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Biological patterning events that occur early in development establish proper tissue 

morphogenesis. Identifying the mechanisms which guide these patterning events is necessary 

for understanding the molecular drivers of development and disease, and to build tissues in 
vitro. In this study, we use an in vitro model of gastrulation to study the role of tight junctions 

and apical/basolateral polarity in modulating bone morphogenic protein-4 (BMP4) signaling and 

gastrulation-associated patterning in colonies of human pluripotent stem cells (hPSCs). Disrupting 

tight junctions via knockdown (KD) of the scaffolding tight junction protein-1 (TJP1, also known 

as ZO1) allows BMP4 to robustly and ubiquitously activate pSMAD1/5 signaling over time, 

resulting in loss of the patterning phenotype and marked differentiation bias of pluripotent stem 

cells to primordial germ cell-like cells (PGCLCs). These findings give important insights into how 

signaling events are regulated and lead to spatial emergence of diverse cell types in vitro.

eTOC Blurb

In this study, Vasic et al. examine how tight junction integrity affects receptivity to signaling 

proteins and patterning in an hPSC model of gastrulation. They demonstrate that knockdown of 

TJP1, a core tight junction component, in hPSCs results in sustained pSMAD1/5 activity and bias 

towards PGCLC specification upon treatment with BMP4.

Graphical Abstract
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INTRODUCTION

Early in embryonic development, gradients of signaling molecules guide the spatial 

organization and specification of stem cells to generate a blueprint for axis formation 

and subsequent tissue growth1–3. One of the earliest biological patterning events occurs 

in the epiblast, when pluripotent cells differentiate and segregate into the three somatic 

germ layers (endoderm, mesoderm, and ectoderm), in a process known as gastrulation. 

Understanding how signaling gradients first emerge, take shape, and are interpreted by cells 

during gastrulation is important for understanding the fundamental principles which guide 

patterning and morphogenesis of tissues.

Prior to gastrulation, the epiblast is an epithelial tissue reinforced by tight junction 

complexes. These complexes are comprised of an intracellular scaffold, which partitions 

the phospholipid bilayer into apical and basolateral domains, and a set of transmembrane 

proteins, which prevent paracellular diffusion of macromolecules between the apical-facing 

and basolateral-facing lumens4–6. Many signaling protein/receptor families responsible for 

regulating the gastrulation program such as BMP4, WNT3, and NODAL have conserved 

basolateral sorting motifs or are reported to be secreted basolaterally7–11, whereas NOGGIN 

is secreted apically12. This ligand/receptor orientation implicates epithelial structure and 

cell polarity as critical determinants of morphogen gradient shape and subsequent cell 

type patterning during gastrulation via asymmetric attenuation of cellular response to 

morphogen signaling9,13. In addition to spatial patterning imposed by epithelial structure, 

previous studies have proposed that morphogens can autonomously form patterns that 

lead to germ layer segregation during gastrulation, as described by Alan Turing’s reaction 

diffusion (RD) and Lewis Wolpert’s positional information (PI) models14–20. However, a 

lack of mechanistic insight hinders our understanding of the possible interplay between tight 

junction expression and RD/PI in the context of gastrulation patterning.

Seminal work shows that gastrulation-associated patterning events, including the emergence 

of ectoderm-like, mesendoderm-like, and extraembryonic-like cells in a radial pattern, can 

be recapitulated in culture by confining hPSCs to circular micropatterns and stimulating 

with BMP421,22. BMP4, which acts through phosphorylation of the signal transducer 

SMAD1, is known to be an important initial cue in the gastrulation cascade23,24. Follow-up 

studies suggest that patterning in this system follows an RD/PI process, as BMP4 driven 

phosphorylation of SMAD1 and subsequent pathway activation causes cells in the colony 

to secrete both BMP4 and its inhibitor NOGGIN in a feedback loop20. Differences in the 

diffusivities between NOGGIN and BMP4 are thought to create a steady-state gradient of 

effective BMP4 concentrations across the colony, and cells are presumed to sense positional 

information and differentiate based both on this concentration gradient and its overlap with 

other members of the BMP4-induced feedback loop, including WNT3 and NODAL19,20.

Contradictory reports confound our understanding of the extent to which tight junctions 

influence ligand-receptor accessibility, signaling pathway activation, and subsequent RD/PI 

driven germ layer patterning in this system. For example, Etoc et al. demonstrate that 

changes in apical/basolateral polarity occur on the edge of micropatterned colonies, 

presumably due to regional loss of tight junctions. They propose that these polarity 
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changes lead to differential receptor accessibility and preferential pathway activation on 

the colony edge, and that this edge activation is necessary for radial patterning19. However, 

disruption of tight junction assembly throughout hPSC colonies via calcium chelation does 

not result in disruption of the radial patterning phenotype. Calcium chelation in addition 

to ROCK inhibition does disrupt patterning19; however, these macroscale and non-specific 

perturbations make it difficult to decipher whether and how tight junctions are involved 

in signaling and patterning. Alternatively, Tewary et al. show that pathway activation is 

ubiquitous throughout micropatterned colonies at earlier timepoints. These results challenge 

the role of differential receptor accessibility caused by tight junction expression and 

implicate secreted inhibitors as the primary regulators of patterning20.

In this study, we use a modified in vitro hPSC gastrulation model which maintains epithelial 

structure over time and recapitulates the characteristics of the epiblast prior to gastrulation. 

We target tight junctions specifically by knocking down TJP1, a critical component 

of the tight junction complex25,26, to study the effects of tight junction expression on 

signaling pathway activation, gastrulation-associated patterning, and cell specification. We 

demonstrate that TJP1 KD increases cellular receptiveness to BMP4 and causes ubiquitous 

and sustained signaling pathway activation, which appears to override endogenous NOGGIN 

inhibitor activity throughout the colony. Significant changes in multicellular patterning and 

proportions of different cell types in the TJP1 KD (TKD) versus control hPSC (TWT) 

colonies establish TJP1 as a key regulator of patterning in our gastrulation model. Additional 

characterization of cell type emergence demonstrates that TKD colonies differentiate 

robustly towards PGCLC fates. By comparing the ground state of TWT and TKD cells, 

we show that PGCLC fate bias is predominantly a result of heightened and sustained BMP4 

signaling pathway activation that can be recapitulated in TWT cells. These results provide 

key insights both into how tight junction complexes within the embryo may shape signaling 

and morphological patterning, and the importance of epithelial structure in influencing hPSC 

differentiation in vitro.

RESULTS

BMP Pathway Activation Correlates with Regional Loss of TJP1

hPSCs confined to circular micropatterns and treated for 42–48 hours with BMP4 undergo 

radial patterning of gastrulation-associated markers CDX2 (extraembryonic-like), TBXT 

(mesendoderm-like), and SOX2 (ectoderm-like)21,22. Our lab and others have demonstrated 

that similarly-sized colonies whose growth is not confined by micropatterns undergo 

analogous radial patterning in response to BMP4 stimulation27,28,29 (Figure 1A). In this 

modified protocol, ~50–100 hPSCs are aggregated overnight within pyramidal microwells, 

and the following day these 3D aggregates are re-plated sparsely and allowed to grow into 

distinct 2D colonies that reach 300–500μm in diameter. Compared with micropatterned 

colonies, unconfined colonies maintained a relatively uniform cell density and a robust 

epithelial morphology over time (Figure S1A, S1B, S1C). This is critical given that 

epithelial integrity is a direct function of cell density, and previous reports have linked 

changes in signaling and cell specification with regional changes in cell density19,30,31,32. 

Our unconfined colonies recapitulate the same aspects of gastrulation patterning as the 
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micropatterned models (radial germ layer segregation, distinct boundary formation, etc.), but 

are unique in that they maintain the epithelial structural characteristics of the epiblast prior 

to and during gastrulation.

Others have demonstrated that low cell densities prevent proper tight junction formation 

and presumably enhance permeability to signaling proteins19. Interestingly, we found 

the opposite is also true: in monolayer culture at high cell densities, the honeycomb-

like intercellular protein expression pattern of TJP1, which is indicative of an intact 

epithelium, became disrupted and punctate (Figure S1D). High magnification confocal 

imaging identified that in highly dense regions with punctate TJP1, cells grew on top of 

each other instead of in a monolayer, forming pseudo-3D structures with aberrant tight 

junction formation (Figure S1E). Moreover, regions with punctate TJP1 expression, which 

increase in frequency as cell density increases, overlapped with regions of BMP4-induced 

signaling pathway activation (phosphorylation of SMAD1/5) (Figure S1D). Therefore, both 

very low and very high cell densities can cause increases in epithelial permeability. In our 

experience, punctate TJP1 expression is also present in micropatterned colonies; regions 

of high density lose TJP1 and overlap with pSMAD1/5 activation upon BMP4 stimulation 

(Figure S1A). Discrepancies in previously reported pSMAD1/5 pre-patterns may therefore 

be partially attributed to regional changes in cell density that perturb epithelial structure.

TJP1 expression is inversely correlated with pSMAD1/5 activation even in the context 

of unconfined colonies with uniform density. For example, upon induction with BMP4, 

pSMAD1/5 activity was primarily limited to the cells on the edge at earlier timepoints (15 

min – 1 hour) (Figure 1B, S1A, 2E). We and others noticed that TJP1 expression does 

not fully extend to the edge of the colony, and tapers off a distance of approximately one 

cell layer before reaching the edge33. Co-staining of TJP1 and pSMAD1/5 in unconfined 

colonies after 1 hour of BMP4 stimulation showed an anti-correlation between pSMAD1/5 

positive and TJP1 positive regions (Figure 1B). We used CellProfiler34 (see STAR Methods) 

to visualize and quantify pSMAD1/5 and TJP1 fluorescence signal at different radial 

distances from the colony center and normalized these values to LMNB1 nuclear signal, 

demonstrating the inverse relationship between pSMAD1/5 and TJP1 (Figure 1C, 1D). 

Given that initial pSMAD1/5 pre-patterning has been implicated in regulating subsequent 

gastrulation-associated patterning in micropatterned colonies19,20, we aimed to elucidate the 

effect of tight junctions on pluripotent morphogenic signaling and gastrulation patterning.

TJP1 Knockdown Leads to Ubiquitous and Sustained Pathway Activation

In vitro, hPSCs are cultured as epithelial sheets that have tight junctions and display apical/

basolateral polarity35, with most morphogen receptors, including BMP receptors BMPR1A, 

BMPR2, and ACVR2A, localized to the basolateral side9,19. These receptors are physically 

partitioned away from morphogens present in the soluble media on the apical side. As 

a result, tight junction expression presumably attenuates cellular response to exogenous 

morphogen signals in vitro (Figure 2A).

In order to examine how tight junctions affect cellular receptiveness to signaling in 

unconfined colonies and, in turn, pattern formation, we sought to knockdown a tight junction 

component in hPSCs using a DOX-inducible CRISPR interference (CRISPRi) system36 
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(Figure S2A). We targeted TJP1 because it forms dual purpose adhesion plaques that are 

critical both for maintaining apical/basolateral polarity and barrier function. We created 

both male (WTC) and female (WTB) hPSC TJP1 KD lines. The WTC line also contains 

a LMNB1-GFP fusion reporter for live nuclear visualization. TJP1 RNA and protein 

expression are significantly depleted after five days of DOX treatment, as shown by qPCR, 

RNA sequencing, immunofluorescence (IF), and western blot (Figures 2B, S2B, 2C, S2C), 

and both the WTC and WTB TJP1 CRISPRi lines are karyotypically normal (Figure S2D). 

We performed most of the characterization in the WTC TJP1 CRISPRi line either without 

or with a minimum of 5 days of DOX treatment (referred to in the text as TWT and TKD, 

respectively); however, several supplemental figures show phenotype reproducibility in the 

WTB TJP1 CRISPRi line.

Prior to BMP4 exposure, we observed distinct morphology between TWT and TKD cells 

in standard culture. TKD cells grew in denser colonies and exhibited changes in nuclear 

shape (Figure S2E, S2F). Where TWT nuclei were stretched and flat, TKD nuclei were 

taller and rounder. When grown as unconfined colonies and exposed to BMP4, TWT cells 

largely limited pSMAD1/5 expression to the colony edge at early timepoints (15 min – 1 

hour). At later timepoints (6 hours), pSMAD1/5 was detectable in cells located centrally 

within the colony; however, due to well-known inhibitor feedback loops19,20, this pathway 

activation was shut off by 48 hours (Figure 2D, 2E). Strikingly, at early timepoints, the TKD 

colonies displayed pSMAD1/5 throughout the colony. Furthermore, TKD cells maintained 

pSMAD1/5 activation over time, despite significant increases in transcription and secretion 

of the secreted BMP inhibitor NOGGIN (Figure S3A, S3B), which is implicated in 

SMAD1/5 inactivation in TWT cells over time20. In TWT cells, NOGGIN is secreted 

apically and is trafficked transepithelially with assistance from glycoproteins on the apical 

surface12. The maintenance of pSMAD1/5 pathway activation despite increased NOGGIN 

expression and secretion in TKD colonies suggests that TJP1 is not only important for 

preventing ligands such as BMP4 from accessing basolateral receptors, but may also be 

necessary to render the cells sensitive to some inhibitors; either by maintenance of apical 

surface glycoproteins or sequestration and concentration of other basolaterally secreted 

morphogen inhibitors within the colony interior.

Signaling Changes Are a Result of Increased Permeability in TKD Cells

In order to confirm basolateral sequestration of BMP receptors within an epithelium, hPSCs 

were grown on a transwell membrane, where apical and basolateral sides of the media 

are independently accessible. As expected, basolateral presentation of BMP4 was required 

for pSMAD1/5 activation in TWT cultures (Figure S3C). Alternatively, both apical and 

basolateral stimulation activated pSMAD1/5 in TKD cells (Figure S3C). Given that BMP 

receptor gene expression does not considerably differ between TWT and TKD cells (Figure 

S3D), two main possibilities could explain this phenomenon. The first is that loss of TJP1 

causes mixing of apical/basolateral domain elements through the plasma membrane and 

disrupts trafficking of receptors to their proper domains (loss of apical/basolateral polarity). 

The second is that loss of TJP1 causes increased permeability to signaling molecules (loss of 

barrier function). To test these possibilities, we first looked to characterize apical/basolateral 

polarity between TWT and TKD cells.
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In polarized cells, the Golgi apparatus faces the apical side (secretory domain)37,38; 

therefore, we examined the positioning of the Golgi in TWT and TKD cells. To agnostically 

visualize the cells’ apical facing surface, we used the F-Actin stain phalloidin. Confocal 

z-stacks of cell colonies stained for both F-Actin and Golgin97 identified that in both cell 

types, the Golgi sits on top of the nucleus facing the apical side of the cell (Figure S3E). 

Quantification of the distance between the apical surface and the nucleus/Golgi confirmed 

that on average, the Golgi is closer to the apical surface than the nucleus is in both 

TWT and TKD cells (Figure S3F). Next, to characterize membrane polarity and potential 

changes in receptor accessibility, we stained TWT and TKD colonies for well-known apical 

polarity proteins, Ezrin and PKCζ, and basolateral BMP receptor BMPR1A. In all colonies 

imaged, apical proteins could be found on the apical surface of the cells, distinctly separated 

from BMPR1A which presented basolaterally, even in TKD cells (Figures S3E, S3F). Our 

findings are consistent with other studies performed in epithelial Madin-Darby Canine 

Kidney (MDCK) cells, which demonstrate that knockdown of TJP1 does not cause changes 

in polarization of apical and basolateral membrane elements in 2D39–43.

Next, we performed a FITC-based diffusion assay to look for differences in permeability 

of TWT and TKD hPSC monolayers. To do this, we grew each cell type on a transwell 

membrane and added 40kDa dextran conjugated with FITC to the apical compartment 

(Figure 2F). 40kDa-FITC was selected due to its similarity in size and hydraulic radius to 

BMP4. Fluorescence measurements of the basolateral compartment over time allowed us 

to quantify permeability of the TKD compared to TWT cells. We found that significant 

increases in FITC diffusion through TKD cell layers could be observed as early as 

30 minutes following treatment (Figure 2F). Similarly, transepithelial resistance (TEER) 

measurements performed on TWT and TKD monolayers confirmed that TKD cells were not 

able to form a continuous epithelium that resists passage of ions through the paracellular 

space (Figure 2G). Therefore, our results suggest that an increase in molecular permeability 

permits heightened signaling pathway activation seen in TKD cells.

TKD Causes Changes in Cell Fate Proportions in Unconfined Gastrulation Models

The initial pSMAD1/5 edge pre-pattern is assumed to dictate both the shape of a BMP-

NOGGIN RD gradient and the subsequent spatiotemporal pSMAD1/5 and gastrulation-like 

pattern19,20. pSMAD2 activation, which occurs through NODAL signaling, is also known 

to be important for the patterning phenotype, as pharmacological inhibition of NODAL 

disrupts the emergence of CDX2+ and TBXT+ cells in micropatterned hPSCs stimulated 

with BMP415. However, Tewary et al. demonstrate that stimulation of micropatterned hPSC 

colonies solely with NODAL does not lead to gastrulation-like patterning20, implicating 

the BMP-NOGGIN gradient and subsequent spatiotemporal pSMAD1/5 activation as the 

primary driver of patterning in accordance with PI principles15.

In TWT colonies, cells on the edge that remain pSMAD1/5 positive throughout BMP4 

stimulation eventually acquire CDX2+ extraembryonic-like fates19–21. Etoc et al. model the 

edge region as being simultaneously pSMAD1+ and pSMAD2+, a combination predicted 

to yield CDX2 fates. Therefore, if the current RD/PI paradigm established by Tewary et al. 

and Etoc et al. is correct, TKD colonies, which mimic the “edge” phenotype and maintain 
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ubiquitous and sustained pSMAD1/5 activation throughout the entire colony for 48 hours, 

would be expected to ubiquitously differentiate to the CDX2 lineage following BMP4 

treatment (Figure 3A). Accordingly, our results show that TKD colonies treated with BMP4 

have increased CDX2 expression across the colony interior. In addition, these colonies 

display a stark decrease in central SOX2 expression, and disruption of the TBXT ring 

pattern (Figure 3B, 3C). These results establish TJP1, and therefore tight junction stability, 

as a key component of BMP4-induced cell fate and spatial patterning.

RNA Sequencing of BMP4-Treated TKD Colonies Indentifies PGCLC Bias

Unexpectedly, we observed that like CDX2, TBXT expression was substantially increased 

throughout the center of TKD colonies (Figure 3B). Many progenitor cell types express 

TBXT; therefore, to better identify this population and quantify changes in TKD-induced 

lineage bias, we performed RNA sequencing on untreated and BMP4-treated (48 hours) 

TWT and TKD colonies. We found 1099 differentially expressed genes between BMP4 

treated TKD and TWT cells, 722 being upregulated and 377 being downregulated. RNA 

sequencing confirmed IF staining results: CDX2 and TBXT transcripts were highly 

expressed, whereas SOX2 transcripts were lowly expressed in TKD cells treated with 

BMP4, compared with TWT cells (Figure 3D). Analysis of a panel of well-known 

gastrulation-associated lineage markers in TWT and TKD cells identifies that TKD cells 

tended to express mesendoderm, PGC, and extraembryonic markers at the expense of 

ectodermal-like lineages (Figure 3D). Gene ontology (GO) analysis performed on clusters 2 

and 3 of the top 150 differentially expressed genes (DEGs) between TWT and TKD showed 

upregulation of endoderm and sex cell-related pathways in TKD colonies (Figure 3E). 

Similarly, when comparing DEGs between TWT and TKD, analysis identifies significant 

increases in NANOS3 (logFC=8.92), SOX17 (logFC=8.25), and WNT3 (logFC=6.56), in 

TKD: all of which are indicative of the human PGC specification program44 (top 16 DEGs, 

including NANOS3 and SOX17, are shown in Figure 3F). Subsequent IF staining for 

PGC markers BLIMP1, TFAP2C, and SOX17 at 48 hours showed increases in expression 

of these markers in TKD colonies compared with the TWT controls (Figure 4A, 4B). 

PGCLC differentiation of TKD cells could also be observed in cells grown under standard 

monolayer conditions (not aggregated or grown into circular colonies) with 48 hours 

of BMP4 stimulation (Figure 4C–4D). By 72 hours, clear triple positive expression of 

BLIMP1/TFAP2C/SOX17 was seen in ~36% of TKD cells (Figure 4E–4F) in monolayer 

culture, a phenotype that was also confirmed in the female WTB TJP1 KD iPSC line (Fig 

S4A–D). Together, these results suggest that BMP4 stimulation of hPSCs lacking tight 

junctions dramatically augments cell receptiveness to signals needed for PGCLC emergence.

Decoupling Signaling and Structural Changes in TKD PGCLCs

Upon the discovery of a nascent PGCLC population within our TKD colonies, we next 

sought to decouple the effects of structural changes due to tight junction instability and 

ubiquitous pSMAD1/5 activation that might enable the robust emergence of PGCLCs. We 

first looked to existing literature to understand the required components enabling PGCLC 

differentiation in vitro. Two seminal papers describe different protocols for generating 

human PGCLCs44,45. In the first protocol (Sasaki et al.), hPSCs are pre-induced into 

an incipient mesoderm-like (iMeLC) state that renders the cells poised for PGCLC 
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specification. In the second protocol (Irie et al.), hPSCs are first reset from a primed to 

a naïve pluripotency state, as primed hPSCs are thought to have lost the developmental 

potential to generate PGCLCs. Indeed, without iMeLC or naïve pluripotency pre-induction, 

both protocols fail to efficiently generate PGCLCs (1–2% efficiency). However, in our 

differentiation, TKD cells do not undergo any form of pre-induction yet are able to produce 

a robust PGCLC population. Two possibilities potentially explain this PGCLC specification 

bias: 1) loss of TJP1 causes a change in pluripotent ground state (to a naïve- or iMeLC- like 

state), or 2) signaling changes caused by loss of TJP1 recapitulate in vivo PGC specification, 

and are sufficient to drive PGCLC differentiation in vitro.

We first looked to characterize pluripotency in TWT and TKD cells in the absence of 

BMP4. RNA sequencing results indicated that aside from TJP1 and ZNF10 (which is part of 

the CRISPRi machinery), few genes were both significantly and substantially differentially 

expressed between untreated TWT and TKD cells (Figure S4E) in the pluripotent state, 

and no significant changes were detected in canonical pluripotency markers (Figure S4F). 

Whole genome bisulfite sequencing demonstrated that while several DNA regions were 

differentially methylated, there were no global changes in methylation between TWT and 

TKD cells (Figure S4G), which would be expected if a resetting process to a more naïve 

pluripotency state occurred. 17 differentially methylated genes were identified; however, GO 

analysis also did not identify any significant regulatory or functional relationship between 

the differentially methylated genes. Together, these data suggest that the transcriptome and 

methylome were not greatly affected by loss of TJP1 and thus, a potential change in the 

ground state would not explain the TKD predisposition to adopt PGCLC fates. Although 

there was no evidence to support a change in ground state in untreated TKD cells, we 

decided to test the possibility that the cells were passing through an accelerated iMeLC-like 

state before their differentiation into PGCLCs. To do this, we stained for PGCLC markers 

BLIMP1 and TFAP2C, and the iMeLC marker T, at various times during the 48 hour 

differentiation of TKD cells. A double positive BLIMP1+/TFAP2C+ PGCLC population 

became strongly detectable at 36 hours, which coincided with detection of T (Figure S5A). 

However, there was no overlap in expression of T and BLIMP1 or TFAP2C at any timepoint, 

suggesting that the TKD cells do not pass through an intermediate iMeLC state.

We next tested the hypothesis that TKD cells are predisposed to PGCLC fates because, 

unlike TWT cells which are known to experience NOGGIN-related BMP4-pathway 

inhibition at later timepoints, TKD cells experience sustained BMP4-pathway activation20. 

To decouple changes in signaling from potential structural changes that result from TJP1 

knockdown, we looked to recapitulate the pSMAD1/5 signaling dynamics in hPSCs without 

TJP1 knockdown. To do this, we grew TWT and TKD cells on a transwell membrane. Bi-

directional stimulation of hPSCs with BMP4 resulted in ubiquitous and sustained activation 

of pSMAD1/5 over the course of 48 hours in both TWT and TKD cells, much like 

when TKD cells are stimulated in standard culture (Figure 5A, 5B). RNA sequencing 

of stimulated TWT and TKD cells grown on transwells showed remarkable similarities 

in marker expression between the two samples, demonstrating that most of the observed 

changes in cell fate were a direct result of increased signal pathway activation. We found 

53 DEGs between BMP4 treated TKD and TWT cells grown on transwells, with 36 being 

upregulated and 17 being downregulated. Overall, the total number of DEGs between TWT 
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and TKD samples was significantly higher in standard culture (1099) than in transwell 

(53) culture, highlighting the magnitude of the expression changes dependent solely on 

changes in pSMAD1/5 signaling. Of these 53 genes, unbiased clustering and GO analysis 

demonstrated that TKD cells retained a bias towards mesendodermal lineages (Figure 5C).

Interestingly, neither TWT nor TKD cells grown on transwell membranes and treated 

for 48 hours with BMP4 (50ng/mL) efficiently differentiated to PGCLC fates, as seen 

for TKD cells on standard plates. We hypothesized that this could be due to excessive 

signal pathway activation from bi-directional stimulation on the transwell membrane, or 

mechanical differences between the two plates, which has previously been shown to affect 

differentiation46. By testing a range of BMP4 concentrations, we discovered robust and 

ubiquitous PGCLC differentiation of TWT cells did occur on the transwell membranes when 

BMP4 was supplied bi-directionally at 10ng/mL (Figure 5D, 5E). Taken together, these 

results indicate that changes in cell identity in the absence of TJP1, and specifically the 

emergence of a PGCLC population, are largely due to increased susceptibility to BMP4 

signaling.

DISCUSSION

In this study, we definitively link epithelial structure, maintained by tight junction proteins, 

with signaling pathway activation and multicellular patterning. We use a gastrulation-like 

patterning platform which maintains epithelial structure over time to clarify the role of 

tight junctions and apical/basolateral polarity in shaping the pSMAD1/5 pre-pattern and in 

directing germ layer patterning. By stably knocking down TJP1 in our system, we disrupt 

the function of tight junctions and recapitulate “edge” phenotypes in every cell throughout 

the colony. We demonstrate that perturbing tight junction function causes ubiquitous 

pSMAD1/5 activation and loss of the pSMAD1/5 edge asymmetry postulated by Etoc et 

al. to drive the formation of the RD gradient. TJP1 loss also renders cells insensitive to 

pSMAD1/5 pathway inactivation via NOGGIN, and as a result, disrupts the patterning of 

germ layer markers. Aside from repression of NOGGIN, few other studies to date have 

reported perturbations that lead to such a significant loss of patterning as we observe with 

TJP1 KD, distinguishing TJP1 as a critical regulator of signaling and patterning.

These findings have interesting implications for the role of epithelial structure in the 

maintenance and controlled emergence of cell types during embryonic development. In 

the embryo, the significance of the epiblast’s epithelial structure has remained a mystery; 

however, epithelialization is a well-known hallmark of early development in amniotes, as 

the epiblast starts as a non-polar aggregate of cells, passes through a semi-polar rosette 

stage, and eventually forms a laminar epithelial structure thought to be a requisite for 

subsequent gastrulation47. In vitro capture of pluripotent stem cells from each of these stages 

identifies that these cells are transcriptionally and epigenetically distinct, and are maintained 

by different signaling milieus48–51. While we show that changes in epithelial structure do 

not influence the pluripotent state, our findings suggest that different classes of signaling 

proteins might be used in signaling of non-polar versus epithelial tissues.
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For example, we observe that both NOGGIN and WNT expression increase in TKD 

colonies, however, the activity of NOGGIN appears to be negligible, as there is no change 

in the pSMAD1/5 activation profile over time. However, high induction of TBXT-positive 

cells implies that WNT activity remains high in the colonies. One explanation for this 

discrepancy could be that compared to WNT, NOGGIN is a long-range inhibitor52,53 that 

is secreted apically and relies on trans-epithelial transport to interact with BMP4 ligands 

which are secreted basolaterally12. Previous findings show that despite basolateral BMP4 

stimulation, apical NOGGIN is capable of shutting off pSMAD1/5 activation. It is possible 

that TKD interferes with shuttling functions, explaining inactivity of NOGGIN in the 

colonies. By contrast, previous evidence suggests that WNT is a short-range, juxtacrine 

signaling protein54. Increases in density that are correlated with loss of epithelial structure 

are therefore suitable for prolific WNT signaling, and may account for increases in TBXT 

fates throughout TKD colonies. In other words, epithelial structure may be necessary for 

signaling by some types of proteins and may interfere with signaling by others, depending 

on their size, chemical structure, and mechanism of action.

Additionally, regional loss of tight junctions due to increases in density, embryo geometry, 

or cell-activated breakdown could be an important mechanism for increasing sensitivity to 

apical signaling cues in specific locations in the embryo. For example, previous studies 

in the mouse embryo show that there is a break in tight junction expression between the 

extraembryonic ectoderm (ExE) and the epiblast9. The ExE is responsible for secreting 

BMP4 signals necessary for both PGC differentiation and gastrulation initiation24. In mouse 

and cynomolgus monkeys, PGCs arise in the proximal epiblast directly adjacent to the 

ExE55, bordering the region that is reported to have lower expression of tight junctions and 

higher pSMAD1/5 activity9. Given our finding that loss of TJP1 primes hPSCs for PGCLC 

fates, it is possible that this specific and unique position in the embryo permits future PGCs 

to be exposed to higher and more sustained levels of BMP compared with the rest of the 

embryo proper, thereby promoting their specification.

Understanding how TJP1 affects cells’ receptiveness to signaling molecules enables us to 

“unlock” in vitro stem cell differentiation protocols for previously intractable cell types, as 

we did in generating PGCLCs. Our results show that hPSCs in regular culture are largely 

unresponsive to BMP4 presented apically in the media, an observation that could apply to 

other types of morphogens as well. RNA sequencing data identify that hPSCs stimulated 

for 48 hours with BMP4 are transcriptionally similar to unstimulated cells. Therefore, while 

many differentiation protocols aim to recapitulate exposure to developmentally relevant 

morphogens, hPSCs in culture are likely not receiving these signals. For example, genetic 

studies in mouse null mutants lacking genes for BMP4, SMAD1, and SMAD5 fail to 

develop PGCs, demonstrating that their specification is dependent on the acute activation 

of the canonical BMP4-SMAD1/5 pathway55,56. Previous protocols to generate PGCLCs 

have relied on excessively high concentrations of BMP4 that far exceed physiological levels 

and require a dissociation step, which is perhaps inadvertently used to overcome signaling 

barriers present in standard culture of hPSCs with an epithelial phenotype. However, we and 

others have shown that tight junctions re-assemble very quickly after aggregation in hPSCs, 

after which they would confer the same signaling barriers as standard culture and may 

result in inconsistencies in differentiation. Using temporary pharmacological inhibition of 
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TJP1 or culturing cells on transwells prior to differentiation could therefore enable precise, 

controlled, and multiplexed signaling pathway activation, as well as standardization and 

optimization of many hPSC differentiation protocols.

Patterning events that drive tissue morphogenesis are coordinated by a series of fundamental 

and interconnected pathways, which span many modes of cellular communication (e.g. 

paracrine, juxtacrine, extracellular matrix signaling, mechanical push and pull), and are 

conserved in the development of different tissue types. Identifying key parameters that drive 

morphogenesis is important for gaining a mechanistic understanding of how tissues develop 

and therefore also for engineering tissues in vitro. Our findings show that tissue structure 

is an important factor to consider in understanding how morphogen gradients are shaped in 
vivo and in developing robust and reproducible differentiation protocols in vitro.

LIMITATIONS OF THE STUDY

A limitation in this study is that we used bulk assays (RNA-sequencing and bisulfite 

sequencing) to globally characterize cell states in both the pluripotent and differentiated 

conditions, leading to a lack of resolution of cellular identity at the single cell level. For 

researchers looking to use the unconfined gastrulation-like model system to test other 

potential perturbations, please note that due to some variations in colony shape and size 

that arise from unconfined culture (as compared with micropatterned colony culture) subtle 

changes in cell fate proportions may be more difficult to detect and quantify in this system.

STAR METHODS

Resource Availability

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Ivana Vasic 

(ivana.vasic@gladstone.ucsf.edu).

Materials availability—Modified plasmids can be made available upon request.

Data and code availability

• RNA sequencing data have been deposited at GEO, and whole genome bisulfite 

sequencing data have been deposited at SRA. Accession numbers are listed in the 

key resources table.

• All original code has been deposited at Zenodo. DOIs are listed in the key 

resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental Model and Study Participant Details

Cell Lines—The parental human induced pluripotent stem cell lines used in this study 

are the WTC-mEGFP-LMNB1-CRISPRi line from the Allen Institute (CVCL_IR32, male, 

passage 32) obtained from Coriel, and the WTB-CRISPRi-Gen1B line from Dr. Bruce 
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Conklin’s lab and the Gladstone Institutes Stem Cell Core (CVCL_VM35, female, passage 

40). TJP1 CRISPRi lines were generated in both WTC and WTB, as detailed in the 

subsequent Method Details section. All cells were maintained in a humidified incubator 

at 37 °C with 5% CO2. For routine culture, cells were grown feeder-free on growth factor 

reduced Matrigel (Corning) and fed daily with mTESR1 medium (Stem Cell Technologies), 

without or with doxycycline (DOX): TWT (−DOX) and TKD (+DOX). Cells were passaged 

every 3–4 days with Accutase, and ROCK inhibitor (10μM; Selleckchem) was added to the 

media to promote cell survival after passaging. All generated cell lines were karyotyped 

prior to expansion and confirmed normal by Cell Line Genetics. The cells were also 

regularly tested for mycoplasma using a MycoAlert Mycoplasma Detection Kit (Lonza).

Method Details

Generation of CRISPRi Lines—TJP1 KD was achieved using a DOX inducible CRISPR 

interference (CRISPRi) system, which is comprised of two components: a dCas9-KRAB 

repressor driven by a Tet-on-3G promoter knocked in into the AAVS1 safe harbor locus 

and expressed only under DOX treatment, and a constitutively expressed guide RNA 

(gRNA) which targets the transcriptional start site of a gene (Figure S2A), described 

previously by Mandegar et al.36. Briefly, to generate the parental line containing CRISPRi 

machinery, approximately 2 million WTC or WTB derived cells were nucleofected with 

the knock-in vector (1μg) along with TALENS targeting the AAVS1 locus (0.5μg for 

each pair) and cultured in mTESR1 and ROCK inhibitor (10μM). Knock-in selection 

was performed with Geneticin (Thermo Fisher) over the course of 10 days, and a clonal 

population was generated through colony picking under the EVOS picking microscope in 

sterile conditions. To achieve TJP1 KD, we designed gRNAs which bind within 150bp 

of the transcription start site of TJP1 and cloned them into the pgRNA-CKB vector at 

the BsmB1 restriction site, following the protocol described in Mandegar et al.36. Vectors 

containing each gRNA sequence were individually nucleofected into the WTC-mEGFP-

LMNB1-CRISPRi iPSC and the WTB Gen1B CRISPRi iPSC lines using the Human 

Stem Cell Nucleofector Kit 1 solution with the Amaxa Nucleofector 2b device (Lonza). 

Nucleofected cells were subsequently seeded at a density of 8,000 cells/cm2 and recovered 

in mTESR1 supplemented with ROCK inhibitor (10μM) for two days. Guide selection was 

performed with Blasticidin (10μg/mL, ThermoFisher Scientific) for seven days, and clonal 

populations were generated through colony picking. Knockdown efficiency was evaluated 

through exposure to DOX for five days, after which mRNA was isolated, and relative levels 

of TJP1 were assessed through qPCR. Levels of TJP1 were normalized to copy numbers 

from the same line without CRISPRi induction, and the clonal cell line with the most 

effective knockdown efficiency was selected. Both WTC and WTB TJP1 CRISPRi lines 

were made using the same plasmid and TJP1 targeting guide (guide sequence is listed in the 

key resources table).

Generation of Uniform Unconfined Colonies—To generate unconfined colonies of 

a defined size, we followed previously published protocols27,64,65. Briefly, PSCs were 

passaged and resuspended in mTESR1 supplemented with ROCK inhibitor (10μM). Cells 

were seeded into 400μmX400μm pyramidal PDMS inserts at a density of ~50–100cells/

insert, and inserts were centrifuged at 200 RCF for 3 minutes. The inserts were then 
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transferred to the incubator and left to condense into aggregates overnight. The following 

day, the aggregates were resuspended in mTESR1 using a wide bore p1000 pipet tip, 

to prevent breaking up the aggregates. The cell aggregates were then transferred to a 

Matrigel-coated 96 well plate at a concentration of approximately ~10 aggregates/well, 

and left overnight to attach and form 2D colonies. Colonies were subsequently fed with 

mTESR1 for 1–2 days, until they reached a size approximately 300–500μm in diameter. 

Alternatively, unconfined colonies can also be generated by seeding disassociated cells 

sparsely at a density of 2cells/ mm2 allowing them to grow until they are approximately 

300–500μm in diameter. To achieve the gastrulation-like radial colony differentiation, 2D 

unconfined colonies were treated with mTESR1 supplemented with BMP4 (200μL/well, 

50ng/mL, R&D Systems) for 48 hours.

Transwell Culture of hPSCs—Corning Costar Transwell plates with a 6.5mm diameter 

and 3μm pore size were used. The apical side of the transwell membranes was coated 

overnight with Matrigel. Prior to seeding, the Matrigel was removed and the membrane was 

rinsed with PBS+/+. For monolayer transwell experiments (detailed in Figure 2F, S3C, and 

5D), cells suspended in mTESR1 supplemented with ROCK inhibitor (10μM) were seeded 

onto the transwell membranes at a density of 1,000–1,500cells/mm2. 24 hours after seeding, 

cells were fed with fresh mTESR1. 48 hours after seeding, the membranes were imaged on 

an EVOS fluorescence microscope at 10X to visualize whether the GFP labelled cellular 

nuclei reached confluence and were completely covering the membrane (we have previously 

determined that this protocol generates intact epithelia at this timepoint - see results in 

Figure S1D). Upon verifying confluence, the experiments were performed. To perform the 

FITC diffusion assay (Figure 2F), FITC conjugated to 40-kDa dextran (Sigma-Aldrich) 

was added to the apical compartment, and fluorescence measurements were taken over 

time (0 – 7 hours) from basolateral compartment using a plate reader. To perform the 

pSMAD1/5 directional activation assay (Figure S3C), membranes were treated either from 

the apical or basolateral compartments with BMP4 (50ng/mL) for 1 hour. To perform the 

PGCLC transwell differentiation (Figure 5D), membranes were treated from both the apical 

and basolateral compartments with BMP4 (various concentrations) for 48 hours. For every 

monolayer transwell experiment, 200μL media was added to the apical compartment and 

1mL media was added to the basolateral compartment.

For colony transwell experiments (detailed in Figure 5A), cell aggregates were resuspended 

in mTESR1 and seeded onto the prepared transwell membrane at a density of 10 

aggregates/membrane. 48 hours after seeding, the membranes were treated both apically and 

basolaterally with mTESR1 supplemented with BMP4 (200μL apical compartment, 1mL 

basolateral compartment, 50ng/mL) for 48 hours.

Monolayer PGCLC Differentiation—TWT (−DOX) and TKD (+DOX) cells were 

suspended in mTESR1 supplemented with ROCK inhibitor (10μM) and seeded into 96 

well plates at a density ~100cells/mm2. 24 hours after seeding, cells were fed with fresh 

mTESR1. 48 hours after seeding, they were treated with mTESR1 supplemented with BMP4 

(50ng/mL). mTESR1 with BMP4 was refreshed daily. At 48 and 72 hours after induction 

with BMP4, the cells were fixed prior to staining for PGCLC lineage markers.
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Immunofluorescence Staining—Live cells were rinsed with PBS 1X, fixed in 4% 

paraformaldehyde (VWR) for 15 minutes, and subsequently washed 3X with PBS. The fixed 

cells were permeabilized and blocked in 0.3% Triton X-100 (Sigma Aldrich) and 5% normal 

donkey serum for 1 hour at room temperature, and then incubated with primary antibodies at 

4°C overnight (also in 0.3% Triton, 5% normal donkey serum). The following day, samples 

were washed 3X with PBS and incubated with secondary antibodies in 0.3% Triton and 1% 

BSA at room temperature for 2 hours. Secondaries used were conjugated with Alexa 647, 

Alexa 405, and Alexa 555 (Abcam), at a dilution of 1:400.

Image Analysis (CellProfiler and ImageJ)—Quantification of marker expression at 

various radial distances from the colony center was done using both CellProfiler and 

custom ImageJ scripts. For the CellProfiler pipeline (used in Figures 1C and 1D), to 

create a colony object with which to perform subsequent localization measurements, the 

nuclear LMNB1 channel was first thresholded, dilated, and holes were removed. The 

colony object was then sliced radially into 25 bins and LMNB1, pSMAD1, and TJP1 

object intensity distributions were then measured across the bins (each has a width of 

approximately 8μm) using the function MeasureObjectIntensityDistribution. pSMAD1/5 

and TJP1 fluorescence intensities were then normalized to LMNB1 signal. The custom 

CellProfiler pipeline used for these figures and a corresponding sample image set for 

tutorial purposes can be found at: https://github.com/ivanavasic/image_analysis/tree/main/

CellProfiler_IntensityDistribution. For the ImageJ pipeline (used in Figure 3C and 4B), the 

nuclear LMNB1 channel was first thresholded, dilated, and holes were removed. Stepwise 

erosion was performed and generated radial slices approximately 20um in diameter. 

Measurements of fluorescence intensity were taken from each slice for LMNB1, CDX2, 

TBXT, SOX2, or LMNB1, BLIMP1, SOX17, TFAP2C. Transcription factor fluorescence 

intensities were then normalized to LMNB1 signal. Code for ImageJ scripts is at: https://

github.com/ivanavasic/image_analysis/tree/main/ImageJ_StepwiseErosion. Quantification of 

nuclei with positive marker expression (Figures 2D, 4D, 4F, S4B, S4D, 5B, 5E) 

was done using CellProfiler, using two different modified versions of the default 

pipeline for percent positive marker expression34. These two CellProfiler pipelines 

for pSMAD1/5 quantification (Figure 2D, 5B) and for PGCLC marker quantification 

(Figures 4D, 4F, S4B, S4D, 5E) along with corresponding sample images for tutorial 

purposes have been uploaded to: https://github.com/ivanavasic/image_analysis/tree/main/

CellProfiler_PercentPositive_pSMAD1 and https://github.com/ivanavasic/image_analysis/

tree/main/CellProfiler_PercentTriplePositive_PGCLC respectively.

RNA Sequencing and Data Analysis—For RNA sequencing performed on standard 

plates (Figures S2B, 3D–F, S4E–F), TWT (−DOX) and TKD (+DOX) cells were seeded 

sparsely onto standard culture 6-well plates in mTESR1 supplemented with ROCK inhibitor 

(10μM) and allowed to grow into colonies 300–500μm in size, as described above. 

Subsequently, cell lysates for the untreated (pluripotent) conditions were taken by rinsing the 

wells once with PBS, and placing 1.5mL RLT buffer/well for 3 minutes. Lysates were frozen 

and preserved at −80°C. Simultaneously, mTESR1 supplemented with BMP4 (50ng/mL) 

was added to the remaining wells (BMP4+) conditions. After 48 hours of BMP4 treatment, 

cell lysates were taken and stored as described above. RNA extraction was performed 
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using Qiagen’s RNeasy kit, and samples were subsequently sent to Novogene for library 

preparation and sequencing (Illumina, PE150, 20M paired reads).

For RNA sequencing performed on transwell plates (Figure 5C), TWT (−DOX) and 

TKD (+DOX) cells were seeded sparsely onto in mTESR1 supplemented with ROCK 

inhibitor (10μM) and allowed to grow into colonies 300–500μm in size, as described above. 

Subsequently, cell lysates for the untreated (pluripotent) conditions were taken by passaging 

cells on the membrane with Accutase, and resuspending them directly into RLT buffer. 

Simultaneously, mTESR1 supplemented with BMP4 (50ng/mL) was added to both the 

apical and basolateral compartments of the transwell (BMP4+) conditions, and lysate was 

taken after 48 hours of treatment. Lysate storage and RNA extraction were the same as 

described above.

An RNA-seq data analysis pipeline was created using Snakemake (v3.13.3) with 

python (v3.6.10). Adapters were trimmed using trimmomatic (v0.36) in paired end 

mode with the following parameters: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. Quality control was performed 

using FastQC (v0.11.9) and MultiQC (v1.9). Transcripts were quantified using Salmon 

(v0.14.2) with parameters --validateMappings -l A with the GRCh38 reference 

transcriptome (downloaded from http://ftp.ensembl.org/pub/release-104/fasta/homo_sapiens/

cdna/Homo_sapiens.GRCh38.cdna.all.fa.gz). Differential expression analysis was performed 

using the voom function in limma. Differential expression was called based on logFC 

significantly greater than 1 and adjusted p-value < 0.01.

Whole Genome Bisulfite Sequencing and Data Analysis—TWT (−DOX) and TKD 

(+DOX) cells were seeded and cultured as described in the RNA sequencing section on 

standard plates. Only untreated (pluripotent) samples were sent for sequencing. To do 

this, cells were dissociated using Accutase and resuspended in 200μL PBS + proteinase 

K, and frozen at −20°C for subsequent DNA extraction. DNA extraction was performed 

using Qiagen’s Blood and Tissue DNA extraction kit. Samples were subsequently sent 

to CD Genomics for whole genome bisulfite sequencing (Illumina, PE150, 250M paired 

reads). At CD Genomics, 1 μg of genomic DNA was fragmented by sonication to a mean 

size of approximately 200–400 bp. Fragmented DNA was end-repaired, 5’-phosphorylated, 

3’-dA-tailed and then ligated to methylated adapters. The methylated adapter-ligated DNAs 

were purified using 0.8× Agencourt AMPure XP magnetic beads and subjected to bisulfite 

conversion by ZYMO EZ DNA Methylation-Gold Kit (zymo). The converted DNAs were 

then amplified using 25 μL KAPA HiFi HotStart Uracil+ ReadyMix (2X) and 8-bp index 

primers with a final concentration of 1 μM each. The constructed WGBS libraries were 

then analyzed by Agilent 2100 Bioanalyzer and quantified by a Qubit fluorometer with 

Quant-iT dsDNA HS Assay Kit (Invitrogen), and finally sequenced on Illumina Hiseq X ten 

sequencer.

A bisulfite sequencing data analysis pipeline was created using Snakemake 

(v3.13.3) with python (v3.6.10). Quality control was performed using FastQC 

(v0.11.9) and MultiQC (v1.9). Bisulfite analysis was performed using Bismark 

(v0.22.3) with bowtie2 (v2.3.4.1). First, bismark_genome_preparation --bowtie2 
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was run to bisulfite convert and index the genome. The reference 

genome was GRCh37, downloaded from: http://ftp.ensembl.org/pub/grch37/current/fasta/

homo_sapiens/dna/Homo_sapiens.GRCh37.dna.primary_assembly.fa.gz. Then mapping was 

performed with bismark --bowtie2 --bam in paired end mode. Reads were deduplicated 

with deduplicate_bismark --bam. Finally, methylation calls were extracted with 

bismark_methylation_extractor.

Quantification and Statistical Analysis

Data in the figure panels are presented as mean and ± standard deviation. Comparisons 

between two groups were evaluated using two-tailed, unpaired Student’s t-tests using 

GraphPad Prism 9 software. Significant differences are noted at p < 0.05, and range of 

statistical significance is shown by an asterisk within the figure panels: ns = not significant, 

* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. “N” denotes the 

number of biological replicates. If applicable to the experiment, technical replicates are 

shown next to biological replicates in brackets and separated by commas to denote number 

of technical replicates for each biological replicate. For example, for a panel quantifying 

markers expressed in imaged colonies, “N = 3 [3,1,2]” would denote 3 biological replicates 

with 3, 2, and 4 colonies (technical replicates) imaged per each biological replicate. For 

RNA sequencing, samples were collected from three experiments per experimental group 

(12 samples total: 3 TWT untreated (pluripotent), 3 TWT BMP4-treated, 3 TKD untreated 

(pluripotent), 3 TKD BMP4-treated). For whole genome bisulfite sequencing, samples were 

collected from three experiments per experimental group (6 samples total: 3 TWT untreated 

(pluripotent), 3 TKD untreated (pluripotent)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TJP1 establishes an epithelial barrier in hPSCs that is impermeable to BMP4.

• TJP1 KD results in ubiquitous and sustained pSMAD1/5 activity with BMP4 

stimulation.

• TJP1 KD disrupts gastrulation patterning and leads to PGCLC differentiation 

in vitro.

• Bi-directional BMP4 stimulation mimics signaling/PGCLC specification seen 

with TJP1 KD.
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Figure 1: Unconfined hPSC colonies undergo radial gastrulation-like patterning and lose TJP1 
on the colony edge.
1A: Unconfined circular colonies of hPSCs undergo radial patterning of gastrulation-

associated markers after 48 hrs of BMP4 stimulation. ECT = ectoderm-like, MES = 

mesoderm-like, EXEM = extraembryonic-like. Scalebar depicts 200μm. 1B: IF image of 

the colony edge, showing regional loss of TJP1 which overlaps with pSMAD1/5 activity. 

Scalebar depicts 200μm. 1C: CellProfiler used to visualize and quantify expression of TJP1 

and pSMAD1/5 within the colony. 1D. Quantification of loss of TJP1/gain of pSMAD1/5 on 

the colony edge, N = 3 [9,6,3].

Vasic et al. Page 22

Dev Cell. Author manuscript; available in PMC 2024 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: TKD causes ubiquitous and sustained phosphorylation of SMAD1/5 throughout the 
colony.
2A: Schematic depicting z-direction view of a cellular monolayer, with apical presentation 

of BMP4. BMP receptors are sequestered in the basolateral domain by tight junctions, 

rendering them inaccessible to BMP4 ligands. 2B: qPCR showing expression of TJP1 over 

time with DOX treatment and subsequent induction of dCas9 expression in the WTC TJP1 

CRISPRi line, N = 5 [D0 (3,3,3,3,3); D1 (3,3,3,3,3); D2 (3,3,3,3,3); D3 (3,3,3,3,3); D4 

(3,3,3,3,3); D5 (3,3,3,3,3)]. 2C: IF images showing TJP1 expression in the TWT/TKD lines 

(−/+ 5 days DOX) and the WTC CRISPRi parental line (no TJP1 guide expression, +5 days 
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DOX) shown in the central panel and denoted by “*”. 2D: Quantification of pSMAD1+ 

cells over time using CellProfiler nuclear segmentation and co-localization. Plot indicates 

significant increases in pSMAD1/5 activation in TKD compared with TWT cells at all 

timepoints, N = 3 [TWT; 15min (6,5,4); 1hr (9,6,3); 6hr (8,6,4); 48hr (4,6,3)] and [TKD; 

15min (7,7,4); 1hr (5,6,6); 6hr (6,6,4); 48hr (4,6,4)]. 2E: IF images showing sustained and 

ubiquitous phosphorylation of SMAD1/5 in TKD cells over the course of 48 hrs. Scalebar 

depicts 200μm. 2F: Schematic of FITC-dextran diffusion assay. TWT and TKD cells are 

cultured to confluence in a transwell plate, 40kDa FITC is applied to the apical side, and 

fluorescence measurements are taken from the basolateral compartment over time. Plot 

shows assay timepoints and indicates significant increases in diffusion of FITC-dextran in 

TKD compared with TWT monolayers at all timepoints. N = 3. 2G: TEER measurements in 

TWT and TKD monolayers, indicating increase in ion permeability in TKD compared with 

TWT monolayers. N = 3.

Vasic et al. Page 24

Dev Cell. Author manuscript; available in PMC 2024 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: TKD causes changes in patterning and proportion of somatic germ lineages.
3A: Reaction diffusion and positional information paradigm and prediction in TWT (left) 

and TKD (right) unconfined colonies. Different transcription factor expression is shown in 

yellow (SOX2), magenta (TBXT), and cyan (CDX2). 3B: IF images of LMNB1, CDX2, 

TBXT, SOX2 in TWT and TKD colonies after 48 hrs of stimulation with BMP4. Scalebar 

depicts 200μm. 3C: Quantification of fluorescence intensity of CDX2, TBXT, and SOX2 

at various radial positions from the colony edge indicating loss of patterning phenotype 

in TKD colonies, N = 3 [TWT (3,3,3); TKD (3,3,3)]. 3D: RNA sequencing data showing 
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expression of canonical gastrulation markers. TPM: transcripts per million, N = 3. 3E: 

Unbiased clustering and GO analysis of top 150 differentially expressed genes between 

TWT and TKD cells. 3F: Unbiased clustering of top 16 differentially expressed genes 

between TWT and TKD cells highlighting increases in PGCLC related genes. Colorbar scale 

in 3E, 3F represents standardized scale of Log2(TPM+1) across each individual gene row.
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Figure 4: TKD cells have a bias for PGCLC differentiation.
4A: IF images of LMNB1, BLIMP1, SOX17, TFAP2C, in TWT and TKD unconfined 

colonies after 48 hrs of stimulation with BMP4. Scalebar depicts 200μm. 4B: Quantification 

of fluorescence intensity of BLIMP1, SOX17, TFAP2C at various radial positions from the 

colony edge, N = 3 [TWT (4,3,3); TKD (3,3,3)]. 4C, 4E: IF images of LMNB1, BLIMP1, 

SOX17, TFAP2C in TWT and TKD cells in standard monolayer culture after 48 hrs (C) and 

72 (D) hrs of stimulation with BMP4. Scalebar depicts 200μm. 4D, 4F: Quantification of 
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PGC marker expression in TWT and TKD cells in standard monolayer culture after 48 hrs 

(C) and 72 (D) hrs of stimulation with BMP4, N = 3 [TWT (3,3,3); TKD (3,3,3)].
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Figure 5: TJP1 KD-related PGCLC bias is a product of increased signaling.
5A: IF images of pSMAD1/5 after bi-directional BMP4 stimulation of TWT and TKD 

unconfined colonies grown on transwell membranes from timepoints between 0–48 hrs. 

Scalebar depicts 200μm. 5B: Quantification of pSMAD1/5 positive cells in TWT and TKD 

unconfined colonies grown on transwells and stimulated bi-directionally with BMP4 for 

0–48 hrs, N = 3 [TWT; 1hr (3,3,3); 6hr (3,3,3); 48hr (3,3,3)] and [TKD; 1hr (3,3,3); 

6hr (4,3,4); 48hr (3,3,4)]. 5C: Unbiased clustering and GO analysis of all differentially 

expressed genes between TWT and TKD cells. Colorbar scale represents standardized 

scale of Log2(TPM+1) across each individual gene row. 5D: IF images of LMNB1, 
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BLIMP1, SOX17, TFAP2C in TWT cells grown as a monolayer at a seeding density 

of 1,000cells/mm2 on transwell membranes after 48 hrs of bi-directional (apical and 

basolateral) stimulation with BMP4 (concentrations between 5–50ng/mL). Scalebar depicts 

200μm. 5E: Quantification of fraction positive nuclei for each marker (BLIMP1, SOX17, 

TRAP2C, and triple positive MERGE), N = 3 [5 ng/mL (3,3,4); 10 ng/mL (4,3,3); 50ng/mL 

(3,3,3)].
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-ZO1 Thermo Fisher 
Scientific

Cat# 33–9100, RRID:AB_2533147

Rabbit monoclonal anti-phospho SMAD1/5 Cell Signaling 
Technology

Cat# 9516, RRID:AB_491015

Mouse monoclonal anti-CDX2 Abcam Cat# ab157524, RRID:AB_2721036

Goat polyclonal anti-Brachyury/TBXT R & D Systems AF2085, RRID:AB_2200235

Rabbit monoclonal anti-SOX2 Cell Signaling 
Technology

Cat# 3579, RRID:AB_2195767

Rabbit monoclonal anti-Golgin97 Cell Signaling 
Technology

Cat# 13192, RRID:AB_2798144

Rabbit polyclonal anti-BMPR1A Thermo Fisher 
Scientific

Cat# 38–6000, RRID:AB_2533377

Mouse monoclonal anti-Ezrin BD Biosciences Cat# 610603, RRID:AB_397940

Mouse monoclonal anti-PKC Santa Cruz 
Biotechnology

Cat# sc-17781, RRID:AB_628148

Mouse monoclonal anti-PARD6B Santa Cruz 
Biotechnology

Cat# sc-166405, RRID:AB_2267890

Mouse monoclonal anti-PRDM1/BLIMP1 R & D Systems Cat# MAB36081, RRID:AB_10718104

Goat polyclonal anti-SOX17 R & D Systems Cat# AF1924, RRID:AB_355060

Rabbit monoclonal anti-AP2 gamma/TFAP2C Abcam Cat# ab218107, RRID:AB_2891087

Donkey polyclonal anti-mouse IgG H&L (Alexa 
Fluor 555)

Abcam Cat#: ab150106, RRID:AB_2857373

Donkey polyclonal anti-rabbit IgG H&L (Alexa 
Fluor 647)

Abcam Cat#: ab150075, RRID:AB_2752244

Donkey polyclonal anti-goat IgG H&L (Alexa 
Fluor 405)

Abcam Cat#: ab175664, RRID:AB_2313502

Chemicals, peptides, and recombinant proteins

Recombinant human BMP-4 R & D Systems Cat#: 314-BP

Y-276932 (ROCK inhibitor) Selleckchem Cat#: S6390

Growth factor reduced (GFR) Matrigel Corning Cat#: 356231

mTESR1 Stem Cell 
Technologies

Cat#: 85850

G418 (Geneticin) Thermo Fisher 
Scientific

Cat#: 10131035

Blasticidin Thermo Fisher 
Scientific

Cat#: A1113903

Fluorescein isothiocyanate (FITC) –dextran (40 
kDa molecular weight)

Sigma Aldrich CAS#: 60842–46-8

Paraformaldehyde VWR CAS#: 50–00-0

Triton X-100 Sigma Aldrich CAS#: 9036–19-5

Critical commercial assays

RNeasy Mini Kit Qiagen Cat#: 74104
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REAGENT or RESOURCE SOURCE IDENTIFIER

DNeasy Blood & Tissue Kit Qiagen Cat#: 69504

Human Stem Cell Nucleofector Kit 1 Lonza Cat#: VPH-5012

MycoAlert Mycoplasma Detection Kit Lonza Cat#: LT07–710

Human NOGGIN ELISA Kit Abcam Cat#: ab283879

Deposited data

RNA Sequencing Data This paper GEO: GSE213911

Bisulfite Sequencing Data This paper SRA: PRJNA880895

Human reference genome, GRCh38 (used for 
RNA Sequencing analysis)

Genome Reference 
Consortium

http://ftp.ensembl.org/pub/release-104/fasta/homo_sapiens/
cdna/Homo_sapiens.GRCh38.cdna.all.fa.gz

Human reference genome, GRCh37 (used for 
Bisulfite Sequencing analysis)

Genome Reference 
Consortium

http://ftp.ensembl.org/pub/grch37/
current/fasta/homo_sapiens/dna/
Homo_sapiens.GRCh37.dna.primary_assembly.fa.gz

RNA Sequencing analysis pipeline This paper https://github.com/amaslan/rna-seq-analysis-pipeline
DOI: 10.5281/zenodo.7556156

Bisulfite Sequencing analysis pipeline This paper https://github.com/amaslan/bisulfite-pipeline
DOI: 10.5281/zenodo.7556158

Image analysis pipeline This paper https://github.com/ivanavasic/image_analysis
DOI: 10.5281/zenodo.7562870

Experimental models: Cell lines

Human: WTC-mEGFP-LMNB1-cl210 iPS cell 
line

Allen Institute Cat#: AICS-0013, RRID: CVCL_IR32

Human; WTC-mEGFP-LMNB1-CRISPRi iPS 
cell line

Libby et al., 202157 N/A

Human: TJP1 KD WTC-mEGFP-LMNB1 cell 
line (in text: TWT and TKD)

This paper N/A

Human: WTB Gen1B CRISPRi iPS cell line Gladstone Stem Cell 
Core, Mandegar et al., 
201636

RRID: CVCL_VM35

Human: TJP1 KD WTB Gen1B CRISPRi iPS 
cell line (in text WTB TWT and TKD)

This paper N/A

Oligonucleotides

TJP1/ZO1 guide sequence: 
CCGGTTCCCGGGAAGTTACG

Integrated DNA 
Technologies

N/A

Recombinant DNA

pgRNA-CKB plasmid Addgene RRID:Addgene_73501

pgRNA-CKB (with TJP1/ZO1 guide) plasmid This paper N/A

pAAVS1-NDi-CRISPRi (Gen2) plasmid Addgene RRID:Addgene_73498

Software and algorithms

Python (v3.6.10) Python https://www.python.org/

Snakemake (v3.13.3) Koster et al., 201258 https://snakemake.readthedocs.io/en/v3.13.3/

FastQC (v0.11.9) Babraham Institute https://github.com/s-andrews/FastQC and https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/

MultiQC (v1.9) Ewels et al., 201659 https://github.com/ewels/MultiQC

Salmon (v0.14.2) Patro et al., 201760 https://github.com/COMBINE-lab/salmon

Bismark (v0.22.3) Krueger et al., 201161 https://bioweb.pasteur.fr/packages/pack@bismark@v0.22.3
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http://ftp.ensembl.org/pub/release-104/fasta/homo_sapiens/cdna/Homo_sapiens.GRCh38.cdna.all.fa.gz
http://ftp.ensembl.org/pub/release-104/fasta/homo_sapiens/cdna/Homo_sapiens.GRCh38.cdna.all.fa.gz
http://ftp.ensembl.org/pub/grch37/current/fasta/homo_sapiens/dna/Homo_sapiens.GRCh37.dna.primary_assembly.fa.gz
http://ftp.ensembl.org/pub/grch37/current/fasta/homo_sapiens/dna/Homo_sapiens.GRCh37.dna.primary_assembly.fa.gz
http://ftp.ensembl.org/pub/grch37/current/fasta/homo_sapiens/dna/Homo_sapiens.GRCh37.dna.primary_assembly.fa.gz
https://github.com/amaslan/rna-seq-analysis-pipeline
https://github.com/amaslan/bisulfite-pipeline
https://github.com/ivanavasic/image_analysis
https://www.python.org/
https://snakemake.readthedocs.io/en/v3.13.3/
https://github.com/s-andrews/FastQC
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/ewels/MultiQC
https://github.com/COMBINE-lab/salmon
https://bioweb.pasteur.fr/packages/pack@bismark@v0.22.3
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 (v2.3.4.1) Langmead and 
Salzberg, 201262

http://bowtie-bio.sourceforge.net/bowtie2/index.shtmL

CellProfiler Stirling et al., 202134 https://cellprofiler.org

FIJI (ImageJ 1.52a or later, using Java 1.8.0_172 
or later)

Schindelin et al., 
201263

https://imagej.net/Fiji

Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/

Other

Costar Transwell plates Corning Cat#: 07–200-147
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http://bowtie-bio.sourceforge.net/bowtie2/index.shtmL
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https://imagej.net/Fiji
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