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Abstract

Single-cell assays have revealed the scope and importance of heterogeneity in many biological
systems. However, in many cases, single cell limited sensitivity is a major hurdle for uncovering the
full range of cellular variation. To overcome this limitation, we developed a complementary single cell
technology, CloneSeq that combines clonal expansion under controlled culture conditions inside three-
dimensional (3D) hydrogel spheres and droplet-based RNA sequencing (RNA-seq). We show that
unlike single cell transcriptomes, clonal cells maintain cell states and share similar transcriptional
profiles. CloneSeq analysis of Non-small-cell lung carcinoma (NSCLC) cells revealed the presence of
novel cancer-specific subpopulations, including cancer stem-like cells (CSLCs). Standard single cell
RNA-seq assays as well as cell-to-clone tracing by genetic barcoding failed to identify these rare
CSLCs. In addition to CSLCs, clonal expansion within 3D soft microenvironments supported cellular
stemness of embryonic stem cells (ESCs) that retained their pluripotent state in the absence of
pluripotent media and improved epigenetic reprogramming efficiency of mouse embryonic fibroblasts.
Our results demonstrate the capacity of CloneSeq, which can be effectively adapted to different
biological systems, to discover rare and previously hidden subpopulations of cells, including CSLCs,
by leveraging the broader expression space within clones.


https://doi.org/10.1101/2020.11.24.395541

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.24.395541; this version posted November 24, 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preprint (which was not certified by peer review) is the author/funder.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.

Introduction

Single-cell studies have revealed that there is considerable cell-to-cell variation within tumors
of different cancer typesand during embryonic stem cell (ESC) differentiation®®. For example, single
cells derived from glioblastomas have inherent variation in their transcriptional expression’, and lung
adenocarcinoma cells have heterogeneity of immune response-related gene expression®. Other cancer-
related single-cell studies have characterized infiltrating immune cells such as T cells, which have
furthered our understanding of their heterogeneous organization, clonal expansion, migration, and
functional-state transitions®. As cells from cancerous tumors have an assortment of cellular mutations
that give rise to cells with the ability to de-differentiate, tumors are highly heterogeneous, making single
cell-based profiling a powerful tool to dissect the underlying cellular structures. Similarly,
investigations of early development and differentiation of stem cells greatly benefit from single-cell
resolution approaches. ESCs grown in vitro perpetuate the broad developmental potential of naive
founder cells in the preimplantation embryo®®. ESCs are composed of cells in different states and
differentiation potentials'; however, limitations in the sensitivity of single-cell technologies hinder our
ability to understand the fine-tuning of cellular hierarchies. Technological advances such as high-
resolution cell imaging*? and single-cell profiling of epigenomic and genomic sequences*®* suggest
that cellular heterogeneity results from more than just a mixture of different cell types. It appears that
a given cell type can be composed of a subtle assortment of cells with different states. These different
states allow cells to adjust to changing conditions by committing to a certain differentiation trajectory
or simply minimizing metabolism. This, in turn, appears to enhance drug resistance development, as

recently suggested for acute myeloid leukemia cells®s.

Stochasticity, or randomness, is a strong component in the accumulation of cellular variation?®.
Stochastic effects are very difficult to study as in many cases they describe chaotic processes we do not
understand and that are difficult to separate from biological and technical noise. Stochastic effects and
noise often confound single-cell measurements. For example, the nonlinearity of transcription, also
known as transcriptional bursting, can lead to errors in clustering of data'’. Cell-cycle regulation is an
important biological feature, but if cells are in different stages of the cell cycle, alterations in cell-cycle
regulators and cycling genes can mask subtle differences that determine distinct cellular states®,
Uneven culturing conditions, in terms of the distribution of reagents and oxygen and differences in
surface tension and elasticity, can affect cellular outcomes. Moreover, the presence of inevitable
technical variability introduced during sample processing steps also causes batch effects®. Finally,
single-cell profiling techniques inherently suffer from low sensitivity that can lead to false-negative and
false-positive results?. These confounders can strongly influence the level of randomness attributed to
measurements, thus single-cell experimental data are highly noisy and difficult to interpret, especially

in the context of cellular states.
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To overcome these hurdles, we developed CloneSeq, a 3D clone-based RNA-seq approach.
Our hypothesis was that clones are composed of cells more similar to each other than cells picked at
random, and that analysis of clonal cells would have improved sensitivity and broader coverage relative
to single-cell RNA-seq (scCRNA-seq). Our results support this hypothesis, as cells originating from a
given clone had more similar transcriptional profiles than cells across clones. The small clones in our
3D system also had detectably different phenotypes. We leveraged this observation to perform an in-
depth dissection of cellular heterogeneity in lung adenocarcinoma PC9 cells. We were able to
characterize different cellular states including cancer stem-like cells (CSCs), high and low replicative
cancer cellular states, and different levels of invasiveness. Such features cannot be detected using
SscRNA-seq due to its low mapping resolution. As our 3D culturing method supports cancer cell growth
and nourishes cellular stemness, it could be optimized for primary tumor cell expansion. Finally, we
show that this 3D system induces embryonic stem cell formation without standard supplements, such
as LIF and MEK and GSK3 inhibitors (2i), and improves efficiency of induced pluripotent stem cell
(IPSC) production, making it superior than standard ESC culturing methods.

Results
Developing a 3D hydrogel cell culture system

To support the expansion of single cells into small clones in a confined, controlled, and robust
setting, we developed CloneSeq, a method that supports spherical 3D tissue culturing and sequencing.
The method includes three steps: 1) Capturing of single cells inside soft, biocompatible, and
biodegradable hydrogel spheres using a microfluidic device; 2) clonal expansion of single cells within
the hydrogel spheres up to 60 cells, depending on cell type and size; and 3) performing single-clone
RNA sequencing by uniquely barcoding each clone inside nanoliter droplets. Since single cells are
allowed to expand within the hydrogel spheres while maintaining inter-clonal cell states, single-clone
transcriptional profiling facilitates the detection of a large number of genes (increased coverage),
including genes that are lowly expressed (increased sensitivity), without averaging out transcriptomes

such as in cell population RNA-seq.

We optimized a microfluidic architecture for capturing single cells within 3D hydrogel spheres
(Figure 1A). The inflow of cells and maleimide-dextran (MALDEX) precursor is first mixed with
polyethylene glycol dithiol (PEGDT) at the first junction (Figure 1A-1). Small nanoliter aqueous
MALDEX-PEGDT droplets are formed via oil-phase “pinching”, with one cell per 5 droplets
encapsulation rate (Supplementary Table 1) MALDEX polymerization and PEGDT crosslinking
occurs spontaneously via thiol-maleimide click chemistry without reacting with the cells.?* Gelation is
completed within ten seconds?? The device is designed to generate ~700 hydrogel spheres per second

with a diameter of 60 £ 3 pm. The cured gels are then collected into a tube and immersed in culture
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medium (Figure 1A-2), permitting the diffusion of growth factors and supporting the proliferation of

encapsulated cells.

To verify structural homogeneity and uniformity, we modified the MALDEX backbone with
thiolated biotin and stained the hydrogels spheres with rhodamine-conjugated streptavidin
(streptavidin-RU). The high affinity of the biotin-streptavidin interaction ensures that once formed, the
specific staining will not be affected by changes in pH or rinsing?®. Indeed, confocal microscopy cross-
sectional imaging revealed a uniform distribution of streptavidin-RU within the PEGDT-MALDEX
hydrogel spheres (Figure 1B). Next, we characterized the mechanical properties of the PEGDT-
MALDX hydrogel spheres using micropipette aspiration?’. The spheres deformed elastically in
response to applied stresses, reaching a steady state aspiration length that correlated linearly with the
applied intra-pipette pressure (Figure 1D). Using the homogenous half-space model approximation?®,
we calculated the stiffness of the hydrogel spheres. The elasticity of the spheres was 3 kPa, which is
consistent with the microelasticity of soft tissues such as fat and kidney?.

Owing to their dextran backbone, the PEGDT-MALDEX hydrogel spheres can be remodeled
by the encapsulated cells. The spheres were shown to support the viability and proliferation of several
cancer cell lines including PC9 absent of extracellular adhesion ligands (Figure 1E). PC9 clones
consisted of 12 cells and 15 cells on average after 7 and 8 days in culture, respectively (Figure 1E),
and maintained the viability of 87% of the cells within the hydrogel (Figure 1F). The expansion of PC9
clones increased the effective stiffness of the hydrogel spheres from 3 kPa to 6 kPa, which is comparable
with lung tissue mechanics consistent with PC9 tissue origin (Figure 1D)?. The increase in the
effective stiffness of the spheres is attributed to the internal prestress that is generated by the contractile
cells of the encapsulated clone. Unlike PC9 cells, supporting the viability and proliferation of ESCs
within the hydrogel spheres required the insertion of cell adhesion signals and cleavable properties by
cell-secreted metalloproteinase (MMP)?"28, Hence, we encapsulated ESCs within hydrogel spheres
which were supplemented with thiolated RGD peptides that mediate cell adhesion to the gel via integrin
transmembrane receptors?’. Additionally, the PEGDT crosslinker was replaced by a dithiolated PEG-
peptide conjugate (MPEGDT) crosslinker, using an amino acid sequence motif (PLGLWA) that serves
as a cleavable site for matrix metalloproteinase (MMP)?"%8, Indeed, the MPEGDT-MALDEX hydrogel
spheres supported ESC proliferation and the generation of ESC clones consisting of 15 cells and 20
cells on average after 3 days and 4 days in culture, respectively (Figure 1E). Specifically, after 4 days
ESCs reached clone size of approximately 50% of the hydrogel diameter, while maintaining the
viability of 77% of the cells (Figure 1F).
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Figure 1. Cell encapsulation, clone formation and characterization. (A) Clone encapsulation. Single cells
were encapsulated within biodegradable hydrogel spheres using a microfluidic device (left). The microfluidic
device consists of (i) a carrier oil inlet, (ii), a PEGDT inlet (iii) a cel-MALDEX precursor mix inlet, and (iv) the
droplet collection outlet. Zoom-in of (1) encapsulation and (2) outlet regions are shown on the right (scale bar: 50
um). Microfluidic channels depth: 50 pm. (B) Confocal imaging (left, scale bar: 50 um) and fluorescence cross-
sectional profiles (right) of the streptavidin-RU staining show round shapes with equal density across the hydrogel
spheres. (C) Using the cell type specific medium, the PEGDT-MALDEX hydrogels support the proliferation of
encapsulated cells and clone formation. (D) Left: The mechanical properties of empty hydrogel spheres and clones
were evaluated using micropipette aspiration. Scale bars: 10 um. Left: the aspirated length (L) of empty hydrogel
spheres (n=2) or a clone (n=2) increases linearly with applied suction pressure (AP) indicative of a purely elastic
response. Right: Elasticities (as Young's modulus) calculated based on pipet aspiration test (n=2). Hydrogel
spheres encapsulating clones of PC9 cells are stiffer than empty hydrogel spheres. (E) Left: Bright-field and
fluorescence microscopy images show the formation of 3D clones of encapsulated PC9 cells and R1 ESCs. Scale
bars: 30 pm. Right: Number of cells per clone of PC9 and R1. (F) Viability comparison of PC9 and R1 ES cells
cultured on gelatin-coated plates (2D) and inside 3D hydrogel spheres (3D). (n=2)

CloneSeq: profiling of clones using modified inDrops protocol

For mRNA profiling of clones, we designed a microfluidic device to capture clones in drops
and barcode their mMRNASs using a modified inDrops protocol®® (Figure 2A). The device consists of two
junctions: one that combines the lysis, barcodes, and clone suspension, and another junction for
encapsulating the aqueous inputs in the oil phase. To allow the clones to flow smoothly, the height of
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the device was set to 120 pm, producing an encapsulated aqueous phase of 3.3 + 0.2 nl. To assess clone-
to-clone variation, we considered each 3D spherical hydrogel spheres containing one clone as a singular
entity. To extract mMRNA from the clones, hydrogel spheres were dissolved using dextranase. During
the development of the method, we found that the droplet-based reverse transcription reaction used in
the standard inDrops® protocol was inhibited in the presence of dextranase (Supplementary Figure 2).
However, an attempt to lyse the cells within the hydrogel spheres without dextranase, which would
have allowed mRNA to diffuse out of the hydrogel spheres through pores and bind the barcodes inside
drops, significantly reduced the number of RNA molecules captured (Figure 2B).

Next, we tested the Drop-seq protocol®, in which cell lysis and mRNA-capture occurs inside
drops and the reverse transcription (RT) reaction occurs after the drops are dissolved. Using this
protocol, the hydrogel spheres are dissolved in drops by dextranase after the RT reaction is complete.
However, we observed that given similar input cell types and the similar concentration of drops, Drop-
seq of clones did not produce significantly higher numbers of transcripts compared to Drop-seq of
single cells. We suspect that this limitation is due to the fact that each commercially available barcoded

bead contains a fixed number of barcoded primers (~108)*° (Supplementary Figure 3).

To overcome the RT inhibition observed with the inDrops protocol, we took advantage of the
observation that when cells grow inside hydrogel spheres, they tend to form highly adhesive and stable
structures and remain as spheroids even after the surrounding hydrogel spheres has been dissolved.
Therefore, in order to expose the RT to dextranase, the hydrogel spheres were dissolved with dextranase
before being introduced into the microfluidics apparatus (Figure 2A). After dextranase treatment, the
clones were resuspended in 10% OptiPrep Medium in PBS and then introduced into the device. This
inDrops-based "dextranase-out" protocol also allowed us to control the size of the polyacrylamide-
based barcoded beads and hence to increase the number of barcoded primers by increasing the diameter
of the polyacrylamide beads and/or increasing primer concentration as previously described *°. The

number of barcoded primers per bead was increased to 10° for sequencing of clone transcriptomes.

To ensure the purity of single-clone encapsulation by CloneSeq, we mixed clones from human
and mouse cell lines (PC9 cells and R1 ESCs grown for 7 and 4 days, respectively, in hydrogel spheres)
at a concentration of 20,000 and 40,000 clones per ml with flow rates designed to capture one clone per
2 seconds (Supplementary Table 1). Both microscopy and a Barnyard (human/mouse) mixing plot of
sequencing data showed that at a concentration of 20,000 clones/ml, the encapsulation resulted in
excellent separation, with only ~3% of barcodes containing mixed reads, whereas at a higher
concentration (>40,000 clones/ml), 10% or more of the reads were mixed (Figure 2C and
Supplementary Figure 4). These result align with a previous analysis of single-cell InDrops, which
showed that reducing cell concentration decreased the likelihood of collecting two cells in one drop and

decreased the level of contamination of drops with free mMRNA?.
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We next performed scRNA-seq to an average of ~100,000 reads per cell and compared the data
to the equivalent sequencing coverage applied for the clones. After reducing PCR duplicates using
unique molecular identifier (UMI) counts, we observed that the number of UMIs retrieved from each
clone was on average 3 times higher than the numbers retrieved from single cells (average number of
UMIs of 30000 for clones and 10000 for single-cells) (Figure 2D). The values for the clones were
lower than expected by simple clone cell number extrapolations. This is explained by both insufficient
primer numbers and reaction inhibition due to the high concentration of cell debris in each drop that
originates from the large number of cells composing each clone.
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Figure 2. CloneSeq increases sensitivity and coverage of transcriptional profiling. (A) Total RNA barcoding
of encapsulated clones was performed within a modified InDrop-based microfluidic configuration. Microfluidic
channels depth: 120 um. Zoom in of the encapsulation junction (green frame) shows a single clone co-
encapsulated with a barcoded bead immersed in lysis buffer. (B) Optimization of mMRNA extraction from PC9
cells in bulk. mMRNA was extracted from cells that were embedded inside a PEGDT-MALDEX hydrogel using
lysis buffer supplemented with dextranase (Dex In), using lysis buffer only (No Dex), and following a twostep
approach in which dextranase was first used for degrading the gels and releasing the cells followed by lysis buffer
(Dex Out). As a control, mRNA was also extracted from a standard 2D culture of PC9 cells (2D). Cell number
was maintained equal for all conditions. Biological replicates: n = 2. (C) CloneSeq of human and mouse clones
maintains organismal origin and excludes mixing of multiple clones per droplet and multiple droplets per a
barcoded bead. (D) The number of non-redundant transcripts with unique molecular identifier (UMI’s) is threefold
greater compared with standard InDrop single-cell RNA-seq.

Impact of 3D hydrogel culture on PC9 cells

To evaluate the impact of our 3D culture method on the cells, we first assessed clone
homogeneity. We wished to determine whether the cells within the clone are similar enough to each

other to allow us to consider the clone an entity representing the original mother cell. We then compared


https://doi.org/10.1101/2020.11.24.395541

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.24.395541; this version posted November 24, 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.

the expression profile of cells cultured inside the 3D hydrogel spheres to cells grown in 2D to determine
if the 3D culture itself altered the cell state. These analyses were performed by leveraging our in-house
capability to profile a large number of single cells using drop-based microfluidics®332, We produced
PC9 cells carrying genomic barcodes located 100 bp upstream to the BFP polyA signal. We produced
a sequencing library from approximately 50,000 colonies and determined that our plasmid pool
contained approximately 20,000 unique barcodes. Barcodes exceeding normal distribution were
registered as outcasts for later computational analysis. In these experiments, lentiviruses were
transduced into cells with a multiplicity of infection (MOI) of 1 so that only one barcode would enter a
cell. We then FACS-sorted BFP-positive cells to collect only virus-containing cells. Next, we
encapsulated PC9 cells into 3D hydrogel spheres and grew them until each clone contained 10-30 cells.
We then randomly selected about 2000 clones, dissolved the hydrogel spheres to obtain single cells,
and performed scRNA-seq on approximately 300 PC9 cells (Figure 3A). The limitation of 2000 clones
were due to the statistical restraints of the 20,000 clonal barcodes. Cells of the same clone were
identified by their identical genomic barcodes. After filtering out cells with unreliable barcodes, we
extracted 37 cells originating from 16 distinct clones. The similarity between cell expression profiles
was analyzed using tSNE and quantified by calculating the Euclidean distance between points on the
tSNE plots as well as the Euclidean distance based on expression profiles!® (Figure 3B). Euclidean
distance between random cells was determined by evaluating all possible cell pairs, and clone distance
was calculated as the distance between cells from the same clone. The distance between cells from the
same clone was significantly smaller than the distance between randomly selected cells both in the
reduction projection space (p = 5.96 x 10°%) and over the complete transcriptome (p = 1.91 x 1079),
suggesting that cells of the same clone are indeed significantly more similar to each other than to cells

selected at random.

PC9 cells grown in standard 2D conditions have a doubling time of ~1.5 days®. In our 3D
spheres, PC9 cells were less proliferative, with a doubling time of ~2.5 days. To further evaluate the
impact of 3D culture on the cells, we compared PC9 cells growing in 2D versus 3D conditions, using
both scRNA-seq and bulk RNA-seq. Single cell-based UMAP projections did not capture substantial
differences between the 2D and the 3D culture conditions (Figure 3C). In support, gene expression
comparison of sScRNA-seq showed a highly significant correlation coefficient (0.98; P < 10°%), similar
to the overall correlation observed for bulk RNA-seq (0.95; P < 1019 but the latter also revealed the
upregulation of cell cycle-related genes in 2D (green dots, Figure 3D). In contrast, bulk RNA-seq
revealed that 3D culture led to the induction of genes associated with adhesiveness and cancer stem cell
like signature (e.g. Aldh3A1 and Aldh3A2, Figure 3D). Other genes known to be associated with CSC
signature (SET, CBX5 and CD44, Figure 3D) were found equally expressed in both 2D and 3D culture
conditions. As these genes are not highly expressed in PC9 cells, they couldn't be detected by sScCRNA.-
seq. Taken together, these data suggest that while cells grown in 3D culture in PEGDT-MALDEX
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hydrogel are overall similar to those grown in 2D conditions, there are differences in expression of

some genes associated with, e.g., cancer stemness in PC9 cells.
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Figure 3. CloneSeq retains single-cell clonal expansion while maintaining cell viability and supports cell
“stemness”. (A) PC9 cells were gnomically barcoded using lentiviral transfection of 10-basepairs unique guide
indices (UGI). Barcoded cells were encapsulated inside the hydrogel spheres and the expanded clones were
dissociated, single cells were picked at random, and submitted for ScRNA-seq. (B) (i) tSNE projection of single-
cell transcriptomes of 268 PC9 cells identified 37 paired barcoded cells. (ii) Cell-to-cell tSNE Euclidean distances
and (iii) transcriptome Euclidean distances were significantly shorter between cells sharing clonal origin
compared with random pairs. (C) Single-cell transcriptomes of 272 cells that had been expanded inside 3D
hydrogel spheres (3D) and 97 cells that had been expanded in a standard 2D culture (2D) were mapped into one
cluster on a UMAP space. (D) A correlation between the gene expression levels of cells cultured in standard 2D
and in 3D configurations is maintained both via (i) sScRNA-seq and (ii) bulk RNA-seq. Gene levels were averaged
across single cell transcriptomes. High correlation excludes a significant 3D culture effect. Bulk RNA-seq
sensitivity reveals stemness signature that are supported by 3D cultures (red dots) and cell cycle signatures in 2D
(green dots). R: Pearson coefficient of correlation.

Clone-to-clone variation identifies novel subpopulations

To study the effect that clonal expansion within the hydrogel spheres has on the homogeneity
of cell states within the clones, we compared the inter-clone correlations of small (n<15 cells) and large
(n>15 cells) clones and of pseudo-clones that were formed in silico by averaging randomly sampled
single-cell transcriptomes. As expected, the correlation between single-cell transcriptomes that were
randomly sampled from a heterogeneous population of PC9 cell states is low, thus reflecting the
inherent degree of cell-to-cell variation and limited complexity (Fig. 4A). With increasing cell number,

cell-to-cell variations are averaged. Hence, the transcriptional correlation between “pseudo-clones

increased with cell number plateauing at n=8 cells (Fig. 4A). Consistently, the correlation between the
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transcriptomes of small PC9 clones (<15 cells) was lower than between large PC9 clones (n>15 cells).
However, clone-to-clone transcriptional correlation of both small and large clones was comparable with
2-cells pseudo-clones and significantly lower than pseudo-clones of similar size. This indicates that
clonal expansion within the hydrogel spheres maintains cell state and hinders cell-to-cell variation
compared with the transcriptomes of non-clonal cells. Importantly, this variation is not the outcome of
cell cycle states or transcriptional bursting, as those are averaged in clones. In this manner, CloneSeq
amplifies sequencing sensitivity and coverage by reading the transcripts that were pooled from multiple
cells while excluding averaging out distinct cellular states.

To evaluate the association between single-clone transcriptomes and single-cell transcriptomes,
we cultured PC9 clones for 7 days and performed Clone-Seq for 4000 clones and 300 single cells
dissociated from clones. Single-clone and single-cell transcriptomes were dimensionally-reduced and
clustered via k-nearest neighbors and shared nearest neighbor (SNN) graph clustering. Six clusters were
identified and projected onto a dimensionally-reduced UMAP space (Seurat package 3.0; Fig. 4B-
i,ii).%2® Single-cell transcriptomes were clustered into cluster-4 and separated from single-clone
transcriptomes that were divided between five clusters. To test the option that transcriptome clustering
was dominantly driven by clone size, we down-sampled both CloneSeq and single-cell transcriptomes
to 5000 UMls. Despite this effective reduction in transcript detection, we successfully recapitulated the
separation between transcriptome clustering (Supplementary Figure 5A) as well as between single-
cell and single-clone transcriptomes (Supplementary Figure 5B). UMI downsampling analysis thus
indicates that CloneSeq provides superior sensitivity enable cell-state based clustering independent of

direct clone coverage.

Cluster identities were characterized using DisGeNET® and MSigDB®. Overall, 300
differentially expressed genes explained the different clusters for which 46 were previously known as
NSCLC related (Supplementary Table 3). Cluster 4 was marked by highly expressed genes with mixed
signatures (Fig. 4C). For example, ULK1 promotes cell proliferation, whereas BHLHE40 inhibits
proliferation and induces cellular senescence; SETD5 stimulates whereas CLDN7 inhibits tumor
invasion and migration; ELF3 supports whereas SEMA4B and PRSS8 suppress tumor growth and
metastasis. Unlike cluster-4, the remaining five clusters that were characterized by known genes of non-
small cell lung cancer (NSCLC) were distinct in their functions. Cluster-specific marker genes and
functions are summarized in Table 1. Cluster-0 was marked by genes associated with cancer cell
progression and proliferation, redox genes, and drug response genes. Cluster-1 was enriched for genes
involved in RNA metabolism and cell differentiation — specifically towards the myeloid axis.
Interestingly, Cluster 1 was marked by AXL and OPRM1 that promote tumor growth, and by FOXP1
that is implicated in epithelial to mesenchymal transition (EMT).3%#! Cluster 2 was enriched by genes
that regulate cell migration, proliferation, and cell cycle, including UBE2C, PTTG1, HMGBL1, PRDX1,
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EZR, and MYBL2. Genes marking Cluster 3 (e.g. CBX5, ALDH1A3, SET and CD44) are strongly related
to CSCs**“2, Cluster 5 is the smallest one, consisting of clones that are marked by genes associated with
metastasis and migration (RACL, PPIA, BCLAF1).

The transcriptional coverage and sensitivity detected by CloneSeq were both higher than by
single-cell RNA-seq (cluster-4; Fig. 1D). In particular, cluster-3 consists of the largest clones that
maximized both transcript number and gene coverage, which is in line with the in vitro proliferation
potential of CSCs*“%. Herreros-Pomares et al. previously showed that NSCLC CSCs are highly
proliferative in sphere-forming culture®. Interestingly, cluster-specific differences in transcriptional
sensitivity and coverage were reproduced even for down-sampled transcriptomes (Fig. S6). We
compared gene expression levels of marker genes of cluster-4 (single-cell transcriptomes) and cluster-
3 (CSC-like clones) using unbiased bulk RNA-seq. We found that Cluster-4 marker genes were
expressed at higher levels compared with the marker genes of Cluster-3 (

Figure 4E). Together, we conclude that the improved sensitivity that is provided by CloneSeq
enables the detection of low-to-mid expressed genes, which fail to be detected via single-cell RNA-seq.
Since cell-states are often characterized not only by highly-expressed marker genes but also by lowly
expressed genes (e.g. regulatory genes), CloseSeq provides means for elucidating the existence of
distinct cell states within a heterogenous population of cells, which is not accommodated by single-cell
RNA-seq methods.
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Figure 4. Clone-to-clone variation analysis for PC9 cells. (A) The transcriptional correlation between pseudo-
clones that were in silico aggregated increases due to averaging out of pseudo-clone to pseudo-clone variation
with increasing pseudo-clone size, plateauing at n = 8 cells, while the correlation among real clones remains
relatively low and clone-to-clone variation is not averaged out both for small clones (n < 15 cells) and for big
clones (n > 15 cells). (B) Clones at day-7 after encapsulation were transcriptionally profiled either after
dissociation into single cells (SC: scRNA-seq; n = 300, UMI>5000) or as clones (CS: CloneSeq; n = 3000,
UMI>10000) and mapped onto UMAP space. (C) (i) Most differentially expressed genes are identified via KNN
unsupervised clustering of scRNA and CloneSeq transcriptomes, (ii) underlying distinctive MSigDB GO term
and cell function annotations. (D) The expression levels of the marker genes of single cell cluster-4 are highly
expressed compared with the marker genes of the stem-like cluster-3 (p < 0.01). (E) Compared with CloneSeq,
scRNA transcriptome show low transcript sensitivity (nUMI) and low gene coverage (nGene).

Table 1. Representative genes enrichment in clusters of PC9 single cells and clones

Cluster Gene Gene Function Ref
0 TUBB miR-195/TUBB axis is involved in regulating NSCLC metastasis and the <
response of NSCLCs to microtubule-targeting agents
IL10 IL-10 promotes resistance to apoptosis and metastatic potential in lung tumor ~ *
cell lines
TIPRL TIPRL overexpression enhances growth of lung cancer cells and progression ~ #°

of lung cancer in vivo; conversely, when TIPRL is depleted, the stressed cells
undergo apoptosis

TXNRD1 TXNRD1 plays an important role in the antioxidant capacity and proliferation 505!
of lung cancer cells

NQO1 NQO1 plays an important role in the progression of lung cancer 52
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1 AXL AXL promotes NSCLC growth by regulating endothelial cell functions 53,54
through modulation of signaling pathways angiopoietin/Tie2 and DKK3
HEPACAM HEPACAM inhibits the growth and migration of NSCLC cells by negatively — 5°
regulate the beta-catenin/TCF signaling pathway

OPRM1 OPRM1 is upregulated in NSCLC and overexpression promotes tumor 56,57
growth and metastasis through EGF-induced signaling events
CCL5 CCLS5 acts through PI13K/AKT, which in turn activates IKKa/B and NF-xB, %

resulting in the activation of avf3 integrin and contributing to the migration
of human lung cancer cells

FOXP1 FOXP1 inhibits NSCLC development by suppressing chemokine signaling 59
pathways
2 UBE2C UBE2C promotes proliferation and invasion of lung cancer cells &
PTTG1 PTTG1 promotes migration and invasion of human NSCLC cells and is 61,62
modulated by miR-186
HMGB1 HMGBL induces tumorigenesis, metastasis, and chemotherapy resistance in &
lung cancer
PRDX1 PRDX1 regulates the epithelial-mesenchymal transition (EMT) and cell 64
migration
EZR EZR contributes to NSCLC progression by enhancing EGFR signaling and 0
modulating erlotinib sensitivity
MYBL2 MYBL2 is up-regulated in human NSCLC and promotes proliferation and 67,68
migration of NSCLC by suppressing IGFBP3
3 CBX5 CBXS5 regulates the stem-like properties of lung tumor stem-like cells and &

malignant lung carcinomas
ALDHI1A3  ALDH1AS is a CSC marker in NSCLC that is regulated though the STAT3 70

pathway

SET A SET antagonist enhances the chemosensitivity of NSCLC by reactivating B
protein phosphatase 2A

MYH9 MYHQ is expressed in a subset of NSCLCs with a more malignant nature, 72
and its expression is an indicator of a poorer survival probability

CD44 Stem cell-like properties are enriched in CD44-expressing subpopulations of 7
NSCLC

ALDOA ALDOA contributes to activation of EGFR/MAPK pathway thus enhancing 415
proliferation and the G1/S transition in NSCLC, and feedback regulation of
ALDOA activates the HIF-1a/MMP9 axis to promote lung cancer progression

4 ULK1 ULKZ1 promotes the proliferation of NSCLC cells; inhibition of ULK1 e

induces the apoptosis of NSCLC cells

SETD5 SETD?5 regulates phosphorylation of POORSK and facilitates the migration 77
and invasion of NSCLC

ELF3 Overexpression of ELF3 facilitates cell growth and metastasis through [
PI3K/AKT and ERK signaling pathways in NSCLC

SEMA4B SEMA4b suppress NSCLC growth and inhibits NSCLC metastasis by 79.80
activating P13K signaling to promote MMP9 expression

PRSS8 PRSS8 inhibits NSCLC tumor growth in vitro and in vivo CZ

BHLHE40  BHLHEA4O0 is negatively associated with TNM stage in NSCLC and inhibits 82
the proliferation of cancer cells through cyclin D1

CLDN7 CLDNTZ inhibits human lung cancer cell migration and invasion through e
ERK/MAPK signaling pathway
5 SMARCA4  SMARCAA4 inactivation promotes NSCLC aggressiveness by altering 85.86
chromatin organization
RAC1 RAC1 is involved in lung cancer cell proliferation and migration by BLEs
promoting NF-kB activity and progression and metastasis via EMT
PPIA PPIA promotes NSCLC metastasis via p38 MAPK 8

3D hydrogel spheres promote stemness

As our 3D culturing method induced proliferation of CSCs, we hypothesized that the 3D

conditions within the gels promote stemness. To test this, we explored the effect of 3D culturing on
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ESCs. Ground-state pluripotency can be maintained in vitro by culturing the cells with LIF together
with GSK3/MEK inhibitors (‘2i”)%°, The microenvironment in which the cells grow influences the
cell state and can activate or repress differentiation pathways®2. ESCs grown without 2i-LIF do not
retain pluripotency and they differentiate spontaneously along the different lineages (ectoderm,

endoderm, mesoderm, and extraembryonic endoderm)®.

To validate the effect of the 3D environment on stemness, we used ESCs that express three
pluripotency reporters: GFP-NANOG and BFP-ESRRB as markers for ground-state pluripotency and
RFP-UTF1 for the primed state®%. As expected, ESCs grown in both our 3D system and the 2D gold
standard (0.1% gelatin) setup in the presence of 2i-LIF expressed all three pluripotent markers (Figure
5A). However, when the cells were grown without 2i and LIF for 6 days, cells in the 2D system quickly
lost their pluripotency markers, whereas cells growing in 3D continued to express these markers, with
NANOG and ESRRB slightly down-regulated, and UTF1 slightly upregulated (Figure 5A). This
suggests that our 3D hydrogel spheres support pluripotency and significantly delay ESC spontaneous
differentiation in the absence of 2i-LIF, possibly explaining the highly homogenous states observed for
the ESC clones grown in 3D. To further validate the pluripotency of the cells after 8 days in the absence
of 2i-LIF, the hydrogel spheres were removed, and the cells were re-seeded on mouse embryonic
fibroblasts (MEFs) for 4 days. In cells originating from the hydrogel spheres, about 70% (average of
two independent experiments) of the cells formed Nanog-positive colonies, whereas less than 8% of
the cells originating from the 2D condition formed Nanog-positive colonies (Figure 5B). To
corroborate these findings, we performed RNA-seq on cells grown in 2D and 3D conditions for 4 days
without 2i-LIF. The results confirm higher expression level of pluripotent transcription factors in cells
grown in hydrogel spheres compared to cells grown on gelatin (Figure 5C). This demonstrates that the

3D hydrogel spheres help maintain a pluripotent state.

Finally, we tested whether the 3D microenvironment enhances the reprogramming efficiency
of MEFs into induced pluripotent stem cells (iPSCs). We compared MEFs containing the OSKM
cassette under the control of the TET-on promoter® grown in standard iPSC conditions in 2D, to the
same MEFs grown inside our 3D hydrogel system (Supplementary Figure 6). After 10 days, during
which the cells were supplemented with 4.5 uM tetracycline, we seeded the cells on MEFs and
quantified Nanog positive colonies. Reassuringly, the 3D culture showed ~2.4-fold higher frequency
of Nanog-positive cells compared to the 2D cultures (Figure 5D). One clear disadvantage of
reprogramming in the 3D setup is that reprogramming is accompanied by a high number of dead cells
that failed to complete their cellular transformation®”. These apoptotic cells accumulate inside the
hydrogel spheres and cannot be washed away easily. As apoptotic cells secrete signals that interfere
with iPSC formation, we predict that iPSC production efficiency could be significantly improved by

adding cycles of breaking down hydrogel spheres, removing dead cells, and re-encapsulating MEFs.
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Figure 5. 3D soft hydrogels support a pluripotent state even without 2i-LIF. (A) i) Representative NANOG,
ESRRB, and UTF1 immunofluorescence staining of 3D ESC clones encapsulated inside hydrogel spheres and 2D
ESC colonies cultured on gelatin-coated plates. Cells were cultured for six days with or without 2i-LIF supporting
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factors. Scale bars, 50um. ii) Immunofluorescence density of NANOG and ESRRB is maintained within the
hydrogels spheres even without 2i-LIF supporting factors whereas UTF1 levels increase (average of 30 colonies
per condition). (B) The percent of NANOG-positive colonies are compared between ESCs that were cultured
inside 3D soft hydrogel spheres and on gelatin-coated 2D plates for 8 days, dissociated and further cultured on
MEF feeder layer for subsequent 4 days (average of three representative regions in the plate). P-value < 0.001.
(C) The expression of pluripotent genes (marked in red) is higher in cells that were cultured inside 3D hydrogel
spheres (3D) compared with cells that were cultured on gelatin-coated plates (2D) without supporting factors. (D)
MEFs were encapsulated inside hydrogel soft spheres (3D) or seeded on gelatin-coated plates (2D) and
epigenetically reprogrammed using tetracycline-activated OSKM cassette. After 10 days of reprogramming, cells
were dissociated, seeded onto MEF feeder layer and the fraction of NANOG-positive colonies was compared
(average of three areas in the plate).

Discussion

Single-cell based assays have revealed the scope and importance of heterogeneity in many
biological systems®-1%, However, single-cell sequencing technologies are of low sensitivity, and
therefore they are prone to detect cell-to-cell variation based on highly expressed genes while missing
differences in expression of low-abundance genes'®. In addition, the influence of stochastic effects,
such as transcriptional bursting and cell-cycle state, on single-cell data can potentially mask important
aspects of cellular heterogeneity. To overcome this obstacle, we developed an innovative technology

that allows single cells to be grown into small clones in 3D hydrogel spheres.

The 3D culturing system is based on microfluidics and uses a PEGDT-MALDEX-based
biodegradable hydrogel spheres. The hydrogel spheres mimics the characteristics of natural
extracellular matrices. Since we used a biodegradable component (dextran), the hydrogel spheres can
be dissolved in bulk or as microfluidic droplets. Our results suggest that the biochemical composition
and the physical structure of the hydrogel spheres are stable, which ensures the compartmentalization
of single cells during their development into clones. To date, we have optimized 3D hydrogel sphere
culture conditions for growth of PC9 human lung cancer cells as well as mouse ESCs and MEFs that

were reprogrammed.

The ability to profile small clones improved sensitivity of detection of subtle cellular states
when compared to single-cell analysis, as it minimizes the presence of confounders such as cell cycle
and transcriptional bursting, and because it supports the capture of a greater number of transcripts per
clone compared to single cells. We showed for human PC9 cells that cells that share a clonal origin are
more similar to each other compared to random cells, suggesting that clones are homogeneous. This
will make clonal-based profiling a valuable tool that can potentially improve the low sensitivity of

standard single-cell assays.

Cancer cells didn’t grow with the same speed inside hydrogel spheres, with PC9 clone sizes

ranging from 1 to 30 cells after 7 days of culture. We verified that the undivided single cells were alive
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by trypan blue staining. Slowly replicating cells had different gene expression signatures from rapidly
dividing cells in our single-clone analysis. Differentially expressed genes between the two were
associated with cellular migration, growth inhibition, and metastatic state. Interestingly, some of the
clones with higher numbers of cells were also associated with a cancer stem cell-like signature. As our
single-cell reference profiles were based on cells growing in 3D, and these cells did not show
significantly different cellular states compared to single cells grown in regular 2D conditions, we
suggest that the stem cell-like state, at least in PC9 cells, cannot be detected with standard single-cell
profiling. Moreover, while CSCs are rare in the body'® they can be enriched by sphere-forming
culture®®. Our analyses of PC9 cells indicated that the 3D culture system promotes stemness, and we
further validated this by culturing and analyzing ESCs using CloneSeq.

When grown in PEGDT-MALDEX hydrogel spheres for 8 days, ESCs maintained pluripotency
even in the absence of 2i/LIF. Moreover, 70% of the ESCs were pluripotent after release from the
hydrogel spheres and seeding on MEFs for 4 days, whereas only 8% of the cells originating from the
2D condition were pluripotent. RNA-seq results corroborated our findings that cells grown in 3D
conditions showed significantly higher expression of pluripotent transcription factors. Together, these

results indicate that our 3D culturing system promotes stemness.

In summary, CloneSeq is an effective and general method that leverages 3D culture, drop-based
microfluidics, barcoding, and high-throughput sequencing to dramatically extend our ability to
characterize cellular states with great statistical power. We plan to optimize CloneSeq to support
culturing of primary tumor-derived cells to allow high sensitivity, clonal profiling of cancer cellular
states in association with different treatments. In addition, the method could be used to enable full-
length RNA-seq to dissect alternative splicing events and somatic mutations in cancer samples. ChIP-
seq and bisulfite-seq protocols could also be performed on clones grown in the hydrogel spheres. We
expect that CloneSeq will expand our understanding of cancer biology in particular and of other

biological systems involving proliferative cells.
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Materials and methods

Cell culture

PC9 lung adenocarcinoma cells that express GFP and R1 mouse embryonic stem cells were
kindly provided by Prof. Ravid Straussman (Weizmann Institute, Israel). BYKEL and OSKM 2nd
MEFs cells were kindly provided by Dr. Yosef Buganim (The Hebrew University, Jerusalem). PC9
cells were grown in DMEM (Sigma-Aldrich, cat #D5671) supplemented with 10% fetal bovine serum
(FBS; Biological Industries Israel, cat #04-007-1A), 50 pg/ml penicillin-streptomycin (Biological
Industries Israel, cat #03-031-1B), 2 mM L-glutamine (Biological Industries Israel, cat #03-020-1B),
and 1 mM sodium pyruvate (Biological Industries Israel, cat #03-042-1B). R1 and BYKE1 ESCs cells
were grown on 0.1% gelatin-coated standard tissue culture dishes and maintained in ESC medium
(DMEM, 15% ESC-grade FBS, 50 pg/ml penicillin-streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids (Biological Industries Israel, cat #01-340-1B), 0.1 mM B-
mercaptoethanol (Sigma-Aldrich, cat #M3148)). To maintain pluripotency, 1000 U/ml LIF and 2i (1
uM PD0325901, 3 uM CHIR99021) were added to the culture medium. OSKM MEFs were grown on
0.1% gelatin in DMEM together with 10% FBS, 50 pg/ml penicillin, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 0.1 mM non-essential amino acids. For differentiation experiments, cells or hydrogel
spheres were washed with PBS, and resuspended in basal ESC medium 1) without 2i, 2) without 2i and
LIF, or and 3) without 2i and LIF supplemented with 0.25 M all-trans-retinoic acid (Sigma-Aldrich,
Cat #R2625), and cultured for 4 days.

Device design and fabrication

Four microfluidics devices were used: (1) to produce acrylamide hydrogel microparticles with
acrydite-modified DNA primers for barcoding; (Il) to encapsulate single cells within
PEGDT/MALDEX hydrogels; (111) to encapsulate single cells with barcodes, lysis buffer, and reverse
transcriptase (RT) enzyme within droplets; and (1V) to encapsulate clones with barcodes, lysis buffer,
and RT enzyme within droplets (Supplementary Figure 3A-D). Devices were designed using the
AutoCAD software (Autodesk). All chips were fabricated by photolithographically defining SU8 (SU-
8 2050, MicroChem) on silicon wafers at the Harvey Krueger Center of Nanotechnology at the Hebrew
University of Jerusalem. The depths of the photoresist layers were 50.4 + 1 um for device I, 81.2 + 1
um for device Il, 79.1 £ 1 um for device 11, and 123.6 um + 1 pum for device IV. Designs for devices |
and 111 were adapted from inDrops?. Device Il was modified from the co-flow drop maker of Hi-SCL*?,
whereas device IV is a modification of the standard inDrops chip. The designs used to fabricate the
devices are available in CAD format (Supplementary Files). Polydimethylsiloxane (PDMS) at a ratio

of 10:1 of base and crosslinker, respectively, was formed by curing the prepolymer (Sylgard 184, Dow-
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Corning) on the silicon templet at 65 °C for 2 h. PDMS devices were covalently bound to N°1 glass
coverslips using Femto oxygen plasma activation (Diener) for 15 s at 50 W. The PDMS devices were
treated with Aquapel (Rider) water repellent and dried under air in order to make the devices more
hydrophobic and prevent wetting of drops on the channel walls. Drop volume (v) calculation for

CloneSeq devices was based on still images of droplets at the outlet of the microfluidic device using

the equation; v = %[ZD3 — (D — h)%(2D + h)], where h is the height of the channel and D is the

droplet diameter in pm?°,

Barcode and primer design

The acrydite-modified DNA primers used for the hydrogel barcode beads are based on a
previously published protocol?®; primers were supplied by IDT. We modified the barcode plates (eight
96-well plates) to expand barcode complexity by changing the length of barcode 1 to a variable length
of 7 to 10 bases. DNA oligonucleotide sequences are listed in the Supplementary File. We typically
used a 10-nmol scale normalization and standard desalting, and ordered oligonucleotides dissolved to
a final concentration of 50 uM in 10 mM Tris-HCI (pH 8.0), 0.1 mM EDTA (TE buffer).

Production of hydrogel beads carrying barcoded oligonucleotide primers

Hydrogel beads carrying barcoded DNA primers were produced using a method described
previously?®. The hydrogel beads were composed of a 4xAB solution (2.6 ml 40% acrylamide in water
(Sigma-Aldrich, cat #01697), 3.6 ml 40% total 19:1 acrylamide:bis-acrylamide agueous solution (Bio-
lab, cat #1352335), 3.8 ml water) supplemented with an acrydite-modified DNA primer (5’-
ACryd/iSpPC/ICGATGACGTAATACGACTCACTATAGGGATACCACCATGGCTCTTTCCCTA
CACGACGCTC TTC-3’, where Acryd represents acrydite and iSpPC represents the photo-cleavable
Int PC). DNA primers on polymerized hydrogel beads were barcoded using a combination of the split-
and-pool method and a primer extension reaction using an automated liquid handling system (Biomek
4000, Beckman Coulter Life Science). The final barcode library complexity was around 147,456 unique
barcodes repeated across around 40 million hydrogel beads per synthesis batch with an average of 10°
copies of fully extended DNA primers per single bead?. Hydrogel beads were produced using the flow-
focusing microfluidic device | (Supplementary Figure 3A) as previously described!®, Flow rates used
for the hydrogel bead synthesis were 1000 pl/h for a 4xAB solution supplemented with an acrydite-
modified DNA primer and 1600 ul/h for the oil phase (Supplementary Table 1). After barcode
synthesis, the barcoded beads were filtered twice with a cell strainer of 70 um (pluriSelect, Cat #43-
10070-50) to obtain homogeneously sized beads with a diameter of around 60 pm, as shown in

Supplementary Figure 3E.
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Microfluidics operation

Droplet formation and cell encapsulation were performed using EZ pressure-derived pumps

(Fluigent), controlled by the A-1-O software at pressures ranged from 69 mbar to 2 bar. The continuous

oil phase for all droplet microfluidics experiments was Novec HFE-7500 fluorinated oil (3M)

containing 2% w/w 008-FluoroSurfactant (RAN Biotechnologies). For all experiments, cells were kept

in a tube surrounded by ice and were gently agitated with a micro-stir bar placed inside the tube and

rotated using a magnet attached to a rotating motor to prevent sedimentation and clumping. The flow

was visualized under an optical microscope (NIKON Ti-U) at 10x magnification and imaged at 1000-

2000 frames per second using a Hispecl camera (FASTEC Imaging). Supplementary Table 1

summarizes the flow rates and the pressure pumps used for operating the different devices used.

Supplementary Table 1. Flow rate and pressure pumps used for operating the different devices.

EZ Pump Flow sensor type Flow rate (ul/h)
Range
(mbar)
Device 1
(Barcode formation)
Oil (2%)* 0-1,000 M 2,000
Acrylamide:bis-acrylamide solution 0-1,000 M 1,000
supplemented with an acrydite-
modified DNA primer
Device 2
(Cell encapsulation in hydrogels)
Oil (2%)* 0-2,000 M 2,200
(M)/PEGDT with or without RGD 0-1,000 M 500
MALDEX 0-1,000 M 500
Device 3
(scRNA-seq)
Oil (2%) 0-345 inDrops Drop-seq  inDrops Drop-seq
S M 150 16,000
Cells (1x10%/ml inDrops; 1x10 /ml 0-69 S M 100 4,000
Drop-seq)
Hydrogel barcode beads 0-1,000 M - 20-25 Barcodes
in lysis
Lysis reagents, RT, dNTP (no RT and 0-69 S M 100 4,000
dNTP for Drop-seq)
Device 4
(scRNA-seq)
Oil (2%) 0-345 S M 350 16,000
Clones (2x10%ml inDrops; 5x10° 0-69 S M 200 4,000
Drop-seq)
Barcode beads 0-1,000 M - 35-40 Barcodes
in lysis
Lysis reagents, RT, dNTP (no RT and 0-69 S M 200 4,000

dNTP for Drop-seq)

*Qil (2%): Novec HFE-7500 fluorinated oil (3M) containing 2% w/w 008-FluoroSurfactant.
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Clone formation within PEGDT/MALDEX hydrogels

All materials used to synthesize and dissolve different hydrogel spheres used to grow PC9 and
ESCs cells were from Cellendes GmbH, Germany. We used PEGDT (M, ~10,000; cat #L50-1) and
MALDEX (cat #M92-3) hydrogel chemistry to encapsulate cells within spheres and grew them into
clones. PC9 cells were encapsulated in PEGDT/MALDEX hydrogel with no additional cell adhesion
peptides or remodeling supplements. ESCs cells were encapsulated in MALDEX and cell adhesion
peptides containing cell recognition motifs of the extracellular matrix (RGD (cat #P10-3); peptide
sequence: Acetyl-Cys-Doa*-Doa-Gly-Arg-Gly-Asp-Ser-Pro-NH2 [*Doa:8-amino-3,6-dioxaoctanoic
acid]) and MMP-cleavable peptide modified PEGDT (cat #L60-1 ;MMP sequence: Pro-Leu-Gly-Leu-
Trp-Ala). Hydrogel spheres were dissolved using a 1:20 dilution of dextranase from Chaetomium
gracile (cat #D10-1) in PBS incubated for 30 min at 37 °C. The gelation buffer (GB; cat #B20-3) used
in all cell encapsulations contained 10 g/l glucose, 0.5 M HEPES (pH 7.2), 0.05 M KCI, 1.1 M NacCl,
0.2 M NaH2PO., and 0.2 g/l phenol red. Before use, MALDEX, PEGDT, MPEGDT, and RGD peptide
were briefly spun down to make sure that the lipolysis material was at the bottom of the reaction tube.
MALDEX was resuspended in 170 pl of doubly distilled water to a concentration of 30 mM maleimide
groups. PEGDT and MPEGDT were resuspended in 188 pl of doubly distilled water to a concentration
of 20 mM thiol groups. RGD peptide was resuspended in 48 pl of doubly distilled water to a
concentration of 20 mM of peptide and thiol groups.

Device Il (Supplementary Figure 3B) was used to encapsulate the single cells within the
hydrogel spheres. For PC9 cells, inlet 1 consisted of 310 ul 0.1% w/v gelatin in doubly distilled water,
50 pl of GB, 67.5 pl of 20 mM PEGDT, and 120 pl PBS. For R1 ES cells, inlet 1 consisted of 300 pl
0.1% w/v gelatin in water, 10 pl of 20 mM RGD peptide, 50 pl of GB, 67.5 ul of 20 mM MPEGDT,
and 120 pl PBS. For both cell types, inlet 2 consisted of 335 ul 0.1% w/v gelatin in water, 50 pl of GB,
45 ul of 30 MM MALDEX, and 120 pl of cell suspension containing around 1 million cells in 99 pl
PBS, 10 ul Extracellular matrix (Sigma-Aldrich, cat #£1270), and 11 pl OptiPrep Density Gradient
Medium (Sigma-Aldrich, cat #D1556) to minimize cell clumping. The resulting hydrogel-cell mix was
subsequently enveloped in the device in HFE 7500 oil with 2% surfactant (inlet 3) to produce single-
cell hydrogel spheres of 50-55 um in diameter. Flow rates were 500 pl/h for inlets 1 and 2 and 2200
ul/h for inlet 3 (Supplementary Table 1). The resulting single cell-containing hydrogel spheres were
allowed to cure for 5 min at 37 °C, and the upper hydrogel fraction (~500 ul) was demulsified by
incubating 1 min at 37 °C in the demulsifying solution containing 400 pl of neat HFE 7500 oil, 100 pl
perfluoro-1-octanol (PFO, Sigma-Aldrich, cat #370533), 280 ul PBS, and 20 ul of 1 g/ml methoxy PEG
thiol (average M, ~800; Sigma-Aldrich, cat #729108). Methoxy PEG thiol was used to mask unbound
maleimide groups and to prevent aggregation of spheres while demulsifying. The hydrogel spheres

fraction was washed three times with 1 ml PBS with centrifugation at 250 rcf for 2 min. For culturing
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encapsulated cells into clones, 500-pul aliquots of hydrogel spheres were grown in a standard 48-well
cell culture dish well with 500 pl standard cell growth medium suitable for each cell type and growth

condition.

Viability evaluation of clones within hydrogels

Cell viability within PEGDT/MALDEX hydrogels was evaluated by counting cells stained with
trypan blue (Biological Industries, Israel, cat #03-102-1B). Cells were encapsulated in
PEGDT/MALDEX based hydrogels as single cells and then left to grow into clones for 4 days. The
same culture media were used as for normal cell tissue culture. The media was replaced daily for ESCs
and every 3 days for PC9 cells. After 4 days, hydrogel spheres were washed three times with 1 ml PBS
with centrifugation at 250 rcf for 2 min. Beads were then suspended in 300 pl of 1:20 dilution of
dextranase from Chaetomium gracile in PBS and incubated for 30 min at 37 °C. Following hydrogel
spheres degradation, cells were centrifuged at 500 rcf and treated with 100 ul 1x trypsin/EDTA solution
for 5 min at 37 °C in order to break aggregates. The trypsin was then quenched by adding an equal
volume of medium. Trypan blue was added at a 1:1 ratio with the cell medium. Live/dead cell viability
was assessed using Countess Il FL Automated Cell Counters (Thermo Fisher Scientific). For each
condition, cell counts were obtained for three different measurements averaged over two batches

replicates.

Hydrogel spheres microenvironment and mechanical properties

To evaluate the microenvironment in hydrogel spheres, we used GFP-based R1 ESCs and PC9
cells encapsulated in rhodamine-modified PEGDT/MALDEX hydrogel spheres. To modify the spheres,
we added 12.5 pl of 1 mg/ml of Biotin PEG thiol, MW 400 (NANOCS, cat #PG2-BNTH-400) to inlet
1, which contained the PEGDT when encapsulating single cells within the hydrogel spheres. Following
sphere formation, the biotin-modified hydrogel spheres were washed three times with PBS, modified
with a 1:1 volume ratio of packed hydrogel spheres and 1 mg/ml streptavidin-rhodamine (Jackson
ImmunoResearch, Cat # 016-290-084) for 5 min, and washed three times with PBS.

To analyze sphere homogeneity, empty biotin modified hydrogel spheres were modified with
1:1 volume ratio of 1 mg/ml streptavidin (Sigma-Aldrich, cat #85878) for 5 min, washed three times
with PBS, and then modified with 1:1 volume ratio with 1 mg/ml biotin-5-fluorescein conjugate
(Sigma-Aldrich, cat #53608) followed by three washes with PBS. Cross-sectional images were taken
using NIKON A1 confocal microscope to evaluate the distribution of molecules within the hydrogel

spheres.
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Hydrogel spheres mechanics were measured using a micropipette aspiration system made in-
house using a micromanipulator holder (Narishige, NT-88-V3) connected to a manual hydraulic, oil-
filled microinjector (Eppendorf, CellTram) and a pressure-sensing diaphragm (Validyne, DP15,
CD379). Micropipettes were fabricated by pulling borosilicate capillaries (Sutter Instruments,
MicroPuller P-1000) and then forging them to 3-um inner diameter tips (Narishige, MF-830 Micro-
Forger). Suspended beads were then placed on a glass microscope slide and mounted onto an inverted
fluorescent microscope (Nikon Eclipse, Ti-E). The pipette tip was aligned with the hydrogel spheres,
and basal negative pressure was applied to capture it stably. Aspiration dynamics in response to applied
pressure (relative to the basal levels) inside the pipette were recorded (Andor Zyla 4.2 sCMOS) by
imaging the Cy3 fluorescent channel using a CFl Super Plan Fluor ELWD 40XC (Nikon). The
mechanical properties of the hydrogel spheres were evaluated based on the relationship between the
aspirated based length L (t) and the applied pressure AP using the half-space model?®:

E =45 (7)

where R is the inner pipette radius and ¢~2 is the geometrical factor.

Determination of the size of clones in hydrogel spheres

In order to measure the size of clones developed in PEGDT/MALDEX hydrogel spheres, we
took confocal fluorescence microscopy images of clones in hydrogel spheres and counted the number
of cells per clone. ESCs and PC9 cells were encapsulated in PEG-DEX hydrogel and grown for 3 to 4
days for ESCs with 2i+LIF and 6 to 7 days for PC9 cells. Spheres containing clones were selected
randomly from the tissue culture plate then fixed with 10% v/v formaldehyde (Sigma-Aldrich, cat
#F8775). The cells were stained with DAPI Fluoromount-G® (ENCO, cat #0100-20). Cross-sectional
images were taken using a NIKON A1 confocal microscope. The numbers of cells per clone were
determined by counting the number of nuclei. The surface areas of clones were determined using

ImageJ image processing software (NIH, https://imagej.nih.gov/ij/).

ESC differentiation analyses

For differentiation experiments, ESCs cells were grown in either 2D configuration on 0.1%
gelatin-coated standard tissue culture dishes or within hydrogel spheres under indicated conditions.
Cells grown in 2D or single cells from hydrogel spheres were washed three times with PBS and
resuspended in 1) basal ESC medium supplemented with 1 uM all-trans retinoic acid, 2) basal ESC
medium without 2i, or 3) basal ESC medium without 2i and LIF for additional 4 days before gene

expression profiling evaluation.
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Clonal barcoding and sequencing

To assess the impact of clonal cell origin on cellular states and variation, we produced PC9 cell
lines that carry genomic barcodes. We first designed and produced a plasmid pool containing a UGI
region of 8 bp as a genomic barcode about 600 bp upstream of the BFP polyA region; BFP expression
allowed us to detect plasmid integration. The design of plasmid can be found in Supplementary File.
To validate the number of unique barcodes and their even distribution, we produced a sequencing
library from about 50,000 cells by amplifying the plasmid by 12 PCR cycles (2 min at 98 °C, 2 x (98
°C205,55°C30s,72°C405s), 10x (98 °C 205, 65 °C 30 s, 72 °C 40 s)). For transfection, we grew
293T cells to 80% confluency and then incubated the cells for 30 min in conditioning medium (50 ml
293T medium supplemented with 500 pl L-glutamine and 500 ul Sodium-Pyruvate). The transfection
solution contained 34.5 pl TransIT®-LT1 Transfection Reagent (Mirus, cat #MIR-2300), 1 pg transfer
plasmid (psPAX.2), 7 ug VSV-G (PMD2.G), and 3.5 pg of our BFP-UGI plasmid diluted to 1.5 ml
with Opti-MEM | Reduced Serum Medium (Gibco, cat #31985088). The transfection solution was
incubated for 30 min at room temperature. The transfection solution was then added dropwise onto the
cells. Cells were incubated with gentle shaking, and media containing viruses were collected after 48 h
and 72 h. For virus concentration, the PEG Virus Precipitation Kit (BioVision, cat #K904) was used.
The collected media was PEG precipitated overnight at 4 °C, filtered through a 0.45-um pore size filter
(MF-Millipore), and centrifuged at 2500 rcf for 30 min. The resulting virus pellet was resuspended in
20 pl Virus Resuspension Solution supplied with the kit.

For infection, PC9 cells of 50% confluency were incubated for 30 min in 1 pl polybrene
(Sigma-Aldrich, cat #107689 in 1 ml culture medium. The cells were then loaded dropwise with the
virus solution and incubated for 2.5 h in a humidified incubator at 37 °C, 5% CO,. PC9 cells were
infected with the virus at an MOI of 1. Finally, BFP-positive cells were sorted by FACS to obtain the
BFP PC9 cell line containing genetic barcodes. We encapsulated BFP PC9 cells in PEGDT/MALDEX
hydrogel and grew them for 7 days. Hydrogel spheres were washed and degraded as described above,
and the released cells were trypsinized and resuspended to obtain a single-cell solution, which was
subjected to sSCRNA-seq.

Single-cell/clone microfluidic droplet barcoding using inDrops

Single cells and single clone transcriptomes were barcoded using inDrops as previously
reported®. Device 111 was used for scRNA-seq, and device 1V was used for CloneSeq (Supplementary
Figure 3C-D). The devices have four inlets: 1) Cell/encapsulated clone inlet: For scRNA-seq

experiments, cells were loaded at 200,000 cells/ml in PBS containing 10% v/v OptiPrep and maintained
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in suspension using a magnetic micro-stirrer bar placed within the tube. For CloneSeq experiments,
around 20,000 clones were resuspended in 900 pl PBS and 100 pl OptiPrep and maintained in
suspension using a magnetic micro-stirrer bar placed within the tube. 2) Barcoding acrylamide beads
inlet: Barcoding beads were prepared as previously described?® and kept in dark at 4 °C in 50% (v/v)
10 mM Tris-HCI (pH 8), 0.1 M EDTA, 0.1% (v/v) Tween-20. Around 100-150 pl barcoded acrylamide
beads were centrifuged in a 1.5-ml Eppendorf tube at 1500 rcf for 2 min to obtain packed beads. After
aspirating residual buffer from the pelleted beads, the tube was loaded onto the corresponding inlet in
the microfluidics setup. 3) Reverse transcription/lysis mix inlet: For both single-cell and CloneSeq
experiments, the RT/lysis mix consisted of 180 pL 5X First-Strand buffer (SuperScript™ IIT Reverse
Transcriptase Kit, Invitrogen Cat #18080044), 27 uL 10% (v/v) IGEPAL CA-630 (Sigma-Aldrich, Cat
#18896), 20 pL 25 mM dNTPs (NEB, Cat #N0446S), 30 pL 0.1 M DTT (SuperScript™ III Reverse
Transcriptase Kit, Invitrogen Cat #18080044), 45 pL 1 M Tris-HCI (pH 8.0) (Sigma-Aldrich, Cat
#T72319), 30 pL murine RNase inhibitor (NEB, Cat #M0314), 45 pL SuperScript™ |11 RT enzyme (200
U/uL, Invitrogen Cat #18080044), and 73 pL nuclease-free water (Sigma-Aldrich, Cat #W4502). 4)
Carrier oil inlet: The carrier oil was 3 ml of HFE-7500 with 2% (w/w) fluorosurfactant. During
microfluidics runs, cell suspension/encapsulated cells and collection tubes were kept on ice. The device
generates monodispersed droplets with volumes in the range of 2 nl for ScRNA-seq and around 4-5 nl

for CloneSeqg. The flow rates used for sequencing are shown in Supplementary Table 1.

Single-cell/clone microfluidic droplet barcoding using Drop-seq

Single cells and single clone transcriptomes were barcoded using Drop-seq as previously
reported®®. We used the same devices used for InDrops (Device 111 for scRNA-seq; device IV for
CloneSeq) while plugging port No. 7 (Supplementary Figure 3C-D). The devices have three inlets:
1) Cell/clone inlet: Cells were loaded at 12,000 cells/ml, and clones were loaded at 5,000 clones/ml in
PBS containing 10% v/v OptiPrep and were maintained in suspension using a magnetic micro-stirrer
bar placed within the tube. 2) Barcoding/lysis mix inlet: An aliquot of barcode beads (Chemgenes
Corp.) containing 300,000 barcodes at a concentration of ~400 beads/uL was removed from the stock
tube and washed twice with 1 ml lysis solution made of 67.5 pL 10% (v/v) IGEPAL CA-630, 112.5 puL
1 M Tris-HCI (pH 8.0), and 820 pL nuclease-free water. The beads were then resuspended in 1.5 ml
100 pL 10% (v/v) IGEPAL CA-630, 112 puL 0.1 M DTT, 170 uL 1 M Tris-HCI (pH 8.0), 118 pL
murine RNase inhibitor, and 1 ml nuclease-free water leading to a concentration of 200,000 barcode
beads/ml. Following resuspension, the sample was loaded onto the corresponding inlet in the
microfluidics setup. 3) Carrier oil inlet: The carrier oil was 10 ml of HFE-7500 with 2% (w/w)
fluorosurfactant. During microfluidics runs, cell suspension/encapsulated cells, lysis mix, and

collection tubes were kept on ice. The device generates monodispersed droplets with volumes in the
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range of 0.5 nl for scRNA-seq and 1 nl for CloneSeq. Flow rates used for Drop-seq are shown in

Supplementary Table 1.

Library preparation

The Drop-seq libraries were prepared following a previously published protocol®. All the
primers used in the library preparation are listed in Supplementary Table 2. The inDrops libraries
were prepared using the following procedure: After completion of the microfluidics stage, the collection
tubes were exposed to 6.5 J/cm? of a 365-nm UV lamp for 10 min to release photocleavable barcoding
primers from the barcoding beads. Next, the collection tubes containing the UV-exposed emulsion were
transferred to a reverse transcription reaction at 50 °C for 2 h followed by 15 min at 70 °C to stop the
reaction. Each sample was then demulsified by adding 50 ul PFO to release the barcoded cDNA from
the droplets. After clear separation of the two phases was observed, the upper aqueous phase containing
the barcoded cDNA was transferred to a new well. To remove unused primers and primer dimers, a 1:1
digestion mix was added, containing 20 U/uL Exonuclease | (NEB, Cat #M0293), 20 U/uL Hinfl
enzyme (NEB, Cat #R0155), x1 Exonuclease | Reaction Buffer (NEB, Cat #B0293), x1 CutSmart
buffer (NEB, Cat #B7204), and 30 pl of nuclease-free water. Samples were incubated for 1 h at 37 °C
and 10 min at 80 °C. The reaction product (in the form of a cDNA:RNA hybrid) was purified with a
1.5X reaction volume of AMPure XP beads (Beckman Coulter, Cat #A63882) and eluted in 13.5 ul TE
buffer. For second strand synthesis, 13.5 ul digestion reaction product was combined with 1.5 ul
second-strand synthesis (SSS) buffer and 1 pl of SSS enzyme mix from the NEBNext mRNA Second
Strand Synthesis Module (NEB, Cat #E6111) and incubated at 16 °C for 2.5 h, followed by 20 min at
65 °C. For linear amplification by in vitro transcription, SSS reaction products (16 ul) were combined
with 24 pl T7 High Yield RNA Synthesis Kit (NEB, Cat #£2040) reagent mix containing 4 pl T7
Buffer, 4 ul ATP, 4 ul CTP, 4 ul GTP, 4 ul UTP, and 4 pl T7 enzyme mix. The reaction was incubated
at 37 °C for 13 h, and the resulting RNA was purified with 1.3x reaction volume of AMPure XP beads
and eluted with 20 ul TE buffer. An aliquot of 9 ul was frozen for backup at -80 °C, a 2-ul sample was
taken for direct analysis, and the remaining 9 pl was used in subsequent library preparation steps. Next,
RNA was fragmented using an RNA fragmentation kit (Invitrogen, Cat #AM8740). The 9-ul aliquot of
RNA were combined with 1 ul of RNA fragmentation reagent and incubated at 70 °C for 2 min,
transferred to ice, and 40 ul fragmentation stop mix containing 5 ul fragmentation stop solution and 35
ul TE buffer was added. Fragmented RNA was purified with a 1.3X reaction volume of AMPure XP
beads and eluted in 10 pl TE buffer. The resulting amplified and fragmented RNA was reverse
transcribed using a random hexamer primer as follows: first, 10 ul RNA was mixed with 2 ul of 100
uM PE2-N6-v2 random hexamer primer (5’-AGACGTGTGCTCTTCCGATCTNNNNNN-3")and 1 pl

of 10 mM dNTPs, incubated for 3 min at 65 °C and transferred to ice. Then the following components
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were added to the reaction: 4 pl of 5X First-Strand buffer, 1 ul of 0.1 M DTT, 1 pl murine RNase
inhibitor, and 1 ul of SuperScript™ III RT enzyme (200 U/uL). Samples were incubated at 25 °C for 5
min, 50 °C for 60 min, and 70 °C for 15 min. For the clonal barcoding library, UGI-shifted primers (5°-
AGACGTGTGCTCTTCCGATCTGTCGACGGATCC-3") were used instead of random primers for
half of the sample to amplify the genetic barcode region with incubation at 48 °C for 5 min, 55 °C for
60 min, and 70 °C for 15 min. Following reverse transcription, the reaction volume was raised to 50 ul
by adding 30 pl nuclease-free water, and the resulting cDNA was purified with 1.2X reaction volume
of AMPure XP beads and eluted in 11.5 pl TE buffer. The resulting libraries were PCR amplified using

standard PE1/PE2 full-length primer mix (2p fixed: 5-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’
2p fixed + barcode: 5’-

CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT-3’). The primers contain Illumina library indices for multiplexing. Each PCR reaction
consisted of 14 amplification cycles and contained 11.5 pl post-reverse transcription cDNA library,
12.5 ul 2x KAPA HiFi HotStart ReadyMix (Roche), and 1 pl of 25 uM PE1/PE2 index primer mix.
Amplified libraries were purified using a 0.7X reaction volume of AMPure XP beads and eluted in 30
ul nuclease-free water. Aliquots of 15 pl of each resulting library were run in 2% agarose gels, and the
desired 200-800 bp DNA library fragments were isolated using PureLink™ Quick Gel Extraction Kit
(Invitrogen, cat #K210012). For the clonal barcoding library, we aimed for amplification of a band
around 600 bp. Library quality was confirmed by Agilent 2200 TapeStation nucleic acid system
(Agilent) using the Agilent High Sensitivity D1000 DS DNA kit. The resulting libraries had an average
size of 350-550 bp (Supplementary Figure 7). Size-selected libraries were diluted to 4 nM and
combined into a pool for paired-end, single index sequencing on the lllumina NextSeq 550 instrument,
using an Illlumina 550 High Output v2 (75 cycles) kit. Cycle distribution was 45 cycles for Read 1, 35
cycles for Read 2, and 8 cycles for library index read.

Supplementary Table 2. Primers used in library preparation

Primer name Sequence (5'to 3")

2p Fixed (+barcode) | CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTI1

T

2p Fixed AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

T7RTPolyT CGATGACGTAATACGACTCACTATAGGGATACCACCATGGCTCTTTCCCTACACGACG
CTCTTCCGATCTNNNNNNNNNNTTTTTTTTTTTTTTTTTTTVN

PvG748-SBS12-RT | AGACGTGTGCTCTTCCGATCTNNNNNN
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Species-mixing experiments

To determine off-species contamination in our single-cell and clonal preparations, we
performed inDrops as described above with a PC9/R1 ESCs cell suspension mixture. The suspension
mixtures were 100,000 cells/ml in total (1:1 human:mouse ratio) for the single-cell experiment and
20,000 clones/ml in total (1:1 ratio) for single clone experiment. PC9 cells were identified as those
barcodes with greater than 15,000 human transcripts, and R1 mESCs were identified as those with

greater than 15,000 mouse transcripts.

Sequencing and data filtering

Paired-end sequencing was performed on Illumina NextSeq 500. Read 1 was used to obtain the
sample barcode and UMI sequences, and read 2 was mapped to a reference transcriptome. The reads
were first filtered based on the presence of two sample barcode components separated by the W1
adaptor sequence in Read 1. Barcodes for each read were matched against a list of the 3842 pre-
determined barcodes, and errors of up to two nucleotides mismatch were corrected. Reads with a
barcode separated by more than two nucleotides from the reference list were discarded. The reads were

then split into barcode-specific files for mapping and UMI filtering.

Clonal barcoding analysis

For clonal barcoding experiments, two libraries were generated from the same sample: One
was a general library made using a random primer that showed the transcription profile background,
whereas the second was made using the UGI-shifted primer that only presented a narrow region around
the clone barcodes. The list was matched against the pre-determined barcode reference list, and errors
of up to two nucleotides were corrected. Reads with a barcode separated by more than two nucleotides
from the reference list were discarded. Some cells carried more than one clone barcode as a result of an
MOI greater than 1 at the infection step. Clonal cell origin was determined by matching cell UMIs from
the random library and the UGI library. To compare similarities between clonal cells to cells picked at
random from the whole population, we first created a tSNE plot of the random primer library as
background, then marked the clonal origins of cells on the plot. The Euclidian distance between cells
was calculated and compared between clonal cells and random cells first by coordinates on tSNE plot
then by the entire gene expression matrix. The significance of the difference between the distance within

clones and random cells was tested by a Wilcoxon rank sum test.
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Single clone alignment and UMI-based filtering

Reads split into clone barcode-specific files were aligned using Bowtie2 to the mouse or human
reference transcriptome. Alignments from Bowtie were filtered as follows: (1) For each read, we
retained at most one alignment per gene, across all isoforms, by choosing the alignment closest to the
end of the transcript. (2) If a read aligned to multiple genes, we excluded any alignments more than 400
bp away from the end of the transcript. This step results in an approximately 5% increase in the number
of final UMI reads obtained, as compared to simply discarding any ambiguous read. (3) If a read still

aligned to more than two genes after UMI filtering, we excluded the read altogether.

Gene set signature activation analysis

We used MSigDB GSEA mapped to NCI-60 cell lines using GO biological processes and
REACTOME gene sets with FDR g-value less than 0.01 as described previoulsy®197,

Deep sequencing

Deep sequencing was carried out on an Illlumina NextSeq using commercially available kits

from lllumina (Danyel Biotech, Cat #FC-404- 2005) following the manufacturer’s protocols.

Data analysis

The Illumina output was analyzed using an in-house Perl script that produced a reads matrix
that was aligned using RSEM 1 with Bowtie %°. The resulting matrix was analyzed in R. For bulk data
analysis the transcript per million (TPM) values were used to compare libraries. Differential gene
expression was visualized using xy plots. Statistical analysis was performed for replicates using a two-

sided t-test, and p values of <0.05 were deemed significant.

scRNA-seq data was analyzed using the Seurat v2.4 pipeline %. For single cells, cells with more
than 5,000 unique molecular identifiers were retained for further analysis. Clones with more than
15,000 unique molecular identifiers were retained for further analysis. A global-scaling normalization
was performed on the filtered dataset using “LogNormalize” with a scale factor of 10,000. Identification
of highly variable genes was performed with the following parameters: x.low.cutoff = 0.2, x.high.cutoff
= 5, y.cutoff = 0.5, and y.high.cutoff = 10. Cell-to-cell variation in gene expression driven by batch,
cell alignment rate, and the number of detected molecules were regressed out and a linear
transformation was applied. A principal component analysis was performed on the scaled data with 15
principal components. Identification of clusters of cells was done by a SNN modularity optimization

based clustering algorithm. We first calculated k-nearest neighbors and then constructed the SNN graph.
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The modularity function was optimized to identify clusters. Clustering was done with resolution of 0.6,

and tSNE or UMAP was used for visualization.
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Supplementary Figure 1. Distribution of clone sizes. The size distributions of clones based on surface area in

microfluid photos showing a strong bias towards smaller sizes. For PC9, clones were grown for 7 and 8 days. For
ESCs, clones were grown for 3 and 4 days.
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Supplementary Figure 2
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Supplementary Figure 2. Inhibition of reverse transcriptase by the presence of PEGDT/MALDEX
hydrogel. The efficiency of reverse transcription reaction of total RNA extracted from bulk PC9 cells in the
presence and absence of empty PEGDT/MALDEX hydrogel, as determined by the concentration of RNA
synthesized in the in-vitro amplification step.
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Supplementary figure 3
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Supplementary Figure 3. Microfluidic devices used for (A) acrylamide-based barcode fabrication, (B) cell
encapsulation within PEGDT/MALDEX hydrogel; (C) scRNA-seq, and (D) single-clone RNA seq. (E) Barcode
beads produced by device I. (F) Image of a single-cell encapsulation within PEGDT/MALDEX hydrogel using
device Il. (G) Image of single cells captured with drops using device I1l. (H) Image of clone captured within a
drop using device 1V. Scale bars: e-h: 50 um.

35


https://doi.org/10.1101/2020.11.24.395541

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.24.395541; this version posted November 24, 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.

Supplementary figure 4
A 20,000 clones/ml B
121 | | ? | ° o clone : Mixing_\
s—e mixing 3%
1.0f h % | =—e single cell |
w o8}
k=
[
.‘i’ 0.6
E 0.4l Clone
=3 50%
0.2} //o—\ L] /o\\ /&.\o
0.0} e—eo—o0—0—0—o0—d \0—0—‘/ oo d *—o
_02 L L 1 L
5 10 15 20 25
Time point
C 40,000 clones/ml D
5F I i i i ) P
e—o clone Mnxmg_‘.‘
e—e mixing
i e—e single cell
Q)
>
L
e
o2t
Q
o
[Fp]
1k
0

Time point

Supplementary Figure 4. Counting of mixing events during CloneSeq encapsulation. Counting was based on
in-time microscope videos at the encapsulation junction of the device during CloneSeq. Each time point in axis-
X (A and C) was calculated by counting the number of events per five seconds for capturing a single cell, a single
clone or a mixed event. Two concentrations were tested. 20,000 clones/ml (A-B) and 40,000 clone/ml (C-D). Pie
charts summarize the counts in each concentration tested (B and D). Overall, mixing rate was as low as 3% with
20,000 clones/ml (B) and 10% with 40,000 clones/ml (D).
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Supplementary Figure 5. The plot shows UMAP for 3000 clones and 300 single cells, same as figure 4, after
UMI reduction by downsampling each clone and single cell to 5,000 UMls. (A) UMAP colored by cluster. (B)
UMAP colored based on clones vs single cells (CLN = CloneSeq, SC = scRNA-seq). (D) Violin plots of
distributions of the numbers of genes (left) and transcripts (scored by UMIs) divided into clusters.
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Supplementary figure 6
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Supplementary Figure 6. MEFs containing the OSKM cassette under the control of the TET-on promoter were
induced into pluripotent stem cells (iPSCs) in spheres (3D) and on gelatin (2D). Images show cells after 4 days
of Dox inducing reprogramming. Scale bars: S50um.
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Supplementary Figure 7. Representative Agilent by 2200 TapeStation electropherogram of a typical ESCs
CloneSeq library after size selection on 2% agarose gel.
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