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chips to achieve statistical sound cell numbers. Recently 
emerging mass cytometry-based methods [115] read the sta-
ble lanthanide isotope tags attached to antibodies using 
metal-chelating labeling reagents and allow reading of up to 
30 channels (proteins) or more in a large number of cells.

 Known Quantitative Models for Stem Cells

ESCs are becoming a major subject for quantitative model-
ing due to the relatively high level of understanding of this 
particular system. Early models focused on the structure of 
the core pluripotency network and transitions between alter-
native pluripotent states, corresponding to dynamic attrac-
tors. Three potential scenarios were identified, all producing 
bimodal statistical distributions for Nanog concentrations, 
observed in ESC culture in vivo [29]. In the first scenario, 

highly cooperative interactions between the core components 
produced a classical bistable switch with two attractors, the 
first corresponding to the high and the second corresponding 
to the low concentration of Nanog (see Fig. 4a, b) [28, 30]. It 
has been assumed that stochastic variations in gene expres-
sion may lead to transition between the states without loss of 
pluripotency [46]. Addition of a transcriptional repressor to 
the core pluripotency network produced a second scenario—
oscillation (Fig. 4c, d) [30]. Interestingly, in the context of 
the oscillator model, no stochastic noise is actually required 
to achieve transition between the suggested “high” and the 
“low” states. Inhibition of the core circuit may reflect known 
antagonistic interactions between the transcriptional regula-
tors Cdx2 and Oct4 [116], Zfp281 and Nanog [117], or Tcf3 
and Nanog [118]. Some of the core factors, such as Oct4, 
may be involved in both activation and repression [3]; the 
dual regulation  properties of such pluripotency factors open 

Fig. 4 Known models for embryonic and hematopoietic stem cells. 
(a–f) Models for pluripotency in ESC. Dynamic solutions (phase 
spaces) are shown for the suggested network configurations. 
Cooperative interactions between the core factors (a) may produce a 
bistable system (b) with two-point attractors; (c) unilateral repression, 
combined with self-activation, produces oscillatory behavior (limit-
cycle attractor (d)); (e) mutual repression results in bistability (f) but 

with different distribution of the point attractors. (g) Model describing 
alternative cell lineage commitment in ESC. Two loosely linked 
bistable switches ensure choice between endoderm (Gata6 expression) 
and trophectoderm (Cdx2 expression) lineages. (h) Two parallel 
bistable switches reinforce each other and govern alternative commit-
ment of hematopoietic progenitors (here HSC) to erythroid or myeloid 
cell fates. Possible core HSC circuit is shown by the gray nodes
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that Math1-mutant mini-guts (see below) fail to
grow in vitro, which implies a crucial in vitro de-
pendence on another signal provided by Paneth
cells, probably Wnt3. Indeed, Wnt3−/− crypts grow
normally in vivo but fail to grow in vitro (13).
Together, Paneth cells fulfill a stem cell niche
function. In vivo, Wnts are also provided by sur-
rounding mesenchyme (13), whereas R-spondins
and BMP inhibitors are distinctly provided from
nonepithelial sources.

Epithelial Mini-Gut Culture
It has generally been thought impossible to es-
tablish long-term cultures from primary adult tis-
sues without inducing genetic transformation.
Indeed, the Hayflick limit indicates that somatic
cells have a limited proliferative potential (23).
Yet, we have recently established an in vitro cul-
ture system to grow three-dimensional (3D) intes-
tinal epithelial organoids (“epithelial mini-guts”)
from a single Lgr5-CBC cell for periods greater
than 1.5 years (24). We employed R-spondin-1, a
Wnt signal enhancer, that was later discovered as
the physiological ligand of Lgr5: The R-spondin–
Lgr5 interaction augments Wnt signal strength
initiated by the interaction ofWnt with Frizzled
and Lrp (25, 26) (Fig. 1C). R-spondins are cru-
cial in vivo. Gut-specific depletion of Lgr4 and -5
leads to the demise of crypts (26, 27), whereas
exogenous R-spondin-1 induces hyperplasticity of
crypts (28). The isolated crypts require Matrigel
(BD Biosciences, San Jose, CA), a 3D laminin-
and collagen-rich matrix that mimics the basal
lamina. A cocktail of R-spondin, EGF, andNoggin
represents the minimal, essential stem cell main-
tenance factor cocktail. For colon crypt culture,
Wnt ligand is an additional factor required to
maintain Lgr5-CBC cells, because the epithelium

makes little, if any, Wnt. Of note, this approach
also allows derivation of intestinal organoids from
induced pluripotent stem cells (29). In an alter-
native approach, intestinal fragments containing
epithelial and mesenchymal components from
neonatal mice were grown for several months
in a collagen gel with air-liquid interface in the
presence of serum. The expanding cystic struc-
tures consisted of a simple epithelium of all cell
types surrounded by myofibroblasts and were
responsive to R-spondin-1 and Notch inhibition.
They did not develop defined crypt- and villus-
like domains (30).

Single crypts can be readily isolated frommouse
or human intestine by EDTA-based Ca2+/Mg2+

chelation. Such crypts grow into 3D organoids
under the culture conditions described. Culturing
of single stem cells is inefficient at 1 to 2% plat-
ing efficiency, whereas up to half of the stem
cell–Paneth cells doublets form organoids in vitro
(19). This doublet assay has allowed demonstra-
tion that Paneth cells monitor the metabolic state
to fine-tune stem cell activity (31).

In vitro–generated organoids occur as cysts
with a central lumen flanked by a simple, highly
polarized villus epithelium.Multiple cryptlike struc-
tures project outward (Fig. 2B). The basal side of
the cells is oriented toward the outside, touching
the matrigel, whereas enterocyte brush borders
form the luminal surface. Secretion by Paneth and
goblet cells occurs toward the lumen. The or-
ganoids can be passaged weekly at a 1:5 ratio for
at least 1.5 years, with a phenotype and karyotype
that remain unchanged. Mechanically disrupted
organoids rapidly reseal. Self-renewal kinetics and
cell-type composition closely resemble the in vivo
situation. Notably, a timer of unknown molecular
nature remains active in the absence of the in vivo

wear-and-tear: 2 to 3 days after terminal differen-
tiation, the cells exfoliate into the lumen.

How normal are the epithelial mini-guts? To
test this, large numbers of organoids were grown
in vitro from a single Lgr5 stem cell (Fig. 2B) that
was marked by a red fluorescent protein in the
adult colon (32). These in vitro–expanded colon
organoids were reintroduced per anum into the co-
lons of multiple mice with chemical-induced mu-
cosal lesions (Fig. 2C). The engrafted epithelial
mini-guts regenerated epithelial patches that were
indiscernible from surrounding recipient epithe-
lium. The patches persisted for at least 6 months
without changing their histologic appearance.

How Does an Lgr5 Stem Cell Establish Epithelial
Mini-Gut Architecture?
When epithelial mini-guts derived from a Wnt re-
porter mouse (Axin2-LacZ) are grown under stan-
dard conditions, strong Wnt signals only occur
adjacent to Paneth cells (19) (Fig. 3A). This fits
with the notion that Paneth cells are the only
source ofWnt in culture (13) and that R-spondin-
1 that is ubiquitously present in the medium en-
hances these focal Wnt signals. Thus, sharp Wnt
gradients surround Paneth cells. In a medium con-
taining Wnt3A in addition to R-spondin-1, the
Wnt gradient is lost and epithelial mini-guts be-
come symmetric, round cysts, consisting of a homo-
geneous population of stem and progenitor cells
(19). Epithelial mini-guts grown from adenoma-
tous polyposis coli (APC)–mutant adenoma cells
display the same symmetric shape (19), which is
not surprising, because APC loss leads to consti-
tutive Wnt pathway activation. These observa-
tions imply that the typical crypt-villus architecture
is suppressed under conditions of homogeneous
(rather than focal) Wnt signaling.
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Fig. 3. Mechanism of the self-organizing architecture of a mini-gut.
(A) An organoid derived from Axin2-LacZ knock-in mice. Axin2-LacZ (blue)
expression recapitulates Wnt activation. (B) Wnt activation induces local pro-

liferation and EphB expression. Local cell expansion and Eph-Ephrin repulsive
force generate bud formation. Wnt-producing Paneth cells are depicted in
blue; Wnt-activated cells are shown in pink.

7 JUNE 2013 VOL 340 SCIENCE www.sciencemag.org1192

Morphogenesis

BME 6110 explores the interface of stem cell biology, 
bioengineering, and biotechnology. This course is for M.Eng. 
and Ph.D. students in the biological and/or engineering sciences. 
 
 
 
 
 
 
 
 
This course covers: 
 

•  Embryonic and adult stem cell biology fundamentals 
•  Cell and molecular biotechnology concepts, design and analysis 
•  Engineering biomimetic and bioreactor environments to guide 

stem cell derivation, differentiation, and organogenesis 
•  Design of genetic and biomolecular therapies to regulate stem 

cell function 
 
 
 
 
 
 
 

 

Suggested pre-requisites: 
 

•  Molecular/cell biology, Matlab or similar language 


