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SUMMARY

Human elongating multi-lineage organized (EMLOC) gastruloid technology cap-
tures key aspects of trunk neurodevelopment including neural integration with
cardiogenesis. We generate multi-chambered, contractile EMLOC gastruloids
with integrated central and peripheral neurons using defined culture conditions
and signaling factors. hiPSC colonies are primed by activating FGF and Wnt
signaling pathways for co-induced lineages. EMLOC gastruloids are then initial-
ized with primed cells in suspension culture using timed exposure to FGF2,
HGF, IGF1, and Y-27632. Cardiogenesis is stimulated by FGF2, VEGF, and ascor-
bic acid.
For complete details on the use and execution of this protocol, please refer to
Olmsted and Paluh (2022).1

BEFORE YOU BEGIN

This protocol (Figure 1) describes the generation of EMLOCs from the hiPSC line H3.1.1 derived

from fibroblasts of a self-designated Hispanic-Latino donor. This low passage hiPSC line was orig-

inally published with other ethnically diverse lines.2,3 The protocol is defined by four general

stages: (1) 2D induction of hiPSC colonies, (2) transition to shaking culture and EMLOC early po-

larization, (3) EMLOC cardiac induction, and (4) EMLOC multi-lineage differentiation, chamber

morphogenesis and innervation. In order to begin the EMLOC formation protocol, it is necessary

to establish robust hiPSC cultures on Matrigel-coated cultureware. The following detailed steps

provide instructions on cultureware preparation and hiPSC culture initiation and maintenance.

The recipe for N2B27 basal medium used during all steps of EMLOC formation and differentiation

is also provided.

Coat cultureware with hESC-qualified Matrigel

Timing: 24 h

Note: Description is for a 35 mm culture dish.

1. Handle and store hESC-qualified Corning Matrigel according to manufacturer’s instructions with

attention to preparing and storing aliquots:

a. Thaw 5 mL parafilm-wrapped Matrigel on ice placed within a 4�C fridge.
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b. The next day, prepare 100 mL aliquots of thawed, undiluted Matrigel on ice.

c. Store remaining aliquots at �20�C for later use.

2. Prepare freshly coated cultureware:

a. Obtain a fresh 35 mm culture dish.

b. UV sterilize the culture dish with the top off for 30 min in a laminar flow tissue culture hood.

c. Pre-chill dish at �20�C, �20 min prior to use after 30 min of UV sterilization.

d. Thaw a single aliquot (100 mL) of Matrigel on ice �45 min prior to use.

e. Dilute Matrigel stock 1:100 in ice cold DMEM/F-12 (e.g., 20 mL/2 mL).

f. Add 1 mL of diluted Matrigel per dish.

g. Incubate dish at 37�C in a humidified incubator with 5% CO2 for at least 1 h prior to use to

polymerize matrix coating.

CRITICAL: Steps should be carried out on ice to prevent premature gelling and/or non-uni-

form coating of matrix.

Human induced pluripotent stem cell (hiPSC) culture

Timing: �3–7 days

3. Thaw hiPSCs cryopreserved in mFreSR cryopreservation medium:

a. Prewarm mTeSR Plus pluripotency medium to 25�C without a water bath for 15 min.

b. Transfer 1 vial containing 1 mL of cell suspension from liquid nitrogen storage to 37�C water

bath.

c. While cell suspension is thawing, remove DMEM/F-12 from the freshly coated Matrigel plate,

rinse 13 with 1 mL DMEM/F-12, and replace with 2.5 mL mTeSR Plus hiPSC pluripotency

medium containing 13 penicillin-streptomycin.

i. mTeSR Plus is supplemented 13 with penicillin-streptomycin unless otherwise specified in

this protocol.

d. Carefully administer 1 mL of cells in thawed mFreSR dropwise to fresh mTeSR Plus (3.5 mL to-

tal) under a laminar flow tissue culture biosafety hood, attempting to distribute cells evenly

over the surface area of the dish.

e. Incubate seeded cells at 37�C in a humidified incubator with 5% CO2 for 24 h.

4. The next morning, visually inspect for stem cell colony adherence (Figure 2A).

5. Perform medium change:

a. Rinse the cells 23 with 1 mL of fresh DMEM/F-12 prewarmed in 37�C water bath.

b. Replace medium with 2 mL mTeSR Plus prewarmed to 25�C and return to incubator for cell

expansion.

6. Follow cells by visual inspection to ensure proper colony density and maintenance of undifferen-

tiated cells.

Figure 1. Overview of EMLOC formation and multi-lineage differentiation protocol

Timeline of EMLOC formation and differentiation in four general stages: (1) 2D induction of hiPSC colonies, (2)

transition to shaking culture and EMLOC early polarization, (3) EMLOC cardiac induction, and (4) EMLOC multi-

lineage differentiation, chamber morphogenesis and innervation.
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Figure 2. Workflow of EMLOC induction, polarization, and maturation stages

(A) H3.1.1 low passage hiPSCs broken out on Matrigel after cryopreservation.

(B) Expanded hiPSC colony in mTeSR Plus pluripotency medium.

(C) Low magnification image of hiPSC cultures in mTeSR Plus at adequate confluency to begin 2D induction (�60%).

(D) Stage 1: Induction of 2D hiPSC colonies in Induction Medium (N2B27 basal medium with 3 mM CHIR 99021 and

40 ng/mL FGF2) at 48 h. By visual inspection, optimal colony induction is characterized by slight raised-edge character

just as cells begin to migrate away from the colony border (yellow arrows). Inset is white light image of primed colonies

just before generation of single cell suspensions.

(E) Stage 2: Transition to shaking culture in EMLOC Polarization Medium. Single cell suspensions are generated and

transferred to low-adhesion 6-well plates (2 3 106 cells/well). Spontaneous aggregation (size range �50–100 mm) at

24 h. Low 53 magnification is shown (left) with high magnification image (right).

(F) Stage 3: Early EMLOC polarization in Cardiac Induction Medium with cardiac crescent formation (white arrows) at

day 4 post-aggregation.

(G) Polarized EMLOCs with contractile chamber-like structures (white arrows) at low magnification (left) and high

magnification (right).

(H) Contracting cardiogenic region by live-cell calcium imaging using Fluo-4 AM dye in day 7 EMLOC.

(I) Stage 4: maturation of EMLOC chamber-like structures (yellow arrows). Two fields are shown. Individual scale bars

are provided for all images.
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a. Replace fresh mTeSR Plus every other day or as needed until the cultures reach proper

confluency for routine passaging (�70% confluency) or to begin induction steps (50%–60%

confluency).

b. Well-defined, undifferentiated colony edges and minimal colony-colony contact is ideal.

7. For advancing to EMLOC formation, passage hiPSCs 1:6 into Matrigel-coated 6-well plates when

hiPSC cultures are stable (�60% confluency).

Passaging human induced pluripotent stem cells

Timing: �24 h

Note: Description is for passaging from a 35 mm culture dish to 6-well plate.

8. Remove media from the well to be passaged and immediately add 1 mL of Gentle Cell Dissoci-

ation Reagent (GCDR) to the empty well.

a. Incubate at 25�C for �3 min.

CRITICAL: The GCDR incubation time requires cell line-specific optimization according to

manufacturer’s instructions.

Note: The incubation time here allows cells to be released in small ‘colony patches’ and not as

single cells.

9. Gently aspirate the GCDR without dislodging the cells.

10. Immediately add 3 mL mTeSR Plus to the well being passaged.

11. To dislodge colonies, use a 5 mL serological pipette oriented orthogonally to the plane of the

plate:

a. Perform a side-to-side scraping motion over the entire area of the well.

b. Rotate the plate 90 degrees and repeat the side-to-side scraping motion to ensure that the

bulk of cells are dislodged from the substrate.

c. Pipet the suspension up and down 23 in order to further reduce clump size using a P-1000

blue tip.

12. Gently transfer 0.5 mL of dislodged cells to each well of a Matrigel-treated 6-well plate already

containing 1 mL of mTeSR Plus:

a. Cells should be added dropwise quickly and serially to obtain an even distribution in each

well (1.5 mL total).

b. Detailed protocol steps for Matrigel coating are described above for a 35 mm culture dish.

Each well of a 6-well plate can be treated equivalently to a single 35 mm dish.

13. Incubate the plate for 24 h, undisturbed at 37�C to allow colonies to settle and adhere.

14. The next day, visually inspect cultures for adherence of small colonies. If adherent, perform me-

dium change:

a. Remove the 1.5 mL mTeSR Plus.

b. Rinse 23 in 1 mL DMEM/F-12 to remove non-adherent cell debris.

c. Add 2 mL fresh mTeSR Plus to each well.

d. Return the plate to the incubator.

15. Add fresh media changes every 2 days until the colonies are expanded and cultures are �50%–

60% confluent (Figures 2B and 2C).

a. This confluency percentage is optimal for cell induction to generate EMLOCs.

Preparation of N2B27 basal medium

Timing: �30 min
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16. Prepare 1:1 DMEM/F-12:Neurobasal Plus medium appropriately supplemented to the following

final concentrations: 2% (v/v) B-27 Plus, 1% (v/v) N-2, 13 GlutaMAX, 13 MEM Non-Essential

Amino Acids, 13 penicillin-streptomycin. Recipe for 500 mL is shown in table below.

17. Use a 0.2 mm pore filter to sterilize this solution and store at 4�C. Prewarm working volumes to

25�C as needed.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-SOX2 (dilution: 1:500) R&D Systems Cat. No.: AF2018; RRID: AB_355110

Goat anti-GATA4 (dilution: 1:500) R&D Systems Cat. No.: AF2606; RRID: AB_2232177

Goat anti-GATA6 (dilution: 1:500) R&D Systems Cat. No.: AF1700; RRID: AB_2108901

Goat anti-FOXA2 (dilution: 1:250) R&D Systems Cat. No.: AF2400; RRID: AB_2294104

Rabbit anti-b-tubulin III/TUJ1 (TUBB3)
(dilution 1:2,000)

BioLegend Cat. No.: 802001; RRID: AB_2564645

Mouse anti-cardiac Troponin T
(dilution: 1:500)

R&D Systems Cat. No.: MAB1874

Goat anti-CDH1/E-cadherin
(dilution: 1:250)

R&D Systems Cat. No.: AF648; RRID: AB_355504

Rabbit anti-CDH2/N-cadherin
(dilution: 1:1,000)

Cell Signaling
Technologies

Cat. No.: 13116; RRID: AB_2687616

Chemicals, peptides, and recombinant proteins

hESC-qualified Matrigel Corning Cat. No.: 08-774-552

mTeSR Plus STEMCELL Technologies Cat. No.: 05825

Gentle Cell Dissociation Reagent STEMCELL Technologies Cat. No.: 07174

Neurobasal Plus Medium Thermo Fisher Scientific Cat. No.: A3582901

DMEM/F-12 Thermo Fisher Scientific Cat. No.: 11320033

N-2 supplement (1003) Thermo Fisher Scientific Cat. No.: 17502048

B-27 supplement (503) Thermo Fisher Scientific Cat. No.: 17504044

GlutaMAX Thermo Fisher Scientific Cat. No.: 35050061

MEM Non-Essential Amino Acids Thermo Fisher Scientific Cat. No.: 11140050

Penicillin-Streptomycin Thermo Fisher Scientific Cat. No.: 15140122

CHIR 99021 Tocris Bioscience Cat. No.: 4423

bFGF/FGF2 R&D Systems Cat. No.: 233-FB

HGF R&D Systems Cat. No.: 294-HG

IGF-1 R&D Systems Cat. No.: 291-G1

Y-27632 Tocris Bioscience Cat. No.: 1254

VEGF 165 R&D Systems Cat. No.: 293-VE

L-ascorbic acid Tocris Bioscience Cat. No.: 4055

Accutase STEMCELL Technologies Cat. No.: 07920

Anti-Adherence Rinsing Solution STEMCELL Technologies Cat. No.: 07010

HBSS CM-free Thermo Fisher Scientific Cat. No.: 14175079

Experimental models: Cell lines

H3.1.1 (original human fibroblasts:
foreskin of 1-day-old Hispanic-Latino
male, karyotype XY)

Paluh lab Chang et al.2; Tomov et al.3

Other

35 mm tissue culture-treated culture dish CELLTREAT Cat. No.: 229635

6-well plate CELLTREAT Cat. No.: 229105

Disposable Vacuum Filter/Storage
Systems

Thermo Fisher Scientific Cat. No.: 430773

100 mm petri dish Fisher Cat. No.: S33580A

CHEMcell VERSA-ORB2 orbital shaker Chemglass Life Sciences Cat. No.: CLS-4021-100
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MATERIALS AND EQUIPMENT

STEP-BY-STEP METHOD DETAILS

2D induction of hiPSC colonies for EMLOC formation (stage 1)

Timing: 2 days (for steps 1 to 6)

N2B27 Basal Medium (500 mL)

Reagent Final concentration Amount

DMEM/F-12 N/A 235 mL

Neurobasal Plus N/A 235 mL

B-27 Plus 2% 10 mL

N-2 1% 5 mL

GlutaMAX (1003) 13 5 mL

MEM Non-Essential Amino Acids (1003) 13 5 mL

Penicillin-Streptomycin (1003) 13 5 mL

Total N/A 500 mL

*Filter sterilize; medium can be stored at 4�C for up to 2 weeks.

Induction Medium

Reagent Final concentration Amount

N2B27 N/A 10 mL

FGF2 40 ng/mL (100 mg/mL stock) 4 mL

CHIR 99021 3 mM (10 mM stock) 3 mL

Total N/A 10 mL

*Prepare fresh with supplements.

**48 h total, replace full medium at 24 h.

EMLOC Polarization Medium

Reagent Final concentration Amount

N2B27 N/A 10 mL

FGF2 10 ng/mL (100 mg/mL stock) 1 mL

IGF1 2 ng/mL (100 mg/mL stock) 200 nL

HGF 2 ng/mL (100 mg/mL stock) 200 nL

Y-27632 50 mM (10 mM stock) 50 mL

Total N/A 10 mL

*Prepare fresh with supplements.

**Replace one-half volume of aggregation medium at 24 h; one-half volume replacement medium contains 23 the concen-

tration of FGF2, IGF1, and HGF to maintain steady-state levels, and excludes Y-27632.

Cardiac Induction Medium

Reagent Final concentration Amount

N2B27 N/A 9.9 mL

FGF2 30 ng/mL (100 mg/mL stock) 3 mL

Ascorbic acid 0.5 mM (50 mM stock) 100 mL

VEGF 5 ng/mL (100 mg/mL stock) 0.5 mL

Total N/A 10 mL

*Prepare fresh with supplements.

**Full medium change to Cardiac Induction Medium at 48 h post-aggregation; EMLOCs are maintained in Cardiac Induction

Medium for 5 days total, with 13 medium change after 72 h or longer from first addition (5 d post-aggregation).
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The short induction time at this step yields mesendodermal-like cellular starting material that impor-

tantly is also primed for neural differentiation. Protocols for trunk-biased, uniformly committed neu-

romesodermal progenitors (NMPs) typically rely on more sustained exposure to FGF and CHIR

signaling (e.g., 4–5 d induction period).4,5 The induction factors for 2D adherent colonies and for

subsequent aggregate formation and polarization were originally identified by the Gouti laboratory

to generate neuromuscular trunk organoids using human stem cells.6 These factors were then opti-

mized for elongating multi-lineage organized (EMLO) gastruloids by our laboratory.7 However, the

original EMLO gastruloid protocol in that study was not optimized for cardiogenesis.7

Note: hiPSC colonies at�50%–60% confluency in single wells of a 6-well plate are ready for 2D

induction (Figures 2B and 2C).

1. Supplement working volume (2 mL per well) of N2B27 with 3 mM CHIR 99021, 40 ng/mL FGF2

(referred to herein as Induction Medium) and prewarm to 25�C without a water bath.

Note: FGF proteins influence caudalization to trunk phenotype in part through initiation of

HOX gene expression.8,9 CHIR 99021 activates Wnt/b-catenin signaling via GSK3 inhibition.10

Together these factors promote generation of axial progenitors.4

Note: Medium supplementation during stages in EMLOC formation are summarized below:

CRITICAL: Cell-line dependent induction with CHIR 99021 and FGF2 must be optimized

both for concentration and time of exposure. In our hands, the ideal CHIR 99021 concen-

tration window for line H3.1.1 is between 3–3.5 mM for 2–3 d of induction. By visual inspec-

tion, optimal colony induction is characterized by slight raised-edge character just as cells

begin tomigrate away from the colony border (Figure 2D). Also important is consistency of

cell numbers being induced so that factor concentrations are appropriate.

Note: See troubleshooting 1.

2. Remove the mTeSR Plus medium and rinse cells 23 with DMEM/F-12.

3. Add 2 mL of Induction Medium to the hiPSC wells that will be used to generate EMLOCs.

4. Return plate to incubator.

5. After 24 h, exchange the medium with 2 mL fresh Induction Medium.

6. Return to incubator for an additional 24 h.

Transition to shaking culture and EMLOC polarization (stage 2)

Timing: 2 days (for steps 7 to 14)

Approximately 48 h after induction as adherent 2D colonies, cultures are primed to generate single

cell suspensions to form 3D aggregates by orbital shaking. This transition helps to drive formation of

uniformly and appropriately sized aggregates and introduces additional mechanical cues during the

early polarization stage. Initial starting aggregates with small cell number (�50–100 mmdiameter ag-

gregates; 50–100 cells each) are critical to establish the necessary axis length for local signaling and

polarization.11 This size is achieved uniformly and spontaneously in our hands using line H3.1.1 and

the culture conditions described.

Note: 48 h after the initial induction as 2D colonies in Induction Medium, cells can be used to

generate 3D aggregates.

7. Prepare a fresh 6-well plate by treatment with 1 mL Anti-Adherence Rinsing Solution per well for

10 min.
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a. Remove the Anti-Adherence Rinsing Solution from the wells and rinse 23with 1mL HBSS (CM-

free). On the second rinse, do not remove the HBSS to prevent drying.

b. Remove the Induction Medium from the wells containing primed colonies and rinse 23 with

1 mL HBSS (CM-free).

8. For enzymatic dissociation to single cells, dilute Accutase 1:1 with HBSS (CM-free) and add 1 mL

per well. Incubate at 37�C for 5–10 min (cell line-dependent incubation time).

a. After incubation, gently remove dissociation solution and add 1 mL of N2B27 (no supple-

ments) to the empty well.

b. Dislodge the cells using a side-to-side scraping motion over the entire surface area of the well

with a serological pipette oriented orthogonally to the surface.

c. Triturate the suspension manually with a P-1000 pipette�63 to generate a single cell suspen-

sion.

Note: See troubleshooting 2.

9. Combine 2–3 Accutase-treated hiPSC wells.

a. Add the entire volume to a 15mL conical tube and centrifuge at 3503 g for 5min to pellet the

single cells.

10. Aspirate the supernatant from the cell pellet and resuspend in EMLOC Polarization Medium

(N2B27 basal medium supplemented with 10 ng/mL FGF2, 2 ng/mL IGF1, 2 ng/mL HGF,

50 mM ROCK inhibitor Y-27632) at the appropriate cell density.

a. Remove remaining HBSS from treated wells and transfer cell suspension to the pretreated

low adherence well plate.

Note: ROCK inhibitor Y-27632 promotes single cell survival and potentiates primed cells to-

wards neural crest.12 IGF1 and HGF, together with FGF2, have been shown to enhance meso-

dermal progenitor expansion during early differentiation.13

CRITICAL: The combined suspensions used to generate aggregates for EMLOCs should have

�23 106 cells total in 2mLmedium (13 106 cells/mL). Toomany cells will interfere with correct

ratio of factors. Too few cells will prevent any aggregate formation. Total cell number per well

may range from 2 3 106 to 4 3 106 cells depending on cell line in 2 mL total volume.

Note: See troubleshooting 3.

11. Place the plate on an orbital shaker at 80 rpm clockwise in a humidified incubator with 5% CO2.

12. Visually inspect the orbital shaking cultures at 24 h post-aggregation.

Note: At this stage, round aggregates of similar size distribution (�50–100 mm) should be

visible (Figure 2E). To change the culture medium, pool the aggregates in a 15 mL conical

tube and allow them to settle by gravity for �10 min.

Note: Do not let cultures over-settle to avoid aggregate fusion.

CRITICAL: If there are aggregates present that are much larger than the rest, manually re-

move the larger aggregates with a P-1000 blue tip.

13. Aspirate one-half volume of the media and replace with fresh, modified EMLOC Polarization

Medium (N2B27 supplemented with 20 ng/mL FGF2, 4 ng/mL IGF1, 4 ng/mL HGF without

ROCK inhibitor Y-27632).

Note: See troubleshooting 4.

ll
OPEN ACCESS

8 STAR Protocols 3, 101898, December 16, 2022

Protocol



Note: The concentration of the growth factors is doubled to maintain the same overall con-

centration in the wells (assuming the original recombinant proteins are still present).

14. Return the culture to the orbital shaker at 80 rpm clockwise in a humidified incubator with

5% CO2.

Note: The rotational speed is key to achieving the initial size of the starting aggregates and

may require cell line-specific optimization.

EMLOC cardiac induction (stage 3)

Timing: 5 days (for steps 15 to 19)

EMLOC cardiogenesis is stimulated with defined angiocrine and cardiogenic factors in combination

(FGF2, VEGF 165, ascorbic acid) to recapitulate morphological hallmarks such as thin walled, dilated

chamber-like structures with spontaneous contractility. These factors were previously shown to stimulate

cardiogenesis inmouse gastruloids and are applied here, adapting our original EMLOprotocol to induce

human cardiogenesis with retained neurogenesis within the multi-lineage gastruloid framework.7,14

15. 48 h post-aggregation, initiate cardiac induction by pooling aggregates in a 15 mL conical tube

and allow them to settle by gravity for 10 min.

a. Completely aspirate the EMLOC Polarization Medium and rinse with 10 mL HBSS (CM-free).

b. Let the aggregates re-settle and aspirate the HBSS (CM-free).

16. Resuspend in Cardiac Induction Medium (N2B27 supplemented with 5 ng/mL VEGF, 30 ng/mL

FGF2, 0.5 mM ascorbic acid).

Note: VEGF regulates the development of the vascular endothelium and endocardium

through the activation of Akt signaling in endothelial cells,15 and ascorbic acid promotes car-

diac differentiation by enhancing the proliferation of cardiac progenitor cells via MEK-ERK1/2

signaling.16

17. Return cells to the orbital shaker at 80 rpm clockwise in a humidified incubator with 5% CO2.

Note: See troubleshooting 5, 6, and 7.

18. Replace Cardiac Induction Medium with fresh medium at 4–5 d post-aggregation.

Note: It may be useful to replace procardiogenic media only once to allow intra-aggregate

cell-cell and paracrine signaling.

19. Visually monitor cultures for early polarization and cardiac crescent formation (Figure 2F) and

formation of contractile chamber-like structures (Figure 2G).

Note:Calcium-mediated cardiomyocyte contractility can be verified by live-cell calcium imag-

ing with Fluo-4 AM dye (Figure 2H).1

EMLOC multi-lineage differentiation, chamber morphogenesis and innervation (stage 4)

Timing: 18+ days (for steps 20 to 23)

After 7 d post-aggregation, Cardiac Induction Medium is replaced with non-supplemented N2B27.

This is intended to permit neurogenesis and cardiogenesis without further lineage restriction, favor-

ing aggregate-derived signaling factors and self-organization.
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Note: The maximal duration for continued maintenance and development of EMLOC analysis

has not yet been determined beyond 25 d from induction.

20. At 7 d post-aggregation, collect aggregates in a 15 mL tube and let settle at 37�C for 10 min.

21. Remove and replace medium:

a. Remove medium and rinse with HBSS (CM-free).

b. Let re-settle and remove the HBSS (CM-free).

c. Exchange the medium to non-supplemented N2B27 and re-distribute EMLOCs evenly to

new cultureware freshly treated with Anti-Adherence Rinsing Solution.

22. Place on orbital shaker at 75 rpm clockwise in a humidified incubator with 5% CO2.

23. Replenish N2B27 basal media every 3–5 d as needed to maintain the maturing EMLOCs for the

remainder of the protocol.

EXPECTED OUTCOMES

The EMLOC formation and multi-lineage differentiation protocol occurs in four general stages

(Figure 1). Stage 1 of hiPSC induction to EMLOC-primed cells is performed using intact 2D col-

onies beginning at �50%–60% confluency (Figures 2B and 2C). The induction period using

N2B27 supplemented with CHIR 99021 and FGF2 occurs over 48 h, but may require longer expo-

sure to between 48–72 h depending on cell line. By 48 h, optimal colony induction by visual in-

spection is characterized by slight raised-edge character just as cells begin to migrate away

from the colony border (Figure 2D). Induced cells should co-express neuroectodermal biomarker

SOX2 and mesendodermal biomarker FOXA2 by immunofluorescence (Figure 3A). At this point,

2D cultures are primed and ready to proceed to Stage 2, transition to shaking culture and

EMLOC early polarization.

Stage 2 is characterized by exposure to FGF2, IGF1 and HGF in N2B27 basal medium for 48 h

during aggregation of 2D primed colonies to 3D spherical aggregates. This necessitates dissoci-

ation of primed colonies to a single cell suspension using diluted Accutase. Prior to aggregation

on orbital shaking culture in low-adhesion 6-well plates, a satisfactory single cell suspension

should be verified by visual inspection using a tissue culture microscope. Single cells are applied

at 2–4 3 106 cells/well depending on cell line in 2 mL of EMLOC Polarization Medium. After 24 h

on the orbital shaker (80 rpm), spherical aggregates with size distribution of �50–100 mm should

be present (Figure 2E). A critical step is to ensure appropriate size, and therefore cell number per

initial aggregate (50–100 cells). Aggregates at 24 h should retain co-expression of SOX2 and

FOXA2 as shown (Figure 3B), but do not yet express GATA6. A one-half volume media change

to EMLOC Polarization Medium (no ROCK inhibitor) is made at 24 h with attempts to maintain

steady-state levels of the recombinant proteins FGF2, IGF1 and HGF. After an additional 24 h

(48 h post-aggregation), aggregates should have increased by �50% in size before proceeding

to Stage 3.

At Stage 3, early EMLOC aggregates undergo cardiac induction by exposure to the angiocrine and

cardiogenic factors FGF2, VEGF and ascorbic acid in N2B27 basal medium. By 48 h after exposure to

the Cardiac Induction Medium (day 4 post-aggregation), polarized EMLOCs are oblong with cardiac

crescent structures evident on visual inspection (Figure 2F) and identified by immunofluorescence of

the biomarkers GATA4 and cTnT (Figure 3C). The cardiac crescent elongates to become the contrac-

tile chamber-like structure by day 7 (Figures 2G and 3D), which retains GATA4 and cTnT expression

in addition to GATA6. The border of the cardiac crescent with non-cardiac EMLOC components can

also be visualized by the N-cadherin, CDH2. Contractility can be quantified in culture (beat fre-

quency, percentage of beating aggregates) and by live-cell calcium imaging with Fluo-4 AM dye

(Figure 2H). In our original study, we quantified EMLOC formation efficiency as percentage of

EMLOCs with contractile regions at day 7, which ranged from �60%–80% across experiments.1

Once contractile chamber-like structures emerge and are frequently identified in culture, cardiac
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Figure 3. Polarization of biomarkers at key steps in EMLOC formation by immunofluorescence

(A) Stage 1 (Induction Medium): immunofluorescence image of primed 2D hiPSC colony induced by CHIR 99021 and

FGF2 in N2B27 basal medium. Co-expression of neuroectodermal biomarker SOX2 and mesendodermal biomarker

FOXA2 is shown.

(B) Stage 2 (EMLOC Polarization Medium): Individual spherical aggregates at 24 h post-aggregation in shaking

culture. Expression pattern of SOX2 and FOXA2 is shown as merge (+DAPI) and separate channels. Seven aggregates

are visible.

(C) Stage 3 (Cardiac Induction Medium): day 4 EMLOCs with early polarized cardiac crescent (GATA4 left; cTnT right).

Very early neurogenesis (TUJ1) is visible from single rosettes (left).

(D) Early chamber-like structures (cTnT) and distinct neurogenesis compartment (TUJ1). EMLOC is co-stained with

GATA6. Maximally projected Z-stack (Z-total) is shown with single Z-slice to highlight morphology.

(E) Expanded chamber-like structure (cTnT) and distinct neurogenesis compartment (TUJ1). Z-total (top right) and

single Z-slice (bottom right) of inverted cTnT channel is shown.

(F) Stage 4 (N2B27, no supplements): early neurogenesis from single rosette (TUJ1) with maturing chamber-like

structure (cTnT). Inset is high magnification image showing SOX2+ rosette. Early neurons are diverted away from the

cardiac region.

(G) Neuronal expansion (TUJ1) in neurogenesis compartment and early interaction with cTnT+ cardiac region.

(H) A late neuronal subset (TUJ1) begins to populate the cTnT+ cardiac region. Inverted TUJ1 channel is shown (right).

Individual scale bars are provided for all images.
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induction factors can be withdrawn. Importantly, early neurogenesis from SOX2+ neural rosettes

distal to the cardiac compartment should be occurring at day 7, and can be identified as early as

day 4 (Figures 3C and 3F). At this stage, newly differentiated neurons are diverted away from the car-

diac region, potentially due to influence by extracellular matrix-derived factors (Figure 3F). Self-

organized anterior foregut tissue (FOXA2, CDH1) posterior to chamber-like structures may also

be identified during Stage 3. Beyond day 7, cultures are maintained in N2B27 basal medium without

supplements to permit further EMLOC multi-lineage differentiation, cellular diversification, and

maturation (Stage 4).

The contractile, polarized EMLOCs undergo robust neurogenesis during Stage 4 and were main-

tained in the original publication to day 25. By this time point, the cTnT+ cardiac region should

be populated by a subset of the neurons generated (Figure 3H). Throughout this stage of matura-

tion, further events with developmental relevance can be observed such as expansion and consol-

idation of the multi-layered chamber wall with ongoing morphogenesis (Figure 2I). The range of

lineages present in EMLOCs along with cellular diversity and maturation state can be interrogated

by immunofluorescence in addition to single cell RNA-Seq. We originally performed the RNA-Seq at

two time points (days 7 and 16). In our dataset, the predominant lineages to be expected are cardiac

(cardiomyocytes, epicardium, cardiac fibroblasts, etc.), vascular endothelial, trunk nervous tissue

(spinal cord neural progenitors, peripheral neurons, Schwann cell glia), anterior foregut, and geni-

tourinary epithelium with intermediate mesoderm-derived metanephric mesenchyme. In contrast

to EMLOs that primarily generate motor neurons, EMLOCs generate predominantly autonomic neu-

rons (�70%; PHOX2B/ASCL1) with a subset of peripheral sensory (25%; POU4F1) andmotor neurons

(5%;MNX1). Extensive gene biomarker lists based on cell stage and lineage are also provided in our

original manuscript related to this protocol.1 The protocol for dissociation of EMLOCs to single cells

for sequencing is also described therein.

LIMITATIONS

This protocol describes the generation of EMLOCs with the Hispanic-Latino H3.1.1 hiPSC line.1 In

Olmsted and Paluh,7 we demonstrated the use of this line and others to reproducibly generate

enteric gut formation with neural integration in an elongating multi-lineage organized (EMLO) gas-

truloid model. In Tomov et al.3 we comprehensively compared multiple ethnically-diverse hiPSC

lines generated in collaboration with our laboratory,2 including cardiac differentiation and narrow

effective windows in CHIR 99021 concentration gradient that are cell-line specific.3 These publica-

tions may be helpful when replicating the protocol with a new hiPSC line, ideally at low passage

number.

TROUBLESHOOTING

Problem 1

It is unclear whether proper induction of cellular starting material has been achieved. Refer to

Stage 1, #1.

Potential solution

Optimize CHIR 99021 and FGF2 induction time and concentration. Perform immunofluorescence on

adherent colonies to evaluate co-expression of neuroectodermal biomarker SOX2 and mesendo-

derm biomarker FOXA2/HNF-3b (Figure 3A).

Problem 2

If after the 10 min incubation with 1:1 Accutase:HBSS (CM-free) dissociation solution, the cells have

detached and are floating. Refer to Stage 2, #8.

Potential solution

Optimize time of exposure for cell line. For the current experiment, salvage the cells: add 1 mL

N2B27 (no supplements), detach remaining cells by orienting a serological pipette orthogonally
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to the plane of the plate and perform a side-to-side scraping motion over the entire surface area of

the well. Triturate the cell suspension manually and centrifuge at 350 3 g for 5 min to remove disso-

ciation solution. Resuspend the cell pellet in supplemented media.

Problem 3

Single cells do not aggregate in shaking culture. Refer to Stage 2, #10.

Potential solution

Cell number per well is likely too low prior to aggregation. Combine 2 or 3 wells to achieve at least

2 3 106 cells in 2 mL medium. Typically, the combination of primed cultures from 2 wells is sufficient

but this too is cell line dependent.

Problem 4

Aggregates do not polarize. Refer to Stage 2, #13.

Potential solution

Use immunofluorescence to evaluate co-expression of the pluripotency marker SOX2 (posterior;

region will mature to have neural identity), FOXA2/HNF-3b and GATA4 (anterior; region will

mature through cardiac crescent to have primarily cTnT+ identity) (Figures 3B and 3C). The

detailed protocol for immunofluorescence of 3D aggregates is described in a separate manuscript

(Olmsted and Paluh7). Cell number in the initial aggregate is also key to establish appropriate

length scale (50–100 cells/aggregate). Cell number can be interrogated by direct and/or indirect

methods: (1) determine cell number directly by fixation of a subset of aggregates 24 h after tran-

sitioning to orbital shaker, staining with DAPI and counting cells from imaging data using confocal

microscope-generated Z-stacks. Determine the average cell number; (2) indirect bulk method to

determine the concentration of aggregates from a subset of the population by hemocytometer,

dilute in buffer to achieve a known absolute number of aggregates, dissociate to single cells,

and count again with hemocytometer or an automated cell counting system. Divide the total num-

ber of cells by the number of aggregates used to determine an average value at this stage. A final

measure to take is to reduce the aggregate density by 23 in order to increase accessibility to po-

larization factors. This is done by doubling the total culture volume by splitting aggregates 1:2 to

new wells in 2 mL per well.

Problem 5

EMLOCs do not contract. Refer to Stage 3, #19.

Potential solution

Verify early polarization biomarkers and cardiogenic biomarker expression cTnT at the cardiac

crescent formation stage (Figures 3B and 3C). Performing less media changes in Cardiac

Induction Medium may be beneficial. Purchase fresh stocks of induction factors and/or optimize

ascorbic acid concentration. Attempt L-ascorbic acid phosphate Mg salt from different supplier

(Wako, cat # 013-12061).14 Prepare fresh reagents. See problem 4 above.

Problem 6

Orbital shaking ruptures the contractile region or causes separation of cell compartments. Refer to

Stage 3, #19.

Potential solution

Decrease the shaking speed. 75 rpm is recommended since reduced rpm below this level can

cause aggregate fusion. 6-well plate cultures can also be transitioned to 100 mm petri dishes pre-

treated with Anti-Adherence Rinsing Solution (STEMCELL Technologies) in 7–8 mL of culture

media.
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Problem 7

Neurogenesis in contractile EMLOCs has not been validated. Refer to Stage 3, #19.

Potential solution

Evaluate expression of neuronal biomarker TUJ1 and cardiac marker cTnT via immunofluorescence

at day 7 and a later time point (Figures 3D–3H).

RESOURCE AVAILABILITY

Lead contact

Further information and reasonable requests for resources should be directed to and will be fulfilled

by the Lead Contact, Dr. Janet L. Paluh (paluhj@sunypoly.edu).

Materials availability

This study applies a unique reagent that is a Hispanic-Latino low passage hiPSC line previously

generated and initially characterized with other ethnically-diverse hiPSC lines.2,3 The ethnically

diverse hiPSC lines are being made available via WiCell (Madison, Wisconsin).

Data and code availability

Single cell RNA-Seq datasets corresponding to the original publication (Olmsted and Paluh1) are

available through GEO (GSE194356). The technology for generation of EMLOCs is covered under

U.S. provisional patent filing: 63/311,498.
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