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GENERAL INTRODUCTION

The skin is a barrier protecting the body from dehydration, invading pathogens and microbes.1
The molecular composition of the skin is what enables it to undertake these functions. Many
skin-related diseases such as cancer, psoriasis and eczema show a disturbed morphology
and molecular composition. Therefore, biologists study the molecular properties of the
skin in healthy, diseased, and treated tissues. To get a real understanding of regulatory
mechanisms, we must use technologies that allow us to measure and study these molecular
characteristics of cells. In this introduction, I will first review current knowledge on human
skin biology and the outstanding questions to which it gives rise. I will then summarise the
technologies available to biologists and the extent to which their short-comings make it
impossible to research key questions relating to the role of signalling in human skin. The
thesis as a whole presents technological advances designed to overcome these problems.

1.1 PART I. The biology of the skin
1.1.1 Molecular composition of cells
Cells are the main building blocks of the skin where molecular processes regulate the cells
chemical composition and their behaviour within the tissue. Similar to any other cell in the
body, each skin cell has deoxyribonucleic acid (DNA) and performs its functions through a
sequence of molecular events. The dogma of molecular biology states that DNA serves as
a blueprint. From this blueprint genes are copied to ribonucleic acid (RNA), a process called
transcription. These RNA molecules serve as a template to build proteins, a process called
translation. In addition to these central molecular processes, a tissue depends on regulatory
mechanisms of gene expression (for example via epigenetic modifications). Moreover, tissues
depend on communication between and within cells. The communication within cells occurs
through signalling proteins called kinases. These kinases add phospho-groups to other
signalling proteins that are activating or deactivating the targeted signalling protein, and in
this way modulate the signal transduction.2 A cascade of these events is called a signalling
pathway. The signalling pathways in combination with the molecular characteristics decide
the skin cells’ role within the tissue.
1.1.2 Skin function and morphology
Human skin comprises the inner adipose layer (hypodermis), the middle connecting layer
(dermis) and the outermost epithelial layer (epidermis). These layers serve many functions
such as insulation and protection against the outer environment.3,4 Of particular interest
in this thesis is the outermost layer, the epidermis, which forms a protective sheet around
the body. It protects against dehydration, forms a barrier against invading microbes and
pathogens and has highly renewing cells that carry out repair after injury.
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The epidermis is formed by skin stem cells and differentiating cells that, together, form multiple
tissue layers (Figure 1). Hair follicles, sebaceous glands, and sweat glands are contained
within these layers. Keratinocyte cells are the most abundant cell type in the epidermis and
have distinctive morphologies depending on where they are in the epidermis.5 The basal
layer is attached to the basement membrane and has small round stem cells with renewing
(proliferative) capacity. These cells can be isolated and cultured in-vitro to study the molecular
processes in the human skin cells, or can be used to regenerate the epidermis.6 Within the
tissue, the cells constantly divide, and in time detach from the basement membrane to move
upwards, enlarge and differentiate.7,8 On top of the basal layer, one can find the spinous
layer. This layer comprises multiple cell layers (called stratum spinosum) containing spindleshaped cells with desmosomes. Further along the differentiation path, the cells enter the
granular layer (stratum granulosum), marked by keratohyalin granules. The outermost layer
is the cornified layer (stratum corneum) in which dead cells are cross-linked with intercellular
lipids. Together these layers form the epidermis, a renewing and differentiating tissue where
cells show a specific morphology.

1.1.3 Molecular characteristics of the human epidermis
1.1.3.1 Expression of marker genes in human skin stem cells
Skin stem cells live on the basement membrane in the bottom layer of the epidermis.
These cells express stem cell specific adhesion proteins such as integrins and laminins
(Figure 1).9–11 The cells need these proteins for proper adhesion of the epidermis to the
basement membrane and to keep the cells in a proliferative status.12,13 Besides integrin
proteins, the cells express layer-specific keratin proteins. In the proliferative compartment of

Figure 1 Schematic overview of human skin. Each skin layer is marked by specific genes and active signalling
pathways.
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the epidermis, stem cells or progenitor cells express keratin 5 (K5), 14 (K14) and 15 (K15).14–17
Keeping in mind that gene expression may differ in mouse skin compared to human skin,
the design of our study makes use of knowledge on marker proteins and molecular events in
human tissue. Chapter 4 of this thesis describes the use of for example integrin beta-1 (ITGB1)
as a marker for proliferative stem cells with renewing capacity.
1.1.3.2 Expression of marker genes during human epidermal differentiation
As soon as the skin stem cells move upwards in the tissue, they stop expressing, among
others, stem cell gene K14, and begin to differentiate. Several molecular events mark this
differentiation trajectory, including barrier formation, cornification, and apoptosis. First, cells
express differentiation keratins (Figure 1), for example keratin 1 (K1) and keratin 10 (K10).
These form an intermediate filament network, linked to desmosomes to resist mechanical
stresses.18 Throughout the differentiated layers, one can find tight junction proteins that
are essential to the barrier formation of the skin.19–21 The earliest differentiation genes to
be discovered between 1984 and 1997 include involucrin22, envoplakin, and periplakin and
transglutaminase (TGM1).23–25 The last stages of skin cell differentiation include programmed
cell death and cornification, processes of central importance for skin homeostasis.26 The
TGM1 protein plays a crucial role in cornification of the skin.27,28 Throughout this thesis I
use TGM1 as a marker for late differentiation. These molecular processes, together with the
expression of genes, establish the different stages of differentiation.

1.1.4 Regulation of skin homeostasis via transcription programs and signalling
pathways
1.1.4.1 Transcriptional regulation
Healthy skin requires keratinocytes to renew the basal layer and differentiating cells in the
upper layers to serve as a barrier, while also renewing tissue. Regulation of this balance
between renewal and differentiation is crucial for skin homeostasis. The regulation takes
place by expression, activation, and deactivation of factors that induce transcriptional
changes in the cells. Several networks of transcription factors (TF) and chromatin factor
(CF) proteins regulate renewal and differentiation events.29–31 For example, p63 is crucial for
epidermal development as it serves multiple roles in both progenitor cells and differentiating
cells.29,32–38 Several epigenetic regulators and transcription factors play a role in epidermal
renewal and differentiation, such as ING5, BPTF, SMARCA5, UHRF1,39 DNMT140, EZH241,
JMJD342, GRHL343, HDAC1 and 237, MAF/MAFB30,31, and ZNF75029,31,44. For example, Mulder et al39
find a network of CFs regulating human skin cell renewal and differentiation. Components of
this network control expression of distinct gene sets such as ING5 regulating integrin alpha-6
(ITGA6) and ITGB1 expression. Klein & Andersen31 summarise an example of a regulatory
network required for late differentiation, in which transcription factors MAF/MAFB 30,31 and
ZNF75029,31,44 play a central role in expressing terminal differentiation genes. The findings
11
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from these studies show how networks of transcription factors regulate gene expression
programs during renewal or differentiation of human skin cells.
1.1.4.2 Signalling pathways in renewing skin cells
Activation or deactivation of TF networks occurs through signalling pathways. Active integrin
signalling and the epidermal growth factor (EGF) signalling have a central role in skin stem
cells. The interaction between integrin proteins and the extracellular matrix is required for
adhesion and proliferation of the keratinocytes.13 Focal adhesion kinase (FAK), downstream
of integrin signalling, is required for mechanotransduction, migration, and proliferation.45–47
EGF signalling is the central pathway for proliferation and healthy skin homeostasis. Knockout (KO) studies of the EGF receptor (EGFR) and other components of the EGF receptor/ligand
pathway show the adverse effects of EGFR ablation.48,49 Moreover, inhibition of EGFR of invitro cultured keratinocytes leads to differentiation.39,50,51 Besides proliferation, the pathway
plays a crucial role in both skin repair and inflammation.52 Finally, many cancer therapies
inhibiting the EGFR (EGFRIs) show side-effects in the skin. 53 These phenotypes show how EGF
signalling is crucial for healthy skin homeostasis.
1.1.4.3 Differentiation related signalling pathways
A number of pathways regulate the incremental steps of skin differentiation. For example a
calcium gradient is present in the epidermis, activating calcium signalling in differentiating
layers.54,55 Interaction of the calcium gradient with other signalling pathways is proposed by
Cursons et al. They observe a correlation of the calcium gradient with an ERK-MAPK signalling
gradient.56 Other pathways involved in differentiation of skin cells include Wnt, Notch, and
bone morphogenic protein (BMP) signalling31. Wnt signalling consists of a complex network
of activating and inhibitory proteins, each playing unique roles in the skin homeostasis.57–63
For example, Wnt5 is required for early (calcium-induced) differentiation of skin stem
cells.64,65 Additionally, autocrine expression of Wnt4 plays a role in renewing compartment
epidermis. On the other hand, the Wnt inhibitory molecule Dkk3 is expressed in differentiating
compartments, inhibiting the effect of autocrine Wnt signalling activation. 58 In addition to Wnt
signalling, Notch signalling regulates early differentiation events. Soon after decreased EGF
signalling activation via EGFR inhibition, NOTCH1 expression is increased, which is required
for differentiation of keratinocytes (Figure 1).64,66,67 Therefore, we used NOTCH1 expression as
an early differentiation marker. Finally, BMP signalling is found, mainly via mouse studies,
to play a role in differentiating skin68 and in wound healing, adding to the list of pathways
involved in skin homeostasis.69–71 Together such studies illustrate the diversity of signalling
pathways involved in regulating the skin self-renewal and differentiation processes.
1.1.5 Outstanding questions on the role of signalling in human skin
As knowledge on signalling pathways increases, so does our understanding of the molecular
events regulating human skin homeostasis. What we know about signalling in human skin
12

is currently based on mouse studies, human skin donors, and in-vitro culture of human skin
cells. These studies give insights into the role of a specific signalling molecule (kinase) in
renewal or differentiation. Skin homeostasis however is orchestrated by a complex network
of signalling cues within each cell.
Further questions need to be addressed to understand how human epidermal homeostasis
is maintained and what happens to this homeostasis when elements of signalling pathways
are inhibited or stimulated. For example, it is not known if every protein in the kinome plays
a role in human skin renewal or differentiation. If they are important, side-effects may occur
when such a kinase is targeted by a drug. To systematically evaluate the effect of inhibitors
on human skin cells, one could make use of the ‘Published kinase inhibitor set’ (PKIS). PKIS
is a compound library that contains chemical inhibitors targeting the kinome. The effect on
molecular skin cells could be determined by measuring protein and signalling status in the
cell population after treatment with each compound. Such an experiment requires a cellbased molecular screening set-up for protein expression levels and signalling status of the
treated human skin cells in culture.
Another outstanding question relates to the interaction between signalling pathways during
renewal and differentiation of human skin cells. How homogenous or heterogenous is
signalling activation or deactivation during human skin differentiation? Are specific signalling
activities required to promote or exclude another signalling components activation? Which
other pathways are involved in skin homeostasis? How do the pathways work together to
steer transcriptional changes and to progress through differentiation? Such questions require
a single-cell view of kinase phosphorylation status from a range of signalling pathways and
expression levels of proteins marking the renewal or differentiation status of the cells.

1.2 PART 2. Technological advances to measure molecular properties of cells
1.2.1 A central role for DNA-sequencing based technologies to measure DNA and RNA
To develop insights in the biology described in Part 1 of this chapter, molecular biologists
require a range of technologies to measure DNA, RNA or proteins from cells (Figure 2). DNAsequencing based technologies measure DNA and RNA (using conversion to cDNA) from
cells for a wide variety of applications. For example, exome sequencing allows us the study
of genetic defects (genetics).72 Chromatin Immunoprecipitation followed by sequencing
(ChIP-seq) assesses locations of proteins binding to DNA or locations of modifications
and histones on DNA (the field of epigenetics) 73–75. RNA-sequencing measures RNA levels
(the field of transcriptomics) 76–78. Together these methods form a strong basis in molecular
biology research to study, for example, hereditary diseases or transcriptional changes
and regulation.
In the last decade rapid development in single-cell sequencing technologies has advanced
many research fields. Specifically, single-cell RNA-sequencing (scRNA-seq) is widely adopted
to study gene expression for a wide range of applications.76,77,79,80 For example, scRNA-seq
13
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Figure 2 Schematic summary of technologies measuring molecular content from cells.
a Go-to technologies to measure DNA, RNA or proteins from cells. b Examples of tagged antibodies used
for indicated protein detection technologies; Western-Blot (WB), Immuno-Fluorescence (IF), Enzyme-Linked
Immunosorbent Assay (ELISA), Cytometry by Time-of-Flight (CYTOF), immuno-PCR (iPCR), ProximityLigation Assay (PLA).

characterises suspension cells such as blood cells or immune cells to identify cell lineages,
cell-types or rare subtypes of cells.81,82 Recent technological developments make it possible
to label subpopulations of cells that might be missed in scRNA-seq experiments by measuring
several surface proteins and RNA content from single cells.83,84 scRNA-seq technology has
great potential to be of use in biomedical or clinical settings, to study and diagnose, for
example, cancers.85,86 Together these single-cell technology developments promise exciting
times to study developmental processes, to identify every cell type in an organism, and to
take these methods further for biomedical or clinical applications.
1.2.2 The wide spectrum of technologies to study and quantify proteins and
phospho-proteins
To answer questions on protein and signalling molecules, several conceptually differing
methods have been developed over the years. Several techniques require purification of
proteins from cells or samples, and other technologies allow protein measurements within
the tissue or cells. For example mass spectrometry87, targeted proteomics or shot-gun
proteomics88 can measure several hundreds to millions of protein fragments (peptides), after
purification and digestion of proteins from a sample. These technologies are now under
development to decrease the quantity of material needed, to increase sensitivity and to
reduce time and costs per sample. On the other hand, immuno-based technologies measure
proteins and phospho-proteins via antibody staining of proteins, whether isolated (westernblot) or from fixed cells, without the need for protein purification (immuno-fluorescence or
14

mass cytometry89). Together, such technologies form the basis for protein and signalling
research in many fields of study.
Immuno-based protein measurements rely on antibodies that bind to a specific part of a
protein (peptide sequence) or phosphorylation site of a protein (signalling mark). After
binding of antibodies to the targeted (phospho-) protein, the abundance of the antibody can
be measured via multiple readouts (Figure 2b). For example a fluorescent readout measures
relative protein abundance via western- blot90 or determines protein localization in the cell
via immuno-fluorescence. Another use of antibodies is the enzyme-linked immunosorbent
assay (ELISA) 91,92 using an enzymatic readout, often used as high-throughput screening
technology. Recently, a method for complex protein measurements with over 30 antibodies
was developed using Cytometry by Time-of-Flight (CYTOF).93 Here, metal isotopes with unique
masses are coupled to antibodies and measured via Time-of-Flight mass spectrometry. This
allows combining up to 50 antibodies at the same time to measure proteins at the singlecell level. These examples show the diversity of readout approaches available to measure a
specific number of proteins from a sample using antibodies. The limitations of most immunobased assays are the number of proteins measured from one sample or cell. Moreover, not
each approach is sensitive enough to measure low amounts of proteins from single cells. And
finally, the sample-throughput of measurements is limited due to high experimental costs or
practical difficulties.
1.2.3 Developments of immuno-based protein detection methods
Several immuno-based assays were developed using unique DNA-tags as a readout of
antibody binding, to overcome the limitations of other readout technologies.94 These
methods rely on antibody binding, followed by DNA-tag amplification and detection of the
DNA-tag. In principle thousands of DNA-tags can be designed and readily amplified. These
properties enhance the signal and allow the use of many antibodies in one experiment when
using non-overlapping DNA-tags. For example, the immuno-PCR method 95 is a sensitive
protein detection method that amplifies signal via polymerase chain reaction (PCR) and
determines DNA quantity using quantitative PCR.96–99 We reasoned that combining the
expertise from multiple research fields, such as organic chemistry and molecular biology,
allows us to develop methods to increase the number of measured antibodies, the sensitivity
of measurement, and the sample-throughput within one experiment.
To develop immuno-PCR related methods, it is necessary to couple antibodies to DNA
molecules. The research field of bio-organic chemistry provides a wide variety of chemical
reactions suitable for coupling (conjugating) antibodies to DNA molecules.100–104 This can be
performed via a non-covalent interaction such as a biotin-streptavidin interaction.95,101,105
Covalent bonds can be formed via ‘click’ reactions including the Staudinger ligation,106 Cu (I)catalysed azide-alkyne (CuAAC),107,108 strain-promoted azide-alkyne cycloaddition (SPAAC),109
and inverse electron-demand Diels-Alder (iEDDA) reaction.110,111 We reason that harvesting
this knowledge from bio-organic chemistry is useful to develop a strategy for coupling
(‘conjugating’) a synthetic DNA-tag to the antibodies of interest.
15
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1.3 Thesis outline
In this thesis, I describe how the advances in click-chemistry and DNA-sequencing allowed us
to develop “Immuno-Detection by Sequencing” (ID-seq) and “RNA and Immuno-Detection”
(RAID). We use these technologies to study the role of signalling in skin stem cell biology.
Chapter 2 explores and validates click-chemistry reactions to couple antibodies to doublestranded DNA-tags. First, we add chemical groups to antibodies and DNA (‘functionalize
antibodies and DNA’) to enable efficient coupling. We make use of N-Hydroxysuccinimide
(NHS) chemistry to functionalize antibodies with a cleavable tetrazine linker. Then PCR
amplification and an enzymatic reaction produces azide functionalized double-stranded DNA
molecules. This allows any molecular biologist to amplify and produce trans-cyclooctene
(TCO) functionalized DNA, without the need of buying functionalized single-stranded DNA.
TCO-DNA binds covalent to tetrazine-antibody via the inverse electron demand Diels-Alder
(IEDDA) reaction. An optimised immuno-PCR protocol validates these DNA-tagged antibodies
to detect specific proteins in cells.
Chapter 3 describes using these DNA-coupled antibodies for multiplexed immunostaining,
followed by sample-preparation and DNA-sequencing. We design DNA-tags, a sample
labelling strategy, a sequencing library preparation protocol, and a computational pipeline
for data processing. We adopt the immuno-detection by sequencing (ID-seq) technology to
screen the effect of hundreds of kinase inhibitors on primary human skin stem cells. The
results from this screen reveal how several kinase inhibitors lead to differentiation and
decreased mTOR signalling activation. The analysis of this screening identified kinases
required for skin stem cell renewal and suggested a role for mTOR signalling in regulating
skin homeostasis.
In chapter 4 we present an adapted protocol of ID-seq combined with fluorescent activated
cell sorting (FACS) to measure proteins and phospho-proteins from single cells. We apply
the method to study signalling in cells with low basal stem cell marker ITGB1 and show
increased BMP signalling pathway activation within these cells. In-depth study of the role
of this pathway in keratinocytes shows how BMP is a driver of a terminal differentiation
transcription program.
Chapter 5 describes how to measure both RNA and intracellular signalling proteins from the
same cell using RAID. The technique uses an RNA-tag as a readout for antibody binding. First,
to attach these RNA-tags to antibodies, we use an adapted conjugation strategy described in
chapter 2. Second, a reversible fixation strategy allows immunostaining with these RNA-Ab
conjugates followed by the release of the endogenous RNA and the RNA barcode. A modified
single-cell RNA-sequencing protocol prepares sequencing libraries that contain both RNA
16
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Chapter 6 focuses on the computational analysis and quality control of ID-seq and/or
RAID experiments. Our developed R-package ‘ID-seq’ and ‘RAID’ allow pre-processing of
DNA-sequencing data. The package generates count tables of DNA barcodes matched to
antibody and sample information. I explain several quality controls, including molecule
duplicate analysis via a unique molecular identifier (UMI), visualisation of plate-effects,
and identification of high-quality samples. Finally, a brief illustration of data normalisation
approaches illustrates the step needed for further data analysis and interpretation.
In chapter 7 I discuss our findings on the role of signalling in skin biology and the impact
of the developed technologies on molecular biology research. With the technological
developments we can now measure any number of (phospho-)proteins in cell population
screening assays and in single cell assays, by coupling a DNA-sequencing readout to the
immuno-assay. The ID-seq technology throughput can improve the early stages of drug
development. The sensitivity of the scID-seq and RAID technologies introduces multiplexed
protein and signalling pathway measurements in the new era of single-cell biology.
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molecules and the antibody-specific RNA-tags. By measuring both RNA and signalling levels
we get a first glimpse of heterogenous signalling levels of FAK in differentiating skin stem
cells.
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ABSTRACT
Immuno-PCR combines specific antibody-based protein detection with the sensitivity of
PCR-based quantification through the use of antibody-DNA conjugates. The production of
such conjugates depends on the availability of quick and efficient conjugation strategies for
the two biomolecules. Here, we present an approach to produce cleavable antibody-DNA
conjugates, employing the fast kinetics of the inverse electron-demand Diels-Alder reaction
between tetrazine and trans-cyclooctene (TCO). Our strategy consists of three steps. First,
antibodies are functionalized with chemically cleavable NHS-s-s-tetrazine. Subsequently,
double-stranded DNA is functionalized with TCO by enzymatic addition of N3-dATP and
coupling to trans-Cyclooctene-PEG12-Dibenzocyclooctyne (TCO-PEG12-DBCO). Finally,
conjugates are quickly and efficiently obtained by mixing the functionalized antibodies and
dsDNA at low molar ratios of 1:2. In addition, introduction of a chemically cleavable disulphide
linker facilitates release and sensitive detection of the dsDNA after immuno-staining. We
show specific and sensitive protein detection in immuno-PCR for human epidermal stem cell
markers, ITGA6 and ITGB1, and the differentiation marker Transglutaminase 1 (TGM1). We
anticipate that the production of chemically cleavable antibody-DNA conjugates will provide
a solid basis for the development of multiplexed immuno-PCR experiments and immunosequencing methodologies.
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Antibody-DNA conjugate based technologies are used in biomedical research and the food
industry to detect and quantify specific proteins or molecules112. In these technologies,
antibody-conjugated DNA can be detected via gel electrophoresis95,105, fluorescence
hybridization113, sequencing114,115 or quantitative polymerase chain reaction (immunoPCR)116 after antibody binding to the targeted epitopes. In order to develop and implement
such technologies, it is essential to produce antibody-DNA conjugates with the following
characteristics. First, the conjugation approach itself should be (cost-)efficient and applicable
to all antibodies. Secondly, the produced conjugates have to maintain specificity for their
targeted epitope. Finally, sensitive detection of the DNA should be facilitated by release of
the DNA barcode after immuno-staining. The antibody and DNA conjugation strategies that
are available include non-covalent strategies, such as coupling via biotin-streptavidin95 or
covalent conjugation, using e.g. thiol-maleimide chemistry105. To find an antibody-DNA
conjugation strategy that facilitates all of the previously mentioned characteristics, however,
is a major challenge. Yet such a strategy is critical to attain efficient and cleavable conjugation
of any antibody.
Antibody-DNA conjugation depends on the production of antibodies and DNA with functional
chemical groups. Antibody functionalization can be achieved via enzymatic reactions117,
chemical tagging118–120 or incorporation of non-natural amino acids116. These approaches
can be laborious and are not necessarily applicable to a wide variety of commercially
available antibodies. In contrast, N-Hydroxysuccinimide ester (NHS) chemistry makes use of
available primary amine groups present in all antibodies, and is therefore widely applied to
generate antibody-fluorophore conjugates for microscopy and fluorescence activated cell
sorting (FACS). DNA functionalization can be achieved by either incorporation of modified
dNTPs during chemical synthesis of an oligonucleotide, enzymatic reactions such as PCR, or
end labelling. Notably, PCR is a cost-efficient and renewable source of dsDNA for conjugation.
We aimed to develop an easy and efficient protocol for conjugation of antibodies to double
stranded DNA (dsDNA). In the past decade, a wide variety of bioorthogonal reactions have
been developed that allow conjugation of biomolecules101,103,121, including the Staudinger
ligation106, Cu(I)-catalyzed azide-alkyne (CuAAC)107,108, strain-promoted azide-alkyne
cycloaddditon (SPAAC)109 and inverse electron-demand Diels-Alder (iEDDA) reaction110,111.
From these reactions, the iEDDA reaction between tetrazine and trans-cyclooctene (TCO)
displays one of the fastest reaction constants, estimated at ~2,000–20,000 M−1s−1 111, making
it a very suitable candidate for the conjugation of antibodies and dsDNA.
Making use of 1) the robustness of NHS-chemistry for antibody functionalization with
tetrazine, 2) the cost-efficient production of TCO-dsDNA and 3) the quick reaction kinetics
of tetrazine with TCO, we developed an efficient procedure to conjugate specific dsDNA
sequences to a set of different antibodies. Furthermore, we included a disulphide-containing
cleavable linker between NHS and tetrazine to allow highly efficient release of dsDNA
21
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using DTT and highly sensitive DNA detection in qPCR after immuno-staining (Fig. 1). We
obtained between 50- and 100-fold signal over background in immuno-PCR with conjugates
against human epidermal (skin) stem cell markers integrin α6 (ITGA6), integrin β1 (ITGB1) or
differentiation marker Transglutaminase 1 (TGM1). Antibody and cell dilution series, as well
as siRNA silencing experiments showed sensitive and specific protein detection in immunoPCR using these conjugates. The approach described in this article can in principle be used
to conjugate dsDNA to any antibody, and is thus broadly applicable to many different fields
of research or industry where specific and sensitive protein detection via immuno-PCR is of
interest.

Figure 1. Overview of Immuno-PCR method using antibody-dsDNA conjugates. Last schematic graph shows
signal (2−Ct) of two cell populations: without (−) and with (+) knockdown (KD) of the measured protein
integrin β1 (ITGB1).

RESULTS
Functionalization of antibodies with tetrazine using NHS-chemistry
We aimed to develop an antibody-dsDNA conjugation approach applicable to a broad
spectrum of (commercially) available antibodies. Ideally, such an approach should not require
production of modified recombinant antibodies, laborious enzymatic modifications or other
specialized methods that can only be applied to a selection of specific antibodies. Due to the
universal presence of primary amines on antibody molecules we chose the widely used NHS
chemistry as an antibody functionalization approach. In addition, we wanted to combine
this functionalization strategy with bioorthogonal chemistry, allowing selective conjugation
of the antibody with other biomolecules, in our case dsDNA. We first tested the applicability
of the SPAAC and iEDDA reactions for antibody conjugation to polyethylene glycol (PEG5000)
by coupling different functional groups to these two molecules. We functionalized a mouse
monoclonal antibody (against protein Transglutaminase 1, TGM1) with bicyclononyne (BCN),
norbornene (Norb), TCO or tetrazine using NHS chemistry, followed by a conjugation reaction
with N3-, tetrazine- or TCO-functionalized PEG5000 for 1 hour or overnight. We found that
BCN-, TCO- or tetrazine-functionalized antibody required only 1 hour incubation to conjugate
tetrazine-PEG5000 or TCO-PEG5000 respectively (Supplementary Fig. S1), although the exact
22

time for conjugation with antibodies may be different. In contrast, BCN- or norbornenefunctionalized antibodies required overnight incubation with tetrazine- PEG5000 or N3PEG5000 respectively. Due to very fast kinetics20 and the higher stability of TCO compared
to BCN100, we chose to continue with the iEDDA reaction between TCO and tetrazine for the
remainder of the work.
We proceeded to optimize the antibody functionalization reaction for our antibodies (Fig.
2a) with NHS-tetrazine 1 (Fig. 3). The NHS-chemistry used for the antibody functionalization
reaction is dependent on 1) the available lysines of the antibody, 2) the pH of the buffer
and 3) on the ratio of the antibody and the NHS-ester. Functionalization reactions were
performed in borate buffered saline (BBS) at pH 8.4 for 45 minutes at room temperature
(rt). The functionalization efficiency of antibody to NHS-tetrazine was compared in a molar
ratio series of antibody:NHS-tetrazine, and assessed by the conjugation to TCO-PEG5000

Figure 2. Optimization of antibody functionalization with NHS-PEG4-tetrazine. a Reaction conditions of
antibody functionalization with tetrazine via NHS chemistry. b Western blot with ratio series of mouse (antiTGM1) antibody: NHS-tetrazine (Figs 3,1), and conjugation with TCO-PEG5000. c Coommassie staining of
SDS-PAGE with mouse (anti-TGM1), rabbit (IgG) or rat (Ago2) antibody functionalized using a 5-fold excess
of NHS-tetrazine (Figs 3,1) and conjugation with TCO- PEG5000.
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followed by Western blot analysis. A higher molar ratio of antibody: NHS-tetrazine results
in an increased number PEG5000 on the heavy chain of the TGM1 antibodies (Fig. 2b). We
found that only a minor proportion of the light chain of the antibody is functionalized using
different ratios. To test whether the functionalization approach is applicable to antibodies
derived from different animal hosts, we functionalized mouse (TGM1) and rat monoclonal
as well as rabbit polyclonal antibodies with NHS-tetrazine (at a molar ratio of 1:5), followed
by conjugation with TCO-PEG5000. Western blot analysis revealed that all three types of
antibodies were functionalized and conjugated (Fig. 2c).
After optimizing functionalization conditions, we explored the use of NHS-s-s-PEG4-tetrazine
2 (Fig. 3) in our functionalization strategy. 2 contains a disulphide bond between the NHS
and tetrazine groups, which allows the controlled release of conjugated DNA from antibodies
under reducing conditions. We first synthesized tetrazine 6, which was prepared from 4
according to modified literature procedures122,123. Coupling of 6 to a Boc-protected PEG-linker
resulted in 8 which, after Boc removal, was coupled to a bifunctional NHS-dithiopropionate
to afford the target NHS-s-s-PEG4-tetrazine 2 (Supporting info, experimental section). We
observed similar functionalization efficiencies for both non-cleavable NHS-PEG4-tetrazine 1
and cleavable NHS-s-s-PEG4-tetrazine 2, as determined by Western blotting of non-reducing
SDS-PAGE (Supplementary Fig. S2).

Figure 3. Structure of NHS-PEG4-tetrazine (1), and synthesis route towards NHS-s-s-PEG4-tetrazine (2), and
structure of DBCO-PEG12-TCO (3). The details of the synthesis route to 2 are described in the Supplementary
experimental section.

24

To determine the number of tetrazine-groups after functionalization of a batch of antibodies,
we performed Western blot analysis in parallel to electrospray ionization time-of-flight (ESITOF) mass spectrometry of reduced functionalized antibodies (molar ratio 1:5, Fig. 4a).
ESI-TOF mass spectrometry showed that each antibody heavy chain contained up to three
functional groups (Fig. 4b,c and Supplementary Fig. S3). This is similar to the amount of
PEG5000 groups conjugated to the heavy chain observed in the Western blot of the same
sample conjugated to PEG5000 (Fig. 4a). These results show that the Western blot of PEGconjugated antibodies can be used to determine the number of functional groups on the
antibodies.

Figure 4. Characterization of functionalized antibody using electrospray ionization time-of-flight (ESI-TOF)
mass spectrometry and LC-MS/MS. a Western blot of functionalized antibody (anti-TGM1) and conjugation
with TCO-PEG5000. b,c Non-functionalized and functionalized mouse antibody (anti-TGM1) analysed by ESITOF. d Overview functionalized lysine residues and peptides of functionalized anti-TGM1 antibody analysed by
LC-MS/MS. e Mapping of functionalized residues on mouse IgG2a. Structure and amino acid numbering based
on PDB file 1IGT. HC = heavy chain, LC = light chain.
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Given that the NHS-chemistry targets primary amines, there are numerous potential
functionalization sites present in each antibody molecule. To characterize the potential
positions of the modified amino acid residues, we performed the following experiment.
First, we functionalized a mouse IgG2a monoclonal antibody with a ten-fold molar excess
of the cleavable NHS-s-s-Tetrazine 2. The functionalized antibody was denatured, digested
with trypsin/lysC and reduced using DTT. This procedure leads to cleavage (reduction) of
not only the disulphide bridges within the antibody, but also within the linker. Finally, the
sample including reduced modified lysines was alkylated using iodoacetamide. These steps
lead to a 145.02 Da ‘fingerprint’ on the functionalized lysines and a missed-cleavage of these
peptides, allowing identification of modified sites using high resolution mass spectrometry
(LC-MS/MS) (Fig. 4d). We mapped the identified modification sites on the crystal structure
of mouse IgG2a and observed a total of nine modified lysines on the heavy-chain and two
on the non-variable (non-epitope binding) part of the light-chain (Fig. 4d,e). As expected, all
these modifications are positioned on the solvent-exposed surface of the antibody. Although
the exact positions of the modified residues will be different for each antibody, our results
suggest that any antibody that contains surface exposed lysines can be functionalized with a
limited number of tetrazine groups via NHS-chemistry.
Development of an easy dsDNA functionalization approach
To introduce functional groups on dsDNA that are compatible with iEDDA, we developed a
combined enzymatic and chemical functionalization approach. After production of a bluntended PCR product, the 3′-ends of the dsDNA PCR product were extended with a single N3dATP (azide-dATP) using E. coli DNA polymerase I Klenow fragment lacking 3′ → 5′ exonuclease
activity (Fig. 5a). This polymerase makes use of blunt-ended dsDNA and adds specifically
one dATP to the 3′-ends of the dsDNA. N3-labelled dsDNA was subsequently conjugated
to bifunctional DBCO-PEG12-TCO 3 (Fig. 3) through a SPAAC reaction, leading to a shift in
migration in an agarose gel. Conjugation to tetrazine-PEG5000 and analysis on agarose gel
showed a near complete functionalization of the dsDNA with one or two TCO moieties (Fig. 5b).
To optimize the functionalization efficiency, we performed a molar ratio series of N3-dsDNA
to DBCO- PEG12-TCO 3 and monitored conjugation via gel electrophoresis. We found that
high functionalization efficiency is achieved with mild (five to ten-fold) excess of 3 (Fig. 5c),
facilitating easy and efficient removal of non-conjugated 3 using a gel filtration column. Thus,
dsDNA produced via a regular PCR reaction can be efficiently functionalized by combining
enzymatic incorporation of N3-dATP and conjugation of TCO via SPAAC chemistry. In contrast
to modified ssDNA oligo’s, our dsDNA production and functionalization strategy can be
used on any blunt-end dsDNA PCR product, and allows the production of functionalized
DNA in large quantities. By using unique DNA sequences per antibody, one could develop
multiplexed immuno-PCR.
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Conjugation of antibody and dsDNA using the iEDDA
After functionalization of antibody and dsDNA with tetrazine and TCO respectively, we aimed
to determine conditions that facilitate efficient conjugation of the two biomolecules (Fig. 6a).
First, we determined the time needed for efficient conjugation, using NHS-PEG4-tetrazine 1.
Gel electrophoresis shows that the reaction is saturated within 30 minutes, which underlines
the fast reaction kinetics of TCO with tetrazine (Supplementary Fig. S4). For the conjugation
of antibodies with DNA we used a reaction time of one or two hours for further conjugation
reactions, followed by quenching of the remaining TCO groups with free tetrazine. Because
the functionalized dsDNA has one or potentially two functional groups per molecule,
quenching of the TCO groups is desirable to prevent sequential conjugation of antibodies
and dsDNA over time.
Next, we determined the conjugation efficiency at both the DNA and antibody level. The
conjugates were visualized by running the samples on a 4–15% polyacrylamide gradient gel,
followed by in-gel antibody-staining with fluorescently labelled antibodies, and subsequent
DNA-staining with ethidium bromide. We observed conjugation at molar ratios of 1:2 and 1:10
antibody to DNA. These conjugates were seen at the same position in the polyacrylamide
gradient gel via immuno-staining and via ethidium bromide staining (Fig. 6b). Taken together,
the characterization of the conjugates directed us to use a molar ratio of antibody to dsDNA
of 1:2 for the production of the following conjugates.

Figure 5. Production of functionalized dsDNA with TCO using Klenow exo- fragment and SPAAC. a Enzymatic
addition of N3-dATP to dsDNA via Klenow exo- fragment and SPAAC for functionalization with TCO. b Agarose
gel with SYBR Green stained dsDNA of 128 bp before and after conjugation. c Agarose gel with SYBR Green
stained N3-dsDNA after ratio series with DBCO- PEG12-TCO 2 and conjugation to tetrazine-PEG5000. The first
lane contains a DNA ladder.
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To determine whether functionalized and conjugated antibodies maintain their specificity,
antibodies against two skin stem cell markers, integrin α6 (ITGA6) and integrin β1 (ITGB1)
and one differentiation marker Transglutaminase I (TGM1), were used for immuno-staining
(in-cell Western). We observed loss of signal for unconjugated, NHS-PEG4-tetrazine
functionalized and dsDNA-conjugated antibodies following siRNA silencing of the targeted
epitopes (Supplementary Fig. S5), indicating that the antibodies maintain their specificity
after functionalization and conjugation.
Next, we aimed to determine the optimal conditions for the release of the DNA, without
interfering with downstream PCR analysis. A disulphide bridge containing linker between
antibody and DNA allows DNA release upon the presence of DTT. An advantage of a s-s
containing linker over photo-cleavable linker2 is that the cleavage only occurs in presence of
DTT without the risk of light-dependent instability issues during handling of the conjugates.
Moreover, the DTT reduces all disulphide bridges, including the ones of the antibodies.
Another advantage is that there is no extra risk of light-induced DNA-damage when using
DTT to release the DNA. The release efficiency could be dependent on DTT concentration and
availability of the conjugates. To test which concentration of DTT is needed to release the DNA,
antibody-dsDNA conjugates were prepared using NHS-s-s-PEG4-tetrazine 2, and subsequently
incubated with decreasing concentrations of the reducing agent DTT. Gel electrophoreses
showed that at DTT concentrations exceeding 5 mM, most DNA is effectively released from the
antibodies (Fig. 6c). Moreover, DTT concentrations up to 50 mM did not affect the efficiency of
subsequent DNA amplification by qPCR (Supplementary Fig. S6). Based on these results, we
chose to use 10 mM DTT for dsDNA release after immunostaining.
To confirm the detection of barcodes after immunostaining and DTT treatment we produced
antibody-dsDNA conjugates ITGA6, ITGB1 and TGM1 (Supplementary Fig. S7), and used
these conjugates in an immuno-staining on fixed human epidermal stem cells. dsDNA was
released using 10 mM DTT for 2 hours at rt and measured with quantitative PCR. Compared
to control samples without DTT, we observed 39.8 fold (p = 0.0018) higher signal in samples
stained with ITGA6 and 49.3 fold (p = 0.002) ITGB1 conjugates, and 12.0 fold (p = 0.0002) higher
signal for samples stained with TGM1 conjugates. The cells that were used for this experiment
where undifferentiated skin stem cells, which could explain the lower signal of differentiation
marker TGM1. Together, these results provide a workflow for creating cleavable antibodyDNA conjugates that can be directly detected in qPCR after standard immuno-staining and
DTT mediated release of the dsDNA.
Sensitive detection of human skin stem cell and differentiation markers via
immuno-PCR using DTT cleavable antibody-DNA conjugates
After developing a protocol for antibody-dsDNA conjugation and release, we optimized
the immunostaining procedure using three conjugates for TGM1, ITGA6, or control IgG
(Supplementary Fig. S7b). In the immuno-PCR, unspecific antibody binding or unspecific
DNA binding could contribute to high background signal, and would result in lower signal
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Figure 6. Production of cleavable antibody-dsDNA conjugates using the inverse electron-demand Diels-Alder
reaction. a Schematic overview of antibody and dsDNA conjugation. Conjugates are blocked with free tetrazine.
b Immuno staining (In gel western) and ethidium bromide stained 4–15% polyacrylamide gel, showing antiTGM1 antibody or dsDNA respectively. c Agarose gel of SYBR Green stained dsDNA and conjugates, after
concentration series of DTT treatment. d qPCR analysis after DTT treatment of immuno-stained keratinocytes
with ITGA6 (n = 3), TGM1 (n = 6) or ITGB1 (n = 3) conjugates.
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over background levels. To reduce background signal from our conjugates in immuno-PCR,
several blocking conditions were tested in immunostaining. We tested the influence of double
or single stranded salmon sperm DNA and the effect of a protein free blocking reagent on the
signal over background (Fig. 7a–c). The background in this experiment was defined as the
mean signal coming from cell populations stained with unconjugated dsDNA. First, addition
of double stranded salmon sperm DNA to our ‘standard’ blocking solution for ICW (1%
bovine serum albumin in PBS) increased signal over background to >25 for the two specific
antibodies TGM1 and ITGA6 (Fig. 7a,b, left column). Second, a further increase to >75 signal

Figure 7. Optimization of the immune-PCR protocol by using several blocking conditions. The signal (2−
Ct) is normalized over unconjugated dsDNA (background) signal. Anti-TGM1 a ITGA6 b or unspecific IgG
c were used in the immuno-PCR (n = 4). DNA = Salmon sperm DNA, ds = double stranded, ss = single stranded,
PFBB = protein free blocking buffer.
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over background was achieved when using single stranded, rather than double stranded,
salmon sperm DNA (Fig. 7a,b, middle column). Finally, the highest signal over background
(120 and 194 for the TGM1 and ITGA6 antibody conjugates, respectively) was obtained when
combining single stranded salmon sperm DNA with protein free blocking buffer instead of
1% bovine serum (Fig. 7a,b, right column). In all conditions the control IgG-DNA conjugate
showed low signal of <1.6 (Fig. 7c). This is two orders of magnitude lower than the specific
antibodies, indicating little unspecific binding events of the conjugates.
The specificity of two conjugates TGM1 and ITGA6 was validated by performing an immunoPCR on cell populations with or without siRNA silencing of the targets TGM1 and ITGA6
respectively. Compared to control cells, a significant decrease of the protein level was
detected using our conjugates in immuno-PCR (Supplementary Fig. S8). The mRNA levels of
TGM1 and ITGA6 in these cells were determined using quantitative reverse transcription PCR
(RT-qPCR), confirming efficient silencing of the mRNA. Together, these results show that the
conjugates specifically recognize their targets in immuno-PCR.
Finally we evaluated the sensitivity of two different conjugates in the immuno-PCR. First,
we fixed epidermal stem cell populations containing different cell numbers and thus
different amounts of epitopes. Then, we determined the protein levels of TGM1 or ITGB1
via immuno-PCR using antibody-DNA conjugates or via a standard in-cell western (ICW)
using unconjugated antibodies (Fig. 8a). The relative limit of detection (LOD) in the ICW is
0.358 and 0.353 for ITGB1 and TGM1 respectively. The immuno-PCR approach, however,
has a lower LOD of 0.095 and 0.094 for ITGB1 and TGM1 respectively. Moreover, the squared
correlation coefficient to the 2-fold dilution factor is higher with the immuno-PCR approach
(ITGB1: R2 = 0.99, TGM1: R2 = 1.00) than with the ICW (ITGB1: R2 = 0.97, TGM1: R2 = 0.92).
Together, these results show that immuno-PCR is able to detect much lower signal than
with ICW. Secondly, we performed a dilution series of the antibody-DNA conjugates (Fig. 8b)
to determine how little of the antibodies is needed for detection above background. The
background signal from cell-populations without antibody (‘no antibody’) is much lower
with immuno-PCR than with ICW (ITGB1: ~4400 and TGM1: ~6800 times lower background).
We observed in immuno-PCR a log-linear relationship between antibody concentration and
signal over 3 orders of magnitude before approaching the background signal coming from
cell-populations without antibody (Fig. 8b). This indicates that very low concentrations (total
of 1.6 ng per 50 μl, in lowest dilution) of our conjugates are sufficient for detection of proteins
through immuno-PCR. To test the usefulness of our conjugation and immuno-PCR method
for other (intracellular) proteins, we have performed similar antibody-dilution experiments
using a wide variety of conjugates against >40 (mostly intracellular) proteins (data not
shown). The average squared correlation of these antibodies to the dilution factor is 0.988
with a standard deviation of 0.036, indicating our conjugation and immuno-PCR approach
is applicable to many different antibodies. Together, these results show that our antibodydsDNA can be used for sensitive immuno-PCR experiments and that a comparatively small
amount of conjugates is needed in these experiments.
31

Chapter 2

A COVALENT AND CLEAVABLE ANTIBODY-DNA CONJUGATION STRATEGY
FOR SENSITIVE PROTEIN DETECTION VIA IMMUNO-PCR

CHAPTER 2

Figure 8. Comparing in-cell western and immuno-PCR approach to detect ITGB1 and TGM1. a Relative signal
(to first dilution, A.U.: Arbitrary Unit) from cell-dilution series in ICW and immuno-PCR of ITGB1 (n = 6) and
TGM1 (n = 5). b Relative signal (to first dilution, A.U.: Arbitrary Unit) from an antibody dilution series (log10
μg/ml) in ICW and immuno-PCR of ITGB1 and TGM1 (n = 6).

CONCLUSION
We have developed a strategy for antibody and dsDNA conjugation and sensitive immunoPCR experiments. The approach consists of an easy to apply antibody functionalization
step and two-step dsDNA functionalization, followed by conjugation of the two molecules
via tetrazine and TCO. By introducing a DTT cleavable linker, dsDNA can be released after
immuno-staining for sensitive detection in qPCR. Distinct sequences of dsDNA can be
conjugated to the antibodies, which would allow the development of multiplexed immunoPCR experiments. The throughput of the strategy may be increased by performing reactions
in parallel and in a miniaturized, or automated, fashion. We believe the described conjugation
strategy for DTT-cleavable antibody-DNA conjugates is an important step towards easy
implementation of high-throughput multiplexed immuno-staining analysis by quantitative
PCR and potentially by high-throughput sequencing.
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Antibodies
Rat IgG, referring to an antibody against Argonaute2, was obtained from Sigma (Clone11A9,
Cat. No. SAB4200085). Purified Rabbit IgG was obtained from Bethyl laboratories (Cat. No.
P120-101). Antibodies against ITGA6 (clone MP4F10) and ITGB1 (clone P5D2) were a kind gift
from Simon Broad. GAPDH antibody was obtained from Abcam (clone 6C5).
The antibody that was used for functionalization experiments (in figures referred to
as ‘anti-TGM1′ or TGM1) was produced from mouse hybridoma line BC.1 (recognizing
Transglutaminase I); Hybridoma cells were cultured in RPMI medium 1640 + GlutaMAXTM-I
(Gibco life technologies) supplemented with Penicillin/Streptavidin (P/S) and 10% fetal
bovine serum (FBS, Lonza) for 4 days. Then cells were passaged every 3 days in this medium
with 5%, 2,5% or 1% FBS. After 13 days cells were passaged and resuspended at 106 cells/
mL in PFHM-II medium + P/S. Culture medium containing the antibody was harvested after 9
days. Antibody was purified over ProtA/G column (GE Healthcare) at 4 °C. 50 K Amicon filter
(Millipore) and 40 K ZebaTM Spin Desalting columns (Thermo Scientific) were used for buffer
exchange into PBS.
Functionalization of antibodies
For all antibodies, a buffer exchange to 50 mM borate buffered Saline pH 8.4 (150 mM NaCl)
was performed using 40 K ZebaTM Spin Desalting columns (Thermo Scientific). Antibodies
(1.5–2 μg/ul) were incubated for 45 minutes with NHS-PEG4-tetrazine 1 (Jena Bioscience) or
NHS-s-s-tetrazine 2 (Fig. 3, production of 2 see supplementary ‘Experimental section”) in the
indicated molar ratios at rt. Surplus 1 or 2 was removed using 40 K ZebaTM Spin Desalting
columns. Functionalized antibodies were stored in 50 mM borate buffered Saline pH 8.4
(150 mM NaCl) or PBS at 4 °C or −20 °C.
Mass spectrometry ESI-TOF
Protein mass characterization was performed by electrospray ionization time-of-flight (ESITOF) on a JEOL AccuTOF CS. Deconvoluted mass spectra were obtained using MagTran 1.03
b2. Protein samples were desalted and concentrated to 10–100 μM by spin filtration (amicon
10 K filter from millipore) with MQ.
Mass spectrometry LC-MS/MS
To determine the localization of tetrazine modifications, 1 μg of functionalized antibody in 1 ul
was diluted in 15 μL of 8 M Urea in 100 mM Tris, pH 8. Disulphide bonds were reduced by adding
2 ul 10 mM dithiothreitol and subsequently alkylated by adding 2 ul 50 mM iodoacetamide,
for 15 minutes in the dark. Subsequently, the antibody was digested using 0.5 ul of Trypsin/
Lys-C mix (0.04 μg/ul, Promega) overnight at rt. The digestion was stopped by acidifying with
trifluoroacetic acid and the peptides were purified on StageTips24. Thirty percent of the
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peptides were loaded onto a pulled fused silica column (New Objectives) packed in house
with 1.8 μm Reprosil-Pur C18-AQ (Dr. Maisch, 9852). Using the Easy-nLC 1000 (Thermo Fisher
Scientific), peptides were separated in a 60 min. gradient and directly injected into a QExactive
mass spectrometer (Thermo Fisher Scientific). The mass spectrometer was operated in TOP10
data dependent acquisition. Full MS were recorded at a resolution of 70,000 at m/z = 400 and
a scan range of 300–1,650 m/z. MS/MS spectra were recorded at a resolution of 17,500. Raw
mass spectrometry data was analyzed using the MaxQuant software package, version 1.5.0.0,
with standard settings if not further specified124. The following variable modifications were
allowed: Oxidation of methionines, acetylation of protein N-termini, and carbamylation of
cysteines. Furthermore, a modification of lysines and protein N-termini corresponding to
the reduced and alkylated linker (Δm = 145.01975) was allowed. This modification was only
allowed for peptide internal lysines due to the missed trypsin cleavage that is caused by the
linker modification. Three missed cleavages were allowed and the maximum peptide mass
was set to 8000 Dalton. Data was searched against the mouse Uniprot database (downloaded
13.06.2014) using the integrated Andromeda search engine. The search was performed with a
mass tolerance of 4.5 ppm mass accuracy for the precursor ion and 20 ppm for fragment ions.
Peptides, modified peptides and proteins were accepted at an FDR of 0.01.
Production of TCO-PEG12-dsDNA
Template and primers (for sequences see Table S1) were ordered from Biolegio and were
used for standard PCR reaction to produce dsDNA barcode-1, 2 or 3 using Pfu proof-reading
DNA polymerase that produces blunt-ended dsDNA. After purification using a PCR purification
kit (Qiagen), a Klenow exo- (New England Biolabs) enzymatic reaction was used to add N3dATP (Jena Bioscience) to the 3′-end of the barcodes. For this, up to 8 μg dsDNA per reaction
was incubated for 1 hour (h) at 37 °C. Following a second purification using PCR purification
kit (Qiagen), SPAAC was used for functionalization of N3-dsDNA with DBCO-PEG12-TCO
(Jena Bioscience) using a molar ratio of 1:20. After overnight reaction at rt, surplus DBCOPEG12-TCO was removed using a ZebaTM Spin desalting column (Thermo Scientific; 40 KDa
molecular-weight cut-off).
Conjugation conditions reverse electron-demand Diels-Alder chemistry
To determine functionalization efficiency of TCO-dsDNA or tetrazine-antibodies, tetrazinePEG5000 or TCO-PEG5000 were conjugated to dsDNA or antibodies respectively (molar ratio
1:300, 1 h at rt). Conjugation of antibody and dsDNA was performed with a molar ratio of
1:2 in PBS for 1 h at rt (ITGA6, ITGB1 in Fig. 6c,d, Supplementary Figs S4 and S5) or with a
molar ratio of 4:1 in BBS pH 8.4 for 2 h at rt (ITGA6, anti-TGM1, control IgG in Fig. 7 and antiTGM1 in Fig. 6c and all conjugates in Fig. 8 and Supplementary Figs S7 and S8), unless stated
otherwise. Conjugation reactions were quenched by addition of an excess of 3,6-diphenyl
tetrazine. Conjugation reactions can be linearly scaled from 1 to 100 μg antibody with similar
conjugation efficiencies.
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Western blots
After 10 minutes incubation with 1x sample buffer (1% SDS, 40 mM TrisHCl pH 6.8, 5% glycerol,
β-ME, BPB) at 95 °C, antibodies were separated on standard 4–15% gradient gel (Biorad) and
blotted on a nitrocellulose or PVDF membrane using Bio-Rad Trans-Blot® Turbo RTA Transfer
Kit (mixed molecular weight program). Antibodies were detected with specific fluorescent
goat-anti-mouse antibody (1:10.000, Licor).
In gel western
After 5 minutes incubation with 2 × non-reducing sample buffer (1% SDS, 40 mM TrisHCl pH
6.8, 5% glycerol) at 95 °C, antibody-DNA conjugates were run on a standard 4–15% gradient
gel (Biorad) at constant 20 mA for 1.5 to 2 h. Then, the gel was fixed with 50% propanol, 5%
acitic acid for 15 minutes. After 3 washes with MQ, the gel was incubated with fluorescent
secondary antibody (anti-mouse IRDYe800, 1:2000) overnight at 4 °C. Following three
10 minutes washes with PBST, the gel was washed with PBS and scanned on odyssey CLx
(LI-COR). Then DNA was stained using 20 minutes incubation with 1 μg/mL ethidium bromide
in PBS (gel was fully submerged in solution). After two washes with PBS, the gel was imaged
using Gel Doc XR+ (BioRAD).
Cell culture and siRNA transfection
Primary pooled human keratinocytes (foreskin strain Knp) were obtained from Lonza. Cells
were expanded and cultured as described125. Before transfection, expanded keratinocytes were
grown for several days in keratinocyte serum-free medium (KSFM) supplemented with 30 μg/
mL bovine pituitary extract and 0.2 ng/mL EGF (Gibco) until 70% confluency. After collection,
cells were resuspended in cell line buffer SF (Lonza) with 2 × 105 cells per 18 μL. Then, 2 × 105
cells in SF were mixed with 2 μL siRNA (20 μM) and transfected (program FF-113) using the
Amaxa 96 well shuttle system (Lonza). After 10 minutes incubation, cells were resuspended in
KSFM and seeded in 96 wells plate at 20.000 cells per well. Cells were grown for 48 h, washed
with 150 ul PBS and fixed with 50 ul 4% formaldehyde in PBS for 10 minutes at rt.
Immunostaining (in-cell-western)
Procedure for Fig. S5: Fixed keratinocytes (as described under cell culture and siRNA
transfection) were washed 3 times with 150 μl PBS and permeabilized with 0.1% triton for
10 minutes at rt. After blocking overnight with 10% bovine serum in PBS, cells were incubated
with control or DNA-conjugated antibodies for 1 h at rt at 2 μg/ml (ITGA6, ITGB1) or ~ 0.3 μg/ml
(TGM1). Cells were washed with PBS (3 × 10 minutes) followed by secondary antibody staining
with Goat-anti-mouse 1:2000 and DRAQ5 1:4000 in blocking buffer. Analysis was performed
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Gel electrophoresis
dsDNA and dsDNA-PEG5000 were run with 10× SYBR Green I (Life technologies) on a 2%
agarose gel (0.5 × TBE) and scanned on a Typhoon Trio+ machine (GE Healthcare).
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with an Odyssey scanner. Measurements of the total intensity were normalized over DRAQ5
and the average and standard deviation were calculated and plotted as the relative intensity.
Procedure for Fig. 8: cells were washed 1× with 150 μl PBS and fixed with 4% formaldehyde for
15 minutes. After 3 washes with 150 μL TBS, cells were incubated for 30 minutes with blocking
and permeabilization buffer (0.5 × protein free blocking buffer, 0.1% triton, 200 ng/ml single
strand Salmon Sperm DNA). Fixed cells were incubated with 50 μl primary antibodies (TGM1
or ITGB1 antibody in 0.5 × protein free blocking buffer, 0.1% triton) at 0.1 μg/ml for the cell
dilutions series or at the indicated concentration for 2 h at rt. The staining was followed by
3 × short washes, 1 × 15 minutes wash, 3 × short washes with PBS. Cells were then incubated
with 50 μl Goat-anti-mouse 1:2000 and DRAQ5 1:4000 in blocking buffer. Analysis was
performed with an Odyssey scanner.
Barcode release and immuno-PCR
Cells were cultured in a 96 wells plate (15.000 or 20.000/well) for 2–3 days, washed with PBS
and fixed with 4% formaldehyde for 15 minutes and stored in PBS at 4 °C after 3 washes with
150 μL PBS. Then cells were incubated for 30 minutes with blocking and permeabilization
buffer (0.1% triton, 0.5 × protein free blocking buffer (PFBB), 200 ng/ml single strand Salmon
Sperm DNA). For optimization of blocking conditions the following buffers were tested: 0.1%
triton with 2% BSA in PBS or 0.5 × PFBB in PBS, unboiled (double strand) salmon sperm DNA
or boiled (single stranded) salmon sperm DNA (200 ng/ml).
Cells were incubated with 50 μL primary antibody conjugates at 0.5 μg/mL unless stated
otherwise for 2 h at rt. Subsequently cells were washed three times with 150 μL blocking/
permeabilization buffer for 15 minutes. After three times rinsing with PBS, barcodes were
released using 50 μl of 10 mM DTT (in 150 mM borate buffered saline, 50 mM NaCl) for 2 h at
rt. After thorough vortexing, 2 μL sample was used for quantitative PCR (20 μL/reaction, iQTM
SYBR Green Supermix, CFX 96 machine). To avoid template contamination, it is important to
work carefully by using filter tips and regularly rinsing the working area.
Data analysis
qPCR data in Fig. 6: Each signal (Ct) was divided by the mean signal from immuno-stained
cells treated without DTT. The average of 3 (ITGA6 and ITGB1) or 6 (TGM1) replicates is shown
in the figure with the corresponding standard deviation. The p-value described is calculated
by a t-test (2-tailed, equal variance)
qPCR data in Fig. 7: Each signal (Ct) was divided by the mean signal form cells that were
stained with unconjugated dsDNA. The average of 4 replicates with the standard deviation is
plotted in the figure.
qPCR data in Fig. 8: The average, standard deviation and coefficient of variation of 5 replicates
was calculated. Per technique (ICW or IPCR) signals are plotted relative to the first and highest
signal, the arbitrary unit (A.U.), in order to compare the signals from the two techniques.
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ABSTRACT
Cell-based small molecule screening is an effective strategy leading to new medicines.
Scientists in the pharmaceutical industry as well as in academia have made tremendous
progress in developing both large-scale and smaller-scale screening assays. However, an
accessible and universal technology for measuring large numbers of molecular and cellular
phenotypes in many samples in parallel is not available. Here we present the immunodetection by sequencing (ID-seq) technology that combines antibody-based protein
detection and DNA-sequencing via DNA-tagged antibodies. We use ID-seq to simultaneously
measure 70 (phospho-)proteins in primary human epidermal stem cells to screen the effects
of ~300 kinase inhibitor probes to characterise the role of 225 kinases. The results show an
association between decreased mTOR signalling and increased differentiation and uncover
13 kinases potentially regulating epidermal renewal through distinct mechanisms. Taken
together, our work establishes ID-seq as a flexible solution for large-scale high-dimensional
phenotyping in fixed cell populations.

40

IMMUNO-DETECTION BY SEQUENCING ENABLES LARGE-SCALE
HIGH-DIMENSIONAL PHENOTYPING IN CELLS

Quantification of protein levels and phosphorylation events is central to investigating
the cellular response to perturbations such as drug treatment or genetic defects. This is
particularly important for cell-based phenotypic screens to discover novel drug leads in
the pharmaceutical industry. However, the complexity of biological and disease processes
is not easily captured by changes in individual markers. Currently, a major limitation is
the trade-off between the number of samples and the number of (phospho-)proteins that
can be measured in a single experiment. For instance, immunohistochemistry (IHC)127 and
immunofluorescence (IF)128 allow high-throughput protein measurements using fluorescently
labelled antibodies. However, these methods are limited in the number of (phospho-)
proteins that can be measured simultaneously in each sample due to spectral overlap of
the fluorescent reporter dyes. One commercial solution, Luminex®, has circumvented this
limitation by using colour-barcoded antibody-loaded beads and allows multiplexing of
some 50 proteins per sample129–131. However, this approach requires cell lysis and does
currently not include phospho-specific signalling detection. Several alternative approaches
based on antibody–DNA conjugates have been developed in recent years113,132. For instance,
Ullal et al. used the Nanostring system to quantify 88 antibody–single-strand DNA (ssDNA)
oligo conjugates in fine needle aspirates113. Although powerful, this strategy is not well suited
for high-throughput applications. Furthermore, the commercial Proseek® strategy entails
a proximity extension assay using pairs of ssDNA oligo coupled antibodies in combination
with quantitative PCR as a read-out132. This assay is generally performed on cell lysates and
currently there are no assays for phospho-proteins available to study signalling activity. In
addition, several other recently described antibody– DNA conjugate-based methods that
use high-throughput sequencing as a read-out detect only a few extracellular epitopes or at
low sample throughput114,115,133–135, limiting their scope. Here we present immuno-detection
by sequencing (ID-seq) as a streamlined universal technology for measuring large numbers
of molecular phenotypes, for many samples in parallel. We show that high-throughput
sequencing of antibody-coupled DNA barcodes allows accurate and reproducible
quantification of 84 (phospho-)proteins in hundreds of samples simultaneously. We apply
ID-seq in conjunction with the published kinase inhibitor set (PKIS) to start investigating
the role of >200 kinases in primary human epidermal stem cell renewal and differentiation.
This demonstrates a downregulation of mammalian target-of-rapamycin (mTOR) signalling
during differentiation and uncoveres 13 kinases potentially regulating epidermal renewal
through distinct mechanisms.
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RESULTS
Precise and sensitive (phospho-)protein detection
We designed the ID-seq technology to simultaneously measure many proteins and posttranslational modifications in high-throughput (Fig. 1a). At the basis of ID-seq lie antibodies
that are labelled with a double-stranded DNA (dsDNA) tag126 containing a 10-nucleotide
antibody-dedicated barcode and a 15-nucleotide unique molecular identifier (UMI,
Supplementary Fig. 1, Supplementary note 1). Each antibody signal is now digitised and
non-overlapping, allowing many antibodies to be combined and measured simultaneously.
Following immunostaining and washing, DNA barcodes are released from the antibodies
through reduction of a chemically cleavable linker126 and a sample-specific barcode is
added through PCR. Finally, samples are pooled to prepare an indexed sequencing library
(Fig. 1a, Supplementary Fig. 1 and Supplementary note 1). This triple barcoding strategy
facilitates straightforward incorporation of hundreds (and potentially thousands) of samples
per experiment and achieves count-based quantification (Supplementary Fig. 2 and
Supplementary note 2) with a dynamic range of four orders of magnitude (Supplementary Fig.
3). Furthermore, analyses of 17 antibody–DNA conjugates using singleplex and multiplexed
measurements show high correspondence (R = 0.98 ± 0.046), demonstrating that multiplexing
does not interfere with antibody detection (Fig. 1b). Moreover, the ID-seq library preparation
procedure is reproducible (R = 0.98, Fig. 1c) and precise, as determined using nine distinct
DNA tag sequences per antibody, serving as technical replicates (R > 0.99, Supplementary
Fig. 4). Finally, cell-dilution series and small interfering RNA (siRNA)-mediated silencing
of selected proteins showed an epitope abundance-dependent decrease of antibodybarcode counts, confirming the specificity of the ID-seq signals (Supplementary Fig. 5 a, b).
Collectively, these experiments show that the ID-seq technology allows precise, sensitive and
specific multiplexed protein quantification through sequencing antibody-coupled DNA tags.
Constructing a 70 antibody–DNA conjugate ID-seq panel
To fully exploit the multiplexing capacity of ID-seq, we obtained 111 antibodies targeting
intracellular and extracellular epitopes. We aimed to generate an antibody panel that will
allow us to determine the state of the cell in a broad manner and where possible should
be reactive towards both human and mouse epitopes. Therefore, the initial selection of
antibodies covered a wide range of cellular processes, including cell cycle, DNA damage,
epidermal self-renewal and differentiation, as well as the intracellular signalling status
for the epidermal growth factor (EGF), G-protein-coupled receptors, calcium signalling,
tumour necrosis factor-α (TNFα), transforming growth factor-β (TGFβ), Notch, WNT and BMP
pathways, and can potentially be applied to a variety of cellular systems. All of the selected
antibodies were validated for specificity in IF, IHC and/or fluorescence-activated cell sorting
applications by the vendor (see Supplementary Data 1 for details and links to datasheets). As
these applications include cell fixation, we reasoned that this selection would increase the
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Figure 1. Immuno-detection by sequencing (ID-seq) technology development. a Concept of the ID-seq
technology. First, pool DNA-tagged antibodies. Second, perform multiplexed immunostaining on fixed cell
populations, and release DNA tags. Third, barcode the released DNA tags through a two-step PCR protocol.
Finally, sequence the barcoded DNA tags via next-generation sequencing (NGS) and count barcodes. b Signals
from singleplex epitope detection (via an immuno-PCR measurement) were compared with multiplexed
epitope detection using ID-seq. The histogram summarises correlations between 17 immuno-PCR and
corresponding ID-seq measurements. Insert panel illustrates an example from the actin antibody showing
signal mean and s.d. (n = 4). Underlying data for all 17 antibodies can be found in Supplementary Fig. 4.
c Scatterplot indicates the high reproducibility of PCR-based ID-seq library preparation (r = Pearson
correlation). Libraries from the same released material were prepared on separate occasions and analysed
in different sequencing runs. d The scatterplot shows the counts (mean) and coefficient of variation from
69 antibody–DNA conjugates (n = 14 biological replicates). Dashed line indicates 20% variation. e Volcano
plot shows the effect (estimate) and significance (−log10 pval) of AG1478 treatment (n = 6), based on the
model analysis of ID-seq counts (Supplementary Note 3). Significance (−log10 pval) determines node size. Red
nodes show significantly increased (ANOVA, p < 0.01) and blue nodes show significantly decreased (ANOVA,
p < 0.01) (phosphor-)protein levels. f Pathway overview of ID-seq measurements after 48 h of AG1478
treatment. Colour indicates the effect size and node size represents the significance of effect (−log10 pval).
Light grey nodes without border indicate not measured (nm) proteins (see Supplementary Supplementary Fig.
12 for (phospho-)protein identities)
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chance of identifying antibodies that are suitable for ID-seq. From these 111 antibodies, 84
showed sound signals in in-cell-western/IF and/or immuno-PCR experiments using antibody
dilutions and/or IgG control antibodies (Supplementary Figs. 6 and 7). To increase our
confidence in this set of antibodies, we performed a series of experiments using IF, immunoPCR and/or ID-seq as a read-out to verify that the tested antibodies show the expected signal
dynamics in response to specific perturbations. These perturbations included: induction
of differentiation; stimulation with EGF or bone morphogenetic proteins (BMPs); induction
of DNA damage signalling with mitomycin C or hydroxyurea, as well as inhibition of EGF
and BMP signalling with the small molecule inhibitors AG1478 and DMH1, respectively
(Supplementary Fig. 8). Also, signals of a subset of phospho-specific antibodies were
decreased upon phosphatase treatment of fixed cell populations (Supplementary Fig. 9 and
Supplementary Data 1). Taken together, 64 out of the 84 antibodies exhibited the expected
protein or phospho-protein dynamics in our primary skin stem cells in these experiments,
whereas the rest was stable, indicating their utility in ID-seq. The 84 antibodies displayed
~75-fold signal over no-cell background, a measure of technical noise (Supplementary Fig.
10). Moreover, we found that the variability of the signals from a subpanel of 69 antibody–
DNA conjugates was below 20% among 14 biological replicates (coefficient of variation < 0.2,
Fig. 1d), demonstrating the precision and reproducibility of highly multiplexed ID-seq
measurements. These experiments enabled us to construct a panel of ~70 antibody–DNA
conjugates to evaluate protein levels and intracellular signalling, covering a broad range
of biological processes, including cell cycle, apoptosis, DNA damage and cell-type-specific
epidermal self-renewal and differentiation. Also, the panel covers intracellular signalling
pathways EGF, G-protein-coupled receptors, calcium signalling, TNFα, TGFβ, NOTCH, BMP
and WNT pathways (Supplementary Data 1). Of note, the nature of the selected and validated
antibodies should make this panel broadly applicable to many other human (and mouse)derived cell systems, and other antibodies can be added when required.
Measuring (phospho-)protein levels in human skin stem cells
Primary human epidermal stem cells (keratinocytes) depend on active EGF receptor (EGFR)
signalling for self-renewal in vitro and vivo49. We inhibited this pathway using the potent
and selective inhibitor AG1478 at a concentration suitable for cell-based assays (10 μM, 48 h)
to determine whether ID-seq recapitulates keratinocyte biology. In these experiments, we
would expect to at least observe dynamic changes in downstream EGFR signalling pathway
activity, as well as in the expression of differentiation-associated proteins. To analyse the
effects of AG1478 treatment on each antibody signal, we developed a generalised linear
mixed (glm) model that takes into account the negative binomial distribution of ID-seq count
data and incorporates potential sources of variation (e.g., replicates, batches and sequencing
depth). This model derives the effect (‘estimate’) of treatment on each antibody, followed
by a likelihood ratio test to determine the significance of the effect (Supplementary note
3). We identified 13 increased and 7 decreased (phospho-)proteins upon AG1478 treatment
44

(p < 0.01, analysis of variance, Fig. 1e). Upregulation of the known differentiation markers
transglutaminase 1 (TGM1) and NOTCH1 confirmed successful differentiation. Although the
induction of late differentiation marker TGM1 was relatively modest at this early stage of
differentiation (48 h of EGFR inhibition), quantitative proteomics, IF and quantitative reverse
transcription PCR (RT-qPCR) measurements showed comparable increases of TGM1 levels
(Supplementary Fig. 11). This indicates that modest, yet biologically informative, effects can
be identified using the ID-seq technology.
Next, we projected the estimates and significance levels of our ID-seq results onto a
literature-derived signalling network (Fig. 1f, see Supplementary Fig. 12a for node identities).
As expected, EGFR pathway activity was downregulated upon AG1478 treatment. We also
identified effects on the activity of several other pathways, including the BMP and Notch
cascades, which are known players in epidermal biology71,136–138. RT-qPCR analysis revealed
that these effects arose from changes in mRNA expression of BMP ligands and NOTCH
receptors (Supplementary Fig. 12b). We confirmed activation of the BMP and Notch pathways
by RT-qPCR analysis of their classical downstream target genes ID2 and HES2, respectively
(Supplementary Fig. 12b). These results demonstrate the potential of ID-seq and our glm
model to distinguish different treatment conditions by quantifying changes in (phospho-)
protein dynamics.
Kinase inhibitors induce skin stem cell differentiation
As we are able to interrogate the complex biological process of keratinocyte differentiation
underlying EGFR, we decided to expand our search. Extracellular signals involved in
epidermal renewal and differentiation are widely studied and include EGF, TGFβ, BMP, Notch
ligands and Wnts59,136,139–142. However, the contributions of different intracellular effector
kinases on renewal and differentiation are not well documented. To start addressing this
issue, we applied ID-seq to human epidermal keratinocytes treated with the PKIS, an opensource chemical probe library143–145 containing ~300 small molecules targeting 225 kinases
across all major kinase families in the human proteome (Fig. 2a). To determine the effects of
kinase inhibition at the molecular level, we performed ID-seq with a panel of 70 antibodies
on cells seeded in 384-well plates and treated with 294 PKIS compounds for 24 h. Replicate
screens were highly correlated (R = 0.98) and had low UMI duplicate rates (1.2%), indicating
high data quality (Supplementary Fig. 13a-e). We annotated the effect and its significance for
each kinase inhibitor probe on each of the measured molecular phenotypes (as measured
by our antibody conjugates) and used the results of this analysis to interrogate the effect of
kinase inhibition on skin stem cell biology.
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Figure 2. ID-seq screen of PKIS identifies probes inducing skin stem cell differentiation. a Schematic overview
of the protein kinase inhibitor set (PKIS) screen set-up. Kinase tree shows kinases targeted by the inhibitory
probes (blue) and significantly enriched kinases (yellow, Fig. 4a). The probes target all major kinase families
(TKL, STE, CK, AGC, CAMK, CMGC and TK). b To combine PKIS probe effects on multiple ID-seq molecular
phenotypes to one measure, we performed principal component analysis on the PKIS data set using the
signed log10 p-values of the ID-seq analysis. Then, we clustered all molecular phenotypes and the top five
PCs to identify the PC summarising differentiation of the skin stem cells (in bold molecular phenotypes
TGM1 and NOTCH1). c ID-seq measurement of differentiation marker TGM1, Notch 1, GAPDH, Cyclin B1
and SMAD3 upon inhibition of EGFR shows differentiation-induced phenotypic changes. (Boxplots with
centre line indicating median, bounds of boxes showing upper and lower quartile, and whiskers illustrating
1.5 × interquartile range, n = 6)

A key advantage of the high multiplexing capacity of ID-seq is its potential to simultaneously
measure multiple antibodies reflecting a given biological process. We anticipate this to result
in a more reliable and comprehensive measurement of the affected processes compared
to quantification of a single marker. We exploited the multiplexed nature of the ID-seq data
by combining the individual phenotypic ID-seq measurements into principal components
(PCs) through PC analysis (PCA). The PCA essentially aggregates the molecular phenotypes
that jointly explain independent fractions of variation in the data into a single score, which
in turn represents the effect of the inhibitory probes on the skin stem cells. To determine
the underlying processes associated with each PC per probe, we correlated and clustered
the measured antibodies with the top four PCs explaining 38% of total variation in the data
set (Fig. 2b, Supplementary Fig. 14). As expected from a screen using kinase inhibitor probes
a considerable fraction of this variation is associated with effects on signalling pathway
activity phenotypes, as represented by PC1 (Fig. 2b). In line with this, our ID-seq antibody
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panel contained several up- and downstream components of the pathways involving some
of the kinases targeted by groups of compounds in the PKIS library. We confirmed that these
groups of inhibitors indeed affect their expected read-outs, where upstream regulators
showed increased signals and downstream targets showed decreased signals in our screen
(Supplementary Fig. 15a-c). The second largest PC identified in our analysis, PC2, strongly
correlates with proteins that are significantly upregulated upon differentiation, including
the known marker proteins TGM1 and NOTCH1 (Fig. 2b and Supplementary Fig. 1439,136).
Interestingly, Cyclin B1, GAPDH and SMAD3 were also included in this cluster. We confirmed
that changes of these molecular phenotypes genuinely reflect keratinocyte differentiation,
by forcing the cells to differentiate using the EGFR inhibitor AG1478 for 48 h and subjecting
these samples to ID-seq (n = 6). Indeed, protein levels of TGM1, NOTCH1, SMAD3, Cyclin B1
and GAPDH are upregulated upon differentiation, corroborating the results of our screen
(Fig. 2c). To validate these screen results further, we selected 18 probes that showed high
PC2 scores from the PKIS library for colony formation experiments, the gold standard in
vitro assay for epidermal stem cell proliferation (Supplementary Fig. 16a, b146) combined
with IF measurement of differentiation marker TGM1. Automated image analysis was used
to quantify colony number, colony size (and size distribution), as well as the level of the
differentiation marker TGM1 level per colony for each probe (n = 3 replicates). Fifteen out
of the eighteen tested probes showed a significant effect on at least one of the measured
colony phenotypes (Supplementary Fig. 16a, b). This indicates that high-PC2 probes indeed
affect epidermal cell colony-forming capacity and authenticates the PC2 score as a bona fide
reflection of differentiation.
Dynamic molecular processes in differentiated skin cells
We gathered that the top and bottom 10% of PC2-ranked probes are likely to distinguish
the differentiating (high-PC2) and non-differentiated (low-PC2) epidermal cell states. To
determine which molecular processes are different between these two cell states, we
identified the molecular phenotypes that display a significant increase or decrease (p < 0.01,
1% false discovery rate (FDR), t-test) between cell populations with high PC2 vs. low PC2.
This revealed differential levels of the Wnt pathway (measured by Fzd3 and phosphorylatedLRP6), MAPK signalling (phospho-p38, phospho-SRC, phospho-cFOS and phospho- RSK),
integrin-mediated adhesion (phospho-FAK) and the mTOR pathway (phospho-mTOR and
phospho-S6) (Fig. 3a and Supplementary Fig. 17). Plotting the PC2 scores vs. the ID-seq
measurements of differentiation markers revealed that high-PC2 probes indeed display
increased differentiation marker expression (Fig. 3b), and have increased cell-cycle arrest
markers (Fig. 3c). Indeed, keratinocyte differentiation is associated with a G2/M cell-cycle
arrest in vivo and vitro125,147,148. Strikingly, all high-PC2 probes have a strong downregulation
of the mTOR pathway activity, suggesting a role for this pathway in epidermal biology (Fig.
3d). To confirm the suggestion of decreased mTOR signalling in differentiating keratinocytes,
we used an independent approach to induce differentiation and performed RT-qPCR and IF/
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in-cell western analysis of differentiating keratinocytes (Supplementary Fig. 18). We induced
differentiation by growing cells at increasing cell density to induce a range of differentiation
levels. Subsequent IF measurements of TGM1, as well as RT-qPCR analysis of TGM1 and
Periplakin (PPL) confirmed the induction of differentiation of these samples (Supplementary
Fig. 18a, b). Consistent with the observation of inverse correlation between mTOR signalling
levels and differentiation markers in the PKIS screen results, we observed an inverse

Figure 3. Probes with high PC2 affect differentiation, cell-cycle arrest and mTOR signalling activity. a Summary
of significantly (p < 0.01, FDR 1%, t-test, Supplementary Fig. 17) affected molecular phenotypes from probes
with high PC2 (top 10%) compared to low PC2 (bottom 10%). b Scatterplot illustrating probes with high PC2
score (x-axis) have increased TGM1 and NOTCH1 levels measured by ID-seq. c Scatterplot illustrating probes
with high PC2 score (x-axis) have increased cell-cycle arrest marker (Cyclin B1 and p-cdc2) levels measured
by ID-seq. d Scatterplot showing the probes with high PC2 score (x-axis) strongly have decreased phospho-S6
and phospho-mTOR levels illustrating decreased mTOR signalling activity measured by ID-seq.
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Identification of kinases involved in skin stem cell renewal
We reasoned that the inhibited kinases that strongly associated with PC2 are likely involved
in epidermal stem cell renewal, as their inhibition leads to increased differentiation and cellcycle arrest. To determine which kinases are inhibited by probes with high PC2 scores, we
made use of available data on the biochemical selectivity and potency of the PKIS compounds
towards 225 individual kinases145. We applied outlier statistics to assign a set of inhibitory
probes to each of these 225 kinases (p < 0.01, Supplementary Data 2). As indicated above,
these probe sets show expected effects on targeted or downstream signalling molecules
(Supplementary Fig. 15). Subsequent gene set enrichment analysis (GSEA) identified 13 probe
sets that were enriched (p < 0.01, 1% FDR) in PC2 (i.e., probes inducing cell differentiation

Figure 4. GSE analysis identifies kinases targeted by probes leading to epidermal differentiation. Summary plot
of GSE analysis of probes in PC2 shows expressed inhibited kinases ordered according to the significance of
enrichment (p-values (FDR) < 0.01, Supplementary Fig. 22). Probes (points in the graph) are ranked according
to PC2 (x-axis), and point size shows % of inhibition for the indicated kinase by the probe.
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correlation between ribosomal S6 protein phosphorylation and cell density, confirming
that decreased mTOR signalling is associated with differentiation (Supplementary Fig. 18a).
Moreover, we found that mRNA expression levels of the mTOR co-factor RAPTOR, but not of
mTOR itself, decreased concordantly with the drop in S6 phosphorylation levels, suggesting
that decreased mTOR signalling activity is potentially caused by decreased RAPTOR gene
expression (Supplementary Fig. 18b). Of note, even though decreased RAPTOR mRNA levels
were associated with differentiation, we found that siRNA-mediated silencing of RAPTOR on
its own was not sufficient to cause cells to differentiate, as assessed by RT-qPCR analysis of
several key differentiation markers (Supplementary Fig. 18c). Together, the ID-seq PKIS screen
uncovered relevant molecular phenotypes associated with keratinocyte differentiation,
including a decrease in mTOR signalling activity.
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and/or cell-cycle arrest) and of which the corresponding kinase is expressed in keratinocytes
(Fig. 4, Supplementary Figs. 19, 20). Our analysis returned the EGFR as the top hit, reflecting
its recognised importance in epidermal stem cell renewal in vitro and in vivo. The probes
that inhibit the other kinases are distinct from those inhibiting the EGFR, indicating that the
identification of these 12 kinases did not result from cross-reactivity of the probes towards the
EGFR (Supplementary Fig. 21a, b). Important to note is the potential of each probe to inhibit
more than one kinase (Supplementary Fig. 21a), as the PKIS probe library was designed
as a platform for lead discovery and to provide chemical scaffolds for further medicinal
chemistry143–145. Additional to the EGFR, the list of identified kinases included PRKD3 and FYN,
two intracellular kinases shown to impact epidermal biology149–152. Interestingly, p70S6K is
the downstream effector of the mTOR/RAPTOR complex that phosphorylates the ribosomal
S6 protein. The fact our GSEA analysis identified this kinase matches our finding that
mTOR signalling is decreased upon epidermal differentiation (Fig. 3c and Supplementary
Fig. 18a-c). Moreover, immuno-histochemical staining of human skin sections showed that
the expression of the EGFR, RSK1 and PHKG1 is restricted to cells residing in the epidermal
stem cell niche, whereas NUAK1 is expressed throughout the epidermis (Supplementary Fig.
22), consistent with our findings that inhibition of these kinases affects epidermal stem cell
biology. Taken together, ID-seq identified both known and previously unrecognised potential
kinase effectors of epidermal renewal across four major kinase families (Fig. 2a, yellow
nodes).
We investigated whether the information contained in the ID-seq data set may be used
to explore the underlying molecular mechanism of the kinase inhibition. For each kinase
set, we calculated the mean effect on each of the measured molecular phenotypes. These
kinase set-level molecular profiles were used for both hierarchical clustering and PCA,
separating these 13 enriched kinases into four distinct subgroups (Fig. 5a, b). The EGFR and
its immediate downstream kinases, LYN and FYN, form a tight cluster, indicating that this
grouping reflects molecular mechanistic relationships. In turn, this predicts that the kinases
in the other subgroups may function through mechanisms that are different and potentially
independent from the EGFR. If this was indeed the case, we would expect inhibition of
these kinases to result in distinctive effects on (subsets of) the interrogated molecular
phenotypes. We compared the inhibitory effects (average model-derived estimate ± SEM)
on the 20 molecular phenotypes distinguishing differentiated and renewing epidermal cells
(as defined in Fig. 2c) for exemplars of these four subgroups of kinases. Ranking these readouts based on the effect of EGFR inhibition and plotting the data of the other kinases in the
same order showed that their overall trends were conserved, reflecting that these probe
sets indeed affect epidermal cell differentiation (Fig. 5c). Importantly, most of the kinases
showed statistically significant deviations (p < 0.05, t-test) in discrete subsets of molecular
phenotypes compared to the EGFR, indicating that they potentially function through distinct
mechanisms to regulate epidermal renewal (Fig. 5c). Together, this analysis shows that IDseq allows highly multiplexed screening of hundreds of chemical probes, identifying kinases
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Figure 5. Enriched kinase inhibitor probe sets show differentially affected molecular phenotypes. a K-means
clustering of mean probe effect on molecular phenotypes per kinase probe set. b Principal component analysis
on mean probe effects shows in PC1 and PC4 distinct kinase probe-set clusters. Colours based on K-means
clustering of the data (see a). c The mean and standard error of probe effect on molecular phenotypes, per
probe set inhibiting kinases EGFR, DYRK1A, NUAK1, RSK1/2/3/4 and p70-Ribosomal S6 kinase. Compared
to EGFR the other four kinases have a comparable phenotypic profile with several changes different effects on
molecular phenotypes (black nodes, p < 0.05, t-test).

involved in epidermal renewal and at the same time provides information on the underlying
molecular mechanism to categorise the identified effector kinases.
Finally, as a first step towards verification of the importance of the kinases representing
these four subgroups in epidermal self-renewal, we obtained inhibitors of the EGFR, RSK1-4,
p70S6K, NUAK1 and DYRK1A, independent from the PKIS library. These chemical inhibitors
were chosen as they were described to display selectivity for their intended targets, although
it is difficult to fully exclude any contribution from (lower affinity) inhibition of unintended
targets kinases. We examined the effects of these inhibitors on epidermal stem cell function
using in vitro colony formation assays (Fig. 6a, b and Supplementary Fig. 23). For this, stem
cells were first allowed to adhere to the culture plate containing a layer of feeder cells. Twentyfour hours after seeding, the cultures were exposed to the kinase inhibitors in a broad range
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of concentrations for the remainder of the culture period. Subsequent automated imagingbased quantification of the resulting colonies revealed that inhibition of the EGFR, RSK1-4
and DYRK1A decreased the self-renewal capacity of the epidermal stem cells (as determined
by colony size) and stimulated the expression of the late differentiation marker TGM1. In
contrast, p70S6K and NUAK1 inhibition resulted in decreased renewal but did not increase
TGM1 expression. These results support a potential role for these kinases in epidermal
renewal, although further work will be required to fully characterise and understand their
contributions to this process.

Figure 6. Renewal assay confirms crucial role for DYRK1A, NUAK1, RSK and p70S6 kinases in skin stem
cell renewal while the inhibitors have distinct effect on late differentiation marker TGM1. a Colony area of
keratinocytes (mean area of all colonies per replicate) after 9 days of growth in the presence of specific
kinase inhibitors AG1478, Harmine, WZ4003, BI-DI870 and PF4708671 targeting EGFR, DYRK1A, NUAK1,
RSK1/2/3/4 and p70-Ribosomal S6 kinase, respectively. Line shows modelled dose–response curves based
on three biological replicates per concentration. b Levels of late differentiation marker (mean of all colonies
per replicate), determined by immunofluorescent staining of TGM1 in CFA cell populations (corrected for cell
number using Draq5 staining). Modelled dose–response curves (n = 3) show increase in TGM1 levels for three
out of five inhibitors.

DISCUSSION
Cell-based phenotypic screens are frequently used in academia and the pharmaceutical
industry to identify leads for drug development153,154. However, obtaining insight into the
molecular mechanism of action of the selected compound can be time-consuming and
expensive154–156. We developed the ID-seq technology as an approach to facilitate highthroughput highly multiplexed molecular phenotyping. We showed that ID-seq could be
applied to large numbers of samples for precise and sensitive protein measurements in fixed
cell populations. The dynamic range of our counting strategy by sequencing is seemingly
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broader than enzyme-linked immunosorbent assays and comparable to the other highthroughput screening assays such as the AlphaScreen and the Luminex, respectively157,158.
These assays measure proteins in solution, such as body fluids and cell extracts. In addition,
the AlphaScreen technology requires pairs of antibodies for each target, whereas ID-seq
does not require cell lysis, works on fixed cells in multi-well plates and uses one antibody per
target. Therefore, we consider ID-seq as a novel technology that is complementary to existing
commercial approaches.
We applied ID-seq to primary human epidermal keratinocytes in conjunction with the PKIS
chemical probe library and identified several kinases that are important for epidermal stem
cell function. The depth of measured molecular phenotypes in our screen resulted in the
identification of the association between decreased mTOR signalling pathway activity and
epidermal differentiation. This is in line with recent findings that the mTOR pathway plays
an important role in human keratinocyte at the switch from proliferation to differentiation159.
Additionally, our findings serve as a valuable resource to identify potential drugs that could
lead to severe skin toxicity since many targeted therapies in clinical trials are directed against
kinases160,161. Thus, ID-seq allows high-throughput molecular screening of kinase inhibitors
and leads to meaningful insight in skin biology.
The straightforward ID-seq workflow was designed to be compatible with automation
for applications in industry. This scaling potential should enable in-depth analysis of
mechanisms of action for 100s, potentially 1000s, of compounds in a single experiment.
Beyond the kinase-based screening application presented here, the ID-seq technology can in
principle be applied to any cell system, any perturbation and with any validated high-quality
antibody, making it a flexible solution for large-scale high-dimensional phenotyping.

METHODS
Cell culture and transfections
Keratinocytes (pooled foreskin strain KNP, Lonza) were expanded as described125
supplemented with Rock inhibitor (Y-27632, 10 µM). After expansion of the keratinocytes on
feeders, the cells were grown for 1–3 days on keratinocyte serum-free medium (KSFM) with
supplements (bovine pituitary extract (30 µg ml−1) and EGF (0.2 ng ml−1, Gibco) in a 96- or
384-well plate at ~10.000 cells/well. Before 48 h AG1478 treatment (10 µM), the cells were
cultured for 48 h in a 96-well plate. Before EGF stimulation, keratinocytes were grown for 3
days on KSFM with and 1 day without supplements. After starvation, cells were stimulated
with EGF (100 ng ml−1) for 5 min. For the PKIS screen, 10 000 cells were seeded in a 384-well
plate and grown for 24 h in KSFM with supplements, followed by 24-h treatment with PKIS
compounds (10 µM) or dimethylsulphoxide (DMSO). siRNA nucleofections were performed
with the Amaxa 96-well shuttle system (Lonza). Keratinocytes were grown in KSFM to ~70%
confluency, harvested and resuspended in cell line buffer SF. In all, 2 × 105 cells were used for
each 20 μl transfection (programme FF-113) with 1–2 μM siRNA duplexes. Please note that is
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equivalent to 5–10 nM siRNA in conventional liposome-based transfections. Transfected cells
were incubated at ambient temperature for 5–10 min post transfection and subsequently
resuspended in pre-warmed KSFM. Silencer Select siRNAs were used throughout this study
(Ambion/Applied Biosystems).
Conjugation of antibodies to dsDNA
Antibodies and dsDNA were functionalised and conjugated as described126. See
Supplementary Data 1 for a list of antibodies. In short, antibodies were functionalised with
NHS-s-s-PEG4-tetrazine in a ratio of 1:10 in 50 mM borate-buffered saline (BBS), pH 8.4
(150 mM NaCl). Then, N3-dsDNA was produced and functionalized with DBCO-PEG12-TCO
(Jena Bioscience). See Supplementary Data 3 for a list of oligo sequences. Finally, purified
functionalised antibodies were conjugated to purified functionalised DNA by 4-h incubation
at room temperature in borate-buffered saline, pH 8.4, in a ratio of 4:1 respectively. The
reaction was quenched with an excess of 3,6-diphenyl tetrazine. After pooling, the conjugates
were incubated with ProtA/G beads in BBS overnight. After thorough washes with phosphatebuffered saline (PBS), the conjugates were eluted from the beads with 0.1 M citrate, pH 2.3,
and immediately neutralised with Tris-HCl, pH 8.8. Subsequently, a buffer exchange into PBS
(pH 7.4) was performed using two Zeba-spin desalting columns. The size of the eluted DNA
was checked on an agarose gel, confirming that all unconjugated DNA was removed using
this purification approach.
Antibody characterisation
Detailed information on the antibodies is summarised in Supplementary Data 1. In brief, we
selected antibodies suitable for IHC or IF validated by manufacturer. The Developmental
Studies Hybridoma Bank (DSHB) antibodies were produced and purified as described126. We
choose antibodies to study a wide variety of biological processes as mentioned in the Results
section. We performed antibody-dilution series with all antibodies on our primary human
keratincoytes to show antibody-dependent signal via IF. Moreover, we coupled antibodies
to DNA barcodes as described in our conjugation and immuno-PCR protocol126. These
antibodies show antibody concentration-dependent signal via immuno-PCR, indicating
successful conjugation, release and detection of DNA tags. Finally, we performed several
modulation experiments to show specific dynamics in our keratinocytes measured via the
antibodies in IF, immuno-PCR (Supplementary Data 1, Supplementary Figs. 6, 7 and 9) or
ID-seq (Supplementary Fig. 5 and Supplementary Fig. 8). Supplementary Fig. 5b shows
protein levels (measured via ID-seq) and mRNA levels measured via qPCR. qPCR analysis was
performed according to standard protocol (iQTM SYBR Green Supermix, CFX 96 machine).
qPCR primers are show in Supplementary Table 1.
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Immunostainings and release of DNA tags
Keratinocytes were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature
(RT), washed three times with PBS and stored at 4 °C (up to 3–4 days before further use).
Then, cells were permeabilised and blocked for 30 min using 0.5× protein-free blocking buffer
(Thermo Fisher) in PBS with 0.1% Triton and 200 ng ml−1 single-strand Salmon Sperm DNA
(sssDNA). Blocking the cells and wells with sssDNA is crucial to suppress background binding
of the antibody–DNA conjugates126. Then, cells were incubated with conjugated antibodies
in the same buffer at 0.1 µg ml−1 antibody, at 4 °C overnight. After immunostaining with
conjugates, the cells were thoroughly washed with PBS (3× short, 3× 15 min and 3× short).
Then, release buffer was freshly prepared (10 mM dithiothreitol (DTT) in borate-buffered
saline, pH 8.4). Cells were incubated with 20–50 µl of release buffer depending on the plate
type and well size and incubated for 90 min at RT, with careful mixing (on a vortex) every
30 min. Released DNA barcodes were collected and stored at −20 °C.
Sample barcoding and sequencing library preparation
To barcode the released DNA tags from each cell population (see Supplementary Note 1 for
sequence design), a 25 µl PCR was performed per sample containing 8–15 µl sample with
released DNA tags, 0.2 mM dNTPs, 1 µl PFU polymerase, 1× PFU buffer (20 mM Tris-HCl (pH
8.8), 2 mM MgSO4, 10 mM KCl, 10 mM (NH4)2SO4, 0.1% triton and 0.1 mg ml−1 bovine serum
albumin), spike-in DNA barcodes, forward primer (AATGATACGGCGACCACCG, Biolegio) and
a well-specific reverse primer (Supplementary Data 3, Supplementary Fig. 1b). In a 96-well
PCR machine (T100 Thermal Cycler, Biorad) the following programme was used: (1) 3 min at
95 °C; (2) 30 s at 95 °C; (3) 30 s at 60 or 54 °C; (4) 30 s at 72 °C; (5) repeat 2–4 nine times; (6) 5 min
at 72 °C; and (7) ∞12 °C. Then, all well-specific labelled DNA barcodes from one plate were
pooled to one sample. This sample was purified using a PCR purification column (Qiagen)
according to the manufacturer’s protocol. Samples were eluted with 30 µl nuclease-free
water. To remove any residual primers, samples were treated with Exonuclease I in 1× PFU
buffer for 30 min at 37 °C. After inactivation for 20 min at 80 °C, another 25 µl PCR reaction
was prepared with 15–17 µl sample, 0.2 mM dNTPs, ×1 µl PFU polymerase, 1 × PFU buffer,
forward primer (AATGATACGGCGACCACCG, Biolegio) and a sample-specific reverse primer
with Illumina index barcode and adapter sequence (Supplementary Data 3, Supplementary
Fig. 1d). The same programme as PCR reaction (I) was used, and reactions were purified
over a PCR purification column (Qiagen). All PCR reactions were then incubated for 45 min
with 1 µl Exonuclease I to remove residual primers. The PKIS screen samples were further
size-selected using size selection columns (Zymo, according to the manufacturer’s protocol)
for fragments > 150 bp. Finally, all samples were purified over PCR purification mini-elute
column (Qiagen) and eluted in 10 µl elution buffer. Final sequencing samples were run on
a 2% agarose gel (0.5× TBE) with 10× SYBR Green I (Life Technologies) and scanned on a
Typhoon Trio+ machine (GE Healthcare), or analysed with the 2100 Bioanalyzer (Agilent) to
confirm the size of the DNA fragments (expected size around 185 bp).
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ID-seq data analysis
Sequence data from the NextSeq500 (Illumina) were demultiplexed using bcl2fastq software
(Illumina). The quality of the sequencing data was evaluated using a FastQC tool (version
0.11.4 and 0.11.5, Babraham Bioinformatics). Then, all reads were processed using our
dedicated R-package (IDSeq, Supplementary Note 2). In short, the sequencing reads were
split using a common anchor sequence identifying the position of the UMI sequence,
barcode 1 (antibody-specific) and barcode 2 (well-specific) sequence. After removing all
duplicate reads, the number of UMI sequences were counted per barcode 1 and 2. Finally,
barcode 1 and barcode 2 sequences were matched to the corresponding antibody and well
information.
Using R-package DESeq2162, we calculated normalisation factors (estimated size factor) to
account for differences in sequencing depth per sample. Using lme4, we analysed the effect
of a specific condition using a linear mixed effect model (Supplementary Note 3).
For each antibody in the PKIS screen the effect and significance of each treatment were
determined as described in Supplementary Note 3. Then, the ‘signed p-value’ was derived
from the sign of the model estimate (positive/negative) and the p-value. This signed p-value
was used as input for the PCAs (Fig. 2b and Supplementary Fig. 15). To calculate effects
of probe sets per molecular phenotype, the mean model estimate was calculated. These
means were used for subsequent PCA analysis and ‘molecular phenotype profiles’ described
in Fig. 5.
Immuno-PCR experiments
The immuno-PCR experiments were performed as described previously in our paper on
antibody–DNA conjugates126. In short, each antibody was conjugated to dsDNA, and used
in an immunostaining as described. DNA was released using 10 mM DTT in BBS, pH 8.4, and
measured by quantitative PCR using iQTM SYBR Green Supermix on CFX 96 machine. The 2−
Ct values were used to calculate the mean signal and standard deviation from four biological
replicates. The Pearson correlation between these immuno-PCR and the multiplexed ID-seq
signal was calculated using the mean.
Proteomics
Cells were harvested, washed, snap-frozen and stored at −80 °C until lysis and mass
spectrometry (MS) analysis. Induction of differentiation was validated by qPCR (data not
shown) before lysis. Cells were lysed using lysis buffer (4% SDS, 100 mM Tris-HCl (pH 7.6) and
100 mM DTT) and by boiling for 3 min at 95 °C. DNA was sheared using sonication, 5 cycles:
30 s ON and 30 s OFF (high). The samples were centrifuged for 5 min at 16 000 × g, 4 °C and the
supernatant was taken for protein quantification with the PierceTM BCA Protein Assay Kit
(Thermo Scientific).
For the generation of tryptic peptides, we applied filter-aided sample preparation163. To be
able to absolutely quantify the proteins in the samples we used a standard range of proteins
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(UPS2-1SET, Sigma), which we spiked into one of the samples (3.3 µg in sample equivalent to
100 000 cells)164. To obtain deep-proteomes, samples were fractionated using strong anion
exchange, collecting fractions of the flow through and elutions at pH 11, 8, 5 and 2 of Britton&
Robinson buffer. Samples were desalted and concentrated using C18 stage tips.
The peptide samples were separated on an Easy nLC 1000 (Thermo Scientific) connected
online to a Thermo scientific Orbitrap Fusion Tribrid mass spectrometer. A 240 min acetonitrile
gradient (5–23%, 8–27%, 9–30%, 11–32% and 14–32% for FT, pH 11, 8, 5 and 2, respectively)
was applied to the five fractions. MS and MS/MS spectra were recorded in a Top speed modus
with a run cycle of 3 s. MS/MS spectra were recorded in the Ion trap using higher-energy
collision dissociation fragmentation. To analyse the raw MS data we used MaxQuant (version
1.5.1.0, database: Uniprot_201512/HUMAN)124 with default setting and the match between
runs and iBAQ algorithms enabled. We filtered out reverse hits and imputed missing values
using Perseus (default settings, MaxQuant software package).
CEL-seq2 mRNA quantification
mRNA sequencing was performed according to the CEL-seq2 protocol165 with adaptations.
Reverse transcription was performed in 2 µl reactions overlaid with 7 µl Vapor-Lock (Qiagen)
using Maxima H minus reverse transcriptase (Thermo Fisher) and 100 pg purified RNA per
sample. Primer sequences were adapted to allow sequencing of 63 nucleotides of mRNA in read
1 and 14 nucleotides in read 2, comprising the sample barcode and UMI. Reverse transcription
primer: 5′GCCGGTAATACGACTCACTATAGGGGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN[6
ntsample-barcode]TTTTTTTTTTTTTTTTTTTTTTTTV3′, random-octamer-primer for reverse
transcription of amplified RNA: 5′CACGACGCTCTTCCGATCTNNNNNNNN3′, libraryPCRPrimers:
5′AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTTCCGATCT3′
and
5′CAAGCAGAAGACGGCATACGAGAT[6ntindex]GTGACTGGAGTTCAGACGTGTG-CTCTTCCGATC3′.
Sequencing was performed using the NextSeq500 from Illumina.
Colony formation assay
In six-well plate, 200 000 feeder (J2-3T3) cells were seeded in Dulbecco’s modified Eagle’s
medium (DMEM; with 10% bovine serum (BS) and 1% pen/strep). After 1 day, feeder cells
were inactivated by 3-h treatment with mitomycin C. After thorough washes with DMEM, 1000
keratinocytes were seeded into each well. The following day, treatment was started (day 0)
by refreshing medium and addition of the indicated concentration of compound, or DMSO
as a vehicle control. Cells were grown in the presence of compounds for 8 more days, and the
medium was refreshed on days 2 and 5. Rocki was present until day 2 of the treatment. Cells
were fixed, stained with TGM1-specific antibodies and scanned as described before39. Raw
images from the LiCor Odessey system were processed with CC Photoshop and CellProfiler
with consistent settings. Data obtained via automatic counting and imaging analysis via
CellProfiler were analysed and visualised in the R programming language.
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Code availability
R-package IDseq (version 0.1.0) is available from https://github.com/jessievb/IDseq. Colonyforming assay analysis scripts (Cell-profiler and R-script) are available from https://github.
com/jessievb/automated_CFA.
Data availability
Used antibodies and oligo sequences are available as Supplementary Data 1 and
Supplementary Data 3, respectively. Sequencing data and processed data from ID-seq
experiments are available through GEO43 Series accession number GSE100135. CELseq2 data to identify highly expressed kinases (Supplementary Fig. 19) are available upon
reasonable request. Images- from Supplementary Fig. 22 were obtained from Human Protein
Atlas (Version 16.1).
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DNA-tag design.
We considered several practical requirements for our DNA-tag design. First, different DNAtags need to be produced and coupled to different antibodies. The produced DNA needs
purification before coupling to antibodies, using standard PCR purification columns that
can purify DNA with lengths down to ~100 bp. To this end, we included barcodes that were
on average 108 bp long. Second, each DNA-tag needs a unique “barcode” sequence, easily
distinguishable after sequencing. Therefore, we designed a 10 bp long barcode-sequence
(Barcode 1) with a minimum difference of 2 bp among the different barcodes. Third, we
aimed for counting barcodes including corrections for PCR-amplification biases. For this, we
included a 15 bp long unique molecular identifier (UMI) sequence. Finally, we should be able
to sequence many ID-seq samples on an Illumina sequencer. We encountered a limitation
of the Nextseq500 sequencer: when all reads have at a specific read-position the same base
called, the sequencing run will stop because the sequencing chemistry in combination with
the software used for base calling will throw a critical error. Therefore, we included a ‘spacer’
sequence of length 0 to 8 bp at the start of the sequenced region of the DNA-tag to introduce
sample complexity. Considering these four requirements, the DNA-tags contain five specific
sequences (Supplementary Figure 1a, Supplementary Data 3):
•
Illumina adaptor and FR read 1 sequence; to get an extended sequence > 100bp ánd to
include adaptor and primer needed for sequencing.
•
A ‘spacer’ sequence of length 0 to 8 bp; to increase sample complexity.
•
A unique molecular identifier (UMI) sequence of 15 bp; for unique barcode counting.
•
A barcode sequence of 10 bp; antibody specific and with minimum two bp difference.
•
Common reverse primer sequence of 19 bp; for PCR-based sample barcoding and for
finding barcode and UMI sequences in reads (“anchor” sequence).
Sample-preparation primer design.
The released DNA-tags are prepared for sequencing via a two-step PCR protocol (see
Materials and Methods). The first so-called ‘overhang PCR’ adds a DNA sequence with a
sample-specific barcode to all released material (“Barcode 2”, Supplementary Figure 1b,c).
After pooling the barcoded DNA-tags, the second PCR reaction adds the Illumina “index” and
the second adaptor sequences to the barcoded DNA (Supplementary Figure 1d).
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Supplementary Note 1. DNA-tag and primer design
DNA-tagging of antibodies can serve as a multiplexed and high-throughput readout for
epitope detection. By using the PCR-based amplification of DNA, we produced multi- barcoded
sequencing samples that allow counting of each unique antibody-DNA tag and annotating
hundreds of samples. Supplementary Data 3 contains all tag and primer sequences. Here we
describe our reasoning behind the DNA-tag and barcoded sequencing library design.

CHAPTER 3

Sequencing library design.
The final sequencing library contains ‘Illumina forward adapter,’ spacer (0-8 bp), UMI, Barcode
1 (antibody-specific), common “anchor” sequence, Barcode 2 (sample-specific), Illumina
reverse adaptor with sample index. (Supplementary Figure 1e, Supplementary Data 3).
Supplementary note 2. Data processing pipeline
To facilitate the analysis of ID-seq sequencing data, we developed a dedicated computational
pipeline. Supplementary Figure 2 summarises the pipeline, showing input and output files,
and six analysis steps. First, the bcl2fastq demultiplexing tool (v2.16.0.10) generates FASTQ
files from bcl files. Second, our ID-seq R-package maps all reads from the FASTQ files to the
‘anchor’ sequence (Supplementary Figure 2e) to obtain the antibody barcode (Barcode
1), sample barcode (Barcode 2) and UMI sequences. Third, our R-package package allows
duplicate read removal and barcode counting. Fourth, we match the barcode sequences
to the antibody and sample respectively. Then, we use DESeq2 R-package to calculate
normalisation factors. Finally, we developed a linear mixed effect model to determine the
effect of a condition. More details on each of the analysis steps we discuss in the following
paragraphs.

(I) Illumina demultiplexing and quality control.
The standard pipeline from Illumina allowed us to demultiplex the sequencing data, based on
the index barcode that was added during PCR II of the sample-preparation (Supplementary
Figure 2d). After demultiplexing, the quality of the sequences is evaluated using FASTQC
tool166. The output from this tool will contain a “red flag,” which is common to all ID-seq
experiments. Namely, all samples will include reads that contain a small part of the Illumina
adaptor due to the inserts short length and spacer sequence (Supplementary Figure 2e).
(II) ID-seq demultiplexing using R-package ID-seq.
We developed an R-package that includes a function to “split” reads into UMI, Barcode_1
and Barcode_2 sequences. We reasoned that we could use the common “anchor” sequence
(Supplementary Figure 2c,e) because it is present in all reads. Therefore, we use approximate
matching of the reads to the known anchor sequence to split the reads. The function output
is a tab separated file with UMI and barcode sequences, a log file with run information
and a “.log” file with experiment information (number of reads and number of split reads
per processed FASTQ file). We obtained a high percentage of ‘mapped’ reads to our ID-seq
specific anchor sequence while allowing 10% mismatches (99 ± 0.4%).
(III) UMI analysis and barcode counts.
The 15 nucleotide long unique molecular identifier (UMI) is used to count tags per antibody
in each sample. We observe very high percentage of unique reads in ID-seq experiments
performed in our lab (94.7 ± 3.8 %, n=16 experiments). After removing duplicates, we count
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unique tags per antibody and sample. This UMI-based counting approach allows us to
correct PCR amplification biases and count the released tags per antibody in each sample.

(IV) Barcode matching.
After obtaining tag counts per barcode, we continued with matching each barcode to a
specific antibody and sample. We chose to allow no mismatches by matching known barcode
sequences to the count table using R-package dplyr (function “left_join”).

Supplementary Note 3. Linear mixed effect model description
We used a linear mixed effect model to test which treatments affected the protein level as
measured with a specific DNA-tagged antibody. We used a negative binomial distribution to
model the UMI counts Yacr for a specific antibody a in replicate r of condition c. Here a conditon
c can represent the control condition or a drug treatment. We use the tuple (a,c,r) to define
an experiment. The model is used to test whether the antibody UMI counts for a specific
treatment of interest t and antibody a is significantly different from the control condition,
taking into account replicate experiments for the same treatment. We always apply the model
to each antibody independently. However, we analyze all experiments for a given antibody
jointly to improve the estimation of the negative binomial overdispersion parameter, which
may be different for each antibody due to differences in efficiency. The effect of the treatment
of interest t compared to control is modeled using a fixed effect bc=t ; the effect of all other
treatments (relative to the control condition) is modeled using an overall treatment mean μc≠t
and a random effect βc≠t ∼N(0,σc≠t) for each treatment (other than the treatment of interest).
As the sequencing depth varied for each experiment, we normalized using a library size
factor Laer 167,168.
We then have
𝑌𝑌!"# ∼ 𝒩𝒩ℬ(𝜇𝜇!"# , 𝜎𝜎(𝜃𝜃! )),

where θa is the overdispersion parameter.
log𝜇𝜇!"# = 𝜇𝜇!"#$%"& + 𝐿𝐿!"# + 𝛾𝛾!"#$%(!"#)
log𝜇𝜇!"# = 𝜇𝜇!"#$%"& + 𝐿𝐿!"# + 𝛾𝛾!"#$%(!"#) + 𝑏𝑏!!!
log𝜇𝜇!"# = 𝜇𝜇!"#$%"& + 𝐿𝐿!"# + 𝛾𝛾!"#$%(!"#) + 𝜇𝜇!!! + 𝛽𝛽!!!

𝑐𝑐 is control experiment
𝑐𝑐 is treatment of interest 𝑡𝑡
𝑐𝑐 is not control and not treatment of interest 𝑡𝑡
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(V & VI) Normalisation and analysis.
The count characteristic of ID-seq data allowed us to normalise counts with DESeq2
R- package167 and to determine effects by generating mixed linear models that take into
account the negative binomial distribution (Supplementary note 3).
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Here μcontrol is the mean of the control experiments; γplate(acr) is a fixed effect (plate(acr) is the
plate index of an experiment) that accounts for systematic plate effects. It can be seen that
μc≠t represents a mean treatment effect based on all treatments except the treatment of
interest t. We are not explicitly interested in the value of μc≠t or σc≠t, but we consider these
nuisance variables that aid in the estimation of the overdispersion parameter θa.
We used the lme4 packagev169 in R to implement the model and estimate the parameters
and statistical significance of bc=t. Since we would like to know for each treatment if there
is a significant effect compared to control, the model needs to be estimated separately for
all treatments and all antibodies (each time a different treatment being the treatment of
interest). Thus, in fact the parameter θa depends on the treatment of interest t and may vary
slightly between different treatments of interest.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Schematic overview of the DNA-tag and primer sequences. a The DNA-tag (antibodytag) sequence includes a spacer (0 to 8 bp), a UMI and antibody-specific Barcode 1 (Barc.1) sequence. bAfter
release of the DNA tags, a 19 bp forward primer and a 49 bp reverse primer is used to amplify the tag and
include a sample-specific Barcode 2 (Barc.2) sequence. c The product of this PCR step includes the sequences
from the DNA tag plus the sample-specific barcode and another reverse primer sequence. This sequence is the
start of the Illumina adapter. d After pooling all bar-coded samples. A final PCR is performed using the forward
primer and a custom-made unique reverse primer that is the actual illumine adapter and index sequence. e The
product of the final PCR step of the sample preparation has a small insert between the adapters, which includes
the spacer sequence, the UMI sequence, the Barcode 1 sequence, anchor sequence, and finally the Barcode 2
sequence. The index from the adapter is used as a barcode for the sequencing sample. Each sequencing run will
result in reads that contain full UMI, Barcode 1, anchor and Barcode 2 sequences.
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Supplementary Figure 2. Schematic overview of the analysis pipeline. To process and analyse ID-seq datasets,
we set up an analysis pipeline consisting of six steps. First, bcl2fastq converts raw data to indexed FASTQ
files (I). To extract barcodes from the reads, we created an R-package that includes a function split reads
from FASTQ files (II). The split reads are used to determine duplicate rates and to count tags (III). The IDseq package includes a function that matches barcodes to antibody and sample information based on two
index files. Optionally, one can use the dplyr package to annotate the table manually (IV). We use the DESeq2
package to calculate normalisation factors for each sequencing library (V). The counts and the normalisation
factors are utilized in a linear mixed effect model to determine the effectsize (so-called “Estimate”) of a specific
treatment (VI) and calculate significance of the effect using a likelihood ratio test (Supplementary Note 3).
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Supplementary Figure 3. UMI counts from spike-in DNA-tags shows dynamic range of count-based barcode
measurement. A mix of spike-in template DNA tags was prepared using eight concentrations (n = 5 tags per
concentration). Four ‘well-PCR’ reactions were performed, each adding a sample-specific DNA sequence to
the DNA tags. Then, the four reactions were pooled for purification. Finally, this sample was prepared for
sequencing via a second PCR, in quadruplicate (sequencing replicate 1 to 4). After sequencing, unique UMI
sequences were counted. Each boxplot shows the counts from the five DNA-tags at that specific concentration.
Over four orders of magnitude, the counts correlate with the expected input counts, for all four replicate
sequencing samples. This illustrates how the ID-seq readout can have a dynamic range of four order of
magnitude. (Boxplots with center line indicating median, bounds of boxes showing upper and lower quartile,
and whiskers illustrating 1.5*inter-quartile range, n= 5).
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Supplementary Figure 4. Precision of ID-seq measurement determined by multi-labelling of antibodies.
a Schematic overview of the principle to couple 9 barcodes to 1 antibody. b Correlation graphs of 9 barcode
‘tags’ from each antibody. Each barcode is an internal technical replicate of the immunostaining. c Boxplot of
all correlations between the 9 barcodes per antibody. (Boxplots with center line indicating median, bounds of
boxes showing upper and lower quartile, and whiskers illustrating 1.5*inter-quartile range).
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Supplementary Figure 5. ID-seq signal from different cell-numbers shows sensitive protein detection via DNAtagged antibodies. a Keratinocytes were seeded in 96 wells plate at indicated numbers and grown for 24 hours.
ID-seq signal from antibodies targeting indicated (phospho-)proteins (panel captions) shows log linear relation
between seeded cell number and signal illustrating sensitive barcode detection of low cell numbers. (Boxplots
with center line indicating median, bounds of boxes showing upper and lower quartile, and whiskers illustrating
1.5*inter-quartile range, n=4) b qPCR (see Supplementary Table 1 for primer sequences) and ID-seq show
decreased signal after siRNA mediated knockdown of indicated proteins (mean and s.d., n= 3). Percentages
show percentage of signal decrease.
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Supplementary Figure 6. Immuno-fluorescence signal of antibody dilution series of antibodies against
indicated targets. Supplementary Data 1 gives an overview of all antibodies and their corresponding validation
experiments.
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Supplementary Figure 7. Immuno-PCR signal of antibody-dilutions series of antibodies (panel captions) coupled to DNA-tags as described by van Buggenum et al.
(Scientific reports, 2016). Supplementary Data 1 gives an overview of all antibodies and their corresponding validation experiments.
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Supplementary Figure 8. Characterization of antibodies in ID-seq shows dynamic changes in skin stem cells.
Boxplots with center line indicating median, bounds of boxes showing upper and lower quartile, and whiskers
illustrating 1.5*inter-quartile range (n = 6). Skin stem cells were treated indicated compounds: AG1478 inhibits
the EGFR. DMH1 inhibits BMP signaling. MitC and HydroxyU cause DNA damage and have antiproliferative
capacities. Recombinant EGF and BMP2/7 activate EGFR and BMPR signaling, respectively. Plots show the
scaled to minimum and maximum normalized counts of indicated antibodies (shown are target epitope and
cat.no, see Supplementary Data 1 for further details).
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Supplementary Figure 8 continued
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Supplementary Figure 9. Immuno-fluorescence signal after phosphatase treatment of primary keratinocytes.
Supplementary Data 1 gives an overview of all antibodies and their corresponding validation experiments.
(n=1).
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Supplementary Figure 10. Signal-to-noise analysis of two antibody pools (Prot AG purificied and unpurified
anitbodies) and dynamic range of antibody signals. a Boxplots with ID-seq signal from 0 (no-cell background)
or 10.000 cells. Selection of 6 different antibodies. Center line indicating median, bounds of boxes showing
upper and lower quartile, and whiskers illustrating 1.5*inter-quartile range (n=6). b Median counts were used
to calculate signal-over-background. Light grey bars show signal-over-background from antibodies that were
not purified with protein-AG beads. Dark grey bars show signal-over- background from antibodies that were
purified with protein-AG beads. c Density plot of all antibodies` signal over background showing an overall
increase for the purified antibody pool. However, several antibodies show decreased signal over background.
For PKIS screen, only antibodies that showed increase in signal-over-background were purified over proteinAG beads. d Scatterplot of median counts against signal over background per antibody. The antibody counts
span a range of 3 order of magnitudes. As expected with a relatively stable background measurement, higher
counts have higher signal over background
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Supplementary Figure 11. TGM1 protein (a and b) and mRNA (c) levels measured using ID-seq (a, n=6) or via
quantitative proteomics (a, n=3), via immuno-fluorescence (b, n=4) or RT-qPCR (c, n=3). Similar dynamics
can be observed upon AG1478 treatment of keratinocytes. Mean and s.d. are shown in each panel.

Supplementary Figure 12. Decreased EGF signalling and increased differentiation, BMP and Notch signalling
upon AG1478 treatment. a Cytoscape network of signalling pathways from Figure 1f, including protein names.
Only circled proteins were measured in the ID-seq experiment. b mRNA levels of differentiation markers TGM1
and involucrin (IVL), BMP2 and downstream target ID2, Notch3 and downstream target HES2. (mean and
s.d.) Results show that AG1478 treatment (EGFR inhibition) induces differentiation, and increases BMP and
notch signaling activity.
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Supplementary Figure 13. Quality controls of the ID-seq PKIS screen. a Percentage of total reads that are
unique (UMI frequency = 1) or are duplicates. b Spike-in DNA UMI counts from all wells per sequencing sample.
The PKIS screen contained 8 sequencing samples, and the boxplot shows that sample-prep for all samples
was successful resulting in comparable spike-in DNA counts. c Correlation between spike-in DNA barcodes
shows reproducible counts for the full screen dataset. d Counts from two replicate screens correlate well
(r = Pearson correlation) illustrating high-quality reproducible ID-seq dataset. e Median counts versus
coefficient of variation (CV) from positive control samples treated with AG1478 (n = 14 replicates) shows
over broad range of signal a low CV.
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Supplementary Figure 14. Correlations between measured phenotypes and principal components. As
described in methods section, PCA analysis was performed using the signed p-values. Here we correlated these
signed p-values with the principal components (PCs). PC1 correlates with several signalling events and stress
markers. PC2 correlates with differentiation markers TGM1 and NOTCH1. PC3 correlates with another set of
signalling molecules.
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Supplementary Figure 15. Mean ID-seq results of inhibitor sets (x-axis) on indicated phospho-protein levels
(panel title). The inhibitor library used for this screen is biochemically tested (by Elkins J. et.al. 2016). Based
on this data we assigned (potential) inhibitors to kinases and in this way created ‘sets of inhibitors’ per kinase.
The Supplementary Figure hows for several of these inhibitor sets (EGFRi, RSK1i, RSK2i, p70S6Ki, p38ai,
MAPKAPK3i, JNK2i) and the mean ID-seq signal of relevant downstream or upstream (phospho-)proteins.
The compounds that can inhibit the EGFR clearly decrease phosphorylation levels of the EGFR, mTOR, cFOS
and AKT a. Interestingly, compound targeting RSK1/2 and/or p70S6K seem to increase phosphorylation
of upstream EGFR and decrease S6K phosphorylation b. Finally, phosphorylation of MKK3 is increased by
compounds targeting MAPKAPK3,p38a and/or JNK2 c. In all, these results confirm the effect of sets of PKIS
compounds on relevant compounds. (Mean, s.d., t-test for significance).
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Supplementary Figure 16. Colony formation assay of primary keratinocytes during treatment with selected
PKIS compounds (100 nM) shows the effect on colony size and expression of differentiation marker TGM1.
a Representative Draq5 (DNA) staining of colonies. b Quantification of the number of colonies, colony area,
colony area, integrated intensity of TGM1 over Draq5 (n = 3 wells). Dark grey bars show a significant difference
to control (p<0.05, t-test).

Supplementary Figure 17. Top 10% of probes with high PC2 levels (differentiated) or low PC2 levels (not
differentiated/renewal) shows distinct effects on measured phenotypes. The mean and s.d. of the effect on
each phenotype is shown: in red the top 10% probes with high PC2 levels (‘differentiating’) and in blue the
bottom 10% probes with low PC2 levels (‘renewing’).
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Supplementary Figure 18. Confluency induced differentiating keratinocytes show decreased mTOR signaling
activity. a protein levels measured via in-cell western staining of TG1 and p-S6K from keratinocytes grow
at different cell numbers (thousands). Signal intensitiy was corrected for DNA content via DRAQ5 staining.
bmRNA levels of differentiation markers PPL and TGM1, and signaling components mTOR and RAPTOR.
c siRNA mediated knockdown of mTOR signaling component RAPTOR does not increase gene expression
levels of differentiation markers IVL, PPL or TGM1 at 4 days after nucleofection.
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Supplementary Figure 19. Expression levels of enriched kinases in DMSO or 96 hours AG1478 treated primary
human keratinocytes. Only kinases that have in all six samples minimum of 1 count in an RNA-seq (CEL-Seq2)
dataset were used for further analysis.
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Supplementary Figure 20. Scatterplots with probes ranked on PC2 value (x-axis) and percentage of inhibition
for the indicated kinase (y-axis). Colours indicate measured effect (log10 of signed p-value) on differentiation
marker TGM1. The plots show that potency of PKIS probes to inhibit the indicated kinases scale with their PC2
score and effect on TGM1
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Supplementary Figure 21. Biochemical potency of the probes gives information on which kinases are targeted
by the probes in the screen. a Heat map shows inhibitory effects of enriched probes on the 13 enriched kinases
b Per probe the percentage of inhibition of EGFR is shown (y-axis) and the % of inhibition of the indicated
kinases (x-axis). These plots illustrate that the probes targeting the identified enriched kinases do not inhibit
the EGFR.
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Supplementary Figure 22. Human Protein Atlas170 immuno-histochemistry staining of EGFR171, RSK1172,
PHKG1173 and NUAK1174 enriched kinases in human skin.

Supplementary Figure 23. Colony forming assay of keratinocytes treated with inhibitors targeting indicated
kinases. a DRAQ5 DNA staining of colonies per inhibitor -> target, at indicated concentrations. b Number
of colonies (n=3) per concentration per inhibitor (panel captions), illustrating cell death at 20 µM for 4/5
inhibitors.
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Supplementary Table 1. Primers used for qPCR analysis.

Gene name

Forward primer

Reverse primer

18S

GTAACCCGTTGAACCCCATT

CCATCCAATCGGTAGTAGCG

TGM1

CCTCACGTTACTGGGAGCAG

TTGCCTCCAATGTCCCCAA

PPL

ATCCGAGAAGCCTCCTCAGT

TTAACGTCCACTCCAGCACC

IVL

TAGGACAGCCAAAGCACCTG

TGAATGTCTTGGACCTGGCC

ITGA6

TTGCGCTCGAGGTTATGGAA

CACAGTCACTCGAACCTGAGT

ITGB1

GCGGACAGTGTGTTTGTAGG

GCAAACACCATTTCCTCCACA

GAPDH

TGACCACCAACTGCTTAG

GATGCAGGGATGATGTTC

P63

TCCATGGATGATCTGGCAAGT

GCCCTTCCAGATCGCATGT

mTOR

ACCCATCCAACCTGATGCTG

ACACTGTCCTTGTGCTCTCG

RAPTOR

TGGGGGACACTGGAAATTCG

TGCTGACAGCTCTGTGTGAG
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ABSTRACT
Epidermal homeostasis requires balanced and coordinated adult stem cell renewal and
differentiation. These processes are controlled by both extracellular signalling and by cell
intrinsic transcription regulatory networks, yet how these control mechanisms are integrated
to achieve this is unclear. Here, we developed single-cell ID-seq and simultaneously
measured 69 proteins (including 34 phosphorylated epitopes) at single-cell resolution to
study the activation state of signalling pathways during human epidermal differentiation.
Computational pseudo-timing inference revealed dynamic activation of the JAK-STAT, WNT
and BMP pathways along the epidermal differentiation trajectory. We found that during
differentiation, cells start producing BMP2 ligands and activate the canonical intracellular
effectors SMAD1/5/9. Mechanistically, the BMP pathway is responsible for activating the MAF/
MAFB/ZNF750 transcription factor network to drive late stage epidermal differentiation.
Our work indicates that incorporating signalling pathway activation into this transcription
regulatory network enables coordination of transcription programs during epidermal
differentiation.
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The human epidermis is continuously turned-over throughout life, a process that requires
precise control and coordination of stem cell renewal and differentiation. During epidermal
homeostasis, proliferating stem/progenitor cells residing in the basal layer replenish
terminally differentiated cells that are shed from the skin surface 175–177. Human epidermal
stem cells can be maintained in culture and used to regenerate functional epidermis in vivo
upon transplantation and retain their capacity to differentiate in vitro 12,178–180. The process
of differentiation is driven forward by consecutive activation of transcriptional programs,
yet the mechanisms underlying their sequence and timing are not well understood. In the
epidermal basal layer, cells receive proliferative signals, predominantly via the epidermal
growth factor receptor, and contact the underlying basement membrane 181,182. These
contacts are mediated by focal adhesions and hemi-desmosomes that contain integrin beta1 and integrin alpha-6, respectively 181,182. As cells stop proliferating and initiate differentiation,
these structures are resolved, allowing the cells to detach from the basement membrane and
migrate up towards the epidermal surface. During this migration, the cells undergo major
transitions in transcriptional programs, eventually producing the terminally differentiated
keratinocytes that form the outermost protective layer of our skin.
TP63 is a key DNA-binding transcription factor in epidermal stem cell renewal and upon
differentiation its expression is decreased 183,184. In contrast, other transcription factors,
including KLF4, OVOL2, GRHL3, MAF/MAFB and ZNF750, are induced 29,30,185–187. Of these,
MAF and MAFB cooperatively regulate a transcription program that includes ZNF750,
which subsequently drives expression of terminal differentiation genes 30. This concept of
sequential activation of transcription factors (also called transcription regulatory networks)
explains cell intrinsic progression of epidermal differentiation. Indeed, human keratinocytes
differentiate when placed in conditions where they are not in contact with other cells, for
instance in suspension in methylcellulose or on micro-patterned islands.13,188 However, this
does not take into account the need for regional coordination of differentiation in a tissue
context. For instance, the basal, spinous, granular and cornified layers of the epidermis
are morphologically distinct and can be distinguished using specific markers, reflecting
differences in transcriptional programs. The fact that these are sequentially formed layers
indicates the need for a form of coordination that is not immediately explained by the
function of cell intrinsic transcription factor networks.
Extracellular signalling pathways generally depend on binding of a peptide ligand to the
extracellular part of a transmembrane receptor. This receptor then relays this interaction
into an intracellular cascade, usually involving multiple kinases and phosphorylation events
to regulate specific transcription programs. As such, activation of extracellular signalling
pathways may serve as a self-contained timing mechanism to drive differentiation forward
in a tissue and safeguard the irreversibility of the process. Several signalling pathways (e.g.
Integrins, EGF, TGFbeta, Notch and BMP) have been implicated in epidermal biology, yet their
89

Chapter 4

INTRODUCTION

CHAPTER 4

temporal dynamics and mechanistic contributions to the control of specific transcription
programs are largely unknown, especially in the context of human epidermis 175,176,182,189,190. For
example, the importance of the Bone Morphogenetic Protein (BMP) pathway in the embryonic
morphogenesis of mouse hair follicles and bulge stem cell behavior during postnatal hair
differentiation and cycling in mice is well established 71,176,191–193, yet the contribution of
this pathway to human epidermal renewal and differentiation is still poorly understood 194–196.
To study the role of signalling in human epidermal differentiation, we recently described
the Immuno-Detection by sequencing (ID-seq) technology to simultaneously quantify >70
(phospho-)proteins in many cell populations in parallel 126,197. This allowed us to screen
hundreds of small molecule kinase inhibitors for their impact on keratinocyte biology. The IDseq technology entails highly multiplexed immuno-staining with DNA-barcoded antibodies
followed by signal quantification through high-throughput sequencing. A 10nt antibodyspecific barcode enables deconvolution of the measured epitope, whereas inclusion of
unique molecular identifiers allows accurate count-based quantification. The fact that these
10nt barcodes are discrete and specific for each antibody facilitates multiplexed detection
of 70 (or more) epitopes per treated population of cells. Thus, using ID-seq, the activity
of a range of processes and signalling pathways can be monitored through the activated
(phosphorylated) states of its components 197. However, populations of cells rarely display
homogeneous timing of differentiation 198,199, making it difficult to investigate the signalling
dynamics underlying this process. We therefore set out to study signalling pathway activity
and dynamics during human epidermal cell differentiation at the single-cell level.

RESULTS
scID-seq allows robust, reproducible and highly multiplexed protein detection in single cells.
To reach single-cell sensitivity and resolution, we redesigned and significantly modified
our original ID-seq technology. Our final single cell (sc) ID-seq workflow includes immunostaining of cells in suspension followed by flow cytometry-based single-cell distribution
into 96-wells PCR plates to prepare samples for sequencing (figure 1A and figure S1). A key
improvement was the addition of a preamplification step prior to adding the cell-specific
barcode. Again, the inclusion of a 15-nt unique molecular identifier (UMI) allowed countingbased quantification and ensured that potential duplication artifacts introduced during
sample preparation could be accounted for 200. We found that unique barcode counts from
wells containing a single sorted cell were 100-fold higher than empty wells, indicating
that only 1% of the signal constituted technical background (figure 1B). Next, we sought
to characterize the reproducibility/confidence of quantification of antibody-derived UMIcounts within single cells. For this, we generated a panel of five antibodies against cell surface
(ITGA6 and ITGB1), cytoplasmic (Actin and TGM1) and nuclear (RNApol2) epitopes, each of
which were independently conjugated to 9 distinct DNA-barcodes, generating a total pool
of 45 antibody-DNA conjugates. Each of these barcodes serves as a technical replicate and
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their concordance therefore reflects the reproducibility of single cell ID-seq measurements.
All of the barcodes for each of these five antibodies showed very good correlation across cells
(R=0.95-0.99), indicating a low level of noise in scID-seq measurements (figure 1C and S2).
To further validate scID-seq, we stained human epidermal stem cells simultaneously with
ITGB1 antibodies containing either a fluorescent group, or the DNA-barcode. We recorded
the FACS-based ITGB1 signal, as well as the ITGB1 DNA-barcode counts for individual cells.
This revealed that scID-seq counts indeed reflect standard FACS measurements for the same
cell (R=0.76, figure 1D). Together, these results establish single-cell ID-seq as a robust and
reproducible method to measure proteins at individual cell resolution. Moreover, the fact
that each DNA-barcode is unique to a specific antibody allows antibodies to be multiplexed
and measured in each individual cell at an unprecedented level.

Figure 1. Single-cell Immuno-Detection by Sequencing (scID-seq) enables robust and reproducible protein
detection in individual cells. A Schematic overview of the scID-seq workflow. B Single cell derived antibody
counts indicate low technical noise levels in scID-seq. Single cells stained with antibody-DNA conjugates
sorted into individual wells of a 96-well plate and compared to wells where no cells were sorted into using
scID-seq (n=84 and 24 cells, respectively). C scID-seq reproducibly measures antibody signals in single cells.
Independently generated antibody-DNA conjugates were used to stain human epidermal stem cells. Barcode
counts derived from the two barcodes were plotted against each other, indicating high reproducibility of the
protein measurements from the same cell. D scID-seq reflects Fluorescent Activated Cell Sorting measurements.
ITGB1 levels were measured in human epidermal stem cells using FACS and scID-seq. Fluorescent signal and
scID-seq counts for each cell (n=84) showed a good correlation (R=0.76).
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scID-seq distinguishes renewing and differentiated epidermal cells.
We applied single-cell ID-seq to monitor the activity of signaling pathways and other cellular
processes during epidermal differentiation using a panel of 70 antibody-DNA conjugates
126,197
. These antibodies cover a broad range of cellular processes including cell cycle, DNA
damage, epidermal self-renewal and differentiation, as well as the intracellular signalling
status for the EGF, G-protein coupled receptors, calcium signalling, TNFα, TGFβ, Notch, WNT
and BMP pathways (197 and supplemental table 1). This panel includes 34 antibodies against
phosphorylated epitopes and was extensively validated 197. For 11 of the phosphorylated
epitopes we also measured the non-phosphorylated protein, allowing us to correct for total
protein levels by calculating the phosphorylated to total protein ratio per cell. Most of the
targeted processes are measured using multiple (3-5) independent validated antibodies 197.
The surface level of ITGB1, reflects a cell’s potential to proliferate and self-renew 13,182,201–203. We
used FACS isolation of single cells based on their ITGB1 levels to capture the transitions that
underlie the differentiation process (figure 2A, see figure S3 for details of the FACS-isolation).
Colony formation assays confirmed the loss of proliferative capacity in cells expressing low
levels of ITGB1 (figure S4A). After staining with the 70 antibody-DNA conjugates, cells were
sorted into ITGB1 positive (ITGB+) and ITGB1low populations based on their fluorescent
ITGB1 antibody signal and subjected to scID-seq. After quality control and filtering (see
methods for details) we obtained a dataset of 220 single cells (163 ITGB1+ and 57 ITGB1low,
respectively) in which 69 antibody-DNA conjugates were quantified. For each cell, antibodyDNA counts were normalized for differences in sequencing depth by subsampling. To avoid
downstream analyses from being dominated by the most abundant epitopes, we scaled
all antibody counts between 0 and 1 across all cells. Unsupervised principal component
analysis separated the ITGB1low (differentiated) cells from the ITGB1+ cells, confirming
the notion that these represent distinct cell states (Figure S4B). Although we isolated cells
only with respect to their cell surface expression of ITGB1, we found that other proteins
displayed concordant dynamics. For instance, the basal cell markers ITGA6 and TP63 were
also decreased in the ITGB1low population (Figure 2B). In contrast, this population exhibited
higher expression of the differentiation-associated proteins TGM1, NOTCH1 Intracellular
Domain (NICD) and KLF4 (Figure 2B). Furthermore, cell cycle markers, such as Rb-p and cdc2
(reflecting the G1-S and G2-M transitions, respectively), distinguished these populations very
well (figure 2B). This is consistent with the loss of proliferative capacity during differentiation
as observed in our colony formation assay (figure S4A) and demonstrates that scID-seq
captures molecular events underlying cellular function. Indeed, other antibodies in our panel
also showed quantitative differences between these two cell states in either all, or in a subset
of the cells (figure S4C). Interestingly, many of the measured proteins displayed multimodal
distributions, suggesting underlying subpopulation structures that could reflect transitions
over the course of differentiation. This highlights the richness and complexity of our dataset
and indicates the need to incorporate information on multiple parameters simultaneously in
further analyses.
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Figure 2. Pseudo-timing reveals dynamic signaling pathway activity over the course of epidermal
differentiation. A Combining scID-seq with FACS-based sorting on ITGB1 levels. Cells were immuno-stained
with fluorescent ITGB1 antibodies in combination with a panel of 70 Ab-DNA conjugates, FACS sorted based on
their ITGB1 levels and subjected to scID-seq. B scID-seq distinguishes ITGB1+ and ITGB1low sorted cells based
on known epidermal basal, differentiation and cell-cycle markers. Distributions of normalised and scaled scIDseq counts of selected proteins verified the separation of the ITGB1+ and ITGB1low populations. C Principal
Component Analysis on known markers orders epidermal cells on their renewal and differentiation status. Top
panel - markers used for the temporal ordering, color intensity represents scaled antibody counts. Bottom
panel - cells were ranked on their (scaled) PC1 loading. Vertical lines indicate the bins used to smoothen the
data in subsequent analyses. D Dynamics of the markers used for PCA, ordered by pseudo-time (scaled PC1
loading) after smoothening. Data points indicate bin average and solid lines represent model fit of the data
(3rd order polynomial regression). E Dynamics of two independent phosphorylated Akt/PKB antibodies over
pseudo-time. F,G,H Dynamics of antibodies reflecting the JAK-STAT, WNT and BMP signaling pathways over
pseudo-time.
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Pseudo-timing reveals dynamic signaling pathway activity over the course of
differentiation.
To obtain insight into the progressive changes in signaling pathway activity that occur over
the course of epidermal cell differentiation, we aimed to order the cells by their relative
differentiation state. We hypothesized that this state can be inferred by examining the
combination of expression of known basal and differentiation markers. We performed PCA
on selected markers (ITGB1, ITGA6, TP63, NICD, KLF4 and TGM1) with established roles and
dynamics during epidermal differentiation, and ranked the cells based on the resulting
principal components. This revealed that principal component 1 (PC1; explaining 50% of
the variance) recapitulated the expected trajectory of the epidermal differentiation process
(figure 2C). We calculated the average of 10 cell bins to smoothen the data, revealing that the
basal markers ITGA6 and TP63 are indeed down regulated with distinct kinetics (figure 2D).
Immunohistochemical analysis of human epidermis showed that this PCA-derived ordering
of the cells closely resembles the relative order and timing of changes of these markers
in vivo (figure S5). Thus, we interpret the scaled and binned PC1-score as a ‘pseudo-time’
approximation of epidermal differentiation dynamics (figure 2D).
Next, we mined our data for signaling pathways of which the included antibodies showed
concordant effects over pseudo-time and were statistically significantly different between
the ITGB1low and ITGB1+ (figure S4C, Kolmogorov-Smirnov (K-S) test, p<0.001). This
uncovered several signaling pathways that displayed dynamic behaviour over pseudo-time.
For instance, PKB/Akt phosphorylation, measured by two independent antibodies, was
increased upon differentiation as previously described (figure 2E, 204). Besides these expected
effects, we found previously unappreciated dynamics in 3 additional pathways. The JAK-STAT
pathway was activated during differentiation, as evident from increased phosphorylation of
JAK1, STAT1 and STAT5, but not the EGFR activated STAT3 (figure 2F). In addition, the level
of the WNT receptor Frizzled-3 gradually increased with differentiation, as did the activated/
phosphorylated form of its co-receptor LRP6 (figure 2G). Moreover, the inactivating serine-9
phosphorylation of GSK3-beta increased and then reached a plateau. This modification helps
stabilize cytoplasmic beta-catenin in response to WNT-pathway activation 205. Finally, the Bone
Morphogenetic Protein (BMP) pathway was activated at multiple levels (figure 2H). Our scIDseq panel included antibodies for the BMP2/4 ligand, the type 2 BMP receptor, total SMAD1
levels, as well as two distinct antibodies against phosphorylated SMAD1/5/9. Over pseudotime we observed increasing levels of the ligand, the receptor, as well as phosphorylated
SMADs, reflecting activation of the BMP pathway during differentiation (figure 2H). As our cells
are cultured in a defined medium in the absence of feeder cells the signals that activate these
pathways are therefore likely to be generated by the cells themselves. Indeed, the increase of
the BMP2/4 ligand is consistent with such regulation by the BMP pathway (figure 2H).
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Figure 3. BMP signaling stimulates a terminal epidermal differentiation transcription program. A BMP2
ligand and its downstream target gene ID2 are activated during in vitro keratinocyte differentiation. Human
keratinocytes were induced to differentiate with AG1478 (or DMSO as a control) and samples were harvested
at the indicated time-points. RT-qPCR analysis was performed for PPL, TGM1, BMP2 and ID2. B BMP signaling
is activated during epidermal differentiation in vivo. Sections of human foreskin were stained with antibodies
against phosphorylated SMAD1/5/9. DAPI and K14 antibodies were used to counterstain all nuclei and basal
cells, respectively. Scale bar denotes 50 μm. Hashed line indicates the basement membrane separating the
dermis and epidermis. C Activation of BMP signaling regulates a transcriptional program during epidermal
differentiation. Principal component analysis of human keratinocytes induced to differentiate with AG1478
(or the DMSO control) for 96 hours in the presence of the BMP receptor inhibitor DMH1, followed by RNAsequencing analysis (n=3, except DMSO control n=2). D BMP dependent genes are involved in late differentiation
processes. Top enriched terms from a gene ontology overrepresentation analysis (hypergeometric test,
FDR<0.01) of differentially expressed genes between the AG1478 and AG1478+DMH1 samples.

BMP signaling stimulates a terminal epidermal differentiation transcription program.
To validate our findings on the activation of the BMP pathway, we induced differentiation of
proliferating epidermal cells in culture by inhibiting EGF signaling 39,51. Samples were collected
at 6, 12, 24 and 48 hours after the addition of either vehicle (DMSO) or the EGFR inhibitor AG1478.
RT-qPCR analysis showed that mRNA expression of the early differentiation marker periplakin
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(PPL) and the late differentiation marker TGM1 reflected the progression of differentiation
over time (figure 3A). In line with our scID-seq results, mRNA expression of the BMP2 ligand
was activated upon induction of differentiation (after the 12-hour time-point), whereas the
classical BMP-pathway target gene ID2 was induced at a subsequent stage (after 24 hours,
figure 3A). This induction was dependent on both BMP-ligand binding to the extracellular
part of the receptor and on intracellular BMPR kinase activity, as a recombinant version of the
natural BMP-antagonist noggin and the small molecule kinase inhibitor DMH1 blocked ID2
expression (figure S6A and B). Moreover, the observed induction of BMP2 and ID2 was further
validated in cells undergoing calcium induced differentiation (figure S6C, data from 206). Thus,
the BMP pathway is indeed activated during epidermal differentiation in vitro. To investigate
BMP pathway activity in vivo, we performed immuno-staining with antibodies against
phosphorylated SMAD1/5/9 on human skin. The epidermal basal layer was visualised through
co-staining with a keratin-14 antibody and we counterstained the DNA of all cells with DAPI
(figure 3B). Consistent with our scID-seq and RT-qPCR results, the signal from the p-SMAD1/5/9
antibody was increased in the differentiated (keratin-14 negative) layers of human epidermis,
confirming that BMP signaling is activated during differentiation in vivo.
These results suggest that BMP signaling may serve as a positive feed-forward loop to
stimulate epidermal differentiation gene expression. To test this hypothesis, we treated cells
with AG1478 for 96 hours in the absence or presence of the small molecule BMP receptor
inhibitor DMH1 and monitored global gene expression by RNA-sequencing. Vehicle treated
cells -/+ DMH1 were included as controls. Principal component analysis (PCA) indicated that
the transcriptomes of non-differentiated and differentiated cells were markedly different
(figure 3C, PC1; explaining 76% of the variance). In addition, PC2 (5% of variance) distinguished
the DMH1 treated and non-treated differentiated cells, reflecting a transcription program
that depends on the BMP pathway (figure 3C). Notably, vehicle control cells were virtually
indistinguishable from control cells treated with DMH1, indicating that BMP signaling
specifically regulates differentiation, but not proliferation/renewal programs. Moreover,
the genes that were dependent on the BMP pathway activity showed highly significant
enrichment of genes involved epidermal keratinization and cornification, indicating that
BMP signaling drives transcriptional changes towards terminal differentiation (figure 3D).
The terminal differentiation transcription factors MAF/MAFB are downstream targets
of the BMP pathway.
We further explored the mechanistic role of the BMP pathway in epidermal differentiation by
investigating the gene expression program that is influenced by stimulation with recombinant
BMPs. First, we treated cells with different BMP ligands and measured the induction of the
late differentiation marker transglutaminase I (TGM1) at the protein level. This indicated
that most recombinant ligands led to a robust increase of TGM1 (figure S7A). Moreover,
simultaneous treatment of cells with the EGFR inhibitor AG1478 and BMP ligands resulted in
a synergistic increase of TGM1 protein levels, highlighting opposing roles for these pathways
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in epidermal biology (figure S7B). Next, we performed RNA-sequencing analysis on cultured
human epidermal cells treated with vehicle, AG1478, BMP2/7 or AG1478+BMP2/7 for 48 hours
(figure S7C,D). Comparing the mRNA profiles of these conditions revealed the genes that were
responsive to the addition of recombinant BMP2/7 and were also dynamically expressed
during AG1478 induced differentiation (S7E). As expected, the top most BMP responsive
genes included the ID gene family. Moreover, genes involved in terminal differentiation,
including TGM1, MAF, MAFB and ZNF750 displayed BMP induced expression changes (figure
S7F), confirming the results obtained with the BMP pathway inhibitor DMH1 (figure 3D). The
MAF/MAFB and ZNF750 transcription factor axis drives the epidermal terminal differentiation
transcription program 30. These results imply that activation of BMP signaling functions
upstream of this axis.
To identify potential transcriptional targets downstream of the BMP pathway, we performed
chromatin immunoprecipitation followed by sequencing (ChIP-seq), using H3K4me3 ChIP-seq
signals at the transcription start site (TSS) as a proxy for changes in transcriptional activity of
a gene. We did not manage to obtain high quality SMAD1 ChIP-seq profiles and reasoned that
the changes in H3K4me3 signals might provide a first indication of downstream BMP signaling
targets. Proliferating epidermal stem cells were treated with vehicle or recombinant BMP2/7 (in
combination with AG1478) for 6 hours, after which they were harvested for ChIP-seq analysis.
This identified 135 genes that showed a significant increase in H3K4me3 signal (FPKM, p<0.01,
outlier statistics) at their transcription start site (TSS), suggestive of increased transcriptional
activity (figure 4A and B). De novo motif discovery on the 2.5 kb up and downstream of these
TSS regions revealed enrichment of a SMAD-like motif (p<10-31, figure 4A). This is in line with
the notion that these genes are responsive to BMP signaling. This set included the classical
BMP targets ID1, 2 and 3, demonstrating that our experimental approach identified known
direct BMP pathway target genes (figure 4B). Additional to this, the terminal differentiation
regulating transcription factors GRHL3, MAF and MAFB were among the top set of immediate
BMP targets (figure 4B and C). In contrast, the key MAF/MAFB target gene ZNF750 was not
directly regulated downstream of the BMP pathway as determined by H3K4me3 ChIP-seq
signal (figure 4C). A limitation of this experiment is that we performed ChIp-seq analysis after 6
hours of treatment. Some of the observations may therefore reflect secondary effects of BMP
treatment. In general, we would expect direct BMP target genes
to show an immediate early response to activation of the pathway. We tested this by treating
proliferating keratinocytes with recombinant BMP2/7 for 2 hours followed by RT-qPCR
analysis. This revealed that both MAF and MAFB mRNA levels were induced at this early
timepoint, as was the classical BMP target gene ID2 (figure 4D). In contrast, ZNF750 was not
induced, nor were the differentiation markers periplakin (PPL) and TGM1. These results place
BMP pathway activation immediately upstream of the MAF/MAFB transcription factors. These
factors subsequently drive terminal differentiation programs through, among others, ZNF750
(figure 4E, 30).
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Figure 4. The terminal differentiation transcription factors MAF/MAFB are downstream targets of the BMP
pathway. A ChIP-sequencing of the active gene mark H3K4me3 identifies potential downstream targets after
BMP stimulation. Scatter plot of normalised, log-transformed H3K4me3 ChIP-seq signals from cells incubated
with and without recombinant BMP2/7 in the context of EGFR inhibition. Genes with increased or decreased
H3K4me3 signals (p<0.01, outlier statistics) at their transcription start site are highlighted in red and blue,
respectively. Examples of relevant activated and inhibited genes are indicated. B Gene promoters of genes with
induced H3K4me3 levels are enriched in a SMAD-like motif. The sequences (TSS -/+ 2.5 kb) of the genes with
induced H3K4me3 levels were subjected to a de novo motif enrichment search. One of the enriched motifs
showed high similarity to a known SMAD motif. C H3K4me3 genome-browser tracks of ID2, MAF, MAFB and
ZNF750. D MAF and MAFB, but not ZNF750, are immediate early responding genes downstream of BMP
stimulation. RT-qPCR analysis of the indicated genes two hours after treatment with vehicle, or recombinant
BMP2/7. E Model of the transcription regulatory network activated by BMP signaling during epidermal
differentiation.
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We developed single-cell Immuno-Detection by sequencing (scID-seq) as a highly multiplexed
single-cell (phospho-)proteomics approach to study signaling pathway activity in individual
human epidermal cells. Measuring 69 (phospho-)proteins per cell demonstrated that,
amongst others, Bone Morphogenetic Protein signaling is activated along the differentiation
trajectory. Mechanistically, the BMP pathway stimulates the MAF/MAFB/ZNF750-axis to
induce a transcriptional program during late stage epidermal differentiation. Previous
studies provided indications that stimulation with exogenous BMP ligands increases the
expression of cell cycle inhibitory factors and selected differentiation associated genes,
suggesting involvement of this pathway in human epidermal differentiation 190,194–196,207.
However, its timing and function during the differentiation process remained unclear.
Using RNA-sequencing and H3K4me3 ChIP-seq analysis in combination with inhibition
and stimulation, we found that BMP signaling activation drives a terminal differentiation
transcription program and the MAF/MAFB/ZNF750 transcription factor axis. Our findings
have implications for our view on the progressing nature of keratinocyte differentiation. First,
regional signaling pathway activity plays crucial roles in patterning and tissue specification
during (early) development. Our findings implicate BMP pathway activation as an integral
part of the transcription factor network stimulating epidermal differentiation. As the BMP
ligand is produced and excreted by the cells into their local environment, our results provide
a mechanistic explanation for coordinated expression program progression in a zonated
fashion in a tissue context. Second, the identification of the cell intrinsic activation of the
BMP pathway through up regulation of its ligand BMP2, in combination with our observation
that the BMP pathways is responsible for the stimulation of a specific transcriptional program
including late differentiation regulators (e.g. MAF/MAFB, DLX3 and OVOL2), suggests that this
pathway is involved in a self-sustaining loop that keeps driving epidermal differentiation
forward. Taken together, our results reveal a mechanistic role for BMP signaling in human
epidermal differentiation and indicates that activation of (potentially autocrine) signaling
loops enables cells to coordinate their transcriptional programs and ensure progressive
differentiation.

MATERIALS AND METHODS
Cell culture and reagents
Primary pooled human epidermal stem cells derived from foreskin were obtained from Lonza.
Cells were cultured and expanded as previously reported 125. Briefly, cells were cultured on a
feeder layer of J2-3T3 cells in FAD medium (Ham’s F12 medium/Dulbecco’s modified Eagle
medium (DMEM) (1:3) supplemented with 10% batch tested fetal calf serum (FCS) and a
cocktail of 0.5 µg/ml of hydrocortisone, 5 µg/ml of insulin, 0.1 nM cholera enterotoxin, and
10 ng/ml of epidermal growth factor) supplemented with Rock inhibitor (Y-27632, 10 µM).
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J2-3T3 cells were cultured in DMEM containing 10% bovine serum and inactivated with
Mitomycin C (SCBT) upon seeding the epidermal stem cells. For experiments epidermal stem
cells were transferred to Keratinocyte Serum Free Medium (KSFM) supplemented with 0.2 ng/
ml Epidermal Growth Factor and 30 μg/ml bovine pituitary extract from Life Technology
until 70% confluent. Cells were treated with AG1478 (10 μM, Calbiochem), DMH-1 (1 µM,
RND systems) or BMP2/7 (200 ng/ml, R&D systems). All media were supplemented with 1%
penicillin/streptomycin antibiotics.
Antibody conjugation with dsDNA barcodes
Antibodies and dsDNA were functionalized and conjugated as described 126. Antibody details
are provided in supplemental Table 1. In short, antibodies were functionalized with NHSs-s-PEG4-tetrazine (Jena Bioscience) in a ratio of 1:10 in 50 mM borate buffered Saline pH
8.4 (150 mM NaCl). Then, N3-dsDNA was produced and functionalized with DBCO-PEG12TCO (Jena Bioscience) in a ratio of 1:25 (oligo list). Finally, purified functionalized antibodies
were conjugated to purified functionalized DNA by 4-hour incubation at room temperature
in borate buffered saline pH 8.4 in a ratio of 4:1 respectively. The reaction was quenched with
an excess of 3,6-diphenyl tetrazine. The conjugation efficiency and quality was checked on
an agarose gel, confirming that a substantial amount of DNA conjugated with the antibody.
Ultimately, conjugates were equally pooled for staining’s in scID-seq.
Immunostaining and single-cell sorting
Cells (> 3 x 106) were harvested with trypsin and cross-linked in suspension by incubating for
10 minutes with 4% paraformaldehyde (PFA) in PBS following a quenching step of 5 minutes
with 125 mM Glycine in PBS. Removal of PFA and Glycine occurred through washing twice
with wash buffer (0.1x Pierce™ Protein-Free Blocking Buffer from Thermo in PBS). Then, cells
were blocked in 500µl blocking buffer (0.5x 0.1x Pierce™ Protein-Free Blocking Buffer, 200
µg/ml boiled salmon sperm DNA, 0.1% Triton-X 100, in PBS) at room temperature for 30-60
min. Staining with the conjugate mix occurred overnight at 4°C in 500 µl blocking buffer and
pre-staining’s were performed at room temperature for 1-2 hours. After each staining, cells
were washed 3x in 5ml wash buffer. Cells were sorted single cell with the BD FACSAria SORP
flow cytometer (BD biosciences) in 96 well PCR plates containing 1µl release buffer (10 mM
DTT in 15mM Tris, pH 8.8) and 7ul Vapor-lock (Qiagen). For selection of ITGB1 negative cells,
a primary and secondary pre-stain was done with 2.5 µg/ml anti-ITGB1 (P4D1) and 1:1000
Alexa488 goat anti-mouse (Life technology, 1484573). Plates were stored at -20°C until use.
Barcoding and library preparation for next generation sequencing
For the library preparation 3 PCR steps were performed to amplify the antibody barcodes
and to add barcodes specific for the well and the plate of each cell. The barcoding
occurred with the same sequences used in ID-seq 197. For the first PCR step 15 cycles were
run after adding to each well a 4 ul reaction mix containing the Herculase II Fusion DNA
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scID-seq data analysis
Sequence data from the NextSeq500 (Illumina) was demultiplexed using bcl2fastq software
(Illumina). Then, all reads were processed using our dedicated R-package 197. In short, the
sequencing reads were split using a common “anchor sequence” identifying the position
of the UMI sequence, Barcode 1 (antibody specific) and Barcode 2 (well specific) sequence.
After removing all duplicate reads, the number of UMI sequences were counted per barcode
1 and 2. Finally, barcode 1 (“antibody)” and barcode 2 (‘well’) sequences were matched to
the corresponding. For scID-seq, a threshold was set based on the total UMI count per well
difference between high- and low-quality cells or empty wells. Antibodies with a median of
<10 counts per cell were removed from the dataset. Cells that displayed strong outliers for a
single antibody (cut-off > 5x standard deviation of the mean of the population) were removed
from the analysis. After this, cells were normalized through subsampling and normalized
between 0 and 1. Principal component analysis was done with the R-package “pcaMethods”.
Additional statistical analysis and visualization of the data was done in R and Excel.
Colony formation assays
Epidermal stem cells were sparsely seeded on a feeder layer in a 6 well plate (500 cells/well)
and cultured for at least 7 days to form colonies. After colony formation, cells were washed
with PBS and fixed by incubating 10 minutes with 4% paraformaldehyde (PFA) in PBS. PFA
removal occurred with 3 PBS washes. For the imaging of the colonies, a DNA stain was
performed with DRAQ5 (1:4000, Biostatus) for 1 hour at room temperature. After 3 PBS washes,
plates were scanned with the Odyssey system and the number of colonies quantified.
Immunostaining of human skin sections
Frozen sections of human foreskin were a kind gift from Prof. Fiona Watt and were obtained
with informed consent and appropriate ethical review. Sections were fixed for 15 minutes
with 4% paraformaldehyde, followed by 3 washes with PBS and permeabilisation with 0.2%
triton-X100 in PBS for 10 minutes at RT. After blocking with 10% Bovine Serum in PBS for 1
hour, the sections were stained with antibodies against phosphorylated-SMAD1/5/9 (41D10,
101

Chapter 4

Polymerase (Agilent), dNTPs, 5x Herculase buffer and 0.1µM amplification primers (Forward
5′-CACGACGCTCTTCCGATCT-3′, Reverse 5′- TCGCTTATCTGTTGACTGAT-3′). Directly after the
first PCR step, 5 extra cycles were run after adding 1 ul mix containing Herculase buffer 0.2 µM
forward amplification primer and 0.2 µM reverse well barcoding primer. Then all material was
pooled per plate, Vapor-lock was removed and a clean-up was performed with the QIAquick
PCR Purification Kit, an EXO1 treatment to degrade remaining primers followed by another
purification. Another 5 cycles were run in PCR 3 with a 20 ul reaction containing pooled
and purified plate sample and 0.1 µM plate barcoding primers (Fw_long and specific plate
reverse). After repeating the clean-up, the libraries were checked on agarose gel and with the
Bioanalyzer (Agilent) to confirm the size of the DNA fragments (expected size around 185 bp).
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Cell Signaling) at 1:200 dilution in blocking buffer overnight at 4 degrees Celsius. Sections
were washes 3x with PBS and stained with secondary antibodies (1:2000 dilution) and DAPI
(1:5000) for 90 minutes at RT. After mounting on a microscopy slide, images were acquired
using a Leica IR laser confocal microscope.
RT-qPCR
Isolated RNA (Qucki-RNA TM MicroPrep, Zymo Research) was used for quantitative PCR
analysis using iQTM SYBR Green Supermix with 20µM reaction volume, scanned on CFX-96
machine. Per gene, -2^Ct values were calculated and normalized to 18S RNA levels.
Transcriptome analysis with CEL-seq2
Isolated RNA (Qucki-RNA TM MicroPrep, Zymo Research) was used for transcriptome analysis
via a slightly modified CEL-seq2 procedure 165. See table 1 primer sequences. In short,
100 pg purified RNA was used in 2 µl reverse transcription reactions containing Maxima H
minus reverse transcriptase (ThermoFisher). The reactions were covered with Vapor-Lock (7
µl, Qiagen). Different primer sequences were designed and used (table 1), allowing 63 nt
long read 1 of mRNA, and 14 nt long read 2 with the sample barcode and UMI. NextSeq500
(Illumina) was used for sequencing.
Table 1. PriPrimer sequences used during CEL-seq2 procedure.

Reverse transcription
primer

5’GCCGGTAATACGACTCACTATAGGGGTTCAGACGTGTGCTCTTCCGATC
TNNNNNNNN[6ntsamplebarcode]TTTTTTTTTT TTTTTTTTTTTTTTV3’

Random-octamer-primer
for reverse transcription
of amplified RNA

5’CACGACGCTCTTCCGATCTNNNNNNNN3’

Library PCR Primers

5’AATGATACGGCGACCACCGAGATCTACA
CTCTTTCCCTACACGACGCTCTTCCGATCT3’
5’CAAGCAGAAGACGGCATACGAGAT[6ntind ex]
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC3’

CEL-seq2 data analysis
CEL-seq2 sequencing data was processed using as described 165. In brief, high quality reads were
filtered, and used for mapping. In brief, the count matrix was loaded as Seurat object, and used
to visualize number of total UMI counts, number of genes and number of mitochondrial genes
per sample. One out of three vehicle controls in the DMH-1 experiment did not pass the QC
checks (with 50% less reads/sample) and was removed from further analyses. The count matrix
was loaded into DESEq2 data object, to allow easy normalization, filtering, PCA and differential
expression analysis. For analysis of the CEL-seq data, the DESeq2 R-package 162 was used to
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ChIP-sequencing
Cells in KSFM (2.5x106) were incubated with vehicle/DMSO or BMP2/7+AG1478 for 6 hours. After
harvesting by trypsinisation, the cells were cross-linked with 1% formaldehyde in PBS for 10
minutes, quenched for 5 minutes with 125 mM glycine in PBS and washed in PBS at 4 degrees
Celsius. Cross-linked cells were incubated 4 hours in lysis buffer (5 mM Tris-HCl pH 8.0, 85mM NaCl,
0.5% NP40, 1X PIC) on ice, following 50 strokes with a dounce homogenizer to enrich for nuclei.
Nuclei were sonicated in sonication buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.1% SDS, 150mM
NaCl and 0.5% deoxycholic acid) to get an average chromatin fragment length of 500 bp. Chromatin
extracts were incubated with 1 µg H3K4me3 antibody (ab8580, AbCam) overnight. Antibodies were
captured for 4 hours with 100 µl protein G-coated magnetic beads (Life Technology). Subsequently,
beads were washed 5X in RIPA buffer. The retrieved chromatin was reverse cross-linked overnight
at 65°C followed by a 1-hour incubation step with proteinase K (1µg/µl) and RNAse A (1µg/µl) at
37°C. The DNA was purified with the Qiaguick PCR purification kit. Using the KAPA Biosystems kit
(#KK8504), between 0.5 and 5ng ChIP-derived DNA was trimmed, A-tailed, provided with Nextflex
adaptors and amplified with 10 PCR cycles. Subsequently, DNA was size-selected with the E-Gel®
iBase™ Power System (Invitrogen) to purify for fragments between 300 and 400bp. The libraries
were quantified on the Agilent 2100 Bioanalyzer and evaluated by qPCR to confirm representation
of enrichments at specific loci. The libraries were sequenced with the Nextseq500. Reads were
quality checked and aligned to the human hg19 genome with the Burrows-Wheeler Alignment tool
(BWA) and processed with SAMtools to generate BAM files. Peaks were called from BAM files using
“Model-based analysis of ChIP-Seq version 1.4” (MACS14) with a p-value cut-off of 1x10-8. The ratio
of the fragments per kilobase per million reads (FPKM) values of the called H3K4me3 peaks were
z-score transformed and subjected to outlier statistics assuming a normal distribution. De novo
motif discovery was performed with the Trawler software 209. The enriched motifs were compared
to known motifs in the JASPAR database using PWMtools (http://ccg.vital-it.ch/pwmtools).
Data availablility
All sequencing data are available from GEO under series number GSE115926.
Author contributions
RvE performed and analysed the single-cell ID-seq experiments, FACS experiments and colony
formation assay, JvB created the R-package IDseq, analysed single-cell ID-seq experiments,
designed and analysed RNA-seq and ChIP-seq experiments, ST designed, performed and analysed
RNA-seq experiments and qPCR, JH performed ChIP-seq experiment under supervision of JvB and
RvE. RvE, JvB and ST interpreted data and wrote the manuscript. KM conceived the project, designed
and performed experiments (qPCR and IF), analysed data (ChIP-seq, scID-seq pseudotiming and
qPCR), interpreted data and wrote the manuscript
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normalize UMI counts, perform PCA analysis and determine differential expressed genes. Gene
Ontology overrepresentation analysis was performed using the GeneTrail webtool 208.
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Figure S1. Schematic representation of the single-cell ID-seq work-flow. The scID-seq procedure entails
crucial modifications compared to the original ID-seq protocol. First, cells are stained with the antibody-DNA
conjugates in suspension, to allow single-cell sorting. Second, a pre-amplification step increased the yield and
complexity of the single-cell libraries. This pre-amplification is done prior to adding a cell-specific barcode to
the PCR products. From this point on, the library preparation is the same as described for ID-seq.

104

Figure S2. Nine technical replicates per individual cell highlight the reproducibility of scID-seq. Cells were
stained with a mixture of 45 antibody-DNA conjugates consisting of 5 different antibodies that were each
separately conjugated to 9 independent DNA-barcodes. The Pearson correlation among the 9 measurements
for each antibody across individual cells indicates the reproducibility of scID-seq to quantify relative protein
levels.

Figure S3. ITGB1 FACS strategy. A-C single cells were gated using forward and side-scatter characteristics. D
Cells stained with low ITGB1-FITC levels were gated and sorted into individual wells (ITGB1low). ITGB1+ cells
were selected from the total population. E Secondary antibody only stained cells indicate the specificity of the
ITGB1-FITC staining.
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Figure S4. scID-seq on cells selected on ITGB1 level by FACS. A Cells with low ITGB1 surface levels represent
differentiated keratinocytes. Cultured human keratinocytes were isolated based on their ITGB1 surface
expression by FACS and subjected to colony formation assays. B ITGB1+ and ITGB1low cells display distinct
scID-seq profiles. Human keratinocytes were subjected to staining with a panel of 70 antibody-DNA conjugates,
isolated based on their ITGB1 surface level by FACS and analyzed with scID-seq. Principal component analysis
separated the ITGB1+ and ITGB1low populations. C Individual antibodies display dynamics between ITGB1+
and ITGB1low cell populations. Distributions of scaled signals of ITGB1+ and ITGB1low populations for 70
antibody-DNA conjugates. Statistically different distributions are indicated (Kolmogorov-Smirnov test,
p<0.001).
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Figure S5. Dynamics of known markers used to derive the pseudo-time line as assessed by immunohistochemical
staining of human epidermis. Publicly available IHC staining of validated antibodies against the indicated
epidermal marker proteins. Data from the human protein atlas.

Figure S6. The BMP pathway target gene ID2 is induced during differentiation in a BMP-BMPR interaction
dependent manner. A Human keratinocytes were induced to differentiate with the EGFR inhibitor AG1478
in the presence or absence of recombinant noggin for 48 hours and subjected to RT-qPCR analysis of the ID2
gene. B BMP2 and ID2 mRNA expression is induced during a time-course of calcium induced differentiation.
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Figure S7. Stimulation with recombinant BMPs induces differentiation gene expression. A Recombinant BMPs
stimulate endogenous TGM1 protein expression. Cells were stimulated with the indicated recombinant BMP
proteins for 48 hours and subjected to In-Cell-Western analysis using TGM1 specific antibodies. Measurements
were corrected for cell density using the DNA staining agent DRAQ5. n=3 -/+ SD B Recombinant BMPs and
AG1478 syngergise to stimulate endogenous TGM1 protein expression. Cells were stimulated with the indicated
recombinant BMP proteins for 48 hours in combination with the EGFR inhibitor AG1478 and subjected to InCell-Western analysis using TGM1 specific antibodies. Measurements were corrected for cell density using
the DNA staining agent DRAQ5. n=3 -/+ SD. C Recombinant BMPs, AG1478 and the combined treatment
lead to distinct transcriptional responses. Cells were stimulated with the indicated treatments for 48 hours
and subjected to RNA-sequencing. Principal component analysis of differentially expressed genes indicates
condition specific transcriptional effects. D Identification of differentially expressed genes per condition.
Volcano plots indicate the log2 fold-change of mRNA expression between vehicle and the indicated condition
on the x-axis. The y-axis represents the -log10 transformed p-value (FDR corrected t-test). E Hierarchical
clustering highlights condition specific differences in transcriptional responses. Heatmap of differentially
expressed genes (z-score normalised across the samples) clustered on Pearson’s correlation with average
linkage for both genes and samples. F 48 hour treatment with recombinant BMPs stimulates expression of
transcription factors involved in late epidermal differentiation
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ABSTRACT
Environmental stimuli often lead to heterogeneous cellular responses and transcriptional
output. We developed single-cell RNA and Immunodetection (RAID) to allow combined
analysis of the transcriptome and intracellular (phospho-)proteins from fixed single cells.
RAID successfully recapitulated differentiation-state changes at the protein and mRNA level
in human keratinocytes. Furthermore, we show that differentiated keratinocytes that retain
high phosphorylated FAK levels, a feature associated with stem cells, also express a selection
of stem cell associated transcripts. Our data demonstrates that RAID allows investigation
of heterogenenous cellular responses to environmental signals at the mRNA and phosphoproteome level.
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Single-cell transcriptomics approaches have revolutionized the depth of information that can
be obtained from cell populations by providing detailed insights into the states of individual
cells83,84,210–213. This is of particular interest in cell populations that comprise poorly defined
cell types or cells that pass different stages of differentiation214,215. Single-cell transcriptomics
however faces limitations when the interest lies with specific low expressed genes, or when
information about the proteome is required. Protein quantification in combination with
single-cell mRNA sequencing provides a means to classify cellular subtypes, based on
specific protein features, and can provide more homogenous information as the proteome
is generally less prone to fluctuations than the transcriptome. To this end, transcriptomics
can be combined with fluorescent antibody staining followed by FACS analysis and index
sorting216. Such approaches are however limited by the amount of fluorescent labels
available. Mass cytometry is a different approach that allows quantification of a selection of
mRNAs and epitopes217. The great advantage of mass cytometry is the unparalleled number
of cells that can be analyzed. It is however mainly suited for targeted investigations as both
mRNA and protein quantifications depend on the limited number of mass labels available.
Additional targeted approaches to quantify mRNAs and proteins from single cells depend
on proximity ligation-based protein detection218,219. In recent years, important advances have
been made for protein quantification from large numbers of single cells or cell populations,
by the use of nucleotide-tagged antibodies, which can be quantified by next-generation
sequencing135,197. The sequencing-based readout also enabled the combination of with
transcriptomics. CITE-seq84 and REAP-seq83, the techniques that make use of this approach,
represent a great leap forward as large number of antibodies can be used in a single staining
experiment which allows for more detailed investigation of the proteome, while also
providing single-cell transcriptomics. The valuable information these techniques deliver is
unfortunately still limited to cell surface proteins, as intracellular immuno-detection requires
cell permeabilization and fixation. The integration of intracellular immuno-detection is
however of great interest as this opens the door to measure phosphorylation events by the
use of specific antibodies. Hereby, information about processes such as signal transduction
could be linked to transcriptional profiles. In order to achieve intracellular (phospho-)
protein detection in combination with single-cell transcriptomics, we developed single-cell
RNA and Immuno-detection (RAID). RAID employs reversible fixation to allow intracellular
immunostaining with Antibody RNA-barcode Conjugates (ARCs) in combination with singlecell mRNA sequencing.
To substantiate the potential of RAID, we turned to human keratinocytes, the epidermal
cells of the skin epithelium. Keratinocytes that reside on the basal lamina are kept in a stem
cell state by the combination of signaling processes, including epidermal growth factor
(EGF) signaling and contact signaling through integrins11,220,221. EGF signaling is initiated by
ligand binding to the epidermal growth factor receptor (EGFR) and leads to the activation of
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multiple downstream pathways including MAPK and AKT signaling. Furthermore, integrins
play an important role for sensing the local environment by contacting components of
the extracellular matrix11. A central step of integrin signal transduction is the activating
phosphorylation of focal adhesion kinase (FAK), which controls cellular functions including
proliferation, migration and survival222. Keratinocyte differentiation is guided by the
attenuation of integrin and EGF signaling and the upregulation of other pathways, including
Notch signaling223. The cells gradually migrate upwards in the skin as they differentiate until
they form the protective, cornified layer of the skin, which is marked by heavy crosslinking
of the extracellular matrix and loss of nuclei11. Keratinocytes can be readily cultured as a
monolayer, providing a simple system to study their differentiation in vitro39.
Using the keratinocyte system, we show that ARC-based intracellular protein quantification
could be integrated in an adapted CELseq2 protocol for single-cell transcriptomics. The RAID
staining and fixation protocol is compatible with the generation of mRNA libraries of high gene
complexity, despite a mild diminution of the gene detection rate. Finally, we performed RAID
to assess the response of keratinocytes to EGFR inhibition. According to our expectations,
both ARC and mRNA measurements illustrated that keratinocytes transitioned from a stem
cell to differentiated state after EGFR inhibition. EGFR inhibition leads to a reduction of
FAK phosphorylation at the population level. Interestingly, ARC-based quantifications also
revealed that this response was highly heterogeneous and some cells retained high levels
of phosphorylated FAK after differentiation. We show that these FAK-retaining cells express
elevated levels of several stem cell marks, including integrin substrates. EGFR inhibition
therefore heterogeneously affects the integrin pathway at the mRNA and signaling level. We
conclude that RAID successfully combines transcriptomics with ARC based measurements of
intracellular and extracellular epitopes at single-cell resolution.

Figure 1. Schematic overview of the RAID workflow. Cells are crosslinked, permeabilized and stained with
Antibody RNA-Barcode Conjugates (ARCs) in suspension. Hereafter, cells are sorted into 384-wells plates
where crosslinking is reversed and cDNA synthesis is performed using CELseq2 compatible dTV primers.
Finally, single-cell samples are pooled and sequencing library preparation is performed using an adapted
CELseq2 protocol to incorporate ARC measurements in the library.
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Results

Simultaneous quantification of antibody-RNA conjugates (ARCs) and the transcriptome
by RNA-sequencing.
To implement RAID, we first needed to establish robust detection of both the ARCs as well
as the endogenous transcriptome from single cells by using a modified SORT-seq/CELseq2
procedure165,224. The RNA-barcodes we constructed contain a 10 base-pair antibody-specific
barcode and a unique molecular identifier (UMI). This allows multiplexed count-based
quantification of antibody signals, principally similar to previous applications 83,84,197. Moreover,
these RNA-barcodes are 5’ capped and 3’ poly-adenylated to resemble endogenous mRNAs
that can be incorporated into a single-cell RNA-sequencing library preparation workflow. For
a detailed overview of the RNA-barcode design see Figure S2 and the materials and methods
section.
Experiments using bulk human keratinocyte cultures showed that epidermal growth factor
receptor (EGFR) inhibition results in downregulation of EGFR protein levels and a slight
upregulation of integrin-α6 (ITGA6) protein levels (Figure S3A). As inhibition of EGFR induces
epidermal differentiation39,197, the ratio of these cell surface proteins consequently provides
information about the differentiation state of the cells (Figure 2A). Because cell surface
staining does not require fixation and permeabilisation, we first focused on the detection of
ARCs for the EGFR and ITGA6 from unfixed keratinocytes as a proof of principle. We prepared
sequencing libraries of ARC stained keratinocytes from untreated cells and from cells that
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We designed RAID to combine quantification of intracellular (phospho-) proteins and the
transcriptome from individual cells in a streamlined workflow (Figure 1, a more detailed
overview is depicted in Figure S1). Two key challenges needed to be addressed for the
development of RAID. First, protein measurements needed to be incorporated in the library
preparation during single-cell RNA profiling. We solved this issue through the use of Antibody
RNA-barcode Conjugates (ARCs) in combination with a modified CELseq2 procedure165,224.
Second, intracellular immunostaining requires permeabilization of the cells to allow
antibodies to cross the plasma membrane. Cell permeabilization without cell fixation would
however lead to loss of the endogenous mRNAs. Application of a fixation strategy that is
compatible with single-cell RNA-sequencing therefore was required. This issue was resolved
by performing the cell fixation with the combination of two chemically reversible crosslinking
reagents that allow the release of both the endogenous RNA as well as the antibody-RNA
conjugates. The final RAID procedure essentially consists of three main steps. 1) Reversible
cell fixation and immunostaining with antibody-RNA conjugates; 2) reverse crosslinking and
first strand cDNA synthesis; and 3) single-cell cDNA samples are pooled and a sequencing
library is generated that comprises both mRNA and ARC libraries (Figure 1). Detailed RAID
immunostaining and sequencing-library preparation protocols are provided as Additional
Files F1 and F2, respectively.
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Figure 2. Combined single-cell transcriptomics and antibody-barcode conjugate (ARC) detection from
unfixed keratinocytes. A Boxplot showing mass spectrometry based analysis of the EGFR to ITGA6 ratio from
bulk samples. AG1478 induced differentiation leads to a reduction of the EGFR to ITGA6 ratio. Experiment
was performed in triplicate. B-C Single-cell analysis of unfixed keratinocytes stained with ARCs for EGFR and
ITGA6. Cell were untreated or treated with the EGFR inhibitor AG1478 to induce differentiation. B Scatterplot
shows the total number of UMI counts that were detected per cell from the transcriptome and from ARCs.
Cells that passed the count thresholds for the mRNA (10000) and ARCs (2750) are indicated in green.
C tSNE visualization using principal component 1 to 8 of the variable transcripts. Untreated and AG1478
treated cells form distinct clusters. Different batches of cells are color coded. D Featureplot showing the ratio
of the UMI counts of EGFR-ARC and ITGA6-ARC for each cell projected on the tSNE coordinates from C. E Ratio
of the UMI counts of EGFR-ARC and ITGA6-ARC for control and AG1478 treated cells represented in violin plot.

were treated with the EGFR inhibitor AG1478 for 48 hours to induce differentiation39,223. After
sequencing, read mapping and UMI-based molecular counting, ARCs and endogenous
transcripts were readily detected from the same cells (Figure 2B and Figure S3B).
To investigate whether our data recapitulates expected differentiation changes at both the
mRNA and protein level, we selected high quality cells with more than 2,750 ARC counts and
10,000 mRNA counts. Selected cells covered a median of 4594 detected genes per cell (range:
2,811 - 8642 genes, Figure 2B and S3B). After normalizing for differences in sequencing depth by
subsampling, we performed principal component analysis (PCA) and subsequent t-distributed
stochastic neighbor embedding (tSNE) visualization on the single-cell transcriptomes. This
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High quality RNA-sequencing of reversibly fixed and permeabilized single-cells.
RAID was designed to allow quantification of intracellular (phosphorylated) epitopes, which
requires fixation and permeabilization. Generating high quality single-cell RNA-sequencing
profiles from such samples however is challenging as the recovery of endogenous RNA
could be affected by crosslinking or by diffusion from the cells after permeabilization. To
achieve sufficient fixation to prevent loss of RNA during immunostaining, yet allow efficient
retrieval of RNA for library preparation, RAID uses a combination of the chemically reversible
crosslinker DSP (dithiobis(succinimidyl propionate)), which has previously been shown to
be compatible with mRNA sequencing225, and the related crosslinker SPDP (succinimidyl
3-(2-pyridyldithio)propionate). DSP crosslinks proteins by its two NHS groups that are reactive
towards primary amines as found in lysines, while SPDP contains a single NHS group and a
maleimide moiety that reacts with sulfhydryls, most commonly found in cysteines that are
not engaged in disulfide bonds. The two reactive groups of DSP and SPDP are separated by a
disulfide-containing linker, which can be cleaved by reducing agents (e.g. DTT). For efficient
simultaneous release of the RNA-barcodes during reverse crosslinking, we also introduced a
disulfide-bond in the linker connecting the RNA-barcodes to the antibodies.
To assess to what extend the RAID workflow influences the quality of single-cell mRNA
sequencing, we performed a direct comparison of unfixed cells with cells that underwent the
RAID procedure, including mock antibody staining. After sequencing, we detected a median
of 6,180 genes per cell in the unfixed samples based on 40,000 subsampled reads (n=62 cells,
Figure 3A). Even though RAID cells displayed a reduced number of genes detected (5,552
genes per cell, n=53 cells, Figure 3A), the achieved gene complexity is expected to allow
detailed analysis of the transcriptome.
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revealed separate clusters for the untreated and AG1478 treated cells, while the different
batches/plates from the same treatment intermingled (Figure 2C). Assessment of selected
stem cell and differentiation markers30 at the transcriptome level revealed that these clusters
indeed represent differentiated (AG1478 treated) and undifferentiated (untreated) cell states,
respectively (Figure S3C and S3D, 30). Moreover, differential expression and gene ontology
(GO) overrepresentation analysis confirmed that AG1478 treatment indeed resulted in
upregulation of genes involved in epidermal cornification and keratinocyte differentiation
(Figure S3E). Next, the ratio of EGFR over ITGA6 levels was calculated for each individual cell,
based on the ARC measurements, showing that the EGFR to ITGA6 ratio is indeed reduced
in AG1478 treated cells compared to non-treated samples (Figure 2D and 2E). Consistent
with the protein measurements, EGFR mRNA expression is downregulated in response to
AG1478, both at the single-cell, as well as the population level (Figures S3F, S3G, S3H). In
contrast, ITGA6 mRNA remains largely unaffected by AG1478 (Figure S3I, S3J, S3K) suggesting
that its protein levels are regulated post-transcriptionally. Taken together, these experiments
establish that our antibody-RNA conjugates and modified CELseq2 sample preparation
approach enable combined protein and mRNA quantification from single cells.
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Figure 3. Effect of the RAID procedure on single-cell transcriptomics quality. Comparison of single-cell
transcriptomics quality between unfixed cells and cells that passed the complete RAID procedure including
DSP/SPDP based fixation and mock ARC staining. Comparison is based on 40000 sampled UMI counts per cell.
A Boxplots showing a mild reduction of the gene complexity after the complete RAID procedure. B Scatterplot
showing the average expression of genes in unfixed cells and RAID cells. Red line represents the x=y function
as a visual aid. C Scatterplot showing the relation between the gene detection rate and the average gene
expression in unfixed (blue dots) and RAID cells (red circles). D Scatterplot showing the relation between
the coefficient of variation and the average gene expression in unfixed (blue dots) and RAID cells (red dots).

Next we asked if the gene expression profiles are preserved after the RAID procedure. Indeed,
the average gene expression was highly similar between unfixed and RAID cells (R2=0.90,
Figure 3B). Furthermore, the gene detection rate and the variability of expression show a very
similar relation to the average gene expression in RAID and unfixed cells (Figure 3C and 3D).
The reduced gene complexity in RAID cells therefore does not affect global gene expression
patterns and cell-to-cell variability.
Our experiments show that the RAID procedure, including reversible fixation, permeabilization
and mock antibody staining generates high quality single-cell mRNA sequencing data
and should therefore enable transcriptomics in combination with the quantification on
intracellular epitopes.
Phosphorylated FAK is associated with the retention of stem cell marks during
keratinocyte differentiation.
Human epidermal keratinocyte differentiation involves loss of EGFR and integrin mediated
signaling and activation of others, including the Notch pathway223. Moreover, progression
of differentiation is associated with changes in transcriptional programs to accommodate
new functions of the cells. We generated ARCs to monitor EGFR (phosphorylated RPS6)
and integrin (phosphorylated FAK) pathway activity during differentiation. RPS6 is
phosphorylated downstream of active EGF signaling197 and is lost within the first 24 hours
of AG1478 treatment (Figure S4A). Quantification of phospho-RPS6-ARCs therefore serves as
an indicator of EGFR signaling in individual keratinocytes. Integrin signaling cooperates with
EGFR signaling to maintain keratinocytes in their stem cell state11,220. Focal adhesion kinase
(FAK) is a key component of integrin signaling and its activating phosphorylation (pFAK) plays
a central role in keratinocyte biology. Furthermore, we included two ARCs directed against
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Figure 4. RAID analysis shows association of FAK phosphorylation with the expression of stem cell marks.
RAID was performed with ARC-based quantification of six antibodies from fixed keratinocytes. Cells were
untreated or treated with the EGFR inhibitor AG1478 to induce differentiation. A tSNE visualization using
principal component 1 to 8 of the variable transcripts. Untreated and AG1478 treated cells form distinct
clusters. Different batches of cells are color coded. B Violin plots representing the ARC UMI counts for the
indicated antibodies, based on a total of 400 sampled ARC counts per cell. C Featureplots showing data from
B, projected on the tSNE embeddings from A. D-G From the AG1478 treated cells, 50 cells were selected
with the highest and lowest pFAK-ARC counts (pFAK-high and pFAK-low, respectively) and analyzed based
on proteomic and transcriptomic features. D Histograms showing the distribution of UMI counts for the
indicated ARCs in pFAK-high (orange) and pFAK-low cells (grey). E Boxplots showing the differentiation
scores of pFAK-high and pFAK-low cells. F Boxplots showing the stem cell scores of pFAK-high and pFAKlow cells. The stem cell score is significantly higher in pFAK-high cells based on two tailed t-test (p=0.0023).
G Histograms showing distribution of UMI counts of the indicated integrin substrates per ten cells after 1000x
random sampling from pFAK-high (orange), pFAK-low cells (grey) and total AG1478 treated cells (blue dashed
line). Transcript UMI counts are based on 4500 sampled UMI counts per single cell.

components of the Notch signaling pathway (NOTCH1 and JAG1), which plays a role in the
onset of differentiation223. Finally, ARCs targeting kallikrein-6 (KLK6) and transglutaminase-1
(TGM1), factors involved in extracellular matrix remodeling and cornification during
differentiation, were included as examplars of canonical differentiation markers226,227. The
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selected antibodies were previously verified and used in an antibody-DNA barcode staining
platform developed in our lab (ID-seq)197.
We used this panel of ARCs in a RAID experiment with untreated cells and cells that were
treated for 48 hours with AG1478 to induce differentiation. High-quality transcriptome
and ARC profiles were obtained from n=630 control cells and n=515 AG1478 treated cells.
As anticipated, PCA and subsequent tSNE visualization of the mRNA data showed a clear
separation of control and AG1478 cells (Figure 4A). Moreover, expression of specific
markers30, as well as GO enrichment analysis, confirmed AG1478-induced differentiation
(Figure S4B-D). RAID-ARC measurements revealed a reduction of pRPS6 and pFAK signals
upon AG1478 treatment, indicating effective inhibition of EGFR activity, decreased integrinmediated signaling and onset of differentiation (Figure 4B and 4C). This was confirmed by
the observation that the differentiation associated proteins NOTCH1, TGM1 and KLK6 were
significantly upregulated in these cells (Figure 4B and C, Kolmogorov-Smirnov test, p<0.01).
In contrast, JAG1 levels were slightly, but significantly reduced in the AG1478 sample
(Figure 4B and C, Kolmogorov-Smirnov test, p<0.01). The data indicates that the RAID-ARC
measurements recapitulate the expected differentiation-induced dynamics observed in bulk
samples (Figure S4E).
A challenge for single-cell techniques is to not only capture the global differences between
distinct groups of cells, but to also reveal biological heterogeneity within cell populations.
The spread in ARC levels suggests that we captured considerable heterogeneity in the
cellular response to AG1478 treatment. This is exemplified by the observation that a part of
AG1478-treated cells preserve phospho-FAK (pFAK) levels comparable to those in untreated
cells (Figure 4B and 4C). Due to the central role of FAK in integrin signaling in keratinocytes,
we sought to investigate this population in more detail. To this end, we selected 50 cells with
the highest- and lowest- phospho-FAK levels from the AG1478-treated cell population (pFAKhigh and pFAK-low, respectively), and analyzed the differences between these cells based on
the other measured proteins, as well as the transcriptome. Interestingly, pFAK-low cells show
higher KLK6-ARC signals and a fraction of these cells also exhibits elevated TGM1-ARC counts
compared to differentiated cells that retain FAK phosphorylation (Figure 4D, KolmogorovSmirnov test, p<0.05). Furthermore, JAG1 levels are somewhat reduced in pFAK-low cells
(Figure 4D, Kolmogorov-Smirnov test, p<0.05). Interestingly, pFAK-high cells displayed lower
pRPS6 signals than pFAK-low cells, indicating that differences between these populations
did not arise from inefficient EGFR inhibition by AG1478 (Figure 4D). Significant changes in
NOTCH1-ARC levels were not detected. Based on these combined observations we asked if
pFAK-low and pFAK-retaining cells could encompass different states of differentiation.
To investigate this, we turned to the matched transcriptome data and asked if pFAK-retaining
cells harbor stem cell characteristics in their transcriptome. To obtain an unbiased measure
of stemness and differentiation, we calculated a stem cell and a differentiation score for each
cell by aggregating the UMI counts of 530 stem cell associated mRNAs and 226 differentiationassociated mRNAs, respectively (30 and Additional File F3). Comparing untreated and AG1478
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treated samples indicates that the stem cell score is elevated in the undifferentiated cells,
whereas the differentiation score is strongly increased in AG1478 treated cells (Figure S5A-C).
This demonstrates that these mRNA-based scores reflect the cellular differentiation state of
the epidermal keratinocytes.
We found that the mean differentiation scores of pFAK-high and pFAK-low cells are equal,
indicating that both populations are in a similar differentiated state based on their RNAexpression programs (Figure 4E). In contrast, the stem cell score is significantly higher in pFAKhigh cells compared to pFAK-low cells (Figure 4F, 2-tailed t-test, p<0.01). Thus, pFAK-high cells
retain stem cell associated transcripts at higher levels, while already expressing differentiation
genes at comparable levels to fully differentiated cells. To gain some insight into why these
populations may display these differences we performed differential expression analysis,
revealing that 15 of the 531 stem cell associated transcripts were expressed at significantly
higher levels in pFAK-high cells compared to pFAK-low cells (Additional File F4, 2-tailed t-test,
p<0.05). Strikingly, these 15 stem cell markers included four excreted substrates of integrin
receptors (LAMA3, LAMB3, LAMC2, COL4A2). To visualize the mRNA levels of these integrin
substrates in pFAK-high cells, we randomly sampled 10 cells from either pFAK-high or pFAKlow cells 1000 times and analyzed the sum of the UMI counts from each of the differentially
expressed laminins and collagens. Each of these genes showed increased expression in pFAKhigh cells compared to pFAK-low cells, as well as to cells randomly sampled from all AG1478
treated cells (Figure 4G). We conclude that cells that fail to downregulate phosphorylated FAK
levels, despite AG1478-induced differentiation, retain additional stem cell features including
transcripts associated with integrin signaling. Taken together, our experiments show that
RAID does not only allow detection of global changes between cell populations, based on
their differentiation state, but can also provide information about heterogeneous responses
at the transcriptional and (phospho-) proteomic level.

DISCUSSION
The development of techniques that combine single-cell transcriptomics with protein
measurements is a great step for the characterization of cells from heterogeneous
populations83,84. Protein quantifications can take into account post-transcriptional and
post-translational regulation and thereby provide more comprehensive information about
cellular regulation when integrated with transcriptomic information. This is exemplified
in our system by the upregulation of ITGA6 after AG1478 induced differentiation despite a
subtle reduction of mRNA levels (Figures S3B and S3H). Furthermore, biologically relevant
transcripts are often expressed at the limit of detection. In some cases, antibody based
protein quantification can therefore provide information about markers that are expressed
at too low levels for robust detection at the mRNA level. For example, in our experiments
we were unable to quantify the differentiation markers TGM1 and KLK6 at the mRNA level
while ARC measurements clearly showed the expected upregulation of the proteins after
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differentiation. We anticipate that, especially when shallow sequencing of large numbers
of cells is performed, the addition of marker proteins can greatly aid the grouping and
characterization of the cells. The applicability of this approach was previously demonstrated
with CITE-seq and REAP-seq using cell surface markers to categorize blood cells83,84. Although
the protein quantification of cell surface markers provides valuable information, especially in
the blood system, inclusion of intracellular epitopes that could reveal information on the cell
state in terms of intracellular proteins and their phosphorylation, has not been described.
The RAID technology now enables these analyses.
We developed the RAID library generation using a plate-based system and a modified
CELseq2/SORT-seq protocol165,224, whereas the related techniques REAP-seq and CITEseq make use of droplet microfluidics and a separate library prep to generate libraries for
antibody tags and mRNA83,84. The key advantage of microfluidic platforms is the high number
of cells that can be processed with relatively little effort. However, plate-based systems in
combination with sorting have the distinct advantage of facilitating pre-selection to discard
unwanted materials such as cell doublets or debris, while specific cells could be enriched
based on specific markers. Furthermore, plate-based systems are capable of producing
single-cell libraries of high gene complexity, as we also demonstrate here, which allows very
detailed investigation of the transcriptome. As reverse crosslinking of DSP/SPDP is based on
chemical reduction, which was shown to be compatible with microfluidic processing83, we
anticipate that the RAID is readily transferrable to such systems.
Using a panel of six antibodies, we showed that RAID enables the quantification of extracellular
and intracellular proteins, including two phosphorylated epitopes, each representing relevant
processes during keratinocyte differentiation. The changes that we detected with each of
the ARCs during differentiation resembled the changes of independent experiments in bulk
samples, indicating that they provide biologically accurate information. Besides these global
changes at the protein level that were detected between stem cells and differentiated cells, it
is clear that each population contains a certain amount of heterogeneity in the ARC signals.
By zooming in on cells that retained high levels of phosphorylated FAK after differentiation
we showed that several integrin substrates were upregulated in pFAK-high cells. Based on
our data, it is unclear whether the expression of the integrin substrates represents a cause
or consequence of high pFAK levels. Nonetheless, differentiation initiated by EGFR inhibition
heterogeneously affects the integrin pathway at the mRNA and signaling level. Another
factor that is potentially linked to the heterogeneous response of pFAK is the differentiation
marker KLK6. KLK6 is a protease that targets multiple proteins within the extracellular matrix.
Interestingly, the laminin family of integrin substrates are among its targets228 and pFAK-high
cells showed a striking reduction of KLK6. KLK6 levels could therefore negatively modulate
Integrin signaling and pFAK levels. Further investigation is however required to substantiate
these speculations. Taken together, our results illustrate that RAID can be applied to link
transcriptional and proteomic changes to specific phosphorylation events.
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In conclusion, single cell RAID provides a means to perform single cell transcriptomics in
combination with antibody-RNA conjugate-based measurements from fixed single cell. The
RAID workflow only leads to a minor reduction of gene complexity and preserves biological
differences between cell populations. The RAID fixation procedure allows the detection of
intracellular epitopes, including phosphorylation events on proteins. Finally, by focusing on
differentiated cells that retain high levels of phosphorylated FAK we demonstrate that RAID
allows analysis of heterogeneous responses to extracellular cues at the level of the phosphoproteome and transcriptome. We anticipate that RAID can provide important insights in the
connection between signaling pathways and the transcriptome in the future.

MATERIALS AND METHODS

RNA-barcode production
RNA barcodes were produced by in vitro transcription with the mMessage
mMachine T7 IVT kit from Ambion using 100-500 ng template DNA in 10 µl reactions
with the addition of 0.5 µl of RNAsin Plus (Promega). The DNA template design
is
(5’-GGATCCTAATACGACTCACTATAGGGAGACCGACGAAACTGTTAACGTCGCACGA
CGC-TCTTCCGATCTGTCAGTCANNNNNNNNNNNNNNN[10
nt
antibody
barcode]
ATCAGTCAACAGATAAGCGTGAGATAG-GGCATTACCGAGGCCTGGAGCATTGCCGATACCGAGAGT
ATTAGCTACGTTGCAGAGGATGCGACGGATGCAAAAAAAAAAAAAAAAAAAAAAAAAAAA). The DNA
templates contain a T7 promoter sequence (underlined), a stagger sequence with the of
length of 1-8 nucleotides (italic, underlined), a 15 nucleotide UMI, and an antibody-specific
barcode sequence. The specific barcode sequences used for our experiments are indicated
in Additional Figure 1. After IVT, the RNA-barcodes were purified using the Microprep RNA
purification kit from Zymo Research and eluted in 10 µl water. Typically yields of purified RNA
barcodes are between 10 to 20 µg.
RNA-barcode functionalization and conjugation to antibodies
The strategy of RNA to antibody conjugation is based on similar chemical principles as
previously described for antibody DNA conjugation197. To this end, antibodies and nucleotide
barcodes are functionalized with the respective reactive groups tetrazine and transcyclooctene that allow highly efficient conjugation through the inverse electron-demand
Diels-Alder reaction111. First, purified RNA barcodes were 3’ end-labelled with pCp-Azide
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Cell culture and AG1478 treatment
Human keratinocytes (pooled foreskin strain, Lonza) were cultured as described197. After
expansion of the keratinocytes on J2-3T3 feeder cells, the keratinocytes were grown for 2 days
on keratinocyte serum-free medium (KSFM) with supplements (30 μg/mL bovine pituitary
extract and 0.2 ng/mL EGF) (Gibco). For induction of differentiation, KSFM was supplemented
with 10 µM AG1478 (Calbiochem) 48 hours before cell collection.
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using T4 RNA ligase in an overnight reaction of 10 µl at 16°C. The reaction mixtures were
composed of (3 ng RNA-barcode, 1X T4 RNA ligase buffer (New England Biolabs), 1 mM ATP
(New England Biolabs), 10 % DMSO, 0.1 mM pCp-Azide (Jena Bioscience), 0.5 µl T4 RNA Ligase
(New England Biolabs) and 0.5 µl RNAsin Plus (Promega)). After the reaction, excess pCpAzide was removed by RNA purification with the Microprep RNA purification kit from Zymo
Research. Next, purified RNA-Azide was 3’ end-labelled with trans-Cyclooctene by incubating
overnight with a 20-fold molar excess of DBCO-PEG12-TCO (trans-Cyclooctene-PEG12Dibenzylcyclooctyne, Jena Bioscience) at room temperature (e.g. 3 µg RNA-Azide in 15 µl
ultrapure water with 62.5 µM DBCO-PEG12-TCO). Hereafter, the RNA-TCO (trans-Cyclooctene
labelled RNA) was purified with the Microprep RNA purification kit from Zymo Research to
dispose of excess DBCO-PEG12-TCO. RNA-TCO was eluted with water and taken up in 50 mM
borate buffered saline pH 8.4.
Antibodies in 50 mM Borate Buffered Saline pH 8.4 were functionalized with NHS-SS-Tetrazine
as described 126,197. 1.5 µg (= 21.5 pmol) functionalized RNA-Barcodes (RNA-TCO) were
conjugated to 5 µg (= 33.5 pmol) functionalized antibodies by incubation in Borate Buffered
Saline pH 8.4 at room temperature for 1 hour in the presence of 0.5 U/µl of RNAsin Plus.
Antibodies
All antibodies were ordered without any carrier proteins that could interfere with antibody
functionalization. EGFR (Ab231, Abcam), NOTCH1 (AF5317, RnD systems), JAG1 (AF1277, RnD
systems), KLK6 (AF2008, RnD systems), phospho-FAK (AF4528, RnD systems), phospho-RPS6
(5364, Cell Signaling Technology), ITGA6 (Produced and purified in house from hybridoma
P5G10, DSHB), TGM1 (Produced and purified in house from BC1 hybridoma, a kind gift from
Prof. Robert Rice), alpha-tubulin (T6074, Sigma-Aldrich).
Single-cell RAID - fixation and immunostaining
A detailed protocol for the fixation and Immunostaining procedure is provided in Additional
File F1. Keratinocytes were collected by trypsinization and taken up in Sodium Phosphate
Buffered Saline pH 8.4. Cells were fixed using a combination of 2.5 mM DSP (Thermo Scientific)
and 2.5 mM SPDP (Thermo Scientific) for 45 minutes in Sodium Phosphate Buffered Saline
pH 8.4. After fixative quenching with [100 mM Tris-HCl pH 7.5, 150 mM NaCl] the cells were
blocked and permeabilized using [0.5 X Protein Free Blocking Buffer (Thermo scientific) in
PBS, supplement with 100 µg/ml of pre-boiled tRNA (Roche), 0.5 U/µl RNAsin Plus (Promega)
and 0.1 % Triton X100]. For ARC staining of unfixed cells as presented in Figure 2, the fixation
step was skipped and Triton X100 was excluded from the blocking buffer. Next, cells were
stained overnight with ARCs in a staining buffer containing [0.5 X PFBB in PBS, supplement
with 2 U/µl RNAsin Plus (Promega), 0.1 % Triton X100 and 250 ng/µl of each Antibody RNABarcode Conjugate]. Triton X100 was excluded from the buffer for staining of unfixed cells
and staining was reduced to two hours. After immunostaining, the cells were gently washed 6
times with 10 ml wash buffer [0.1X PFBB in PBS] and transferred to FACS tubes.
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Single-cell RAID - library preparation
A detailed protocol for the RAID library preparation is provided in Additional File F2. The
RAID library prep is based on the SORT-seq/CELseq2 library prep165,224, with the indicated
adaptations. Single cells were sorted in 384-wells plates containing 100 nl of (7.5 ng/µl)
unique CELseq2 compatible primers in the wells and 5 µl mineral oil (Sigma-Aldrich). These
reverse transcription primer sequences were adapted to allow sequencing of the transcripts/
ARC sequences in read 1 and the cell barcode and UMI in read 2 (Additional File F5). After
sorting, the plates were frozen at -80 °C and thawed before further processing. Reverse
crosslinking was performed by dispensing 50 nl of a 3X reverse-crosslinking buffer [6 mM
dNTP, 150 mM Tris pH 8, 90 mM DTT, 0.1 % Triton X100, 6 U/µl RNAsin Plus (Promega)] into
the wells and incubating 45 minutes at 25 °C. Hereafter, the reactions were incubated 5
minutes at 65 °C and cooled to 4 °C. Next, reverse transcription was performed in a total
reaction volume of 250 nl using the Maxima H minus Reverse transcriptase (Thermo
Scientific). To enhance second strand synthesis of the ARC sequences, 50 nl of 0.3 pmol/
µl Barcode Compensation Primer [5’ GGGAGACCGACGAAACTGTTAACG] solution was
dispensed into the wells. The samples were heated to 85 °C for 5 minutes and the slowly
cooled down by decreasing the temperature 5 degrees every 30 seconds until reaching
10 °C. Next, the samples were pooled and purified. Second strand synthesis and in vitro
transcription were performed as described197. Reverse transcription of the amplified RNA
was performed with Maxima H minus Reverse Transcriptase (Thermo Scientific) using a
combination of a random octamer primer [5’ CACGACGCTCTTCCGATCTNNNNNNNN] and
the Barcode Compensation Primer [5’ GGGAGACCGACGAAACTGTTAACG] for enhanced
priming of ARC sequences. Library preparation PCR was performed in two steps. First a
library pre-amplification with short primers [Forward 5’ CACGACGCTCTTCCGATCT, Reverse 5’
GTTCAGACGTGTGCTCTTCCGATC] was performed using the Herculase II enzyme (Agilent) to
minimize amplification bias. Next, adapter extension was performed using a PCR reaction with
Herculase II (Agilent) and the following primers (Forward Library primer: [5’ AATGATACGGCG
ACCACCGAGATCTACACTCTTTCC-CTACACGACGCTCTTCCGATCT], Reverse indexing Primer [5’
CAAGCAGAAGACGGCATACGAGAT[6nt-index]GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC]).
Sequencing was performed using the NextSeq500 from Illumina with 63 bases for read 1,
14 bases for read 2 and 6 bases for the Illumina index. Note that for the comparison unfixed
and RAID cells, as presented in Figure 3, the cells were sorted into 96 wells plates containing
two sets of 48 unique CELseq2 compatible primers and the reaction mixtures for the reverse
transcription were scaled to 2 µl. Raw and processed datasets from our experiments (count
tables) have been deposited under GEO accession number GSE115981.
Data analysis and representation
Sequence data was demultiplexed using bcl2fastq software (Illumina). Transcriptome count
tables were generated with the published CELseq2 pipeline165, using the following settings [min_
bc_quality = 10, cut_length = 50, ]. To allow compatibility with the pipeline, the read names for
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read 1 and read 2 were swapped. ARC count-tables were generated using a combination of the
CELseq2 pipeline and adapted version of the ID-seq pipeline which was previously published
for quantification of the DNA-version of our antibody-barcode conjugates197. First, all reads were
assigned to specific cells using the demultiplexing function of the CELseq2 pipeline in conjunction
with the transcriptome analysis. Next, the ARC sequences were retrieved from the reads and
counted using an adapted version of ID-seq pipeline197, which is available at https://github.com/
jessievb/RAID. In this approach, ARC sequences are identified using a 12 nucleotide identification
sequence within the barcode [5’ ATCAGTCAACAG], allowing one mismatch. Next, the 10 nt antibody
specific sequences and the 15 nt UMIs are extracted and listed. Note that in this approach the
total nucleotide length for specific antibody identification spans 22 nucleotides. Finally, UMIs for
each antibody specific barcode were counted and a count table is generated listing all cells and
antibodies. In our approach, ARC and transcriptome count tables contain identical cell names
which allows for facile combination of the two datasets.
For read-depth normalization of the transcriptomes and selection of high quality cells, a fixed
number of UMI counts was randomly sampled from each cell and cells with fewer counts than this
threshold were discarded from the analysis. We used a count threshold of 10000 UMI count for
the cell surface stained cells (Figure 2), 40000 for the comparison of unfixed and RAID cells (Figure
3) and 4500 for the RAID experiment with intracellular staining (Figures 3 and 4). ARC-stained
cells were also filtered for a minimum number of ARC counts (2750 counts for cell surface stained
cells, Figure 2 and 400 counts for RAID cells, Figure 4). ARC counts for the RAID experiment were
normalized by sampling 400 ARC counts per cell.
Further processing of the mRNA and ARC data was performed using the Seurat R package229. First,
the transcriptome data (subsampled count tables) was Log normalized. Next, variable genes were
defined and used for PCA. tSNE was performed using principal components 1 to 8. Subsampled
ARC count tables, or ARC ratios were loaded into the Seurat object as dataset for multi-modal
analysis. As subsampling the ARC data or calculation of the ARC ratios corrects for differences in
overall ARC abundances between cells, no additional normalization was performed. To reduce
outlier effects in featureplot representations, the 5% and 95% percentiles of the data were set
to the minimum and maximum of the color scale, respectively. Differential expression analysis
was performed using the FindMarkers function of the Seurat package using a log fold-change
threshold of 0.25. Gene Ontology analyzation of differentially expressed genes was performed
using goseq230.
CELseq2 for bulk samples
Sequencing library generation was performed according to the CELseq2 protocol with minor
adaptations, as described165,197. Purified RNA was added into 96 wells plates containing CELseq2
compatible primers. Reverse transcription was performed in 2 μl reactions overlaid with 7 μl VaporLock (Qiagen) using the Maxima H minus reverse transcriptase (ThermoFisher). Further steps were
performed as described197. Sequencing was performed using the NextSeq500 from Illumina.
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Mass-spectrometry of bulk samples
Cells were harvested, washed, snap frozen and stored at -80 °C. Cells were lysed by boiling in a lysis
buffer containing 4 % SDS, 100 mM Tris-HCl pH 7.6, 100 mM DTT for 3 minutes at 95 °C. DNA was
sheared using sonication. The samples were centrifuged for 5 minutes at 16.000 x g at 4 °C and the
supernatant was taken for protein quantification with the PierceTM BCA Protein Assay Kit (Thermo
Scientific). For the generation of tryptic peptides, we applied filter-aided sample preparation163.
For absolute quantification the proteins we used a standard range of proteins (UPS2-1SET, Sigma)
which we spiked into one of the samples (3,3 μg in sample equivalent to 100.000 cells). To obtain
deep-proteome, samples were fractionated using strong anion exchange, collecting fractions of
the flow through and elutions at pH 11, 8, 5 and 2 of Britton and Robinson buffer. Samples were
desalted and concentrated using C18 stage-tips164. The peptide samples were separated on an
Easy nLC 1000 (Thermo Scientific) connected online to a Thermo Scientific Orbitrap Fusion Tribrid
mass spectrometer. A 240 min acetonitrile gradient (5-23 %, 8-27 %, 9-30 %, 11-32 % and 14-32 %
for FT, pH 11, 8, 5 and 2, respectively) was applied to the five fractions. MS and MS/MS spectra were
recorded in a Top speed modus with a run cycle of 3s. MS/MS spectra were recorded in the Ion trap
using Higher-energy Collision Dissociation fragmentation. To analyze the raw mass spectrometry
data we used MaxQuant (version 1.5.1.0, database: Uniprot_201512\HUMAN)124 with default
setting and the “match between runs” and “iBAQ” algorithms enabled. We filtered out reverse hits
and imputed missing values using Perseus (default settings, MaxQuant software package).
Author contributions
JG and KM conceived the method. Single cell experiments were performed by JG and BH. JvB
developed the RAID analysis pipeline. JG, JvB and BH analysed and interpreted data. AntibodyRNA conjugations were set-up and performed by JG, JvB, MH and LE. ST performed the proteomics
experiments and mRNA-seq experiments from bulk samples. Setup of the adapted CELseq/SORTseq procedure MM, AO and JG. FR, AR and WH contributed reagents and expert advice. HS and KW
oversaw the study. JG, HS and KWM wrote the manuscript with input from all authors.
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Western blotting
Keratinocytes were grown in culture plates and directly lysed using 1X SDS sample buffer containing
1 % SDS, 50 mM TrisHCl pH 6.8, 10 % glycerol, 50 mM DTT and Bromophenol blue. Samples were
boiled and centrifuged for 1 minute at 16,000 xg. Samples were separated on mini-PROTEAN
4–20% TGX gels (Biorad) and blotted on PVDF membranes. Membranes were blocked with Protein
Free Blocking Buffer (Thermo scientific) and Immunostained overnight with phospho-RPS6 (5364,
Cell Signaling Technology) and alpha-tubulin (T6074, Sigma-Aldrich) antibodies. Staining with
secondary antibodies (LiCor) was performed for one hour and membranes where scanned using
the Odyssey CLx imaging system from LiCor.
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Figure S1. Detailed overview of the RAID procedure. Cells are collected and crosslinked in suspension using
the reversible crosslinkers DSP and SPDP. Hereafter, cells are permeabilized using 0.1X Triton X100 and
blocked using Protein Free Blocking buffer. Immunostaining with Antibody RNA-Barcode Conjugates (ARCs)
is performed overnight. After extensive washing of the cells, they are sorted into 384-wells plates containing
unique CELseq2 compatible primers, overlaid with mineral oil. To allow efficient lysis and reverse crosslinking,
cells are first frozen at -80°C, followed by the addition of a DTT containing reverse crosslinking buffer.
Next, reverse transcription is performed which incorporates a specific barcode in the cDNA from each cell
and therefore allows sample pooling. Sequencing library preparation is performed according to an adapted
CELseq2 protocol to allow efficient incorporation of ARC signals. The final sequencing library is composed of a
broad mRNA signal and a specific ARC peak.
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Figure S2. Sequence overview of the RAID antibody RNA-barcodes. The RNA barcode contains a 5’ Cap which
is incorporated during the in vitro transcription based barcode production with the goal to enhance barcode
stability and resemblance to mRNAs. The second strand enhancer is a sequence that is used to enhance
priming of the second strand synthesis for RNA-barcodes. The Illumina adapter is part of the complete adapter
sequence required for sequencing. The stagger sequence is a sequence of barcode dependent length that
aims to prevent sequence failure due to overrepresentation of a common barcode sequence. The UMI within
the RNA-barcode is used for the quantification of the ARCs. The antibody barcode sequence is the antibody
specific sequence that allows antibody identification and ARC multiplexing. The RNA-barcode includes an
extension sequence that enhances the efficiency of the CELseq2 based library prep for the ARCs. Finally, the
RNA-barcodes contain a 28nt polA tail to mimic cellular mRNAs and allow CELseq2 based library preparation.
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Figure S3. Additional data to Figure 2, Combined single-cell transcriptomics and Antibody RNA-barcode
Conjugate (ARC) detection from unfixed keratinocytes. A Boxplots showing the estimated copy numbers
of EGFR and ITGA6 proteins in mass-spectrometry based proteomics of untreated and AG1478 treated
Keratinocytes. The experiment was performed in triplicate. B Scatterplot showing the number of genes
detected per cell, related to the total UMI counts of the transcriptome. Cells that passed the count thresholds
for the mRNA (10000) and ARCs (2750) are indicated in green. C Featureplots showing the normalized
mRNA expression of a selection of stem cell markers projected on the tSNE coordinates from Figure 2C.
D Featureplots showing the normalized mRNA expression of a selection of differentiation markers projected
on the cells of the tSNE coordinates from Figure 2C. E GO analysis shows biological processes significantly
upregulated after AG1478 induced differentiation. F, G Normalized EGFR mRNA expression projected on the
tSNE embedding from Figure 2C F and represented in violin plot G. H Boxplots showing the EGFR mRNA
expression in bulk analysis of untreated and AG1478 treated keratinocytes. The experiment was performed
in triplicate. I, J Normalized ITGA6 mRNA expression projected on the tSNE embeddings from Figure 2C I and
represented in violin plot J. K Boxplots showing the ITGA6 mRNA expression in bulk analysis of untreated and
AG1478 treated keratinocytes. The experiment was performed in triplicate.
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Figure S4. Additional data to Figure 4. RAID analysis shows association of FAK phosphorylation with the
expression of stem cell marks. A AG1478 treatment triggers loss of phosphorylated RPS6 as shown by western
blotting and immunodetection. B GO analysis shows biological processes significantly upregulated in RAID cells
after AG1478 induced differentiation. C Featureplots showing the normalized mRNA expression of a selection
of stem cell markers projected on the cells of the tSNE from Figure 4A. D Featureplots showing the normalized
mRNA expression of a selection of differentiation markers projected on the cells of the tSNE from Figure
4A. E Boxplots showing the estimated cellular copy numbers of TGM1, KLK6, JAG1 and NOTCH1 proteins in
mass-spectrometry based proteomics of untreated and AG1478 treated keratinocytes. The experiment was
performed in triplicate. Significant differences between untreated and AG1478 treated cells are indicated by
asterisk (2-tailed t-test p<0.05).

131

CHAPTER 5

Figure S5. Stem cell and differentiation scores summarize the differentiation status of keratinocytes.
A Stem cell and differentiation scores projected on the tSNE plot from Figure 4A. B Boxplots showing the
stem cell scores of untreated and AG1478 treated RAID cells C Boxplots showing the differentiation scores of
untreated and AG1478 treated RAID cells.
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The development and implementation of DNA-sequencing technologies and the
corresponding computational pipelines allow molecular biologists to analyse many
molecular properties of cells. For example, next-generation sequencing has revolutionised
the scale with which molecular biologists measure gene-expression levels in many cell
types through single-cell RNA sequencing76,77. Other applications of DNA-sequencing include
finding histone marks or protein binding to the DNA via ChIP-seq experiments or methylation
marks through bisulphite-sequencing. Many researchers adopt these technologies to answer
a range of biological questions relating to DNA and RNA. By labelling antibodies with DNAtags, scientists can now use sequencing as a proxy for protein levels in the sample. In this
thesis, we have shown how to use the DNA-sequencing of DNA-tagged antibodies to measure
relative (phospho) protein levels in skin stem cells. With this strategy, we quantify surface
protein and intracellular signalling protein levels in hundreds of samples or single cells.
Chapter 5 of this thesis describes how we combine scRNA-seq with protein detection via
RNA-barcoded antibodies, a strategy complementing the CITE-seq and REAP-seq methods
outlined by Stoeckius M. et al.84 and Peterson V.M. et al.83.
High-throughput DNA-sequencing technologies result in large amounts of complex data,
and the analysis and interpretation of such data types rely on dedicated computational
workflows. Computational scientists have developed analysis pipelines for a wide variety of
genome-based technologies, including but not limited to RNA-seq, ChIP-seq, and ATAC-seq.
These pipelines include steps such as read alignment to a reference genome, counting reads,
and normalisation strategies. With this in mind, the developed protein detection method
based on immuno-detection by sequencing needs a different strategy from established
genome-based computational tools.

Figure 1. IDseq R-package allows pre-processing of ID-seq sequencing data. a Experimental workflow of an
ID-seq experiment to measure protein levels via sequencing DNA-tagged antibodies. The final step of the
workflow is computational processing and analysis of sequencing data. b Summary of data analysis pipeline
using R-package IDseq, showing required files for each data processing step.
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The immuno-detection by sequencing methods (ID-seq and RAID) from Chapters 3, 4, and 5
allow protein measurement via sequencing DNA-tagged or RNA-tagged antibodies. In this
chapter I focuss on ID-seq data processing pipeline, as a similar strategy can be used for RAID
protein measurements. Each experiment produces raw data ‘fastq’ files via standard Illumina
sequencing (Figure 1a). Each read from ID-seq does not contain a genomic sequence but has a
custom designed sequence (Figure S1). The reads from these files contain specific sequences,
including a ‘spacer’ sequence (0-8 nt), unique molecular identifier (15 nt), antibody barcode
(10 nt), anchor sequence (20 nt), and sample barcode sequence (10 nt). The 0-8 nt spacer
sequence introduces library complexity and avoids the sequencing run stopping due to low
library complexity. However, this introduces the challenge of finding the position of the UMI
and barcodes. Data with a ‘custom-design’ DNA sequence therefore requires a custom-made
computational pipeline that allows identification of these sequences, counting unique reads
and matching antibodies and sample information to the count table. Supplementary Note 2
from Chapter 3 briefly describes this analysis pipeline. To facilitate processing the fastq reads
to an annotated count table, we develop an R-package ‘IDseq’ (Figure 1b). The functions in this
package allow the user to process fastq files step-by-step to an annotated count table and log
real-time computational run and experimental information. In the following sections, I describe
the reasoning behind several important data processing steps using the developed R-package,
followed by an exploration of the quality control plots and normalisation of the data.

RESULTS
Pre-processing sequencing reads from ID-seq experiments
Barcode mapping
An important step for the analysis of most sequencing-based experiments is matching
the sequenced material to known reference sequences. The sequencing data from ID-seq
experiments contains reads with one common sequence of 20 bp, i.e. the ‘anchor’ (Figure S1).
The ‘split-reads’ function from the IDseq package extracts all UMI and barcode sequences
from the fastq files. First, we identify the anchor location in the read via approximate matching
of the reads to the known common sequence, by default allowing for two mismatches.
This determines the relative location of the UMI and barcode sequences within the read.
Then, we place the extracted UMI and barcodes in a table. We tested the effect of matching
stringencies on the number of ‘matched and split’ reads. We reasoned that more reads would
be included for further analysis if mismatches were allowed. Indeed, one or two mismatches
increase the percentage of reads matched to the anchor from 91% (0 mismatches) to 98% (1
mismatch) and 99% (2 mismatches) (Figure 2a). This illustrates that the anchor sequence can
be used to help extract the barcode and UMI information. Moreover, it shows how the ID-seq
experiment results in many mappable sequencing reads. Additionally, we used the FASTQC
tool to determine the overall quality of the sequencing sample. Together, this results in a data
table with high-quality mapped reads, usable for further analysis.
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Removing duplicate reads via UMIs
After identifying mappable reads, we need to consider the effects of PCR based amplification
on the sample complexity. During PCR amplification steps, molecules are duplicated to
enhance total amount of material to work with. The PCR based amplification of the ID-seq
samples before sequencing introduces potential amplification bias which can occur through
polymerase preferences or errors.200 To correct for any amplification biases, we included a
unique molecular identifier (UMI) in the design of the barcodes. A UMI is a DNA-sequence
unique to every molecule in the sample. Sequencing DNA molecules with a UMI allow easy
identification and removal of read duplicates.200 With a 15 nucleotide long UMI, and potentially
over 1 billion unique molecules, we expected hardly any duplicates when sequencing only
20 M reads from an experiment with 70 antibodies across 96 conditions. Indeed 96.7% of the
reads are unique for the example ID-seq experiment (Figure 2b). Moreover, the proportion
of unique and duplicate reads stays the same allowing 1 or 2 mismatches in the anchor
sequence (Figure S2) showing consistent number of duplications, independent of matching
stringency. For a single-cell ID-seq experiment, we may expect a higher number of duplicated
reads because in these experiments only 1 cell is measured per sample and 5 more rounds of
PCR cycles are required to obtain sufficient sequencing material. As expected the percentage
of unique reads is lower (63,8 %, Figure 2b) when compared to the ID-seq experiment. The UMI
allows removing these technical artefacts from both experiments. After removing duplicate
reads to correct for amplification biases, the ID-seq package allows counting number of reads
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Figure 2. Mapping efficiency from an ID-seq experiment. a Percentage of mapped reads to the “anchor”
sequence using a hamming distance (number of allowed mismatches) of 0, 1 or 2. b Percentage of unique reads
from an ID-seq (left panel) and single-cell ID-seq (right panel) experiment matched with hamming distance
=2. Both experiments show high percentage of unique reads.
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per barcode and matching barcodes to antibody and sample identities. Together these preprocessing steps result in an annotated data matrix, with counts per antibody per sample.
Quality control of ID-seq data
Total counts per sample or cell
The first step after obtaining an annotated count table from fastq files via IDseq package
functions is quality control of the samples. Each sequencing sample contains a number (for
example 96) indexed samples with each a sample-specific total reads per sample. Differences
in total reads per sample can occur through the differences in PCR efficiency of the sampleprep procedure, through differences in the pooling of samples or through differences in total
cell numbers in case of plate-based ID-seq experiments. The total number of reads per sample
therefore is useful for to identify plate effects or potential differences in sequencing depth
of plate-based ID-seq assays. Moreover it can be used to identify samples in a single-cell
experiment with successfully sorted single-cells and well prepared sequencing libraries. An
overview of total counts in a 96 wells plate grid (Figure 3a) is in intuitive approach to identify
these differences in sequencing depth. Moreover, total counts from a single-cell experiment
plotted in a histogram allows easy identification of a threshold to distinguish unsuccessful
prepped or mis-sorted cells from the true-cells samples (Figure 3b). The presented figure 3b
contains single 576 cells. The read distribution per cell shows two normal distributions, one
with low reads, likely containing no cells or samples unsuccessfully prepared for sequencing,
and the other with 1 cell per sample. To select the samples containing a cell, a cut-off of
9000 reads per cell was chosen to select all cells of the ‘upper’ distribution, resulting in 249
selected samples with cells. Together these figures illustrate the total counts distribution is
usable to filter high quality samples from (single-cell) ID-seq experiments.

Count distribution per antibody
The second quality step is analysing counts distribution per antibody. We reasoned that
there could be differences between different antibodies in signal intensity. Indeed, if we plot
the median counts per antibody within one single-cell ID-seq experiment with 70 antibodies
(x-axis Figure 3c), we observe signal range between ~10 to 10000 counts. Moreover, these
counts scale with the observed variance in the dataset (y-axis, Figure 3c). The read counts are
distributed over 3 orders of magnitude, differences which can occur due to several reasons.
First, a variety of antibodies was used, each with likely an antibody-specific affinity for the
intended epitope resulting in different signal intensities. Moreover, within the sample, the
epitope abundance can differ several orders of magnitude due to differences in total protein
abundance. We performed mass spectrometry analyses of samples treated similarly to the
ID-seq experiment. Analysis of the LFC values indeed showed that the protein abundance can
vary 3 orders of magnitude (Figure S3) in our experiments. Moreover, the pax database reports
over 6 orders of magnitude differences in protein abundance in human cells.231 Relevant to
note is that the ID-seq experiment in figure 3c shows one antibody with counts < 10, much
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lower than the other antibodies. This antibody is not measured in every sample (so-called
‘drop-out’ measurements). Such antibodies can be removed from further analysis as they
are likely of low quality, did not bind to the antibody, or were to shallowly sequenced. This
example illustrates how the count distribution per antibody within one sample is different for
each antibody and selection of samples and antibodies is required before continuing further
QC and analysis.

Outliers
Finally, the last quality-check of ID-seq experiments considers removal of samples with
potential barcode contaminations. The count-based barcode detection results in data with
a negative binomial distribution (Figure 3d). The signal from most antibodies show such a
distribution. However, we observed some extreme outliers for a low number of cells in an
signle-cell RNA ID-seq experiment (Figure 3d). We reasoned that any extreme high outliers
within a measure single-cell dataset represent a technical artefact such as physical barcode
contamination within the sample, rather dan true biological variation. Therefore, in this
single-cell ID-seq experiments we removed cells that show in one or more antibodies extreme
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Figure 3. Quality control of single-cell ID-seq experiments for selection of samples and antibodies. a Plateoverview of total counts per cell shows differences in sequencing depth and samples without (or very low)
counts. b Histogram of total counts shows two distributions, of high signals (sorted cell) and low signals (no
cell sorted or unsuccessful sample-prep). c Median and variance of the antibodies shows correlation, and
highlights antibodies with very low or high counts in the dataset. d Data distribution of counts per antibody
is expect to follow negative binomial distribution (for example right two panels, BMPRII). Extreme outliers
can occur (left two panels), potentially due to barcode contaminations. Samples with such outliers should be
removed for further analysis.

CHAPTER 6

outliers defined by signal is higher than 5 times the standard deviation above median signal
of all cells. Together the mentioned three quality checks result in a high-quality dataset,
filtered for technical artefacts.
Normalisation of count-based data
After quality control, the datapoints need normalization for differences in for example
sequencing depth. A variety of normalisation approaches have been developed for RNAsequencing dataset. For example methods used are: reads per million, subsampling the
same number of reads per sample or using an normalization factor like estimated sizefactor
calculated in DESeq2 R package for (bulk) RNA-seq dataset. DESeq2 contains a statistical
approach to calculate a size factor for normalisation162 and is shown to be similar to so-called
TMM normalisation and is the best practice for bulk RNA-seq analysis.232 These methods
are very useful for dataset with low drop-out rates (non-zero inflated datasets), which is
the case for our ID-seq experiments with hardly any zero counts. Vallejos et al.232 note in
a perspective these normalisation methods such as DESeq are not suitable for single-cell
data, as different normalisation approaches influence the mean counts and potentially the
variation between single-cells. A good alternative would be sampling the same number of
reads per cell as Grün and van Oudenaarden propose.233 There is however no consensus yet
on what is the best normalisation method for (single-cell) RNA-sequencing experiments.233 In
this paragraph I compare the sub-sampling approach with DESeq2 normalisation to illustrate
the effects on the dataset. We used a single-cell ID-seq dataset where two populations of
cells (proliferative and differentiated) keratinocytes were analysed with 69 antibodies (after
QC). When comparing total counts per cell (as proxy for effect of subsampling) with the
estimated size factor from DESeq2, we observe no substantial differences in normalisation
for samples with low or high total counts (ratio size factor/total counts is constant around
4.55 for all cells) (Figure 4a). After normalisation of all measurements we do observe however
slight differences between subsampled dataset and DESeq2 normalised dataset, mainly for
measurements with low counts (Figure 4b). While subsampling might lose power on low
expressed genes, DESeq2 normalisation inflates slightly these counts. When comparing per
antibody the effect of normalisation on the counts, we see indeed that antibodies with high
counts (such as ITGA6 or NOTCH1) show hardly normalisation dependent difference, while
antibodies with low counts show normalisation dependent differences (Figure S4). Finally,
we compared the squared coefficient of variation (CV2) of the two normalised datasets,
because potential normalisation dependent effects on the CV2 of the dataset per gene might
occur.232 If we compare the variation per antibody of the subsampled dataset to the deseq2
normalised dataset, we do not observe strong differences, indicating that both normalisation
approaches are usable for our single-cell ID-seq experiments.
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The normalised counts can be used for further analysis such as a dimensionality reduction
approach as principle component analysis (PCA). Visualization of such PCA analysis can
show distinct clusters of cells based on the contributing antibodies measured in the
experiment. To give all antibodies similar weight in the analysis, we first scaled per antibody
the measurements between 0 and 1. Correlation between the two scaled datasets shows that
depending on normalisation, different samples are annotated as sample with ‘lowest’ (0) or
‘highest’ (1) signal (Figure S5a). PCA analysis of scaled normalised counts shows differences
in distance between the cells, but not on the observation that the two cell populations of
renewing and differentiated cells are distinguished with PC1 and PC2 (Figure S5b). Together,
these results illustrate how both normalisation methods result in comparable normalised
count dataset, while keeping the variation for all measurements the same. Moreover, the
normalised data is usable for further downstream analysis such as PCA.
The normalised counts can be used for further analysis such as a dimensionality reduction
approach as principle component analysis (PCA). Visualization of such PCA analysis can
show distinct clusters of cells based on the contributing antibodies measured in the
experiment. To give all antibodies similar weight in the analysis, we first scaled per antibody
the measurements between 0 and 1. Correlation between the two scaled datasets shows that
depending on normalisation, different samples are annotated as sample with ‘lowest’ (0) or
‘highest’ (1) signal (Figure S5a). PCA analysis of scaled normalised counts shows differences
in distance between the cells, but not on the observation that the two cell populations of
renewing and differentiated cells are distinguished with PC1 and PC2 (Figure S5b). Together,
these results illustrate how both normalisation methods result in comparable normalised
count dataset, while keeping the variation for all measurements the same. Moreover, the
normalised data is usable for further downstream analysis such as PCA.
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Figure 4. UMI based counting of antibody barcodes allows for implementation of different normalisation
approaches. a Ratio of total counts over DESeq2 estimated size factor (y-axis) for all measurements (total
counts per sample, x-axis). b Normalised counts DESeq2 estimated size factor/subsampled normalized
counts show differences mainly for antibodies with low total counts. c The squared coefficient of variation
(the measure of variation between the single-cells) is similar in DESeq2 normalised dataset compared to
subsampled dataset for all antibodies (including low-signal antibodies).
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DISCUSSION
The development of sequencing technologies goes hand-in-hand with developing
computational pipelines that help to process and interpret the unique datasets that are
generated by these technologies233. As I describe and illustrate in this chapter, the IDseq R
package allows processing of the barcoded sequencing reads from ID-seq experiments. The
output of this data processing can then be used to generate several QC plots, illustrative
of the quality of the dataset at hand. Moreover, normalisation of the ID-seq data can be
performed using several conventional normalisation approaches, such as sub-sampling
or an estimated size factor from the DESeq2 package. Together, the results illustrate the
workflow required for data processing, QC analysis, and normalisation of the experiments
performed in Chapters 3, 4, and 5.
Central to the ID-seq and RAID antibody measurements is a DNA-barcode counting strategy
using a unique molecular identifier (UMI). UMI sequences have, so far, broadly been applied
to a wide variety of applications, such as full-length RNA-seq234, Crispr-cas9 screens235, variant
calling236, and scRNA-seq237. In these examples, the aim of using a UMI-based quantification is
to reduce gene-length bias in full-length RNA-seq234, or to reduce (PCR) amplification noise,
and improve FDR and power of the dataset238,239. This is especially relevant for single-cell
methods, as often more PCR cycles are required to obtain sufficient material238. Our single-cell
ID-seq protocol includes more PCR cycles and, as expected, resulted in a higher percentage
of duplicated reads. The most straightforward approach to UMI analysis is simply to remove
duplicate reads and count the number of unique molecules. This approach is adopted, for
example, in CITE-seq84 experiments and also in our ID-seq and RAID experiments. Although
straightforward, one should take notice of the potential UMI errors that can occur and bias
the counting239. Smith et al. recommend using a minimal UMI length of 8 bp, or even higher
with high sequencing depths. Moreover, they provide a network-based solution to account
computationally for UMI errors.239 Our design includes a 15bp long UMI and, per antibody per
sample, the sequencing depth is not very high; therefore, we do not expect a large increase in
count precision when using the UMI-tools as presented. I would consider, however, exploring
the use of such a network-based approach in case higher sequencing depths are used, or
in case samples are highly amplified during the sample-preparation procedure. Together,
our analysis pipeline corrects for PCR artefacts and counts the relative number of antibody
barcodes per sample by including a UMI-based counting strategy.
The UMI-based counting of barcodes is followed by normalisation of the data. The count
characteristic of the data allows for several straightforward normalisation approaches, such
as normalisation to the median or down sampling, both of which are efficient in eliminating
technical variability233. The advantage of down sampling is that all samples are as strong
as the ‘weakest’ sample and there are no potential artefacts introduced by inflating or
deflating outlier samples, whereas the downside is that antibodies with low counts may
be lost, even though they are present in many samples before down sampling. Our ID-seq
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experiments contain low numbers of antibodies when compared to number of genes in
an RNA-seq type of analysis, where thousands of genes are measured. Because of this, it
is important to note two problems that can influence the outcome of normalisation. First,
during normalisation the assumption is that most measured genes (or proteins in our case)
do not change expression232. However, with smaller sets of genes or proteins, measured the
chance is present a large proportion of proteins is changing. Moreover, differential proteins
with very high signal potentially influence the normalisation, stronger than proteins with
a low signal. To solve this problem in RNA-seq analysis, Kodata et al. 240 suggest removing
highly expressed genes before normalisation. However, we did not remove any antibodies
from the dataset, as only 69 proteins were measured, and there is always a subset of proteins
with high expression levels. Therefore, it is important to consider the order of magnitude
of differences in signals during the initial ID-seq experimental design, e.g. by also including
expected non-changing proteins or adapting the concentration of antibodies to normalise
the differences in relative signal per antibody. Such an experimental design would improve
the outcome of normalisation of the data by decreasing the chance of introducing artefacts
in the dataset.
Together, pre-processing, quality control, and normalisation approaches are required to
obtain high-quality ID-seq datasets. By developing and offering a well-annotated and userfriendly computational workflow, ID-seq and RAID technologies can be implemented by any
scientist interested in high-throughput immuno-detection by sequencing experiments.

ID-seq experimental procedures
The data described in this chapter was generated by an ID-seq experiment and a single-cell
ID-seq experiment as described in chapter 3 and 4 respectively. The fastq files were obtained
via illumnias bcl2fastq pipeline. Then the reads were retrieved and split using the R-package
IDseq function with hamming distance 0, 1 or 2 using approximate matching as mentioned
in the text.
Availability IDseq R-package
The functions to process ID-seq experiments are gathered into one R-package called “IDseq”.
This package is available at https://github.com/jessievb/IDseq and can be installed
using devtools functions. The data processing pipeline that can be performed using
IDseq R-package requires a specific folder structure and supports zipped and unzipped
fastq(.gz) fastq files as an input. After processing the sequencing data, the output can be used
for normalisation, analysis and visualisation of several experimental properties as described
in this paper. A detailed description of the IDseq installation and data processing pipeline
is available at https://github.com/jessievb/IDseq. A similar package is available for RAID
protein measurements at https://github.com/jessievb/RAID.
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Normalisation of counts
DESeq2 R-package was used to calculate estimated size factor for each sample. Then,
measurements were normalised by dividing each count through the size factor. Subsampling
was performed using standard R-functions.
Author contributions
JvB created the R-package IDseq and RAID, analysed data and wrote the chapter manuscript.
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SUPPLEMENTARY FIGURES

Spacer (0 - 8 bp)

UMI (15 bp)

Barcode 1 (10 bp)

“Anchor” (20 bp)

Barcode 2 (10 bp)

GTCAGTCANNNNNNNNNNNNNNNGATGTAGCGTATCAGTCAACAGATAAGCGAAGAGTCGCGT

Figure S2. Percentage of reads that are unique or duplicated from a dataset that was matched to anchor with
hamming distance 0 (mismatches to anchor 0), distance 1, or distance 2.

Figure S3. ID-seq measurments compared to proteomics measurments of the targeted antibody in similarly
treated sells.

147

Chapter 6

Figure S1. Expected read sequence from an ID-seq experiment. Spacer sequences varies between 0 and 8 nt.
After the spacer each read contains a random sequence (UMI) of 15 bp. Finally, the read contains expected
sequences of the antibody barcode-1 of 10 nt, followed by the ‘anchor’ of 20 nt, and ends with sample
barcode-2 of 10 nt.
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Figure S4. Comparison of DESeq normalised counts with subsampled counts shows differences for low-signal
antibodies, but not for high signal antibodies (ITGA6 or NOTCH1 for example).
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Figure S5. a Correlation of 0 to 1 scaled counts from an scID-seq experiment normalised with two widely
applied normalisation approaches: down-sampling (sub-sampling) and DESeq2 size factor normalisation.
b PCA analysis of the normalised dataset shows both normalisations result in distinguishable cell populations.
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Biologists study the living world, many with an intrinsic effort to understand life at a
fundamental level and to cure human diseases. In our efforts, we come across questions
that we cannot address with the technologies at hand. Therefore, we search for new ways
and methods to find answers. Similar to other research fields, technological developments
advance the biology research fields via new perspectives on biological systems. For example,
the invention of the microscope allowed us to realize that organisms are composed of small
self-renewing cells and marked the beginning of cell biology research.
Incremental improvements of technologies lead to new fields of research, with new types
of questions addressed, advancing our understanding of processes that govern life. For
example, the field of molecular biology emerged from microbiology, biochemistry, physics
and genetics. These research fields established the groundwork for studying the role of
DNA, RNA and proteins in living cells. Scientists in the field of molecular biology are still
developing and deepening their understanding of these biomolecules and are finding new
types of molecules to study. This occurs by means of collaborating with other research fields
to change perspectives of the studied processes.
In our efforts to study the role of signalling pathways activity, protein expression levels
and transcriptional changes we harvested knowledge from molecular biology, bioorganic
chemistry and computational biology research fields to develop novel immuno-assays. This
thesis describes the establishment and application of immuno-detection by sequencing (IDseq) and RNA and immuno-detection (RAID) technologies. These methods measure protein
and phospho-protein levels via sequencing DNA- or RNA-tagged antibodies. This strategy
gave us a novel perspective on signalling in human skin cells, allowing us to screen for effects
of potential drugs on human skin cells while, at the same time, giving us insights into the role
of signalling at the single-cell level.

7.1.1 The opportunities and challenges of antibody-based protein detection.
The ID-seq and RAID technologies are based on immuno-detection: recognition of a
protein-part (epitope) by a detection molecule (the antibody) (Figure 1, *7.1.1). Similar to
other immuno-based technologies, this enables targeted measurements of proteins and
phosphorylation sites relevant to the question at hand. This strategy complements and
contrasts several mass-spectrometry based technologies where thousands of peptides of
one sample are measured at once. The advantage of the targeted approach is that many
more samples can be processed at once and that the readouts allow sensitive detection of the
molecules. The sensitivity of ID-seq and RAID is good for single-cell protein measurements,
as presented in chapters 4 and 5, which is not feasible for several mass-spectrometry
technologies.
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Figure 1. Challenges and opportunities for immuno-detection by sequencing technologies are discussed in
three sections of this chapter: 1.1.1 specific recognition of the epitopes; 1.1.2 DNA-barcode design & coupling
to antibodies; 1.1.3 Computational processing and analysis.

By selecting several specific antibodies, recognising a variety of proteins or phospho-proteins,
ID-seq and RAID can measure (phospho-) proteins representative of multiple biological
processes of interest. For example, the antibody-panel in chapters 3 and 4 contains markers
for the cellular differentiation state of skin cells and markers for cell cycle status, and contains
antibodies against signalling components of EGF, notch, BMP and other pathways. These
antibody panels allow us to categorise cells or cell populations according to cell state, and
in the same cells determine activation of the signalling pathway components. A targeted
proteomics approach of this kind gives the opportunity to create panels with specific cell
biological topics of interest included. This enables us to target, study and integrate different
types of biological information in a single experiment.
Targeting the proteins, phospho-proteins or other epitopes of interest requires selection
of specific antibodies. Finding these specific antibodies is also the main limitation of an
immuno-based protein detection method. The antibodies used in this thesis were validated
and selected based on manufacturer’s validations in immuno-fluorescence, immunohistochemistry or FACS experiments. These methods detect proteins from fixed cells via
(labelled) antibodies, similar to ID-seq or RAID and provide thus a good basis for antibody
validation. Additionally, we performed validation experiments with immuno-PCR after
coupling antibodies to DNA. This showed antibody-dependent signals via a DNA readout.
Any antibody without good signal in immuno-PCR was excluded from the panel. Finally,
the siRNA mediated knockdown of genes validates the specificity for their targets of several
selected antibodies in ID-seq experiments. These validations determined which antibodies
are included in the panel for ID-seq measurements.
If specific antibodies are not available for the target of interest, one could look for a different
type of target recognition. For example, aptamers instead of antibodies could be used as
targeting molecules. Aptamers are oligonucleotide or peptide-based molecules recognising
a specific biomolecule of interest. These molecules are only recently being recognised
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7.1.2 The bioorganic chemistry foundation and custom design DNA-tags
The second step to develop immuno-detection by sequencing methods was gaining
knowledge on coupling strategies for antibodies and DNA-molecules (Figure 1, *7.1.2).
The field of bio-organic chemistry developed many conjugation strategies for a variety of
applications, including labelling of antibodies.102 For example, antibodies can be coupled
with detection molecules to measure low-abundant proteins in blood samples (via antibodyoligo conjugates) 132, visualise tumours (via antibody-fluorophore conjugates) 245,246 or target
drugs to tumours (via antibody-drug conjugates) 247. These developments changes thus the
way molecular biologists can perform their experiments. In this thesis, Chapter 2 describes
and validates a conjugation protocol for coupling DNA covalently to antibodies using several
‘mix-and-stir’ biochemical reactions. These reactions: the N-hydroxysuccinimide (NHS)
ester chemistry; strain-promoted azide–alkyne cycloaddition (SPAAC) reaction; and the
inverse-electron-demand Diels−Alder (iEDDA) reaction; require no catalysts or specialised
equipment and can be performed in any standard lab at room temperature. The strategy
was optimised to obtain high coupling efficiency. First, both functionalised DNA and
antibody functionalisation molecules contain linkers with poly(ethylene glycol) (PEG), to
enhance reactivity.248 Second, the iEDDA reaction used for the final conjugation step has
high selectivity111,249, and the reaction speed is much higher than SPAAC or other catalyst free
chemistries110,111,121. These steps enable coupling of DNA and antibodies with high efficiency
at low concentrations. Important to note is that Chapter 2 describes an enzymatic reaction
to couple N3-dATP to either end of the DNA molecule, functionalizing both ends of the DNA
molecule. As both ends of DNA can then be coupled to an antibody, and antibodies contain
more than 1 coupling site, this could lead to long chains of antibody-DNA. Therefore, we
improved the strategy (used in chapter 4) by using an azide functionalised primer during the
production of the double-stranded DNA. This solved the ‘two-side functionalization problem’,
and excluded the need for an enzymatic addition of N3-dATP to the double stranded DNA.
Together these properties provide biologists with a straight-forward protocol to couple any
antibody with a custom-design DNA-tag.
The developed conjugation strategy provides a basis to introduce the use of antibodyDNA molecules to molecular biology researchers in general. First, as described before, the
chemistries used are easy to perform on the bench as there are no catalysts required and they
can be performed at room temperature. Second, the covalent binding of DNA and a quenching
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by researchers to be potentially useful and have been used in, for example, iPCR and PLA
assays241–243. Progress still has to be made to find more of these types of molecules and
verify their specificity to adopt the molecules in standard molecular biology research.244 If
more of these molecules are found or developed, one could imagine future applications
of DNA-aptamer conjugates or aptamers themselves in proteomics applications similar to
the antibody-based (phospho-) protein recognition. These alternatives can then extend the
number of usable detection molecules for targeted proteomics via sequencing.
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reaction (inactivating reactive groups) ensures no cross-labelling can occur between different
antibody-DNA conjugates. This allows the storing of panels of multiple antibodies. Third, a
polymerase chain reaction (PCR) is an easy way to produce large amounts of DNA barcodes,
and at the same time provide a basis for quantitative PCR to test the produced antibodyDNA conjugates sensitivity and specificity. Therefore, large-scale production of antibodyDNA conjugates is now workable, and panels of many antibody-DNA conjugates can be
commercialised. The recently published method ‘CITE-seq’84 implemented our coupling
strategy in their workflow and partnered up with a company (BioLegend) to offer their DNAtagged antibodies. Thus, the presented conjugation strategy enhanced the production
of panels of DNA-tagged antibodies and the development of immuno-sequencing-based
technologies for molecular and cell biology research.
7.1.3 Challenges and opportunities for computational biology
Sequencing experiments generate raw datasets of millions of DNA sequences, containing
information on signalling activity, protein levels and transcriptional levels. Computational
tools provide a basis to analyse and interpret these large amounts of information. Chapter
6 describes the R-package I developed to support open-access, sharable and reproducible
data processing of ID-seq and RAID experiments. The output of the package results in a
count-based data-table of the antibody measurements. These counts can then be used for
normalisation and further data analysis via established computational tools, for example
performing dimensionality reduction analysis. In addition to the normalisation methods
and PCA visualisation discussed in chapter 6, other computational approaches can be used
to answer a variety of biological questions at the single-cell level. For example, the singlecell can be clustered to find similar cell types and to find rare cells. Moreover, the cells
from dynamic tissues can be sorted according to differentiation status into a pseudo-time
ranking of cells. This enables researchers to study signalling pathway flows during different
stages of differentiation or disease progression. Moreover, combining data from different
biomolecules from one cell (multimodal datasets) gives opportunities for researchers to
understand molecular regulatory mechanisms.
These efforts of clustering, pseudo timing of cells and multimodal analysis resulted in
development of a variety of analysis strategies, pushing forward the computational biology
research field. For example, many computational pipelines have been developed to analyse
single-cell RNA-sequencing data. Zhu et al.250 list single-cell analysis pipelines up to 2017,
including Seurat and Monocle. These analysis pipelines include data processing steps such
as batch-effect removal, normalisation, and cluster analysis. Only a few methods are able
to perform pseudo-time construction, correct for drop-outs (lots of zero’s due to the nature
of RNA-seq experiments) and allow spatial interference. Recently, progress has been made
interfering data from high-level drop-out dataset. For example, Azizi et al. describe SEQC
and BISCUIT that handle challenges such as restoring information from high drop-out and
noisy single-cell datasets.251 Moreover, several dimensionality reduction approaches and
visualisation methods have been developed over the years to present complex datasets in a
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2-D figure for interpretation. One of the most recently developed approaches is PHATE252 that
allows dimensionality reduction of the datasets addressing several criteria including: they
remove noise; preserve global structure; handle non-linear data; are practically scalable; and
optimised for 2D/3D visualisation. Other approaches are limited in one or several of these
criteria: PCA does not de-noise or is optimised for 2D/3D visualisation; tSNE is not practically
scalable or preserves global structure; and Monocle2 cannot handle non-linear data.
Although we used tSNE or PCR for initial proof-of-concept studies analysis, PHATE would
be an additional interesting approach to be used to visualise the skin cells renewal and
differentiation states of RAID datasets. As these technical and computational challenges are
rapidly being addressed, multi-omics single-cell technologies and data analysis pipelines,
used in combination, hold great promise for fundamental and biomedical research.

7.2.1 A next step forward for cell-based screening assays
The new sequencing-readout of immunostainings has impact on several research fields. First,
the ID-seq technology described in Chapter 3 illustrates a proof-of-principle application as
a cell-based screening assay, measuring molecular changes of multiple biological processes
from cells treated with chemical compounds. Combined measurements of cell-death, stress,
proliferation and differentiation, or any other relevant process, can cover all relevant processes
to be tested at an early stage of the drug development processes. Such measurements would
increase the confidence to decide on lead drugs for further development as it would give
insight into both the effectiveness of inhibiting a molecular process and potential toxic or
unwanted side-effects at a molecular level. In our screen we observed signalling changes and
expression changes of marker proteins for skin renewal and differentiation. The compounds
that induce these phenotypes target kinases known to be involved in human skin homeostasis
such as the epidermal growth factor receptor (EGFR). Throughout the thesis the EGF signalling
pathway plays a central role for the validation of the presented technologies and for the study
of human skin stem cell differentiation in-vitro. Inhibition of the EGF receptor in-vitro leads to
differentiation of cultured keratinocytes, marked by for example expression of differentiation
markers TGM1 and decreased expression of stem cell marker ITGB1.39,50,136 Moreover, drugs
targeting EGFR show skin-related side-effects, illustrating EGF signalling central role in healthy
skin homeostasis.53 The ID-seq and RAID technologies confirm that compounds inhibiting the
EGF receptor induce differentiation of human skin stem cells by protein measurements of
TGM1. The ID-seq screening identified also compounds targeting kinases less known to be
involved in skin homeostasis, inducing similar phenotypes to EGFR inhibition. Besides the
observed phenotype of differentiation upon treatment with these compounds, the results
show a strong decrease in mTOR signalling. These findings are in line with findings on the role
of mTOR signalling in human keratinocytes. mTOR signalling serves as a central regulator of
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proliferation, cell survival and growth and works via a complex network of protein complexes
mTORC1 and mTORC2.253–255 Several studies in mouse-models show molecular mechanisms
of mTOR signalling in the skin. For example, activating ques for mTOR signalling are KRT17 and
Wnt1.256,257 Moreover, knockout of proteins from mTORC1 and mTORC2 protein complexes show
skin phenotypes.258 One study that includes human skin analysis, shows that retained mTOR
signalling activity interferes with the switch from proliferation to differentiation.159 Further
studies are required to determine how the individual mTOR signalling pathway components
contribute to human skin homeostasis. Thus, the multi-phenotype measurements of
differentiation and signalling pathways revealed a molecular process central to skin biology
as a basis for further investigations.
The diverse range of molecular phenotypes that can be measured provides the opportunity
to implement ID-seq as a readout for other types of screening-based assays. For example,
diagnostic screening requires the identification of diseased epitopes from blood or tissues.
For example, infections can be identified from blood samples via PCR identification of diseasespecific DNA, or via enzyme-linked immunosorbent assay (ELISA) measurement of diseasedspeicific protein. The ID-seq technology would however require modifications to measure
epitopes from fluids. First, the disease markers (i.e. epitopes) need to be immobilised in order
to perform an immunostaining including wash steps of unbound antibodies. In the case of
ID-seq and RAID, cells provide an immobilisation surface by fixating all proteins within and
around the cells. For diseased markers from blood serum, for example, immobilisation on a
plate surface would suffice. In theory, a similar set-up to the enzyme-linked immunosorbent
assay (ELISA) can be used. Here epitopes are immobilised on a surface followed by an
enzymatic readout of the amount of captured disease markers. Instead of the enzymatic
readout, the NGS of DNA-tagged antibodies can be used for multiple disease markers at once.
Often these diseased protein markers from blood plasma samples have low abundances.
259–261
Therefore, we should test the sensitivity of the method first. Chapters 4 and 5 show
how immuno-detection by sequencing detects protein and phospho-protein levels from
single cells. However, it is likely we need to measure even lower protein abundances for
diagnostic assays. The high dynamic range of DNA-barcode measurements described in
chapter 4 (see supplementary figure 3) suggests that an even lower concentration of DNAtags can be measured within a sample. This suggests the assay is usable for measuring low
abundant proteins. Finally, the technology requires automation and up-scaling with robots
for consistency and high-throughput screening. Expertise from drug screening companies,
diagnostic screening centres and a modified ID-seq technology could then be combined to
set-up a diagnostic ID-seq technology platform.
7.2.2 Transforming multiplexed signalling measurements to a single-cell signalling
‘omics’ technology
In the last decades molecular and cell biologists have addressed many new types of questions
enabled by the single-cell technology revolution. Single-cell DNA-sequencing technologies
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The first step forward in single-cell protein and signalling measurements is illustrated in
chapter 4: a single-cell version of the ID-seq method. Here we measure intracellular and
extracellular proteins of FACS sorted single cells. In parallel to single-cell ID-seq development,
another method for single-cell protein measurements of solely extracellular proteins was
developed. The Abseq approach uses DNA-tagged antibodies and droplet micro-fluidics to
measure extracellular proteins of hundreds to thousands of cells.135 The single-cell ID-seq (scIDseq) method cannot reach the number of cells analysed by Abseq. However, the advantage of
scIDseq lies in measuring intracellular proteins after, for example, FACS sorting specific (small)
subpopulations of cells. This provides the opportunity for a targeted approach of single-cell
protein measurements of rare cells. For example, in Chapter 4 we show how a single-cell IDseq experiment measures many of the signalling pathway components and differentiation
markers from a small subpopulation of human skin cells in culture with low ITGB1 levels. We
observed increased differentiation markers and BMP signalling activation in these cells. This
new perspective on signalling components in the skin stem cells hinted towards autocrine
BMP signalling activation in differentiating human skin stem cells, as the protein expression
levels of the ligand and receptor were also increased in the cells. Follow-up studies of the
single-cell observations confirmed the role of BMP signalling during differentiation. Inducing
differentiation resulted in the increase of BMP2 expression levels, followed by signalling
activation and increased expression of BMP downstream targets ID2 and DLX3 which are
involved in mouse keratinocyte differentiation.262,263 Moreover, in mouse, BMP2 induces DLx3
in keratinocytes.262 Also, the DLX3-PKC axis drives keratinocyte differentiation processes.263 In
addition, our BMP stimulation or inhibitory experiments show BMP dependent expression of
cornification genes and transcription factors MAF:MAFB. These transcription factors are part
of terminal differentiation regulatory program.30,31 Our results place BMP upstream of this
transcription factor network crucial for skin cells` late differentiation. Together, these results
show how single-cell ID-seq measures differentiation markers and signalling events relevant
for the biological system of interest, in our case in human skin cells.
Another step forward in the single-cell measurements of proteins and signalling proteins is
presented in chapter 5: RNA and Immuno-Detection (RAID) from single cells for multi-omics
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are used to: identify single-cell organism species; find genetic cause of (cancer) disease
progression; and gain fundamental understanding of modifications on or around DNA to
regulate gene expression. Single-cell RNA-sequencing technologies measure gene expression
programs to: identify cell-types in tissues; find rare cells in tumours; and study development
of multi-cellular organisms. For example, the consortium ‘The human cell atlas’ founded in
2016210, aims to characterise all cell-types of the human body using single-cell RNA-sequencing
methods. The single-cell immuno-detection methods described in chapters 4 and 5 add
proteomics and signalling measures to this list of single-cell studies. This enables us to study
intracellular signalling events, protein levels and the transcriptome from single cells.
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detection of the transcriptome and (phospho-)protein levels. Examples of developed methods
for single-cell protein measurements combined with the transcriptome are the CITE-seq and
REAP-seq methods.83,84 Here extracellular proteins are measured via antibody-DNA conjugates
in addition to the transcriptome of the same cell. They illustrated how measurements of
extracellular protein markers can reveal hidden cell populations that would have remained
hidden when only measuring the transcriptome. For example, CITE-seq showed labelling
(‘hashing’) NK cells subpopulations and in parallel measuring the transcriptome from these
cells. RAID adds extra functionalities to this technical principle, as it affords the possibility of
measuring intracellular (phospho-) proteins and the transcriptome from single cells. RAID is
the first to allow intracellular epitope and transcriptome measurements from the same cell,
by making use of a reversible fixation strategy, and mRNA-tags instead of DNA-tags. These
technical and conceptual changes are required if we want to study how the cells behave in
a tissue. Signalling molecules are the connection between the outer environmental signals
and the transcriptional changes that occur in a variety of biological processes. For example,
niche interactions; tissue developmental processes; and immune cell activation depend on
signalling pathways that change the identities or function of the cells. RAID proof-of-concept
studies reveal different levels of p-FAk signalling after AG1478 induced differentiation of
human skin cells. The transcriptome shows clear distinction between treated and untreated
cells, however does not show different populations of cells with distinct p-FAK signalling. RAID
measurements show that the p-FAK high cells keep expression of several stem cell markers
(laminin family of integrins) and, interestingly, show low KLK6 protein levels. This makes us
speculate on a role of the protease KLK6 that is unable to target and break down the laminin
family of integrin substrates. As FAK activation is influenced by integrin binding of cells to
extracellular matrix, retained expression of such genes can keep the FAK signalling active in
these cells. Another interesting angle in this matter for future investigation is the influence
of the substrate stiffness and the crowding of the cells, and their influence on FAK signalling
activity during skin cells differentiation. FAK can act as a mechanosensor, modelled by Bell264,
where rates of conformational changes to an active form change depending on the substrate
stiffness and the pulling force. Moreover, FAK signalling can modulate directed cell migration.265
Such concepts play an important role in adult skin homeostasis, where adhesion forces and
cortical tension are central to driving epidermal stratification.266 Moreover, matrix stiffness
plays a role in total FAK activation, EGFR recruitment to focal adhesions and the regulation
of keratinocyte proliferation.267 Further studies are required of the roles of FAK, integrins and
proteases in regulating gene expression changes during proliferation and differentiation to
shed more light on the molecular consequences of these processes.
This thesis shows how the single-cell ID-seq and RAID technologies can be used to highlight
the role of signalling pathways from a single-cell perspective. These technological advances
are an exciting development because we can determine the cell’s identity and at the same
time determine the role of signalling and transcriptional changes from multiple cell-types in
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one experiment. This is relevant for example for highly dynamic tissues such as the human
skin, but also for diseased tissues with a mix from cancer, immune cells and healthy cells.
These technologies bring the field of single-cell multi-omics research another step forward,
going from sample hashing, or cell type characterisation towards studying multiple molecular
processes within a tissue.
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7.3 CONCLUDING REMARKS AND FUTURE PERSPECTIVE
In the last decades, several technological developments have revolutionised molecular
(developmental) biology, (single-) cell biology and biomedicine. Among others, next
generation sequencing (NGS) technologies gave more understanding of the molecular
processes that govern cell biology. However, studies on protein and phospho-protein levels
were previously unable to harness the power of NGS. This thesis describes technological
changes required to use NGS as a readout for protein abundance and signalling activation
by sequencing DNA- or RNA-tagged antibodies. By combining the expertise from molecular
biology, bioorganic chemistry and computational biology, we can now get a new perspective
on signalling processes. This gives the opportunity to impact biomedical research, drug
development and a fundamental understanding of the role of signalling in biology. Our
efforts to study processes of human skin cell homeostasis highlighted what the developed
technologies can do: giving a fresh perspective on protein and signalling studies, by pushing
forward proteomics and signalling research fields to enable high-throughput screening or
‘multi-omics’ single-cell studies. Although the first step in technology development integrated
various layers of information from single cells, we needed strong collaborations between
researchers from more backgrounds such as molecular biology, genetics, transcriptomics,
proteomics, computational biology, biochemistry, biophysics and maybe even mathematics
to gain new perspectives on life. Such an integrative perspective will push out the boundaries
of knowledge to encompass how multiple layers of processes regulate living systems.
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Nederlandse samenvatting
De huid is veel meer dan wat we iedere dag zien in de spiegel. Het is een barrière die ons
beschermt tegen uitdroging en ziekteverwekkers zoals bacteriën, virussen en schimmels.
Om aan deze taken te kunnen voldoen is het huidweefsel opgebouwd uit huidcellen, die elk
hun eigen rol hebben. In de huid vind je cellen die zich verdubbelen, wat ervoor zorgt dat er
elke vier weken een nieuwe huid wordt aangemaakt. Een deel van de cellen stopt met delen
om andere functies uit te voeren, namelijk het vormen van een dichte barrière. Die barrière
zorgt ervoor dat je niet uitdroogt en ziekteverwekkers buiten worden gehouden. De balans
tussen cellen die vernieuwen (huidstamcellen) en cellen die andere specifieke functies gaan
uitvoeren (differentiërende cellen) moet goed geregeld worden. Dit regelen van vernieuwing
en differentiatie vindt plaats op moleculair niveau. Hierbij spelen signalen tussen cellen
een belangrijke rol. Zonder goede signalen kunnen de cellen ziek worden, blijven delen of
juist doodgaan. Zo ontstaan bijvoorbeeld kanker of huidziektes. Om te onderzoeken welke
signalen een rol spelen bij het in standhouden van een gezonde huid, wat er gebeurt tijdens
ziekte of wat er gebeurt met huidcellen tijdens een behandeling met medicijnen, hebben we
technieken nodig die moleculaire eigenschappen van de delende en differentiërende cellen
kunnen meten.

Hoofdstuk 2 beschrijft een toegankelijke techniek om detectie-moleculen (antilichamen) te
koppelen aan een moleculaire barcode die gemakkelijk te scannen is. Door gebruik te maken
van kennis van de ‘bioorganische chemie’ kunnen we de twee (organische) moleculen aan
elkaar koppelen. Antilichamen zijn moleculen die heel precies een deel van een eiwit of
phospho-eiwit herkennen en hieraan binden. Na het binden van de antilichamen kunnen we
de barcode gebruiken om te meten hoeveel antilichaam gebonden is, en dus hoeveel er van
een specifiek eiwit in de cellen zit. De barcode die wij gebruiken is een synthetisch gemaakt
stukje DNA die een code (label) bevat voor het type antilichaam waar het aan gekoppeld
is. In dit hoofdstuk bepalen we welke chemische verbinding het meest efficiënt DNA en
antilichaam aan elkaar koppelt. Ook meten we het DNA-label via een moleculaire techniek
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In het inleidende hoofdstuk 1 beschrijf ik de moleculaire opbouw van de huid en de
processen die een rol spelen bij het onderhouden van een gezond huidweefsel. Vervolgens
ga ik kort in op welke technieken bestaan om moleculaire eigenschappen van de cellen te
meten. Aangezien we ons afvragen welke verschillende signalen (in dit proefschrift ‘phosphoeiwitten’) een rol spelen bij delende of differentiërende cellen, hebben we methodes
nodig die deze phospho-eiwitten kunnen meten. Hierbij is ook belangrijk dat we weten of
de cel deelt of differentieert. Daarom willen we tegelijk met phospho-eiwitten uit een cel
de eiwitmoleculen meten die specifiek zijn voor stamcellen of differentiërende cellen. In
dit proefschrift laat ik zien hoe we kennis van meerdere vakgebieden gebruiken om zulke
technieken te ontwikkelen.
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genaamd ‘PCR’. Hierbij wordt de hoeveelheid van een specifiek stukje DNA gemeten door te
meten via fluorescentie kleuring.
Hoofdstuk 3 gaat vervolgens in op het gebruik van DNA-gelabelde antilichamen voor het
meten van honderden celpopulaties tegelijk. Zo kunnen we bijvoorbeeld met slechts één
experiment testen wat de effecten van honderden medicijnen op de huidcellen zijn. De DNAlabels op antilichamen maken het mogelijk om de nieuwste DNA-sequencing-technologie
te gebruiken voor het meten van de barcodes in het DNA. Een methode die we Immunodetection by Sequencing (ID-seq) noemen. DNA-sequencing is een technologie om de
code in een DNA-molecuul te lezen. In het hoofdstuk laat ik zien hoe we 69 eiwitten of
signaleringseiwitten tegelijk meten in meer dan 600 samples. Elk van deze samples bestaat
uit huidcellen die behandeld zijn met een specifiek medicijn die de functie van een specifiek
eiwit blokkeert. Met de ID-seq technologie kunnen we nu het effect van veel medicijnen
tegelijk testen op de huidcellen na behandeling. We meten bijvoorbeeld dat een deel van
de medicijnen de stamcellen aanzet tot differentiëren. Tegelijkertijd zien we dat een van
veel mogelijke signaleringsroutes (de zogenaamde ‘mTOR-signalering) in deze cellen
omlaaggaat. Dit betekent dat de geblokkeerde eiwitten een rol vervullen in de huidcellen,
en dat de mTOR-signalering een rol speelt in de vernieuwing en differentiatie van de cellen.
Deze bevindingen vormen de basis voor vervolgonderzoek naar de exacte rol van de eiwitten
en mTOR-signalering in huidcellen.
Ondanks dat we veel informatie kunnen halen uit een screeningsexperiment zoals omschreven
in hoofdstuk 3, zijn er nog steeds onbeantwoorde vragen over welke signaleringsmoleculen
aan of uit gaan in elke cel tijdens het proces van differentiatie. Het is onwaarschijnlijk dat de
signaleringsveranderingen in de cellen tegelijkertijd plaatsvinden. Ook kunnen we met de
technologie in hoofdstuk 3 niet zien wat in individuele cellen gebeurt. Daarom ontwikkelen
we in hoofdstuk 4 een manier om in een enkele cel tientallen eiwitten en signaleringseiwitten
tegelijk te meten. Hierdoor kunnen we op hoge resolutie kijken naar de differentiatiestatus van
menselijke huidcellen en tegelijkertijd zien welke signaleringsveranderingen plaatsvinden.
Door de cellen te sorteren op status van differentiatie kunnen we zien wanneer tijdens het
differentiatieproces signalering aan of uit gaat. Er zijn meerdere signaleringsprocessen
die betrokken zijn bij huiddifferentiatie. Met onze methode zien we bijvoorbeeld dat BMPsignalering meer aanwezig is tijdens differentiatie. Aanvullende experimenten met klassieke
moleculaire technieken bevestigen deze observatie.
Veel eerdere studies beschrijven hoe het blokkeren van signalering effect heeft op het ‘RNAexpressieprofiel’. Dit is een indirecte manier om veranderingen in de genexpressie aan
te tonen. Het was tot nu toe technisch niet mogelijk om in honderden individuele cellen
tegelijkertijd het genexpressieprofiel en de activatiestatus van (signalerings)eiwitten te meten.
Hoofdstuk 5 omschrijft de eerste stap die we gemaakt hebben om het principe beschreven
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in de vorige hoofdstukken, te combineren met single-cell RNA-sequencing technologie.
Dit is een technologie die in de afgelopen 5 jaar sterk is ontwikkeld en op dit moment in
staat is om duizenden genen (RNA-moleculen) van een enkele cel te meten. We kunnen van
dezelfde cel het gen-expressieprofiel en (signalerings)eiwitten meten door enkele chemische
aanpassingen aan de ID-seq methode en door gebruik te maken van synthetische RNA-labels
gekoppeld aan antilichamen. Het hoofdstuk is een basis voor de verdere ontwikkeling van
een dergelijke technologie. Hiermee kunnen we in de toekomst complexere vraagstukken
beantwoorden over de rol van signalering in gen-expressieregulatie.
Alle beschreven technieken en experimenten hebben computermethodes nodig om de ruwe
data te verwerken. Doordat we nieuwe technieken hebben ontwikkeld is het niet mogelijk
om met bestaande methodes de data op de computer te verwerken en analyseren. Daarom
heb ik voor de omschreven technologieën software geschreven die het mogelijk maakt de
sequencing data van ID-seq en RAID-experimenten gemakkelijk te verwerken. De verwerkte
data kan vervolgens gebruikt worden om tellingen te doen van de hoeveelheid eiwitten in
cellen. Hoofdstuk 6 omschrijft hoe je de data kunt verwerken, hoe een eerste verkenning
inzicht geeft in de kwaliteit van de data en wat voor analyses gedaan kunnen worden met
de verkregen data. Het beschikbaar maken van een dergelijk ‘analyserecept’ zorgt ervoor dat
ook anderen de nieuwe complexe datatypes kunnen analyseren.
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Samengevat bevat dit proefschrift een verzameling van nieuwe technieken om (signalerings)
eiwitten te meten in cellen. Waar eerst de DNA-sequencingtechnologiën toegepast werden voor
het meten van DNA of RNA van cellen, kunnen we nu ook eiwitten en signaleringsmoleculen
meten met behulp van DNA-barcodes. Deze ontwikkelingen geven een nieuw perspectief op
de rol van signaleringsprocessen in huidcellen.
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