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Summary
Recent progress in induced pluripotent stem-cell (iPS) research and genome editing has
enabled the development of new approaches in clinical research for previously incurable
diseases. Using these new technologies, I sought deeper understanding of a group of
related diseases, namely Cockayne syndrome, xeroderma pigmentosum, and UVsensitive syndrome. The shared features in these diseases are their heredity aspect and the
insufficiency of repair systems for DNA damage. The impairment of DNA repair systems
leads to successive accumulation of genomic mutations, which often greatly elevate the
risk of cancer and neuronal damage, and the skin’s sensitivity to ultraviolet (UV) light
exposure. The specific differences among these related diseases are unknown. Effective
therapies have also not yet been discovered. In this study, I used Clustered Regularly
Interspaced Short Palindromic Repeats interference (CRISPRi), a method that can
specifically and efficiently suppress genes of interest in undifferentiated and
differentiated iPS cells. I developed a system to elucidate molecular mechanisms that
cause the specific characteristics of the diseases. For instance, when I suppressed ERCC6,
a gene responsible for Cockayne syndrome, cell proliferation of iPS cells was impaired.
A similar phenotype was observed using iPS cells generated from a Cockayne syndrome
patient, suggesting that CRISPRi can reproduce the diseases’ phenotypes. This thesis will
discuss differences and commonalities in phenotypes among the three diseases at the
cellular and molecular levels. My work is based on suppressing the genes that are
responsible for the diseases by testing iPS cells and iPS-cell-derived keratinocytes. Based
on these findings new ideas for implication as therapy may be considerable, which I will
discuss at the end of this thesis.
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Zusammenfassung
Die Fortschritte der Forschung an induzierten pluripotenten Stammzellen (iPS cells)
sowie im Bereich des Genom-Editing ermöglichen zahlreiche neue Herangehensweisen
an bisher unheilbare Krankheiten. Mit diesen neuen Technologien habe ich versucht, ein
tieferes Verständnis über eine Gruppe solcher Krankheiten mit schlechter Prognose zu
erlangen – namentlich das Cockayne-Syndrom, Xeroderma Pigmentosum und das UVSensitive-Syndrom. Die Gemeinsamkeiten dieser drei Krankheiten sind deren Heredität
und die Insuffizienz von DNA-Reparaturmechanismen. Aufgrund der beeinträchtigten
Reparatursysteme akkumulieren sich sukzessive Schäden im Erbgut, was das Risiko der
Tumorentwicklung erhöht, neuronale Schäden verursachen kann und oft zu
Hypersensitivität gegenüber ultravioletter Strahlung führt.
Allerdings sind die genauen Unterschiede dieser Krankheiten bislang genauso wenig
bekannt wie effektive Therapieansätze. In dieser Studie habe ich die Methode der
CRISPR interference (CRISPRi) genutzt, mit der spezifisch und hocheffizient die
Transkription bestimmter Genloci unterdrückt werden kann, sei es in undifferenzierten
oder in ausdifferenzierten iPS-Zellen. Mit diesen Modellzellen habe ich ein
experimentelles Setting entwickelt, um die jeweiligen Unterschiede im Phänotyp der
Krankheiten auf molekularer Ebene besser zu verstehen.
So ist es mir gelungen, mit CRISPRi die Expression von ERCC6, dessen Ausfall zum
Cockayne-Syndrom führt, zu unterdrücken und habe hierbei einen Rückgang in der
Proliferationsrate dieser modifizierten iPS-Zellen beobachtet. Diese und andere
Tendenzen zeigten sich auch in iPS-Zellen, hergestellt aus somatischen Zellen eines
tatsächlichen Patienten mit dem Cockayne-Syndrom. Dies impliziert, dass meine Zellen
als Modell geeignet sind.
In diesem Forschungsprojekt werde ich mithilfe der Modellzellen die Unterschiede und
Gemeinsamkeiten der oben genannten Krankheiten auf molekularer wie auch zellulärer
Ebene diskutieren und auf Grundlage dieser Erkenntnisse versuchen, Vorschläge für neue
Herangehensweisen in der Therapie zu erarbeiten.
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1. Introduction
1.1. General outline
One of the basic principles of life is the relative stability of genetic material. The
equilibrium between small changes in the blueprint of life, which lead to diversity and
adoption to environmental challenges, and the perpetuation of genetic information on the
other side is fundamental for evolution1. In maintaining this stability of genomes, nature
has evolved several mechanisms to prevent and repair DNA damage. Damaging factors
may be exogenous, such as ultraviolet light, carcinogenic aerosols due to air pollution,
and intake of carcinogenic pesticides or heavy metals2. Endogenous factors, on the other
hand, include oxidative stress and mistakes during reproduction of the genome for cell
division; stochastic estimates suggest that spontaneous mutations occur naturally in about
a third of the 107 cells that are dividing every second3. The human body provides several
repair systems to face these mutations and to protect the human genome from changes.
These repair systems are categorized into a group of mechanisms that take care of doublestrand breaks, and another group in charge of single-strand DNA damage. The latter is
based on cutting out the erroneous site of the DNA strand and then replacing it with
correctly arranged base pairs. Because of this principle, it is named the “excision repair
system”4 and it is classified into three main pathways: DNA mismatch repair (MMR),
base excision repair (BER) and nucleotide excision repair (NER). MMR targets
mismatched Watson-Crick base pairs, whereas BER recognizes specific non-bulky
lesions in the DNA consisting of damaged bases, which are removed by specific
glycosylases5. NER plays its main role in the excision of damage induced by ultraviolet
(UV) light. This damage causes bulky DNA adducts, mostly thymine dimers and 6,4-
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photoproducts. If an adduct of this kind is recognized by the system, a single-strand
segment of several base pairs – including the lesion – will be removed, whereas the
undamaged single-strand DNA remains as a template6. DNA polymerase then synthesizes
the complementary sequence according to this template, followed by ligation to complete
the corrected double strand.
There are two sub-pathways of NER: global genomic NER (GG-NER), which differs
from the transcription-coupled NER (TC-NER) regarding the site of damage recognition.
As implied by the name, GG-NER is able to recognize damage anywhere in the genome,
while TC-NER occurs during transcription, therefore only in exons. However, both GGNER and TC-NER end in a common final path of excision, repair and ligation7. Figure 1
shows some of the proteins involved and their interactions, summarized in a simplified
pathway.
Several monogenic diseases have been linked to irregularities in the pathway of
nucleotide excision repair (NER). That was why I sought to gain deeper insight into its
mechanisms. The syndromes I examined are a group of autosomal recessive hereditary
diseases: Cockayne syndrome (CS) (subtype CSA to C), xeroderma pigmentosum (XP)
(subtypes XPA to G and XPV) and UV-sensitive syndrome (UVSS) (subtype UVSSA).
Table 1 shows further details. The diseases are all associated with certain inefficiencies
in either the GG-NER or the TC-NER sub-pathway, or both.
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a.

b.

Figure 1. Schematic overview of nucleotide excision repair. Interaction of proteins involved in
the biochemical process of a. global genomic nucleotide excision repair (GG-NER) and b.
transcription-coupled nucleotide excision repair (TC-NER) after UV-light-induced genomic
damage.
XP: Xeroderma Pigmentosum Protein subtypes A, C, E, F, G; UVSSA: UV-sensitive syndrome
protein A; CSB: Cockayne Syndrome Protein subtype B TFIIH: Transcription Factor IIH
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I selected three subtypes and designed model iPS cell lines by knocking down the loci
listed in Table 1 (ERCC3, ERCC6, UVSSA). The technology I used was Clustered
Regularly Interspaced Short Palindromic Repeats interference (CRISPRi).

Table 1. Summary of three skin related hereditary diseases caused by
insufficiency of DNA repair systems, their subtypes and their loci8.
Disease type

Gene

Locus

Cockayne Syndrome group A

CSA, ERCC8

5q12.1

Cockayne Syndrome group B

CSB, ERCC6

10q11.23

Cockayne Syndrome group C

CSC

None known

Xeroderma Pigmentosum group A

XPA, ERCC1

9q22.3

Xeroderma Pigmentosum group B

XPB, ERCC3

2q21

Xeroderma Pigmentosum group C

XPC

3p25

Xeroderma Pigmentosum group D

XPD, ERCC2

19q13.2-q13.3,
10q11

Xeroderma Pigmentosum group E

XPE, DDB2

11p12-p11

Xeroderma Pigmentosum group F

XPF, ERCC4

16p13.3-p13.13

Xeroderma Pigmentosum group G

XPG, ERCC5

13q33

Xeroderma Pigmentosum group V

XPV, POLH

6p21.1-p12

UV-Sensitive Syndrome group A

UVSSA

4p16.3

Bold: Subtypes I derived from iPS cells by genomic knockdown using
CRISPRi.

The basis for CRISPR technology was discovered by Ishino et al. (1987) in E. coli cells9.
Since then, the world of science has explored its mechanisms and applications for the
human genome. Unlike most scientific findings, CRISPR has received public acclaim due
to high-profile events like the Breakthrough Prize Awards, which honored two leading
scientists in the field of CRISPR in 2015 (Jennifer Doudner and Emmanuelle
Charpentier)10. Other headlines were made by Chinese scientist He Jiankui, who claimed
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to be the first person to genetically edit human embryos, in 201811, which has raised
public concern and lead to a fundamental ethical debate.
The method of knocking down genes in human cells by CRISPR technology was reliably
established in 2013. It uses the Cas9 protein, first found as part of the bacterial adaptive
immune system12. This protein has two main abilities: first, it can attach specifically to a
certain sequence of the genome if provided with an appropriate template of the targeted
sequence; second, it has endonuclease activity13. As the specific attachment is the core of
genome editing through CRISPR, the latter had to be disabled to prevent the targeted
DNA from being cleaved. Therefore, Cas9 protein’s catalytic activity was deactivated by
inserting two point mutations (D10A, H840A) in the encoding gene14 – now called dead
Cas9 or dCas9. This tracking protein can then be used to screen the genome for a specific
sequence and visually displaying it by attaching fluorescent marker to the protein15.
Alternatively, it can be used to increase or decrease the translation of a certain exon, either
by activating (CRISPRa) or interfering (CRISPRi) with its promotor16. For activation and
interfering, either an activation or a repression domain is linked to the dCas9 protein17.
The easiest handling and best outcome in repression during the improvement of CRISPRi
technology was achieved by fusing a repressor to dCas9, called the Krüppel-associated
box (KRAB)18, which can result in knockdown rates of up to 99%.
To integrate the dCas9 protein into the cell’s proteome, a safe harbor site was needed that
would not affect the surrounding genes and could itself provide stable and robust
expression. A well-studied region, the adeno-associated virus integration Site 1 (AAVS1),
shows such characteristics19. In addition to the dCas9 DNA, a reverse transcriptional
activator (rtTA) and a highly effective constitutive promotor, CAG, ensure the
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transcription20. To retain control of the expression of the implemented dCas9 system, the
sequence is put under transcriptional control of a tetracycline-responsive element (in my
system: Doxycycline). The advantage of such a chemical “switch” to turn transcription
on and off, is that one can easily check on the functionality of the implemented dCas9
system. This technique also enables comparative experiments more easily, as the cells
compared have identical genomes with proteomes differing only in the one knockeddown protein examined. This chemical “switch” is the doxycycline-specific
transcriptional response element (TRE). If treated with doxycycline in the presence of a
specific artificial guide RNA (gRNA) brought into the iPS cell’s nucleus, the dCas9KRAB system uses the gRNA as a template to bind the correspondent genomic site and
suppresses its transcription. (This is contingent on the gRNA being designed thoroughly.)
In the absence of doxycycline, the transcription proceeds unaffected.
The appropriate template – the gRNA mentioned above – that must be provided to dCas9
to enable the intentional tracking of certain sequences of the genome is a single-stranded
artificial RNA-primer that is complementary to the sequence targeted. The design of this
gRNA depends on the aim of the intervention and the specific conditions in the DNA
segment being targeted. In CRISPRi, an ideal gRNA template would enable the KRAB
repressor to reach the promotor region of the gene that is aimed for knockdown. It should
also be unique in the whole genome, so there would be no off-target sites that dCas9 could
accidently bind to. In reality, there is no ideal template. However, even if dCas9 binds to
a non-target, the odds of a noticeable effect on the cell are low. This is because less than
2% of the genome is transcribed21 and the non-target would have to be located in a
position close enough to a promotor region to affect transcription. In addition, as
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described in the methodology of this work, quite a high level of uniqueness is predictable
by analyzing databanks on the human genome, such as the Genome Browser I referred to
provided by the University of California Santa Cruz22. Assuming a low variability of
human genomes regarding the sequence of promotor regions, the genome analyzed to
design the gRNA resembles the DNA of any human iPS cells well enough to be used and
to prevent off-target effects. Figure 2 shows an overview of how CRISPRi works.

AVVS1 locus

Figure 2. Schematic overview of the principle of the CRISPRi method. The AAVS1 locus is
used to implement a dCas9-KRAB system. The system is provided with the tracking system
“dCas9-KRAB” that can either be used to knock in or knock down certain genomic regions, after
being transcribed and translated. To assure transcription, a reverse transcriptional activator (rtTA)
controlled by doxycycline (dox) is placed immediately downstream the strong constitutive
promotor CAG. The “switch” to turn on/off transcription is the dox-specific transcriptional response
element (TRE). If treated with doxycycline (+dox) in the presence of an artificial gRNA brought
into the iPS cell’s nucleus, the dCas9-KRAB system uses the gRNA as a template to bind the
corresponding genomic site. It suppresses transcription, if the gRNA was designed thoroughly. In
the absence of doxycycline (-dox), the transcription will proceed unaffected20.
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In addition to the three edited cell lines for which the loci of ERCC3, ERCC6 or UVSSA
were knocked down by CRISPRi, I also created iPS cells of a Cockayne syndrome patient
(gene affected: ERCC6). The purpose was to obtain a “non-artificial” comparison model
for my knockdown cells so I could check their resemblance at the morphologic and
biochemical level.
The final aim of my research was to gain deeper understanding of common and unique
mechanisms leading to the different syndromes, and to develop new ideas for medical
support of these as-yet incurable diseases. The diseases generally become manifest during
the first decade of life, making it impossible for these young patients to enjoy a carefree
childhood, and most of them die before reaching adulthood.

1.2. Biochemical and clinical description of diseases examined
1.2.1. Xeroderma pigmentosum
The need of strict restriction of exposure to sunlight and its damaging UV effects from
an early age, and an overall survival beyond 20 years for fewer than 40% of patients23 are
the main features of XP. The condition has been adopted in popular culture with movies
like “The Dark Side of the Sun” (1988) starring Brad Pitt and “太陽の歌“ (Taiyou no Uta,
meaning “Song of the Sun”, 2006). The latter gained popularity in Japan and was adopted
by Hollywood in 2018 as “Midnight Sun”. In addition, articles have appeared in the press,
such as The New York Times Magazine article called “Midnight’s Children”24. It focused
on Camp Sundown, a summer camp in New York for XP children who otherwise would
never have the opportunity to enjoy a summer camp.
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As tragic as the disease is, due to the media interest, public awareness has increased over
the years. This has accelerated research and institutional help for these children, making
XP the best understood of the three rare diseases presented in this thesis.
With some individual variation, the average age at which patients start to show symptoms
is about two years25. As the disease’s name implies, dry skin (Latin xeroderma) and
distinct freckling (pigmentosum) are the main features. The disease has an incidence of
ca. 2.3 per one million live births in Western Europe and only 0.9 per one million if only
the autochthonic population is referred to26. Its prevalence is higher in the US (1:250.000)
and even higher in North Africa and East Asia, with the highest rate in Japan (1:20.00027).
In perspective of its rareness, these first symptoms seldom lead to the correct diagnosis
of XP. Symptoms will then worsen, and ongoing exposure to sunlight can cause agonizing
blisters or even lead to precancerous lesions. It is often at this point that a doctor provides
the correct diagnosis.
A first diagnostic attempt is often made with a method called unscheduled DNA synthesis
(UDS). The patient’s cells are collected by biopsy and a panel of characterized XP cells
are exposed to UV C light (wavelength 100-290 nm) and then compared for their ability
to recover. This UDS test cannot clarify the specific subtype and screens only for GGNER, not for TC-NER. It is thus not applicable for certain phenotypes with a strong
component of TC-NER insufficiency but only for typical GG-NER activity that
sometimes presents in patients28. Fortunately, the cost of direct high-volume DNA
sequencing has been falling since the human genome project. This scenario is boosting
the database for specific information on the subtypes and will ease the differential
diagnosis of CS, which sometimes presents as clinically similar to XP29.
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A Caucasian has a statistical probability of 0.6% to develop skin cancer between birth
and the age of 49 years; the risk increases to 1.8% for individuals above 70 years30.
Insufficient repair mechanisms for DNA damage accelerate the accumulation of damaged
cells, elevating the risk for skin cancer up to 10 000-fold25. Thus, XP patients are required
to undergo monthly skin examinations and surgical excisions of critical lesions, often
several times each year. For highly exposed body parts, particularly the hands, neck and
face, the cosmetic results can be devastating for young people’s mental health.
Furthermore, corneal cells are likely to be hypersensitive to sun rays. About half of XP
patients experience symptoms such as conjunctival injections or even blindness in
adolescence31,32. In addition to dermatological problems, progressive neurological
abnormalities are seen in about 30% of XP patients33, ranging from restricted intellectual
development to motor difficulties or loss of hearing.
The expected lifespan can be greatly improved by early diagnosis and stringent preventive
measures against the progression of the disease; nonetheless, overall survival remains less
than 30 years34 (less than 40% reaching the age of 2023). If neurological disorders occur,
the prognosis is even poorer.
As explained above, there are eight subtypes of XP (A to G and V). They all have some
kind of insufficiency in GG-NER in common, as well as insufficiency in the TC-NER.
Table 2 summarizes the eight genes by which the subtypes are distinguished.
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Table 2. Details on genes causing Xeroderma Pigmentosum25.
Gene

XPA

Exon count

6

Chromosomal

Protein

Protein

Defective

location

size (aa)

function

pathway

9q22.33

273

Damage

NER

verification
XPB/ERCC3

15

2q14.3

782

Helicase

NER

XPC

16

3p25.1

940

Damage

NER (GGR)

recognition
XPD/ERCC2

23

19q13.32

760

Helicase

NER

XPE/DDB2

10

11p11.2

427

Damage

NER (GGR)

recognition
XPF/ERCC4

11

16p13.12

916

Nuclease

NER

XPG/ERCC5

15

13q33.1

1186

Nuclease

NER

XPV/POLH

11

6p21.1

713

Polymerase

TLS

Abbreviations: NER: Nucleotide excision repair, GGR: global genome repair sub-pathway, TLS:
translation synthesis.

I tried to create model cells from the two most common subtypes, A and B. However,
despite experimenting with different sequences and in several attempts, I could not
effectively knock down the XPA locus. I managed to effectively knock down the ERCC3
gene in the available iPS cells and I thus focused on subtype B for my XP research.
ERCC3 deficiency causes XPB, which is also the name of the expressed protein. Figure
3 shows how the process operates, simplified.
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Figure 3. Schematic image showing how the XP protein B (XPB) is assembled to transcription
factor IIH (TFIIH) to repair DNA damage. By using energy provided by ATP, the helicase XPB
loosens the binding of several consecutive base pairs to enable TFIIH to access DNA, which then
initiates the transcription. As TC-NER depends on transcription, this enzyme complex is a core
feature of the whole repair system. By contrast, if recruited to a site of damage by XPC in the
context of GG-NER, the complex is essential for XPA (for example) and DNA-polymerase to
access the base pairs, as shown in Figure 1.

After the XPB protein is folded into its tertiary structure, it becomes part of the quaternary
structure of the biomolecular complex called transcription factor IIH (TFIIH). It then
fulfills its function as an ATP-dependent helicase of 3’-5’ polarized DNA35,36. Because it
performs such an essential role in both GG-NER and TC-NER, it is easy to imagine an
insufficiency can lead to severe symptoms as described above.

1.2.2. Cockayne Syndrome
CS is less well-known than XP. As with XP, the incidence differs by ethnic group and
region. In Western Europe there are 2.7 cases of CS per million live births, 1.8 per million
interpolated for the autochthonic European population26 and 2.77 per million in Japan.
The prevalence is 1 in 2 500 00037. British pediatric expert Edward Alfred Cockayne –
whose name is eponymous with the disorder – defined CS as a rare disease with specific
cardinal symptoms: impaired development of the nervous system, dwarfism, notable
facial characteristics and pigmentary retinopathy38. Recent research has differentiated the
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three genetic subtypes A, B and C, depending on the mutation’s location (refer to Table
3).

Table 3. Details of genes causing Cockayne syndrome39,40,37.
Gene

CSA,

Exon count

13

Chromosomal Protein size
location

(aa)

5q12.1

396

ERCC8

Protein function

Defective
pathway

subunit of RNA polymerase

TC-NER

II transcription factor IIH
(TFIIH)

CSB,

23

10q11.23

1493

ATP-dependent helicase

TC-NER

unknown

unknown

unknown

unknown

TC-NER

ERCC6
CSC

More than 100 exons scattered across eight genes have been described as involved in XP.
By contrast, there are just two specific loci described as causing CS, which makes direct
sequencing the best standard diagnostic method in case of clinical suspicion29. Depending
on the severity of onset and its timing, three phenotypes have been classified: Average
onset (CS I), early onset (CS II) and late onset (CS III).
CS I (80%) is the classical form, with symptoms first appearing during their second year
of life and patients surviving up to 20 years. CS II (18%) is normally diagnosed directly
after delivery and has an even worse prognosis. In contrast, the rare CS III patients first
show light-sensitive symptoms in their adolescence, and might have normal life
expectancy41.
The symptoms are led by cerebral abnormalities like microcephaly, increasing
calcification in the area of the basal ganglia and widening ventricles. Additional
symptoms are neurological dysfunction, photosensitivity, tooth decay and hypertension.
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The variety, as well as the severity of the symptoms listed in Figure 4 implicate the vital
importance of the CSA and CSB proteins.

Symptoms in patients with Cockayne Syndrome

Frequency
Figure 4. Meta-analysis of CS symptoms, ordered by frequency of occurrence. The statistic
shows the average for studies that examined symptoms in 242 CS patients31,32.

According to current research, CSA is the substrate recognizing part of the CSA complex,
which also contains the proteins RBX1, DDB1 and CUL4A. These work together as a
DCX (DDB1-CUL4-X-box) E3 ubiquitin-protein ligase complex, important for the
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clearance of damaged or misfolded proteins. Furthermore, the complex interacts closely
with the TFIIH sub-unit, a necessary interaction to recognize damaged sites during exon
translation39,42. CSB is an essential partner for the RNA polymerase II complex. As the
polymerase starts translation, the ATP-stimulated ATPase CSB is recruited, providing
the ability to change the translated DNA strings’ conformation by wrapping it around
itself. This improves the accessibility of the base pairs, enabling the TC-NER pathway to
initiate its function. There is also evidence CSB recruits the CSA complex, further NERproteins and the histone acetyltransferase p300 to the RNA-polymerase blocking lesions,
showing its importance in the NER-pathway initiation40,43.

1.2.3. UV-Sensitive Syndrome
In contrast to XP and CS, UVSS is a relatively recently defined disease44 that yet has
many unknown aspects. Hence, data on this disease is limited, making it difficult to
deduce any firm conclusions about the incidence or prevalence. The organization
Orphanet, an information base for rare diseases, estimates the prevalence of UVSS lower
than 1 in a million births45.
As the syndrome’s name implies, this disease is characterized by exaggerated sensitivity
to UV exposure. The spectrum of symptoms is broad, ranging from skin dryness and
freckles to extraordinary changes in pigmentation or so-called telangiectasia (enlarged
blood vessels in the epidermis). Patients show a general tendency to develop sunburn
even with small amounts of sun exposure. In contrast to XP and CS, there is no elevated
risk for skin cancer or neurological disorders. The life expectancy also appears to be
normal, according to the current sparse data38. The relatively unspecific symptoms and
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the relatively low level of suffering among patients suggest that the number of unreported
cases is probably high. Patients might think of their problems as an individual reactivity
to sunlight more than a disease. I included this syndrome in my studies because this lightrelated symptom raises the question of why mutations in TC-NER-related genes differ so
much in their clinical presentation. There are three complementary groups, with the actual
UVSSA locus – but also certain mutations in the ERCC8 (CSA) and the ERCC6 (CSB)
loci – being thought to present as UV-sensitive syndrome46.
The UVSSA locus encodes the UV-stimulated scaffold protein A. As the name implies,
this protein is activated by UV light radiation. The activated UVSSA has two functions
to resume the transcription if the RNA polymerase II is stalled at a damage site. First,
UVSSA recruits xeroderma protein A (XPA) to the site, which than can initiate the TCNER. For the second function it has to build a complex with ubiquitin-specific peptidase
7 (USP7)47 that regulates the CSB protein, which is part of the TFIIH complex as
explained above. If the RNA polymerase II is stalled, the CSB protein is dissembled in
the proteasome after ubiquitination, the TFIIH complex loses access to genomic
information and transcription would eventually be impossible. However, as the recruited
XPA initiates TC-NER and the repair of the damaged site, the UVSSA-USP7-complex
cuts the ubiquitin off the CSB protein and enables the resumption of the transcription48,49.
The process is shown in Figure 5.
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Figure 5. Biochemical mechanism in case of UVSSA activation due to UV light induced
damage. As UV light can cause genomic damage, it is used as a trigger to activate the UVSSA,
which then recruits the USP7 and the XPA (not shown). While XPA is essential for both NER
pathways to work, the deubiquitinating USP7 will prevent the Cockayne syndrome protein B (CSB)
from being disassembled in the proteasome after ubiquitination (Ub = Ubiquitin), which starts as
transcription is stalled due to a site of severe damage in the gene transcribed. With this function,
UVSSA plays a key role both in the process of NER and in promoting resumption of transcription
after the damage is repaired50.

First, it was expected that similar to XP and CS mutations in several genes could lead to
insufficiency of the UVSSA protein, but so far only one locus has been defined (Table 4).

Table 4. Details about gene that causes UV-sensitive syndrome 51,52
Gene

UVSSA

Exon count

25

Chromosomal Protein size
location

(aa)

4p16.3

709

Protein function

Defective
pathway

Regulation of RNA

TC-NER

Polymerase II, Stabilization
of CSB

A plausible and currently unrefuted hypothesis is that UVSSA plays a major role only in
the algorithm for damage distorting the DNA helix. According to this concept, UVSSA
does not act in oxidative damage nor in the regular RNA transcription (as CSA and CSB
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do) and therefore UVSSA causes a milder phenotype 53. Congruent with this hypothesis
is that genomic damage in the cell compartment mitochondrion, which is exposed to the
most extreme oxidative stress, leads to similar symptoms as CS; hence, mitochondrial
DNA damage could be a key difference leading to the broad variety of phenotypes of CS
and UVSSA. Mitochondriopathies like the LHON diseases or the MELAS syndrome
show the crucial role of mitochondria for the nervous system and thriving of the human
organism with undeniable similarities to the typical CS symptoms and their age of onset.
LHON causes sudden blindness in the patient and the MELAS syndrome presents with
myopathy, encephalopathy, lactate acidosis and stroke-like episodes as cardinal
symptoms, as well as restricted thrive, dwarfism and amblyacousia, with an onset during
childhood in 65% to 76% of patients54. It was shown that the CS proteins, mainly CSB,
are crucial for the repair of certain oxidative lesions (e.g. 7,8-dihydroxyguanine)55 and
for promoting mitochondrial autophagy in case of severe damage56. None of these
mechanisms have been implied for UVSSA-deficient cells to date. This suggests a major
role of oxidative stress, especially in mitochondria, for the severe CS phenotype – unlike
UVSS. Even XP patients do not often show symptoms of the nervous system or thrive
(roughly 30%)33.
UVSS and XP are phenotypically closer to each other in comparison to UVSS and CS.
Although biochemically UVSSA prevents the degradation of CSB and is thus expected
to resemble the CS phenotype. An explanation might be found in two previous studies on
this topic. Schwertman et al. noted that lesions that cause a helix distortion will cause a
prolonged transcriptional arrest, as relatively minor lesions caused by oxidative stress
lead to short and transient arrests46. Although the CSA-CSB-dependent pathway remains
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stable enough to repair oxidative lesions even without deubiquitinating of CSB by
UVSSA, it is not stable enough to repair the greater UV-induced helix distortions, as CSB
would be degraded in the proteasome too quickly.
Experiments by Hanawalt et al. show that if RNA polymerase is restrained while
transcribing due to a DNA lesion, it can still be ubiquitinated and degraded by the
proteasome in a CSA-CSB-dependent pathway. This occurs even without the presence of
UVSSA, providing other DNA-repair mechanisms with access to the lesion and
preventing the gene from becoming unreadable for other RNA polymerases due to the
stalled one. However, if CSA or CSB is absent and only UVSSA is present, the stalled
RNA polymerase II would not be degraded and would remain stalled. The lesion would
not be repaired57, hence the gene transcription would remain impossible, eventually
resulting in a more severe phenotype.

1.3. Research objectives
1.3.1. Creation and use of iPS cell models of UV light sensitive syndromes
My research aims to gain new insights into the spectrum of UV light sensitive syndromes
by using the new experimental approach of iPS cell models. To my best knowledge there
was yet no (publicized) use of iPS cell methods made on ERCC3, ERCC6 or UVSSA at
the time I conducted my studies. By using these methods, I was able to imitate and
observe the impacts of loss of function mutations in each of the genes introduced above
starting from the earliest stage of a human body’s development all the steps through a
differentiated keratinocyte.
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Setting up eligible, low-cost, practical and reproducible conditions for the creation and
analysis of iPS cell models for these three genes – model cells we gladly share with other
institutes, if needed – will contribute to improve the access to this new approach in NERrelated research.

1.3.2. Differentiation of iPS cells and opportunities for application in clinical setting
A crucial part of this project was not just the creation of XP, CS and UVSS model iPS
cells by CRISPRi knockdown. In fact, by developing an efficient protocol to differentiate
iPS cells into keratinocytes, I was furthermore able to follow the whole course of events
from the stem cell stage to the fully differentiated skin cell. Skin cells, or keratinocytes,
play a key role in the symptoms attributed to the three syndromes.
Similar to established protocols for differentiation of iPS cells into, for example, neurons,
this work builds a foundation for follow-up research on skin cells, as there is still much
to understand. Because many other tissues besides the skin are involved in the phenotype
of XP, CS and UVSS it will be as essential as this study to establish differentiation
protocols for further effected cell types in order to gain a holistic understanding of this
diseases and offer an integral and/or causal therapy.
I developed an efficient differentiation protocol from iPS cell to keratinocyte, based on
promising research published to date aiming to fine-tune this protocol to increase its
efficiency. Such iPS-cell-derived keratinocytes could find broad application in various
fields. iPS cells have a high proliferation rate and therefore could provide the many
keratinocytes needed for artificial 3D-skin other researchers are working on recently.
Eventually such patient derived artificial skin could provide autologous skin transplants
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for patients suffering from severe medical conditions such as high-grade burns,
Staphylococcal scalded skin syndrome or toxic epidermal necrolysis. A vision for the
future would be that such a patient arrives at the ICU, is stabilized as far as possible and
temporarily provided with artificial skin replacements. Meanwhile, patient cells are taken
from healthy tissue (e.g. a blood draw), then these cells are transformed to iPS cells,
which are then multiplied massively in vitro before being differentiated into keratinocytes.
Eventually these are used for 3D-skin to create an autologous transplant for the patient,
which replaces the artificial skin. This scenario could replace current therapies like the
homologous skin transplantation using mashed skin from healthy skin and therefor
causing iatrogenic damage, or heterologous skin transplantations, which are associated
with poor healing and the risk of a host vs. graft reaction. If this vision is realized, the
patient’s outcome will certainly be improved, days spent in the ICU and length of
hospitalization would drop, and so would the associated costs. For these reasons an
efficient iPS cell to keratinocyte protocol, as I tried to implement, has a high potential for
translational use in various clinical settings.

1.3.3. Standardized induction of DNA damage and meaning for translational
medicine
Regarding the NER-related diseases I examined, in addition to my observations during
differentiation, I devised settings to induce DNA damage. This was mainly through
exposure to UV light and oxidative stress applied by H2O2, which I standardized for
various stages of differentiation in my model cells. A standardized protocol of how to
apply genomic damage to cells and finding parameters to measure the damage applied
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(e.g. expression of reactive oxidative species, ROS, as a parameter for oxidative stress)
enabled me to screen various remedies. I chose different kind of remedies that I thought
might alleviate the damage caused by UV light and H2O2. As this screening is still far
from being completed, my protocol will also be useful as reference for follow-up research.
An advantage of using iPS cells for remedy screening is their strong capacity for
proliferation. This means many remedies can be tested in a short period, which was
always a challenge in testing cell samples from diseases with a low incidence, such as
XP, CS and UVSS.
The clinical reality of having nothing but symptomatic treatment for these patients and a
severely limited life expectation for most of them, urges researchers to seek further
understanding. Previously gained knowledge was summarized in the last section.
Ongoing studies seek more precise insight into the mechanisms of NER, which could
eventually lead to the functional identification of new syndromes and a more distinct
classification of their subentities. Such a better understanding, which this study aims to
contribute to, can eventually disclose new opportunities for therapeutic approaches.
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2. Materials and Methods
2.1. Induction of pluripotency in somatic cells from a patient with CS
2.1.1. Materials
Materials

Source

Phosphate-buffered saline, PBS

Wako

2%, 80% Fetal Bovine Serum, FBS

Gibco

1 mM, 2 mM EDTA

Sigma-Aldrich (Merck)

FcR Blocking Reagent

miltenyi biotec

MACS Buffer (0,5% BSA + 2 mM EDTA +

miltenyi biotec

PBS)
Human ES Medium, hES Medium

Thermo Fischer

Stem-Pro 34, with Cytokine mix E

Life-Technologies

20% DMSO

Sigma-Aldrich (Merck)

plasmid hul (= L-myc)

Addgene

plasmid hosp (= Oct3/4)
plasmid hsk (= Sox2, Klf4)
plasmid ebna
plasmid GFP
Cell Banker

Nippon Zenyaku Kogyo

Equipment

Source

BD Vacutainer Cell Preparation Tube

BD Biosciences

Hemocytometer Thoma

SLGC

6-well ultra-low attachment plate (ULA plate)

Corning

LONZA Nucleofector® Kits for Human CD34+ LONZA
Cells
2.1.2. Methods
Blood was drawn from a 61-year-old female patient in ambulant care at Osaka Medical
Collage after declaring her informed consent following detailed explanations by Prof. Dr.
Shunichi Moriwaki about the analysis and research projects performed with her blood in
accordance to the Declaration of Helsinki. The result of the analysis by complementation
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test lead to the diagnosis Cockayne Syndrome (CS) late-onset subtype III (Type: CS B,
affected gene: ERCC6). At the time her blood was drawn, she presented with increased
photosensitivity, unsteady gait, dysarthria, dementia, and demyelination. The latter was
evident in MRI of the brain, which also showed calcification of the cerebrum.
After gently inverting the BD Vacutainer Cell Preparation Tubes with the collected blood
(9.0 mL) six times, we centrifuged the blood samples for 20 min at RCF of 1650 g, in a
horizontal rotor at RT. Mononuclear cells and platelets appeared as a white layer below
the plasma layer (“buffy coat”). After aspiring more than half of the plasma, taking care
not to disturb the white layer, we collected the mononuclear cells and platelets using a
Pasteur Pipette and transferred them to a 50 mL conical centrifuge tube with cap. After
filling the tube to 45 mL by adding PBS + 2% FBS + 1.0 mM EDTA and inverting it five
times, we centrifuged it at an RCF of 300 g for 15 min. Next, we aspired the supernatant
without disturbing the pellet, resuspended the cells by tapping, added PBS to make up a
volume of 45 mL again, inverted the tube five times, and performed a cell count. we then
centrifuged the tube again for 10 min at an RCF of 300 g, and finally filled up the tube
again with filter-sterilized MACS buffer to yield a dilution of 1.0 x 108 cells.
We then separated 300 µL of this dilution and added 100 µL of FcR blocking reagent,
pipetted a few times, and added up to 100 µL of CD34 MicroBeads before pipetting again.
The suspension was then incubated at 4℃ for 30 min, with gentle shaking every 10 min.
After adding 10 mL of MACS before resuspending the mix in 500 µL of MACS buffer
(on ice) again, we placed the LS column on a magnetic separator and rinsed it with 3 mL
of cold MACS buffer. Finally, we added the cell suspension into the column. By placing
a new 15 mL conical tube under the column, we collected the flow-through containing
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the unlabeled cells. The cells were washed with MACS buffer with 3 mL three times, and
this flow-through was added to the unlabeled cells. The flow-through was placed on ice
and later used for cryopreservation of the PBMC (see below).
Next, we placed the column on a new 15 mL tube, added 5 mL of the MACS buffer, and
immediately flushed out the magnetically labeled cells by firmly pushing the provided
plunger into the column. After counting the gained CD34+ cells (CD34: specific for
hematopoietic stem cells), we centrifuged for 5 min at an RCF of 400 g and then discarded
the supernatant, carefully leaving ca. 50 µL on top of the pellet. After resuspending the
cells, we added hematopoietic expansion medium to make a final cell concentration of
about 7.0 x105 cells per 3 mL.
The next step was to dispense 3 mL of this CD34+ cell enriched suspension per well of
the ULA plate and this was cultured for 3 to 6 days (37℃, 5% CO2, medium: Stem-Pro
34, with cytokine mix E). If the confluence per well exceeded 80%, we separated the cells
into two new wells. For the cryopreservation, we centrifuged the flow-through for 10 min
at an RCF of 300 g, aspired as much supernatant as possible without disturbing the pellet,
and resuspended the cell pellet in heat-activated 100% FBS (1 mL FBS per 2 x 107 cells).
By dispensing 0.5 mL of this suspension into pre-cooled cryovials and adding 0.5 mL of
20% DMSO and 80% heat-activated FBS, we obtained a final concentration of 1 x 107
cell. The tubes were inverted three times. Finally, we transferred the tubes to a -80℃
refrigerator overnight, then placed the frozen tubes into a liquid gen tank.
While the cultured cells grew to an adequate number (1 million cells were required for
each nucleofection), I prepared the plasmid cocktail to provide 4 µg for each episome.
The cocktail was hul 2.3 µL + hosp 1.9 µL+ hsk 1.0 µL + ebna 1.0 µL, and as a control
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GFP 2 µL mixed with 1 µL of ebna. I then referred to the Amaxa® Human CD34+ Cell
Nucleofector® Kit protocol58 and selected the U-008 program of the LONZA transfection
machine.
After incubation at 37℃ overnight, green fluorescent protein (GFP) activity was observed
in about 50% of the control cells. These were discarded as successful transfection was
assumed. Two days after transfection, I replated 20 000 cells from each condition onto
10-cm dishes containing feeder cells (3 million SNLs/plate), and added 5 mL of human
ES medium (KO DMEM + 20% KSR + Glutamax + NEAA + PS + bME + 4.0 ng/mL
FGF), 5 mL of hematopoietic medium and 10 µL Rock Inhibitor (also known as Y-27632).
Seven days after daily medium exchange (only hES medium), I picked up suitable
colonies that were visible without a microscope and not confluent with other colonies. I
plated each of them in separate wells of a 24-well plate. After characterizing their
eligibility, I stocked high-quality clones by freezing them at -80℃ using Cell Banker.
Figure 6 summarizes the workflow.
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Figure 6. Schematic overview of the workflow to create patient-derived iPS cells. After
centrifugation of the patient’s blood, the leucocytes concentrated in the “buffy coat” are
singularized and cultivated on a plate as single-clone colonies. The single clones of these somatic
leucocytes are then reprogrammed with plasmids that contain the reprogramming factors cmyc,
okt4, sok2 and klf4 transfected by the LONZA Nucleofactor®. These transfected single clones are
tested for successful induction of pluripotency and cultivated for further research.

2.2. Specific genomic knockdown using CRISPRi technology
2.2.1. Material
Material

Source

Predefined guide RNA (gRNA) oligoprimer

Eurofins

pQM-u6g-CNKB vector

Made in our laboratory

2X T4 DNA Ligase Buffer

Takara/Clontech

NEB Turbo competent cells (E. coli)

NEB

Ampicillin containing medium

Sigma-Aldrich (Merck)

Plasmid Mini Kit

QIAGEN
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Mixed in our laboratory

MgCl/DDW (pH 9.0)
BigDye

Thermo Fisher

ddH2O

Merk

125 mM EDTA

Sigma-Aldrich (Merck)

99.5% Nuclease free Ethanol

Wako

70% Nuclease free Ethanol

Wako

3M acetic acid

Sigma-Aldrich (Merck)

Hi-Di formamide

Thermo Fisher

iPS cell line with Doxycycline inducible dCas9

Gladstone Institute

activity (“C5”)
Human Stem Cell Nucleofector® Kit 1

LONZA

StemFit

Takara

Blastocydine

Nacalai tesque

Doxycycline

Sigma-Aldrich (Merck)

ERCC6/CSB

Santa Cruz

ERCC3/XPB

abcam

UVSSA

GeneTex

RNAzol®

Molecular Research Center, Inc.

RNAse free water

Molecular Research Center, Inc.

RNAse free 75% Ethanol

Wako

RNAse free 70% Isopropanol

Wako

5xPrimeScript Buffer (for RealTime PCR)

Takara/Clontech

PrimeScriptRT Enzyme Mix I

Takara/Clontech

Oligo dT primer (50 µM)

Takara/Clontech

Random 6mers (100 µM)

Takara/Clontech

Probe qPCR Mix 2x

Takara/Clontech

PCR forward primer (10 µM)

Eurofins

PCR reverse primer (10 µM)
TaqMan Probe

Thermo Fisher

Rox Reference Dye (50x)

Thermo Fisher

cDNA template

Thermo Fisher
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Wako

electrophoresis (SDS-PAGE) sample buffer
containing 1% protease inhibitor
Dithiothreitol (DTT)

Wako

Sodium orthovanadate

Wako

Sodium Fluoride (NaF)

Wako

Methanol 100%

Wako

Tris-buffered saline (TBS)

Wako

Tween 20

Thermo Fisher

HRP-conjugated secondary antibodies

SouthernBiotech

2% skimmed milk

Nacalai Tesque

Luminata Western HRP substrate

Merck Millipore

Equipment

Source

Dry Thermo Unit

TAITEC

Ampicillin containing agarose plates

Nacalai tesque

DNA Sequencer 3130

Applied Biosystems

StepOnePlus Real-Time PCR System

Life Technologies

LONZA Nucleofector®

LONZA

LONZA Human Stem Cell Nucleofector® Kit 1 LONZA
Semi-dry blotting system

Bio-Rad

Polyvinylidene fluoride (PVDF) membrane

Merck Millipore, Billerica, MA

Densitometry system LAS3000

Fujifilm

2.2.2. Methods
Following the general procedure of CRISPRi as described in the introduction, I started
by designing suitable guide-RNA-primers (gRNA) that would be integrated into the cell’s
genome upstream of the promotor of the gene aimed for knockdown. Using the database
Genome Browser provided by the University of California Santa Cruz22 and its dataset
Human Assembly: February 2009 (GRCh37/hg19), I looked up the following genomic
sequences:
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・ERCC3 (Homo sapiens excision repair cross-complementing rodent repair
deficiency, complementation group 3)

・ERCC6 (Homo sapiens excision repair cross-complementing rodent repair
deficiency, complementation group 6)

・ XPA (Homo sapiens xeroderma pigmentosum, complementation group A,
transcript variant 1)

・UVSSA (Homo sapiens UV stimulated scaffold protein A)
I copied 200 bp upstream of the transcription start site, and 50 bp downstream. Using the
Massachusetts Institute of Technology design tool for CRISPRi59, I analyzed each of
these 250-bp sets for three suitable 20-bp segments. A high score implies specificity and
uniqueness of the sequence of the targeted area, with low likelihood of off-target bindings.
I prevented the segments from overlapping. Figure 7 illustrates this analysis using the
example of ERCC3.
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Figure 7. Analysis of 200 bp upstream and 50 bp downstream in the promotor area of the
ERCC3 to create gRNA for CRISPRi technology. a. The extract shows the ERCC3 gene and its
surrounding in the Human Assembly: February 2009 (GRCh37/hg19). b. Shown here are 1000 bps
upstream the promotor and an extract of the sequence downstream, with a set of 250 bps marked in
the first exon. c. The ranking suggests sequences in the 250 bps suitable to use for gRNA, based on
a score mainly determined by uniqueness, which indicates a low chance of off-target binding sites
with similar sequences (max.: 100). I chose five (ERCC6) or three (ERCC3, UVSSA, XPA)
sequences based on high rankings and location in the promotor. I avoided overlapping sequences
and tried to include sequences read in opposite directions.

The software Snapgene60 was a convenient tool with which to edit and document the total
of 16 sets of primers. Before ordering the forward (F) and reverse (R) oligoprimer, I added
a TTGG-overhang to the 5’ end of the forward primers and an AAAC-overhang to the 5’
end of the reverse primers (Table 5).

Table 5. Sequence of order-made oligoprimer containing guide RNA (5’-3’)
Primer Name

Ordered Sequence

ERCC6 CRISPRi gRNA1 F

ttggtttctacttgcgtgcgagc

ERCC6 CRISPRi gRNA1 R

aaacgctcgcacgcaagtagaaa

ERCC6 CRISPRi gRNA2 F

ttggttctacttgcgtgcgagca

ERCC6 CRISPRi gRNA2 R

aaactgctcgcacgcaagtagaa

ERCC6 CRISPRi gRNA3 F

ttggaagcacgggcaagaccacg

ERCC6 CRISPRi gRNA3 R

aaaccgtggtcttgcccgtgctt

ERCC6 CRISPRi gRNA4 F

ttggcgggcaagaccacgtggtt

ERCC6 CRISPRi gRNA4 R

aaacaaccacgtggtcttgcccg

ERCC6 CRISPRi gRNA5 F

ttggtgctcgcacgcaagtagaa

ERCC6 CRISPRi gRNA5 R

aaacttctacttgcgtgcgagca

ERCC3 CRISPRi gRNA1 F

ttgggcacgagctaacagatcgg

ERCC3 CRISPRi gRNA1 R

aaacccgatctgttagctcgtgc

ERCC3 CRISPRi gRNA2 F

ttggtttaattcgcgcactacac

ERCC3 CRISPRi gRNA2 R

aaacgtgtagtgcgcgaattaaa

ERCC3 CRISPRi gRNA3 F

ttggcccacatcacggcgcctag

ERCC3 CRISPRi gRNA3 R

aaacctaggcgccgtgatgtggg
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UVSSA CRISPRi gRNA1 F

ttggggccgcgtcagcggtaggta

UVSSA CRISPRi gRNA1 R

aaacacctaccgctgacgcggcc

UVSSA CRISPRi gRNA2 F

ttggcgcgccggttcggtccccg

UVSSA CRISPRi gRNA2 R

aaaccggggaccgaaccggcgcg

UVSSA CRISPRi gRNA3 F

ttggtggttacgctgccgggcgg

UVSSA CRISPRi gRNA3 R

aaacccgcccggcagcgtaacca

XPA CRISPRi gRNA1 F

ttgggtctgggtatgcgcggaca

XPA CRISPRi gRNA1 R

aaactgtccgcgcatacccagac

XPA CRISPRi gRNA2 F

ttgggagcgcctgcgcagttaag

XPA CRISPRi gRNA2 R

aaaccttaactgcgcaggcgctc

XPA CRISPRi gRNA3 F

ttggccgagccccttaactgcgc

XPA CRISPRi gRNA3 R

aaacgcgcagttaaggggctcgg

Abbreviations: F = Forward primer, R = reverse primer.

The oligoprimers above were annealed by mixing 1 µL of the reverse oligos with 1 µL of
the forward ones (100 µM each) with 8 µL of ddH20. I performed a PCR on the mix, with
the following settings: 37℃ for 30 min, 95℃ for 5 min, and then dropping down to 25℃
at a rate of 5℃/min. Using the annealed oligoduplex, I continued with its ligation into the
targeting vector PB-U6-CNKB (Figure 8), which also contained an Ampicillin-resistant
locus (ligation for 2h at room temperature).
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Figure 8. Schematic composition of the vector plasmid PB-U6-CNKB used to transfer the gRNA
into iPS cells. The location marked “Add Guide Sequence Here” was used to insert the gRNA into
the vector.

To increase the amount of vector, I transformed the ligated vector into NEB Turbo
competent cells (E. coli) by mixing the full 3 µL of the mix above (Table 6) with 5 µL of
bacteria. The mixtures were incubated on ice for 30 min before being placed into the Dry
Thermo Unit, preheated to 42℃, for 45 sec. After that I placed them back on ice.

Table 6. Mixture used to insert gRNA into the vector plasmid
Digested PB-U6-CNKB (100 ng)

1 µL

Phosphorylated and annealed oligoduplex

1 µL

(1:100 dilution)
2X T4 DNA Ligase Buffer

1 µL

Total

3 µL

To be sure to grow only transformed bacteria, I plated them on Ampicillin-containing
plates overnight at 37℃. The following day I detected two colonies for each gRNA-
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primer, making a total of 24 colonies to be analyzed before using them for CRISPRi. For
this purpose, I first grew them overnight in 5 mL of Ampicillin-containing medium at
37℃, under constant shaking and with O2 access (not closing the cap completely). To
extract the plasmid, I used the QIAGEN Plasmid Mini Kit according to its protocol. I
started the sequencing with a PCR reaction of the mix, as described in Table 7.

Table 7. Mixture used to perform PCR reaction.
Plasmid DNA

1 µL (<200 ng)

Primer

1µL (3.2 pmol)

Dilution Buffer: 125mM Tris-HCl, 5mM
MgCl/DDW (pH 9.0)

3.5 µL

ddH2O

3.5 µL

BigDye

1 µL

Total

10 µL

I used the following setting for the PCR machine:
95℃ for 3 min → 25 cycles (90℃ for 30 sec → 50℃ for 15 sec → 60℃ for 4 min) →
4℃ without time limit.
The next step was to purify the DNA. I added 1 µL of 125-mM EDTA, 25 µL of 99.5%
nuclease-free ethanol and 1 µL of 3-M acetic acid to the PCR product. I then vortexed the
mixture before transferring it to an Eppendorf tube. After waiting 10 min, I centrifuged
the tubes at RCF of 21 500 g for 15 min (RT), aspired the supernatant, and washed it with
150 µL of 70% nuclease-free ethanol. I vortexed it again, spun it down at an RCF of
21 500 g for 5 min (RT), aspired the supernatant carefully, and resuspended the DNA in
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15 µL of Hi-Di formamide by vortexing. I placed the mixture into a preheated 95℃
Thermo Dry Unit for 2 min before immediately cooling the samples down in ice.
I then placed the samples into a 96-well plate suitable for the DNA Sequencer 3130,
which I used according to the protocol provided by Applied Biosystems. After I had
ensured that all single gRNA primers had been integrated into the digested PB-U6-CNKB
vector successfully and without mutations, I transfected these vectors into the iPS cell
line C5. This was derived from a healthy proband and the dCas9-KRAB system was
already integrated into its genome.
For the transfection procedure, I used essentially the same technology as described in
section 2.1. I induced pluripotency by transfection of plasmids using the LONZA product.
Based on the purpose and cell type, I used the LONZA Human Stem Cell Nucleofector®
Kit 1 and set the program of the Nucleofector to A23. After successful transfection of one
type of each primer set per disease (number of primer sets: ERCC6: n = 5; ERCC3,
UVSSA, XPA: n = 3), I plated ca. 1 x 103 cells to a 10-cm plate each, and ca. 1.5 x 104 to
one well of two 6-well plates each (Medium StemFit). After incubating these plates
overnight, I added Ampicillin to the medium and changed it every two days. For the 6well plate, I added doxycycline to one of the corresponding wells to induce the activity
of dCas9; this in turn would induce the knockdown of the locus I targeted with my gRNA.
When the cells on the 6-well plate reached about 60% confluence, I analyzed the
knockdown efficiency by analyzing the cells’ transcription. Referring to the RNAzolRT
protocol61, I collected the cells of each well and cleaned up these samples until only pure
RNA remained. As the next step, I performed a qPCR reaction to transform the RNA into
cDNA so it was stable enough for analysis. For this purpose I used the protocol provided
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by TAKARA62, suitable for the StepOnePlus Real-Time PCR System, and continued
following this TAKARA63 protocol.
The results showed which of the five (ERCC6), respectively three (ERCC3, UVSSA,
XPA) wells per targeted genomic locus was the most effective for suppressing the
expression of that locus. I then selected five types of single-cell colonies from the
referring 10-cm plate, repeated the culturing (doxycycline +/-) and checked on the
expression rate for these single colonies again with the rtPCR (Figure 10).
To be sure the knockdown worked properly at the protein level, I transferred the clone
with the most effective knockdown on transcription level to a 6-well plate. I then
performed a follow-up analysis by western blotting on these cells after a week. The cells
were lysed in SDS-PAGE sample buffer containing 1% protease inhibitor, 1 µM
dithiothreitol, 0.5 µM sodium orthovanadate and 0.5 µM NaF. They were then boiled at
100 °C for 5 min, and the lysates were stored at -80 °C until used. Protein concentrations
of the lysates were estimated by staining lysate spots on a paper with Coomassie brilliant
blue dye.
Approximately equivalent amounts of proteins were loaded for each sample and resolved
by SDS-PAGE. The gel was placed into a semi-dry blotting system, and was
electrophoretically transferred to a PVDF membrane that was presoaked in 100%
methanol. Then the membrane was blocked with 2% skimmed milk in TBS containing
0.1% Tween 20 (TBST) and probed overnight at 4 °C, with antibodies as indicated below.
Blots were washed with TBST, incubated for 1 h with HRP-conjugated secondary
antibodies in TBST supplemented with 2% skimmed milk at room temperature, and then
washed again with TBST. Blots were developed using a Luminata Western HRP substrate.
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Signals were detected and documented with the densitometry system LAS3000. The
primary antibody dilution rate was 1:100 for ERCC3 and 1:1000 for ERCC6 (UVSSA not
yet performed). I then froze all the high-quality clones with knockdown rates over 85%.

+/- Doxycycline treatment

a.

Cell culture „C5“ from healthy individual

Transfected C5-cell cultures

1-,2-,3Plasmid

ERCC3-guideRNAs

Nucleofectorâ

Stock wells

+/- Doxycycline treatment

StepOnePlusâ Real-Time PCR

Check on knockdown success
ERCC3 expression rate

b.

100%

60%
20%
ERCC3 knockdown mixed cell cultures
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+/- Doxycycline treatment

c.

Isolation of single cell clones from stock
plates with successful ERCC3 knockdown

1-

Culturing and stocking
of single cell clones

3-

d.

StepOnePlusâ Real-Time PCR

+/- Doxycycline treatment

Check on ERCC3 expression rates
100%

100%

60%

60%

20%

20%
1-1-

1-1+

1-2+

1-4+

1-5+

Single clone cultures from stock 1

1-1-

3-2+

3-3+

3-5+

Single clone cultures from stock 3

Figure 9. Workflow of targeted genomic knockdown using CRISPRi. a. After cultivating the
C5 cell line gained from a healthy person, I used a plasmid vector to integrate the three ERCC3
gRNAs into the genome of cells via Nucleofector®. I cultivated them separately under doxycycline
treatment, with one reference well containing gRNA 1-cells untreated with doxycycline as reference
for the rtPCR. I also plated a few of each gRNA-cell on a 10-cm plate to cultivate single clone
colonies. b. Next, I performed the rtPCR on my dox-treated cells in relation to the untreated cells
to determine which gRNA had knocked down the ERCC3 gene most efficiently. c. As gRNA 1 and
3 seemed the most efficient at ERCC3 knockdown, I selected single clone colonies from the 10-cm
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plates and plated five colonies each, under the procedure described for mixed colonies. d. Analyzing
these single clone colonies resulted in the determination of three clones (marked with blue frames)
with ERCC3 transcription rates lower than 5%, which I then cultivated (clone 3-2) and stocked in
our liquid nitrogen tank (clone 1-2, 1-5, 3-2) and discarded the others. The wells of clones 1-3, 3-1
and 3-4 were in poor condition so I excluded them from rtPCR analysis.

2.3. Implementing an effective iPS cell-to-keratinocyte differentiation protocol
2.3.1. Materials

Material

Source

Coating Matrix Kit, Buffer and Matrix, ThermoFisher Scientific
mainly type 1 Collagen
Collagen, type 2, Collagen from chicken Sigma-Aldrich (Merck)
sternal cartilage
Collagen, type 4, Collagen Type IV from Sigma-Aldrich (Merck)
human cell culture
Laminin, iMatrix 511 silk

nippi

Geltrex

ThermoFisher Scientific

Atelocollagen Bovine dermispepsin-

Koken

solubilized type I Collagen solution
Acetic acid (0.1 M)

Sigma-Aldrich (Merck)

Retinoic acid

Sigma-Aldrich (Merck)

Bone morphogenetic protein 4 (BMP4)

Peprotech

StemFit AK02N

Takara

Defined

Keratinocyte-Serum

Free ThermoFisher Scientific

Medium, DKFSM
CnT-Prime, Epithelial Culture Medium

CELLnTEC

DAPT (N-[N-(3,5-difluorophenacetyl)-

Sigma-Aldrich (Merck)

1-alanyl]-S-phenylglycine t-butyl ester)
Accutase

Innovative Cell Technologies Inc.

Phosphate Buffered Saline

Wako

Epidermal Growth factor

Gibco

Rock-Inhibitor, Y-27632

Focus Bio Molecules
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CHIR 99021, 10mM

Wako

4% Paraformaldehyde Phosphate

Nacalai tesque

100% Methanol

Wako

0.1% Triton

0.1% Triton

DAPI

Sigma-Aldrich (Merck)

Primary Antibodies
Keratin 8/18

Cellsignal

Keratin 14

Arigobio

p63

abcam

Involucrin

abcam

Second Antibodies
SAB4600353

Anti-Mouse

IgG1

(γ1), Sigma

CF™647 antibody produced in goat
SAB4600238

Anti-Mouse

IgG1

(γ1), Sigma

CF™488A antibody produced in goat
SAB4600030 Anti-Rabbit IgG (H+L), Sigma
CF™ 488A antibody produced in chicken
SAB4600212 Anti-Rabbit IgG (H+L), Sigma
CF™ 750 antibody produced in goat
Equipment

Source

LAF (Lamina Airflow) bench

Sanyo

CO2 Incubator MCO-170AIC

Panasonic

Pipet-Aid XP

Drummond

Pipetman

Gibson

BioLite 10cm/6well/12well/24well/96well Thermofisher Scientific
Multidish
Cell Lifter, TR9002 1.9 cm blade

TrueLine

Cell Scraper, No.179693, 1.55 cm blade

Nunc

Centrifuge KN-70 for 15ml (r=166mm)

Kubota

All-in-One

Fluorescence

Microscope Keyence

Keyence XZ-710 (Lenses: CFI PlanFluor
DL x4 NA 0.13 PhL field (um) 3623x2728,
CFI PlanFluor DL x10 NA 0.30 PhL field
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(um) 1449x1091, CFI PlanFluor DL x20
NA 0.45 PhL)
OP-87762 BZX Filter DAPI Excitation Keyence
wavelength 360/40, Emission wavelength
460/50
OP-87763 BZX Filter GFP, Excitation Keyence
wavelength 470/40, Emission wavelength
525/50
OP-87765

BZX

Filter

TexasRed, Keyence

Excitation wavelength 560/40, Emission
wavelength 630/75
OP-87766 BZX Filter Cy5 Excitation Keyence
wavelength 620/60, Emission wavelength
700/75

2.3.2. Methods
I reviewed previous research, referred to later in this paper. Based on this review, I
composed a blueprint that combined the most promising methods with my ideas for
improvement, and decided which proteins to use as markers for successful differentiation
(Figure 11). As a cell line, I used wildtype C (WTC) human iPS cells derived by Miyaoka
et al.64.
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Chemical agent
applied
Differentiation marker
protein

Figure 10. Flow chart of keratinocyte cell differentiation under influence of defined chemicals
and overview of protein markers at each step of differentiation.

I used a modified protocol according to Kogut et al. (2014)65. Coating was performed
overnight (at least 6 h), as shown in Table 8.

Table 8. Summary of optimal coating conditions to cultivate Keratinocytes.
Collagen I

Collagen I

Collagen IV

iMatrix

Buffer

Matrix

(10µg/mL)

(0.5 µg/µL)

24-well plate

200 µL

2 µL

5 µL

3.5 µL

12-well plate

400 µL

4 µL

10 µL

7 µL

6-well plate

850 µL

8.5 µL

20 µL

11 µL

After aspiring the coating fluid from the well, I washed it twice with PBS and added a
suitable amount of Y-27632 containing StemFit. I then transferred the iPS cells to the
plate. I noticed that a certain density of cells per area was necessary for a smooth
differentiation, and summarized the optimal cell count per well as shown in Table 9
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Table 9. Summary of optimal cell count per well to cultivate Keratinocytes.

Optimal cell count

24-well plate

12-well plate

6-well plate

2 x 105

5 x 105

10 x 105

I recommend allowing the cells to attach to the plate overnight, before starting the
differentiation process. The following instructions refer to a 22-mm diameter well of the
standardized 12-well plate. I placed 3 mL of pre-warmed DKFSM into a conical tube,
added 3 µL of 1-mM RA to achieve a 1-µM working concentration, and added 3 µL of
25-ng/mL BMP4 to achieve a 25-ng/mL dilution65 by mixing well. I aspired and
exchanged 1 mL of the medium on the plate with the differentiation mixture (described
above) and incubated the cells for 48 h. I repeated this step on Day 2, so the differentiation
mixture was allowed to take effect for four days.
For the next step, I prepared a new medium by mixing 30 mL of DKFSM with 30 µL of
5-mM DAPT (N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester,
also known as GSI-IX or LY-374973)66 and 6 µL of 100-µg/ml EGF67. On Day 5, I
exchanged the old medium for the DKFSM-based medium and thereafter exchanged it
every day.
On Day 23 after starting the differentiation, I prepared the transfer of cells to a new well
by repeating the same coating as mentioned above. The next day, I used a modified
version of the rapid-attachment passaging described by Kogut et al.65 The process
involves aspiring the DKFSM medium, washing the well with PBS once, adding 1 mL of
Accutase, incubating for 4 min (using either the Cell Lifter or Cell Scraper depending on
the size of the well) and scraping off the cells not yet detached. Then I transferred the
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floating cells into a 15-mL tube. To be sure to remove all cells from the plate, I washed
the well with 4 mL of DKFSM and transferred this fluid into the 15-mL tube as well.
(This procedure also dilutes and weakens the Accutase, which to some extent damages
suspended cells).
Next, I spun down the cells at an RCF of 475 for 5 min, aspired the supernatant, added
1.5 mL of DKFSM, and re-suspended the pellet by pipetting up and down to break the
clumps and singularize the cells. Then I aspired the coating fluid before adding the full
amount of 1.5 mL cell suspension. I allowed the cells to attach for 25 min before aspiring
the medium and cells which had not yet attached to the plate (Figure 12). This rapid
method of attachment aims to separate undifferentiated from differentiated cells, as the
latter have a better chance of adhering to the stratum-basale-like coating on the plates.

.

.

.

Day 4

Day 23

Day 30

Figure 11. Compilation of exemplary photomicrographs of the tissues during differentiation
on a. Day 4 b. Day 23 and c. Day 30.
The roundish undifferentiated cells start to stretch and form whirl-like or fish-swarm-like structures
with the surrounding cells. Due to replating on Day 23, a loss of cells occurs as undifferentiated
cells do not attach to the plate efficiently. As differentiated cells are mostly singularized again, they
evolve into roundish comma-like shapes. The proliferation rate of differentiated cells is
significantly lower than that of iPS cells. Hence, an adequate density of cells is crucial in cultivating
keratinocytes.

Kogut et al. showed that statistically, K14 positive cells are more likely to attach to the
plate in this restricted period than are undifferentiated iPS cells. Thus, using this
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procedure I aimed to raise the ratio of differentiated cells to undifferentiated ones.
Implementing the results of Kajiwara et al.68, I added EGF after the rapid attachment to
the DKFSM medium (concentration: 20 ng/ml); I also added 10 mM of Y-27632 in a
1:1000 dilution and calcium in a 0.05-mM concentration. I renewed this medium every
day. To increase the cells’ condition and accelerate their growth, I furthermore added
CHIR (1 µM) to the medium.
When the plate was confluent with cells by over 80% and the tissue looked much like
skin tissue, I performed the next passage. The coating method remained the same. For the
passage method, I used Accutase for 4 min, unhitched the cells from the plate by using
either Cell Lifter or Cell Scraper, and continued singularizing the cells by pipetting. I then
transferred the suspension to a 15-mL conical tube. As described above, I added 4 mL of
DKFSM to the well to ensure that all cells were removed from the plate, and transferred
this medium to the same 15-mL tube. Next, I performed a spin-down at an RCF of 475 g
for 6 min, aspired the supernatant, suspended the pellet in 1mL of DKFSM, and passaged
the total amount to the new coated well (Figure 12).
For the final step in the cells’ differentiation, I imitated the microenvironment of the
human epidermis. This environment differs from the deeper skin layers mainly through a
rising calcium concentration level, leading to a “calcium switch” above 0.1 mM69 up to
concentrations of 0.4 mM in the stratum corneum (Figure 13). I used involucrin as a
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characteristic marker protein expressed in keratinocytes of the stratum granulosum and
stratum corneum. This protein is located intracellularly throughout the whole cytoplasm.

Day 33 (10 days with Ca2+ 0,05mM)

Day 34 (cells after passage to next well)

Day 34 (cells detached by Accutase)

Day 41 (7 days with Ca2+ 0.15 mM)

Figure 12. Compilation of photomicrographs of the tissues during differentiation on a. Day 33
(after 10 days of Ca2+ 0.05 mM treatment) b. Day 34 (after 8 min treatment with Accutase in
preparation for the second passage) c. Day 34 (right after the second passage) and d. Day 41 (after
7 days of Ca2+ 0.15 mM treatment).
As cell density reached an adequate level for passaging on Day 33, I prepared a new well by coating
it overnight so I could perform the second passage. The next day, I incubated the cells with Accutase
for 8 min until the first cells started to detach from the plate. I then scraped the other cells off the
plate and transferred them to the new coated well. I cultivated the cells with medium enriched with
0.15 mM of Ca2+ and observed that the cells stretched into polygonal forms, just as keratinocytes
do in superficial skin layers.
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Ca2+ concentration

Differentiation marker

Figure 13. Schematic drawing of human epidermis. A constantly elevating gradient of calcium
concentration occurs from the stratum basale to the stratum corneum, with compilation of specific
proteins matched to the layers in which they are typically expressed.
K8/18 = Keratin 8/18, K14 = Keratin 14, Inv = Involucrin

I compared three samples for 28 days. Each sample received 0.05 mM Ca2+ treatment for
the first seven days, which was similar to the concentration in the stratum basale (0.05
mM). As a control, I left one of the three samples at this level for the entire four weeks.
For the first treatment group, I increased the Ca2+ to 0.3 mM on Day 8 and maintained
this level until Day 28. The last sample was successively elevated to 0.3 mM, starting
with 0.1 mM on Day 8, then 0.2 mM on Day 14 and finally 0.3 mM on Day 21. All the
samples’ mediums were renewed every two days by maintaining the conditions implied,
before staining the nuclear DNA (DAPI) and K14 and involucrin on Day 28 (Figure 14).
The staining results are shown in Figure 26.
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Day 61 (28 days with Ca2+ treatment)
0.05 mM

.

0.05 → 0.3 mM

.

0.05 → 0.1 → 0.2 → 0.3 mM

.

Figure 14. Compilation of photomicrographs of tissues treated with different concentrations
of Ca2+ (Day 28 of Ca2+ treatment, Day 61 since start of differentiation).
a. The cells constantly treated with 0.05 mM of calcium retained comma-like shapes and continued
to stretch as if seeking contact with other cells. In comparison to the other two plates, fewer cells
detached from the plate and showed slow but steady proliferation. b. c. In the other two plates, an
arrest of proliferation seemed to occur along with a higher grade of differentiation. I observed
intracellular “bubbles” that may imply further differentiation; however, cellular stress must also be
considered.

To aid comprehension of the various steps in the protocol, I summarized my observations
during the exploration of the most effective differentiation process. These are shown in
the basic workflow in Figure 15.

Figure 15. Workflow for differentiating iPS cells into keratinocytes.
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During the whole differentiation process, I repeatedly checked the expression rate of
several keratinocyte-specific markers (p63, Keratin 8/18, Keratin 14, Involucrin).
Staining was performed according to the product protocols, mainly using 4%
paraformaldehyde phosphate for fixation, and 100% methanol or 0.1% Triton (dissolved
in PBS) for cell-membrane degeneration. The dilution rates are shown in Table 10.
Table 10. Primary and second antibodies used
Primary Antibody

Dilution Rate

Responding animal

Anti-DAPI

1:1,000

/

Anti-Keratin 8/18

1:100

Mouse

Anti-Keratin 14

1:100

Rabbit

Anti-p63

1:300

Rabbit

Anti-Involucrin

1:200

Mouse

Second Antibody

Filter/Color

Dilution Rate

Responding animal

IgG1 (γ1), CF™647

Cy5 = magenta

1:1,000

Mouse

GFP = green

1:1,000

Mouse

GFP = green

1:1,000

Rabbit

IgG (H+L), CF™ 750

FR = far/deep red

1:1,000

Rabbit

antibody produced in

(Filter used:

goat

TexasRed:

(for Involucrin-AB)

625/75nm)

antibody produced in
goat
(for Keratin 8/18-AB)
IgG1 (γ1), CF™488A
antibody produced in
goat
(for p63-AB)
IgG (H+L), CF™ 488A
antibody produced in
chicken
(for Keratin 14-AB)
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2.4. Comparison of cell lines WTC, C5, ERCC3, ERCC6, EIIS and UVSSA
2.4.1. Basic comparison on iPS cell level
2.4.1.1. Material

Material

Source

Coating Matrix Kit, Buffer and Matrix,

ThermoFisher Scientific

mainly type 1 Collagen
Collagen, type 4, Collagen Type IV from

Sigma-Aldrich (Merck)

human cell culture
Laminin, iMatrix 511 silk

nippi

Retinoic acid

Sigma-Aldrich (Merck)

Bone morphogenetic protein 4 (BMP4)

Peprotech

StemFit AK02N

Takara

Defined Keratinocyte-Serum Free

ThermoFisher Scientific

Medium, DKFSM
DAPT (N-[N-(3,5-difluorophenacetyl)-

Sigma-Aldrich (Merck)

1-alanyl]-S-phenylglycine t-butyl ester)
Accutase

Innovative Cell Technologies Inc.

Phosphate Buffered Saline

Wako

Epidermal Growth factor

Gibco

Rock-Inhibitor, Y-27632

Focus Bio Molecules

CHIR, 10mM

Wako

Equipment

Source

LAF (Lamina Airflow) bench

Sanyo

CO2 Incubator MCO-170AIC

Panasonic

Pipet-Aid XP

Drummond

Pipetman

Gibson

BioLite 12well Multidish

Thermofisher Scientific

LUNA® Automated Cell Counter

Logos

T13001 Trypan Blue Stain, 0.4%

Logos

LUNA® Cell Counting Slides,

Logos
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2.4.1.2. Methods
After implementing my protocol for iPS cell-to-keratinocyte differentiation and
producing my disease model cells with CRISPRi successfully, I compared the following
cell lines under varying conditions: WTC (iPS cells derived from a healthy proband
without dCas9 activity), C5 (same as WTC but with dCas9 activity), ERCC3 and ERCC6
(CRISPRi-induced knockdown, dCas9 activity), and EIIS (derived from a patient with
genetically determined CS, subtype ERCC6 point mutation). Before starting with the
analysis of differentiation, I aimed to document basic differences at the stage of
undifferentiated iPS cells. Therefore, I prepared a 12-well plate and plated each of the
cell lines on two wells (about 14 000 cells per well). In one well, I added doxycycline to
the medium, and to the other I did not. I then observed the cell form, colony form, growth
rate and viability, using the LUNA® Automated Cell Counter following the manual70.
As the main comparison experiment, I differentiated my four cell lines to keratinocytes
under constant observation. I also performed a cell count on Day 24 when performing the
rapid attachment. After an additional seven days with treatment of 0.05 mM calcium,
epidermal growth factor and Y-27632, I passaged the cells normally to two different
wells: one for staining (K14, p63) and the other for further experiments using UV light
and H2O2 (as mentioned above).
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2.4.2. Comparison on iPS cell level and differentiated level using UV light and H202
2.4.2.1. Material

Material

Source

Penicillin-Streptomycin (10,000 U/mL)

ThermoFisher Scientific

Crystal Violet

Wako

Reactive Oxygen Species (ROS)

Invitrogen

Detection Reagents®
Primary Antibodies
Q92896 Mouse anti-Human Golgi

RayBiotech

Marker Primary Antibody
Anti-Transferrin Receptor antibody

abcam

(ab1086)
Anti-EEA1 antibody - Early Endosome

abcam

Marker (ab2900)
Second Antibodies
SAB4600030 Anti-Rabbit IgG (H+L),

Sigma

CF™ 488A antibody produced in chicken
(for keratin 14-AB, Transferrin und Early
Endosome)
SAB4600325 Anti-Mouse IgG1 (γ1),

Sigma

CF™594 antibody produced in goat (for
Cis-Golgi)
Equipment

Source

All-in-One Fluorescence Microscope

Keyence

Keyence XZ-710 (Lenses: CFI PlanFluor
DL x4 NA 0.13 PhL field (um)
3623x2728, CFI PlanFluor DL x10 NA
0.30 PhL field (um) 1449x1091, CFI
PlanFluor DL x20 NA 0.45 PhL)
OP-87762 BZX Filter DAPI Excitation
wavelength 360/40, Emission wavelength
460/50

Keyence
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Keyence

wavelength 545/25, Emission wavelength
605/70
OP-87765 BZX Filter TexasRed, 560/40,

Keyence

630/75
OP-87766 BZX Filter Cy5 Excitation

Keyence

wavelength 620/60, Emission wavelength
700/75
UV A and B measuring device (SOL –

MK Scientific, Inc.

000539 - 01

2.4.2.2. Methods
After I examined the cell lines C5, ERCC3, ERCC6, UVSSA and EIIS at the iPS cell
level systematically, I tested their reaction to different kinds of stress. Patients with XP
are susceptible to UV light exposure, so I devised a setting to irradiate the cells with UV
light. UV light itself is subdivided in UV types A, B and C. Although about 99% of UV
C and 95% of UV B is said to be absorbed by the atmosphere71 and does not reach the
earth’s surface, most prior research has used UV C. Because UV C has the shortest
wavelength and thus possesses the highest level of energy, it needs a shorter period to
achieve the same level of stress application as that induced by using UV B or UV A.
However, it is not only the quantity in Joule that separates the three types of UV light;
the qualitative effect on the cells also differs. Applying the same amount of Joule by
longer radiation with UV B compared to an equivalent radiation with UV C causes
different effects inside the irradiated cell. UV C mainly leads to severe DNA damage and
often results in cell apoptosis, whereas UV B activates the cell to inflammation72 and
changes the cell’s paradigm from growth to DNA protection and damage repair. My
results confirmed these patterns.
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Looking through many publications, I decided to reference the protocol of Gentile et al.73,
which in my view was the most properly standardized and suitable setting to test on my
cells. I prepared three 12-well plates with C5, ERCC3 and ERCC6 (one doxycyclinetreated and one untreated) and EIIS. The cells were allowed to attach overnight. I kept
one plate as a negative control without irradiation and the remaining two were exposed
to 1 mJ/cm2 and 5 mJ/cm2 respectively, resulting in complete cell death on the irradiated
plates the next day. As 1 mJ/cm2 was the lowest setting of our UV C machine, I worked
together with the department of dermatology at the Osaka Medical College, which
possesses a machine that emits UV A and B. To standardize the experimental setting, I
stated a fixed distance between the UV lamps of 48 cm. This would expose the plates on
the work surface to 2.25 mJ/cm2/sec, and the machine confirmed this measurement.
After plating each cell line on multiple singular 35-mm plates, I aspired the medium,
washed them once with PBS, and aspired it again. I then exposed the blank cells to UV
B light for different periods (2 sec, 4 sec, 5 sec, 11.5 sec and 23 sec). I then added new
medium, enriched with penicillin-streptomycin (10 000 U/mL), before incubating the
cells again at 38 ˚C (Figure 16).
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UV B light source

Cell cultures

Figure 16. Setting for UV B radiation of cells in pre-determined bulb-to-cell distance, in
accordance with the current strength of emission of bulbs. A UV B measuring device was used to
control the exact amount of irradiation.

After the exposure, I added 1.5 mL of StemFit enriched with penicillin-streptomycin (100
µg/mL) to prevent contamination as the procedure was not performed in a sterilized
environment. As the examination method, I used staining with the reagent crystal violet.
I first aimed to determine the doses of radiation the cells could endure without being
extinguished within a week.
On Day 7 after irradiation and with a medium exchange every two days, I aspired the
StemFit medium and fixed the cells on the plate with 4% paraformaldehyde for 10 min at
room temperature. In the second step, I washed all the plates twice with PBS before
adding a solution of 25% methanol containing 0.2% crystal violet (e.g. 0.02 g crystal
violet, 2.5 mL of 100% methanol and 7.5 mL purified water). After 15 min, the cells were
sufficiently stained so I could wash off excess crystal violet solution with purified water.
I let the plates dry for several hours before photographically documenting them.
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After analyzing the results, we fixed the radiation dose at 2 sec (4.5 mJ/cm2) and 4 sec
(9.0 mJ/cm2). I examined the cells with the ROS Detection Reagents® Kit by Invitrogen,
60 min after irradiation and one day after irradiation.
As far as possible, I exposed the differentiated cell lines to UV light and observed their
reactions. Differentiated keratinocytes are expected to be more robust than iPS cells, so I
elevated the irradiation levels to 25.0 mJ/cm2, 50.0 mJ/cm2 and 75.0 mJ/cm2. The control
was not irradiated.
In addition to DNA damage caused by UV light, oxidative stress is thought to be a
significant factor in the pathology of CS especially74. Thus, I developed an experiment to
expose the cells to different concentrations of hydrogen peroxide (H2O2), which is known
as an inducer of ROS75. It is often used as a standardized ROS inducer to create positive
controls in ROS examination kits.
To calculate the optimal concentrations, I referred to the work of Li et al.76, in which iPS
cells were exposed to 25.0 µM, 50.0 µM, 100.0 µM and 200.0 µM for 24 h, 48 h and 72 h
each and the cell viability was then checked. I was not interested in inducing apoptosis,
as did Yangxing et al., and certain types of ROS are said to disappear as quickly as they
are induced. I therefore decided on a period of 1 h from H2O2 exposure to ROS
examination. I first tried 0 µM (negative control), 50 µM, 100 µM and 500 µM; the 500µM dose extinguished all cells, so I then focused on 50 µM and 200 µM for 1 h.
Examination was performed with an All-in-One Fluorescence Microscope XZ-710
(Keyence) and GFP filter (460/50 nm).
To find out if a cell compartment was correlated to the ROS I observed, I stained the cells
with different markers of cell compartments that seemed likely to match with the
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observed structures. Regarding the staining method, I referred to the protocols provided
with the antibody makers. The dilution rates are shown in Table 11.

Table 11. Primary and secondary antibodies used.
Primary Antibody

Dilution rate

Responding animal

Anti-Cis-Golgi

1:1,000

Mouse

Anti-Transferrin

1:1,000

Mouse

Anti-Early Endosome

1:1,000

Rabbit

Second Antibody

Filter/Color

Dilution rate

Responding animal

IgG1 (γ1), CF™594

TRITC = red

1:1,000

Mouse

GFP = green

1:1,000

Rabbit

Receptor

antibody produced in
goat (for Cis-Golgi)
IgG (H+L), CF™ 488A
antibody produced in
chicken
(for Transferrin
Receptor-AB und Early
Endosome-AB)
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3. Results
3.1. Inducing pluripotency in somatic cells from a CS patient
To induce pluripotency, we used the well-established protocols to derive iPS cells. We
noted the characteristic form of the derived cells (Figure 6) and their biochemical
performance, such as susceptibility to external stress like changes in temperature or
contamination, and their typically high proliferation rates. The success of induction of
pluripotency was further examined and confirmed by other lab members (data not
included in this thesis).
3.2. Specific genomic knockdown using CRISPRi technology
Using the DNA Sequencer 3130, I confirmed that the gRNA oligoprimer I had designed
was successfully inserted into the genome at the targeted place. There were no
spontaneous mutations (Figure 17).
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Figure 17. DNA sequencing of genomic sites to check on the correct, mutation-free integration
of gRNA. E1-E3 = ERCC3, X1-3 = XPA, U1-3 = UVSSA. Two samples for each gRNA. X3-2,
U1-2, U2-2 samples were not pure enough to be reliably analyzed. Sequencing data of ERCC6 is
missing.
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I then transfected the plasmid mix into the cells and cultured them on 10-cm plates and
6-well plates, with and without the application of doxycycline to activate the effect of
dCas9. After this I performed a first analysis of the mixed state of cells and determined

ERCC3 expression rate

the following knockdown rates (Figure 18).
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UVSSA expression rate

ERCC6 mixed cultures
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60%
20%
1-

1+

2+
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UVSSA mixed cultures
Figure 18. Knockdown rates of mixed cultures after gRNA integration. As knockdown is
induced by doxycycline treatment, the rates result from the RNA expression of untreated cells (1-)
in relation to treated cells (1+, 2+, 3+). Clones used for further examination were ERCC3 1, 3;
ERCC6 3,5; and UVSSA 1.
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Based on these results, five single clones from each cell population with the most effective
knockdown were selected: ERCC3-E1 and E3, ERCC6-E3 and E5, and UVSSA-U1
(Figure 19). These were chosen from the corresponding 10-cm plates and I checked them
after further culturing. (We noted that E1-3+, E3-1+, and E3-4+ showed relatively slow
cell growth, so I analyzed the other colonies first. As shown in Figure 19, I gained single
cell clones that were knocked down effectively enough that I decided not to analyze the
remaining colonies.)
With this method I was able to isolate single clone cells with knockdown rates between
89% and 99%. For ERCC3, I used the E3-2 (99%) clone; for ERCC6, the E5-4 (99%)
clone; and for UVSSA the U1-6 (89%) clone. I accepted the U1-6 clone with a resting
expression of 11% because the threshold cycle during RT PCR (used to check on the
expression rate) had an average of 33 cycles (max.: 40 cycles). This implies the
expression rate itself is close to undetectable levels (threshold cycles above 35 are said to
be unusable).

ERCC6 expression rate
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Figure 19. Knockdown rates of single cultures after gRNA integration and selection on mixed
colony level in relation to cells not treated with doxycycline (-). Clones preserved in nitrogen tank
were ERCC3 1-2, 1-5, 3-2; ERCC6 3-3, 3-4, 5-4; and UVSSA 1-4, 1-6. Clones used for experiments
in this study were ERCC 3-2; ERCC6 5-4; and UVSSA 1-6.

After testing the degree of reduced gene transcription by rtPCR on the RNA level, I also
confirmed the knockdown at the protein level. I performed western blots on the
ERCC3/ERCC6 cell lines (UVSSA not performed yet) examining protein expression,
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which showed that only slight levels remained (Figure 20) for ERCC6 and ERCC3.

Positive control

DOX
GLA
ERCC6

GLA
+

ERCC3

DOX

ERCC3
+

α-Tubulin
ERCC3

ERCC6

DOX

ERCC6
+

GLA
ERCC6

Figure 20. Western blot on gene expression of knocked-down genes into protein. A cell line
with secured doxycycline-inducible GLA knockdown was used as positive control to check
doxycycline was effective; as ERCC6 was not knocked down in this cell line, it was equally
expressed with and without doxycycline treatment. ERCC3 and ERCC6 knockdown cells are shown
with dox-untreated negative control and alpha tubulin, respectively GLA, as control for regular
expression. Unfortunately, I was not able to perform a western blot on UVSSA knockdown cells
yet. DOX = doxycycline, GLA = galactosidase

3.3. Implementation of iPS cell-to-keratinocyte protocol
Mainly referring to the protocol of Kogut et al.65, further promising elements from other
approaches were screened and some of them implemented to improve the efficiency and
shorten the time needed to derive keratinocytes – especially the adoption of the γsecretase inhibitor DAPT and EGF resulted in a significant improvement of the protocol.
As a final goal I stated the derivation of K1/14 positive keratinocytes. This type has a
stem-cell character as found in the basal layer of the skin, providing hypothetically
endless growth.
The first modification I tested using the Kogut et al. protocol, was the optimal coating of
the wells in which I plated the cells. Kogut et al. suggested a simple coating with collagen
I in the first phase of differentiation, and adding collagen IV after the first passage. I
added collagen IV from the beginning, reasoning that in the basal membrane of the skin
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collagen IV is present from the start of differentiation. For the same reason, I added
laminin, which is also naturally present in the basal membrane. Indeed, the combination
of collagen I + IV + laminin seemed to result in the best attachment and offered ideal
conditions for the cells’ differentiation (Figure 21).
Another element of the protocol by Kogut et al. I examined is the rapid attachment method.
I confirmed that the percentage of K14 positive cells was elevated by this method, which
I then implemented in my protocol (Figure 21).

Normal attachment / Collagen I + Laminin

Rapid attachment / Collagen I + Laminin

Normal attachment / Collagen I + IV + Laminin

Rapid attachment / Collagen I + IV + Laminin
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Figure 21. Staining of characteristic proteins in four plates. (Keratin 8/18 for early state of
differentiation, p63 for advanced state of differentiation; blue = DAPI, red = keratin 8/18, green =
p63.) Plates differed in coating and passaging method, with statistical analysis shown below. To
compare the number of cells expressing the characteristic proteins with the overall number of
cells, the nucleoli were stained by DAPI.
a. b. Normal attachment (NA) method. c. d. Rapid attachment (RA) method. a. c. Collagen I (Col
I) coating b. d. Collagen I + IV (Col I + IV) in addition to laminin (Lam) coating on all plates.
The t-test analysis showed significant differences for keratin 8/18 in the Col-I coated plates, and
for p63 regarding comparison of NA and RA in Col I + IV-coated plates. For statistical analysis
three different fields of view per plate were examined.

In further examinations I compared the above combination to Geltrex, which was
originally recommended in Kogut’s protocol. I also compared it to Atelocollagen. Both
resulted in poor attachment and a relatively slow differentiation process. I assumed that
the iPS cells were accustomed to laminin coating as they had always been plated on
laminin-coated plates before my experiments. I thus added laminin to the Geltrex-kit and
to the Cellgen-kit in a third attempt, which improved the attachment rate. However, I used
the collagen I + IV + laminin combination successfully three times. It is recommended in
Kogut’s protocol to use a collagen I + IV coating after the rapid attachment passage
method on Day 24 of differentiation, and I continued to use this combination to keep the
protocol simple and to minimize the number of chemicals used (Figure 22). This coating
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is also the closest to the natural setting, as the basal membrane of human skin is mostly
composed of collagen I and IV and laminin, which provided further scientific justification
for my decision.
A study on keratinocyte differentiation by Tadeu et al.77 documented the elevation of p63
expression during the differentiation process through adding the γ-secretase inhibitor
DAPT. p63 is a central marker-protein for gaining keratinocyte-character, also used e.g.
in clinical pathology to characterize skin cancer. Therefore, I also made a DAPT vs. NoDAPT approach parallel to the coating comparison experiment shown in Figure 21. I
reproduced similar results to those of Tadeu et al. and furthermore showed that the
collagen I + IV + laminin combination led to the highest rate of K14 expression all over
the cytoplasm (Figure 22). For p63, I verified a steady increase during the differentiation
period (Figure 23).
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Geltrex + Laminin coating

Collagen I/IV + Laminin coating

Collagen I/IV + Laminin coating + DAPT treatment
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Expression rates of differentiation markers
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Figure 22. a. b. c. Comparison of the effect of different coatings and DAPT treatment on the
expression rate of characteristic proteins (Keratin 8/18, Keratin 14, p63) for differentiation.
Fluorescence microscope images of a. cells differentiated on Geltrex and Laminin coating, b. cells
differentiated on Collagen I, Collagen IV and Laminin coating, c. cells differentiated on Collagen I,
IV and Laminin coating and treated with DAPT. To relate the cells expressing the characteristic
proteins to the overall number of cells the nucleoli were stained by DAPI.
Conditions for each plate are implied by gray fields in the table below.
DAPT = γ-secretase inhibitor, Col = Collagen, AC = Atelocollagen, Lam = Laminin.
Colors in the statistical analysis: Blue = Keratin 8/18, orange = Keratin 14, red = p63.
The Tukey range test showed significant difference in the expression rates with DAPT compared to
no DAPT treatment for every pair of plates regarding to p63-expression as well as for Keratin 8/18
and Keratin 14 in case of the Col I + IV + Lam coated plate pairs (p <0.05). For statistical analysis
five different fields of view per plate were examined.
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.

Collagen I/IV + Laminin coating + DAPT treatment
Day 12

.

Collagen I/IV + Laminin coating + DAPT treatment
Day 24
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Expression rates of differentiation marker proteins
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Figure 23. Staining of cells that expressed Keratin 8/18 (red) and p63 (green) on a. Day 12 b.
Day 24 of differentiation. To relate the number of cells expressing the characteristic proteins to the
overall number of cells, the nucleoli were stained by DAPI (blue). The statistical analysis compared
the expression rates on Days 12 and 24, showing a significant increase in p63 during the 12 days of
differentiation (Tukey’s range test, p < 0.05). Cell cultures examined n = 3

Next, I examined the suggestion of Kajiwara et al.68 to add EGF from the first day after
the BMP4 + RA treatment using my WTC cell line to compare DKFSM + DAPT + EGF
and DKFSM + DAPT treatment. The results in Figure 24 show that EGF accelerated the
expression of the keratinocyte-specific protein K14 significantly.
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Figure 24. Effect of EGF on Keratin 14 (green) expression. This staining shows a significant
effect of EGF treatment on K14 expression comparing cells a. not treated vs. b. treated with EGF
for 20 days, starting on Day 4 of differentiation. To relate the cells expressing the characteristic
proteins to the overall number of cells, the nucleoli were stained by DAPI (blue). (T-test result for
K14 expression-rate comparison: p = 0.032). Plates examined: n = 3.
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The comparison of DAPI and K14 staining seem to imply that areas with a low confluence
of cells displayed higher expression of K14. This finding suggests that limiting the cell
number passaged in the first plate, and passaging them evenly over the plate, were
important factors to improve the efficiency of keratinocyte-differentiation.
After performing the rapid attachment, my experiments showed that treatment with EGF
+ Y-27632 + CHIR and 0.05 mM of Ca2+ dissolved in the medium yielded the best cell
proliferation rate. The cells were passaged every 14 days on average.
CHIR is used to boost cell activity78 so we added it as an attempt to improve the growth
rate after the second passage leading to promising results. However, as CHIR is also used
in other differentiation protocols (mainly for deriving cardiomyocytes from iPS cells), it
was necessary to assess its effect on the expression rate of the two keratinocyte-specific
markers, p63 and K14. I thus compared it to my previous attempts. The results showed
that the expression rate did not worsen even though the proliferation rate increased
(Figure 25).
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Expression rates of differentiation markers under CHIR influence

p63

Keratin 14
w/o CHIR

p63

Keratin 14
w/ CHIR

Figure 25. Effect of CHIR treatment on p63 and K14 expression. No significant difference in the
expression rate was evident (analyzed by Tukey’s range test), indicating that CHIR did not hinder the
differentiation process. To relate the cells expressing the characteristic proteins to the overall number
of cells, the nucleoli were stained by DAPI. Plates examined n = 3

With this improved protocol, I proceeded to the final step of differentiation by imitating
the microenvironment of superficial skin layers and elevating the concentration of
calcium to which the cells were exposed. As described, I compared three samples. One
was a control with Ca2+ levels similar to the basal layer of the epidermis (0.05 mM); one
was elevated from 0.05 mM to 0.3 mM from Day 7 on; and for the third, the concentration
was elevated more naturally and gradually, from 0.05 to 0.1 mM on Day 7, 0.2 mM on
Day 14 and 0.3 on Day 21. Staining for K14 and stratum granulare and corneum
characteristic protein involucrin showed that the gradual elevation of Ca2+ surrounding
the cells was the most effective method. This implies that a close-to-nature setting is to
be preferred (Figure 26). For comparableness while implementing these different
treatments of calcium concentrations, I still performed an equal number of medium
changes in the same timing in all three settings during the whole differentiation.
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Day 61 (28 days with Ca2+ treatment)
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Figure 26. Effect of elevated calcium concentration on keratin 14 and involucrin expression.
Staining footage with green = Keratin 14 and red = Involucrin. To relate these cells to the overall
number of cells, the nucleoli were stained with DAPI (= blue).
After 33 days of differentiation cells were a. continuously treated with 0.05 mM of Ca2+, b. treated
with 0.05 mM of Ca2+ until Day 7, then the concentration was elevated to 0.3 mM and continued
for the remaining 21 days, c. first treated with 0.05 mM Ca2+, then with 0.1 mM from Day 7 – 13,
with 0.2 mM from Day 14 – 20, and with 0.3 mM Ca2+ from Day 21 – 28 (Day 28 being the day of
staining).

To transfer my protocol for healthy iPS cells to my knockdown cells, I had to show that
treatment with doxycycline did not affect the differentiation process I had illustrated with
the healthy cell line WTC (Figure 27). The doxycycline is needed to activate dCas9 that
suppresses the expression of the targeted gene-loci (ERCC3 ERCC6, UVSSA).
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Figure 27. Effect of doxycycline treatment on cell differentiation (neg. control). a. WTC cells
on Day 24 of differentiation without doxycycline treatment (Dox-) compared to b. WTC cells with
doxycycline treatment (Dox+).
The statistical analysis (t-test) indicated no significant difference in Keratin 14 expression rate as a
marker for differentiation (p < 0.432), implying doxycycline treatment itself did neither accelerate
nor hinder the differentiation process. Plates analyzed n = 3

In the next step, I proved that the cell line C5 I used for designing my ERCC3, ERCC6,
and EIIS cells by CRISPRi knockdown, is also suitable for differentiation via the protocol
developed in my research. Although compared with my previous experiments with WTC
cells the K14 expression rates appeared to be lower in C5, ERCC3, ERCC6, and EIIS
cells, they generally seem to differentiate without any further problems. This is
exemplified in the figure below by the cell line ERCC3 representing all other cell lines
derived from C5 (Figure 28).

a.

b.

ERCC3 cells
Dox –

ERCC3 cells
Dox +
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Figure 28. Effect of doxycycline treatment on iPS cell to keratinocyte differentiation. a.
Exemplified staining of ERCC3 without doxycycline treatment (Dox-) on Day 24 of differentiation;
b. ERCC3 with doxycycline treatment (Dox+) on Day 24. Statistics for the expression rate of K14
(blue) and p63 (green) as markers of differentiation showed no significant differences in expression
rates (Tukey’s range test) except the comparison on Keratin 14 in ERCC6 Dox- vs Dox +. The results
imply that doxycycline did not strongly affect the differentiation process in my knockdown cell lines,
though the cell count seemed reduced (see next section: 3.4.1.). For statistical analysis three different
fields of view per plate were examined.

3.4. Comparison of cell lines WTC, C5, ERCC3, ERCC6, EIIS, and UVSSA
3.4.1 Basic comparison on iPS cell level
The experiments started with about 14 000 cells initially plated in each well. The
proliferation during one week of observation differed for each cell line and between the
doxycycline-treated (knockdown) cells and their untreated counterparts. The healthy cell
line C5 with induced dCas9 activity was used as a control to examine a possible effect of
dCas9 that might cause a difference in proliferation. As expected there was no detectable
difference in the doxycycline-treated and untreated cells. Therefore, every effect shown
in the ERCC3, ERCC6 and UVSSA knockdown cells is caused by the knockdown itself.
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The dCas9 induction showed a significant drop in the proliferation rate for ERCC3 and
ERCC6. In accordance with the phenotype and less severe clinical presentation of UVSS,
the UVSSA knockdown cells did not display a significantly lower ability to proliferate
due to the knockdown.
The similarity between EIIS (derived from a patient with a point mutation in ERCC6) and
my ERCC6 Dox+ cells may imply the functionality of my created model cells. Figure 29
summarizes the cell counts on Day 7, calculated as an average of at least eight plates for
each cell line.

Cell proliferation under doxycycline influence
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Figure 29. Cell count on Day 7 after plating roughly 14,000 cells in each well. Each cell count is
the average of at least eight plates. The healthy cell line C5 with inducible dCas9 activity was used as
a control to exclude an effect of dCas9 itself which could be proven as expected. The knockdown cell
lines showed a significant drop in their proliferation rate due to dCas9 induction (induction via
Doxycycline: Dox+, red dot; Dox-, blue dot). A similarity between EIIS (derived from patient with
point mutation in ERCC6) and my ERCC6 Dox+ cells may imply the functionality of my created
model cells.

Results

88

3.4.2 Comparison on iPS cell level and differentiated level using UV light and H202
First, I determined a suitable amount of radiation that would provide data for my model
cells at the undifferentiated and differentiated levels. There is little data on UV irradiation
of undifferentiated iPS cells, so screened for the lowest rate of UV C irradiation, which
lead to total extinguishment of all cells plated. I then used UV B at a low dose. For the
C5 cell line, suitable survival rates were achieved in a setting of 0 – 12.5 – 25 mJ/cm2 as
doses of irradiation on day 6, analyzed on day 7 (Figures 30 and 31 a).

Effect of UV irradiation on cell survival
Cell count on day 7
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Radiation on day 6
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500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Cells plated on day 0

Figure 30. The effect of different strengths of UV irradiation on cell proliferation in my C5 cell
line. The graphs show the relation between the remaining viable cells on day 7 after plating, 24 h after
being exposed to a certain amount of irradiation on day 6 to a certain cell number plated on day 0. A
start population of about 2500 and accordingly 5000 cells on day 0 showed a promising variation to
distinguish between the different amounts of radiation as well as leading to a sufficient number of cells
to compare in day 7.

I then used the same amount of energy on my disease model cell lines, resulting in an
extinction rate of between 70% and 99%. Interestingly, the cell lines ERCC3 and ERCC6,
derived from C5, had higher extinction rates than C5, even without inducing the gene
knockdown with doxycycline (Figure 31). These results led to the decision to test even
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lower doses of radiation, and I next experimented with 4.5 mJ/cm2 and 9.0 mJ/cm2 applied
for 2 sec and 4 sec.
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Figure 31. Screening for an adequate number of cells on one plate for UV B light irradiation
experiments. a. The upper photographs show my plates on Day 7 after UV B irradiation at 0 – 5.5
– 9 sec (equaling 0 – 12.5 – 25 mJ/cm2) and then stained with crystal violet to indicate the plates’
confluence. Below the photographs is an analysis of the plates, relating the stained area to the
overall plate size. As too many cells died under the conditions shown in a., I repeated the experiment
with different radiation, shown in b., namely UV B irradiation at 0 – 2 – 4 sec (equaling 0 – 4.5 –
9 mJ/cm2). The – or + indicated the absence or presence of Doxycycline. Plates were analyzed with
ImageJ79.

Enough cells survived to be examined, and 2 sec and 4 sec provided practical times to
use; therefore, I adhered to the tested setting. Next, I determined a suitable setting for
differentiated cells, and screened with 0 – 25 – 50 – 75 mJ/cm2 as keratinocytes are
thought to be more robust than iPS cells. Furthermore, I examined the impact of CHIR
on UV resistance. There is a tendency of improved survival rates, but statistical analysis
showed a significant difference only in the pair of wells irradiated with 50 mJ/cm2 and 75
mJ/cm2 (Figure 32).
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Figure 32. Cell counts of iPS cells (C5 cell line) on day 30 of differentiation into keratinocytes,
24 h after UV B light irradiation at different doses. For each dose, I compared two wells, one treated
and one not treated with CHIR. The results showed consistently higher cell counts for CHIR-treated
cells, although significance was only shown for doses of 50 mJ/cm2 and 75mJ/cm2 (p < 0.05).
Number of plates examined n = 3.

With these conditions set for my following experiments, I tested the damaged cells for
reactive oxygen species (ROS), specifically H2DCFDA. Similar ROS rates were shown
for C5 and untreated ERCC3 and ERCC6 (Dox-), while I found overall higher rates in
the knocked-down cell line ERCC3 and ERCC6 (Dox+). The highest ROS count was
noted in the EIIS cell line. After one day, ROS expression dropped at a similar rate in all
cell lines. The same tendencies were observed in differentiated C5 and differentiated EIIS
cells (Figure 33).
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Figure 33. ROS expression after UV B light irradiation. The statistic shows cells expressing
reactive oxygen species (ROS; immunofluorescence staining of H2DCFDA) in relation to the full cell
count (DAPI staining). The light blue portions of the bars indicate the ROS expression 1 h after
irradiation, which then dropped in all wells during the next 24 h. The final percentage is indicated by
the dark blue bars.
a. In this experiment I radiated undifferentiated iPS cells with doses of 4.5 and 9mJ/cm2. I separated
one well for each cell line as a negative control, which was not radiated.
b. The cells compared were iPS cells, cells on Day 30 of differentiation, and keratinocytes. Four wells
with C5 cells were prepared; two were treated with doxycycline and the other two untreated so that I
could exclude doxycycline-induced ROS expression. Of each of pair of cells, only one was radiated
with a UV B dose of 75mJ/cm2.
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An example of the data, which was analyzed statistically, taken with the Keyence
fluorescence microscope is shown in Figure 34 as a 20x magnified picture. I counted cells
as “positive” if they had defined bright green spots in them, and excluded cells that were
stained all over their cell body. This avoided counting cells on which the fluorescence
marker had just randomly attached.

Figure 34. Fluorescence microscope images of H2DCFDA-staining in C5 cells after UV B light
irradiation. The white arrows indicate cells counted as “ROS-positive”. Green arrows indicate
cells that could not be determined as positive (C5 cell line, Day 30 of differentiation, 1 h after UV
B irradiation at 75 mJ/cm2).

Furthermore, I observed that damage due to irradiation led to radically inhibited growth
rates for both C5 and EIIS. In the negative control, cells became confluent and formed
colonies, whereas the irradiated cells remained mainly singularized or formed clusters of
two or three cells at most (Figure 35).
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.

.

.C5 cells on day 30 w/o irradiation

.C5 cells on day 30 w/ irradiation

EIIS cells on day 30 w/o irradiation

EIIS cells on day 30 w/ irradiation

Figure 35. Photomicrographs of C5 and EIIS cells after UV B light irradiation and negative
controls: a. & b. C5 cells on Day 30 of differentiation, c. & d. EIIS cells on Day 30 of
differentiation. a. & c. Non-radiated (negative control) cells. b. & d. Cells irradiated with 75mJ/cm2
of UV B light.

In a second experiment, I induced stress in the cells using hydrogen peroxide at various
concentrations. This yielded similar results as the UV experiments (Figure 36).
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Figure 36. Effect of H2O2 exposure on each cell line a. Viability of each cell line (undifferentiated
iPS cell stage) after H2O2 exposure at various concentrations on Day 7 after plating. Measurement
were made using LUNA® Automated Cell Counter. b. Cells expressing ROS (immunofluorescence
staining of H2DCFDA) in relation to full cell count (DAPI staining) 24 h after exposure to different
concentrations of H2O2. A negative control (green) of three unexposed wells and a positive control
(violet) of three wells exposed to a high dose (200 µM) of H2O2 were included in each experiment.
The examinations included n = 3 wells each.
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To assess whereabouts in the cells the ROS appeared, I stained several components of the
same cells I had examined for ROS, and merged the pictures. I stained the Golgi apparatus
and endosomes, but could not find any clear overlays in the staining patterns; this suggests
H2DCFDA species might be organelle-independent products in a pathway induced by
certain damage to the cell (Figure 37).

ERCC6 cells on day 7 of doxycycline treatment

1h after H2O2 exposure

ERCC6 cells on day 7 of doxycycline treatment

1h after H2O2 exposure

Figure 37. The fluorescence microscope images highlight different cell compartments and
ROS (H2DCFDA), 1 h after exposure to H2O2 in undifferentiated ERCC6 cells after 7 days of
doxycycline treatment. I could not find a cell compartment to match with the localization of ROS.
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4. Discussion
4.1. Implementation of an iPS cell-to-Keratinocyte differentiation protocol
In the scale of scientific history, research based on iPS cells is still a young field.
Therefore, many new experiments are conceived and must be proven as scientifically
adequate, and they must endure the long procedure to be established as standard methods
for the future. One such tool is the differentiation of iPS cells into a distinct tissue. The
first part of my research was focused on one of these protocols, namely the efficient
differentiation of keratinocytes, under conditions simple enough to be possible in most
laboratories around the globe and applicable to any human iPS cell lines. With the latter,
I had problems when referring to the reputable protocol of Kogut et al.65. I tried to
reproduce their results and efficiency of differentiation using my WTC and C5 cells. I
could not achieve comparably high levels of keratinocyte-specific protein expression
(keratin 8/18, keratin 14, p63, involucrin), although I reproduced and confirmed their
claim that the “rapid attachment” method (described in 2.3) is superior to an overnight
attachment (Figure 21) as keratin 14 did elevate significantly. As keratin 8/18 is a protein
of early differentiation in keratinocytes80, which stops being expressed in higher
epidermal layers (Figure 13), it was a confirmatory finding that keratin 8/18 expression
did not elevate in the same way as keratin 14. As a helpful reference to further boost these
expression levels, I implemented parts of the methods tested by Kajiwara et al.68 Their
team aimed to find a therapy model for myelomeningoceles in human foeti with threedimensional skin. I reduced the change of medium to every second day, after Day 4; I
also simplified the coating to collagen I and IV from the start; used DKFS medium
throughout the differentiation period; and implemented the use of EGF and Y-27632.
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Kajikawa et al. introduced the use of calcium in the process of differentiation, which I
further examined by gradually elevating the calcium concentration compared to an
elevation of the calcium level in just one step. The first method was found to be superior
(Figure 26) in terms of involucrin expression level and a plainer expression all over the
cell. The expression of keratin 14 decreased, as expected in superficial layers of the skin.
A possible reason why the successive elevation of calcium is superior is that it imitates
the natural habitat of keratinocytes in the human epidermis. The calcium levels I used
were comparable to those described by Bilousova et al.81, although they tested them on
mouse-derived iPS cells.
Another aspect highlights my protocol’s effectiveness compared with those of previous
studies. The use of DAPT had previously been tested only in embryonic stem cells, not
in human iPS cells, and with the single aim of improving p63 expression77 rather than in
the context of a keratinocyte differentiation protocol. Because iPS cells are stem cells and
the p63 protein is characteristic of keratinocytes, the use of DAPT could logically
accelerate the differentiation into dermal cells. As presented in Figure 23, I could not
observe this predicted effect on p63 in my cells. However, I noted a slight elevation of
keratin 14 in all cell lines, whereas keratin 8/18 expression remained stable or dropped;
these are all signs of improvement for overall differentiation into keratinocytes. As DAPT
was shown to have an elevating effect on the expression of p63, the biochemical
interaction between DAPT and keratin 14 which I observed remains unclear. It requires
further examination and verification.
The last new element I implemented was the use of CHIR. This is a small membranepermeable molecule that is widely utilized for maintenance and differentiation of
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embryonic stem cells of different species. It operates by activating the Wnt/β-catenin
pathway82. My intent was not improvement in terms of differentiation; I had noted
significant cell loss during the cultivating and passaging of the rather vulnerable iPS cell
lines and wanted to strengthen them. A possible criticism is that by using CHIR, the
protocol did not follow the natural flow of differentiation observed in nature. However,
my results showed no obvious change in the genomic expression from its usage (Figure
25). The viability of the cells improved and I approved it for my protocol.
One chemical I would further examine in the future is calcipotriol, which I learned about
as treatment for psoriasis by inhibiting proliferation but also accelerating differentiation
of the dysregulated ceratinocytes83.

4.2. Difficulties of gene knockdown in iPS cells
A short comment about the cell line of XPA that I was unable to produce with my
CRISPRi knockdown technique is required. Reasons I failed might be off-target effects,
meaning unintended interactions with the gRNA on different sites, then the one actually
targeted. I used the Basic Local Alignment Search Tool (BLAST)84 to double-check the
off-targets indicated by the Massachusetts Institute of Technology’s gRNA design tool
for CRISPRi59 and found certain differences. Also, although unlikely considering my
25bps short gRNA, the hairpin structure of the dCas9-binding site might be influenced
by the gRNA.85 Furthermore, the database used to design the gRNA is not a result of a
complete examination of the genome, but partly a product of stochastic calculation and
therefore it holds a risk for slightly mistaken sequences. Another risk is possible variation
between the genome of my C5 cells and the genome provided by the University of
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California Santa Cruz, on which I based my analysis. Last, the area around the start of the
first exon (I used -150bps) is not necessarily equal to the promotor of that gene86. In that
case, attaching the dCas9 system via gRNA to that area would not effectively knock down
the expression of the gene targeted.
The second and not yet completed aspect of my research aims to raise my basic research
to a clinically applicable level.

4.3. Translational medicine based on this research
As summarized in Figures 33 and 36 my results showed different levels of viability and
ROS expression under oxidative stress for each cell line, reacting to great extend
accordingly to their actual clinical presentation, but also need to be viewed in the context
of previous research. That is, UVSSA deficiency appears not to cause serious problems
with lesions induced by oxidative stress, but will cause problems due to DNA helixdistortion lesions induced by UV light. It still has sufficient XP proteins and GG-NER
that can repair most of the damage caused. XP-protein deficiency, depending on the
subtype, can incur serious problems in repairing DNA helix-distortion lesions in exons
as well as in introns because GG-NER is insufficient. However, CSB and other TC-NER
related proteins can compensate for some of the damage-repair functions. Inherently this
repair can occur only in lesions in transcribed exons. This compensation seems to be more
effective in oxidative lesions than in helix-distortion lesions.
Last, CS-protein deficiency causes serious problems in oxidative lesions as well as in
helix-distortion lesions. Oxidative stress seems to be a more fundamental and sensitive
factor in DNA damage, causing more severe problems than helix-distortion lesions, even
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though a helix distortion is generally seen as heavier damage. Despite CS-proteins
deficiency would mainly affect the TC-NER while GG-NER should still have some
capacity due to working XP-proteins, almost 80% of the CS patients (Figure 3) show
clinical photosensitivity, which might be explained by the RNA polymerase II being stuck
at the lesion and thus making the site of damage inaccessible for other repair
mechanisms57.
By deepening the understanding of this group of diseases, I hope to optimize the current
symptomatic treatment of patients. In addition, I hope to present new ideas that will not
merely alleviate symptoms but rather treat the disease before symptoms occur. In terms
of symptomatic treatment, I could suggest several chemicals to lower the stress level in
cells. One is CHIR, for which I showed that – at least at a cell level in vitro – it
strengthened the cells, without changing the keratinocyte character of the cell itself
(Figures 25 and 32). This might imply a role for the Wnt/β-catenin pathway in the
mechanism of NER. Other drugs said to prevent cells from being damaged by genomic
stress and high ROS expression are 5H4PB87 and nicotinamide mononucleotide
(NMN)88,89. These should be further examined.
Regarding a complete cure, a comprehensive review on gene therapy for XP was
conducted by Gonçalves-Maia et al. The authors suggested that despite promising results
for retrovirus-mediated gene transfer in vitro, bona fide genetic correction with CRISPR
technology (for example) is more promising for the future90. I used the CRISPRi
(interference) method to knockdown specific genes in healthy iPS cells to create model
cells for XP, CS and UVSS. Hence, it seems reasonable that an elevation of the expression
level by CRISPRa (activation) might improve the robustness of the cells. Many patients
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with XP, CS and UVSS do not have a complete absence of the corresponding proteins
but rather very low expression91. Thus, CRISPR might be a promising approach to
alleviate the phenotype of the patients, and to give young patients a normal life –
including playing outside in the sunlight.
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List of abbreviations

6. List of abbreviations
AAVS1

Adeno-Associated Virus Integration Site 1

ATP

Adenosine Triphosphate

BER

Base excision repair

bME

Basal Medium Eagel

BMP4

Bone morphogenetic protein 4

bp

Base pair

C5

WTC with dCas9 activity

CD

Cluster of Differentiation

CnT-PR

CELLnTEC-Prime, Epithelial Culture Medium

Col I, IV

Collagen I, IV

CRISPRi

Clustered Regularly Interspaced Short Palindromic Repeats
interference

CS

Cockayne Syndrome

Cy5 (Filter)

Cyan 5 (Filter)

DAPT

N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine tbutylester

DMEM,

Dulbecco’s modified Eagle’s medium,

KO-DMEM

Knockout DMEM

DMSO

Dimethyl Sulfoxide

DKSFM

Defined Keratinocyte Serum Free Medium

DOX

Doxycycline

DTT

Dithiothreitol

FBS

Fetal Bovine Serum

FcR

Fc Receptor

FGF

Fibroblast Growth Factor

FR (Filter)

Far Red (Filter)

E. coli

Escherichia coli
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List of abbreviations

EcoRI

Restriction Enzyme EcoR1 5'-GAATTC-3'

EDTA

Ethylenediaminetetraacetic acid

EGF

Epidermal Growth Factor

EIIS

iPS cells derived from a patient with CS (subtype ERCC6 point
mutation)

ES,

Embryotic Stem cell,

h-ES

Human ES

GFP

Green Fluorescent Protein

GRCh37/hg19

Genome Reference Consortium human genome build 37 with
UCSC genomic annotations version 19

gRNA

Guided Ribonucleic Acid

H2DCFDA

2',7'-Dichlorodihydrofluorescein-Diacetate

HRP

Horseradish Peroxidase

ICU

Intensive Care Unite

IgG

Immunoglobulin Gamma

iPS cell

Induced Pluripotent Stem cell

K1/4/8/18

Keratin 1/4/8/18

KOD Plus

High

fidelity

DNA

polymerase

(obtained

from

hyperthermophilic Archaeon Thermococcus kodakaraensis)
KRAB

Krüppel-associated box

KSR

Knockout Serum Replacement

MACS

Magnetic-activated cell sorting

MMR

Mismatch repair

NaF

Sodium Fluoride

NEAA

Non Essential Amino acids

NER,

Nucleotide excision repair,

TC-NER

Transcription-coupled NER

GG-NER

Global genomic NER

NotI

Restriction Enzyme Not1 5'- GCGGCCGC -3'

List of abbreviations

p63

Tumor protein p63 or transformation-related protein 63

Pax6

Paired box protein Pax-6, also known as aniridia type II
protein (AN2) or oculorhombin

PBS

Phosphate Buffered Saline

PBMC

Peripheral Blood Mononuclear Cell

PCR,

Polymerase Chain Reaction,

rtPCR

Reverse transcription PCR

PS

Phosphatidylserin

PVDF

Polyvinylidene fluoride

RCF

Relative Centrifugal Force

RA

Retinoic Acid

ROS

Reactive Oxidative Species

RT

Room Temperature

rtTA

Reverse transcriptional Activator

TFIIH

Transcription Factor IIH

SDS-PAGE

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis

TBS

Tris-Buffered Saline

TRE

Transcriptional Response Element

Ub

Ubiquitin

UDS

Unscheduled DNA Synthesis

UV

Ultraviolet

UVSSA

Ultraviolet Sensitive Syndrome

WTC

Wild Type C human iPS cells derived by Miyaoka et al.64

XP

Xeroderma Pigmentosum
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7. Appendix

Permission for data usage

I, Michio Asahi, professor for pharmacology at the Osaka Medical School hereby
permit the student Tobias Prell, born 15.03.1994 in Munich, to use the data acquired
during his research at my laboratory for his doctoral thesis, to submit it to the Ludwig
Maximilian University Munich, and to publish it on the university’s websites and in its
libraries.

M. Asahi, 2.3.2019, Osaka
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