A Localized Wnt Signal Orients Asymmetric Stem Cell Division in
Vitro
Shukry J. Habib et al.
Science 339, 1445 (2013);
DOI: 10.1126/science.1231077

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of October 17, 2014 ):
A correction has been published for this article at:
http://www.sciencemag.org/content/340/6135/924.2.full.html
Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/339/6126/1445.full.html
Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2013/03/20/339.6126.1445.DC1.html
A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/339/6126/1445.full.html#related
This article cites 33 articles, 10 of which can be accessed free:
http://www.sciencemag.org/content/339/6126/1445.full.html#ref-list-1
This article has been cited by 14 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/339/6126/1445.full.html#related-urls
This article appears in the following subject collections:
Development
http://www.sciencemag.org/cgi/collection/development

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2013 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on October 17, 2014

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

REPORTS
References and Notes
1. P. Holland et al., Curr. Biol. 12, 1424 (2002).
2. E. Kalay et al., Am. J. Hum. Genet. 90, 76 (2012).
3. K. Mitchell et al., Am. J. Hum. Genet. 90, 69
(2012).
4. Y. Zhang et al., Nat. Chem. Biol. 5, 217 (2009).
5. H. Clevers, R. Nusse, Cell 149, 1192 (2012).
6. A. P. McMahon, R. T. Moon, Cell 58, 1075 (1989).
7. W. T. Montross, H. Ji, P. D. McCrea, J. Cell Sci. 113,
1759 (2000).
8. R. McKendry, S. C. Hsu, R. M. Harland, R. Grosschedl,
Dev. Biol. 192, 420 (1997).

9. K. Satoh et al., Proc. Natl. Acad. Sci. U.S.A. 101, 8017
(2004).
10. T. Schwarz-Romond, C. Merrifield, B. J. Nichols, M. Bienz,
J. Cell Sci. 118, 5269 (2005).
11. P. Polakis, Genes Dev. 14, 1837 (2000).
12. V. I. DeAlmeida et al., Cancer Res. 67, 5371 (2007).
13. M. N. Kitaeva et al., Cancer Res. 57, 4478 (1997).
Acknowledgments: We thank K. O’Rourke, J. Huang, and
the next-generation sequencing and baculovirus groups for
technical assistance. The transcriptome sequencing data for
PA1 cells have been submitted to the National Center for

A Localized Wnt Signal Orients
Asymmetric Stem Cell Division in Vitro
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Tobias Meyer,3 Eric Betzig,2 Roel Nusse1*
Developmental signals such as Wnts are often presented to cells in an oriented manner. To
examine the consequences of local Wnt signaling, we immobilized Wnt proteins on beads and
introduced them to embryonic stem cells in culture. At the single-cell level, the Wnt-bead induced
asymmetric distribution of Wnt–b-catenin signaling components, oriented the plane of mitotic
division, and directed asymmetric inheritance of centrosomes. Before cytokinesis was completed,
the Wnt-proximal daughter cell expressed high levels of nuclear b-catenin and pluripotency
genes, whereas the distal daughter cell acquired hallmarks of differentiation. We suggest that
a spatially restricted Wnt signal induces an oriented cell division that generates distinct cell
fates at predictable positions relative to the Wnt source.
symmetric cell division is a fundamental
process involved in many aspects of stem
cell biology and cancer (1), but insight
into external cues that control asymmetric divisions
is limited (2). Although much has been learned
from examining asymmetric cell divisions in vivo
(3–5), the complexity of tissues and the multiplicity of signals create challenges to understanding
how localized growth factors affect cell behaviors
at the single-cell level. Using in vitro studies, single cells and their divisions can be followed;
however, growth factors that are added to the
tissue medium present signals in a nonoriented
way. To study how a given growth factor affects cell divisions or cell fates at the level of
the individual cell, methods should be used to
present purified signaling molecules in an oriented way.
Previously we found that Wnt3a protein maintains the self-renewal of several types of stem
cells, including embryonic stem (ES) cells (6).
Conversely, blocking endogenous Wnt signals
made by ES cells leads to differentiation toward
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Epiblast stem cells (EpiSCs) (6). ES cells are
grown in media supporting pluripotency that
include conditions that globally activate Wnt
signaling (called 2i) (7, 8) and induce ES cells
to divide in mainly symmetrical patterns (9).
Hence, ES cells could provide a useful experimental model for assessing how a local rather
than a global Wnt signal might direct stem cell
fate choices.
To examine the effect of a spatially localized
Wnt signal on ES cells, we immobilized Wnt signals to beads and observed single cells with live
imaging. Although Wnt3a maintains ES cell pluripotency (6), the Wnt5a protein, which commonly
operates through a non–b-catenin–dependent pathway (10), did not (figs. S1 and S8F), allowing
us to use Wnt5a as a control. We chemically immobilized purified Wnt3a or Wnt5a proteins to
beads (figs. S2A and S3A) and confirmed their
biological activity (figs. S2, B to D, and S3, B
and C). ES cells were plated at low density in
the presence of leukemia inhibitory factor (LIF),
and individual cells with a bead attached were
followed by live cell microscopy as they divided.
We examined the location of Wnt signaling components by antibody staining. In the presence of
Wnt3a beads (Fig. 1A), but rarely with Wnt5a
beads (fig. S4), the Wnt receptor LRP6 became
asymmetrically localized to the side of the ES
cell contacting the bead. Moreover, a Frizzled1GFP (green fluorescent protein) fusion protein
(fig. S5) and the adenomatous polyposis coli (APC)
protein, a component of the b-catenin destruc-
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tion complex, were detected in close proximity
to the Wnt3a beads (Fig. 1A and fig. S6).
In ES cells contacting Wnt3a beads before division, b-catenin was distributed asymmetrically
close to the bead, overlapping with the location
of APC (Fig. 1A and fig. S6). During division,
b-catenin was retained at high abundance in the
prospective proximal daughter cell, both at the cell
membrane and in the nucleus (Fig. 1B). The
asymmetric distribution of these Wnt components was maintained after the cells divided: The
daughter cell in proximity to the Wnt3a bead
preserved high amounts of LRP6 and APC, in
contrast to the lower amounts in the distal cell
(Fig. 1C and fig. S6).
Wnt pathway components can interact with
astral microtubules and other components of the
mitotic spindle, including centrosomes (11, 12).
We investigated the effect of Wnt beads on the
asymmetric inheritance of the centrosomes by
expressing tagged Centrin1 (a component of the
centriole) and the appendage component Ninein
(13, 14). Ninein marks the centrosome with the
older centriole (13–15), whereas the other centrosome receives new centrioles that initially lack
these structures. By the end of division, centrosomes in 78% of the cells (n = 18) that were
attached to Wnt3a beads had a high abundance
of Ninein (Fig. 2, A and B), whereas the segregation of Ninein was almost random in the presence of the Wnt5a beads (54%; n = 15).Thus, the
association with Wnt3a beads correlates with the
asymmetric inheritance of centrosomes.
Because centrosomes orient the mitotic spindle, we investigated whether Wnt beads direct
the orientation of cell division and partitioning
of chromosomes during mitosis (16). ES cells
expressing a histone 2B–Venus chimeric protein
to mark chromosomes (Fig. 2, C and D) were
incubated with Wnt beads and monitored during
mitosis by rapid three-dimensional imaging of
living cells (17). In 75% of the dividing cells
(n = 16), the axis of mitotic division was oriented in line with the Wnt3a bead (Fig. 2C and
movie S1), whereas only 12% of divisions were
oriented toward Wnt5a control beads (n = 12;
Fig. 2D and movie S2).
We investigated the effect of localized Wnt
signals on pluripotency gene expression, by using
various ES reporter cells including cells expressing a Nanog-Venus fusion protein and GFP-based
reporters for Rex1, Sox2, and Stella (18–21).
Pluripotency proteins were also followed by
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antibody staining. The expression of Nanog,
Rex1, and Stella has been shown to decline during ES cell differentiation (18–23). In dividing
ES cells, we found that the transcriptional activities and protein abundance of the pluripotency
markers were markedly higher in the Wnt3aproximal daughter compared to the distal one
(Fig. 3, A to C; fig. S7C; fig. S8, A to C; and
fig S9; and movies S3 to S6). Differences in gene
expression levels were detectable before cytokinesis was complete (Fig. 3B, at 140 min; fig.
S9A (a), at 120 min; and fig. S9B (a), at 200 min).
By contrast, in the presence of Wnt5a beads, the
two daughters had similar levels of marker expression (Fig. 3C; fig. S7, A to C, fig. S8, D to F;
and fig. S9; and movies S7 to S10). As might be
expected, cells exposed to two Wnt3a beads at
opposing ends divided symmetrically (fig. S10).
As additional controls, we generated attenuated
forms of Wnt3a, using Wnt3a beads that were
treated after coupling with a range of concentrations of the reducing agent dithiothreitol, lowering the signaling activity of the beads in a
dose-dependent manner (fig. S3, B and C). The
potency of these beads in inducing asymmetric
gene expression of the reporter Rex1-GFP was
reduced commensurate with the remaining level
of Wnt signaling (fig. S6). We also tested the
activity of another signal implicated in the Wnt
pathway; an active form of R-Spondin bound
to beads (fig. S11A). There was no significant
effect on asymmetric gene expression (Fig. 3C),
possibly related to the behavior of R-Spondin
in vivo, where it acts as a systemic rather than a
local Wnt activator (24).
Under “standard” conditions, including feeder
cells that can be source of Wnts or the 2i conditions, ES cells divide mainly symmetrically (6–9).
We asked whether a global Wnt environment
would be required for the symmetrical divisions
that ES cells undergo. As a test, we perturbed Wnt
signaling locally by applying the Wnt inhibitor
Dickkopf (DKK) on beads (fig. S11B). Under
these conditions, we found a significant number
of divisions giving rise to asymmetric gene expression in the daughter cells, but in a manner
opposite to that induced by the Wnt beads. With
DKK-beads, the distal cell had higher expression of the pluripotency gene Rex1 than the proximal cell (Fig. 3C). We could rescue the effect of
a local Wnt or Wnt inhibition by incubating
the cells at the same time under the 2i conditions
(7, 8), indicating that the asymmetry induced
by Wnt3a or DKK beads was not a nonspecific
perturbation of the cells (Fig. 3C). We argue,
based on the asymmetric Wnt inhibition experiments, that uniform Wnt signaling is required
for symmetric daughter cell fate.
The lower levels of pluripotency markers
in the Wnt3a-distal daughter cell suggested that
distal cells enter a differentiation program with
hallmarks of EpiSCs (22). The pluripotency gene
Oct4 is expressed at similar levels in ES cells and
EpiSCs (6, 25, 26). We observed symmetrical
distribution of Oct4-Venus after cell division,
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either in the presence of Wnt3a or Wnt5a beads
(Fig. 4, A and B). We assessed the expression of
EpiSC markers, including Claudin6 (6, 25), which
was higher in 60% of Wnt3a-distal cells (Fig. 4C)
compared to Wnt5a distal cells (23% asymmetric
expression; fig S12). H3K27me3 focal staining,
a hallmark of an inactivated X chromosome in
female ES cells (27), was detected in 57% of
Wnt3a bead–distal ES cells after division (Fig.
4D). Thus, localized Wnt3a signal specifies that
the Wnt3a-distal cell enters a differentiation program with hallmarks of EpiSC fate.
The findings reported here suggest a mechanism for external control of asymmetric stem
cell division and differentiation. Specifically, a
spatially localized Wnt signal orients the mitotic
division plane of stem cells. Then, in the dividing cell, the Wnt signal produces an asymmetric
distribution of Wnt signaling components, generating a “Wnt-on” proximal cell that maintains

ES pluripotency and a “Wnt-off ” distal cell that
differentiates toward an EpiSC cell fate. Therefore, by orienting cell division, the Wnt signal
positions the distal daughter cell out of its signaling range, leading to differentiation.
Although the protein distribution of Wnt signals in tissues is mostly unknown, a role for Wnts
in setting up polarity is supported by findings
made in vivo. Wnt signaling receptors in Caenorhabditis elegans and Drosophila distribute asymmetrically in cells that are exposed to local Wnt
sources (28, 29). In C. elegans, the position of
the P2 cell, which expresses Wnt, determines the
polarity and divisional orientation of the neighboring EMS cell, leading to different fates of the
EMS daughters (3–5). By growing single cells
exposed to a symmetry-breaking signal, we have
developed a system that allows for precise realtime examination of processes involved in asymmetric cell divisions.

Fig. 1. Wnt3a beads induce asymmetric distribution of components of the Wnt/b-catenin pathway.
Representative images of ES cells cocultured with Wnt3a beads (indicated by dashed yellow circle
or reconstructed as a yellow square) and stained with antibodies to LRP6 (white), APC (cyan), and
b-catenin (red). (A) Before division; (B) during division; (C) after division. The beads are 2.8 mm.
The far right panels show optical sections through the nucleus. DAPI, 4´,6-diamidino-2-phenylindole; DIC,
differential interference contrast.
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Fig. 2. Asymmetric inheritance of centrosomes and
the orientation of the plane of mitotic division. Timelapse imaging of dividing single ES cells cocultured
with Wnt3a beads (indicated by a dashed yellow
circle) and (A) expressing enhanced green fluorescent
protein (EGFP)–Ninein (cyan; arrows) and DsRedex–
Centrin1 (magenta). Dotted orange line indicates the
boundary between two cells. (B) Immunostaining for
endogenous Ninein (arrowheads). BF: bright-field
image. (C and D) Representative images from threedimensional time-lapse microscopy of segregating
chromosomes in ES cells expressing H2B-Venus that
were cocultured with Wnt3a beads (blue) or Wnt5a
beads (red).

Fig. 3. Expression of the pluripotency genes Rex1 and Nanog during ES cell
division. (A) Selected frames from time-lapse imaging of a dividing Rex-1 GFP
reporter ES cell in the presence of a Wnt3a bead (indicated by a dashed yellow
circle). The far right panel shows antibody staining for endogenous Rex-1 protein.
(B) Selected frames from time-lapse imaging of a dividing Nanog-Venus reporter
ES cell in the presence of a Wnt3a bead. Signal intensities of all frames were
individually determined, and the mean T SD intensity values plotted. Red triangles
represent signal intensities of the cell retaining contact with the bead after division.
(C) Representative images of time-lapse microscopy of dividing Rex-1 GFP ES reporter cells cocultured in the presence of the indicated beads in 2i or 2i-free media.
Cell divisions were classified based on the relative expression of GFP and plotted.
Red bar: higher GFP amounts in the bead-proximal cell; yellow bar: higher amounts
of GFP in the bead-distal cell; blue bar: similar amounts of GFP in either cell.
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Fig. 4. Distal cells express markers of epiblast stem cell fate. (A) Selected
frames from time-lapse imaging of a dividing Oct4-Venus reporter ES cell
cocultured with a Wnt3a bead (indicated by a dashed yellow circle). (B) Divisions
of Oct4-Venus ES cells cocultured with Wnt3a or Wnt5a beads were classified
based on the relative expression of Venus, and plotted. Red bar: higher Venus
abundance in the bead-proximal cell; blue bar: similar abundance of Venus in
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Type I Interferon Suppresses Type II
Interferon–Triggered Human
Anti-Mycobacterial Responses
Rosane M. B. Teles,1 Thomas G. Graeber,4 Stephan R. Krutzik,1 Dennis Montoya,1 Mirjam Schenk,1
Delphine J. Lee,5 Evangelia Komisopoulou,4 Kindra Kelly-Scumpia,1 Rene Chun,3 Shankar S. Iyer,2
Euzenir N. Sarno,6 Thomas H. Rea,7 Martin Hewison,3 John S. Adams,3 Stephen J. Popper,8
David A. Relman,8,9 Steffen Stenger,10 Barry R. Bloom,11 Genhong Cheng,2 Robert L. Modlin1,2*
Type I interferons (IFN-a and IFN-b) are important for protection against many viral infections,
whereas type II interferon (IFN-g) is essential for host defense against some bacterial and parasitic
pathogens. Study of IFN responses in human leprosy revealed an inverse correlation between IFN-b
and IFN-g gene expression programs. IFN-g and its downstream vitamin D–dependent antimicrobial
genes were preferentially expressed in self-healing tuberculoid lesions and mediated antimicrobial
activity against the pathogen Mycobacterium leprae in vitro. In contrast, IFN-b and its downstream
genes, including interleukin-10 (IL-10), were induced in monocytes by M. leprae in vitro and
preferentially expressed in disseminated and progressive lepromatous lesions. The IFN-g–induced
macrophage vitamin D–dependent antimicrobial peptide response was inhibited by IFN-b and by
IL-10, suggesting that the differential production of IFNs contributes to protection versus pathogenesis
in some human bacterial infections.
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he identification of mechanisms of host
resistance versus susceptibility is central to
our ability to develop new approaches to
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prevent and/or treat human infectious diseases.
In most instances, the human immune response
restricts the infection, preventing or limiting the
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