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SUMMARY
We demonstrate that dissociated human pluripotent stem cells (PSCs) are intrinsically programmed to form lumens. PSCs form two-cell

cysts with a shared apical domainwithin 20 hr of plating; these cysts collapse to formmonolayers after 5 days. Expression of pluripotency

markers is maintained throughout this time. In two-cell cysts, an apical domain, marked by EZRIN and atypical PKCz, is surrounded by

apically targeted organelles (early endosomes andGolgi).Molecularly, actin polymerization, regulated by ARP2/3 andmammalian diaph-

anous-related formin 1 (MDIA), promotes lumen formation, whereas actin contraction, mediated by MYOSIN-II, inhibits this process.

Finally, we show that lumenal shape can be manipulated in bioengineered micro-wells. Since lumen formation is an indispensable

step in early mammalian development, this system can provide a powerful model for investigation of this process in a controlled envi-

ronment. Overall, our data establish that lumenogenesis is a fundamental cell biological property of human PSCs.
INTRODUCTION

Proper development of many tissues and organs (e.g., gut,

kidney, blood vessels, lung, etc.) requires the formation of

lumenal structures of various shapes (Shao et al., 2015).

Indeed, one of the first behaviors of early embryonic epiblast

cells is formation of the lumen of the proamniotic cavity

(Luckett, 1975; Rossant and Tam, 2009). This process is still

poorly understood but is essential for the further successful

development of the embryo. In vitro, many stem cells

grow into organoids with lumenal structures (Lancaster

and Knoblich, 2014), indicating that self-organization to

form lumens is intrinsic to a variety of stem cell types.

Because proper morphogenesis and function are so depen-

denton lumenal integrity inmany settings, a detailedunder-

standingof the lumen-forming process and themechanisms

underlying it is critical for the proper engineering of trans-

plantable tissues.
Much ofwhatwe currently know about lumen formation

comes from the study of transformed, tissue-specific cell

lines such as Madin-Darby canine kidney type 2

(MDCK.2) and Caco-2 (human colorectal cancer) cells;

these cells form polarized lumenal cysts de novo when

embedded in extracellular matrix (ECM) complex (Mar-

tin-Belmonte and Mostov, 2008; Rodriguez-Boulan and

Macara, 2014). Using these models, it has been demon-

strated that lumen formation is initiated during the first
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cell division by the trafficking of apical proteins such as

Ezrin, Podocalyxin, and Crumbs3 from the cell periphery

to the nascent cytokinetic plane (Bryant et al., 2014;

Schlüter et al., 2009). This process allows the establishment

of the apical membrane initiation site (AMIS), an actin-rich

region that matures to become the lumen (Martin-

Belmonte and Mostov, 2008; Rodriguez-Boulan and Mac-

ara, 2014). Although MDCK.2 and Caco-2 are useful to

model lumen formation in differentiated models (kidney

and gut), effective general tools to model development of

early embryonic tissues that undergo de novo lumen for-

mation are currently lacking.

We have discovered that when dissociated human

embryonic stem cells (hESCs) or human induced plurip-

otent stem cells (hiPSCs) are plated at low density in

2D or 3D conditions, the first mitotic event frequently

generates a two-cell cyst with an AMIS-like domain that

matures to a lumen. The lumen-forming capacity of

pluripotent stem cells (PSCs) is amenable to manipula-

tion to generate lumens of complex shapes using

micro-engineered substrates. Molecularly, we find that,

as in MDCK.2 cells, augmenting ROCK (Rho-associated

kinase)-MYOSIN-II signaling, which leads to the forma-

tion of actin stress fibers (Burridge and Wennerberg,

2004), inhibits apical lumen formation in PSC

(Rodrı́guez-Fraticelli and Martı́n-Belmonte, 2013). Addi-

tionally, we demonstrate a critical role for two separate
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actin polymerization processes (via mammalian diapha-

nous-related formin 1 [MDIA] and via ARP2/3) in lume-

nogenesis. Overall, our data establish PSCs as effective

non-transformed and undifferentiated cells to be identi-

fied as a robust model for lumenogenesis.
RESULTS AND DISCUSSION

hESCs Form Polarized Lumenal Cysts in 3D Culture

Human embryos undergo lumen formation to generate an

amniotic cavity, but this process has not been well studied.

Since Bedzhov and Zernicka-Goetz (2014) recently showed

that murine ESC can form cysts with dominant lumens by

36–48 hr in a 3D culture system, we tested whether H9

hESC (NIH code, WA09) can also undergo lumenogenesis.

H9 cells were grown in standard medium containing

Y-27632 (ROCK inhibitor) to inhibit apoptosis (Ohgushi

et al., 2010). Three days after plating dispersed H9 hESC

in Geltrex, the vast majority of cells had formed multi-

cell cysts, 86.7% ± 1.8% of which had a single dominant

lumen (Figure 1A). Similar to MDCK.2 cysts (Martin-Bel-

monte and Mostov, 2008; Rodriguez-Boulan and Macara,

2014), hESC cyst lumens are characterized by abundant

F-actin and EZRIN (an apical actin binding protein) and

are surrounded by apically targeted organelles, including

early endosomes (RAB11) and Golgi (GM130) (Figures

1B–1E, individual channels in Figures S1A–S1D).
A 2D Culture Environment Is Sufficient to Generate

hESC-Derived Lumenal Cysts; Cells Maintain

Pluripotency during Cyst Growth

We next tested whether singly dissociated H9 cells grown

in 2D conditions on plates thinly coated with ECM such

as Geltrex (required for hESC attachment in feeder-free

culture; Ludwig et al., 2006), can form lumens. Indeed,

two cell cysts have a shared EZRIN-rich domain and cystic

structures with EZRIN-rich lumens are seen by day 3 (Fig-

ures 1F and 1G). Alternative ECM substrates (e.g., Matrigel

or vitronectin) support lumenal cyst formation at a fre-

quency similar to Geltrex in 2D culture (Figures 1H, S1E,

and S1F). In contrast, MDCK.2 cells plated on Geltrex in

2D conditions exhibit multiple small regions enriched in

aPKC and Ezrin, but dominant central lumens are not

observed (Figure S1G).

Given this previously uncharacterized behavior of

hESCs, we further explored pluripotency status over time

during lumen formation in 2D conditions. At 20 hr,

63.5% ± 7.7% of two-cell clones have EZRIN-rich AMIS re-

gions, and at 3 days, 79.0% ± 1.3% are lumenally polarized,

with significantly larger EZRIN-rich areas (Figures 1H and

S1H). By day 5, the lumen-like structure of hESC cysts

collapses and the cells form monolayers (Figures 1F and
Stem Cell
1G, 5 days); all but the most peripheral cells are EZRIN

positive, potentially due to compaction and epithelializa-

tion. Importantly, nuclear expression of the pluripotency

markers, NANOG and POU5F1 persists throughout this

time course (Figures 1F and 1G). With further growth of

the monolayer colonies, the outer layer of EZRIN-free cells

disappears, but expression of pluripotency markers persists

(Figures 1F and 1G, monolayer). At the RNA level, POU5F1,

NANOG, and SOX2 are expressed at similar levels in

lumenal cysts and monolayer culture (Figure S1I).

Lumenal Shape Can Be Manipulated

Since hESC cysts collapse by 5 days in 2D culture, we tested

whether lumens can be maintained if the cells are cultured

with an ECMoverlay. Indeed,when cells were overlaidwith

2%Geltrex, lumens persisted at 5 days (Figures 2A and 2B).

These lumens were relatively flat, limited by the height of

the Geltrex overlay (Figure 2Ai). To determine the extent

to which lumenal shape can be physically influenced, we

plated dissociated H9 cells in manufactured micro-wells,

troughs, or wide channels of various shape, in the presence

of an ECM overlay. In circular wells 30 mm in diameter

and 30 mm deep, lumens are tall and barrel shaped after

5 days (Figures 2C and S1J). In long micro-trenches

(30 mm wide 3 30 mm deep), elongated tubes are seen (Fig-

ure 2D). Finally, complex and branched lumenal shapes

can be produced in larger channels (200 mm wide 3

300 mm deep). The lumen in such tubes is continuous, as

demonstrated by EZRIN staining (Figure 2E). Importantly,

these cells maintain POU5F1 expression, demonstrating

that pluripotent cells can be guided by external cues to

form lumenal tubes of a variety of configurations. This en-

gineered system provides a robust model of lumen forma-

tion, allowing the generation of lumens ofmalleable shape,

under well-controlled conditions that could be valuable for

the study of a variety of biological activities, such as bound-

ary formation, sheer flow, ormorphogen gradient behavior.

hESCs Form a Highly Organized AMIS by the Two-Cell

Stage

In 3D conditions, two-cell clones of MDCK.2 cells form

an AMIS that is enriched in apical markers (Figure S2A) (Ro-

driguez-Boulan and Macara, 2014). To establish whether

the EZRIN-rich structure in two-cell hESC cysts has charac-

teristics of an AMIS, we grew singly dissociated hESC in

a 2D environment. Indeed, at 20 hr, a centrally located

actin-rich domain that colocalizes with apical proteins,

including EZRIN and aPKC, is present (Figures 3A and 3B,

individual channels in Figures S2B–S2I). Surrounding these

apical proteins is a domain that is enriched in GM130,

RAB11, and the tight junction marker ZO-1 (Figures

3C–3E). Centrosomes (g-TUBULIN) are adjacent to the api-

cal domain (Figure 3F), as previously noted for theMDCK.2
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Figure 1. hESCs Undergo Cyst Formation while Maintaining Pluripotency Marker Expression
(A) Quantitation of H9 hESC cyst phenotypes in a 3D culture system grown for 3 days. Images at right show three distinct phenotypes of H9
cysts (EZRIN immunostaining, green): cysts containing a single lumen are categorized as ‘‘dominant’’ (green bar); cysts with multiple
lumens are called ‘‘multiple’’ (red bar), and cysts without clear apical EZRIN accumulation are categorized as ‘‘no lumen’’ (blue bar). Fifty
multi-cell clones were counted per independent replicate (total of 150 clones in three experiments). Mean values with SD are plotted.
(B–E) Cysts were grown in 3D culture for 3 days; phalloidin (green) stains F-ACTIN. (B) a-TUBULIN immunostaining (red) shows micro-
tubule localization. (C) EZRIN immunostaining (red) overlaps with F-ACTIN (green) and identifies the apical lumen (yellow). (D and E)
RAB11 and GM130 immunostaining (red) reveal the localization of early endosomes and Golgi apparatus, respectively.
(F and G) Cells plated in 2D conditions were harvested at the indicated stages and stained for an apical marker (EZRIN, green) and
pluripotency markers (POU5F1, F, or NANOG, G; red). POU5F1 and NANOG staining is maintained throughout these stages.
(H) Quantitation for the frequency of lumen forming two-cell and 3-day clones on different feeder-free substrates, Geltrex (green),
Matrigel (red), and vitronectin (blue). The mean value of each independent sample (triplicate samples include at least 50 individual
two-cell or multi-cell clones) with SD is plotted per condition. For all images, blue indicates DNA staining (DAPI).
Scale bar represents 10 mm for (B)–(E); 10 mm for 1 day, 30 mm for 3 day, 150 mm for 5 day, and 200 mm for monolayer in (F) and (G). See
also Figures S1, S3, and S4.
AMIS (Rodrı́guez-Fraticelli and Martı́n-Belmonte, 2013),

while lateral proteins, E-CADHERIN and b-CATENIN, sur-

round the lumen and line the intercellular junction (Fig-

ures 3G and 3H).
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Interestingly, 3D reconstructions of stained cysts reveal

that the AMIS of H9 cells is highly organized. Adherens

junctions (E-CADHERIN, Figure 3I) and tight junctions

(ZO-1, Figure 3J) form a well-demarcated ring around the
uthors
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apical region, indicating a high degree of polarization at

this very early stage of cyst formation.

Lumen Formation Is Not Limited to H9 Cells and

Feeder-Free Conditions

To determine whether lumen formation is a more general

property of PSCs, we tested several distinct human ESC

lines (NIH code WA01 [H1], WA07 [H7], UM63-1, and

UC06 [HSF-6] cells) a human iPSC line (1196a cells)

(Chen et al., 2014), a mouse ESC line (E14Tg2a.4 cells)

(Hooper et al., 1987), and a mouse epiblast stem cell line

(mEpiSC, 22M cells) (Gayen et al., 2015). All tested hESCs

and hiPSCs formed lumens by 3 days in 2DGeltrex-coated,

feeder-free culture conditions (Figures S3A–S3D), indi-

cating that lumenogenesis is a shared property of multiple

types of human PSCs. However, slight differences in the

size of the lumen and the frequency of lumen formation

were noted (Figures S3C and S3D). Importantly, several of

these lines were karyotyped as 3-day cysts and found to

be normal (Figures S3E–S3G).

We also compared hESCs (H9, H1, H7, and HSF-6) that

had been consistently grown on mouse embryonic fibro-

blast feeders (MEFs) with feeder-free derivatives of the

same lines (Figures S4A–S4E). All lines formed AMIS struc-

tures by the two-cell stage at reduced frequency when

plated on MEF, with the exception of H7 cells (Figure S4E).

With further growth, dominant lumen formation was

significantly reduced for all lines, particularly for H1, H7,

and HSF-6 cells, revealing line-specific differences in

lumen-forming potential, especially in the presence of

feeders (Figure S4E, see legend for detailed description).

Bedzhov and Zernicka-Goetz (2014) showed that mouse

ESCs form lumens by 36–48 hr in 3D culture. Analysis of

the time course of mESC lumen formation reveals an

AMIS structure that expands (Figures S4F and S4G, see

legend for detailed description). Mouse EpiSCs undergo

lumenogenesis as well (Figures S4H and S4I). Interestingly,
Figure 2. Modulation of Lumenal Shape Using Engineered Substr
(A) Cells plated in 2D conditions for 5 days, treated with mTeSR1media
Media was changed daily using mTeSR without Geltrex for 3 more da
optical cross section of the cyst is shown in (A); the white line indic
(B) Frequency of 50 5-day cysts with lumens, as in (A), in the presenc
(C and D) Cells grown for 5 days with ECM overlay in circular micro-we
(green) and aPKC (red). Substrates in (C) and (D) are precoated with a
well as the image of the optical X-Y (i) and X-Z (ii) sections of the ima
Y-Z (i) and X-Z (ii) sections of the micro-tubes are shown. The planes
the boundary of the circular micro-well (C) and trough (D).
(E) Cells were plated at high density with ECM overlay in 200 mm wide
Geltrex). After 5 days, cells were stained for EZRIN or WGA, wheat
clarification of the shapes of the channels, overexposed images and sc
(DAPI).
Scale bars represent 30 mm in (A), 10 mm in (C), 30 mm in (D), and 2
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AMIS structures in mEpiSCs are 10-fold larger than those

seen in mESCs (0.26 ± 0.04 mm2 in mESCs versus 2.68 ±

0.33 mm2 in mEpiSCs; Figure S4J). Additionally, the AMIS

in two-cell H9 cells was >8-fold larger than mEpiSCs

(22.78 ± 2.48 mm2, see two-cell in Figure S1H). This is of in-

terest because mEpiSCs are thought to represent a slightly

later stage of development than mESCs. Indeed, mEpiSCs

are epigenetically more similar to hESCs than are mESCs

(Tesar et al., 2007). Taken together, these results demon-

strate that multiple types of human and mouse PSCs are

intrinsically programmed to form lumens and that the

epigenetic state may affect the lumen-forming characteris-

tics of PSCs, at least in mice.

Role of Actin Cytoskeletal Signaling during hESC

Lumenogenesis

In Madin-Darby canine kidney (MDCK) cells, inhibition of

ROCK increases lumen formation (Rodrı́guez-Fraticelli and

Martı́n-Belmonte, 2013). To examine this in hESCs, we

treated singly dissociated H9 cells with graded concentra-

tions of the ROCK inhibitor, Y-27632, for 20 hr immedi-

ately after seeding. Quantification of AMIS formation in

two-cell clones stained for EZRIN shows that increasing

levels of ROCK inhibition enhances the frequency of

AMIS formation (Figures 4A and 4B). Importantly, in

the absence of ROCK inhibition (labeled ‘‘DMSO only’’ in

Figure 4), cells die, as previously shown; thus, standard cul-

ture conditions often include 10 mM Y-27632 for the first

24–48 hr (Ohgushi et al., 2010).

MYOSIN-II activation is downstream from ROCK, and

we found that blebbistatin (Figure 4B), a potent inhibitor

of MYOSIN-II activity (Straight et al., 2003), also increases

AMIS formation. Indeed, MYOSIN-II inhibition promotes

more efficient AMIS formation than ROCK inhibition at

all tested concentrations (Figure 4B). Together, these data

suggest that actin contraction downstream of ROCK-

MYOSIN-II inhibits lumen formation in hESCs.
ates
containing 2% Geltrex for the first 24 hr (ECM overlay) after plating.
ys, and cells were harvested and stained for EZRIN (green). (i) An
ates the plane of section.
e or absence of a Geltrex overlay. Mean values with SD are plotted.
lls (C) or long 30 mm wide micro-troughs (D) were stained for EZRIN
thin layer of Geltrex. In (C), a 3D reconstructed image is shown as
ged cyst. White lines indicate the planes of section. In (D), optical
of section are indicated by white lines. White dotted lines indicate

micro-channels of various shapes (pre-coated with a thin layer of
germ agglutinin, (green), and E-CADHERIN or POU5F1 (red). For
hematics are also shown. For all images, blue indicates DNA staining

00 mm in (E). See also Figures S1, S3, and S4.
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Figure 3. AMIS Formation during hESC Lumenogenesis
(A–H) An F-ACTIN-rich apical domain (green) marks the AMIS. Apically targeted cellular components (EZRIN, A, and aPKC, B, red) are
associated with the forming lumen. Markers for apically targeted cellular components (red) surround the AMIS, including Golgi (GM130, C)
the early endosome (RAB11, D), and tight junctions (ZO-1, E, arrows indicate the expression domains of ZO-1). Centrosomes, marked by
g-TUBULIN (F, red), lie close to the AMIS. (i) The AMIS in (F) was magnified further (inset) to clarify the organization of centrosomes.
E-CADHERIN (G, red) and b-CATENIN (H, red) are associated with the cytokinetic plane and surround the nascent lumen.
(I and J) 3D reconstructions of the b-CATENIN (I) and ZO-1 (J) stained cysts for which single sections are shown in (G) and (E),
respectively. Both reconstructions are viewed tangentially to the cytokinetic plane to show the zone of b-CATENIN staining surrounding
the lumen (I) and the complete ZO1 ring (J).
Scale bars represent 10 mm for (A)–(J). See also Figures S2–S4.
Actin cytoskeletal organization is also aided by actin

polymerization. Formins, which promote the assembly of

straight actin filaments, can be inhibited using a small-

molecule inhibitor (SMIFH2) that binds to the FH2 or

actin-binding domain of the formin proteins (Rizvi et al.,

2009). When H9 cells are treated with graded concentra-

tions of SMIFH2, both lumen formation, as well as lumenal

size, progressively decreases, indicating that formin activ-

ity has a positive effect on lumen formation inH9 cells (Fig-

ures 4A, 4C, and 4D).

To genetically test the influence of formin activity on

lumenogenesis, we transfected H9 cells with GFP-fusion
Stem Cell
constructs encoding full-length or aDN3 (543–1,192 amino

acid) constitutively active mutant form of human MDIA1,

a diaphanous-related formin (Sakamoto et al., 2012).

Following transfection, sparsely plated cells were harvested

at 20 hr, stained for EZRIN, and quantified for lumen forma-

tion inGFP-expressing cells. Indeed, H9 cells expressing the

MDIA1-DN3-GFP construct show a significant increase in

lumen formation compared with cells expressing a GFP

control plasmid or MDIA1-full-length-GFP, indicating that

MDIA activity promotes lumenogenesis (Figures 4E and

4F). Thus, we demonstrate that lumen initiation in hESCs

is positively regulated by the RHO-MDIA signaling
Reports j Vol. 5 j 954–962 j December 8, 2015 j ª2015 The Authors 959



Figure 4. Actin Polymerization Promotes hESC Lumenogenesis
(A) Confocal images of H9 hESCs grown in 2D culture conditions for 20 hr with various inhibitors and immunostained for EZRIN. Two
distinct phenotypes are seen in the presence of 10 mM for Y-27632: clones without a central EZRIN accumulation (no lumen) and clones
with EZRIN accumulation at the AMIS (lumen). Cells treated with blebbistatin exhibit lumens, but treatment with SMIFH2 (+10 mM Y) or
CK-666 (+10 mM Y) reduces lumen size.
(B) Comparison of AMIS formation in hESCs at the two-cell stage in the presence of graded concentrations of Y-27632 (ROCK inhibitor) or
blebbistatin (MYOSIN-II inhibitor). Statistical differences are indicated in black for Y-27632 and in red for blebbistatin. Consistent with
recent studies, blebbistatin treatment alone rescues dissociation-mediated cell death (Ohgushi et al., 2010).
(C) hESCs were treated with graded concentrations of the formin inhibitor, SMIFH2. Quantitation of AMIS formation at the two-cell stage is
shown. Y-27632 was added to hESC cultures to prevent cell death.
(D) Quantitation of the size (area) of the Ezrin+ AMIS in H9 clones treated with the indicated small molecules. For each quantitation, four
independent sets of 15 individual two-cell clones, treated with the indicated small molecules or experimental control (treated only with
Y-27632), were imaged. Images of individual clones, focused at the plane with the largest lumen, were analyzed in ImageJ to determine
the surface area of the AMIS. Average of log2 of normalized value (surface area of small-molecule-treated clones divided by surface area of

(legend continued on next page)
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pathway. Previous studies indicated a role for the inverted

formin INF2 in lumen organization in MDCK cells (Madrid

et al., 2010), suggesting the potential for broad involve-

ment of formins in lumenogenesis.

We next examined the role of branched actin polymeri-

zation via ARP2/3, a downstream effector of Rac1-Wiskott-

Aldrich syndrome protein (WASP)-WASP-family verprolin-

homologous protein (WAVE) complex signaling (Burridge

and Wennerberg, 2004). Treatment of H9 cells with CK-

666, a small-molecule inhibitor of ARP2/3 (Nolen et al.,

2009), resulted in a significant decrease in AMIS formation

(Figure 4G). Additionally, resulting lumens were smaller in

size (Figures 4A and 4D), suggesting that ARP2/3-induced

actin branching is critical for AMIS formation. Together,

these data reveal that actin polymerization by both the for-

min and ARP2/3 pathways is important for lumen estab-

lishment in hESCs.

Overall, our data establish that lumenogenesis is a basic

cell biological property of a variety of PSCs. At the two-cell

stage, PSC cysts contain an AMIS that closely resembles the

structure previously described in MDCK cells, though the

formation of this structure differs somewhat in human

versusmouse cells andmay be dependent on the epigenetic

state of the cells. It will be of interest to test the lumen-

forming potential of recently derived ‘‘naive’’ hESCs

(Chan et al., 2013) that are more epigenetically close to

ICM-like mESCs, as well as the recently described ‘‘region-

selective’’ PSCs, a pluripotent state that appears to be

more developmentally advanced than the ‘‘primed’’ state

(Wu et al., 2015). The robustness and stereotypical nature

of the lumen forming process that we describe in human

PSCs makes these cells an excellent model system for the

further molecular dissection of the lumenogenesis process.

Indeed, our studies have already revealednew aspects of the

role of actin polymerization in lumen formation. Further-

more, the malleable nature of the lumenal shape, coupled
control clones) from four independent replicates are plotted. All te
compared with controls.
(E) Quantitation of AMIS formation in GFP+ clones of GFP only, human
The average value of each independent sample (each of the three inde
plotted.
(F) Confocal images of H9 2-cell clones expressing human MDIA1-full
EZRIN are shown.
(G) hESCs were treated with graded concentrations of the ARP2/3 inhib
Quantitation of lumen formation at the two-cell stage is shown. Stude
different concentrations of all inhibitors; 2.5 mM was used as the basel
baseline for (C) and (G). The Student’s t test was utilized for statistical
For all images, blue indicates DNA staining (DAPI). For small-molecule
per independent sample (total of 150 for the three samples) for each
(H) Proposed model for lumenogenesis in hESC and the role of RHO- an
promoted by inhibition of ROCK-MYOSIN-II signaling (decreased cont
nucleation and extension), and activation of RAC-ARP2/3 (increased
Scale bars represents 10 mm in (A) and (F).

Stem Cell
with the pluripotent characteristics of the cells, will facili-

tate a wide variety of biological and biomechanical investi-

gations in the context of tube formation and function.
EXPERIMENTAL PROCEDURES

Cell Lines Used in This Study
Several human and mouse PSC lines were used in this study, as

were MDCK.2 dog kidney cells (the latter were obtained from

ATCC). Human PSCs used in this work included H9 (WA09),

H1 (WA01), H7 (WA07), HSF-6 (UC06), and UM63-1. The human

iPSC line 1196a was also tested. All protocols for the use of the

human PSC lines were approved by the Human Pluripotent

Stem Cell Research Oversight Committee at the University of

Michigan.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures and four figures and can be found with this article

online at http://dx.doi.org/10.1016/j.stemcr.2015.10.015.
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