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Single-cell sequencing methods uncover natural and induced variation between cells. Many functional genomic methods,
however, require multiple steps that cannot yet be scaled to high throughput, including assays on living cells. Here we develop
capsules with amphiphilic gel envelopes (CAGEs), which selectively retain cells and large analytes while being freely
accessible to media, enzymes and reagents. Capsules enable high-throughput multistep assays combining live-cell culture
with genome-wide readouts. We establish methods for barcoding CAGE DNA libraries, and apply them to measure persistence
of gene expression programs in cells by capturing the transcriptomes of tens of thousands of expanding clones in CAGEs. The
compatibility of CAGEs with diverse enzymatic reactions will facilitate the expansion of the current repertoire of single-cell,
high-throughput measurements and their extension to live-cell assays.

Single-cell genomics encompasses a set of methods whereby
hundreds to millions of cells are individually subjected to
highly-multiplexed assays including DNA sequencing, chro-
matin accessibility or modification, RNA sequencing, and
combinations thereof (7, 2). These methods enable unbiased,
systematic discovery of cellular phenotypes and their dynam-
ics, including immune cell responses, transitional states in
tissue development, and changes in disease or upon pertur-
bation. However, integrating these tools with each other or
with functional cell screens faces limitations because the
amount of material that can be obtained from each single cell
is small and often requires reaction conditions incompatible
with each other (7). Balancing sensitivity, scale, and genome-
wide breadth with live culture capabilities imposes trade-offs
between assay type, performance, and scalability.

Single-cell sequencing methods are currently imple-
mented via three technological modalities: in wells (e.g.,
SMART-seq3) (3, 4), in micro-compartments (droplets or
nano-wells) (5-7), or by in-cell barcoding (ICB) of cross-linked
cells (sciRNA-seq and SPLiT-seq) (8, 9). These methods each
offer different trade-offs between sensitivity and number of
cells that can be analyzed, and each suffer different limita-
tions regarding the complexity of assays they enable. Well-
based methods are typically the most sensitive, possibly be-
cause each cell is processed in multiple steps in a manner re-
sembling bulk methods. These methods also enable carrying
out functional or live-imaging assays on living cells prior to
genomic analysis. However, well-based methods scale poorly.
Micro-compartment-based methods achieve increased
throughput by physically isolating individual cells together
with individual DNA-barcoded beads, enabling cell-specific
barcoding of material from thousands of cells together within
one sample. However, these methods are limited to a single
reaction step once cells are compartmentalized. ICB methods
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scale to exponentially large numbers of cells, but require cell
cross-linking, which leads to material loss and reduced meas-
urement sensitivity (8, 9). Neither droplets nor ICB methods
allow parallelizing functional live-cell assays. Accordingly,
approaches have been developed to pre-process cells prior to
their analysis by these modalities, such as single cell ELISA
(10, 11) or DNA tagging of cell populations (12, 13).

A technology that may unify advantages of these modali-
ties is semi-permeable capsules (14, 15). Capsules are sub-
nanoliter spherical liquid compartments surrounded by a
resilient shell. The chemical composition of the shell can be
chosen to be selectively permeable to small molecules includ-
ing tissue culture media, small proteins such as DNA poly-
merases and ligases, and oligonucleotides, while selectively
retaining larger macromolecules like DNA or mRNA (Fig. 1A).
Like tissue-culture wells, they have the potential to allow cul-
turing cells in isolation prior to analysis, with free exchange
of media and nutrients. They also allow carrying out opti-
mized molecular biology reactions on compartmentalized
cells or analytes by enabling the repeated exchange of buffers
and reagents. Like droplets, capsules can be produced at
scale. Their resilient shell allows sorting to enrich cells or col-
onies with desired features (15). These properties expand the
range of genomic assays that are feasible for single cells and
live-cell cultures and present a versatile technological plat-
form that may allow for the parallelization of assays that, un-
til now, have been difficult and costly to carry out at high
throughput (Fig. 1B). Here, we report the development of cap-
sules with appropriate permeability and stability for genomic
assays. We implement a split-pool barcoding-based approach
to generate single-capsule genomic and transcriptomic li-
braries, and we apply these developments to perform a mas-
sively-parallel live-cell assay characterizing the diversity and
persistence of transcriptome-wide expression fluctuations in

(Page numbers not final at time of first release) 1

GZ0Z ‘Sz Jequiese Uo SO ‘'Seousios rannolby 1o Awepedy assuiy) e 610°90us 10s"MMM//Sa1y Lo papeo|umoq


https://science.org/
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.ady7209&domain=pdf&date_stamp=2025-12-18

clones. The utility of capsules for multistep genomics is also
shown in an accompanying study (16) exploring different ap-
plications.

Developing capsules with amphiphilic gel envelopes
(CAGEs)

Capsules are generated by forming concentric layers of core
and shell components (17), with one approach using liquid-
liquid phase-separation (LLPS) between two polymers inside
microfluidic droplets (14, 15). The outer polymer can then be
cross-linked to form a stable shell. For biological applica-
tions, several studies have reported production of capsules
consisting of a polyethylene glycol diacrylate (PEGDA) shell
(14, 15). However, PEGDA fails to form stable shells under
changes in buffer pH, salinity, and concentration, thereby
limiting the ability to control capsule permeability (I8, 19),
(fig. S1IA). Amphiphilic molecules should more reliably wet
the water-oil interface of a droplet than PEG, so we specu-
lated that such molecules would be more suitable for produc-
ing stable concentric shells through spontaneous LLPS. We
tested the addition of Pluronic F127, a biocompatible am-
phiphilic block-copolymer, and found that it substantially im-
proved the production of PEGDA capsules (fig. S1, B and C).
This led us to use Pluronic F127 functionalized with diacry-
late (F127DA) directly as a shell building block, without any
PEGDA. The production of Pluronic diacrylate capsules oc-
curs through LLPS between F127DA and a core polymer, dex-
tran, inside microfluidic droplets. Once formed, the F127DA
is covalently cross-linked into a physical gel using a photoin-
itiator and brief exposure to 405nm light (Fig. 1C). The result-
ing capsules are optically clear (Fig. 1D), tunable by varying
polymer concentrations (fig. S1ID), can be reliably formed at
scale (90 + 9% recovery, table S1), are monodisperse (CV<3%,
fig. S1E), stable over time (fig. S1F), and can be used to cap-
ture cells inside during production (79 + 6% capture rate, ta-
ble S1 and movie S1). Additionally, the strategy is
generalizable: capsule production is possible with other am-
phiphilic copolymers of different lengths, including other
Pluronics (P123DA, F68DA, and F108DA) and PPPDA (acry-
late-polycaprolactone-PEG-polycaprolactone-acrylate) (Fig.
1E), enabling the formation of capsules with varying shell
properties. We refer to these capsules as CAGEs: Capsules
with Amphiphilic Gel Envelopes.

We next optimized the selective permeability of CAGEs.
We focused on using F127DA because Pluronic F127 forms a
hydrogel consisting of a packed micellar array, which would
set a shell pore size comparable to the micelle diameter (ra-
dius 10-20 nm), (20, 2I). Indeed, scanning electron cryo-mi-
croscopy (cryo-SEM) imaging shows that the F127DA shell
has a foam-like structure, with surface pores 10-50 nm in di-
ameter (Fig. 1F). Genomic assays utilize small enzymes (gyra-
tion radii 3-5nm) and oligonucleotide primers of up to ~100
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nt in length (gyration radii <10 nm) (22) that should diffuse
through these pores, while the double-stranded DNA
(dsDNA) generated during library preparation should not
(persistence length >50 nm for products >150 base pairs
(23)). We generated CAGEs with a shell composed of F127DA
and other copolymers, and measured mean lifetime () as-
sociated with the diffusion of fluorescently-labeled proteins,
DNA and RNA through the CAGE shell (Fig. 1G and fig. S1, G
to I). We identified a polymer composition for CAGE for-
mation for which dsDNA of length =300 bp showed no diffu-
sion through the CAGE shell (diffusion lifetime T >14 days)
in any buffer tested, while immunoglobulins and 100 nt sin-
gle-stranded DNA (ssDNA) were able to diffuse into the
CAGEs (Tpisr ~5 min) (Fig. 1, H and I, and table S2). The diffu-
sion time remained stable over at least 10 days, and following
centrifugation and incubation at different temperatures (fig.
S1, J and K). The diffusion rate across the shell slowed with
decreasing salt concentration (Fig. 1I) and with increasing
temperature (fig. SI1L). This makes F127DA CAGEs particu-
larly suitable for high temperature reactions, such as poly-
merase chain reaction (PCR) (fig. S1G), where retention of
molecules at high temperature is desirable. The dependence
of diffusion on salt concentration also suggests a strategy for
modifying buffers for washing, storing or loading CAGEs.
Further, F127DA offers a stable base for capsule formation,
allowing diffusion rates to be tuned by altering polymer com-
position (fig. SIM).

CAGEs can be handled with common lab equipment, can
be analyzed by flow cytometry, and can be sorted through a
commercial fluorescence-activated cell sorting (FACS) instru-
ment to selectively fractionate them based on fluorescence
(Fig. 1J). Taken together, these results demonstrated that
CAGE:s offer a physically robust platform with a tunable per-
meability threshold. They enable exchange of oligonucleo-
tides and proteins, while retaining large macromolecules,
making them suitable for multistep molecular biology reac-
tions and thus high-throughput genomics.

Barcoding DNA in CAGEs

We reasoned that CAGEs could enable massively parallel
analyses by first compartmentalizing live cells or macromol-
ecules, and subsequently performing sequential enzymatic
reactions. This approach would require labeling the analytes
in each compartment through DNA barcoding that later iden-
tifies their capsule-of-origin by sequencing.

Using CAGEs, we developed a flexible split-and-pool bar-
coding (8, 9) approach that allows indexing of double-
stranded DNA molecules—the final form of all major analyt-
ical libraries analyzed by sequencing (Fig. 2A). The approach
first amplifies the DNA derived from different assay reac-
tions, such as reverse-transcription (RT) or tagmentation, to
overcome inefficiencies in subsequent barcoding. This
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amplification is carried out by PCR with a primer that con-
tains a deoxyuridine (dU) residue, which can be efficiently
cleaved to generate a 3' overhang and a 5' phosphate for
subsequent barcoding (Fig. 2B and fig. S2A). This process can
be iteratively repeated after each barcode addition to remove
linker DNA sequences and to generate a 5’ -P ligation site for
the next round. In this work, CAGEs are subject to two rounds
of split-pool ligation and one round of PCR DNA barcoding
(schematic in Fig. 2A) after which the prepared libraries are
readily released by dissolving the CAGEs (fig. S2, B and C).
Additional barcodes can be added during initial library con-
struction (through PCR, RT, or tagmentation) as well as in-
dexing after release from CAGEs, scaling the number of
barcodes. The number of capsules that can be profiled scales
exponentially with the number of reaction steps (fig. S2, D
and E). We refer to this method for indexing DNA libraries in
capsules as inC-seq.

We tested five-step inC-seq barcoding on CAGEs. We en-
capsulated plasmid DNA and then barcoded the CAGEs with
14x48x48x48x16=24.7 x10° potential barcodes. Applying this
protocol to 350 uL of packed CAGEs, we obtained 355,418
capsule barcodes (1 uL corresponding to ~1000 capsules)
with each of the possible barcode elements uniformly repre-
sented across all five rounds of barcode addition, yielding an
effective theoretical barcoding space (perplexity) of 21.8 mil-
lion barcodes (Fig. 2C). We next tested inC-seq on single-cell
derived material by encapsulating cells carrying transgenes
encoding red or green fluorescent proteins (RFP or GFP) into
CAGEs and then amplifying these loci from genomic DNA
(gDNA) (Fig. 2D and fig. S2F). The DNA libraries produced
from cells demonstrated that the cells and genomic material
within each CAGE were effectively compartmentalized
through the entire multistep barcoding protocol, with 99 +
5% (median+SD) of reads from each CAGE mapping specifi-
cally to single GFP or RFP sequences, and with a doublet rate
consistent with expectations for Poisson loading (Fig. 2D).

Single-cell genomic assays in CAGESs

DNA barcoding in capsules enables diverse analytical ap-
proaches to study DNA and RNA. We implemented single-
capsule transcriptomics (inC-RNA-seq) and, separately, a sin-
gle capsule assay for transposase-accessible chromatin (24)
(inC-ATAC-seq) (Fig. 3, A and B, and fig. S2E). We used a mix-
ture of human and mouse cells to confirm the effective isola-
tion of cellular material in each CAGE, with a cell doublet
rate again limited by Poisson loading (Fig. 3, C and D, and fig.
S3A). For inC-ATAC-seq, we observed a strong enrichment of
fragments at transcription start sites (17-fold enrichment)
with low mitochondrial reads (<3%) and high fraction of
reads in peaks (fig. S3, C to E). inC-ATAC-seq is not yet opti-
mized and sensitivity was low (median 2.3k fragments/cell,
fig. S3, F and G) but nonetheless identified differentially-
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accessible regions in a mixture of three cell lines (fig. S3H).

We then focused on optimizing methods for high sensitiv-
ity single-cell inC-RNA-seq, using an optimized well-based
approach (SMART-seq3) as a starting point (3). The flexibility
of CAGEs allowed us to optimize sequential steps of lysis, RT
and pre-amplification in cell lines (HEK293T and NIH3T3),
resulting in a protocol that captures as many transcripts and
genes as a commercial droplet-microfluidic system (10x Ge-
nomics, GEMCode v3.1) (Fig. 3E, and fig. S4, A and B). We
observed high reproducibility between independently pre-
pared and barcoded CAGEs (fig. S4C, log-correlation R>0.99)
and between CAGEs and GEMCode (fig. S4D, log-correlation
R=0.95). The porosity of capsules raises a question of whether
smaller mRNA transcripts might be under-represented, but
notably we find no apparent bias in the length of detected
mRNA transcripts in CAGEs, in line with our diffusion assess-
ment data (fig. S4E). Further, we observed comparable tran-
script counts and low length-bias when performing inC-RNA-
seq with different sample preparations: (i) cells fixed with
formaldehyde for which cross-linking was reverted in CAGEs
prior to RT (Fig. 3F and fig. S4F), (ii) material cryopreserved
after cell lysis in CAGEs (Fig. 3G and fig. S4G), and (iii) cells
encapsulated while still in tissue culture media (Fig. 3H and
fig. S4H). Notably, culture media can inhibit RT, yet perfor-
mance remained comparable to buffer-washed samples.
These results indicate the versatility of CAGEs for complex
assay design, and suggest their utility for profiling difficult-
to-process samples, such as microbes (14, 15), cells from ma-
rine organisms (25) or clinical formaldehyde-fixed samples.

To complete benchmarking inC-scRNA-seq, we profiled
human peripheral blood mononuclear cells (PBMCs), which
have been frequently analyzed by other methods. Starting
with CAGEs containing an estimated 60,000 PBMCs, we ob-
tained transcriptomes for 43,665 PBMCs spanning the full
landscape of PBMC states as seen by a uniform manifold ap-
proximation and projection (UMAP) plot (Fig. 3, I to K), in-
cluding rare circulating CD34+ progenitors, plasmoblasts,
and a clear partitioning of subsets of T cells and natural Killer
(NK) cells. Our method captured comparable numbers of
transcripts and genes as the GEMCode v3.1 and SMART-seq3
(3) methods (Fig. 3, L and M, and fig. S4, I and J), and con-
siderably more transcripts than reported with split-and-pool
ICB methods (9, 26). Overall, inC-seq approaches provide a
versatile platform for high-throughput genome-wide meas-
urements, with the performance matching established tran-
scriptomic profiling methods, and with the added flexibility
of conducting multistep reactions.

Massively parallel live-cell assays in CAGEs

Capsules have the potential to enable highly parallel func-
tional assays in which cells are allowed to grow and/or inter-
act prior to molecular profiling. To enable cell culturing in
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CAGEs, we introduced dithiothreitol and bovine serum albu-
min to buffer against reactive oxygen species (ROS) formed
during shell photopolymerization (27), which otherwise led
to large-scale death of encapsulated cells (fig. S5, A and B).
We also removed excess fluorinated oil, which acts as an ox-
ygen reservoir. With these changes, cells captured in CAGEs
are viable and clonally expand as demonstrated with several
cell lines (L1210, K562, Jurkat, HEK293T, 1.929) (Fig. 4, A and
B), with division times matching those of cells grown in
plates (Fig. 4C). Culturing in CAGEs did not induce major
transcriptomic changes (log-correlation R? >0.95; <10 genes
with >2-fold change at 5% false discovery rate fig. S5C) or
stress (fig. S5D). CAGEs also support viable growth of pri-
mary mouse bone marrow-derived hematopoietic stem cells
and human induced pluripotent stem cells, with the latter
forming cyst-like structures (Fig. 4A) and maintaining ex-
pression of pluripotency markers (fig. S5, C and E). CAGEs
can be produced at >2 million/hour and thus enable high-
throughput expansion of isolated colonies at scale (Fig. 4B
and fig. S5F), all of which can then be analyzed with inC-
RNA-seq.

We utilized this ability to grow cells in CAGEs in order to
measure persistent clonal heterogeneity in gene expression.
In several cancer types, cells occupy persistent epigenetic
states, which are thought to underlie non-genetic heteroge-
neity in drug resistance (28, 29). Drugs targeting the inher-
itance of epigenetic modifications (DNA methyltransferase
(DNMT) inhibitors (30); and histone deacetylase (HDAC) in-
hibitors (31)) have been proposed as tools to activate tumor
suppressor genes that are silenced, and they are used in com-
bination with more traditional chemotherapies (32-34).
Whether these drugs broadly reduce epigenetic persistence in
gene expression, however, has not been explicitly tested. To
measure the duration of epigenetic persistence, other studies
have used RNA-seq to identify clonally-variable gene expres-
sion patterns - an approach so far carried out by culturing
isolated cells in wells, with analysis restricted to a few dozen
clones (35, 36). Using CAGEs, one can parallelize this live-cell
assay to carry out tens of thousands of clonal growth experi-
ments. We did so with cell clones derived from a mixture of
human erythroleukemia (K562) and mouse lymphoblastoma
(L1210) cells, and evaluated changes in clonal heterogeneity
in the presence or absence of the DNMT inhibitors decitabine
(Dec) and 5-aza-cytidine (Aza), and the HDAC inhibitor vori-
nostat (Vor) (Figs. 4, D to H, and 5).

As shown schematically in Fig. 4D, cells were pre-incu-
bated with Dec, Aza, Vor or vehicle alone at sub-lethal doses
for two days (approximately 25% reduction in growth rate,
see fig. S6A for dose-survival curves). They were then encap-
sulated and grown in CAGEs over a period of 6 days with con-
tinued drug treatment. At progressive time points, the clones
were sampled, lysed in CAGEs and then frozen prior to inC-
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RNA-seq. In total, we analyzed transcriptomes from 134,805
CAGEs representing single cells sampled at day 0 (n=37,902)
and expanded clones grown 2, 4, or 6 days (n=96,903) in dif-
ferent treatment conditions. An equivalent analysis of this
number of isolated colonies in wells would require 1,010 96-
well plates. In both K562 and L1210 clones, we identified
genes with above Poisson coefficients of variation in gene ex-
pression (CV, or standard deviation/mean; shown for un-
treated cells at days 4 and 6 in fig. S6, B and C). The most
variable genes between clones defined modules of gene ex-
pression that persisted over time, as seen from clustering
gene-gene correlations and comparing the results to those
from mock clones generated by randomly combining single
cell transcriptomes (Fig. 4E and fig. S6D). Persistent clonal
heterogeneity can also be appreciated by UMAP embedding
of the clones (fig. S6E).

To identify persistent gene expression programs varying
between clones, we decomposed their expression by nonnega-
tive matrix factorization (NMF). Approximately 12-15 pro-
grams explained variation in gene expression above random
for both cell lines [eigenvalue crossover method (5), fig. S6F].
Several of these were readily identifiable from their gene
loadings, including cell cycle-associated programs (K562 pro-
grams 12,13 and L1210 program 14), erythroid differentiation
(K562 program 3), putative epithelial (KRT8/18-enriched)
and mesenchymal (VIM-enriched) programs (K562 programs
4, 14) as well as myeloid programs expressing the transcrip-
tion factors Irf8 and Muyc, interleukin receptor II7r (11210
program 0); and myeloid transcription factor Kif6, M-CSF
(CsfI) and osteopontin (SppI) (L1210 program 7) (Fig. 4F, fig.
S6G, and table S4). These programs remained variable after
clonal expansion beyond that expected from mock clones
(Fig. 4G and fig. S6H). Several programs also showed mutu-
ally exclusive patterns of expression: for example, K562 day 6
colonies were either enriched in program 14 (VIM-hi) or pro-
gram 3 (erythroid, HBE1/HBA2/ALAS2-hi) but not both
(p<10~*, Fisher’s exact test, adjusted to correct for false dis-
covery). By contrast, mock colonies showed mixing of the two
programs (Fig. 4H and fig. S6, I and J).

Next, we explored how Aza, Dec or Vor treatments alter
gene expression dynamics. Drug treatment that alters epige-
netic inheritance could bias the fraction of cells that express
a program, or alter the rate at which a program switches
states, or both (Fig. 5A). To quantify these two effects, we in-
troduced a statistical inference framework that fits the ob-
served distribution of NMF program usages across clones
over time to a stochastic model of state switching, parame-
terized by the persistence times of cells in a ‘low’ state (1/701)
and ‘high’ state (1/75) for each program (Fig. 5, B and C, and
supplementary text 1). From these fits we obtained changes
in program persistence times (the relaxation time-scale to
steady-state, 1/(ro;+710)) (Fig. 5D and fig. S7, A to C), and
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steady-state bias (the fraction of time that a program is active,
To1/(Tor+710)) (Fig. 5E and fig. S7D). These analyses revealed
that all three drugs triggered changes in program persistence
and bias in K562 cells, with the dynamics of some programs
slowing down (higher persistence) and others accelerating.
In K562 cells, all three drugs triggered differentiation toward
the erythroid state (program 3 high state), with increased
persistence in the differentiated state (Fig. 5, C to E). The
changes in persistence times were correlated but distinct
from changes in mean expression of individual genes (Fig.
5F). In L1210 cells, the DNMT inhibitors (Aza, Dec) showed
distinct responses from the HDAC inhibitor (fig. S7D), but
again the drugs led to both increases and decreases in state
persistence times. Thus, contrary to what might be expected,
the DNMT and HDAC inhibitors did not reduce clonal heter-
ogeneity over several cell divisions. This observation is con-
sistent with prior work that showed only modest changes in
gene expression heritability after genetic ablation of DNA
methyltransferases (36). The specific nature of the effects of
these drugs, and their failure to globally reduce persistence,
may explain why they sensitize chemotherapy in some pa-
tients but not others (37). More generally, the approaches
taken here for live-cell genomic analysis following perturba-
tions and growth may be generalizable to other colony assays,
including on gastruloids and tissue-derived organoids.

Discussion

In summary, we have established a versatile platform for
high-throughput single-cell and single-colony genomic anal-
ysis through the development and use of capsules with am-
phiphilic gel envelopes—CAGEs. The small compartments are
biocompatible, quick to produce and have tunable chemistry.
Alternative compositions can be evaluated through biophysi-
cal assays to define new permeability, mechanical, adhesive,
or other functional properties. The approaches reported here
for barcoding DNA libraries in capsules (inC-seq) and to
study living cells can be adapted to a range of problems and
may be further combined with sorting, fixing and staining
steps, each of which is demonstrated here.

CAGE:s also have some limitations. First, when CAGEs are
used for single-cell assays, many are empty and increase the
volume of subsequent reactions. This problem is alleviated in
experiments where multiple cells are encapsulated, or by en-
riching for CAGEs containing cells. Second, while CAGEs are
compatible with most molecular biology reactions, they may
require slight changes in conditions to maximize efficiency
and yield. The inC-RNA-seq workflow described in this work,
for example, was optimized by changing reagent concentra-
tions and reaction times, while inC-ATAC-seq is demon-
strated but not yet optimized. Lastly, the F127DA CAGEs
described in this work are not suitable for live-cell recovery,
as they can only be solubilized using harsh reaction
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conditions. Alternative CAGEs may be amenable to enzymatic
solubilization.

Overall, CAGEs present a powerful tool for live-cell func-
tional and genomic assays. They will likely enable the profil-
ing of difficult-to-process samples, and may prove useful in
studying perturbation outcomes that depend on cell-cell in-
teractions, such as developmental or immune-cell interac-
tions, and for performing colony-forming assays or studies of
organoids at scale. Capsules may also allow the evaluation of
libraries of signaling molecules, or may be used as vehicles
for clonal evolution or selection followed by genomic profil-
ing. These in turn may provide functional information that
could support the development of predictive, data-driven
models of cellular dynamics and interactions.

Materials and methods

CAGE synthesis

The following sections lay out the basic protocol for synthe-
sizing CAGEs. Several modifications are made to the core and
shell mixes and to incubation and wash conditions in subse-
quent methods sections. The production of CAGEs requires a
droplet microfluidic system, and no additional equipment
other than a 405nm lamp and standard molecular biology lab
equipment.

Basic CAGE synthesis protocol

Capsules with amphiphilic gel envelopes (CAGEs) were pre-
pared using a co-flow droplet microfluidic PDMS device (Dar-
win Microfluidics, DG-MCN-C4) by flowing shell and core
solution at 170uL/h into fluorinated HFE7500 carrier phase
supplemented with 2.5% (w/v) 008-FluoroSurfactant (Ran bi-
otechnologies) infused at 580uL/h. The shell polymer solu-
tion consisted of 8% (w/v) F127DA (Creative PEGWorks, PPO-
121-5 g), 1% (w/v) PPPDA (Sigma Aldrich, 929611-500MG) in
1x DPBS (Thermo Fisher Scientific, 14190136), unless stated
otherwise. The core solution consisted of a 13% (w/v) dextran
(Mw = 500,000Da) (Sigma Aldrich), 0.1% (v/v) of F68
(Thermo Fisher, 04196546SB) and 0.2% (w/v) of LAP (lithium
phenyl-2,4,6-Trimethylbenzoyl phosphinate) (Sigma Aldrich,
900889-1G) in 1x DPBS, unless stated otherwise. Generated
droplets were collected on ice into a 1.5mL Eppendorf tube.

CAGE polymerization

After collection, the tube containing the droplet emulsion
was incubated on ice for 5 min, followed by incubation at
30°C for 3 min and removal of the bottom HFE7500 fraction,
unless stated otherwise. Next, the tube was hand shaken 5
times and incubated at 30°C for an additional 2 min. The tube
was carefully transferred to a bottomless tube holder and ex-
posed to 405 nm light from below for 35s, unless stated oth-
erwise.
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Oil removal

After polymerization, the CAGEs were purified by removing
the bottom HFE7500 phase, adding 100uL 20% (v/v) PFO
(Sigma Aldrich, 370533-25G) in HFE7500, hand shaking, and
spinning down for 5s. One additional wash with HFE7500
was performed after removal of PFO/HFE7500 followed by
three 5s spins to remove any remaining HFE7500 droplets.
The resulting hydrogel CAGE pellet was resuspended in a
wash buffer as described below.

Modification 1: PEG shells

PEG-shell capsules (fig. SIA) were synthesized as described
above, but replacing the shell mix with 8% (w/v) PEGDA in
1X DPBS (Mn = 700, Sigma Aldrich, 455008) and Kkeeping
other conditions as described above.

Modification 2: CAGEs made from other shell polymers

For Fig. 1E, CAGEs were synthesized as described above, but
using a shell mix consisting of 1X DPBS and 8% (w/v) of the
polymers [PPPDA (Sigma Aldrich, 929611-500MG); F127DA
(Creative PEGWorks, PPO-121-5 g); P123DA (Sigma Aldrich,
915858-1G); F68DA (Sigma Aldrich, 914428-1G), F108DA
(Sigma Aldrich, 914665-5G)]

Modification 3: cell encapsulation

Experiments encapsulating cells used the same shell mix as
in the Basic CAGE synthesis protocol, but with SmM DTT and
1% (w/v) BSA added to the core mix. This was used for exper-
iments described in Figs. 2D and 3, C, and E to G; and figs.
S3B and S4, A to H.

Modification 4: cell encapsulation in media

Experiments encapsulating cells used the same shell mix as
in the cell encapsulation protocol above, but the base buffer
in the core mix was changed from 1X DPBS to IMDM and
polymerization time extended to 45s. This was used for ex-
periments described in Figs. 3, H to M, 4, and 5; and figs. S3,
A, and Cto F; S4, I and J; S5; S6; and S7.

CAGE washing

CAGE washing allows replacing buffers or removing enzymes
and cofactors, and it is carried out at multiple points in the
experiments described in this paper.

Basic CAGE wash protocol

Abasic protocol involves resuspending up to 300uL of packed
CAGEs in 1000 uL of wash buffer in a DNA Lo-Bind 1.5mL
Eppendorf tube, then pipetting using a P1000 pipettor and
pelleting the CAGEs by centrifugation for 60s. The centrifu-
gation is carried out at 300 g when CAGEs contain live cells,
and at 800 g otherwise. The supernatant is then aspirated
leaving a small volume above the packed CAGEs so as not to
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disturb them. For larger volumes, CAGEs were washed in
15mL falcon tubes with 5mL of buffer and centrifugation time
extended to 3 min.

Wash buffers

Different CAGE wash buffers were used as described below
with corresponding composition: IFLB: IMDM with 1%
(w/v) BSA, 0.1% (w/v) Pluronic F127 and 0.1% (w/v) Pluronic
L31; IFL: IMDM with 0.1% (w/v) Pluronic F127 and 0.1%
(w/v) Pluronic L31; TI: 10 mM Tris pH 8.0, 0.1% Igepal CA-
630 (Millipore Sigma, 18896-50ML); TI10: 10 mM Tris pH
8.0, 10mM Nacl, 0.1% Igepal CA-630; TI100: 10 mM Tris pH
8.0, 100mM NaCl, 0.1% Igepal CA-630; TIS: 10 mM Tris pH
8.0, 0.1% Igepal CA-630, 0.05% SDS; TEIS: 10 mM Tris pH
8.0, 0.ImM EDTA, 0.1% Igepal CA-630, 0.1% SDS; HI10: Nu-
clease free water, 10mM NaCl, 0.1% Igepal CA-630; 3xSSCI:
Nuclease free water, 15%v/v 20x Sodium saline citrate buffer
(pH 5.9) (Thermo Scientific, J60839.K3), 0.1% Igepal CA-630.

Basic post PCR wash steps
After PCR, CAGEs were washed three times with TI100 (pH
8.0) buffer facilitating faster diffusion, then twice with deter-
gent-containing TIS (pH 8.0) buffer to denature enzymes, and
twice with a low-salt buffer TI10 (pH 8.0) before resuspend-
ing in a buffer of interest.

Post dU PCR wash steps

After DNA amplification with dU primers, CAGEs were
washed three times with TI100 (pH 8.0), twice with TIS (pH
8.0), three times with TTI100 (pH 8.0) and twice with TI10 (pH
8.0). This procedure is as for basic post-PCR wash steps but
including three additional washes.

Post reverse-transcription wash step

After RT, CAGEs were washed three times with TI100 (pH
8.0), twice with TIS (pH 8.0), three times with ice-cold TI100
(pH 8.0) with 2 min incubations on ice. Finally, CAGEs were
washed twice with TT10 (pH 8.0).

Dextran core digestion

Core dextran digestion was performed by resuspending up to
300uL of CAGEs in 1mL IFLB wash buffer (see Wash buffers)
and adding 0.5% (v/v) solution of dextranase from Chaeto-
mium erraticum (Sigma Aldrich, D0443-50ML). The reaction
was incubated at 37°C for 1 min with 700 rpm shaking. Im-
mediately after, CAGEs were spun down at 300 g for 1 min.
The supernatant was removed and CAGEs were resuspended
in 1 mL of IFLB buffer. CAGEs were washed once more with
1mL IFLB before proceeding to the next step.

CAGE yield and cell capture efficiency
This section describes tests carried out to evaluate the yield
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of CAGEs and the fraction of cells in an input sample that are
successfully encapsulated (supporting table S1). We define
the number of CAGEs recovered as N, and the mean oc-

. The CAGE fractional yield
was calculated as N, /Neor "™ /, cell recovery as
expected
ﬂ'cel/s/ﬂ'cells( e )’
N | Nowep ", where N

encap. encap.

cupancy of cells per CAGE as 1

cells

absolute cell

= Neage X4,

cells

and capture as

is the total

number of cells encapsulated. To evaluate these quantities,
CAGEs were synthesized using 60uL of core solution with
cells at a concentration of 1.2 M/mL (see CAGE Synthests, cell
encapsulation), followed by dextranase treatment and three
washes with ImL IFLB wash buffer as described above. This

corresponds  to an expectation of  generating
Ny ") =72.10* CAGEs, with an average occupancy
A7) = 0.10 cells/CAGE and a total

(expected )
encap.

number of CAGEs recovered ( N.,;, ) and the mean number

of cells per CAGE ( 4, ) were estimated manually using a he-
mocytometer (numbers in table S1) and the formulae above

were used to estimate the final yields.

=72-10° cells encapsulated. Then, the actual

Cryo-SEM imaging of CAGEs

CAGEs were stored in TI buffer (see wash buffers) prior to
imaging. A 10 uL sample was loaded onto each of three gold
planchets (Leica #16770132; Carrier, Dia. 3.0x0.8mm, Cu-Au,
dome) and rapidly frozen using slushy nitrogen (made using
Edwards Plate Degasser PD3; Model RV3, Serial No.
056188208, Code No. A652-01-903) and transferred to the
Leica EM VCM loading station (SN 614252, #16771611104).
The positioned frozen planchets were next transferred from
the Leica EM VCM loading station to the Leica ACE 600 sam-
ple preparation chamber (SN 601238, #16771525) with the
help of the Leica EM VCT 500 vacuum cryo-transfer system
maintained at -150°C using liquid nitrogen. In the chamber,
the samples were knife-fractured at -150°C, sublimated at -
105°C for 9 min and 10 s, then re-cooled to -150°C. The sam-
ples were sputter-coated with a 10nm layer of Platinum/Pal-
ladium (80:20) and transferred to the Zeiss Gemini 360 Field
Emission Scanning Electron Microscope (FESEM) (Gemi-
niSEM360 349599-9100-010, SN 8217010169), with the help
of the VCT 500 vacuum cryo-transfer system. Imaging was
performed at -150°C on a temperature-controlled FESEM
stage at 3 keV using the Everhart Thornley detector.

Analyte cross-shell diffusion assays

Rates of analyte diffusion through the CAGE shell were as-
sessed using time-lapse confocal microscopy on an A1IR Nikon
Confocal laser-scanning microscope using a 20X objective
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(fig. S1H). Fluorescent analytes, loaded into CAGEs as de-
scribed below, generate a bright signal in the CAGE core that
decreases over-time as molecules diffuse out into the non-flu-
orescent surrounding buffer. CAGEs were imaged in 96-well
glass bottom plates (MatTek, P96G-1.5-5-F) until the fluores-
cence signal from the core decreased below 1/e (36.8%) of in-
itial value or up to 14 days. Acquired time-lapse movies were
processed by segmenting CAGEs from each field of view using
a custom PyTorch convolutional neural network (38) and av-
erage core fluorescence intensities were extracted. Average
fluorescence time-series were fitted with double exponential
decay and time-scales were extracted as time required to
reach 1/e of the initial intensity. Values for analyzed buffers
and analytes are provided in table S2.

Small analyte diffusion

Cross-shell diffusion half-lives of 63-100 nt ssDNA, 100bp
DNA and IgG were measured as described above after first
incubating empty CAGEs in a buffer containing the analytes
(fig. S1H, left). For this step, CAGEs were synthesized without
analytes (Basic CAGE synthesis protocol, above) and then
washed 3 times with a fast-diffusion (high-salt) buffer TI100
(pH 8.0) for loading analytes. Subsequently, 5uL. of packed
CAGEs were transferred to 1.5mL tubes. 1uL of fluorescently
labeled analyte solution (10uM Cy5-63nt, 10uM FAM-100nt, 5
mg/mL FITC Anti-mouse CD45 IgG (BioLegend, 110705)) was
added onto 5uL of packed CAGEs and left on ice for 2 hours.
See table S4 (diffusion) for sequences of the oligonucleotides
Cy5-63nt, FAM-100nt. After incubation, CAGEs loaded with
analytes were washed with TI (pH 8.0) buffer twice followed
by a single wash with a buffer containing different salt con-
centrations (TI, TI10, TI100). After removal of supernatant,
the packed CAGEs were transferred to a 96 well glass bottom
plate and resuspended to a final volume of 40uL in a buffer
of interest for imaging.

dsDNA diffusion

dsDNA that is too large to quickly load into CAGEs by diffu-
sion was generated within CAGEs using a PCR reaction (fig.
S1H, middle). First, CAGEs were generated following the nor-
mal procedure (Base protocol, above), but with plasmid DNA
added into the dextran core mix at a final concentration of
10pg/mL prior to encapsulation. CAGEs were polymerized
and washed three times with fast-diffusion (high-salt) buffer
TI100 (pH 8.0), twice with TI10 (pH 8.0) and twice with TI
(pH 8.0). The analyte was then generated in CAGEs in a 25uL
PCR reaction consisting of 12.5uL. of packed CAGEs, 2.5uL of
10uM universal Cy3 labeled primer, 2.5uL of 10 uM Xbp_RV
primer (table S4, diffusion), 1uL of 10mM dNTPs (NEB,
NO0447L), 5uL of 5x Phusion HF reaction buffer (NEB,
E0553L), 1uL of 10% Igepcal CA-630 and 0.5uL of Phusion
polymerase (NEB, E0553L). Here, X= 300, 500 and 1000
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corresponds to primers generating different size amplicons
(see table S4, diffusion). For each of the four primer pairs, the
PCR reaction was carried out by first incubating the tubes on
ice for 5 min, followed by a PCR cycling program: 98°C for
30s; 15 cycles of 98°C for 10s, 65°C for 20s, 72°C for 30s; and
a final extension of 72°C for 5 min and hold at 25°C. After
PCR, CAGEs were washed as described in Basic Post PCR
wash and once with a buffer of interest. After removal of su-
pernatant, the packed CAGEs were transferred to a 96 well
glass bottom plate and resuspended to a final volume of 40uL
in a buffer of interest for imaging.

SSRNA diffusion

300/500/1000nt RNA molecules were generated in CAGEs by
carrying out an IVT reaction (fig. S1H, right). First, dsDNA of
appropriate size was amplified in CAGEs by PCR and then
washed as described above in dsDNA diffusion, but with only
8 PCR cycles, and using a primer containing the T7 RNA Pol-
ymerase promoter sequence (table S4, diffusion). IVT was
then carried out in 21uL reactions, consisting of 1X T7 reac-
tion buffer (NEB, M0251S), SmM of ATP, GTP, CTP (NEB,
N0466L), 6 mM of UTP (NEB, N0466L), 0.16mM of Cy3-UTP
(APExBIO, B8330), 4U of T7 polymerase (NEB, M0251S) and
1.06U RiboLock RNAse Inhibitor (Thermo Fisher, EO0381)
for 60 min. After IVT, CAGEs were washed twice with TIS
(pH 8.0), twice with TI100 (pH 8.0), twice with TI (pH 8.0)
and once with the buffer of interest. After removal of super-
natant, the packed CAGEs were transferred to a 96 well glass
bottom plate and resuspended to a final volume of 40uL in a
buffer of interest for imaging.

CAGE flow cytometry

FITC fluorescent CAGEs used for optimization of fluores-
cence-activated CAGE sorting (FACS) were synthesized as de-
scribed above (Base protocol, above), with Fluorescein
isothiocyanate-dextran (FITC-dextran) (Sigma Aldrich)
added to the core mix at 169 ug/mL. Non-fluorescent CAGEs
were synthesized as above. After CAGE polymerization and
HFE7500 removal, CAGEs were washed once with 300uL of
hexane. FITC+ and FITC- CAGEs were mixed so that the final
fraction of FITC+ was 0.05-0.1. CAGEs were transferred to a
15 mL conical tube and spun down at 800 g for 1 min. Super-
natant was removed and the CAGEs were then resuspended
in TI buffer (wash buffers, above) to a final concentration of
500 - 1,000 CAGEs/uL in the sample tube via pipetting.
CAGEs were sorted using a 200 um nozzle on the Beckman
Coulter MoFlo Astrios EQ high speed cell sorter. “Enrich” or
“Purify” sort modes were used in addition to a “1-2 Drop”
Drop Envelope. Drop Delay values were manually calibrated
using FlowCheck beads (Beckman Coulter, 6605359). The
Drop Delay value determined using the FlowCheck beads was
offset by +/— 0.5 units. To check Drop Delay calibration using
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CAGEs, 50 CAGEs were sorted onto a glass slide and quickly
assessed for purity and recovery using fluorescence micros-
copy. Once calibrated, CAGEs were sorted into 1.5 mL Eppen-
dorf tubes (Eppendorf). After sorting, the collection tubes
were rinsed with TI buffer to dilute the sheath fluid and dis-
lodge CAGEs from tube walls. Sorted sample purity and re-
covery were assessed by sampling the CAGEs and imaging
them on a Nikon Til000 wide-field fluorescent microscope.
Purity and recovery were estimated by imaging the sorted
CAGEs on a microscope (Nikon AIR confocal, 20X magnifica-
tion) and counting the number of fluorescent and non-fluo-
rescent CAGEs.

CAGE dU PCR

Base protocol

A 50uL volume PCR reaction utilizing a dU-containing pri-
mer (dU PCR) was carried out as follows: a reaction mix was
assembled consisting of 10uL of 5X Q5U reaction buffer
(NEB, M0515L), 2uL. of 10mM dNTPs (NEB, N0447L), 5uL of
10uM FW primer (protocol specific), 5uL of 10uM dU univer-
sal RV primer (table S4), 25uL of packed CAGEs, 1uL of Q5U
High-Fidelity DNA polymerase (NEB, M0515L), and 2uL of
10% Igepal CA-630 (Millipore Sigma, I18896-50ML). To set up
the reaction, CAGEs were transferred to PCR tubes on ice and
the remaining PCR reagents were added ensuring proper
mixing by pipetting. The reaction was carried out by first in-
cubating the tubes on ice for 5 min, followed by a PCR cycling
program: 98°C for 30s; 6 cycles of 98°C for 15s, 68°C for 20s,
72°C for 4 min; a final extension of 72°C for 2min and hold
at 25°C. After the DNA amplification, CAGEs were washed
three times as described above in CAGE washing - Post dU
PCR wash steps.

Modifications

For barcoding libraries of plasmids (Fig. 2C), the PCR reac-
tion was carried out in parallel in 14 wells after first distrib-
uting the capsules, and then using a different dU-containing
primer in each well. These primers contained an additional
barcode (see table S2). For other genomics assays (inC
scRNA-seq and scATAC-seq) the CAGE dU PCR steps used a
universal dU primer that contains no barcodes (here, bar-
codes were introduced prior to PCR during reverse-transcrip-
tion and transposition reactions). For Fig. 2B, CAGEs were
imaged during this process on a Nikon Ti2000 epifluorescent
microscope at 20X magnification.

USER-based dU excision

For dU excision, a reaction was performed in TI10 (pH 8.0)
buffer with 0.01U/uL of USER™ enzyme (NEB, M5505L) in a
shaking heat block at 37°C for 20 min. Following the reaction,
CAGEs were washed twice with TI100 (pH 8.0), once with TIS
(pH 8.0) and TT10 (pH 8.0). To fully remove the cleaved DNA
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sequence, CAGEs were washed in 1 mL of TI (pH 8.0) buffer
with a 5 min incubation at 60°C, twice, with a room temper-
ature TI (pH 8.0) wash in between.

CAGE split-and-pool barcoding
Barcoding is carried out through several steps, which add the
Ligation-1 barcode, Ligation-2 barcode, and PCR-3 barcode:

1) USER digestion and washes

dsDNA barcoding in CAGEs was carried after a dU PCR reac-
tion, USER excision and washing as described above. In the
final two washes using TI (pH 8.0), the buffer was supple-
mented with 200mM MgCl2. All protocols described in this
paper utilized a 5' CGTGATGCTGTACTTACATGTGACAUG-'3
PCR handle.

2) Preparation of barcoding plates

Work done in this paper used a 48-barcode format. Plates
containing Ligation-1 and Ligation-2 barcodes were prepared
in advance by mixing 50uL of 100uM forward and reverse ol-
igos (table S4, Ligation-1, Ligation-2) at 1:1 ratio. Barcodes
were annealed by heating the plates at 95°C in a PCR ma-
chine for 5 min and then letting the plate cool at room tem-
perature for 1 hour, followed by incubation on ice until a
reaction is carried out. A third plate for PCR-3 barcoding was
also prepared in advance, with wells each containing 10uM
barcoding primers (table S4, PCR-3). All barcoding plates
were stored frozen at -20°C.

3) Ligation-1 barcode addition

CAGEs barcode-1 ligation was performed in a 96-well plate.
Reaction volumes were scaled based on the volume of CAGEs
being barcoded as follows. For every 2ul. of CAGEs/well, a
reaction was carried out in a 10 uL volume with: 5 uL of 2x
StickTogether DNA Ligase Buffer (NEB, M0318L), 2 uL of
CAGEs in TI with 200mM MgCl2, 2 uL of 50uM annealed
barcode duplex and 1uL of T7 DNA ligase. (NEB, M0318L).
Before setting up the reaction, CAGEs were pelleted in TI (pH
8.0) with 200mM MgCl2 and the majority of the buffer was
aspirated. The amount of buffer to leave behind is deter-
mined by rounding the packed CAGEs volume to a conven-
ient working volume (for example, 170uL of packed CAGEs
would be aspirated to 200uL using another 1.5mL tube
loaded with buffer as a visual standard). Packed CAGEs were
left on ice for at least 5 min. A fresh Multiplate™ 96-well PCR
plate (BioRad, M0318L) was placed on ice and then 1/50th of
the total CAGEs volume was transferred to each well using a
pipette (in the case of 200uL, 4uL would be added to each
well). Next, a ligation master mix composed out of 2x Stick-
Together DNA Ligase Buffer (NEB, M0318L) and T7 DNA lig-
ase (NEB, M0318L) was prepared for 50 reactions in the same
tube that housed the aliquoted CAGEs and 1/50th of the
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volume was added directly to CAGEs in each well without pi-
petting. Finally, thawed and well mixed ligation-1 DNA bar-
codes were added to wells housing CAGEs and ligation
master mix using a 12-tip multichannel pipette (volume de-
fined above), followed by pipetting with the same tip to mix
the reagents within each well. The barcoding plate was spun
down, covered with a silicone mat (Millipore Sigma, Z374938-
10EA) and incubated on a heat block at 25°C for 30 min.

After incubation, the reaction was stopped, and CAGEs
were pooled by adding 100uL of TIS (pH 8.0) into each well
and then transferring the volume from all wells into a 15mL
falcon tube. Each well was washed twice, and the plate was
inspected under the inverted microscope to make sure no
CAGEs are left behind. CAGEs were transferred to a 1.5mL
tube and were washed four times with TI10 (pH 8.0).

4) Overhang generation by dU excision

Next, DNA overhangs for Ligation-2 barcode addition were
generated by performing a USER-based dU excision as de-
scribed above. After the reaction, CAGEs were washed twice
with TI10 (pH 8.0) and twice using TI (pH 8.0) with 200mM
MgCI2 without the 60°C heating step.

5) Ligation-2 barcode addition
CAGEs Ligation-2 barcode addition was performed in a 96-
well plate by repeating the steps described in Step 3 above.

6) PCR-3 barcode addition

CAGEs PCR-3 barcode addition was performed in a 96-well
plate. Reaction volume scales with the volume of CAGEs be-
ing barcoded. For 1-2.6uL of CAGEs, a standard 10 uL reac-
tion houses 5 uL of 2x NEBNext® High-Fidelity 2X PCR
Master Mix (NEB, M0543L), 0.4uL of 10% Igepal CA-630 (Mil-
lipore Sigma, 18896-50ML), 1-2.6 uL of CAGEs in TI (pH 8.0),
1uL of 10uM universal PCR primer, targeting the other end
of DNA molecule, 1 uL. of 10uM PCR barcode (table S4, PCR-
3) and water up to 10 uL. Before setting up the reaction,
CAGEs were pelleted, resuspended and distributed over the
wells of the barcoding plate as described in Step 3. Next, a
PCR master mix, composed out of 2x NEBNext® High-Fidelity
2X PCR Master Mix (NEB, M0543L), Igepal CA-630 (Millipore
Sigma, 18896-50ML), universal PCR primer and water (if
used). was prepared for 50 reactions in the same tube that
housed the aliquoted CAGEs and 1/50th of the volume was
added directly to CAGEs in each well without pipetting. Fi-
nally, thawed and vortexed PCR-3 DNA barcodes were added
to wells housing CAGEs and PCR master mix as described in
Step 3, using a 12-tip multichannel pipette (volume defined
above). The reaction plate was spun down, covered with ad-
hesive PCR film (Thermo Fisher, AB0558), incubated on ice
for 5 min and followed by a PCR cycling program: 98°C for
45s; 5 cycles of 98°C for 10s, 68°C for 20s, 72°C for 4 min; a
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final extension of 72°C for 2min and hold at 25°C.

After the PCR-3 barcode addition, CAGEs were pooled by
adding 100uL of TIS (pH 8.0) into each well and transferring
all the volume into a 15mL falcon tube. Each well was washed
twice, and the plate was inspected under the inverted micro-
scope to make sure no CAGEs are left behind. CAGEs were
transferred to a 1.5mL tube and were washed three times with
TT100 (pH 8.0), three times with TI10 (pH 8.0), and twice with
TI (pH 8.0). At this point, CAGEs were split into 1.5mL tubes
for DNA purification and further downstream processing.

CAGE dissolution and DNA purification

CAGEs were dissolved in the presence of 0.5M NaOH, 0.5%
Triton X-100 and 0.5% SDS in a shaking heat block set to
40°C for 20min in 1.5mL tubes. The solution was neutralized
by adding an equimolar amount of HCl and 200mM Tris (pH
8.0) buffer to a final volume of 100uL. DNA from solubilized
CAGEs was extracted using Qiagen MinElute DNA purifica-
tion kit (Qiagen, 28004) or AMPure XP magnetic beads
(Beckman Coulter, A63881).

Post-purification barcoded DNA amplification
Barcoded and purified DNA was amplified using PCR. A
standard 50uL reaction was composed out of 25uL. 2x NEB-
Next® High-Fidelity 2X PCR Master Mix (NEB, M0543L),
2.5uL. of 10uM P7_rv primer (table S4), 2.5uL of 10uM FW
primer (protocol depended), 20uL of purified barcoded DNA.
Reactions were performed using a PCR cycling program:
98°C for 30s; 10 cycles of 98°C for 15s, 68°C for 20s, 72°C for
2min; a final extension of 72°C for 2min and hold at 4°C un-
less stated otherwise.

Fragmentation-based Illumina library construction

To construct Illumina cDNA sequencing libraries, 50 ng of
amplified cDNA was fragmented, blunted and dA-tailed by
mixing it with 3.5uL of NEBNext Ultra II FS Reaction buffer
(NEB), 1uL of fully mixed NEBNext Ultra II FS Enzyme mix
(NEB) and nuclease free water to a final volume of 17.5uL.
The reaction mix was vortexed for 10 s, spun down and placed
into a preheated PCR machine for incubation at 37°C for 10
min; 65°C for 30 min; hold 4°C (lid at 75°C). Fragmented
DNA was purified using 0.8X AMPure XP beads (Beckman
Coulter, A63881) and eluted into 16uL of water. Single-
stranded DNA adapter, containing Illumina’s TruSeq read 1
(Adp. TruSeq R1 FW and RV) sequences were annealed to-
gether at the final concentration of 1.5uM by mixing 1.5uL of
forward ligation primer and reverse ligation primer (each at
100uM) with 97uL of nuclease-free water and heating the so-
lution to 95°C for 2 min and cooling it at room temperature
for 5 min. 16uL of the purified fragmented DNA was mixed
with 1.25uL of 1.5uM annealed adapters, 1.5uL of 10X T4 DNA
ligase buffer, 15uL. of NEBNext Ultra II Ligation Master Mix
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(NEB, E7805S kit) and 0.5uLl. of NEBNext Ultra II Ligation
Master Enhancer (NEB, E7805S Kkit). The ligation reaction
was carried out by incubating in the thermocycler for 15 min
at 20°C (lid at 30°C). After ligation, the reaction mix was di-
luted to 100uL and was purified using AMPure XP beads
(Beckman Coulter, A63881) with 0.8X volume ratio and
eluted into 40uL nuclease-free water. 20uL of this DNA was
then used in the Library indexing PCR while the rest was fro-
zen down at -20°C.

Library indexing PCR

Indexing PCR was carried out by mixing purified DNA with
25ul. of 2x NEBNext® High-Fidelity 2X PCR Master Mix
(NEB, M0543L) and 2.5uL of 20uM P7_rv, 2.5uL of 20uM in-
dexing primer that houses an 8bp library index (table S4, in-
dexing) and water to 50uL. PCR cycling program: 98°C, 2
min; 3 cycles of 98°C, 20 s; 55°C, 30 s; 72°C, 20 s and 9 cycles
98°C, 20 s; 65°C, 30 s; 72°C, 20 s; with a 1 min final extension
at 72°C, and 4°C, hold at the end.

Plasmid DNA sequencing

CAGEs containing plasmid DNA were generated as described
in Basic CAGE synthesis protocol, except the core solution
contained Ing/uL of plasmid DNA. After polymerization,
CAGEs were washed three times with TI100 (pH 8.0), twice
with TT10 (pH 8.0) and twice with TI (pH 8.0). Next, 14 reac-
tions of CAGE dU PCR were performed in 50 pL volumes as
described in CAGE dU PCR using 2.5uL. of 20uM GFP/RFP
FW primer (table S4), 2.5uL of 20uM dU barcoded CMV [1-
14] RV primer (table S4, PCR) and 27.5uL of packed CAGEs.
The reaction was carried out by first incubating the tubes on
ice for 5 min, followed by cycling: 98°C for 30s; 14 cycles of
98°C for 15s, 68°C for 20s, 72°C for 4 min; a final extension
of 72°C for 2min and hold at 25°C. After PCR, CAGEs were
washed as described in Basic Post PCR wash steps and pooled
into a single tube. The CAGEs were then subjected to a second
PCR reaction performed in 50uL volumes as described above,
except 2.5uL. of 20uM GFP/RFP FW, 2.5uL. of labeled dU uni-
versal RV primer and 30uL of packed CAGEs with no extra
water were used with the same cycling conditions for 8 cycles.
After the DNA amplification, CAGEs were washed as de-
scribed in Post dU PCR wash steps and were subjected to
split-and-pool barcoding as described above.

Following split-and-pool barcoding, CAGEs were split into
16x 1.5mL tubes and were dissolved as described above. DNA
was purified using MinElute PCR purification kit (Qiagen,
28004) and barcoded DNA was eluted into 20uL of the elu-
tion buffer. Barcoded and purified DNA was amplified using
PCR as described in Post-purification barcoded DNA amplifi-
cation, using 2.5uL. of TruSeq_R1_GFP/TruSeq_R1_RFP or
TruSeq_Rix_GFP/TruSeq_Rilx_RFP primer mix (table S4) to
increase library diversity. After the reaction, amplified
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barcoded DNA was purified using 0.8X AMPure XP beads
(Beckman Coulter, A63881) and was eluted into a 15uL Elu-
tion Buffer. DNA concentration was measured using a Qubit
dsDNA HS Assay (Thermo Fisher, Q32854). Final sequencing
library index PCR was carried out using 20 ng of purified
DNA product 2.5uL of 20uM TruR1_x_p5 primer as described
in Library indexing PCR step. Following final library index-
ing, DNA was double-side purified using 0.6x-0.8x SPRIselect
magnetic beads (Beckman Coulter, B23318) and eluted into
15uL of water.

CAGE reverse-transcription reaction
Reverse-transcription reaction was set on ice and performed
in PCR strip tubes. A standard 100uL reaction was composed
out of 60.5uL of packed CAGEs, 2.5uL of 10uM RT poly(T)
primer housing a 10nt UMI and 6nt barcode (table S4, RT),
3uL of 10% Igepal CA-630 (Millipore Sigma, 18896-50ML),
20uL of 5X SMARTseq3 RT buffer (100mM Tris pH 8.3,
150mM NacCl, 12.5mM MgCl2, 5mM GTP, 40mM DTT), 5uL of
10mM dNTPs (NEB, N0447L), 2.5uL of 40U/uL. Recombinant
RNase Inhibitor (Takara Bio, 2313A), 1.5uL of 50uM TSO, 5uL
of Maxima H- reverse transcriptase (Thermo Fisher, EP0753),
unless stated otherwise. Reaction volumes were scaled ac-
cording to the amount of CAGEs used and number of reac-
tions performed. To set up the reaction, CAGEs, RT primer
and Igepal CA-630 (Millipore Sigma, 18896-50ML) were
mixed on ice in a PCR tube, with each housing a different RT
barcode. CAGEs were incubated on ice for 10 min to allow the
RT primer to diffuse in, followed by heating at 70°C for 5 min
and cooling down on ice. Next, RT master mix, composed out
of the remaining reagents was added to each tube, ensuring
a thorough mixing of CAGEs with pipetting. Tubes were in-
cubated on ice for 5 min and the reaction was carried out at
42°C for 90 min, followed by cycling between 50°C and 42°C
incubation of 2 min for 15 cycles. Reactions were left at 20°C
overnight and processed the next day.

Biotinylated DNA pulldown

Biotin labeled DNA pulldown was performed using Pierce
Streptavidin Magnetic Beads (Thermo Fisher, 88816). 25uL of
magnetic beads were washed three times using 30uL of 5mM
Tris (pH 7.4) with 0.5mM EDTA and 1M NaCl while placed
on a magnetic rack. After washing, beads were resuspended
in 60uL of 10mM Tris (pH 7.4) with ImM EDTA and 2M NaCl
and mixed with DNA sample diluted to 60uL using water.
Beads were incubated at room temperature for 30 min,
placed on a magnetic rack. Supernatant was transferred to a
new tube and was used for purifying non-biotinylated DNA
with AMPure XP beads (Beckman Coulter, A63881). Remain-
ing beads with bound DNA were washed three times with
50uL of 5mM Tris (pH 7.4) with 0.5mM EDTA and 1M NaCl
and biotinylated DNA was eluted by resuspending 20uL of
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95% formamide with 10mM EDTA (pH 8.2) and heating at
65°C for 5 min. Eluted DNA was purified using 1X AMPure
XP beads (Beckman Coulter, A63881) and eluted into 20uL of
water.

CAGE single-cell gDNA amplicon-seq

K562-RFP and L1210-GFP (kindly donated by Sean McGeary
and Yuyang Chen) cell suspension was mixed at a ratio of 1:1.
CAGEs housing single-cells were prepared as described in
CAGEs synthests for cell encapsulation, except core solution
contained cell suspension at a final concentration of 1.2e6
cells/mL in 1x DPBS. Resulting CAGEs were resuspended in
ice-cold 3x SSCI (pH 5.9). The subsequent steps were per-
formed on ice: CAGEs were washed 6 times with 3x SSCI,
once with TEIS (pH 7.5), three times with 3x SSCI and three
times with HI10.

While the paper analyzes only gDNA amplicons, the ex-
periment reported in the paper was simultaneously pro-
cessed for joint amplicon-seq and scRNA-seq. To this end,
two 50uL reverse-transcription reactions were set on ice in
two PCR strip tubes as described in CAGE reverse-transcrip-
tion reaction and were washed as described in post reverse-
transcription wash steps.

The CAGEs containing gDNA and ¢cDNA were then pro-
cessed to amplify target gDNA regions by carrying out 16 cy-
cles of CAGE gDNA amplicon PCR. The PCR reactions were
performed in 50uL volume as described in CAGE dU PCR us-
ing 5uL of 10uM RFP_RI1 FW primer, 5uL. of 10uM GFP_R1
FW primer, 5uL of 10uM universal dU CMV RV primer (table
S4), and 20uL of packed CAGEs. The reaction was carried out
by first incubating the tubes on ice for 5 min, followed by a
PCR cycling program: 98°C for 30s; 16 cycles of 98°C for 15s,
70°C for 20s, 72°C for 2 min; a final extension of 72°C for
2min and hold at 25°C. After PCR, CAGEs were washed once
with TIS (pH 8.0), three times with TI100 (pH 8.0) and three
times with TI10 (pH 8.0). A second PCR reaction was then
performed in a 50uL volume as described in CAGE dU PCR
using 2.5uL of 10uM Readl_Biotin FW primer (table S4),
2.5uL. of 10uM universal dU CMV RV primer, 2.5uL of 10uM
universal dU RV primer, 2.5uL. of 10uM of TSO FW primer
with 25uL. of packed CAGEs. After the DNA amplification,
CAGEs were washed as described in Post dU PCR wash steps
and were subjected to split-and-pool barcoding as described
above, except using Readl_Biotin FW and TSO FW primer
used in the PCR-3 barcode additions.

Following split-and-pool barcoding, CAGEs were split into
multiple 1.5mL tubes and were dissolved as described above.
DNA was purified using MinElute PCR purification kit and
barcoded cDNA was eluted into 20uL of the elution buffer.
Barcoded and purified DNA was amplified using PCR as de-
scribed in Post-purification barcoded DNA amplification, us-
ing 2.5uL of TSO_fw and Readl_Biotin FW primers. After the
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reaction, amplified barcoded DNA was purified using 0.8X
AMPure XP beads (Beckman Coulter, A63881) and was eluted
into a 20uL Elution Buffer. Next biotinylated DNA corre-
sponding to gDNA amplicons was purified as described in Bi-
otinylated DNA pulldown above. Final amplicon library
amplification and indexing PCR was carried out using 20 uL
of the purified DNA as in Library indexing PCR with 2.5uL.
of 20uM truR1_x_p5 primer that houses an 8bp library index.
Following final library indexing, DNA was purified using 0.8x
SPRIselect magnetic beads (Beckman Coulter, B23318) and
eluted into 15uL.

Imaging lysed cells and cDNA libraries in CAGEs

After lysis, CAGEs were resuspended in 3X SSCI buffer with
1X SYBR Safe DNA Gel Stain (Thermo Fisher, S33102). 5uL of
packed CAGEs were transferred to a hemocytometer or a well
of 96-well glass bottom plate and were topped with 3X SSCI
buffer with 1X stain and imaged on a wide field or confocal
microscope.

CAGE single cell RNA-seq

CAGEs housing single-cells were prepared as described in
CAGE synthesis protocol for cell encapsulation with a final
concentration of 1-1.4M cells/mL. Experiment represented in
Fig. 3C and fig. S3B used 1M cells/mL; Figs. 2D, 3, D and F,
and figs. S3, A, C to H, and S4F used 1.2M; Fig. 3, E, and G to
K, and fig. S4 used 1.4M. The resulting CAGE pellets were re-
suspended in 1 mL room temperature IFLB and were washed
twice with 300 g spins for 1 min. Next, core dextran was re-
moved as described in Deatran digestion reaction.

Following this, all steps were performed on ice to lyse the
cells. First, CAGEs were washed three times with an ice-cold
3X SSCI buffer with 800 g spins for 1 min. Cells were lysed by
washing with ice-cold 7.5pH TEIS with 5 min incubations on
ice. After lysis, CAGEs were imaged (check above), washed
three times with 3X SSCI and three times with HI10, packed
at 800 g for 1 min and stored on ice.

Reverse-transcription reaction was set on ice and per-
formed in PCR strip tubes as described in CAGE reverse-tran-
scription reaction followed by post reverse-transcription
wash steps.

Next, CAGE dU PCR was performed to carry out cDNA
amplification as described in CAGE dU PCR, using, 5uL of
10uM TSO FW primer, 5uL of 10uM labeled dU universal RV
primer (table S4), followed by post dU PCR wash steps. CAGEs
were imaged on a confocal microscope to inspect the cDNA
signal (from labeled dU primer). Washed CAGEs were sub-
jected to split-and-pool barcoding as described above with
the TSO FW primer used in the PCR-3 barcode additions.

Following split-and-pool barcoding, CAGEs were split into
multiple 1.5mL tubes and were dissolved as described above.
DNA was purified using MinElute PCR purification kit and
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barcoded cDNA was eluted into 20uL of the elution buffer.
Barcoded and purified DNA was amplified using PCR as de-
scribed in Post-purification barcoded DNA amplification, us-
ing 2.5uL of TSO FW primer. After the reaction, amplified
barcoded cDNA was purified using 0.8X AMPure XP beads
(Beckman Coulter, A63881) and was eluted into a 15uL. Elu-
tion Buffer. DNA concentration was measured using QuBit
fluorometer and cDNA fragment length profile was assessed
using Agilent Tapestation D5000 Kits (Agilent, 5067).

Illumina cDNA sequencing libraries were constructed as
described in Fragmentation-based Illumina library construc-
tion

Final sequencing library indexing PCR was carried out as
described in Library index PCR with 2.5ul. of 20uM
truR1_x_pb5 primer that houses an 8bp library index.

Following final library indexing, DNA was double-side pu-
rified using 0.6x-0.8x SPRIselect (Beckman Coulter, B23318)
magnetic beads and eluted into 15uL

Tn5 transposase loading with barcoded DNA primers
Unloaded Tn5 transposase (Diagenode, C01070010-20) was
loaded with adapter sequences carrying a barcode (table S4,
Tn5). First, the oligos were resuspended to 100uM in 40mM
Tris (pH 8.0) with 50mM NaCl, universal Tn5_rev oligo was
mixed with oligo Tn5_B0_x or Tn5_oligoB at 1:1 ratio and an-
nealed by in a thermocycler: 95°C, 5min; cool to 65°C (-
0.1°C/s); 65°C, 5min; cool to 4°C (-0.1°C/s). Annealed adapt-
ers were mixed at ratio 1:1 and 10uL were gently added to
10uL of unloaded Tn5. The solution was incubated at 23°C
for 30 min in a thermocycler and 10ul of 99% glycerol was
added to enable the sorting of loaded Tn5 at -20°C.

In CAGE gDNA tagmentation

To perform gDNA tagmentation, CAGEs were washed with
DPBS with 0.1% (w/v) F127 and 0.1% L31 (w/v). For a 25uL.
reaction, 9uL of package CAGEs were mixed with 12.5uL of
2x TD buffer (20 mM Tris 10 mM MgCl2; 20% (vol/vol) DMF,
pH 7.6), 1uL of loaded Tn5, 2.5uL of 10X Lysis additive (6%
Tween20, 0.05% Digitonin in DPBS). The solution was incu-
bated on ice for 5 min, followed by incubation at 37°C for 30
min. After the reaction, CAGEs were washed three times with
TEIS (pH 7.5) and then Proteinase K treated in 200uL of TEIS
(pH 7.5) with 10uL of Proteinase K (NEB, P8107S) for 15 min
at 55°C. After the reaction, CAGEs were washed three times
with TT100 (pH 7.5) and twice with TI (pH 7.5).

CAGE ATAC-seq library amplification and normaliza-
tion

ATAC-seq libraries purified from CAGEs were amplified us-
ing qPCR. First, a PCR reaction was set up using 25uL 2x
NEBNext® High-Fidelity 2X PCR Master Mix (NEB, M0543L),
2.5uL of 20uM P7_rv primer, 2.5uL of 20uM NexteraR1_x_p5
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FW primer and 20uL of purified barcoded DNA. Reactions
were performed using a PCR cycling program: 98°C for 50s;
6 cycles of 98°C for 10s, 68°C for 20s, 72°C for 1min; a final
extension of 72°C for 4min and hold at 4°C and the reaction
was then transferred on ice. Next, 5uL. of partially amplified
DNA was mixed with 0.25uL. of 20uM of each primer, 0.1uL
of 100X SYBRgreen, 5uL. of 2x NEBNext® High-Fidelity 2X
PCR Master Mix (NEB, M0543L) and 4.4uL of water. The re-
action was carried out on a qPCR machine using the same
PCR program as for the initial 6 cycles, except imaging the
samples after every extension step. RFU vs cycle plot was
used to determine the number of cycles needed to reach Y3 of
maximum intensity. This number of cycles was used to am-
plify the remaining 45uL of partially amplified DNA. After
the reaction, DNA was purified using double sided size AM-
Pure XP (Beckman Coulter, A63881) size selection with a
bead ratio of 0.5X-1.3X. Final library DNA was eluted to 15uL.
of EB, quantified using Qubit and qPCR before sequencing

CAGE scATAC-seq

Cell encapsulation

CAGEs housing single-cells were prepared as described in
CAGE synthesis for cell encapsulation in media at a final con-
centration of 1.2e6 cells/mL, using either a 1:1 mixture of
K562 and L1210 (fig. S3, A, E, and G) or using a 2:3:3 mixture
of K562, 1L.929 and L1210 (Fig. 3D and fig. S3, C, D, and F) at
a final concentration of 1.2e6 cells. The resulting CAGE pel-
lets in both cases were resuspended at room temperature in
1 mL IFLB, incubated for 1 min and then washed twice with
pelleting by centrifugation at 300 g, followed by a Dextran
digestion reaction. Following this, CAGEs wash steps were
performed on ice.

Base protocol on K562 and L1210 cells (fig. S3, A, E, and G)
The CAGEs were distributed into five wells for gDNA tagmen-
tation. Reactions were performed in 80uL reactions as de-
scribed in In CAGE gDNA tagmentation, with each well
receiving a different Tn5 barcode. Next, CAGE dU PCR was
performed as described before using 2.5uL of 20uM Nextera
R1 FW primer, 2.5uL of 20uM dU universal RV primer with
25uL of packed CAGEs in 50uL reactions, followed by post dU
PCR wash steps (see above section). The resulting tagmented
and amplified DNA was barcoded by using the split-and-pool
approach as described above, using Nextera R1 FW primer in
the PCR-3 reaction.

Following split-and-pool barcoding, CAGEs were dis-
solved in 1.5mL tubes as described above. DNA was purified
using MinElute PCR purification kit and barcoded DNA was
eluted into 20uL of the elution buffer.

Next, two indexing and CAGE ATAC-seq library amplifi-
cation and normalization reactions were performed using
two distinct NexteraR1_x_p5 FW primers. 9 additional PCR
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cycles were added for both libraries. Final libraries were
pooled and quantified using Qubit and qPCR before sequenc-
ing.

CAGE ATAC-seq of K562, L929 and L1210 cells

For this experiment (Fig. 3D and fig. S3, C, D, and F), the tag-
mentation reaction is similar to the base protocol, but the
CAGEs were split into six wells and the reactions were per-
formed in half the volume (40uL reactions, rather than
80uL). Then, after tagmentation, CAGEs were washed six
times with an ice-cold 3X SSCI buffer with 800 g spins for 1
min and three times with HI10, packed at 800 g for 1 min and
stored on ice.

In this second experiment, the CAGEs were also then sub-
jected to a reverse-transcription reaction. To this end, the re-
action was prepared on ice and performed in 6 PCR strip
tubes as described above in CAGE reverse-transcription reac-
tion followed by post reverse-transcription wash steps. Next,
the CAGEs were split into four wells for a CAGE dU PCR re-
action, as described before using using 2.5uL of 20uM
Readl_Biotin FW, 2.5uL of 20uM TSO FW (table S4), 5uL of
10uM dU universal RV primer with 25uL of packed CAGEs in
50uL reactions, followed by post dU PCR wash steps. Result-
ing tagmented and amplified DNA was barcoded by using the
split-and-pool approach as described previously with the
Read1_Biotin FW and TSO FW primer used in the PCR-3 bar-
code additions.

Following split-and-pool barcoding, CAGEs were dis-
solved into 4 1.5mL tubes as described above. DNA was puri-
fied using MinElute PCR purification kit and barcoded DNA
was eluted into 20uL of the elution buffer. Barcoded and pu-
rified DNA was amplified using PCR as described in Post-pu-
rification barcoded DNA amplification, using 1.25uL of 20uM
Readl_Biotin FW FW and 1.25uL of 20uM TSO FW primer.
DNA was purified using AMPure XP beads (Beckman Coulter,
A63881) with 1.8X ratio and eluted into 20uL. Next, biotin
pulldown was performed to purify amplified and barcoded
biotinylated gDNA fragments from non-biotinylated cDNA li-
braries as described in Biotinylated DNA pulldown.

Next, 4 indexing and CAGE ATAC-seq library amplifica-
tion and normalization reactions were performed using 4 dis-
tinct NexteraR1_x_p5 FW primers. 7, 9, 9 and 11 additional
PCR cycles were added for each library respectively. Final li-
braries were pooled and quantified using Qubit and qPCR be-
fore sequencing.

Fixation of cells in suspension

Cell suspensions were centrifuged at 400 g for 3 min and the
pellet was resuspended in ImL of 4% (w/v) PFA in 1X DPBS.
The solution was incubated at room temperature for 15 min,
followed by 3 washes with 1X DPBS + 0.1% BSA. The fixed
cells were encapsulated into CAGEs by adding the cells to
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~1.4€6 cells/mL into the core solution.

Reverse cross-linking cells in CAGEs

Fixed cells were reverse cross-linked in CAGEs by washing
the CAGEs twice with 3x SSCI + 0.01U/uL RiboLock RNAse
Inhibitor (Thermo Fisher, EO0381). Next, CAGEs were
washed three times with 100mM Tris (pH 7.5) with 10mM
EDTA, 0.1% Igepal CA-630 (Millipore Sigma, 18896-50ML),
0.1% SDS. Finally, CAGEs were resuspended in the same so-
lution to a volume of 1 mL and 50 uL of proteinase K (NEB,
P8107S) was added followed by incubation at 56°C for 30 min.
After the reverse crosslinking, CAGEs were washed three
times with 3X SSCI, three times with HI10 and were used in
a reverse transcription reaction as described in CAGE single
cell RNA-seq.

Freezing CAGEs

CAGEs were frozen at -80°C in the presence of 10% DMSO.
CAGEs containing cell lysates were frozen in a 3X SSCI buffer
with 0.05U/uL. of RNAse inhibitor (NEB, M0314S). CAGEs
containing DNA only were frozen in TI (pH 8.0) with 10%
DMSO.

Preparation of PBMCs

Human Peripheral Blood Mononuclear Cells were obtained
from Lonza (CC-2704). The cryo-preserved cell vials were
stored in liquid Nitrogen until use, and then thawed in a 37°C
metal bead bath for 7 min. The thawed cell suspension was
transferred into a 15 mL falcon tube. 1 mL of 37°C pre-
warmed DMEM (Thermo Fisher, 10566016) with 10% FBS
(ATCC, 30-2020) and 1x Penicillin/Streptomycin (Thermo
Fisher, 10378016) was slowly added into the original cryo-
preservation tube. This media was then added one drop at a
time into the falcon tube. Additional 8 mL of pre-warmed me-
dia were added slowly onto the cell suspension. Cells were
resuspended gently and centrifuged at room temperature at
300 g for 4 min. All of the media was aspirated from the cell
pellet and cells were suspended in 5 mL of fresh, 37°C appro-
priate media with 10% FBS and 1x Penicillin/Streptomycin
and transferred into 25 cm? culture flask with a filter cap
(Corning). Cells were cultured in a 37°C incubator with 5%
CO2. In the case of PBMCs, cells were washed one more time
with IMDM + 10% FBS +1x Pen/Strep and were passed
through a 40um strainer. Following this, cells were washed
with ice cold plain IMDM with 0.5% BSA. PBMC were encap-
sulated at a final concentration of 1.4e6 cells/mL in the core
mix and then processed for scRNA-seq as described above.

Mammalian cell line culture
K562, L1210, 1929, Jurkat and HEK293t cell lines were cul-
tured and used in experiments described in this work.

K562 and L1210 cells were cultured in IMDM
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(ThermoFisher, 10566016) + 10% FBS (ATCC, 30-2020) + Ix
penicillin/streptomycin (ThermoFisher, 10378016) in T25
flasks (Corning).

L929 cells were cultured in EMEM (ATCC, 30-2003) + 10%
horse serum (ThermoFisher, A5669502) + 1x penicillin/strep-
tomycin (ThermoFisher, 10378016) in T25 flasks (Corning).

Jurkat and HEK293T cells were cultured in RPMI1640
(Thermo Fisher, 61870036) + 10% FBS (ATCC, 30-2020) + 1x
penicillin/streptomycin (Thermo Fisher, 10378016) in T25
flasks (Corning).

Cell lines were cultured until they reached ~80-90% con-
fluency. For passaging, suspension cells (K562, L1210, Jurkat)
were resuspended gently and collected into a 15 mL tube. 5
mL of 37°C pre-warmed complete media was used to wash
the flask and was added into the same 15 mL tube. Adherent
cells (HEK293T, 1.929) cells were passaged by aspirating the
used media and washing 2 times with 2 mL of 37°C pre-
warmed 1X DPBS buffer. Cells were detached by adding 1 mL
of TrypLE reagent (Thermo Fisher Scientific, 12605010), wait-
ing 10s and quickly aspirating all of the TrypLE. Cells were
incubated in 37°C for 2 min and were resuspended in 5 mL
of 37°C pre-warmed complete media. Cells were centrifuged
at 300 g for 4 min, followed by media aspiration and resus-
pension in 5 mL of fresh pre-warmed complete media. Cells
were counted using an automatic cell counter and 500,000
cells were seeded into 5 mL of 37°C pre-warmed complete
media in a 25cm2 flask. For encapsulation experiments, cells
were washed twice with ice cold DPBS with 0.1% BSA or room
temperature IMDM with 0.1% BSA and were encapsulated at
a final concentration of 1-1.4€6 cells/mL in core mix and then
processed immediately for scDNA-seq/scRNA-seq/scATAC-
seq as described previously or grown into colonies as de-
scribed below.

iPSC culturing

Induced pluripotent stem cells were gifted by the lab of Oliv-
ier Pourquie (Harvard). Cells were cultured in a 6-well plate
on a layer of Matrigel (Corning) in mTeSR media (STEMCELL
Technologies, 100-0276). To passage the culture, cells were
detached by removing media, rinsing twice with DPBS, add-
ing ImL of Accutase (STEMCELL Technologies, 07920) and
incubating at 37°C for 7 min. Next, cells were resuspended in
5mL of plain DMEM and centrifuged in a swinging bucket
centrifuge for 4 min at 300 g. Supernatant was aspirated and
the cell pellet was resuspended in ImL of DMEM. 2mL of
Matrigel in DMEM solution was added to a single 6-well plate
well. The plate was incubated in 37°C for 30 min. Any remain-
ing solution was aspirated and 500K of iPSC cells in DMEM
were seeded into 2mL of mTeSR (STEMCELL Technologies,
100-0276) with 10ug/mL Y-27632 (Dihydrochloride)
(STEMCELL Technologies, 72302). After a day of culturing,
media was changed with fresh mTeSR without Y-27632.
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Media changes were performed daily for 3—-4 days, until cells
reached 80-90% confluency.

Cell-line culturing in CAGEs

CAGEs housing single cells were prepared as described in
CAGE synthesis Modification 4 with the final cell concentra-
tion of 1.4e6 cells/mL. The resulting hydrogel CAGE pellet
was resuspended in 37°C temperature IFLB followed by dex-
tran core digestion, two washes with IFLB and a wash with
complete media without Pluronic. Packed CAGEs were trans-
ferred to wells of 24-well plate and cultured in ImL of com-
plete media without Pluronic as described in mammalian cell
line culturing part above.

To change media, CAGEs were resuspended in the growth
medium and were transferred to a reversible 37um strainer
(STEMCELL technologies, 27215). CAGEs were washed in the
strainer with 3mL of complete growth medium. Next, the
strainer was inverted, and the CAGEs were eluted back into
a well of a 24-well plate using ImL of complete growth me-
dium. Any manipulation of CAGEs was done in complete
growth media with 0.1% (w/v) F127 and 0.1% (w/v) L31.

iPSC culturing in CAGEs

CAGEs housing single iPSCs were prepared as described in
CAGE synthesis Modification 4 with the final concentration
of 1.4€e6 cells/mL. CAGE clean-up and dextran removal were
done as described above. After clean-up, CAGEs were washed
twice with mTeSR 3D + 0.1% F127, 0.1% L31 + 0.1% BSA.
Packed CAGEs were transferred to wells of 24-well plate and
cultured in ImL of mTeSR 3D media (STEMCELL Technolo-
gies, #03950) with 1X CloneR™2 cloning supplement
(STEMCELL Technologies, 100-0691). To change media,
CAGEs were resuspended in the surrounding growth medium
and were transferred to a reversible 37um strainer
(STEMCELL Technologies, 27215). CAGEs were washed in the
strainer with 3mL of IFL wash media. Next, the strainer was
inverted and the CAGEs were eluted back into a well of a 24-
well plate using ImL of mTeSR 3D media. Any manipulation
of CAGEs was done in complete growth media with 0.1%
(w/v) F127 and 0.1% (w/v) L31.

mHPC culturing in CAGEs

LSK mHPCs were gifted by the lab of Fernando Camargo
(Harvard). CAGEs housing single mHPCs were generated us-
ing the protocol described in CAGE synthesis Modification 4
with a final concentration of 0.8e6 cells/mL in the core mix
and no BSA. CAGE clean-up and dextran removal were done
as described above, except all washes were performed in plain
IFL wash media. After clean-up, CAGEs were washed twice
F12 media (Thermo Fisher, 11765054) supplemented with
10mM HEPES, 1X P/S/G, 1 mg/ml PVA, 100 ng/ml TPO
(Thermo Fisher, 300-18-10UG), 10 ng/ml SCF (Thermo Fisher,
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300-07-10UQG), 1x ITSX (Thermo Fisher, 51500056), 0.1% F127,
0.1% L31. Packed CAGEs were transferred to wells of 24-well
plate and cultured in 1ImL F12 expansion media. Media was
exchanged every two days by collecting all the CAGEs into a
1.5mL tube, spinning down at 300 g for 1 min and resuspend-
ing in fresh media.

Cell division time measurements
CAGEs housing single K562 or L1210 cells were prepared in
two separate 20 min encapsulations as described in Cell-line
culturing in CAGEs using a final cell concentration of 1.2e6
cells/mL.

200uL of washed and packed CAGEs were transferred to
a 6-well plate housing a free suspension of K562 or L1210 cells
at a concentration of 10,000 cells/well in 2 mL of full IMDM
as described in Mammalian cell line culture without Pluron-
ics. The plate was transferred to a AIR Nikon Confocal laser-
scanning microscope with Tokai Hit Live-Cell Microscope In-
cubation Systems set to 37°C with 5% CO2. Time lapse mi-
croscopy was used to acquire images every 30 min. The
resulting time series were manually examined to identify con-
secutive cell divisions of single cells within CAGEs and in the
surrounding cell suspension, and the time interval was rec-
orded. For each single cell clone, up to three divisions (two
intervals) were used.

Transcriptomic comparison of cells grown in CAGEs
and wells

CAGEs housing iPSCs, K562 and 1.929 cells were prepared in
two separate 20 min encapsulations as described in Cell-line
culturing in CAGEs and 1PSC culturing in CAGEs using a final
cell concentration of 20e6 cells/mL.

100uL of washed and packed CAGEs or 20,000 cells were
transferred to a 24-well plate and cultured for 3 (K562 and
L929) or 4 (iPSCs) days in 1mL of complete media without
Pluronics as described in iPSC culturing or mammalian cell
line culturing part above. No media changes were performed
for cell lines and, in the case of iPSCs, mTeSR 3D media feed
supplement (STEMCELL Technologies, #03950) was added
every day.

Cells in wells and CAGEs were analyzed using bulk RNA-
seq. First, all samples were washed three times with ice-cold
DPBS. 40,000 cells or 40.5uL of CAGEs were lysed using
0.45% Igepal CA-630 on ice in a final volume of 63.5uL. RT
step was carried out as described in the CAGE reverse-tran-
scription reaction methods section using CAGEs or cell sus-
pension as material input and R2-polyT as RT primer. After
the RT reaction, 2uL. of 10M NaOH were added to all reac-
tions followed by 20 min incubation at 37°C to dissolve the
CAGEs [NaOH was also added to samples with no CAGEs].
c¢DNA was purified into 20uL of water using 0.8X AMPure XP
beads (Beckman Coulter, A63881).
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Next cDNA was amplified using PCR as described in Post-
purification barcoded DNA amplification, using 2.5uL. of
10uM TSO FW primer and 2.5uL. of 10uM R2 FW primer. Af-
ter the reaction, amplified barcoded cDNA was purified using
0.8X AMPure XP beads (Beckman Coulter, A63881) and was
eluted into a 15uL Elution Buffer. DNA concentration was
measured using QuBit fluorometer and cDNA fragment
length profile was assessed using Agilent Tapestation D5000
kits (Agilent, 5067).

Illumina sequencing libraries were constructed using
50ng cDNA input as described in Fragmentation-based Illu-
mina library construction

Final sequencing library indexing PCR was carried out as
described previously with 2.5uL of 20uM truR1_x_p5 primer
that houses an 8bp library index and 2.5uL of 20uM p7_B3_X
to index the other side of the molecules as no barcoding was
carried out.

Following final library indexing, DNA was double-side pu-
rified using 0.6x-0.8x SPRIselect (Beckman Coulter, B23318)
magnetic beads and eluted into 15uL. Sequencing libraries
were pooled and sequenced on NextSeq 1000 P1 100 cycle Kit.

Fixing and staining clones in CAGEs

Colonies in CAGEs were fixed by resuspending packed CAGEs
in 4% (w/v) PFA solution in 1X DPBS and incubating at room
temperature for 20 min. CAGEs were washed twice and
stored in ice-cold DPBS with 0.1% (w/v) BSA, 0.1% (w/v) F127,
0.1% (w/v) L31. Cells were permeabilized by adding Triton X-
100 to a final concentration of 0.1% and incubating for 10
min. CAGEs were washed twice and stored in a fridge. For
iPSC colonies, immunostaining was performed against SOX2
by adding 2uL of Alexa Fluor® 488 anti-SOX2 Antibody (Bio-
Legend, 656109) (0.5mg/mL) to 600uL of CAGEs solution in
DPBS-BFL buffer (1X DPBS with 0.1% (w/v) BSA, 0.1% (w/v)
F127 and 0.1% (w/v) L31). As a control, 2uL of 0.5mg/mL FITC
anti-mouse CD45.1 Antibody (BioLegend, 110705) was used.
CAGEs were stained on ice for 15 min, followed by 3 washes
with DPBS-BFL buffer, with 5 min incubation on ice between
washes. Stained CAGEs were imaged on a confocal micro-
scope.

Treatment with HDAC and DNMT inhibitors

Survival curves for DNMT inhibitors [ Decitabine (Dec) and 5-
aza-cytidine (Aza)], and the HDAC inhibitor Vorinostat (Vor)
(MedChemExpress, HY-A0004, HY-10586, HY-10221) were
generated by seeding 15,000 (1.L1210) and 20,000 (K562) into
96-well plates and growing the cells in 100uL of IMDM + 10%
FBS, 1X Pen/Strep in the presence of 0, 0.001, 0.003, 0.01,
0.03, 0.1, 0.3, 1, 3, 10 uM of each drug. Cells were passaged
every two days by transferring 15uL of cells into a fresh 85uL.
of media loaded with the same concentration of drugs. Cell
viability and number was evaluated every two days using a
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confocal microscope by mixing 7.5uL. of cell culture with
42.5uL. of DPBS with 1X DAPI stain.

CAGE clonal expansion and inC-RNA-seq

Cells were pre-treated with drugs by seeding 150,000 (L.1210)
and 200,000 (K562) cells into 6-well plate wells (Corning).
Cells were grown in 2mL of IMDM with 10% FBS, 1X
Pen/Strep in the presence of 0.05 uM Dec, 0.7uM Aza, 0.4uM
Vor (MedChemExpress) or no drugs for 48 hours. Next, cells
were collected and K562 and L1210 cell-lines were pooled
based on the drug condition at a 1:1 ratio. Cell suspensions
were encapsulated into CAGEs as described in Cell-line cul-
turing in CAGEs using a final cell concentration of 1.4e6
cells/mL Each drug condition was encapsulated for 2 hours,
collecting the droplets into four 30 min fractions. One frac-
tion of each condition was sampled instantly by lysing the
cells inside the CAGEs - CAGEs were washed three times with
ice-cold 3X SSCI buffer with 800 g spins for 1 min. Cells were
lysed by washing twice with ice-cold TEIS (7.5pH) with 5 min
incubations on ice. After cell lysis, CAGEs were frozen down
at -80°C in 3X SSCI with 10% DMSO and 0.05U/uL. Murine
RNAse Inhibitor (NEB, M0314S). Remaining fractions of
packed hydrogel CAGEs were seeded into a different 24-well
plate well into ImL of IMDM with 10% FBS and 1x Pen/Strep,
0.1% (w/v) F127 and 0.1% (w/v) L31 with appropriate drug.
10,000 K562 and L1210 cells from appropriate drug condi-
tions were seeded outside the CAGEs for the first two days.
Every two days, media was exchanged by collecting the
CAGEs using an reversible a 37um strainer (STEMCELL
Technologies) and eluting into fresh IMDM with 10% FBS
and Ix Pen/Strep, 0.1% (w/v) F127 and 0.1% (w/v) L31 with
the appropriate drug as described before in Cell-line cultur-
ing in CAGEs. Every 2 days, one well of each condition was
sampled for inC-RNA-seq by lysing the cells and freezing at -
80°C as described above.

After all the time points were collected, CAGEs were
thawed, washed once with 3X SSCI, once with TI10 (pH 7.5),
once with TI (pH 7.5). Next, CAGEs were treated with Turbo
DNAse I (Thermo Fisher) by adding 8uL of 2U/uL enzyme to
300uL of CAGEs in a 1X reaction buffer and incubating at
37°C for 10 min. CAGEs were then washed once with 3X SSCI
and TEIS (pH 7.5) and resuspended in 500uL of TEIS (pH
7.5). Next, 8uL of Proteinase K (NEB, P8107S) were added to
each tube, followed by 15 min incubation at 37°C. Finally,
CAGEs were washed three times with 3X SSCI buffer and
three times with HI10. Resulting CAGEs were used in the inC-
RNA-seq protocol as described in CAGE single cell RNA-seq.
Resulting barcoded cDNA libraries were purified, fragmented
and indexed with 48 indices as described above.

Sequencing
DNA library fragment size was assessed using Agilent
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Bioanalyzer hsDNA or Tapestation D5000 kits (Agilent). Se-
quencing libraries, housing different P5 indices were pooled,
and concentration was assessed using a qPCR using KAPA
SYBR® FAST Universal qPCR Kit (KAPA Biosystems) accord-
ing to manufacturer’s guidelines. All libraries were sequenced
on a Paired-end Illumina Next-Generation sequencing plat-
form. See table S5 for sequencing kit and parameters

Data analysis

Software packages

Except as stated otherwise below, all data analysis was car-
ried out in Python (3.10) with the packages scanpy (1.10.4),
numpy (1.26.4), pytorch (2.2.2), pymc (5.20.0), scikit-learn
(1.6.1), SnapATAC2 (2.8).

Doublet rate estimation from inC-seq experiments

For barnyard plots in Figs. 2D, 3, C and D, and fig. S3A, com-
parison of observed doublet rates (shown on plots) to ex-
pected doublet rates (see figure captions) was carried out
using the following calculations:

The expected number of doublets was calculated using the
standard formula for calculating the multiplet fraction for
Poisson-loading experiment is ~ 4, /2 [when 4, <<1, see
(5); calculation in supplementary materials].

In most of the paper, cells were loaded at A4,
we expect a total doublet rate of [doublet%] = 5%.

For the species mixing experiments, the observed doublet

rate is a fraction of the total doublet rate: [doublet%]*™) =

~ 0.1 and

[doublet%]x[Z p(1- p)} , where p is the fraction of cells from

species A (e.g., human), and (1-p) is the fraction from species
B (e.g., mouse).

This formula was used as a basis for comparison in all
plots with 4, = 0.083 cells/CAGE for Fig. 3C and 4, = 0.1
cells/CAGE for Figs. 2D, 3D, and fig. S3A. p was set to ob-
served human cell fraction.

Sequencing read demultiplexing and pre-processing

BCL sequencing files received from Illumina BaseSpace por-
tal were converted to raw FASTQ files for each of the 4 (R1,
R2, R3, R4) sequencing reads without read trimming or
masking by using bcl2fastq software (Illumina, v2.20.0.422).
Raw FASTQ files were processed using a custom pipeline
adapted from inDrops.py (39). The new code, inCseq_filter-
ing.py is available at (38). In brief, sequencing reads were de-
multiplexed based on Readl index sequence, and were
filtered based on expected structure (all barcodes matching a
barcode whitelist with hamming distance of 1). The demulti-
plexed reads were then processed using Trimmomatic (40)
(with parameters: LEADING 28; SLIDINGWINDOW 4:20;
MINLEN 20), followed by Poly-A length trim to 4 nt and
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selecting reads that are longer than MINLEN. For surviving
reads, the fraction of length composed of same base repeats
(only considering > 5) was determined, rejecting reads whose
fraction is greater than 0.5. As an output, for every input run
(sequencing lane), this produces two filtered FASTQ files con-
taining both the Readl sequence and barcode sequence for
every library index contained in that run. Demultiplexed and
filtered FASTQ files were used for mapping and counting as
described in the following sections.

Read mapping for amplicon sequencing

Sequencing reads were first processed as described above to
generate demultiplexed, filtered and sorted FASTQ files. Se-
quencing reads were aligned to a GFP or RFP reference using
STARSolo (41) counting the number of reads aligning to each
reference for each detected barcode.

CAGEs RNA-seq count matrix generation

Sequencing reads were first processed as described above to
generate demultiplexed, filtered and sorted FASTQ files.
Count matrices were generated using STARsolo pipeline (41)
(STAR 2.7.9a) with parameters (—soloFeatures Gene, Gene-
Full,—genomeSAsparseD 3,—outSAMtype BAM SortedByCoor-
dinate,—outSAMattributes CB CR UR UB UY GN GX,—
outFilterScoreMinQuverLread 0.3,—outFilterMatchNminQuver-
Lread 0.3,—soloCBmatchWLtype
IMM_multi_Nbase_pseudocounts,—soloUMIfiltering Multi-
GeneUMI_CR,—soloUMIdedup IMM_CR,—soloMultiMappers
EM,—soloCellFilter EmptyDrops_CR,—quantMode Transcrip-
tomeSAM GeneCounts) or InDrops pipeline with Bowtie 1.2.2
(m = 200; n = 1; 1 = 30; e = 70) unless stated otherwise. Hu-
man GRCh38.101 and mouse GRCm.101 genome assemblies
were used.

Cell-line CAGE scRNA-seq data analysis

Count matrices were generated as described above using the
STARsolo pipeline. Count matrices were filtered by selecting
barcodes with >3000 UMIs and fraction of mitochondrial
counts being below 0.2. Counts were quantile-quantile (Q-Q)
downsampled across all samples. Gene-expression correla-
tion analysis was performed after transcript per million
(TPM) normalization and logl0(1+TPM) scaling.

PBMC CAGE scRNA-seq data analysis

Count matrices were generated using the STARsolo pipeline
with intronic reads as described above. Count matrices were
filtered by selecting barcodes with >2000 UMIs and fraction
of mitochondrial counts being below 0.2. Counts were nor-
malized to CP10K, and z-scored. Scanpy was used to identify
high variable genes (sc.pp.highly_variable_genes with fla-
vor='seurat’, min_mean=0.0125, max_mean=3,
min_disp=0.2) and to perform PCA, UMAP and Leiden
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clustering.

Data comparison to 10x Genomics

CAGE scRNA-seq HEK293t, NIH 3t3 and PBMC data was
compared to an equivalent sample of 10x Genomics scRNA-
seq data downloaded from the companies website in raw
FASTQ format. Count matrices for CAGE and 10x Genomics
data (downloaded from the companies website) were gener-
ated using STARsolo pipeline with the same parameters (—
soloType CB_UMI_Simple,—soloUMIlen 12,—soloFeatures
Gene,—genomeSAsparseD 3,—outSAMtype BAM SortedBy-
Coordinate,—outSAMattributes CB CR UR UB UY GN GX,—
outFilterScoreMinQuverLread 0.3,—outFilterMatchNminQOuver-
Lread 0.3,—soloCBmatchWLtype
IMM_multi_Nbase_pseudocounts,—soloUMIfiltering Multi-
GeneUMI_CR,—soloUMIdedup 1IMM_CR,—soloMultiMappers
EM,—soloCellFilter EmptyDrops_CR,—quantMode Transcrip-
tomeSAM GeneCounts). Human GRCh38.101 and mouse
GRCm.101 assemblies were used. Count matrices were fil-
tered by selecting barcodes with >3000 UMIs and fraction of
mitochondrial counts being below 0.2. Total counts were
quantile-quantile (Q-Q) downsampled among all samples.
Gene-expression correlation analysis was performed after
transcript per million (TPM) normalization and
1log10(1+TPM) scaling. To compare gene-expression for differ-
ent transcript length, gffutils was used to extract transcripts
length from GTF files used to make the genome reference.
Gene expression was compared between platforms at differ-
ent length cutoffs. To generate UMI saturation curves, ran-
dom sampling was used to sample barcode-umi-gene
combinations from output aligned and sorted bam files to
generate a table of number of UMIs and reads for each bar-
code at different sequencing read depths.

Genes/cells as a function of UMIs/cell analysis

10x Genomics PBMC data were downloaded from the compa-
nies website as raw FASTQ files that were processed through
the same pipeline used to process inC-seq data.
SMARTseq3xpress PBMC data was downloaded from the
original EMBL-EBI repository as processed gene expression
matrices. For the analysis, the number of genes/cell were
compared after binning cells by UMIs/cell into low (10K
UMI/cell), medium (25K UMI/cell) and high (50K UMI/cell)
depths by selecting all cells with an UMI number greater or
equal to the bin and downsampling the counts to the bin
threshold (10K, 25K, 50K) using scanpy.pp.downsam-
ple_counts function. 10x Genomics data downloaded as pro-
cessed gene expression matrices agreed with the data
downloaded as raw FASTQ files and processed through
STARSolo pipeline.
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CAGE ATAC-seq data processing

CAGE ATAC-seq approach used pair-end sequencing to map
out gDNA fragment length. While Readl sequencing reads
contain only the gDNA fragment, Read4 contains CAGE bar-
codes followed by a gDNA fragment. First, parts of Read4 se-
quencing reads corresponding to gDNA fragments were
extracted using seqtk trimfq command with a parameter -b
50. Sequencing reads were then processed as described above
to generate demultiplexed, filtered and sorted FASTQ files
twice, once for each gDNA read (Readl and Read4). Next,
fastg-pair was used to pair the two demultiplexed and fil-
tered gDNA fragment FASTQ files, which were then merged
using NGmerge. Merged FASTQ files were aligned to merged
human GRCh38.101 and mouse GRCm.101 index using bow-
tie2 (with parameter-very-sensitive, -p 4 -local -X 2000) and
bam files were sorted using samtools sort function. Mitochon-
drial reads were counted and removed, followed by BAM file
deduplication, sorting and indexing using samtools. Next a
pysam script was used to move barcode sequences from BAM
read headers to bam CB tag and a string tag was appended to
each barcode to label runs corresponding to different indices.
Following this, bam files were merged for all the runs. BAM
files were analyzed using the SnapATAC2 python package
(42). First, BAM files were converted into fragments files us-
ing snapatac2.pp.make_fragment_file which were filtered
(TSSE >5; fragment number >400; FRiP>0.4) after metric cal-
culation (snapatac2.metrics.tsse, snapatac2.tl.macs3, snapa-
tac2.metrics.frip). UMAPs were generated by selecting 50000
features, removing doublets using scrublet. Gene activity ma-
trices were generated using snapatac2.pp.make_gene_ma-
trizx.

CAGE colony RNA sequencing

Preprocessing: Read mapping and cell filtering based on
counts and mitochondrial fraction were carried out as de-
scribed above. Raw counts were then normalized to 10,000
counts per cell (CP10K). Highly variable genes were selected
using Scanpy's implementation of the Seurat v3 approach
(sc.pp.highly_variable_genes with flavor='seurat_v3'; 4,000
genes for K562 cells and 5,000 genes for L1210 cells; using
unnormalized counts for variance calculations).

Mock colony generation: Mock-colony size-matched con-
trols were generated using a count-based resampling ap-

proach. Let {n,..,n,} be the total counts for the M cells
sampled for a given timepoint and condition in the real data.
For each value of n,_, we generated a mock cell with the same

total counts by (1) randomly sampling single cells (time point
0 transcriptomes) from the corresponding condition, (2) com-
bining raw unnormalized counts to match or exceed target
colony sizes, with a minimum of 2795 cells from time point 0
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combined for mock colonies at time £, and enough cells such
that the total counts equal or exceed n, ; then (3) downsam-

pling the counts to n, . The mock colonies were then pro-

cessed as the real colonies, except where stated otherwise
below.

Visualizing variable genes in colonies: Gene coefficient of
variation (CV) vs mean plots were generated by first calling
scanpy’s sc.pp.highly_variable_genes as described above to
obtain means, variance and normalized variances for every
time point and replicate in for control (untreated samples),
for real data and mock clones. The values for each gene were
then weighted averaged over the three control replicate sam-
ples for colonies from days 4 and 6, weighted by the number
of colonies sampled per library. Gene-gene correlation maps
were similarly generated for the real data by first calculating
pairwise gene correlations within each sample, and then ob-
taining the weighted average correlation across the three un-
treated replicates. The top 150 variable genes were selected
after filtering out mitochondrial, ribosomal and other prede-
fined gene sets using exclusion lists. For the heatmap of the
mean correlations, the genes were hierarchically clustered us-
ing average linkage clustering.

Dimensionality reduction: Non-negative matrix factoriza-
tion (NMF) was performed on the highly variable genes using
scikit-learn's NMF implementation with the following pa-
rameters: init=nndsvd', random_state=0, n_iter=400, al-
pha_W=0, alpha_H=0, 11_ratio=1.0, and tol=1e-3. The solver
was set to 'cd' (coordinate descent). NMF was carried out on
1log10(1+CP10k)-transformed counts. To determine the opti-
mal number of factors, we compared explained variance ra-
tios between real and permuted data across 1-20 components
(5), with 5 permutations and sampling 10% of cells for com-
putational efficiency. This procedure identified the top 15
components as explaining variance above-random and this
number of NMF programs was used for both cell lines.

Visualization by UMAP embedding: For visualization
only, batch effects from library preparation and cell seeding
were corrected using Harmony (43) using the scanpy imple-
mentation, with the following non-default parameters:
theta=4.0, lambda=10.0, and sigma=0.05. Harmony was ap-
plied to the 15 NMF program usages per cell. A nearest neigh-
bor graph was constructed using the Harmony-corrected
program usages with n_neighbors=10, and scanpy’s UMAP
was then applied to the batch-corrected embedding with de-
fault parameters.

Heatmaps of NMF gene loadings: For heatmaps of gene

contributions to NMF programs, the NMF loading matrix
(“H” matrix in scikit-learn) was normalized by dividing each
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gene's loading by its mean nonzero expression level (calcu-
lated as mean expression when expressed / fraction of cells
expressing). The genes shown in the final heatmaps were fil-
tered to remove mitochondrial genes and non-coding genes
to improve interpretability, and ordered by descending nor-
malized loading values.

NMF usage means, CVs and Fano factors: NMF program
usage values were first normalized for each cell such that the
sum of usages across all programs equaled 1. The mean, CV,
and Fano factor of each program's usage across colonies were
then calculated at each timepoint. To calculate mock colony
CV and Fano factors, we corrected for systematic differences
in means over time by regressing the CVs using the power
law relationship observed between mean and CV. For com-
parisons across conditions, each metric was normalized to its
value in control colonies at the same timepoint.

Machine learning program ON/OFF switching rates: A
model of stochastic state transitions within cells of an ex-
panding clone was fit to the distribution of usages for each
NMF program over time, in each condition. Referring to the
supplementary text for details on the model, the parameters
are: the on rate (7, / cell cycle), the off rate (r, / cell cycle),
the initial state probability ( p,), the NMF program usage
background level (¢ ), and the NMF program usage expres-
sion scale and noise parameters (a,b,o,0,). These parame-

ters were inferred by Markov Chain Monte Carlo (MCMC)
sampling using PyMC, with a prior distribution and likeli-
hood as defined in supplementary text 1. To generate the like-
lihood, we carried out 1.6-10° simulations of stochastic cell
state switching with different rates (,,,#,) and then trained

a surrogate neural network model (2 hidden layers: 64, 32
nodes) to predict the number of cells in states (0,1) in each
clone over time ¢, enabling rapid likelihood computation dur-
ing MCMC inference. Parameters were inferred using 8 par-
allel MCMC chains of 2,000 samples each after 2,000 tuning
steps. Convergence was assessed using the Gelman-Rubin
statistic. Rates (7, r,) increasing following drug treatment

imply shorter persistence time for a given NMF program,
while the opposite implies longer persistence. Code imple-
menting simulations, surrogate model training and MCMC
inference are available at (38).
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Fig. 1. Concept, development, and characterization of Pluronic diacrylate capsules. (A) Schematic of semi-
permeable capsules and their relevant properties for high-throughput, single-cell profiling. (B) Schematic of
potential massively-parallel, multistep analyses in capsules including processing of single or cultured cells
through iterative addition and removal of reagents, imaging, sorting and sequencing. (C) Bright-field micrograph
(left) and schematic (right) showing generation of CAGEs (compartments with amphiphilic gel envelopes) using
a droplet generator co-flowing an amphiphilic functionalized outer (shell) polymer and a hydrophilic core
polymer that undergo phase-separation upon droplet formation. These are subsequently converted to CAGEs
by 405nm-dependent cross-linking of the shell polymer. Red arrows indicate single cells. Inset displays two
snapshots spaced by 0.12s. Scale bar = 100 ym. (D) Bright-field micrographs of 8% (w/v):1% (w/v)
F127DA:PPPDA shell, 13% (w/v) dextran core CAGEs in DPBS containing individual cells. (E) Bright-field
micrographs demonstrating that multiple amphiphilic PEG copolymers form capsules. Scale bar = 50 pm. (F)
Cryo-SEM images of freeze-fractured capsules with magnification of pores in the Pluronic diacrylate shell
membrane. Red arrows point to surface pores. (G) lllustrative composite micrographs of confocal and bright-
field imaging of capsules from analyte diffusion time-series. (H) Intensity time-series quantifying diffusion half-
times through the CAGE shell [composition as in (D)] for analytes of different sizes and in the presence of
different salt concentrations. (I) Diffusion half-times showing a sharp size-dependent cut-off in CAGE
permeability. Plot represents mean data from =3 independent experiments with SD as error bars; full data in
table S2. (J) Flow cytometry-based enrichment of CAGEs. Composite fluorescence and bright-field
micrographs of a sample initially containing <10% labeled capsules (top-left) and sample after sorting (top-
right), yielding ~98% FITC-positive CAGEs (bottom). Scale bar =100 um.
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Fig. 2. Split-and-pool-based barcoding of CAGEs for high-throughput sequencing (inC-seq) (A) Schematic
for split-and-pool barcoding of DNA libraries in capsules, showing an example of three rounds of barcoding
through ligation and PCR used in this work. Initial libraries are generated with a uracil residue in the common
library end-sequence (red), which is cleaved by a uracil-specific excision reagent to generate a sticky end with
a b'-phosphate. The sticky ends are ligated to an array of barcoding dsDNA oligos that contain a well-specific
barcode. The process is repeated to introduce a second barcode, and a third barcode is introduced through a
PCR primer. (B) Demonstration of efficient sequential enzymatic processing of DNA in CAGEs, realizing step
(1) from (A). Aninitial unlabeled library (left panel) is amplified by incubation of capsules in a PCR reaction mix,
with a PCR primer containing a uracil and a Cy5 label at its 3' terminus. Following PCR and washing (middle
panel), the CAGEs show retention of Cy5 fluorescence that now is attached to the DNA in the capsule. Uracil
excision and washing cleaves the labeled primer generating an overhang and losing Cy5 fluorescence (right
panel). (C) Representation of barcodes in the DNA amplicon sequencing data after a 5-step barcoding
approach: 14 PCR barcodes (PCRb) were added during amplification, followed by 3-steps of 48 split-pool
barcode addition and 16 indices following capsule solubilization. (D) Effective library partitioning by capsules
with low cross-contamination seen by inC-seq analysis of single-cell gDNA transgenes loci encoding GFP or
RFP sequences. The plot shows the number of reads from mapping to GFP or RFP, with each point
corresponding to a unique capsule barcode. Observed doublet rate isinline with expectations (2.1%) for CAGEs
generated with a mean cell loading of 0.1 cells/CAGE and an observed cell loading ratio of 70:30 RFP:GFP. Inset
displays examples of CAGEs with cells prior to lysis. Scale bar =50 pm.
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Fig. 3. Capsules enable single-cell genomic assays with multistep processing. (A) Schematic of inC-RNA-seq
and inC-ATAC-seq library preparation modalities. Additional barcodes and sequences are added during
transcript (RTb and UMI) and accessible gDNA region (Tnbb) capture via RT and Tagmentation steps. Captured
and amplified dU bearing molecules are subjected to split-pool barcoding and sequencing. (B) Micrographs
showing cells at progressive stages of single-cell RNA-seq library preparation in CAGEs, from initial cell
encapsulation through lysis, to generation of amplified complementary DNA (cDNA) libraries prior to in-CAGE
barcoding. gDNA is stained with SYBR Safe dye; cDNA stained with Cy5 fluorophores conjugated to the PCR
amplification primers. (C and D) Plots showing the number of UMIs or DNA fragments corresponding to each
CAGE mapping to human (y-axis) and mouse (x-axis) RNA-seq (left) or ATAC-Seq (right) inC-seq libraries. The
observed mixed species doublet rates are in line with the expectations: 2.1% for (C) with (loading of 0.083
cells/CAGE) and 1.9% for (D) (loading of 0.1 cells/CAGE). (E) UMI/read plots following down-sampling reads
from CAGE scRNA-seq libraries in comparison to publicly available 10x Genomics NextGem v3.1 data. (F to H)
UMI/reads plots as in (E) for libraries generated from fresh or PFA fixed K562 cells (F), fresh or frozen HEK293T
cells (G) or capsules made using DPBS or media (H). (I) A two-dimensional UMAP embedding of inC-RNA-Seq
data from peripheral blood mononuclear cells (PBMCs), (J) heatmaps of gene expression showing coverage of
low and high-abundance cell type-specific genes, and (K) high population structure of partitioning subsets of T
and NK cells. (L) UMI/reads plots as in (F), now generated for PBMC data and comparing inC-seq to data from
10x Genomics GEMCode. (M) Comparison of number of genes detected per cell as a function of read depth
between inC-seq and 10x Genomics NextGem v3.1.
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Fig. 4. Live-cell clonal expansion in CAGEs reveals persistent gene expression programs. (A) Micrographs
showing growth in CAGEs of clones from cultured cell lines, primary mouse bone marrow hematopoietic stem
cells (mHSCs) and human induced pluripotent stem cells (hiPSCs). Scale bars = 50 um. (B) Micrograph of
encapsulated colonies concurrently cultured. Scale bar = 100 um. The image shows high-density K562 (poly-
clonal) colonies expanded in CAGEs. (C) Division times of cells cultured in wells or CAGEs. Each dot
corresponds to a single cell-division time evaluated by time-lapse microscopy (K562: n=156; L1210: n=127). t
test p-value>0.8. (D) Experimental schema for identifying persistent gene expression programs in cancer cell
lines upon treatment with vehicle (Ctrl), DNMT inhibitors (5-azacytidine (Aza); decitibine (Dec)), or an HDAC
inhibitor (vorinostat (Vor)). Micrographs show example capsules at different timepoints. (E to H) Evidence of
persistent gene expression programs in K562 cells; see fig. S6 for L1210 cells. (E) Clustered inter-clonal gene-
gene expression correlations in K562 cell control samples at days 4-6 show evidence of structured programs,
which are absent when randomly combining cells sampled at day O into ‘mock’ clones. (F) Top genes
contributing to gene expression programs identified by nonnegative matrix factorization (NMF), identifying
erythroid, cell cycle, vimentin- and keratin-associated programs. Full program loadings in table S3. (G) Box
plots of variation in 15 NMF-derived programs between control clones, showing persistent heterogeneity over
time compared to mock clones. (H) Some gene expression programs remain mutually exclusive after clonal
expansion, as seen from low numbers of clones observed mixed NMF programs as compared to expectation
(Observed/Expected = fxv/fxfy; p-value from Fisher’s exact test).
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Fig. 5. Altered clonal memory upon treatment with DNMT or HDAC inhibitors. (A) A schematic of possible
effects of drug treatment on epigenetic memory. In untreated controls, cells occupy high and low gene
expression states for each observed program. Inhibitors of epigenetic modifying enzymes may bias the relative
stability of states (top scenario), and may also reduce persistence (shallower wells, bottom scenario). FrominC-
RNA-seq on growing clones one can infer state transition rates (arrows). (B) Schema for statistical inference of
transition rates from clonal inC-RNA-seq data by fitting stochastic models of cell state-transitions to observed
NMF program usage over time. The model was used to infer rates of program induction (ro;) and loss (ri0) for
each program in each treatment condition (see supplementary text 1). (C) Fitted transition rates exemplified for
one program (program 3), with all drugs increasing persistence of the ‘high’ state, while destabilizing the ‘low’
state. (D) Changes in K562 gene expression program persistence times from the fitted dynamic transition rates,
showing reduced clonal memory for some programs (blue) but not others (red). (E) Corresponding changes in
steady-state bias (i.e., the fraction of cells in the active state), showing distinct changes from program
persistence. (F) Changes in persistence are distinct from changes in mean expression for single genes, shown
for one drug (Aza) in K562 cells.
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