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Abstract

Tissue dissociation, a crucial step in single-cell sample preparation,
can alter the transcriptional state of a sample through the intrinsic
cellular stress response. Here we demonstrate a general approach
for measuring transcriptional response during sample preparation.
In our method, transcripts made during dissociation are labeled
for later identification upon sequencing. We found general as well
as cell-type-specific dissociation response programs in zebrafish
larvae, and we observed sample-to-sample variation in the dissoci-
ation response of mouse cardiomyocytes despite well-controlled
experimental conditions. Finally, we showed that dissociation of
the mouse hippocampus can lead to the artificial activation of
microglia. In summary, our approach facilitates experimental opti-
mization of dissociation procedures as well as computational
removal of transcriptional perturbation response.
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Introduction

Single-cell transcriptomics has emerged as the method of choice for

systematic identification of cell types or states in complex tissues.

However, tissues typically need to be dissociated into a single-cell

suspension for analysis, which triggers a transcriptional response

that can confound the downstream analysis (Denisenko et al, 2020;

Mattei et al, 2020). This is particularly problematic when investigat-

ing biological perturbations that may resemble dissociation response

(e.g. reaction to tissue injury), when comparing conditions that may

be affected differentially by dissociation (e.g. embryonic versus

adult tissue), or when analyzing tissues that require harsh dissocia-

tion conditions. Dissociation response may lead to batch differences

and can also produce artificial transcriptional diversity within a cell

type, as was shown for a stress-induced sub-population of stem cells

(van den Brink et al, 2017). Dissociation protocols, therefore, need

to be carefully optimized when performing high-resolution analysis

of cellular activation states (Hrvatin et al, 2018). General transcrip-

tion inhibitors have been used for minimizing the influence of tissue

dissociation on gene expression measurements (Wu et al, 2017), but

such treatments can lead to cell death (Bensaude, 2011) and may

create biases in the detected gene expression (Cass�e et al, 1999).

Analysis of single nuclei instead of single cells allows for faster sam-

ple preparation and can minimize transcriptional stress response as

well as other biases (Lacar et al, 2016) at the expense of reduced

data quality with respect to the number of transcripts and genes

detected per cell. It, therefore, remains an important open challenge

to directly measure transcriptional response to dissociation. Such an

approach could enable systematic experimental optimization of dis-

sociation conditions and allow computational removal of transcrip-

tional dissociation response.

Results

We reasoned that the scSLAM-seq method for RNA labeling (Erhard

et al, 2019; Cao et al, 2020; Holler et al, 2021), which is based on

the incorporation of ribonucleotide analogs into newly transcribed

RNA, can be repurposed for measuring dissociation response.

Adding the uridine analog 4-thiouridine (4sU) to the dissociation

reaction should label the transcripts that are synthesized during the

dissociation procedure (Fig 1A). After a thiol modification step using

iodoacetamide, labeled transcripts can be identified in the

sequenced data by characteristic T-to-C substitutions (see “Step by

Step protocol”, in the Materials and Methods). Using cultured

mouse embryonic stem cells (mESC), we confirmed that our
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workflow specifically increased the rate of T-to-C transitions

(Fig 1B). Typical 4sU concentrations are in the range of 100 lM.

However, in our cell culture experiments we found that concentra-

tions of up to 10 mM were possible, even for an extended labeling

period of 25 h. In the following, we therefore used a concentration

of 10 mM 4sU, in order to enable high labeling rates despite the

short time window of tissue dissociation and the difficulty of reach-

ing high intracellular 4sU concentrations in the initially multilayered

tissue. However, we wish to note that we do not recommend such

high concentrations for applications requiring longer labeling times.

In general, we would suggest checking the effect of 4sU on tran-

scription for any RNA labeling experiment.

As a first experiment to measure dissociation response in bulk,

we compared zebrafish larvae (48 h post fertilization, hpf) treated

with 4sU during dissociation to untreated larvae that were homoge-

nized for analysis (Fig 1C). To minimize false positive labeling

events (i.e., “labeled” genes in the untreated sample), we required a

minimum sequencing quality of Q20 (base call accuracy of 99%) to

call a T-to-C substitution, and we filtered against SNPs (single

nucleotide polymorphisms) by removing all T-to-C transitions that

occurred at a frequency > 25% (Fig EV1). This approach effectively

removed false positives and allowed identification of genes that are

transcribed during the dissociation procedure based on their high T-

to-C transition rate (Fig 1C).

We considered that genes might be detected as highly labeled

due to two different reasons: Either these genes are strongly upregu-

lated upon dissociation and constitute a bona fide stress response;

or, alternatively, the detected genes are expressed constitutively and

are not related to stress response, but are merely characterized by a

particularly high turnover rate. To distinguish between these two

scenarios, we compared zebrafish larvae that were labeled during

dissociation to larvae that were labeled in vivo via microinjection of

4sU for the same amount of time (30 min) and homogenized for

analysis (Fig 1D, Dataset EV1). We found that only 12% of genes

(or 11 out of the 95 highly labeled genes) showed high labeling in

both conditions, suggesting that genes with high turnover rates are

typically not constitutively expressed. The category of high turnover

genes mainly consisted of developmental regulators including mem-

bers of the her family and other transcriptional regulators. By con-

trast, we found a larger set of genes that were labeled more highly

in the dissociated compared to the injected and homogenized larvae,

and which contained typical stress response genes like fos/jun and

heat shock genes. Interestingly, we also found a different set of

genes that were labeled more highly in the injected larvae. We spec-

ulate that such genes might be related to stress response due to

injection or might reflect minor differences in staging. After the suc-

cessful characterization of the approach, we decided to use our

method to compare two different protocols for preparation of single-
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Figure 1. Measuring dissociation response by RNA labeling.

A Experimental workflow for labeling transcripts during dissociation. 4sU is added to the dissociation buffer. For single-cell sequencing, cells are fixed in methanol and
a iodoacetamide (IAA) treatment is carried out over night before rehydrating the cells and passing them into the 10× chromium workflow. For bulk sequencing, the
IAA treatment is carried out on extracted RNA, followed by library preparation. See Materials and Methods for detailed protocol.

B Bulk mutation rates in cultured mouse embryonic stem cells after 4sU exposure.
C T-to-C rates per gene in unlabeled and homogenized vs. labeled and dissociated (30 min, 37°C) 48 hpf zebrafish larvae. Genes with a T-to-C rate ≥ 5 standard devia-

tions (SD) are highlighted in blue (~ 1% of genes). For comparison, light gray data points show T-to-C rates without SNP removal, which include many false positives
in the unlabeled dataset.

D T-to-C rates per gene in 4sU injected (30 min incubation) and homogenized 48 hpf zebrafish larvae vs labeled and dissociated (30 min, 37°C) larvae. Genes with T-to-
C rate ≥ 5 SD in one or both samples are highlighted.

E T-to-C rates per gene in cold dissociated (30 min, 4°C) 48 hpf zebrafish larvae vs warm dissociated (30 min, 37°C) larvae. Genes with T-to-C rate ≥ 5 SD in one or both
samples are highlighted.
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cell suspensions: a standard dissociation at 37°C and a cold dissocia-

tion at 4°C. As expected, we found a lower degree of labeling upon

cold dissociation, which might reflect more gentle dissociation con-

ditions as well as overall reduction of gene expression activity at

4°C (Fig 1E). However, cold dissociation still led to expression of

heatshock genes, and we also observed upregulation of a cold

dissociation-specific gene set (Dataset EV1).

Next, we applied our approach to adult mouse cardiomyocytes,

which require more extensive dissociation procedures involving iso-

lation of cells after perfusion of the extracted heart (Rudolph

et al, 2019; Materials and Methods), and might therefore be affected

by stronger dissociation response. Similar to zebrafish larvae, we

found that RNA labeling during dissociation led to identification of a

small set of genes (~ 0.8% or 44 out of 5,244 detected genes) with

high labeling rates (Figs 2A and EV2). Importantly, addition of 4sU

during dissociation did not lead to detectable gene expression

changes compared to dissociation without 4sU, suggesting that the

4sU treatment does not create gene expression artifacts (Fig EV2B

and C). We decided to use this system to assess the reproducibility

of dissociation response by comparing five samples of adult car-

diomyocytes. While four of these samples were processed under

identical conditions, we increased the temperature during dissocia-

tion from 37°C to 42°C in one sample (adult 5) for comparison.

Additionally, we added three replicates of prenatal cardiomyocytes,

which can be isolated with a milder dissociation procedure (Materi-

als and Methods), and which we hypothesized to show a lower level

of dissociation response. We noticed that, in addition to a shared set

of labeled genes (including genes involved in metabolic and regula-

tory processes regarding cell death and response to stress), the

replicates also showed distinct sample-specific transcriptional pro-

files (Fig 2B–D, Dataset EV2). In particular, sample adult 5 (42°C

dissociation) displayed a more pronounced stress response, includ-

ing GO terms related to unfolded protein response (Dataset EV2).

This suggests that, at least in experimentally challenging systems

like the heart, minor differences during the dissociation procedure

can result in qualitatively different perturbation responses, which

may potentially manifest as batch effects in single-cell RNA-seq

datasets. However, we could also identify a core set of 17 genes that

were strongly labeled in at least three of the five adult samples,

including some genes known to be involved in stress response (Fos/

Jun, Atf3, Gadd45g), members of the actin family and extracellular

matrix components, as well as five so far unclassified genes

(Dataset EV3). In comparison, the prenatal cardiomyocytes showed

a weaker dissociation response, with a high degree of similarity

among the replicates (Fig 2C and D). In summary, we conclude that

RNA labeling during tissue dissociation is an effective method for

identifying genes whose expression may be dominated by stress

response. While we were able to determine a core set of dissociation

response genes in adult cardiomyocytes, we also detected a substan-

tial amount of sample-to-sample variation. Furthermore, we

observed differences in dissociation response between prenatal and

adult cardiomyocytes, which may be problematic when performing

comparisons between these conditions without correcting for disso-

ciation response.

After the bulk analysis of zebrafish larvae and mouse cardiomy-

ocytes, we next wanted to investigate dissociation response at

single-cell level. For this analysis we again chose to work with

zebrafish larvae at 48 hpf, comparing three conditions for
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Figure 2. Variation of dissociation response in similar samples.

A T-to-C rates per gene in labeled (4sU added) and unlabeled (no 4sU added) adult mouse cardiomyocytes. Blue (~ 1% of genes): T-to-C rate ≥ 5 SD.
B Comparison of the labeled sample in (A) to a biological replicate. Genes with T-to-C rate ≥ 5 SD in one or both samples are highlighted.
C Principal component analysis of dissociation response in prenatal and adult cardiomyocytes. PCA was calculated based on T-to-C rates of all genes which had a T-to-

C rate >= 1 SD of the mean in at least one sample. Sample adult 5 was dissociated at 42°C, all others at 37°C.
D Heatmap showing consensus and sample specific dissociation response. Genes shown have a T-to-C rate >= 5 SD of the mean in at least one sample. Sample adult 5

was dissociated at 42°C, all others at 37°C.
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preparation of a single-cell suspension (Materials and Methods):

30 min dissociation; 30 min dissociation followed by FACS (which

we here used to sort for cells of expected size and granularity;

10 min sort plus 20 min of setup and washes); and finally 30 min

dissociation and a similar FACS procedure, followed by 30 min on

ice (to simulate waiting times that arise when preparing multiple

samples). To analyze RNA labeling on the single-cell level, we fixed

the dissociated and 4sU-treated cells in methanol, followed by

iodoacetamide treatment in intact cells (Holler et al, 2021) and

library preparation using the 10× Genomics Chromium system

(Materials and Methods). In total we sequenced ~ 25,200 cells,

which computationally clustered into 16 main cell types (Figs 3A

and EV3, Materials and Methods). Comparing the three dissociation

conditions, we observed overall low batch effects (Fig 3B), with the

exception of neuronal cells, which showed higher levels of mito-

chondrial reads in the non-FACSed samples, suggesting a depletion
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Figure 3. Shared and cell type specific dissociation response.

A Clustering of 48 hpf zebrafish larvae cells dissociated at 37°C for 30 min and either fixed immediately or FACS sorted and incubated further on ice (see Materials and
Methods for details).

B Sample of origin for the clustering shown in (A).
C Percentage of genes with labeling events for each cell shown in (A) and (B). White diamonds indicate mean values. Not all cell types could be found in every sample

(e.g. muscle cells were depleted in FACS samples, see main text).
D Heatmap showing cell type specific and core dissociation response in 48 hpf zebrafish larvae cells dissociated (30 min, 37°C), FACS sorted and incubated on ice for

30 min. Genes shown have at least 250 reads with >= 10% of those containing >= 2 labeling events in at least one cell type.
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of low quality cells through FACS. Furthermore, muscle cells were

depleted in the FACSed samples, which again suggests that these

cells were lost, possibly due to their larger size (Fig EV3). Analysis

of T-to-C rates showed higher labeling of the FACSed samples, in

line with their longer incubation time after exposure to 4sU as well

as differences in labeling rate between the detected cell types

(Fig 3C). Comparison of the most highly labeled genes (> 10% of

UMIs with ≥ 2 labeling events) revealed a shared dissociation pro-

gram across cell types including genes such as endog, pclaf, mem-

bers of the heat shock family and fos/jun family, as well as cell type

specific programs (Fig 3D, Dataset EV4). In summary, we demon-

strate that single-cell RNA labeling can be used to measure dissocia-

tion response in a sample and cell type specific manner.

As a second test case for single-cell analysis of dissociation

response, we chose to work with mouse microglia, which are

known to have important functions in brain homeostasis and

disease (Keren-Shaul et al, 2017; Hammond et al, 2019; Olah

et al, 2020). Microglia exhibit great transcriptomic variety (Zeisel

et al, 2018; Ochocka et al, 2021) and have been demonstrated to

react upon enzymatic digestion (Mattei et al, 2020; Marsh

et al, 2022). We decided to focus on microglia contained in the

mouse hippocampus, a brain region that allows for consistent dis-

section (Fig 4A). We dissociated the samples using a mild protocol

optimized for gentle dissociation of brain tissue and subsequent iso-

lation of microglia (Materials and Methods). Clustering analysis

revealed the expected cell types, including microglia as well as a

subgroup of activated microglia (Fig 4B and C). Given the known

sensitivity of microglia to changes in their environment, we won-

dered whether the sub-cluster of activated microglia characterized

by fos/jun expression might be an experimental artifact caused by

tissue dissociation. Indeed, we found that the activated microglia

fully merged with the main microglia cluster when removing all
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Figure 4. Single-cell analysis of dissociation response in the mouse hippocampus.

A Experimental workflow for RNA labeling in hippocampus cells during dissociation. Hippocampi are extracted, dissociated in the presence of 4sU (30 min, 37°C) and
sorted for live cells. Sorted cells are fixed in methanol before IAA treatment and rehydration, followed by the standard 10× genomics workflow.

B Marker gene expression in sorted mouse hippocampus cells.
C, D Clustering of sorted mouse hippocampus cells before (C) and after (D) removal of UMIs with 2 or more labeling events.
E Removal rates of reads per gene and cell type.
F Labeling rates and counts of removed reads. Genes with at least 5% of reads (min 3 reads) removed are shown.
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transcripts with ≥ 2 T-to-C conversions from the dataset (Figs 4C

and D, and EV4). Of note, in this analysis we only removed individ-

ual labeled transcripts, but we retained all transcripts of the corre-

sponding genes with < 2T-to-C conversions, so no genes were

excluded from further analysis. This observation clearly demon-

strates the ability of our approach to separate dissociation response

from real biological effects, thereby increasing the resolution of

single-cell RNA-seq analysis. While the overall fraction of labeled

transcripts was low (< 1%), for a small group of genes > 50% of

reads were removed as putative dissociation response (Fig 4E).

Transcriptional dissociation response varied between different cell

types and was strongest in microglia (Fig 4F). We applied GO term

analysis to genes for which ≥ 3 transcripts with ≥ 2 labeling events

were removed and observed ~ 90% of those genes contributing to

stress/death related GO terms in activated microglia. For non-

activated microglia ~ 45% fell into this category. None of the other

cell populations had a considerable portion of stress or death related

GO terms (Dataset EV5).

Discussion

In summary, our analysis revealed that SLAM-seq can be used

for measuring dissociation response, a major confounding factor

in single-cell RNA-seq analysis. Our combined experimental and

computational approaches allow identification and removal of

transcripts that are made during tissue dissociation, which can

help identify experimental artifacts and increase the resolution of

subsequent analysis. Here we used analysis on the bulk and

single-cell level for measuring dissociation response. Our scSLAM-

seq protocol is based on the 10× Genomics Chromium system

and requires methanol fixation of cells prior to iodoacetamide

treatment. While we did not observe any reduction of data

quality following methanol treatment, we wish to note that there

are other methods for preparation of scSLAM-seq libraries that do

not require fixation (Erhard et al, 2019; Hendriks et al, 2019; Qiu

et al, 2020).

Using SLAM-seq for measuring dissociation response may be par-

ticularly useful for cell types that are suspected to produce dissocia-

tion artifacts, either because harsh dissociation conditions are

required (e.g. cardiomyocytes) or because the cells are particularly

responsive to perturbation (e.g. microglia). Our analysis identified a

core set of genes that should be considered as problematic because

they consistently appear in the dissociation response of different cell

types and systems. However, in addition to this generic dissociation

response signature, we observed that different cell types and indi-

vidual samples can also react in distinct ways to dissociation. For

microglia from the mouse hippocampus, we demonstrated that acti-

vation response caused by tissue dissociation can be computation-

ally corrected by removing labeled transcripts from the analysis.

While it should be possible to regress out dissociation response from

scRNA-seq datasets based on our list of core dissociation genes

without performing additional SLAM-seq experiments, akin to

removal of cell cycle effects in scRNA-seq, we wish to note that this

can be potentially problematic, since cellular stress response may

not only be due to dissociation but can also be caused by biological

factors. Activated microglia are an example for this scenario: While

we found microglia activation to be an artifact created by tissue dis-

sociation in Fig 4, microglia activation can also arise disease con-

texts. By regressing out dissociation-related programs, one might

therefore also inadvertently remove a bona fide biological response

from the tissue sample. In contrast to dissociation response, the cell

cycle is a well-defined gene expression program that is strongly sep-

arated from other cellular programs (Schwabe et al, 2020); hence,

no such concerns apply to computational removal of cell cycle

effects.

Materials and Methods

Reagents and Tools table

Reagent / resource Reference / source Identifier /catalog number

Experimental models

CD1 feeder cells charles river CD-1® IGS Mouse

G4 ES cells George et al (2007) RRID:CVCL_E222

C57BL/6N Jackson Laboratories

General Reagents

4sU Merck Chemicals GmbH #T4509

TRIzol Life Technologies GmbH #15596018

IAA Merck Chemicals GmbH #11149

Cell culture Reagents

DMEM Gibco #10829-018

FCS Biochrom #S0615

Glutamine Lonza #BE17-605E

Penicillin/streptomycin Lonza #DE17-603

Nonessential amino acids Gibco #11140-35
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Reagents and Tools table (continued)

Reagent / resource Reference / source Identifier /catalog number

10 mM b-mercaptoethanol Sigma #M-7522

Nucleosides Chemicon #ES-008D

Murine Leukemia Inhibitory Factor Chemicon #ESG1107

PBS Lonza #BE17-512F

Trypsin Gibco #25300-054

Zebrafish experiments – Reagents

Dextran fluorescein Thermo Fisher Scientific #7136

HBSS Life Technologies GmbH #14175095

TryplE Life Technologies GmbH #A1217701

Native Bacillus licheniformis Protease Creative Enzymes #NATE-0633

EDTA Molekula #900493

BSA Sigma-Aldrich #A4503

DPBS Gibco #14190144

Adult mouse cardiomyocytes – Reagents

Stock perfusion buffer Rudolph et al (2019)

2,3-Butanedionemonoxime Rudolph et al (2019)

Glucose Sigma-Aldrich #G7528

Perfusion buffer pH 7.46 Rudolph et al (2019)

Liberase blendzyme 1 Roche #1988417

Trypsin Gibco/Invitrogen #15090046

Bovine calf serum HyClone #SH30073

Embryonic mouse cardiomyocytes – Reagents

Trypsin‑EDTA Thermo Fisher Scientific #25200056

Reconstituted fluorescent reactive dye Thermo Fisher Scientific #L34955

Bovine calf serum HyClone #SH30073

Alexa Fluor 647 Rat Anti-Mouse VCAM-1 BD Biosciences #561612

Mouse hippocampus – Reagents

Adult Brain Dissociation Kit Miltenyi Biotec #130-107-677

Narcorene Merial GmbH

Heparin-Natrium-250,000-ratiopharm Ratiopharm

Calcein AM dye BD Pharmingen #564061

SSC Carl Roth GmbH #1054.1

BSA Sigma-Aldrich #A4503

SuperRNase IN Life Technologies GmbH #AM2694

DTT Carl Roth GmbH #6908.1

Bulk RNA extraction

GlycoBlue Life Technologies GmbH #AM9516

Chloroform Carl Roth GmbH #3313.1

Isopropanol Carl Roth GmbH #9781.1

Ethanol Carl Roth GmbH #5054.1

Bulk RNA IAA treatment

DMSO Sigma-Aldrich #D8418

Ethanol Carl Roth GmbH #5054.1

Na2PO4 Alfa Alsar #J60825

DTT Carl Roth GmbH #6908.1
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Reagents and Tools table (continued)

Reagent / resource Reference / source Identifier /catalog number

Bulk library preparation

PCR primers Junker et al (2014)

First Strand buffer Life Technologies GmbH #18064014

DTT 100 mM Life Technologies GmbH #707265

Nuclease free water Sigma #W3513

RNaseOut Life Technologies GmbH #10777019

Superscript II Life Technologies GmbH #18064014

Second-strand buffer ThermoFisher #10812014

DNA ligase New England Biolabs #M0205L

DNA Pol I New England Biolabs #M0209L

RNase H New England Biolabs #M0297L

AMPpure XP beads Beckman Coulter #19245300

HiScribe T7 kit New England Biolabs #E2040S

Exo I New England Biolabs #M0293L

rSAP New England Biolabs #M0371L

Tris-Acetat pH8.1 Carl Roth GmbH #71251

Potassium-Acetat VWR Chemicals #43763N

Mg-Acetat Carl Roth GmbH #HN11.1

RNAclean XP beads Beckman Coulter #18816300

NEBNext PCR mix 2× New England Biolabs #M0541L

Methanol fixation

Methanol Th. Geyer #1437.2511

HBSS Life Technologies GmbH #14175095

Single cell library preparation

Single Cell 3’ v3.1 kit 10× Genomics #1000121

Methods and Protocols

Animals
All animal procedures were conducted as approved by the local

authorities (LAGeSo, Berlin, Germany).

Zebrafish: Fish were maintained according to standard labora-

tory conditions. For larval experiments, we set up group crosses of

AB wild type fish and the larvae were grown to 48 hpf in egg water

at 28°C. The chorions were removed manually at 24 hpf.

Mice: Animals were kept according to the rules for Animal Wel-

fare of the German Society for Laboratory Animal Science under a

12 h/12 h dark–light cycle at 22 � 2°C and 55 � 10% humidity

with food and water supply ad libitum.

Data collection and analysis were not performed blind due to the

conditions of the experiments.

Cell culture
On day 1 CD1 feeder cells (derived from CD1 mice, charles river)

were seeded at a density of ~ 800 M cells per plate in gelatinized

9 × 6 cm plates with ESCM media (Knockout Dulbecco’s Modified

Eagle’s Medium (DMEM), 4,500 mg/ml glucose, with sodium pyru-

vate (Gibco, #10829-018), 15% fetal calf serum (FCS; Superior,

Biochrom, #S0615), 1× glutamine (100×, Lonza, #BE17-605E),

200 mM, 1× penicillin/streptomycin (100×, Lonza, #DE17-603), 1×

nonessential amino acids (Gibco, #11140-35), 1× fresh 10 mM b-
mercaptoethanol (Sigma #M-7522; 2-ME), 1× nucleosides (Chemi-

con #ES-008D)) and incubated at 37°C. On day 2 G4 ES cells

(George et al, 2007) were seeded on top of the feeder cells (~ 250 M

cells per plate) and the medium changed to ESCM + LIF (0.01% LIF

Murine Leukemia Inhibitory Factor ESGROTM; 107 U/ml, Chemi-

con, #ESG1107). On day 3 the medium was changed with fresh

ESCK + LIF. On day 4 10 mM, 1 mM or 100 lM 4sU were added

and the cells incubated for 2 h, 6 h or 24 h.

After the incubation period, the cells were washed twice with

PBS (Lonza #BE17-512F) and trypsinized for 7 min at 37C with

1 ml trypsin 0.05% (Gibco #25300-054). Trypsinization was

stopped by adding 9 ml ESCM + LIF. Cells were spun down for

5 min at 1,100 rpm at RT and resuspended in the same media

(containing 4sU). In order to deplete feeder cells the trypsinized

cells were plated again in fresh gelatinized plates and left to attach

for 1 h at 37°C. Afterwards the supernatant (containing non-

attaching ES cells) was spun down for 5 min at 1,100 rpm and

resuspended in 1 ml of TRIzol (Life Technologies GmbH

#15596018). The sample was vortexed to facilitate lysis and stored

at �20°C.

All cells were tested for mycoplasma prior to culturing.
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Injections of 4sU into 48 hpf zebrafish larvae
Zebrafish larvae were injected with 5 nl 4sU (100 mM in 10 mM

Tris•HCl pH 7.4, (Merck Chemicals GmbH #T4509) with Dextran

fluorescein (Thermo Fisher Scientific #7136)) using a glass needle

into the duct of Cuvier. Injected larvae were incubated at 28°C for

30 min. Successful injection into the bloodstream was then con-

firmed by fluorescence microscopy (Leica M165 FC) and larvae

showing fluorescence all over the blood vessels were selected. Per

experiment we anesthetized 10 selected larvae on ice for 5 min

before removing the supernatant and resuspending the larvae in

500 ll TRIzol for homogenization (Perlm€uhlenHomogenisator

Fisher Scientific GmbH).

Labeling of RNA during dissociation
In general, we added 10 mM 4sU to the dissociation buffers and

aimed for an incubation time of at least 30 min while continuing to

perform the usual steps of each individual dissociation protocol.

Detailed protocols were the following.

Dissociation of zebrafish larvae

Ten dechorionated larvae were anesthetized by placing them in

2 ml centrifuge tubes on ice for 5 min. We then washed them twice

using ice cold HBSS (Life Technologies GmbH #14175095) and

removed the supernatant afterwards. For dissociation, the larvae

were either:

• resuspended in 500 ll TryplE Mix (1×TrypleE (Life Technologies

GmbH #A1217701) in HBSS, 1 mM EDTA pH 8 (Molekula

#900493), 10 mM 4sU for labeled sample) and incubated at 37°C

for 30 min (singe cell and bulk).

or

• resuspended in 200 ll psychrophilic protease mix (1× Native Bacil-

lus licheniformis Protease (Creative Enzymes #NATE-0633) in

HBSS, 10 mM 4sU) and incubated on ice for 30 min (bulk only).

Dissociation was aided by pipetting up and down with a 200 ll tip
~ 25 times every 5 min.

When all visible tissue had disappeared, we inactivated the

enzymes by adding 15 ll 10% BSA (Sigma-Aldrich; #A4503) to

the suspension and spun down at 1,000 g for 5 min (4°C). Finally,

the cells were washed once in ice cold HBSS (no 4sU added).

Samples for bulk library preparation (Fig 1) were resuspended in

Trizol afterwards.

For the single cell samples (Fig 3), we fixed the first one in

Methanol (see below) immediately, while the other two were sub-

mitted to FACS sorting with the gates set to include everything apart

from very small debris and extremes in size and granularity. The

samples were stored on ice for ~ 15 min during FACS setup. Sorting

lasted 10 min per sample with no 4sU present in the FACS buffer

(HBSS w/1% BSA). 10 mm 4sU was added to the FACS buffer in the

cooled receiving tube. Both samples were spun down and washed

immediately after their sort before we resuspended the cells in ice

cold HBSS (no 4sU added). Sample 2 was fixed in methanol directly

afterwards, while sample 3 was left to incubate on ice for another

30 min in order to simulate waiting times when preparing multiple

samples. Eventually, sample 3 was also fixed using methanol.

Preparation of adult cardiomyocytes

Single cardiomyocytes were prepared from 10-week-old male wild-

type mice maintained on a C57BL/6N background (Jackson Labo-

ratories). Mice were sacrificed by cervical dislocation, the hearts

excised and digested via retrograde perfusion with Liberase

(Rudolph et al, 2019). Perfusion was started with 3 ml/min Perfu-

sion buffer (Stock perfusion buffer (PS00000452), 10 mM 2,3-

Butanedionemonoxime (BDM), 5.5 mM Glucose (Sigma-Aldrich

#G7528)) for 4 min at 37°C (42°C for sample 5), and then switched

to Digestion buffer (Perfusion buffer pH 7.46 (PS00000451),

0.25 mg/ml Liberase blendzyme 1 (Roche #1988417), 0.14 mg/ml

trypsin (Gibco/Invitrogen #15090046), 12.5 lM CaCl2) for 8 min.

The hearts were transferred from the Langendorff perfusion system

to a dish containing 2.5 ml Digestion buffer, where the left ventri-

cle (LV) was cut. After mincing for 2 min, the LV tissue was trans-

ferred to a dish with 2.5 ml Stop buffer (Perfusion buffer pH 7.46

(PS00000451), 10% Bovine calf serum (HyClone #SH30073),

12.5 lM CaCl2) and dissociated by pipetting for 4 min. Cardiomy-

ocytes were sedimented by gravity for 10 min. Then, the super-

natant was transferred to a new tube and centrifuged for 1 min at

180 g to pellet the remaining cardiomyocytes. After discarding the

supernatant, the pellet was resuspended in 10 ml Stop buffer and

combined with the initial cardiomyocyte pellet. After filtering with

a 100 lm strainer and cell counting, the suspension was cen-

trifuged again and the resulting cardiomyocyte pellet was resus-

pended in 1.3 ml TRIzol and stored at �80°C. In those

preparations with 4-Thiouridin, 10 mM 4sU was added to the

Digestion and Stop buffers from ventricular mincing to last cen-

trifugation steps before resuspension in TRIzol. The total 4sU incu-

bation time was always 30 min at room temperature, and the

untreated controls followed identical handling and step durations.

Live, rod-shaped cardiomyocyte counts were in the range of 2.25–

7.25 × 105 per preparation.

Preparation of embryonic cardiomyocytes

Pregnant C57BL/6N (Jackson Laboratories) female mice were sacri-

ficed by cervical dislocation. E17.5 embryos were removed, rinsed

in PBS and transferred to a 35-mm dish with cold PBS. Embryonic

hearts were microdissected away from the embryo and placed in

another dish with PBS and 10 mM 4sU. The hearts were finely

minced with a scalpel and transferred into a tube with 1.5 ml pre-

warmed 0.25% trypsin–EDTA (Thermo Fisher Scientific #25200056)

and 10 mM 4sU. The hearts were digested for 15 min at 37°C with

several rounds of vigorous pipetting and then centrifuged at 400 g

for 3 min. The cell pellet was washed twice in 20% FCS in PBS solu-

tion, centrifuged and resuspended in 1 ml PBS. The remaining cell

suspension was incubated for 30 min in the dark with 1 ll reconsti-
tuted fluorescent reactive dye (Thermo Fisher Scientific #L34955) to

determine cell viability. After another wash in PBS, cells were resus-

pended in 0.5 ml 5% FCS in PBS solution. The cell suspensions

were then incubated with 1 lg/ml Alexa Fluor 647 Rat Anti-Mouse

VCAM-1 (BD Biosciences #561612) for 15 min in the dark. The cells

were centrifuged at 450 g for 5 min, resuspended in PBS and filtered

using a 70 lm strainer into a polypropylene tube. Live, VCAM-1+

cardiomyocytes were sorted using a BD FACSAria II (BD Bio-

sciences), transferred to 1.5 ml tubes and centrifuged at 450 g for

5 min. The cell pellets were resuspended in 1 ml TRIzol and stored

at �80°C. All steps after embryo removal were done at 4°C except
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for tissue digestion with trypsin (37°C). The total 4sU incubation

time was always for 30–40 min.

Microglia and hippocampus cell isolation

All mice used in this study were based on a C57BL/6 background

and aged 10–14 weeks. Animals were perfused with PBS before

the brain extraction. Cells were isolated using the Adult Brain Dis-

sociation Kit (ABDK, Miltenyi Biotec #130-107-677). In brief, mice

were anesthetized (Narcorene, 100 mg/kg, i.p., Merial GmbH,

Germany) and perfused transcardially with 10 ml of 0.9% saline

solution containing 1 U/ml of heparin (Heparin-Natrium-250,000-

ratiopharm, Ratiopharm, Ulm, Germany) followed by 50 ml of

0.1 M PBS (pH 7.4). Next, the brains were gently extracted from

the skull (Papouin & Haydon, 2018) and immediately placed in

ice cold HBSS. For the hippocampus isolation, brains where put

on an ice cold metal platform and the hippocampus was dissected

out of the whole brain as described by Spijker, 2011. Hippocampi

were then placed in the ABDK enzyme mix and dissociated for

30 min at 37°C according to the manufacturer’s instructions in

the presence of 10 mM 4sU. Afterwards the cell suspension

underwent myelin removal with 35% SIP (Solution Isotonic Per-

coll) for 25 min at 4°C. Live cells were sorted next with all steps

being performed on ice and/or with pre-chilled buffers and equip-

ment at 4°C. Cells were stained with BD PharmingenTM Calcein

AM dye for live/dead cell staining (BD Pharmingen #564061) at

10 lM final concentration for 30-40 min on ice. Afterwards the

cell suspension was spun down for 5 min at 300 g, before being

resuspended in 500 ll of FACS buffer. Next, cells were sorted

using an ARIA II sorter with 70 ll nozzle at the speed of 10 k

cells/s.

Bulk library preparation
RNA extraction

Bulk RNA was extracted using the Trizol-chloroform-isopropanol

method as described in Junker et al, 2014. In brief, we added 0.5 ll
GlycoBlue (Life Technologies GmbH #AM9516) to 500 ll of sample

in Trizol, mixed well and incubated the tubes at RT for 15 min

before adding 100 ll of Chloroform (Carl Roth, #3313.1). After

shaking vigorously, the samples were incubated at RT for 5 min and

then centrifuged for 15 min at 12,000 g in a centrifuge cooled to 4°C

to aid phase separation. We carefully transferred 250 ll of the aque-

ous phase to a new tube, added 250 ll of isopropanol (Carl Roth,
#9781.1), shook well and incubated the samples over night at

�20°C.

The next morning the samples were centrifuged for 10 min at

12,000 g (4°C) and the resulting pellets washed in 500 ll 70%

ethanol. Finally, we resuspended the RNA in RNase free water to

continue with IAA treatment.

IAA treatment

Based on Herzog et al, 2017 we performed an IAA derivatization

treatment at 50°C for 15 min in 50% DMSO (Sigma-Aldrich #D8418)

/ 10% ethanol / 45% water with 10 mM IAA (Merck Chemicals

GmbH #11149) and 50 mM Na2PO4 (Alfa Alsar #J60825) present.

After IAA treatment, we stopped the reaction by adding DTT (Carl

Roth, #6908.1; 40 mM final) and extracted the RNA using another

round of RNA extraction in Trizol-chloroform-isopropanol as

described above.

Library preparation

Bulk libraries were prepared using a slightly modified version of the

protocol published in Junker et al (2014). Briefly, we first generated

cDNA from up to 50 ng of input material using barcoded primers.

Primers (5.4 ng/ll with dNTPs 1 mM each) were annealed for

5 min at 65°C before adding 2 ll RT mix to 2 ll of sample/primer

(0.8 ll First Strand buffer; Life Technologies GmbH #18064014),

0.5 ll DTT 100 mM (Life Technologies GmbH #707265), 0.4 ll
nuclease free water (Sigma #W3513), 0.2 ll RNaseOut (Life Tech-

nologies GmbH #10777019), 0.2 ll superscript II (Life Technologies

GmbH #18064014). The samples were incubated at 42°C for 1 h in a

thermal cycler with the lid set to 50°C. Afterwards the enzyme was

heat inactivated for 10 min at 70°C.

Second strand synthesis was carried out at 16°C for 1 h after

adding 9 ll of second strand mix (5.72 ll Nuclease-free water,

2.5 ll Second-strand buffer (ThermoFisher #10812014), 0.25 ll
dNTPs (10 mM total), 0.09 ll DNA ligase (New England Biolabs

#M0205L), 0.35 ll E. coli DNA Pol I (New England Biolabs

#M0209L), 0.09 ll RNase H (New England Biolabs #M0297L)) to

the sample. If multiple samples were processed they could be

pooled at this stage. We then cleaned the cDNA by adding 0.2 ll
AMPpure XP beads (Beckman Coulter #19245300) and 1 ll of bead
binding buffer per 1 ll of sample. The resulting cDNA was amplified

by in vitro transcription using the HiScribe T7 kit (New England Bio-

labs #E2040S) for 16 h at 37°C.

Residual primers were removed by adding 3 ll Exo I (New Eng-

land Biolabs #M0293L) and 3 ll rSAP (New England Biolabs

#M0371L) to 16 ll of aRNA. Afterwards we fragmented the aRNA

by adding 5.5 ll of fragmentation buffer (200 mM Tris-Acetat pH8.1

(Carl Roth GmbH #71251), 500 mM Potassium-Acetat (VWR Chemi-

cals #43763N), 150 mM Mg-Acetat (Carl Roth GmbH #HN11.1)) to

the resulting 22 ll of sample and heating to 94°C for 3–6 min. The

fragmented aRNA was then cleaned using 1.8× RNAclean XP beads

(Beckman Coulter #18816300) and measured using a Qubit 4 Fluo-

rometer (Life Technologies GmbH # q33226) system as well as a

TapeStation 4200 (Agilent) high sensitivity RNA device.

A maximum of 250 ng of aRNA was carried over to second RT.

0.5 ll of dNTPs (10 mM total) and 0.5 ll of second RT primer were

added to 5 ll of RNA and annealed at 65°C for 5 min. Afterwards

second RT mix (5 ll RNA in nuclease free water, 2 ll Second Strand

buffer, 1 ll DTT 100 mM, 0.5 ll RNaseOut, 0.5 ll Superscript II) was

added and incubated in a thermal cycler for 10 min at 25°C, and then

for 1 h at 42°C. Enzymes were inactivated for 10 min at 70°C.

Eventually, we added library PCR mix (10 ll nuclease free water,

25 ll NEBNext PCR mix 2× (New England Biolabs #M0541L), 2.5 ll
RP1 primer (10 lM), 2.5 ll RPI index primer (10 lM)) and ampli-

fied using the following program:

30 s at 98°C.

12–15 cycles of:

10 s at 98°C.

30 s at 62°C.

30 s at 72°C.

10 min at 72°C.

hold at 10°C.

Libraries were cleaned using AMPpure XP DNA beads at 0.9× fol-

lowed by 1.0×. Libraries were quantified using the Qubit system as
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well as a TapeStation D5000 HS device and sequenced on a NextSeq

500 system (Illumina).

Single cell methods
MeOH fixation and IAA treatment

As described in Holler et al, 2021, cells were spun down and resus-

pended in HBSS, before cold methanol (Th. Geyer #1437.2511) was

added drop-wise while gently agitating on a vortexer. Afterwards

the cells were fixed at �20°C for at least 30 min. For IAA treatment,

the samples were brought back to RT and IAA dissolved in 20%

HBSS / 80% MeOH was added to a final concentration of 10 mM

IAA. The samples were then set to rotate at 1 rpm at RT for 13 h

(mouse hippocampus) or 16 h (zebrafish larvae) while taped length-

wise to a rotator to avoid splashing and undue strain on the cells.

Rehydration and library preparation of zebrafish larvae cells

Methanol fixed cells were rehydrated using DPBS as described in

Holler et al (2021).

Briefly, we inactivated the IAA, by spinning down at 1,000 g for

5 min and resuspending the cells in quenching buffer (DBPS, Gibco

#14190144, 0.1% BSA, 1 U/ll RNaseOUT, Life Technologies

#10777019, 100 mM DTT, Carl Roth #6908.1). The samples were

incubated at room temperature for 5 min. After spinning down

again, we resuspended them in DPBS containing 0.01% BSA, 0.5 U/

ll RNaseOUT and 1 mM DTT. Afterwards the cells were then passed

through a 35 lm strainer, counted, and immediately loaded onto a

10× Chromium Single Cell 30 v3.1 kit (10× Genomics #1000121).

Libraries were prepared according to the manufacturer’s instruc-

tions and sequenced on an Illumina NovaSeq system to a depth of

~ 400 Mio reads per library.

Rehydration and library preparation of mouse hippocampus cells

Cells were rehydrated using 3× SSC buffer based on the recommen-

dations by 10× Genomics (https://support.10xgenomics.com/

permalink/4sImBCtiKcsk6SkwQQuCGM). We modified the proce-

dure to accommodate for SLAM-seq as follows:

First the cells were spun down at 1,000 g and 4°C for 10 min, the

supernatant was removed and quenching buffer added (3× SSC (Carl

Roth GmbH #1054.1), 0.1% BSA, 1 U/ll SuperRNase IN (Life Tech-

nologies GmbH #AM2694), 100 mM DTT). We incubated the sample

at RT for 5 min on order to quench the remaining IAA. Afterwards

the cells were spun down again and resuspended in a small amount

of resuspension buffer (1.5× SSC, 0.5 U/ll SuperRNase IN, 0.01%

BSA) and loaded onto the chromium controller using a Chromium

Single Cell 30 v3.1 kit (10× Genomics #1000121). Importantly, the

volume of SSC buffer introduced into reverse transcription needs to

be as low as possible to avoid inhibiting the reaction.

After successful encapsulation, we proceededwith library prepara-

tion according to the manufacturer’s instructions. The libraries were

sequenced on a NextSeq 500with about 50–60Mio reads per library.

Computational methods
Mapping and substitution identification

Reads were demultiplexed using bcl2fastq v2.19. Bulk data was mapped

using STAR v2.7.3a to either dr11.95 (zebrafish) or mm38 (Ensembl 100,

mouse) including reference information on substitutions (MD tag). Single cell

data was mapped using cellranger v6.1.1 to mm38 (Ensembl 98, mouse) or

GRCz10 (zebrafish).MD tagswere added using samtools v1.14 afterwards.

In the next step, we aggregated information on substitution type,

location and sequencing quality as an additional tag (MT tag) in

order to save computation time in downstream steps. For quality fil-

tering, we regarded a sequencing quality of 20 as sufficient. Bulk

data was annotated using Rsubread (Liao et al, 2019).

SNP removal and labeling criteria for bulk data

SNPs were removed by blacklisting all genomic positions where

more than 25% of all reads deviated from the reference base. Posi-

tions with a total coverage below 10 were blacklisted as well. Label-

ling rates per gene were then calculated by determining the fraction

of non-blacklisted T-positions that showed T to C mutations of suffi-

cient quality. Genes with labeling rates over 5 standard deviations

away from the mean of all genes are highlighted in blue and were

used for GO term analysis. PCA was carried out on T to C rates of

all genes found in both adult and all three prenatal samples which

had a T to C rate at least one standard deviation over the mean in at

least one sample (in order to reduce noise).

Clustering of single cell data

Single cell data was clustered using Seurat (Hao et al, 2021) v4.0.4.

For the single cell zebrafish data shown in Fig 3, the datasets were

merged after normalizing, scaling and clustering each one individu-

ally. Cell types were determined based on marker gene expression for

each data set individually before transferring the labels to the merged

data set. Minor cell types only present in one or two data sets were

removed for clarity (with the exception of muscle cells, which were

the only cell type exclusively present in the non-FACSed dataset).

Removal of labeled UMIs in single cell data

After initial clustering, labeled UMIs were removed based on T to C

mutations of a sequencing quality of at least 20. Afterwards count

matrices were re-generated using custom code and again clustered

using the same settings in Seurat.

Labeling rates in removed UMIs were calculated by determining

the fraction of T-positions that showed T to C mutations of sufficient

quality.

GO-term analysis (for bulk and single cell data)

GO-term analysis was performed on genes with labeling rates over 5

standard deviations away from the mean of all genes (bulk data) or

all genes that have more than 3 reads with 2 or more labeling events

(mouse single cell data) using the generic gene ontology term finder

provided by Princeton University (https://go.princeton.edu/cgi-bin/

GOTermFinder).

Step-by-step protocol
Materials

Reagents and supplies for the tissue specific dissociation protocol.

4sU (Merck Chemicals GmbH).

Iodoacetamide (Merck Chemicals GmbH).

Additionally for bulk samples:

RNA extraction supplies (Trizol-chloroform-isopropanol based

extraction tested).

DMSO (Sigma-Aldrich).

Ethanol.

Na2PO4 (Alfa Alsar).

� 2022 The Authors Molecular Systems Biology 19: e11147 | 2023 11 of 13
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Additionally for single cell samples:

HBSS (Life Technologies GmbH).

Methanol (Th. Geyer).

3× SSC (Carl Roth GmbH) or DPBS (Gibco).

BSA (Sigma-Aldrich).

RNAse Inhibitor (RNaseOUT, Life Technologies or SuperRNase IN,

Life Technologies GmbH).

DTT (Carl Roth GmbH).

Dissociation

Dissociate samples as usual but supplement buffers with 10 mM

4sU for at least 30 min of the dissociation procedure to allow for

4sU uptake. Limit exposure to light as much as possible as 4sU is

light sensitive.

The exact concentration of 4sU may need to be titrated for differ-

ent tissues to reach a balance between deeper penetration and

potential toxicity.

For bulk samples:

After dissociation (and cell sorting, if desired), extract RNA using

your method of choice, again limit exposure to light.

Resuspend extracted RNA in RNAse free water (with no reducing

agent added!) and start IAA treatment as soon as possible.

Based on Herzog et al set up the following reaction:

15 ll RNA in H2O.

25 ll DMSO.

5 ll 100 mM IAA in EtOH.

5 ll 500 mM Na2PO4.

and heat to 50°C for 15 min in a thermocycler. Put on ice and stop

the reaction using 1 ll of 1 M DTT.

Proceed with another round of RNA extraction.

For single cell samples:

Resuspend cells in HBSS and add cold Methanol dropwise to 80%

final volume while vortexing slowly.

Set samples to �20°C for at least 30 min to fix.

Add IAA in 20% HBSS/80% MeOH to 10 mM final concentration

and set samples to gently agitate at room temperature over

night. Avoid vigorous shaking/splashing as it might damage the cells.

After 13 to 16 h rehydrate the fixed cells either using DPBS (as

described in Holler et al, 2021) or using 3× SSC (based on 10×

Genomics recommendations; https://support.10xgenomics.com/

permalink/4sImBCtiKcsk6SkwQQuCGM).

For both versions, there is an IAA quenching step (5 min at RT

in DTT high buffer) and a subsequent resuspension step (DTT low

buffer to pass into the single cell application of choice).

Using DPBS has the advantage of being relatively low in salt and

therefore not interfering with reverse transcription whereas a cell

suspension prepared in 3×SSC needs to be heavily diluted right

before reverse transcription in order to mitigate reverse transcrip-

tion inhibition. 3×SSC might be more beneficial to cell integrity in

some samples, so test accordingly.

For the DPBS protocol:

Spin down at max. 1,000 g for 5–10 min at 4°C (adjust speed and

duration in case of cell damage), remove the supernatant and resus-

pend in quenching buffer (DBPS, Gibco; 0.1% BSA, Sigma-Aldrich;

1 U/ll RNaseOUT, Life Technologies; 100 mM DTT, Carl Roth).

Incubate at room temperature for 5 min.

Spin down again (same parameters as before) and resuspend sample

in pre-cooled resuspension buffer (DPBS, 0.01% BSA, 0.5 U/ll
RnaseOUT, 1 mM DTT – required by RnaseOUT).

Keep sample on ice.

Pass through a strainer if needed for downstream application, count

cells and proceed to single cell library preparation as fast as possible

to avoid cell agglomerates forming.

For the 3×SSC protocol:

Spin samples down at 1,000 g and 4°C for 5–10 min, remove the

supernatant and resuspend in quenching buffer (3× SSC, Carl Roth

GmbH; 0.1% BSA; 1 U/ll SuperRNase IN, Life Technologies GmbH;

100 mM DTT).

Incubate at room temperature for 5 min.

Spin down again (same parameters as before) and resuspend sample

in pre-cooled resuspension buffer (1.5× SSC, 0.5 U/ll SuperRNase
IN, 0.01% BSA). SSC concentration can be adjusted up to 3× SSC if

cell numbers allow higher dilution factors downstream. The amount

of SSC introduced into reverse transcription needs to be as low as

possible in avoid inhibiting the reaction.

Pass through a strainer if needed for downstream application, count

cells and proceed to single cell library preparation as fast as possible

to avoid cell agglomerates forming.

Analysis

Custom software is available at github as described in the data availabil-

ity section, or alternatively use other published SLAM-seq software.

Data availability

The datasets and computer code produced in this study are available

in the following databases:

• RNA-seq data: Gene Expression Omnibus GSE202949 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202949).

• Custom code: GitHub (https://github.com/anikaneuschulz/

MTglob_pipeline).

Expanded View for this article is available online.
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