and

SOX2 bind to the promoters of Muc1 and its cleavage enzyme

MMP16[55].

We have demonstrated that the multimerization state of NM23-

H1 determines its function. NM23-H1 dimer cooperatively binds

to and dimerizes the extra cellular domain of MUC1*, which

promotes growth and pluripotency; NM23-H1 hexamer does not

dimerizes MUC1* and instead induces differentiation. Undiffer-

entiated stem cells secrete NM23-H1, so as they approach some

critical density when they need to initiate differentiation, the local

concentration of NM23-H1 in their surrounding media consists

primarily of hexamer, which triggers differentiation. Discrete

multimers, like the NM23-H1 dimer and hexamer that exert

opposite effects are able to exercise exquisite control over the

pluripotency state and constitute an ON/OFF switch. Over a very

narrow range of concentrations, NM23-H1 switches from a

differentiation repressor to a differentiation inducer, making

NM23-H1 the ‘‘pluripotency switch’’.

Supporting Information

Figure S1 Protocol developed that produces recombi-
nant NM23 as a stable population of dimer. a) Recombi-

nant NM23-wt or S120G mutants that had been purified from the

soluble portionor S120G that had been denatured then refolded to

form a dimer population or preparation that resulted in an

approximate 50/50 mix of dimer and hexamer were analyzed on a

Native gel to determine which protocols produced which multi-

mers. Protein was loaded at 5 mg and 10 mg total protein per well.

b) Western blot was performed on a Native gel in which the

various preparations of NM23-wt or S120G mutant were loaded

at very low concentrations comparable to those used in our stem

cell culture (8, 16 and 32 nM). At these concentrations, NM23-wt

and NM23S120G-hexamer were predominantly hexamer and

NM23S120G-dimer was predominantly dimer.

(TIF)

Figure S2 Characterization of protein expressed with
the StrepTag II. FPLC traces are shown for recombinant

NM23-H1-wt, NM23-H1S120G-hexamer and NM23-H1S120G-

dimer containing the Strep-tag II that were previously purified

by size exclusion chromatography.

(TIF)

Figure S3 The addition of recombinant NM23 to NM23-
depleted conditioned media eliminates the need for
added bFGF. a) hES cells on Matrigel grew pluripotently in

standard bFGF plus conditioned media from human HS27 feeder

cells (control); b) The same cells were cultured in bFGF plus HS27

conditioned media that had been immuno-depleted of NM23 and

cells immediately differentiated. c) Cells cultured in bFGF plus

depleted conditioned media that had been reconstituted with

recombinant NM23 grew pluripotently and indistinguishably from

the control. d) Cells cultured in absence of bFGF in depleted

conditioned media that had been reconstituted with recombinant

NM23 grew as well as the control showing that the requirement

for bFGF is eliminated by addition of recombinant NM23.

(TIF)

Figure S4 The stability of NM23S120G-dimer under
culture conditions was tested. NM23S120G-dimer was added

to cell culture media and kept in a CO2 incubator for up to

48 hours, then analyzed by western blot, which showed that no

denaturation occurred within the time frame required for use in

stem cell culture.

(TIF)

Figure 8. hES cells cultured in NM23-H1-MM on Anti-MUC1* surfaces have a single cell cloning efficiency that is 15 times higher
than the cloning efficiency of ES cells cultures in bFGF over MEFs. a-d) Cloning efficiency of ES cells cultured in NM23-H1 media over anti-
MUC1* antibody surfaces or cultured in bFGF over MEFs. Cells were plated at density of 1,000 (a and c) or 3,000 (b and d) cells/well and cultured for
six days and formed colonies were stained with alkaline phosphatase. e) Stained colonies were counted and cloning efficiency was calculated. ES cells
cultured in the NM23-H1 media over an anti-MUC1* antibody surface have a cloning efficiency of 21%.
doi:10.1371/journal.pone.0058601.g008
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Figure S5 Withdrawal of growth factor NM23-H1
S120G-dimer and inhibition of NM23-H1-MUC1* inter-
action induce differentiation. H9 hES cells were cultured in

either bFGF plus conditioned media or in NM23-H1S120G-dimer,

and then allowed to differentiate by withholding the growth factor

(a-d and e-h, respectively). Some cells also received the MUC1*ecd

peptide (1 mM) to competitively inhibit the NM23-H1-MUC1*

interaction (i–j). Withdrawing the growth factor bFGF or in

NM23-H1S120G-dimer induces differentiation with a maximum at

144 h. However, blocking the interaction between in NM23-H1

and MUC1* prematurely induces differentiation (96 h).

(TIF)

Figure S6 ES and iPS cells cultured in NM23-MM grow
comparably to cells cultured in bFGF as assessed by cell
morphology. a, b) Human H9ES cells cultured on MEFs in

either NM23-MM or bFGF both appear to grow as undifferen-

tiated stem cell colonies. c, d) H9s on Matrigel that were cultured

in either NM23-MM or bFGF plus MEF conditioned media

appear to grow comparably as pluripotent colonies. e, f) iPS cells

cultured in NM23-MM on MEFs grew faster than the same cell

line cultured in bFGF. g) iPS cells grew as well on Matrigel as they

had on MEFs. All photos at 4X magnification.

(TIF)

Figure S7 hES and iPS cells karyotypes. H9s and iPS on

Matrigel that had been serially passaged at least six (6) times had

normal karyotype (a and b). H9s and iPS cells on a monoclonal

anti-MUC1* antibody (MN-C3) surface that had been serially

passaged at least six (6) times had normal karyotype (c and d).

(TIF)

Figure S8 Quantification, by fow cytometry, of the
pluripotency markers expressed on the cell surface of
human stem cell cultured in NM23-H1-MM over anti-
MUC1* antibody surfaces. a and d) The pluripotency

markers Tra 1-60 (a), SSEA-4 (a) and SSEA-3 (b) are expressed

on the cell surface. c) The differenciation marker CXCR4 is barely

expressed on the cell surface. d) percentage of cells expressing the

different markers tested.

(TIF)

Figure S9 iPS, H14, H7 and H9 cells cultured in NM23-
H1-MM on anti-MUC1* surfaces express essentially the
same or higher levels of the pluripotency genes than
cells cultured in bFGF on MEFs. a) A number of stem cells

were cultured in either bFGF over MEFs or NM23-H1-MM over

anti-MUC1* antibody MN-C3 surfaces for 10–12 passages, then

assayed by RT-PCR to measure expression levels of pluripotency

genes Oct4, Nanog, Klf4, and Klf2 and miR-145, an indicator of

the cell’s exit from pluripotency. Growth in NM23-H1-MM on

anti-MUC1* ab surfaces maintains pluripotency over multiple

passages for several cell lines with the same or increased expression

of the pluripotency genes compared to growth in bFGF over

MEFs. b). Welch t-test, assuming unequal variances, was used to

calculate the p-values.

(TIF)

Figure S10 The difference of expression of naı̈ve and
primed markers between hES cells cultures in NM23-
H1-MM over anti-MUC1* antibody surfaces and hES
cells cultured in bFGF on MEFs is statistically signifi-
cant. Welch t-test, assuming unequal variances, was used to

calculate the p-values.

(TIF)

Figure S11 The correlation between increase of naı̈ve
marker expression and passage number of hES cells
cultures in NM23-H1-MM over anti-MUC1* antibody is
statistically significant. a) Naı̈ve and primed gene expression

scatter plot matrix for hES cells cultures in NM23-H1-MM over

anti-MUC1* antibody. b) naı̈ve and primed gene expression

scatter plot matrix for hES cells cultures in mTeSR on Matrigel.

We found a statistically significant correlation between passage

number of expression in the naı̈ve genes (r = 0.32, p,0.0001) but

there was not a statistically significant correlation in the primed

genes (r = 20.05, p = 0.4820) or in naı̈ve or primed gene of cells

cultures in mTeSR on Matrigel.

(TIF)

Figure S12 Expression of naı̈ve and primed markers of
human stem cells cultured over vitronectin compared to
human stem cells cultured in NM23-H1-MM over anti-
MUC1* antibody surfaces. H9 cells that had been serially

passaged in bFGF on MEFs for 45 passages were plated onto a

layer of recombinant Vitronectin and cultured in either bFGF plus

MEF conditioned media, mTeSR, or NM23-H1-MM for a single

passage (n = 1). All values were expressed as fold change to the

control of H9 ES cells cultured in 4 ng/ml bFGF over MEFs and

values for NM23-H1-MM over anti-MUC1* antibody surface is

added for comparison. Overall, expression of naı̈ve markers

decreased and primed markers increased after plating onto

Vitronectin.

(TIF)

Methods S1 Supplementary Methods.
(DOC)
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