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Abstract

1 Abstract

The skin with the epidermisrovidesthe outermoseffective barrier against environmental
challenges such as pathogen invasion;rdiation or prevention of extensive water loss

To fulfill its duties the epidermidias to be constantly regenerated in order to maititain
protective function.During this highly elaborate process of epidermal rejuvenation,
progenitor keratinocytes conduct a terminal differentiation program which is accompanied
by a verstile expression ofspecific differentiation proteins and ultimately resuits

flattenedanucleated cellthat are embedded anextracellular lipid layer.

In light of these profound alterations in gene expression, it is not surprising that epidermal
homeostasis is controlled by an extensive network of signaling pathavaltsanscription
factors Recently also the involvement afeveralong norcoding RNAs (IncRNAS) for this

vital process has been uncoverg@dveral INcRNAs act as regulators of catltiomeostasis;
however, few of these molecules were functionally characterized in a mature human

epidermal tissue environment.

This work aims to characterize the IncRNA LINC00941 which was initially identified from
full transcriptome sequencirad progenitor versus differentiated keratinocytd8lC00941

is enriched in progenitor keratinocytes and acts as a repressor of keratinocyte differentiation
upon onset of differentiation in boithvitro cultures as well as organotypic epidermal tissue
ard at the same timés increased in squamous cell carcinoma sampidsbal RNA
sequencing ultimately provedhe necessity of LINC00941 for a proper terminal
differentiation program and hinted towards an epigenetic mechaiiisis.was further
supported by he finding thatLINC00941 appears to interact with the Nucleosome
Remodeling Deacetylase (NuRD) complex indicating that LINC00941 might regulate
expression of differentiation genes through modulation of activity or recruitment of this
chromatinremodelingcomplex. Additionally, Chromatin Isolation byRNA Purification
(ChIRP) revealedrarious RNA occupancy sites of LINC00941 throughout the genome
highly similarto binding sites of the transcription factor family E2F.

Converseexpressiorof LINC00941 duringnormal epidermal homeostasiad cutaneous
squamous cell carcinonm{@SCC)progressiorhinted towards a role of LIB00941 during
skin cancer developmeriltered cell invasion as well as migratory potentreddiated by
LINC00941furthersupportthe impact of LINC00941 in SCC progression.
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In conclusionan indepth characterization of the human LINC00941 has been condlucted
epidermal homeostasidevelopment Additionally, first results have been gainddr
epidermal disorders including squamous cell carcinomius, further analysis of
LINC00941 might provide insights into a common mode of action for normal epidermal
development as well as for disorders of epidermal growth, differentiaimohregeneration

includingsquamous cell carcinoma.
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Introduction

2 Introduction

2.1  The human skin

The human skiis the outermost barrieoveing the whole surface of the body. This barrier

IS necessaryo protectfrom a variety of external influences such as heat, radiation,
mechanical stresor invasion of harmful or contagious substanbes also comprises
regulation of the body temperature or prevention of extensive watef fo3hiese duties

can be fulfilled throughthe sophisticated composition of the human skio three layers:
hypodermis, dermis and epidermisdgure 1A). The innermost hypodermmainly consists

of fat tissue and is essential for thermal insulation, whereas the dermis as middle layer
forming a connective tissuahich retains water, provides stability and includes sensory
receptors, sweat glands, hair folliclesnd blood vesselbeing crucial for oxygen and
nutrient supply of epidermal cellsTogether with its associated appendages the epidermis
is the outermost layér Due to its exposed location, the epidermis is most important in
preventing the loss of fluid components of the body to the environment and in protecting the
body from a variety of environmeniafluences It provides physical, chemical, biochemical
(antmicrobial, innate immunity)and adaptive immunologic barriers although the whole
skin structure actively participates in the host defénBetween the dermis and the
outermost epidermis lies a highly specialized matrix structure, the basement meifthisane.
undulating basement membrane adheres the epidermis to the’d@mike other hand, it
separates the two compartments physically providing a stabilizing as well as dynamic
interfacé.

2.1.1 General architecture of the human skin

The vast majority (90 95 %) of the various cell types in the epidermis are keratinocytes
undergoing a specific differentiation process resulting in the production of flattened
anucleated cells (corneocytes). The cells are passing through different stages of
differentiation whie all of themhaving specific functional and structural featd?e$his
complex and highly regulated process is a prerequsitéhe continuous renewal of the
epidermisandthusfinally forming a protective barrieDue to its exposed position within

the human body, this barrier is constantly weakened by environmafhiahices or ruptured

by mechanical stres$hus it has to becontinuouslyrenewed by succeeding keratinocytes.

In humans, this highly elaborate procesalancing the reservoir of progenitor cells and
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terminally differentiating keratinocytestakes 28 dgs and is known as epidermal

homeostasfs.

Beingthe outermost layer of the human skin, the epidermis is the first and most effective
barrier against external influences and is composed of four different strata which can be
distinguished by the presence of keratinocytes in distinct differentiatiors qEaggre
1B)!213

A B i
Swear pore gland
Hair shaft ot S ]Shatum corneum
} Granular layer
m
=
. a
Spinous layer ]
Epidermis 3
2]
Dermmle — Basal layer

— Basement membrane
— dermis

Basement
membrane

Capillary =
Sweat gland duct

Touch receptor

Figure 1: Cross section of human skin and schematic overview of epidermal layers

(A) Schematic overview of the human skin, showing the three layers, hypodermis,, dgchnépidermis as
well as the therein included appendafasdified after MacNeil et aF). (B) magnification of the epidermis,
comprising the basal layer, spinous layer, granular Jayet the stratum corneum (modified af8olanas et
alt4.

The process of epidermal homeostasis already begihsstratum basale (basal lay&rnh
undifferentiated keratinocytes which are mitotic actiwrel therefore responsible for the
continuous renewal of the epidermighe basal layer is charadzed by the expressiarf
keratin 5 and keratin 14n the clasic model for epidermal regeneratitrose keratinocytes

are claimed to bstem cells which give rise to shdirted progenitors known as transit
amplifying cells (TAcells) undergoing terminal differentiation after a few rounds of
division®1”. Upon several rounds of cell division, these-&lls would eventally lose their
potential for divisionand would conduct a terminal differentiation program as the cells
migrate to the apical site of the epidertfi$ Studies however contradict this model and
claim that one uniform population of committed progenitor keratinocytes undergoes
symmetric and asymmetric cell divisions with a fixed probaBfity Whereas the cells from

the symmetric cell division maintain the pool of committed progenitor cells, the progeny
from asymmetric cell division is committed to terminal differentigtidh More recently
Lineagetracing studiefigured outthat epidermal homeostasis is maintained by a population

of cells termed progenitorgeneratingprogenitor and differentiating daughters watual

6
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probability, thus ensuring that homeostasis is achieved across the progenitor cell
populatiorft. During their maturationcells synthesize and express different structural

proteins and lipidg.

The initial activation of this differentiation program is triggered by increasing calcium
concentrationsin combination withsignals from celcell contactsand becomes first
apparent irthe suprabasd#hyerswhere the existing keratins 5 and 14 are replaced by newly
synthesized keratin 1 and keratin 10 filame#tsratin monomers bundle to intermediate
filaments which comprise the predominant cytoskeletal component of the epidermis and gain
resilience to mechanical stréSsThey are attached to the cell memnte via desmosomes

and form a rigid structure within the cytopladburing the transition from the granular layer

to the stratum corneunkeratinocytes undergo drastic changes and even apoptosis to

eventually form a protective skin barrier.

While migrating towards the skin surfackeratinocytesynthesize two types of granules
lamellar bodies and keratohyalin granulesamellar bodies containingmainly
glycosphingolipids, free stergland phospholipids can be detected in granular, ediisreas
electrondensekeratohyalin granulesontainproteins involved in the aggregation of keratin

filaments and in the formation of the cell envelope, such as profilaggrin and forféfih

Many differentiatiorassociated proteinsuch as involucrin, loricrin, and filaggrinan be
uniquelyfound in the epidermiandare expressed in the terminally differentiakegers of

the epidermi§+?327, Loricrin is expressed in the granular laykrring differentiation and
comprises 785 % of the total protein mass of the cornified layer at the end of
differentiatiort’. Loricrin functions as a key structural cornifiedvelope protein and
undergoes different types of crosslinkifigHuman profilaggrin is synthesized as a large
highly phosphorylated precursor protein of around kD@, containing 16 12 complete
filaggrin repeats®®293L, Elevating intracellular calcium levels trigger the release of
profilaggrin from the keratohyalin granules which ultimately becomes dephosphorylated and
cleaved into filaggrin monomers that are subsequently bundled with the present keratin into
macrofibrils resulting in gradual flattening of the cef&*235 Concomitantly,
transglutaminases introduce isopeptide bonds betwhese macrofibrils and other
structural proteins like members of the S100 protein family, lorilaia,cornified envelope
proteins (LCEs)small proline rich proteins (SPRR&hd involucrin forming a rigid protein
shell ter med @i*%% Fnalll,ithe ldmebanbodies fuge evith the plasma

membrane and secrete the enclosed lipids into the extracellular space generating a lipid

7
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lamella which is crucial for maintaining trepidermal water barrigt As a result of this
process, the cornified envelgpef terminally differentiated keratinocytes are tightly
connected via modified desmosomes and embeddedtracellular lipid lamellaethus
providing the indispensable barrier against external challenges and loss of essential body

fluids33°

2.1.2 Human epidermal differentiation complex

Mammalian genomes contain several large linesgapeific gene loci harboring functionally
relatedand mostly ceregulaed genesvhich frequentlyform conserved clusters or loci (>
0.5Mb) in the mammalian genonf@$1 Spanningl.9 Mb on the human chromosome 1 and
encoding roughly sixty proteins essential for proper keratinocyte differentiation and
epidermal barrier formation, the epidermal differentiation complex (EDC) is indispensable
for epidermal homeostaéfs® Interestingly, gene distribution within the EDC is not random
but gens encoding for proteins with similarmnctional and structural propertiase clustered
accordingly into distinct genomic locatiorfadure?2).

Clorf68

p112 P
LCETF | cE1E

qi2 LCED LCE1C |cpp

Chr1 S100A10 I s
p3632 S100A11 NBPF18P 2
TCHHL LOC100131107
p36.21 TCHH
p36.12 RPTN ué
P HRNR £
pd.2 é
FLG 2
” FLG-AS1 g
p322 FLG2 2
pa1a CRNN
pata
LCESA CRCT! %
- LCE3E e
[
Pz LCE3C | cpap LCE3D P
P12 LCE3A 5
LCE2C LCE2D 5
Pz LCE2B |CE2A | cran 2
S
v
L
5

LCEGA LCETA
SMCP
q211 L
q213 E
SPRR4 =
q231 SPRRIA (oono Z
4233 SPRR2D gpppap SPRR1B =
q24.2 SPRRZBSPRRZE 4
e SPRR2F =
s SPRR2C sprpraG g
g311 LOC101928009 wvi
PRRO LELP1
q32 LOR
a2 PGLYRP3
41 PGLYRP4

S100A9

S100A12 ¢ 10088
S100A15
q42.3 S100A7L2
S100A7

q42.13

-
5100

$10046 S100A5 510044

LOC101928034 S100A2

S100A16 S100A14
10041 ST00A13

Figure 2: Overview of the human epidermal differentiation complex and its encoded genes

The human chromosome 1 is shown on the left and the respective cytogenetic bands are indicated.
Furthermore, the area of the epidermal differemtraiomplex with its encoded genes (according to the
RefSeq release 2016) is magnified and the main gene clusters are indicated on. thiodidled after
Kypriotou et al*3
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The EDC contains three clustered families of genes encotipdgheflankingc al ci um
binding proteins (S100 family(b) the group of precursor proteins of the cornified envelope
involucrin, loricrin, the SPRs, and the LCE proteirté*®( ¢) t he oO6fused ger
filaggrin, fil aggr i dikeroteint hornerim epeyaad cornulin t r i ¢ h
which evolved from families (a) and (b).

() The S100 familiy

The S10A family of 17 genes anl pseudogenes is located on human chromosome 121

These genes limit the EDC on both sides flankingthaifiedenvelopegrecursor and fused

gene familie$>%. GenerallyS100genes are composed of three exons, of which the second

and third contain the open reading frame. ¢
separated by hinge regioft’. S100 proteins have diverse functions, but distinct members

are associated with abnormal epidermal differenti&titi®

(b) The cornified envelope precursor family.

The EDC proteins IVL, SPRRs and LOR have similar structures with strong homologies in
their glutamine and | ysiahe doimahnami Thegnare
by transglutaminases and have unique internal domains consisting of diverse ghitamine
proine and serine r i ch3%eThecarified envelepgcpneposttionv e |y
differs according to epithelium type and spetié&® This requires a tight differential

regulation of the EDC genes to assure the unigleatity of the particularcornified

envelope In combination with the interspersed genes for loricrin and involucrin, the LCE

and SPRR cluster account for the majority of proteins present in the cornified envelope of
terminally differentiated keratinocy¢®.

(c) The fused gene family

The S100 fused type protein family of the EDC evolved by fusion of ancestors of the two
previously described familig¢a) and (b)) They possess t*wbi achi ng t
EF hand moti fs, most closely related to S1I
terminal domain specific for each protein. Similar to ##0Agene family, fused genes

contain three exons, and the second and third exon encode the ettire ggquence. They

are primarily expressed in stratified epithelia. Filaggrin, repetin, horrarthcornulin are

major cytoplasmic matrix proteins associated with intermediate filament proteins and minor

components of theornified envelop&*:
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2.1.3 Requlation of human epidermal homeostasis

Since generation of &unctional epidermis is accompanied kadical changesin gene
expression, multiple regulatory mechanisms are required to orchestssettangedMost
important for keratinocyte differentiation are increasing levels of exind intracellular
calcium concentrations. Several differentiation proteins are dependent BnbDéa also
numerous signalling pathways are regulated by calcium. These include the formation of
desmosomes, adherens and tight junctioos activation of various kinases and
phospholises, producing second messengers and regulate intracellular free ¥&tium
In addition to thatE-cadherincatenin complex mediated cekll contacts as well as the
activated form of vitamin Bare involved in the regulation of cell differentiatt§&™. All
these stimulate the hydrolysis phosphatidylinositol bisphosphate (RPIPy increased
activity of phospholipase C intihe secondary messengers inositol trisphosphasg 4iel
diacylglycerol (DAG§°%2 IPsthen activates Hreceptor to release €drom intracellular
store§. DAG, on the other handogether with the released €activates proteikinase C
which triggers intracellular signaling pathways including the mitemdivated protein
kinase (MAPK) pathway®>®* The MAP kinases pathway compmsenajor signaling
cascadewith sequential phosphorylation anctigation of kinaseghatultimately results in
the activation of transcription factorand thus ultimately induces the expression of
differentiation gené$' %8 Apart from the described exemplary mechaniseveral other
signaling pathways, includingdtch TGF b KKIK/NF -8B, are cru@l for keratinocytes
differentiation and eventuallinduce the expression of differentiation g€ In the
human epidermis, localized expression of the Ndigigmd Delta in keratinocyte stem cells
has been proposed to induce development of neighboring Nexgitéssing keratinocytes
to transitamplifying cells through a negative feedback mechanism of latgnddition’®.
Notch/delta signalling therefore determines the boundaries of -s&#imclusters to
differentiated keratinocytés’. Few other molecular markershawe been identified as
fundamental mediators of keratinocyte differentiatioimey includemembers of the-jun/c-

fos family, GRHL3, KlIf4, MAF:MAFB, OVOL1/2 or ZNF750BMI1, CEBPs, MYC, and
GATA-3 transcription f ac-taening HH( SBB,spp3,andisontee gr i n .
bone morphogenetic proteifi3’?7’. In particular, p63 is considered a master regulator of
morphogenesis, identityand regenerative capacity of stratifiedithelia by either direct
induction of differentiation genes or regulation of several chromatin modfférd.oss of
p63 in keratinocytes impacts basement membrane formation, cell adhesion as well as

stratificatior?” 2. One examplefor the regulation of chromatin modifieisthe recruitment

10



Introduction

of the histone deacetylases 1 and 2 (HDAC1/2) in order to omit the expression of cell cycle
arrest genes or alteration of the accessibility of epidermal enhancers in combination with the

BAF chramatin remodeling complé%84

Several other epigenetic mechanignauding chromatin remodeling or DNA methylation

by DNMT1 or GADD45A/B have also been identified in keratinodn&s Additionally,
varioushistone modificationare discoveredo play a role during epidermal differentiation.
Thus,severabifferentiationassociated genes are known to be suppressed in progenitor cells
by the repressive histone mark H3K27me3, established in a conjoined action of the
methyltransferassubunits EZH1 and EZH2 of tipwlycomb repressive complex (PR&z)d

its counterparthedemethylases JMJD3 and U§878° Similar reports revealed differences

for deposition of various histone modification such as H3K4mel, H3K27ac, H4K20mel

H3K9ac between progenitor and differentiated keratino&&s?,

An additional layer of epigenetic regulation originates from large scale nuclear remodeling
during which distinctivedifferences in nclear architecture and micenvironment occur.
These include a decrease in nuclear volume, relocation of the epidermal differentiation
complexto thenuclear peripheryandits associatiorwith active nucleoli for induction of
gene expressidh In addition to direct regulation of tissspecific genesp63 and several
other transcription factors promote formation of distinct higher order chromatin structures

in tissuespecific gene loéf.

In conclusion, a conjoined effort of a plethora of intracellular signaling pathways,
transcription factors as well as epigenetic mechanisms is mandatory to orchestrate the
profound changes in tlgene expression pattern during epidermal homeostasis.

2.1.4 Defective epidermal homeostasis results in skin cancer progression

Given the complex composition and the highly elaborate regulatory networks involved in
epidermal homeostasisaccumulation of disrupt@l expression of genes controlling
proliferation and differentiatiotead to cancer developmemurtherunderstanding of the
processes thalrives progression from normal epithelium to invasive cancer npgbwide

new targets for the prevention and treattnof skin cancer and other disorders of epidermal
growth, differentiation, and regeneratidrne three majoforms of skin cancer occur in the
epidermis and arise either from keratinocy@sghe basal cell carcinoma (BCC) and the
cutareoussquamous cell carcinomaSCC) or from pigment producing melanocytes in the

case of melanom&®8, The primary cause for keratinocyte carcinomas is chronic exposure
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to ultraviolet radiationBut common risk factoralsoincludealcohol consumption, fair skin
pigmentation, chronic cutaneous infection, human papillomavirus infe@mhimmune

suppressioif 192,

Whereagkeratinocyte carcinomas BCC and cSCC are the most common foskis oancer

with increasing incidence globallynelanoma account for a higher number of deaths and

in general correlates with poor progno¥is®® However, if recognized and treated prior to
metastasis, melanoma is almost always curable by surgical exXef§foli® While BCC is

the most common human malignancy, cSCC accounts for the majority of deaths among
keratinocytecarcinoma¥41% In contrast to BCC, which rdyemetastasizes, thexisting

risk of metastasis for cSGE€ a deadly threat owing to its ability to metastasize to any organ

in the human bodyf not recognizedand excisedmmediately®®. Both BCC and c¢SCC
harbor a substantial mutational burd®aainly due to cumulative UV exposure typically
observed as C Y T Y99%S3egerialstudies asind BCC tand eSCO N A
murine models suggest that these cancers arise from multiple cellular oeiginspm
different stem cell populations in the basal layer of the epidermis, hair follicle, lmrlge
sebaceous glaht!. Additionally, like many other cancers, cSCCs and BCCs are often
associated with epigenetic deregulation and aberrant DNA methylation which also

contribute to cancer progresstént!2

Basal cell carcinoma

As the name already indicates, BCC arises from nonkeratinizing progenitor keratinocytes
located in the basal layer of the epidermis and is charactdryzsidw growing and rarely
metastasizing cells. Nevertheless, BCC patients frequently suffer from major tissue damage
resulting in serious mutilating deformations and loss of vital struéfites® From a
mechanistic point of view, BCCare often strongly associated with aberrant activation of
the Hedgehog signaling pathwalpge to loss of the patched 1 tumor suppressor gene
(PTCHJ) and activation of the G protetoupled receptasmoothenedgMO)!4 But also

other activating mutations in the sonic hedgehog signaling pathway have been t&pdfted
Interestingly, activation of the platelederived growth factor receptat(PDGFR)), which

has been shown to be upregulated in B&&ivates the Ras/MAPK pathway amsdai least

one important mechanism by which hedgehog signaling mediates tumor fofrfation
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Cutaneous squamous cell carcingim@CC)

Despite a high frequency of UMduced mutations, BCCs and cSCCs do not harbor many
common genetic alteration8s cSCC is not a uniform disease but rather a heterogenous
group of tumors inactivation of tumor suppressor p58r NOTCH1 and constitutive
activation of the Ras/Raf pathwaginbe commonly detectéd® 1%, Though beingnly the
second most common form of skin cancer in the | &8Ahe same timié showsthe highest
metastatic potential and the highest mortality after formation of aggressive
metastasi$1®11® Uv-radiationmediated mutagenesis is thought to be the major
environmental factor promoting this type of caffefhus, it is not surprising that
UV-induced p53 loss of functiomutations is the key event in cutaneous SCC
carcinogenestd®. Other important mutations occur in the CDKN2écus generating
insufficient or noAfunctional pl6as an inhibitoof cyclin-dependent kinase 4 (Cdk4)his

finally leads toan unleashed cell cycle control which is mediated through loss of inhibition
of Cdk4activity'?% 122 Additionally, elevatedCdk4expressioris often associated with SCC
developmeni£® In combination with oncogenic forms of&proteinsincreased expression

of Cdk4 is sufficient toinduce invasive human neoplasia resembling squamous cell
carcinoma®24 Surprisingly however, expression of oncogenic Ras proteins alone drives
keratinocytes into senescence. Only the combination of oncogenic Ras and an unleashed cell
cycle, for example by overexpression of Cdk4 or blocking thesNB= s i gnadéayj ng pa
results in SCC generati&i *2’. Consistent with this, release of the cell cycle control by a
blockade in the Nf® Bsignaling pathway and simultaneous expression of oncogenic Ras
can also transform human epidermis into a highly aggressive invasive neoplasia which
presents itself indistinguishable from SE€&28 In contrast to its fundamental role in SCC
developmentit is astonishing that amplification &asgenes or activating mutations have
only been reported for the minority of SCC sam{3fes™. But presumablyactivation occurs
through a number of upstream facté?s3L Apart from the above described proteins,
several ther markers have been reported to distinguish SCC from normal®skik!32
Histologically and biochemically, the keratinocyte derived SCC cells calisbeguished

from healthy keratinocytes by their altered proliferative capacity as well as their reduced
expression of keratinocyte differentiation proteins. In fact, suppression of gene expression
for several key differentiation genes is a hallmark o€Sfevelopment and was frequently

reported over the past ye&is'=®,
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In keratinocyte carcinomas, particularly in cSCCs, sevaeghbers of the novel class of
long norcoding RNAS(IncRNAS) are differentially expressed as compared to normal skin
or keratinocytes, suggesting a role for them in c§E&@yressiorbut also normal tissue

developmenfcovered inchapter2.2.436 141

2.2 Long non-coding RNAs

2.2.1 ldentification and classification of long non -coding RNAS

For yearsone central dogma has been irreversible for molecular biol&ti&ts

- DNA is transcribed into RNA which is eventually translated into a functional pretein
The first step of this central dogma is the synthesis of RNA from [MNdAwn as
transcription. The second step involves a change of code from nucleotide sequences to amino
acid sequences and is called translatiBroteinsare very important moleculeseing
essential for all living organisms. By dry weight, proteins are the largest unit of cells.
Proteins are involved in almost all cell functipaad a different type of protein is devoted
to each role with tasks ranging from general cellular support to sogtlaling and
locomotion. On the other hanBNA was long time only contemplated as thevitable
intermediary required for protein productiddowever this picture changkas genome
sequencing projects revealed that complex organisms have lower nainertein coding
genes than anticipategilthough two thirds of our genonageactively transcribed, only less
than 2 % of the transcribed genes are actually encoding for préféiisSeveral classes of
non-coding RNAs (ncRNAs) control basic cellular functionsuch as translation (transfer
RNAs, ribosomal RNAs), RNA editing (small nucleolar RNA®) splicing (small nuclear
RNAS). These classes of ncRN#ave been known for a long time and are essential for the
normal functon of the cell. More recently, short regulatory ncRNAs-820nt in length)
including microRNAs, endogenous shaorterfering RNAs(siRNAS), or piwi-associated
RNAs (piRNAs), acting as crucial regulators of gene expression were identified A
further group of regulatory RNAs, therng noncoding RNAs (IncRNAS) has gained
widespread attentiogsincethe lastdecads. Research in this field is stait the beginning to
understand the signdant rolesof IncRNAsfor a multitude of cellular processas well as

for tissue homeostasisHowever, most IncCRNAs lack strong sequence conservation

prompting suggestions that they might not be functiéHdf®.
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Per definition INcRNAs are over 200 nucleotides in lengthd can be localized in the
nucleus or the cytoplasm of the celldditionally, IncRNAscan be spliced, cappeand/or
polyadenylated which makes them structurally resgrgbhRNAs 136156160 |n general
IncRNAs lack a protehtoding potentialbut often form a complex secondary structure of
hairpins and loops resulting from the partial complementary basepairing of the
nucleotide$1162 However the strict classification of a lacking proteinding potential was
guestioned by recent reports about IncRNsociating with ribsomes and translation of
small functional peptides from IncRNA templat&§1%¢. Though some IncRNAs are
extremely stable, some are rapidly degraded after transcttiéh A rapid turnover of
IncRNASs enables a dynamic cellular response via specifically induced IncRNAs, for instance

in DNA damag, immune responsand cellular differentiatiofh®® 172,

There are various classes WRNAs, oftendiffering in the region or their orientation within
genesScattered all over the genonheng intergenic nowwoding RNAs are transcribed from
distinct loci, often from their own promoterghereas intronic IncRNAs are transcribed from
intronic regions within proteicoding gen®>172173 Depending on the overlap and the
orientation to the host gene, this rather general fieetson can be further refined into
several more defined subclas$és$™ Bidirectional IncRNAs are produced divergently from
the same promoter of a protainding gene. Circular RNAs (circRNA) are a recently
discovered group of IncRNAs structurally different from most IncRNAs. They are produced
by back splicing of precursor mMRNAs or IncRNAs resulting in covalently closed circular
RNAs without polyadenylatior®. Apart from being included into other transcriptional units,
IncRNAs themselves can host protewdinggenes or other ncRNAS likiércRNAS, tRNAS,
miRNAs, and especially snoRNA®:177181,

This high degree of complexity in IncRNA loci is even further increased by thenpeesé
different isoforms per gene locus, resulting from a combination of alternative splicing,
alternative polyadenylationand employing alternative transcription start sites which

highlights the requirement for a careful IncRNA locus characteriZatibfi182

Interestingly, many INcCRNAs are célipe specific expressed during cell differentiation and
tissue development, whereas inappropriate and aberrant expression of INcRNAs in various
pathological caditions is becoming evident suggesting a central role of IncRNAs during
different cellular processé®. And indeed, IncRNAs have been proven essential regulators
for fundamental processes such as cellular differentiation, epigenetic imprinting, cell cycle

control, apoptosis, Xhromosome inactivation, promotgpecific gene regulatiorand
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nuclear impor?”1°7183190  Eyrthermore, aberrant INcCRNA signatures are amtaak of
several severe diseases including numerous types of cancer which impressively highlights

their tremendous significance on almost every aspect of the life'&/te

2.2.2 Molecular mechanisms of IncRNA function

Although we are aware of several thousand different INcRNAs in humanswattiaryew
IncRNAs beingidentified on a regular basis, only a small number of IncRNAs has been
mechanistically characterized in det&ilin generalthe regulatory role of IncRNAs is based

on binding to specific effector molecules by sequence complementarity or structural
recognition to mediate gene expression. But additiontily singlestranded structure of
IncRNAs andhefolding into unique secalary and tertiary structures gives them the ability
to bind to RNA, DNA or proteins and this way contsadliverse cellular function$®? 194
(Figure 3). LncRNAs typically exhibit a strict cell and tissapecific expression and
subcellular localizationthus indicating a stronglycontrolled reglatory role for distinct
INcRNAs 17919 Specific localization of distinct INcRNAs to cytoplasm, nuclearsother
cellular compartments is likely to reflect their functioRigure 3). In addition, some
INcRNAs are secreted in extracellular vesicles and exosomes and can exert their effect in
adjacent cells and in cells in other tisst®4°7 In general, IncRNA mechanism of action
can be divided into four main typesignals guides decoys andscaffold$2 By employing
solely one of the abowaentionedarchetypes or a combinatiof those, INcCRNAs are able

to fulfill their multifaceted functions which are mostly reasoned by a regulatory furariion
gene expression at the transcriptional and the posttranscriptionaHestBermoreanother
classification scheme subdiled them intonuclear IncRNAs mediating gene transcription

or cytoplasmic IncRNAs controlling pesianscriptional events and mRNA stabitit§/!*°
Depending on the localization of the IncCRNA gene in respect to the position of
transcriptional controlgcis- (INCRNA regulates gene expression in the vicinity of its own
locus) ortrans-acting (spatal separation of INcCRNA expression and transcriptional control)
INcRNASs can be distinguish&d2%
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Figure 3: High diversity of regulatory functions of IncRNA in the nucleus and the cytoplasm®

Nuclear IncRNAs can act as a (a) decoy or (b) guide for chrommaidifying complexes.d) IncRNAs can

alter or (dand ) block the chromatimccessibility (e) IncRNAs can regulate alternative splicing (g) INCRNAs

can activate factors necasyg for transcription.

Cytoplamic IncRNAs can (h) regulate mRNA stability by binding to mRNAs (i) sequester miRNAs (j) be
secreted to extracellular vesicles (k) serve as scaffolds for ribonucleoprotein complex assembly (I) impact the
intracellular transparof proteins

One of the best studied examples for transcriptional gene regulattmisthe IncRNA
X-inactivespecific transcript (XIST) which is crucial for mammalian dosage compensation.
XIST is exclusively expressed from one of the twoomo®mes in females and coats the

future inactive X chromosome during early development and thus represses its
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transcriptiod®. This occurs with the aid of several protein binding events that take place
along the length of the transcrifithesehave been well investigateshdtrigger a series of
events thatead to conformational reorganization, chromatin modificatiang ultimately
transcriptional silencing of this -¥hromosom&32°¢. Studies also identified many other
proteins binding directly to Xist including SHARP and otf&&’ In contrast to this,
dosage compensation in flies is achieved by transcriptional activation of the single X
chromosome in males. During this process, the functionally redundant IncRNAs roX1 and
roX2 target the malspecific lethal complex to the-chromosome where hypertranscription

is achieved by increasing H4K16 acetylaff5i3%°

Another weltcharacterized IncRNA is the 2.2 kb HOX transcript antisense RNA (HOTAIR)
which was first identifiedo be associated with Sporadic Thoracic Aortic Aneurysm through
regulation of extracellular matrix deposition and apoptosis of human aortic smooth muscle
cdls 219 HOTAIR is expressed from the HOXC locus but represses transcription of the
distant HOXD locus. This repression is mediated through its 5°end interacting with
chromatin remodeling complexes such as polycomb repressive complex 2 (PRC2) or the
LSD1/ REST/ @REST complexand leads to silencing of genes on the HoxD cluster via
H3K27 trimethylation and H3Kdemethylatiort>’18°

Besides the abovanentioned histone and chromatin modifications, IncRNAs were also
found to directly control Pol Il activityp influence the cellular localization of transcription
factors orto act as transcriptional e@gulators’211213 Moreover, IncRNAs are also able

to control gene expression on a pwansciptional level by regulating RNA splicing, RNA
editing, mRNA stability, mRNA translation efficiency as well as miRM&diated mRNA
destabilizatioh’>?4 MALAT], for examplehas been shown te associated with relocation

of splicing factors to nuclear speckles and thus may have a role in controlling alternative
splicing of certain MRNAS®. OtherlncRNAs functionas competitive endogenous RNAs

by occupying similar binding sequences of miRN&wlthus sequestering the miRNAs and

changing the expression of their downstream target §€riés

2.2.3 LncRNAs control tissue homeostasis and organ development

Given the largely celtype and also differentiation state specific expression pattern of
IncRNAs, it is not surprising that IncRNAs are crucial regulators of organ and tissue
development and homeost&di€! Linc-MD1, for exampleactivates muscispecific gene
expression in human and murine myoblasts via spongingl®@&and miRL35!’. Skeletal
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muscle differentiation and regeneratiare also promoted by the INncRNAs H1ISENCR,
MUNC, or Inccmg?t9222. One of the first discovered exampkes the homeostasis of the
heartwasBravehearivhich activates a core cardiovascular gene netttwdugh interaction

with the Zinefinger motifcontaining transcription factor CNBnd possibly mediates
epigenetic regulation of cardiac commitment by interacting with componertie #fRC2
complexX?®. Additionally, proper murine heart development is ensured by the recruitment of
the histone modifying complexes PRC2 and TrxG/MLL through the IncRNAs Fendrr and

CarmeR?+225

Moreover, several IncRNAs are exclusively expressed in the brain and the nervous system
to ensure proper brain development, synapse formation and function, stress regmohses
ageassociated changes. Eyfar example recruits transcription factons cis andtrans

during murine ventral forebrain development while Pinky regulates neurogenesis in the

embryonic and postnatal brain in combination with the splicing factor PPB#4

Apart from indispensdé roles during muscle, heart and brain development, IncCRNAs are
also weltestablished regulatons variousorgars, including bones, lung, liver, fat as well as
intestinal tissugand even the homeostasisthe largest human orgarthe skin- is tightly

controlled by several INcCRNA%?!8

2.2.4 Roles ofIncRNAsin epidermal tissue homeostasis and skin diseases

In epidermal homeostasibere is a strict regulation of maintaining the undifferentiated state
and proliferation on one hand as well as the initiation of the differentiation program leading
to cell death on the other hand. Two IncRNAs were found to be involved in this prbeess: t
858 bp long ANCR (antdifferentiation norcoding RNA) as a maintainer of proliferation
and the 3.7 kb long TINCR (Terminal differentiation induced-noding RNA) which is
required for epidermal differentiatidd’-?2’ Highly induced during terminal differeation
TINCR was one of the firgtiscoveredncRNASs featuring a crucial function for maintenance
of epidermal homeostasisDepletion of TINCR leads to reduced expression of
differentiation markers at both mRNA and protein levels, whereas the epideratifsestr
normally. Gene expression of these regulated genes is contv@ledposttranscriptional
mechanism where TINCR forms short double stranded RNA duplexes with several
differentiation protein mRNASsThis interaction is mediated by short 25 nt TRIE box
motifs thatarerepeated in TINCR itself and as well strongly enriched in interacting mRNAs.
Specific interactionsbecome subsequently bound by the protein Staufenl, ultimately
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resulting in mMRNA stabilization and therefore sustained expressionffefedtiation
genes$®’.

Whereas TINCR is essential for keratinocyte differentiationatitedifferentiation ncRNA
(ANCR) has an opposing effect on keratinocyte differentiathtddCR was shown to be
significantly downregulated upon differentiation and apphito contribute to ta
maintenance of a nedifferentiated state in progenitor keratinocy(Egure4). Although

the exact mechanism has not been established so far, loss of ANCR in undifferentiated
keratinocytes induced ectopic expression of differentiation markers, ultimately proving that
ANCR is essential for maintaining thdifferentiated cell state within the epiderfiis
Recent studies suggest that ANCR suppresses the transcription factors MAF/MAFB
expression in association with the PRC2 component EZ#iterestingly, TINCR isalso
involved in controlingMAF/MAFB mRNA stability, and thus both TINCR and ANCR
exert their regulatoryunction in epidermal homeostasis at least partially via the same

pathway?®.

Progenitorrenewal associated namoding RNA PRANCR is one of the most recently
characterized IncRNAs involved in epidermal homeostd$i®epletion oPRANCRIleads

to reduced proliferative capacity and differentiation of keratinocPi@RANCRregulates the
expression of several genes coding for cell cycle regulators including E2F transcription
factor target gene®®. In addition, SCC misregulated transci#p{SMRT-2) is a recently
identified IncRNA induced during differentiation of epidermal keratinodyteBepletion

of SMRT-2 results inrepression of several genes associated with epidermal differentiation
and developmeht® SMRT-2 was hypothesized to function upstreanziot finger protein

750 (ZNF750) and Kruppel like factor 4 (KLE2). ZNF750 functions downstream p63

in driving epidermal differentiation by upregulating KLF4°. Moreover, ZNF750
upregulaes expression of INcRNAINCR 23°. Taken together, these observations provide a
regulatory link betweenSMRT-2, ZNF750 andTINCR for epidermal keratinocyte
differentiation(Figure4).
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Figure 4: Overview of IncRNAs implicated in epidermal homeostasis in normal skin and in cutaneous

SCC progression.

Solar ultraviolet radiation (UVR) induces a stress response and altered expression of specific INcRNAs such
as PRINS and lincRN421 in normal keratinocyte€umulativeexposure to UVR predisposes epidermal
keratinocytes to DNA damage and malignant trams&tion which eventually leado development of

invasive cSCC. Several IncRNAs have been shown to be involved in cutaneous homeostasis.

However, not only proper keratinocyte differentiation is maintained by INncRNAs but also
generation and progression of several skin diseases and cancer types are accompanied by
aberrant IncRNA expressionAs aberrant keratinocyte differentiation and stewsh
characteristics are involved in KC tumor developrfiérie? it is not surprising that the
expression of keratinocyte differentiation inducing INcCRNA8/RT-2, and TINCR is

strongly downregulated in cSE¥138.233

Poor differentiation of cSCC is associated with risk for metastasis and poor préghtsis
TINCR andSMRT-2 both promote differentiation of keratinocytes and may this way serve
in a protective role in keratinocyte carcinogené¥is® Accordingly, decreased expression
of TINCR andSMRT-2 has beemletectedn human cSCC$"**8anda notable decrease in
TINCR expression has been reported in murine cSCC tumors compared to norftal skin
In addition, marked suppression®i¥IRT-2 expression has been noted in Rlasen human
organotypic epideral neoplasi&®. Taken bgether, thee twoTINCR and SMRT2 may
function as potential tumor suppressors in cSCC. In this context,integesting that
ZNF75Q which upregulates the expressionldiNCR in keratinocytes, was recently shown

to exert a tumesuppressive role in SCCs of head and neck, lung, cervix, arfd’skin
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The expression of betaddjacent long nogoding RNA BLNCR) is also downregutad
during keratinocyte differentiation, preceding downregulatioiT@B1, which codes for

integrin bl, an epi der nBANCR gene 7> BIWNCR andnar ke r

ITGBL1 are both transcriptionally regulated by transcription factors p63 antl ABss of
BLNCR and ITGB1 expression may be an early event resulting in loss of proliferative
capacity of keratinocytes and in subsequent terminal differenttétion

P38-inhibited cutaneous squamous cell carcinamssociated l[INCRNA RICSAR)
represents the earliest evidence of a functionally characterized IncRNA in '8&Qt@e
expression oPICSARIs upregulated in cSCC tumor cells in culture and in vivo compared
to normal human epidermal keratinocyt&sElevated expression #iICSARwas notedn

vivo cSCC sggesting a role foPICSARat the early stage of epidermal carcinoged&sis
Silencing ofPICSARexpression potently suppresses growth of human cSCC xenbtjrafts
Interestingly,PICSARserves as a regulatory link between p38 and MAPK pathi#fays
addition,this IncRNApotently regulates cell adhesion and migration by regulating integrin

expression and may this way contribute to cSCC progression and irfifasion

P53-regulated carcinomassociated STATactivating long intergenic neprotein coding
transcript PRECSIT is a recently identified IncRNA with elevated expression in c3CC
This nucleatenriched IncRNA is downregulated by p53 sigmgin cSCC tumor cellén
vive?®”. Furthermore, loss dPRECST inhibits cSCC cell invasion bgepressingSTAT3
expression and activatioAdditionally, production of matrix metalloproteinases (MMs)
downregulateduggesting a tumesromoting function foPRECSIF®’.

Distinctiveexpression ofheIncRNA AK144841has beembserved in a murine model very
similar to human cSCE¥239 Sustained activation of HRAS, which is caused by highly
carcinogenic DMBA, results in induction of EGFR andigands inthiscSCC mouse model
240241 A potential human ortholog with homology &K144841 has been shown to be
expressed at high level in cSCC cell lines comparetbtmal keratinocyt® suggesting

potential roldn human cSCC progressiét.

Besides,a subset of UVinduced IncRNAs has been functionally charactedZed®. In
keratinocytes, the expressionlioicRNA-p21is markedly induced by UVB through a p53
dependent mechanism and it exerts a tumor suppressive role by triggeringhdd@d

apoptosis and cell cycle arréét. Accordingly, a tumor suppressive function focRNA-
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p21 has been reported in head and neck 8€The primatespecific INcRNA PRINS
(psoriasis susceptibilityelated RNA gene induced by stress) for example affects psoriasis
susceptibility as well athe innate immune response of the skin and generally functions in

the keratinocyte stress respotiéé’.

Also in melanoma, the most dangerous form of skin cancer originating from melanocytes,
several INCRNAs like SPRY#I'1, MALAT1, HOTAIR, PTENP] or SLNCR1 feature an
aberrant expression pattern indicating a IncRNA involvement in melanoma
progressiotP?248249 Another wellknown example for a melanoma IncRNA is the 693 bp
BRAF-regulated IncRNA (BANCR) which controtell motility and survivabf melanoma

cells and hence directly correlates with their metastatic pot€ffizi Further studies
addressing the mechanistic details of BAN@Rdiated melanoma progression were able to
unravel that BANCR controland suppressethe MAPK pathway activity and leads to
upregulation of Notch2 via sponging of mR42%2 254,

In summary, IncRNAs have been proven to be crucial regulators of epidermal homeostasis
and their aberrant expression is tightly linked to several skin diseases including multiple
forms of &in cancer. Thus, IncRNAs are not only valuable markers for skin diseases or
keratinocyte differentiation but expand knowledge about the underlying modes of action

This might offer new approachés the development of therapewgtior skin diseases.

2.3 Detection of LINC00941 and preliminary results

Initially identified from full transcriptome sequencing of differentiated versus
undifferentiated keratinocytes, LINC00941 was discovered as a novel longodong
RNA. This IncRNA wasdrastically repressed dugnkeratinocyte differentiation and
induced in SCC samples as compared tersdiéched tissue control samples from the same

donors(Figure5)137.138.227
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(A) Scaeening for differentially expressed IncRNAs during epidermal differentiation (B) Screening for
IncRNAs altered in cutaneous squamous cell carcinoma compared-toasiieed controls. (C) LINC00941

as one candidate, which gownregulated during epidermadlifferentiation and inducedluring cancer
progression

Preliminaryknockdown studies revealed atpntialrole of LINC00941 as a suppressir
the terminal differentiation in progenitor and weakly differentiated keratinocyiesn
knockdown of LINC00941several differentiation genes within the epidermal differentiation
complex, where many essential differentiation genes are clustenesdved enhanced
expressioninterestingly, LINC00941 islso increased in SCC samptzsmpared to healthy

tissue controlAt the same timdack of differentiation is a hallmark of SCC cells.

Taken togetherthis might be a hint thatINC00941 commonlyand converselygontrols

both epidermal homeostasis as well as SCC progression.
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3 Objective

Several long noioding RNAs (IncRNAs) act as regulators of cellular homeostasis;
however, few of these molecules were functionally characterized in a mature human tissue
environmentThis work ainedto characterize theovelIncRNA LINC00941in epidermal
homeostasisGiven the propasd function of LINC00941 during regular keratinocyte
differentiationandits dysregulation in human squamous cell carcinoma, the aim of this PhD
project was to shed more light on the exact role of LINC00941 throughout those processes.
To this end, first th previously uncharacterized INCcRNA gene loeuss characterized in

more detail For this purposepotential LINC00941 isoforms as well as their expression

pattern during keratinocyte differentiatiarereanalyzed.

Furthermorethe role of LINC00941 on epidermal homeostasis wasstigatedn in vitro
differentiation as well as in mature tissue environmenkull transcriptome analysis in
LINC00941 depleted organotypic tisswas performed and revealed a potergg@ibenetic
mechanismwhich wasinvestigated further on chromatin as welloagprotein level.

Finally, insights from these studies were used to postulate and test a hypothesized molecular
mechanism of LINC00941 during the course of keratinocyte differentiation and SCC

progression.
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4 Results

4.1 Characteri zation of LINC00941

4.1.1 LINC00941 expression

To identify previously unrecognized IncRNAs involved in human epidermal homeostasis,

transcriptome sequencing analyses of -doferentiated and differentiated human
keratinocyteswere conductedrecently This revealed a number of IncRNAhat are
dynamically regulated throughout this process. One of these IncRNAs, LINC00941, which
is encoded on chromosome 12, vimsnd to bemost highly expressed in undifferentiated
progenitor keranocytes (on average approximately4594 copies per cell) and significantly
reduced in abundance upon onset of terminal differentiation. CorrespondinghPQRT
analysis confirmed reduction of LINC00941 expression throughout all time points of
calciuntinduced differentiation of human keratinocyte cultuaesvell asof differentiation

in organotypic epidermigFigure 6A-B). Since LINC00941 abundance decreases upon
keratinocyte differentiation, a role for this INcRNA in rar poorly differentiated strata of

the epidermis was postulated
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Figure 6: Expression of LINC00941 in keratinocytes
(A) expression of LINC00941 in Gainduced keratinocytes during differentiation. (B) LINC00941 expression
in organotypic epidermis

While LINC00941 was recently reported to play a role in development of hepatocellular
carcinoma, nothing was known about its role in regulation epfdermal tissue
homeostasfs®. Additionally, LINC00941 isexpressed in multiple human tisspgsggesting

aubiquitouslyrole in many cell typeéFigure?).
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LINC00941 Gene Expression in various tissue
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Figure 7: LINC00941 expressionn different tissue typegdata obtained from the GTex portal)

4.1.2 Subcellular localization

To give first insights into its possibfanction unravelling the subcellular localization of a
given IncRNA is a first approachlence a subcellular fractionationpgroach followed by
RT-gPCR analysis was chosen to reveal the localization of LICN00941 in undifferentiated

keratinocytesKigure8).
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75 F cytoplasmic
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Figure 8: Subcellular localization of LINC00941

Analysis of nuclear and cytoplasmic RNA fractions of undifferentiated keratinocytes lyPRR. The
localization of cytoplasmic markers (GAPDH and RPL32), nuclear markers (NEAT1 and preGAPDH) as well
as LINC00941 was assessed and the enrichment in eatibriraascalculated.

Given the facts that almost all subcellular fractionation approaches are not able to completely
separate the cytosolic and nuclear fragtrmnperfect separation into a nuclear and cytosolic

fraction was anticipated in this experimeContrary, heremrichment of the assessed marker
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transcripts clearly indicates a deceseparation of cytoplasmic and nuclear fracgsote the
cytosolic markers GAPDH as well &PL32are clearly enriched in the cytosolic over the
nuclear fraction, Wwereas the nuclear markers NEAT1 and preGAPDHtlealy enrichd

in the nuclear fractiarin summarythe expected pattern for the cytosolic and nuclear marker
transcripts could be observed in genesald thus the localization of LINC00941 could be

analzed in this experiment.

Cellular fractionation of undifferentiated human keratinocytes indicated presence of
LINC00941 in both cytoplasmi2%)and nuclea38%)compartments with an increased
cytoplasmic enrichment Nevertheless, significant amounts of LINC00941 were also

detected in thauclear fraction when compared to mRNg&sgure8).

Complementary to this subcellular fractitiba approach, single molecule RNA
fluorescencén situhybridization mMRNA-FISH) as well as a new RNA fluorescentsitu
hybridization techniqgue (RNAScope) eve performed to study the localization of
LINC0094572%8 Singlemolecule visualization in individual cellsasachieved through
use of a novel probe design strategy and a hybridizaésed signalraplification system
to simultaneously amplify signals and suppress backgrotifidl Despite various attempts
with different labelling reagents, amplification strateg&sd numerous variations of the
applied protocql however, no conclusive results for LINC00941 could be obtained by
smMRNA-FISH (data not shown)Thus, it appea thatsmRNA-FISH for this particular
transcript was especially challenginbherefore, o final statement for the LINC00941
localizationcould be made due to the technical difficultiessioRNA-FISH.

In contrast to thisSRNAScopewas performedas threednensional zstacksin primary
keratinocytesand wasapplicable since the utilized positive controls repeatedly exhibited the
expected subcellular localization and the negative control was characterized by a complete
lack of signalAnalysis of the wstacksshoweda clear cytosolic distribution for the POL2RA
MRNA serving as a positiveytoplasmiccontrol, wheeas the negative control prokaryotic
dapB mRNA showed ncsignal in keratinocytegdata not shown)LINC00941 could be
observedmainly cytosolig but still nuclear signalerere detectabl@-igure9). Knockdown

of LINC00941 in undifferentiated keratinocytdsowever clearly abolishescytoplasmic
signals for LINC00941but the nuclear transcripts remémarked with white arronFigure

9). This is consistent with the known cytoplasmic locatiorihef RNAinduced silencing
complex (RISC}%2¢1 However, forcomplete subcellular localization studies a nuclear

marker has to be involved.
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siControl

siLINC00941

Figure 9: Reconstructed 3D image ofiagle RNA molecule detection in undifferentiated keratinocytes
using RNAscope probes and signal amplification system.
Knockdown of LIN00941 in undifferentiated keratinocyt@s.ows mark retained nueér signals

In summary cytoplasmicand nucleat INC00941 molecules could be clearly identifiged

both fractionation anéh situ methods.Nevertheless,asults from this analysis should be
interpreted as a first indication rather than a final proof of the LINC00941 localization.
LINC00941 mightexhibit a dual nuclear and cytoplasmic distributama samay therefore
play multiple roles in different cellulaompartmentswhich was already shown feeveral
other INcCRNAZ%2264

4.1.3 Annotations for LINC00941

At the beginning of this project, LINC0O0941 was annotated on the forward strand on
chromosome 1Zontaining 5 exons with a length of 1645 HPNST00000547804.1)
(ENSTO00000547804.%y2%¢. Later, a new transcript appeared in the Ensembl genome
br owser wi t h beinglahnbtater ENSTA000@B0286.1H)I0 validate tle
annotationof LINC00941], rapid amplification of cDNA ends (RACE) was performed.

3'RACE revealed several differemiternativesplicing and alternative polyadenylation
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isoforms regarding the 3"endn undifferentiated keratinocyteo’RACE showed no
conclusive resultsNanoporesequencingwas performed (work from Daniela Strauss)
identifying different LINC00941 isoformsvhich could beclearly mapped to the previous
annotation(an overview is given iffigure 10)2%62%9 To further analyze the 5 start site of
LINC00941, RACE and NaoporeSequencing resultsesecompared tANTOMS CAGE
(Cap Analysis Gene Expression) dataorder tofinally map 2 different start sites for
LINC00941.

Chr12 /! ll

Transcription - ol . - - ow [ NPT C—_—
NHEK TSS I £ IE m

LINC00841

RACE and Nanopore-Sequencing

identified Sequences

Figure 10: Comparison of different LINC00941 isoforms detected by RACEand Nanopore Sequencing

Most identified isoforms were lacking Exonr2both RACE and Nanopore sequenciBgt
due to thenonquantitative nature of RACE and Nanop8exjuencingt was hard to identify
one final isoform. Nevertheless all approaches one isoforwith 1327 bpwas enriched.
Additionally, Northern Blot analysiwith 16 different LINC00941 antisense oligos covering
the whole transcriptb detect all isoformwas performedsequencesan be found imable
14). This Northern Blot wasonductedn undifferentiated keratinocytegth total RNA and
Poly-A selected RNAFigurell). Thatassayconsistentlyshowed only one band at roughly
1300 bpenriched in PolA selected RNA.

EtBr stain LINC00941 probe

4000bp — S ]
3000bp =

2000bp —
1500bp — «— LINC00341
1000bp —

800bp —
800bp —

Figure 11: Northern Blot analysis with only one identified band
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In summary, several LINC00941 transcripts with different 3’ends could be identified in
keratinocytes with probably one dominant LINC00941 isoform of 132ihisping exon 2

(the complete sequence and genomic coordinates are given in the appéndable 28

and Table29). With the LINC00941 transcript structure in hand, the challenge to unravel

the function of LINC00941 in keratinocytes was addressebisshown in the next chapter.

4.1.4 Protein coding potential of LINC00941

A few reports could already confirm the existence of bifunctional IncRNAs acting as RNA

as well asencode forsmall peptidg!®316>166.21®72 Thys, jtremainsa challenge in the
IncRNA field to discriminate whether transcripts contapredictedopen reading frameact
as acodingor noncodingtranscript or as a combination of botlm order b verify the
annotation of LINC00941 as a long roading RNA, CodingPotenial Assessment Tool
(CPAT) , iSeeRNA, Lncident, and Coding Potential CalculgtoPC2)were utilized to
assess the coding potential of the nucleotide sequéhé&s With thesebioinformatic
algorithms alack of proteincoding potentialcould be identified(Figure 12) strongly
indicating that LINC00941 solely acts as a long-eoding RNA

Tool Result |Interpretation

coding-potential assessment Tool (CPAT, Wang et al. 2013) | 0.0911| non-coding

ISeeRNA (Sun et al. 2013) 0.978 non-coding

Lncident (Han et al. 2016) 0.003 non-coding

coding-potential calculator (CPC2, Kang et al. 2017) 0.0246| non-coding

Figure 12: Investigation of the protein coding potential of LINC00941using different bioinformatical
algorithms.

4.2  Epidermal homeostasis controlled by LINC00941

4.2.1 Generation of LINC00941 knockout cell lines
Due to high remaining levels of RNA iprdiminary knockdownbasedLINC00941

deficient keratinocyteésee chapte?.3), another approacto diminish the residual activity
of siPootmediatedLINC00941 knockdownswas necessaryrhus, LINC00941 knockout
cells were chosen to be generated as a substitute. However, primary keratinocytes were
unsuitable for this approach since they possess only a very limited number of cell doublings

in vitro?’"27°, After the long process of clonal growth and selection for knockout Gloeks
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doublings will be restrictedAnother drawback of primary keratinocytes are variatioh
different donors

Thus, the immortalized keratinocyte cell line¢dTERT1 and MTERT2G, which were
describedo differentiate in an epidermal environment, were utilized for the generation of
LINC00941 knockout cell line¢8’ Additionally, both cell lineshave been karyotyped
already to assess their ploidy. N/TERT2G is dipldi@, XY) and N/TERT1 is diploid with

an additional chromosome 20 (47, XY, +Z8¥8 In a first step towards generaiira
LINC00941 knockout cell line, the ability of these cell lines to differentiate in a calcium
induced keratinocyte differentiation culturefigure 13) as well asin regenerated

organotypic epidermal tissue cultures was assé&&sed
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Figure 13: Expression of LINC00941 in two N/TERTcell lines

This pilot experiment clearly indicated thadth N/TERT celllines were suitable in this
experiment as they express normal levels of LINC00941 and conduct a similar
differentiation program like primary keratinocyt&ue to the addition of comosome 20

in the N/TERTL cell linethe N/TERT2G was used to generate knockout cell lines.

In theory, knockout cell line generation works as described in the following: After
transfection of a plasmid encoding chimeras of the desuetERNAs (QRNAs) andthe

required transactivating CRISPR RNA (tracrRNA), the gRNAs should target the Cas9
endonuclease (also encoded on the plasmid) to the intended genomic cutting sites via base
complementarity between the gRNA and the BREA% Next, Cas9 cleaves the DNA
specifically at the targeted sites and the resulting DNA destiéed breaks are repadr

either via norhomologous end joining (NHEJ) or homoledyected repair (HDR)

mechanisrff? In this casgonly the NHEJ of two cutting sites flanking the LINC00941 locus
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would generatethe desired genomic LINCO00941 deletioas HDR with potentially

remaining wild type alleles would reconstitute the initial state with no genomic alteration.

To screen for potential knockout everdsingle PCR approach was ufest to detect wild

typeas well as knockout events. Due to the large locus (around 8kb) to be,dhede€CR

could not detect wildtype alleles in this PCR setting. Therefore, a new strategy was utilized
to only amplify both the 5° and the 3"end of the IncRiNAbrderto check ér a knockout

event Figureld).

5'external GT primer 5'internal GT primer 3 internal GT primer 3’external GT primer

-+ - - -

\l/ LINC00941 \

5" gRNA 1-4 3 gRNA T2

5"GT PCR product: 3223 bp 3'GT PCR product: 2121 bp
WT allele

no bands knockout event

Figure 14: CRISPR-Cas9 based knockout and PCR screening strategy for the LINC00941
(WT: wildtype, gRNA: guideRNA

Here the wildtype allele could be detectedthereas nohomazygousor heterozygous
knockout event happened in variouals. Despitevarious reports about efficient genomic
editing using the CRISPR/Cas9 systandifferent cell lines especially in keratinocytes
successful knockout studies of IncRNAse still sparsdue to the fact that keratinocytese
prone to terminal differentiation and proliferate only for few passages in monoculture

Clonal growth of single clondsr a longer timas thereforevery challenging.

4.2.2 LINC0O0941 acts as negative requlator _of Kkeratinocyte

differentiation

Since LINC00941 abundance decreases upon keratinocyte differentiation, a role for this
IncRNA in nonr or poorly differentiated strata of the epidermis was postuldtetest a role

of LINC00941 in pody stratified layers, siRNAnediated knockdown of LINC00941 was
performed in keratinocyte differentiation culturethe expression of several key
differentiation markers was assessed byd®ICR. An efficientoss of LINC00941 (< 10%
remaining) resulted ian increased abundance of mMRNA levels for early (Keratin 1) and late
differentiation genes (SPRR3 and Fi@g) suggesting a functional relevance of
LINC00941 in preventing premature progression of the terminal differentiation program
(Figure1l5A-B).
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Figure 15: LINC00941 depletion leads to differentiation defects

(A) Depletion of LINC00941 by siRNAs leads (B) increasedxpression of differentiation marker mRNAs
as obtained by RPCR (n=24). Data are presented as mea8D. Statistical significance was tested by an
unpaired ttest and corrected for multiple testing after Bonferroni (*adjaRie < 0.05, **adj. Pralue <0.01,
***adj. P-value < 0.001).

To examine the impact of LINC00941 on the proliferative potential of keratingaytes
knockdown of LINC0094 lfollowed bystaining of Ki67, a marker strictly associated with
cell proliferation was perfomed(Figure16A-B). The fact that the K67 proteinvaspresent
during all active phases of the cell cycle s absent from resting cells, & it an
excellent marker fodetermining the grouwg fraction of a given cell populatioNo
significant difference in k67 positive cells could baetected in LINC00941 deficient cells.
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Figure 16: Ki-67 staining to examine the proliferative potential oLINC00941 deficient keratinocytes
(A) staining of Ki67 positive cells (B) counting of K87 positive cells in comparison to control

Whether LINC00941 alone is sufficient to ectopically keep keratinocytes in the progenitor
state was examined bgntiviral basedverexpression of LINC00941 followed by RIPCR
analysis of differentiation marker mRNA levels. Compared to @GEP control,
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overexpression of Hbvld increased.INC00941 levels was achieve#igure17A). Upon
LINC00941 overexpressioreducedranscript levels fokeratinl (KRT1), filaggrin (FLG)
and loricrin (LOR)could be detectedFigure 17B). This further supported the role of

LINC00941 as a negative regulator of keratinocyte differentiation.
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Figure 17: LINC00941 overexpression in day 3 differentiated keratinocytes leads t@duced expression
of differentiation markers

(A) LINC00941 overexpression on d3 of differentiation lead¢Bpreduced expression of differentiation
markersas obtained by RPCR (n=34). Data are presented as me&aBD. Statistical significance was tested
by an unpaired-test and corrected for multiple testing after Bonferroni (*adjakRie < 0.05, **adj. Pralue

< 0.01, ***adj. Pvalue < 0.001).

4.2.3 Epidermal tissue generation requir __es LINC00941

Since LINC00941 regutas keratinocyte differentiatian vitro (4.2.2), it was interesting to

test whether LINC00941 also represses keratinocyte differentiation in aentatsue
environment For this purposd.INC00941 knockdown was conducted in epidermal tissue
cultures.LINC00941-deficient human organotypic epidermis was generated and compared

to matching control tissue

Similar resultsasobserved with primarkeratinocytesvere found LINC0094 Ldeficient
organotypic epidermis differentiated prematurely as indicated by increased mRNA and
protein abundances of keratin (ducial for early differentiationas well as SPRR4 and
Loricrin (late differentiation geng¢Figurel18A-C). These results indicate an important role
for LINC00941 in repressingot onlypremature keratinocyte differentiationvitro but also

in human epideral tissuehomeostasis
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Figure 18 LINC00941 acting as a negative regulator of keratinocyte differentiation

(A) LINCO00941 knockdown in d3 organotypic epidermis leads to (B) increased expression of differentiation
markersasobtained by RTqPCR (n=4)C) Immunofluorescence analysis shows increased levels of early and
late differentiation proteins. Collagen VII (col VII, green) stain indicates the basement meymuepeare
shown in blue, and the differentiation proteinsater 10 and loricrin are shown in red (n = 4 tissue
cultures/knockdown group; one exemplary picture for each group is depicted). Scale bar: Batqumre
presented as meanSD. Statistical significance was tested by an unpaitedttand corrected fonultiple
testing after Bonferroni (*adj.-®alue < 0.05, **adj. Pralue < 0.01, ***adj. Pvalue < 0.001).

Similar to the cell culture modgh lentiviral basedoverexpression of LINC00941 was
performed in organotypic epidermidere also a overexpressio of LINC00941of 11-fold

could be detectedqFigure 19A). Overexpression of LINC00941 led ®@ diminished
differentiated epidermis as indicated by decreas@@NA abundances of the late
differentiation genes Loricrin (LOR) as well as late cornigedelope proteins 1D and 2D
(LCE1D and LCE2D)Figure 19B). In comparison to LINCO094dleficient organotypic
epidermal tissueLINC00941-overexpressing tissu&as much thinner, and therefore no
conclusive result for protein abundances of respective differentiation markers could be
drawn.In contrary tathe reported induction of keratinocyte differentiation upon an increase
of cellular stress levelsiggered by lentivial infection a decrease in differentiation markers
uponlentiviral-mediatedoverexpressionf LINC00941might be indicativdor arepressing

role of LINC00941in human epidermal homeosta&$283
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Figure 19: Overexpression of LINC00941 in organotypic epidermis

(A) Overexpression of LINC00941 in d3 organotypic epidermis leadsB}odécreased expression of
differentiation markersas obtained by REPCR (n=4) Data are presented as meanSD. Statistical
significance was tested by an unpairdgddt and corrected for multiple testing after Bonferroni (*adjaRie

< 0.05, **adj. Pvalue < 0.01, ***adj. Pvalue < 0001).

To furthertestthe impact of LINC00941 on proliferation, a-B¥ stain was performed in
LINC00941-deficient as well ag LINC00941-overexpressingrganotypic epidermjsand
similar to the cell culture model no significadifferencescould be obtaineddata not
shown) Both loss of LINC00941 and ectopically overexpressed LINCO@®4bt diminish
the proliferative potential in undifferentiated keratinocytes in the basaliladieating that
the LINC00941 transcript is essential bat aufficient for preventing premature progression
of terminal differentiationMore likely is a role of LINC00941 in poorly differentiated

keratinocytes.

4.2.4 LINC00941 requlat es keratinocyte differentiation on a global level

In order to obtain a comprehewsipicture of the global impact of LINC00941 knockdown
on epidermis development, a full transcriptome sequencing approach of LINC00941
depleted and control tissus days 2 and 3 after onset of epidermal homeostesss
performed.To this end, fourand five biological replicatesrespectively of regenerated
organotypic epidermis with and without LINC00941 depletion were harvasiedsolated
RNA was subjected to polx enrichment followed by library preparation and next

generation sequencingespeavely (Figure20A). A sequencing depth of 22 to 39 million
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mapped reads per sample was rece(Vathle30), and the subsequent principal component
analysis proved comparability between the transcriptomes of the biological replicates for
each timepoint and distinct clustering in a control and LINC00941 depletion graupe

20B). Thus, differential gene expression analysis was done for each timepoint using a
customized DeSeq?2 script and the obtained results were successfully verifieedgACRT

for selected transcriptsonfirming the validity of the obtained RN8eq analysisKigure

30C, appendix chapted.1).
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Figure 20: Global analysis of the effect of LINC00941 knockdown in organotypic epidermis

(A) Workflow of the performed RNASeq experiment (BPrincipal component analysis ofetlranscriptome
uponLINC00941depletion ord2 andd3 in regenerated organotypic epidermal tissue shows good clustering
of control samples (SigCtrl) and LINC00941 depleted tissue 30941 for both analyzed timepoints of

differentiation, PC = principatomponent

First, the efficient knockdown ofINC00941 with 12% and 22% remaining transcript

amounts on day 2 or day, Bspectively (Figure 21A-B) was verified. This ultimately
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resulted in numerous differentially expressed geres>(log (fold change) > 1 and an
adjusted pvalue < 0.05; lists of differential expressed genes are included in the appendix
chapter9.6).
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Figure 21: Validation of knockdown for RNA-Seq

LINC00941 knockdown efficiency (siLINC00941) in epidermal tissue (8 day 2 or (B) day 3of
differentiation as obtained by gRFPCR measurements (n £3lepidermal tissue cultures/knockdown group).
Data are presented as meaBSD. Statistical significance was tested by an unpaitedttand corrected for
multiple testing after Bonferroni (**4dj. Rvalue < 0.001).

On day 2 of differentiation a total of 240 genesredifferentially expressed. 11 genes were
downregulated and 129 genasre upregulated upon LINC00941 depletidradure 30A,
chapter9.1). On day 3the majority of the 314 total genes showed increased expression (223
upreguated versus 91 downregulated geégtire22A). Gene ontology (GO) term analysis

of all deregulated genes in LINC0O09dg&ficient tissue showed strong enrichment ofegen
involved in processes crucial for epidermal differentiation such as keratinization,
keratinocyte differentiation, generation of a cornified envelape peptide crosiinking
(Figure22B). These findings provide further evidence for a role of LINC00941 in repressing
the epidermal differentiation program. To investigate potential hot spots of LINC00941
regulated genes acrosbet human genome, enrichment of LINCOOStered genes
compared to the relative distribution of Ensembl genes across all human chromosomes were
analyzed [igure 30D, chapter9.1). The strongest enrichment could be detected on
chromosome one, with a significant accumulation of altered genes in the epidermal
differentiation complex (1921.3; EDEigure22C).
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Figure 22 LINC00941 is a suppressor of keratinocyte differentiation

(A) Heatmap of differentially expressed genes (Padj < 0.05lantbg2FC > 1) upon LINC00941 depletion

on day 3 in organotypic epidermal tissue with marked keratinocyte differentiation gene$ Jrepidermal
tissuecultures/knockdown group). (B) GO term &rsas of regulated (Padj < 0.05 arid> log2FC < 1) genes

in LINC0094 deficient organotypic epidermal tissue on day 3 (fi = dpidermal tissue cultures/knockdown
group(C)Di f ferentially expressed genes i n draihinshe L1 NCOO !
epidermal differentiation complex (EDC)

The EDC spans 1.9 Mb and harbors roughly sixty genes, many of atedoding for
proteins involved in keratinocyte differentiation and epidermal barrier formdtea
chapter2.1.2. Thus, a more detailed analysis of the LINC00941 regulated genes within the
EDC was performedCorrespondingly, 28 weltharacterized genes crucial for epidermal
differentiation located within the EDC show premature expression in LINCo08gleted
epidermal tissuer{gure23). These include Loricrin, SPRR4, and 16 out of 18 Igekes.
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Thus, LINC00941 isot onlycapable of repressing key differentiation genes and preventing
premature onset of differentiation in human epidermal tissuecontrols different gene

clusters indicating a possible epigenetic mechanism of LINC00941.
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Figure 23: Regulatedgenesin the EDC upon knockdown of LINC00941
Graphical depiction of clusters regulated upon LINC00941 knockdown in d2 and d3 organotypic epidermis

4.3 Role of LINC00941 in keratinocyte development

LncRNAsare known tdbe key regulators of chromatin states, yet the nature and sites of
RNA-chromatin interaction are mostly unkncif#fh Since LINC00941 controlsdifferent

gene clusteri the epidermal differentiation compleseechaptert.2.4 andhasalsoshown
partially nuclear localizatiorduring subcellular fractionation experiments (see chapter
4.1.2), first protein interaction studies were employed to identify potential interacting protein

complexes. Afterwarde€hromatin association of LINC00941 was azely.

4.3.1 Protein Interaction of LINC00941

RNA-protein complexes play aentral role in the regulation of fundamental cellular
processes such as mMRNA splicing, localization, translammhdegradation. Recently, many
strategies have been developed to comprehensively analyze these complex and highly
dynamic RNA protein netwdks. Hence, anunbiased RNA-centric approach that

subsequently involves mass spectrometry, which is a powerful tool for identifying proteins
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bound to a given RNA, wa®nducted to identify protein interaction partners of LINC00941.
In vitro transcribedand biotinylated LINC00941 wasused to cammunoprecipitate
associated proteins of intergitllowed by SDS page and detection by mass spectrometry.
Here pulldown of LINC00941 was performed in undifferentiated keratinacgewell as

in acutaneous squamouarcinoma cell line UISCC7(see chaptet.4.]). In this SCC cell

line LINCO0941is 7-fold enriched Pull-down of LINC0O0941 revealed interaction with
caspase€l4. Differentiation of keratinocyte involves an activation of intracellular proteolytic
cascade mainly mediated by members of the caspase family which cleave each other and
various intracellular tagg<®’288 Caspasd 4 is the only member of the caspase family that
shows a restricted tissue expression in epidermal differentigkinockout studiesof
caspas€l4 in mice have suggested a critical role in the proteolytic processing of filaggrin
indicating a role of Caspadel in terminal differentiation leading to skin barrier

formatiort’-289291

Additionally, in undifferentiated keratinocytedNC00941 semed to interact with several
components of the Nucleosome Remodeling Deacetylase (NURD) co(Rjexe 24A).

To further validatehese resultanteraction of LINC0O0491 with MTA2 asone of the core
components of the NuURD complex was test8drprisingly MTA2 showed the same
expression pattern as LINC00941 in keratinocyfsgl-down with in vitro transcribed,
biotinylated LINC00941 RNA and cell lysates from primary keratinocytes, followed by SDS
page and detection withMTA2 antibody was performed and interaction of LINC00941
with MTA2 could be verified Rigure24B).

Correspondingly, G@erm analysis of proteins interacting with LINC00941 comparea to
size matchedontrol RNAs showed enrichment for terms associated witkensomal RNA
binding, chromatin remodelling, histone deacetylataord NURD complexHigure24C).
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Top GO-Terms for LINC00941 IP
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Figure 24: LINC00941 interacts with the Nucleosome Remodeling Deacetylase complex

(A) Schematic representation of major NURD complex components. Red check marks depict proteins
interacting with LINC00941 as shown by mass spectrometry analyses of proteins pulled down with in vitro
transcribed, biotinylated LINC00941. (B) Pdlbwn with n vitro transcribed, biotinylated LINC00941 RNA

and cell lysates from primary keratinocytes, followed by SDS page and detectiddMiitk2 antibody. (C)

GO term analysis of proteins specifically interacting with LINC00941

NuRD complexes consist of mullg subunits including the dermatomyossisecific
autoantgenM2 U or b ( CHD3 or CHD4), the histone
binding proteins RbAp46/48, the methypG binding domain protein MBD3, and the
metastasisissociated proteins MTA1/2P3 2% The complexes have chromatin remodeling

and histoneleacetylation properties and function primarily in transcriptional reprégsion
Components of NURD complexes have been found to play important roles in embryonic
development and homeostasis in various organgmhuman tumorigene$id?%2%’ The

exact composition of NURD complexes varies depending on targets and cell types and plays
distinct roles in cell proliferation, survival, andfdrentiation. Surprisinglymice deficient

of several components of the NURD complsdch as Chd4 or Mta2 as well as Hdacl+2
doubledeficient mice showed defective epidermal homeostatic activity with significant
similarities to the phenotypes seen with LINC00941 knockdbewh29

These findings indicate that LINC00941 might regulate expression of differentiation gene
cluster as observed on a globalel (seechapter4.2.4 throughmodulation or recruitment

of this chromatirremodeling complex.
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4.3.2 Investigating the potential epigenetic mechanism of LINC00941

To investigate a potential role of LINC00941 in recruiting the NuRD complex to target
chromatin sitesChromatin Isolation by RNA Purification (ChIRRjas implied.ChIRPis

based on affinity capture aftarget IncRNAchromatin complex by tilingntisenseligos

which then generates a map of genomic binding sites at a resolution of several hundred bases
with high sensitivity and low backgroutfd One potential source of noise in ChHRey is

the precipitation of nonspecific DNfiagments from oftarget hybridization of thpool of
oligonucleotide probes. In order to eliminate such artifacts, all pnabessplit into two
pools(all even probes were in one set and all odd probes in ahofsethe twodifferent

sets of probes shared no overlapping sequences, the only target they have in common is the
RNA of interest and its associated chromdtwurindependent ChiRB eq runs wi t h
and i o d d were performedseparately Only the shared signal fromall four
independent ChIRBeq experiments/as consideredo be a meaningful signala signal

present in only even or odd experiments aloves not interpreted ChIRRSeq was
performed on endogenous LINC00941 RNA in undifferentigidchary keratinocytes

Binding sites of LINC00941 irach sample were called usmgdetbased analysis of CHP

seq (MACS)against its corresponding inpu8028 LINC00941 bindingites could be
identified with high enrichment ipromoter regiongFigure 25A)%°%, To further analyze

peaks thesebinding siteswere associatetb the nearest gendéisat were less than 10 Kb

away from theranscription start sit€Gene ontologydrmsanalysis of these genes showed
enrichment for RNAbinding proteinsas well askinase and phosptransferase activity
(Figure 25B). No binding sitein of LINC00941 inthe EDC could be identifiedhus
suggesting regulation of EDC gene clusterstiansand not in proximityof LINC00941

transcription site.

Exons
Top Go-Terms of genes asscociated
with LINC00941 binding peaks

protein serine/threonine
kinase activity -

Intergenic.Region phosphotransferase activity -

microtubule plus-end binding -

DNA binding -

00 10 20 30 40 50 60
- log,, (adjusted p-value)

fiveUTR
immediateDownstream

threeUTRS

Promoters

Figure 25: ChIRP-Seq reveals binding sites of LINC00941 all over the genome
(A) LINC00941 occupancy in different genomic features (B) Gene ontology analysis of LINC00941
associated peaks
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Moreover to investigatea potentiakole of LINC00941 in recruiting the protein complexes
to target chromatin site®nly the promoter ssociated genes were extractadl further
analyzed Motif analysis of promoteassociated.INC00941 ChIRP-SeqPeaks revealed a
significantly enriched DNA motif thatvas highly similar to the E2E and E2Feinding
motif as well ago their heterodint binding partner TBP1(Figure26A-B)

A B
2 -

1D name similarity
MAD470.1 E2F4 0.55360556825289
15 1 MAO0471.1 E2F6 0.548560857317162
g MA1122.1 TFDP1 0.520620883602226
E MAOQ750.2 ZBTB7A 0.464983141544377
é 1 4 MA0645.1 ETV6 0.451712641553582
.é MAOQ057.1 MZF1(var.2) 0.422019462616277
~‘E MAQ056.1 MZF1 0.418124537237931
B 05 MA1100.1 ASCL1 0.375751827164036
MAO0814.1 TFAP2C(var.2) 0.371407886263032
A MAOD163.1 PLAG1 0.368644219084189
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rrrrrrrrrrrrrrrTrrrrrTi
12345678910 12 14 16 18 20 22

Position

Figure 26: Motif search for promoter regions bound of LINC00941
(A) cytosinguaninrich motif enriched among LINC00941 binding sitggpromotergB) motif search of most
similar motifs.

The E2F family has beamplicated in controlling diverse critical cellular and organismal
functions including regulation of differentiation, development and tumorigéffe¥s

There are eight genes for E2F family members encoded in the human g&idthahe

highes$ degree of homology among the E2F family members is in their DiNding
domains, which is consistent with the finding that they can all bind to the same consensus
motif in vitro®®>. Most E2F family members are complexed with a member of the

dimerization partner (B) family of transcription factorto fulfill their function?©33%6
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Figure 27: Overlap of E2F4 binding sites with LINC00941 binding sites in three different cell lines
(A) Overlap of publicly available ChiBeq datasets with LINC00941 binding sitB$ Overlap of E2F4 ChIP
Seq datasetsith LINC00941 binding sites thethree different cell lines GM12878, Hep@2dK562

Due to lack of ChlIP data in keratinocytes, publicly available €348 datasetsf the three
transcription factors with the highestrsiarity (E2F4, TFDP1 and E2F&)ere overlapped
with LINC00941 associated peaks. HetdIP-Seq analyses from EZFE2F5, and TFDP1,
which were all performed in K562 cellgere usedPeaks from the ChIP analyses were
overlapped with LINC00941 and each ovenegsfurther analyzed. Almost 16% of genes
exhibitingLINC00941 association were also shown to be bound by E2F4, BR&EGFDP1
suggestingo be common targets of all four molecslendthereforehinting towards a
common mechanisnt{gure27A). Gene ontology (GO) term analysi§ common targets

showed only enrichment of genes involved in RbiAding (data not shown).

Additionally, utilizing publicly availableChIP datasets for E2F4 in three different cell types
(HepG2, K562 and GM12878) and overlapping these datasets wipedke of the ChIRP
analysiscommonfeaturescould be identified to beegulated by bothINC00941 and E2F4
respectively (Figure 27B). For this purpose all peaks from the ChIP analyses were
overlapped with LINC0094binding sites Afterwards only the overlaps of each seere
further analyed. An overlap of 357 cell line independent common LINC00941 and E2F4
peakscould be observed.
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4.4  Role of LINC00941 in cutaneous squamous carcinoma

4.4.1 Invasion assay

The upregulation oEINC00941 in human squamous cell carcinoma samples compared to
their site matced healthy tissue controlsasalready impliel an important function for
LINC00941 in either cancer onset or development. This led to the hypothesis that high
expression of LINC0094dnightinhibit differentiation of keratinocytes and therefoneght

increasdgumor progression.

In order to test this hypothesis, an experiment was performed in collaboratiolumiih
Das Mahapatrdlaboratory ofAndor Pivarcsiat the Karolinska instituteSwede. First,
cSCC cell lines were profiled for the expressadnLINC00941 in comparison to normal
keratinocytesin most SCC derived cell linga clear overexpression of LINC00941 could
be observedFigure28A).
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Figure 28 Lossof LINC00941 inhibit invasion of SCC keratinocytes

(A) Profiling of LINC00941 expression in comparison to normal keratinocytes (B) SiRiRéiated depletion
of LINC00941 in keratinocyte cell lines derived fronmuamous cell carcinoma (SCG@atients (shown here:
UT-111 and A431) led to (C) inhibition of cell invasion in Matrigel invasion assays
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Afterwards an Matrigel invasion assay was performed in two cell linesIWUT and A431)
with a moderate overexpressionLINC00941.The Matrigel invasion Assay provides an in
vitro system to study cell invasion of malignant and normal¥éliehe transwell migration
and invasion assays may be useditalyze the ability of single cells to directionally respond
to various chemattractants whether they are chemokines, growth factors, lipids, or
nucleotide®’®31°. Knockdown of LINC00941 led to a decreased invasion of keratinocytes
in both SCC cell linegFigure28B-C).

As deregulated IncRNAs might function in signaling pathways which are already
mutationally activated or suppressed in cSCC, LINC00941 might play a role at the early
stage okepidermal carcinogenesis

4.4.2 Analysis of cell migration

Collective cell migration is a hallmark of wound repaiancer invasion and metastasis,
immune responsesangiogenesis and embryonicmorphogenesis.The migration of
epidermal keratinocytes is the basw skin reepithelialization during wound healing.
Wound healing is a complex cellular and biochemical process necessary to restore
structurally damaged tissue. It involves dynamic interactions and crosstalk between various
cell types, interaction with ésacellular matrix molecules, and regulated production of
soluble mediators and cytokines. In cutaneous wound healing, skin cells migrate from the
wound edges into the wound to restore skin intetfity

Thein vitro scratch assay using monolayers of primary human epidermal keratinocytes is
a straightforward and effective method to assess their migratory cafféigiye 29A)312

The mechanical scratobf a confluent monolayer directly disrupts the adhesion of the
keratinocytesboth to one another and to the underlying matrix resembling the physical

trauma of a wound in ain vitro assay.

Here confluent LINCO00941deficient monolayersas well as control culturesvere
generatedAll the experimental groups showed significant migratama narrowing of the
scratch area by 10 houlds. comparison with contraiultures a delayedclosurecould be
examinedin LINCO0094Zkdeficient cultures(Figure 29: Scratch assay in LINC00941
deficient keratinocytgs The scratch area of control cultun@as occupied by migrating

keratinocyte cells after around 10 hours, whereak ftH€0094 1-deficientcultures showed
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significant migration andnly narrowng (35-47%) of the scratch area by 415 hours
(Figure29B). As described beforeknockdown of LINC00941 led to decreased invasion in
a matrigel invasion assay (see chaptet.l), ard also lower migrating potentialvas

observeds expected

A

t=0h t=10h t=12h t=15h

siControl #1

siControl #2

% closed area

SILINC009471 #1

SILINC00941 #2

Figure 29: Scratch assay in LINC00941 deficient keratinocytes
(A) Principle of a scratch assay. (Bime course of migrating keratinocytes upon LINC00941 knockd¢@n.
Quantification of closed area relative to t=0 ho@sale bar100 um.Data are presented as mea8D.

Taken togetherthe lower migration potential and the lower invasive potential of
LINC0094 1-deficient SCC cell linestrongly suggest a functional impact of LINC00941 in
invasion, perhaps through a similaterdependent mechanism as seen in regulation of
epidermal homeostasigndicatiors for a tumoractivating effect of LINC00941 can be
deduced from the performed experimembist subsequent studies are requiteclucidate

thefunctionalrole of LINC00941in physiological conditions an8CC progression.
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5 Discussion and outlook

5.1 Characterization of the LINC00941 transcript

To shed first light on the molecular mechanism of a given INcCRNA, deciphaeraellular
localization and expressionof INcCRNA isoformsof a specific locus together with a

comprehensive transcript characterizaseamecdecessary

To this endfirst subcellular fractionation in combination with RIPCR was employed
during this project, hinting towards @ual localizaion of LINC00941 with increased
cytoplasmic enrichmenfchapter4.1.2 Figure 8). Nevertheless, significant amounts of
LINC00941 were also detected in thaclearfraction when compared t;mRNAs As a
complete separation of the cytosolic and nuclear fraction is difficult to achsavgle
moleculein situhybridizationmethods were usddr further characterizatioi®ther reports
about IncRNA localization in skin utilized single molecEISH analysis for example rather
than a biochemical fractionation appro&¢hAdvances in singlenolecule methodbave
beeninventedto viswalize INcRNAs in single cells at singieolecule resolutiom orderto

characterize the subcellular localization of a given INcCRNA

Especially thehereusedRNAScopemethodseemed to be applicablekeratinocytes since

the utilized cytoplasmicpositive controls repeatedly exhibited the expeawmplasmic
subcellular localizationAdditionally, the negative control was characterized by a complete
lack of signalRNAScope showed a mainly cytosolic localization for LINCOQ9#tiwever,
nuclear sigals werealso detectable Knockdown of LINC00941 in undifferentiated
keratinocytes however clearly abolishes cytoplasmic signals for LINCO094ut the
nuclear transcripts remaimhich is consistentvith the known cytoplasmic location of the
RNA-inducedsilencing complex (RISG5°251 For completesubcellular localization studies

an additionalnuclear marker has to be involvédonetheless,. INC00941 mightexhibit a

dual nuclear and cytoplasmic distribution and thus might play multiple roles in different
cellular compartmentOne example of a IncRNA with these properties is the recently
described PYCAREAS1%%2 This IncRNAcanlocalize to the®YCARD promoter where it
facilitates DNA methylation and H3K9me2 modification by recruiting the chromatin
suppressor proteins DNMT1 and G9a. Moreousth PYCARD-AS1 and PYCARD
MRNA can interact with each other wvia their

ribosome assembly in the cytoplasm RfCARD translatioR®2
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Taken together, thesecorclusiveresults should be interpreted as a first indication rather
than a final proof of the LINC00941 localizatiofheconducted subcellular fractionatias

well as the RNAScope approasiould be further adapted in order to eventually unravel the
subcdular localization of LINC00941 in keratinocytesand finally in epidermal tissue.
Establishment oRNAScope in organotypic tisswand subsequentlyin human epidermis
would be a big step towards characterizatrmt only due to detecting thesubcellular
localization but alsthedistribution of LINC00941 during the time course of differentiation.
So far there areonly indications for an increased localization of LINC00941 in

undifferentiated keratinocytes.

With the advance in sequencing teologies over the recent years, numerous novel IncRNA
transcripts have been identified and it became evident that several INcRNA isoforms can
arise from one gene locus through a combination of alternative splicing, polyadenylation or
promotor usag@®313315 with LINC00941being a novel IncRNA locus whose transcript
has beenamotated as d645 nt long IncCRNA andregardingthe recentmiscellaneous
annotations for this gene locus in the Ensembl and FANTOMS release, an exact isoform
characterization foLINC00941became indispensaBfé31® Thus, in order to elucidate the

start and end point of the transcript with single nucleotide resolution, RA&¥sas with a
56cap de p e rpdyeAbasedstrategyaas vigelbas long read Nanefs@guencing

were conductedchapter4.1.2 Figurell). Interestingly both strategiesevealed different
3’ends. Nanoporsequencig r eproduci bl y detected ® 506st
FANTOMS5 CAGE 5'start site.Combining these approaches with northern blohe
polyadenylateddominant LINC00941 isoformwith 1327 bp could be identifiedin

undifferentiated keratinocytes.

Recapitulating the obtained insightsere might be a dual localization and one dominant
isoform in undifferentiated keratinocyte$lowever, he presented results might impact
different roles of LINC00941 in various cellular compartments during epidermal
differentiation (chapte2.2.2). During the course of epidermal homeostadifferentstage
specificisoformsmight be expressed asdbsequently kalized to different compartments.

In the process of terminal differentiatiomowever no final statement could be made about
possible changes neither regarding localization nor expression of specific isofbese
possible changes have to lhechemically verifiedwith several isoform specific northern
blots These northern blots should be performed in time counsds fractionated

keratinocytesto obtain insights into possible switches of isoforarsd localizéion.
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Combining these results thiknowledge obtained with RNAScope in epidermal tistuse
will shed more light into the exact role of LINC00941 during epidermal homeostasis.

Moreover unraveling how LINC00941is embedded into other processes controlling
epidermal homeostasmight lead to a betteand more comprehensiveinderstanding of
otherIncRNAs during epidermal homeostwsConsideringthe transcriptional control of
TINCR and ANCRregardingepidermal transcription factors MAF/MAF Bhere seems to
be a highly complex and elalade network of IncRNAs and transcription factors regulating

each other and collectilyecontrolling epidermal tissue homeostasis

5.2 LINCO00941 as a novel player in epidermal homeostasis
Transcriptome sequencing arsdg of nordifferentiated and differentiated human
keratinocytes revealed a number of IncRNAat aredynamically regulated throughout
terminal differentiationLINC00941, which is encoded on chromosomeid Bost highly
expressed in undifferentiated gemitor keratinocytes and significantly reduced in
abundance upon onset of terminal differentigtleading to a hypothetic roten- or poorly
differentiated strata of the epidermis.

In order to reduce the cellular stress levels #malpossible rescue effeaif residual
LINC00941 moleculesa CRISPR/Cas9 mediatddNC00941 depletion strategy was
employed as a substitute for the electroporation badé@00941knockdown As primary
keratinocytes were unsuitable folLWANC00941knockout ell line generation due to their
limited amount of cell passages, tNETERT keratinocyte cell linge were employed and
successfully validated as a suitable magyestem for this experiment

Since the transient transfection approach did not yield any LINC00941 knockout cell lines,
a lentiviral delivery systempromised tde more efficient for a stable genomic integration of
gRNAs as well as the Cas9 endonuclease into wild type NTERT2GTdesvould ensure
prolonged and constant expression of Cas@gRNAs at the same timeand thus might

decrease the cellular stress level as welha®ase the probability for genomic deletions

The hggest drawback of knockout studies is tlkaratinocyes are prone to terminal
differentiation and proliferate only for few passages in monoculitine long process of
clonal growth of single clones as well as the combination with harsh selettiroately

leads to growth arrest or death of transfectedskieocytes
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As successful knockout of INcCRNAs in keratinocytessiierarely reportegdin this project
siRNA-Pool mediated knockdowns were utilizad an alternativéo investigate loss of

function of LINC00941 in epidermal homeostasis

Lossof LINC00941 transcriptin in vitro differentiated keratinocyteandin organotypic
epidermal tissue cultures resulted in induced expression of several key differentiation
markers on both mRNA and protein lev@isgure 15, Figure18), whereas overexpression

of LINC00941 resulted in decreased expression of differemmiajenes(Figure 17).
Moreover, the global RNAequencing approach bfNC00941deficient epidermal tissue
versus control tissue revealed thlNC00941 controls genegpression for a plethora of
genes Since the top GGterms for genesaltered upon LINC00941 depletion were
associated with epidermal development and homeostasis, this experiment proved the
importance of LINC00941 for keratinocyte differentiation(Figure 22). Strikingly,

LIN C00941apparently controls the gene expression of almost the wik@éboringSPRR

and LCE gene clusteover the course of the differeni@ program suggestingagulatory

role of LINC00941not in proximity of its site of transcription but iranson chromosome

1 (Figure22; Figure23). Thesetransregulatoryroles of INcCRN/A can becategorized into

at least three major subgrougarst, INcRNAs carregulde chromatin states and gene
expression at regions distant from their transcription Siezond, INcCRNAs influendke
nuclear structure or organization to orchestrate transcription or, timodiulate the
interaction and activity of interacting molecififsThus assuming thatINC00941exerts

its cellular function as dransacting INcCRNA and including the unclear subcellular
localization various modes of action arenaginable.Guidance of transcription factors,
assembly of an active transcription machinery as well as altering the genomic accessibility
or the histone marks at the regulated geneilo¢he nucleusare potential mechanisms.
Alternative regulation of enhancetementsespecially in the EDG@re possiblédiscussed

in the next chaptety>”. Similarly, LINC00941 might be responsible fahe regulation of
posttranscriptional events such as mRNAstability and translational controlin the

cytoplasm Also, acombination of nuclear and cytoplasmic mechasisnght be possible

In addition to that, LINC00941 deficiency led to induced expression of an uncharacterized
gene locus comprising thecently annotated SPRR5 transcfiptinterestingly, significant
induction of SPRR%ould ke detected upon LINC00941 depletion. SPRR5 RNA was barely
detectable in progenitor keratinocytes but strongly induced upon differentiBti®@iSPRR5

gene locus is located within the epidermal differentiation complex between the late cornified
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envelope (LE) gene cluster and the small prohmeh protein gene clustesiRNA-Pool -
mediated depletion of SPRR5 in keratinocytes and organotypic epidermis resulted in
defective differentiation as seen by reduced levels of many early and late differentiation
MRNAs and proteins. Interestinglyp4,8 % of genes induced in LINCO09dé&ficient
epidermis were repressed in SPRiRfpleted organotypic tissue suggesting a common mode
of action for both molecules. Additionally, -@®pletion of LINC00941 and SPRR5 led to
redued levels of several conversely regulated differentiation proteins, suggesting that
LINC00941-mediated repression of differentiation might indeed be, at least in part, mediated

by repression of SPRR%,

As the analysis of regulated genes from the RBAq experimenn LINC00941 dejeted
organotypic epidermisints towards a regulation ofomplee clusters in the epidermal
differentiationcomplex a nucleartrans-acting mechanismin non or poorly differentiated
cellswas investigated furthewith a ChIRRSeq experimenfchapter4.3.23°. Numerous
publications reported a crucial role of activating and repressing histone marks in epidermal
differentiation, which are controlled byany different molecular nchineries(see also
2.1.3, and thereforean epigenetic mechanism falNCO00941 seemedalso possible.
Epigenetic mechanisms of the control of gerpression include several levels of regulation
that can be based on: (a) changes in DNA methylgtiyrchanges in the distribution of core
histone variants(c) changes in the nucleosome positioning relative to specific DNA

sequencegsand(d) changes irhigherorder chromatin folding and genome organizatidn
323

5.3 Evidence for an epigenetic mechanism of LINC00941

As discussed aboveINC00941mightepigenetically control gene expression from the LCE
and SPRR gene clustan a trans-acting mechanisminteracton studies of LINC00941
revealed binding tgeveral distinct proteins includirgaspasel4 and severatomponents

of the NURD complexCaspase€l4, whichshows a restricted tissue expression in epidermal
differentiation is also strongly increasedlring terminal differentiation of keratinocytes
already suggesting a pantskin barrier formatioff°. Caspaseél 4 expression already starts
in the spinous layeandit is active in the dehydrating environment of the cornified layer,
where it has an important function in formation of the epidermal barrier ledmgtection
against UVB and water 108%. Furthermore, Rockout studiesf caspasel4 in mice have
suggested a critical rola the maintenance of cornificatiothroughproteolytic processing

of filaggrin®/-2892% Interaction of caspask4 with LINC00941 might altethe activity or
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the substrate spedtfy of caspasel4. Recent studies report several IncCRNAs regulating
caspases in various tissiypes ThisincludesT-ALL -R-IncRNA thatsuppressesaspase
andis associatevith T-cell acute lymphoblastic leukemid OXA-AS2 which suppresses
cleavage of caspask-8,and-9 in promyelocytic leukemia cell lisgor AFAP1-AS1 which
inhibits caspas@ cleavage in esophageal squamous cell carcitfditd Proteomic
approaches in LINC00941 deficient keratinocytes could ladhe identification of
additional LINC0094 1-specific caspas€l4 substratesThis ultimately could contribute to
understand the role of caspdlktogether with LINC00941 in the skin.

Additionally, interaction of LINC00941 wittomponents of the NURD complexdicakes

first evidence for an RNAnediated epigenetic mechanigamapter4.3.7). Supplementary,
reports about ime deficient of several components of the NURD complex such as Chd4 or
Mta2 as well as Hdacl+2 doubdeficient mice showed defective epidermal homeostatic
acivity with significant similarities to the phenotypesbserved with LINC00941
knockdowr§*298:299 Fyrthermore, LINC00941 pulldown could verify interactiomvith

MTAZ2 as one of the core components of the NURD compEkA2 has been shown to
interact directly wth the tumor suppressor p53 and it modulates its ststdg acetylation
leveP?8. Overexpression of MTA2 has been associated with deacetylation éf°p5ais

correlates with impaired ability of p53 to arrest cell growth and to mediate apéftosis

In generalupon purification and characteation of the NURD compleXATP-dependent
nucleosome remodelingctivity coupled to histone taitleacetylasdunction could be
identifiec®*®. NURD complexes ere found to consist of several subunits with varying
compositiondependenbn targets and cell typeitially identified as a transcriptional
silencer or repressomore complex roles on gene transcription including gene activation
have been fourfd332 In addition,manyother significant biological functions (e.g. DNA
repair) have been attributed to NURD through its modifications of chromatin and post
translational modification of other transcription factors independé regulating gene

expressiopr332

Interaction of LINC00941 with the NuRBPomplexmighteitheraffectthe activityor affinity

of the NuRDcomplexor might influencethe guidance of the complex to specific Ipand
mightthereforealter the chromatin landscape of distinct lasialready observed for another
INcRNA PAPAS promoter and preRNA antisenséf®. PAPAS interacts directly with DNA
forming a DNARNA triplex structure that guides associated CHD4/NuRD to the rDNA

promote and thereby regulageranscriptiof>. A similar mechanism might be imaginable
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for the interaction of LINC00941 and the NuRD compldrcluding the fact that
LINC00941 regulategene expression from the LCE and SPRR gene clustgidanceof
the complex tepecific lociand alteration ofthe chromatin landscapeight be gpossible
One of these loci might kberecently discovered specific regulatory enhancer 923. Sitting
between the LCE and SPRR logtise enhancer 928esponded to the developmental and
spatictemporal cues at the onset epidermal differentiation in the mouse emb¥yo
Chromatin states of proliferating keratinocyées marked by fewer interactions3#3 and
do not express EDC gends. contrast differentiated keratinocyteare characterized by
greater observed 928ediated intaactions with EDC gene promotetsNC00941together
with the NuRD complexcould either directly alter theehromdin state of the EDC by
repressing the enhancer 923 in undifferentiated keratinoaytesiidremodel the chromatin
state of otheloci, whichareimportant forregulatingepidermal homeostasishis includes
transcription factors or other chromatin modifyimgchineriesTo testa direct impact of
LINCO094YNuRD complexnteraction on keratinocyte differentiatiseverakexperiments

could be performed to further strengthbis epigenetidhypothesis.

First, Assay for Transposas&ccessible Chromatin using sequencing (ATS€Q) a
technique used in molecular biology to assess ge+vaiohe chromatin accessibilitgould

be utilized here334 Changes in accessibility of distinct loci uplass ofeither LINCO®41

or NuRD componestmight give hints on a cooperative regulati@econgd Chromatin
immunoprecipitation (ChlP) of several NURD subunitsshould be performedupon
LINC00941 knockdownto detectchanges irbinding sitesof NURD components®. For
further analysis comparative chromosomal conformation capture (3C) assays in
proliferating anddifferentiated LINC00944eficient keratinocytes might reveal multiple
chromatin interactions in keratinocytés

Finally, NURD complex bindingleficient LINC00941 mutantshould be generate@®nce
the minimal fragment of LINC00941 capable of binding NuRD will be identified, RNA pull
down followed by mass spectrometrgutd be performed to verify interaction with the
complexanalog tdfull-length LINC00941. A minimal LINC00941 binding fragmenight
act as a dominant negative regulator of LINC00941 / NuRPpendent regulation of
epidermal homeostasi$his could be the basi$or establising a molecular tool to correct

homeostatic defects of the epidermis as present in several skin diseases.

Furthermore, it should also be considered that LINC00941 might alter the distribution of

histone modifications during the courseddferentiation Severalifferentiationassociated
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genes are known to be suppressed in progenitor cells by the repressive histone mark
H3K27me3 and are activated by demethylation upon induction of the terminal differentiation
progran{®. Similar reports revealediifferences for deposition of various histone
modification such as H3K4me1l, H3K27ac, H4K20mmlH3K9ac between progenitor and
differentiated keratinocyte¥-°?%2 In addition to that, LINC0941 might also affect the
DNA methylation state, which has been found to be a crucial regulator of maintaining the
keratinocyte progenitastate as loss of the DNA methyltransferase 1 (DNMT1), and thus a
decreased DNA methylation rate at certain gene leatds to premature keratinocyte
differentiatior?®’. These potential changes in distribution of histone modifications have to
be testedin depth Therefore ChIP with following high throughput sequencing should be
performed in the futurd-ere several eitherepressing or activatingistone modifications

should beexaminedupon LINC00941 knockdown during the time course of differentiation.

In contrast to the regulation abmplete clusters in the epidermal differentiation complex
upon LINC00941 lossno direct binding of LINC00941 in thepidermal differentiation
complex could be identified in the ChIRP experime@hIRRseq for LINC00941 has
identified focal, specificand numerous binding sites. In contrast to histone modifications,
which often broadly occupy certain genomic elements (e.g., promoters, enhancers,
transcriled exons, or silent genes), the interspersed andsgeetive nature of INCRNA
occupancy more resembles transcription faétdrslotif enrichment analysisevealedhat
LINC00941 accessthe genome through speciftieC rich DNA sequences in a highly
discriminating fashionThe overlap of thebinding sites with commotranscription factor
profilesand motif search analysiketected dnigh correlation with E2F transcription factor
binding motifs Especially E2F4 and E2F6 showed higtimilarity to the detected binding
motif. Additionally, the binding motif for TFDP1 as a known dimerization fafiothe E2F
family could be identified.

The E2F family has been implicated in controlling diverse critical cellutdgrajece into S
phase, regulation of mitosis, apoptosis, DNA repair, and DNA damage checkpoint control)
and organismal (regulation of differentiation, development, and tumorigenesis)
functions?23% In humans eight genes for E2F family members encoded the
genomé®*3% The highest dege of homology among the E2F family members is in their
DNA-binding domains which is consistent with the finding that they can all bind to the same
consensus motif vitro3%®,

Most E2F family members are complexed with a member of the dimerization partner (DP)

family of transcription factors to fulfill their functidf?3°¢ E2F4 binds DNA cooperatively
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with DP proteinsand is found in the promoter region of a number of genes whose products
are involved in cell cycle regulation or in DNA replicatiéh®*®. E2F6 lacks the
transcriptional activation pocket apdotein binding domains. E2F6 appears to regulate a
subset of E2flependent genes whose products areiredjfior entry into the cell cycle but

not for normal cell cycle progressir* This may silence expression via the recruitment
of a chromatin remodeling complex containing histone H3K9 methyltransferase &ivity
Common binding sites for LINC00944nd the E2F family hint towards a collectively
regulated set of geneShereforethere might be a common mode of actiBnt, asmany
different potential mechanisrfor LINC0O0941 and the E2F famifre imaginable,uture
directions would aim to characterize the interplay of LINC00941 and the E2F transcription
factor family.

In keratinocytesChIP experimentsf E2F family nembersfollowed by high throughput
sequencingshould be performe@nd comparedwith LINC00941 binding sites in the
genomeldentification of moleculesontrolled by E2F as well ds/ LINC00941mightadd
further puzzle pieces in thikighly complex network olhcRNAs and transcription factors

regulating each othemnd controlling epidermal tissue homeostasis in a conjoined effort.

In summary in depth functional, mechanistic and biochemical characterization of the
Ribonuclegrotein particle consisting ofeither LINC00941 and the NuRD complear
LINC00941 andCaspase€l4, respectivelyis necessaryBesides, thanterplay with the E2F
transcription factor familyhas tobe analyzedin the future The proposed analyses thus
provide important novel insights mthe mechanisms &icRNAs in processes apidermal

growth, differentiation and regeneration.

5.4  Functional impact of LINC00941 in SCCprogression

LINC00941, proven to be functionally important for human epidermal homeostasis, is
upregulated in humasguamous cell carcinoma samples compared to healthy tissue controls
(seechapter2.3)?272% This alreagt implies an important function for LINC00941 in either
cancer onset or development. Several analyses were performed to test whether LINC00941
plays a functional role in regulating cutaneous squamous cell carcinoma progréssen.

of LINC00941 led to redced invasion of SC&eratinocytes in a Matrigel invasion assay,
whereas an increased differentiation could be observadrmalepidermal tissu¢Figure

18, Figure28). Since suppression of differentiation is an integral process during epidermal
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squamous cell carcinoma, a reverse relationship betirssere differentiation and neoplastic
progression was expectadd observedAdditionally, knockdown of LINC00941 led to a
slower migration of keratinocysen scratch assay#ltogether this led to the hypothesis

that high levels of LINC00941 promote nglasia or tumor progression in cutaneous
squamous cell carcinomBespite arzast amount of IncRNABave beemeported to have an
aberrant expression pattern in cancer and in particular in skin cancer progreesion
significant role for carcinogenesis still not completely cleaisee chapte?.2.4). Current
knowledge aboutncRNAs & regulators of SCC progressi@nd abouttheir molecular
modes of action is still limited anchpressively highlightshe importance of elucidating the
functional role of IncRNAs in physiological conditions and keratinocyte cancer
developmertt’. Recenly identifiedexamplesfor IncRNAs playinga functional role in SCC
progression are PICSAR and PRECS!?3” The IncRNA PICSAR was found tbe
upregulated in SCC cells compared to normal keratinocytes and promotes growth of SCC
by regulating ERK1/2 activity®. In addition,PICSARupregulates expression of integrins
resulting in increased cell adhesion and decreased cell migration on collagen | and
fibronectinin SCC cell$*%2%

Another identified hcRNA with elevated expression in SG@mpared to normal skin is
PRECSIP®. Loss ofPRECSITinhibits SCC cell invasion by repressin§/AT3 expression

and activatio®’.

Similar to PICSAR and FRECSIT, LINC00941 exhibits elevated expression in SCC
samplesLoss of LINC00941eadsto reduced invasioand migratiorof SCC keratinocytes

(see chaptergl.4.1 and 4.4.2. Regarding the combination of these results with the
diminished differentiation phenotypebtained by forced LINC00941 expressiose¢
chapterst.2.2and4.2.3 togeher with thelack of differentiationbeinga hallmark of skin
cancer LINC00941 seems to play a dual role during differentiation as well as during skin
cancer progressiorkurther indicationdor a role of LINC00941 in tumorigenesis aae
potentialinteracton with components of the NuRD complex (see chagi®rl) andsharing

a similar binding motifaisthe E2Ftranscription family(see chapte#.3.2. Components of

the NURD complex as well as the E2F family are already known to play distinct roles in
human tumorigenesishusindicating apotentialsynergetic role of LINC0941 with these
moleculeg?®’:342:343

Taken together, results obtained from normal epidermal homeostasis should be conveyed to
SCC progression to analyze the interplay of LINC00941 together with the NuURD complex
as well as the E2F family.o shed further light on the possible link between LINC00941
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and carcinogenesis, the commonly used colony formation assay, scratch assay or a transwell
invasion assay might be applied in the fuitiré*

To olktain a better understaimg) of these pro-tumorigenic functions of LINC00941he

impact of LINC00941 lossould be studied in an invasive thrd@nensional organotypic
neoplasia tissuemodel, which recapitulates natural features of tumor progression
Additionaly, the impact of LINC0094bn tumor developmeman beassessed by am vivo

tumor formation assasp.

Since both experimentseedadequate and loAligsting LINC00941 lossknockdown of
LINC00941 might not be sufficiernBut this problem can only be overcoigalLINC00941
knockout Unfortunately successfuknockout studies of INncRNAs in keratinocytes are still
sparseA big breakthrouglon the way taletect the mechanism of LINC00941 wouldthe
establishingf asuccessfuLINC00941knockoutcell line (see chapte4.2.1and5.1).

Subsequentlyhiese cells can be used to gateinvasiveorganotypic neoplastic tissueor

that purpose an organotypic model of Ras/Erk MARdiven epithelial neoplasia can be
used.In order totransform organotypic human epidermal tissue into invasive neoplasia,
human HRasG12V and simultaneoudk@ have to beoverexpressedOncogenic Ras
overexpression alone leads to cell cycle arrest in G1 phase, whereas Ge{gtassion
bypasgs Ras growth suppression and induces invasive human neoplasia resembling
squamous cell carcinortfd3*¢ Next, these tumorigenic keratinocytes can be seeded onto a
dermal matrix with embedded fibroblasésd the resulting tissusan beharvested six or
eight days aér seedinglnvasion of keratinocytes intthe dermal matrixan beanalyzed

by immunofluorescence analys&s“I{seechapter2.1.4.

In a further approach the influence of LINC00941 loss on tumor formation and growth
should be addresséauvivoin a Xenograft modelTherefog, the tumorigenic keratinocytes
as describedbove with additional overexpression of a luciferd&® fusion protein can be
injected into the flank of immunodeficient micEhentumor growth can be monitored over

time byin vivoluciferase measurements and volumetric tumor measurements.

Afterwards,experiments should be expanded to analyze the interplay between LINC00941
and NuRD components as wellEB2F family memberéin a similar manner as described in
chapters.3). Correspondingly, experimental groups showing an effect on cell invasion can

subsequently be tested for changes in chromatin regul®&idRD complex assemblpr
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occupancy b differentiation gendgene clusters using Chieqg, ATAC-seq and mass

spectrometry analyses.

The obtaineddataaboutthe role of thenovel INCRNA LINC00941 imormal epidermal
developmenas well as in skin diseases contribtd@ more profoundharacterizatiomnd
further understanding of the complexitf INCRNAs in general Further analysisof
LINC00941 should aim toa profound description ofits specific mode of action in the
intriguing regulatory network of epidermbmeostasis. Aese new insightshould be
conveyed towardtheinvolvement in skin cancer progression or the generatiothefskin
diseases
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6 Materials and methods

6.1 Antibodies and beads

6.1.1 Antibodies

Table 1: Primary antibodies used during this thesis

Dilution N .
Name Source Application Supplier
(Fixative)
mouse, , .
U-b-actin monoclonal 1:5,000 WB i?gn;gAldrlch,
AC-15
5 mouse,
U-b-actin monoclonal 1:10,000 WB Abcam, ab627€
AC-15
5 1:400 Merck
U-collagen VII rabbit, polyclonal (dependent on IF staining Millipore,
diff. marker) 234192
_ mouse, 1:800 Merck
U-collagen VII monoclonal (dependent on IF staining Millipore,
LH7.2 diff. marker) MAB1345
5 mouse, 1:1,000 IE stainin Merck
U-collagen VII monoclonal (methanol/acetone (tissue:7 g ) Millipore,
clone32 1:1) T MAB2500
5 mouse 1:50 Santa Cruz
U-Filaggrin monocional (éthanol) IF staining Biotechnology,
SG66192
- . . 1:800 . Covance,
U-Loricrin rabbit, polyclonal (acetone) IF staining PRB-145P
- . . . Covance,
U-Loricrin rabbit, polyclonal 1: 1,000 WB PRB-145P
- . . ) Covance,
UKeratinl rabbit, polyclonal 1:1,000 wWB PRB.149P
. . . 1:2,000 . Covance,
UKeratinl rabbit, polyclonal (methanol) IF staining PRB.149P
Table 2: Utilized secondary antibodies
Name Source Dilution Application Supplier
Thermo Fisher
AIEXZ_EE%ESS?; goat, polyclonal  1:300 IF staining Scientific,
9 9 A-11008
Thermo Fisher
AI?;E:Eﬁ;{;?EBG goat, polyclonal  1:300 IF staining Scientific,
9 g A-11001
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Alexa Fluor 555

Thermo Fisher

g 0 a-mabbitigG goat, polyclonal  1:300 IF staining ic;alrglg
Thermo Fisher

glixg_;!gagﬁgcs goat, polyclonal  1:300 IF staining Scientific,
A-21422
LI-COR

IRDye 680RD goat, polyclonal  1:15,000 wWB Biosciences,

g 0 a-thoude 1gG 926:68070
LI-COR

IRDye 800CW goat, polyclonal  1:15,000 wWB Biosciences,

g o a-thoude 1gG 92632210
LI-COR

IRDye 8009\/\/ goat, polyclonal  1:15,000 wWB Biosciences,

g 0 a-nabbitigG 92632211

6.1.2 Beads
Table 3: Overview of utilized beads
Name Application  Supplier Catalogue number
Agencourt AMPure XP beads ChIRP-Seq, Beckman Coulter A63880
ChIP-Seq
nProtein A Sepharose 4 Fast Flc ChIP-Seq Merck GE17528004
Sepharose G4UB beads ChiP-Seq Merck CL4B200

6.2 Buffers and solutions

All buffers and solutions were prepared with deionize® nless stated otherwise.

Table 4: Utilized buffers and solutions

Buffer/Solution Composition

10% APS 10% (W/v)

ammoniunmpersulfate in water

2x RNA loading dye 20 mM
5mM
1mM

5.9% (v/v)
45% (v/v)
0.01% (wi/v)
5% (v/v)

MOPS, pH 7.0
sodium acetate
EDTA
formaldehyde
formamide
bromophenol blue
glycerol

2x SSC 300 mM

30 mM

sodium chloride
sodium citrate
pH 7.0

20x SSC 3M

0.3M

sodium chloride
sodium citrate
pH 7.0

15M
0.4% (w/v)

4x Resolving gel buffer

Tris
SDS
pH 8.8

0.5M
0.4% (wiv)

4x Stacking gel buffer

Tris
SDS

63



Materials and methods

pH 6.8

5x laemmli buffer

300 mM
10% (w/v)
62.5% (v/v)
0.1% (w/v)
10% (v/v)

Tris/HCI, pH 6.8

SDS

glycerol

bromophenol blue

b-mercaptoethanol, added fresh before use

ATAC resuspension buffer

10 mM
10 mM
3mM

Tris/HCI, pH 7.4
NaCl
MgCl,

Coomassie fixative

10% (v/v)
50% (v/v)

acetic acid
methanol

ChlIP-Seq elution buffer

1% (wiv)
100 mM

SDS
sodiumhydrogen carbonate

ChIP RIPA buffer

1% (vIv)

0.5% (W/v)
0.1% (w/v)

1 mM
add before use
1x

1 mM

10 mM

NP-40

sodium deoxycholate
SDS

EDTA

in PBS, pH 7.8

protease inhibitor (Roche)
AEBSF

sodium butyrate

ChlP swelling buffer

100 mM

10 mM

15 mM

1% (v/v)
addbefore use:
1x

1mM

10 mM

Tris/HCI, pH 7.6
Potassium acetate
magnesium acetate
NP-40

protease inhibitor (Roche)
AEBSF
sodium butyrate

ChIP-Seq DB

20 mM

100 mM

2 mM

0.5% (v/v)
add before use
1mM

10 mM

1x

Tris/HCI, pH 7.4
sodium chloride
EDTA

Triton X-100

AEBSF
sodium butyrate
protease inhibitor (Roche)

ChIP-Seq WB |

20 mM
150 mM
0.1% (w/v)
1% (viv)

2 mM

Tris/HCI, pH 7.4
sodium chloride
SDS

Triton X-100
EDTA

ChIP-Seq WB I

20 mM
500 mM
1% (viv)

2mM

Tris/HCI, pH 7.4
sodium chloride
Triton X-100
EDTA

ChIP-Seq WB llI

10 mM
250 mM
1% (viv)
1% (wiv)

1 mM

Tris/HCI, pH 7.4
lithium chloride
NP-40

sodium deoxycholate
EDTA

DNA loading dye

0.25% (wiv)
30% (v/v)

bromophenol blue
glycerol

Hoechst solution

4 pg/mi

Hoechst 33342
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dissolved in PBS

hybridization solution

750 mM

75 mM

20 mM

7% (wWiv)
0.02% (wiv)
0.02% (wiv)
0.02% (wi/v)

sodium chloride

sodium citrate

disodium phosphate, pH 7.2
SDS

albumin fraction V

Ficoll400
polyvinylpyrrolidon K30

LB medium

1% (wiv)
1% (w/v)
0.5% (W/v)

sodiumchloride

tryptone

yeast extract

pH 7.4, autoclaved before usage

LB-Amp

0.01% (wi/v)

ampicillin
added to LB medium after sterilization

LB-(Amp)agar

1.5% (w/v)
0.01% (w/v)

agar
ampicillin
dissolved in LB medium

NB wash |

750 mM
75 mM
1% (wiv)

sodiumchloride
sodium citrate
SDS

pH 7.0

NB wash Il

150 mM
15 mM
1% (wiv)

sodium chloride
sodium citrate
SDS

pH 7.0

PBS

140 mM
2.7 mM
10 mM
1.8 mM

sodium chloride

potassium chloride
disodium phosphate
monopotassium phosphate
pH 7.2

protein lysis buffer

25mM
150 mM
5% (v/v)
2mM
0.3% (w/v)
1mM

1x

Tris/HCI, pH 7.5

sodium chloride

glycerol

EDTA

NP-40

dithiothreitol, added fresh

cOmplete, EDTAfree Protease Inhibitor
Cocktail (Roche), added fresh

RIPA

50 mM
150 mM
0.1% (w/v)
1% (w/v)
1% (wiv)
1mM

1x

Tris/HCI, pH 7.5

sodium chloride

SDS

sodium deoxycholate

NP-40

dithiothreitol, added fresh

cOmplete, EDTAfree Protease Inhibitor
Cocktail (Roche), added fresh

RNA gel buffer

20 mM
5mM
1mM

1.9% (v/v)

MOPS

sodium acetate
EDTA
formaldehyde
pH 7.0

siRNA annealing buffer

60 mM
4 mM
200 mM

HEPES
magnesium acetate
potassium acetate
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TAE

8 mM
0.2 mM
4 mM

Tris
EDTA
acetic acid

TBST

10 mM
150 mM
0.02 % (w/v)

Tris
sodium chloride
Tween20

TE

10 mM
1 mM

Tris
EDTA
pH 8.0

TGS

25mM
192 mM
0.1% (w/v)

Tris
glycine
SDS
pH 8.3

TFBI

30 mM
50 mM
100 mM
10 mM
15% (v/v)

potassium acetate

manganese chloride

rubidium chloride

calcium chloride

glycerol

pH 5.8, filtered sterile through 0.2 um pore filt:

TFBII

10 mM
75 mM
10 mM

15% (v/v)

MOPS sodium salt

calciumchloride

rubidium chloride

glycerol

pH 7.0, filtered sterile through 0.2 pm pore filt

YT-medium

0.8% (w/v)
0.5% (W/v)
85 mM
20 mM
10mM

tryptone

yeast extract

sodium chloride

magnesium sulfate

potassium chloride

pH 7.5, autoclaved before usage

westernblot transfer buffer

25 mM
192 mM
20% (v/v)

Tris
glycine
methanol
pH 8.6

6.3 Chemicals, enzymes, and peptides

Unless stated otherwise, chemicals were purchased from Applichem (Darmstadt, Germany),

Bio-Rad (Hercules, USA), Carl Roth (Karlsruhe, GermamMgrck (Darmstadt, Germany),
Roche (Basel, Switzerland), Sigmddrich (St. Louis, USA), Thermo Fisher Scientific

(Waltham, USA), VWR International (Radnor, USA) and Weckert Labortechnik (Kitzingen,

Germany).

Radiochemicals were purchased from Hartmannlyiica (Braunschweig, Germany),

restriction enzymes, enzymes for RNA and DNA modifications (ligases, polymerases etc.)

and markers were purchased from-Bad (Hercules, USA), Merck (Darmstadt, Germany),
New England Biolabs (Ipswich, USA), Roche (Basel,it3svland) and Thermo Fisher
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Scientific (Waltham, USA).

6.4 Commercial kits

Commercial kits were used according to their included manuals unless stated otherwise.

Table 5: List of commercial kits
Name Supplier Catalogue number

g?\:lAer}Eti:-hgh Sensitivity Agilent Technologies (Santa Clara, USA) 50674626

Agilent RNA 6000 Pico Kit Agilent Technologies (Santa Clara, USA) 50671513
Cytoplasmic and Nuclear

RNA Purification Kit Norgen Biotek (Thorold, Canada) 21000
DNase |, RNasefree Thermo Fisher Scientific (Waltham, USA) EN0521
ERCC RNA Spike In Mix Thermo Fisher Scientific (Waltham, USA) 4456740

E;Qf‘e’:ﬁ Long Template PCF ;014 Aldrich (St. Louis, USA) 11681834001

FirstChoice RLMRACE Kit Thermo Fisher Scientifi¢;Naltham, USA) AM1700

High Sensitivity D1000 . . 5067 5584;
ScreenTape and reagents Agilent Technologies (Santa Clara, USA) 5067 5585
Human Keratinocyte Lonza (Basel, Switzerland) VVPD-1002
Nucleofector Kit

illustra MicroSpin G25 GE Healthcaré¢Chalfont St Giles, Great

Columns Britain) 27532501
iScript cDNA Synthesis Kit Bio-Rad (Hercules, USA) 170-8890
Lipofectamine 3000 Thermo Fisher Scientific (Waltham, USA) L3000015
Monarch PCR & DNA . .

Purification Kit New England Biolabs (Ipswich, USA) T1030S
NEBNext Multiplex Oligos E7335(Setl)

New England Biolabs (Ipswich, USA) E7500 (Set 2)

New England Biolabs (Ipswich, USA) E7645

for lllumina

NEBNext Ultra [l DNA
Library Prep Kit for lllumina
Nextera DNA Library

Preparation Kit lllumina (San Diego, USA) FC-121-1030
Nextera Index Kit lllumina (San Diego, USA) FC-121-1011
NucleoBond Xtra Maxi EF  MachereyNagel (Dueren, Germany) 740424
NucleoBond Xtra Midi Kit ~ MachereyNagel (Dueren, Germany) 740410
NucleoSpin Gel and PCR

Cleanup Kit MachereyNagel(Dueren, Germany) 740609
NucleoSpin Plasmid (NoLid) MachereyNagel (Dueren, Germany) 740499
pGEMT Easy Vector Kit Promega (Madison, USA) A1360
E:terce BCA Protein Assay Thermo Fisher Scientific (Waltham, USA) 23225
PrecisionX Multiplex gRNA . : CASSGRNA-KIT -
CloningKit BioCat (Heidelberg, Germany) SB|
QIAShredder Qiagen (Hilden, Germany) 79654
%ItAqu'Ck PCR Purification Qiagen (Hilden, Germany) 28106

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific (Waltham, USA) Q32851
RNeasy Plus Mini Kit Qiagen (Hilden, Germany) 74136
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Roti-Quant Carl Roth (Karlsruhe, Germany) K015.1
SsoFast EvaGreen Bio-Rad (Hercules, USA) 1725200
Takyon No ROX SYBR

oy MasterMix blue dTTP Eurogentec (Luettich, Belgium) UF-NSMT-B0701
TURBO DNA-free Kit Thermo Fishe6cientific (Waltham, USA) AM1907
Truseq Stranded mRNA lllumina (San Diego, USA) 20020594

Library Prep

6.5 Consumables, membranes, and screens

Consumables were, unless stated otherwise, purchased freRaB(blercules, USA)Carl

Roth (Karlsruhe, Germany)Eppendorf (Hamburg, Germanyjgurogentec (Luettich,
Belgium), GE Healthcare (Chalfont St Giles, Great Britain), MP Biomedicals (Heidelberg,
Germany), NeolLab (Heidelberg, Germangarstedt (Nuembrecht, Germany), Thermo
Fisher ScientifiqWaltham, USA)r VWR International (Radnor, USA)

Table 6: List of membranes and screens

Name Supplier Catalogue number
Amersham HybondCL gri;rf)althcare (Chalfont St Giles, Grea RPN132D
Amersham Hybond\+ CBEE[;r?)althcare (Chalfont &iles, Great RPN203B

Storage Phosphor Screen C Kodak (Rochester, NY, USA) 1707843

6.6 Eukaryotic cell cultivation

Dermis for regenerated organotypic epidermal tissue cultures was prepared from frozen
split-skin obtained from Biopredimternational (SainGrégoire, France), Tissue Solutions
(Glasgow, Great Britain). Utilized primary cells, cell lines, media components and their
composition are listed below.

Table 7: Overview of primary eukaryotic cells and cell Ines
Name Details Supplier

Cell Lines Service
(Eppelheim, Germany)
AG Meister
(Regensburg, Germany

HaCaT cell line Catalogue number 300493

HEK293T cells gift from the AG Meister

Normal Human Epidermal . : .
isolatedfrom fresh surgical specimens

Keratinocytes (NHEK), adult the University Hospital Regensburg AG Kretz
single donor
Normal Human Epidermal
. Lot numbers: PromoCell
Keratinocytes (NHEK), 1020401, 1040101 and 407z001 (Heidelberg, Germany)

juvenile foreskin, pooled

Radboud university

NTERT2G gift from the van deBoogard group (Netherlands)
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Radboud university

NTERTL (Netherlands)

gift from the van den Boogard group

3T3-J2 Catalogue numbdgF3003 Kerafast(Boston, MA)

Table 8: Reagents for eukaryotic cell cultures

Name Supplier Catalogue number
3, 3-0rijo8oé -thryonine  SigmaAldrich (St. Louis, USA) T0281
Adenine hydrochloride SigmaAldrich (St. Louis, USA) A-9795
hydrate
100x AntibioticAntimycotic Ege/gno Fisher Scientific (Waltham, 1 5545096
Choleratoxin from Vibrio SigmaAldrich (St. Louis, USA) C8052
cholerae
Corning Matrigel El;?;)mo Fisher Scientific (Waltham, 11543550
DMSO Carl Roth (Karlsruhe, Germany) A994.1
Dul beccobds Mc . N
Medium, high glucose, Eg?;)mo FisheBcientific (Waltham, 41966029
pyruvate (DMEM)
Dul beccobs PF . o
Buffered Saline, no calcium, Eg%m o Fisher Scientific (Waltham, 14196094
no magnesium (DPBS)
Ep'derma' Growth Factor ;2 Aldrich (St. Louis, USA) E9644
uman

Fetal Bovine Serum EgeAr)mOF'Sher Scientific (Waltham, 4 5576106
Hambés F12 Lonza (Basel, Switzerland) BE12-615F
Holo-Transferrin human SigmaAldrich (St. Louis, USA) T0665
Human Keratinocyte Growtr Thermo Fisher Scientific (Waltham,

S-001-5
Supplement USA)
HyClone Bovine cliserum 'Il;g%mo Fisher Scientific (Waltham, SH3007303
HyC_Ione Characterized Fete Thermo Fisher Scientific (Waltham, SH3007103
Bovine serum USA)
Hydrocortisone SigmaAldrich (St. Louis, USA) H0396
Insulin solution human SigmaAldrich (St. Louis,USA) 19278
KeratinocyteSFM Thermo Fisher Scientific (Waltham,
Serum Free Medium USA) 17005042
Medium 154 thi?o Fisher Scientific (Waltham, M-154500
Optl—_MEM Reduced Serum Thermo Fisher Scientific (Waltham, 31985070
Medium USA)
Penicillin-Streptomycin Thermo Fisher Scientific (Waltham,
(10000 U/ml) USA) 15146122
Puromycin dihydrochloride Carl Roth (Karlsruhe, Germany) 0240.3
Polybrene SigmaAldrich (St. Louis, USA) 10768910G
Supplements for Thermo FisheBcientific (Waltham,
KeratinocyteSFM USA) 37006015

. 5 - —

TrypsinEDTA 0.05%, Thermo Fisher Scientific (Waltham, 250006054

phenol red

USA)
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TrypsinEDTA 0.25%,
phenol red

Thermo Fisher Scientific (Waltham,

USA)

25200056

Table 9: Components andcomposition of cell culture medium

Medium/Solution

Composition

50:50 medium

500 ml
500 ml
5ml
10 ml
1x

Keratinocyte SFM

Medium 154

Human Keratinocyte Growth Supplement
100x AntibioticAntimycotic

Supplements for Keratinocy®eFM

Adenine stoclsolution

12 mg
6.75 ml

Adenine hydrochloride hydrate
DMEM
adjust pHto 7.5

Basic buffer

0.2M
3mM
1 mM

sodium chloride
sodium azid
EDTA

adjust pH to 8.0

Cholera toxin solution

1mg
1 ml
99 ml

Cholera toxin fromVibrio cholera
Basic buffer
DMEM

Conditioned 50:50 medium

50:50 medium which was used for cultivation
HaCaT cells for two days and subsequently
filtered through a 0.2 um pore filter

DMEM+BCS

500 ml
50 ml
5ml

DMEM
BCS
Penicillin/Streptomycin

DMEM+FBS

500 mi
50 mi
5ml

DMEM
FBS(Thermo)
Penicillin/Streptomycin

EGF stock solution

100 pg
10 ml

EGF
ddH.0

Hydrocortisone stock
solution

5mg
1ml
24 mi

Hydrocortisone
Ethanol
DMEM

Insulin stock solution

5mg
1ml

Insulin solution human
ddH.O

KGM

330 ml
110 ml
5ml
5ml
50 ml
1ml
0.5 ml
1ml
0.5 ml
0.5 ml
0.5 ml

DMEM

Hambés F12
Penicillin-Streptomycin
100x AntibioticAntimycotic
FBS (HyClone)

Adenine stock solution
Cholera toxin solution
Hydrocortisone stock solution
T/T3 solution

EGF stock solution

Insulin stock solution

PBS+2xA/A

10 ml
500 ml

100x AntibioticAntimycotic
DPBS

Polybrene solution

1 mg/ml

Polybrene in PBS

T/T3 solution

9.9 ml

Transferrin stock solution
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100 pl Triiodo-L-thyronine stock solution
50 mg Holo-Transferrin human

10 ml DPBS

Triiodo-L-thyronine stock 13.6 mg 3, 3-Brijo8od.-thyronine
solution 100 ml ddH.O

Transferrin stock solution

6.7 Instruments

General laboratory instruments and devices were purchased from Beckman Coulter (Brea,
USA), Bio-Rad (Hercules, USA)Eppendorf (Hamburg, GermanyeolLab (Heidelberg,

Germany) and’hermo Fisher Scientifi/Valtham, USA) Particular instruments are listed

in the table below.

Table 10: List of instruments

Name

Supplier

2200 TapeStation System

Agilent Technologies (Santa ClataSA)

Agilent 2100 Bioanalyzer

Agilent Technologies (Santa Clara, USA)

Amersham Ultrospec 3300 pro

GE Healthcare (Chalfont St Giles, Great
Britain)

Centrifuge 5424 R

Eppendorf (Hamburg, Germany)

Centrifuge 5810

Eppendorf (Hamburg, Germany)

COx-Incubator HERACcell 240i

Thermo Fisher Scientific (Waltham, USA)

Cryostat Microm HM 500 OM

Thermo Fisher Scientific (Waltham, USA)

Electroporation Device Nucleofector Il

Lonza (Basel, Switzerland)

FastPref@4 Instrument

MP Biomedicals (Heidelberg;ermany)

Heraeus Megafuge 40R

Thermo Fisher Scientific (Waltham, USA)

Heraeus Multifuge 1S

Thermo Fisher Scientific (Waltham, USA)

HeraSafe KS

Thermo Fisher Scientific (Waltham, USA)

HiSeq 1000

lllumina (San Diego, USA)

Hybridization oven type T 5042

Heraeus (Hanau, Germany)

IKA MS3

Agilent Technologies (Santa Clara, USA)

Incubator Model B6200

Heraeus (Hanau, Germany)

Inverted microscope Axiovert 200 M

Carl Zeiss (Oberkochen, Germany)

Inverted microscope Diavert

Leitz (Wetzlar, Germany)

IVIS 1001In Vivo Imaging System

PerkinElmer (Waltham, USA)

Leica CM3050 S Cryostat

Leica Biosystems (Nussloch, Germany)

MaXis plus UHRQTOF

Bruker (Billerica, USA)

MilliQ Q-Pod Merck (Darmstadt, Germany)
Mx3000P Agilent Technologies (Santa Clara, USA)
NanoDropl1000 Thermo Fisher Scientific (Waltham, USA)

Nanophotometer Classic

Implen (Munich, Germany)

New Brunswick Innova 44 Shaker

Eppendorf (Hamburg, Germany)

Odyssey Imaging System

LI-COR Biosciences (Lincoln, USA)

PM1002 mobile anesthesia machine

ParklandScientific (Coral Springs, USA)

PMI Personal Molecular Imager FX

Bio-Rad (Hercules, USA)

QTRAP 4500

SCIEX (Framingham, USA)

Qubit 2.0 Fluorometer

Thermo Fisher Scientifi@/Valtham, USA)
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RealTime PCR Cycler CFX96 Bio-Rad (Hercules, USA)

S220 Focusedltrasonicator Covaris (Woburn, USA)

Screen Erasef Bio-Rad (Hercules, USA)

Shake 'n' Stack Hybridization Oven Thermo Fisher Scientific (Waltham, USA)
Thermomixer comfort Eppendorf (Hamburg, Germany)
TransBlot SD Semidry transfer cell Bio-Rad(Hercules, USA)
Transilluminator Quantum ST4 PEQLAB (Erlangen, Germany)

UltiMate 3000 RSLCnano System

with Acclaim PepMap100 C18 Naslrap column  Thermo Fisher Scientific (Waltham, USA)
and Acclaim PepMap100 C18 column

UV Stratalinker 2400 Stratagen€La Jolla, USA)

6.8 Oligonucleotides

DNA oligonucleotides were ordered from Metabion (Martinsried, Germany) or
SigmaAldrich (St. Louis, USA), siRNA Pools (mixture of 13D different sSIRNAs per
target, exact sequences are available from siTools upon regpeestjlesigned and ordered
from siTools (Munich, Germany) and single siRNAs were obtained from biomers.net (Ulm,

Germany).

Table 11: Overview of utilized siRNAs
SiRNA Sequence (50 tc

Control sense GUAGAUUCAUAUUGUAAGG
Control antisense = CCUUACAAUAUGAAUCUAC
pan p63i sense CGACAGUCUUGUACAAUUU
pan p63i_antisense  AAAUUGUACAAGACUGUCG
siCtrl siPool
SiLINC00941 siPool

Table 12: List of sequencing primers

Name Sequence (506 to
5'Cas9 seq R CCGATGCTGTACTTCTTGTC

CMV F CGCAAATGGGCGGTAGGCGTG
KO out F2 CCAACTCTAAGAGAGGTAAGTATG
KO _out R2 GTATGCAGTGTTTGCATAGACTGTC

lentiCRISPRv2 seq F  GGACAGCAGAGATCCAGTTT
lentiCRISPRv2 seq R AGCCAATTCCCACTCCTTTC

pLARTA F5 AGAATCGCAAAACCAGCAAG
PGK F TGTTCCGCATTCTGCAAGCC
pLARTA Ins F CGAATCACCGACCTCTCTCC
pLARTA_R1 AAACCGTCTATCAGGGCGAT
pX459 F TTACGGTTCCTGGCCTTTTG
pX459 R TGTCTGCAGAATTGGCGCA
SP6 ATTTAGGTGACACTATAG

T7 TAATACGACTCACTATAGGG
WPRErev CATAGCGTAAAAGGAGCAACA
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Table 13; List of primer sequences used for gqRTIPCR

Name Forward pri mer Reverse pri mer
LINCO0941  GACCTTTTCAGGCCAGCATT ACAATCTGGATAGAGGGCTCA
7SK CCTGCTAGAACCTCCAAACAAG GCCTCATTTGGATGTGTCTG
ALOX12B AGACTGCAATTCCGGATCAC TGTGGAATGCACTGGAGAAG
b-actin GGACTTCGAGCAAGAGATGG AGGAAGGAAGGCTGGAAGAG
CALB1 TGGCTTTGTCGGATGGAGGG GGTTGCGGCCACCAACTCTA
Clorf68 TTCTGGCCCCCTCTCTGTTA GGGACTGTACTAACTCTGGC
ELOVL3 TTCGAGGAGTATTGGGCAAC GAAGATTGCAAGGCAGAAGG
FLG AAAGAGCTGAAGGAACTTCTGG AACCATATCTGGGTCATCTGG
GAPDH GAAGAGAGAGACCCTCACTGCTG  ACTGTGAGGAGGGGAGATTCAGT
preGAPDH CCACCAACTGCTTAGCACC CTCCCCACCTTGAAAGGAAAT
KRT1 TGAGCTGAATCGTGTGATCC CCAGGTCATTCAGCTTGTTC
KRT10 GCAAATTGAGAGCCTGACTG CAGTGGACACATTTCGAAGG
L32 AGGCATTGACAACAGGGTTC GTTGCACATCAGCAGCACTT
LacZ GTGCGGATTGAAAATGGTCT GACCTGACCATGCAGAGGAT
LCE1A GAAGCGGACTCTGCACCTAGAA AGGAGACAGGTGAGGAGGAAATG
LCE1E TGAAGTGGACCTTGACTTCCTC CTCCAGGCAAGACTTCAAGC
LCE2A TGGAGAAACTTGCAACCAGGA CCTCACAAGGTGTGTCAGCC
LCE2D GGACGTGTCTGTGCTTTTGC CTTGGGAGGACATTTGGGAGG
LCE3A TGTCTGCCTCCAGCTTCCT AGTTGGAGCTCTGGCAACG
LCE3D TCTTGATGCATGAGTTCCCAGA TGGACATCAGACAGGAAGTGC
LCE4A CCCCCTCCCAAGTGTCCTAT GAGCCACAGCAGGAAGAGAT
LCE5A CCCAGGTGCTGAAGATGTGT ATGGAGTGAACATGGGCAGG
LCE6A GTCCTGATCTCTCCTCTCGTCT CAAGATTGCTGCTTCTGCTGT
LOR CTCTGTCTGCGGCTACTCTG CACGAGGTCTGAGTGACCTG
Panp63 GACAGGAAGGCGGATGAAGATAG  TGTTTCTGAAGTAAGTGCTGGTGC
Puro CACCAGGGCAAGGGTCTG GCTCGTAGAAGGGGAGGTTG
SPRR1A CAGCCCATTCTGCTCCGTAT GGCTGGCAAGGTTGTTTCAC
SPRR2A ACACAGGGAGCTTCTTTCTCC CCAGGACTTCCTTTGCTCAGT
SPRR2D TCGTTCCACAGCTCCACTTG CAGGCCACAGGTTAAGGAGA
SPRR3 CCTCGACCTTCTCTGCACAG GGTTGTTTCACCTGCTGCTG
SPRR4 AGCCTCCAAGAGCAAACAGA GCAGGAGGAGATGTGAGAGG
SPRR5 AGCAGCTGCAGTTTCCATCT AAACAGGAGCTGAGGGGAAG
U6 CACATATACTAAAATTGGAACG CTTCACGAATTTGCGTGTCATC

Table 14: List of ChIRP-Oligos

Name Sequence (56 to 308)
LINC00941 CHIRP 1 CGCAGTTCAGAGAAGGCTAC
LINC00941 CHIRP_2 CTTGGACACAAAAATCGCGG
LINC00941 CHIRP_3 GTTGGTCTCAGAGGGACTCT
LINC00941 CHIRP 4 AAGGCAGGAAGTCTGTGCTG
LINC00941 CHIRP_5 CTTTAGACACTTCTCGAGGG
LINC00941 CHIRP 6 TTGTTTGGCTATCAACTGTC
LINC00941 CHIRP 7 CATAATCAGTCAGTGAATCC
LINC00941 CHIRP_8 CTGATTCTTGATACCAGTCT
LINC00941 CHIRP_9 GTTTGTATTGTCAGTATGCC
LINC00941 CHIRP 10 ATGCTGGCCTGAAAAGGTCC
LINC00941 CHIRP 11 ATAAGATGGATACATGCTCC
LINC00941 CHIRP_12 ATTGTGAAAGTGATCTCTGC
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LINC00941 CHIRP 13 TCTGGATAGAGGGCTCATTA
LINC00941 CHIRP 14 CCAGTCAATTCGCAGAGTAA
LINC00941 CHIRP 15 ATTGATCATGGCAGCAAGAA
LINC00941 CHIRP 16 GGTTATAAGCATAGTTGGTC
U2 CCAAAAGGCCGAGAAGCGAT
Table 15: List of primers used for RACE
Purpose Name Sequence (50
3'RACE E5 3’ outer GAATCCTTAGGCTTCCACGT
E5 3'inner GAAAGCCTGAGCTAACCTAC
3'RACE E5 5 outer GGATGAGCCATCACCTGGA
3’E5 UCSC inner CCCTAGGCCAAGCAACCGTC
5 RACE Exon 5 Primer 3 GGTCCACTACGTTAGAAGGA
TTTCGG
Exon 5 Primer 2 TGCTTCTGCTACAGAACAAA
ACACCA
5"RACE 5" RACE GGTTGCTTGGCCTAGGGAGG
E5 5" inner GTAGGTTAGCTCAGGCTTTC
6.9 Plasmids
Table 16: List of plasmids
Plasmid Properties Origin

lentiCRISPRv2_complete

Lentiviral transfer plasmid based on
lentiCRISPRv2 from Addgene (#52961). Th
KO cassette has been inserted via SLIC
cloning after BsmBI digest of the vector,
encodes Cas9 from S. pyogenes

AG Kretz/Julia Junghans
(University of Regensburg)

lentiCRISPRv2_complete

Lentiviral transfer plasmid based on
lentiCRISPRv2_complete, with Cas9 under

Christian Ziegler
(AG KretzUniversity of

CMVCas9 control of a CMV promotor Regensburg)
e e o g ot o e

pCMV dR8.91 . P Khavari laboratory
pol proteins under control of the CMV . 4

(Stanford University, USA)

promotor

pGEM-T Easy vector for TA cloning of PCR products Promega (Madison, USA)

pLVX-TetOne Vector for inducible lentiviral overexpressior This work

pLVX - Vector for inducible lentiviral overexpressior This work

TetOne LINC00941

pLVX-TetOne_GFP Vector for inducibldentiviral overexpression This work
Envelope plasmid for generation of lentiviral gift from the

pUC-MDG

particles, encodes the viral VS¥ envelope
protein under control of the CMV promotor

Khavari laboratory
(Stanford University, USA)

pCMV-sport6
linc00941

Vector bought from Dharmacon

6.10 Prokaryotic cells

Table 17: Overview of utilized Escherichia colistrains

Strain  Genotype

Details

DH5U

F O 8l8cZ pM1 HacZyAh-argF) U169recAl endAl

hsdR17(k’, m*) phoA suE44thi-1 gyrA96relA 1 - &

Propagation of plasmids
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StbI3

FmcrB mrrhsdS20(g°, me’) recA13 suE44 ara-14 galk2
lacY1 proA2 rpsL20(StR) xyl-5 “lemmttl

Propagation of lentiviral
plasmids

6.11 Software

Table 18: List of used ®ftware

Name

Source of supply

2200 TapeStation Software

Agilent Technologies (Santa Clara, USA)

Agilent 2100 Expert Software B.02.08S1648

Agilent Technologies (Santa Clara, USA)

AxioVision 4.9.1.0

Carl Zeis§Oberkochen, Germany)

Bio-Rad CFX Manager 3.1

Bio-Rad(Hercules, USA)

CASAVAL1.8.2

https://biogist.wordpress.com/2012/10/23/ca
va-1-8-2-installation/

Galaxy server tools (indicated individually)

local installation after https://usegalaxy.org/

gRNA design tool

http://crispr.mit.edu/

HOMER (v4.9, 220-2017)

http://homer.ucsd.edu/homer/

Integrative Genomics Viewer 2.3.90 (IGV)

https://www.broadinstitute.org/igv/

IrfanView 4.42

http://www.irfanview.de/

Living Image 4.5.2

PerkinElmer (Waltham, USA)

MASCOT 2.5.1

Matrix Science (London, Uniteldingdom)

Microsoft Office

Microsoft (Redmond, USA)

MxPro QPCR Software

Agilent Technologies (Santa Clara, USA)

ND-1000 3.81

Thermo Fisher Scientific (Waltham, USA)

Odyssey 3.0.30

LI-COR Biosciences (Lincoln, USA)

ProteinScape4 3.1.3 461

Bruker (Billerica, USA)

Quantity One 4.6.9

Bio-Rad(Hercules, USA)

R version 3.3.1

https://www.kproject.org/

Rstudio version 1.0.136

https://www.rstudio.com/

R-packages (several, indicated individually)

Bioconductor

SnapGene Viewer 4.1.4

GSL Biotech LLC(Chicago, USA)

SonolLab Software 7.2

Covaris (Woburn, USA)

University of Washington (McCoss Lab)

Skyline 4.1 https://skyline.ms/project/home/software/Sky
ne/begin.view
Zotero https://www.zotero.org/
7 Methods

7.1 Bioinformatical data analysis

7.1.1 Analysis of full transcriptome sequencing data

PreprocessingQuality of sequencing data from the RMNs&q libraries was examined using

FASTQC fttp://www.bioinformatics.babraham.ac.uk/projects/fagtqfize, adapter and

quality  trimming was  performed

using  Trimmongdtf (ver. 0.32,
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ILLUMINACLIP:TruSeq_s tranded_ SE.fa:2:30:10 HEADCROP:0 TRAILING:
LEADING:26 SLIDINGWINDOW:4:15 MINLEN:25). Trimmed reads were aligned to the

Homo sapiens genome (ftp://ftp.ensembl.org/pub/rel8&fasta/homo_sapiens/dna/
Homo_sapiens.GRCh38.dna.primary_assembly.fa.gz) extended with the ERCC spike in
sequence inforatior?*® using STAR®. The mapped reads were then assessed on the gene

level using €atureCounts from the Rsubreadlili®ary**° based on the annotation
information from EnsemBf° (GRCh38.p7 releasgs). Following alignment, funer quality

control was performed using QoR¥sand aligned reads were inspected with the UCSC
genome browsé¥ or alternativethe Integrative Genomics Viewer (IGV}3%4

Differential expression analysi€ount data at the gene level was analyzed with DESeq2

using ERCC spike ins for library size normalization and all comparisons were corrected for
multiple testing using FDR®. Genes that met the indicated 4¢igld change) restraint and

had a false discovery rate < 0.05 (Apadjc
expressed.

Heatmap generation and functional annotatibleatmaps for gnes with altered expression

(adj. pvalue < 0.05 andl > log2FC >1) were generated with pheatn¥@pafter variance
stabilization transformation @bunt data with DeSeq2. Functional annotation clustering was
performed using the David 6.8 datatdsé® as well as the Enrichr totP3% for the
GOTerm classes fibiological processo and Ac
analysis was done in®® with the plotPCA function of the DeSeq?2 package after variance

stabilizing transformation of read counts per gene.

7.1.2 Coding potential analysis for LINC00941
PhyloCSE®? tracks were imported into the UCSgenome browsé¥ by inserting

fhttp:/mww . br oadi nsti tute. org/ compbiol/ Phyl oCSFt
hubs o s evere ®nopaedralatide to theLINC00941transcript®®. Furthermore, the

coding potential was assessed by running iSeeRf\With a gtf file of theLINC00941

exons and by inspection of the spliceiNC00941 transcript with the Coding Potential
Calculator (CPCf® using their default settings.

7.1.3 Data analysis for ChlP-Seq

In general, data analysis with Gald%and R% was performed as described. Peak calling
for ChIP-Seq datasets was done against the respective input controls with NPASEg,
Abuil di ng t he-mbld2,5000j--bwg200m-brdael,t-blyoadcutoff=0.1 and
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iMer geBedo 2a08 Furthenmorey HOMER (v4.9-20-2017f%° was used for

ChIP-Seq data analysis according to the HOMER documentation. Briefly, bedgraphs from
filtered and deduplicated bamfi-leeX) ander e g
enriched peaks were ident iFf2 o4 4)wisibhghthei get Di
combined peak files from MACSY 368

Additionally, already published ChiBeq datasets were extracted from the GEO data

repository’%3"*and processed as described above.

7.1.4 Data analysis for ChIRP-Seq

High-throughput sequencing libraries were constructed from ChIRPed DNA according the

ChlP-seq protocol as describednd sequenced on Mext Seq 500/550 High Output

Flowcell. Raw reas were uniquely mapped to reference genome using Béitie

To find peakspeaks of each sample were called using MACS against its corresponding input
with p-value cutoff 1x 1053’ For each MACS predicted peak, a window sizekbp
around peak summit or peak width, whichevernmler, was selected Motif search was

performed according toFBSToolsand mapped against tiASPAR2018atabase.

7.2  Cell culture methods

All cell culture methods were performed in a biological safety cabinet under lamflamair

to obtain sterile condidns. Lentiviral procedures were performed under biosafety level 2
precautions, whereas biosafety level 1 regulations applied to the remaining methods. Cell
culture media, trypsin and DPBS (Sesble9) were prewarmed to 37C prior to useThen
cultivation of cells was performed in a humidified incubator at 37°C and 5% carbon dioxide.

7.2.1 Cultivation of HEK293T cells and fibroblasts
HEK293T cells and filwblasts were cultivated in DMEM+FBS (s€able9) and passaged

when they reached 880% confluency. Therefey the medium was aspirated, cells were
washed once with DPBS and detached using 0.05% tngISinRA. DMEM+FBS was used

to quench the trypsin, cells were resuspended to obtain a single cell suspension and after
centrifugation (200 rcf, RT, 5 mingells were resuspended in an appropriate volume of

DMEM+FBS and equally distributed onto fresh cell culture dishes.
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7.2.2 Cultivation of keratinocytes

Primary keratinocytes and HaCaT cells were cultivated in 50:50 mediurigbkD) until

a maximal confluency of 80% to prevent premature differentiation. For passaging of
keratinocytes, cells were washed once with DPBS and detached using 0.05%BEypain

(4 min, 37 °C). After tapping the plate to lift the cells and agdf at least four volumes of
DMEM+BCS, cells were resuspended to obtain a single cell solution and pelleted by
centrifugation (200 rcf, RT, 5 min). Cell pellets were resuspended in 50:8imMmend
seeded onto appropriate cell culture dishes with at least 5% confluency. Primary

keratinocytes were not passaged more than 7 times.

7.2.3 Determination of cell numbers

Cells in suspension were added to a Neubauer Counting Chaanbethe cells in four

guadrats were counted. The number of cells per milliliter cell suspension was obtained by:

Cells perml = = x 10,000

7.2.4 Electroporation of keratinocvytes

Keratinocytes were nuebfected with siRNA pools or annealed siRNAs (8&¢e]) utilizing

the Human Keratinocyte Nucleofector Kit (Lonza). After detaching the cellstuygisin
(see7.2.]), the cell number was determined and six million keratinocytes were pgké@d

rcf, RT, 5 min) and resuspended in 100 ul efgmbration buffer. 95 ul of this suspension
were mixed with 10 pl siRNA pool or annealed siRNAs (both 100 uM) and transferred to
the electroporation cuvett®lucleofection was achieved with the Electroporation Device
Nucleofector Il (Lonza) and its pregaibgram F018 (Keratinocytes human, neonatal, high
efficiency). Following nucleofection, the cells were transferred tob@dewarmed (37°C)

50:50 medium and after recovery at 37°C for 30 minutes, seeded on a 15 cm dish and

recovered for at least 24 hesuat 37°C with 5% carbon dioxide.

7.2.5 Freezing and thawing of cells

For storage of cells, 1.5 million keratinocytes or 3 million HEK293T cells were resuspended
in 1 ml freezing medium (cultivation medium for the cell type supplemented with 10%
DMSO) while the temperature was slowly (1°C/min) lowered -80°C. The next day,
cryo-stocks were transferred to the vapor phase of liquid nitrogen for long term storage.
Cryopreserved cells were thawed in a water bath at 37°C, transferred to 10 ml cultivation
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medium (ge Table 9), and DMSO was removed by aspirating the medigfter
centrifugation (200 rcf, RT, 5 minCells were esuspened in fresh cultivation medium

followed by seeding the cells onto appropriate cell culture dishes.

7.2.6 Generation of organotypic epidermal tissue

Setups for organotypic epidermal tissue cultures consisted of an insert with a squared
(0.8 cm edge length) cavitiiat rested on glass beads that been mounted in a 6 cm cell
culture dish. Next, devitalized human dermis was cut, platgdthe basement membrane

side upwards over the cavity of the insartd 90 plmatrigel (Thermo Fisher Scientific)
were appliedd the bottom side of the dermis to seal holes. Finally, KGM was added to the
setups until it reached the bottom of the insand thus nutrients and fluids could diffuse
through the dermis.

Keratinocytes (untreated, nucleofected with siRNA or transdugtdientiviral particles)

were detached, counted and pelleted (822 and 7.2.3 and 500,000 cells were
resuspended in 20 pl KGM and equally distributed onto the dermis part covering the cavity
of the insert. Stratification and differentiation was induced by raising the keratinoaytes
theair-liquid interface and KGM was exchanged every second day.

Organotypic epidermal tissue cultures were harvested by lifting the insert and carefully
removing thematrigel and excessf devitalized human dermis. The remaining regenerated
organotypic ski tissue was cut in the middle to give rise to two equal trianGles half

was embedded for immunohistological analysis into Tidsle (Weckert Labortechnik),

flash frozen on dryce and stored aB0°C (see7.3.1), whereas the other half was used for
RNA extraction (se&.5.14.

7.2.7 Generation of LINC00941 knockout cell lines
Guide RNAs forLINC00941KO were designed with the gRNA Design tool from the Zhang
Lab (http://crispr.mit.edy)and the two gRNAs upstream andotwlownstream of the

LINC00941 sequence with the highest score were chosen and combined into a gRNA
expression cassette using the PrecisionX Multiplex gRNA Cloning Kit (BioCat) and

subsequently inserted into p8a/2 (Addgene).

For the transient transfectidbased approach, 150,080 ERT2Gcells were seeded into a
6-well the day before transfection. The next day, the medium was changed to fresh 50:50
medium, the transfection mix was prepafadcording toTable 19) and after combining

plasmid and lipofectamine solution and incubation at room temperature for 20 minutes, this
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mixture was added dropwise to the cells, followed by a medium change, six hours pos

transfection.

Table 19: Transfection mix for LINC00941 KO cell line generation
6-well  Component

125yl Opti-MEM
Plasmid dilution 2.5 g pX462vs2
5 pl P3000 enhancer reagent
125yl Opti-MEM
7,5 pl Lipofectamine 3000 reagent

Lipofectamine dilution

Selection of plasmid containing cells was achieved by changing the medium to 50:50
medium supplemented withpug/ml Hygromycin48 hours and 72 hours post transfection.
After selection, medium was exchanged to conditioned 50:50 medium and cells were
allowed to recover for one day.

For single cell seeding, cells were detachéd®.p), counted T7.2.3 and diluted with
conditioned 50:50 medium to a concentration ofdebs per 100 pl anthenwere plated

into 96-well plates Two weeks after seeding, 50 pl of a 1:1 mixture of fresh and conditioned
50:50 medium was added to each wéhen a clonal cell would become more than 60%
confluent this cell line was expandeddstaching the cells with trypsin (describedi.?,

and 60% of the cells were used for further cultivation on-avdi8and 40% for screening
purposes.

In order to screen potential KO cell lines, a cell lysate was prepared by pelleting the cells
(5 min, RT, 13,000 rcf), resuspending the pellet in 40 iisrmoPol buffer (New England
Biolabs) supplemented with 8 ug Proteinase K (Roche) and atexliéit 65°C for one hour
followed by 15 minutes at 95°C. This lysate was then used for thell@€& screening

approach(see7.5.10.

7.2.8 Keratinocyte differentiation cultures

Differentiation of keratinocytes in monolayers was induced by seeding the keratinocytes
after detachment and centrifugation (3e2.2 at full confluency and addition of 1.2 mM
calcium chloride to the 50:50 medium. For differentiation cultures, the medium was renewed

every day.

7.2.9 Lentivirus production and transdu___ction of keratinocytes

Transfection of HEK293T cells was perform@atcording tolable20) and only endotoxin

free plasmid preparations (s&5.1) were used for transfection in combination with
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Lipofectamine 3000 (Thermo Fisher Scientific). The lentiviral transfer vectas w
pLVX_TetOne with varying inserts (seelable 16), and the employed amount for
transfection was calculated depending on the size of the lentiviral transfer vector to obtain a
molar ratio ofl1:1:1 for all three plasmids.

Table 20; Transfection reaction mixtures for lentiviral particle generation
10 cmdish 15 cmdish Component

1.5 ml 3.5ml Opti-MEM
7.5 ug 17.5ug pCMV dR8.91
Plasmid dilution 3.72 ug 8.68 ug pUC-MDG
varied varied lentiviral transfer vector
35 ul 81 pl P3000 enhancer reagent
Lipofectamine dilution L5ml 3.5ml Opt-MEM
41 ul 95 ul Lipofectamine 3000 reagent

Plasmid and lipofectamine dilution were mixed and incubated at room temperature for 25
minutes. After that, the transfection reaction was applied to the 10 cm (or 15 cm) dish and
21 million (50 million for 15 cm) HEK293T cells resuspended in 8 ml (or 1&mnil5 cm)

were added for reverse transfectidiiter six and 24 hours post transfection, the medium
was changed to 12 ml (or 25 ml for 15 cm) DMEM+FEBE&d viral particles were harvested

48 hours post transfection by filtering the virus containing mediwough a 0.45 um
poresized polyethersulfone membrane.

For lentiviral transductio5,000 (or 250,000 per 10 cm dish) keratinocytes were seeded in
a 6well (or 10 cm dish) the day before infection. The next day, 2.5 ml (or 12 ml per 10 cm
dish) transdation mix per 6well was prepared by diluting the viral particles in DMEM+FBS
and addition of polybrene to a final concentration of 5 pg/ml. The optimal dilution was
determined in preceding efficiency tests for each batch of lentiviral particles to amsure
adequate overexpression in combination with no cytotoxic effect. The finally employed
dilutions can be obtained frofrable21.

Table 21 Overview of employed lentiviral dilutions for keratinocyte transduction
Lentiviral transfer vector Dilution

pLVX backbone with varying inserts 1:1.66

Infection of keratinocytes was accomplished by exchanging the gnmsthum to the
transduction mix and centrifugation at room temperature with 250 rcf for one hour.
Afterwards, the transduction mix was aspirated, cells were washed twice with DPBS and

recovered in 50:50 medium for at least 24 hours.
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7.2.10 Preparation of human dev italized dermis
Human splitskin was washed twice in PBS+2x A/A and incubated in PBS+2x A/A at 37°C

for 3-7 days until the epidermis could be mechanically detached from the dermis. Until

further use, the dermis was stored in PBS+2x A/A at 4°C.

7.3 Histological analysis

7.3.1 Immunofluorescence analysis of cryosections from epidermal

tissue
7 um thick sections from embedded regenerated organotypic epidermal tissde2(§ee
were prepared with the Cryostat Microm HM 500 OM (Thermo Fisher Scientific),
transferred onto Polysine slides (Carl Roth) and dried for one hour at room temperature and
stored at20°C until staining.
Depending on the differentiation proteto be analyzed, skin sections were fixed in
methanol, ethanol or acetone (3edblel) for 10 min at20°C, and after gradually replacing
the fixatve with PBS, slides were blocked for 20 min at room temperature in PBS with 10%
BCS (Thermo Fisher Scientific). Primary antibody solution in 1% BCS in PBS was applied
and incubated on the sections for one hour at room temperature or overnight at 4°C in a
humidified chamber (double staining of differentiation protein and collagen VI, dilutions
are given infablel). Next, sections were washed with 1% 8@ PBS (three times, 5 min
each) and fluorescently labeled secondary antibodies Tsdxe 2) diluted in 1% BCS in
PBS were applied in a datlumidified chamber for one hour at room temperatiite
differentiation protein was labeled with Alexa 555 and collagen VII with Alexa 488.
Following this step, slides were briefly rinsed in PBS and nuclei were stained by incubating
the sections with Hoést solution for 5 min at room temperature. Slides were washed three
times with PBS (5 min, RT), air dried, mounted using ProLong Gold Antifade Mountant
(Thermo Fisher Scientific) and stored at 4°C.

Pictures from representative areas for each sectiontalar with thdnverted microscope
Axiovert 200 M (Carl Zeiss) in combination with the AxioVision software (Carl Zeiss) by

overlaying pictures from the DAPI, GFP and Cy5 channel taken at 20x magnification.

7.3.2 RNAScope
RNA Scope was performed accordingly tamfacturels manual. In shartells were fixed

for 30 min in 4%formaldehyde followed by protease digestidine cells were then
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incubated2 hoursat 40°C withhybridization solution containing 100ul probe mix. For
amplifying, three steps were performedfter each hybridization step, slides were washed
with wash buffer three times at room temperature. For signal developireat Plus
fluorophores (Perkin Elmer, TSA kit)exeused accordingly to manufactusestandardg-or
mounting ProLong Gold Antifadenountant (Thermo Fisher Scientific) was used and the
slides were stored at 4°C.

7.4  Microbiological techniques

7.4.1 Cultivation of Escherichia coli

Al l cultures were incubated at a suitable
30 °C for One Shot® SthlB bact er i a, ' i quid cultures in
Broth (LB) medium shaking at 180 rpm. Cultures on plates were incubated eragd#

containing adequate antibiotics.

7.4.2 Preparation of chemically competent Escherichia coli

5 ml YT-medium werenoculated with a single colony of the seledisdherichia colstrain

and grown overnight at 37°C and 220 rpm. The next day, 50 pl from this starter culture were
mixed with 5 ml fresh YImedium and incubated at 37°C and 220 rpm until as@i 0.8

was eached100 ml YT-medium were added and the culture was grown to asd000.5.

Cells were spun down (2,000 rcf, 5 min, 4°C), resuspended in 20 +obldelFBI and
incubated on ice for 10 minutes. After sedimentation (2,000 rcf, 5 min, 4°C), cells were
resuspended in 4 ml igmld TFBII, divided in 100 pl aliquots, sndmzen in liquid nitrogen

and stored a80°C.

7.4.3 Transformation of chemically competent Escherichia coli

The chemical competent cellBablel7) were thawed on ice. An amount of 10 ul (50 ng/ul)

plasmid solution was added to 100 pl cell suspension, carefully mixed and incubated for 30
min on ice. After the hoeaftorsh@mncek JhOt B et blo
the cells were incubated for 2 min on ice. 900 phibBdia were added and the cell solution

was incubated on a thermomixer fame hour at the suitable temperature at 650 rpm- 70

100 ul of the suspension were plated ddrdelection plates and incubated at the specific

temperature.
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7.5 Molecular biological methods

7.5.1 Annealing of SiRNAs

To anneabf siRNAs, 1 nmol of sense and antisense single siRNAs (for sequendedtee

11) were mixed with 5 pl sSiRNA annealing buffer in a 10 pl reaction and heated to 95°C for

3 min, followed byonehour at 37°C.

7.5.2 cDNA synthesis

For cDNA synthesis00-1000 ng of TRIzol purified RNA7®.5.19 was first subjected to a
DNase digest with either DNasel or the TURBO Diée Kit (both Thermo), according to
t he manuf act urfdlowed by cDNa tsynthesis with rthe ,iScript cDNA

SynthesisKit(BieRad, f ol |l owi ng the manufacturer s i
obtained with the RNeasy Plus Mini Kit was directly used for cDNA synthesis without prior
DNase digest.

After cDNA synthesis, KO was added to give a final volume of 200arid the cDNA was

stored at20°C.

7.5.3 Quantification of RNA molecules per cell

An artificial RNA control was generated with the SP6 RNA Polymerase in vitro transcription
system (NEB, MO0207) according t o manuf act
NanoDrop. The reaction was carried out at 37°Qvierhours Residual plasmid DNA was

removed using DNAse | (Thermo Fisher Scientific) prior to cDNA synthesis. In vitro
transcribed RNA was subjected to reverse transcription with the iScript cDNA synthesis kit
(Bio-Rad). The cDNA products were diluted in series to generate a standardangirey

10371106 copies. gPCR data analysis was performed essentially as described before with
total RNA extracted from i x 1@ keratinocytes and recalculated to reflect sirugt

analysis.

7.5.4 Cellular fractionation of keratinocytes

Cell fractionation wagerformed as describegith modifications described beld®. All

subsequent steps dhdbeen coducted on ice or at 4°C and in the presence of 50 units
RiboLock RNase Inhibitor (ThermoFisher, EO0381) and Protease inhibitors cOmplete

( Roche, 11873580001) according t o-fremanuf ac

equipment. After incubation with cytoic lysis buffer for 10 min on icéhe cell pellet
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was layered onto 500 |l sucrose buffer and centrifuged at 16,000 g for 10 min. The
supernatant corresponding to the cytoplasmic fraction was carefully removed. The nuclei
pellet was gently resuspendedniaclei wash buffer and centrifuged at 1,500 g for 1 min.

The RNA was extracted as described before.

7.5.5 Chromatin Immunoprecipitation by RNA purification (ChIRP)

DNA-ChIRP was performed as described with following chatge®ndifferentiated
keratinocyteswere harvesteds described abover..2 and 7.2.3, and formaldehyde
crosslink was achieved by resuspending 10 million cells in 18%n(v/v) formaldehyde
solution and incubation at room temperature for 10 minutes under constant rotatgn. N
excess formaldehyde was quenched by addition of 1/10 volume 1.25 M glycine (5 min, RT,
rotation) and crosslinked cells were pelleted (2,000 4°C, 10min), washed once with
10ml ice-cold PBS supplemented with 1 mM AEBSF and 10 mM sodium butyrate
(2,000rcf, 4°C, 10min) and transferred to a 1.5 ml reaction tube with 750 ptatd PBS
supplemented with 1 mM AEBSF and 10 mM sodium butyrate. Following centrifugation
(6,000rcf, 5min, 4°C), the liquid was removed completely, the weight of thepedbt was
determined, samples were flash frozen in liquid nitrogen and storgd°at.

For chromatin sonication, crosslinked cells were thawed on ice and resuspehd ¢idies
excessof supplemented CHIRP lysis buffer per mg crosslinked pefetlowing the
crosslinked DNA was sheared to fragments between 150 bp to 250 bp by sonication with the
S220 Focusediltrasonicator (Covaris) in combination witB ml tubegCovarisPN 52086

and the indicated setting§gble22).

Table 22: Settings for sonication of chromatin
Duty cycle 20%

Mode Freq sweeping
Intensity 6

Cycles of burst 400

Water level 12

Time 5 hours

After centrifugation (15,87€cf, 5min, 4°C), 20 pl of the supernatant were set aside, while
the remaining supernatant was transferred to a fresh reaction tube. A 5% (v/v) input sample
was taken, and input and chromatin were fillshen and stored aB0°C. Next, the
chromatin corresponding &0 million (equals 40 million cells for odd, even anegative

control probe)cells was thawed on ic&,volumes ofsupplemented ChIRP hybridization
buffer were addedAdditionally, 200pmol ChIRP probsvasadded and incubated for 4h at
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37°C. With 20 min hybridization remainingQ0 plC-1 streptavidin coupled magnetic beads

per reactionwere washedhreetimes with unsupplemented Lysis buffeubsequently
beadswvere added to the reaction and incubate®@omin at 37°C. The reaction was washed
five times in ChIRP wash buffer. FinaJlelution was performed with ®ynaMag?2
magnetic strip to remove all wash buffé0% of it was saved for RNA extractiomhich

was performed as described.5.15. To extract DNA fom ChIRP sampleshey were
resuspended in 150ul DNA elution buffer with added RNaseA and H and incubated for 30
min at 37°C. This step was performed twice. The whole supernatant (300ul) was incubated
with Proteinase K and finally cleaned up using PhOH:Chloroform:lsoamy! atetiahu

30ul water.Library preparation for CIRP-Seq was performed with the NEBNe&xltra Il

DNA Library Prep Kit for lllumina New England Biolabsin combination with the Index
Primer Set 1+2 of thBIEBNext Multiplex Oligos for lllumina New England Biabg. In
general,thenanuf acturer 6s instructions waf®¥ foll o
dilution of the NEBNext adapter was useahd Agencourt AMPure XP beads (Beckman
Coulter) were used for PCR cleap as well as for size selection of DNAserts of
approximately 200 bpFinally, the obtained libraries were quantified on Qebit 2.0
Fluorometerin combination with the Qubit dsDNA HS Assay Kit (both Thermo Fisher
Scientific) according to the manufacturer’s instructidie size distributionvas analyzed

on the TapeStation in combination with the High Sensitivity D1000 ScreenTape and its

corresponding reagents (Agilerdind libraries were pooled in an equimolar ratio.

7.5.6 DNA agarose gel electrophoresis

Depending on the expected DNA size, horizontal agarose gel electrophoresis was performed
with 0.8 - 1.4% (w/v) agarose gels (dissolved in TAE buffer, supplemented with a final
concentration of 0.5 pg/ml ethidium bromide). To this end, samples were mixed A&i
volume of DNA loading dye, loaded next to 5 pl of 1 kb Plus DNA Ladder (Thermo Fisher
Scientific) and separation of DNA fragments was achieved by applying 90 V in gel
chambers filled with TAE buffer. Gel documentation was done with the Transikdonin
Quantum ST4 (PEQLAB).

7.5.7 FEull transcriptome RNA seguencing

Library preparationand sequencing erteper f or med by the fAKompet
Fl uoreszente Bi oanal yt,ibking isoRed Fomsrbgenergted wi t h

organotypic epidermal tissué.b.14. In general, librarypreparation and mRNA sequencing
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were carried out according to the lllumina TruSeq Stranded mMRNA Sample Preparation
Guide, the lllumina HiSeq 1000 System User Guide (lllumina), and the KAPA Library
Quantification Kit - lllumina/ABI Prism User Guide (Kapa Biosystems), with minor
modificationsIn brief, MRNA molecules were purified using oligd probes immobilized

on magnet beads starting with 250 ng of total RNgupplied with ERCC spike i#.
Chemical fragmentation of the mRNA to an average insert size o#4@0ases was
performed using dadent cations under elevated temperature (94°C, 4 minutes). First strand
cDNA was produced by reverse transcription with random primers. Actinomycin D was
added to improve strand specificity by preventing spurious Ependent synthesis.
Blunt-ended secahstrand cDNA was synthesized using DNA Polymerase |, RNase H and
dUTP nucleotides. The resulting cDNA fragments were adenylated at the 3' ends, the
indexing adapters were ligated and subsequently specific cDNA libraries were created by
PCR enrichment. Thibraries were quantified using the KAPA SYBR FAST ABI Prism
Library Quantification Kit. Equimolar amounts of each library were used for cluster
generation on the cBot (TruSeq SR Cluster Kit v3). The sequencing run was performed on
a HiSeq 1000 instrumenising the indexed, 1x50 cycles single end protocol and TruSeq
SBS v3 Reagents according to the Illlumina HiSeq 1000 System User Guide. Image analysis
and base calling resulted in .bcl files which were converted into .fastq files by the
CASAVAL1.8.2 softwargBio Gist).

7.5.8 Generation of plasmids

The concentration of digested and purified vector and insert7(5¢E3 was determined
using the NanoDrop 100fevice (Thermo Fisher Scientifignd 50 ng vector were mixed
with the designated insert in a 1:3 molar ratio with 1x T4 DNA ligase buffer (New England
Biolabs) and 400 units T4 DNA ligase (New England Biolabs) in a 20 ul reaction. Ligation
was achievedly incubation at room temperature for one hour or overnight at 4°C. Following
heat inactivation (10 min, 65°C), the obtained plasmids were used for transformation of
competenEscherichia colcells (7.4.3.

7.5.9 Northern blot analysis

15 to 25 pg TRIzol purified RNA from keratinocytes at varying timepoints of differentiation
as well as 5 pl RiboRuler High Range or Low Range RNA Ladder (Thermo Fishetifgie
were mixed with the same amount of 2x RNA loading dye, incubated at 65°C for 10 min

and subsequently placed on ice. Ethidium bromide was added to a final concentration of 40
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png/ml, and the samples were loaded onto a formaldehyde agarose gel (1.2% agarose
dissolved in RNA gel buffer) and separated by horizontal gel electrophoresis (running
buffer: RNA gel buffer, 70 V) until the blue dye was 3 cm above the end of the gel. After
shakng the gel for 30 min in 20x SSC, the RNA was transferred onto a trimmed piece of
Amersham HybondN+ membrane (GE Healthcare) by upward capillary transfer using
20x SSC as transfer buffer and incubation overnight (detailed description of the setup can
be found heré™).

The next day,lte RNA was crosslinked to the membrane with-lig¥t at 254 nm (auto

crosslink function of the UV Stratalinker 2400 (Stratagerend successful RNA transfer

as well as migration pattern of the RNA ladder was captured with the Transilluminator
Quantum ST4PEQLAB). After prehybridization (one hour at-80°C with hybridization

solution supplemented with 1 mg heat denaturated hering sperm DNA (Promspgaifjc

transcripts were detected by adding 20 pmol antisense-8ligas (sedlable14) that have

been | abeled in a T4 PNK react i @0u(tdiah er mo |
reaction volume, according itiedwith&@25ocoamnuf act u
( GE Healthcar e, according to t kdovemghhatf act u
40-50°C under constant rotation.

The next day, excess radioactivity was washed away (10 min eabb;@0twice with NB

wash | and once wit NB wash Il) and a phosphorimager screen (Kodak) was used to
accumulate the radioactive signal. The resulting radioactive signals were read with the
Personal Molecular Imager (BRad) and analyzed with the Quantity One software
(Bio-Rad). Sizes for theadected transcripts were determined by superimposing the ethidium

bromide picture with the obtained phosphorimager signals.

7.5.10 PCRbased screening of potential LINC00941 knockout cell lines
Screening PCRs for potenti@&iINC00941 knockout cell lines {.2.7) were performed

utilizing the Taq DNA polymerase (New England Biolabs) to detect genomic alterations
(KO allele PCR) and remaining WT alleles (WT allele PCR). Foe PCR 12.5ul cell
lysate (se€’.2.7) was brought to a final concentration of 200 uM dNTPs pd/R2forward

and reverse primer (se€kBable 23 and Table 24), 1x ThermoPol buffer (Bw England
Biolabs) and 1.25 units Taq DNA polymerase in a 25 pl reaction. 15 plthrefCR were
analyzed by DNA gel electrophoresisg.6, and selected PCR products were purified with
the NucleoSpin Gel and PCR Cleap Kit (MachereyNagel) according to the

manufacturerdéds instructions and their sequ
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(Macrogen) to ensure specificity of the employed estirey approach as well as to detect
genomic alterations.
Utilized PCR primers and gRNAs can be seeable 24, and the PCR conditions and

utilized primers are listed below.

Table 23:Thermal cycling conditions for KO allele PCRs and WT allele PCRs

Step Time

95°C 5 min

95°C 30s

60°C 30s 35 x

68°C 5 min

68°C 7 min

10°C b
Table 24: Expected sizes of variou®CR approaches
Primer 1 Primer 2 expected size
00941 5GT_ex_ F: 00941 5GT_int R1 3223
00941 _5GT_ex_F: 009941 3GT_ex_R1 7917
00941 5GT int_F: 00941 5GT_int R1 2121
00941 5GT int F: 00941 _3GT _ex R1 6869

7.5.11 Plasmid purification

Depending on the required amount of DNA vectors, plasmid purification was done with the
NucleoBond Xtra Maxi EF (for endotoxinee plasmid preparations), NucleoBond Xtra

Midi or the NucleoSpin Plasmid Kit (Macher®ya g e | ) following the
instructions. The obtained DNA was dissolved in a suitable amount i, khe
concentration was determined with the NanoDrop 1000 (Thermo Fisher Scieitific)
sequence integrity was verified by restriction enzyme diyesis well asby Sanger
sequencing athe included inserts (Macrogen, sequencing primers are listeabie12).

7.5.12 Polymerase chain reaction (PCR)

For PCR amplification of DNA fragments designated for the generation of new plasmids,
PCR was performed in a 50 pl scale using Phusion4Higglity DNA Polymerase (New
England Biolabs) with 50 ng of DNA template and a final concentration of 1x HF buffer,
200 uM dNTPs, 0.5 uM of each primer (sequences are givéabie15), 3% DMSO and

one unit of Phusion DNA Polymerase in combination with the thermal cycling program

givenin Table25.
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Table 25: Thermal cycling program for PCR with the Phusion HighFidelity DNA Polymerase

Step Time
98°C 30s
98°C 10s
55-60°C 30s 35 x
72°C 30 s/kbp
72°C 10 min
4°C b

Successful PCR amplification was verified by DNA agarose gel electrophffésg and
the desired PCR product was purified by either PCR alga(in case of only one PCR
amplicon) or gel extraction, both done with tRecleoSpin Gel andPCR Clearup Kit

(Macherey]Nagel ) according to the manufactureros

7.5.13 Restriction enzyme digest

For preparative restriction enzyme digests, 5 to 8 pg DNA vector (1 pg for analytical
purposes) or the complete amount of purified PCR product wa=lgrdigested with

suitable restriction enzymes in the designated buffer according to the New England Biolabs
guidelines In case of vector backbone preparation for molecular cloniag
dephosphorylation step with Antarctic phosphatase (New EnglandbB)olaas done
according to the manufacturerds instructi ol
the obtained DNA fragments were analyzed by DNA agarose gel electrophéregsdnd

desired fragments for molecular cloning were purified via gel extraction with the NucleoSpin

Gel and PCR Cleanp Kit (MachereNagel ) according to the man

7.5.14 RNA extraction from organotypic tissue

The potion of organotypic tissue/(2.6 was minced and transferred into a Lysing Matrix

D tube (MP Biomedicals) that contained 800 ul RLT Plus buffer (from the RNeasy Plus

Mini Kit, Qiagen) supplemented with 1Bemercaptoethanol. Cell lysis and homogenization
wereperformed with the FastPr&d Instrument (MP Biomedicals) for 45 s at 6.5 m/s. After
centrifugation (2 min, 4°C, 13,000 rcf), the supernatant was transferred to a QIAShredder

tube (Qiagen) and additionally homogenized by centrifugation (2 min, 4°C, 13,000 rcf). The
flow-through fromthis step was then subjected to RNA purification with the RNeasy Plus

Mi ni Kit (Qiagen) following the manufactur e
were done at 4°C. The RNA was eluted in 30 pOHquantified with the NanoDrop 1000

(ThermoFisher Scientific) and stored &0°C until further usage.
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7.5.15 RNA extraction with TRIzol

Keratinocytes were washed with DPBS and directly lysed in a suitable volume of TRIzol
Reagent (Thermo Fisher Scientifit)lenRNA purification was performed accordingthe
manufacturerds instructions but with an add
RNA pellet was dissolved in an appropriate amount ¢® H55°C, 900pm, 5 min),

quantified with the NanoDrop 1000 (Thermo Fisher Scientiéioyl stored ai80°C.

7.5.16 RT-gPCR analysis

For RT-gPCR analysis, 7.5 pl of SsoFast EvaGreen Mix {B&mw) or Takyon Mix
(Eurogentec) were mixed with 4.5 pb@, 1 pl Primermix (5 uM each primer, for sequences
seeTablel3), 2 ul cDNA and analyzed in a 98ell format using the Redlime PCR Cycler
CFX96 (BioRad) in combination with the BiRad CFX Manager 3.1 (BiRad). Samples

were at least run in duplicatesd specifidy of each reaction was monitored using a melt

curve analysis for each PCR produghereas the linear amplification for each Primermix
was ensured by testing their amplification range with a serial cDNA dilution series in

preliminary experiments.

Table 26: Thermal cycling program for RT -qPCR analysis

Step Time
95°C 3 min
95°C 15s
60°C 30s
72°C 30's 40x
plate read
95°C 10s
65°C to 95°C +0.5°C/step 5s
melt curve
plate read

Sample wise fold changegere calculated for each gene of interest (goi) in reference to the
control from the exportedfalues using the' 2%®9 method’®and L32 (where applicable)

for normalization according to the following formula:

Fold change x
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7.6  Protein biochemistry

7.6.1 BCA assay for protein quantification

Protein concentratiowas determined using the Pierce BCA protein assay kit (Thermo
Fisher Scientific) accor di ng-wellormathSampesa nuf ac
were measured in duplicates, analyzed at 562 amd the protein concentration was
determined usinghe standard curve obtained by plotting the bleokected As. for the

protein standards against their concentration.

7.6.2 Bradford assay for protein quantification

5x RotrQuant (Carl Roth) was diluted 1:5 with water and 900 pl of this dilution were mixed
with 100 pl prepared bovine serum albumin standard ranging from 0 to 150 pg/ml. flto 10

of protein sample were brought to a final volume of 10 ul with the respective protein lysis
buffer and mixed with 990 ul 1x Re@Quant. After 5 min at room temperatutiee absorption

at 595 nm was measured with a Nanophotometer (Im@ed)the total protein amount for
each sample was determined using the standard curve obtained by plotting the
blankcorrected Ags for the protein standards against their total pro@mount. The
concentration of the protein lysate was obtained by dividing the total protein amount through
the utilized volume of protein sample.

7.6.3 Mass spectrometry

The edges of th8DSgel were removed and divided horizontally into stripes based on the
coomassie stainingzach stripe wafurtherdivided into equally sized pieces. Each gel piece
was minced and transferred into an2 micro tube (Eppendorf), washed for 30 min each
with 950 pl 50 mM NHHCOs;, 50 mM NHHCOs/acetonitrile (3/1), 10 mM
NHsHCOs/acetonitrile (3/1), 10 mM NEHCOs/ acetonitrile (1/1)and lyophilized. After
reduction with 300 pl Ing/ml DTT dissolved in 100 mM NMHCOs (50°C, 1 hour),
cysteines were alkylated with 200 glmg/ml lodoacetamide in 50 mM NHCOs (35 min,
RT), followed by another washes and lyophilizationtbé gel pieces (see above). Next,
proteins were subjected to engeltryptic digest overnight at 37°C withely Trypsin Gold
mass spectrometry grade (Promega) in 50 mMiHNED:. Peptides were extracted twice
with 150 pl 100 mM NHHCO;, followed by one elution with 150 pl 100 mM NHCOs/
acetonitrile (2/1) and the obtained eluates were combined and lyophiliEedther

processing of samples, mass spectrometry measurements and protein identification was done
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by Dr. Astrid Bruckmannand Eduard Hochmutlat the mass spectrometry facility of
Biochemistry I, University of Regensburfata obtained fronthesesamplesanalyzed on
the MaXiS mass spectrometend were transferred to MASCOT2.5.1 using the
ProteinScape softare3.1.3(Bruker Daltonics). MASCOT aligned the obtained data to the
annotated proteins of the SWIFPROT database.

7.6.4 Preparation of protein lysates from keratinocytes

Protein lysates were prepared by collecting the cells in RIPA bidflawed by incubation
on ice for 15 minutes and centrifugation for 15 minutes at 4°C and full speed. The obtained
supernatant was transferred into a new tabd this protein lysate was stored&Qi°C until

further use.

7.6.5 SDSPAGE analysis and Coomassie staining

Depending on the size of the protein of interest, proteins were separated on 10% or 15%
SDSpolyacrylamide gels (composition s&able 27). To this end, protein samples were
mixed with 1/5 volume of 5x laemmli buffer and denaturated at 95°C for STmitletermine

size 5 pl prestained Precision Plus Protein Standard Dual Color-R&id) was used and
electrophoresis was performed with T&SL00 V until the dye front reached the bottom of
the gel.

Gels for mass spectrometry analysis were fixed with coomassie fixative (30 min, RT)
washed with water (5 min, RT, 3 times) and stained withh-®ife Coomassie Stain
(Bio-Rad) at 4°C overnight. B#aining with water was done until protein bands became
visible, and pictures were captured with thdyssey Imaging System dQOR Biosciences)

and analyzed with the Odyssey software QDR Biosciences).

Table 27: Composition of DS-PAGE gels
Stacking gel (4%) Resolving gel (10%) Resolving gel (15%) Component

2.25 ml 3.2ml 1.9 ml Water
- 1.9 ml 1.9 ml 4x Resolving gel buffer
0.95 ml - - 4x Stacking gel buffer

Acrylamid/Bis-solution

0.5 ml 2.6 ml 3.9ml 30% (37.5:1)
5 pl 4.5l 4.5ul TEMED
22.5 ul 45 pl 45yl 10% APS
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7.6.6 Western Blot analysis

7.5 to 30 pug total protein/(6.4 from keratinocytes was separated via SEXYSGE (7.6.5
and subsequently transferredto the Amersham HyborECL membrane (GE Healthcare)
by semidry blot (Bio-Rad system) using western blot transfer buffer and 13 ¥rfehour.
Blocking was done in 5% milk powder in TBISfor one hour at room temperature and
primary antibodiesTable 1) were diluted in 5% milk powder in TB® and applied fod
hour at room temperature or overnight at 4°C. After washing the membrane three times with
TBS-T (5 min each, RT), secondary antibesliwere diluted in TBS supplemented with
5% milk powder, added to the membraaad incubated fot hour at room temperature.
Following three washing steps with TBS(5 min, RT), the signal was captured with the
Odyssey Imaging System @QOR Biosciencg) and analyzed with the Odyssey software
(LI-COR Biosciences).

8 Publications

Ziegler C& Graf J Faderl S, Schedlbauer J, Strieder N, Forstl B, Spang R, Bruckmann A,
Merkl R, Hombach S, Kretz M. The long nonding RNA LINC00941 and SPRR5 are
novel reguladrs of human epidermal homeostasis. EMBO Rep. 2019 Feb;20(2):e46612.

Graf J, Kretz M., From structure to function: route to understanding INcRNA mechanism

(BioEssays Volume 42, Issue 12, December 2020)
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9 Appendix

9.1 Supplementary figure s
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Figure 30: RNA-Seq validation of the LINC00941 depletion

(A) Heatmap of regulated genes upon knockdown of LINC00941 in d2 organotypic epidermis (B) Top GO
Terms regulated upon knockdown of LINC00941 in d2 organotypic epidermis-RI}RCR validation of
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9.2 LINCO00941 transcript sequence and genomic localization

5'_
CCTTTTCTCCCGGGTCCACACCGCAGTTCCCACCGCTCCGGGTGTCCTCCCCAG
TGCGCCGCGATTTTTGTGTCCAAGCCCCAGABTCCCTCTGAGACCAACCCCCA
GCCAGCACAGACTTCCTGCCTTCCCAGCTCGGAAGCGCCCTCGAGAAGTGTCT
AAAGGAGACAGTTGATAGCCAAACAACAGTTTTGGATTCACTGACTGATTATG
AAAGAAGCAGTAGACTGGTATCAAGAATCAGTCAGCAAGGAGGCCCTCACCA
GACGCCAGTGCCATGTTCTTGGACTTCTCAGCCTCCATATTCATGAACTAAGTT
TTTGGAATCCTTAGGCTTCCAGTGTGGAAAGCCTGAGCTAACCTACTGGAGG
ATGAGCCATCACCTGGAGCAGATTCAGGCCATCCTAGTTGAAGCCTCCCTAGG
CCAAGCAACCGTCCAACTACCAGACATTGACCATTCAGCCTTGAACATTCAGC
ACAAAGACAAAACAGACCAGACCAGAAGAGTCCCACAGAATAGGGGAAACTA
TTCAGAGAAAACTTAAGCCACTAAGTTTTATGGTGTTTTGTTCTGTAGCAGAAG
CATAGGCATACTGACAATACAAACCGAAATCCTTCTAACGTAGTGGACCTTTT
CAGGCCAGCATTTTTTCCTTGAAAACCTGGAGCATGTATCCATCTTATAGCAGA
GATCACTTTCACAATGTTTGGGCTCTTGATTTGAATTGATGATGTAATGAGCCC
TCTATCCAGATTGTAACTAATTACTCTGCGAATTGACTGGATTCCACACCCTTC
TAATATTTTACTTTTCCTCTTTTATCAACTCTCATTCTTGCTGCCATGATCAATG
GACCAACTATGCTTATAACCACAAATTTTGATATGCTTAAACAAATGAACAAA
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TATATTTAATAATTTCTTTTTTTTTTTTGAAATAGTATCTTGCTCTGTCACCCAG
GCTGCAGTGCAGCAGCGTGATCTCAGCTCACTATAACCTCCACCTCCCGGGTTC
AAGTGATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGGACTACAGGCGCCCACC
ACCATACCTGGCTAATTTTTTGTATTTTTAGTAGAGACAGGGTTTATCCATGTT
GGCCAGGCTGGTCTCAAACTCCTGACCTCAAGTGATCCTCCTGCCTCGGCCTCC
CAAAGTGCTGGGATTACAGGTGTGAGCCACCATGCCCAGCCAATAATTTCCTG
ATATAATAAAAATGCCAATACTATACAATTAAATAGTAAAGTGATAAAAAATA
GGATAACATGATAACCACTAATTAATATATACTACATAATCATC -3

Table 28 Genomic localization ofLINC00941 (hg38)

Chromosome Strand Start End
Exonl 12 + 30796078 30796216
o 12 + 30796217 30799912
Exon3 121 + 30799913 30800021
'3””0” 2 + 30800022 30800532
Exon4 12 + 30800533 30800601
'4””0” 12 + 30800602 30801700
Exon5 12 + 30801701 30802711

Table 29: Genomic localization of LINC00941 isoforms including exon 2 (hg38)

Chromosome Strand Start End
Exonl 12 + 30796078 30796216
o 12 + 30796217 30798145
Exon?2 12 + 30798146 30798316
'2””0” 12 + 30798317 30799912
Exon3 121 + 30799913 30800021
'3””0” 2 + 30800022 30800532
Exon4 12 + 30800533 30800601
'4“”0” 12 + 30800602 30801700
Exon5 12 + 30801701 30802711
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9.3 RNA-Sequencing mapping efficiency
Table 30: Mapping efficiency of RNA-Sequencing Counts

sample total reads | mapped reads
si00941 d2_1 33.892.681 30601616
si00941 d2_2 26.842.525 24359161
si00941 d2_3 33.167.371 29948392
si00941 d2_4 32.613.89€ 29746375
si00941 d2_5 26.842.525 19298239
si00941 d3_1 22.297.67¢ 20143556
si00941 d3_2 32.334.467 29209526
si00941 d3_3 38.500.823 34074479
si00941 d3_4 35.774.557 32365768
siNgCtrl_d2_1 39.826.307 35960376
siNgCtrl_d2_2 31.287.85( 28462568
siNgCtrl_d2_3 37.955.219 34536058
siNgCtrl_d2_4 35.420.444 32325014
siNgCtrl_d2_5 36.637.765 32781647
siNgCtrl_d3_1 39.644.34( 36185952
siNgCtrl_d3 2 38.445.656 34851876
siNgCtrl_d3_3 35.832.311 32286579
siNgCtrl_d3 4 34.830.65( 31589776
siNgCtrl_d3 5 34.919.99¢ 31997190
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9.6

Lists of significantly altered genes upon LINC00941 depletion

Only those genes wittl > log(fold change) > 1 and an adjusteggue <0.05 are shown

here.

9.6.1 LINCO00941 requlated genes on day 2 in organotypic epidermis

Identifier Gene name| Chr| baseMean | log2FoldChang| pvalue | pad]

ENSG0000000604 KRT33A |17 45,365 1,125/ 7,98E04| 3,62E02
ENSG000000260% VIM 10 4246,439 -1,524| 2,73E09 | 3,05E06
ENSG0000003829 TLL1 4 43,087 -1,082| 1,06E03 | 4,17E02
ENSG0000003847 VCAN 5 60,765 -1,135|6,16E04 | 3,12E02
ENSG000000466( DSG2 18 3653,672 -1,046|1,74E04 | 1,46E02
ENSG0000004793 ROS1 6 22,897 -1,708| 4,79E06 | 1,06 E03
ENSG0000005043 SLC4A8 |12 37,615 -1,207|2,11E04| 1,68E02
ENSG000000506] PTGER3 |1 132,320 1,759| 1,20E03| 4,40E02
ENSG000000551¢ CYFIP2 5 145,561 1,076|2,55E04 | 1,84E02
ENSGO0000006421ATP2C2 |16 892,680 1,689 4,36E05| 5,63E03
ENSG000000677] SYT1 12 22,975 -1,720|2,97E05| 4,19E03
ENSG000000730¢ CYP2W1 |7 171,328 1,604| 3,39E10|4,76E07
ENSG00000073671ADAM11 |17 48,825 1,356/ 3,90E05| 5,16E03
ENSG000000786§ TNRC6C |17 70,124 -1,172| 3,71E04| 2,31E02
ENSG0000008417 HAL 12 3190,502 2,241| 2,76 E05| 4,03E03
ENSG0000008654 CEACAMG6 | 19 3032,895 -1,034|9,54E05| 9,53E03
ENSG000000905] FETUB 3 292,077 2,171/ 9,98E07 | 3,38E04
ENSG0000009117 LAMB4 7 23,411 -1,439| 1,06E04 | 1,01E02
ENSG0000009111 NRCAM 7 120,523 -1,208| 1,39E05| 2,44E03
ENSG000000947¢ KRT31 17 1254,88( 1,151|1,41E05| 2,44E03
ENSG000000960( CRISP3 6 91,320 1,904|2,48E10|4,63E07
ENSG0000009984 IZUMO4 |19 105,310 1,254 3,79E06| 9,08E04
ENSG000000999¢ SLC7A4 |22 144,563 1,640|1,87E10| 3,93E07
ENSG0000010034 PNPLA5 |22 45,964 2,853| 3,26E04 | 2,13E02
ENSG000001012]1 EEF1A2 |20 312,724 1,206| 1,93E06| 5,50E04
ENSGO000001013] FERMT1 |20 | 12297,017 -1,476| 1,76E08| 1,28E05
ENSG0000010144 PPP1R16B| 20 18,783 1,814/ 5,57E05| 6,82E03
ENSG0000010174 POLI 18 111,826 -1,136| 7,17E05| 8,02E03
ENSG0000010204 SCML2 X 20,989 -1,302| 9,49E04 | 3,94E02
ENSG000001042¢ CA2 8 2180,107 1,353|5,33E08| 2,98E05
ENSG000001053§ MYH14 19 1075,941 1,195/ 2,07E05| 3,30E03
ENSGO000001063( HYAL4 7 76,234 1,760|5,86E06| 1,23E03
ENSG0000010664 FKTN 9 413,987 -1,040| 4,82E04 | 2,72E02
ENSG000001067( FSD1L 9 46,543 -1,020| 7,16E04 | 3,41E02
ENSG0000010724 GLIS3 9 20,938 -1,422| 1,80E04 | 1,50E02
ENSG0000010824 CYP2C18 |10 68,577 1,175|7,51E06| 1,46E03
ENSG0000010824 KRT23 17 5959,095 1,923/ 4,15E06| 9,55E04

101



Appendix

ENSGO000001083( RUNDC3A |17 536,830 1,147| 3,41E06 | 8,64E04
ENSG000001088 MPP2 17 84,324 1,914|4,96E09 | 4,54E06
ENSG000001090y PMP22 17 45,063 -1,542| 2,85E06 | 7,48E04
ENSG0000010994 CRTAM 11 86,255 -1,548| 8,37E09| 6,69E06
ENSG000001122 GPLD1 6 171,033 2,416| 1,16E06 | 3,68E04
ENSGO0000011229 ALDH5A1 |6 363,428 1,412 2,62E06 | 6,99E04
ENSGO000001133( CNOT6 5 1420,471 -1,008| 2,56E06 | 6,94E04
ENSG000001143] USP9Y Y 656,880 -1,006| 5,23E04 | 2,84E02
ENSGO000001148 TNNC1 3 36,266 2,621| 3,13E05|4,31E03
ENSG0000011521 ITGB6 2 1561,227 -1,008| 4,59E06| 1,03E03
ENSGO000001154] FN1 2 4227,978 -1,889| 1,92E04| 1,56E02
ENSGO000001169¢ MTR 1 509,359 -1,032| 3,64E04 | 2,29E02
ENSG0000011703 AKT3 1 65,373 -1,287| 2,48E05| 3,79E03
ENSGO000001171§ RGS4 1 44,288 -1,311|4,38E04 | 2,56E02
ENSG000001179§ CTSD 11 | 16630,139 1,017|1,34E05| 2,40E03
ENSG000001187§ SPP1 4 12,700 -2,132|5,80E06| 1,23E03
ENSG0000011884 RARRES1 |3 313,612 1,346|2,78E04 | 1,95E02
ENSGO000001199] ELOVL3 |10 70,922 1,562| 3,91E06|9,12E04
ENSG0000012264 INHBA 7 999,747 -1,066| 1,02E05| 1,86E03
ENSG0000012281 BICC1 10 47,636 -1,104| 9,46E05| 9,53E03
ENSG000001282¢ MGAT3 22 33,048 2,104| 3,50E07 | 1,43E04
ENSG000001299 SYT5 19 69,555 1,010|1,66E04| 1,41E02
ENSG000001299 TNNI3 19 38,319 1,276|6,15E06| 1,26E03
ENSG0000013044 EPO 7 17,513 2,543|2,42E04 | 1,80E02
ENSG000001306( H19 11 7004,987 2,041/1,07E04|1,01E02
ENSGO000001317] MAP1B 5 193,900 -1,816| 1,94E09| 2,32E06
ENSG000001317] KRT34 17 135,021 1,078|4,21E04| 2,50E02
ENSGO000001317{KRT33B |17 56,730 1,254| 3,03E04 | 2,03E02
ENSGO000001317]PPP1R1B |17 31,745 1,121 1,03E03|4,13E02
ENSG0000013267 RHBG 1 174,508 1,925|1,77E05| 2,94E03
ENSGO000001331] POSTN 13 47,498 -2,154| 2,43E08| 1,70E05
ENSG0000013313 BEX2 X 140,873 1,107|6,62E05| 7,6 7E03
ENSG000001332] EPHB2 1 110,296 1,108|6,11E04 | 3,12E02
ENSG000001337] SPINKS5 5 75611,802 1,266|5,27E04| 2,85E02
ENSG000001337{LRRCC1 |8 97,356 -1,075|1,17E04|1,07E02
ENSGO000001350] ADAM19 |5 1271,135 -1,364|2,70E08| 1,81E05
ENSG0000013525 KCP 7 54,927 -1,053| 2,56E04 | 1,84E02
ENSGO0000013531 ELF5 11 485,736 2,285|4,18E04 | 2,50E02
ENSG0000013567 CPM 12 1622,254 1,037|1,97E04| 1,59E02
ENSGO000001359] SLC19A3 |2 64,854 1,666| 8,29E04 | 3,65E02
ENSG000001366( SKIL 3 704,185 -1,092| 1,11E06| 3,59E04
ENSG0000013669 IL36B 2 151,607 1,269| 8,04E06| 1,55E03
ENSGO0000013664IL1F10 2 174,775 1,351| 3,63E06 | 8,82E04
ENSG0000013764 DDX60 4 1426,624 -1,288| 3,41E10| 4,76E07
ENSG000001378¢ STRAG6 15 306,288 -1,760| 1,15E08| 8,79E06
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ENSGO0000013799 IFI44L 1 745,449 -1,009| 1,03E07| 5,41E05
ENSG000001386§ FGF2 4 18,477 -1,445|7,61E05| 8,19E03
ENSG000001387] PDESA 4 36,031 -1,120| 1,11E03| 4,24E02
ENSGO000001393¢ TMEM132B 12 30,155 -1,277|1,26E03 | 4,46E02
ENSG0000014029 GCNT3 15 107,217 1,605| 2,50E06 | 6,88E04
ENSG000001404§ CCDC33 |15 42,791 -1,750|6,72E04 | 3,27E02
ENSG000001414§ SLC13A5 |17 138,505 -1,442| 9,40E07 | 3,36E04
ENSGO000001429]CYP4B1 |1 758,466 2,079| 1,44E07| 7,31EQ05
ENSG000001434] ANXA9 1 1219,648 1,774/ 2,98E10|4,76E07
ENSG000001438§ ATP6V1C2| 2 1740,283 1,744/ 8,06E04 | 3,62E02
ENSG000001443] ZNF385B |2 18,604 -1,343| 1,25E03| 4,45E02
ENSG000001448] COL8A1 |3 98,212 -1,320|4,34E08| 2,51E05
ENSGO000001493] ATM 11 427,834 -1,034| 2,25E04 | 1,75E02
ENSGO000001498(TM7SF2 |11 4330,167 1,158| 2,66E05| 3,95E03
ENSG000001507¢ DIXDC1 11 98,475 -1,185| 2,79E04 | 1,95E02
ENSG0000015137 AKAP6 14 61,217 -1,159| 7,38E05| 8,19E03
ENSG000001514] NEK7 1 696,271 -1,093| 1,83E07| 8,31E05
ENSG0000015314 CETN3 5 184,111 -1,051| 9,89E07 | 3,38E04
ENSG000001531¢ BMP6 6 554,192 -1,496| 3,46E07| 1,43E04
ENSG000001548] CCDC144B| 17 12,442 -2,263| 2,29E04 | 1,76E02
ENSGO000001573¢ 1L34 16 168,679 1,024|1,42E03|4,73E02
ENSG000001583§ SHROOM4 | X 80,276 -1,205| 1,38E04|1,21E02
ENSG000001585] NCF1 7 46,985 1,050 2,39E04| 1,80E02
ENSGO000001610§ PGLYRP2 |19 49,684 1,759| 3,45E06 | 8,64E04
ENSG00000162012G16B 16 44,002 1,230| 2,35E04| 1,79E02
ENSG0000016327 S100A12 |1 1082,370Q 1,530| 2,72E05| 4,00E03
ENSG000001634¢ CXCR1 2 42,282 -1,006| 5,99E04 | 3,08E02
ENSGO000001636§ DNASE1L3| 3 45,211 1,969|1,47E10| 3,53E07
ENSG0000016507 ABCA1 9 612,471 -1,103| 8,22E05| 8,57E03
ENSG000001651]NCF1C 7 32,006 1,487|1,77E05| 2,94E03
ENSG000001654] CFL2 14 286,214 -1,003| 5,31E05| 6,56E03
ENSG000001658] FAM35BP |10 79,949 -1,025| 9,08E04 | 3,83E02
ENSG000001662§ CLMP 11 535,086 -1,009| 4,56E05| 5,85E03
ENSG0000016687 ANPEP 15 427,822 -1,126| 1,70E06 | 5,01E04
ENSG000001677]IGFBP6 12 3895,034 1,011|5,76E07| 2,20E04
ENSGO000001679¢ DNASE1L2| 16 914,716 2,072/ 9,67E06|1,82E03
ENSG0000016844 SCNN1B |16 1730,279 1,555|1,46E03| 4,77E02
ENSGO000001689§ STXBP6 |14 19,179 2,323| 1,19E03| 4,40E02
ENSG0000016904 MFSD7 4 64,558 1,106|4,73E04| 2,70E02
ENSG0000016924 CXCL10 |4 41,575 -1,878| 3,13E08| 1,95E05
ENSG0000016924 CXCL11 |4 15,605 -1,718| 1,08E04| 1,02E02
ENSG000001694] RASSF6 |4 155,847 -1,044| 8,04E05 | 8,54E03
ENSGO000001695( CRCT1 1 6537,672 1,291|5,95E04 | 3,08E02
ENSG0000017041 KRT4 12 | 26284,325 1,852(4,19E11| 1,17E07
ENSGO000001704§ SLC23A1 |5 44,353 1,717/ 1,69E06|5,01E04
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ENSGO000001714( KRT13 17 1191262,031 1,571/ 1,68E09|2,17E06
ENSGO000001716] ENC1 5 2612,799 -1,023| 2,48E05| 3,79E03
ENSG000001717¢ GATM 15 50,495 1,177/ 1,82E04 | 1,50E02
ENSGO0000017187 ZNF570 19 62,976 -1,061| 5,10E04 | 2,79E02
ENSGO000001721] CALB2 16 1530,728 1,121| 3,06E07 | 1,33E04
ENSGO000001721¢ SNTB1 8 66,311 1,901|7,17E06| 1,42E03
ENSGO000001727§ FADS6 17 101,360 1,577/ 2,0904|1,67E02
ENSG0000017297 MYEOV 11 28,018 1,315|2,36E04 | 1,79E02
ENSGO0000017327 SYT12 11 54,808 1,047 1,20E03| 4,40E02
ENSG000001732] LIPM 10 564,358 1,825|2,41E04 | 1,80E02
ENSGO000001732] ZNF449 X 67,395 -1,040| 9,28E04 | 3,88E02
ENSGO000001733] KCNK7 11 360,576 1,268| 1,58E07| 7,79E05
ENSG0000017464 SLCO2A1 |3 726,930 -1,751| 1,54E04| 1,32E02
ENSG0000017513 WFDC5 20 2630,257 1,918| 1,45E05| 2,49E03
ENSG000001761y CIDEA 18 847,368 1,195|1,08E06| 3,57E04
ENSGO000001774( SAMDOL |7 461,064 -1,046| 1,01E06 | 3,38E04
ENSGO000001776Y NAALADL?2| 3 18,664 -1,136| 9,93E04 | 4,01E02
ENSG000001777(NECTIN3 |3 85,134 -1,026|2,17E05| 3,41E03
ENSGO0000017784 ZBTB41 1 181,886 -1,024| 3,10E04 | 2,07E02
ENSG0000017803 CALHM5 |6 94,449 -1,097| 1,28E04 | 1,14E02
ENSGO000001781] SPINK6 5 541,859 -1,206| 6,96E06| 1,39E03
ENSG000001804§ MIGA1 1 268,930 -1,090| 2,63E05 | 3,94E03
ENSG000001806] EXOC5P1 |4 30,503 -1,170|6,07E04 | 3,11E02
ENSGO000001807] SHISA2 13 25,988 -1,220| 3,64E04 | 2,29E02
ENSG000001812] HIST3H2A |1 95,494 1,032|1,33E05| 2,40E03
ENSGO000001813§ DDX60L |4 816,481 -1,180| 4,50E09| 4,54E06
ENSG000001814§ TMEM45A |3 11934,203 1,204|9,75E04| 3,97E02
ENSG0000018225 SYNM 15 64,480 -1,308| 2,23E05| 3,47E03
ENSG000001826§ GALR2 17 18,602 1,598| 4,22E04 | 2,50E02
ENSG000001830 NEB 2 122,508 1,337|1,59E04| 1,36E02
ENSG000001837] ASCL2 11 57,542 1,029|5,27E04 | 2,85E02
ENSG000001840¢ ADAP2 17 422,089 1,261|1,99E05| 3,24E03
ENSG0000018414 SPRR4 1 3301,205 3,185|4,42E12| 1,86E08
ENSG000001842¢ KCNK12 |2 68,006 -1,249| 1,03E04 | 1,00E02
ENSG000001846] NELL2 12 118,244 -1,011|9,71E04 | 3,97E02
ENSGO000001851¢ LINC00482|17 107,659 1,678|5,63E07 | 2,20E04
ENSG000001853] TMEM105 |17 92,657 1,019|1,03E04| 1,00E02
ENSG000001877¢ CARD9 9 99,883 1,706/ 1,82E07 | 8,31E05
ENSG000001886] NANOS1 |10 100,379 1,348/ 6,86E06| 1,39E03
ENSG0000018864 PTAR1 9 426,731 -1,080| 1,80E05| 2,96E03
ENSG0000018891 HACDA4 9 215,253 -1,054|1,41E05| 2,44E03
ENSG000001890] FAM35DP |10 40,964 -1,246| 8,95E04 | 3,80E02
ENSGO000001891( ILIRAPL2 | X 15,560 -2,631|8,07E07| 3,01E04
ENSG000001893]CXCL17 |19 31,249 1,277|9,02E04| 3,81E02
ENSG000001964] ZNF569 19 38,330 -1,041| 8,05E04 | 3,62E02
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ENSGO000001971§CYSRT1 |9 1869,651 1,195| 3,78E05|5,07E03
ENSGO000001973]LYPD2 8 222,782 2,691 1,71E07 | 8,19E05
ENSG000001975§ BCO2 11 109,598 1,202| 3,05E05|4,27E03
ENSG000001976( C5o0rf42 5 252,106 -1,165| 1,10E04 | 1,03E02
ENSGO000001977¢ CFD 19 96,107 1,689|4,78E09 | 4,54E06
ENSGO000001979] ERO1A 14 1924,172 -1,065| 3,01E08| 1,94E05
ENSG000001987( CEP290 12 161,518 -1,111)1,17E04|1,07E02
ENSG000001987§ SMOC1 14 232,162 -1,419|2,17E06| 6,07E04
ENSGO000001987] F5 1 35,004 -1,242|4,63E04 | 2,67E02
ENSG000002037§ LOR 1 8474,252 2,247/ 9,41E05| 9,53E03
ENSG0000020407 LIPN 10 247,347 1,234/ 9,64E04 | 3,97E02
ENSG0000020441LY6G6C |6 3364,269 1,583| 4,39E06 | 9,95E04
ENSG000002045] PSORS1CZ 6 573,305 2,263| 8,32E14|9,59E10
ENSG0000020454 C6orf15 6 762,452 1,836|1,72E05| 2,92E03
ENSG000002047¢ FAM196B |5 36,315 -1,332|7,20E04 | 3,41E02
ENSG000002053¢ C150rf59 |15 359,693 1,776/ 3,00E12|1,68E08
ENSG000002128¢ RNF208 9 186,905 1,032 7,95E04 | 3,62E02
ENSG000002130§ CFAP45 |1 116,099 1,476| 3,09E07| 1,33E04
ENSG0000021394 ITGAL 5 261,714 -1,099| 5,93E06| 1,23E03
ENSG000002184] PP14571 |2 140,071 1,663|7,21E09| 6,05E06
ENSG0000022197 C30rf36 3 34,240 -2,257|7,53E04 | 3,51E02
ENSG0000022471 AC007182.] 14 51,318 1,526|5,31E05| 6,56E03
ENSG0000022519 AL136455.1 1 17,256 -1,344| 1,36E03 | 4,64E02
ENSG000002298( XIST X 88,981 -1,022| 8,18E05| 8,57E03
ENSG000002306( AC092683.] 2 105,622 -1,157|2,02E05| 3,26E03
ENSG000002306§ AC140479.4 2 35,101 -1,142| 7,63E04 | 3,54E02
ENSG000002306¢ TNPO1P2 |17 66,452 -1,046| 9,52E04 | 3,95E02
ENSG000002308] LINC01293| 2 27,550 -1,419|1,42E03| 4,73E02
ENSG0000023187 LINC01819| 2 155,937 1,058|1,43E04|1,25E02
ENSG000002322¢ ACTR3P2 | X 27,752 -1,303| 8,04E04 | 3,62E02
ENSG0000023344 CYP2AB1P| 3 13,363 2,386| 3,34E06 | 8,62E04
ENSG0000023437 LINC01505| 9 27,608 -2,445| 4,30E08 | 2,51E05
ENSG000002344] ACBD3AS1 | 1 30,663 1,394| 8,75E04 | 3,76E02
ENSG000002350( AL023775.1 6 97,687 -1,029| 1,22E03 | 4,40E02
ENSG0000023577 AC013268.{ 2 27,588 -1,369| 1,23E03 | 4,43E02
ENSGO000002358§ LINC00941|12 48,550 -2,748|1,14E13| 9,59E10
ENSG0000024243 UPK3BP1 |7 16,208 1,514|8,30E04| 3,65E02
ENSG000002435¢ UPK3B 7 142,987 1,143/ 1,12E04 | 1,04E02
ENSG0000024424 IFITM10 11 135,079 1,281|7,52E05| 8,19E03
ENSG000002484§ PCP4L1 1 45,306 1,705| 2,09E05| 3,30E03
ENSG000002500 DNAH100§ 12 19,675 -1,731| 2,83E05| 4,09E03
ENSG0000025074 LINC02381| 12 103,303 -1,574|5,14E09 | 4,54E06
ENSG0000025317 AC055854.] 8 92,911 1,448|1,33E03|4,61E02
ENSG000002531§ PCDHGA1Z 5 144,897 -1,042| 4,90E04 | 2,76E02
ENSG0000025407 AP001207.3 8 34,558 1,766| 3,55E06| 8,77E04
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ENSG000002551] AP003068. 11 46,770 1,221|8,77E04 | 3,76E02
ENSGO000002555( CARD18 |11 1401,339 1,484/ 2,29E11|7,70E08
ENSG000002598( SLC22A31 | 16 39,601 2,050| 3,85E07 | 1,54E04
ENSG000002605§ AC011374.]5 235,205 1,070/ 9,82E06 | 1,83E03
ENSGO000002606] AL034376.4 6 25,389 2,738| 3,63E04 | 2,29E02
ENSG0000026104 WFDC21P |17 500,966 1,421 9,90E05| 9,83E03
ENSG000002612¢ AC112236.]4 39,570 1,129| 8,64E04 | 3,74E02
ENSG000002614¢ AC096921.7 3 14,621 -1,504| 5,37E04 | 2,87E02
ENSGO000002615§ SMG1P7 |16 99,629 -1,061| 2,22E04 | 1,74E02
ENSG000002617§ AC0O06058.] 3 137,767 -1,197| 1,29E06 | 3,93E04
ENSG0000026374 RN7SLAP |3 23,043 1,953| 1,81E06| 5,25E04
ENSGO000002657§ RN7SLSP |9 46,453 1,540| 8,18E05| 8,57E03
ENSGO000002671§ TPMTP1 |18 29,077 -1,187|4,81E04 | 2,72E02
ENSG000002673¢ UPK3BL1 |7 73,241 1,217|8,94E08 | 4,84E05
ENSG000002674] AC025048.4 17 16,735 1,852| 3,76E04| 2,31E02
ENSG000002683( LINC02560| 19 320,129 1,089 1,91E04 | 1,56E02
ENSG0000026971 AC006262.1 19 99,076 1,094|3,72E04 | 2,31E02
ENSG0000026974 AC011473.419 2169,579 1,072|1,03E04| 1,00E02
ENSGO000002740]RN7SL2 |14 150,730 1,297/ 1,01E05| 1,86E03
ENSG000002781¢ AL118505.1 20 21,011 -1,077|1,10E03 | 4,24E02
ENSGO000002787]RN7SL3 |14 195,388 1,365|5,48E06| 1,19E03
ENSG0000028314 AL049767.1 20 40,758 1,091|1,07E03| 4,19E02
ENSG0000028321 SPRR5 1 1720,77(Q 1,347|9,12E07| 3,33E04

9.6.2 LINC00941 requlated genes on day 3 in organotypic epidermis

Identifier Gene name | Chr| baseMean log2FoldChang| pvalue | padj

ENSG000000703¢ FGF22 19 24,345 4,697|1,00E06| 2,52E04
ENSG000002429% ERVWL 7 23,855 4,232| 8,00E05|7,61E03
ENSG000001330¢ CHIT1 1 60,853 4,193|2,25E07| 8,21E05
ENSGO000001175¢HSD11B1 |1 29,987 4,071|1,28E08 | 8,59E06
ENSG0000021444 PLIN5S 19 24,711 4,028| 3,54E05 | 4,13E03
ENSG0000010034 PNPLAS 22 45,964 3,616| 2,68E06 | 5,27E04
ENSG000001654¢ PKNOX2 11 44,647 3,550/ 2,19E07 | 8,19E05
ENSGO000001979] HRNR 1 2307,741 3,456/ 1,06E05| 1,63E03
ENSG0000016174 AQP5 12 59,268 3,455/ 1,05E04 | 9,17E03
ENSG0000018727 LCE2D 1 844,677 3,415| 3,98E05 | 4,57E03
ENSG000001594% LCE2B 1 2261,590 3,376/ 1,53E07 | 6,01E05
ENSG000002440% LCE3C 1 553,142 3,363|2,20E04 | 1,51E02
ENSG000001859¢ LCE3A 1 384,888 3,256/ 2,65E05 | 3,31E03
ENSG00000106171CCL24 7 21,423 3,252|1,63E09|1,87E06
ENSG0000018717 LCE2A 1 857,886 3,200/ 4,78E05|5,16E03
ENSG000001659% SERPINA12 | 14 31,266 3,186/ 1,11E03| 3,53E02
ENSG0000019884 C1orf68 1 294,692 3,149| 7,60E09 | 5,83E06
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ENSG000002037§ LOR 1 8474,252 3,094| 3,14E07 | 1,03E04
ENSGO000001871§ LCE2C 1 1373,617 3,087|4,79E06 | 8,29E04
ENSG0000017215 LCE1D 1 351,205 3,007|7,55E08 | 3,68E05
ENSG0000018414 SPRR4 1 3301,205 3,000] 1,32E09| 1,63E06
ENSG000002446] ASPRV1 2 [14631,421 2,992| 1,53E05| 2,12E03
ENSG0000011853 ARG1 6 920,462 2,985| 3,00E04 | 1,92E02
ENSG000002606] AL034376.2 | 6 25,389 2,972|9,26E07 | 2,40E04
ENSG000001735] XCR1 3 25,876 2,955| 1,02E09| 1,50E06
ENSGO0000017607 LINC00302 |1 92,543 2,941| 3,01E04 | 1,92E02
ENSG0000028364 LINC02009 |3 38,147 2,930| 1,48E12|5,94E09
ENSG000002037§ KPRP 1 4383,131 2,927|1,29E05|1,91E03
ENSG0000018684 LCE1A 1 1113,631 2,927 8,13E07 | 2,26E04
ENSGO000001836J RP1L1 8 58,252 2,914|2,85E07 | 9,76EQ05
ENSG000001406( SH3GL3 15 21,667 2,896| 3,09E04 | 1,93E02
ENSG0000023594 LCEGA 1 377,031 2,883| 2,46E07| 8,80E05
ENSGO000002375]UNCS5BAS1 |10 55,092 2,839|7,52E07 | 2,17E04
ENSGO000001679¢ DNASE1L2 |16 914,716 2,834| 1,24E08 | 8,59E06
ENSG000001257§ TGM3 20 440,351 2,804|2,77E03| 4,88E02
ENSG000002403§ LCE1F 1 803,687 2,787|5,18E08| 2,62E05
ENSG0000012557 IL37 2 112,315 2,777, 2,59E03| 4,79E02
ENSG000001834] TREX2 X 546,111 2,688| 2,57E07 | 8,99E05
ENSG000001967] LCE1B 1 1482,888 2,632 1,49E06| 3,43E04
ENSG0000017434 CHRNA9 4 149,907 2,615|2,00E08| 1,24E05
ENSG0000018627 LCE1E 1 621,957 2,613| 3,49E09 | 3,30E06
ENSG0000021144 DIO2 14 279,336 2,597|1,13E03| 3,54E02
ENSG000002045] PSORS1C2 |6 573,305 2,514|9,11E16|1,47E11
ENSG000001608¢ AZGP1 7 2818,541 2,504|1,16E06| 2,87E04
ENSGO000000841] HAL 12 | 3190,502 2,499 1,28E05|1,91E03
ENSGO000000706( FRMPD1 9 326,154 2,480| 9,43E08 | 4,34E05
ENSG0000011061 ELMOD1 11 166,190 2,464| 4,08E08| 2,19E05
ENSGO000001785 PSAPL1 4 464,465 2,421| 1,09E07 | 4,62E05
ENSG000001970§ LCE1C 1 1889,971 2,415/6,97E15|5,61E11
ENSGO000001803] KCTD4 13 70,462 2,411|1,23E05|1,84E03
ENSG0000020454 C60rf15 6 762,452 2,400|1,43E07| 5,76E05
ENSG000002742] AC015912.3 | 17 17,030 2,399|4,79E06 | 8,29E04
ENSG000001862( LCE5A 1 20,270 2,379 1,73E07| 6,63E05
ENSG000001154§ NEU2 2 56,281 2,372/ 1,71E05| 2,32E03
ENSG000001837¢ ACP7 19 921,131 2,342 5,20E06 | 8,89E04
ENSG0000014067 ITGAX 16 41,733 2,332 6,43E09| 5,17E06
ENSG0000008467 APOB 2 117,375 2,327 8,94E06| 1,40E03
ENSGO000002143] AZGP1P1 |7 138,805 2,325|2,55E05| 3,21E03
ENSG000001702f MRGPRX1 |11 16,351 2,289|4,20E05| 4,69E03
ENSG0000023267LINC01705 |1 23,621 2,285|9,78E07 | 2,50E04
ENSG000001319¢ ABHD12B |14 170,279 2,268| 5,35E06| 9,06E04
ENSG000001002¢ HMOX1 22 | 2193,630 2,225|1,99E06 | 4,37E04
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ENSG000001632( LCE3D 1 ]10002,389 2,219|2,83E04 | 1,86E02
ENSG0000023167] DIRC3 2 36,555 2,217 8,52E08| 4,03E05
ENSG000000420¢ RIPOR3 20 23,696 2,194 1,59E03| 4,14E02
ENSG000002414] AC074033.2 | 3 23,504 2,184 2,16E03| 4,53E02
ENSGO000001657Y RNASE7 14 | 1331,373 2,176| 1,44E06 | 3,43E04
ENSG000001859¢ LCE3E 1 3554,523 2,171 1,82E03| 4,36E02
ENSG000002578] AC007298.2 | 12 16,345 2,167|4,49E06 | 7,93E04
ENSG0000027744 AL357033.4 | 20 106,480 2,165| 1,49E10| 2,40E07
ENSGO000001986Y ABCA4 1 29,808 2,159/ 4,27E07|1,37E04
ENSG000002246] TNK2AS1 3 45,240 2,152| 3,75E04 | 2,19E02
ENSG000002763] AL357033.3 | 20 21,119 2,133| 8,66E07 | 2,32E04
ENSG0000012497 MYRF 11 112,965 2,131 1,82E05| 2,44E03
ENSG000001029¢ CCL22 16 21,163 2,128| 3,30E06 | 6,32E04
ENSGO0000015822 ESYT3 3 457,878 2,123|7,07E12| 2,28E08
ENSG000001713¢ KRT38 17 16,605 2,120|1,23E04| 1,04E02
ENSG0000028327 SPRR5 1 1720,770 2,116|2,78E13| 1,49E09
ENSGO000001148] TNNC1 3 36,266 2,082 6,72E04 | 2,85E02
ENSG0000017324 GLRX 5 391,456 2,062/ 1,21E10| 2,16E07
ENSG0000014357 FLG2 1 [27017,707 2,047)1,11E03| 3,54E02
ENSG000001721¢ SNTB1 8 66,311 2,044|2,92E08| 1,68E05
ENSG000001797¢ PIPOX 17 16,340 2,044| 3,38E05| 4,03E03
ENSG0000005064 PTGERS3 1 132,320 1,997| 3,81E04| 2,19E02
ENSG00000172341L16 15 20,942 1,993|8,87E07| 2,34E04
ENSG000002243( AL161785.1 |9 64,849 1,986| 3,93E08| 2,18E05
ENSG000002045] CDSN 6 |10440,017 1,982|1,45E05| 2,04E03
ENSGO000001587§ PLA2G2F 1 523,482 1,969|1,39E05|1,97E03
ENSG0000011949 SLC46A2 9 116,177 1,964| 3,49E06 | 6,45E04
ENSG000001652] WNK2 9 20,934 1,959| 3,77E06 | 6,89E04
ENSG0000017397 MARCHS3 5 268,192 1,929| 3,37E04 | 2,04E02
ENSG0000025827 LINC00592 |12 48,920 1,927|4,51E07|1,42E04
ENSGO000001317] KRT33B 17 56,730 1,908| 1,06E07 | 4,60E05
ENSG0000016894 STXBP6 14 19,179 1,895|1,85E05| 2,46E03
ENSG000001085] BLMH 17 | 1723,777 1,834|1,87E06|4,18E04
ENSG0000010374 ACSBG1 15 190,957 1,827|2,29E03| 4,61E02
ENSG0000026107 AC105046.1 | 8 44,414 1,769| 2,02E03 | 4,44E02
ENSG000002046] RNF39 6 897,098 1,756|1,21E04 | 1,03E02
ENSG000001871§ AC092118.1 | 16 24,212 1,738|2,41E05| 3,05E03
ENSG0000015944 TCHH 1 792,171 1,734/9,01E11|1,81E07
ENSG000002299¢ TOB1AS1 17 23,111 1,731|1,79E05| 2,42E03
ENSGO000002139( LIPEAS1 19 80,860 1,723 6,69E07 | 1,99E04
ENSGO000001610 PGLYRP2 |19 49,684 1,721| 3,48E06 | 6,45E04
ENSG0000016414 HPGD 4 1652,388 1,719|5,36E11| 1,44E07
ENSG000002796 AC099521.3 | 16 65,134 1,718| 3,06E04 | 1,93E02
ENSG000001573¢ IL34 16 168,679 1,702| 3,05E07| 1,02E04
ENSGO000001306( H19 11 | 7004,987 1,698| 2,84E03|4,91E02
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ENSG0000019794 FCHSD1 5 2443,277 1,691| 3,15E09| 3,16E06
ENSG000002769( AC023157.3 | 12 52,516 1,688| 1,32E05| 1,93E03
ENSG000002349 AC098934.2 | 1 16,724 1,681| 4,82E04 | 2,53E02
ENSG0000025317 AC055854.1 | 8 92,911 1,671|2,72E04|1,79E02
ENSG0000013267 RHBG 1 174,508 1,666|4,47E04 | 2,43E02
ENSG000001877Y CARD9 9 99,883 1,664| 7,80E07 | 2,20E04
ENSGO000001438§ ATP6V1C2 |2 1740,283 1,663| 2,99E03 | 4,99E02
ENSGO0000013664IL1F10 2 174,775 1,661|4,01E09| 3,58E06
ENSG0000016697 C150rf48 15 165,895 1,640|1,03E03| 3,44E02
ENSG000001304] FCHO1 19 208,518 1,636|5,89E09 | 4,99E06
ENSG000001650¢ TMC1 9 18,446 1,634|1,21E04 | 1,03E02
ENSG000001084] KRT37 17 103,219 1,610|2,10E06 | 4,51E04
ENSGO000001063( HYAL4 7 76,234 1,610|6,63E06| 1,09E03
ENSGO0000007567 ATP12A 13 110529,121 1,609| 8,54E04 | 3,19E02
ENSG000002699§ AL021328.1 |6 29,931 1,607|1,57E04| 1,23E02
ENSG000001085§ CHRNE 17 23,370 1,603| 6,04E04 | 2,76E02
ENSG000002615] AC097639.1 | 3 25,121 1,601| 7,65E05| 7,46E03
ENSG0000019734 LYPD2 8 222,782 1,588 2,95E03| 4,97E02
ENSGO000000366] USP2 11 418,375 1,579|5,21E08| 2,62E05
ENSG000001434] ANXA9 1 1219,648 1,578|1,34E07| 5,54E05
ENSGO000001851¢ LINC00482 |17 107,659 1,570| 2,22E06 | 4,69E04
ENSG0000018827 C150rf62 15 364,916 1,568|1,62E04| 1,24E02
ENSG000001038] CTSH 15 | 2304,900 1,551|2,63E08| 1,57E05
ENSG0000016204 HS3ST6 16 140,532 1,542/ 9,10E04 | 3,27E02
ENSG000001773¢ LRRN4CL |11 18,979 1,538| 7,45E04 | 3,02E02
ENSGO000001725§ MUCL1 12 147,835 1,535|1,09E03| 3,52E02
ENSG000001687( WFDC12 20 | 1939,436 1,494/1,87E04| 1,38E02
ENSG000002598( SLC22A31 |16 39,601 1,479|5,01E05|5,31E03
ENSG000002218] PSG7 19 16,799 1,476|1,23E03| 3,70E02
ENSG000001402Y GCNT3 15 107,217 1,473|1,91E05| 2,48E03
ENSGO000000060§ KRT33A 17 45,365 1,471 2,96E05| 3,61E03
ENSG0000024313 PSG4 19 299,541 1,466|1,47E06| 3,43E04
ENSG000001088§ MPP2 17 84,324 1,466|5,80E06|9,72E04
ENSG0000013861 SEMA7A 15 574,880 1,465| 3,46E06 | 6,45E04
ENSG000002549¢ AC103974.1 | 11 56,368 1,454|2,68E06|5,27E04
ENSG0000010824 KRT23 17 | 5959,095 1,451|1,28E03| 3,76E02
ENSG000002564¢ AL732437.1 | 10 19,089 1,446|1,95E03| 4,36E02
ENSG000001294] KLK14 19 302,792 1,446|4,42E06 | 7,90E04
ENSG0000026387 AC009831.1 | 18 71,633 1,440|1,48E06| 3,43E04
ENSG000001504] ADGRL3 4 89,571 1,440| 1,65E03|4,22E02
ENSG000001487] NPFFR1 10 32,725 1,435|1,75E04 | 1,32E02
ENSG0000010144 PPP1R16B |20 18,783 1,422|8,43E04| 3,18E02
ENSG0000016704 AL357033.1 | 20 21,529 1,413| 3,43E04 | 2,05E02
ENSG000001638( PLB1 2 209,789 1,412|8,52E07| 2,32E04
ENSGO000001881( FAM25A 10 127,454 1,396| 1,90E05| 2,48E03
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ENSG000001521] HSPBS8 12 | 3089,031 1,389| 4,04E04 | 2,28E02
ENSG000001727 LRRC20 10 | 1028,504 1,385|2,57E06 | 5,27E04
ENSG0000022473 AC007182.1 | 14 51,318 1,385| 6,30E05| 6,42E03
ENSGO000001717] DEFB4A 8 51,551 1,378|5,70E04 | 2,73E02
ENSG00000178771 C50rf46 5 291,022 1,377/ 2,05E05| 2,64E03
ENSG000002731] AL355312.3 | 6 22,739 1,369| 8,66E04 | 3,21E02
ENSGO000000883§ SLC15A1 13 840,146 1,366|1,67E06 | 3,78E04
ENSG000001661( GLB1L3 11 124,072 1,364|1,16E05|1,76E03
ENSGO000001107 VWF 12 158,331 1,361| 4,59E05| 4,99E03
ENSG000001014¢ MAP1LC3A |20 443,984 1,348| 8,92E04 | 3,25E02
ENSGO000001307§ NPAS1 19 130,954 1,347|3,50E05|4,12E03
ENSG000002362¢ AC234582.2 | 1 30,613 1,344|5,88E04 | 2,75E02
ENSGO0000019724 SERPINA1 |14 43,639 1,333|1,61E04 | 1,24E02
ENSG000001872] GCNT1 9 285,317 1,332/ 4,09E05 | 4,66E03
ENSG0000020494 PSG5 19 34,571 1,320| 7,99E04 | 3,14E02
ENSG000001806¢ YOD1 1 790,541 1,315|5,49E07| 1,70E04
ENSGO000001199] ELOVL3 10 70,922 1,314|1,29E04 | 1,07E02
ENSG000001317{ KRT34 17 135,021 1,313|5,09E05| 5,35E03
ENSG000001348] C5AR2 19 20,897 1,309| 8,67E04 | 3,21E02
ENSG000002484¢§ PCP4L1 1 45,306 1,309|1,29E03| 3,77E02
ENSG000002052¢ TMEM170B |6 35,355 1,306|5,80E04 | 2,74E02
ENSG0000011917 GDA 9 373,958 1,297|1,32E09| 1,63E06
ENSG0000013669 IL36B 2 151,607 1,284|2,03E06 | 4,40E04
ENSG0000020441 LY6G6C 6 3364,269 1,281|5,63E04 | 2,73E02
ENSG0000015427 C4orf19 4 69,788 1,280|1,34E05| 1,94E03
ENSGO000001798 LINC02581 |17 262,186 1,264|2,70E05| 3,34E03
ENSG0000023441 ACBD3AS1 |1 30,663 1,259|2,99E04| 1,92E02
ENSGO000002567 PLBDiAS1 |12 19,936 1,224|2,68E03|4,84E02
ENSG0000016902 MFSD7 4 64,558 1,211|2,40E04 | 1,62E02
ENSGO0000001003 ETV7 6 81,051 1,200 4,13E04| 2,32E02
ENSG0000017497 CD164L2 1 155,043 1,195|2,27E04 | 1,55E02
ENSG000001774( AC021054.1 | 12 129,250 1,192|1,65E05| 2,27E03
ENSGO000000999] CECR2 22 44,334 1,186|1,33E03| 3,82E02
ENSG000001282¢ MGAT3 22 33,048 1,180 7,75E04 | 3,10E02
ENSG000001231§ WDR83 19 302,390 1,177|2,49E04| 1,65E02
ENSG000001607¢ GBAP1 1 793,365 1,176|8,28E06| 1,32E03
ENSG0000000667 GGCT 7 3190,004 1,174/ 2,57E06| 5,27E04
ENSGO0000011134 RASAL1 12 546,883 1,163|7,98E05| 7,61E03
ENSG000002805§ LINC01348 |1 61,479 1,150| 7,43E04 | 3,02E02
ENSG000002555( CARD18 11 | 1401,339 1,149|1,31E06| 3,19E04
ENSG000001822] HHIPL1 14 39,951 1,138|9,05E04 | 3,26E02
ENSG000001584§ DNAH3 16 42,592 1,132|4,66E04 | 2,48E02
ENSGO000001595] SPRR2G 1 3920,118 1,123 1,33E04 | 1,09E02
ENSG0000017763 GBA 1 3012,472 1,119|2,67E06|5,27E04
ENSG000001975{ BCO2 11 109,598 1,117|1,04E04|9,11E03
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ENSG0000016984 ITGAM 16 51,604 1,115|1,27E03| 3,75E02
ENSGO000001870{ MITF 3 56,624 1,109 1,03E04|9,11E03
ENSG000002134¢ ERV3lL 7 450,047 1,109| 3,27E04 | 2,00E02
ENSG000002551] AP003068.3 | 11 46,770 1,105|2,29E03|4,61E02
ENSG000001228] EGR2 10 244,622 1,082|9,39E04 | 3,32E02
ENSG0000008884 SMOX 20 651,694 1,080|4,33E05|4,81E03
ENSGO000001386] ARHGAP24 |4 163,077 1,077|8,07E05| 7,64E03
ENSG0000013567 CPM 12 | 1622,254 1,064| 3,80E04 | 2,19E02
ENSGO000000696¢ RORA 15 769,679 1,059|1,69E04 | 1,29E02
ENSGO000000788( TP53INP2 |20 943,163 1,058|1,07E04|9,27E03
ENSGO000001083( RUNDC3A |17 536,830 1,057|5,91E05| 6,09E03
ENSG0000016444 CITED2 6 1368,982 1,056|1,51E04|1,21E02
ENSG0000012204 UBL3 13 594,071 1,052|6,04E06 | 1,00E03
ENSG000001679] GSDMA 17 | 4393,787 1,049| 3,10E04 | 1,93E02
ENSG000001886] NANOS1 10 100,379 1,044|1,00E03| 3,40E02
ENSG000001088] RND2 17 44,349 1,036|1,46E03|4,01E02
ENSG0000017914 ALOXE3 17 | 2541,632 1,036|4,49E04 | 2,43E02
ENSG000001824§ XKRX X 440,414 1,034|1,35E04| 1,10E02
ENSG0000023117 FAM25E 10 38,260 1,032 7,95E04 | 3,13E02
ENSG000001008¢ DHRS?2 14 98,824 1,031|1,87E03| 4,36E02
ENSG0000016604 TCP11L2 12 275,329 1,027|7,45E04 | 3,02E02
ENSG000001199¢ AVPI1 10 | 1127,676 1,021|2,22E05| 2,84E03
ENSG0000015809 DUSP2 2 153,501 1,017/1,02E04|9,11E03
ENSG0000014937 GLB1L2 11 156,708 1,009|6,08E04 | 2,76E02
ENSG000001334( PDZD2 5 1060,250 1,005|1,90E04| 1,38E02
ENSG000002053¢ C150rf59 15 359,693 1,001|2,00E04 | 1,42E02
ENSG0000015144 EPS8 12 52,925 -1,003| 1,48E03 | 4,04E02
ENSG0000025627 ZNF10 12 49,407 -1,007|2,07E03| 4,48E02
ENSGO000001032( NME4 16 | 1385,528 -1,010| 7,92E05| 7,61E03
ENSG000001843] ACTRT3 3 60,985 -1,010| 2,24E03 | 4,60E02
ENSG000002775§ NEFL 8 381,186 -1,010|5,48E04 | 2,73E02
ENSG000002282( RNF144AS1 2 30,072 -1,014| 2,48E03 | 4,69E02
ENSG000002341] AL138878.2 | 6 66,501 -1,017|9,57E04 | 3,35E02
ENSG000002531§ PCDHGA12 |5 144,897 -1,022| 1,40E03 | 3,92E02
ENSG000001780] CALHM5 6 94,449 -1,023|6,10E04 | 2,76E02
ENSGO000001174] TSPAN1 1 1794,589 -1,025| 3,06E06 | 5,93E04
ENSG0000018837 ZNF559 19 68,513 -1,036| 5,00E04 | 2,60E02
ENSGO0000007384 ST6GAL1 3 317,625 -1,037| 3,99E04 | 2,26E02
ENSG000002726( ZNF595 4 92,775 -1,039| 4,16E04 | 2,32E02
ENSG0000026769 AC011712.1 |18 226,886 -1,040|1,16E03| 3,61E02
ENSG000001465] VWDE 7 30,876 -1,042| 1,94E03| 4,36E02
ENSG0000016337 GPR155 2 96,719 -1,061| 3,28E05 | 3,94E03
ENSG000002259] PIGBOS1 15 43,068 -1,061| 8,85E04 | 3,24E02
ENSG000001561] KCNMA1 10 154,705 -1,066| 2,18E04 | 1,51E02
ENSG0000022407 SNHG14 15 663,487 -1,066| 2,05E04 | 1,44E02
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ENSG000001378¢ STRAG 15 306,288 -1,068| 1,24E03| 3,70E02
ENSGO000002131(NPM1P46 |2 435,186 -1,070|6,48E05| 6,51E03
ENSG0000019769 DNAH10 12 112,894 -1,073| 1,80E03| 4,33E02
ENSG000001974¢ COL13A1 10 77,862 -1,074|1,46E04|1,17E02
ENSG000001043] SFRP1 8 941,270 -1,078|1,03E04|9,11E03
ENSGO000001384] FAM117B |2 111,279 -1,079|1,57E04| 1,23E02
ENSGO000002323¢ RANP2 7 62,017 -1,084|5,37E04 | 2,71E02
ENSGO000001846] NELL2 12 118,244 -1,091| 8,46E04 | 3,18E02
ENSGO000001741] TLR6 4 52,760 -1,097| 3,10E04 | 1,93E02
ENSGO000001645( IL31RA 5 35,676 -1,097|2,35E03| 4,62E02
ENSG0000010607 GRB10 7 190,541 -1,105| 8,51E05| 7,96 E03
ENSGO00002143§NEURL1B |5 95,695 -1,109|2,42E04 | 1,62E02
ENSG000002575] NPIPB1P 18 40,642 -1,110| 1,09E03| 3,52E02
ENSGO000000135§ GPRC5A 12 | 1377,291 -1,111|1,98E04|1,41E02
ENSG0000023124 C1DP1 10 40,874 -1,113| 1,94E03 | 4,36E02
ENSG000002328( SDCBPP3 | X 37,139 -1,116|2,42E03| 4,65E02
ENSGO0000011997 IFIT2 10 76,846 -1,119|4,40E05| 4,84E03
ENSG000002587(AL161670.2 | 14 32,345 -1,120| 1,35E03 | 3,84E02
ENSG0000012037 PCDHB14 |5 25,331 -1,121|2,89E03| 4,93E02
ENSG000001230y BHLHE41 12 60,143 -1,129| 2,86E03 | 4,93E02
ENSGO000001619] ADCY10P1 |6 37,113 -1,129|9,27E04 | 3,28E02
ENSG000001689] ZNF608 5 107,735 -1,138| 8,58E05| 7,98E03
ENSG000002247§ AC006026.1 | 7 34,889 -1,138|5,72E04 | 2,73E02
ENSGO000001963] FUT4 11 40,119 -1,140| 5,19E04 | 2,63E02
ENSG000001562¢§ CLDNS8 21 22,746 -1,142| 2,65E03 | 4,83E02
ENSGO000002673] EIF4AA2P1 |18 49,255 -1,152|8,75E04 | 3,22E02
ENSG000001662¢ CYYR1 21 58,561 -1,157| 3,50E04 | 2,08E02
ENSGO000000504] SLC4A8 12 37,615 -1,157|8,94E04 | 3,25E02
ENSG0000016674 C160rf45 16 55,784 -1,163| 1,56E04 | 1,23E02
ENSG0000003847 VCAN 5 60,765 -1,164|9,96E04 | 3,40E02
ENSG000001611J AC007663.1 | 22 28,711 -1,165| 2,93E03 | 4,96E02
ENSG000001989] L1ICAM X 515,857 -1,167|7,57E07 | 2,17E04
ENSGO000002572] LINC02407 |12 26,890 -1,169| 1,76E03 | 4,30E02
ENSG000001244¢ CEACAM8 |19 51,659 -1,175|1,31E03| 3,80E02
ENSG0000016687 ANPEP 15 427,822 -1,187|4,03E06 | 7,28E04
ENSG000002316J LUARIS 7 30,934 -1,189| 2,44E03 | 4,66E02
ENSG000002312( ZNF826P 19 37,516 -1,190| 1,04E03 | 3,45E02
ENSG0000009112 NRCAM 7 120,523 -1,192|9,17E05| 8,43E03
ENSG000001380¢ CYP1B1 2 308,211 -1,195|1,16E04 | 9,91E03
ENSG0000010359 IQCH 15 32,762 -1,203|5,76E04 | 2,74E02
ENSG0000014297 AZIN2 1 33,007 -1,212|2,08E04 | 1,45E02
ENSG0000019804 ZNF667 19 78,455 -1,221| 8,42E06 | 1,33E03
ENSG0000025073 SELENOP |5 142,505 -1,239|7,31E06| 1,19E03
ENSG0000012309 SSPN 12 27,971 -1,240| 6,50E04 | 2,83E02
ENSG000002368] GAPDHP2 |20 38,976 -1,243|9,49E04 | 3,34E02
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ENSG000001054] MEIS3 19 57,632 -1,248| 1,85E04 | 1,37E02
ENSGO000001077] PALD1 10 330,940 -1,257|3,51E05| 4,12E03
ENSGO000000763§ SLC46A1 17 126,346 -1,262| 1,38E05| 1,97E03
ENSG000001414§ SLC13A5 17 138,505 -1,301|4,48E05| 4,91E03
ENSGO0000016411 FAM198B |4 87,323 -1,307|6,56E05| 6,56E03
ENSGO000001086( ALDH3A1 |17 81,348 -1,327|7,85E05| 7,61E03
ENSG000002304] MIG7 1 87,244 -1,334|6,30E05| 6,42E03
ENSG000002475] SDCBPP2 |8 22,425 -1,335| 2,24E03| 4,60E02
ENSG000002410] AC114490.1 |1 18,571 -1,341|1,94E03| 4,36E02
ENSG000001666¢ ATF7I1P2 16 25,745 -1,360| 1,82E04 | 1,36E02
ENSG000002300( ANKRD36BP, 2 30,485 -1,377|2,98E04| 1,92E02
ENSG0000002607 VIM 10 | 4246,439 -1,385|5,72E07| 1,74E04
ENSG000002699§ AC146944.4 | 5 39,572 -1,404|1,48E03| 4,04E02
ENSG000001317] MAP1B 5 193,900 -1,441|1,08E05| 1,66E03
ENSG000001154¢ IGFBP5 2 43,062 -1,454|6,48E05| 6,51E03
ENSGO000001710( HS6ST2 X 38,181 -1,482|5,79E04 | 2,74E02
ENSGO000001781] SPINK6 5 541,859 -1,535| 1,06E07 | 4,60E05
ENSG0000016154 CYGB 17 124,857 -1,538| 1,55E08 | 9,94E06
ENSGO000002597§ HMGB1P6 |15 30,058 -1,557|9,65E05| 8,73E03
ENSG0000016924 CXCL10 4 41,575 -1,568| 1,40E05|1,97E03
ENSG0000023429 AL592293.2 |9 29,444 -1,571|4,93E05| 5,28E03
ENSG0000009114 LAMB4 7 23,411 -1,662| 5,29E05| 5,53E03
ENSG000001448] COL8A1 3 98,212 -1,667|2,11E09| 2,26E06
ENSG0000025074 LINC02381 |12 103,303 -1,696| 9,04E09| 6,61E06
ENSG000000009] CFH 1 34,895 -1,772|1,91E05| 2,48E03
ENSG0000017124 SOSTDC1 |7 21,196 -1,850| 2,59E06 | 5,27E04
ENSG000002358§ LINC00941 |12 48,550 -2,517|7,94E11|1,81E07
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