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Note

Due to the outbreak of COVID-19, experimental work had to be discontinued at the

beginning of March 2020. The result was that one sample was not sequenced (second

replicate of neurons) and thus no detailed analysis on variation of radiality between

differentiation stages has been performed yet. The results outlined in this thesis are

based on the experiments carried out before shut-down of the laboratory.

1 Project Aim

The aim of this diploma thesis is to assess radial genome organization during neural

differentiation. This is done using both a microscopy-based assay (YFISH = Y- Fluores-

cence in Situ Hybridization), as well as high-throughput sequencing methods (GPSeq)

to obtain genome-wide maps of the radial location of DNA loci and to quantify the

radial distribution of chromatin.

2 Abstract

As stem cells progress from an undifferentiated to a differentiated state, their purpose

and functions change. Processes such as DNA replication and transcription are cru-

cial for cell differentiation and are modulated by the three-dimensional organization of

chromatin. Here, the method Genomic loci Positioning by Sequencing (GPSeq) is used

to investigate the radial rearrangement of chromatin during neural differentiation as

the cells progress from neuroepithelial stem cells (NES) to neuroprogenitor cells (NPC)

and finally to neurons. It was shown, that both the enzyme HindIII as well as Dp-

nII can be used for digestion where restriction with DpnII achieves higher resolution.

Novel features, such as tubular structures and small dots spread through the nuclei,

were observed in the YFISH experiment. Moreover, the generated GPSeq score profiles

acquired from the sequencing data, show high correlation at the same differentiation

stage but lower correlation at different differentiation stages, indicating a difference in

radial arrangement of chromatin between NES, NPC and neurons. Principal Compo-

nent Analysis could differentiate the cell types and to compare them "strongly different

regions" were inferred using a global threshold. The data from the performed experi-

ments suggest a rearrangement of chromatin during differentiation.

1

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

May 26, 2020 Diploma Thesis Merula Stout

3 Kurzfassung

Durch das Fortschreiten der Differenzierung von Stammzellen zu spezialisierten Zellen

ändert sich deren Zweck und Funktion. Prozesse wie DNA Replikation und Tran-

skription sind entscheidend für die Differenzierung von Zellen und werden durch die

drei-dimensionale Organisation von Chromatin gesteuert. In dieser Arbeit wird die

Methode Genomic loci Positioning by Sequencing (GPSeq) verwendet, um die radi-

ale Anordnung von Chromatin während neuronaler Differenzierung - also wenn die

Zellen sich von neuroepithelialen Stammzellen bis hin zu Neuronen entwickeln - zu

untersuchen. Es wurde gezeigt, dass sowohl das Enzym HindIII als auch DpnII für

den enzymatischen Verdau verwendet werden kann, wobei man unter Verwendung von

DpnII eine höhere Auflösung erzielt. Neue Entdeckungen, wie zum Beispiel röhrenför-

mige Strukturen und kleine Punkte, die sich durch den ganzen Nucleus ziehen, wurden

durch die YFISH(Y-Fluoreszenz in situ Hybridisierung)-Experimente gemacht. Außer-

dem zeigen die aus den Sequenzierdaten generierten GPSeq score-Profile hohe Korrela-

tion in der gleichen Differenzierungsphase, aber niedrigere Korrelation in verschiedenen

Differenzierungsphasen. Dies weist auf unterschiedliche radiale Anordnungen des Chro-

matins abhängig vom untersuchten Zelltyp hin. Durch eine Hauptkomponentenanalyse

konnten neuroepitheliale Stammzellen, neurale Vorläuferzellen und Neuronen unter-

schieden werden. Um die unterschiedlichen Zelltypen zu vergleichen, wurden „stark un-

terschiedliche Regionen“ unter Zuhilfenahme eines globalen Grenzwertes gesucht. Die

Daten, die durch die durchgeführten Experimente erhoben wurden, deuten auf eine

Reorganisation des Chromatins während der Differenzierung hin.

2

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

May 26, 2020 Diploma Thesis Merula Stout

4 Introduction

The three-dimensional organization of chromatin modulates biological processes such

as DNA replication, transcription, cell division and meiosis. These processes are cru-

cial for cell differentiation and animal development. While it is clear that the nuclear

periphery and centre represent distinct environments characterised by a different chro-

mosomal content and by different levels of chromatin compaction and function, we

do not know how the genome is spatially arranged along individual nucleic radii and

how the radial organisation of the nucleus is established and maintained. The newly

established method Genomic loci Positioning by Sequencing (GPSeq)1 allows us to

generate reproducible maps of the radial organization of the human genome. This can

reveal fundamental aspects of genome architecture, that have important implications

on genome function and stability.

Neuroepithelial Stem Cells (NES), Neuroprogenitor Cells (NPC) and Neurons represent

distinct stages in neuronal differentiation. How and if the radial arrangement changes

between these stages and what the implications of this on processes such as DNA repli-

cation and transcription could be, is not well understood yet. Multidisciplinary work

combining cell and molecular biology assays, sequencing and microscopy methods and

bioinformatic tools is needed to unravel these fundamental questions.

5 Background

5.1 Packaging of DNA inside the nucleus & folding of the chromatin fiber

For the regulation of nuclear processes such as DNA transcription, replication, re-

combination and repair, the structure of chromatin plays a fundamental role2. Gene

expression is not only modulated by the DNA sequence, that is the order of nucleotides,

but also by the three-dimensional (re-)arrangement of chromatin. To understand the

details of how these processes are shaped and what happens during differentiation, it

is therefore of importance to elucidate the radial organization of DNA in the nucleus.

Rather than being solely defined by its linear DNA sequence, the genome shows a far

more complex 3D architecture. Chromosomes (chr) are formed through hierarchical

folding of the DNA helix to compact the DNA for it to fit into the limited space that

is the cell nucleus3. In eukaryotes, the nucleus is composed of chromosomes and other

sub-nuclear structures that constrain how the genome is spatially organised4.

During the last few decades, technical advances have dramatically improved our under-

standing on the organization and packaging of DNA. Evidence from for example electron

3
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microscopy5–9, x-ray and neutron scattering7,9–11, x-ray crystallography12,13 and nucle-

ase digestion have led to a number of different proposed models2. However there is some

consensus about the general organization of chromatin. At the first level of organization,

nucleosomes are formed by DNA wrapped around the histone octamer containing two

histone H2A/H2B dimers flanking a central histone (H3/H4)2 tetramer (figure 1)2,13–15.

Then the chromatin is further compacted into chromosome domains, compartments and

finally the chromosome14,15. Epigenetics and post-translational modifications (PTMs)

have essential roles in maintaining genome stability16 and the way the chromosome is

packaged can additionally be altered by PTMs (e.g. acetylation or methylation). All

histones of the nucleosome core particle are subject to post-translational acetylation17

and histone H3 was shown to be prone to inducible phophorylation18. Changes in

the genomic location of specific histone PTMs or alteration in levels of PTM impact

genome stability16.

Figure 1: DNA is wrapped around the histone octamer to form nucleosomes which are connected by
linker DNA. This structure is then packed into a 30 nm fiber. These fibres are further compacted into
chromosome domains, compartments and finally the chromosome. Image from Ea et al.14

While individual chromosomes appear to be randomly localized with respect to each

other19–23, specific examples of non-random localization of groups of chromosomes24,

selected pairs of chromosomes25, sub-chromosomal regions26,27 as well as individual ge-

nomic loci28–30 have been reported.

Clearly, the structure of nucleosome as well as possible modifications of the histones are

4
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important to maintaining a functional structure. The level of compaction of chromatin

however, is also crucial to the transcriptional activity of a certain region.

5.2 Hetero- vs. Euchromatin

The spatial arrangement of the nucleosome and its modifications has been correlated to

either active transcription or gene repression31. However, not only the structure of the

nucleosome but also level of compaction of chromatin will influence how the DNA se-

quence is read32. Emil Heitz first used the term "heterochromatin" to describe densely

stained chromatin with carmin acetic acid throughout the cell cycle in moss33. Euchro-

matin on the other hand, was the name for chromatin that underwent decondensation

from metaphase to interphase.

Peripheral, compact heterochormatin is associated with a low density of genes, which

are mostly inactive32. Frequent epigenetic modifications of heterochromatin are for

example tri-methylation of the 9th lysine residue of the histone H3 (H3K9me3) and

tri-methylation at the 27th lysine on H3 (H3K27me3), that are associated with gene

silencing. These histone modifications give rise to two subtypes of heterochromatin:

constitutive (H3K9me3) and facultative (H3K27me3)34,35. Facultative heterochromatin

may form at various chromosomal regions, which usually contain genes that must be

kept silent upon developmental cues34. This type of heterochromatin can be either

condensed or decondensed depending on the cell cycle phase. It is also compatible with

gene expression. Constitutive heterochromatin on the other hand is believed to occur

in the same genomic regions in every cell type and these usually do not contain genes34.

It is condensed throughout the cell cycle and is not transcribed. Most of constitutive

chromatin forms at gene poor areas such as at pericentromeric regions and at telom-

eres. Both heterochromatin types are preferentially found at the nuclear periphery and

around nucleoli34–36.

Euchromatin is thought to predominantly occupy internal nuclear regions36 and open

euchromatin often correlates with high density of transcriptionally active genes32. Marks

and features of active chromatin, such as DNA accessibility, are for example H3K27ac

and H3K4me31.

Many transcriptionally inactive genes have however also been found in open chromatin

fiber domains. In regions of low gene density, active genes can reside in large domains

of compact fibers32.

Though it has mainly been observed, that euchromatin occupies internal nuclear re-

gions, while heterochromatin is mostly found in peripheral regions, exceptions to this

chromatin arrangement were observed in different cell types. In mouse olfactory neurons

5
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for example, facultative heterochromatin co-localizes with constitutive heterochromatin

in the central part of the nucleus, where it plays an important role in regulating exclu-

sive expression of single odorant receptor genes37.

Generally, heterochromatin seems to be located at the nuclear periphery and is asso-

ciated with a low density of mostly inactive genes. Euchromatin on the other hand is

thought to occupy mainly internal nuclear regions and frequently correlates with a high

density of transcriptionally active genes. Other than a classification in euchromatin and

heterochromatin, each chromosome can also be viewed as two sets of compartments.

5.3 Compartmentalization of the genome

Experimental results from Hi-C suggest that each chromosome can be decomposed into

two sets of loci, active (A) and inactive (B) compartments38. In these compartments,

contacts within each set are enriched and contacts between sets are depleted. It has also

been shown that open and closed chromatin domains throughout the genome occupy

different spatial compartments in the nucleus38,39.

Compartment A is characterized by presence of genes, higher transcriptional activity

and accessible chromatin (measured by DNaseI sensitivity). Moreover, compartment A

showed enrichment for activating (H3K36 trimethylation) chromatin marks. Compart-

ment B is more densely packed and genomic regions here are generally gene-poor and

contain late-replicated domains that exhibit lower DNaseI accessibility. The mentioned

characteristics suggest that the A compartment represents euchromatin and that the

B compartment represents heterochromatin38,39.

Additionally, the nuclear lamina, a thin fibrous layer that coats the inner nuclear mem-

brane, is also involved in spatial organization. Chromatin domains, known as lamina-

associated domains (LADs) are characterized by gene repression where the repositioning

of the gene locus from the inner nucleus to the nuclear lamina can repress expression

of certain genes40,41. These LADs have a high probablility to reside in contact with

the nuclear lamina and are constrained in a peripheral zone of the nucleus42–45. While

they contain the majority of inactive chromatin, the nuclear lamina is also thought to

be an important reference point for radial genome organization in interphase nuclei46.

The LADs are of interest as their anchoring to the nuclear lamina helps establish

interphase chromosome topology, which in turn establishes overall spatial organiza-

tion of the genome46. It has also been reported, that LAD and non-LAD domains

were clearly spatially segregated47. Specialised sub-chromosomal regions, such as cen-

tromeres, telomeres and nucleolar organising regions (NORs) are also non-randomly

positioned in the nucleus26,27,48–50. NORs contain ribosomal RNA gene clusters and

6
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cluster to form the core of the nucleolus51.

Thus it has been shown, that open and closed chromatin domains occupy distinct

spatial compartments in the nucleus. Compartment A seems to have an abundance

of genes, while compartment B is more densely packed and gene-poor. Repositioning

of gene loci from the inner nucleus to the nuclear lamina, where chromatin domains

known as LADs are located, also seem to play an important role in gene repression.

Other than being separated into A and B compartments, smaller levels of organization,

namely the folding into topologically associating domains (TADs) have been observed.

5.4 TADs & sub-TADs

Thanks to the development of the Chromosme Confomation Capture (3C) assay52 and

its combination with the Next-Generation Sequencing (NGS) technology, other meth-

ods such as 4C, 5C and Hi-C could be developed38,53–55. These provided experimental

access to the 3D organization of the genome in nuclear space, which revealed, that in

interphase cells, chromatin folds into topologically associating domains (TADs) or con-

tact domains38,39,54. TADs range in size from 100 kb to 5 Mb with an average size of 1

Mb and are defined as linear stretches of genome that have increased contact frequency

when compared to the contact frequency with regions across their boundaries39,54,56.

These show high stability between cell types. Single-cell Hi-C revealed, that in different

cells contacts within TADs (intra-domain contacts) are more frequent than contacts

that cross TAD borders (inter-domain contacts) and those that occur between two

different chromosomes (trans-chromosomal contacts)39. Moreover, TADs containing

active genes seem to be positioned on the surfaces of their chromosomal territories57.

Although TADs are relatively conserved in a variety of cell types and organisms, the

folding that occurs inside them seems to be more dynamic. Multiple factors, includ-

ing the insulator binding factor CTCF, houskeeping genes and SINE elements have

been found to be associated with the boundary regions separating topological domains

and transcription start sites (TSS) were enriched there. Factors associated with active

promoters and gene bodies are enriched at boundaries, while non-promoter-associated

marks were not39.

TADs are divided into smaller domains, sub-TADs, which are around 200-300 kb in

size58. Target genes and regulatory elements physically interact with each other through

contacts between sub-TADs.59.

We see, that TADs interact with each other through intra or inter-domain contacts and

TADs containing active genes seem to be positioned on the surface of their chromosomal

7
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territories (CT). Therefore it is interesting to look at the CTs in detail.

5.5 Chromosome territories

Figure 2: Representation of
CTs according to Bolzer et
al.22

At the largest scale, human DNA is stored in the form

of 23 pairs of chromosomes. During interphase, each

chromosome occupies a discrete space (1-2 µm), a chro-

mosome territory (CTs) inside the nucleus, where the

positioning of genomic regions is non-random in re-

spect to the nuclear periphery and correlated with tran-

scriptional activity (see figure 2)22,38,60,61. The chro-

mosomal arrangement into CTs has been shown both

by microscopy as well as by genome-wide Hi-C analy-

sis38,61.

One of the proposed models for radial positioning of chro-

mosomes in interphase cells is order based on size. In this

case, small CTs (e.g. chr14, 15, 19-22) are located in the center of the nucleus, while

large chromosomes (e.g. chr1,2,3,4,13) are found at the periphery of the nucleus62–64.

In quiescent human fibroblasts it has been shown that radial chromosome positions

correlate with chromosome size. In these cells, territories of small chromosomes, in-

dependent of their gene density, were preferentially found close to the center of the

nucleus, while the territories of large chromosomes were preferentially located towards

the periphery of the nucleus22. However, Tanabe et al.65 also found that in humans,

territories of chromosomes 18 and 19 (HSA18 and 19) that are of similar size show a

distinctly different position in the cell nuclei of lymphocytes and lymphoblastoid cells.

While gene-rich and early replicating HSA19 CTs are typically found close to the nu-

clear center, gene-poor and later replicating HSA18 CTs are preferentially located at

the nuclear periphery. This finding is in line with another proposed model, which states

that the location of CTs is dependent on the gene density, where gene-rich chromosomes

are located towards the nuclear interior and gene-poor chromosomes occupy peripheral

locations66. The same has also been observed for embryonic stem cells (ESCs), where

a gene density related radial arrangement of chr18 and 19 was found67. It has been ob-

served, that in human lymphocytes, phytohemagglutinin-stimulated lymphoblasts, and

lymphoblastoid cell lines, gene-rich CTs preferentially position towards the center of

the nucleus and gene-poor CTs tend to be located towards the nuclear periphery66,68–70.

Neighbouring chromosomes can also overlap and chromatin loops can intermingle with

neighbouring CTs61,71,72.
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In respect to the radial positioning of chromosomes in interphase cells, both the size

as well as the gene density seems to play a role. Smaller chromosomes and gene-rich

chromosomes seem to be found at the center of the nucleus, while larger, gene-poor

chromosomes seem to be located at the nuclear periphery. However, chromosomes do

not always stay in the same spot in the nucleus but rather reposition throughout the

cell cycle.

5.6 Dynamics of genome organization & chromosome repositioning through-

out the cell cycle

Certain chromosomes have been observed in specific radial locations, such as chr18,

which is consistently described as peripheral, and chr19, that seems to be centrally

located66,68,73. There are various factors thought to contribute to the preferred radial

location of chromosomes such as gene density23,68,74, GC content75–77, as well as chro-

mosome size19,22,63,78.

The position of many genes in the nucleus has been correlated with their activity state.

This may indicate, that gene expression could be influenced by migration to functional

subcompartments. It has been shown, that genes could be recruited to transcription

factories and therefore undergo relocation79, which suggests that genes can move and

that those with transcriptional potential often reposition upon activation. Active genes,

rather than recruiting and assembling transcription complexes, might migrate to pre-

assembled transcription sites.

Mehta et al.80 showed that in primary fibroblasts genome organization in interphase

nuclei is altered when cells leave the proliferative cell cycle and that repositioning

on chromosomes is achieved with an active nuclear motor complex that contains nu-

clear myosin 1β. It was observed, that most chromosomes do change their localization

within interphase nuclei following damage. Some repositioned after DNA damage: it

was observed that chromosomes 17,19 and 20 relocate from the nuclear interior to the

periphery and chromosomes 12 and 15 reposition towards the interior in a majority of

cells. Moreover, it was shown, that upon controlled induction of DNA double strand

breaks (DSBs), CTs 12, 15, 17 and 19 relocated from their original position to another

one. Upon washing off the agent, that induced the DSBs (cisplatin), the original CT

arrangement was restored following DNA repair81.

It has been shown by biochemical analyses and superresolution imaging, that less-

compacted chromosomes tend to be more transcriptionally active82–86. Wang et al86

used immunofluorescence analysis together with chromosome FISH for chrs 1-3 and 11
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to show that changes in radial positions are accompanied by differential transcriptional

activity. Furthermore, they also assessed the intermingling between specific chromo-

somes. It seems that chromosomes that are in the interior of the nucleus and are less

compacted tend to intermingle more.

It was observed, that some chromosomal regions, such as the whole p-arm of chr12,

are positioned more towards the center of the nucleus in ESCs but not in differentiated

cells67. This part of the chromosome contains clustered pluripotency genes such as

NANOG and Oct4, which suggests that chromosomal arrangement might be an im-

portant factor in controlling the expression of selected genes. Oct4 has been shown to

interact with cohesin at enhancer and promotor sites to activate gene expression87. It

was also reported, that ESCs, when compared to differentiated cells, present less cen-

tromeres at the periphery of the nucleus but more around nucleoli. Cell cycle-dependent

redistribution of chromatin in the interphase nucleus has also been reported by Vourc’h

et al.88. Moreover, they report that the profile of the rearrangement is dependent on

the domain considered (telomeres, centromeres or chromosome-specific sub-satellite do-

mains). In differentiated cells, centromeres were associated with the nuclear periphery,

which has also been reported for most human cells27,50,89,90. Weierich et al.50 report

that in human lymphocytes, both centromeres and entire chromosome territories for

chr1, 11, 12, 18 and X were found to be located in the periphery of the nucleus, while

chr17 and 20 were found to occupy more internal regions. In active X chromosomes

and autosomes the centromeres were positioned at the periphery of each CT, while in

case of inactive X chromosomes centromeres were situated in the central parts of the

CT. The telomeres of most of the mentioned chromosomes were however localized in

the nuclear interior. Deposition of histone modifications, which are typically associated

with open chromatin, onto subcentromeric regions of the chromosome correlates posi-

tively with the frequency of these centromeres to form stable clusters27.

The cell cycle phase also seems to determine the position of chromosomes in the nu-

cleus. For example, a peripheral localization of chr 18 is established early in the cell

cycle and maintained thereafter66. In primary dermal fibroblast cells, it was reported

that as normal fibroblasts exit the cell cycle, chr 13 and 18 relocate in serum starved

medium80. It has been shown that CT positions are not inherited through mitosis but

established in the G1 phase of the cell cycle21,91 and are not altered thereafter. More-

over, it has been found, that in HeLa cell nuclei, major changes of CT neighbourhoods

were observed during mitosis, while CT arrangements were stably maintained from mid

G1 to late G2/early prophase.21.
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In summary, genes undergo relocation to facilitate transcription. Chromosomes in the

interior of the ucleus are less compacted and tend to intermingle more and rearrange-

ment of the nuclear organization is dependent on the cel cycle stage. So we see, that the

chromosomes are not completely static, which is why it is also interesting to consider

long-range contacts between genomic loci positioned up to megabases away, which are

associated with facilitating transcription.

5.7 Long-range contacts

Proper gene regulation within the constrained nuclear space is important for function

of the cell. To ensure this, chromosomes facilitate access to transcribed regions, while

compactly packaging other information. Genomic loci positioned tens of kilobases up

to megabases away, can undergo long-range interactions. These interactions between

specific pairs of loci have in the past been evaluated with 3C, 4C, 5C, Hi-C and ChiP-

seq38,52,53,55,92,93. These contacts can be found either on the same chromosome (cis) or

between two chromosomes (trans). A very well-studied case of long-range chromatin

contacts is for example the interaction between enhancers and their target genes in the

β-globin locus94,95.

It was shown that the level of interchromosomal contact differs for different pairs of

chromosomes. For example, Lieberman et al. found that loci on chr 1 are most likely to

interact with loci on chr 10 and least likely to interact with loci on chr 2138. Intrachro-

mosomal interactions are more frequent than interchromosomal contacts. Moreover,

small, gene-rich chromosomes tend to interact more with one another, which suggests,

that these cluster together in the nucleus38.

CCCTC-binding factor (CTCF) is a protein involved in the three-dimensional organi-

zation of chromatin96. CTCF is a transcription factor important for establishing the

chromatin architecture, recruiting cell type-specific transcriptional activators, repres-

sors, cohesins, and RNA polymerase II93. It is involved in creating boundaries that

segregate chromatin and functional domains and in organizing higher-order chromatin

structures by establishing chromosomal loops97. To form a long-range chromatin loop,

two key protein players are needed: CTCF and the ring-shaped cohesin complex98.

For formation of these loops, these exist together on cohesin/CTCF sites, but not

separately. In absence of functional cohesin, global architectural changes associated

with loss of cohesin/CTCF contacts and relaxation of topological domains can be ob-

served98,99. It was observed, that loop domains disappeared after cohesin degradation,

and addition of cohesin recovered their formation. On the other hand, compartment

domains and histone marks are not affected by such changes99. A model, where CTCF
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recruits cohesin to form border-to-border loops between TAD boundaries has been pro-

posed. It seems, that not only the presence but also the orientation of the CTCF motifs

is of importance96,100. It was found, that loop formation preferentially occured between

CTCF sites with convergent motifs (i.e. pointing to one another on the linear genome).

Moreover, deletion of CTCF binding sites lead to disruption of chromatin loops96.

All in all, intrachromosomal interactions are more frequent than interchromosomal

contacts and small, gene-rich chromosomes tend to cluster together. It seems that the

three-dimensional organization of the genome is important for enabling long-range con-

tacts and that the protein CTCF as well as the cohesin are involved in this.

It is evident, that there is no clear formula for the radial position of genes and whole

chromosomes. Moreover chromosomes relocate and intermingle but positions also

change from a stem cell state to a differentiated state.

5.8 Changes in the architecture of the nucleus during neural differentiation

Nuclear architecture is important for the cell’s identity and phenotype as this modu-

lates gene expression. During the process of differentiation the genome is subjected to

different kinds of changes. Epigenetic changes such as changes in transcription factors,

changes in histone modifications as well as variation in TAD-TAD contacts can be ob-

served.

As described in detail in section 5.2, the nuclear DNA and its associated proteins

can be subdivided into heterochromatin and euchromatin. Heterochromatin contains

condensed DNA and is found predominantly in the periphery of the nucleus, which

makes it inaccessible to the transcriptional machinery and thereby transcriptionally

inactive. Euchromatin is loosely packaged and permits active transcription38. It has

been observed, that ES cells are richer in less compact euchromatin and as differenti-

ation progresses, highly condensed, transcriptionally inactive heterochromatin is more

abundant101.

In terms of changes in transcription factors during neural differentiation, mainly mod-

ifications of Oct4 and Ascl1 (Mash1) have been observed.

Oct4 is a protein, that plays a role in induction and maintenance of pluripotency in

embryonic stem cells. When investigating embryonic stem cells in both a pluripotent

and differentiated neural progenitor state, the loss of Oct4 upon differentiation was

observed102,103. Additionally Lee et al.104 showed, that the promoter of Oct4 is also

altered during differentiation: They found that the Oct4 promoter is enriched for the
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active mark H3K4me3 in undifferentiated but not in differentiating ES cells104.

Other epigenetic changes during differentiation were observed at the proneural regulator

gene Ascl1. Ascl1 (Mash1) is a transcription factor essential for neural differentiation

that promotes cell cycle exit and neuronal fate determination105,106. It was found that

neural induction promotes large-scale chromatin re-organization here107. In ES cells,

the Mash1 gene is transcriptionally repressed and is preferentially positioned at the

nuclear periphery with other late-replicating genes. At the same time, low levels of his-

tone H3K9 acetylation at the Mash1 promotor and increased H3K27 methylation were

observed. Upon neural induction, Mash1 transcription was upregulated and spatial

repositioning to the interior of the nucleus could be observed.

Changes in histone modifications are not only observed locally but also globally through-

out the genome. It was shown, that a relatively high proportion of H1 molecules in ES

cells are present in an unbound or loosely bound state101. Differentiation of mouse ES

cells, is accompanied by an increase in H3K9me3101, a decrease in H3K4me3104,108,109

and acetylation of histones H3 and H4101,104. This means that stem cell neuronal

differentiation requires action of chromatin modifying enzymes such as histone acetyl

transferases (HATs) and histone deacetylases (HDACs)110. ES cell chromatin is glob-

ally acetylated and deacetylation is required for differentiation. In NPCs on the other

hand, deacetylase activity is required to suppress neuronal genes. This means, that

inhibition of HDAC is likely to drive NPCs towards neuronal commitment110.

During neuronal differentiation, a change in histone variants can also be observed. Hi-

stone composition seems to change in core histone variants as well as in subtypes of the

linker histone H1. H1a-d decrease during development and are partially or completely

replaced by H1e111. In mouse cells, it was shown that H3.1 and H3.2, the H3 variants,

show an exponential decrease during neuronal differentiation, while the levels of the

H3.3, which marks actively transcribed chromatin, increase112. In the same study, it

was also shown, that the synthesis pattern of immature neurons does not differ from

that of mature neurons, indicating that the changes in the synthesis pattern of core

histones occur at the arrest of cell proliferation.

TAD-TAD contacts were shown to re-wire during terminal neuronal differentiation in

mouse cells102. Interestingly, in the same study, they also found that chr4, 6 and 19 have

higher similarity in TAD-TAD contacts when comparing NPCs and neurons than when

comparing ESCs and NPCs. In another study113 it was found that long-range contacts

between gene bodies of exon-rich, active gene types were formed during mouse neural

differentiation. In this process, contacts between active TADs become less pronounced
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while inactive TADs interact more strongly. Moreover, gene expression is accompanied

by the establishment of cell type-specific enhancer-promoter contacts.

In summary, the three-dimensional genome organization changes significantly dur-

ing neural differentiation. Changes in the level of chromatin compaction, epigenetic

changes, histone modifications as well as rewiring of TAD-TAD contacts have been

observed. Overall the radial (re-)organization is complex and only little is understood

to date. How exactly chromosomes are repositioned and especially how this happens

in human neuroepithelial stem cells during differentiation is not known. To investigate

this in detail, human stem cells are needed and induced stem cell (iPS) technology has

paved the way for this.

5.9 iPS technology

Stem cell biology holds great potential for the study and treatment of neurodegenera-

tive diseases114. Due to their potential to propagate indefinitely, as well as giving rise

to a multitude of other cell types such as neurons, liver and bone cells, these repre-

sent a perfect source for replacing lost or damaged cells. The most well-known type

of pluripotent stem cell is the embryonic stem cell (ESC). ESCs however hold the dis-

advantage of ethical difficulties regarding the use of human embryos or the problem of

tissue rejection after transplantation.

Somatic cells can be reprogrammed to embryonic-like stem cells115. By expression of

transcription factors such as Oct4, Sox2, klf4, c-myc, Nanog and lin28, induced pluripo-

tent stem cells (iPSCs) can be generated from skin fibroblasts, that exhibit a pluripotent

phenotype, similar to that of ESC116. The resulting cells, exhibit the morphology and

growth properties of ESC and express ESC marker genes. Once the cells are pluripo-

tent, the resulting cell colonies can be expanded and differentiated into specific neural

populations117. Of course, this provides a big opportunity for patient specific ESCs,

that can be used in neurological disease modelling, especially since these are patient-

matched ESC lines. By deriving neuroepithelial like stem cells (NES) from pluripotent

stem cells, disease modelling, drug discovery and the study of the nuclear architecture

of differentiating cells is made possible.

The cells used in this thesis are AF-22 cells, a cell line from Falk et al.116, which

was derived from induced pluripotent stem cells (iPSCs). These cells are long-term

self-renewing NES. The human iPSC lines were produced by standard retroviral trans-

duction and later these were treated with insulin, transferrin, sodium-selenite and fi-

bronectin to form NES. For the AF22 cell line, the reprogramming factors Oct4, Klf4

and Sox2 were used. To confirm, whether these cells have the potential to differentiate
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they used growth factor withdrawal and indeed, these NES differentiated into neurons.

They also showed, that the cells differentiate asynchronously. Moreover, they observed

that the resulting pluripotent stem cell lines exhibit long-term self-renewal capacity,

similar growth kinetics, polar organization, expression of neuroepithelial "rosette mark-

ers" and a distinct regional specification with a transcription factor expression profile

suggestive of a hindbrain identity.

iPS cells provide the opportunity to work with ES-like cells with the advantage of

having patient specific cells as well as the elimination of drawbacks from using ESCs.

To investigate these cells, microscopy and sequencing techniques can be used.

5.10 Microscopy: FISH

Molecular cytogenetics is often based on fluorescence in situ hybridization (FISH), a

powerful microscopy technique for visualizing the composition and arrangement of ge-

netic material. Since its development four decades ago, there has been a lot of research

and improvement in terms of methods for probe generation and resolution of microscopy

techniques118–120.

FISH exploits the ability of a DNA strand to hybridize specifically to a complemen-

tary DNA strand. The basic elements of a FISH setup include a DNA probe and a

target sequence. Fluorescently labelled DNA strands called probes that bind to the

complementary sequences on the chromosome are used and detected with a fluores-

cence microscope121,122. First step of a FISH-assay is the preparation of the fluorescent

probes. In most cases, the next step is the fixation of the cells using e.g. formaldehyde.

This causes mainly protein-protein cross links. Next, DNA is denatured and the fluo-

rescent probes hybridize to their complementary sequence. If for example a deletion is

present the probe will not hybridize. If a duplication is present more of the probe will

be able to hybridize. The last step is detection by fluorescence microscopy123.

The probe has to be chosen depending on what is investigated as there are many

different kinds of probes: dsDNA probes, ssDNA probes, RNA probes and synthetic

oligonucleotides probes, which all carry different advantages and disadvantages. The

investigated locus also influences the choice of probe and multiple probes are needed if

a whole chromosome is explored.

FISH has a variety of applications. Examples include identification of the positions

of genes, diagnosis of chromosomal abnormalities and analysis of interphase chromo-

somes123.
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5.11 Next Generation Sequencing

Next Generation Sequencing (NGS) platforms are on the market since 2004 and allow

sequencing of whole genomes in a short time. This however also leads to huge amounts

of data that have to be processed, which requires great bioinformatic effort.

The basic principle involves five steps: fragmentation of DNA, adaptor ligation, tem-

plate immobilization by binding of fragments to a surface, amplification and detection

of nucleotides. The templates are usually clonally amplified templates from single DNA

molecules. The imaging is done via bioluminescence or one- or four-colour imaging of

single molecular events. There are different detection principles such as sequencing by

ligation, pyrosequencing, semiconductor sequencing and cyclic reversible dye termina-

tion (CRT), which is used by Illumina.

In this thesis the Illumina NextSeq 500 platform was used. With the use of Illumina

platforms, the library preparation involves fragmentation, mate-pair and solid-phase

amplification. It works via reversible terminator chemistry124. The template immobi-

lization is composed of two steps: initial priming and extension of the single-stranded,

single-molecule template, and bridge amplification of the immobilized template with

immediately adjacent primers to form clusters. The read length in the Illumina NextSeq

500 System is 2 x 150 bp.

The Illumina platform uses the clonally amplified template method (figure 3) coupled

with the four-coloured CRT method. Prior to the NGS reaction, single-molecule tem-

plates are immobilized on solid supports. This involves the formation of a clonal single-

molecule array, where DNA fragments are denatured and single strands are annealed

to complementary oligonucleotides on the flow-cell surface125. Then, a new strand is

copied from the original strand in an extension reaction that is primed from the 3’ end

of the surface-bound oligonucleotide. After removal of the original strand by denatu-

ration, the adaptor sequence at the 3’ end of each copied strand is annealed to a new

surface-bound complementary oligonucleotide. This is called bridge amplification, as

the annealing process forms a bridge that generates a new site for synthesis of a second

strand. This process is repeated multiple times, resulting in the growth of clusters at

approx. 1 µm diameter (see figure 3).

Sequencing of DNA templates is done by repeated cycles of polymerase-directed single

base extension. Detection is done by cyclic reversible termination. For this, a DNA

polymerase bound to the primed template adds one fluorescently modified nucleotide.

Unincorporated remaining nucleotides are consequently washed away and imaging is

done to determine the identity of the incorporated nucleotide. Afterwards, the termi-
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Figure 3: Template immobilization in Illumina platforms where solid-phase amplification is used. The
two steps involved in the process are initial priming and extending of the single-stranded, single-
molecule template, and bridge amplification of the immobilized template with immediately adjacent
primers to form clusters. Image taken from Metzker (2010)124

nating group as well as the fluorescent dye is cleaved and after a washing step, the next

incorporation step is performed. A set of four reversible terminators, 3’-O-azidomethyl

2’-deoxynucleoside triphosphates (A,C,G and T) are each labelled with a different re-

movable fluorophore. This ensures base-by-base nucleotide incorporation124,125.

Detection of the four colours is done by total internal reflection fluorescence (TIRF) us-

ing two lasers. The most common error type in Illumina platforms are substitutions124.

NGS therefore provides us with a powerful method to elucidate the nucleic acid sequence

and to sequence the whole genome in a relatively short time.

5.12 Methodological considerations

The method, Genomic loci Positioning by Sequencing (GPSeq), which the experiments

in this thesis are based on has recently been accepted in the journal Nature Biotech-

nology1.

GPSeq, which is a genome-wide method, was developed to investigate the radial genome

organization. It allows inferring distances to the nuclear lamina all along the nuclear

radius and generates high resolution maps of genome radiality in human cells1 (details

see sections 6.3.1 & 6.3.5).

In this section, first the GPSeq method will be explained in detail and then theory

behind the choice of enzymes as well as restriction times and how this affects experi-
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mental results will be recapitulated.

5.12.1 Detailed explanation of the theory behind GPSeq

The main idea of GPSeq is to tag genomic DNA (gDNA) in intact nuclei from the nu-

clear periphery towards the centre. Then the tags are used to assign individual genomic

regions to specific radial locations in the nucleus using massively parallel sequencing.

One GPSeq experiment consists of a series of conditions (different digestion times) in

which the gDNA is restricted. For this a restriction enzyme (in this project HindIII

or DpnII) is used to cut, with different probability, peripheral and central loci in fixed

nuclei. To allow the restriction enzyme to penetrate the nucleus of cross-linked cells

gradually, optimal experimental conditions have to be used1.

To achieve this, a protocol that contains two main parts was developed. The first part

consists of a YFISH experiment, which is an adaptation of a fluorescence in situ hy-

bridization (FISH) procedure, and visualizes the digestion. The second part consists of

tagging genomic DNA and preparation of samples for sequencing.

For the YFISH assay, the crosslinked DNA is digested with a restriction enzyme. A

Y-shaped double-stranded adapter is ligated to each cut site. This is followed by

hybridization of fluorescently labeled oligonucleotides to the Y-shaped adapter (see

figure 4a). The samples are then imaged using wide-field epifluorescence microscopy.

The signal should appear as a fluorescent rim that progressively broadens until finally

the whole nucleus shows a uniform signal intensity (see figure 4b). Moreover, signal-

intensity scaling should be seen, where the sample digested for the longest time should

have the highest signal intensity and the sample digested for the shortest time should

have the lowest signal intensity.

In this thesis NES, NPCs and neurons were incubated in the presence of the enzymes

HindIII or DpnII for several different durations (e.g. 10 s, 20s, 30s, 45s, 2 min, 5 min,

10 min, 30 min with DpnII; 5 min, 10 min, 15 min, 30 min, 1h, 2h with HindIII).

Rather than just looking at the images from the microscope, a custom-pipeline to

process the images is also used to confirm the signal intensity-scaling as well as the

rim-progression (details in section 6.3.4). The YFISH method provides us with an ef-

fective way to confirm the digestion of the samples and functions as a checkpoint for

proceeding with samples for sequencing.

The name YFISH comes from the fact that the adapter that is ligated to the cut sites

has a Y-shape. The advantage of using a Y-shaped adapter lies in the fact, that it con-
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tains ssDNA regions ready for hybridization without the need to first denature DNA.

This provides an easy access to the probes.

Figure 4: GPSeq procedure: (a) Scheme of YFISH. Cross-linked permeabilized nuclei (dashed circle)
are incubated with a restriction enzyme (e.g. HindIII). The cut restriction sites are then ligated
to a forked adapter (green) and detected by FISH using fluorescently labeled oligos (green dots)
complementary to the fork. (b) Gradual in situ gDNA digestion. Fixed and permeabilized nuclei
(dashed circles) are incubated with a restriction enzyme for increasing times. The action of the
enzyme is revealed by YFISH and appears as a fluorescent ring (green) that progressively broadens
inwards starting at the nuclear periphery. Each schematic cell corresponds to a separate sample.

When the microscopy yields satisfying results (i.e. a progressively broadening rim and

signal intensity scaling), the samples can be processed further. Samples for YFISH

and sequencing are processed in parallel for digestion as well as adapter ligation. For

sequencing, different adapters than the ones used fro YFISH are needed. This "tag-

ging" allows for the acquisition of reads from different radial positions in the nucleus.

A scheme illustrating the preparation of the sequencing samples can be seen in figure

5. The protocol for GPSeq includes after ligation a DNA purification and sonication

step, an in vitro transcription step and finally library preparation and sequencing. The

UMIs are the unique molecular identifiers used to add short "tags" to DNA fragments

to identify the input DNA molecule i.e. to know how many unique events there are.

This is useful due to the fact that there are many amplified reads after PCR amongst

which there are also duplicates. The barcodes that are added identify each separate

sample and therefore help to distinguish between the different digestion time points.

This allows for sequencing several libraries at the same time. RA5 is the Illumina RNA

5’ adapter.

Finally the data is pre-processed as described in section 6.3.7. To estimate the radi-

ality of specific loci, the GPSeq score is introduced. The GPSeq score is a probability

estimate, and describes how the restriction probability within a given genomic window

varies across consecutive digestion times1 (for details see section 6.3.7).
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Figure 5: Scheme showing the GPSeq library preparation. UMI = unique molecular identifier, RA5
= Illumina RNA 5’ adapter

5.12.2 Choosing a restriction enzyme

The first important step for choosing optimal experimental conditions is choosing a

restriction enzyme. As already mentioned, the restriction enzymes chosen for the ex-

periments for this thesis were HindIII, a 6-base cutter, and DpnII, a 4-base cutter.

These two enzymes have a different frequency and genomic distribution of recognition

sites (RS). A 4-base cutter results in a larger number of genomic loci that can po-

tentially yield fragments to be sequenced. A 4-base cutter therefore requires higher

sequencing depth compared to using a 6-base cutter. Moreover, this implies that the

density of RS will be higher in any genomic window, potentially allowing to achieve a

higher resolution in radiality maps1. Advantage of using a 6-base cutter is that it allows

for more shallow and cost-effective sequencing if a lower resolution is still acceptable.

The most important quality of a restriction enzyme is that RSs are as homogeneously

as possible along the genome. The number of RSs is accounted for when calculating

the GPSeq score. The GPSeq score definition also corrects for linear effects that the

number of RSs may have on the number of reads. For HindIII, the RS (AAGCTT)

correlates with GC content, which would lead to higher number of reads in high GC-

content regions1. For DpnII however, anti-correlation is observed, leading to a lower

number of reads in high GC-content regions. Nevertheless, HindIII and DpnII experi-

ments were highly correlated at various resolutions.
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Both HindIII and DpnII produce 5’ overhangs called sticky ends. HindIII has been

used for GPSeq before. DpnII is an isoschizomer of MboI, which has also been used

for GPSeq before. As it seemed during YFISH experiments, that DpnII produces even

sharper rims than MboI, this enzyme was chosen for experiments in this thesis. Both

HindIII and DpnII are not impaired by CpG methylation according to the manufac-

turer126.

The digestion by HindIII occurs slower than with DpnII. The advantage of faster diges-

tion is the time needed to carry out the experiment. However, since DpnII digests very

fast, the timings have to be very precise to get reproducible results. This can especially

be a problem if several coverslips are required for the same digestion time (for example

when there are not enough cells on one coverslip). The resolution that can be achieved

is higher with DpnII as this enzyme cuts more frequently, which is a strong advantage

of using this enzyme.

5.12.3 Choosing the number of restriction times

The set of digestion times used in this thesis differs between the two enzymes used. As

already mentioned, DpnII digests faster than HindIII and thus shorter digestion times

were chosen. The exact times were chosen based on empirical observation of how the

restriction enzyme diffuses throughout the nucleus as revealed by YFISH. With DpnII a

fluorescent band was already observed after 10 seconds of incubation with the enzyme,

while this was only visible after 10 minutes when using HindIII. The longest time point

should show a homogeneous signal spread throughout the whole nuclear volume.

5.12.4 Amplification steps during library preparation

There are two amplification steps in the GPSeq protocol: in vitro transcription (IVT)

and polymerase chain reaction (PCR). While IVT allows for linear amplification of the

genomic fragments of interest, PCR is used to add Illumina sequencing adapters and

indexes to the IVT-amplified fragments. To minimize the over-representation of certain

fragments resulting from PCR, a low number of PCR cycles (typically 9 PCR cycles

for 50 ng for DpnII and 300 ng for HindIII) is chosen during the GPSeq library prepa-

ration, if enough starting material is available. The complexity of the final sequencing

libraries is maximized by splitting the PCR reactions into multiple tubes (e.g. 4 25 µl

PCR reactions)1.
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With GPSeq we can infer distances to the nuclear lamina all along the nuclear radius.

Studying the role that the spatial and temporal location of genes may elucidate many

cell processes that happen in the nucleus. Thus, the question remains how the genome

is spatially arranged along individual nucleic radii and how the radial organisation of

the nucleus is changing during differentiation from NES to neurons.
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6 Materials and Methods

6.1 Differentiation of NES to Neurons

The Neuroepithelial stem cells (NES) were derived from induced pluripotent stem cells

(iPSCs) (see section 5.9). The NES were passaged and differentiated into progenitors

as well as Neurons (see figure 6), according to an existing protocol (see appendix B).

The cells used in this thesis are AF-22 cells, a cell line from Falk et al.116. These are

cells from a female donor, where the exact patient is confidential according to patient-

doctor confidentiality.

Figure 6: Illustration of the differentiation of Neuroepithelial stem cells (NES) to Neurons with Pro-
genitors as the intermediate.

Experiments were done on 22 x 22 mm glass coverslips. For successful attachment of

the cells to the coverslips and culture flasks, a coating with poly-L-ornithine (Sigma, cat

no. P4957) for 60 minutes is needed. Subsequently a second coating with either 500x

dilution of laminin (Sigma, cat no. L2020) or poly-L-lysine (Merck, cat no. P8920)

was performed for 4 h at 37 °C or overnight at 4 °C. For the first experiments, poly-L-

ornithine was used as the second coating. Later poly-L-lysine was used for the second

coating. The poly-L-lysine step was introduced to make cell-attachment faster and

passive, so that the cells could be fixed in PFA shortly after attaching. This ensures

that the nuclear structure is preserved as much as possible.

Cells were cultured in NES medium, which contains DMEM/F12+Glutamax (Ther-

mofisher, cat no. 31331-093), Penicillin/Streptamycin (Thermofisher, cat no. 15140-

122), N2 supplement, (Thermofisher, cat no. 17502-001), B27 supplement (Ther-

mofisher, cat no. 17504-044), bFGF (10 ng/ml, Life Technologies, cat no. CTP0261),

EGF recombinant human protein (10 ng/ml, Thermo Scientific, cat no. PHG0311).

Passaging of cells was done using TrypLE Express Enzyme (Thermofisher, cat no.

12605-036). Washes were performed using DMEM/F12 supplemented with 20 % BSA
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(Sigma, cat no. A9418).

For the coating during passaging and differentiation, poly-L-ornithine and laminin2020

(Merck, cat no. L2020) were used. For the differentiation of NES to NPCs and neurons,

cells were plated in NES-medium without EGF and bFGF but with ten times higher

concentration of B27 supplement (1:100). After 14 days, laminin2020 was added to the

medium (1:1000).

Neural progenitor cells were harvested after 6 days of incubation at 37 °C with differ-

entiation medium. Neurons were harvested after a total of 5 weeks of incubation with

differentiation medium.

To monitor the progress of differentiation, pictures were taken with a brightfield mi-

croscope (see figure 7).

Figure 7: Brightfield microscope images of (A) NES, (B) NPCs and (C) Neurons; scale bar 100 µm

For fixation, cells were washed in 1xPBS containing Ca2+ and Mg2+ pre-warmed to

37 °C. Then, the coverslips were incubated for 10 min with 4 % paraformaldehyde

(EMS, cat. no. 15710)/1X PBS (Thermo Fisher Scientific, cat. no. AM9625), where

paraformaldehyde (PFA) acts as a cross-linking agent. This was followed by quenching

of unreacted PFA in 1XPBS/125 mM glycine for 5 min at RT. After aspiration of

the fixative solution, cells were washed three times, 5 min each with 0.05 % Triton

X-100/1xPBS at RT and subsequently permeabilized in 0.5 % Triton X-100/1X PBS

for 20 min at RT. Following overnight incubation in 1X PBS/0.5% Triton X-100 at RT,

the cells were subjected to four cycles of freeze-and-thaw in liquid nitrogen (30 sec of

immersion) for further permeabilization. Then, the cells were washed three times, 1

min each in 1X PBS/0.05 % Triton X-100 at RT. Afterwards, the cells were incubated

in 0.1 N HCl for 5 min at RT and quickly rinsed twice in 1X PBS/0.05% Triton X-100

at RT. Finally, cells were rinsed in 2X SSC buffer (Thermo Fisher Scientific, cat. no.
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AM9763).

In terms of the time between spotting of the cells and fixation, it was observed that a

shorter time (i.e. 10-15 min) is ideal. This gives the cells enough time to attach but

not enough time to migrate into rosettes, which is observed in NES cells.

6.2 Evaluation of the variation in Hoechst-signal

As already described in section 5.12, a GPSeq experiment consists of a YFISH experi-

ment followed by preparation of the samples for sequencing. For YFISH, the digestion

of the nuclei with the enzyme is monitored using wide-field epifluorescence microscopy.

One experiment consists of a series of conditions corresponding to different digestion

times. For these YFISH experiments, several coverslips are used which are all treated

in exactly the same way, except for the length of digestion. To visualize nuclei in the

microscope, all nuclei are stained using 0.1 ng/µl Hoechst. Due to all coverslips being

treated in the same way, we would therefore expect the signal of the Hoechst-stain to

be of the same median intensity in all imaged coverslips. This however is not the case:

When imaging 10-15 fields of view, a variation in the median signal between the different

samples in the channel for the Hoechst-stain was observed. This variation seems com-

pletely random and not dependent on the digestion time of the specific sample, as no

trend was visible. Since images are processed with a custom pipeline after each YFISH

experiment, this variation can be problematic. The reason for this is that the script to

process the images (as described in section 6.3.4) relies on the signal of the Hoechst-

stain for automatic segmentation of the nuclei. Thus, the variation in signal intensity in

the channel where the Hoechst-stain is imaged, should be kept to an absolute minimum.

For the above mentioned reasons, an experiment to test at which number of fields of view

the variation in signal intensity of the Hoechst-stain would not be observed anymore,

was designed. For this, three samples of fixed NES cells were stained with 0.5 ng/ml

Hoechst for 30 min. For these samples, the aim was to image 100 fields of view each

and then repeat the imaging process to also see if there was variation between the same

sample upon re-imaging. The original plan was to use random multipoint scanning

to have 100 unbiased fields of view per sample. However, since the cells were not

completely evenly spread, this experimental setup did not yield satisfying results (i.e.

many empty fields of view). Therefore 100 fields of view per sample (with one repeat

each, i.e. in total 600 fields of view) were picked by hand, where the 100 fields of view

were split into 5 portions of 20 fields of view each. The set-up of the experiment can be

seen in table 1. The settings of the imaging run can be seen in table 2. These settings

are camera specific. The camera used was the Andor iXon Ultra 888 EMCCD camera.
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Table 1: Set up of Experiment to evaluate variation of signal in dapi channel

Run number Sample

1 First repeat, Sample 1, Fields of view 1-20
2 First repeat, Sample 1, Fields of view 21-40
3 First repeat, Sample 1, Fields of view 41-60
4 First repeat, Sample 1, Fields of view 61-80
5 First repeat, Sample 1, Fields of view 81-100
6 First repeat, Sample 2, Fields of view 1-20
7 First repeat, Sample 2, Fields of view 21-40
8 First repeat, Sample 2, Fields of view 41-60
9 First repeat, Sample 2, Fields of view 61-80
10 First repeat, Sample 2, Fields of view 81-100
11 First repeat, Sample 3, Fields of view 1-20
12 First repeat, Sample 3, Fields of view 21-40
13 First repeat, Sample 3, Fields of view 41-60
14 First repeat, Sample 3, Fields of view 61-80
15 First repeat, Sample 3, Fields of view 81-100
16 Second repeat, Sample 1, Fields of view 101-120
17 Second repeat, Sample 1, Fields of view 121-140
18 Second repeat, Sample 1, Fields of view 141-160
19 Second repeat, Sample 1, Fields of view 161-180
20 Second repeat, Sample 1, Fields of view 181-200
21 Second repeat, Sample 2, Fields of view 101-120
22 Second repeat, Sample 2, Fields of view 121-140
23 Second repeat, Sample 2, Fields of view 141-160
24 Second repeat, Sample 2, Fields of view 161-180
25 Second repeat, Sample 2, Fields of view 181-200
26 Second repeat, Sample 3, Fields of view 101-120
27 Second repeat, Sample 3, Fields of view 121-140
28 Second repeat, Sample 3, Fields of view 141-160
29 Second repeat, Sample 3, Fields of view 161-180
30 Second repeat, Sample 3, Fields of view 181-200

The images were converted to an uncompressed TIFF format and deconvolved using

Huygens Professional v17.04 Software (Scientific Volume Imaging) and afterwards, the

images were processed using the gpseq_anim script that is also used for the usual

GPSeq-Experiments (see section 6.3.1). A comparison of signal with 20, 40, 60, 80 and

100 fields of view was evaluated (for results see section 7.1).
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Table 2: Microscopy settings used to evaluate variation of signal in dapi channel. The camera used
was the Andor iXon Ultra 888 EMCCD camera

Power of the 390 nm LED 4 %
Readout mode EM Gain 10 MHz 16 bit

EM Gain Multiplier 4
Exposure 100 ms

Conversion Gain Gain 1

6.3 Genomic loci Positioning by Sequencing

Genomic loci Positioning by Sequencing (GPSeq) is a method that allows genome-wide

measurements of the distance of genomic loci to the nuclear lamina. It is a technique

that uses a method called YFISH to generate growing rings of digestion to identify op-

timal experimental parameters before sequencing the samples. YFISH and subsequent

imaging is used as a validation step to ensure that restriction was successful and that

growing rings of digestion were generated. Through sequencing, the restricted region’s

sequence is obtained. By calculating the so-called GPSeq score, we get a radiality es-

timate. This way, reproducible maps of radial genome organization in human cells, at

various resolutions, can be obtained (detailed description of theory behind method in

section 5.12).

6.3.1 YFISH

The experiments were done according to the method by Girelli et al.1. A detailed

step-by-step YFISH protocol is available in appendix A. Briefly, in situ restriction was

performed using either 10 µl of HindIII-HF (NEB, cat. no. R3104S) or 4 µl of DpnII

(NEB, cat. no. R0543M) in 400 µl at 37 °C for different durations, ranging from 5 min

up to 2 h in the case of HindIII-HF, and 10 s up to 30 min in the case of DpnII. For

long time points (i.e. 5 min - 2h) samples were incubated in a large incubator, while

short timepoints (i.e. 10 sec - 2 min) were incubated on a thermoblock and the exact

times measured with a stop watch. The reaction was stopped by placing the samples

in ice-cold 1X PBS/50 mM EDTA/0.01% Triton X-100, and washing them multiple

times on ice. Afterwards, the samples were dephosphorylated by incubating them in

400 µl of 1X calf intestinal alkaline phosphatase (CIAP) buffer containing 6 µl of CIAP

(Promega, cat. no. M1821) for 2 h at 37 °C. Next, GPSeq adapters were ligated at a

final concentration of 0.2 µM in 300 µl of 1X T4 DNA ligase buffer containing 36 µl

of T4 DNA ligase (Thermo Fisher Scientific, cat. no. EL0014), by incubating the
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samples at 16 °C for 18 h. The next day, unligated adapters were washed away by

incubating the samples in 10 mM Tris-HCl/1M NaCl /0.5% Triton X-100 pH 8, at

37 °C five times, each for 1 h, while shaking. To prepare the hybridization mix, the

labeled oligonucleotides were diluted to 200 nM in a hybridization buffer containing 2X

SSC/25% formamide/10% dextran sulfate/1 mg/ml E. coli tRNA/0.02% bovine serum

albumin (BSA). Coverslips were placed onto a piece of parafilm, with cells facing a

300µl droplet of hybridization mix, and the samples incubated in a humidity chamber

for 18 h at 30 °C. The following day, the samples were washed twice in washing buffer

containing 2X SSC/25% formamide for 30 min at 30 °C. Finally, the samples were

incubated in 2X SSC/25% formamide/0.1 ng/µl Hoechst 33342 (Thermo Fisher Scien-

tific, cat. no. H3570) for 30 min at 30 °C. All samples were imaged using wide-field

epifluorescence microscopy (see section 6.3.3).

The quantification of the YFISH signal was done by examining various features of the

distribution of signal intensity calculated along the nuclear radius: i) the peak, which

corresponds to the region with the highest intensity in the expanding fluorescent band;

ii) the inflection point, which corresponds to the front edge of the fluorescent band; and

iii) the ratio (contrast) between the intensity of peak and inflection point.

6.3.2 Preparation of YFISH and GPSeq adapters

The list of oligonucleotides (oligos) used to prepare GPSeq and YFISH adapters is

available in appendix C. Individual oligos were purchased from Integrated DNA Tech-

nologies as desalted oligos at 100 mM concentration in nuclease-free water. 10 µl of

each forward oligo was diluted in 90 µl final volume of a mix containing 10 µl of 10X

Polynucleotide Kinase (PNK) buffer and 2 µl of T4 PNK (NEB, cat. no. M0201).

Samples were incubated for 1 h at 37 °C, after which 10 µl of the corresponding anti-

sense oligonucleotides was added. This was then incubated for 5 min at 95 °C, followed

by gradual cooling down to 25 °C over a period of 45 min (-1.55 °C/min) in a PCR

thermocycler.

6.3.3 Wide-field epifluorescence microscopy

The microscopy system used to acquire the images includes the Ultra-888 Andor cam-

era. The key specifications can be found in table 3.

Wide-field microscopy was used to image all the YFISH samples. Briefly, samples

were rinsed twice in 2X SSC, equilibrated in RNA equilibration buffer (10 mM Tr-

isHCl ph 7.5/2x SSC/0.4% glucose), and mounted in Anti-bleach buffer (200 mM

trolox, 3.7 mg/ml glucose oxidas/catalase/RNA Equilibration buffer) before imaging.
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Table 3: Key Specifications Ultra-888 Andor Camera

Active Pixels 1024 x 1024
Pixel size 13 x 13 µm

The samples were imaged using a 100X 1.45 NA objective mounted on a custom-

built Eclipse Ti-E inverted microscope system (Nikon) controlled by the NIS Elements

software (Nikon) and equipped with an iXON Ultra 888 ECCD camera (Andor Tech-

nology). For YFISH, multiple image stacks per sample were aquired, each consisting

of 71 focal planes spaced 0.3 µm apart. TetraSpeck Microspheres (0.1 µm, fluorescent

blue/green/orange and dark red, Thermo Fisher Scientific, cat. no. T7279) were im-

aged after each imaging session. These were used to correct for chromatic abberations

and shifts between channels using DOTTER (a MATLAB® script).

6.3.4 Image processing

Raw images were converted from ND2 format to an uncompressed TIFF format us-

ing the nd2_to_tiff script, from the pygpseq Python3 package available on GitHub:

https://github.com/ggirelli/pygpseq/. All channels were deconvolved using the Huy-

gens Professional v17.04 Software (Scientific Volume Imaging), with the following pa-

rameters: CMLE alogrithm, null background, and signal-to-noise ratio (SNR) of 7, 50

iterations. After this, a report of the experiment was created using another custom-built

pipeline available on GitHub: https://github.com/ggirelli/pygpseq with the command

gpseq_anim -d dapi -s cy5 -m ’destination of masks’ –compress -n -r – ’input’ ’out-

put’. Here the nuclei are automatically segmented in 3D using the signal coming from

Hoechst 33342 staining. For each identified cell, the volume, shape, surface, flattened

size (in Z-projection), sum of intensity and average intensity are estimated. Then, only

G1 nuclei are selected based on the DNA staining. GPSeq profiles are then built by

calculating the mean, median and mode of single-voxel intensity values (signal coming

from cut-sites) falling in each bin of a binned normalized distance from the nuclear

lamina to the center of the nucleus.

6.3.5 Sample preparation for Sequencing

The experiments were done according to the method by Girelli et al.1. A detailed step-

by-step GPSeq protocol is available in the A. Briefly, DNA was digested and ligated the

GPSeq adapters using the same procedure described above for YFISH. After overnight
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ligation at 16 °C, unligated adapters were washed away by incubating the samples five

times, each for 1 h, in 10 mM Tris-HCl/1 M NaCl/0.5% Triton X-100 pH 8, at 37 °C,

while shaking. The cells were then scraped off the coverslips and digested in 110 µl

of 10 mM Tris-HCl/100 mM NaCl/50 mM EDTA/1% SDS pH 8, at 25 °C containing

10 µl of Proteinase K (NEB, cat. no. P8107S), for 18 h at 56 °C. The next day, the

enzyme was inactivated by increasing the temperature to 96 °C for 10 min. Genomic

DNA (gDNA) was purified using phenol-chloroform extraction, and gDNA was pre-

cipitated using glycogen (Sigma, cat. no. 10901393001) and sodium acetate, pH 5.5

(Life Technologies, cat. no. AM9740) in ice-cold ethanol (VWR, cat. no. 20816.367)

at -80 °C for 18 h. The DNA pellets were resuspended in 100 µl of TE buffer, and

sonicated them in a Bioruptor® Plus machine with the following settings: 30 sec ON,

90 sec OFF, high mode, 16 cycles. Afterwards, gDNA was concentrated down to a

final volume of 8 µl in nuclease-free water, using AMPure XP (Beckman Coulter, cat.

no. A63881). In vitro transcription was performed on each sample separately, with the

MEGAscript® T7 Transcription kit (Thermo Fisher Scientific, cat. no. AM1334-5),

using the same amount of gDNA (between 50 and 300ng, see Table for each sample in a

final volume of 20 µl, and the samples were incubated for 14 h at 37 °C. After IVT, 1 µl

of DNAse I (Thermo Fisher Scientific, cat. no. AM2222) was added to the sample, and

incubated for 15 min at 37 °C. Then the RNA was purified with Agencourt RNAClean

XP beads (Beckman Coulter, cat. no. A63987).

To confirm, whether purification was successful and to measure the concentrations of

DNA or RNA in the samples, the samples were analyzed using the Bioanalyzer 2100

(Agilent, cat. no. G2943CA) and measurements of DNA and RNA concentrations were

performed using Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, cat. no. Q32866)

in combination with the Qubit® dsDNA HS Assay (Thermo Fisher Scientific, cat. no.

Q32851).

Lastly, sequencing libraries were prepared using the TruSeq Small RNA Library Prepa-

ration kit (Illumina, cat. no. RS-200-0012), following the manufacturer’s instructions

with some modifications, as described in the step-by-step protocol. All libraries were se-

quenced on the NextSeq 500 system (Illumina) using the NextSeq 500/550 High Output

v2 kit (75 cycles) (Illumina, cat. no. 20024906).

6.3.6 Variation of experimental parameters

As already described in section 6.1, cells were seeded on glass coverslips. The protocol

for seeding on glass coverslips had been optimized for 18x18 mm coverslips previously.

However due to the amount of cells needed for sequencing, the size of coverslips was
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changed to 22x22 mm. This meant that more cells were on one coverslip and that the

amount of coverslips per condition could be kept to a minimum.

Following this change, the seeding density had to be adjusted. At first, 450 000 cells

per coverslip were seeded. As this was a very large amount of cells, and they were

also not completely homogeneously spread, this lead to them sometimes overlapping

or clumping, which then meant that the enzyme could not properly penetrate all cells

equally. A seeding density of 300 000 cells seemed to work well. The application of the

cell suspension to the coverslips was also varied between spotting them and covering

the whole well of a 6-well-plate with cell suspension. The cells could spread more ho-

mogeneously when applying the cell suspension to the whole well, but this meant that

very large amounts of cells were needed. For neurons this was not an option, as it was

difficult to maintain a neuron culture for a large amount of cells as a lot of flasks were

needed for this. Neurons have to differentiate for 5 weeks in large flasks and a part

does not survive until the end. Therefore all neurons samples were always spotted. For

the other samples (NES and NPC) cells were then also spotted to keep conditions the

same and to reduce the amount of cells needed.

As described earlier, two coatings were required for the coverslips. For the first experi-

ments, poly-L-ornithine was used as the second coating. Later the coating was changed

to poly-L-lysine, as faster and passive cell-attachment was achieved in this way. This

enabled fixation in PFA shortly after attachment and the nuclear structure was pre-

served as much as possible.

The amount of coverslips used for sequencing for each condition was dependent on the

amount of cells present on a coverslip. Usually one coverslip per condition was suffi-

cient. In one experiment, where neurons were used, the amount of cells per coverslip

was very low. Therefore two coverslips were used for each condition here, to assure that

the amount of DNA was sufficient for further processing.

Preparation of the samples (see section 6.1) before digestion involved incubation in

FPS (50% FA/50 mM phosphate buffer/2X SSC) as well as a liquid nitrogen proce-

dure. The time of incubation in FPS was varied between 40 h and 20 h. As this did

not seem to yield different results, an incubation time of 20 h was chosen to shorten

the time needed to go through the protocol. The liquid nitrogen procedure was also

omitted once, however the results achieved with the liquid nitrogen procedure seemed

more promising, so this step was kept. This however also resulted in one extra day

required for incubation in 20 % glycerol/1xPBS.

During fixation the PBS concentration was varied between 1x and 0.4x. A lower con-

centration during the fixation step yields rounder cells which is beneficial for the image
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analysis as the model assumes that nuclei are a perfect sphere. For Neurons however,

the fixation had to be done in 1x PBS as these cells are more fragile. Therefore a

fixation in 1x PBS was chosen for all experiments.

In the beginning (for the first 11 experiments) HindIII-HF was used for digestion. Dur-

ing one experiment, the concentration of HindIII-HF was changed from 0.5 U/µl to

0.75 Uµl at long time points (i.e. 1h and 2h). This was done to account for the increase

in restriction sites when digesting for a longer time. This however did not seem to

change the outcome of the experiment, so a concentration of 0.5 U/µl was kept for the

remaining experiments.

As discussed in section 5.12, HindIII cuts less frequent than DpnII and therefore gen-

erally achieves lower resolution during sequencing. Therefore DpnII was used later as

the digestion enzyme of choice as it seemed to produce a sharper rim as visible in the

YFISH experiment.

6.3.7 Processing of GPSeq sequencing data GPSeq score calculation

This part was done by Gabriele Girelli, who is working as a Bioinformatician in the

group of Magda Bienko and Nicola Crosetto, which is the same group where all exper-

iments mentioned in this thesis were performed. For clarity the data processing and

GPSeq score calculation is described here briefly.

Raw sequencing data was demultiplexed based on the RA5 indexes, either using the

BaseSpace Sequence Hub cloud service of Illumina, or manually with bcl2fastq (v2.18).

Sequencing data was pre-processed using a custom pipeline (gpseq-seq-gg) featuring:

quality control, read filtering based on the expected adapter sequence, adapter trim-

ming, mapping, filtering of the mapping output, filtering of reads mapped away from

restriction sites, and UMI-based read de-duplication. Restriction sites (AAGCTT

with HindIII; GATC with DpnII) associated with an abnormally high number of de-

duplicated UMIs for a given digestion time (i.e., condition) were discarded, by identi-

fying outliers with a chi-square method and a significance of 0.01 (using the outliers R

package).

The first filtering step selects reads containing the full prefix. Then, the reads were

trimmed to remove the prefix (including the restriction site), and the remaining part

aligned against the human reference genome (Grch37/hg19 GCA_000001405.1) using

bwa-mem. Primary alignments with a mapping quality equal or higher than 30 were

retained, while unmapped reads, chimeric reads and reads mapped to chrY that is not

present in the cells used, were discarded. Only the reads whose 5’ end is less than 20 bp
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away from the position of a HindIII or DpnII (depending on which enzyme was used)

recognition site (RS) in the reference human genome were retained. The reason why

not strictly all the reads are required to align exactly to the position of RS is that the

T7 polymerase and reverse transcriptase used during the GPSeq library preparation are

prone to occasionally skip some bases, leading to the resulting reads aligining slightly

downstream of the RS. Afterwards, the UMI sequence of each aligned read was recov-

ered, and the reads were filtered based on quality of the UMI sequence. Afterwards,

UMI sequences mapped to the same recognition site were deduplicated and a BED file

was generated containing the genomic coordinate and number of de-duplicated UMIs

associated to each restriction site.

The genome was binned using either 1 Mb overlapping windows sliding in steps of

100 kb (1 Mb resolution) or non-overlapping 100 kb windows (100 kb resolution). For

each condition, all the restriction sites that had been cut were considered, to calculate a

digestion probability, based on which the GPSeq score was calculated. A BED-like file

containing the GPSeq score per window was generated and masked based on a manually

curated mask of repetitive and low complexity regions. To be able to compare different

experiments, the calculated GPSeq score was rescaled. To average the GPSeq score

across different experiments, first the score of each window across the experiments was

averaged, and then the log2 of these averages was calculated and again rescaled.

6.3.8 Summary of experimental data

Tables 4 and 5 contain a summary of the seven experiments which yielded material that

was of a quality suitable for sequencing. Table 4 shows a summary of the experimental

data (cell type, enzyme used, condition, IVT input, number of PCR cycles). Table

5 shows the demultiplex index, the Illumina primer, as well as the prefix used in the

experiment. The Illumina primer sequences can be found in appendix D. A total of 19

experiments were carried out where experimental conditions varied according to section

6.3.6.

All samples were generated using asynchronized cell populations. The loaded amount

was the same for all libraries: 6 nmol. Sequencing was always done on the Illumina

NextSeq 500 platform.

In table 5 in the prefix column the following numbers can be seen: [1,0,0]. The first

position (here always a 1) represents the mismatches. 1 means that 1 mismatch is

allowed when pre-processing the data, as there is a Hamming distance of 2 between

two barcodes. The second number (here 0) represents insertions and the last number
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Table 4: Summary of experimental data part 1 showing: cell type, enzyme used, condition, IVT input
and number of PCR cycles

Library ID Cell type Enzyme used Condition IVT input (ng) # PCR cycles

MS1 NES HindIII 5 min 166 10
MS2 NES HindIII 10 min 166 10
MS3 NES HindIII 15 min 166 10
MS4 NES HindIII 30 min 166 10
MS5 NES HindIII 1 h 166 10
MS6 NES HindIII 2 h 166 10

MS7 Neurons DpnII 10 sec 31 10
MS8 Neurons DpnII 20 sec 31 10
MS9 Neurons DpnII 30 sec 31 10
MS10 Neurons DpnII 45 sec 31 10
MS11 Neurons DpnII 2 min 31 10
MS12 Neurons DpnII 5 min 31 10

MS13 NES DpnII 10 sec 253.8 9
MS14 NES DpnII 30 sec 253.8 9
MS15 NES DpnII 2 min 253.8 9
MS16 NES DpnII 5 min 253.8 9
MS17 NES DpnII 30 min 253.8 9

MS18 NES DpnII 10 sec 250 9
MS19 NES DpnII 30 sec 250 9
MS20 NES DpnII 2 min 250 9
MS21 NES DpnII 5 min 250 9
MS23 NES DpnII 20 min 250 9

MS25 NPC DpnII 10 sec 175 9
MS26 NPC DpnII 30 sec 175 9
MS27 NPC DpnII 2 min 175 9
MS28 NPC DpnII 5 min 175 9
MS29 NPC DpnII 10 min 175 9
MS30 NPC DpnII 30 min 175 9

MS32 NPC DpnII 10 sec 175 9
MS33 NPC DpnII 30 sec 175 9
MS34 NPC DpnII 2 min 175 9
MS35 NPC DpnII 5 min 175 9
MS36 NPC DpnII 10 min 175 9
MS37 NPC DpnII 30 min 175 9

MS38 Neurons DpnII 10 sec 26.8 10
MS39 Neurons DpnII 20 sec 26.8 10
MS40 Neurons DpnII 30 sec 26.8 10
MS41 Neurons DpnII 45 sec 26.8 10
MS42 Neurons DpnII 2 min 26.8 10
MS43 Neurons DpnII 5 min 26.8 10
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Table 5: Summary of experimental data part 2 showing: demultiplex index, prefix and Illumina primer
used

Library ID Demultiplex Index Prefix PCR Primer

MS1 CCGTCC 8...8 CGTGTGAG AAGCTT 1...1000 RPI16
MS2 GTAGAG 8...8 GACACGAG AAGCTT 1...1000 RPI17
MS3 GTCCGC 8...8 AGCCATCA AAGCTT 1...1000 RPI18
MS4 GTGAAA 8...8 TCCGACGA AAGCTT 1...1000 RPI19
MS5 GTGGCC 8...8 ATGTGCGC AAGCTT 1...1000 RPI20
MS6 GTTTCG 8...8 ATGTGGAG AAGCTT 1...1000 RPI21

MS7 CCGTCC 8...8 CATCACGC [1,0,0]] GATC 1...1000 RPI16
MS8 GTAGAG 8...8 GTCGTCGC [1,0,0] GATC 1...1000 RPI17
MS9 GTCCGC 8...8 ACGACCGC [1,0,0] GATC 1...1000 RPI18
MS10 GTGAAA 8...8 TGATGCGC [1,0,0] GATC 1...1000 RPI19
MS11 GTGGCC 8...8 CATCAATC [1,0,0] GATC 1...1000 RPI20
MS12 GTTTCG 8...8 GTCGTATC [1,0,0] GATC 1...1000 RPI21

MS13 GTAGAG 8...8 CATCACGC [1,0,0] GATC 1...1000 RPI17
MS14 GTCCGC 8...8 GTCGTCGC [1,0,0] GATC 1...1000 RPI18
MS15 GTGGCC 8...8 ACGACCGC [1,0,0] GATC 1...1000 RPI20
MS16 GTTTCG 8...8 TGATGCGC [1,0,0] GATC 1...1000 RPI21
MS17 CGTACG 8...8 CATCAATC [1,0,0] GATC 1...1000 RPI22

MS18 CCGTCC 8...8 CATCACGC [1,0,0] GATC 1...1000 RPI16
MS19 GTAGAG 8...8 GTCGTCGC [1,0,0] GATC 1...1000 RPI17
MS20 GTCCGC 8...8 ACGACCGC [1,0,0] GATC 1...1000 RPI18
MS21 GTGGCC 8...8 TGATGCGC [1,0,0] GATC 1...1000 RPI20
MS23 CGTACG 8...8 CATCAATC [1,0,0] GATC 1...1000 RPI22

MS25 CCGTCC 8...8 CATCACGC [1,0,0] GATC [1,0,0] 1...1000 RPI16
MS26 GTAGAG 8...8 GTCGTCGC[1,0,0] GATC[1,0,0] 1...1000 RPI17
MS27 GTCCGC 8...8 ACGACCGC[1,0,0] GATC[1,0,0] 1...1000 RPI18
MS28 GTGGCC 8...8 TGATGCGC[1,0,0] GATC[1,0,0] 1...1000 RPI20
MS29 GTTTCG 8...8 GTCGTATC[1,0,0] GATC[1,0,0] 1...1000 RPI21
MS30 CGTACG 8...8 CATCAATC[1,0,0] GATC[1,0,0] 1...1000 RPI22

MS32 GTAGAG 8...8 CATCACGC [1,0,0] GATC [1,0,0] 1...1000 RPI17
MS33 GTCCGC 8...8 GTCGTCGC[1,0,0] GATC[1,0,0] 1...1000 RPI18
MS34 GTGGCC 8...8 ACGACCGC[1,0,0] GATC[1,0,0] 1...1000 RPI20
MS35 GTTTCG 8...8 TGATGCGC[1,0,0] GATC[1,0,0] 1...1000 RPI21
MS36 CGTACG 8...8 GTCGTATC[1,0,0] GATC[1,0,0] 1...1000 RPI22
MS37 GAGTGG 8...8 CATCAATC[1,0,0] GATC[1,0,0] 1...1000 RPI23

MS38 CCGTCC not sequenced yet RPI16
MS39 GTGAAA not sequenced yet RPI19
MS40 GTGGCC not sequenced yet RPI20
MS41 GTTTCG not sequenced yet RPI21
MS42 CGTACG not sequenced yet RPI22
MS43 GAGTGG not sequenced yet RPI23
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(here 0) represents the deletions. This means that no insertions or deletions were

observed.
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7 Results and Discussion

In this section the results of the successful experiments are discussed. Representative

images are shown, as most of the time experimental results were comparable. Also, the

images and plots of failed experiments (i.e. the first few experiments that were carried

out) are not shown here. Experiments that were carried out during the course of the

thesis on other cell types than discussed previously were also omitted in the discussion.

The results of the experiment on the variation in the dapi-signal channel will be dis-

cussed as well as YFISH and sequencing results from experiments as visible in table

4 and 5. Moreover, first correlation plots as well as results of principal component

analysis are shown. Finally, our findings on genomic regions which differ in their radial

placement between NES, NPC and neurons are discussed. However, since only one

of the two replicates of the neurons has been sequenced to date, the analysis of the

differential radial organization of the different cell types is preliminary.

7.1 Evaluation of variation in Hoechst-Signal

As described in section 6.2, 100 fields of view per sample were imaged and then the

procedure repeated. One experiment, where random acquisition was used to select

fields of view automatically (to avoid bias) did not work at all, as the cells were not

completely evenly spread and the experiment yielded many fields of view with a very

low number of cells, clumps of cells or no cells at all. Therefore the fields of view were

picked by hand. When trying to image more than 20 fields of view (e.g. 40 or more)

a drift of the coverslip was observed during the imaging process. This caused cells to

be out of focus or not in the imaging plane anymore. Therefore the 100 fields of view

had to be imaged in portions of 20 fields of view each (i.e. 5 times 20 fields of view as

visible in table 1), which worked very well.

In figure 8 A-E, the comparison between imaging 20, 40, 60, 80 and 100 fields of view

can be seen. The figure shows boxplots where the DNA per pixel between different

experimental runs is compared. Sample 1.1 and 1.2 correspond to the two repetitions

of sample 1, sample 2.1 and 2.2 correspond to the repetitions of sample 2 and sam-

ples 3.1 and 3.2 correspond to the repetitions of sample 3. It is visible that there is

significant variation in the amount of DNA per pixel, when a low number of fields of

view are imaged (i.e. 20 fields of view). At low numbers of nuclei imaged (400-800 in

total), the signal between the two repeats of the same sample varies greatly. This is

visible in the different value for the median (the horizontal line in each boxplot) of the

different conditions. In figure 8B and C, it is visible that the signal intensities start
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to be more comparable. At 80 fields of view (figure 8D), which corresponds to a mean

of 1480 nuclei analyzed, the signal median of each sample are almost equal. Imaging

an average of 1700 nuclei as visible in figure 8E, there still is an improvement visible

although not such a significant one as when the changes between the previous plots are

compared. Interestingly, the difference in median in sample 3 increased from 80 fields

of view imaged (figure 8D) to 100 fields of view imaged (figure 8E).

Figure 8: Boxplots showing the variation in Hoechst-Signal as DNA per pixel (a.u. refers to "arbitrary
units"). (A) 20 fields of view; (B) 40 fields of view; (C) 60 fields of view; (D) 80 fields of view; (E) 100
fields of view. The number of nuclei imaged can be seen in the number above each boxplot. Sample
1.1 = sample 1, repeat 1; Sample 1.2 = sample 1, repeat 2; Sample 2.1 = sample 2, repeat 1 etc.

What is also interesting is, that all three samples were treated the same but never-
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theless show a difference in median DNA per pixel between these samples. Conditions

1/2, 3/4 and 5/6 represent three different coverslips however all have NES from the

same passage and day, were treated in the same way at the same time. The cells on the

different coverslips were cultivated in the same way and fixed at the same time (in the

same 6-well plate). Therefore it is surprising, that, when imaging 100 fields of view,

the median of the signal is not the same for all samples, which would be expected from

treating all samples the same way. The signal in sample 3 is even almost twice as high

as in sample 1.

From this experiment it is clear that a high number of cells (i.e. at least 1500) should

be imaged when doing a GPSeq experiment. Since the signal of the Hoechst-stain influ-

ences the calculations performed by the script described in section 6.3.4, the variation

in the signal coming from this channel should be kept to a minimum.

Having said this, one has to keep in mind that it is sometimes simply not possible to

image such a high number of nuclei that is determined here in this experiment. In

many experiments that were carried out with neurons, there would not even have been

this many nuclei on each coverslip. Moreover, it takes a lot of time to image this many

nuclei and even when imaging a lot of cells, it is clear from this experiment, that a

variation between samples remains, although the reason for this is not clear.

In summary, one should always image as many fields of view as possible. Ideally at

least 1500 cells should be imaged per coverslip as imaging a too low number of cells

may lead to errors or misinformation when comparing different samples. The strange

issue why the coverslips show different median intensities has not been resolved.

It is important to keep these results in mind when performing GPSeq experiments and

when evaluating the data resulting from these.

7.2 GPSeq

This section discusses the outcome of the GPSeq experiments. The use of HindIII vs.

DpnII is discussed as well as the outcome from the YFISH experiment as well as from

sequencing. First results related to correlation between experiments and between cell

types are reported and the correlation between GPSeq score and size as well as GC-

content are also shown. Results from principal component analysis as well as diagrams

evaluating the difference between the examined cell types are shown.
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7.2.1 YFISH reveals gradual digestion with HindIII and DpnII

Generally, the first checkpoint to see if an experiment worked, would be a thickening of

the rim as visible in the fluorescence microscope after going through the YFISH proce-

dure. The rim is sharper when a sample was digested with DpnII than with HindIII,

but should be visible when any of these two enzymes was used. The DNA was stained

with Hoechst, to show the outline of the nucleus. In figure 9 an example of how the

digestion looks with a background of the Hoechst signal (blue) is shown. Here, the

first three timepoints (10 sec, 20 sec, 30 sec) look almost the same, but then a clear

thickening of the rim is visible. The last timepoint (5 min) shows filled in cells. These

timepoints are only examples of digestion times used. As already mentioned earlier, the

digestion time varies between cell types and even more when using different enzymes.

This was a neuron sample, digested with DpnII so restriction happened very fast and

the whole nucleus was digested already at 5 min.

Figure 9: Close-up of a digestion process. In this case it was a neuron sample digested with DpnII.
(A)10 sec; (B) 20 sec; (C) 30 sec; (D) 45 sec; (E) 2 min; (F) 5 min. Scalebars: 10 µm. Scalebars in
insets: 5 µm.

As already described in section 6.3.6, in the beginning experiments were carried out

using HindIII-HF. This ensured better control of digestion as it is a much slower pro-

cess with this enzyme (rim appears at 10 minutes). In figure 10A, the epifluorescence

microscopy images from the samples MS1-6 digested with HindIII-HF (see tables 4 and

5 for experimental conditions) can be seen. The time points used in this experiment

were from top left to bottom right: 5 min, 10 min, 15 min, 30 min, 1 h, 2 h. It is clearly

visible, that the rim thickens as the digestion time increases. In the 5 minute sample

(top left), the signal intensity is very low. No rim is visible yet, however interestingly,

small dots can be seen. These dots are not visible in the dapi channel which means

that these are regions that are specifically digested first. It could be nucleoli or other

regions in the nucleus, that have an exceptionally high or low chromatin density. What

exactly these regions are, is not known, however this could be explored in the future

using for example immunofluorescence staining. In the 10 minute sample (top center),

the rim starts to become visible. Here another interesting observation (also still visible

in other time points) is a tube-like structure going through the center of the nucleus.
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It seems like there is some inversion or channel present, however again, we do not know

what this could be. Like the dots, this is also not visible in the dapi channel. In the

other time points (15 minutes to 2 h) a gradual filling in of the nuclei can be seen. In

the 30 minute cell only the very center shows a lower intensity. In the 1 h and 2 h

samples, the cells are completely filled in. These images show a satisfying result of the

experiment and would encourage a continuation of the experiment (i.e. proceeding to

sequencing).

In figure 10B, the profiles generated by the pipeline described in section 6.3.1 can be

seen. On the left, the signal intensity across the relative distance from the nuclear lam-

ina is plotted. It is clearly visible that the signal intensity scales with higher digestion

times (i.e. the shortest digestion time, 5 minutes, shows the lowest intensity and the

longest digestion time, 2 hours, shows the highest signal intensity. This is expected,

as samples digested for a longer time would have more fluorescent oligonucleotides hy-

bridized to the adapter and therefore yield a stronger signal.

The right plot of figure 10B shows the differentiation of the signal across the relative

distance from the nuclear lamina. The curve of the 2 h sample, which is filled in,

intercepts the x-axis at 0.4. The exact center of the nucleus would be at a relative

distance from the nuclear lamina of 0.5. The reason why the intercept is around 0.4 as

opposed to 0.5 can be explained by the fact that maybe not all cells are digested 100 %

equally. Moreover the script assumes perfectly spherical nuclei, which is of course not

the case and is also clearly visible in figure 10A. This explains the observed difference

here. In figure 10B we also observe that the intercept with the x-axis moves to the left

with shorter digestion times. The 5 min sample unfortunately differs from this pattern.

This however is probably not due to the fact that the rim is thicker here. The problem

here is explained by the fact that a clear rim is not visible yet and that low intensities

cannot be registered properly by the pipeline. Moreover, in the 10 min sample, the

intercept is also not that clear, where again the intensity is very low and cannot be

properly processed by the pipeline.

This figure of HindIII was chosen as a representative image of experiments carried out

with HindIII-HF. A lot of experiments showed similar results, however these images and

profiles correspond to the sequenced samples (as shown in table 4 and 5) and therefore

only these images are shown here.

In figure 11, the gradual digestion of neurons with DpnII is shown. The images as well

as the profiles look similar for the other cell types (i.e. NES and NPC) and experiments

performed, therefore only this figure is shown as a representative image. Figure 11A

shows the epifluorescence microscopy images of different digestion time points (top left
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Figure 10: Figure showing the gradual digestion of NES cells (samples MS1-6) with HindIII. Scalebars:
10 µm. (A) Epifluorescence microscopy images showing different digestion time points (top left to
bottom right: 5 min, 10 min, 15 min, 30 min, 1 h, 2 h). It is visible that the cells are more filled in
the longer the digestion time. In the 1 h and 2 h sample, the cells are completely filled in. (B) Profiles
generated using the custom pipeline (see section 6.3.1). It can be seen that the intensity increases as
digestion time increases (left plot). The intercept with the x-axis moves to the right as the digestion
time increases indicating a filling in of the cell and movement of the peak of the intensity (i.e. the
position of the rim). [ a. u. ] = arbitrary units.

to bottom right: 10 sec, 20 sec, 30 sec, 45 sec, 2 min, 5 min). It is visible that the rim

thickens as digestion time increases. The 10 sec sample (top left) for example shows a

very thin rim. This rim gradually thickens in the 20 sec, 30 sec and 45 sec sample. In

the 2 min sample, the cells are almost filled in where some show lower intensity only

in the very center of the nuclei. The 5 min sample shows completely filled in cells.

Figure 11B shows the profiles associated with the images in figure 11A. Again, like in

the samples treated with HindIII-HF, here the signal intensity increases with increasing

digestion time (figure 11B left). The 5 min sample shows highest signal intensity, while

the 10 seconds sample shows lowest signal intensity and the samples in between scale
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accordingly. When looking at the plot of the differentiated signal (figure 11B right),

the movement of the intercept with the x-axis can again be observed. As expected, the

longest time point (5 min) intercepts at the highest relative distance from the nuclear

lamina. The intercept with the x-axis moves to lower relative distance from the nuclear

lamina as the digestion time decreases. The curve of the shortest time point, 10 sec-

onds, does not intercept, however this is due to the detail available from segmentation

with the pipeline. If signal intensities are very low, the signal cannot be accurately

translated.

Figure 11: Figure showing the gradual digestion of Neurons with DpnII (MS7-12). Scalebars: 10 µm.
(A) Epifluorescence microscopy images showing different digestion time points (top left to bottom
right: 10 sec, 20 sec, 30 sec, 45 sec, 2 min, 5 min). It is visible that the cells are more filled in the
longer the digestion time. In the 2 min sample the rim is very thick and in the 5 min sample the cells
are completely filled in. (B) Profiles generated using the custom pipeline (see section 6.3.1). It can be
seen that the intensity increases as digestion time increases (left plot). The intercept with the x-axis
moves to the right as the digestion time increases indicating a filling in of the cell and movement of
the peak of the intensity (i.e. the position of the rim). [ a. u. ] = arbitrary units.
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When comparing figure 10 and figure 11 we can clearly see that digestion with DpnII

produces a much sharper rim than digestion with HindIII. It also seems that already

at very short digestion times, higher signal intensities can be achieved. The advantage

of slower digestion is, that the choice of timepoints is slightly easier. As we saw, the

5 min sample digested with HindIII did not show a rim yet, so we can be confident,

that in the 10 min sample, the rim had just appeared and only the outside of the cell is

digested. The lowest time point with DpnII, 10 sec, however already shows a clear rim.

This means that is not as easy to say, when exactly the rim starts to appear. It is also

difficult to do an even shorter digestion, as the time it takes to transfer the sample from

the coverslip to the solution that stops the reaction, also takes some time. As already

mentioned, the biggest advantage of using DpnII lies in the fact that it produces higher

resolution libraries and it was also found to be more reliable in terms of how often the

experiment worked when using a specific enzyme.

When looking at the profiles from experiments with different enzymes (figure 10B and

11B), we see that the results are comparable.

The biggest issue that appeared when using any enzyme was the choice of time points.

As already discussed in section 6.3.6 a few parameters were varied to find the perfect

experimental conditions. The problem however was that even when the experimental

conditions already seemed to be at an optimum, the time points had to be varied for

different cell types. After having decided on digestion times of NES with DpnII, the

experiment was performed with neurons. There, a much faster digestion was observed.

While the nuclei of the NES cells were not fully digested after 5 minutes, the nuclei

of the neurons were almost all filled in in the 2 minute sample. Generally it was ob-

served that the digestion of neurons occurs much faster than that of NES and NPCs.

Whether the digestion time of NPCs is in between NES and neurons could not clearly

be determined as they were very similar and to quantify this, more experiments would

have to be performed.

A comparison between selected time points in neurons and NPCs can be seen in figure

12. It is visible, that the nuclei in the 2 min sample of the neurons (top center) are

almost completely filled in, while the same time point in NPCs (bottom center) still

shows a clear rim. When looking at the image of the 5 min time point, a similar

observation can be made, where the neuron sample (top right) is completely filled in

and the NPC sample (bottom right) still shows a lower intensity in the center of the

nucleus, suggesting it is not completely digested yet.

Due to this issue, samples were usually processed for YFISH first so that not too many
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Figure 12: Comparison of neurons and NPCs at selected digestion times (left to right: 30 sec, 2 min,
5 min). The top row shows images of neurons (MS9,11,13), while the bottom row shows images of
NPCs (MS26-28). Scalebars: 10 µm.

coverslips were wasted in the search of correct time points.

Figure 13: Profiles for one an experiment done with NPC (MS25-30). It can be seen that the 30 min
sample is not filled in and shows an intensity drop (arrow). On the left the signal intensity is shown;
on the right the differentiated signal is plotted against the distance from the nuclear lamina. [ a. u. ]
= arbitrary units.

Other issues that were encountered during the course of this thesis, were with nuclei

not filling in. In some microscopy experiments, nuclei with homogeneous signal were

observed in the 30 minute time point, but then not in the 1 hour time point. This

problem was observed in two NES samples but also in one NPC sample when using

DpnII. A speculation is that after long digestion using a fast-digesting enzyme such as

DpnII, there are so many cutsites at the periphery of the nucleus, that the signal from

these "overpower" the signal coming from the center. In figure 13 the profiles from an

experiment done on NPC (MS25-MS30) are shown. Here the 30 min sample was not
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filled in while the 10 min sample was. This was also confirmed by the profiles generated.

On the left in figure 13 the signal intensity is plotted. Here the intensity of the 30 min

sample drops below the intensity of the 10 min sample, while it should actually have

a higher signal throughout. On the right, the differentiated signal is plotted. Here, it

can be seen that the peak of the 30 min sample moves further to the left, indicating

the rim being thinner. The other time points however scale as would be expected (i.e.

the shortest time point has the thinnest rim while the longest time point is filled in).

7.2.2 Sequencing showed satisfying numbers of bins but issues with linkers were

observed

When the images and profiles obtained from the YFISH procedure showed satisfying

results and a thickening rim was observed as well as when the profiles showed the de-

sired trend (see figures 10 and 11) the other half of the samples (i.e. the coverslips with

the sequencing linkers) were processed further according to the method described in

section 6.3.5.

During the processing according to protocol, the samples were analyzed using the Bio-

analyzer 2100 and measurements of DNA and RNA concentrations were performed

using Qbit. This was to confirm, whether purification was successful and to measure

the concentrations of DNA or RNA in the samples. These checks were done before

IVT, after RNA cleanup and after the cleanup of the final libraries. Fragments should

be around 300 - 500 bp as this is the optimal length for the Illumina NextSeq 500

platform.

Figure 14: BioA profiles of the NES samples with HindIII (MS1-6)

The RNA concentration as well as the DNA concentration after the cleanup of the final

libraries should scale according to digestion time. This means that the sample which

was digested longest, should have the highest amount of RNA/DNA as there should

be more fragments from more restriction sites. An example of this can be seen in table

6 where the DNA concentrations of NES samples (MS1-MS6) are listed. We see, that
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the shortest timepoint (5 min) has the lowest DNA concentration with 6.42 ng/µl. The

longest digestion time (2 h) does not have the highest DNA concentration, but the 1

h sample does. The reason why the concentrations of the 1 h sample and 2 h sample

might not scale, is because the cells are already filled in at 1 h so not much difference is

to be expected between these samples. As this serves as a checkpoint, seeing a scaling

like this can show that the sequencing will probably show satisfying results. In figure

14 an example of the output of the BioAnalyzer 2100 can be seen. It shows that the

fragments have the desired length of about 300 - 500 bp. The peaks at 35 bp as well

as at 10380 bp are the markers. BioAnalzer profiles of the other samples (MS7-MS43)

had similar profiles.

Table 6: DNA concentration of neuron samples measured with Qbit after final library cleanup

Sample Concentration
(library names & timepoints) (ng/µl)

MS1 (5 min) 6.42
MS2 (10 min) 7.58
MS3 (15 min) 12.0
MS4 (30 min) 39.0

MS5 (1 h) 67.0
MS6 (2 h) 62.4

Across all experiments, where samples were sequenced, the yield in terms of sequencing

output, and therefore library sizes, was satisfying. The total number of reads obtained

from the sequencing runs is summarized in table 7. The samples MS38-43 are not

sequenced yet.

Table 7: Number of reads from sequencing runs

Sequencing run Number of reads
(library names) (in million)

1(MS1-6) 377
2 (MS7-12) 485
3 (MS13-17) 443
4 (MS18-23) 433
5 (MS25-30) 419
6 (MS32-37) 420

In figure 15 the number of reads after each filtering step of the experiments performed on
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Figure 15: Profiles showing the number of reads after each filtering step (reads with prefix, mapped
reads, reads around cut site (cs), reads after de-duplication) of the experiments performed on NES
cells. (A) shows the experiment done with HindIII; (B) shows the first experiment done with DpnII;
(C) shows the second experiment done with DpnII. Dark red always shows the longest digestion time
then shorter digestion times are shown with light red, brown, yellow, dark green and light green (in
this order).

NES cells is visualized. Dark red always shows the longest digestion time then shorter

digestion times are shown with light red, brown, yellow, dark green and light green

(in this order). Note that the specific digestion times vary between the experiments.

As already discussed previously, digestion with HindIII is slower and therefore requires

longer digestion times (figure 15A). In figure 15B and C experiments with NES and

DpnII are shown where the only difference is the longest digestion time point (in 15B it

is 30 minutes while it is 20 minutes in figure 15C). The reads are filtered as described in

section 6.3.7. It is shown, that the number of reads is reduced after each filtering step.

First the total number of reads are shown. Then the next step visible in the plots is the

reads that contain the full prefix. Next, the sequences mapped to the human reference

genome are shown. Then, the reads are filtered for reads around the cut site. These

are reads whose 5’ end is less than 20 bp away from the position of the recognition site.

Finally the number of reads after de-duplication, so the reads whose UMI sequences

were mapped to the same recognition site, are shown.

The most drastic drop obviously is the filtering for reads with prefixes. The filtering

for duplicate reads, which occur due to the PCR step in the protocol, also show quite a
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big reduction in number of reads. These resulting numbers, after de-duplication are the

ones that should be observed in close detail. They should scale according to digestion

time, which means that the longest digestion time should yield the highest number of

reads. This is due to the fact that samples that were digested longer have more cut sites

and thus result in more reads being generated. In figure 15A, the samples digested with

HindIII, this trend is clearly visible. The samples treated for 5 min with HindIII show

the lowest number of reads and then a scaling is visible up to the longest digestion time

of 2 h, corresponding to the largest number of reads. In figure 15B, which shows the

first experiment with DpnII, this scaling is not as clear. The two shortest time points,

10 sec and 30 sec (light green and dark green), have approximately the same number

of reads, where the number of reads of the 10 sec sample is slightly lower. The rest

of the samples scale nicely, however the longest time point, 30 min (dark red), shows

a deviation from this trend. Similar results can be observed in the second replicate

with DpnII in figure 15, where the numbers scale according to what would be expected.

Only the 30 sec (dark green) and 2 min sample (yellow) are almost the same).

Similar findings were observed in the samples of the NPCs and Neurons.

Figure 16: Profiles showing the number of reads after each filtering step (reads with prefix, mapped
reads, reads around cut site (cs), reads after de-duplication) of the first experiment performed on
Neurons cells. Dark red shows the longest digestion time then shorter digestion times are shown with
light red, brown, yellow, dark green and light green (in this order).

In figure 16 the number of reads after the different filtering steps for the first experiment

with neurons and DpnII is shown. Here, the reads also scale according to expectations,

except for the shortest time point, 10 sec (light green), which does not fit into this

pattern. The reason for this however could also simply be, that there were more cells

on the coverslip used for this time point or that the DNA from this coverslip was trans-

ferred more quantitatively between different steps.

A reoccurring issue was observed in experiments with DpnII when pre-processing the
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sequencing data. In all experiments with DpnII (corresponding to samples MS7-37) a

strong loss of read quality at the 3’ end of the barcode and cut site was observed. This

resulted in a mismatch at the last (3’ end) position of the expected barcode sequence,

which could be observed in a majority of reads. The observed mismatch was a C to

A conversion in most cases. The correct barcode sequence was not found at any other

position in these fragments. Moreover, approximately 15 % of the library fragments

had up to 1 mismatch at the expected cutsite sequence. This problem was resolved by

selecting for sequences with up to one mismatch to recover most of the reads. This was

feasible, as the barcodes have a minimum Hamming distance of 2 between any pair.

It remains to be investigated whether this is a sequencer-related issue, a linker-related

issue or an enzyme-related issue. For checking if it is a linker-related issue, libraries

digested with for example MboI, could be sequenced, as these have the same cut site

and therefore the same linkers are used. If all future runs show this issue, the issue

probably arises from the sequencing machine. If the issue is only observed with DpnII,

it would appear to be a problem related to this specific enzyme. With HindIII this

issue was not observed, so it is not sequencer related. As mentioned in section 5.11

substitutions are a the most common error type in Illumina Sequencing platforms.

Overall, the yield in terms of sequencing output (i.e. library size) and fraction of du-

plicated fragments (i.e. low) is very good. A very mild drop of mapped fragments in

HindIII of NES and neuron runs was observed. Moreover, there was no change in the

fraction of reads mapped far away from known enzyme recognition sites.

In summary, 7 libraries were prepared after showing the desired result in the YFISH ex-

periment. One experiment with NES and HindIII was processed for sequencing as well

as 2 experiments of each cell type (NES, NPC and neurons). Digestion with HindIII

occurred much slower than with DpnII and digestion times were different for different

cell types. While the YFISH experiment worked most of the time, sometimes issues

were observed with the rim reappearing in long digested samples.

Sequencing output was good and the fraction of duplicated fragments was low for all

sequenced libraries. Issues were observed with a loss of read quality at the 3’ end of

the barcode but this was fixed during pre-processing.

Following sequencing, first analysis was performed. GPSeq score correlation between

experiments was calculated to see if reproducible libraries were generated. As described

in section 5.5, different models for radial positioning of chromosomes have been pro-

posed. One is the organization by size, where small CTs are located in the center of the
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nucleus and large chromosomes are found at the periphery of the nucleus. The other

model is an organization based on gene-density, where gene-rich chromosomes are pref-

erentially located towards the nuclear interior, while gene-poor chromosomes occupy

peripheral locations. Therefore we also evaluated the correlation between GPSeq score

and size as well as GC-content.

7.2.3 GPSeq score correlation shows reproducibility of results

Figure 17: GPSeq score correlation at (A) 1 Mb and (B) 100 kb resolution of all sequenced experiments

In figure 17 the correlations of the GPSeq score at 1 Mb (figure 17A) and at 100 kb

(figure 17B) between all performed experiments (see table 4) is visualized. The GPSeq

score was calulcated according to the method described in section 6.3.7.

The GPSeq score used here was calculated using all available conditions for the DpnII

datasets and all the conditions for the HindIII dataset. Correlation between all datasets

is quite high. Overall, as one would expect, the correlations are higher when looking

at a lower resolution (1 Mb vs. 100 kb).

In figure 17A it can be seen that the correlation between that samples at the same dif-

ferentiation stage show higher correlation than between samples at different stages. For
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example, the correlation between the two replicates of NES with DpnII is 0.993 using

Pearson correlation and 0.996 using Spearman correlation. The correlation between

the two replicates of NPCs with DpnII is 0.992 and 0.996 using Pearson and Spear-

man correlation respectively. The correlation between NES and neurons using DpnII

is 0.917 (Pearson) and as low as 0.901 (Spearman) which is significantly lower than the

correlation between two NES or two NPC samples but also lower than between NES

and NPC. This suggests, that in terms of differentiation stage, NPC are more similar

to NES than to neurons. The largest difference is observed between NES and neurons.

Thus, it appears that the correlation plots reflect the differentiation from NES to NPC

and finally to neurons.

When just looking at the colours of the plot, this can easily be seen. The dark squares,

indicating high correlation, are clearly the replicates of NPCs and NES. This also

shows that these replicates can be compared to each other and that the results are

reproducible.

The HindIII experiment shows a distinct drop in correlation, but is still higher with

other NES samples than with NPC and neuron samples.

When looking at figure 17B similar results can be observed. The numbers here are

slightly lower, which was to be expected at higher resolution. However, still darker

squares indicating higher correlation within the same cell type as compared to between

cell types can be observed which speaks for a good quality of replicates. The correlation

between NES and NPCs is again higher than with neurons and NPCs or NES. Again,

we see that the correlation is also higher between neurons and NPCs than between neu-

rons and NES. This indicates higher similarity between NES and NPCs than between

neurons and NES or NPCs. The neurons are more similar to NPCs than to NES again

demonstrating the differentiation starting from NES and further to NPC and finally to

neurons.

Comparing the NES sample digested by HindIII is not really relevant here, as restric-

tion with HindIII achieves much lower resolution than when using DpnII (see section

5.12). This is also visible in the numbers. The correlation between the HindIII sample of

NES and the DpnII sample of NES is still slightly higher than with other cell types, but

it is not as clear as in the plot where the correlation is calculated at 1 Mb in figure 17A.

The reason why both Pearson and Spearman correlations are calculated here, is be-

cause we do not know yet what exactly the relationship between the two variables is.

Generally, the correlation coefficient describes both the strength (value) and direction

(+/-) of the change. Pearson correlation describes the linear relationship between two
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continuous variables. Spearman correlation describes the monotonic relationship be-

tween two continuous or ordinal variables, which means that variables tend to change

together but not necessarily at a constant rate. Since we do not know the exact rela-

tionship and which of these correlations should be used, both are listed here.

To recapitulate, the correlation between samples of the same cell type is higher than be-

tween samples of different cell types. This shows that the experiments are reproducible

and comparable. The stages of differentiation seem to be clear from these plots, where

the NES are more similar to NPCs than to neurons. The neurons are more similar to

NPCs than to NES, which shows the differentiation from NES and further to NPCs

and finally to neurons.

7.2.4 Principal Component Analysis shows clustering of samples from same cell

type

Figure 18: Principal component analysis (PCA) at (A) 1 Mb resolution and (B) 100 kb resolution. At
100 kb the sample with HindIII is omitted.

In figure 18 the outcome of a principal component analysis (PCA) is shown. In figure
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18A the analysis was done with a resolution of 1 Mb and in figure 18B at 100 kb.

PCA is frequently used for exploratory data analysis such as support for cluster anal-

ysis and assignment of cluster. It is also used for the search for influential factors as

well as reduction of the dimensionality of data. Therefore it is a method to project a

p-dimensional space to 2 or 3 dimensions via orthogonal transformation combined with

visual inspection and interpretation.

As can be seen in the PCA performed on these samples, principal component 1 (PC1)

explains, regardless of the resolution investigated, more than 94 % of the variance.

Therefore there is one main factor determining the radial location of a chromosome.

We can also see, that samples at the same differentiation stage seem to cluster together.

At 1 Mb (figure 18A, the two NES samples (pink) almost overlap. The two NPC sam-

ples (brown) are also quite close together, while the neuron sample (green) is very far

away from all others. The NES sample digested with HindIII (pink triangle) is closer to

the NES samples than the average of the NPC samples. When looking at the graphic

showing the use of three dimensions (on the right) the clustering is even more visible.

The NES samples are in close proximity to each other, as are the NPC samples, while

the neuron sample is far away from all others.

Similar results are obtained when looking at figure 18B at 100 kb resolution. Here,

again samples from different stages seem to cluster together. The neuron sample is

again very far away from the other samples. Especially in the plot showing three di-

mensions, the clustering of the two NES samples can be observed. At this resolution

the NES sample digested with HindIII was omitted, as the resolution achieved here was

too low to use it as a comparison.

Due to past explorations of radiality of chromatin arrangement19,22,23,63,68,74–78 (see sec-

tion 5.6 for details) it is probable that PC1 is GC-content or gene density. Chromosome

size might also be one of the determining principle components.

It remains to be explored, if after sequencing the second neuron sample, these observa-

tions still hold true and whether the clustering improves or deteriorates upon addition

of this sample.

Overall, samples of the same cell type cluster together which was expected. Moreover,

NES and NPC seem to be more similar to each other than to neurons. Following this,

it is interesting to investigate the relationship between radiality and chromosome size

as well as GC-content.
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Table 8: Correlation of GPSeq score with chromosome size and GC-content calculated with data from
the experiment with NES and HindIII

GPSeq score & chromosome size

Pearson Spearman
-0.714 -0.705

GPSeq score & GC-content

Pearson Spearman
0.897 0.909

7.2.5 GC-content and chromosome size

In table 8 the outcome of the calculations for the correlation coefficients of the GPSeq

score with chromosome size and GC-content are shown. The data is from the experi-

ment performed on NES with HindIII as the restriction enzyme. It is visible, that the

GPSeq score and the chromosomes size are anti-correlated, meaning that the larger

chromosomes are preferentially located in the periphery of the nucleus, while smaller

chromosomes tend to be located at the center of the nucleus. The strength of the

anti-correlation is however lower than that of the correlation of GPSeq score and GC-

content. This has also been observed previously in other cell types using GPSeq1.

Figure 19: Correlation between GPSeq Score and Chromosomes size per chromosome (A) Experiment
with NES and HindIII; (B) Experiment with Neurons and DpnII

In figure 19 the correlation between the GPSeq Score and chromosome size per chromo-

some is visualized. In figure 19A the plot from the experiment with NES and HindIII

is visible and in figure 19B the plot for the experiment with neurons and DpnII is vi-

sualized. The x-axis shows the log10 of the chromosome size and the y-axis shows the
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GPseq score based on the probability estimate. We can see, that the two plots look

really similar. As already mentioned, and also visible here, larger chromosomes tend to

occupy the periphery of the nucleus, while small chromosomes tend to be located more

centrally. A high GPSeq score corresponds to a central location, while a low GPSeq

score corresponds to a peripheral location. For example, chromosome 1 (dark red dot),

which is known to be the largest chromosome, seems to be located in the periphery of

the nucleus. Chromosome 2, 3 and 4, which are also quite large, are also located in the

periphery. This is true both in the NES and the neuron sample. However, as already

mentioned, the chromosome size is not always an accurate predictor for the radial lo-

cation. When looking at chr19 for example, which is a relatively small chromosome,

we can see that it has a very high GPSeq score corresponding to a central location in

the nucleus. Chr18 on the other hand, which is also a small chromosome, is located in

the periphery of the nucleus. These observations have also previously been made with

other cell types (HAPI) using GPSeq1. The reason for this is probably that chr19 is

gene-rich, while chr18 is gene-poor. This would be in line with the assumption, that

the radial location is both influenced by the size and by the gene-density as discussed

in section 5.5.

Another example is chr21 and 22. Both have approximately the same size (both small),

but chr 22 is located in the center of the nucleus, while chr 21 is located towards in the

mid region.

This shows, that the chromosome size alone is not an accurate predictor of the radial

location of the different chromosomes.

When we go back to table 8 we see that GPSeq score and GC-content show a positive

correlation. This suggests, that chromosomes with a high GC-content can be found

at more central locations, while chromosomes with a low GC-content are preferentially

positioned in the periphery. The strong correlation (0.897 in Pearson correlation and

0.909 in Spearman correlation) suggests, that the GC-content represents an accurate

predictor of radiality in these cell types. Probably, the best predictor would be to create

a model where a combination of both the size and the GC-content are used.

These results have also previously been observed in other cell types using GPSeq1.

So we see that here the GPSeq score shows a positive correlation with GC-content,

indicating that gene-rich chromosomes tend to be located in the center of the nucleus

while gene-poor chromosomes tend to be located at the periphery. GPSeq score and

chromosome size is however anti-correlated indicating that larger chromosomes tend to

be located in the periphery while smaller chromosomes are usually found in the center
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of the nucleus. This however is not a strict rule, as exceptions from this are also ob-

served.

Now that we saw that the radial arrangement in the investigated cell types seems to

change upon differentiation, the goal is to find regions of interested that can be explored

in more detail.

7.2.6 Finding regions of interest

Now we have seen, that the correlation between samples at the same differentiation

stage is higher than between different cell types (see section 7.2.3). We also observed,

when performing a principal component analysis, that the samples at the same dif-

ferentiation stage seem to cluster together and there is one PC that explains most of

the variance. Therefore it would be interesting to find the regions in the genome, that

change or relocate during differentiation in respect to their radial location.

For this, the idea is to automatically identify regions that show "different" GPSeq

scores between cells at diverse differentiation stages. The reasoning is that regions with

large centrality variation during differentiation should show differences also in terms of

for example Hi-C structures, gene expression and epigenetic markers.

Figure 20: Case study: chr21 at 1 Mb: Average profiles of the GPSeq scores of chr21 at different
differentiation stages (NES = red, NPC = blue, Neurons = green).

In figure 20 the average profiles of all the GPSeq scores from the same differentiation

stage of chr21 are plotted. This chromosome was chosen as it is a small chromosome

and therefore its size makes it easy to visualize. We can see that the profiles often

overlap, however there are some regions that seem to differ between NES, NPC and
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neurons. For example between 25 and 30 Mb, the neuron profile (green) shows on

average a higher GPSeq score than the NES and NPC profiles which almost perfectly

overlap here. This indicates a more interior radial location of this region of chr21 in

neurons. At approximately 42 Mb the NPC and neuron plot overlap, while the NES

shows a deviation towards a lower GPSeq score. This would indicate that this region

has a more peripheral location as compared to the other differentiation stages, which

means that this region relocates to the nuclear interior upon differentiation.

Figure 21: Identificaiton of "strongly" different regions in chromosome 21 using local and global
thresholds.

In figure 21 an approach to identifying different regions is visualized. Again, chr21 is

analyzed here. For this, the difference between GPSeq profiles (delta) was measured.

Then this was devided by the 95th percentile of the absolute data distribution, which

allows to visualize the delta profiles at comparable scales and is not as affected by

outlier values as normalization by the maximum values. Two different approaches for
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identifying differential regions can be used: using local or global differences. The local

approach uses the local threshold (e.g. 1.5 times the local median). The global ap-

proach utilizes a global threshold (e.g. 0.5, which is half the normalization range). The

global threshold is represented by the horizontal dashed line and the local threshold is

shown by the dotted grey curve. Black dots represent bins that pass the local threshold.

On the top (in red) the comparison between NES and NPC is shown, in the middle,

the comparison between NES and neurons is shown (green) and on the bottom, the

difference between NPC and neurons (blue) is visualized. The delta GPSeq score is

calculated by substracting the GPSeq score of the second cell type from the first (i.e.

in the NES_NPC diagram this would be GPSeq Score(NES) - GPSeq Score(NPC) =

delta GPSeq score (NES_NPC))

It is visible, that the biggest change from the NES to NPC stage (top plot, red colour)

seems to be at approximately 35 Mb. Here the strongly different regions are both above

the local and the global threshold. The positive delta GPSeq score here indicates, that

these chromosomal regions relocated from a rather peripheral to a more central loca-

tion. Between 20 and 30 Mb there are some other indicated regions, which are above

the local threshold but not above the global one. When differentiating further, we see

that even bigger changes happen.

The region between 40 and 45 Mb seems to change a lot as visible in the middle plot

(green) where NES and neurons are compared. The changes happening in these regions,

probably already happen in the NPC stage, as a strongly negative delta GPSeq score

is visible in the same region in the plot at the top (red). These show a negative delta

GPSeq score indicating a relocation from peripheral to more central positions.

Changes from the NPC to the neuron stage (blue) mainly happen at around 18 Mb, 33

Mb and 44 Mb. At 18 Mb the delta GPSeq score is positive, thus reporting a move of

chromosomal region from periphery to center. At 33 Mb as well as at 44 Mb, the value

is negative, which implies a move from peripheral to central regions.

Overall, it seems that the biggest change happens when differentiating from NPC to

neurons. This is no surprise, as the differentiation from NES to NPC is only a 6 day

process, while the differentiation to neurons takes 5 weeks. Generally it seems, that

between each differentiation stage there are different regions that are going through

relocation processes.

These findings are interesting, as the position of many genes in the nucleus has been

correlated with their activity state and thus, gene expression could be influenced by

migration to functional subcompartments. Euchromatin, which is loosely packed and
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associated with transcriptionally active regions, is usually found in the interior of the

nucleus36, while heterochromatin is more compacted, peripheral and associated with a

low gene density which are mostly transcriptionally inactive32. In figure 21 it seems

that a big part of chr21 is recruited to central regions and thus to a transcriptionally

active one. This analysis however provides not a detailed insight, but rather a starting

point for more detailed analysis of specific genes in this chromosome.
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8 Conclusions and Future Recommendations

In conclusion, we can see that the GPSeq method works both with HindIII and DpnII.

However, digesting with DpnII achieves a higher sequencing resolution, as this enzyme

cuts more frequently. While DpnII digests very fast and more often, restriction with

HindIII occurs much slower and less frequent. A disadvantage when using DpnII that

was observed, was a loss of read quality at the barcode-cutsite junction, with a C to

A mismatch in most barcodes. The read with the mismatch is the most represented in

most libraries. This issue is however easily fixed computationally during pre-processing

due to the fact that the minimum Hamming distance between each pair of barcodes is

2.

Moreover, interesting novel observations have been made from YFISH, such as tubular

structures or inversions, that were seen in all investigated cell types. Small dots spread

through the nucleus were also observed. What the inversions and the dots exactly are,

remains to be investigated.

In the course of this thesis, a total of seven libraries were produced. Two replicates of

each cell type were produced with DpnII as well as an additional library of NES with

HindIII. One neuron library still remains to be sequenced. The libraries at the same

differentiation stage showed very high correlations (see section 7.2.3). GPseq score pro-

files at different differentiation stages however are less correlated, indicating a difference

in radial arrangement between NES, NPC and neurons, and therefore a rearrangement

of the chromatin during differentiation.

PCA on GPseq score profiles seems to be able to distinguish NES, NPC and neurons

in 3 different clusters upon visual inspection. The PCA should however be repeated,

once the last neuron sample is sequenced.

We also started to search for regions of interest termed "strongly different regions".

These were selected using both a local and a global threshold, where the global thresh-

old was viewed as more reliable. Global selection identified regions with large delta

GPSeq score and showed regions in the genome that changed between differentiation

stages. In the future, regions of interest, that represent the difference between the dis-

tinct differentiation stages (NES, NPC and neuron) should be further analysed. From

this, it should be possible to see how the radial locations of chromosomes change during

differentiation. This should then also be validated using DNA FISH. It would be inter-

esting for example, to analyse subcompartments, to see if transcriptionally active parts

of chromatin show preferential locations and how or if this changes between differen-
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tiation stages. Moreover, it might be interesting to analyse genes that are known to

reposition upon differentiation, such as for example Mash1 that has been reported to

reposition in neural differentiation107 (see section 5.8), in more detail. It could also be

intriguing to investigate changes in histone modifications during neural differentiation.

Other experiments, that would be interesting to carry out would be to use NES derived

from iPSCs from a diseased donor instead of the AF22 cell line, which comes from a

healthy donor. Here it could be investigated, whether the radial organization is differ-

ent in healthy and diseased patients and which regions of the genomes are affected by

this.

A lot of data was collected during this thesis. The GPSeq Method was optimized for

the used cell types and a new enzyme was introduced (DpnII), that had not been used

before. Many new things can be discovered and further detailed analysis remains to be

carried out.
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Appendices

A Full GPSeq Protocol

Step-by-step YFISH and GPSeq protocol

Reagents

• Poly-L-Lysine (PLL) solution (Sigma, cat. no. P8920-100 ml)

• Methanol-free paraformaldehyde (PFA) 16% (EMS, cat. no. 15710)

• Glycine (Sigma-Aldrich, cat. no. 50046-250G)

• Nuclease-free Phosphate-Buffered Saline (10X) pH 7.4 (Thermo Fisher Scientific, cat. no.

AM9625)

• Nuclease-free water (Thermo Fisher Scientific, cat. no. 4387936) (for in situ reactions and

library preparation)

• CutSmart® buffer (NEB, cat. no. B7204S)

• HindIII-HF® (NEB, cat. no. R3104)

• DpnII (NEB, cat. no. R0543M)

• Calf intestinal alkaline phosphatase (Promega, cat. no. M1821)

• T4 DNA Ligase (NEB, cat. no. M0202M)

• UltraPureTM BSA (50 mg/ml) (Thermo Fisher Scientific, cat. no. AM2616)

• Triton® X-100 (Promega, cat.no. H5142)

• High-salt wash buffer (HSW): 10 mM Tris-HCl, 1M NaCl, 0.5% Triton X-100, pH 8 at 25 °C

• Dextran sulfate (Sigma, cat. no. D8906)

• Formamide (FA) (Ambion, cat. no. AM9342)

• E.coli tRNA (Sigma, cat. no. R1753)

• BSA (Ambion, cat. no. AM2616)

• YFISH wash buffer (YWB): 25% FA/2X SSC

• YFISH hybridization buffer (YHB): 10% Dextran sulfate/25% FA/1 mg/ml E.coli tRNA /0.02

% BSA/2X SSC

• Hoechst 33342 (Thermo Fisher Scientific, cat. no. H3570)

• DNA extraction buffer (DEB): 1% SDS, 100 mM NaCl, 50 mM EDTA, 10 mM Tris-HCl, pH

7.5 at 25 °C

• Proteinase K, Molecular Biology Grade (NEB, cat. no. P8107S)
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• Phenol:Chloroform:Isoamyl Alcohol 25:24:1 Saturated with 10 mM Tris, pH 8.0, 1 mM (Sigma-

Aldrich, cat. no. P2069)

• Chloroform (Sigma-Aldrich, cat. no. C2432)

• EDTA (Sigma-Aldrich, cat. no. P2069)

• Glycogen (Sigma-Aldrich, cat. no. 10901393001)

• Nuclease-free TE buffer (Thermo Fisher Scientific, cat. no. AM9849)

• AMPure XP (Beckman Coulter, cat. no. A63881)

• MEGAscript® T7 Transcription Kit (Thermo Fisher Scientific, cat. no. AM1334)

• RiboSafe RNase Inhibitor (Bioline, cat. no. 65027)

• DNase I, RNase-free (Thermo Fisher Scientific, cat. no. AM2222)

• RA3 adaptor and RTP, RP1 and RPI primers are the same as in the TruSeq Small RNA Library

Preparation kit (Illumina, cat. no. RS-200-0012), but are custom-synthesized and purified using

standard desalting

• RNAClean XP (Beckman Coulter, cat. no. A63987)

• RNaseOUTTM Recombinant Ribonuclease Inhibitor (Invitrogen, cat. no. 10777-019)

• T4 RNA ligase 2, truncated (NEB, cat. no. M0242L)

• Deoxynucleotide (dNTP) Solution Set (NEB, cat. no. N0446S)

• SuperScript® III Reverse Transcriptase (Thermo Fisher Scientific, cat. no. 18080044)

• NEBNext® High-Fidelity 2X PCR Master Mix (NEB, cat. no. M0541L)

Equipment

• Incubator (e.g., Binder incubator, Model KB 53)

• Tabletop centrifuge (e.g., Eppendorf® Microcentrifuge 5424)

• Thermoshaker (e.g., Eppendorf® Thermomixer Compact)

• PCR cycler (e.g., T3 Thermocycler, Biometra)

• Cell scrapers (Corning, Cell Lifter, cat. no. 3008)

• Eppendorf® DNA LoBind microcentrifuge tubes (cat. no. 0030108035 and 0030108051)

• Sonication device (Bioruptor® Plus, Diagenode, cat. no. B01020001)

• DynaMagTM-2 Magnet (Thermo Fisher Scientific, cat. no. 12321D)

• Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, cat. no. Q32866)

• QubitTM dsDNA HS Assay (Thermo Fisher Scientific, cat. no. Q32851)

• QubitTM Assay Tubes (Thermo Fisher Scientific, cat. no. Q32856)
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• Bioanalyzer 2100 (Agilent, cat. no. G2943CA)

• Agilent RNA 6000 Pico Kit (Agilent, cat. no. 5067-1513)

• Agilent High Sensitivity DNA Kit (Agilent, cat. no. 5067-4626)

Procedure

Cell preparation

Note: a separate set of samples should be prepared for visualization of gradual genome

restriction by YFISH and for sequencing. The two sets of samples should be processed

in parallel.

1. Wash the cells with 1X PBS containing Ca2+ and Mg2+ pre-warmed to 37 °C

2. Incubate for 2 min at room temperature (RT)

3. Aspirate the PBS solution from the dish

4. Add 0.4X PBS with Ca2+ and Mg2+ at RT

5. Incubate for 1 min at RT

6. Aspirate the PBS solution

7. Add 4 % PFA/0.4X PBS at RT

8. Incubate for 10 min at RT

9. Aspirate the fixative solution from the dish

10. Quench the residual PFA by adding 125 mM glycine/1X PBS

11. Incubate for 5 min at RT

12. Briefly wash the cells in 1X PBS at RT

13. Wash the cells in 0.05 % Triton X-100/1X PBS three times, 5 min each at RT, while shaking

14. Aspirate the PBS solution and then add 0.5 % Triton X-100/1X PBS at RT

15. Incubate for 20 min at RT

16. Briefly wash the cells in 1X PBS at RT

17. Briefly wash the cells in 20 % glycerol/1X PBS at RT

18. Incubate the samples in 20 % glycerol/1X PBS for 18 h at RT

19. Fill a cryo-resistant Dewar flask with liquid N2

20. Remove the glycerol solution from the dish (leave a thin layer on top of the cells)

21. Place the dish on the surface of liquid N2 for 20-30 sec

22. Place the dish at RT and let the samples thaw gradually, making sure that they do not dry
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23. Once all the samples are thawed, fill the dish with fresh 20 % glycerol/1X PBS at RT

24. Incubate for 3 min at RT

25. Repeat steps 20-23 four times

26. Wash the samples in 0.05 % Triton X-100/1X PBS two times, 5 min each at RT, while shaking

27. Briefly rinse the samples in 0.1 M HCl at RT

28. Incubate the samples in 0.1 M HCl for 5 min at RT Note: the samples should be kept in HCl

for a maximum of 5 min including the quick rinsing step below

29. Briefly rinse the samples in 0.05 % Triton X-100/1X PBS at RT

30. Wash the samples in 0.05 % Triton X-100/1X PBS two times, 5 min each at RT, while shaking

31. Wash the samples for 5 min in 2X SSC

32. Replace the solution to fresh 2X SSC and process the samples immediately or alternatively store

them in 2X SSC/0.05 % NaN3 for up to 1 month at 4 °C

In situ digestion

1. Bring the 50 % FA/50 mM phosphate buffer/2X SSC (FPS) solution to RT

2. Rinse the samples with FPS at RT

3. Exchange to fresh FPS and store at RT protected from light for 20 h

4. Wash the samples in 2X SSC for 5 min at RT

5. Wash the samples in 1X CutSmart, two times, 5 min each at RT, while gently rocking

6. Prepare the following digestion mix (volumes for one 22x22 mm coverslip):

HindIII-HF (20,000 U/ml) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 µl

CutSmart (10X) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 µl

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Up to 400 µl

Alternatively:

DpnII (50,000 U/ml) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 µl

NEB Buffer (10X) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 µl

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Up to 400 µl

Note: The choice of enzyme depends on the desired resolution and affordable sequencing depth.

As a rule of thumb, HindIII can be used to obtain highly reproducible radiality maps at 1 Mb

resolution using five different digestion durations and one sequencing run on NextSeq 500. DpnII

is preferable when a higher resolution is needed.

7. Pre-warm the digestion mix for at least 10 min at 37 °C
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8. Dispense the digestion mix on a piece of Parafilm placed inside a humidity chamber Note: we

make the chamber by covering the bottom and the edges of a 15 cm dish with tissue paper

pre-soaked in distilled water, and then laying a piece of parafilm on top of the soaked tissue on

the dish bottom

9. Gently flip one sample at a time, upside-down onto the droplet of digestion mix

10. Incubate the sample at 37 °C in the sealed humidity chamber, for a pre-set duration Note: each

sample is incubated in the presence of the restriction enzyme for a different duration. NES

& NPC cells: for HindIII, we have used 5, 10, 15, 30 min, 1 and 2 h, whereas, for DpnII, we

have used 10, 20, 30, 45 sec, 2, 5, 10 and 30 min, which were sufficient to produce reproducible

radiality maps. Neurons: for DpnII, we have used 10, 20, 30, 45 sec, 2 and 5 min. For different

cell types, it might be necessary to optimize the number and series of incubation times, by first

monitoring the enzyme diffusion by YFISH (see below)

11. Stop the digestion by washing the samples with ice-cold 50 mM EDTA/0.01 % Triton X-100/1X

PBS three times, 5 min each, on ice

12. Rinse the samples with 0.01 % Triton X-100/1X PBS at RT

13. Wash with 0.01 % Triton X-100/1X PBS for 5 min at RT

In situ dephosphorylation

1. Wash the samples in 1X Alkaline phosphatase (AP) buffer for 5 min at RT

2. Prepare the following dephosphorylation mix (volumes for one 22x22 mm coverslip):

AP buffer (10X) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 µl

AP (1 U/µl) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 µl

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354 µl

3. Dispense the dephosphorylation mix on a piece of Parafilm placed inside a humidity chamber

4. Gently flip one sample at a time, upside-down onto the droplet of dephosphorylation mix

5. Incubate the samples for 2 h at 37 °C in the sealed humidity chamber

6. Transfer the samples back to a 6-well plate

7. Wash the samples with 0.1 % Triton X-100/1X PBS two times, 5 min each at RT

In situ ligation

1. Wash the samples in 1X T4 Ligase buffer two times, 5 min each at RT, while gently rocking

2. Prepare the following ligation mix I (volumes for one 22x22 mm coverslip):

Ligase buffer (10X) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 µl

ATP (10 mM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 µl

BSA (5 mg/ml) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 µl

HindIII GPSeq adapter (10 µM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 µl

Alternatively: DpnII GPSeq adapter (10 µM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 µl

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Up to 210 µl

Note: thaw all reagents slowly on ice or at 4 °C
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3. Dispense the ligation mix I on a piece of Parafilm placed inside a humidity chamber

4. Gently flip one sample at a time, upside-down onto the droplet of ligation mix I

5. Incubate the samples for 30 min at RT

6. Prepare the following ligation mix II (volumes for one 22x22 mm coverslip):

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 µl

Ligase buffer (10X) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 µl

T4 Ligase enzyme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 µl

7. Gently pipette the ligase mix II under each coverslip in and out 7-8 times, making sure not to

make bubbles

8. Incubate the samples for 18 h at 16 °C in the sealed humidity chamber

9. In a new 6-well plate, wash the samples in 1X HSW five times, 1 hour each at 37 °C, while

shaking

10. Wash the samples in 1X PBS three times, 5 min each at RT

Breakpoint: at this point, the samples for sequencing can be stored in 1X PBS at 4 °C for several

days until the results of YFISH (next section) are available

YFISH
Note: we recommend to check that the genome has been gradually digested by the en-
zyme in use, from the nuclear periphery towards the nucleus interior, before proceeding
to sequencing

1. Equilibrate the samples in 25 % FA/2X SSC

2. Prepare the following hybridization mix (volumes for one 22x22 mm coverslip):

YHB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297 µl

Fluorescently labelled oligonucleotide (2 µM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 µl

3. Dispense the hybridization mix on a piece of Parafilm placed inside a humidity chamber

4. Gently flip one sample at a time, upside-down onto the droplet of hybridization mix

5. Incubate the samples for 18 h at 30 °C inside the sealed humidity chamber Note: the samples

are now light sensitive, therefore all the subsequent steps should be performed by protecting

them from light

6. Transfer the samples into a 6-well plate pre-filled with 2 ml/well of YWB pre-warmed at RT

7. Exchange the YWB solution and incubate for 1 h at 30 °C, while gently shaking

8. Remove the YWB solution and add 2 ml/well of 0.1 ng/µl Hoechst 33342/YWB

9. Incubate for 30 min at 30 °C, while gently shaking
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10. Quickly rinse the samples with 2X SSC

11. Mount the samples and image them using wield-field microscopy or, if available, STED mi-

croscopy

Library preparation

Note: for each of the restriction times used, an individual sequencing library is prepared

DNA Extraction

1. Wash the samples with nuclease-free water three times, 2 min each at RT

2. Scrape each coverslip in the following DNA extraction mix:

DEB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 µl

Proteinase K (0.8 U/µl) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 µl

3. Transfer each sample into a 1.5 ml Eppendorf® DNA LoBind tube

4. Incubate the samples for 18 h at 56 °C, while shaking at 800 rpm

5. Inactivate the enzyme by incubating for 10 min at 96 °C

6. Place the samples on ice

DNA purification

1. To each sample, add an equal volume of phenol:chloroform:isoamyl alcohol 25:24:1, then shake

the samples vigorously

2. Centrifuge the samples at 20,000 x g for 5 min at RT

3. Collect the upper phase and transfer it to a new 1.5 ml Eppendorf® DNA LoBind tube

4. Add an equal volume of chloroform to it, and shake vigorously

5. Centrifuge at 20,000 x g for 5 min at RT

6. Collect the upper phase and transfer it to a new 1.5 ml Eppendorf® DNA LoBind tube, then

add sodium acetate to a final concentration of 0.3 M

7. Add 3.7 µl of glycogen per each 100 µl of the solution

8. Add 2.5X volumes of absolute ethanol at -20 °C and incubate the samples for 18 h at -80 °C

9. Centrifuge at 20,000 x g for 90 min at 4 °C

10. Discard the liquid and wash the pellet with 600 µl of ice-cold 70% ethanol

11. Centrifuge at 20,000 x g for 15 min at 4 °C

12. Discard the liquid and wash the pellet with 600 µl of ice-cold 70% ethanol
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13. Centrifuge at 20,000 x g for 15 min at 4 °C

14. Discard the supernatant and dry the pellet Note: do not over dry the pellet, as this might result

in low DNA recovery

15. Dissolve the pellet in 100 µl of TE buffer

Breakpoint: at this point, the samples can be stored at -20 °C until sonication

DNA sonication

Sonicate the samples aiming to achieve a mean DNA fragment size of 300?500 base pairs (bp). We

routinely use Bioruptor® Plus with the following settings: 30 sec ON, 90 sec OFF, high mode, 16

cycles. Alternatively, a Covaris S-series sonicator can be used with the following settings: duty 10 %,

intensity 4, time 30 sec, cycle/burst 200, 4 cycles in 50 µl TE/water.

DNA concentration using AMPure beads

1. Pre-warm AMPure XP beads for 30 min at RT

2. To each sample, add 80 µl of AMPure XP bead suspension

3. Mix thoroughly by pipetting up-down 5-6 times

4. Incubate for 5 min at RT

5. Place the samples on a magnetic stand

6. Incubate for 5 min until all the beads have attached to the magnet and the liquid is completely

transparent

7. Carefully aspirate and discard the supernatant

8. Add 200 µl per sample of ice-cold 80 % ethanol, while the samples are attached to the magnetic

stand

9. Aspirate the supernatant

10. Repeat the wash in ice-cold 80 % ethanol once

11. Air-dry the beads for 5 min at RT

Note: do not over-dry the beads, as this might result in low DNA recovery

12. Remove the samples from the magnetic stand

13. Resuspend each sample in 10 µl of nuclease-free water

14. Incubate for 5 min at RT

15. Place the samples on the magnetic stand

16. Incubate for 5 min until all the beads have attached to the magnet
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17. Transfer 8 µl of the cleared solution into a 0.5 ml Eppendorf® DNA LoBind tube

18. Measure DNA concentration using the Qubit® dsDNA HS Assay Kit

Breakpoint: at this point, the samples can be stored at -20 °C until in vitro transcription

In vitro transcription (IVT)

1. In a 0.5 ml Eppendorf® DNA LoBind tube prepare the following IVT mix:

Sonicated DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.5 µl

rNTPs mix* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 µl

T7 polymerase buffer 10X* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 µl

T7 polymerase* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2 µl

RiboSafe RNase Inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5 µl

Note: For samples digested with HindIII, we typically use 300 ng of sonicated DNA as input to

the IVT reaction, whereas for those digested with DpnII we use 50 ng.

Note: all the reagents marked by * are included in the MEGAscript® kit. The rNTPs mix is

prepared by mixing equal volumes of each rNTP solution included in the MEGAscript® kit

2. Incubate the samples for 14 h at 37 °C in a thermocycler with the lid set at 70 °C

RNA cleanup

1. To each sample, add 2U (1 µl) of DNase I

2. Incubate the samples for 15 min at 37 °C. Meanwhile, prewarm the Agencourt RNAClean XP

beads for 30 min at RT

3. Transfer each IVT product into a 1.5 ml Eppendorf® DNA LoBind tube

4. Bring the volume of each sample up to 30 µl with nuclease-free water

5. Add a 1.8 vol./vol. ratio of RNAClean XP beads suspension to the IVT product

6. Mix thoroughly by pipetting up-down 5-6 times

7. Incubate for 10 min at RT

8. Place the samples on a magnetic stand

9. Incubate for 5 min until all the beads have attached to the magnet and the liquid is completely

transparent

10. Aspirate and discard the supernatant

11. Add 200 µl per sample of ice-cold 80 % ethanol, while the samples are attached to the magnetic

stand

12. Incubate for 1-2 min at RT
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13. Aspirate the supernatant

14. Repeat the wash with ethanol 80 % two times more

15. Airdry the beads for 10 min at RT

Note: do not over-dry the beads, as this might result in low DNA recovery

16. Remove the samples from the magnetic stand

17. Resuspend the beads in 6 µl of nuclease-free water

18. Incubate for 5 min at RT

19. Place the sample on the magnetic stand

20. Incubate for 5 min until all the beads have attached to the magnet

21. Transfer 6 µl of each sample into a separate 0.5 ml Eppendorf® DNA LoBind tube

Checkpoint: check the RNA fragment size distribution by loading 1 µl of purified IVT product into

an RNA 6000 Pico Kit, and run it on a Bioanalyzer 2100

RA3 adapter ligation
Note: all the subsequent steps are done on ice, unless otherwise specified

1. To each sample, add 1 µl of RA3 adapter

2. In a thermocycler, incubate for 2 min at 70 °C with the lid set at 70 °C

3. Immediately place the samples on ice

4. To each sample, add 4 µl of the following RNA ligase mix:

T4 RNA Ligase buffer 10X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2 µl

T4 RNA Ligase 2, truncated (200 U/µl) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 µl

RNaseOUTTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 µl

5. Incubate the samples for 2 h at 25 °C in a thermocycler with the lid set at 30 °C

6. Transfer the samples onto ice

Reverse transcription
Note: all the subsequent steps are done on ice, unless otherwise specified

1. To each sample, add 3.5 µl of RTP (10 µM) primer

2. Incubate the samples for 2 min at 70 °C in a thermocycler with the lid set at 70 °C

3. Immediately place the samples on ice

4. Add 11.5 µl per sample of reverse transcription mix:

1st strand buffer* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 µl

dNTPs mix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5 µl

DTT 100 mM* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 µl
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SuperScript® IIII* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 µl

RNaseOUTTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 µl

Note: all the reagents marked by * are included in the SuperScript® IIII Reverse Transcriptase

kit

5. Incubate the samples for 1 h at 50 °C in a thermocycler

Breakpoint: at this point, the samples can be stored at -20 °C

Library indexing and amplification

1. Transfer each sample into a 200 µl PCR tube

2. To each sample, add 4 µl of the desired RPI (10 µM) primer

3. To each sample, add 71 µl of PCR mix:

NEBNext® 2X PCR Mix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 µl

RP1 primer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 µl

Nuclease-free water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 µl

4. Perform the following cycles in a thermocycler:

A. 98 °C, 30 sec

B. 98 °C, 10 sec

C. 60 °C, 30 sec

D. 72 °C, 30 sec

E. Go to B and repeat for 10-14 cycles

F. 72 °C, 10 min

G. 4 °C, hold

Note: the number of PCR cycles should be adjusted based on the amount of genomic DNA used in the

IVT reaction and the restriction enzyme used. For example, for a 22x22 mm coverslip fully covered

with NES, NPC or neurons digested with HindIII or DpnII, we typically use 9 or 10 PCR cycles.

Library cleanup

1. Prewarm the AMPure XP beads for 30 min at RT

2. Transfer each PCR product into a 1.5 ml Eppendorf® DNA LoBind tube

3. Add a 0.8 vol./vol. ratio of AMPure XP bead suspension to each sample

4. Mix thoroughly by pipetting up-down 5-6 times

5. Incubate for 5 min at RT
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6. Place the samples on a magnetic stand

7. Incubate for 5 min until all the beads have attached to the magnet and the liquid is completely

transparent

8. Aspirate and discard the supernatant

9. Add 200 µl per sample of ice-cold 80% ethanol, while the samples are attached to the magnetic

stand

10. Aspirate the supernatant

11. Repeat once the wash in ice-cold 80% ethanol

12. Airdry the beads for 5 min at RT

Note: do not over-dry the beads, as this might result in low DNA recovery

13. Remove the samples from the magnetic stand

14. Resuspend each sample in 20 µl of nuclease-free water

15. Incubate for 5 min at RT

16. Place the samples on the magnetic stand

17. Incubate for 5 min until all the beads have attached to the magnet

18. For each sample separately, transfer 17-18 µl of the cleared solution into a 1.5 ml Eppendorf®

DNA LoBind tube

19. Measure DNA concentration using the Qubit® dsDNA HS Assay Kit

20. Store the libraries at -20 °C

Checkpoint: 1 µl of library can be checked on a Bioanalyzer 2100 using a High Sensitivity DNA Kit

Note: at this point, the libraries can be stored at -20 °C up to one year
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B Differentiation Protocol

Cultivation of Neuroepithelial Stem (NES) cells

Reagents

• DMEM/F12+Glutamax (Thermofisher, cat. no. 31331-028)

• Penicilin/Steptamycin (Thermofisher, cat. no. 15140-122)

• N2 (Thermofisher, cat. no. 17504-001)

• B27 (Thermofisher, cat. no. 17502-044)

• PolyO, (Sigma, cat. no. P3655-100MG)

• Laminin2020 (For NES only!) (Sigma, cat. no. L2020)

• bFGF (Life Technologies, cat. no. CTP0261)

• EGF (10 ng/ml Thermo Scientific, cat. no. PHG0311)

• Trypsin-EDTA (LifeTechnologies, cat. no. R-001-100)

• Trypsin-inhibitor (LifeTechnologies, cat. no. 17075-029)

• BSA (Sigma, cat no. A9418)

• TrypLE Express Enzyme (Thermofisher, cat no. 12605-036)

Chemicals

EGF

Dissolve 1 mg of EGF in 10 ml of dPBS. Aliquot and store at -80 °C. Dilute 10 000 times to final

concentration of 10 ng/ml.

bFGF

Dissolve 1 mg in 50 ml dPBS + 0.1 % BSA and aliquot. Store at -80 °C. Dilute 2000 times to a final

concentration of 10 ng/ml.

polyOrnithine

Dissolve 100 mg in 10 ml sterile dH2O and aliquot. Store at -80 °C

Medium

NES medium (for 50 ml)

DMEM/F12+Glutamax . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48.5 ml

N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .500 µl

PE/ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500 µl
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B27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .50 µl

bFGF (10 ng/ml) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 µl

EGF (10 ng/ml) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 µl

Complete NES medium can be kept in the fridge for one week.

Wash medium (for 50 ml)

DMEM/F12+Glutamax . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49.5 ml

BSA (20 % stock) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 ml

• Prepare a 20 % BSA stock in DMEM/F12+Glutamax, sterile filter and dispense in 5 ml aliquots,

store at -20 °C.

• Ready to use wash medium: add 5 ml 20% BSA Stock to 500 ml medium. Keep in the fridge

for up to 2 weeks or aliquot in 50 ml tubes and freeze.

• BSA can be replaced with 5% Fetal Bovine Serum

Trypsin-inhibitor

• Dissolve 250 mg of trypsin inhibitor powder into 30 ml of PBS.

• Incubate in the water bath for 1-2 hours.

• Sterile filter into a 500 ml bottle of PBS.

• Aliquot into 50 ml tubes and store at -20 °C.

Methods

Coating

1. Dilute the PolyOrnithin stock x500 in dPBS.

2. Add PolyOrnithin to the wells (0.5 ml/12-well, 1 ml/6-well, 3 ml/T25 and 9 ml/T75)

3. Incubate for 30 minutes at +37 °C

4. Wash twice with PBS

5. Dilute Laminin 2020 x500 in PBS and coat for 4 hours at +37 °C or over night at +4 °C

6. The coated flasks can be stored at +4 °C for at least one week.

Culturing

1. The reagents, Trypsin , Trypsin-Inhibitor, wash medium and medium should be pre-warmed to

+37 °C.

2. Aspire the medium

3. Add Trypsin: 500 µl for a T25, 1 ml for a T75 flask.
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4. Incubate at +37 °C for 1-2 minutes and check under the microscope if cells have de-attached

5. Add the same amount of Trypsin-Inhibitor and centrifuge the cells, 1300 rpm for 3 minutes.

6. Re-suspend in wash medium and count the cells.

7. Centrifuge the cells, 1300 rpm for 3 minutes.

Alternative method: Instead of using Trypsin, Trypsin Inhibitor and Wash medium:

1. Add TrypLE: 1 ml for a T25, 2 ml for a T75 flask.

2. Wash the cells once in DMEM/F12 supplemented with 5 % Fetal Calf Serum (FCS) .

3. Re-suspend in NES medium and plate the cells, 40 000 cells/cm2. (Usually 1:3).

Freezing

1. Dissociate the cells as usual.

2. Re-suspend the cells in NES medium and count the cells.

3. Centrifuge again and re-suspend the cells in NES medium supplemented with 10 % DMSO to

final concentration of 4 x106 cells/ml.

4. Add 500 µl (2 x 106 cells) to a vial and freeze in -80 °C over night before moving to liquid N2.

Thawing

1. Thaw the vial at +37 °C in a water bath until it is almost thawed

2. Add 0.5 ml pre-warmed NES-medium to the vial

3. Transfer the volume to a 15 ml tube with 2-3 ml NES medium

4. Centrifuge the cells at 1300 rpm for 3 minutes

5. Re-suspend the cells in 1 ml of NES medium and add to a pre-coated T12.5 flask

6. Add 1-2 ml NES medium

Differentiation

1. Plate the cells in NES-medium without EGF and FGF2, but with N2 and ten times higher

concentration of B27 (1:100). Plate at a density of 40 000 cells/cm2

2. Feed every second day Optional: At day 4-5, passage the cells to plates coated with PolyO and

Laminin 1:500. Passage 1:2.

3. At days past 14, add Laminin2020 to the medium (1:1000)

C List of Fluorescent Oligonucleotides

92

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

May 26, 2020 Diploma Thesis Merula Stout

T
ab

le
9:

L
is

t
of

ol
ig

os
u
se

d
to

m
ak

e
Y

F
IS

H
an

d
G

P
S
eq

ad
ap

te
rs

O
li
g
o

n
a
m

e
S
e
q
u
e
n
c
e

(5
’
→

3
’)

P
u
ri

fi
c
a
ti

o
n

O
li
g
o
s

fo
r

Y
F
I
S
H

Y
F
IS

H
_

H
in

d
II

I_
F
O

R
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
A
T

T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
A

C
C

C
G

A
A

C
T

C
C

G
T
A

A
C

G
T
A

G
C

T
G

A
T

G
A

A
C

T
A

G
C

C
T
A

G
A
T
A

G
A

C
H

P
L
C

Y
F
IS

H
_

H
in

d
II

I_
R

E
V

A
G

C
T

G
T

C
T
A
T

C
T
A

G
G

C
T
A

G
T

T
C

A
T

C
A

G
C

T
A

C
G

T
T
A

C
G

G
A

G
T

T
C

G
G

G
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
A
T

T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
A

H
P
L
C

Y
F
IS

H
_

D
p
n
II

_
F
O

R
C

G
G

A
G

A
C

A
C

A
G

C
A
T
A

C
T
A
T

G
T

T
C

G
G

A
G

A
C

A
C

A
G

C
A
T
A

C
T
A
T

G
C

C
C

G
A

A
C

T
C

C
G

T
A

A
C

G
T
A

G
C

T
G

A
T

G
A

A
C

T
A

G
C

C
T
A

G
A
T
A

G
A

C
H

P
L
C

Y
F
IS

H
_

D
p
n
II

_
R

E
V

G
A
T

C
G

T
C

T
A
T

C
T
A

G
G

C
T
A

G
T

T
C

A
T

C
A

G
C

T
A

C
G

T
T
A

C
G

G
A

G
T

T
C

G
G

G
C

G
G

A
G

A
C

A
C

A
G

C
A
T
A

C
T
A
T

G
T

T
C

G
G

A
G

A
C

A
C

A
G

C
A
T
A

C
T
A
T

G
H

P
L
C

O
li
g
o
s

fo
r

G
P

S
e
q

G
P
S
e
q
_

H
in

d
II

I_
F
O

R
_

1
A

G
C

T
T

C
G

A
C

G
A

A
T

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
1

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
A
T

T
C

G
T

C
G

A
D

e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

2
A

G
C

T
T

T
G

A
C

A
A

G
C

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
2

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
G

C
T

T
G

T
C

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

3
A

G
C

T
T

T
G

A
T

G
G

C
T

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
3

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
A

G
C

C
A
T

C
A

A
D

e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

4
A

G
C

T
T

T
G

A
G

T
T
A

G
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
4

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
C

T
A

A
C

T
C

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

5
A

G
C

T
T

T
C

G
C

G
A

A
T

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
5

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
A
T

T
C

G
C

G
A

A
D

e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

6
A

G
C

T
T

T
G

A
A

C
C

T
A

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
6

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
T
A

G
G

T
T

C
A

A
D

e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
F
O

R
_

7
A

G
C

T
T

C
T

C
G

T
T
A

G
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

D
e
sa

lt
in

g
G

P
S
e
q
_

H
in

d
II

I_
R

E
V

_
7

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
C

T
A

A
C

G
A

G
A

D
e
sa

lt
in

g
G

P
S
e
q
_

D
p
n
II

_
F
O

R
_

1
G

A
T

C
G

C
G

T
G

A
T

G
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
R

E
V

_
1

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
C

A
T

C
A

C
G

C
H

P
L
C

G
P
S
e
q
_

D
p
n
II

_
F
O

R
_

2
G

A
T

C
G

C
G

A
C

G
A

C
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
R

E
V

_
2

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
G

T
C

G
T

C
G

C
H

P
L
C

G
P
S
e
q
_

D
p
n
II

_
F
O

R
_

3
G

A
T

C
G

C
G

G
T

C
G

T
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
R

E
V

_
3

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
A

C
G

A
C

C
G

C
H

P
L
C

G
P
S
e
q
_

D
p
n
II

_
F
O

R
_

4
G

A
T

C
G

C
G

C
A
T

C
A

N
N

N
N

N
N

N
N

G
A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
R

E
V

_
4

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
T

G
A
T

G
C

G
C

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
F
O

R
_

5
G

A
T

C
G

A
T

T
G

A
T

G
N

N
N

N
N

N
N

N
G

A
T

C
G

T
C

G
G

A
C

T
G

T
A

G
A

A
C

T
C

T
G

A
A

C
C

C
C

T
A
T
A

G
T

G
A

G
T

C
G

T
A
T

T
A

C
C

G
G

C
C

T
C

A
A
T

C
G

A
A

H
P
L
C

G
P
S
e
q
_

D
p
n
II

_
R

E
V

_
5

C
G

A
T

T
G

A
G

G
C

C
G

G
T
A

A
T
A

C
G

A
C

T
C

A
C

T
A
T
A

G
G

G
G

T
T

C
A

G
A

G
T

T
C

T
A

C
A

G
T

C
C

G
A

C
G

A
T

C
N

N
N

N
N

N
N

N
C

A
T

C
A

A
T

C
H

P
L
C

93

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

May 26, 2020 Diploma Thesis Merula Stout

D List of Primer Sequences

RNA PCR Index Primers (RPI16-23)

as mentioned in table 5

Index sequence is 6 bases as underlined

RNA PCR Primer, Index 16 (RPI16)

5’ CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 17 (RPI17)

5’ CAAGCAGAAGACGGCATACGAGATCTCTACGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 18 (RPI18)

5’ CAAGCAGAAGACGGCATACGAGATGCGGACGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 19 (RPI19)

5’ CAAGCAGAAGACGGCATACGAGATTTTCACGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 20 (RPI20)

5’ CAAGCAGAAGACGGCATACGAGATGGCCACGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 21 (RPI21)

5’ CAAGCAGAAGACGGCATACGAGATCGAAACGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 22 (RPI22)

5’ CAAGCAGAAGACGGCATACGAGATCGTACGGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

RNA PCR Primer, Index 23 (RPI23)

5’ CAAGCAGAAGACGGCATACGAGATCCACTCGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA
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