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Figure 1. Localized differentiation of liver progenitors in arrayed patterns. (A) Immunolabeling of BMEL cells for the biliary marker OPN and hepatocyte

marker ALB on arrayed collagen I patterns with control IgG or Fc-recombinant Notch ligands DLL1, DLL4, and JAG1. (B) Quantification of OPN+ cell

counts as a function of radial distance from the centroid of each island. (C) Quantification of ALB+ cell counts as a function of radial distance from the

centroid of each island. (D) Immunolabeling of BMEL cells presented with DLL4 for the biliary transcription factor SOX9 and hepatocyte transcription

factor HNF4A. Arrow in each image indicates the same SOX9+/HNF4A� cell. Scale bar indicates 75 mm. (E, F) Regression analysis of OPN+ and ALB

+ cell counts. Data in Figure 1B and Figure 1C were separated into peripheral and central subsets for which dimensionless radius was greater than

0.75 (R> 0:75) and less than 0.75 (R< 0:75). Separate multiple regression models were generated for each data subset for which coefficient estimates

(corresponding to mean change in cell counts) and 95% CI were plotted for OPN+ (E) and ALB+ (F) cells. For each factor, 95% CI that do not intersect

with the dashed line indicate regression coefficient estimates for which P< 0:05. (A, E) Scale bars indicate 150 mm.
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Figure 1—figure supplement 1. Immunolabeling and

quantification of CK19. (A) Immunolabeling of BMEL

cells presented with IgG for the biliary marker CK19. (B)

Quantification of CK19 intensity in BMEL cells

presented with IgG as a function of radial distance

from the centroid of each island. Asterisk (*) indicates

P< 0:001 for peak intensity (R> 0:9) compared with

central intensity (R< 0:1) using Welch’s t-test.

DOI: https://doi.org/10.7554/eLife.38536.004

Kaylan et al. eLife 2018;7:e38536. DOI: https://doi.org/10.7554/eLife.38536 3 of 19

Research article Developmental Biology

https://doi.org/10.7554/eLife.38536.004
https://doi.org/10.7554/eLife.38536


Figure 1—figure supplement 2. Immunolabeling of OPN and CK19 at t ¼ 24h and cell density with radius at

t ¼ 72 h. (A) Immunolabeling at t ¼ 24 h of BMEL cells on 30 kPa substrates presented with IgG and DLL4 for the

biliary markers OPN and CK19. Scale bar indicates 75 mm. (B) Measurement of cell density with radius for 30 kPa

and 4 kPa substrates at t ¼ 72h. Vertical black bars indicate computed mean radius using the most central 95% of

cells within the data set.
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Figure 1—figure supplement 3. Immunolabeling for

OPN with 300, 600, and 1000 mm diameter patterns. (A)

Immunolabeling for OPN of BMEL cells presented with

DLL4 on 30 kPa substrates at t ¼ 72 h. Both 300 mm and

1000 mm pattern diameters were included in this

experiment in addition to the 600 mm pattern diameter.

Scale bars indicate 150 mm. (B) Quantification of peak

OPN+ cell counts for 300, 600, and 1000 mm diameter

pattern. Boxplots show median, 25th and 75th

percentiles (hinges), and 1.5 � IQR (whiskers).
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Figure 2. Peripheral biliary differentiation is dependent on both Notch signaling and substrate stiffness. (A)

Immunolabeling for OPN of BMEL cells presented with DLL4 on 30 kPa and 4 kPa substrates. Cells were treated

with vehicle control (DMSO) or an inhibitor of Notch signaling (g-secretase inhibitor X, GSI, 5 mM). (B)

Quantification of OPN+ cell counts on 30 kPa and 4 kPa substrates after treatment with DMSO or GSI. (C)

Immunolabeling for SOX9 and HNF4A of BMEL cells on 30 kPa and 4 kPa substrates. (D) Quantification of SOX9

and HNF4A intensity on 30 kPa and 4 kPa substrates. (E) RNA in situ hybridization for Jag1, Dll1, and Notch2 on 30

kPa and 4 kPa substrates. Cells were exogenously presented with IgG or DLL4. (A, C, E) Scale bars indicate 150

mm. (B, D) Mean ± 95% CI.
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Figure 2—figure supplement 1. Quantification of OPN+ cell counts in arrayed patterns. Cells were cultured on 30

kPa and 4 kPa substrates and presented with IgG, DLL1, DLL4, and JAG1. Treatments included vehicle control

(DMSO) or an inhibitor of Notch signaling (g-secretase inhibitor X, GSI, 5 mM).

DOI: https://doi.org/10.7554/eLife.38536.010
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Figure 2—figure supplement 2. Regression analysis of OPN+ and ALB+ cell counts. Data in Figure 2B were

separated into peripheral and central subsets for which dimensionless radius was greater than 0.75 (R> 0:75) and

less than 0.75 (R< 0:75). Separate multiple regression models were generated for each data subset for which

coefficient estimates (corresponding to mean change in cell counts) and 95% CI were plotted for OPN+ (A) and

ALB+ (B) cells. For each factor, 95% CI that do not intersect with the dashed line indicate regression coefficient

estimates for which P< 0:05. Cells were cultured on 30 kPa and 4 kPa substrates and presented with IgG, DLL1,

DLL4, and JAG1. Treatments included vehicle control (DMSO) or an inhibitor of Notch signaling (g-secretase

inhibitor X, GSI, 5 mM).
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Figure 2—figure supplement 3. Quantification of ALB+ cell counts in arrayed patterns. Cells were cultured on 30

kPa substrates and presented with IgG, DLL1, DLL4, and JAG1. Treatments included vehicle control (DMSO) or an

inhibitor of Notch signaling (g-secretase inhibitor X, GSI, 5 mM).
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Figure 3. TGFb signaling and cell–cell interaction strength modulate pattern formation. (A) Immunolabeling for OPN and HNF4A of BMEL cells

presented with IgG and DLL4 on 30 kPa substrates. Cultures were treated with vehicle control (DMSO), inhibitor of TGFb signaling (SB-431542, 10 mm),

TGFb1 (1.5 ng/ml), or functional anti-E-cadherin (DECMA, 10 mg/ml). (B) Quantification of OPN+ cell probability density distributions after treatment

with DMSO, TGFb1, or DECMA. (C) RNA in situ hybridization for Jag1 and Notch2 of cells exogenously presented with IgG or DLL4 and treated with

DMSO or SB-431542. (A, C) Scale bars indicate 150 mm.
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Figure 3—figure supplement 1. Quantification of OPN+ cell counts and HNF4A intensity with SB-431542 and

DECMA treatment. (A) Quantification of OPN+ cell counts on 30 kPa substrates presented with DLL4 after

treatment with vehicle control (DMSO) or inhibitor of TGFb signaling (SB-431542, 10 mm). (B) Quantification of

HNF4A intensity of cells on 30 kPa substrates after treatment with DMSO, SB-431542, or functional anti-E-cadherin

(DECMA, 10 mg/ml). (A, B) Mean ± 95% CI.

DOI: https://doi.org/10.7554/eLife.38536.027
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Figure 3—figure supplement 2. TGFb1 induces Notch

ligand and receptor expression uniformly. BMEL cells

were cultured on 30 kPa substrates, presented with IgG

or DLL4, and treated with TGFb1 (1.5 ng/ml). Scale bar

is 150 mm.

DOI: https://doi.org/10.7554/eLife.38536.028
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Figure 4. Liver progenitors in arrayed patterns generate gradients of traction stress independent of ligand presentation. (A) Simulated finite element

modeling (FEM) stress profile of arrayed patterns. (B) Stress from FEM as a function of radius. (C) Experimental stress profiles obtained by traction force

microscopy (TFM) of BMEL cells on 30 kPa and 4 kPa substrates presented with DLL4. (D) Stress from TFM as a function of radius, substrate stiffness (30

kPa and 4 kPa), and ligand (IgG, JAG1, DLL1, DLL4). Mean ± 95% CI.

DOI: https://doi.org/10.7554/eLife.38536.015
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Figure 4—figure supplement 1. Effect of Notch

inhibition on experimental stress profiles. Experimental

stress profiles were obtained by TFM of BMEL cells

presented with DLL4 on 30 kPa and 4 kPa substrates

and treated with vehicle control (DMSO) or GSI (10

mM). Mean ± 95% CI.

DOI: https://doi.org/10.7554/eLife.38536.016
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Figure 4—figure supplement 2. Effect of TGFb and E-cadherin inhibition on experimental stress profiles.

Experimental stress profiles were obtained by TFM of BMEL cells on 30 kPa and 4 kPa substrates presented with

ligand (IgG and DLL4) and treated with vehicle control (DMSO), inhibitor of TGFb signaling (SB-431542, 10 mm), or

functional anti-E-cadherin (DECMA, 10 mg/ml). Gray lines and associated ribbons represent the DMSO control

replotted in additional panels to aid comparison. Mean ± 95% CI.

DOI: https://doi.org/10.7554/eLife.38536.017
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Figure 5. Peripheral differentiation is dependent on a gradient of actomyosin contractility. (A) Simulated effect of stress gradients of increasing

steepness on Notch signaling activity via trans-activation. Darker shades of blue represent increased Notch signaling activity as measured by repressor

levels. (B) Quantification of simulated Notch receptor and cleavage events generating repressor, a measure of Notch signaling activity, under

conditions of no (b ¼ 0) and high (b ¼ 5) stress gradients. Concentration is in arbitrary units normalized to the periphery for each condition. (C) BMEL

cells on 30 kPa substrates were presented with DLL4 and treated with vehicle control (DMSO) and inhibitor of myosin II ATPases (blebbistatin, 25 mM).

Samples were immunolabeled for OPN and HNF4A. Scale bar is 150 mm. (D) Quantification of OPN+ cell percentages and stress from TFM after

treatment with DMSO and blebbistatin. Gray lines and associated ribbons represent the DMSO control replotted in additional panels to aid

comparison. Mean ± 95% CI.
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Figure 6. Mechanotransduction by ERK and ROCK modulate peripheral biliary fate. (A) BMEL cells on 30 kPa substrates were presented with DLL4 and

treated with vehicle control (DMSO) and inhibitors of ERK signaling (FR180204, 10 mM) and ROCK (Y-27632, 10 mM). Samples were immunolabeled for

OPN and HNF4A. (B) Quantification of OPN+ cell percentages after treatment with DMSO, FR180204, or Y-27632. (C) Stress from TFM after treatment

with DMSO, FR180204, or Y-27632. (D) RNA in situ hybridization for Jag1 and Notch2 of cells exogenously presented with DLL4 and treated with DMSO

or FR180204. (E) Immunolabeling for YAP of BMEL cells presented with DLL4 on 30 kPa substrates. Quantification shows YAP intensity (a.u.) of cells

presented with DLL4 on 30 kPa (green) and 4 kPa (orange) substrates by dimensionless radius. Mean ± 95% CI. (A, D, E) Scale bars are 150 mm. (B, C)

Gray lines and associated ribbons represent the DMSO control replotted in additional panels to aid comparison. Mean ± 95% CI.
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Figure 7. Notch ligands Jag1 and Dll1 are both required for segregation of hepatocytic fate centrally and biliary fate peripherally. (A) Immunolabeling

for OPN and HNF4A of BMEL cells presented with DLL4 on 30 kPa substrates. Control cells were transduced with an shRNA vector coding for a non-

mammalian target. shJag1 and shDll1 cells were transduced with shRNA vectors targeting Jag1 and Dll1, respectively. Scale bar is 150 mm. (B) Confocal

imaging of immunolabeled SOX9 and HNF4A in control, shJag1, and shDll1 cells presented with DLL4 on 30 kPa substrates. Scale bar is 75 mm. (C)

Quantification of OPN+ cell counts of control, shJag1, and shDll1 cells presented with DLL4 on 30 kPa substrates. (D) Quantification of SOX9 and

HNF4A intensity of control, shJag1, and shDll1 cells presented with DLL4 on 30 kPa substrates. (C, D) Mean ± 95% CI.
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Figure 7—figure supplement 1. Regression analysis of OPN+ cell counts. Data in Figure 7B were separated into

peripheral and central subsets for which dimensionless radius was greater than 0.75 (R> 0:75) and less than 0.75

(R< 0:75). Separate multiple regression models were generated for each data subset for which coefficient

estimates (corresponding to mean change in cell counts) and 95% CI were plotted. For each factor, 95% CI that do

not intersect with the dashed line indicate regression coefficient estimates for which P< 0:05. Control, shJag1, and

shDll1 cells were presented with DLL4 on 30 kPa substrates.
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