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CELL BIOLOGY

Spatially resolved cell polarity proteomics of a human

epiblast model
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Critical early steps in human embryonic development include polarization of the inner cell mass, followed by
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formation of an expanded lumen that will become the epiblast cavity. Recently described three-dimensional (3D)
human pluripotent stem cell-derived cyst (hPSC-cyst) structures can replicate these processes. To gain mechanis-
tic insights into the poorly understood machinery involved in epiblast cavity formation, we interrogated the
proteomes of apical and basolateral membrane territories in 3D human hPSC-cysts. APEX2-based proximity bio-
inylation, followed by quantitative mass spectrometry, revealed a variety of proteins without previous annotation
to specific membrane subdomains. Functional experiments validated the requirement for several apically
enriched proteins in cyst morphogenesis. In particular, we found a key role for the AP-1 clathrin adaptor complex
in expanding the apical membrane domains during lumen establishment. These findings highlight the robust
power of this proximity labeling approach for discovering novel regulators of epithelial morphogenesis in 3D

stem cell-based models.

INTRODUCTION

As the human embryo implants into the uterine wall, the pluripo-
tent cells of the inner cell mass become radially organized, undergo
apicobasal polarization, and initiate lumen formation, forming a
cyst with an expanded central lumen called the epiblast cavity (1-3).
Although this polarized epiblast cyst is the essential substrate for
subsequent critical developmental events (e.g., amniogenesis and
gastrulation) (I, 2), we know little about the molecular machinery
that is required for polarized cyst organization, because of the inac-
cessibility of peri-implantation human embryos. In vitro culture of
intact human blastocysts is difficult, and only a small percentage of
these embryos develop to the epiblast cavity stage (4-7). Recently,
however, a three-dimensional (3D) culture system was defined,
using primed human pluripotent stem cells (hPSC), that recapitu-
lates epiblast-like lumenal cavity formation, forming cysts of
pluripotent cells (termed hPSC-cysts) (4, 8-10), enabling investi-
gation of the essential polarization machinery at molecular and
cellular levels.

Apicobasal organization of the epiblast cyst must be maintained
by the polarized distribution of proteins (e.g., transmembrane pro-
teins and intracellular cell polarity determinants) to the apical
and basolateral surfaces, a process that is driven by intracellular
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trafficking molecules. While several important studies have recently
emerged (11-14), studies of such trafficking events are generally
challenging at the global molecular level, because it is difficult to
separate membrane fractions that are specific to apical or basolateral
surfaces and such fractions are also contaminated by mitochon-
drial, endoplasmic reticulum, and Golgi membrane proteins (15).
However, advances in spatial proteomics using domain-specific
biotin labeling hold a promise to uncover novel players in polariza-
tion and trafficking. Labeling of the outer surface proteomes of
apical and basal membranes in polarized epithelial monolayers of
Madin-Darby canine kidney (MDCK) cells revealed novel aspects
of polarity in this well-studied system (16). A recent major advance
in spatial proteomics is the targeting of “promiscuous” tagging en-
zymes, such as the engineered ascorbate peroxidase APEX2, to sub-
cellular regions of interest by fusing it to known regionally localized
proteins. This strategy was recently used to examine the proteomes
associated with Palsl and Par3 in a 2D MDCK monolayer system
(17). In the presence of H,0, and biotin phenol (BP), APEX2 trig-
gers the generation of free BP radicals, which quickly react with
neighboring proteins. Because BP radicals display a short half-life
and limited diffusion distance (18, 19), this APEX2-based approach
enables robust proximity biotin labeling of endogenous proteins
within targeted cellular compartments, a critical requirement for
analysis of dynamic processes in the context of the epiblast-like cyst.

Here, we used APEX2-based spatial biotinylation, followed by
quantitative mass spectrometry (MS) and bioinformatic analyses, to
systematically profile apical and basolateral proteomes in live
hPSC-derived 3D human epiblast-like cysts. Our goal was to find
key molecules required for polarization and the critical trafficking
machinery involved in this process. Analyses were done on 3-day
(d3) cysts, which are well organized and contain an expanded cen-
tral lumen. APEX2-tagged constructs were generated to enable
the delivery of APEX2 to apical and basolateral territories. Ratio-
metric analyses identified a cohort of apically and basolaterally
enriched proteins, and microscopic analysis was used to validate the
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localization of selected proteins. Functional analysis of several
apical proteins without prior known apical localization or function
revealed novel aspects of the cell polarization machinery in hPSC
epiblast-like cysts. In particular, we uncovered a previously unchar-
acterized role for the clathrin adaptor protein complex 1 (AP-1) in
expansion of the lumenal surface. Collectively, these analyses
provide an extensive resource that illuminates the composition of
apical and basolateral membrane territories in an in vitro 3D model
of human epiblast morphogenesis, permitting further mechanistic
examination of candidate proteins involved in cell polarization and
epithelial remodeling during early human development.

RESULTS

Establishing an APEX2-based proximity labeling platform
for proteomic mapping of apical and basolateral cell
membrane territories in hPSC-cysts

To establish a global molecular view of the intracellular cell polarity
machinery that governs polarized epiblast cyst organization, we
used APEX2-based proximity labeling. Doxycycline (DOX)-inducible
constructs of APEX2-tagged fusion proteins were generated using
two known apical (PODXL and EZR) and two basolateral (ATP1B1
and SDCI1) proteins (Fig. 1A). PODXL is a transmembrane protein
that localizes to the apical surface of hPSC-cysts (20) and to the
epiblast cavity of in vitro cultured human embryos (21). To capture
proteins localized in close proximity to the intracellular apical
surface, we fused APEX2 to the C terminus (facing the cell interior)
of PODXL (PODXL-APEX2) (Fig. 1B). As an additional apical bait,
APEX2 was fused to the C terminus of EZR (EZR-APEX2), an actin
scaffold protein with subapical membrane localization (22). Previ-
ous studies showed that, in addition to the apical membrane,
PODXL shows vesicular localization, while EZRIN is largely apical
membrane specific, although nuclear and basolateral localization
has also been documented (23-26). Furthermore, PODXL is known
to bind to EZRIN (27). To label the basolateral domain, we fused
APEX2 at N and C termini, respectively, to ATP1B1 and SDC1,
transmembrane proteins that localize basolaterally (Fig. 1, A and B)
(28, 29). Last, APEX2 was fused to a nuclear export sequence
(APEX2-NES) (30) to allow biotin tagging of unpolarized cytoplas-
mic proteins for subsequent background subtraction during ratio-
metric analysis (Fig. 1, A and B).

To verify expression, correct localization, and labeling function-
ality, we established stable cell lines with each APEX2 construct.
hPSC-cysts were then generated using a previously published pro-
tocol; mature lumenal cysts were seen by 48 hours (d2) after the
removal of the ROCK inhibitor Y-27632 (Fig. 1C) (20, 31, 32). To
induce transgene expression, DOX (2 ug/ml) was added at d2 and
APEX2 labeling was performed 24 hours later (d3) (Fig. 1C). All
five constructs (marked by FLAG) showed induced expression and
expected enrichment at respective apical, basolateral, or cytoplas-
mic domains when expressed in hPSC-cysts (Fig. 1D and fig. S1, A
and B). To verify the specificity of APEX2-mediated apical and ba-
solateral membrane biotinylation, we first performed fluorescent
staining with fluorophore-conjugated streptavidin that specifically
recognizes biotin. d3 hPSC-cysts were incubated with BP for 1 hour,
followed by 1.5-min H,0, labeling to allow full penetration of H,0,
to the cyst structure (Fig. 1B). We observed extensive biotinylation
in the expected membrane territories (Fig. 1E), but not in samples
lacking BP or H,O, (fig. S1C). Although labeling was concentrated
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at the expected surface for each tag, all tags showed diffuse cytosolic
localization of biotin signal, likely due to diffusion of the peroxidase
activated label, or diffusion of cytosolic proteins labeled by the
APEX2 enzyme. A streptavidin blot of whole-cell lysates revealed
that each APEX2 fusion construct biotinylated a wide range of en-
dogenous proteins compared to control samples without H,O; la-
beling, and different constructs (apical versus basolateral) exhibited
distinct biotinylation patterns (Fig. 1F and fig. S1D). Finally, success-
ful pulldown of biotinylated proteins was confirmed by Coomassie
staining of post-enrichment eluates (Fig. 1G). These analyses demon-
strate that this selective APEX2-based apical and basolateral surface
biotinylation can label and enrich cell surface proteins from specific
plasma membrane subdomains in live, intact 3D tissues.

Proteomic mapping of apical and basolateral membrane
territories in hPSC-cysts

Previous work has shown that a chemical tandem mass tag (TMT)-
based quantitative ratiometric APEX2-tagging strategy can improve
the specificity of protein identification (33, 34). In this study, our
regions of interest (apical and basolateral territories) could also
contain proteins that are freely diffusible cytosolic components,
which become biotinylated by virtue of being close to the APEX2
enzyme at the time of its activation. In addition, BP radicals gener-
ated by apical or basolateral membrane targeted APEX2 could dif-
fuse into the cytosol and biotinylate proteins that lack membrane
proximity localization. Both possibilities would result in a pool of
weakly biotinylated cytosolic proteins that are essentially “back-
ground.” In contrast, bona fide apically or basolaterally enriched
proteins should be heavily biotinylated by the apical or basolateral
APEX2 construct compared to the cytoplasmic APEX2 construct.
Given that each territory should display a distinct protein abun-
dance, ratiometric quantitative analysis can be performed for each
protein by calculating the ratio of TMT values (e.g., apical/cytoplasmic
and basolateral/cytoplasmic). To design ratiometric APEX2 tagging
for quantitative proteomics experiments, we therefore used TMT
tagging of 10 APEX2-labeled samples (Fig. 2A): three replicates
biotinylated at the apical membrane territory (2x PODXL and
1x EZR), three replicates biotinylated at the basolateral membrane
(2x ATP1BI and 1x SDC1), three replicates biotinylated in the cyto-
plasm [nuclear export signal (NES)], and one nonbiotinylated
negative control (NES without H,O; labeling) (Fig. 2B). The use of
two different baits (PODXL and EZR for apical and ATP1BI and
SDC1 for basolateral) for each membrane subdomain in this pro-
teomic analysis allowed us to further enrich for relevant proteins
based on identification in multiple replicates.

We prepared proteomic samples from d3 hPSC-cysts, which dis-
play a well-organized apicobasally polarized epithelial cyst struc-
ture with a central lumen (Figs. 1B and 2A). Each of the 10 samples
was separately lysed and enriched for biotinylated proteins using
streptavidin beads, followed by on-bead digestion and TMT labeling.
All samples were then combined, fractionated, and analyzed as a pooled
mixture by liquid chromatography (LC)-MS/MS (Fig. 2A). We
identified 4454 unique proteins with two or more unique peptides
and a false discovery rate (FDR) lower than 1% (Fig. 2C and table
S1A). To assign proteins into subcellular territories, proteins were
further filtered using a previously established ratiometric strategy
(34-36) in which the TMT ratio of each protein reflects its differ-
ential enrichment in the experimental group versus negative
control lacking H,0O, [see Materials and Methods for ratiometric
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Fig. 1. APEX2-based spatial biotinylation of apical and basolateral membrane territories in an hPSC-cyst epiblast model. (A) Design of APEX2 fusion construct
based on a DOX-inducible piggyBac transposon system. Gol, gene of interest; TR, terminal repeats; TRE, tetracycline-responsive element; pA, polyadenylation sequence;
rEf10, rat elongation factor 1 o promoter; rtTA, reverse tetracycline transactivator; IRES, internal ribosome entry site; Puro, puromycin. (B) Flow diagram of APEX2-based
proximity biotinylation of apical, basolateral, and cytoplasmic domains using APEX2 fusion proteins (e.g., PODXL, ATP1B1, or NES). hPSC-cysts expressing each construct
were incubated with BP (biotin-phenol), followed by a 1.5-min H,0, treatment to trigger biotinylation: APEX2 converts BP to biotin-phenoxyl radicals, which form covalent
bonds with proximal endogenous proteins. The red stripe indicates the labeling radius of APEX2 (~20 nm). (C) hPSC-cyst APEX2 labeling assay timeline. (D) Optical section
of indicated d3 APEX2 hPSC-cysts stained with indicated markers. FLAG (red) indicates the APEX2 construct localization. (E) Streptavidin (SA-555) staining of d3 APEX2
hPSC-cysts after labeling, showing spatially distinct streptavidin signals. White arrowhead indicates biotinylated intracellular vesicles. (F) Western blot of whole-cell
lysates from d3 hPSC-cysts using indicated conditions was probed for biotin, revealing distinct patterns of construct-specific biotinylation. Red arrowheads indicate
unique bands. Right: Total protein staining. (G) Coomassie staining following enrichment of biotinylated proteins from indicated samples. Some background biotinyla-
tion signal is seen in unlabeled (2, 4, 6, 8, and 10) and negative control (11 and 12) samples. Scale bars, 20 um unless otherwise noted. Nuclei: Hoechst (blue).
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Fig. 2. Ratiometric profiling of cell polarity proteomes in hPSC-cysts. (A) Workflow of hPSC-cyst cell polarity proteome analysis, using three replicates of apical
(2x PODXL and 1x EZR), basolateral (2x ATP1B1 and 1x SDC1), and 3x cytoplasmic (NES) samples and one negative control (NES without H,0,). (B) Experimental design
of 10-plex TMT-based profiling. Row 1, specific TMT tags; row 2, APEX2 lines; rows 3 and 4, proximity labeling conditions. POI, protein of interest. (C) Flow diagram
of ratiometric analyses to obtain proteins specific to apical and basolateral territories. Brackets: Number of proteins that passed each filter. (D and E) Representative
histograms and receiver operating characteristic (ROC) curves of apical replicate 1 (D) and basolateral replicate 1 (E), illustrating how filters 1, 2, and 3 were applied. See
fig. S2 (A to D) and Materials and Methods for additional cutoff analysis details. (F) Representative scatterplots (apical replicates 1 and 2) revealing strong correlation
among biological replicates (additional plots in fig. S2E). (G and H) Representative ratiometric analysis scatter plots [(G), apical territory replicate #1 (PODXL-APEX2, TMT'°-126);
(H), basolateral replicate #1 (APEX2-ATP1B1, TMT'%-128N)] showing the distribution of proteins based on TMT ratios [x axis, 126 or 128N/negative (131); y axis, 126
or 128N/129C (cytoplasmic #1)]. Orange shade (top right quadrant) indicates proteins that were analyzed for filter 3. Colored dots/fonts indicate proteins with existing
apical (red, top)/basolateral (red, bottom), or plasma membrane and cell membrane (green) annotations; others in gray. See fig. S2H for additional plots. (I) Representative
ratiometric scatter plots based on normalized TMT ratios of apical #1 (x axis, 126/131) and basolateral #1 (128N/131) of 4454 proteins revealing a clear enrichment of
proteins from apical (red), basolateral (blue), and nonpolar (green) lists in distinct domains of the scatter plot. Proteins identified through filter 4 are indicated in gray
fonts. See fig. S2I for additional plots.
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analysis details including normalization, filtering, and derivation of
cutoff values using receiver operating characteristic (ROC) analysis
and FDR, based on UniProt annotations]. We first filtered out pro-
teins that were nonspecifically bound to the streptavidin beads, by
removing proteins that were enriched in the unlabeled samples
compared to the apical or basolateral pools (filter 1; Fig. 2, C to E,
and fig. S2, A to D). This removed, on average, 48.7% * 5.3% (SD)
of the proteins from each membrane territory (see full lists in table
S1, D to I). Filter 2 was used to remove membrane territory proteins
that are abundant in the cytoplasm (displaying low apical/cytoplasmic
or basolateral/cytoplasmic ratios), enriching for polarized membrane-
specific proteins (Fig. 2, C to E, and fig. S2, A to D; full lists in
table S1, J to O). Filter 3 was based on apical/basolateral ratio:
We removed, from the apical territory proteome, a small number
of proteins that were much more strongly biotinylated by baso-
lateral APEX2 constructs than apical constructs, and vice versa,
using FDR (cutoff set at FDR < 0.2). This enriched for proteins
that are specifically localized to apical or basolateral membrane
territories (see Fig. 2F and fig. S2E for correlation of TMT ratios
among replicates for each filtering step). Intersection of the protein
lists after filter 3 led to the lists of 250 apical and 252 basolateral
membrane territory proteins (Fig. 2C and fig. S2F). Given its
cytosolic vesicular localization (Fig. 1, D and E, top row), the
PODXL-APEX2 construct biotinylated additional proteins that are
not biotinylated by EZRIN-APEX2. Thus, 139 proteins that were
shared among replicate #1 and replicate #2 (PODXL-APEX2 #1 and
PODXL-APEX2 #2, respectively; see fig. S2F and table S2A), but
were not included in the list of 250 apical proteins, were added to
the apical list (389).

This analysis accurately identified many known interacting
partners for each of the APEX2 labeled baits. Each interactome
was highly enriched in known binding partners for each bait as
identified in BioGrid (table S2B) (37). This indicates that the
APEX2-based labeling and TMT-based approach are effective for
identification of interactions in the hPSC-cyst system.

The final lists [apical, 389 (table S2C); basolateral, 252 (table
S2D)] were then intersected (identifying proteins that are shared
among apical/basolateral replicates; Fig. 2C and fig. S2G), to reveal
proteins specific to apical (359), basolateral (222), or general mem-
brane (30, nonpolar; table S2E) territories. Figure 2 (G and H) and
fig. S2H show distributions of TMT ratios for each protein and pro-
vide graphical representations of how the filtering of 4454 proteins
was performed, based on the polarized enrichment of each protein
[low or high TMT ratio: apical or basolateral/negative (x axis) ver-
sus cytoplasmic (y axis)], to establish a list of apical or basolateral
territory proteins for each replicate (top right quadrant). In Fig. 2I
and fig. S21, we examined the normalized TMT ratiometric distri-
bution of the 4454 proteins in apical (x axis, e.g., PODXL-APEX2
#1) versus basolateral (y axis, e.g., APEX2-ATP1B1 #1) samples and
highlighted proteins found in apical (359, red), basolateral (222,
blue), and nonpolar (30, green) territories. Proteins from each terri-
tory are well segregated: Proteins in the apical proteome appear be-
low the diagonally distributed plots (including many established
apical proteins, e.g., PRKCZ, CDC42, SLC9A3R1/NHE-RF1, and
RDX), while basolateral (e.g., CDH1, ITGB1, and CTNNB1) or
nonpolar proteins are distributed above or in the middle of the di-
agonal, respectively (Fig. 2I and fig. S2I). Notably, our analysis
failed to identify some proteins with known polar enrichment, such
as PTEN and CRB3 (31, 38-40); this may be due to protein or
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membrane interactions that shield these proteins from BP radical
labeling in intact cells, a limitation of this approach.

Our analysis resulted in a membrane proteome list that was
highly enriched in proteins previously annotated as having plasma
membrane/cell membrane annotations in UniProt (31.6% of apical
proteins and 50.4% of basolateral proteins) (Fig. 3A, top). In addi-
tion, 59 of 174 (33.9%) of the plasma membrane proteins identified
in the SubCell BarCode database [a resource for spatial localization
of subcellular molecules (11)] were found in these lists. Among the
captured proteins with previous polarized annotations, most (88%
for apical and 90% for basolateral) were found in the expected terri-
tory (Fig. 3A, bottom, see adjacent expanded bar graph), indicating
the highly specific nature of these cell polarity proteome datasets.
However, proteins with previous apical/basolateral membrane
annotations make up only 13% (apical) and 36% (basolateral) of
these proteome lists. The remaining proteins (labeled as “no apical/
basolateral annotation” in Fig. 3A) are candidates for previously
unrecognized apical or basolateral membrane territory proteins
[apical/basolateral annotation based on UniProt and Gene Ontology
(GO); see table S2F for the complete list] with potential functions in
cell polarity.

As expected, each proteomic list contains numerous known
components of polarized membrane trafficking, adhesion, and
transporter machineries (Fig. 3B, full list in table S2G). The apical
and basolateral proteomes identified here show distinct and non-
overlapping signatures regarding their cellular localization and bio-
logical functions based on GO (Fig. 3, C to E, and fig. S3, A to F):
The apical membrane proteome highlights the processes of vesic-
ular trafficking, actin cytoskeletal organization, and guanosine
triphosphatase activity, whereas the basolateral proteome features
categories covering junction formation, morphogenesis, and activities
related to transmembrane proteins. Furthermore, clustering of pro-
teins based on their reported protein-protein interactions reveals a
wide spectrum of functional relationships (Fig. 3, F and G). Given its
known nuclear localization (23), 182 proteins (table S2H) found in the
EZRIN-APEX?2 list, but not found in the PODXL-APEX2 lists after
filter 3, included a set of cell cycle proteins (e.g., ATM, CDC6, CDK2,
CDK?7, PCNA, and WEE1) and showed a marked enrichment of
cell cycle and nucleotide binding GO terms (fig. S3, D to F).

We next compared these hPSC lists with two recently published
MDCK monolayer proteomes of the apical-lateral border (17) and
apical and basolateral surface (16). In the apical-lateral border study,
the spatial proteomes surrounding Pals1 (which marks the apical ver-
tebrate marginal zone, a restricted membrane compartment apical to
tight junctions) and Par3 (a tight junction marker, located more basally
than Palsl) territories were examined using an APEX2 strategy (17).
While 37.3% (41 of 110) of the Pals1 territory proteins were shared
with our hPSC-cyst apical proteome list, only 8.1% (7 of 86) of the
Par3 territory proteins were shared (fig. S3G). Thus, the hPSC-cyst
apical membrane territory proteome is highly similar to an apical
membrane compartment previously defined in MDCK cells.

For the MDCK surface proteome dataset defined by surface
biotinylation (16), 32.7% (52 of 159) of basolateral proteins were
in common with the hPSC basolateral list. However, only 7.4%
(9 proteins of 122) and 15.2% (5 of 33) of apical and nonpolar pro-
teins, respectively, were shared with the respective hPSC lists. This
disparity may be due to differences in cell type/state (pluripotent
versus kidney; stem cells versus more differentiated cells), species
(human versus dog), experimental setup (labeling of internal
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versus external membrane surfaces), or culture conditions (2D
versus 3D).

To identify proteins that are enriched in both cytoplasm and
apical or both cytoplasm and basolateral territories (e.g., trafficking
molecules, enzymes, and scaffolds), proteins that passed filter 1
were directly filtered by filter 3 (cutoff, FDR < 0.2), skipping filter 2.
These proteins (filter 4) are also candidates with potential functions
in cell polarity (table S3, A to C).

Cell polarity proteomes reveal new apically

and basolaterally polarized proteins

To validate the spatial assignments from our proteomics approach,
we selected proteins from each membrane territory (apical, baso-
lateral, and unpolarized) for further study. We focused on proteins
important for vesicular trafficking as well as those with unexpected
polarized localizations. Our selections were also guided by the avail-
ability of commercial antibodies and transgenes for recombinant
expression. We examined seven apically enriched proteins (BASP1,
ECE1l, LAMTORI, RAB35, SNX27, AP1G1, and STX7, all without
UniProt apical annotation), six basolaterally enriched proteins
(EPHB4, SPINT1, NEO1, MPZL1, BMPRI1A, and ACVRI1B, all
without UniProt basolateral annotation), and three unpolarized
membrane territory proteins (SNAP23, SLC1A5, and LCK) in d2
hPSC-cysts (enrichment and presence/absence of apical/basolateral
UniProt annotation found in Fig. 2, G and H, fig. S2H, and table S2,
F and G). Most of the selected proteins are involved in signaling
pathways, cytoskeleton remodeling, or secretory trafficking systems
(fig. S4A; see table S2G for functional annotation). Given the critical
role of trafficking in cell polarity (41) and in pluripotency exit (42),
the polarized membrane proteins involved in membrane traffic
(e.g., SNX27 and AP1G1) in 3D hPSC systems are of particular in-
terest for further investigation.

Of note, AP1B1 and AP1M2, the Bl and p1B subunits, respec-
tively, of the clathrin-associated adaptor protein complex 1 (AP-1),
were found in the apical filter 4 list; in addition, AP1G1 was just below
the filter 4 cutoff. AP-1 is an important complex that is known for
its role in clathrin-dependent traffic at the trans-Golgi network and
endosomes (43, 44). To better understand the role of the AP-1 com-
plex in hPSC-cyst polarity, we focused our efforts on the AP1G1 sub-
unit for several reasons. First, the B-subunit of the AP-1 complex is
highly similar to the B-subunit of the endocytic AP-2 complex, and
these two proteins may be able to functionally substitute for one
another (45). Second, the u1B subunit is one of two alternate AP-1u
subunits that perform distinct cargo selective functions (43, 44); thus,
its functional analysis might not reveal the entire role of AP-1 in
apical trafficking. In contrast, the y subunit plays an integral role in
maintaining AP-1 complex structure and it is therefore likely to sub-
stantially affect AP-1 complex function (46). Although there are two
alternate y-subunit proteins, y1 (encoded by AP1G1) is detected at
higher levels than y2 (encoded by AP1G2) in hPSC and is more highly
conserved evolutionarily (47). In addition, the Ap1g1-KO (knockout)
mouse displays preimplantation lethality (48), but the role of AP1G1
during peri-implantation has not been examined.

We found that LAMTORI, SNX27, and STX7 are localized to
vesicles proximal to the PODXL-marked apical surface [demarcated
by wheat germ agglutinin (WGA) staining] in d2 hPSC-cysts
using immunofluorescence (IF; fig. S4B): d2 cysts display lumenal
and polarized epithelial characteristics largely identical to d3. To
examine the localization of the other proteins, hPSC lines stably
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expressing tagged versions of the respective recombinant proteins
were generated and analyzed in d2 cysts: BASP1 (BASP1-HA), ECE1
(ECE1-HA), AP1GI1 (AP1G1-mCherry), and RAB35 (EGFP-RAB35).
BASP1 and ECE1 show a clear colocalization with PODXL at the
apical surface, while AP1G1-mCherry shows a subapical localization
and diffuse cytosolic staining (fig. S4B), findings consistent with our
quantitative ratiometric data. EGFP-RAB35 was localized through-
out the plasma membrane, potentially due to overexpression (fig.
S$4B). Consistent with their basolateral enrichment, EPHB4, SPINT1,
NEO1, and MPZL1 show a clear colocalization with E-CADHERIN
by IF (fig. S4C). Furthermore, in accord with previous findings (49),
BMPR1A-Myc or ACVR1B-Myc exhibits a predominantly basolat-
eral localization in cysts expressing DOX-inducible constructs (fig.
S4C). Three proteins detected in the nonpolar proteome (SNAP23,
SLC1AS5, and LCK) exhibited the expected pattern of uniform
membrane staining (fig. S4D). These results demonstrate that the
APEX?2 proximity biotinylation approach used in this study captures
the proteome of respective membrane territories with high accuracy.

Functional tests of selected proteins identified via
proteome-driven analysis

We next examined the functional roles of novel apical territory pro-
teins using loss- and gain-of function analyses. We focused on
BASP1 (50-53), a novel apical territory protein, and several apical
territory proteins implicated in endolysosomal membrane traffic
(LAMTORI, SNX27, and AP1G1) (43, 44, 54-56). Two known
apical proteins (EZR and RAB35) were also studied. CRISPR-Cas9-
based genome editing was used to generate hPSC lines carrying
loss-of-function mutations in targeted genes. Although we con-
firmed the successful deletion of LAMTORI using IF 3 days after
introducing the CRISPR-Cas9 construct, these cells could not be
expanded beyond 5 days, presumably due to the critical role of the
mammalian target of rapamycin (mTOR) signaling pathway in hPSC
(57). For the other five genes, loss-of-function lines were successfully
generated and confirmed using Western blot and Sanger sequencing
(fig. S5, A to E). All edited cell lines maintained pluripotency over
atleast 10 passages. hPSC-cysts were generated from each of the KO
cell lines and were stained with apical markers [PODXL and pERM
(phosphorylated EZRIN/RADIXIN/MOESIN)], E-CADHERIN
(basolateral), WGA (cell membrane), and F-ACTIN (actin cyto-
skeleton) to examine overall lumenal cyst morphogenesis.

A spectrum of defects in epithelial morphogenesis were seen in
all five KOs. Loss of EZR, an actin scaffolding protein involved in
apical morphogenesis (22), results in hPSC-cysts with a small and
off-centered lumen with ectopic PODXL" internal compartments
in d2 cysts (Fig. 4, A and B). Overexpression of EZR in hPSC-cysts
does not lead to obvious defects in most cysts but promotes the for-
mation of a normal central lumen (Fig. 4, C and D). Most RAB35-
KO hPSC-cysts display lumenal cyst organization similar to controls
(Fig. 4, A and B), although a minority of the cysts exhibit inverted
polarity, with EZR localized to the cyst periphery (fig. S5F). This
contrasts with the strongly penetrant inverted polarity phenotype
seen in MDCK cysts with Rab35 deficiencies (58, 59), perhaps
indicating that other RAB proteins substitute for RAB35 in this
system but not in MDCK cells. RAB35 overexpression leads to cysts
with single or multiple small PODXL" lumens (Fig. 4, C and D,
and fig. S5G).

SNX27, BASP1, and AP1G1 have not been previously implicated
in lumenal morphogenesis. SNX27 has been shown to cooperate
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Fig. 4. Loss- and gain-of-function analysis of apical membrane territory proteins during hPSC-cyst formation. (A) Loss-of-function tests. d2 cysts generated from
H9 hESC lines carrying null alleles of EZR, RAB35, SNX27, BASP1, and AP1G1 were stained with indicated markers. See fig. S5 (F and H) for additional data and Materials and
Methods for details. (B) Quantitation of lumenal morphology from samples in (A) (EZRIN, 264 control and 241 KO cysts; RAB35, 159 control and 154 KO cysts; SNX27,
141 control and 245 KO cysts; BASP1, 192 control and 147 KO cysts; AP1G1, 158 control and 241 KO cysts). (C) Gain-of-function tests (OE, overexpression). Schematics
of constructs used to generate transgenic H9 hESC lines are shown. Controls are from the DOX-inducible EZR line (EZRIN-IRES-mCherry) without DOX treatment. d2 cysts
were stained as indicated (also see fig. S5G). (D) Quantitation of lumenal morphology from samples in (C) (EZRIN, 202 control and 243 OE cysts; RAB35, 168 control and
152 OE cysts; SNX27, 178 control and 149 OE cysts; BASP1, 200 control and 193 OE cysts; AP1G1, 122 control and 185 OE cysts). Nuclei: Hoechst (blue) for all images. Scale
bars, 10 um (A) and (C). Small lumen: Lumenal area smaller than 200 um?. 2 test; ***P < 0.0001; NS, not significant.

with the retromer complex to promote recycling of transmembrane
proteins from endosomes (55, 56). The majority of SNX27-KO cysts
form lumenal cysts comparable to controls, while the rest form
cysts with a smaller or disorganized lumen (Fig. 4, A and B, and fig.
S5H). In all SNX27-KO cysts (regardless of lumen size), PODXL
shows ectopic vesicular accumulation (Fig. 4A, arrowheads; also see
fig. S5H), consistent with a role for SNX27 in apical protein recy-
cling (60-62). Overexpression of SNX27 does not appear to perturb
cyst formation (Fig. 4, Cand D). BASP1 is a cytoskeleton-associated
protein that promotes nerve sprouting (52, 53). Notably, the loss of
BASP1 results in disorganized cyst structures with a multi-lumen phe-
notype, in which two to three PODXL apical domains are seen per cyst;
overexpression of BASP1 causes a similar phenotype (Fig. 4, A to D).

Last, AP1GI-KO hPSC lines exhibit a novel phenotype: cysts
contain a central disc-like lumen (appearing as a slit in a single
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optical section), surrounded by tall, thin, radially organized cells
(Fig. 4, A and B). While PODXL is enriched apically, demarcating
the disc-shaped lumen, ectopic PODXL localization is also ob-
served on intracellular vesicles, a portion of which localize proximal
to the basolateral membrane (arrowhead in Fig. 4A), suggesting
that AP-1 may play a role in apical sorting of PODXL vesicles.
Notably, cells in a 2D AP1G1-KO monolayer display only a few
PODXL vesicles (fig. S6A). These findings are highly intriguing
given that, in MDCK monolayers, PODXL localization is also
largely intact after AP-1 knockdown (16), and suggest that apical
surface generation/maintenance can be affected by topology.
E-CADHERIN, a known AP-1 cargo in MDCK cells (63), shows
normal basolateral membrane localization in AP1GI-KO cysts
(Fig. 4A). Overexpression of AP1GI results in cysts similar to
controls (Fig. 4, C and D).
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Together, these genetic loss- and gain-of-function studies sug-
gest previously undescribed roles for RAB35, EZR, SNX27, BASP1,
and AP1G1 in lumenal morphogenesis in the setting of a 3D
epiblast-like model. Moreover, the distinct differences in pheno-
types for RAB35 and AP-1 in hPSC-cysts versus in MDCK cells
emphasize that context-dependent features characterize the process
of polarization in distinct cell types and that topology matters. Our
list of polarized membrane proteins generated based on the hPSC-
cyst cell polarity proteomics is a rich source that can be further
mined to identify additional protein candidates that control epithe-
lial morphogenesis.

Detailed analysis of AP1G1 in epithelial morphogenesis
API1G1-KO hPSC-cysts display an unusual phenotype. The API1GI-
KO cells that form the cyst are consistently taller and thinner than
control cells, which are uniformly cuboidal/columnar. The lumen
in these KO cysts is flat and disc shaped, in contrast to the balloon-
like large lumen of controls, suggesting that while apical polariza-
tion initiates in AP1GI-KO hPSC-cysts, expansion of the apical
surface/lumen fails. Transmission electron microscopy (TEM) con-
firms the presence of a thin open lumen in KO cysts, with an apical
surface containing microvilli and tight junctions (Fig. 5, A and B).
While a growing body of evidence implicates the role of the AP-1
complex in apical traffic in diverse metazoans (64-69), this type of
disc-like lumenal phenotype has not previously been reported, to
our knowledge.

Given this unique phenotype, we examined these cysts using
additional apical markers, including pERM (actin scaffolding
proteins), phosphorylated myosin light chain (pMLC; a marker of
intracellular actin cytoskeletal contractility), phalloidin (marking
F-ACTIN), and CDC42. In contrast to PODXL, which is partially
mislocalized in API1GI-KO cells, pERM, pMLC, F-ACTIN, and
CDC42 localize normally in KO cysts (Fig. 5, C and D, and fig. S6B).
In addition, ZO1 (a component of the tight junction) and RAB11 (a
recycling endosome marker) show that ZO1" or RAB11" puncta are
enriched apically as expected (Fig. 5, C and D). However, the dis-
tance between adjacent ZO1 puncta is greatly diminished in KO cysts,
consistent with a decrease in apical surface diameter/cell (Fig. 5E).
Notably, the basolateral domain appears largely intact in the absence
of AP1Gl, as the localization of basolateral cell adhesion molecules
(CDH1 and CTNNB1) and ion transporters (ATP1A1 and ATP1B1)
is comparable to controls (Fig. 5, C and D, and fig. S6C). Thus, in
hPSC cysts, the AP-1 complex controls trafficking of PODXL vesi-
cles and apical/lumenal surface expansion.

To verify these findings, we performed a rescue experiment
by introducing a transgenic construct expressing mCherry fused
to a CRISPR-resistant form (construct details in Materials and
Methods) of human APIGI into the AP1GI-KO background. For
all three clonal lines of APIGI-KO cells expressing the AP1G1-
mCherry rescue construct, pluripotency (OCT4"/NANOG") was
maintained and hPSC-cysts were comparable to controls, with a
round central lumen and cuboidally shaped cells (Fig. 5, E to G).
Furthermore, the AP1G1-mCherry fusion protein exhibited an
apically oriented localization in both monolayers and cysts
(Fig. 5, F and G, and fig. S6A), overlapping extensively with RAB11
(Fig. 5H), a marker for recycling endosomes. This localization is
consistent with a role in transmembrane protein recycling suggest-
ed by the ectopic PODXL foci found in the cytoplasm of AP1G1-KO
cysts (Fig. 4A).
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To monitor the kinetics of lumen formation, we used live-cell
imaging of control or AP1GI-KO hPSC cysts stably expressing
mTnG [membrane tdTomato (mT) and H2B (nuclear)-EGFP
(nG)]. The balloon-like lumens of control cysts formed within
2 days and continued to expand between 1 and 4 days; cyst cells
remained cuboidal to columnar in shape throughout this process
(Fig. 51). While some mT" membrane vesicles remained in the sub-
apical domain of control d1 to d2 cysts, few such vesicles could be
seen in d3 to d4 cysts. In contrast, KO cysts initiated radial organi-
zation and formed a disc-like lumen but never displayed hollow
central lumens (Fig. 5J; see 3D reconstructions in movies S1 and
S2). Cells remained tall and thin, with reduced apical surface area
throughout the process of lumen maturation (also see d5 cysts in
fig. S6D). Consistent with the finding that apically charged mem-
brane vesicles (PODXL"/WGA™) displayed pronounced cytoplas-
mic localization (a phenomenon rarely seen in control cysts;
Fig. 4A), numerous subapical mT" vesicles were obvious at all stag-
es (Fig. 5]). Together, observation of these subapical PODXL vesi-
cles, in combination with the restricted apical surfaces of AP1IG1-KO
cells, as documented by ZO1 staining, suggests a role for AP-1-
dependent trafficking of apically charged vesicles during expansion
of apical cell membranes during 3D cyst formation. We propose
that, in the absence of sufficient apical cell membrane, each cell’s
apical surface area is reduced and the lumenal cyst surface itself
remains small and disc like.

Impaired apicosome formation and trafficking in cells
lacking AP1G1

In hPSC-cysts, a central lumen forms after the coalescence of apico-
somes, specialized intracellular structures enriched with apical
membrane proteins (20). Apicosome-like structures have been ob-
served in several lumen-forming tissues (20, 70-72), and a recent
study showed that apicosomes are critical for mouse blastocoel
cavity formation (73). In isolated hPSC, PODXL vesicles fuse in the
peri-nuclear region of each cell and recruit F-ACTIN and actin
scaffolding proteins (e.g., EZRIN) to give rise to a small intracellular
PODXL/EZRIN vesicle that grows in size to form a highly orga-
nized apically charged membrane structure studded with microvilli
and a primary cilium (the apicosome). After mitosis, apicosomes
fuse with the newly established cytokinetic plane to establish the
nascent apical (lumenal) surface of a two-cell cyst; with further cell
division, such cysts continue to expand (20). Because of its impor-
tant role in lumen initiation, we compared apicosome behavior in
control, AP1G1-KO, and rescue cells.

In individually plated control cells, this previously described apico-
some formation process was recapitulated (Fig. 6A). However,
this process was impaired in KO cells, as PODXL vesicles failed to
merge into mature apicosomes (Fig. 6, A and B). In APIGI-KO
rescue cells, apicosome formation was similar to controls and
AP1G1-mCherry vesicles appeared directly adjacent to apicosomes,
but not in the apicosomal membrane proper (Fig. 6, A and B).

When control hPSC are plated as small cell clusters, apicosomes
form in a peri-nuclear location in most cells of the cluster. As cells
begin to radially organize, apicosomes are transported to the center
of the radial structure, where they fuse, creating the apical surface of
each cell and forming a central lumen for the cyst (20). To examine
this process in AP1GI-KO cysts, we used 3D high-resolution time-
lapse (20-min interval) confocal microscopy to follow control and
KO cells from freshly plated aggregates (before lumen formation:
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Fig. 5. Detailed analysis of lumen expansion defects in AP1G7-KO hPSC-cysts. (A and B) TEM analysis of d3 control (A) and AP1G1-KO (B) cysts. The disc-shaped lumen
in AP1G1-KO displays a slit-like shape in the TEM micrograph. N, nucleus; ECM, extracellular matrix; TJ, tight junction; MV, microvillus; AP, apical surface. Scale bars, 5 um,
1 um, 1 um, and 500 nm (A, left to right) and 5 um, 5 um, 2 um, and 500 nm (B, left to right). (C and D) Confocal images of d2 control (C) and AP1G1-KO (D) cysts stained
with indicated markers [apical: pERM, F-ACTIN, and PODXL; basolateral: ATP1A1, E-CADHERIN, and CTNNB1; recycling endosome: RAB11; tight junction: ZO1; phospho-
rylated myosin light chain (pMLC); membrane marker (WGA, shows apical enrichment)]. Scale bars, 10 um (C and D). (E) Magnified images of the apical surface of d3
control, AP1G1-KO, and AP1G1-KO rescue (KO + CAG-driven expression of AP1G1-mCherry) hPSC-cysts stained for ZO1 and F-ACTIN. Right: Quantitation of the distance
between adjacent ZO1* foci (apical surface width, mean + SD, one-way ANOVA with Tukey's multiple comparison test; ***P < 0.0001). Scale bar, 10 um. (F) Left: Confocal
images of control, AP1G7-KO, and AP1G1-KO rescue hPSC monolayers stained for pluripotency markers, OCT4 and NANOG. Right: AP1G1-mCherry is subapical in the
AP1G1-KO rescue cells. Scale bars, 50 um and 20 um (for monolayer images). (G) d3 control, AP1G1-KO, and AP1G1-KO rescue hPSC-cysts stained with indicated markers.
AP1G1-mCherry is localized proximal to the apical surface. Quantitation of lumenal morphology is shown (right). 5% test; ***P < 0.0001. Scale bars, 20 um. (H) d3 AP1G1-KO
rescue cyst, stained for RAB11 and NANOG. The AP1G1-mCherry signal largely colocalizes with RAB117 recycling endosomes. Scale bar, 20 um. (I and J) Time-lapse imag-
ing (24-hour intervals) of cyst formation in control (I) and AP1G1-KO (J) cysts stably expressing H2B-EGFP and membrane-tdTomato (mTnG). Top, DIC (differential interference
contrast); bottom, confocal. Scale bars, 20 um.

imaging started 5 hours after lumenogenesis is triggered, 00:00) to  starting in close proximity to the coverslips (0 to 15 um; to accom-

24 hours (19:00), when expanded lumens are established in controls
(dotted circles in Fig. 6C, top; fig. S7, A and B, and movie S3) but
not in KO cysts (Fig. 6C, bottom; fig. S7, A and B, and movie S$4).
Six optical sections were captured in the z axis with 3-pm steps,

Wang et al., Sci. Adv. 2021; 7 : eabd8407 23 April 2021

modate the increase in cyst height over time, only 3-, 6-, and 9-um
steps are shown in Fig. 6D). In controls, apicosomes were readily
observed in newly plated individual cells, and over time, apico-
somes from several cells fused to form a central lumen (movie S3).
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Fig. 6. Apicosome formation is impaired in cells lacking AP1G1. (A and B) Apicosome formation time-course assay (1, 6, 12, and 24 hours after plating). Singly dissoci-
ated control and AP1G1-KO and AP1G1-KO rescue hESC were stained with indicated apicosome markers. Apicosome formation is defective in AP1G1-KO cells and rescued
by expression of AP1G1-mCherry [quantitated in (B), mean + SD shown, two-way ANOVA with Tukey’s multiple comparison tests; ***P < 0.0001]. Scale bars, 10 um. (C and
D) Snapshots of magnified images from high-resolution confocal 3D time-lapse analysis (movies S3 and S4, 20-min intervals, six of 3-um Z-steps) of mTnG [membrane-
Tomato/nuclear (H2B)-GFP] control and AP1G1-KO hPSC-cyst formation from aggregates: Imaging started 5 hours after inducing cyst morphogenesis (00:00) and ended
at 24 hours (19:00, 58 frames). (C) Dotted circles indicate an expanding central lumen. Arrows: Central accumulation of membrane materials. Original images shown in fig.
S7. (D) Magnified images from 3, 6, and 9 um at indicated time points reveal that apicosome fusion events result in central lumen expansion in controls. In KO, while a
central accumulation of mT" membrane materials is seen (but not organized apicosome structures), a hollow lumen structure does not form. Insets (i to vi) indicate mag-
nified regions (forming lumens) shown in adjacent panels. Arrow, open arrow, and arrowhead in (i), (i), and (iii) indicate three separate apicosome formation and fusion
events. Scale bars, 50 um.
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Lumen size was increased and apical surface was expanded as more
apicosomes were integrated into the cortical membrane (Fig. 6D,
i to iii). In the AP1GI-null background, however, organized apico-
some structures were rarely seen. Although by 14 hours a limited
mT" strip of central apical membrane could be discerned, sur-
rounded by radially organized cells, this apical surface remained
disc like (Fig. 6D, iv to vi, and movie S4) and cells were uniformly
thin and tall.

Given the mislocalization of PODXL vesicles in AP1GI-KO
cysts and the documented defective apicosome formation (which is
also marked by apparent defects in trafficking of PODXL vesicles),
we speculated that the odd disc-shaped lumen seen in these cysts
might be due, at least in part, to mistrafficking of apically charged
PODXL vesicles, leading to reduced apical membrane at the apico-
some and at the lumenal surface. To test this, we generated
hPSC-cysts overexpressing a PODXL-mCherry construct and found
a modest increase in apicosome formation (fig. S8A); furthermore,
lumens of d2 AP1G1-KO-PODXL-mCherry cysts were somewhat
expanded (fig. S8B). In addition to mistrafficking of PODXL-
charged membrane, impaired osmotic swelling caused by mislo-
calized ion transporters might contribute to the disc-like lumens
seen in AP1GI-KO cysts. Indeed, NHERF1/SLC9A3R1, a modulator
of the NHE3/SLC9A3 sodium-hydrogen transporter, a major regu-
lator of lumenal electrolyte balance, activity, and localization (74, 75),
was identified in the apical membrane territory proteome list (Fig. 21
and table S2C). Using IF, we found that NHERF1 was mislocalized
in KO cysts (found in ectopic PODXL vesicles; fig. S8, C and D)
while maintaining NHERF]1 levels comparable to controls (fig.
S8E). Before cyst formation, NHERF1 was found in apicosomes and
surrounding PODXL vesicles (fig. S8F). Together, these results are
consistent with a novel role for the AP-1 complex in proper traffick-
ing of essential apicosomal and vesicular membrane components
(e.g., PODXL and ion transporters) that contribute apical mem-
brane and function to expand the apical lumen during hPSC-cyst
formation.

DISCUSSION

In this study, we used APEX2-based spatial proteomics to examine
the cell polarity proteome of a 3D hPSC-derived system that models
the early human epiblast cavity. This unbiased, systematic charac-
terization of apical and basolateral membrane proteomes has
allowed us to identify important players in the molecular machinery
that is responsible for the polarized organization of the early human
epiblast cyst. We demonstrate that SXN27, BASP1, and AP1Gl,
proteins not previously implicated in lumenal morphogenesis, as
well as EZR and RAB35, play critical roles in lumenogenesis and
lumenal cyst organization in hPSC. Furthermore, we establish an
essential role for the AP-1 clathrin adapter complex in apical mem-
brane trafficking in the context of hPSC-cysts. These findings and
the spatially specific proteome lists presented here provide an
important resource for further exploration of peri-implantation
human development.

Our data highlight clear functional differences in the regulation
of cell polarization and lumenogenesis between the hPSC-cyst
model compared to other established 3D models of epithelial cyst
morphogenesis. For example, in MDCK cysts, Rab35 deficiency re-
sults in a highly penetrant inverted polarity phenotype (58, 59). In
contrast, most hPSC-cysts lacking RAB35 form normally, similar to
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controls (Fig. 4A), suggesting that other RAB proteins may substi-
tute for RAB35 in hPSC-cysts but not in MDCK models. Fur-
thermore, AP1GI1-KO hPSC-cysts show no apparent changes in
basolateral protein targeting, based on markers used in this study
(ATP1A1, ATP1B1, ECAD, and CTNNB1), although more work is
needed to definitively rule out such changes. These results under-
line emerging evidence that molecular mechanisms governing
trafficking and polarization vary among epithelial cell types
(43, 63, 65, 76, 77). Application of the APEX2 proteomics approach
described here to other cell types or tissues/organoids will help
decipher which aspects of polarity and trafficking are generalizable
and which are tissue specific (e.g., differences in molecular require-
ments between species, tissue types, topology, and developmental
timing).

The phenotype of AP1G1-KO cysts is, to our knowledge, unique,
in that it affects not only apical membrane delivery but also cell
shape and lumen shape (Figs. 4A and 5). These KO cysts exhibit a
flat, disc-shaped lumen surrounded by tall, thin cells with a small
apical surface area, in stark contrast to control cysts with their
round lumens and cuboidal/columnar cells with large apical do-
mains. Several molecular processes could contribute to this AP1G1
phenotype (e.g., changes in osmotic swelling, tension, and apical
constriction). Together, our data suggest that at least one important
component is AP1G1-dependent apical membrane trafficking (Fig. 7).
API1G]1 is localized apically in control hPSC-cysts, where it colo-
calizes with RAB11 vesicles (Fig. 5H). However, the sublumenal

A
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C
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Fig. 7. A proposed model of AP-1 function during hPSC-cyst morphogenesis.
(A) During apicosome formation, the AP-1 complex aids in traffic and fusion of
apicosome precursor vesicles (left, PODXL/NHERF1/AP-1) to form an apicosome
(PODXL/NHERF1/EZRIN) surrounded by AP-1 vesicles. (B) Once hPSC-cysts have
formed, AP-1-dependent trafficking of PODXL/NHERF1 vesicles adds additional
membrane and potentially fluid to drive lumenal expansion. While the apical
lumen is demarcated by PODXL, NHERF1, and EZRIN in both control and AP1G1-KO
cysts, ectopic PODXL/NHERF1 vesicles (demarcated by green and magenta) and
significant reductions in lumenal space and cell width are observed in KO cysts.
RAB11* recycling endosomal vesicles (orange foci) are observed directly adjacent
to the apical lumen in control and KO cysts (these vesicles are AP-1* in controls).
(C) Three proposed AP-1-dependent mechanisms regulating hPSC-cyst morpho-
genesis. AP-1-driven trafficking of PODXL/NHERF1 vesicles may (i) physically
expand the apical (lumenal) membrane (and potentially add fluid), (i) act to apically
localize NHE3 (and potentially other pumps) involved in lumenal expansion, and
(iii) permit proper localization of junctional proteins.
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domains of mutant cysts contain numerous mislocalized PODXL"
large vesicular puncta, and live imaging reveals a marked failure of
apicosome formation in KO cells (Figs. 5 and 6). It is interesting
that the ectopic PODXL" vesicular puncta seen in KO cysts are
much less prominent in the context of 2D monolayers of KO cells
(fig. S6A). Similarly, it has been previously demonstrated that im-
paired AP-1 activity has little or no effect on PODXL localization in
MDCK monolayers (16). These findings suggest that different to-
pologies (3D versus 2D) may place different demands on the polarity
trafficking machinery. Notably, the ectopic expression of PODXL-
mCherry in KO cysts increases apicosome formation (though apico-
somes are generally smaller than in controls; fig. S8A) and the
resulting cysts exhibit slightly expanded lumens (fig. S8B). Together,
these data suggest that apicosome-associated membrane trafficking,
as well as trafficking of apically loaded membrane vesicles, is per-
turbed in AP1G1 mutant cells. We speculate that, with reduced apical
surfaces, cells must be taller and thinner to maintain volume, while
the lumen remains disc like, with a morphology that is highly remi-
niscent of other epithelial structures composed of thin pseudostratified
cells, such as the embryonic small intestine (78, 79). While an AP1GI-
null mouse line exists, its only known phenotype is preimplantation
lethality (48). Recent evidence suggests that apicosomes participate
in mouse blastocoel cavity formation (73), although the possibility
that lethality of the mouse AP1GI mutant is due to failure of apico-
some trafficking during blastocyst cavity formation has not been
specifically investigated.

The APEX2-based spatial proteomics approach developed in
this study will be a powerful tool to examine the cell polarity pro-
teomes of other 3D systems that remain unexplored because of limita-
tions of previous methods. Because APEX2 can be specifically
delivered to desired subcellular compartments by fusion to known
localized proteins, and because chemicals used for APEX2-based
biotinylation (biotin-phenol and H,0O5) are cell permeant, APEX2-
based cell polarity proteomics can be extended to a wide range of
3D systems (e.g., embryoid, organoid, and tissue). Moreover, tissue-
specific proximity biotinylation can be used in vivo, using tissue-
specific promoters, a technique recently used in proteomic mapping
of fly olfactory projection neurons (35). Spatial quantitative proteomics
profiling could also be used to decipher proteomic changes in mu-
tants under pathological conditions. Because cell surface proteins
are major targets for drug development (80), probing cell surface
proteome changes under pathological conditions or in response to
drug application could help identify therapeutic targets or monitor
treatment efficacy.

Overall, this study opens the door for spatial proteomics to be used
in a greater diversity of stem cell-derived embryoid/organoid models
to elucidate mechanisms associated with development and disease,
generating rich resources for cell, stem cell, and developmental biolo-
gists. In addition to in vivo validation of findings in stem cell models,
future exploration of the new cadre of polarized proteins identified in
this study will expand our understanding of the machinery underlying
epithelial cell polarization and lumen expansion during critical mor-
phogenetic events of peri-implantation human embryogenesis.

MATERIALS AND METHODS

hESC lines

Human embryonic stem cell (hESC) line H9 was used in this study
[WAO9, P48, WiCell; National Institutes of Health (NIH) registration
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number: 0062]. All protocols for the use of hPSC lines were approved by
the Human Pluripotent Stem Cell Research Oversight Committee at
the University of Michigan and Human Stem Cell Research Over-
sight Committee at the Medical College of Wisconsin. H9 hESC
were maintained in a feeder-free system for at least 20 passages and
authenticated as karyotypically normal at the indicated passage
number. Karyotype analysis was performed at Cell Line Genetics.
Al hPSC lines tested negative for mycoplasma contamination (LookOut
Mycoplasma PCR Detection Kit, Sigma-Aldrich). All transgenic and
KO hPSC lines in this study used H9 as the parental line.

hESC were maintained in a feeder-free culture system with mTeSR1
medium (STEMCELL Technologies). hPSC were cultured on 1% (v/v)
Geltrex (Thermo Fisher Scientific)-coated six-well plates (Nunc).
Cells were passaged as small clumps every 4 to 5 days with dispase
(Gibco). All cells were cultured at 37°C with 5% CO,. Medium was
changed every day. hESC were visually checked every day to ensure
the absence of spontaneously differentiated, mesenchymal-like cells
in the culture. Minor differentiated cells were scratched off the plate
under a dissecting scope once identified. The quality of all hESC
lines was periodically examined by immunostaining for pluripotency
markers and successful differentiation to three germ layer cells. All
hESC were used before reaching the 70th passage.

hPSC-cyst and apicosome formation assays

Methods for these assays are previously as described (1, 8, 31). In
short, singly dissociated cells were prepared using Accutase (Sigma-
Aldrich) and were plated on coverslips coated with 1% Geltrex at
10,000 cells/cm? (apicosome) or 35,000 cells/cm? (hPSC-cyst, densely
plated to form aggregates). For apicosome formation assays, cells
were plated in mTeSR1 containing Y-27632 (STEMCELL Technologies)
and 2% Geltrex. Apicosome formation is initiated soon after plat-
ing. For hPSC-cyst assays, cells were plated in mTeSR1 + Y27632
without Geltrex. After 24 hours, cells were then incubated in mTeSR
containing 2% Geltrex overlay without Y-27632 with daily medium
changes: The removal of Y-27632 triggers the apicosome-dependent
hPSC-cyst morphogenesis.

Confocal microscopy of fixed samples

Confocal images of fixed samples were acquired using a Nikon-TiE
fluorescence microscope equipped with a CSU-X1 spinning-disc
unit (Yokogawa), or a Nikon-A1l and a Leica SP8 laser scanning
confocal microscope. NIS Elements (Nikon) was used to generate
3D reconstruction images. Non-3D images were generated using
FIJI (NIH) and Photoshop (Adobe).

Live-cellimaging

Zeiss LSM980 and Nikon A1R confocal microscopes configured
with an environmental chamber (37°C and 5% CO,) were used for
high-resolution 3D hPSC-cyst formation time-lapse imaging using
a 35-mm glass bottom culture dish (MatTek). Movies were generated
using FIJT and Photoshop.

Transmission electron microscopy

d3 hPSC-cysts plated on a tissue culture plate were gently scraped
and pelleted before processing. These samples were fixed with 2.5%
glutaraldehyde in Sorenson’s phosphate buffer for 1 hour, postfixed in
1% osmium tetroxide solution for 1 hour, and embedded in HistoGel
(Thermo Fisher Scientific). Samples were dehydrated in a series of
EtOH solutions (30, 50, 90, 95, and 100%) for 5 min each and
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infiltrated with epoxy resin. These samples were then sectioned at
70 nm (Ultracut E; Reichert-Jung), placed on carbon slotted grids,
stained using uranyl acetate, and imaged using Hitachi H600
equipped with a Hamamatsu digital camera and AMT image pro-
cessing software.

Immunostaining

hPSC monolayers, hPSC aggregates, or hPSC-cysts on the coverslip
were rinsed with phosphate-buffered saline (PBS; Gibco) twice,
fixed with 4% paraformaldehyde (Sigma-Aldrich) for 40 to 60 min,
then rinsed with PBS three times, and permeabilized with 0.1% SDS
(Sigma-Aldrich) solution for 40 min. The samples were blocked in
4% heat-inactivated goat serum (Gibco) or 4% normal donkey serum
(Gibco) in PBS 1 hour to overnight at 4°C. The samples were incu-
bated with primary antibody solution prepared in blocking solution
at 4°C overnight, washed three times with PBS (10 min each), and
incubated in blocking solution with goat or donkey raised Alexa Fluor-
conjugated secondary antibodies (Thermo Fisher Scientific) at room
temperature for 2 hours. Counterstaining was performed using
Hoechst 33342 (nucleus, Thermo Fisher Scientific), Alexa Fluor—
conjugated WGA (membrane, Thermo Fisher Scientific), and phalloidin
(F-ACTIN, Thermo Fisher Scientific). All samples were mounted
on slides using 90% glycerol (in 1x PBS). When mounting hPSC-
cyst samples, modeling clays were used as spacers between coverslips
and slides to preserve lumenal cyst morphology. Antibodies for IF
staining are found in table S4A.

DNA constructs

APEX2 constructs

Detailed information regarding primers and DNA constructs can
be found in table S4 (B to D). A DOX-inducible piggyBac trans-
poson system (PB-TA-ERP2; gift of K. Woltjen; Addgene, #80477)
(81) was used to generate five stable transgenic H9 hESC lines ex-
pressing APEX2 fused to human PODXL (OriGene; NM_00108111),
EZR (gift of D. Louvard, Curie Institute, Paris), ATP1B1 (GenScript;
NM_001677.3), SDC1 (GenScript; NM_002997.4), or NES (gift of
A. Ting, Stanford; Addgene, #49386) (Fig. 1A) (82). We first gener-
ated a constitutively active piggyBac (gift of J. LoTurco)-based
APEX2 universal vector [pPBCAG-Flag-APEX2-C1 and pPBCAG-
Flag-APEX2-N1, containing multiple cloning sites (MCSs) at the
linker region (83): APEX2-Cl1: Xho I, Nhe I, and Not I; APEX2-N1:
Eco RI, Xho I, and Nhe I] by PCR amplification of Flag-APEX2
(Addgene, #49386) using primers (APEX2-C1: Clo-5EcoRI-Flag-
APEX2-Fw and Clo-3NotI-Linker-APEX2-Rv; APEX2-N1: Clo-
5EcoRI-Linker-Flag-APEX2-Fw and Clo-3Notl-Stop-APEX2-Rv). For
APEX2-N1, a stop codon (TAA) was added at the end of the APEX2
sequence. Amplified products were cloned into pPBCAG digested
with Eco RI and Not I. Next, we performed polymerase chain reaction
(PCR) amplification of respective APEX2 tags from each donor con-
struct (hPODXL: Clo-EcoRI-5-PODXL-Fw and Clo-Nhel-3-PODXL-Rv;
hEZR: Clo-EcoRI-5-hEZR-Fw and Clo-Nhel-2xGS-3-hEZR-Ry;
hATP1B1: Clo-Nhel-5-ATP1B1-Fw and Clo-NotI-3-ATP1B1-Rv; hSDCI:
Clo-XhoI-5-hSDC1-Fw and Clo-Nhel-2xGS-3-hSDC1-Rv), which
were then subcloned into the APEX2 universal vector (digested with
Eco RI and Nhe I for hPODXL and hEZR; Nhe I and Not I for hATP1B1;
Xho I and Nhe I for SDC1) to generate pPPBCAG-Flag-APEX2-N1-
hPODXL (hPODXL-APEX2), Flag-APEX2-N1-hEZR (hEZR-APEX2),
Flag-APEX2-C1-hATP1B1 (APEX2-hATP1B1), and Flag-APEX2-
N1-hSDC1 (hSDC1-APEX2). pPBCAG-Flag-APEX2-NES was generated
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by PCR-amplifying Flag-APEX2-NES sequence (Addgene, #49386;
using primers Clo-5EcoRI-Flag-APEX2-Fw and Clo-NotI-3-NES-Rv)
and by subcloning the amplified product into the pPBCAG backbone
digested with Eco RI and Not I. These APEX2 constructs were PCR-
amplified (primers: PODXL, TOPO-5-PODXL-Fw and TOPO-3-
APEX-Rv; EZR, TOPO-CACC-5-hEZR-Fw and TOPO-3-APEX-Rv;
ATP1B1, TOPO-5-Flag-Fw and TOPO-3-ATP1B1-Rv; SDC1, TOPO-
5-hSDCI1-Fw and TOPO-3-APEX-Rv; NES, TOPO-5-Flag-Fw and
TOPO-3-NES-Rv) and subcloned into pENTR/D-TOPO (Life
Technologies), which were then cloned into PB-TA-ERP2 (Addgene,
#80477) destination vector using the Gateway cloning system
(Life Technologies).

mTnG constructs

The CAG promoter (Addgene, #48753; gift of A. Smith) (84) was
excised using Xho I and Hind III and was subcloned into ePB-
hUBC-Puro and ePB-hUBC-Neo (gift of A. Brivanlou) (49, 85) to
generate ePB-CAG-hUBC-Puro and ePB-CAG-hUBC-Neo. Tcf-
Lef-H2B-GFP (green fluorescent protein) [Addgene, #32610; gift of
A.-K. Hadjantonakis (86) and pQC membrane TdTomato IX (Addgene,
#37351; gift of C. Cepko (87)] were PCR-amplified (primers: H2B-
GFP, Clo-HindIII-5-H2B-Fw and Clo-NotI-3-EGFP-Rv; mTdTomato,
Clo-HindIII-5-Palm-Fw and Clo-NotI-3-tdTomato-Rv) and cloned
into ePBCAG-hUBC-Puro (H2B-GFP: Hind III and Not I) or ePBCAG-
hUBC-Neo (mTdTomato: Hind III and Not I).

Validation and gain-of-function constructs

MCSs of ePBCAG_hUBC vectors (containing unique Cla I, Hind
II1, and Not I sites 3’ of CAG promoter) were expanded (ExMCS)
by inserting synthetic DNA sequence (primers: Anneal-MCS expand-
Fw and Anneal-MCS expand Rv) at Hind IIT and Not I sites to generate
ePBCAG-ExMCS_hUBC-Puro/Neo (Cla I, Hind III, Bam HI, Pst I,
Nhe I, Age I, Pac I, and Not I).

PCR-amplified hBASP1-HA (pRK7_CMV-hBASP1-HA, gift
of K. Inoki) or hECE1-HA (GenScript, NM_001397.3) sequence
(primers: BASP1, Clo-HindIII-5-hBASP1-Fw and Clo-Nhel-stop-
3-HA-Rv; ECE1, Clo-Nhel-5-ECE1-Fw and Clo-NotI-HA-3-ECE1-Rv)
was cloned into ePBCAG_hUBC-Puro (digested with: PODXL,
Hind III and Nhe I; ECE1, Nhe I and Not I).

Universal ePBCAG-sfGFP-N1 and ePBCAG-mCherry-N1_hUBC-
Puro vectors were generated through PCR amplification of sfGFP
(Addgene, #54737; gift of G. Waldo and M. Davidson) and mCherry
using shared primers [Clo-Agel-3xGS-5-sfGFP-Fw and Clo-
NotlI-stop-3-sfGFP-Rv incorporating a stop (TAA) at the 3’ end]
and subcloned into ePBCAG_hUBC-Puro digested with Age I
and Not L.

PCR-amplified hSNX27 (GenScript, NM_030918.6; Clo-HindIII-
5-hSNX27_Fw and Clo-Nhel-GS-3-hSNX27_Rv) or hAP1Gl [IDT,
synthesized gBlocks fragment, NM_001030007.1 with CRISPR-re-
sistant sequence modification in guide RNA (gRNA) target site and
PAM sequence in its coding sequence 1 —CCATCCGGACAGC-
CCGAACCCAA changed to CGATCAGAACGGCACGGACACAA;
primers: Clo-BamHI-5-hAP1G1-Fw and Clo-Nhel-3-hAP1G1-Rv]
sequence was subcloned into ePBCAG-sfGFP-N1_hUBC-Puro
(SNX27, Hind III and Nhe I) or ePBCAG-mCherry-N1_hUBC-Puro
(AP1G1, Bam HI and Nhe I).

PCR-amplified mEzr (IMAGE: 6826190), EGFP-hCDC42 [Addgene,
#12975; gift of G. Bokoch (88)], or hRAB35 [Addgene, #47424; gift
of P. McPherson (89); primers: Clo-dTOPO-EGFP-fw and Clo_
dTOPO_hRAB35_rv] product was subcloned into pENTR/dTOPO,
which was then cloned into PB-TAC-ERP2 (mEzr; Addgene,
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#80478) or into the PB-TA-ERP2 (hRAB35) destination vector
using the Gateway cloning system.

PiggyBac-CRISPR-Cas9 (pBACON) constructs

A piggyBac-CRISPR-Cas9 (pBACON) vector that contains SpCas9-
T2A-GFP and hU6-gRNA expression cassettes flanked by piggyBac
transposon terminal repeat elements (pBACON-GFP), which allows
subcloning of annealed oligos containing gRNA sequence at Bbs I
site, has been previously described (32). In addition, a pPBACON
system expressing SpCas9-T2A-puro (P BACON-puro) was generated
by PCR amplification of SpCas9-T2A-Puro [Addgene, #62988; gift
of Feng Zhang (90); primers: Clo_5Nhel_#115fwand Clo_3NotI#116rv].
gRNA targeting genomic sites and oligo sequences to generate
pBACON-GFP-hEZR (CRISPR_hEZ_E3#1_s and CRISPR_hEz_
E3#1_as), pPBACON-GFP-hAPIGI (CRISPR_hAP1G1_E1#1_sand
CRISPR_hAP1G1_El#1_as), and pPBACON-GFP-hLAMTORI (gRNA_
hLAMTORI1_E2 sand gRNA_hLAMTORI1_E2_as), as well as pPBACON-
puro-hRAB35 (gRNA_hRAB35_E3_s and gRNA_hRAB35_E3_as),
PBACON-puro-hSNX27 (gRNA_hSNX27_E2 s and gRNA_hSNX27_
E2_as),and pBACON-puro-hBASPI (gRNA_hBASP1_CDS1_sand
gRNA_hBASP1_CDSI_as) are found in fig. S5 and table S4B; these
were designed using publicly available tools (http://crispr.mit.edu or
https://idtdna.com/site/order/designtool/index/CRISPR_CUSTOM).

PiggyBac-based transgenic and genome-edited hESC lines
PiggyBac constructs (3 pg) and pCAG-ePBase (1 pg; gift from
A. Brivanlou) were cotransfected into H9 hESC (70,000 cells cm™2)
using GeneJammer transfection reagent (Agilent Technologies). To
enrich for successfully transfected cells, fluorescence-activated cell
sorting (FACS) or drug selection (puromycin, 2 pg/ml for 4 days;
neomycin, 250 pg/ml for 10 days) was performed 48 to 72 hours
after transfection. hESC stably expressing each construct main-
tained the expression of pluripotency markers and formed hPSC-
cysts, unless otherwise noted. For inducible constructs, DOX (500 ng/ml)
treatment was performed for 24 hours before harvesting for all ex-
periments, unless otherwise noted.

During pPBACON-based genome editing, GFP" FACS-sorted or
puro-selected cells were cultured at low density (300 cells cm™) for
clonal selection. Established colonies were manually picked and ex-
panded for screening indel mutations using PCR amplification of a
region spanning the targeted gRINA region (primers: hEZR, PCR_EZRIN_
RI_fw and PCR_EZRIN_NI_rv; hRAB35, Seq_ hRAB35_fw and Seq_
hRAB35_rv; hSNX27, Genotype_hSNX27-Exon2_EcoRI_Fw and
Genotype_hSNX27-Exon2_Notl_Rv; hBASP1, Genotype_hBASP1-
Exon2_EcoRI_Fw and Genotype_hBASP1-Exon2_Notl_Rv; AP1Gl,
PCR_hAP1G1-CDS1_RI_fw and PCR_hAP1G1-CDS1_NI_rv), which
were subcloned into pPBCAG-GFP (83) at Eco RI and Not I sites, and
sequenced (Seq-3'TR-pPB-Fw). Genomic DNA was isolated from in-
dividual clones using DirectPCR Lysis Reagent (Tail) (VIAGEN). At
least 12 to 15 bacterial colonies were sequenced to confirm genotypic
clonality. Western blots for each protein were also performed to further
validate the KO lines. Note that the RAB35-KO line was not validated
by Western blot because of the lack of a specific antibody. KO analyses
were performed using at least two distinct clonal lines per targeted
gene. Control cells are H9 hESC in all loss-of-function experiments.

APEX2 labeling and sample preparation

d3 hPSC-cysts were generated from five different APEX2 hESC lines
described in Fig. 1A. DOX (2 pg/ml) was added at d2 to induce
APEX2 transgene expression for 24 hours. On d3, mTeSR1 containing
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500 uM BP (BP/biotinyl tyramide, AdipoGen) and 1% Geltrex was
added for 1 hour at 37°C, 5% CO,. Hydrogen peroxide (H,0O;) was
then added directly into the medium to a final concentration of
1 mM for 90 s at room temperature to initiate biotinylation, immediately
followed by 3x washes using quencher solution [10 mM sodium
ascorbate (Spectrum Chemical), 10 mM sodium azide (Sigma-Aldrich),
and 5 mM Trolox (Sigma-Aldrich) in Dulbecco’s PBS (Gibco)]. For
microscopy, hPSC-cysts were fixed for immunostaining using streptavidin
conjugated to Alexa Fluor dye (Thermo Fisher Scientific).

To prepare proteomic samples, 10 hPSC-cyst samples were pre-
pared individually (shown in Fig. 2, A and B) in two tissue culture-
treated 100-mm dishes (Thermo Fisher Scientific, precoated with
1% Geltrex). For each plate, 2.2 x 10® hPSC (DOX-inducible stable
lines) were plated (totaling 4.4 x 10° hPSC per sample) to obtain
approximately 20 x 10° cells at d3, sufficient for at least 5.0 mg of
total protein. At d3 (DOX added at d2), APEX2 labeling and
quenching steps were performed as described above. After three
times of quenching, APEX2-labeled hPSC-cysts from two dishes
were resuspended as a pool in quencher buffer and centrifuged at
500g for 5 min to collect the cell pellet for lysis in radioimmunopre-
cipitation assay (RIPA) lysis buffer (Pierce) containing 1x Halt protease
inhibitor cocktail (Thermo Fisher Scientific), 1 mM phenylmethyl-
sulfonyl fluoride (Sigma-Aldrich), 10 mM sodium azide, 10 mM
sodium ascorbate, and 5 mM Trolox. Cell lysates were centrifuged
at 15,000¢ for 15 min at 4°C, and supernatant was collected for en-
riching biotinylated proteins using streptavidin beads.

The Pierce 660-nm assay (Pierce) was used to quantify protein
concentrations in sample supernatants. Streptavidin-coated mag-
netic beads (Pierce) were first washed twice with RIPA lysis buffer.
For each sample, 5.0 mg of total protein was incubated with 500 pl
of streptavidin beads overnight at 4°C with gentle rotation. Beads were
subsequently pelleted using MagnaRack (Thermo Fisher Scientific)
and washed twice with RIPA lysis buffer, once with 1 M KCI, once
with 0.1 M Na,COs, once with 2 M urea in 10 mM tris-HCI (pH 8.0),
twice with RIPA lysis buffer, and three times with PBS. Last, PBS
was removed as much as possible and beads were frozen in —80°C
before performing on-bead digestion, TMT labeling, peptide pool-
ing, fractionation, and LC-MS/MS. All these steps were performed
at 4°C unless otherwise noted. Alternatively, biotinylated proteins
bound to streptavidin beads were eluted by boiling in homemade
1x protein loading buffer (34) supplemented with 2 mM biotin
(Sigma-Aldrich, B4501) and 20 mM dithiothreitol (DTT; Sigma-
Aldrich) for 15 min. Beads were pelleted by magnetic rack, and the
supernatant was collected. These samples were loaded and separated
on 10% SDS-polyacrylamide gel electrophoresis (PAGE) gels and
processed by Coomassie staining, following the manufacturer’s
protocol (QC Colloidal Coomassie, Bio-Rad) to validate successful
enrichment of biotinylated proteins. As shown in Fig. 1G, some
background biotinylation signal was seen in samples lacking H,0,
(lanes 2, 4, 6, 8, and 10), untransfected H9 (lane 11), and ATP1B1-
APEX2 without DOX induction (lane 12), likely due to background
peroxidase activity and 16-hour incubation with streptavidin beads.

Western blot

SDS-PAGE gels (10% or gradient gel, 4 to 20%, Bio-Rad) and poly-
vinylidene difluoride membranes were used. Membranes were blocked
using Intercept (TBS) Blocking Buffer (LI-COR), total protein quanti-
fication was performed by using Revert 700 Total Protein Stain (LI-COR),
and primary antibody overnight incubation was performed at 4°C,
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followed by 2-hour IRDye (LI-COR) secondary antibody incubation.
Biotinylated proteins were detected and quantified by streptavidin-
IRDye conjugate (LI-COR). Blots were imaged using LI-COR Odyssey
Infrared Imaging system. Alternatively, for figs. S1A and S8E, after
SDS-PAGE, samples were processed as described by Zysnarski et al.
(91), with the exception that before blocking, total protein quantifi-
cation was performed with Ponceau S staining imaged on an Azure
¢600 imaging system (Azure Biosciences) with blue light settings.

Quantitative MS

Proteins bound to streptavidin beads were digested by trypsin follow-
ing the standard on-bead trypsin digestion workflow (92). Samples
were proteolysed and labeled with TMT 10-plex by following the
manufacturer’s protocol (Thermo Fisher Scientific) with minor modi-
fications. Ten was the highest number of available isobaric mass tags
when our spatial proteomics assay was performed in 2018. Briefly,
upon reduction [10 mM DTT in 0.1 M Triethylammonium bicarbon-
ate (TEAB); 45°C, 30 min] and alkylation (55 mM 2-chloroacetamide
in 0.1 M TEAB; room temperature, 30 min in dark) of cysteines, the
proteins were digested overnight with trypsin (1:25; enzyme:protein)
at 37°C, with constant mixing using a thermomixer. Proteolysis was
stopped by adding 0.2% trifluoroacetic acid and peptides were de-
salted using SepPak C18 cartridge (Waters Corp). The desalted pep-
tides were dried in Vacufuge (Eppendorf) and reconstituted in 100 pl
of 0.1 M TEAB. The TMT 10-plex reagents were dissolved in 41 pl
of anhydrous acetonitrile, and labeling was performed by transfer-
ring the entire digest to TMT reagent vial and incubating at room
temperature for 1 hour. The reaction was quenched by adding 8 ul of
5% hydroxyl amine and further 15-min incubation. Labeled samples
were mixed together and dried using a vacufuge. An offline fraction-
ation of the combined sample into six fractions was performed using
a high-pH reversed-phase peptide fractionation kit according to the
manufacturer’s protocol (Pierce; catalog no. 8488). Fractions were
dried and reconstituted in 12 pl of 0.1% formic acid/2% acetonitrile
in preparation for LC-MS/MS analysis. Sample-to-TMT channel
information is shown in Fig. 2B.

For superior quantitation accuracy, we used multinotch-MS3 (92),
which minimizes the reporter ion ratio distortion resulting from frag-
mentation of co-isolated peptides during MS analysis. Orbitrap Fusion
(Thermo Fisher Scientific) and RSLC Ultimate 3000 nano-UPLC
(Dionex) were used to acquire the data. The sample (2 pl) was resolved
on a PepMap RSLC C18 column (75 um inside diameter x 50 cm;
Thermo Fisher Scientific) at a flow rate of 300 nl/min using 0.1%
formic acid/acetonitrile gradient system (2 to 22% acetonitrile in
110 min; 22 to 40% acetonitrile in 25 min; 6-min wash at 90% fol-
lowed by 25-min re-equilibration) and directly sprayed onto the mass
spectrometer using EasySpray source (Thermo Fisher Scientific).
The mass spectrometer was set to collect one MS1 scan (Orbitrap;
120,000 resolution; AGC target, 2 x 10 max IT, 50 ms) followed by
data-dependent, “Top Speed” (3 s) MS2 scans (collision-induced dis-
sociation; ion trap; NCD 35; AGC, 5 x 10%; max IT, 100 ms). For
multinotch-MS3, top 10 precursors from each MS2 were fragmented
by higher-energy-collisional-dissociation (HCD) followed by Orbitrap
analysis [NCE 55; 60,000 resolution; AGC, 5 x 10% max IT, 120 ms;
100 to 500 m/z (mass/charge ratio) scan range].

Ratiometric analysis of proteomic data
Proteome Discoverer (v2.1; Thermo Fisher Scientific) was used for
initial data analyses. MS2 spectra were searched against the SwissProt
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human protein database (downloaded on 4 December 2018; 20331
reviewed entries) using the following search parameters: MS1 and
MS2 tolerance were set to 10 parts per million and 0.6 Da, respec-
tively; carbamidomethylation of cysteines (57.02146 Da) and TMT
labeling of lysine and N termini of peptides (229.16293 Da) were
considered static modifications; oxidation of methionine (15.9949 Da)
and deamidation of asparagine and glutamine (0.98401 Da) were
considered variable. Identified proteins and peptides were filtered
to retain only those that passed <1% FDR threshold and >2 unique
peptides. Quantitation was performed using high-quality MS3 spectra
using the Reporter Ion Quantifier Node of Proteome Discoverer
(average signal-to-noise ratio of 10 and <30% isolation interference).

Specific TMT ratios were normalized using known 495 mito-
chondria matrix soluble proteins (18): 198 were found in the hPSC-
cyst dataset for ratiometric analyses in filter 1 [PODXL-APEX2 #1/
negative (126/131), PODXL-APEX2 #2/negative (127N/131), EZR-
APEX2/negative (127C/131), APEX2-ATP1B1 #1/negative (128N/131),
APEX2-ATP1B1 #2/negative (128C/131), and SDC1-APEX2/negative
(129N/131)], filter 2 [PODXL-APEX2 #1/APEX2-NES #1 (126/129C),
PODXL-APEX2 #2/APEX2-NES #2 (127N/130N), EZR-APEX2/
APEX2-NES #3 (127C/130C), APEX2-ATP1B1 #1/APEX2-NES #1
(128 N/129C), APEX2-ATP1B1 #2/APEX2-NES #2 (128C/130N),
and SDC1-APEX2/APEX2-NES #3 (127C/129N)], and filters 3 and
4 [PODXL-APEX2 #1/APEX2-ATP1B1 #1 (126/128N), PODXL-
APEX2 #2/APEX2-ATP1B1 #2 (127N/128C), and EZR-APEX2/
SDCI1-APEX2 (127C/129 N)]. In each TMT ratio, the median ratio
of 198 mitochondrial matrix soluble proteins was calculated
(PODXL-APEX2 #1/negative, 8.294; PODXL-APEX2 #2/negative,
7.786; EZR-APEX2/negative, 16.925; APEX2-ATP1B1 #1/negative,
14.876; APEX2-ATP1BI #2/negative, 17.286; SDC1-APEX2/negative, 12.214;
PODXL-APEX2 #1/APEX2-NES #1, 0.280; PODXL-APEX2 #2/
APEX2-NES #2, 0.271; EZR-APEX2/APEX2-NES #3, 0.568; APEX2-
ATPI1BI #1/APEX2-NES #1, 0.493; APEX2-ATP1B1 #2/APEX2-NES #2,
0.607; SDC1-APEX2/APEX2-NES #3, 0.397; PODXL-APEX2 #1/
APEX2-ATP1B1 #1, 0.566; PODXL-APEX2 #2/APEX2-ATP1B1 #2,
0.447; EZR-APEX2/SDC1-APEX2, 1.450); all proteins in each TMT
ratio were divided using these values to generate normalized hPSC-
cyst dataset (ratios in log; scale).

In filter 1 (F1) and filter 2 (F2), true positive (TP-F1 and TP-F2,
proteins with UniProt “cell membrane” and “plasma membrane”
annotations) and false positive [FP, 198 mitochondrial matrix solu-
ble proteins (filter 1) and all proteins in the list lacking UniProt “cell
membrane” and “plasma membrane” annotations (filter 2)] were
defined. TP-F1 and TP-F2 are proteins that are known to localize in
the membrane territory; FP-F1 are proteins that are predicted to be
nonbiotinylated by APEX2 fusion constructs in this study; FP-F2
consists of proteins that can be biotinylated by our APEX2 con-
structs but are not predicted to be proximal to membrane territories.
True-positive rate (TPR) and false-positive rate (FPR) were calcu-
lated for each ratio [TPR = TP/(TP + FN); FPR = FP/(FP + TN); FN,
false negative; TN, true negative]; these values were used to generate
ROC curves to test the suitability of TP and FP for each ratiometric
analysis based on the area under the curve (AUC; a commonly used
statistic that calculates the area under the ROC curve and quantifies
the probability in which a randomly chosen positive case outranks a
randomly chosen negative case), as well as to determine cutoffs at
which the largest difference between TPR and FPR was observed
{PODXL-APEX2 #1/negative [log,(126/131) — AUC = 0.74, cutoft = 0.4];
PODXL-APEX2 #2/negative [log,(127N/131) — AUC = 0.74,
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cutoff = 0.477]; EZR-APEX2/negative [logy(127C/131) — AUC = 0.77,
cutoff =0.476]; APEX2-ATP1B1 #1/negative [log,(128N/131) - AUC=0.77,
cutoff = 0.361]; APEX2-ATP1B1 #2/negative [log,(128C/131) - AUC =
0.77, cutoff = 0.435]; SDC1-APEX2/negative [log,(129N/131) — AUC =
0.75, cutoff = 0.529]; PODXL-APEX2 #1/APEX2-NES #1
[log»(126/129C) — AUC = 0.63, cutoff = 0.505]; PODXL-APEX2 #2/
APEX2-NES #2 [logy(127N/130N) — AUC = 0.62, cutoff = 0.727];
EZR-APEX2/APEX2-NES #3 [log,(127C/130C) — AUC = 0.67, cutoff =
0.359]; APEX2-ATP1B1 #1/APEX2-NES #1 [log;(128N/129C) — AUC =
0.76, cutoff = 0.229]; APEX2-ATP1B1 #2/APEX2-NES #2 [log,(128C/130N) —
AUC = 0.78, cutoff = 0.244]; SDC1-APEX2/APEX2-NES #3
[log2(129N/130C) — AUC = 0.69, cutoff = 0.36]} (Fig. 2, D and E,
and fig. S2, A to D). TPR-FPR is equivalent to the Youden index (93),
which is a statistic commonly used to represent the performance of
a dichotomous test. Larger values of the index mean better perform-
ance. For example, a value of 1 would mean the performance is
perfect as there are no false positives or false negatives. During the
analysis of filter 2, proteins that passed filter 1 were used.

Given a threshold parameter T, we have AUC and cutoff (CO)
formulas as

TPR(T): T — y(x)

FPR(T): T — x
1
AUC = [,(TPR(FPR(x)) dx

CO = arg mtax(TPR(t) —FPR(t))

In filters 3 and 4, FDR was used to determine cutoffs for proteins
that passed filter 2 and filter 1, respectively. Apical (AP: proteins
with UniProt “apical cell membrane” annotation plus known apical
proteins: PRKCI, PRKCZ, CDC42, RAB11B, RDX, and PARD®6)
and basolateral (BL: proteins with UniProt “basolateral cell mem-
brane” annotation plus known basolateral proteins: CDH1, CTN-
NB1, ITGB1, LLGLI1, DLG3, and SCRIB) membrane proteins were
defined. Proteins with FDR lower than 0.2 were kept, meaning 80%
of these proteins are expected true discoveries.

Given a threshold parameter T, we defined the FDR formula for
apical proteins as

Sevil{3)), > 7)
Tien({51}; > 7)

FDR(T) =

where I(-) is an indicator function that takes value one when the
statement is true and zero otherwise; V is the set of basolateral proteins,
and R is the set of total proteins (apical plus basolateral proteins).
The numerator is the number of basolateral proteins above a given
apical/basolateral cutoff (T), and the denominator is the number of
total proteins above the same given cutoff.

Similarly, we defined the FDR formula for basolateral proteins as

Ziewl({%}i < T)
S0, < T
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FDR(T) =

where W is the set of apical proteins. The numerator is the number
of apical proteins below a given apical/basolateral cutoff (T), and
the denominator is the number of total proteins below the same
given cutoff.

Following filter 3, apical or basolateral replicates were intersected
to reveal the list of apical (250) and basolateral (252) membrane
territory proteins. In addition, 139 proteins that were shared among
PODXL-APEX2 #1 and #2 (likely due to unique vesicular localiza-
tion) but were not included in the list of 250 apical proteins were
added to the final apical list (389). The list of nonpolar proteins (30)
was generated by identifying proteins found in both the apical (389)
and basolateral (252) lists. To generate curated lists of proteins after
filter 4, proteins that were also found in the list after filter 3 [apical
(389) and basolateral (252) proteins; table S2, B and C] were excluded
from the original lists of proteins after filter 4: These lists were then
intersected to identify the lists of post-filter 4 apical (1628), basolateral
(171), and nonpolar (597) proteins (table S3).

In Fig. 3A (top), the percentage of proteins with “plasma membrane”
or “cell membrane” UniProt annotations (table S1B) were identified
for each category: entire human proteome (20367, Swiss-Prot),
apical proteome (389), and basolateral proteome (252). In Fig. 3A
(bottom) and table S2 (E and F), proteins with evidence for apical or
basolateral localization were identified based on UniProt and GO.

GO enrichment analysis

The final apical (389 or 250) or basolateral (252) proteomes were
uploaded to the STRING database [string-db.org (94), analysis per-
formed on 8 May 2020]: The top 10 GO terms (ranked by FDR) on
Cellular Component, Biological Process, and Molecular Function
were plotted (Fig. 3, C to E, and fig. S3, A to C).

Protein network analysis

The apical (389) and basolateral (252) proteome lists were uploaded
to the STRING database (analysis performed on 26 May 2020) to
generate a protein network based on the protein interaction and
confidence scores, which were then imported to Cytoscape (v.3.8.0)
for clustering (Markov clustering, inflation value: 3.5 for apical
proteome and 3 for basolateral proteome) and generating network
diagrams (Fig. 3, F and G). For simplification, the intercluster inter-
actions and clusters with equal to or less than four proteins are not
shown in Fig. 3 (F and G).

Statistical analyses

Graphs were generated using Prism 7 (GraphPad Software) or R,
and statistical analyses were performed using Prism 7. In Fig. 4, at
least 50 aggregates were counted per sample from three indepen-
dent experiments (total of >150 aggregates): x” test was performed.
In Fig. 5G, 293 (control), 298 (KO), and 206 (KO rescue) aggregates
from three independent experiments were examined for lumenal
shape, which were then statistically analyzed using x* test. In Fig. 5E,
a total of 116, 153, and 133 cells were counted for control, KO, and
rescue groups, respectively, for analysis using one-way analysis of
variance (ANOVA) with a Turkey’s multiple comparison test. In
Fig. 6B and fig. S8A (middle), at least 50 cells were counted from
three independent biological samples (total of >150 cells) per time
point per cell line (analyzed using two-way ANOVA with Turkey’s
multiple comparisons test). In fig. S8A (right), 176 control, 154 control
expressing PODXL-mCherry, and 156 AP1GI-KO expressing PODXL-
mCherry cells from three independent experiments were examined
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for apicosome size, which were then statistically analyzed using %
test. ¥, significant (P < 0.0001); NS, not significant. All experiments

M. Zernicka-Goetz, Pluripotent state transitions coordinate morphogenesis in mouse
and human embryos. Nature 552, 239-243 (2017).

were repeated at least three times.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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