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myoepithelial functional differentiation
in highly parallel mammary organoid culture
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SUMMARY

A long-standing constraint on organoid culture is the need to add exogenous sub-
stances to provide hydrogel matrix, which limits the study of fully human or fully
native organoids. This paper introduces an approach to culture reconstituted mam-
mary organoids without the impediment of exogenous matrix. We enclose organo-
ids in nanoliter-scale, topologically enclosed, fluid compartments surrounded by
agar. Organoids cultured in these “microcontainers” appear to secrete enough
extracellular matrix to yield a self-sufficient microenvironment without exogenous
supplements. In microcontainers, mammary organoids exhibit contractility and a
high-level, physiological, myoepithelial (MEP) behavior that has not been previously
reported in reconstituted organoids. The presence of contractility suggests that mi-
crocontainers elicit MEP functional differentiation, an important milestone. Micro-
containers yield thousands of substantially identical and individually trackable orga-
noids within a single culture vessel, enabling longitudinal studies and statistically
powerful experiments, such as the evaluation of small effect sizes. Microcontainers
open new doors for researchers who rely on organoid models.

INTRODUCTION

Organoid culture is a leading approach to obtain physiological data from human cells in the laboratory setting.
Organoids provide their constituent cells with the microenvironment cues necessary to elicit native structure and
function. Consequently, organoids can be better physiological models of biological tissue than cells grown on
plastic, which has made organoid culture the subject of much research and development (Sachs et al., 2018).
Nevertheless, organoid culture faces limitations to widespread and useful deployment. One of the most impor-
tant limitations of organoid culture is its need for exogenous extracellular matrix scaffolds.

Exogenous scaffolds, ranging from semi-synthetic polymer-peptide conjugates (Cruz-Acunia and Garcia,
2017) to jellied secretions from cancer cells (Lutolf and Gjorevski, 2018), are typically required for cells in
three-dimensional culture to survive and develop into organoids. For mammary organoids, the typical scaf-
fold is laminin-rich extracellular matrix (IrECM), such as Matrigel, which contains components of the epithe-
lial basement membrane, as well as stromal components (Hansen et al., 2009). Although IrECM permits
mammary organoids to recapitulate various physiological behaviors (Cerchiari et al., 2015; Todhunter
et al., 2015), it has well-known limitations, including lot-to-lot variability, high cost, and discrepancies in
both composition (Hansen et al., 2009) and structure (Kleinman et al., 1986) from bona fide basement mem-
brane. These problems have driven a market for IrECM substitutes, but no substitute has yet been devised
that emulates all aspects of physiological matrix. Scaffold-free cultures can bypass these issues for some
cell types but are infeasible for anchorage-dependent cells, including human mammary epithelial cells 'Department of Population
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relatively large volume of culture media, an issue present even in systems such as droplet microfluidics (Yu et al.,
2010), and dilution may prevent this gelation threshold from being reached.

To maximize the concentration of the endogenous, secreted matrix, we developed the microcontainer cul-
ture system. Within microcontainers, mammary organoids can be reconstituted from HMECs in the
absence of ITECM. Microcontainer culture produces multiple arrays of 103-104 individually addressable or-
ganoids, meeting or exceeding the throughput of state-of-the-art techniques such as micropocket culture
(Zhao et al., 2019). Mammary organoids in microcontainers demonstrate self-organization, polarization,
and functional differentiation, including pulsatile myoepithelial (MEP) contractility (Mroue et al., 2015), a
physiological behavior before now unseen in reconstituted organoids.

RESULTS
Microcontainers enable I ECM-free organoid culture

Mammary epithelial organoids are traditionally grown in IrECM, which is typically derived from a non-
human source, e.g. rodent Engelbreth-Holm-Swarm tumor cells (Hassell et al., 1980), or less often from a
non-mammary human source (Okoh et al., 2013). It has been demonstrated that IrECM provides essential
cues for maintaining proper organization and polarity in epithelial organoids and that culturing HMECs in
suspension or low attachment cultures does not efficiently yield polarized acinar morphologies (Chanson
etal., 2011). Previous work (Streuli and Bissell, 1990) has shown that mammary epithelial cells secrete matrix
components under some culture conditions. We hypothesized that a confined volume could concentrate
these secreted components and allow establishment of polarity cues.

A central technical innovation in this paper is the development of the “microcontainer.” A microcontainer is
amicrowell made with standard photolithography techniques (Figure 1A) that, after being loaded with cells,
is sealed shut with a hydrogel lid (Figure 1B), producing an enclosed liquid chamber instead of an open-top-
ped microwell. To form the lids, microwells are first filled with a buffer brought to a high density (1.1 g/mL)
with a soluble biocompatible solute such as maltodextrin or albumin (Table S1). Next, the lower density
(1.0 g/mL) lid hydrogel is flowed over the tops of the microwells and allowed to gel, sealing the microwells.
Buoyancy prevents the lid hydrogel from flowing into the microwells, forming sealed pockets of dilute so-
lution (i.e., microcontainers) underneath the gelled lid. A cylindrical microcontainer with 100-um diameter
and 200-um depth confines a population of 20-100 HMECs to a 1.6 nL volume. A hydrogel lid composed of
1% agarose has an expected pore size on the order of 100 nm (Righetti et al., 1981), slowing the diffusion of
proteins (Boyer and Hsu, 1992) from the microcontainer and preventing the escape of larger macromolec-
ular aggregates. This theory is corroborated by the ability of 15-nm quantum dots loaded into microcon-
tainers to freely diffuse out, whereas fluorescently labeled Matrigel cannot (Figure STA).

Arrays of microcontainers provide a throughput of as many as 7200 organoids in a 24-well plate with micro-
containers spaced on a grid of 500-um pitch (Figure 1C), yielding about 300 organoids within each of the
24 wells. On a grid, each organoid is individually addressable by automated microscopy (Video S1),
enabling each organoid to be tracked over months (Video S2). With this sample size, a Student’s t-test
can evaluate an effect size of 0.1 at the 0.005 significance level with power >0.9, and a 24-category
ANOVA can evaluate an effect size of 0.1 at the 0.05 significance level with power >0.9 (Table 1).

Mammary organoid morphology develops across a two-week period. Each microcontainer is initially loaded with
20-100 individual HMECs. Within 12-48 hr, these HMECs agglomerate into a single spheroidal mass. The exact
size of the spheroids depends on how many HMECs are loaded, but 100-pm diameter microcontainers readily
yield spheroids with a cross-sectional area of ~4,800 pm? (~78 pm diameter) (Figure S1B). Self-organization of
luminal epithelial (LEP) and MEP cells forms a bilayered structure, and, over the ensuing days, a lumen forms
and grows within the organoid, as measured by confocal microscopy (Figure S1C). Tracking individual organoids
shows progressive lumen formation that typically reaches maximum size by 14 days of culture (Figure 1D).
Applying binary classification to brightfield images of organoids allows the percentage of organoids with lumen
to be non-destructively measured at each time point (Figure 1E) with reasonable sensitivity and precision (Fig-
ure S1D). Organoids can be maintained with stable lumens for many months in microcontainer formats
(Figure 1F).

Initially, we observed that organoids with healthy morphology could be obtained in microcontainers containing
Matrigel or collagen | at concentrations either above or below their respective gelation thresholds (Figure S1E).
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Figure 1. Microcontainers enable IrECM-free organoid culture

(A) Microwells are produced by photolithography and impression molding.

(B) A novel microwell-based design encloses each organoid within a “microcontainer” of culture media.

(C) Seven thousand two hundred individually addressable organoids are grown in a single 24-well plate, shown here with a series of twofold magnifications.
(D and E) Organoids grown in microcontainer format reach stable morphology within 14 days, shown by (D) tracking individual organoids and (E) classifying
the number of organoids with lumens, with each blue line showing the percent lumenization of a subgroup of 10 organoids (220 organoids total) and the red
line showing the grand mean.

(F) Organoids can survive in microcontainers for months.

(G) Schematic of graphics for (H) and (I). Each well is summarized by mean +/— standard error (95% confidence interval).

(H) Qualitative assessment of organoid morphology shows differences between microcontainers and traditional microwells. n = 36 organoids/well.
(I) Microcontainers permit the growth of high-grade organoids in the absence of Matrigel. n = 36 organoids/well.

(J) Immunostaining showing laminin 3 and collagen IV secretion from organoids within microcontainers.

(

K) Gelation of microcontainer contents visible upon removal from agarose. Scale bars are 50 pm.

This was notable, as hydrogels at concentrations below their gelation threshold do not provide a substrate for
cell anchorage. Next, we compared microcontainer cultures to standard microwell culture (Napolitano et al.,
2007) by assessing organoid morphology in both formats. Our metric for organoid morphology was the fraction
of non-squamous organoids with lumens, as assessed by brightfield microscopy (Figure 1G). Organoids were
cultured for one week in media supplemented with 1 mg/mL Matrigel, a concentration below Matrigel’s gelation
threshold (~3 mg/mL) (Corning, n.d.) and below the 3-10 mg/mL typically used for hydrogel-embedded organo-
ids (Corning, n.d.). Under these culture conditions, organoids grown in microcontainers showed a greater frac-
tion of non-squamous organoids with lumens than organoids grown in microwells (Figure TH). We speculated
that this effect may have been due to microcontainers limiting the dilution of survival-promoting factors such
as growth factors or matrix components into the culture media reservoir. To test this hypothesis, microcontainers
and microwells were assessed across two media volumes: either the highest volume of culture media permissible
by plasticware geometry (~1500 ul) or the lowest volume of culture media that would not desiccate the micro-
wells (200 pl) (Figure TH). We observed more non-squamous organoids with lumens in low-media microwells,
consistent with the dilution hypothesis. In a follow-up experiment, we compared microwells with high or low me-
dia volumes to a third condition with high media volume provided by conditioned media from low media volume
microwells. Conditioned high-volume microwells performed intermediate between high- and low-volume mi-
crowells, also consistent with the dilution hypothesis (Figure S1F).

Our sub-gelation Matrigel findings gave us confidence to explore Matrigel-free conditions. The organoid-
culturing experiments in the above paragraph were repeated but this time entirely omitting Matrigel from
the culture media. After seven days of culture, non-squamous organoids with lumens were present in mi-
crocontainers, even in the absence of Matrigel (Figure 11). The fraction of non-squamous organoids with
lumens was higher when 1 mg/mL Matrigel was present (mean = 97%) than when no Matrigel was present
(mean =73%), which suggests that although Matrigel-free conditions are feasible, the presence of Matrigel
does provide some benefit to the quality of the culture.

Under Matrigel-free conditions, human extracellular matrix proteins were detected within microcontainers
occupied by HMEC organoids. Immunofluorescence microscopy of whole microcontainers showed both
laminin @3 and collagen IV surrounding organoids (Figure 1J). The fluorescence signal was only visible
within the microcontainers, with no signal in the agarose surrounding the microcontainers. This could be
explained by laminin and collagen forming macromolecular aggregates sufficiently large to retard diffu-
sion out of the microcontainers, consistent with their known polymerization behavior (Yurchenco et al.,
1985). The presence of laminin a1 (Hansen et al., 2009) and laminin a3 is notable because they are key com-
ponents of the mammary basement membrane. However, Matrigel does not contain laminin a3, only lam-
inin a1 (Giannelli et al., 1999). The presence of laminin a3 could be explained by its production by the
HMECs in microcontainers. The quantity of secreted protein is substantial: a plug of hydrogel that is visible
by brightfield can be removed when a microcontainer is pried open (Figure 1K). These plugs stain negative
with Lugol's iodine (Figure S1G), suggesting that they are not composed of the agarose used to construct
the microcontainers. Furthermore, the plugs dissolve under collagenase treatment, suggesting that the
matrix protein substantially comprises them.

Microcontainer organoids show hallmarks of structure and composition

We sought to verify that HMEC organoids grown in microcontainers without IrECM conform to generally
accepted hallmarks of mammary structure (Lategan, n.d.). First, microcontainer organoids reliably show
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Table 1. Power analysis

Power analysis, t test

Sample size Significance Power
n Effect size (Cohen'’s d) o 1-B
300 0.4 0.05 0.998
300 0.4 0.005 0.981
3600 0.1 0.05 0.989
3600 0.1 0.005 0.924

Power analysis, ANOVA

sample size effect size Significance Power
Groups n f o 1-B
24 300 0.09 0.01 0.997
12 600 0.08 0.01 0.996
6 1200 0.07 0.01 0.993
4 1800 0.06 0.01 0.975

Numbers assume a single 24-well plate of microcontainer organoids.

lumens by 14 days of culture, apparent by confocal microscopy (Figure 2A). LEP and MEP cells were verified
by both flow cytometry using antibodies against lineage-specific surface markers (CD133 for LEP cells and
CD10 for MEP cells) (Figure 2B) and immunostaining using antibodies against lineage-specific cytokeratins
(KRT18 for LEP cells and KRT14 for MEP cells) (Figure 2C). The abundance of MEP cells was apparently
somewhat depleted relative to primary specimens (Figure S2A), but this depletion was not evident when
staining for cytokeratins in intact organoids (Video S3) and may be associated with the difficulty dissoci-
ating MEP cells from organoids for flow analysis. Confocal sectioning of immunostained organoids showed
self-organization of LEP cells to the apical layer and MEP cells to the basal layer (Figure 2C) (Figure S2B),
and immunostaining for integrin B4 showed basal polarization (Figure 2D), as expected for mammary or-
ganoids. The establishment and maintenance of normal polarity and multi-lineage bilayers generally re-
quires the extracellular matrix, supporting the claim that HMEC organoids in microcontainers secrete their
own basement membrane components.

High-level functional differentiation of myoepithelial cells

An unexpected finding in our microcontainer system is that organoids exhibit contractility. Although contrac-
tility is a known functional behavior of mammary tissue and has been observed in mouse mammary explants
(Mroue et al., 2015; Sumbal et al., 2020), it has not been observed in reconstituted mammary organoids. Time-
lapse microscopy showed that organoids in microcontainers gradually dilate across a span of one or more
hours and then rapidly contract (Figure 3A). The dynamics of contractility vary by specimen and by experi-
ment, but contractions typically have a frequency of ~0.1/hr (Figure 3B), with individual contractions each
spanning about 10s (Figure 3C) (Video S4). We found that the frequency of successive contractions is often
correlated, as shown in Figure 3D via Poincaré plot. Poincaré plots, often used in cardiology, characterize
the dynamics of pulsatile systems (Guzik et al., 2006). The temporal correlation is shown as a Pearson corre-
lation. In the absence of temporal correlation, data points have a wide distribution and a near-zero Pearson
correlation, as shown in the exponential and normal plots using simulated data. In the presence of a periodic
rhythm, data points are centered elliptically on the identity line and have a high Pearson correlation, as shown
in the cardiac plot. Mammary organoids show a correlation of r = 0.25, suggesting a temporally correlated but
non-periodic contraction pattern. One possible explanation for such a pattern would be pulse trains (e.g.,
muscle clonus [Hidler and Rymer, 2000]), which can indeed be observed in organoid contractions, such as
the highlighted region of Figure 3B. Physical fluidic models of lumen contractility have been proposed (Duclut
etal., 2019; Ruiz-Herrero et al., 2017) but are not sufficient to predict pulse train or other temporally correlated
behavior, suggesting that the contractility phenomenon is biomechanical.

Organoid contractions exhibit high variation in frequency and magnitude, which we assessed via time-
lapse microscopy on a set of 57 organoids across 48 hr (Figure 3E). Contraction magnitude was assessed
by measuring the percent change of the long axis of organoids immediately before and after contractions
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Figure 2. Microcontainer organoids show hallmarks of structure and composition
(A) Organoid lumenization shown via orthogonal projection. Arrowheads denote secondary chamber within lumen.
(B) Flow cytometry plot showing sorted luminal and myoepithelial populations.
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(C) Immunostaining showing bilayered organization of K14+ and K18 + cells. Organoids in the top row used cells from a 66-year-old specimen; organoids in

the bottom row were from a different experiment using cells from a 19-year-old specimen.
(D) Immunostaining showing basal polarization of integrin. Zoomed inset at right. Scale bars are 50 pm.

(Figure 3F). We attempted various interventions to alter the contraction kinetics, including withdrawing
cholera toxin (an activator of protein kinase A) and isoproterenol (an adrenoreceptor agonist) from the me-
dia, as well as changing the microenvironment by adding collagen | at 0 to 2 mg/mL, low-molecular-weight
hyaluronan at 0 to 2 mg/mL, and Matrigel at 0 to 4 mg/mL. In all cases, no effect was observed (Table S2).
Withdrawing oxytocin also showed no effect, which is notable considering that oxytocin is regarded as
necessary for mammary contractions in vivo (Richardson, 1949).

Contractile function implies the presence of contractility-associated structural proteins. Staining organoids with
phalloidin showed cortical actin and, more specifically, cytokeratin 14+ cells stained positive for alpha-smooth
muscle actin (ASMA) (Figure 3G), a marker of the differentiated myoepithelium implicated in contractility. We
tested the association between contractility and ASMA expression with inhibitor experiments. Contractile orga-
noids were treated with either latrunculin B or jasplakinolide, inhibitors of cytoskeleton dynamics that either pro-
mote or inhibit actin polymerization, respectively. Both drugs were potent to inhibit contractions by >90% within
12 hr (Figure 3H), suggesting the necessity of actomyosin for contractions. Next, organoids were treated with
ML-7, an inhibitor of the smooth muscle myosin light-chain kinase that interacts with ASMA. We observed partial
inhibition of contractions with 2 pM ML-7 and >90% inhibition with 50 uM ML-7 (Figure 3l). This combination of
experiments suggests thatactomyosin in general and ASMA in particular are necessary for organoid contractions.

We did not detect luminal functional differentiation beyond the expression of keratin 19 and MUC1 expres-
sion and the observation of lumens. Immunostaining failed to show expression of the estrogen receptor,
and prolactin treatment failed to show significant evidence of lactation: no morphological changes were
induced (Figure S3A), with sudanophilia, a marker of lipophilic secretions (Dempsey et al., 1947), only
evident in a single organoid (Figure S3B). Using previously described methods (Fridriksdottir et al.,
2015; Meng et al., 2019), we attempted to induce estrogen receptor expression. Fourth-passage HMECs
were cultured in the presence of 25 uM RepSox and 10 uM SB431542 until confluence and then incorpo-
rated into microcontainer organoids. Four conditions were tested: maintaining the drugs during

6 iScience 24, 102253, April 23, 2021
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Figure 3. Mammary organoids grown in microcontainers exhibit contractility

(A) Filmstrips show single contractions of three organoids. Maximum dilation and contraction denoted with blue and red arrowheads, respectively.

(B) Overnight dynamics of a single organoid shows 17 contraction events. Green highlighting shows a sequence of high-frequency contractions.

(C) Dynamics of a single contraction.

(D) Poincaré plot embeds temporal dynamics for mammary organoids. Examples of heart, exponential, and normal distributions shown for comparison to
organoid contractions. Density in red. n = 50 organoids.

(E and F) Contractility frequency (E) and magnitude (F) histograms for a population (n = 57) of organoids across 21 hr. Kernel density in blue, accompanying
box-and-whisker plots in red.
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Figure 3. Continued

(G) Immunostaining for smooth muscle actin, phalloidin, and cytokeratin 14.

(H) Latrunculin (2 pM) (n = 20 organoids) and jasplakinolide (2 pM) (n = 22 organoids) treatments, targeting actin, prevent contractions.

(1) ML-7 treatment, targeting smooth muscle myosin light-chain kinase, prevents contractions. n = 59 organoids. Scale bars are 50 um. Code to construct (D),
(H), and () is available in Data S1.

microcontainer culture, withdrawing the drugs upon microcontainer culture, mixing the cells 1:10 with un-
drugged cells, and an undrugged negative control. We did not detect estrogen receptor expression by
immunofluorescence under any of these conditions. Our evidence for increased functional differentiation
is constrained to the MEP lineage.

Durability of differentiated states

We investigated the stability of the contractile phenotype and its dependence on sustained microcontainer cul-
ture. To determine whether contractility could be sustained after organoids were removed from microcon-
tainers, organoids were cultured in microcontainers and, after varied intervals, transferred out of the microcon-
tainers and into embedded Matrigel culture (Figure 4A). After two weeks of culture, these organoids were
imaged by time-lapse microscopy, and organoid contractility was assessed by cross-sectional area changes (Fig-
ure 4B). Organoids kept in microcontainers for less than two days showed no contractility, organoids kept in mi-
crocontainers for up to four days showed contractility localized to small regions, and organoids kept in micro-
containers for at least twelve days showed global contractility (Figure 4C). In another experiment, organoids
were cultured in microcontainers for two weeks and then transferred out of the microcontainers and into suspen-
sion culture, where they retained their contractility (Figure 4D). Contractility could reliably be observed in long-
term cultures, with contractions observed in many organoids kept in microcontainers for 53 days (Video S5), as
well as up to 157 days of sustained culture (Figure 4E). Together, this evidence suggests that the initial period of
microcontainer culture causes durable changes that are sufficient to establish metastable organoid behavior.

RNA-seq comparison of microcontainer organoids and primary cells

To better characterize the distinctiveness of microcontainer culture, RNA-seq (Data S2, S3, and S4) was per-
formed on MEP cells and LEP cells across several specimens from primary tissue, microcontainer culture, best
practice three-dimensional culture (using on-top Matrigel format, see transparent methods), and best practice
two-dimensional cell culture (see transparent methods). About 9600 organoids were harvested from microcon-
tainers for the RNA isolation of each specimen. Expression was evaluated for defined markers of the LEP and MEP
lineages (Sayaman et al., 2021), as well as for extracellular matrix proteins, especially basement membrane com-
ponents (Figures 5A and S5A). MEP cells from microcontainers show markedly increased expression of the
contractility-associated genes ACTA2 and CNN (but not MYH11). MEP cells show reduced expression of integ-
rins ITGA6 and ITGB4 and lineage-specific keratins KRT18 and KRT 19, bringing their expression closer to the low
levels seen in primary tissue. LEP cells from microcontainers show the same trend of reduced expression of line-
age-specific keratin KRT14 (but not KRT17). These LEP cells also show markedly increased expression of the pro-
genitor-associated gene KIT and mucous barrier gene MUCT. The hormone receptors ESRT and PGR, found in
the primary tissue, are absentin LEP cells from standard cell culture and remain absent in microcontainers. Major
components of the basement membrane—LAMA1, LAMB1, LAMC1, LAMA3, LAMB3, LAMC2, LAMADS,
COL4A1, and COL4A2—are expressed under all culture conditions analyzed, suggesting that, although micro-
containers may uniquely allow the accumulation of the associated gene products, the expression of these genes
isnot unique to any culture condition. Moreover, principal component analysis on these curated genes (Figure 5B)
showed clustering of microcontainer specimens proximal to primary specimens, especially for luminal cells.

We widened the scope of our RNA-seq analysis by calculating Pearson correlations on lineage-specific
genes across primary tissue, microcontainer culture, and standard three-dimensional cell culture. To avoid
spuriously inflating the Pearson correlation with housekeeping genes, we enriched for lineage-specific
genes using differential expression (DE) analysis between MEP cells and LEP cells via DESeq2 (Love
et al., 2014), constraining correlation analysis to the 5157 genes with at least two-fold DE between MEP cells
and LEP cells across our set of primary tissue (Figure 5C). Although the resulting correlation coefficients
appear to compare favorably with published Pearson-based analyses of mammary organoids with their tis-
sues of origin (Rosenbluth et al., 2020), the absolute differences between Pearson correlation coefficients is
small (r = 0.53 for microcontainers vs r = 0.41 for standard 3D for MEP cells and r = 0.74 for microcontainers
vs r = 0.68 for standard 3D for LEP cells). However, this form of analysis may not be sensitive enough to
detect meaningful differences in gene expression patterns, so we moved on to other techniques.
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Figure 4. Durability of differentiated states

(A) Organoids begin culture in microcontainers and are subsequently transferred into IFECM culture for a total combined
culture time of 14 days. Afterward, 24-hr time-lapse movies are taken.

(B) Time lapses are summarized in (B), graphing how the cross-sectional area of selected organoids changes over time.
Alternate time scales of these data are available in Figure S4A.

(C)The spatial localization of cross-sectional changes is shown in (C), with regions of change highlighted in red. Organoids
transferred at 2d or 4d show localized contractions (blue arrowheads), whereas organoids transferred at 12d show global
contractions.

(D) Organoids transferred out of IrECM culture continue to show contractions.

(E) Contractile behavior persists in organoids cultured for 157 days. In (D) and (E), maximum dilation and contraction are
denoted with blue and red arrowheads, respectively. Scale bars are 50 um.

To further analyze differences across culture conditions, principal component and gene ontology analyses (Ash-
burner et al., 2000; The Gene Ontology Consortium, 2019) were performed on lineage-specific genes (as defined
above). Principal component analysis showed modest clustering of samples on the basis of culture conditions
(Figure S5B). To identify the genes with the greatest contributions to the principal components, varimax rotation
was applied to the principal components, and the gene factors with the most extreme loadings for each rotated
component were identified (Figure S5B). The second varimax-rotated component (RC2) identifies expressed
genes shared by microcontainers and primary samples but not fourth-passage cells. Particularly notable among
these genes, KCNQ1 stands out for its known role in apical ion transport into the mammary lumen (Abbott, 2014)
and FDSCP stands out for its detectability in human milk (van Herwijnen et al., 2016) and casein homology (Ka-
wasaki et al., 2011). As a complementary analysis to determine the most salient differences between standard 2D
cell culture and microcontainer culture, genes were sorted by a gene expression distance index, calculated as
the geometric mean of the additive and multiplicative gene expression differences versus primary tissue (Fig-
ure S5C). With this index, positive values denote genes whose expression in microcontainers converges on pri-
mary tissue, and negative values denote genes whose expression in microcontainers diverges from primary tis-
sue. The top ten most converged and diverged genes are shown in Figure 5D. The same analysis was performed
between standard 3D cell culture and microcontainer culture (Figure S5D), but the smaller number of standard
3D specimens limited the interpretability of this analysis. To get a broader view of gene expression changes, the
200 most converged and hundred most diverged genes were analyzed by gene set analysis using PANTHER (M
et al., 2019), with the statistically significant (false discovery rate-adjusted p < 0.05) gene sets and fold enrich-
ments shown in Table 2 and the breakdown of specific enrichments in Data S3. This analysis shows that micro-
container organoids approach primary tissue with respect to serine protease inhibitors, as well as the binding of
growth factors, proteases, and carbohydrate derivatives. In other respects, microcontainer organoids do not
resemble primary tissue, with the predominant differences being in ribosomal and rRNA genes, as well as certain
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Figure 5. RNA-seq comparison of microcontainer organoids and primary cells

(A) Relative gene expression for characteristic genes of luminal cells, myoepithelial cells, and the extracellular matrix genes for standard two-dimensional
culture, standard three-dimensional culture, microcontainer culture, and primary tissue specimens.

(B) Principal component analysis of specimens on the basis of the genes listed in (A), with specimens colored by culture method.

(C) Correlation analysis of lineage-specific genes across culture conditions, divided by lineage. Gene expression values were regularized and log-
transformed as per the DESeq?2 rlog function. Pearson coefficients are shown above.

(D) Lollipop plot showing the top ten genes whose expression levels most highly converged or diverged from that of primary tissue, as per the index
described in Figure S5C.

extracellular-matrix-binding genes. Although microcontainers obviate the requirement of exogenous extracel-
lular matrix in organoid cultures, these distance analyses highlight the challenges that still lie ahead.

DISCUSSION

Exogenous IrECM is generally regarded as necessary to sustain mammary epithelial organoids with normal api-
cal-basal polarity and bilayered morphology . Microcontainers appear able to bypass this requirement, possibly
due to allowing the secreted endogenous matrix to accumulate in a confined volume, allowing the matrix to pro-
vide microenvironment cues (Cerchiari et al., 2015; Chanson et al., 2011). Optimal conditions for mammary or-
ganoids in microcontainers include at least some exogenous matrix (1 mg/mL Matrigel), but Matrigel-free cul-
ture is viable to a much greater extent in microcontainers than in microwells. The profile of laminin genes
expressed by organoids within microcontainers is distinct from the profile of laminins characterized in Matrigel,
which suggests that the microcontainer microenvironment may provide cues that are elusive when using the
exogenous matrix formulas typical to organoid culture.

MEP contractility is a key physiological function of mammary epithelia that is attainable via microcon-
tainer culture. MEP cells, along with fibroblasts, can deform the matrix, such as by contracting collagen
(Nielsen et al., 2003), and it has been shown that such contractions may be mediated through MEP
motility (Buchmann et al., 2019). The pulsatility of contractions seen in microcontainers appears to be
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Table 2. Gene set enrichment analysis

Gene set Fold enrichment

Convergent gene expression

Growth factor binding 15
Serine-type endopeptidase inhibitor” 10
Protease binding® 7
Carbohydrate derivative binding 4

Divergent gene expression

rRNA binding” 28
Structural constituent of ribosome® 25
Extracellular matrix binding 24

RNA-seq analysis indicates that the expression of particular gene sets in microcontainer-based HMEC organoids converges
or diverges from the expression in primary tissue specimens. The PANTHER Go-Slim Molecular Function gene sets were cho-
sen for this analysis. Detail in Data S5.

*The majority of matched genes in these sets overlap.

The majority of matched genes in these sets overlap.

novel. Relatedly, ASMA is a key clinical marker of MEP cells (Lategan, n.d.) whose expression is either
entirely absent or rapidly declines (Taylor-Papadimitriou et al., 1989) during HMEC culture. Differentia-
tion of MEP cells toward an ASMA-expressing phenotype is influenced by media composition (Fridriks-
dottir et al., 2017), and we show here that microcontainer culture has a similar differentiating effect.
Achieving this level of differentiation may aid examination into the tumor-suppressive functions of
MEP cells. We were less successful facilitating further differentiation of luminal cells, achieving expression
of neither lactation products nor sex hormone receptors. In vitro differentiation of normal human luminal
cells to milk-secreting states has been a persistent challenge, and maintenance of estrogen receptor
expression has so far only been reported with high concentrations of transforming growth factor beta-re-
ceptor inhibitors (Fridriksdottir et al., 2015). We speculate that adding stromal tissue components and
retaining hormone response genes, possibly through cyclic application of estrous hormones and inclu-
sion of TGF-beta receptor inhibitors in the media, could significantly narrow the gap between organoid
culture and primary tissue.

Although we emphasize the significance of microcontainers in enabling IrECM-free HMEC culture, micro-
containers offer other distinct advantages. Microcontainer throughput is among the highest throughput of
organoid culture techniques, rivaling microwells (Cerchiari et al., 2014), micropockets (Zhao et al., 2019),
and droplet microfluidics (Yu et al., 2010). The relative simplicity of the approach lends itself to scalability.
Although matrix components can accumulate in microcontainers, it is likely that microcontainers are in
paracrine contact with one another due to diffusion of low-molecular-weight factors through the agarose.
Microcontainer culture is useful for longitudinal tracking of organoids, due to microcontainers keeping
organoids in defined locations for months. Pulsatile contractility, which stands out as a functional behavior,
appears to be either inhibited, absent, or unobserved in other culture systems. Taken together, microcon-
tainer culture provides the means to study statistically robust quantities of physiologically relevant organo-
ids without the cost or confoundment of IFECM.

A prospect for microcontainers is producing microenvironments in vitro that cannot be produced using available
exogenous scaffolds. The extracellular matrix consists of a wide variety of proteins, including at least twenty-
eight distinct collagens (Ricard-Blum, 2011) and at least fourteen distinct laminins that are found in different com-
binations in different tissues. The scope of matrices commercially available is far narrower. However, microcon-
tainers may be able to produce usable microenvironments from any combination of matrix proteins secreted by
cells. In the case of HMEC:s, cells produce a microenvironment enriched in laminin-332, as opposed to the lam-
inin-111 characteristic of Matrigel. In this manner, microcontainers may provide access to a broader range of
more physiological microenvironments than otherwise attainable.

Itis not trivial that cells would be capable of reconstructing their native microenvironments. The notion pre-

supposes that cells retain lineage-specific information about their native matrix composition, presumably
via epigenetic states; our previous work has shown that cultured primary HMECs retain lineage-specific
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DNA methylation patterns consistent with uncultured tissue for at least four passages (Miyano et al., 2017).
Curiously, uncultured HMECs show less expression of the laminin-332 genes than do cultured HMECs.
From the perspective of dynamic reciprocity (Roskelley and Bissell, 1995), one could reason that cells pro-
duce less matrix as the abundance of native matrix increases. Or viewing cell culture as a wound healing
response, perhaps cells “repair” their microenvironment by producing their native matrix. It is tempting
to speculate that cells retain the necessary information to reconstruct tissue-appropriate microenviron-
ments within their epigenetic memories.

The tissue microenvironment is characterized not only by its biochemical composition but also by its me-
chanical characteristics, and the mechanical characteristics of microcontainer culture are yet to be deter-
mined. Extracellular matrix mechanics are of particular interest in the mammary gland (Chaudhuri et al.,
2014; Pelissier et al., 2014; Schedin and Keely, 2011). Agarose mechanically isolates microcontainers
from one another, as well as from the plastic cultureware, which should limit the stiffness experienced
by the organoids. It is unclear how mechanically different native extracellular matrix would be from sub-
stances like Matrigel. Since plugs of the extracellular matrix can be extracted from mature microcontainers,
future work could include mechanical characterization with atomic force microscopy or rheometry.

Although the specific findings of this paper are limited to mammary epithelial cells, microcontainer culture is
probably useful for culturing other cell types. Microcontainers permit the buildup of endogenous secreted ma-
trix, which could prove useful for cells that rely on IFECM for in vitro culture, including the epithelium such as the
prostate and gut or liver hepatocytes. Furthermore, stem and progenitor cells, which are exquisitely sensitive to
their microenvironment, would likely benefit from the endogenous matrix. In circumstances where cells of inter-
est cannot secrete sufficient matrix on their own, it may be feasible to combine cell types, such as stromal cells
with epithelial cells. By increasing the availability of tissue-specific, species-specific microenvironments, micro-
container culture may increase the physiological validity of 3D cell culture.

Limitations of the study

Regarding the characterization of mammary organoids in microcontainers, perhaps the greatest limitation of this
study is the absence of evidence of luminal differentiation—we were unable to demonstrate hormone sensitivity
and we were unable to elicit lactation. Second, the microcontainers as described in this work are too small to
produce entire terminal ductal lobular units, which are generally regarded as the fundamental histological
and functional subunit of the mammary gland. Third, this work does not describe the incorporation of stromal
cells into microcontainer systems. An ideal mammary organoid system would overcome these three
shortcomings.

Regarding the capacity of microcontainers to permit organoid culture without the exogenous matrix, our
claims are limited to mammary epithelial organoids. Furthermore, this work does not thoroughly charac-
terize the composition or properties of the matrix that HMECs produce within microcontainers. It is
possible that the matrix produced by HMECs within microcontainers has important deviations from normal
histology, despite its endogenous origins.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Mark LaBarge (mlabarge@coh.org).

Materials availability

HMEC strains used in this study are made available either by contacting the lead contact or by contacting
Dr. Martha Stampfer at http://hmec.Ibl.gov.

Data and code availability

The authors declare that all data and code supporting the findings of this study are available within the pa-
per and its supplemental information files.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.
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Supplemental Figure 1. Microcontainers enable IrECM-free organoid culture, Related to Figure 1.
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Supplemental Figure 1. (A) Microscopy showing the diffusion of different substances from microcontainers
after 48h culture. At left, AlexaFluor-594-labeled Matrigel stays within microcontainers. At right, 15 nm diameter
quantum dots diffuse freely from the microcontainers. (B) Size distribution of organoids in microcontainers, with
quadruplicate specimens and technical duplicates, as measured by cross-sectional area. (C) A microcontainer
organoid with lumen, imaged with confocal microscopy. Scale bar is 50 um. (D) Confusion matrix for random
forest binary classifier used to distinguish lumenized from non-lumenized organoids. (E) Comparing organoids
in supra-gelling and sub-gelling matrices. Organoids were grown in microcontainers loaded with either Matrigel
or collagen | at concentrations either below or above the threshold necessary for gelation. After 13 days,
morphology was qualitatively assessed, as per the methodology in Fig. 1h-i. (F) Comparing organoids in low-
volume microwells, high-volume microwells, and high-volume microwells fed with conditioned media from low-
volume microwells. After 5 days, morphology was qualitatively assessed, as per the methodology in Fig. 1h-i.
(G) Staining matrix plugs for agarose content. Lugol’s iodine stains agarose purple and leaves protein
unstained. After dissecting microcontainers, bulk agarose stains purple, at left. At right, a cylindrical plug of
matrix from a microcontainer does not stain purple except for the microcontainer lid.



Supplemental Figure 2. Microcontainer organoids show generally accepted hallmarks of mammary
organoids, Related to Figure 2.
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Supplemental Figure 2. (A) The lineage composition of various primacy mammary gland specimens, as
measured by flow cytometry. CD133 marked luminal cells and CD271 marked myoepithelial cells. (B) Line
intensity profile showing bilayered stratification of luminal KRT18 and myoepithelial KRT14 from a confocal
section of an immunofluorescently stained microcontainer-based HMEC organoid. Scale bar is 50 pm.



Supplemental Figure 3. Mammary organoids grown in microcontainers exhibit contractility, Related to
Figure 3.
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Supplemental Figure 3. (A) Morphology of organoids in the presence or absence of prolactin showed no
obvious differences with prolactin treatment. (B) In one, but only one, case, an organoid and its surroundings
stained positive for Sudan Black, a lipophilic dye that stains, among other things, milk secretions. Bottom-left

shows a close-up of the sudanophilic organoid, bottom-right shows a non-sudanophilic organoid. Scale bars
are 50 ym.



Supplemental Figure 4. Organoids cultured in microcontainers for at least several days retain
contractility after transfer to other culture systems,Related to Figure 4.

]

Microcontainer Culture Time
-y
o

o
-
% Change
Cross-section
o

A
o

200 400 600

—_
o
(=]

o

2d

% Change

A
o

Cross—section
o

50 100 150 200
Time (minutes)

Supplemental Figure 4. (A) Alternate time scales for organoids in the Fig. 5B microcontainer transfer
experiment. An extended duration (600m) is shown for the 6h organoid, and an abbreviated duration (200m) is
shown for the 12d organoid.
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Supplemental Figure 5. Gene expression of microcontainer organoids resembles gene expression of
primary tissue, Related to Figure 5.
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Supplemental Figure 5. (A) Relative gene expression for extended list of extracellular matrix genes. (B)
Principal component analysis of culture conditions, divided by lineage. Genes with the highest loadings for
each varimax-rotated component shown along each axis. (C) Description of gene expression distance
determination. (D) Lollipop plot showing the top ten genes whose expression levels most highly converged or
diverged from primary tissue, for microcontainers vs standard 3D culture, as per the index described in Fig
S3B.



Supplemental Table 1. High-density solutes tested, Related to Figure 1.
Colloids Tested
within microwell layered over microwell

10.0% 4-7 dextrose-equivalent maltodextrin ~ 1.0% IX-A agarose
15.0% 4-7 dextrose-equivalent maltodextrin ~ 1.0% IX-A agarose

10.0% 9-13 dextrose-equivalent maltodextrin  1.0% IX-A agarose poor cell viability

0.0% lipid-rich bovine serum albumin 1.5% IX-A agarose microwells evacuated of cells

7.5% lipid-rich bovine serum albumin 1.5% IX-A agarose "donuting” in microwells

10.0% lipid-rich bovine serum albumin 1.0% IX-A agarose

10.0% lipid-rich bovine serum albumin 2.0% IX-A agarose "donuting” in microwells

10.0% lipid-rich bovine serum albumin 3.0% IX-A agarose microwells evacuated of cells

12.5% lipid-rich bovine serum albumin 1.0% IX-A agarose

15.0% lipid-rich bovine serum albumin 1.0% IX-A agarose

20.0% lipid-rich bovine serum albumin 1.0% IX-A agarose challenging to prepare
Colloids Expected to Work

10.0% bovine serum albumin, fraction V 1.0% IX-A agarose

10.0% PEG-8000 1.0% IX-A agarose possible phase separation

10.0% dextran 1.0% IX-A agarose

10.0% hydroxyethyl starch 1.0% IX-A agarose



Supplemental Table 2. Matrix compositions tested, Related to Figure 3.
Matrix Compositions

Matrigel collagen I 750 kDa HA 2000 kDa HA fibronectin IX-A agarose

pg/mlL pg/mL pg/mL pg/mL g/mL g/mL
0 0 0 0 0 0
0 250 0 0 0 0
0 5333 0 0 0 0 gel doesn’t flow into microwells
200 0 0 0 0 0
500 0 0 0 0 0
750 0 0 0 0 0
1000 0 0 0 0 0
1000 500 0 0 0 0
1000 500 200 0 0 0
1000 0 200 0 0 0
1000 0 0 300 0 0
1000 0 0 1000 0 0
1000 0 0 3000 0 0 gel doesn’t flow into microwells
1000 0 0 0 23 0
1000 0 0 0 0 100
1000 0 0 0 0 200 cells don’t cohere into organoids
1000 0 0 0 0 400 cells don’t cohere into organoids
2000 0 0 0 0 0
4400 0 0 0 0 0

6000 0 0 0 0 0



TRANSPARENT METHODS

General materials and reagents. Reagents were used as received without further purification or modification.

Small molecules. Latrunculin B was purchased from Enzo (cat# BML-T110-0001, lot #8221661).
Jasplakinolide was purchased from Enzo (cat# ALX-350-275-C050, lot# 120091480). ML-7 was purchased
from Sigma (cat# 12764-5MG, lot# SLBX6943). RepSox was purchased from Sigma (cat# R0158-5MG).

SB431542 was purchased from Sigma (cat# 54317-5MG).

Cell culture. Finite-lifespan HMECs were provided by the Human Mammary Epithelial Cell (HMEC) Bank
(Stampfer and Garbe, n.d.). For standard 2D culture, primary human mammary epithelial cells at passage 4
were established and maintained in M87A medium as previously described (Garbe et al., 2009). Mycoplasma

testing was performed prior to all experiments in this study.

Antibodies and Stains. A comprehensive table of antibodies and stains is below:

Antibodies and Stains

Antibody Product Application
anti-human keratin 19 Biolegend 628502 (clone A53-B/A2) [E' (1:1000)
anti-human keratin 14 BioLegend 905301 RB-9020-P (clone Poly9053) IF (1:1000)
anti-human keratin 18 Novus NBP1-97714 [F' (1:1000)
anti-human CD104 Chemicon MAB1964 (clone 3E1) [F (1:1000)
anti-human laminin, alpha-3 R&D Systems MAB21441 (clone 546215) IF (1:1000)
anti-human collagen IV Sigma C1926 (clone COL-94) [F' (1:1000)
anti a-smooth-muscle actin Sigma A2547 (clone 1A4) [F' (1:1000)
anti-human estrogen receptor abcam abl16660 IF (1:333)

QTRACKER Qdot vascular labels Thermo Q21061MP live (2 M)
Alexa Fluor 594 NHS ester Thermo A20004 conjugation
phalloidin iFluor-647 abcam abl76759 F'C (1:500)
Hoechst 33342 Thomas Scientific C979U06 FC (1:500)
anti-human CD271, Cy5.5 conjugate BioLegend 345112 (clone ME20.4) FC (1:100)
anti-human CD133, PE conjugate Miltenyl 130-080-801 (clone AC133) FC (1:50)

Immunofluorescence. Organoids were processed for immunofluorescence while still within microcontainers.
All samples were fixed with 4% formaldehyde for 20 min and incubated in blocking buffer (10% heat-
inactivated goat serum in PBS+0.5% Triton X-100) at 4 °C for at least 1 day. Primary antibodies were diluted in

blocking buffer and added to the sample. After at least 1 day incubating at 4 °C with the primary antibodies,



samples were washed several times with PBS+Triton X-100 for at least 1 day and incubated with fluorophore-
conjugated secondary antibodies diluted at a concentration of 1:200 in blocking buffer for approximately 1 day.
All samples were washed with PBS+1 ug ml™" DAPI for at least 1 hour before imaging. For widefield imaging,
whole organoids were imaged in situ within the microcontainers. For confocal imaging, the agarose lids of the
microcontainers were scraped away with a silicone cell scraper, then replaced with a glass coverslip in order to

reduce the working distance from the microscope objective.

Flow cytometry. Each sample was transferred to a collection tube and resuspended in PBS. Fluorescently-
tagged antibodies were added at concentrations shown in Table S3 and incubated for 30 minutes on ice.
Labeled cells were washed three times with PBS to remove unbound antibody and resuspended in flow buffer
(PBS with 2% BSA, 1 mM EDTA, and 1 ug/mL DAPI). Cells were sorted on a BD FacsAria Ill. LEPs were

defined as CD133+/CD10- cells and MEPs were defined as CD133-/CD10+ cells, with DAPI+ cells discarded.

Image acquisition. All confocal microscopy images were acquired using a Zeiss LSM 880 with Airyscan
running Zeiss Zen Software. Subsequent deconvolution was performed with AutoQuant. All brightfield
microscopy images were acquired using a Nikon Eclipse Ti-E with stage-top incubation and high-speed
electro-magnetic stage with piezo Z, running Nikon Elements software. Subsequent workup and image

analysis was performed using ImageJ.

Photolithography. Freestanding SU-8 features on silicon wafers were fabricated using standard
photolithographic techniques. All recipes used for photopatterning were adapted from MicroChem’s technical
specification sheets. To obtain cylindrical microwells of 100 ym diameter and 200 um depth, 60 grams of SU-8
2075 (MicroChem) was spun on a 125 mm technical-grade silicon wafer (UniversityWafer) at 300 rpm for 30
seconds followed by accelerating at 100 rpm/s to a final speed of 700 rpm for 30 seconds. The wafer was soft-
baked for 20 minutes at 95 °C, UV-exposed with a 1700 mA 365 nm LED source (ThorLabs) at full power in
contact mode for 15 minutes through a photo-mask designed in Adobe lllustrator and purchased from
Outputcity Co., post-exposure baked for 5 minutes at 95 °C, and developed in SU-8 developer (MicroChem)
for 20 minutes. The patterned substrate was washed with isopropanol/water and baked at 95 °C for 20
minutes. The silicon master was taped to the bottom of a 15 cm Petri dish and potted with Sylgard 184 (Dow

Corning). After curing at 65 °C overnight, the molded elastomer was peeled off the wafer and inspected by



microscopy to assess the diameter and depth of the lithographic features. The wafer was rendered
hydrophobic by treatment with SigmaCote (Sigma-Aldrich) and subsequent isopropanol washes. At this point,

the wafer was ready for production of agarose microwells.

Microcontainer production. Photolithographic masters, prepared as described above, were sanitized with
70% ethanol and kept at 65 °C until use. 20% 5.5 dextrose-equivalent maltodextrin was prepared in 2x PBS
and dissolved with gentle heating before 0.2 ym filtration. A solution of 3% agarose in diH.O was autoclaved
and mixed 1:1 with the warm, filtered maltodextrin solution. 15 mL of this mixture was immediately dispensed
onto a photolithographic master and allowed to gel at 4 °C. Demolding resulted in agarose microwells.
Microwells were equilibrated with cell culture media over two days. Next, HMECs were loaded into microwells
by panning and sedimentation. Microwells were inspected by microscopy to confirm cell loading, washed once
with cell culture media to remove excess cells, aspirated to near-dryness, and then incubated with 10% 5.5
dextrose-equivalent maltodextrin in cell culture media for 20 minutes at 37 °C. Microwells were again aspirated
to near-dryness before being overlaid with 1.0% ultra-low-melting agarose in cell culture media and brought to
4 °C to gelation. Upon gelation of the overlaid agarose, the resulting products are microcontainers. HMEC
organoids in microcontainers have their media changed 24 hours after microcontainer formation and once a

week thereafter.

Organoid harvesting and RNA isolation. Organoids were harvested from microcontainers prior to RNA
isolation. First, the microcontainers were incubated with collagenase for two hours at 37 °C to dissolve any
gelled matrix within the microcontainers that would prevent release of the organoids. Next, the microcontainers
were inverted with a lab spatula, in order to expose the agarose lids that are otherwise pressed against the
tissue culture plastic. Next, the agarose lids of the microcontainers were removed with a silicone cell scraper,
exposing the organoids within the opened microcontainers. Next, the tip of a P1000 micropipette was cut to a 1
mm diameter, and PBS was added to a depth of 2 mm over the opened microcontainers. By gently and
repeatedly pipetting up and down, the organoids were aspirated out of their microcontainers and transferred to
a collection tube.Retrieval of the organoids and corresponding emptying of the microcontainers were verified
by microscopy. Approximately 9600 organoids were pooled for each specimen to be analyzed. The retrieved

organoids were dispersed into a single-cell suspension with 0.25% trypsin-EDTA and strained through a 40 ym



filter before being LEP and MEP lineages were separated with fluorescence-activated cell sorting, as described
above. Total RNA from FACS-sorted cells were isolated using Quick DNA/RNA microprep plus kit (Zymo
Research). RNA was submitted to the City of Hope Integrative Genomics Core Facility for library preparation

and sequencing.

Image acquisition. All confocal microscopy images were acquired using a scanning confocal microscope
(Zeiss LSM 700 running Zeiss Zen software) and deconvolved with AutoQuant. All other microscopy images
were acquired using an inverted motorized microscope equipped with live-cell incubation (Nikon Ti-E running

Nikon Elements software).

Contraction temporal analysis. Organoid contractions were quantified either by hand or by brightness
change analysis, as indicated. For brightness change analysis, time-lapse movies were taken, and the time-
derivative of the whole-field image brightness was calculated. Local maxima in the time-derivative were

interpreted as contractions and spot-checked by eye. Relevant code is in Supplemental Code 1.

Contraction spatial analysis. The Fig. 3 fully contracted diameter measurements were taken by hand. For
the Fig. 4 cross-sectional analysis, organoid timelapses were first centered using scale-invariant feature
transform (SIFT) and then masked in ImageJ with default settings. Masks were dilated four times, contracted
four times, holes filled, and the area of the largest single object was measured over time. Fig. 4B and S4A plot
these areas, scaled to the midpoint of their range. Fig. 4C shows, in red, a maximum intensity project of the
time-derivative of the whole-field image brightness of these masks, overlaid with a representative image of the

organoid in grey.

RNA-seq. RNA library preparation was done with either the KAPA mRNA Hyper kit (cat# KK8581) or the
Takara SMART-Seq v4 Ultra Low Input RNA kit (cat# 634888). Sequencing was done on an lllumina HiSeq
2500. Reads were aligned to Homo sapiens reference genome hg19 using TopHat2. Unless noted otherwise,
exploratory, visualization, and differential gene expression analysis was carried out in R. All relevant code to
reproduce the analysis is available in Supplemental Code 2. Briefly, for heat maps, raw counts were
normalized with the trimmed-means-of-means method then converted to counts-per-million units. For Pearson

correlation analysis, any genes with fewer than 100 reads across all specimens were discarded, then DESeq



was used with default settings to identify differentially expressed genes to include in the analysis. Principal
component and geometric mean analyses were performed on the entire set of genes. PANTHER inquiries

were submitted to http://www.pantherdb.org.

Heart rate variability analysis. Heart rate data was collected with a Polar H7 Bluetooth Heart Rate Sensor

using the first author’s heart.

Lumenization analysis. Two independent methods were used to assess luemnization. First, organoids were
fixed in 4% formaldehyde, stained with phalloidin (for actin) and Hoechst 33342 (for nuclei), and imaged by
confocal microscopy. A nucleus-free cavity ringed by phalloidin in the center of an organoid confirmed the
presence of a lumen. Second, organoids were classified as lumenized or non-lumenized using a random forest
classifier implemented in CellProfiler Analyst. A training set comprising 5% of the image data was manually
curated, classifying organoid images as lumenized, non-lumenized, or unclassifiable. Organoid images had a
battery of measurements performed on them, which were used as parameters for the random forest classifier.

After training, the classifier evaluated all organoids for lumenization at all time points available.

Statistical analysis. For analysis in Fig. 1g-h, 95% confidence intervals (Cl) were calculated based on sample
standard error (SE) with a finite population correction (FPC). FPC = sqrt(N-n)/(N-1)), where N is the number of
organoids in the well (N=300) and n is the number of organoids observed (n=36). Then, SE = sqrt(p*(1-p)/n) *
FPC, where p is the fraction of “good” organoids. The margin of error (MOE), where MOE = 1.96 * SE, where
1.96 is the critical value constant for a 95% confidence interval. Finally, the 95% CI was calculated as Cl =

sample mean +/- MOE.
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