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Summary

Recent single cell analyses have found molecular heterogeneities within populations of pluripotent
stem cells (PSCs). A tool that tracks single cell lineages and their phenotypes longitudinally would
reveal whether heterogeneity extends beyond molecular identity. Hence, we generated a stable
Cre-inducible rainbow reporter human PSC line that provides up to 18 uniqgue membrane-targeted
fluorescent barcodes. These barcodes enable repeated assessments of single cells as they
clonally expand, change morphology, and migrate. Owing to the cellular resolution of this reporter,
we identified subsets of PSCs with enhanced clonal expansion, synchronized cell divisions, and
persistent localization to colony edges. Reporter expression was stably maintained throughout
directed differentiation into cardiac myocytes, cortical neurons, and hepatoblasts. Repeated
examination of neural differentiation revealed self-assembled cortical tissues derive from clonally
dominant progenitors. Collectively, these findings demonstrate the broad utility and easy

implementation of this reporter line for tracking single cell behavior.
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Introduction

Single cell RNA sequencing studies have recently demonstrated that individual PSCs
within a culture express a wide range of transcriptional profiles despite uniformly expressing the
same cell-type specific markers, such as Oct4 and Tral (Kumar, Tan and Cahan, 2017; Nakanishi
et al., 2019). It has been challenging to determine whether this translates to functional
heterogeneity among PSCs. Most assessments of PSCs and their differentiated progeny are
unable to track dynamic behaviors at the single cell level, presenting a technical limitation for the
field. For instance, cell proliferation and morphology are typically quantified by staining for cell
cycle or membrane markers in fixed specimens, which prevents repeated assessment of
individual cells over time (Andang et al., 2008; Kocsisova et al., 2018). Additionally, markers used
for proliferation studies are not definitive indices of newly generated cells (van Berlo and
Molkentin, 2014). For example, PSC-derived cardiac myocytes and hepatocytes can undergo
DNA synthesis and nuclear division without completing cell division (Hannan et al., 2013; Lundy
et al., 2013). Live-cell markers, such as GFP fusion proteins with cell cycle or membrane markers,
have been used to overcome this limitation (Gantz et al., 2012; Pauklin and Vallier, 2013), but
this approach is still hampered by the inability to resolve the parental identity of cell progeny or
distinguish differences in clonal expansion since the cells are uniformly labeled with the same
color. Likewise, studies of PSC and PSC colony migration are challenging due to difficulty in
following them over long periods of time in the absence of live-cell barcodes (Kusuma and
Gerecht, 2013; Megyola et al., 2013; Zangle et al., 2013). Since PSCs have emerged as important
tools to regenerate tissue, model human development and disease, and for drug screening (Inoue
et al., 2014; Rowe and Daley, 2019), realizing the dynamic behaviors of PSCs on a per cell basis
could improve our understanding of human biology and medicine.

Recently, rainbow mouse models have enabled tracking of single cell lineages (Livet et
al., 2007; Snippert et al., 2010). In these models, Cre recombinase (Cre) treatment induces the
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expression of a combination of fluorescent proteins, which in turn barcodes cell lineages with a
broad palette of hues. Because the DNA recombination is permanent, the color barcode of a cell
is inherited by daughter cells during cell division, enabling determination of the parental origin of
cellular progeny. The first of these models utilized neuron-specific promoters to express the
rainbow labels, i.e. Brainbow (Livet et al., 2007; Cai et al., 2013). A confetti mouse model was
also engineered to extend studies to non-neuronal cell types by exchanging the Thyl neuron-
specific promoter to a ubiquitous CAG promoter upstream of a modified Brainbow cassette
containing three unique fluorescent proteins in tandem (Snippert et al., 2010). A limitation of the
Confetti model is the color reporters are differentially expressed by Cre-mediated inversion rather
than deletion that can cause a single cell to change colors multiple times rather than maintain a
permanent label. Both models are also limited in their applicability to cell morphology studies
because some of the fluorescent reporters lack membrane targeting. A more recent version,
Brainbow 3.2, permanently barcodes neurons with fluorescent proteins that are all targeted to the
plasma membrane, thereby facilitating lineage tracing, delineation of individual cells, and
morphological analysis (Cai et al., 2013). While this fluorescent lineage technology has been
utilized extensively in vivo, to our knowledge it has not been applied to human stem biology.
Indeed, rainbow stem cell lines would permit repeated assessment of the same cell and its
progeny over long periods of time in vitro, enabling assessment of cell dynamics, such as rates
of clonal expansion, cell cycle kinetics, and synchronization of cell divisions which cannot be
assessed with the current in vivo rainbow technology. In addition, membrane-targeted fluorescent
signals could be leveraged to measure temporal changes in cell morphology.

Here we demonstrated that engineering a knock-in PSC line with the Brainbow 3.2
cassette under the control of a CAG promoter enabled repeated live-imaging of fluorescently
barcoded PSCs and robust quantification of cell dynamics during PSCs self-renewal and
differentiation into multiple cell types. Moreover, directed differentiation of the rainbow PCSs into
cortical neurons uncovered that three dimensional (3D) cortical structures are derived from clonal
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expansion of dominant progenitors, a finding made possible by employing the rainbow reporter
stem cell line. In total this work reports the generation of the first, to our knowledge, rainbow
human PSC lines and demonstrates the broad utility of this tool to track single cell behavior and

clonal expansion of lineages in real-time and throughout directed differentiation.

Results

Engineering rainbow knock-in stem cell lines.

To generate a universal rainbow cell reporter in the WTC11 human induced-PSC (hiPSC)
line we targeted the AAVS1 safe-harbor locus and knocked-in a cassette containing a
constitutively active CAG promoter upstream of three distinct fluorescent proteins (eGFP,
mOrange2, and mKate2, hereafter referred to as GFP, RFP, and FRFP) with each possessing a
stop-codon and flanked with incompatible lox sequences for Cre-mediated recombination (Figure
1A). The construct is designed such that a non-fluorescent nuclear-localized GFP-mutant (nFP)
is constitutively expressed until Cre treatment, which initiates permanent recombination of the
construct. These recombination events cause one of three fluorescent proteins to be expressed
on the cell membrane that is passed on to its progeny. Targeted knock-in was confirmed and lines
with multiple copies of the cassette were generated (Figures S1A and S1B), allowing for the
expression of unique color combinations in individual cells, which act as a visible fluorescent
barcode (Figure 1B). We selected a knock-in line with 4 copies of the rainbow cassette for further
study as it permits the expression of 18 unique hues (Figure 1B).

Rainbow hiPSCs were treated with different doses of recombinant cell-permeant Cre to
vary fluorescent protein expression. The proportion of labeled cells and diversity of color barcodes
were assessed 72 hours or several weeks (passaged) after Cre treatment (Figures 1C and S1C).
Using confocal microscopy with white light laser and spectral detector settings that prevented
bleed-through of fluorescent signals demonstrated that the proportion of labeled cells and color
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diversity could be titrated by varying Cre dose. A low Cre dose of 6 pg/mL resulted in
recombination of only a single rainbow cassette as demonstrated by the expression of primary
colors (red, green, and blue) at equal percentages of labeled cells (Figure 1D). High Cre doses
induced the expression of additional hues, which develop via the expression of more than one
fluorescent protein yielding cells with yellow, purple, or turquoise, and a reduced percentage of
primary colors (Figure 1D). Reporter expression was stable in cells that had been passaged eight
or more times after initial Cre treatment with the percent of labeled cells and the distribution of
hues remaining consistent after many passages (Figures 1D and 1E), indicating there was no
selection against labeled cells and that no particular color had a proliferative advantage on a cell
population level.

Rainbow hiPSCs retained their stemness, expressing stem cell markers Oct4 (Figures 1F
and 1G), and Tral (Figure S1D), and did not have chromosomal abnormalities in their karyotype
(Figure S1E). Immunostaining with antibodies that can distinguish each fluorescent protein as
well as nFP showed individual cells that expressed all the fluorescent proteins and lacked nuclear-
localized nFP expression, indicating all four rainbow cassettes could be recombined when treated
with high Cre dose (Figure S2). The immunostaining and choice of secondary antibodies also
allowed us to visualize the spectral diversity of the cells using standard filter cubes (Figure S2).
A rainbow reporter in the RUES2 human embryonic PSC line was validated using the same

approach (Figure S3).

Tracking single cell proliferation kinetics reveals hiPSCs synchronously divide.

To confirm our rainbow line was a suitable reporter of cell proliferation, immunostaining of
phosphorylated histone H3 was performed to quantify the percent of mitotic cells in isogenic
wildtype WTC11 and rainbow knock-in hiPSCs after high-dose Cre treatment. Analysis at 24, 48,
and 72 hours after plating indicated there were no differences in proliferation between Cre-treated
multicolored rainbow hiPSCs, rainbow hiPSCs with no Cre treatment, or non-transgenic control
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hiPSCs at any timepoint (Figures S4A and S4B). In addition, analysis of TUNEL positivity at 72
hours post seeding showed no differences in apoptosis between these groups (Figure S4C).

Rainbow hiPSCs were live imaged and tracked over 24 hours (Figure 2A and Videos 1-
3) to examine hiPSC proliferation in real time and quantify cell cycle kinetics. Because individual
hiPSCs were distinguishable by the rainbow barcodes and images were acquired with fine
temporal resolution that captured cytokinesis events, we were able to follow cell division as a
parent cell divided into two daughter cells (D1 and D2) and continue tracking subsequent cell
divisions of daughters into granddaughter cells (e.g. D1.1 and D1.2, Figure 2B). Tracking cell
cycle duration of daughter cells, as well as tracking cells that originated from the same progenitor
at the time of plating, showed that cell cycle duration in these groups had no differences compared
to all cells examined (Figure 2C). To our knowledge, this analysis is the first to report hiPSC
proliferation kinetics in which the average cell cycle duration was 13.6 + 0.14 hours, which is
consistent with other reports in human and mammalian embryonic stem cells that estimated 11-
16 hour cell cycle lengths (Orford and Scadden, 2008).

A common feature of early metazoan embryogenesis, including mice and humans, is
synchronized cell division in PSCs in vivo (O’Farrell, Stumpff and Tin Su, 2004; Wong et al., 2010;
Meseguer et al., 2011; Desai et al., 2014; Deneke et al., 2016). In contrast, in vitro studies of
mammalian PSCs have suggested PSC divisions are not synchronized, unless one manipulates
the cell cycle machinery with chemical inhibitors or serum deprivation (Zhang et al., 2005; Yiangou
et al., 2019). However, tracking the timing of cell divisions in progeny that arose from a single
PSC demonstrated that PSCs arising from the same lineage underwent synchronous cell
divisions (Figure 2D). We observed that sister cells divided within 0.64 + 0.10 hours of each other
and cells of the same lineage divided within 0.78 + 0.16 hours. In contrast, any given cell divided
within 6.79 + 0.19 hours of the average division of the population, consistent with the apparent
asynchronous behavior observed in vitro (Zhang et al., 2005). Lastly, of all the cells examined,
we observed that 2.7% + 0.9% underwent apoptosis (Figure S4D), which is consistent with results
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using TUNEL quantification (Figure S4C). These results demonstrate cell cycle kinetics and

synchronization of cell divisions can be quantified with the rainbow reporter.

Long term, longitudinal assessment of live hiPSCs reveals heterogeneous clonal expansion.

To extend the longitudinal assessments to periods lasting more than a week, hiPSCs were
imaged 2 hours after sparsely seeding (day 0) and then repeated imaging occurred once every
24 hours for 7 days (Figures 3A and 3B). To prevent distinct clones of the same hue from
becoming near each other due to migration and/or proliferation, rainbow hiPSCs treated with 120
pag/mL Cre to achieve a high color diversity were mixed with rainbow hiPSCs that were not treated
with Cre at a 1:10 ratio. The number of cells per clone was quantified at each time point (Figure
3C). On average the number of cells per clone increased from 1.2 cells at plating (day 0) to 324.4
cells after a week of culture (p < 0.0001). The greatest rate of clonal expansion occurred at 3 to
4 days after plating, which then slowed as the cultures became confluent (p < 0.05 versus rate of
expansion day 6 to 7, Figure 3C). Vast differences between the expansion rate of individual
clones was observed. For instance, two individual cells plated on day O expanded to colonies
containing 53 and 1054 cells by day 7, which indicates a clonal expansion rate of 1.87-fold
increase per day versus 3.13-fold per day (Figure 3D). These results suggest that mechanisms
intrinsic to the cells or cues arising from their microenvironment, such as cell crowding, have
effects on clonal expansion. On a cell population level however, no particular hue or color
combination of cells had a proliferative advantage, as demonstrated by the consistency of color
distribution after more than 8 passages (Figure 1D). This analysis highlights how heterogeneous

clonal expansion can be uncovered using live-cell rainbow barcodes.

hiPSCs undergo dynamic morphogenesis.

To understand how cell morphology changes during a cell cycle, time-lapse datasets were
analyzed (Figure 2 and Videos 1-3) and the membrane-localized fluorescent signal was traced
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throughout the cell cycle (Video 4). Newborn cells hypertrophied through the cell cycle, being
largest just before cell division (Figure 4A), consistent with previous reports in mammalian cells
(Lloyd et al., 2000; Girshovitz and Shaked, 2012). The boundaries of cells in the previous dataset
(Figure 3) were traced to determine how their area changed 1 week in culture. Cell area
decreased with confluency (Figure 4B) as indicated by 390.8 um? at day 0 versus 134 um? at day
7 (p <0.0001). However, examination of confocal Z-stacks (Figure 4C and Video 5) showed that
as cell become smaller in their lateral dimensions they grow taller in height (9.2 um at day O versus
38.1 um at day 7, p < 0.0001) (Figure 4D), demonstrating hiPSCs do not get smaller when
confluent but rather change shape.

The rainbow reporter also enabled delineation of individual hiPSCs within densely packed
colonies, which revealed a highly migratory behavior. Their migration was assessed by tracking
the position of the cells over time (Figure 4E and Videos 1-3) and quantifying the overall distance
traveled and direction of migration (Figure 4F). The migration behavior was different between the
tracked cells, with velocities ranging from 7.3 to 20.3 um/hour. Some hiPSCs located on the
colony’s edge could translocate interiorly while others remained at the edge during colony
expansion (Figure 4G). Tracking spatial locations of a cell within a colony can yield new
information regarding geometric cues, as recent work identified a subpopulation of PSCs on
colony edges that share hallmark properties with primitive endoderm, with distinct cell states
compared to those in the interior (Yoney et al., 2018; Nakanishi et al., 2019). To understand the
kinetics of PSC translocation from the perimeter to the interior, PSCs at the edge of colonies were
tracked over a period of 12 hours and analyzed for position changes from the edge to the interior
(Figure 4H). Over this observation period, 84% of the cells divided and none underwent
apoptosis, so all the cells starting at the colony edge and their progeny were able to be tracked.
By 6 hours, 47.9% + 4.3% of the cells that started at the edge were still localized there (p < 0.001
versus 0 hours) and by 12 hours, it dropped to 34.6% + 5.6% of the cells (p < 0.001 versus 0
hours) (Figure 4H). Of the cells that migrated to the interior after 6 hours, only 4.2% + 3.4%
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migrated back to the colony edge in the subsequent 6 hours, suggesting that hiPSCs dynamically
migrate within PSC colonies and translocate from the periphery to the interior compartment. The
rainbow stem cell colony-centers migrated 211.7 um + 12.9 um per day (Figures 41 and 4J).
Colony fusion events over long periods of culture were clearly distinguishable (Figures 4l and
4J), including the formation of colonies that arose from multiple, distinct fusion events. Together,
these results demonstrate the membrane-specific labeling can be exploited to assess the

morphogenesis of rainbow barcoded cells and colonies.

Rainbow hiPSCs are pluripotent and maintain reporter expression throughout differentiation to all

germ layers.

Rainbow hiPSCs were differentiated to cortical neurons (ectoderm), cardiac myocytes
(mesoderm), and hepatoblasts (endoderm) (Figure S5A) as defined by the expression of key
proteomic markers (Gantz et al., 2012; Mariani et al., 2012; Mallanna and Duncan, 2013) (Figures
5A-5C). These data demonstrate that the rainbow reporter is maintained during directed
differentiation to all three germ layers and innocuous with respect to their pluripotency (Figures
5A-5C). Because neurogenesis encompasses clonal expansion, cell migration, and dramatic
morphological changes (Lancaster et al., 2013), we examined whether these behaviors could be
tracked with the rainbow reporter in differentiated neurons. Here images were acquired daily
during the first weeks of neurogenesis as hiPSCs committed to the neural lineage (Figures S5B-
S5F). Tracking individual cells and repeat imaging of their progeny provided evidence of clonal
expansion during the formation of Sox2+ neuronal progenitor cells (NPCs) (Figures S5B and
S5C). Subsequent live imaging demonstrated clonal expansion and dispersal of NPCs as they
elongated and radially aligned to form neural rosettes, which were similar in structure compared
to the isogenic wildtype control (Figures S5D-S5F). Similarly, cells were repeat imaged during
the differentiation of rainbow hiPSCs to cardiac myocytes, demonstrating clonal expansion of
cardiac progenitors, maturation as indicated by hypertrophy, and high levels of cardiac troponin
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T expression (Figures 5D and S5G). Functional assessment of rainbow-labeled hiPSC-derived
cardiac myocytes demonstrated that contractions could be visualized by imaging deformations of
the rainbow-colored membranes at a high frame rate (Video 6). Additionally, the rainbow reporter
could be activated with temporal control based on the timing of Cre delivery, as shown by labeling
cardiac myocytes after unlabeled rainbow hiPSCs underwent differentiation (Figure S5H). These
findings confirm the rainbow reporter can broadly assess clonal expansion and morphogenesis

longitudinally in differentiated cells and hiPSCs.

Self-assembled 3D cortical structures are derived from clonally dominant progenitors

Since the rainbow reporter was stable and could be visualized over week-long periods of
differentiation, time-lapse analysis studies were extended to assess the later phases of
neurogenesis that encompass cortical neuron formation and terminal differentiation. After 24 days
of NPC differentiation and expansion, NPC cultures were dissociated into single cells, replated,
and repeat-imaged over the subsequent 30 days of cortical neuron differentiation. By day 54 a
few clonally dominant NPCs had generated most of the cells in the cultures, as evidenced by
large clusters harboring the same fluorescent barcode (Figures 6A and 6B). Assessment at 3
days after replating (day 27) demonstrated homogeneous dissociation and mixing of cells that
expressed a broad range of color barcodes (Figures 6A and 6B), confirming that clonal
dominance was not driven by initially seeding large clusters of same-colored NPCs. Time-lapse
images showed expansion of a subset of clones, further confirming this finding (Figures 6A and
6B). The day 54 culture was primarily neurons, though we noted DCX Map2- cells at the center
of massive clonal aggregates that had formed (Figures 6A and 6B). Confocal imaging revealed
these clonal aggregates were three-dimensional and had multiple cell layers, reaching greater
than 100 pum in height (Figure 6C).

To better understand the formation and identity of cells in these 3D structures, confocal z-
stacks over the live imaging time course were examined. The membrane-targeted label revealed
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that by Day 38, NPCs in the monolayer culture had self-organized into radially aligned cells
forming a ventricular zone (VZ) in these aggregates (Figure 6B inset). Imaging at subsequent
timepoints showed neurites extending out from the VZs (Figure 6B and Video 7). These features
closely resemble neurogenesis in the developing neural tube and telencephalon in vivo (Graham
et al., 2003; Moreno and Gonzélez, 2017), as well as cortical organoids generated by PSC
differentiations in 3D droplets (Lancaster et al., 2013; Pasca et al., 2019), suggesting monolayer
differentiations also result in the formation of complex cortical structures. Immunostaining at Day
54 confirmed the NPC identity of the radially aligned cells persisted in the VZs, staining positive
for Sox2 and Pax6 (Figures S6A and S6B). Analysis of the rainbow reporter and neurite markers
at day 54 demonstrated that NPCs in VZs generated neurons expressing the same color barcode,
with newborn DCX* neurons residing proximal to the VZ and MAP2* terminally differentiated
neurons localizing more distal to the VZ (Figures 6B, 6C and S6A), consistent with neurogenesis
in vivo (Moreno and Gonzalez, 2017; Johnson et al.,, 2018). Co-staining of Pax6 and TBR1
(Figure S6C) confirmed the self-organized spatial patterning of NPCs and postmitotic cortical
projection neurons in vitro were consistent with mammalian corticogenesis in vivo (Englund et al.,
2005; Bedogni et al., 2010).

Surprisingly, of the 183 VZs examined at day 54, 89.1% of VZs were entirely comprised
of NPCs expressing the same color (Figure 6D and 6E), with the remainder consisting of NPCs
with multiple distinct fluorescent barcodes (Figure S6D). To verify this was driven by clonal
expansion of NPCs we examined markers of cell proliferation in situ. Ki67 and mitotic chromatin
bodies were observed in Pax6* VZ NPCs, confirming their proliferative phenotype, but not in
postmitotic TBR1* neurons (Figures 6F and 6G). Thus, by tracking barcoded NPCs as they
differentiated, the rainbow reporter revealed most cortical VZs are derived from a single clonally

dominant NPC.
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Discussion

A new era of single cell analyses, such as single cell transcriptomics and single cell
epigenomics assays, has highlighted the wide range of molecular profiles that were previously
unappreciated in bulk population assays (Angermueller et al., 2016; Nestorowa et al., 2016;
Cusanovich et al., 2018; Nakanishi et al., 2019). These findings have been of special relevance
to stem cell biology and directed differentiation approaches as they discovered transcriptional and
epigenetic heterogeneity that were inferred to affect cellular functions, despite homogeneous
expression of cell-type specific markers within the populations (Angermueller et al., 2016; Kumar,
Tan and Cahan, 2017; Friedman et al., 2018). Here, we present a novel way to directly assess
the phenotypic heterogeneity of individual PSCs and their differentiated derivatives within a
population by labeling their membranes with unique colors and tracking them longitudinally by live
cell imaging. This reporter is stably maintained through PSC differentiations and can also be
induced with temporal control to label PSCs and their progeny in their differentiated or
undifferentiated states. An array of cell behaviors can be extracted from the reporter including cell
cycle kinetics, clonal expansion, apoptosis, cell morphology, and migration. We further
demonstrate the longitudinal single cell lineage tracing and phenotyping afforded by this reporter
can be supplemented with in situ molecular analyses of cell type and subcellular structures.

Tracking NPCs over a month of cortical neuron differentiation led to the surprise finding
that clonally dominant progenitors self-aggregate to form complex cortical structures. The finding
that monolayer cultures generate 3D cortical structures suggests the differentiation protocol
robustly recapitulates in vivo signaling where the planar neural plate gives rise to the neural tube
and its derivatives through morphogenesis (Yamaguchi et al., 2011). Longitudinal live imaging
enabled determination of the timing of key neurogenesis events, such as VZ formation and neurite
outgrowth. The membrane labels provided readouts for cell morphology, enabling clear
determination of radial alignment and neurite formation. Though the underlying mechanisms
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remain incompletely understood, this analysis suggests clonal dominance results in VZs derived
from a single NPC. Interestingly, unlike hiPSCs (Figures 4E and 4F) and NPCs expanding in
media containing FGF (Figure S5D), NPCs cultured in neuron differentiation media without FGF
displayed limited migration and dispersal. Consistent with this notion, the role of FGF in cell
migration and early patterning of the neural primordium is well documented (Guillemot and
Zimmer, 2011). While this warrants further study, the lack of NPC dispersal and mixing in
differentiation media may contribute to the clonality of the VZs. In contrast to VZ NPCs, neurites
from diverse lineages, expressing distinct color barcodes, intermixed and projected to distant VZs,
suggesting neural networks form between VZs. Live imaging also demonstrated loss of clones
over time, which may be related to NPC pruning in early neurogenesis (Yamaguchi et al., 2011).
Although the dominance of a subset of NPCs resulting in clonal VZs was initially surprising to us,
these findings are in line with neurogenesis in chick spinal cord. Studies using very sparse labeling
(Leber and Sanes, 1995), and more recently rainbow labeling (Loulier et al., 2014), have
demonstrated that discrete segments of the chick spinal cord are derived from individual
progenitor cells that clonally expand and align around the VZ. Thus, this work provides the first
evidence that similar clonality exists in models of human cerebral tissue. Since dysregulated NPC
expansion can result in microcephaly or megacephaly (Chenn and Walsh, 2002; Lancaster et al.,
2013; Johnson et al., 2018), understanding cellular mechanisms of NPC expansion on a per cell
basis holds great potential to improve our understanding of neurodevelopmental disorders.
Previous works have utilized fluorescent reporters in PSCs (Gantz et al., 2012; Megyola
et al., 2013) where a specific lineage is labeled by a single color. While it is possible to use these
models to assess cell phenotypes, previous studies assessing clonal expansion with a single
marker used less than 1% labeling to prevent neighboring cells to labeled by chance (Leber and
Sanes, 1995; Miyaoka et al., 2012). This contrasts with our ability to discern the membrane of
individual cells in highly migratory, dense cell populations of PSCs where greater than 90% of
cells were labeled (Video 4). The range of color diversity and the persistence of the barcodes
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enabled tracking of individual cells over a week of culture even after cells had exponentially
expanded and mixed (Figures 3 and S5).

Novel observations of hiPSC cell cycle kinetics were made with the rainbow reporter.
Tracking individual cells over time revealed that hiPSCs from common ancestors had
synchronized timing of cell divisions, consistent with PSC embryogenesis in vivo (O’Farrell,
Stumpff and Tin Su, 2004; Deneke et al., 2016). This finding was undiscernible in previous in vitro
studies of bulk PSC populations that concluded cell cycle arrest via serum deprivation or chemical
inhibition of cell cycle machinery was required to achieve synchronized PSC divisions (Zhang et
al., 2005; Yiangou et al., 2019). Though common ancestor cell division synchrony persists over
several divisions, we note that, considering all cells in our study were derived from a single cell
clone when we first generated the line, it appears that slight drift over time eventually leads to loss
of synchrony. While less understood in humans, the extent of synchrony in the first few PSC
divisions is predictive of embryo viability and implantation of in vitro fertilized human embryos
(Wong et al., 2010; Meseguer et al., 2011; Desai et al., 2014), and the eventual loss of hiPSC
division synchrony is consistent with studies in model organisms that demonstrated this
synchronization persists for the first 13 rounds of cell division that give rise to the 8,192 cell
embryo (O’Farrell, Stumpff and Tin Su, 2004). Future studies aimed at promoting PSC
synchronization or isolating synchronized PSCs will help optimize differentiation and cell therapy
strategies as cell division synchrony plays important roles in PSC cell type specification (Sela et
al., 2012; Pauklin and Vallier, 2013; Yiangou et al., 2019) and improves the success of stem cell
transplantation (Zhang et al., 2005; Desai et al., 2014).

We found this reporter of single cell lineage and clonal expansion had broader utility and
enabled longitudinal quantification of cell morphology and migration. Studies have recently
identified a subset population of PSCs that reside on the perimeter of PSC colonies (Li et al.,
2010; Warmflash et al., 2014; Rosowski et al., 2015; Yoney et al., 2018; Nakanishi et al., 2019).
These edge PSCs share hallmark properties with primitive endoderm and display distinct non-
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canonical Wnt signaling and gene expression that enhance their colony initiation capacity
compared to PSCs localized in the colony interior (Yoney et al., 2018; Nakanishi et al., 2019).
Their study found that PSCs isolated from the colony interior could acquire the edge-PSC
signature 3 days after single cell dissociation and replating, however, it was unknown whether the
edge subpopulation was stably localized to the colony perimeter. Our longitudinal study in intact
PSC colonies found only a subset of PSCs persistently localize to the colony edge, while most
PSCs at the edge rapidly migrate interiorly, suggesting the edge population is more dynamic and
heterogeneous than previously appreciated. Interestingly, once PSCs exit the colony perimeter
they very rarely return. This dynamic, one-way eviction from the colony periphery may be a
mechanism that maintains colony shape as growing PSC colonies decrease the ratio of perimeter
to internal cells (Peerani et al., 2007), which impacts PSC differentiation capacity (Peerani et al.,
2007; Warmflash et al., 2014; Rosowski et al., 2015). In addition to labeling single cells, the
reporter barcoded stem cell colonies, allowing unequivocal quantification of colony migration and
tracking of colony fusion events. Morphological analysis showed hiPSCs become taller and
skinnier as the culture became confluent. Interestingly, after the first day of culture we saw
reductions in cell area that were not accompanied with increases in cell height, which we attribute
to the presence of ROCK inhibitor in the first 26 hours of culture (Day0 and Dayl timepoints)
which has been shown to promote cell spreading (Flevaris et al., 2007; Maldonado et al., 2016)
without changing cell height (Nilius et al., 1999). Understanding the variability of these cellular
phenotypes will be critical to standardize and efficiently manufacture stem cells for cell therapies
(Trindade et al., 2017; Jossen et al., 2018).

The benefits of a multicolor reporter are accompanied with some limitations and special
requirements. For complete avoidance of spectral bleed-through, specific microscope
instrumentation (white light laser and spectral detector) (Figure 1) or fixation and staining of the
samples (Figure S2) was needed, though native fluorescent protein signals could be
distinguished with minimal spectral overlap using standard filters on our live imaging system (i.e.
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Figure 3). We note that not all hues were present in equal proportion, with the primary colors
being most abundant, though unsurprisingly the chance of having more than one recombination
event (i.e. mixed, non-primary colors) increased with higher Cre dose (Figure 1). Consistently,
we saw most cells had at least one non-recombined rainbow cassette even in with high-dose (120
pg/mL) Cre based on staining for nFP (Figure S2), suggesting that color diversity will increase
with higher Cre doses, although identification of dose that yields the greatest amount of color
diversity without Cre toxicity is key for future studies (Jones et al., 2005; Cardozo et al., 2007,
Schmidt-Supprian and Rajewsky, 2007). In addition, the nature of using multiple distinct
fluorescent proteins presents challenges as they do not possess identical characteristics, such
as protein folding time and extinction coefficients. We note that mKate2 expression was visible
12 hours after adding recombinant Cre, while the others were not present until 18 hours (data not
shown). This is consistent with reports showing faster fluorophore maturation in mKate2
(Shcherbo et al., 2009). Despite efforts to reduce photobleaching, with a highly refined imaging
protocol that showed no signs of phototoxicity, we still observe that the photostability of mOrange2
was slightly lower, which caused very subtle changes in color over the course of our time lapse
imaging (Video 2, i.e. yellow eGFP*/mOrange2* cells become slightly greener by the end of the
time lapse). This is consistent with reported extinction coefficient values for the fluorescent
proteins used (Cranfill et al., 2016).

Altogether, this rainbow PSC cell line has broad utility for studying cell phenotype over
time and will enhance the field’s understanding of cell state in self-renewing PSC cultures and in
directed differentiations to specific cell types. The integration of single cell molecular analysis with
phenotypes revealed by this reporter opens new opportunities for forward genetics approaches
that match observed proliferative and morphological phenotypes with specific molecular profiles.
In conclusion, the rainbow PSC reporter line allows longitudinal tracking of individual cells and
can uncover phenotypic heterogeneity that may improve human models of development, disease,
drug discovery, and cell therapies.
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Experimental Procedures

Contact for Reagents and Resource Sharing: Further information and requests for resources and

reagents should be directed to and will be fulfiled by the Lead Contact, Jennifer Davis

(jendavis@uw.edu).

PSC culture and differentiation: mTeSR Plus (STEMCELL technologies) was used for PSC

maintenance culture (media changed daily) and was supplemented with 10pum Y27632 after
passaging with StemPro Accutase (Gibco) onto Matrigel coated vessels. Recombinant CreTAT
(Cre fused to cell permeability peptide, Excellgen eg1001) was added to media for 6 hours and
the media was then changed. Previously established differentiation protocols were used, as

detailed in the supplement. All experiments were performed with Passage 48-59 cells.

Imaging and analysis: Images of native rainbow reporter fluorescence for spectral analysis were

collect on a Leica SP8 confocal microscope with white light laser and spectral detector settings
detailed in the supplement. Live imaging was performed on a Nikon TiE equipped with Yokogawa
W1 spinning disk confocal system and high sensitivity EMCCD camera with configurations
described in the supplement. Cells were manually traced and counted in ImageJ and cell area
and centroid positions were determined using ImageJ’s “measure” function. Traced cells were
manually tracked in time lapse experiments (as in Video 4) and the frame in which cytokinesis
occurred for a given cell was recorded, with the time between frames being 12 minutes. Cell
height was manually measured by analyzing z stacks taken with 0.4um steps and the distance

from the bottom to the top of the cell was calculated.

Quantification and Statistical Analysis: GraphPad Prism V7 was used for One-Way ANOVAS,

Two-Way ANOVAs, and Tukey posthoc tests. Standard One-way ANOVAs were performed for
data comprising Figures 1, 2, 4A, 4B, 4D, S1, S3, S4C, and Repeat Measures ANOVA was used

for Figure 3. Two-Way ANOVAs were performed for Figures 4H and S4B. P-value of <0.05 was

18


https://doi.org/10.1101/2020.01.08.896290

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.08.896290; this version posted January 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

considered significant. All average values described in the text and figures are mean values and
error bars represent standard error of the mean. Each quantification was derived from a minimum

of three independent (different passages) experiments.
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Figure Legends

Figure 1 Authentication of rainbow hiPSC model.

(A) Schematic of the human AAVS1 safe-harbor locus depicting the wildtype allele with left
homology arm (LHA) and right homology arm (RHA) (top) and targeted, knocked-in rainbow
cassette containing GFP, RFP, and FRFP flanked by incompatible lox sites for Cre-mediated
recombination (bottom). (B) The number of unique hues possible for a given number of copies of
the rainbow cassette. Recombination outcomes that result in the same hue, i.e. recombination of
one cassette that expresses RFP versus two cassettes that both express RFP, were considered
one unique hue. (C) Representative confocal images of rainbow hiPSCs that were treated with
various doses of Cre and imaged using white light laser and spectral detector settings that
prevented spectral bleedthrough of the fluorescent proteins. Cells were imaged 72 hours after
Cre treatment (0-120 pug/mL), or after more than 8 passages (120 pug/mL + P). Bar=20 um. (D)
Spectral analysis of the percentage distribution of hues from the various Cre doses. (E) Proportion
of cells expressing at least one fluorescent protein with varying Cre doses. (F) Native rainbow
fluorescence and immunofluorescence imaging of Oct4. Bar=20 um. (G) Representative trace of
flow cytometry analysis of Oct4+ rainbow hiPSCs, controls were treated equally but without

addition of primary antibody to Oct4.

Figure 2 Real time, longitudinal assessment of proliferation kinetics in live hiPSCs reveals

synchronized cell divisions.

(A) Representative images of 24-hour time-lapses (121x12 minute frames spanning the period of
3-4 days after plating, related to Videos 1-3). One frame every six hours during a time-lapse is
shown, bar=20 pm. (B) Representative example of tracking single parental cell (P) just before it
divides (t=0 hr), its daughters (D1 and D2 sisters), and granddaughters (D1.1, D1.2, D2.1, and

D2.2), bar=10 um. (C) Quantification of cell cycle duration of tracked sister cells, cells from the
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same lineage (common ancestor cell at time of plating), and all cells measured. (D) Difference
from mean cell division timepoint among sister cells, cells from the same lineage, and all cells. *

indicates p < 0.05 versus all cells.

Figure 3 Long term, longitudinal assessment of live hiPSCs reveals heterogeneous clonal

expansion.

(A) Labeled cells were mixed 1:10 with nonlabelled transgenic hiPSCs, seeded sparsely, and
repeat imaged once every 24 hours for 8 days on a live-imaging spinning disk confocal
microscope. Day 0 = 2 hours post plating and all following timepoints are in 24-hour intervals,
bar=200 um. (B) Single cell resolution images of two clones with cell number denoted in the same
color as respective clone at day 0, day 4, and day 7 post seeding, bar=20 pum. (C) Quantification
of average clonal expansion over the course of culture, fold increase in cell number per clone
indicated below line. (D) Cell number per clone plotted individually for each clone, highlighting

divergent clonal expansion.

Figure 4 Longitudinal assessment of hiPSC morphogenesis reveals hypertrophy in cell

cycle growth phase, confluency-induced shape changes, and colony migration.

(A) Cell area measurements spanning two cell divisions with cell area measured every 12
minutes. The duration of each cells’ cell cycle length was normalized to % cell cycle. Gray lines
indicate individual cells, black line indicates line of best fit, and dashed vertical lines indicate
cytokinesis time points at 0% and 100% of the cell cycle. (B) Cell area measurements over 8 days
in culture. (C) Examples of 3D reconstructions at Day 0 and Day 7 post plating (601um x 601um,
0.4um steps), bar=20 um. (D) Quantification of cell height over 8 days. (E and F) Migration
analysis tracking absolute (E) or relative (F) positions of individual hiPSCs. (G) Representative
image showing an example of one parental cell on the colony perimeter at 0 hours that gave rise

to two internally localized cells at 12 hours (white arrows) and another that gave rise to two cells
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with maintained peripheral localization (white arrowheads), bar=20 um. (H) Analysis of edge
PSCs showing proportion remaining on the edge or translocating interiorly at each time point. (I
and J) Migration analysis tracking absolute (I) or relative (J) hiPSC colony centroid position from
Day 0 to Day 4. (1) “X” denotes colony start position and arrowheads indicate colony end position.

Colony fusion events are indicated by dashed lines and split-color arrowheads.

Figure 5 Rainbow hiPSCs have capacity to differentiate to all germ layers and maintain

reporter expression.

All differentiations started with high dose Cre-treated rainbow hiPSCs replated at Day 0. Rainbow
reporter signal and respective cell-type specific marker expression in (A) hepatoblasts, (B) cortical
neurons, and (C) cardiac myocytes, bars=20 um. (D) Repeat imaging of rainbow labeled hiPSCs

to CMs starting from the first day of differentiation through one week (Days 1-7), bars=100 pum.

Figure 6 Self-assembled 3D cortical structures are derived from clonally dominant

progenitors.

(A) Repeat imaging of the rainbow label in NPCs differentiating to cortical neurons, and
immunostaining confirmation of neuronal differentiation at the Day 54 endpoint. (B) Higher
magnification of selected timepoints from panel A. Asterisks indicate the starting position of three
clones that were dominant. Insets are higher magnifications of different z-planes of the boxed
regions, localized 16 pm above the culture substrate to visualize VZ structure. (C) Day 54 3D
reconstructions of the entire z-stack volume and clipping planes through the volume. (D)
Examples of clonal VZs with insets showing higher magnifications of different z-planes of the
boxed regions highlighting VZ structure and distal neurite outgrowth. (E) Quantification of the
proportion of VZs derived from a single NPC (Clonal VZ) or VZs derived from multiple NPCs. (F
and G) examination of cell cycle activity in NPCs and terminally differentiated cortical neurons.

(A-G) Each coordinate grid represents a 500 x 500 pm square and each dot has a 10 pm diameter.
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Figure 6
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