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Abstract

InTRODUCTION: Ochratoxin A (OTA) is a worldwide spread mycotoxin that
contaminates our food. Detrimental effects of OTA on human health are evi-
dent by damage to renal cells, causing nephropathies. Long non-coding RNAs
(IncRNAs) are also implicated in the pathogenesis of renal nephropathies and
cancers. Herein I report on a novel IncRNA, WISP1-AS1, an antisense transcript
in the WISP1 locus. OTA is the only known inducer of WISP1-AS1. However,
WISP1-AS1 functions in OTA-treated cells were undiscovered. This research
was set to investigate WISP1-AS1 characteristics and functions in OTA toxicity

and renal cancer cells and to understand the molecular mechanisms behind it.

MEetHops: WISP1-AS1 expression in normal and cancer renal cells was in-
vestigated by PCR methods and Northern blot. WISP1-AS1 knockdown was
established by LNA™ GapmeR antisense oligonucleotides (ASOs). By RNA-
sequencing, influence of WISP1-AS1 on transcriptome was evaluated. Changes
in transcription factor (TF) activities were analyzed by promoter activity assays.
Glucose consumption and lactate production were determined by specific en-
zymatic assays. The effect of WISP1-AS1 on cell death (apoptosis and necrosis)
was assessed by measuring caspase activities and lactate dehydrogenase (LDH)
release. Nuclear fragmentation and mitochondrial membrane potential were an-

alyzed by Cytation 3 Cell Imaging Multi-Mode Reader.

Resurts: WISP1-AS1 transcribes in antisense in comparison with WISP1
mRNA. Expression in antisense was confirmed by Northern blot. WISPI-AS1
transcription is completely inside the WISPI locus and does not suppress
WISP1I mRNA. WISP1-AS1 influences the activity of certain TFs. Promoter
activity assays confirmed that the activity of TF EGR-1 was increased and
E2F activity was suppressed in a WISP1-AS1-dependent manner. WISP1-AS1
expression was elevated in renal cancer cells and OTA further upregulated
it. High WISPI-AS1 expression in renal cancer cells without OTA treatment
indicates its implication in carcinogenesis. Functional experiments demonstrate
that WISPI-ASI might direct glucose towards mitochondrial respiration to
obtain ATP. In WISP1-AS1 presence, caspase-3 activity was significantly low
and the GAS6 gene, involved in caspase-3 suppression, was upregulated.

Concrusions: WISP1-AS1 is an antisense noncoding transcript. WISP1-AS1
upregulates the activity of TF EGR-1 and suppresses the activity of E2F. It lowers
caspase-3 activity and acts antiapoptotic, possibly by upregulating GAS6. In
WISP1-AS1 presence, OTA-treated cells maintain normal energy metabolism.

Keyworps: IncRNA, antisense, WISP1, ochratoxin A, antiapoptotic, renal cell



Contents

1 Introduction 1
1.1 Focus on regulatory noncoding RNA molecules . . ... ... .. 1

1.2 Recognized importance of long noncoding RNAs . . . . .. .. .. 2

1.3 Similarities between coding and long noncoding RNAs . . . . .. 3

1.4 Specific long noncoding RNA (IncRNA) features . . . . . . .. .. 4
14.1 LncRNA orientation and genomic location . . .. ... .. 5

1.5 Natural antisense transcripts (NATs) . . . . .. ... ... .. ... 6
1.5.1 Mechanisms of NAT action . ... .............. 7

1.5.1.1 NAT-chromatin-modifiers interactions . . . . . . 8

1.5.1.2 NAT interactions directly with DNA . . ... .. 10

1.5.1.3 Transcriptional interference . .. ... ... ... 10

1.5.1.4 NAT-RNA interactions in the nucleus . . . . . . . 11

1.5.1.5 NAT-RNA interactions in the cytoplasm . . . . . 13

1.5.1.6  Translational interference . . . . . . ... ... .. 13

1.5.1.7 NAT influencing protein functions . ... .. .. 14

1.6 Discovery of IncRNA WISPI-AST . . .. ............... 15
1.7 Ochratoxin A (OTA) . . . ... ... .. . 17
1.7.1  Occurrence of natural OTA contamination . .. ... ... 17

1.72 OTAinfluenceonrenalcells. . . . ... ... ... ..... 18

1.7.3  OTA influence on WISP1-AS1 expression . . ... ... .. 21

1.8 PMA induction of WISPT mRNA expression . ... ........ 21

2 The aims of the study 23
3 Materials and Methods 24
31 Chemicals . ... ... .. ... ... 24
3.2 Basic molecular biology methods . . . . .. ... .......... 24
321 Cellculture . ... ... ... ... ... 24

3.22 RNA isolation and quality control . . . .. ... ... ... 24

323 CcDNA preparation . . ............ .. ....... 25

3.24 Real-time quantitative polymerase chain reaction (qPCR) 27
325 TagManPCR .. ... .. .. ... ... ........... 27



32.6 Dropletdigital " PCR . ... ................. 28
3.2.7 WISP1-AS1 knockdown by LNA™ GapmeR antisense

oligonucleotides (ASOs) . . . . . .. ... ... .. ..... 29

328 Northernblot . .. ... ... ... ... ........ 30

3.3 RNA-sequencingdata . ........................ 32
3.3.1 Initial data processing . . ... ... .. ... ... ... . 32

3.3.2 Promoter activity assays . . . . . ... ... ... ... ... 33

333 Genevalidation . . ... ... ... .. ... .. ... ... 35

34 Celldeath . . ... ... ... ... . ... . ... . 0 . 35
3.4.1 Cell culture treatment and cell lysis . . . . ... ... ... 35

3.4.2 Determination of proteincontent . . . . .. ... ... ... 35

343 Caspaseactivity . . . ... ... ... L L 35
344 Nuclear fragmentation . . . . ... ... ........... 36

3.4.5 Lactate dehydrogenaserelease . ... ... ... ...... 37

3.4.6 Estimation of mitochondrial membrane potential . . . . . 37

3.5 Cellular metabolism . ... ...................... 38
3.5.1 Cell culture treatment and cell lysis . . . . ... ... ... 38

3.5.2 Glucose consumption . . ... .. ... ... ..., . 39

3.5.3 Lactate production from D-glucose and L-glutamine . .. 39

3.6 Bioinformatics tools and databases . . . . .. ... ... ... ... 40
3.7 Statisticalmethods . . ... ... ... .. ... . 0 00 41
Results 42
4.1 Molecular characteristics of WISP1-AST . . . ... ... ...... 42
41.1 Orientation of WISPI-AST . . . . ... ... .. ....... 42
41.1.1 Support of WISP1-AS1 transcription in antisense = 42

412 Polyadenylation of WISPI-AST . . .. ... ......... 44

4.1.3 Transcriptional landscape of WISPI-AS1 . . ... ... .. 45
413.1 Influence of WISP1-AS1 on WISPI mRNA . ... 45

41.3.2 Transcriptional elongation from the upstream gene 48

414 Noncoding potential of WISPI-AST . ... ... ... ... 48

42 WISPI-AST expression . . . . . . ... ... ... .. ... ... 49
42.1 WISP1-AS1 expression in renal cancercells . . . . ... .. 49

III



4.2.2  Northern blot confirmation of WISPI-AS1 expression and

orientation . . . . ... ... oo Lo 50

4.3 Knockdown tool for WISP1-AS1 functional studies . . . . . . . .. 51

44 RNA-sequencing . ... ................ ... . ..., 53

44.1 Differential expression of protein coding genes . . . . . . . 53

442 Gene ontology enrichment analysis . . .. ......... 54

443 WISP1-AS1 influence on transcription factor activity . . . . 55

444 Testing the TF activity by reporter assays . . ... ... .. 56

445 Gene expression validation . . . ... ... ......... 57

45 Celldeath . ... ... ... .. ... 58

451 WISP1-AS1 involvement in apoptosis . . . . ... ... .. 58

452 WISP1-AS1 influence on nuclear fragmentation . . .. . . 60

453 Necroticcelldeath . . . ... ... ... ........... 61

454 Changes in mitochondrial membrane potential . . . . . . . 62

4.6 Cellular glucose consumption and lactic acid formation . . . . . . 63

4.6.1 WISP1-AS1 influence on energy metabolism . . ... ... 63

4.6.2 Lactate production and glutaminolysis . . . ... ... .. 63

5 Discussion 66

51 WISP1-AS1 molecular characteristics . . . . ... ... ... ... .. 66
5.2 WISP1-AS1 expression in renal cancer cells with and without

OTAinduction . . . . ... ... ... . .. ... . .. ... 69

5.3 Potential WISP1-AS1 functions . . . . ... ............. 70

53.1 WISP1-AST influence on transcriptome and TFs . . . . . . 70

5.3.2 WISP1-AS1 influence on cell survival . ... ... ... .. 72

5.3.3 WISP1-AS1 influence on glucose metabolism . . . . .. .. 73

5.3.4 WISP1-AS1 influence on mitochondrial membrane potential 75

5.4 Proposed WISPI-AS1 mechanism . . . . . ... ... ........ 76

Appendix A Sequences 78

Appendix B Acronyms 82

References 91

IV



List of Figures

1.1
1.2

1.3
1.4
1.5

1.6

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

49
4.10

411
4.12

4.13

4.14

51

Cellular RNA classification . . .. ... ... ... ... ......

Long noncoding RNA classes based on their genomic location
with respect to protein-coding genes . . . . . ... ... ... ...

Mechanisms of action of antisense RNA transcripts in the nucleus
Four archetypes of IncRNA mechanisms . . . . .. ... ... ...

A schematic presentation of WISP1 gene and WISPI1-AS1 genomic

locationandlength . . ... ...... ... ... .. .. .. ....

The molecule of ochratoxin A . . . . . . . . . . . . . . ... ....

Determination of WISP1-AS1 orientation . . . ... ... ... ..
In silico analysis of RNA sequencing (RNA-seq) experiments . . .
WISP1-AS1 polyadenylation . . . ... ................
Expression of WISP1-AS1, WISP1I mRNA and NDRGI mRNA

In silico ribosome profiling . . . . .. ... ... ... . 0L
WISP1-AS1 expression in ccRCC cell line 786-O . . . . . . . .. ..
Northernblot . . ... ... ... ... . .. ... ... ... ..
OTA-induced WISP1-AS1 expression in the presence of LNA

GapmeR antisense oligonucleotides (ASOs) . . . . ... ... ...
Differential expression (DE) analysis of RNA-seq genes . . . . . .

OTA and WISP1-AS1 influence on the transcriptional activity of
EGR-1,E2Fand AP-1 . . . . . . . . . . . .

Validation of some genes from RNA-seq . . . . .. ... ... ...

Changes in apoptotic events: caspase activities and nuclear frag-
mentation in the cells treated with OTA and ASOs . . . . . .. ..

WISP1-AS1 influence on the cellular necrotic death and mitochon-

drial polarization . . . ... ... ... ... . oL

WISP1-AS1 influence on glucose consumption and lactate pro-

duction . . . . . . .

A speculative model of WISP1-AS1 functions in OTA-treated cells

12
15

16
17

43
44
45
47
49
50
51

52
54

57
59

61

62

64

77



List of Tables

1.1 The mechanisms of natural antisense transcripts . . . . .. .. ..

3.1 Reverse transcription with reverse transcriptase and control reac-

tion without reverse transcriptase . . . . ... ... ... ... ..
32 TagManPCRreaction . ... .....................
3.3 Preparation of ddPCR reactions . . . ... .............
3.4 Treatment groups for WISP1-AS1 knockdown by ASOs . . . . . .
3.5 Ligationreaction . ... ........ ... ... . ... ..

3.6 In vitro transcription reactions with and without biotin-labeled
UTP ..

3.7 Caspase substrates used to determine specific caspase activity . .
3.8 Composition of HEPES buffer, pH 7.4 for LDH measurement
3.9 Composition of HEPES-Ringer buffer, pH7.4 . . . ... ... ...

A.1 Sequences of antisense oligonucleotides . . . . .. ... ... ...
A.2 Sequences of Northern blot probes . . . . .. ... ... ... ...
A3 Sequencesof primers . . ... .. ... ... .. ... .. ...

A4 WISPI-ASIsequence . . . . . . ... ... ...

VI



1 Introduction

1.1 Focus on regulatory noncoding RNA molecules

Between 70-90 % of base pairs (bp) in our genome will be transcribed in some
cell types at some point during our lives [ CarnINcI ET AL. 2005; E. P. CoNsorTiUM
2012; E. P. ConsortiuMm ET AL. 2007; DyeBaLI ET AL. 2012]. However, only around
2% of those bp transcribes into protein-coding messenger RNA (mRNA) [E. P.
Consorrium 2012; I. H. G. S. Consortium 2004 ], included in the databases such
as GENCODE and Ensembl [Harrow ET AL. 2012; HuBBARD ET AL. 2002]. The
rest of transcripts comprise a diverse class of noncoding RNAs (ncRNAs), in-
cluding infrastructural or housekeeping RNAs and regulatory RNAs (Fig. 1.1)
[reviewed by PoNTING ET AL. 2009].

ribosomal

transfer
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Housekeeping
ncRNAs

small
nuclear

Cellular
RNAs

small

nucleolar
-

Short

(< 200 nt) interfering
- 7

PIWI-
interacting
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(> 200 nt)

Figure 1.1: Cellular RNA classification. Long ncRNAs are subdivided in Fig. 1.2.

small

Regulatory
ncRNAs

NcRNAs function as RNA molecules without translation into proteins. Ac-
cording to the central dogma [Crick 1970], RNA was only thought to be a mes-
senger between DNA and proteins. However, their involvement in gene expres-
sion is larger than initially thought [ Lozapa-CHAVEZ ET AL. 2011 and Fig. 2 there
within; MarQues et AL. 2014 and Fig. 2 there within]. This ncRNA awareness,

started in the 2000s in the postgenomic era!

, caused a sharp genome-wide in-
crease in discovered regulatory ncRNAs [BERTONE ET AL. 2004; IMANISHI ET AL.

2004; Kampa T AL. 2004 ].

Noncoding transcripts are functionally important. They contain “much of
the information required to program our development” [Martick 2010] and are

involved in all functional aspects within the cell in health and disease [reviewed

1 After sequencing of the human genome; https://www.genome.gov/human-genome-project
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by EsteLLEr 2011; Mattick 2001 ]. The size of the noncoding genome scales with
the complexity of the organism — unlike the protein-coding genome [ TAFT ET AL.
2007; reviewed by Ho 2014; Martick 2010; PRAsaNTH AND SPECTOR 2007 ]. Protein-
coding genes alone are inadequate to justify the complexity of higher eukaryotic
organisms [reviewed by Szymansk1 AND Barciszewski 2002 ]. NcRNAs are filling

the gaps in our understanding of the cellular functions.

For this reason, currently one of the most important challenges is to under-
stand the functions of regulatory ncRNAs and the conditions of their expression
in human diseases.

1.2 Recognized importance of long noncoding RNAs

Long noncoding RNAs (IncRNAs) are a class of ncRNAs longer than 200 nu-
cleotides (nt). This limit was chosen to separate them from other noncoding and
regulatory RNAs, which are typically shorter than 200 nt. Mattick and J. L. Rinn
believe the IncRNA term and its classification by length and noncoding feature

will be used only temporarily “until they are better characterized” [2015].
The first IncRNA with a described function was H19 [BRANNAN ET AL. 1990],

soon followed by the second, X-inactive specific transcript (XIST) [ BROCKDORFF
ET AL. 1992; BRowN, BaLLABIO, ET AL. 1991; BrRownN, HENDRICH, ET AL. 1992]. Both
IncRNAs are involved in epigenetic regulation.

Before IncRNA functions were investigated, it was thought that such tran-
scripts have no function in the cell and were defined merely as “transcriptional
noise” [BLAKE ET AL. 2003 ] or the “dark matter in the genome” []. M. JOHNSON ET
AL. 2005; Kapranov et aL. 2010]. These conclusions were reached due to the lack
of evidence of function and the inappropriate focus on the characteristics valid
for the coding sequences (e.g. protein-coding, sequence conservation across
species and high expression) [discussed in PONTING ET AL. 2009].

Thus, it is no wonder that pervasive genome transcription stayed unappre-
ciated until the use of whole-genome technologies. Particularly, importance
of IncRNAs was recognized through microarrays and sequencing experiments
[ BERTONE ET AL. 2004; CHENG ET AL. 2005; MERCER ET AL. 2011; L. YANG ET AL. 2011].

To date?, 96308 genes for IncRNAs have been identified in humans, tran-
scribing into 172216 IncRNAs, according to the most comprehensive IncRNA
annotation database, the NONCODE database [Y. Zunao, H. Li, et aL. 2016].
Another database, LNCipedia [VoLpEers ET AL. 2013] reports 56946 IncRNA

2 30 November 2019



INTRODUCTION

genes and 127802 IncRNA transcripts. Many IncRNAs discovered by whole-
genome sequencing experiments have only in silico predicted functions [ PERrRON
ET AL. 2017; reviewed by Cao et AL. 2018; SiGNAL ET AL. 2016]. While annotations
are being improved [FrankisH ET AL. 2018; Szcze$Niak ET AL. 2019; reviewed
by Uszczynska-Ratajczak et AL. 2018], most IncRNAs still lack experimental

verification of their predicted functions.

In the last few years, astounding effort was put into experimentally reveal-
ing molecular characteristics and functions of IncRNAs, mostly in the context
of human diseases [ BLONDEAU et AL. 2015; YaN ET AL. 2015; YuaN ET AL. 2016].
Finding functions is possible with many new technologies [reviewed by Bester
ET AL. 2018; JaTHAR ET AL. 2017; KasHr ET AL. 2016; Q1AN ET AL. 2019]. Experimen-
tally confirmed and published functions of IncRNAs are curated into a reference
database, the IncRNAdb [Quek et aL. 2015]. Thus far it counts 290 IncRNAs.

LncRNAs are implicated in regulation of possibly all cellular (patho)physio-
logical processes, from development, metabolism, aging to diseases [reviewed
by Batista AND CHANG 2013; GE1sLER AND CoLLER 2013; Sousa-FRaNco ET AL. 2019;
X.-Y. Zuao ano Lin 2015]. Therefore, research of their functions is an important

link in deciphering the cellular molecular functions in health and disease.

1.3 Similarities between coding and long noncoding RNAs

Coding and long noncoding RNAs share many molecular characteristics. Both
utilize the same transcriptional machinery, including RNA polymerase II (RNA
Pol IT) [Gurt™AN ET AL. 2009]. Their promoters are occupied by RNA Pol I and
certain histone modifications [ CONLEY AND JorDAN 2012; SaT1 ET AL. 2012]. The
majority has a 5" cap and 3’ poly(A) tail [GurTMAN ET AL. 2009; SIGOVA ET AL.
2013]. They show similar regulation by transcription factors (TFs) and number

of identical TF binding sites (TFBSs) in the promoters [CawLEY ET AL. 2004].

Similar to mRNA, “more than 25 % of IncRNA genes show evidence of al-
ternative splicing with at least two different transcript isoforms per gene locus”
[CaBiLi, TRAPNELL, ET AL. 2011; DERRIEN ET AL. 2012]. In both articles, the authors
also observed that IncRNAs tend to have only two exons, which makes them
shorter transcripts than mRNAs. Other researchers found that “nearly every

noncoding exon is subject to alternative splicing” [ DEvesoN et aL. 2018].

Another shared feature are open reading frames (ORFs). Protein-coding
ORFs are usually conserved [SiepEL ET AL. 2005 ]. LncRNAs either have conserved
ORFs [CHEKULAEVA AND Rajewsky 2019] or non-conserved ORFs, the latter ap-

pearing by chance during evolution [ DiNGer ET AL. 2011 ]. To discriminate coding

3
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from noncoding RNA only by ORF features becomes complicated for IncRNAs
originating from pseudogenes, like XIST whose ORFs are conserved, but have
lost their protein coding role [ErisaPHENKO ET AL. 2008; reviewed by HEzroNI ET
AL. 2017; SHEVCHENKO ET AL. 2013].

There is evidence that some IncRNAs code for a peptide with biological
function [ ANDREws AND ROTHNAGEL 2014; JacksoN ET AL. 2018; RAZOOKY ET AL.
2017], although many computationally predicted ORFs are not yet investigated
for transcription and functionality [CarvieLLo et ar. 2015; Jr et ar. 2015].
Additionally, evidences of dual coding and noncoding RNAs were found [Husg

AND FrancasteL 2018; Nam et AL. 2016].

1.4 Specific IncRNA features

LncRNAs are less sequence conserved than protein-coding genes [reviewed by
Fancg anp Furiwoob 2016 ], because of two reasons. First, their sequences evolve
fast within placental mammals/primates [ DERRIEN ET AL. 2012; NECSULEA ET AL.
2014]. Second, their secondary structural elements and tertiary domains are
both conserved and important for the function [ DeLL1 PONTI ET AL. 2018; reviewed
by BrLyTHE ET AL. 2015; QIAN ET AL. 2018]. Without sequence homology, human
Alu and mouse Sineb2 (short interspersed elements B2) RNAs fold into similar
structures and bind RNA Pol II [Espinoza ET AL. 2004; MARINER ET AL. 2008].
Despite low sequence conservation, promoter regions of IncRNAs are highly
conserved [Ponjavic et aL. 2007 ], equal to or more than the promoters of protein-

coding transcripts [ CARNINGI ET AL. 2005; DERRIEN ET AL. 2012].

LncRNAs are less abundant than mRNAs, meaning they are expressed at
significantly lower levels [ DErrIeN ET aL. 2012; Table 1 in PaLazzo anp Leg 2015].
Dijebali et al. estimated that only a low number of IncRNAs (< 1000) appear
in more than one copy per cell (in common human cell lines) [2012]. Some
transcripts are expressed as low as 0.0006 copies per cell [ MERCER ET aL. 2011].
This makes it harder to find their function unless certain cells and conditions are
tested [PaLazzo anp Lee 2015]. The low amount is explained by their function
as regulatory molecules [reviewed by Mattick AND MakunIN 2006 ]. Exceptions
are some highly abundant structural IncRNAs, important for the maintenance
of chromatin and nuclear architecture, [reviewed by MELE aND J. Rinn 2016 ] for
example NEAT1? [CLemsoN et AL. 2009; reviewed by Lo et aL. 2016].

The expression of a IncRNA is usually spatially restricted to certain tissues

or cell types [ CaBiLi, TRAPNELL, ET AL. 2011; DERRIEN ET AL. 2012; JIANG ET AL. 2016;

3 nuclear paraspeckle assembly transcript 1



INTRODUCTION

reviewed by WaRrD et aL. 2015] and tightly timely regulated [Petr1 ET AL. 2015;
X.-Q. ZHANG ET AL. 2017]. For example, while IncRNA FENDRR* expresses only
in mesoderm during normal development [ GRoTE ET AL. 2013 ], many other IncR-
NAs are specifically enriched in testes [CaBiLi, TRAPNELL, ET AL. 2011; NECSULEA
ET AL. 2014]. With tight spatio-temporal control, IncRNAs possess a potential
to finely control gene expression [ Barista aAND CHANG 2013], although it makes
them harder to discover [ DyeBavt et AL. 2012; KasHr1 ET AL. 2016].

LncRNAs predominantly accumulate in the nucleus [DERrIEN ET AL. 2012;
DyeBaL1 T AL. 2012; GUDENAS AND L. WANG 2018], associating with the chromatin
or specific nuclear substructures [DEerrIEN ET AL. 2012; DjeBALI ET AL. 2012; re-
viewed by Gubpenas aND L. WaNG 2018; Magistrr ET AL. 2012]. Nuclear localiza-
tion supports their functionality without translation due to compartmentaliza-
tion away from the translational machinery [ CasiLi, DUNAGIN, ET AL. 2015; JTET AL.
2015]. This localization provides valuable clues to understand their molecular
functions [reviewed by CaBiLi, DuNAGIN, ET AL. 2015; L.-L. CHen 2016 ]. However,
some IncRNAs are cytoplasmic [L.-L. CHen 2016; reviewed by Non Et aL. 2018],
cytoplasmic and nuclear [CasiLi, DuNAGIN, ET AL. 2015], or shuttle between the
compartments, including mitochondria, upon stimulation [ CARRIERI, FORREST, ET
aL. 2015; KiNo et AL. 2010; reviewed by Nos et AL. 2018].

1.4.1 LncRNA orientation and genomic location

To define the origin from the genome, two characteristics are important: ori-
entation and location. Orientation is defined in respect of the nearest protein-
coding gene: sense (in the same direction) or antisense (in the opposite direc-

tion) [ DErRrIEN ET AL. 2012; reviewed by J. L. RiInN aND CHANG 2012].

The location can be either in the genomic space between protein-coding
genes, so called gene desserts (intergenic IncRNAs) or in the parts of the
protein-coding gene (intragenic IncRNAs) [DerrieN ET AL. 2012]. Intergenic
IncRNAs are called long intergenic noncoding RNAs (lincRNAs) [reviewed
by PoNTING ET AL. 2009; RansoHOFF ET AL. 2018]. Intragenic IncRNAs can
be transcribed from the sense or antisense strand, each either entirely from
intron (intronic sense or intronic antisense IncRNA) or overlap parts of exon

[overlapping sense IncRNA or natural antisense transcript (NAT) |.

Bidirectional IncRNAs are a separate class. They transcribe from a close prox-
imity (< 1000 bp) of the protein-coding gene and always in the opposite (diver-
gent) orientation. In contrast to bidirectional IncRNAs, lincRNAs are located far

4 Forkhead box protein F1 adjacent non-coding developmental regulatory RNA
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from the protein-coding genes.

LncRNA classes are presented in Fig. 1.2 and reviewed by B. Hrprickova ET

AL. 2014; JaArRrROUX ET AL. 2017; KAZEMZADEH ET AL. 2015.

4 -}‘j

Antisense IncRNAs
1) Intronic 2) NAT

— -~
|

— 1 -
Sense IncRNAs

1) Intronic 2) Overlapping

e e
~a

Genes:

Bidirectional IncRNAs (divergent)
- LncRNA

5 - Protein-coding

Figure 1.2: Long noncoding RNA classes based on their genomiclocation with respect
to protein-coding genes. Long intergenic noncoding RNAs (lincRNAs) are transcribed
from the region between two genes. Antisense IncRNAs overlap in antisense the introns
or at least a part of the exons of the sense gene. Sense IncRNAs overlap in sense the
introns or exons of the sense gene. Bidirectional IncRNAs transcribe in the opposite
direction and from the vicinity of the sense gene. Image taken from B. HrpLICKOVA ET
AL. 2014. Copyright 2019, with permission from Elsevier.

1.5 Natural antisense transcripts (NATs)

Natural antisense transcripts (NATs) are endogenous, processed transcripts
containing partial or complete complementarity with known sense transcripts.
Sense and antisense transcripts can be either coding or noncoding but usually
NATs are noncoding RNAs, antisense to a protein-coding sense RNA [FacHinI
AND WaHLESTEDT 2009; Katavama er AL. 2005]. Throughout my thesis I will
focus on long noncoding NATs. Long noncoding NATs are mainly localized in

the nucleus, mostly enriched in chromatin [DerrieN ET AL. 2012] and appear
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highly tissue-specific (analyzed in various tissues and species) [reviewed by

VANHEE-BROSSOLLET AND VAQUERO 1998; WERNER ET AL. 2007 ].

NATs are transcribed and act in cis or in trans. Cis-NAT represents a transcript
from the opposite strand but the same genomic locus compared with its target
sense transcript. Due to their sequence complementarity they present “a perfect
pair”. Trans-NAT, on the other hand, is transcribed from a distinct genomic locus
compared with its target sense transcripts. They require only partial sequence
complementarity and hybridize with some mismatches [reviewed by Kopp aAND

MEenDELL 2018; VANHEE-BROSSOLLET AND VAQUERO 1998].

Antisense transcription is more pervasive than the previously thought 22—
47 % in a polyadenylated fraction []. CHEN ET AL. 2004; ENGSTROM ET AL. 2006; Oz-
soLAK ET AL. 2010]. Katayama et al. discovered formation of sense-antisense pairs
in 70 % of all human and mouse genomic loci, which could indicate functional-
ity [2005]. NATs are usually 10-fold less abundant than corresponding sense
expression [HE et AL. 2008] and the reduction can be even 1000-fold [ WENRIC ET
AL. 2017]. There are exceptions, e.g., BACE1-AS is more abundant than BACE1®
mRNA in brain of the patients with Alzheimer’s disease [FaGgHixi, MODARRESI,
ET AL. 2008] and the overall expression of NATs in breast tumors is increased in

comparison with sense transcripts [ WeNRIC ET AL. 2017].

1.5.1 Mechanisms of NAT action

NATs have two general mechanisms of action on their coding counterparts: con-
cordant and discordant. In concordant (positive) regulation, NAT stimulates
expression of the target gene or NAT expression stabilizes the target sequence.
Discordant (negative) regulation refers to repressive action of NAT on the tar-
get gene; when NAT is increased, expression of target gene is inhibited. The two

mechanisms are graphically presented in Fig.1 in WicHT AND WERNER 2013.

K. C. Wang and Chang introduced four archetypes that summarize IncRNA
functional mechanisms and that apply to NATs [2011]. To show the diversity
of NAT’s involvement in cellular functions, I categorized NAT mechanisms ob-
served in humans according to the level at which NAT influences gene expres-
sion regulation and the type of functional interaction (Table 1.1). The structure
was adopted from Facumr AND WaAHLESTEDT 2009; VILLEGAS AND ZAPHIROPOULOS
2015; reviewed by PELEcHANO AND STEINMETZ 2013. Nuclear interactions are re-

viewed by MARcHESE AND Ramvonb1 2017.

> beta-site amyloid precursor protein cleaving enzyme 1 also known as beta-secretase 1
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Table 1.1: The mechanisms of natural antisense transcripts

Level of gene regulation  Type of functional interaction Section
Pretranscriptional NAT-chromatin-modifiers (guide, signal and scaffold 1.5.1.1

archetypes)

NAT-DNA 1.5.1.2
Transcriptional Transcriptional interference 1.5.1.3
Posttranscriptional NAT-RNA in the nucleus 1514

NAT-RNA in the cytoplasm 1.5.1.5
Translational Translational interference 1.5.1.6
Posttranslational NAT-protein (decoy archetype) 1.5.1.7

1.5.1.1 NAT-chromatin-modifiers interactions

NATs can interact with DNA- and histone-modifying enzymes [reviewed by
Magistri ET AL. 2012] and induce epigenetic changes in gene activity [reviewed
by ALLis AND JENUWEIN 2016]. Basically, they can activate gene expression by in-
teracting with enzymes that either remove repressive DNA marks or add active
histone marks. To silence gene expression, NATs interact with enzymes that add
repressive DNA and histone marks (Fig. 1.3). Influences of NATs on epigenetic

modifications are explained through the following archetypes.

Guide archetype

NATSs can recruit regulatory proteins to the target gene locus either in cis or in
trans. Guidance in cis occurs cotranscriptionally [K. C. WanG anp CHaNg 2011].
Guidance in trans [reviewed by HunG aND CHANG 2010] is realized by RNA:DNA
heteroduplex or RNA secondary structures. Interaction between NAT and DNA
is direct or mediated by another protein (Fig. 1.4) [B. HrpLickova ET AL. 2014].

To repress gene expression, guide NATs bind DNA methylation enzymes,
DNA methyltransferases (DNMT), and recruit them to the promoters of NAT’s
target genes [Y. Zunao anp H. Suxn H. W. 2016]. DNA methylation is involved in
induction of inactive chromatin and stalls gene expression [reviewed by Gujar
ET AL. 2019; MiraNDA AND JoNEs 2007]. DUM®, an antisense transcript to the
developmental pluripotency-associated protein 2 (DPPA2) gene interacts with
DNMTs and recruits them to the DPPA2 promoter. Thus, DUM silences DPPA2
in cis and promotes differentiation of skeletal muscle cells [L. WANG ET AL. 2015].

Scaffold archetype

NAT presents a platform to which diverse protein complexes attach and get di-

rected to a certain genomic location. NAT forms unique secondary structures

¢ developmental pluripotency-associated 2-upstream binding muscle IncRNA
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which can be recognized by different proteins. Single NAT can bind multiple
proteins concurrently and bring regulatory factors (transcription activators and
repressors) in the vicinity to perform complex acts in gene expression regulation
(Fig. 1.4) [K. C. WaNG anD CHANG 2011].

To repress gene expression, scaffold NATs bind histone-modifying enzymes
[reviewed by Magistri ET AL. 2012]. An example is HOX transcript antisense
RNA (HOTAIR) transcribed from the HOXC locus [J. L. RinN, KerTESZ, ET AL.
2007]. HOTAIR simultaneously binds two chromatin-modifying complexes: one
that introduces repressive histone mark and another that removes active histone
mark. Both protein complexes work toward silencing gene expression in trans
over 40 kilobases (kb) of the HOXD locus []. L. RinN, KertEsz, ET AL. 2007 ].

To activate gene expression, NATs induce DNA demethylation. Demethyla-
tion can be passive (lost through cell divisions) or active (mediated by a multi-
step enzymatic process) [reviewed by BocHTLER ET AL. 2017; WU AND Y. ZHANG
2014]. TARID’, an antisense transcript to the transcription factor 21 (TCF21),
physically binds TCF21 promoter and a GADD45A® protein that recruits an en-
zyme to remove methylated cytosine. Therefore, TARID serves as a scaffold and

a guide for demethylating machinery [ AraB ET aL. 2014].

NAT can activate gene expression by interacting with chromatin modifiers.
HOXA transcript at the distal tip (HOTTIP) is transcribed from the 5 of the
HOXA locus. HOTTIP binds a part of the histone methyltransferase complex
and guide the complex to the HOXA locus. The complex adds active histone
marks and activates transcription of multiple genes across 40 kb [K. C. WaNg,
Y. W. YaNG, ET AL. 2011].

Signal archetype

NAT transcribes at a certain place and time, thus, NAT is considered a molecular
signal, marking the spatio-temporal event, e.g., developmental stage or respond
to stimuli. Just the act of transcription is regulatory but NATs can have additional
functions (Fig. 1.4) [K. C. WanG anp CHang 2011].

X-chromosome inactivation is the mechanism to compensate for the dose
of X-chromosome-linked genes in XX and XY individuals. Inactivation of one
entire X chromosome in females is controlled by transcription of a NAT, XIST
[ BROCKDORFF ET AL. 1992; BROWN, BALLABIO, ET AL. 1991; BRowN, HENDRICH, ET AL.
1992]. XIST spreads from X inactivation center (XIC) along the X chromosome
and triggers heterochromatin formation by acting as a guide for the chromatin

7 transcription factor 21 antisense RNA-inducing demethylation
8 growth arrest and DNA-damage-inducible 45 alpha
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remodeling protein PRC2°. XIST initiates silencing in cis [C CHANG ET AL. 2006;

J. Zrao et AL. 2008] and marks the inactive X chromosome.

1.5.1.2 NAT interactions directly with DNA

Antisense transcripts can form RNA:DNA hybrids or triplex structures with ge-
nomic DNA. In these structures, NAT can additionally recruit epigenetic modi-
fiers and change the gene status [reviewed by Y. L1 eT aL. 2016].

ANRASSF1'0 forms RNA:DNA hybrid with the RASSF1A! promoter, then
binds and recruits PRC2 at the RASSFIA promoter. PRC2, in turn, induces
histone methylation and RASSF1A downregulation [BEcKEDORFE ET AL. 2013].
Another example is promoter-associated RNA (pRNA), antisense to the pro-
moter of ribosomal DNA (rDNA) clusters. This NAT binds to YfDNA and forms
RNA:DNA triplex, specifically recognized by DNMT3b which methylates rDNA

promoter and silences YDNA genes [Scumirz et aL. 2010].

1.5.1.3 Transcriptional interference

Instead of RNA product, the act of NAT transcription can regulate gene expression
in cis. Transcriptional interference can occur during the transcriptional initiation
or elongation phase between two convergent transcriptional units which overlap
on the opposite strands. For example, two convergent promoters can compete
for RNA Pol Il in the transcription initiation. Likewise, RNA Pol II can physically
collide with the complex from the opposite strand; transcription then stops from
one or both strands (Fig. 1.3) [SHEARWIN ET AL. 2005].

Transcription of GNG12-AS1'? interfere with a neighboring tumor suppres-
sor. The transcription start site (TSS) of DIRAS3 and GNG12-AS1 compete for
the binding of RNA Pol II. Resulting DIRAS3 transcription is only possible only
when GNG12-AS1 transcription is stalled [Stojyic ET AL. 2016].

Protein-coding gene IGF2R13, imprinted on the maternal allele, [BarLow,
STOGER, ET AL. 1991] contains a convergent cis-acting NAT, AIRN'* [ Yotova ET AL.
2008; Zwarr ET AL. 2001]. An imprint is DNA methylation on the imprinting
control element (ICE) [reviewed by BarLow aND BartoLoMEr 2014; BARTOLOMEI

aND FerGusoN-SmitH 2011], located at a CpG island within an intron of the

? polycomb repressive complex 2

Vantisense to Ras association domain family member 1

1 Ras association domain family member 1

12G protein subunit gamma 12-antisense RNA 1

Binsulin-like growth factor type 2 receptor

4antisense to insulin-like growth factor type 2 receptor RNA noncoding
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IGF2R gene [STOGER ET AL. 1993]. Methylated ICE prevents AIRN transcription
and, in turn, allows IGF2R transcription. On the paternally inherited allele,
ICE is nonmethylated, allowing AIRN to transcribe and, thus, prevent the
transcription of IGF2R [KOERNER ET AL. 2009; Latos ET AL. 2012; SLEUTELS ET AL.
2002]. AIRN transcription, but not the molecule itself, is important for the
silencing of IGF2R gene [Latos ET AL. 2012; SEIDL ET AL. 2006].

1.5.1.4 NAT-RNA interactions in the nucleus

RNA masking

When an antisense transcript binds to sense mRNA, it forms double-stranded
RNA (dsRNA). This physically prevents the binding of regulatory factors to
mRNA part in a duplex.

NAT can promote the translation of mRNA by masking splice sites (Fig. 1.3).
ZEB2-AS1%, upregulated during epithelial-mesenchymal transition (EMT),
binds to the 5" of ZEB2 pre-mRNA and covers the splice site. Hence, the first
intron with an element for efficient ZEB2 translation remains in the splice
variant and enables translation [BeLTRAN ET aL. 2008; Fig. 5 in SErviss ET AL.
2014]. Likewise, NATs hold a potential to influence alternative polyadenylation
and termination of transcription [Faguiai AND WanLEsTEDT 2009]. NATSs can
also mask single-stranded RNA (ssRNA) and protect it from degradation by
ribonucleases (RNases) (Fig. 1.3). FGFR3-AS1'® forms dsRNA with fibroblast
growth factor receptor 3 (FGFR3) mRNA. This dsRNA protects from RNase
degradation and increases FGFR3 mRNA stability and translation [J. SUN ET AL.
2016]. Overall, RNA masking is a sole NAT-RNA interaction that positively
regulates mRNAs.

RNA interference

DsRNA, formed between an antisense and sense transcript, can be cleaved by an
RNase III enzyme, Dicer [Lau et aL. 2012]. Fragments of 21 to 23 nt are formed,
[ELBasHIR ET AL. 2001; ZaMORE ET AL. 2000; H. ZHANG ET AL. 2002 ] known as an en-
dogenous short interfering RNA (endo-siRNA) (Figs. 1 and 4 in OkAMURA AND
La12008]. One strand of endo-siRNA binds to Argonaute (AGO2) protein and
forms RNA-induced silencing complex (RISC) [MAcCRAE T AL. 2008; MATRANGA
ET AL. 2005; MEIsTER ET AL. 2004 ]. siRNA directs RISC to the sense mRNA, leading
to mRNA cleavage and degradation (Fig. 1.3) [MARTINEZ ET AL. 2002; MATRANGA
T AL. 2005]. Dicer and AGO2, the key components of the RNA interference

15zinc finger E-box binding homeobox 2-antisense transcript 1

16 fibroblast growth factor receptor 3-antisense transcript 1
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(RNAi) machinery, are found in the nucleus and the cytoplasm [ GAGNON ET AL.
2014; ScHRAIVOGEL ET AL. 2015; WEINMANN ET aL. 2009]. So, the NAT-induced
RNAI is possible in both compartments [ BErezuNA ET AL. 2006; CLaycoms 2014;
GAGNON ET AL. 2014; Ross T AL. 2005]. Some NAT-derived endo-siRNAs are
produced in the c-MYC locus (NAT6531) [NaroLr et aL. 2017] and huntingtin
(HTT) gene (HTT-AS) [CruUNG ET AL. 2011].

RNA editing

Adenosine to inosine (A-to-I) deamination is a change in nucleotide sequence
catalyzed by ADAR (adenosine deaminase acting on RNA), an enzyme acting
on nuclear dsRNA [Bass 2002]. Inosine pairs with cytosine and is recognized as
guanosine, thus, this editing introduces changes of a primary sequence and sub-
sequently codes for a nonfunctional protein. A-to-I editing is a NAT mechanism
to induce nuclear retention of promiscuously edited mRNAs [Z. ZHANG AND
CarmicHAEL 2001] or heterochromatin gene silencing (Fig. 1.3) [Q. WANG ET AL.
2005]. Prostate cancer antigen 3 (PCA3), a NAT, is the most specific biomarker
in urine of human prostate cancer. PCA3 promotes A-to-I editing and downreg-
ulates the expression of a tumor suppressor PRUNE2 (prune homolog 2 with
BCH domain), resulting in tumor growth [SaLameH ET AL. 2015].

_"\_"u'\_ Amino acid changes

RNA editing Sense mmm—ADAR S Antisense Melting of RNA duplexes
=Yy Nuclear retention
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Transcriptional Reduced transcription of both
Interference (TI) Sense /- sense and antisense RNAs

Antlsense

—— Alternatively spliced mRNA
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miRNA £= RNase
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Figure 1.3: Mechanisms of action of antisense RNA transcripts in the nucleus. Mech-
anisms described in the text above. Image taken from WicHT AND WERNER 2013. Copy-
right 2019, with permission from Portland Press Ltd.
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1.5.1.5 NAT-RNA interactions in the cytoplasm

Masking miRNA binding sites

Similar to nuclear masking of splice and RNase-binding sites, NATs can bind
to sense mRNAs in the cytoplasm and block the micro RNA (miRNA) binding
site. In the Alzheimer's disease, NAT and miRNA compete for the binding site
on BACET mRNA. BACE1-AS binding blocks the binding of miR-485-5p. The
inhibitory effect of miRNA on BACET1 translation is blocked and BACET mRNA
is stabilized [Faghini, M. ZHANG, ET AL. 2010; Fig. 1 in RasHip ET AL. 2016].

mRNA decay

mRNA degradation can be obtained by (STAU1'”)-mediated mRNA decay
(SMD). STAU1, a dsRNA-binding protein, binds to the 3" untranslated regions
(UTRs) of translationally active mRNAs. STAU1 binding site (SBS) can be
formed by imperfect base-pairing between an Alu element within the 3 UTR
of an SMD target and complementary Alu element within a specific IncRNA.
Those specific IncRNAs, exclusively cytoplasmic, are called half STAU1-binding
site RNAs (%-sbsRNAs). %-sbsRNA1 base-pairs with the 3’ UTR of SERPINE1'®
mRNA. STAU1 stabilizes the duplex between the two halfs of SBS on SERPINE1
mRNA and %-sbsRNA1. By recruiting STAU1 to trigger a SERPINET mRNA de-
cay, ¥2-sbsRNA1 contributes to the reduction of cell migration. Other ¥2-sbsRNA
members (2-4) induce an SMD in their targets in the same way [GoNG AND
Maquar 2011; Fig. 1 in RasHID ET AL. 2016].

1.5.1.6 Translational interference

NAT can interfere with the translation machinery and thereby prevent mRNA
translation. The translation of transcription factor PU.1 is inhibited by its NAT.
Antisense PU.1 directly binds translation factors and stalls translation between
the initiation and elongation step [EBraLipzE ET AL. 2008 ]. Oppositely, SINEUPs
are antisense RNAs that require the inverted SINEB2 sequence to UP-regulate
translation [ZuccHeLLl ET AL. 2015]. Therefore, SINEUPs can increase synthesis
of target proteins. In humans, R12A-AS1 is an antisense to phosphatase 1 reg-
ulatory subunit 12A (PPP1R12A) and contains an effector domain FRAM'?, an
Alurepeat. FRAM is important for binding of PPP1R12A mRNA and increasing
its translation [ ScHEIN ET AL. 2016]. R12A-AS1 is similar to mouse Uchl1 SINEUP

[ CarrIERI, CIMATTI, ET AL. 2012; CARRIERI, FORREST, ET AL. 2015].

7Staufen homolog 1
Bserpin family E member 1, also known as plasminogen activator inhibitor type 1, PAI-1
Yfree right Alu monomer repeat element
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1.5.1.7 NAT influencing protein functions

NATs can have direct regulatory functions on proteins. For example, NATs can
modulate the activity of TFs and enzymes or influence the function of the signal-
ing pathway components [reviewed by MARcHESE AND Rammonbi 2017; RasHID
ET AL. 2016]. Those NAT functions can be described by a decoy archetype.

Decoy archetype

NAT interacts with diverse regulators of gene expression and sequesters them
away from binding to the target genomic loci, resulting in gene activation or
silencing. NAT itself does not conduct additional functions except binding pro-
teins (Fig. 1.4) [K. C. WAaNG anD CHANG 2011].

NF-xB? interacting long noncoding RNA (NKILA) influences the compo-
nents of this signaling pathway. In the canonical pathway, the inhibitor of the
NF-xB (IxB) is degraded when is phosphorylated. Then the NF-xB complex is
activated and can translocate into the nucleus. NKILA forms hairpins and phys-
ically blocks the phosphorylation of IxB. Thus, the secondary structure of NAT
suppresses the NF-xB activation, increases apoptosis and acts antimetastatic.
NKILA is upregulated by NF-«B in a negative feedback loop [Liu et aL. 2015].

NATs can likewise suppress TF activity. PANDAR?! is a NAT transcribed
from the CDKN1A?? promoter in the antisense direction to CDKNTIA mRNA. As
a response to DNA damage, p53 binds to CDKN1A locus and activates PANDAR
transcription. PANDAR binds transcription factor NF-YA?® and pulls it away
from its binding sites in proapoptotic genes [Hung, Y. WaNG, et AL. 2011]. This
way PANDAR attenuates apoptosis [HUNG, Y. WaNG, ET AL. 2011; Z. L1 T AL. 2017;
ZHAN ET AL. 2016].

Besides influencing protein functions, NATs can also regulate protein sta-
bility. DNA-damage-induced noncoding IncRNA (DINO) is another antisense
transcript from the CDKNI1A promoter region, induced by DNA damage-
induced p53. As an RNA transcript, DINO directly binds to p53 and constitutes
a positive feedback loop. DINO first stabilizes p53 and then guides p53 to its
response elements on the downstream target genes, for example CDKN1A, and
thus control cell cycle, DNA repair and apoptosis. Thus, DINO functions in cis
and in trans [ Scumrtt ET AL. 2016; Fig. 3b in MARCcHESE AND RamvonDI 2017].

Certain NATs act via more than one archetype. For example, PANDAR per-

D nuclear factor kappa-light-chain-enhancer of activated B cells
21p21 associated ncRNA DNA damage activated RNA

22cyclin dependent kinase inhibitor 1a

Znuclear transcription factor Y subunit alpha
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Figure 1.4: Four archetypes of IncRNA mechanisms. Signal NAT’s transcription is a
reaction to a certain stimulus or developmental stage and can consequently activate or
silence gene transcription. In decoy archetype, NAT sequesters the regulatory proteins
away from their binding site on DNA. In contrast, in guide archetype, NATs can guide
regulatory proteins to their binding sites in a direct way or indirect, mediated by another
protein. Scaffold archetype describes a NAT as a platform to which different regulatory
proteins bind. NAT brings them to the certain DNA site. Added words “Direct” and
“Indirect” to the original image. Image taken from B. HrpLickova ET AL. 2014. Copyright
2019, with permission from Elsevier.

~

forms signal and decoy and HOTTIP signal and guide functions [K. C. WancG
AND CHANG 2011]. HOTAIR serves as a scaffold and a guide for chromatin mod-
ifying complexes and an anatomic signal of posterior and distal sites [BALAs AND
A. M. Jounson 2018; J. L. RiNnN, KertEsz, ET AL. 2007; K. C. WaNG AND CHANG
2011]. MALAT1?* functions as a scaffold [reviewed by X. ZuanG, HAMBLIN, ET
aL. 2017] and decoy [TripatHI ET AL. 2010]. On the other hand, different NATs
can influence the same target [ PENG ET AL. 2017].

1.6 Discovery of IncRNA WISP1-AS1

During the studies on the effects of ochratoxin A (OTA) on the primary culture
of renal proximal tubule epithelial cells (RPTEC), Hennemeier et al. noticed an
increased expression of the WISP1?> RNA [2012]. All the efforts to confirm an
upregulation of WISP1 at the protein level resulted in the absence of signal in

Western blot (while antibodies were functional and positive control was giving

2 metastasis associated lung adenocarcinoma transcript 1
BWNT1-inducible signaling pathway protein 1
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a signal). This prompted Hennemeier and colleagues to investigate this RNA in

more detail.

WNT1-inducible signaling pathway protein 1-antisense transcript 1
(WISP1-AS1) was not previously detected in silico and was not available in
public databases. This might be because “standard RNA sequencing requires
double-stranded c¢DNA synthesis, which erases RNA strand information,
leading to expression quantification that is the sum of the expression of both
transcripts of the cis-NAT pair” [WEeNric ET AL. 2017]. To detect antisense
transcription, strand-specific RNA-sequencing would have to be employed
[reviewed by R. HrpbLickovA ET AL. 2017; LEVIN ET AL. 2010].

Since there was no information on the WISP1-AS1 genomic location, primer
walking and RACE?® methods were used to obtain its full-length [HENNEMEIER
2014; HennNeMmEIER ET AL. 2012]. The results have shown that WISP1-AS1 is 2922
ntlong and encoded from a part of intron 4, exon 5 and a part of 3' UTR of WISP1
gene (Fig. 1.5). By the ability to confirm WISPI-AS1 length, and therefore the
existence, a new IncRNA was discovered! It is an IncRNA because it is longer
than 200 nt and not coding for WISP1 splice variant.

q24.22

Chromosome 8 (W OO T W)

Exons 1 2 3 4 5 (UTR)

WISP1 gene 5' L L N e
Introns 1 2 3 7 4 N
WISP1-AS1 3 = N s
924 nt 300 nt 1698 nt
2922 nt

Figure 1.5: A schematic presentation of WISP1 gene and WISP1-AS1 genomiclocation
and length. WISPI gene is located in humans on the chromosome 8, near the end of the
longer arm (genomic location 8q24.22). WISP1 gene consists of five exons. WISP1-AS1
is transcribed from the part of intron 4 (924 nt), exon 5 (300 nt) and a part of the 3' UTR
(1698 nt). WISP1-AS1 is 2922 nt long. See Table A.4 for WISP1-AS1 sequence.

By separation of nuclear and cytoplasmic RNA, WISP1-AS1 localization was
detected predominantly in the nucleus [HENNEMEIER 2014; HENNEMEIER ET AL.
2012]. This further supported its noncoding nature due to compartmentaliza-
tion away from the translation machinery [CasiLi, DuNnaGIN, ET AL. 2015; J1 ET

aL. 2015]. WISP1-AS1 is an IncRNA with an increased expression after expo-

% rapid amplification of cDNA ends
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sure to the mycotoxin OTA [HENNEMEIER 2014; HENNEMEIER ET AL. 2012]. Altered
IncRNA expression after mycotoxin exposure in human cells was demonstrated
by some studies. The very potent carcinogenic mycotoxin aflatoxin B1 upregu-
lated IncRNA H19 and increased the invasiveness of hepatocellular carcinoma
[Lv ET AL. 2014].

1.7 Ochratoxin A (OTA)

Ochratoxin A (OTA) is a mycotoxin produced by fungi Aspergillus ochraceus,
Penicillium verrucosum and other Aspergillus species. OTA-producing fungi are
listed in Table 1 in ABruNHOsA ET AL. 2010. OTA molecule contains a chlorinated
dihydroisocoumarin moiety linked by a peptide bond to L-phenylalanine (Phe)
(Fig. 1.6) [reviewed by EL KHoury anD Atour 2010; Koszecr anp Poodr 2016 ].

In an aqueous solution, dependent on pH, OTA is present in three forms:
nonionic, monoanionic (OTA™) and dianionic (OTA®"). Nonionic form is
present in acidic solutions. With the pH increase, the molecule loses hydro-
gen (green in Fig. 1.6) on L-phenylalanine carboxylic group and becomes
monoanionic. By losing hydrogen on the phenolic group, (green in Fig. 1.6)
OTA becomes dianionic [CaGNasso ET AL. 2019; Podr et aL. 2013 and Fig. 1
there within). Based on these chemical properties, OTA is very stable in acidic
environments and overall a highly stable chemical [TReNk ET AL. 1971]. In
crystalline structure, OTA has a melting point of 169 °C [ MERWE, STEYN, AND
Fourie 1965; MERWE, STEYN, FOURIE, ET AL. 1965], thus, it can endure high thermal
processing [ TRENK ET AL. 1971].

Figure 1.6: The molecule of
ochratoxin A. Blue: L-phenylala-
nine residue; red: dihydroiso-
coumarin ring, green: acidic hy-
drogens.

1.7.1 Occurrence of natural OTA contamination

OTA contamination, detected in a wide variety of agricultural commodities (e.g.
corn, barley, wheat, rice, coffee and cocoa beans, grapes) used for human or an-

imal food, presents a significant problem worldwide [reviewed by BINDER ET AL.
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2007; DenL1 AND Perez 2010; DuarTtg, Lino, ET aL. 2010; MALIR ET AL. 2016]. Con-
tamination occurs when fungi, species Aspergillus and Penicillium, produce OTA
as a secondary metabolite, usually on the improperly stored grains in humid and
warm places [reviewed by CaIrNs-FULLER ET AL. 2005; DUARTE, PENA, ET aL. 2010;
Macan anD ALDRED 2005]. Contamination of grains is concerning because OTA
can be transferred through the food chain: from the animal feed to animals, and
to humans by consuming animal products [reviewed by ABruNHOSsA ET aL. 2010;
DenLt aND Perez 2010; Duartg, Lino, ET AL. 2012] or by direct consumption of
contaminated cereals, fruits and processed products of plant origin [reviewed

by Duarte, LiNo, ET AL. 2012].

Once foodstuff is contaminated, it is very difficult to completely remove
OTA [Er Kaoury anp Arour 2010; Koszecr anp Podr 2016]. OTA is insensitive
to heat treatments during cooking processes [ BULLERMAN AND Branchint 2007;
Kasak 2008], including baking bread [Scupamore et aAL. 2003; ViparL 2014].
Residual OTA contamination is observed after refinement processes like coffee
roasting [ KHANEGHAH ET AL. 2019; STEGEN ET AL. 2001; reviewed by Lerrio 2019
and very little after beer brewing [BeLAkovA ET AL. 2011; reviewed by ANLI
aND Arxkis 2010]. Thus, avoiding OTA consumption by contaminated food is
impossible! That’s why, OTA can be detected in nm amounts in the plasma of
healthy humans. PronL-Leszkowicz AND MANDERVILLE 2007 in Table 1 reviewed
OTA amounts in blood from healthy persons from 10 European countries
between the 1970's and 1990's. European Food Safety Authority in Table 7
summarized OTA concentrations in human plasma between 1990's and 2000's
[2006].

Autoclaving of contaminated food for 3h [TReNk ET AL. 1971] or heating up to
250 °C [Boupra ET AL. 1995] did not completely destroy the OTA molecule. Only
treatment in alkali conditions and high temperature can substantially destroy it
[TriveDI ET AL. 1992]. Despite the methods to decompose the OTA molecule even
up to 80-90 %, it should be kept in mind that toxic effect is (usually) not removed
by degrading OTA; decomposed products might be just as toxic [ SUAREZ-QuIrOZ
ET AL. 2005].

1.7.2 OTA influence on renal cells

OTA is absorbed in the small intestines into the bloodstream [Kumacar anp
AiBara 1982] where it binds to different proteins [ScHWERDT, FREUDINGER, SiL-
BERNAGL, ET AL. 1999], with the highest affinity for the abundant albumin [Chu
1971; Perry ET AL. 2003]. Half-life of OTA in human serum is 35 days [STUDER-
RoHr ET AL. 2000]. OTA distributes to different organs: liver, skeletal muscles
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and adipose tissue but kidney is the main target [reviewed by RINGOT ET AL.
2006].

Kidneys contain the special transport mechanism, part of it being organic
anion transporters (OATs), involved in the active cellular uptake of OTA. Anzai
et al. reviewed transporters in the kidney responsible for OTA accumulation in
the tubule cells [2010]. Damage by OTA is observable along the nephron?. The
most affected proximal tubule cells [ GEkLE, SauvanT, ET AL. 2005; reviewed by
Kurper-GoopmaN aND Scott 1989] absorb OTA from the blood on the basolat-
eral side by OAT1 and OAT3 [ X. ZHANG, GROVES, ET AL. 2004 ]. On the apical side
OTA is reabsorbed from the tubule volume [DAHLMANN ET AL. 1998; ZINGERLE
ET AL. 1997; Fig. 1 in Anzar er L. 2010] by, for example, H*-dipeptide cotrans-
porter [DAHLMANN ET AL. 1998; SCHWERDT, FREUDINGER, SILBERNAGL, ET AL. 1998;
ScHWERDT, GEKLE, ET AL. 1997 ] and OAT4 [Basu et AL. 2002]. Thus, OTA accumu-
lates in the proximal tuble cells, where it binds to cellular proteins [ ScHwWERDT,
GEKLE, ET AL. 1997]. For a thorough review on OTA damage of renal structure

and function, see GEKLE, SAUVANT, ET AL. 2005 and citations therein.

In accordance with OTA accumulation in the kidney, the main toxic effect of
OTA is indeed nephropathy, observed in different animals [reviewed by KrocH
1992]. OTA is undoubtedly a cause of mycotoxic porcine nephropathy (MPN)
[ELLiNG AND MoOLLER 1973; KrOGH ET AL. 1979] and (at least partially) a cause of
human endemic nephropathies. The most studied is Balkan endemic nephropa-
thy (BEN) [ABouziep Et AL. 2002; CEOVIC ET AL. 1985; HULT ET AL. 1982; VRABCHEVA
ET AL. 2004; VUKELIC ET AL. 1992; reviewed by Fucus anp Peraica 2005; Pavrovic
2013; Steranovic aND Porenakovic 2009]. BEN appeared in certain parts of the
Eastern Europe in areas with OTA-contaminated food (Fig. 1 in STiBOROVA ET AL.
2016] in farming households [ MiLetic-MEDVED ET AL. 2005]. The disease is char-
acterized by the damage of the tubular epithelium, interstitial fibrosis, tubular
and kidney atrophy [VukgLic eT AL. 1992]. The highest OTA concentration in
the blood of BEN patient was 50 ng/ml [Rabic et AL. 1997]. Similar renal dis-
eases observed in Tunisia [ Grosso et AL. 2003 ] and Egypt [ WaEra ET AL. 1998] had
maximum 8 and 10ng/ml OTA in the blood of nephropathic patients.

One of the toxicological OTA effects [reviewed by HEussNER AND BinGLE 2015;
KurrEr-GoobMaN AND Scorr 1989; ProHL-Leszkowicz AND MANDERVILLE 2007
and citations there within] is carcinogenicity [reviewed by ProHL-Leszkowicz
AND ManDervILLE 2011]. OTA increases the incidence of renal adenoma and
carcinoma in experimental animals [reviewed by KuiPEr-GooDMAN AND ScoTT

1989; Matrry anD Dexant 2009; PronHL-LEszkowicz AND MANDERVILLE 2011].

Z nephron structure: Kriz et AL. 1988
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Higher incidence of urethro-renal cancers was also observed in BEN patients
[CHERNOZEMSKY ET AL. 1977; Fuchus aND Peraica 2005; MILETIC-MEDVED ET AL.

2005; SteraNovic, TONCHEVA, ET aL. 2006; VUKELIC ET AL. 1992].

Mechanisms of OTA action are described in different animals and human
cell culture [reviewed by Koszect aAND Podr 2016], although some are not well
understood at the molecular level. At high OTA concentrations, Phe moiety of
OTA inhibits Phe-tRNA synthetase activity and interferes with protein synthe-
sis, decreasing total cellular protein [CreppY ET AL. 1984]. Protein content was
decreased after OTA treatment of mesangial [ ScHWERDT, HOLZINGER, ET AL. 2009

and opposum [SAUVANT ET AL. 20054 ] kidney cells in culture.

OTA activates the mitogen activated protein kinases (MAPK) [reviewed
by CArRGNELLO AND Roux 2011] in the collecting duct and proximal tubule cells
[GexLE, SCHWERDT, ET AL. 2000; HENNEMEIER ET AL. 2012; SAuvaNT ET AL. 2003,
20054,8]. In particular, it activates ERK*® and antagonistic JNK?’ and p38.
ERK1/2 pathway plays specific roles in the control of cell proliferation and
differentiation [reviewed by KesHET AND SEGER 2010 | and mitosis [ SHAPIRO ET AL.
1998]. JNK and p38 are involved in dedifferentiation, inflammation and cell
death [Ma et AL. 2007; reviewed by GRYNBERG ET AL. 2017]. OTA promoted cell
survival by activating ERK1/2. By activating JNK/p38, OTA induced apoptosis
(and necrosis), markers of fibrosis and EMT, the changes observed in chronic
interstitial nephropathies including BEN. Thus, JNK could be the underlying
mechanism of OTA-induced nephropathies [GexLE, ScHWERDT, ET AL. 2000;
SauvanT ET AL. 2003, 20054,8].

In IHKE? cells, OTA influences cellular Ca*" infux [Benesic et aL. 2000] and
triggers: stimulated mitochondria, enhanced production of protons and ATP
and decreased cytosolic pH (acidification). The latter two were also necessary
for OTA-induced caspase-3 activation and apoptosis. No cytochrome c release
was detected after OTA treatment, suggesting intact mitochondria [ScHWERDT,
FREUDINGER, SCHUSTER, ET AL. 2004, 2003 ]. Acidification can naturally occur in the
collecting duct of the kidney and form ideal conditions to enhance toxic OTA ef-
fects [ ScHWERDT, FREUDINGER, SCHUSTER, ET AL. 2004 ]. OTA-induced, Ca’t- depen-
dent changes on mitochondrial membrane potential were: hyperpolarization
in THKE [Eper et AL. 2000] and depolarization in MDCK-C73! cells [ScHwWERDT,
FREUDINGER, SCHUSTER, ET AL. 2004 ]. OTA-induced acidification was autonomous
from aerobic glycolysis and lactate formation in IHKE cells [Eper ET AL. 2000;

Bextracellular signal-regulated kinase

2 c-jun N-terminal kinase, also known as stress-activated protein kinase (SAPK)
Yimmortalized human kidney epithelial

3Madin-Darby canine kidney clone 7
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ScHWERDT, FREUDINGER, SCHUSTER, ET AL. 2003]. In summary, OTA toxicity is a
result of cellular Ca2+, functional mitochondria and acidification [EDER ET AL.

2000]. Other OTA mechanisms are reviewed by Koszecr aNp Po6r 2016.

1.7.3 OTA influence on WISP1-AS1 expression

OTA toxicity in renal cells seems to be mediated by WISP1-AS1. WISP1-AS1 ex-
pression was significantly increased in RPTEC and HEK293T cells exposed to
OTA in comparison with the respective controls. OTA-induced WISPI-AS1 ex-
pression is specific for epithelial cells; it does not express in OTA-treated normal
human lung fibroblasts (NHLF). Moreover, OTA-induced WISP1-AS1 expres-
sion is time- and dose-dependent [ HENNEMEIER ET AL. 2012]. Very important to
remember is that OTA is the only known inducer of WISP1-AS1; the property
we employ in the laboratory to induce endogenous WISP1-AS1 expression.

HENNEMEIER ET AL. 2012 demonstrated that OTA must enter the cell to in-
duce WISP1-AS1 expression. Since OTA treatment influenced the activation of
MEK/ERK signaling pathway, it was proposed that OTA probably binds to ERK
in the cytoplasm (by unknown mechanism) which consequently induce WISP1-
AS1. Other signaling pathways [JNK, p38, protein kinases A and C (PKA, PKC)
and MSK1%?] were not involved [ HENNEMEIER ET aL. 2012].

OTA is known to induce carcinogenesis by various mechanisms [reviewed by
Matry anp Dexkant 2009; ProHL-LEszkowicz AND ManDerviLLE 2011 ]. Addition-
ally, IncRNAs are diferentially expressed and functional in tumors [reviewed
by GurscHNER AND DiepericHs 2012; Huarte 2015; PeENG ET AL. 2017], including
renal cell carcinoma (RCC) [BronpEeau et AL. 2015]. Histological types of RCC
are: clear cell (80-90 %), papillary (10-15 %), chromophobe (4-5 %), and mi-
nor subtypes (< 1%) [LjUNGBERG ET AL. 2019; MucLia aND PranDO 2015; SHUCH
T AL. 2015]. OTA induces WISP1-AS1 expression in renal epithelial cells. Clear
cell renal cell carcinoma (ccRCC) 786-O cell line, derived from the epithelium of
the renal proximal tubule was suitable to test potential WISP1-AS1 involvement

in carcinogenesis. 786-O cell line is reviewed by BRobaczewska et aL. 2016.

1.8 PMA induction of WISP1 mRNA expression

To understand experiments analyzing whether the transcripts from the WISP1
locus influence each other's expression (Section 4.1.3.1), I hereby briefly intro-
duce a chemical used in those experiments as well as the mode of WISPT mRNA

2 mitogen and stress-activated kinase 1
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transcription activation. Phorbol 12-myristate 13-acetate (PMA), also known as
12-O-tetradecanoyl-phorbol-13-acetate (TPA) is a phorbol ester used in molec-
ular biology as a PKC activator.

Activation of PKC family members can be triggered by natural extracellular
signals (e.g. vasporessin [ ALtET AL. 1998 |, angiotensin II [NacaraMma ET aL. 2000;
SHiBATA ET AL. 2014 ] and tumor necrosis factor (TNF) [ScuUTZE ET AL. 1990], me-
diated by G protein-coupled or tyrosine kinase receptors [ NEwTton 1997; NEwtoN
ET AL. 2016]. Conventional PKC activation involves phosphorylation and second
messengers. Phosphorylation at certain amino acid residues produces stabilized
and mature enzyme which localizes to the cytosol, but it is autoinhibited and
catalitically inactive. G protein-mediated activation of phospholipase C (PLC)
results in the generation of a second messenger diacylglycerol (DAG). Binding of
DAG to the C1 domain and binding of phosphatidylserine (PS) and Ca*" to the
C2 domain of PKC promote the pseudosubstrate removal from the active site.
Activated PKC is ready to catalize phosphorylation of various regulatory pro-
teins and boost downstream signal transduction [reviewed by CALLENDER AND
NewTton 2017; NewtoN 1997; SteiNBerG 2008 ].

The phorbol esters, including PMA, mimic the action of DAG. PMA binds
to C1 domain of PKC with higher affinity than DAG [Mosior aAND NEWTON
1996] and induces PKC binding to PS in the membrane but in Ca®*- and
DAG-independent manner [MosiorR AND NEWTON 1996; VANDENBARK ET AL.
1984; reviewed by Newton 1997]. PMA-activated PKC can phosphorylate and
activate a TF CREB*® [Guo Er aL. 2012]. Different databases®, available at
https://amp.pharm.mssm.edu/Harmonizome/gene /WISP1 [ROUILLARD ET AL.
2016] predict CREB to have binding sites in the WISP1 promoter. Indeed, CREB
was shown to be important in the activation of WISP1 transcription [Xu ET AL.
2000]. WISP1 belongs to the CCN gene family [MALIK et AL. 2015]. WISP1 was
renamed to CCN4 (cellular communication network factor 4) to obtain more
uniform nomenclature [PerBaL ET AL. 2018]. WISP1 plays important roles in
skeletal development and osteogenesis [FrencH ET aL. 2004; ONo ET AL. 2011],
wound healing and tissue repair [FrReEncH ET aL. 2004; Quiros ET AL. 2017], as
well as in pathological conditions like cancer [reviewed by Duar anD Ray 2010;

Gursuz aND CHIQUET-EHRIsMANN 2015].

To summarize, PMA-induced PKC phosphorylates CREB which binds to the
WISP1 promoter and activates mRNA transcription. Therefore, PMA was used

as a positive control to experimentally induce WISPT mRNA.

33 cAMP-response element binding protein
3 Databases: JASPAR Predicted Transcription Factor Targets; MotifMap Predicted Transcription
Factor Targets; TRANSFAC Curated Transcription Factor Targets
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2 The aims of the study

To fill the gap in knowledge about OTA influence on renal epithelial cells, it is
important to investigate WISP1-AS1 functions and find an exact mechanism of
OTA action on cells via WISP1-AS1. Therefore, this study was initiated because
the characteristics and function(s) of WISP1-AS1 were not investigated in great
detail, and many questions remained to be answered.

Prior to this study, only some WISP1-AS1 molecular characteristics were
known, for example, nuclear localization, length and non-protein coding fea-
ture. The aim of this study was to further characterize WISP1-AS1 at molecular
level. Main tasks were to identifty WISP1-AS1 orientation in which it transcribes,
relative to WISP1 mRNA. Second, it was of interest to confirm WISP1-AS1 ex-
pression, length and orientation by Northern blot. In silico methods were em-
ployed to find an evidence of WISP1-AS1 expression and a support for its non-

coding function.

When WISP1-AS1 was discovered to be transcribed in antisense, next impor-
tant aims were to analyze WISP1-AS1 transcriptional landscape. The task was
to investigate the relation between WISP1-AS1 and WISP1 mRNA because it is
possible that two convergent overlapping transcripts influence each other’s ex-
pression. Since WISP1-AS1 transcribes in antisense from the end of WISPI gene,
it was important to analyze whether WISP1-AS1 might be a transcriptional ex-
tension from an upstream gene, NDRGI.

HEK293T cells treated with OTA are known to induce WISPI1-AS1 expres-
sion. On the other hand, OTA is suspected to contribute to the incidence of
urothelial and renal cancers in humans. Therefore, the aim was to analyze
WISP1-AS1 expression in renal cancer cell line (treated and untreated with
OTA) to investigate its expression in cancer cells and potential involvement in

carcinogenesis.

To study the function of WISP1-AS1, the aim was to establish a knockdown
tool to modulate WISP1-AS1 expression. In the conditions of reduced WISPI-
AS1 expression, the aim was to investigate the influence of WISP1-AS1 on cell
transcriptome and validate results by PCR methods. Through the analysis of re-
sults, the aim was to find gene ontology or a specific pathway/gene which would
be investigated in more detail and which could help in revealing the molecular
function of WISP1-AS1. Finally, the aims were to accomplish WISP1-AS1 influ-
ence on cellular energy metabolism (glucose consumption and lactate produc-
tion) and cell death (apoptosis and necrosis).
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3 Materials and Methods

3.1 Chemicals

Dulbecco’s minimal essential medium (DMEM)/Ham’s F-12 medium (1:1
mixture; FG 4815), Roswell Park Memorial Institute (RPMI) 1640 medium
(FG 1215) and fetal calf serum (FCS) were purchased from Biochrom (Berlin,
Germany). Water (molecular biology reagent), OTA and PMA were provided
by Sigma-Aldrich (Darmstadt, Germany). Antisense oligonucleotides (ASOs)
were obtained from Exiqon (Vedbeak, Denmark). Other purchased materials
are specified in the text.

3.2 Basic molecular biology methods

3.2.1 Cell culture

Human embryonic kidney 293T (HEK293T; ATCC® CRL3216 ") cells were
purchased from the American Type Culture Collection (ATCC; Manassas, VA,
USA). HEK293T cells were grown in DMEM/Ham’s F-12 medium supple-
mented with 10 % FCS at 37 °C and 5 % CO,. When the confluency of 80-90 %
was reached, medium was changed to serum-free DMEM/Ham'’s F-12 and the
cells were cultivated for 24 h. Subsequently, cells were treated with 100 nm OTA
or 1 pMm PMA in final concentrations or with OTA + PMA in serum-free media.
Incubations were carried out without media change for 24h or 48 h, described
in individual experiments. Control cells were grown in serum-free medium
without OTA.

Clear cell renal cell carcinoma (ccRCC) cell line 786-O (ATCC® CRL-1932™)
was purchased from ATCC (Manassas, VA, USA). 786-O cells were grown in
RPMI 1640 medium supplemented with 10 % FCS until confluency, then for 24 h
in medium without FCS. Next, half of the Petri dishes were treated with 100 nm
OTA in serum-free medium for 48 h and another half were grown as controls in

serum-free medium without OTA.

Further cell culture experiments are described in Sections 3.2.7 and 3.3.2.

3.2.2 RNA isolation and quality control

InviTrap® Spin Tissue RNA Mini Kit (Stratec, Berlin, Germany) was employed
for total RNA isolation by following manufacturer’s instructions. Polyadeny-
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lated RNA fraction was isolated by using Oligotex Kit (Qiagen, Hilden, Ger-

many).

To isolate RNA for RNA sequencing (RNA-seq), TRIzol® Reagent (Invitro-
gen, Life Technologies, Darmstadt, Germany) and chloroform (Sigma-Aldrich,
Darmstadt, Germany) were used according to TRIzol Reagent protocol'. Sub-
sequently, RNA was precipitated in 2 volumes of 100 % ice-cold ethanol and 0.1
volume of 3 m sodium acetate (pH 5.2) at —20 °C overnight. The next day, tubes
were centrifuged at 12000x g and 4 °C for 30 min. After removing the super-
natant, the pellets were resuspended in 75 % ice-cold ethanol and centrifuged at
12 000x g and 4 °C for 10 min. The dried RNA pellets were resuspended in 30 pl
water.

In the subsequent treatment, DNA contamination was reduced by deoxyri-
bonuclease I [DNase I; New England Biolabs (NEB), Frankfurt am Main, Ger-
many]. Therefore, to 30 pl of RNA was added 3.6 pl of 10x DNase I reaction
buffer (NEB, Frankfurt am Main, Germany) and 2.4 pl of DNase I (2U/pl).
Tubes were incubated in a thermocycler TProfessional (Biometra, Gottingen,
Germany) at 37 °C for 30 min followed by 75 °C for 10 min to inactivate the en-
zyme. Afterwards, tubes were centrifuged at 11 000x g and 4 °C for 2min and
the supernatant was transferred into a new tube. Precipitation step was repeated
as described above, but with the incubation at —20 °C for 2 h.

RNA concentrations were measured by spectrophotometer NanoVue "~ Plus
(GE Healthcare, Berlin, Germany). High RNA purity was assessed from both
A260/A280 and A260/A230 ratios around 2.

For methods where RNA integrity was of an exceptional importance (e.g.
Northern blot, RNA-seq), and when RNA was frozen longer than 12 months,
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) was used
to measure RNA concentration and quality. All RNA was of a high quality
obtained from the RNA integrity number (RIN) on average 9 out of 10.

All RNA samples were stored at —80 °C.

3.2.3 cDNA preparation

To remove genomic DNA contamination, total RNA was thoroughly treated by
DNase I (NEB, Frankfurt am Main, Germany). This step was crucial because any
traces of genomic DNA can produce false positive results in a PCR. Two types
of reactions were prepared on ice by mixing either 1 g of total RNA or 100 ng
of polyadenylated RNA with water up to the 11.2 ul, 1.4 ul of 10x DNase I reac-

1 https://tools.thermofisher.com/content/sfs/manuals/trizol_reagent.pdf
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tion buffer (NEB, Frankfurt am Main, Germany) and 1.4 pl of DNase I(2U/pl).
Tubes were incubated in a thermocycler TProfessional (Biometra, Gottingen,
Germany) at 25 °C for 30 min, followed by 37 °C for 30 min and with final 75 °C

for 10 min to inactivate the enzyme.

After DNase I treatment, each sample was separated into two tubes: 10 pl for
reverse transcription with reverse transcriptase (RTase) and 4 pl for control re-
action without RTase. The latter served to detect DNA contamination remained
after DNase I treatment. Reverse transcription reactions of RNA into first-strand
cDNA were prepared with a SuperScript™ Il Kit (Invitrogen, Life Technologies,
Darmstadt, Germany), as shown in Table 3.1. Tubes were incubated in a ther-
mocycler TProfessional (Biometra, Gottingen, Germany) at 25 °C for 5min, fol-
lowed by 46 °C for 30 min and final 95 °C for 5min to inactivate RTase.

Table 3.1: Reverse transcription with reverse transcriptase and control reaction without
reverse transcriptase

V(1x RTase), ul Reagent V(1x no-RTase), pl
14.80 Water 6.09
7.14 5x First-strand buffer (Invitrogen) 2.85
0.36 100mm DTT (Invitrogen) 0.14
1.41 10 mm-each-dNTP mix (PeqLab) 0.56
1.00 10 mm primer (see list below) 0.38
0.71 40 U/pl RNase inhibitor (RNase Out ™, Invitrogen) 0.28
0.36 200 U/pl RTase SuperScript™ II (Invitrogen) -
10.00 DNase I-treated RNA 4.00
35.78 Total volume 14.30

Reverse transcription was performed with different primers:

1. Random hexamers (3 pg/pl, Invitrogen) for standard cDNA preparation,

2. 18-mer oligonucleotide deoxythymine (oligo(dT)g) primer to reverse
transcribe only polyadenylated RNA,

3. Strand-specific primer to obtain WISP1-AS1 orientation:

(a) sense-orientation-specific primer in WISP1 3" UTR
(5" CACACCCCTACCTGAACCTG 3)

(b) antisense-orientation-specific primer in WISP1 intron 4
(5" GTGTCCCCTGAGTGTGGAGT 3)

4. No primer to analyze primer-dependent RTase function.
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3.24 Real-time quantitative polymerase chain reaction (qPCR)

Real-Time qPCR reactions were performed on a CFX96 Touch Real-time PCR De-
tection System (Bio-Rad, Munich, Germany) and 7900HT Fast Real-Time PCR
System (Applied Biosystems, Thermo Fisher Scientific, Karlsruhe, Germany).
Reactions performed on the CFX96 system contained 10 pl 2x Platinum® SYBR®
Green qPCR SuperMix without UDG (Invitrogen, Life Technologies, Darmstadyt,
Germany), 1 pl of 10 mm forward and 1 pl of 10 mm reverse primer, 1 pl of 750 ng
cDNA and water up to the final volume of 20 pl. For reactions performed on the
7900HT system, all volumes except cDNA were reduced by 40 % to get a total vol-
ume of 12 pl. qPCR primers were designed in a Primer3Plus* and Primer-BLAST®
and purchased from Eurofins Scientific (Ebersberg, Germany).

On both qPCR systems, amplification was performed with initial denatura-
tion at 95 °C for 10 min followed by 40 cycles of denaturation at 95°C for 155,
primer annealing at 60 °C* for 30's and extension at 72 °C for 20s. From the re-
sults AACt was calculated as ACt,,;101 - ACt;euteq- Fold change in gene expres-
sion in a treated sample relative to a control was expressed as 24t normalized
to a reference gene (either 18S rRNA, ACTB or GAPDH).

qPCR products were mixed with a 10x loading dye CoralLoad PCR buffer
(Qiagen, Hilden, Germany) and together with DNA ladder mix (100 to 10000
bp, PeqGOLD, VWR, Dresden, Germany) analyzed by 1-2 % agarose gel elec-
trophoresis. Bands were stained by ethidium bromide and visualized in an UV
transilluminator and BioDoc-It" Imaging System (UVP via VWR, Dresden, Ger-
many). Where it was necessary to determine amplified sequence, bands were ex-
cised from the gel following the manual of QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany) and sent for DNA sequencing (Eurofins Scientific, Ebersberg,
Germany).

3.2.5 TagMan PCR

TagMan assays were used with primers and fluorescently labeled probes. On
the 5" end, WISP1-AS1-specific probe was labeled with a reporter, 6-fluorescein
amidite (FAM") and WISP1 mRNA-specific probe with hexachlorofluorescein
(HEX™). Both probes were labeled with a Black Hole Quencher 1 (BHQ®-1) at
the 3’ end (see Table A.3 for sequences).

Reactions were prepared according to Table 3.2 and performed on a CFX96

2 described by UNTERGASSER ET AL. 2007
3 described by YE et AL. 2012
% unless stated different in Table A.3
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PCR machine (Bio-Rad, Munich, Germany) under the following cycling condi-
tions: initial 95 °C for 10 min, followed by 40 cycles of 95 °C for 15s and 59 °C for
60s.

Table 3.2: TagMan PCR reaction

Reagent V(1x reaction), pl
2x {Taq™ Universal Probes Supermix (Bio-Rad) 6.0
Water 3.2
750 ng first-strand cDNA 1.0
10 mm Forward WISP1-AS1 (intron 4) primer 0.3
10 mMm Reverse WISP1-AS1 (intron 4) primer 0.3
10 mm WISP1-AS1 FAM-labeled probe 0.3
10 mm Forward WISP1 (exon 1 - exon 2) primer 0.3
10 mMm Reverse WISP1 (exon 1 - exon 2) primer 0.3
10 mm WISP1 HEX-labeled TagMan probe 0.3
Total volume 12.0

3.2.6 Droplet digital " PCR

For absolute quantification of RNA molecules, QX200™ Droplet Digital™ PCR
(ddPCR) System (Bio-Rad, Munich, Germany) was used, following the appli-

cations guide.

In short, reaction mix was prepared with a ddPCR Supermix for EvaGreen
(i-e. for PCR primer pairs) or a ddPCR Supermix for Probes (i.e. for TagMan
probes), as shown in Table 3.3. During droplet generation, 20 pl of a reaction
mix was combined with 70 pl of QX200 Droplet Generation Oil for EvaGreen
or for Probes. Droplets were generated in a Droplet Generator machine and

transferred into a 96-well plate.

PCR amplification was performed in a C1000 Touch™ Termal Cycler (Bio-
Rad, Munich, Germany) at the following conditions: initial 95°C for 10 min,
followed by 40 cycles of 94 °C for 30s and 59 °C for 60s. For the reactions with
EvaGreen supermix, enzyme deactivation was performed at 98 °C for 10 min.

After PCR amplification, droplets were counted by Droplet reader and
QuantaSoft™ Software. The amount of transcript per ug of total RNA was

calculated from the results.
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Table 3.3: Preparation of ddPCR reactions

(a) EvaGreen (b) Probes
Reagent V(1x),ul Reagent V(1x), pl
2x ddPCR Supermix for 11.00 2x ddPCR Supermix for Probes (Bio-Rad) 11.00
EvaGreen (Bio-Rad) 10 mm WISP1-AS1 (intron 4) forward primer 0.55
10 mm forward primer 0.22 10mm WISP1-AS1 (intron 4) reverse primer 0.55
10 mwm reverse primer 022 10 mm WISP1-AS1 FAM-labeled TagMan probe  0.55
Water 8.36

10mm WISP1 (exon 1 - exon 2) forward primer  0.55

350 ng cDNA 2.20 10 mMm WISP1 (exon 1 - exon 2) reverse primer 0.55
Total volume 22.00 10 mm WISP1 HEX-labeled TagMan probe 0.55
Water 4.50
350ng cDNA 3.20
Total volume 22.00

3.2.7 WISP1-AS1knockdown by LNA™ GapmeR antisense oligonucleotides
(ASOs)

Locked nucleic acid (LNA)™ GapmeR antisense oligonucleotides (ASOs) were
selected to knockdown WISP1-AS1. LNA™ GampeR ASO has modified RNA-
like bases (i.e LNA) on each end and DNA bases in the middle (i.e. the “gap”).
Furthermore, the whole molecule of ASO comprises of a chemically modified
phosphorothioate backbone to protect against degradation by nucleases. ASOs
bind to the RNA target in the nucleus. Consequently, DNA part of the molecule
induces RNase H-dependent degradation of the target while ASO “survives”
the process [reviewed by CHAN ET AL. 2006].

Five LNA™ GapmeR ASOs of 16 nt and complementary (i.e. antisense) to
intron 4 of WISP1-AS1 were designed by and purchased from Exiqon (Vedbeak,
Denmark). Confluent HEK293T cells were transfected in a 24-well plate. An-
tisense ASOs (i.e. WISP1-AS1 ASOs) were added in a final total amount of
150 nm/well to 12 wells, and 150 nm/well of a scramble ASO to remaining 12
wells. To facilitate ASO uptake by the cells, Lipofectamine™ 2000 (Invitrogen,
Life Technologies, Darmstadt, Germany) was used in a final concentration of
2ng/well. Cells were incubated 5h to allow ASOs to enter the nucleus, then
half of each ASO group was treated with 100nm OTA in final concentration.
Groups are described in Table 3.4. Cells were incubated for 48 h without media
change. Subsequently, WISP1-AS1 knockdown was evaluated in total RNA by
qPCR and ddPCR.

ASOs directed against sense-oriented WISP1-AS1 (i.e. sense ASOs) were
used to show that only antisense ASOs knockdown WISP1-AS1. The cell culture
procedure was identical to antisense ASOs. See Table A.1 for ASO sequences.
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Table 3.4: Treatment groups for WISP1-AS1 knockdown by ASOs

Group Anticipated outcome on WISPI1-AS1 expression

OTA /scramble ASO WISP1-AS1 expression is induced by OTA

OTA/WISP1-AS1 ASOs WISP1-AS1 expression is induced by OTA but knockdown by
ASQOs reduces WISP1-AS1 expression

Control/scramble ASO Low basal WISP1-AS1 expression

Control/WISP1-AS1 ASOs  Low basal WISP1-AS1 expression. ASOs do not have many targets
to knock down

3.2.8 Northern blot

364 nt of WISP1 intron 4 [primer pair WISP1 intron 4 (V); see Table A.3 for
sequences] was amplified by Platinum™ Pfx DNA Polymerase (Thermo Fisher
scientific, Karlsruhe, Germany) according to manifacturer’s protocol to produce
a blunt-end PCR product. This product was then ligated in sense and in anti-
sense orientation into a modified pUC18 plasmid (a generous donation by Dir.
Selma Gago Zachert), digested at EcoRV site. Ligation was performed accord-
ing to Table 3.5 in insert-to-vector molar ratio 5:1. Reactions were incubated in a

thermocycler TProfessional (Biometra, Géttingen, Germany) at 22 °C for 60 min.

Table 3.5: Ligation reaction

Reagent V(1x reaction), pl
15ng insert in water 10.2
10x T4 DNA ligase buffer (NEB) 1.5
50% w /v Polyethylene glcyol (PEG) 4000 solution (Sigma-Aldrich) 1.5
20 ng EcoRV-digested modified vector pUC18 1.0
5U/ul T4 ligase (NEB) 0.8
Total volume 15.0

Following, 5 pl of the ligation reaction was transformed into 50 1l One Shot™
TOP10 Chemically Competent E. coli cells (Invitrogen, Life Technologies, Darm-
stadt, Germany) according to their protocol. Isolation of plasmid DNA was per-
formed by Invisorb® Spin Plasmid Mini Two (Stratec, Berlin, Germany). Diag-
nostic digest of isolated plasmids was performed with two restriction enzymes
according to the reaction conditions by NEB (Frankfurt am Main, Germany);
Nhel that cuts only once in an insert and HindIII that cuts only once in a vector.
By analysis of different patterns of bands on the agarose gel, it was distinguished

which plasmids carry inserts and in which orientation.

10 pg of plasmids carrying inserts were linearized with Xbal (NEB,
Frankfurt am Main, Germany) restriction enzyme and then purified by Roti®-

> Leibnitz Institute of plant biochemistry, Halle (Saale), Germany
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Phenol/Chloroform/Isoamyl alcohol, pH 7.5-8.0 (Roth, Karlsruhe, Germany).
DNA concentration was determined with a spectrophotometer NanoVue " Plus
(GE Healthcare, Berlin, Germany). Both sense and antisense probes were in
vitro transcribed twice:

1. in the presence of biotin-16-UTP (Roche Diagnostics, Mannheim, Ger-
many) to generate biotinylated probes

2. without biotinylated UTP to produce riboprobes that will serve as
hybridization controls.

Reactions were set as shown in Table 3.6, carried out at 37 °C for 2.5h.

Table 3.6: In vitro transcription reactions with and without biotin-labeled UTP

Reagent V(1x reaction), pl
1 pg purified linearized plasmid in water 5.7

5x Transcription buffer 2.8

40 U/pl RNase inhibitor (Rnase Out, Invitrogen) 0.5
20U/l T7 RNA polymerase (Thermo scientific) 2.0

10 mm each ATP, CTP, GTP, UTP (PeqLab)

or 3.0

10 mm each ATP, CTP, GTP, 6.5 mMm UTP, 3.5 mm biotin-16-UTP

Total volume 14.0

Following, DNA template was degraded by incubation with 2 ul of DNase
I (2U/pl, NEB, Frankfurt am Main, Germany). Riboprobes were precipitated
by 2.5M lithium chloride in final concentration at —20 °C overnight. The purity
and size of biotinylated probes were confirmed by 5 % polyacrylamide gel elec-
trophoresis. Slight retention in mobility of biotinylated probes was observed in

comparison with non-biotinylated in vitro transcribed probes.

Total RNA, isolated from OTA-treated and untreated ccRCC cells, was loaded
on 0.7 % agarose-1M urea gel. Separation by electrophoresis was carried out at
80mA for 2h in 1x TBE buffer. During gel preparation, 5 pl of G Stain (Serva
Electrophoresis, Heidelberg, Germany) was added into the gel to visualize RNA
separation during electrophoresis. RiboRuler High range RNA ladder (Thermo
Fisher Scientific, Karlsruhe, Germany) was used for size determination. RNA
was blotted on the nylon membrane by capillary transfer for 20 h, followed by
UV-crosslinking of RNA to the membrane with 1.2]/cm? for 2 min.

After 1 h pre-hybridization, the membrane was hybridized with 800 ng of bi-
otinylated sense or antisense probe (see Table A.2 for sequences) for 22 h. Both
pre-hybridization and hybridization were carried out at 68 °C in the ULTRAhyb®
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Ultrasensitive Hybridization Buffer (Thermo Fisher Scientific, Karlsruhe, Ger-
many) with constant rotating. Detection was performed according to Chemilu-
minescent Nucleic Acid Detection Module Kit (Thermo Fisher Scientific, Karl-
sruhe, Germany). Chemiluminescent signal was recorded by digital imaging
system (ImageQuant LAS 4000, GE Healthcare, Freiburg, Germany), using Im-
ageQuant program and increment method with up to 30 min interval time.

Double-distilled water was treated with 0.1% v/v diethyl pyrocarbonate
(DEPC; Sigma-Aldrich, Darmstadt, Germany) and used for preparing Northern
blot buffers. Membranes hybridized with WISP1-AS1 probes were stripped
with 0.5 % SDS buffer [2.5g SDS pellets (Roth, Karlsruhe, Germany) dissolved
in 500 ml DEPC-treated water] at 60 °C with constant shaking during 60 min.
Pre-hybridization and hybridization with 500ng biotinylated ACTB mRNA
probe (Exiqon, Vedbeak, Denmark; see Table A.2 for sequences) were carried

out as described above.

To remove RNases, laboratory dishes were soaked in 5% SDS buffer
(50g SDS pellets dissolved in 1L double-distilled water) and rinsed with
DEPC-treated water. Work surface was cleaned with RNaseZAP™ (Applied

Biosystems, Thermo Fisher Scientific, Karlsruhe, Germany).

3.3 RNA-sequencing data

3.3.1 Initial data processing

For RNA-seq, four groups of samples were produced:

OTA /scramble ASO,
OTA/WISP1-AS1 ASQOs,
control/scramble ASO,
control/WISP1-AS1 ASOs.

=L

Groups are described in Table 3.4.

At the Core Unit DNA Technologies °, libraries were prepared by fragment-
ing RNA, synthesizing cDNA and adding a sequencing adapter on each end;
cDNA was attached onto the "flow cell” through adapters. Clusters were gener-
ated by bridge-amplification of cDNA, followed by sequencing-by-synthesis on
a HiSeq2000 sequencer (Illumina). The total raw RNA sequencing reads were
filtered by base call quality scores (FastQC). Adapter sequences were clipped
(cutadapt) and the remaining reads were aligned (or mapped) to the Ensembl

¢ Medical Faculty, University Leipzig, Liebigstrafle 21, 04103 Leipzig, Germany
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human reference genome release 87 (Bowtie, TopHat, SAMtools). Quality check
showed successful alignment, with 76-82 % aligned sequences. Aligned reads
were visualized in Integrative Genomics Viewer (IGV)”. Reads per gene were
quantified and annotated (R). Normalization (reads within genes calculated rel-
ative to the total number of reads and entire RNA repertoire) was performed to

remove variation between samples (edgeR).

Differential expression (DE) of genes was calculated in each group against
the control/scramble ASO group (DEseq2). Statistical significance named false
discovery rate (FDR) was calculated and corrected for multiple testing (DE-
seq2). For further calculation, genes with FDR below 0.005 (expecting five in

1000 genes to be false positive) were used.

Protein coding transcripts were sorted by DE: only genes in the OTA /scramble
ASO group compared to the control/scramble ASO group were allowed to show
DE (1 = upregulated; -1 = downregulated). At the same time, genes should
show no change (DE = 0) in control/WISP1-AS1 ASOs nor OTA/WISP1-AS1
ASOs group. Following this, upregulated and downregulated genes were
sorted by two parameters:

1. The abundance of a transcript in RNA sequencing, expressed as fragments
per million (FPM)
2. Fold change (FC), according to the differential expression.

Genes with FC > [1.5| and FPM > 10 were further analyzed for the enrichment:

1. in gene ontology (GO) categories ‘biological process’, ‘cellular component’
and ‘molecular function’ by g:Profiler® and GOrilla®.

2. of transcription factor binding sites (TFBSs) in promoter regions by pscan'’

and g:Profiler. In pscan, the region from -950 to +50 bp from the tran-

scription start site (TSS)!! was analyzed and the JASPAR 2016 database

[MATHELIER ET AL. 2016] was used. In g:Profiler, TFBSs in gene promoters

were computationally predicted, based on the TRANSFAC database.

3.3.2 Promoter activity assays

The activities of TFs EGR-1 and E2F, whose TFBSs were in silico predicted to be
enriched in DE genes were tested by Cignal” reporter assays (Qiagen, Hilden,

7 described by RosinsoN ET AL. 2011
8 described by REmMAND Et AL. 2016
9 described by Epen Et aL. 2009

0 described by ZamseLL1 ET AL. 2009
1TSS is labeled as a base pair zero.
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Germany). Reporter assays contained expression vectors with cloned repeats of
response elements for TFs (i.e. TFBSs) and a reporter gene.

EGR-1 reporter assay contained TFBS sequence (CGCCCCCGCG) and a mon-
ster green fluorescent protein (MGFP) reporter protein. Transfection control
contained constitutively expressing red fluorescent protein (RFP). To measure
E2F activity, the Dual-Luciferase® Reporter (DLR™) assay was employed, com-
prised of E2F response element (TTTCGCGGGAAA) with Firefly luciferase reporter
and constitutively expressing Renilla luciferase as an internal control. To analyze
the activity of TF AP-1 whose TFBS was not enriched in DE genes, AP-1 reporter
assay with response element (TGAGTCAG) and MGEFP reporter was used.

To accomplish OTA influence on the activity of TFs, HEK293T cells were
transfected with 1 pg of EGR-1, E2F or AP-1 vector and incubated with different
concentrations of OTA (0, 1, 10, 100 and 1000 nm) for 24 h.

To analyze WISP1-AS1 involvement in TF activity changed by OTA, confluent
HEK293T cells were transfected in 60 mm Petri dishes with 1 pg of either:

1. E2F vector (two Petri dishes, for 24 h and 48 h luciferase measurements) or
2. EGR-1 vector and 0.1 pg of RFP vector (one Petri dish, for Cytation™ 3 Cell
Imaging).

Transfection was facilitated with 26 pg/ml Polyfect Reagent (Qiagen, Hilden,
Germany). After 24 h, cells were trypsinized and seeded in three 96-well plates
(48 wells/plate). Each plate contained untransfected cells as a negative control
(6 wells) and transfected cells incubated in a DMEM/Ham’s F-12 medium sup-
plemented with 10 % FCS as a positive control (6 wells). Outer wells were left
empty.

After 24 h, 24 wells on each plate were treated with 150 nm ASOs for WISP1-
AS1 knockdown and 24 wells with scramble ASO. From each ASO group, 12

wells were treated with 100 nm OTA and 12 wells were left untreated.

EGR-1 activity was measured by Cytation” 3 Cell Imaging Multi-
Mode Reader and automated image analysis (Gen5 software, Biolek, Bad
Friedrichshall, Germany) 6, 24 and 48 h after OTA addition. E2F was measured
by the Dual-Luciferase® Reporter (DLR™) assay system (Promega, Manneim,
Germany) and luminescence was read on a microplate reader (Infinite 200,

Tecan, Crailsheim, Germany) after 24 and 48 h.
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3.3.3 Gene validation

Some genes that were differentially expressed in RNA-seq were validated by
qPCR and ddPCR. 28 genes were chosen with FC > [1.5] and FPM > 20 in the
OTA /scramble ASO group or the control/scramble ASO group. See Table A.3

for primer sequences.

3.4 Cell death

3.4.1 Cell culture treatment and cell lysis

HEK?293T cells were treated with OTA and ASOs as described in Section 3.2.7.
After 48 h incubation, cell culture medium was collected into 1.5ml tubes for a
measurement of lactate dehydrogenase (LDH) release. Cells were washed with
ice-cold 1x phosphate-buffered saline (PBS) and lysed on ice in 100 pl/well of
lysis buffer (20 mm MOPS, 0.01 % Triton-X-100, 10 mm Tris, 100 mm NaCl, 1 mm
EDTA, pH 7.5). Cells were scraped with a 1 ml-pipette tip and collected into
1.5ml tubes. Tubes were centrifuged at 16 000x g and 4 °C for 10 min. Super-
natant (i.e. cell lysate) was transferred into a new 1.5 ml tube and used to deter-

mine protein concentration, caspase activity and intracellular LDH activity.

3.4.2 Determination of protein content

To quantify total cellular proteins, Pierce” BCA Protein Assay Kit (Thermo
Fisher Scientific, Karlsruhe, Germany) was used following the ‘Microplate
Procedure’. The method is based on a Biuret test which detects protein reduc-
tion of cupric ion (Cu®t —= Cu™). The kit’s reagent contains bicinchoninic
acid (BCA) that can chelate Cu™; the produced complex is proportional to the

protein concentration.

Modification of the protocol included different volumes of bovine serum al-
bumine (BSA) standards (0, 100, 300, 500 and 700 pg/ml, 15 pl in duplicates),
cell lysates (3 pl) and lysis buffer (3 pl). Absorbance was measured at 560 nm
in a microplate reader (SunriseTM, Tecan, Crailsheim, Germany) after 30 min in-

cubation at 37 °C in a water bath.

3.4.3 Caspase activity

The activities of cysteine-dependent, aspartate-specific peptidases (caspases)
were determined by using various fluorogenic substrates for caspases 2, 3, 8,
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9,10 and 12 (Table 3.7). Each substrate is comprised of a specific sequence of
amino acids ending with an aspartate residue (Asp; D) labeled with the fluo-
rogenic molecule, 7-amino-4-trifluoromethyl coumarin (AFC). The activity of
individual caspase was determined by caspase cleavage of specific substrates
between aspartate and AFC, thus releasing the AFC. Fluorescence of a free AFC
can be quantified and is directly proportional to caspase activity.

Table 3.7: Caspase substrates used to determine specific caspase activity

Caspase Apoptotic pathway Substrate Producer
2 Nuclear VDVAD-AFC BioVision, Milpitas, California, USA
3 Execution DEVD-AFC CalBioChem, Merck, Darmstadt, Germany
8 Death receptors IETD-AFC Enzo, Lorrach, Germany
9 Mitochondrial LEHD-AFC Enzo, Lorrach, Germany
10 Death receptors AEVD-AFC  PromoKine, Heidelberg, Germany
12 Lysosomes ATAD-AFC  PromoKine, Heidelberg, Germany

60 pl of cell lysate and 65 pl of reaction buffer (20 mm PIPES, 4mm EDTA,
0.2% CHAPS, 10 mm DTT, pH 7.4 and 47.3 pMm caspase substrate) were pipetted
into a 96-well plate. Plate was incubated at 37 °C in a water bath. The increase
in fluorescence was recorded every 15 min for 1.5h in a microplate reader (In-
finite 200, Tecan, Crailsheim, Germany) at excitation/emission wavelengths of
400nm/505nm. The caspase activity was expressed as the change of fluores-

cence over one hour, normalized to the protein amount: AF/(hour x pg protein).

3.4.4 Nuclear fragmentation

Cells were treated with OTA and ASOs as described in Section 3.2.7. After
48 h incubation, cell culture medium was removed and cells were washed once
with 1x PBS. Cells were fixed with 200 pl/well of 4 % paraformaldehyde during
1h incubation at room temperature. After washing once with 1x PBS, cells
were stained with 4,6-diamidino-2-phenylindole (DAPI) solution (5pg/ml
DAPI, 0.1 % Triton X-100, 2mm MgCl,, 100 mm PIPES, pH 6.8) for 15min at
room temperature in the dark. Afterwards, cells were rinsed with 1x PBS and
analyzed by Cytation™ 3 Cell Imaging Multi-Mode Reader and automated
image analysis (Genb software, Biolek, Bad Friedrichshall, Germany).

A maximum diameter of small nuclear fragments of 10 pm was defined in
the untreated cells. Nuclear fragmentation was expressed as percentage of frag-
ments smaller than the defined diameter, relative to the number of nuclei in the

observation field.
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3.4.5 Lactate dehydrogenase release

Lactate dehydrogenase (LDH) is an intracellular enzyme that catalizes the re-
versible conversion of pyruvate to lactate. In this reaction, co-factor NADH
serves as a donor of a hydride ion and oxidizes into NAD™.

The activity of LDH was measured in cell lysates and cell culture media. In
a 96-well plate was pipetted either 2 pl cell lysate or 40 pl cell medium and re-
action buffer [HEPES buffer (Table 3.8) with addition of 16.6 mm NADH and
161 mm pyruvate] up to 200 pl. Decrease in NADH absorbance at 340 nm, pro-
portional to LDH activity, was measured during 30 min with 1 min intervals in
a microplate reader (Infinite 200, Tecan, Crailsheim, Germany).

Table 3.8: Composition of HEPES buffer, pH 7.4 for LDH measurement

Reagent Concentration (mm)
Sodium dihydrogen phosphate dihydrate (NaH,PO, - H,O) 1.0
Sodium chloride (NaCl) 122.5
Potassium chloride (KCl) 5.4
Calcium chloride dihydrate (CaCl, - ,H,0) 1.2
Magnesium chloride hexahydrate (MgCl, - (H,O ) 0.8
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 10.0

The percentage of LDH release from the cells, a measure for necrosis, was
expressed as the activity of LDH in the cell medium relative to a sum of LDH

activity in cell lysate and cell medium.

3.4.6 Estimation of mitochondrial membrane potential

The change in mitochondrial membrane potential was assessed by a fluorescent
lipophilic cationic dye, JC-1'? and a Mitochondrial Membrane Potential Assay
Kit (Cayman chemical, Ann Arbor, USA).

In the healthy cells, high mitochondrial membrane potential (i.e. more neg-
ative than on the cytosolic side) drives the uptake of positively charged JC-1
dye into mitochondria. JC-1 concentrates in the mitochondrial matrix and al-
lows forming J-aggregates which exhibit red fluorescence. In depolarized mi-
tochondria with less negative potential, JC-1 exits to the cytoplasm, stays in a
monomeric form and fluoresce green. This voltage-dependent spectral distinc-
tion of JC-1 dye is used to assess mitochondrial health.

Cells were treated with OTA and ASOs as described in Section 3.2.7.
Cell culture media was removed and 50 pl of JC-1 dye was added per 1ml

125, 5, 6, 6’-tetrachloro-1, 1/, 3, 3’-tetraethyl-benzimidazolcarbocyanine iodide
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DMEM/Ham’s-F12 media. The plate was immediately placed into a Cytation
3 Cell Imaging Multi-Mode Reader (Genb5 software, Biolek, Bad Friedrichshall,
Germany) heated to 37 °C. Fluorescence of JC-1 was measured after 10, 20 and
30min. The red signal of J-aggregates (healthy mitochondria) was acquired
at excitation/emission wavelengths of 535nm/595nm and the green signal
of JC-1 monomers (reduced mitochondrial potential) at excitation/emission
wavelengths of 485 nm /535 nm.

To indicate mitochondrial membrane potential, red to green ratio was cal-

culated and normalized to the control/scramble ASO group. Decreased ratio

reflects depolarized mitochondria.

3.5 Cellular metabolism

3.5.1 Cell culture treatment and cell lysis

Cells were treated with OTA and ASOs as described in Section 3.2.7. During
48h, cells were incubated with different ASO and OTA combinations. To syn-
chronize the cells after 48 h, cell culture media was removed and HEPES-Ringer
buffer (Table 3.9) with 11 mm D-glucose (Sigma-Aldrich, Darmstadt, Germany)
or 5mm L-glutamine (Sigma-Aldrich, Darmstadt, Germany) was added on all
cells. HEPES-Ringer buffer was incubated on cells for 3h, then collected and
used to determine glucose consumption and lactate production.

Table 3.9: Composition of HEPES-Ringer buffer, pH 7.4

Reagent Concentration (mm)
Sodium bicarbonate (NaHCO3) 24.0
Disodium hydrogen phosphate dihydrate (Na,HPO, - ,H,0O) 0.8
Sodium dihydrogen phosphate dihydrate (NaH,PO, - ,H,0O) 0.2
Sodium chloride (NaCl) 86.5
Potassium chloride (KCI) 5.4
Calcium chloride dihydrate (CaCl,-,H,0) 1.2
Magnesium chloride (MgCl,) 0.8
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 20.0

The cell lysis procedure was carried out to collect cell lysates for the protein
determination by BCA, described in Section 3.4.2. Protein concentration was, in
turn, used for calibration of glucose consumption and lactate production. To lyse
the cells, HEPES-Ringer buffer was collected and cells were washed with ice-cold
1x PBS. Subsequently, 100 pl/well of lysis buffer (20 mm MOPS, 0.01 % Triton-
X-100, 10 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 7.5) was added. Cells were
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scraped with a 1 ml-pipette tip, transferred into 1.5ml tubes and centrifuged
at 16000x g and 4°C for 10min. Supernatant (i.e. cell lysate) was collected
into a new 1.5ml tube and kept on ice when BCA determination was performed

immediately. Otherwise, lysates were frozen at —20 °C.

3.5.2 Glucose consumption

Glucose HK Assay Reagent (Sigma-Aldrich, Darmstadt, Germany) was re-
constituted in 20 ml water. Reagent contains NAD* and enzymes for glucose
phosphorylation and oxidation. The result of the reaction is NADH whose
absorbance is directly proportional to glucose concentration.

Samples for the standard curve were prepared as 32mwm stock solution
of D-glucose (Sigma-Aldrich, Darmstadt, Germany) dissolved in water and
two-fold serial dilutions. For a measurement of initial glucose amount, un-
incubated HEPES-Ringer buffer (Table 3.9) with 11 mm D-glucose was used.
HEPES-Ringer buffer incubated on the cells, unused HEPES-Ringer buffer and
standards (2.5 pl of each) were pipetted into a 96-well plate and to each well
100 pl Glucose HK Assay Reagent was added.

The plate was incubated 15 min at room temperature. Absorbance was mea-
sured at 340nm in a microplate reader (Infinite 200, Tecan, Crailsheim, Ger-
many). Glucose consumption was calculated as the difference between initial

and remaining glucose in the media, normalized per mg of protein.

3.5.3 Lactate production from D-glucose and L-glutamine

Lactate Reagent (Trinity Biotech, Wicklow, Ireland) was used to measure con-
centration of lactate. The reagent contains enzymes which convert lactate into
pyruvate and hydrogen peroxide. The latter is involved into an activation of
chromogen dye with an absorption at 540 nm. Change in absorbance is directly

proportional to lactate concentration.

Samples for the standard curve were prepared as 32 mm stock solution of
sodium-DL-lactate (Sigma-Aldrich, Darmstadt, Germany) dissolved in water
and two-fold serial dilutions. HEPES-Ringer buffer (Table 3.9) with 11 mm glu-
cose incubated on the cells, unused HEPES-Ringer buffer with 11 mwm glucose
and standards (5 pl each) were pipetted into a 96-well plate together with 50 pl
Lactate Reagent. Absorbance was measured after 12 min. Lactate concentrations

were expressed per mg of protein.

HEPES-Ringer buffer (Table 3.9) with 5 mm L-glutamine (without glucose)
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was used to determine lactate production from other compounds than glucose,

i.e. glutamine. Measurement was performed the same way as described above.

3.6

Bioinformatics tools and databases

Versions of databases and tools represent the ones that were used.

10.

11.

12.

13.

14.

. GENCODE database, Genome Reference Consortium Human Build 38

(GRCh38), version 30
https://www.gencodegenes.org/human/stats.html

. Ensembl database GRCh38, version 96

https://www.ensembl.org/Homo_sapiens/Info/Annotation

. NONCODE database, version 5.0

http://www.noncode.org/analysis.php

. LNCipedia database, version 5.2

https://Incipedia.org/

. IncRNAdb database, version 2.0

https://Incrnadb.org/

. Harmonizome database

https://amp.pharm.mssm.edu/Harmonizome/gene/WISP
Primer3Plus

https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

. Primer-Basic Local Alignment Search Tool (BLAST)

https://www.ncbi.nlm.nih.gov/tools/primer-blast/

. Genome-Wide Information on Protein Synthesis VIsualiZed (GWIPS-viz)

https://gwips.ucc.ie

ENCyclopedia Of DNA Elements (ENCODE) Experiment Matrix
https://genome.ucsc.edu/encode/dataMatrix/encodeDataMatrixHuma
n.html

Integrative Genomics Viewer (IGV), version 2.3.86
https://software.broadinstitute.org/software/igv/

pscan, version 1.4

http://159.149.160.88 /pscan/

g:Profiler, version rev. 1709

https://biit.cs.ut.ee/gprofiler/

Gene Ontology enRIchment anaLysis and visuaLizAtion tool (GOrilla)
http://cbl-gorilla.cs.technion.ac.il/
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3.7 Statistical methods

When suitable, data were presented as the mean value + standard error of the
mean (SEM). Significant difference between groups was calculated by Student’s
t-test or Analysis of Variance (ANOVA) when appropriate. Calculated proba-
bility value (P) was considered significant below 0.05 (P < .05). n indicates
number of samples per group used in the experiment. Built-in statistical tests

were employed within certain programs:

ANOVA in SigmaPlot 12.5,

statistical test and Bonferroni correction for multiple testing in pscan,

multiple testing correction in g:Profiler and
statistical test in GOrilla.
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4 Results

4.1 Molecular characteristics of WISP1-AS1

41.1 Orientation of WISP1-AS1

The long noncoding RNA (IncRNA) WISP1-AS1 was discovered experimentally
by a PCR method. Unfortunately, PCR cannot distinguish between the orienta-
tion of the amplified molecule. For this reason, the orientation in which this

IncRNA is transcribed was unknown: sense or antisense in comparison with the
protein coding WISP1 mRNA.

To determine WISP1-AS1 orientation, total RNA was isolated from OTA-
treated HEK293T cells and incubated with deoxyribonuclease I (DNase I). In-
stead of random hexamer, either sense or antisense strand-specific primer, com-
plementary to intron 4 or 3’ UTR of WISP1 gene, was selected for the reverse
transcription (RT) reaction (Fig. 4.1a; see Table A.3 for sequences). The RT prod-
uct was expected in only one reaction, corresponding to WISP1-AS1 transcribed

in antisense or sense, respectively.

Following RT, a qPCR was performed with a set of primers (WISP1 intron
4 (IIT) and WISP1 exon 5 primer; see Table A.3 for sequences) that bind to the
region downstream of the primer used in RT. By analyzing qPCR products on
agarose gel, it became evident that antisense primer in RT has no complemen-
tary target molecule to reverse transcribe (Fig. 4.1b). The qPCR products were
only synthesized with a sense primer in RT (Fig. 4.1c). These results mean that
WISP1-AS1 is a IncRNA transcribed in antisense, that is, in the opposite direc-
tion and off the opposite DNA strand in comparison with WISPT mRNA.

To ensure qPCR products were a consequence of RNA transcription and not
qPCR artifacts, control qPCR reactions were included. All reactions were set
without reverse transcriptase (RTase) to test for DNA contamination. To test
RTase action dependent on the presence of a primer, RT reactions were per-
formed without any primer. Both control qPCR reactions did not give an am-
plification (Fig. 4.1d, 4.1e), thus confirming the reliability of strand-specific RT

reactions.

4.1.1.1 Support of WISP1-AS1 transcription in antisense

WISP1-AS1 is a presumed IncRNA transcribed in antisense. This information is
available from my studies of WISP1-AS1 orientation by strand-specific reverse
transcription, demonstrated in Fig. 4.1c and described in Section 4.1.1.

42



REesuLts

(a)
Intron 4 Exon 5 (3’ UTR) Intron 4 Exon 5 (3' UTR)
5' | > 3" ‘WISPI-AST 3 _\ |5
(antisense) 4= RT Primer = (sense)
— gPCR primers — —
498 qPCR products, bp 85
(b)
bp bp bp
500- 500- - 500
300- 300- - 300
100- 100- - 100
- — o — —
=S g 22 £ g =< 2 9 g3
© 0 £ ¢ o o OO0 £ £ B
o O w = S o =
O O @] (@)
(d) (e)
Amplification Amplification
030 } : : ! ] 1200 F :
025 L L L ] 1000 1
0,20 + 1 800 +
L 015 é 600 |-

0,10 + 400 +

005 1 ] 200 - 22 ]
000 : ] ol ]

0 10 20 30 40 0 10 20 30 40
Cycles

Cycles

Color  Sample RTase Color  Sample RT Primer
Red 100 nm OTA Yes Red 100 nm OTA Yes
Green Untreated Yes Green Untreated Yes
Bl Untreated and N Blue Untreated No

Y€ 100nm OTA © Brown 100nm OTA No

Figure 4.1: Determination of WISP1-AS1 orientation. (a) Schemes of WISP1-AS1 ina
hypothetical sense and antisense orientation. Arrows indicate positions of primers used
in reverse transcription (RT) and qPCR reactions. Numbers indicate expected qPCR
product sizes in base pairs (bp). (b) RT with an antisense primer, complementary to
a hypothetical sense-oriented WISP1-AS1, did not result in a qPCR product in OTA-
treated samples. qPCR primer pair is functional as shown with genomic DNA (gDNA)
sample. (c¢) RT with a sense primer, complementary to antisense-oriented WISP1-AS1,
resulted in qPCR products in OTA-treated samples. This demonstrates WISP1-AS1 tran-
scription in antisense from WISP1 gene, in comparison with WISP1 mRNA. (d) RNA
from control (untreated) and OTA-treated cells, reverse transcribed with and without
RTase. Reactions without RTase, shown in blue, confirmed good DNase I treatment.
(e) RT with and without primers confirm specific primer-dependent RTase activity.

The following analysis employed an in silico database to support these results

and to seek for an evidence of antisense transcription from WISP1 locus. The
database, the encyclopedia of DNA elements (ENCODE) Experiment Matrix, is
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a 2D array of different cell types and different genome-wide experiments.

By browsing the ENCODE Experiment Matrix, I found that certain RNA-seq
experiments, performed with normal human epidermal keratinocyte (NHEK)
cells, showed an antisense transcription from WISPI locus (Fig. 4.2). Transcrip-
tion was evident only on a “minus” strand and not on a “plus” strand, indicating
orientation-specific transcript. These data confirmed that WISP1-AS1 transcrip-

tion in antisense is possible and present in some cell types.

UCSC Genome Browser on Human Feb. 2009 (GRCn37/hg19) Assembly
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Figure 4.2: In silico analysis of RNA-seq experiments. Normal human epidermal
keratinocytes (NHEK) show an evidence of an antisense transcription from WISP1 lo-
cus that corresponds to WISP1-AS1. Transcription is observed in some RNA-seq ex-
periments only on a “minus” strand (indicated by arrows) and not on a “plus” strand,
showing orientation specificity. Last downloaded and modified on 10 July 2018. On
the https://genome.ucsc.edu/encode/dataMatrix/encodeDataMatrixHuman.html
choose a matrix between “NHEK” cells on the left and “RNA-seq” on the top. In the
new window that opens, click on the boxes that contain RNA-seq on the minus strands,
e.g. “NHEK whole cell polyA+ RNA-seq Minus signal Rep 1 from ENCODE/CSHL".
Choose “dense” view. Click on “view in browser” button.

4.1.2 Polyadenylation of WISP1-AS1

To determine whether IncRNA WISPI-AS1 is polyadenylated, total RNA
from 100nm OTA-treated HEK293T cells was DNase I-treated, then reverse
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transcribed with oligo(dT);g primer and, in parallel, with random hexamers.

A subsequent qPCR reaction was performed with WISP1 intron 4 (IV)
primer pair (see Table A.3 for the sequences). When WISP1-AS1 expression
was compared between two different reverse transcription approaches, similar
upregulation was observed (Fig. 4.3a). A signal in oligo(dT)g reactions
verified WISP1-AS1 polyadenylation.

Another approach to evaluate polyadenylation was to isolate the polyadeny-
lated fraction of RNA and analyze whether it contained WISP1-AS1. Figure 4.3b
confirms WISP1-AS1 polyadenylation in OTA-treated cells, in RT reactions with
oligo(dT),g and with random hexamers. qPCR reactions were performed with
WISP1 intron 4 (V) primer pair (see Table A.3 for the sequences).
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Figure 4.3: WISP1-AS1 polyadenylation. (a) Total RNA from OTA-treated HEK293T
cells was reverse transcribed with oligo(dT)g or random hexamer and then amplified
with PCR primers in WISP1 intron 4. WISPI-ASI1 is strongly upregulated in both re-
actions, confirming WISP1-AS1 polyadenylation. Expression compared to ACTB. Data
are shown as means + SEM. n = 3. (b) Comparison between OTA-treated total RNA,
reverse transcribed with random hexamer and oligo(dT)g, and polyadenylated RNA,
reverse transcribed with oligo(dT)q5. qPCR results show that WISP1-AS1 appears in all
reactions, thus confirming WISP1-AS1 polyadenylation. Insert shows melting curves.
n = 6 (total RNA), n = 9 (polyadenylated RNA).

4.1.3 Transcriptional landscape of WISP1-AS1
4.1.3.1 Influence of WISP1-AS1 on WISP1 mRNA
WISP1-AS1 is transcribed from the opposite strand of DNA compared to WISP1

mRNA and, therefore, between IncRNA and mRNA exist sequence complemen-
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tarity. Because of WISP1-AS1 orientation in antisense, it is possible that it influ-
ences WISPT mRNA.

To clarify this probability, first I analyzed untreated HEK293T cells for
cotranscription of WISP1-AS1 and WISP1 mRNA. For this purpose, TagMan
probes specific for WISPT mRNA and WISPI-AS1 were designed (see Table A.3
for sequences). In untreated cells, WISP1-AS1 expression was low (Ct values
> 38) and WISP1 mRNA was untraceable (Fig. 4.4a). However, in OTA-
induced cells, only WISP1-AS1 showed an upregulation, while no amplification
of WISP1 mRNA was observed.

These data demonstrated that HEK293T cells do not express WISPI mRNA,
not even after OTA treatment. However, how to be sure that WISP1-AS1 does
not suppress WISP1 mRNA in OTA-treated cells? Is the absence of the signal in
PCR with TagMan primers for WISP1 mRNA:

1. due to no WISPT mRNA expression in OTA-treated HEK293T cells?
2. an indicator of the suppression by WISP1-AS1?

To address the first question, RNA from OTA-treated cells was analyzed
again for WISPT mRNA expression. A qPCR carried out with WISPT mRNA-
specific primers (exon 1 — exon 2 primers spanning the first intron of WISP1
gene; see Table A.3 for sequences) show slight downregulation of WISPT mRNA
in OTA-treated cells (Fig. 4.4b). The results confirm the functionality of TagMan
primers specific for WISPT mRNA used in Figure 4.4a, which correctly show no
amplification of WISPT mRNA due to the lack of WISPT mRNA expression in
OTA-treated cells.

As a positive control, cells were treated with PMA to induce WISPT mRNA
transcription (see Section 1.8 for description of this mechanism). When treated
with PMA, qPCR performed with primers specific for WISPT mRNA (exon 1-
exon 2 primers; see Table A.3 for sequences) show WISPI mRNA upregulation
(Fig. 4.4b).

To focus on the second question, cells were treated simultaneously with OTA
and PMA to induce both transcripts. If WISP1-AS1 suppresses the expression
of WISP1 mRNA, then, when both transcripts are present, WISPT mRNA ex-
pression should be strongly reduced. This would confirm that WISP1-AS1 sup-
presses WISP1T mRNA.

In Figure 4.4b, very small reduction in WISP1 mRNA expression occurred
when both transcripts were induced. WISPT mRNA expression was not abol-
ished, indicating that it might be WISP1-AS1 independent.

Taken together, these data show that WISP1-AS1 and WISP1 mRNA have
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different inducers in HEK293T cells: OTA induces only WISP1-AS1 (Fig. 4.4a)
and PMA induces only mRNA (Fig. 4.4b). In conclusion, I assume that WISP1-
AS1 does not suppress WISPT mRNA because mRNA expression is still high in
OTA+PMA-treated cells when both transcripts are simultaneously present.
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Figure 4.4: Expression of WISP1-AS1, WISP1 mRNA and NDRG1 mRNA. (a) Tag-
Man probes, designed specifically for WISP1-AS1 or WISPT mRNA, show that in control
(untreated) cells, WISP1-AS1 expression is low and in OTA-treated cells is upregulated.
There is no WISPT mRNA expression in neither control nor OTA-treated cells. n = 6.
(b) WISP1 mRNA expression. qPCR performed with WISP1 mRNA-specific primers
(WISP1 exon 1 - exon 2 primer pair). OTA leads to a slight downregulation of WISP1
mRNA. PMA was used as a positive control to induce WISPT mRNA. WISPT mRNA
expression is significantly upregulated by PMA when compared to control cells. To test
for WISP1 mRNA suppression by WISP1-AS1, both transcripts were induced by OTA
+ PMA. WISP1 mRNA expression was slightly but significantly reduced. However,
mRNA expression was not completely abolished, indicating WISP1-AS1 independence.
Data are shown as means + SEM. Asterisk and hashtag indicate significant difference
(P < .05) from the control and PMA group, respectively. n = 9. (c¢) In the conditions
when WISP1-AS1 is upregulated, the expression of NDRGI is slightly repressed. These
data indicate two separate transcripts, WISP1-AS1 and NDRG1 mRNA, otherwise their
expression would be in concordance. Data are shown as means + SEM. n = 4.
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4.1.3.2 Transcriptional elongation from the upstream gene

Since WISPI-AS1 is in antisense orientation to WISPT mRNA and it probably
has no suppressive function on WISP1T mRNA, another critical feature to test
was whether WISPI-AS1 transcription belongs to an upstream gene. In general,

two genes show similar expression pattern if they are coregulated/coexpressed.

In the 5" direction of WISP1-AS1 is the N-myc downstream regulated gene
1 (NDRG1), involved in differentiation, caspase activation and apoptosis. The
distance between the end of NDRGI gene and the beginning of WISP1-AS1 is
7750 bp, according to NCBI Genome Data Viewer!.

WISP1-AS1 and NDRGI expression was analyzed by qPCR in total RNA from
OTA-treated cells with WISP1 intron (IV) and NDRGI1 primers (see Table A.3
for sequences). When WISP1-AS1 was upregulated by OTA, NDRGI mRNA
expression was slightly downregulated (Fig. 4.4c), showing independent tran-
scription of the two adjacent genes. In other words, WISPI-AS1 is not a tran-
scriptional continuation of the upstream gene, NDRGI. This in turn supports

the existence of a IncRNA, WISP1-AS1, as a separate transcript.

4.1.4 Noncoding potential of WISP1-AS1

All analyzed in silico IncRNA databases did not predict an existence of a non-
coding transcript in WISP1 locus, in the intron 4, exon 5 and 3’ UTR from where
WISP1-AS1 is transcribed. Without an evidence of its existence, a question arose:
Is WISP1-AS1 really a noncoding RNA molecule or does it have the potential to
translate into peptides? To answer this question, an online database of trans-
lation, genome-wide information on protein synthesis visualized (GWIPS-viz)
was employed, described by [MicHeL et L. 2013]. This database consists of 447
ribosome profiling experiments from different studies on different cell types.

I browsed the sequence of WISP1 gene in all the published studies in GWIPS-
viz and observed translational events only in the regions of exons (Fig. 4.5). No
translation in intron 4 nor 3’ UTR was visible from where WISPI-AS1 is tran-
scribed.

The downside of the database is that it does not contain cells treated with
OTA, the only known inducer of WISP1-AS1. From this database information, I
can only assume there is no translation of WISP1-AS1, at least not in the analyzed
cells. In that case, WISP1-AS1 should function solely as RNA molecule.

1 https://www.ncbi.nlm.nih.gov/genome/gdv/browser/?context=gene&acc=10397
2 On 13 December 2019
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GWIPS-viz Genome Browser on Human Dec. 2013 (GRCh38/hg38) Assembly
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Figure 4.5: In silico ribosome profiling. Translational events are shown in red in the
upper part of the panel. Besides translation of exons 4 and 5 that belongs to WISP1
mRNA, there is no substantial translation in intron 4 nor in 3" UTR from where WISP1-
AS1 is transcribed. These data support noncoding feature of WISP1-AS1. Last down-
loaded and modified on 13 December 2019 from: https://gwips.ucc.ie/cgi-bin/hgTra
cks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeTyp
e=default&virtMode=0&nonVirtPosition=&position=chr8%3A133224117-133232207
&hgsid=53858_QX]74F9Fr6 YEETdobe4ec7GFB3q4

4.2 WISP1-AS1 expression

4.2.1 WISP1-AS1 expression in renal cancer cells

OTA is suspected to contribute to the incidence of renal and urinary tract tu-
mors in humans (KuipeEr-Goobman anD Scott 1989). Moreover, many IncRNAs
were found to be differentially expressed in human clear cell renal cell carci-
noma samples (BLoNDEAU ET AL. 2015). OTA treatment of renal cells causes an
upregulation of WISP1-AS1, as I demonstrated in my results (Fig. 4.3a and Sec-
tion 4.1.3.1). Therefore, in case of WISP1-AS1, it was of importance to address
the following questions:

1. Is WISP1-AS1 expressed at all in renal cancer cells and, if yes, to what ex-
tent?
2. Does OTA lead to (further) WISP1-AS1 upregulation in renal cancer cells?

To clarify the expression pattern of the novel transcript WISP1-AS1 in renal
cancer cells, I analyzed clear cell renal cell carcinoma (ccRCC) cells, 786-O, de-
rived from the epithelium of the renal proximal tubule. Droplet digital PCR
(ddPCR) was used to quantify the copy number of WISP1-AS1 per 1 pg of to-
tal RNA used. DdPCR was performed with WISP1 intron (IV) primer pair (see
Table A.3 for the sequences).
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In the 786-O cell line, WISP1-AS1 expression was already elevated under
basal conditions (Fig. 4.6), compared with untreated HEK293T cells where copy
number of WISP1-AS1 per 1 ug of total RNA was between 0 and 500 (data not
shown). To analyze OTA ability to further induce WISP1-AS1 expression in can-
cer cells, 786-O cells were treated with 100nm OTA for 48h. Results showed
tremendous WISP1-AS1 upregulation: WISP1-AS1 copy number increased 13

times, compared with untreated 786-O cells.

High WISP1-AS1 expression in the renal cancer cells without induction by
OTA points out the potential involvement of WISPI-AS1 in carcinogenesis.

< 300000 1 * Figure 4.6: WISP1-AS1 expression in ccRCC cell
< 275000 1 line 786-O. Total RNA from untreated (control)
= 250000 1 and 100nm OTA-treated ccRCC 786-O was ana-
S 225000 1 lyzed by ddPCR for WISPI-AS1 expression. In un-
< 200000/

® 50000 7, treated cells, WISP1-AS1 copy number was already
= /1 . .

<. 40000 - high and it was tremendously upregulated by OTA
o 30000 1 T induction.

o) %8888 Data are shown as means + SEM. Asterisk indi-
o 0 . cates significant difference (P < .05) from the con-

control  OTA trol group. n = 9 (controls), n = 14 (OTA).

4.2.2 Northern blot confirmation of WISP1-AS1 expression and orientation

LncRNAs are often low-abundant transcripts. For that reason, ccRCC 786-O cells
were used for Northern blot, since OTA-induced WISP1-AS1 level was much
higher in these cells than in induced HEK293T cells. Therefore, total RNA, iso-
lated from OTA-treated or untreated ccRCC 786-O cells, was separated on urea-

agarose gel and transferred on a nylon membrane.

Two biotinylated probes were produced: a probe in antisense to WISP1-AS1
served to detect WISP1-AS1, and a probe in sense was a negative control to
show sequence- and orientation-specificity of the antisense probe. A biotiny-
lated probe directed against WISP1-AS1 detected a single band at around 3000
nt in 786-O cells treated with OTA (Fig. 4.7a). The band corresponds to WISP1-
AS1 size of 2922 nt, confirming the WISP1-AS1 expression. Additionally, results

confirm WISP1-AS1 orientation in antisense in comparison with WISPT mRNA.

A negative control probe - a probe with a sequence identical to WISP1-AST -
did not show any bands (Fig. 4.7b). The lack of signal is consistent with the hy-
pothesis that WISP1-AS1 expresses only in antisense direction to WISPT mRNA.

Both membranes were stripped and re-probed with a biotinylated probe for
ACTB mRNA, an internal standard. In both cases, a clear band at 1700 nt was
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visible (Fig. 4.7a,4.7b, lower panels).

Hybridization control reactions were performed with a biotinylated probe

directed against WISP1-AS1 and a negative control probe. The results show the

ability of both probes to specifically recognize only the complementary target

(Fig. 4.7¢).
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Figure 4.7: Northern blot. RNA
from OTA-treated and control 786-O
cells was separated on urea-agarose
gel and transferred on a nylon mem-
brane. Each OTA-treated line is
RNA from an individual Petri dish of
786-O cells. (a) Biotinylated probe
directed against WISP1-AS1 recog-
nized a target in ccRCC 786-O cells
treated with 100nm OTA for 48h.
The band size corresponds to 2922
nt (nucleotides) of WISP1-AS1. (b)
Biotinylated probe directed against
complementary sequence of WISPI-
AS1 (negative control probe) did
not recognize the target. Internal
control, ACTB mRINA, shows bands
of 1700 nt in (a) and (b). (c)
Hybridization specificity of biotiny-
lated probes. Samples loaded on
the gel are in vitro transcribed 364
nt sense or antisense fragments of
WISP1-AS1. Positive control probe
recognizes WISPI-AS1 (i.e. sense-
oriented fragment, in 5 to 3’ di-
rection of WISP1-AS1). Negative
control probe recognizes a sequence
complementary to WISPI-ASI (i.e.
antisense-oriented fragment, in 3’ to
5" direction of WISP1-AS1). Each
biotinylated probe hybridizes only
to its complementary fragment, con-
firming the ability to specifically rec-
ognize the target.

4.3 Knockdown tool for WISP1-AS1 functional studies

To get an insight into WISP1-AS1 functions, I studied the cellular consequences

in conditions of inhibited WISP1-AS1 expression.

For that purpose, LNA™ GapmeR antisense oligonucleotides (ASOs) were
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designed, complementary to intron 4 part of WISP1-AS1. I tested ASOs in cell
culture and established a knockdown method to reduce WISP1-AS1 expression.
Subsequently, HEK293T cells were treated by OTA to induce WISP1-AS1, and
transfected by ASOs to knockdown WISP1-AS1.

Analyzed by qPCR, knockdown by ASOs in the cells treated with OTA re-
duced WISP1-AS1 copy number eight-fold in comparison with OTA-treated cells
in the presence of scramble ASO (Fig. 4.8a). WISP1 intron (IV) primers were
used (see Table A.3 for the sequences).

To show orientation specificity of ASOs on the knockdown outcome, sense
ASOs were designed, with a sequence identical to WISP1-AS1. As shown in
Figure 4.8b, sense ASOs did not knockdown WISP1-AS1; only antisense ASOs
reduced WISP1-AS1 expression down to 10 %.
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Figure 4.8: OTA-induced WISP1-AS1 expression in the presence of LNA GapmeR
antisense oligonucleotides (ASOs). (a) ASOs complementary to WISP1-AS1 (anti-
sense ASOs) reduced WISP1-AS1 expression in OTA-treated cells (the OTA /antisense
ASO group), analyzed by ddPCR. Data are shown as means + SEM. Asterisk indicates
significant difference (P < .05) from the OTA /scramble ASO group. n = 6. (b) The
effect of scramble ASO, ASOs in the same orientation as WISP1-AS1 (sense ASOs) and
ASOs complementary to WISP1-AS1 (antisense ASOs) on WISP1-AS1 expression in
OTA-treated cells, analyzed by qPCR. Only antisense ASOs knockdown WISP1-AS1.
Data are shown as means + SEM. Asterisk indicates significant difference (P < .05)
from scramble ASO. n = 4.
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4.4 RNA-sequencing

4.4.1 Differential expression of protein coding genes

To discover the impact of WISP1-AS1 on gene expression regulation, whole tran-
scriptomes were analyzed for changes caused by OTA-induced WISP1-AS1. For
that, RNA from four groups of samples (described in Table 3.4) was subjected
to RNA-seq:

OTA /scramble ASO,
OTA/WISP1-AS1 ASQOs,
control/scramble ASO,
control/WISP1-AS1 ASOs.

=R

RNA-seq resulted in over 58 000 transcripts separated in five groups of ex-
pression: ‘protein coding’ (20328), 'lincRNAs’ (7110), ‘antisense” (5274), ‘mi-
croRNAs’ (3050) and "others’ (22 016). To unveil a mechanism of the function of
WISP1-AS1, only ‘protein coding” transcripts were included for further analysis.

To observe changes in gene expression that are absolutely dependent on
WISP1-AS1, differential expression (DE) was performed on the protein coding
transcripts as shown in Figure 4.9a. Only OTA-induced, WISP1-ASI-dependent
genes were selected when up- or down-regulated in the OTA /scramble ASO
group, in comparison with the control/scramble ASO group. DE between other
groups should have shown no significant change, illustrated by DE = 0.

OTA-induced, WISP1-AS1-dependent genes were grouped in a 2D ar-
ray by fold change (FC) and fragments per million (FPM) (Fig. 4.9b,4.9¢).
When sorted that way, 617 upregulated and 758 downregulated genes were
significantly changed. For the upregulated genes, FPM was taken from the
OTA /scramble ASO group. In case of downregulated genes, FPM of the
control/scramble ASO group was used. This means that, for example, in
upregulated genes, a gene in the OTA/scramble ASO group shows FPM > 20
(while the same gene in the control/scramble ASO group shows FPM < 20).
In case of downregulated genes it is the opposite: a gene in the control /scramble
ASO shows FPM > 20 (while in the OTA /scramble ASO group, the same gene
shows FPM < 20).

One gene that is upregulated with FC > 3 and FPM between 20-1001is
THSD4 (thrombospondin type 1 domain containing 4) gene (Fig. 4.9b). It
is also known as ADAMTSL-6 (a disintegrin and metalloproteinase with

thrombospondin motifs-like protein 6) gene. THSD4 is described to promote
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extracellular matrix, in particular, fibrillin-1 matrix assembly [Tsutsui2010].
The only gene downregulated with FC < 4 and FPM between 10-150is
NDUFB10 (NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit
10) gene (Fig. 4.9c). NDUFB10 is an accessory subunit of the enzyme NADH
dehydrogenase (ubiquinone) complex in the inner mitochondrial membrane,
also known as Complex L.

Up- or down-regulated genes were further analyzed for the enrichment of

gene ontology (GO) terms and TFBSs within their promoter regions.
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Figure 4.9: Differential expression (DE) analysis of RNA-seq genes. (a) To filter the
genes that are absolutely dependent on WISP1-AS1, comparison of DE was performed
between the groups indicated on the scheme. Changes in gene expression were allowed
only between the OTA /scramble ASO and the control/scramble ASO group. DE =1
means upregulation in the OTA /scramble ASO group; DE = —1 means downregulation
in the OTA /scramble ASO group; DE = 0 means no changes between the two depicted
groups. (b) Upregulated genes and (c) downregulated genes, sorted by OTA-induced
FC and number of reads, i.e. fragments per million (FPM) in the OTA/scramble ASO
and the control/scramble ASO group, respectively.

OTA-induced fold
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4.4.2 Gene ontology enrichment analysis

One way to analyze large gene lists and observe a pattern which might explain
the function of WISP1-AS1 is to look for enrichment in GO terms. GO cate-
gories in g:Profiler and GOrilla are: "biological process’, cellular component” and
‘molecular function’. Each category contains terms, e.g. molecular pathway, or-

ganelle, enzyme activity, etc.

The GO enrichment analysis was conducted with OTA-induced, WISP1-AS1-
dependent genes. Up- or down-regulated genes were chosen with FC > [1.5
and FPM > 10 in the OTA /scramble ASO or the control/scramble ASO group,
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respectively.

With these parameters, 217 genes appeared upregulated but g:Profiler and
GOrilla did not recognize any significantly enriched gene cluster within any GO
category. Downregulated 325 genes appeared enriched in GOrilla in 'cellular
component - organelle part - nucleolus’, whereas g:Profiler did not result in en-
richment. Nucleolus enrichment was no more significant in the genes downreg-
ulated with FC < 1.5 and FPM > 20 in the control/scramble ASO group.

From the results, I conclude that WISPI-AS1 probably does not influence any
gene cluster. Its function might be more specific, like influencing one or a few
coding or regulatory RNAs by various mechanisms. Therefore, the following
analysis was performed.

4.4.3 WISP1-AS1 influence on transcription factor activity

Another way to find common elements between genes changed by WISP1-AS1
is to seek for common response elements in their promoters. Every gene is con-
trolled by one or more response elements in the promoter region. Response ele-
ments, i.e. TFBSs are recognized by specific transcription factors (TFs). Gener-
ally speaking, TFBSs can appear enriched within the promoters, indicating that
some cell treatment might had affected those TFs and resulted in the observed
gene expression.

OTA-induced, WISP1-ASI-dependent genes chosen for the analysis con-
tained the same parameters as in the previous section: FC > [1.5] and FPM > 10
in the OTA /scramble ASO or the control/scramble ASO group.

Analyzed by g:Profiler, more than 70 % of upregulated genes in their pro-
moter regions contained overrepresented TFBSs for TFs: ETF, E2F, ZF5, SP1,
WT1 and EGR-1 (1077 > P > 10714). A pscan analysis of promoter regions con-
firmed enrichment of EGR-1, SP1 and E2F (—950 to +50 bp from transcription
start site (TSS) (10~ > P > 10~10).

For downregulated genes, g:Profiler analysis resulted in a similar fashion.
More than 70 % genes contained overrepresented TFBSs for TFs: E2F, ETF, ZF5,
ELK-1, EGR-1 and SP1 (1078 > P > 1072Y). Four of them were confirmed by
pscan: SP1, ELK-1, E2F and EGR-1 (=950 to +50 from TSS) (10-8 > P > 10~12).

The finding that TFBSs appeared overrepresented in a WISPI-AS1-
dependent manner suggests WISP1-AS1 function as a modulator of TF activity.
Possibly, WISP1-ASI-induced changes in TFs regulated gene expression and
resulted in up- or down-regulated transcripts observed in RNA-seq.
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4.4.4 Testing the TF activity by reporter assays

The activities of some TFs, whose TFBSs were in silico predicted to be overrep-
resented in differentially expressed genes, were further analyzed by reporter

assays.

To acquire OTA influence on the activity of TFs, HEK293T cells were trans-
tfected with a vector carrying response element for TF EGR-1, E2F or AP-1. Af-
terwards, cells were treated with different concentrations of OTA (Fig. 4.10a,
4.10b,4.10c). To evaluate WISP1-AS1 involvement in OTA-induced changes in
TF activity, HEK293T cells were transfected with vectors carrying EGR-1 or E2F
and then treated with ASOs (scramble or WISP1-AS1 ASOs) and 100nm OTA
(Fig. 4.10d,4.10e). The activities of TFs were measured 24 h after OTA addition
in all cases. EGR-1 activity was measured by Cytation™ 3 Cell Imaging Multi-
Mode Reader and E2F activity was measured by the Dual-Luciferase® Reporter
(DLR™) assay. See Section 3.3.2 for detailed treatment.

To investigate the influence of OTA on the activity of TFs, cells were trans-
tected with vectors carrying cloned response elements for E2F or EGR-1 and then
incubated with different concentrations of OTA. After 24h, EGR-1 activity was
significantly increased by OTA concentrations above 10nm (Fig. 4.10a). In con-
trast, the activity of E2F was significantly decreased by OTA concentrations above
10nm (Fig. 4.10b).

The analyzed TFs are ubiquitous regulators of gene expression. To evaluate
whether changes in overrepresented TFBSs could show up by accident in the
analysis, another ubiquitous TF, AP-1, was used as a test case. AP-1 did not
appear enriched in gene sets analyzed by g:Profiler and pscan. In reporter assay
experiments, different concentrations of OTA during 24 h did not affect AP-1 ac-
tivity (Fig. 4.10c). This analysis confirmed that TFBSs, identified by g:Profiler
and pscan, correspond to OTA-induced changes. In other words, OTA does not
affect all promoters in an unspecific way but rather acts only on certain promot-

ers by changing the activity of some TFs.

To determine how the TF activity can be modulated by the presence or ab-
sence of WISP1-AS1, GapmeR ASOs were employed to knockdown WISPI-ASI.
EGR-1 activity was increased by OTA-induced WISP1-AS1 (Fig. 4.10d). When
WISP1-AS1 was knocked down by ASOs, EGR-1 activity was significantly
lower. On the other hand, OTA-induced WISP1-AS1 suppressed E2F activity
(Fig. 4.10e). In the absence of WISP1-AS1, suppression of E2F activity was

weaker.

Both cases exemplify a potential mechanism of WISP1-AS1 as a modulator
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of TF availability to the target’s promoter regions which, in turn, regulates gene

expression.
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Figure 4.10: OTA and WISP1-AS1 influence on the transcriptional activity of EGR-
1, E2F and AP-1. (a) EGR-1 activity was significantly induced after 24 h incubation
with 10, 100 and 1000nm OTA. (b) E2F activity was significantly reduced after 24h
incubation with 10, 100 and 1000 nm OTA. (c¢) AP-1 activity was not changed by OTA
during 24 h. In (a), (b) and (c¢), asterisk indicates significant difference (P < .05) from
control (0nm OTA). (d) EGR-1 activity was increased in the presence of WISP1-AS1 (i.e.
in the presence of the scramble ASO). When WISP1-AS1 was knocked down by ASOs,
EGR-1 activity was decreased. (e) The activity of E2F was repressed in the presence
of WISP1-AS1. WISP1-AS1 knockdown by ASOs resulted in weaker repression of E2F
activity. In (d) and (e), asterisk indicates significant influence of OTA (P < .05). Data
in all graphs are shown as means + SEM. n = 12 in all graphs.

4.4.5 Gene expression validation

Following RNA-seq data analysis, experimental validation of up- and down-
regulated genes was performed by qPCR and ddPCR. Validation by other ap-
proaches is necessary to increase the confidence in RNA-seq results.

Genes chosen for the validation contained FC > |1.5| and FPM > 20 in the
OTA /scramble ASO group (for upregulated genes) or the control/scramble

57



REesuLts

ASO group (for downregulated genes).

In 28 analyzed genes, up- or down-regulation was confirmed between the
OTA /scramble ASO and the control/scramble ASO group (Fig. 4.11a). Valida-
tion was successful in 93 % of cases where genes have shown the same direction
in expression in JPCR and ddPCR as in RNA-seq. See Table A.3 for the primer

sequences.

THSD4 and NDUFBI0 were validated too, the two genes that appeared
changed persistently with an increasing FC and FPM in a 2D array of RNA-seq
results. Only SIRT1 and RPL39 have shown the opposite direction in qPCR,
compared with RNA-seq. Validation demonstrates that differential expression

of genes in RNA-seq can be taken reliably.

One target gene, the growth-arrest specific gene 6 (GAS6) is shown here in
detail. GAS6 mRNA was upregulated in the presence of OTA-induced WISP1-
AS1, in RNA-seq results (Fig. 4.11b) and confirmed by ddPCR (Fig. 4.11c). In
the conditions when WISP1-AS1 was knocked down by ASOs, GAS6 expression
was reduced.

4.5 Cell death

4.5.1 WISP1-AS1 involvement in apoptosis

To analyze whether OTA-induced WISP1-AS1 is involved in apoptotic changes
at low OTA concentrations of 100 nMm, caspase-3 activity was measured by using
tlorigenic substrate. Caspase-3 is an executioner caspase in the apoptotic path-
way.

With this assay, OTA-induced caspase-3 activity was low when WISP1-AS1
was present in cells, i.e. when cells were treated with OTA/scramble ASO
(Fig. 4.12a). In contrast, high OTA-induced caspase-3 activity was assessed
when WISPI-AS1 expression was decreased, i.e. in OTA-treated cells with
ASOs to knockdown WISPI-AS1. In these cells, caspase-3 activity tripled in
comparison with the control/scramble ASO group, representing increased
apoptosis.

These findings suggest a protective role of WISP1-AS1 against apoptosis.

Different apoptotic pathways can trigger caspase-3 activation. To asses which
upstream caspase is involved, activities of caspases 2, 8, 9, 10 and 12 were mea-
sured.

Caspase-2, an initiator caspase of nuclear apoptotic pathway, showed in-
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Figure 4.11: Validation of some genes from RNA-seq. (a) Some genes from RNA-seq
were validated by qPCR. In 93 % of cases, genes showed the same pattern of expression
(up- or down-regulation). From red to blue, color indicates decline in expression. RNA-
seq data are expressed as FC in the OTA/scramble ASO group, in comparison with
the control/scramble ASO group. Values below one represent downregulation. gPCR
data is presented as AACt in the OTA /scramble ASO group, in comparison with the
control/scramble ASO group. Values below zero indicate downregulation. n =4 (RNA-
seq), 2-7 (qQPCR). (b) Growth-arrest specific gene 6 (GAS6) mRNA was upregulated in
a WISP1-AS1-dependent manner in RNA-seq and (c) confirmed by ddPCR. Data are
shown as means + SEM. Asterisk indicates significant difference (P < .05) from the
control/scramble ASO group. n = 4 (RNA-seq), n = 2 (ddPCR).

creased activation as downstream caspase-3 in cells with decreased WISP1-AS1
expression (the OTA/WISP1-AS1 ASOs group) (Fig. 4.12b). OTA-induced,
WISP1-AS1-dependent effect on caspase-9, a mediator of mitochondrial apop-
totic pathway, was opposed to caspases 2 and 3. The activity of caspase-9 was
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significantly lower in the presence of WISP1-AS1 (in the OTA/scramble ASO
group) in comparison with the control/scramble ASO group (Fig. 4.12d). The
data indicate a protective role of WISP1-AS1 against mitochondrial pathway of
apoptosis.

Other caspases showed either very low activity (caspase-8, Fig. 4.12c), no
significant changes (caspase-10, Fig. 4.12e) or a pattern clearly different from
caspase-3 (caspase-12, Fig. 4.12f).

All caspase activities were normalized to total cellular protein content. Cells
treated with OTA resulted in a global protein reduction, independently of
WISP1-AS1 (Fig. 4.12g). OTA reduced total protein content down to 72 % and
78 % in the control/OTA and the ASO/OTA group, respectively, in comparison
with the corresponding controls. A slight reduction in total cellular protein
was previously shown by SAuvanT et aL. 20054 with 100nm OTA on opossum

kidney cells.

4.5.2 WISP1-AS1 influence on nuclear fragmentation

In apoptosis, characteristic changes in cell morphology include chromosomal
DNA fragmentation and, in the late phase, nuclear fragmentation. The latter
can be visualized by microscopy. Therefore, to evaluate nuclear fragmentation
in OTA-induced, WISP1-AS1-dependent fashion, nuclei were stained with DAPI
and analyzed by Cytation" 3 Cell Imaging Multi-Mode Reader to quantify small

nuclear fragments.

The control/scramble ASO group have shown very low percentage of small
nuclear fragments, only 2.9 + 2.2 % out of total number of nuclei in the obser-
vation field. In OTA-treated cells with WISP1-AS1 presence (the OTA /scramble
ASO group), nuclear fragmentation stayed low, with basically the same percent-
age of small nuclear fragments. In contrast, in OTA-treated cells with decreased
WISP1-AS1 expression (the OTA/WISP1-AS1 ASOs group), nuclear fragmenta-
tion was significantly increased to 10.4 + 3.2 % (Fig. 4.12h).

The results are consistent with and support the increased caspase-3 activity
in OTA-treated cells with decreased WISP1-AS1 expression (the OTA/WISPI-
AS1 ASOs group) (Fig. 4.12a). Moreover, these results demonstrate that in the
presence of WISP1-AS1, cells were “protected” against apoptosis. Accordingly,
I suggest WISP1-AS1 function as an antiapoptotic IncRNA.
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Figure 4.12: Changes in apoptotic events: caspase activities and nuclear fragmen-
tation in the cells treated with OTA and ASOs.  Caspase activities were mea-
sured by using florigenic substrates. In OTA-treated cells with WISP1-AS1 knockdown,
(a) caspase-3 activity was increased three times in and (b) caspase-2 activity was signif-
icantly increased in comparison with the control/scramble ASO group. (c) The activ-
ity of caspase-8 was decreased in the WISP1-AS1 presence (in the OTA /scramble ASO
group) but a whole caspase-8 expression was at a low scale. (d) Caspase-9 was de-
creased in OTA-treated cells in the presence of WISP1-AS1. (e) The activity of caspase-
10 did not show significant difference between four groups. (f) Caspase-12 activity de-
creased in OTA-treated cells with WISP1-AS1 knockdown. (g) OTA decreases total pro-
tein in the cell, independently of WISP1-AS1. The amount of protein per well was used
to normalize caspase activities. (h) Nuclear fragmentation was obtained by Cytation™
3 Cell Imaging Multi-Mode Reader after staining the nuclei with DAPI. Nuclear frag-
mentation shows increased percent of small nuclear fragments in the OTA-treated cells
in the absence of WISP1-AS1. Data in all graphs are shown as means + SEM. Asterisk
in all graphs indicates significant difference (P < .05) from the control/scramble ASO
group. n = 12-16 in all graphs.

4.5.3 Necrotic cell death

An alternative pathway to apoptotic cell death is necrosis. Upon necrotic cell
damage, cell membranes become leaky. The release of lactate dehydrogenase
(LDH), an intracellular enzyme, serves as a measure of leaky membranes and,

therefore, a measure of necrosis.
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In OTA-treated cells in the presence of WISP1-AS1 (the OTA/scramble
ASO group), cells show slight but significant increase in necrosis (Fig. 4.13a).
When the expression of WISP1-AS1 was decreased in OTA-treated cells (the
OTA/WISP1-AS1 ASOs group), cells did not show prominent necrosis.

Taken together, these findings indicate that necrosis only occurred in OTA-
treated cells when WISP1-AS1 was present, in other words, when the cells were
prevented from going into apoptosis, possibly due to the potential WISP1-AS1
antiapoptotic effect. In the case of prevented apoptosis, cells might shift to necro-
sis.

Therefore, slight increase in LDH release might represent a compensatory
cell death pathway in OTA-treated cells with WISP1-AS1 expression.
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Figure 4.13: WISP1-AS1 influence on the cellular necrotic death and mitochondrial
polarization. (a) The percentage of LDH release from the cells is expressed as the
activity of LDH in the cell medium relative to a sum of LDH activity in cell lysate and
cell medium. Slight increase in LDH release was observed in the OTA-treated cells in
the presence of WISP1-AS1 (the OTA/scramble ASO group), in comparison with the
control/scramble ASO group. Slight increase in LDH release might be a compensatory
cell death pathway in OTA-treated cells with WISP1-AS1 expression where apoptosis is
reduced. n = 18. (b) JC-1 dye is a mitochondrial membrane potential-sensitive. JC-1
ratio of aggregates/monomers indicates decrease in the mitochondrial membrane po-
tential in OTA-treated cells, independently of the presence of WISP1-AS1. Data in both
graphs are shown as means + SEM. Asterisk in both graphs indicates significant differ-
ence (P < .05) from the respective control. n = 4 in both graphs.

4.5.4 Changes in mitochondrial membrane potential

To investigate whether WISP1-AS1 is a mediator of OTA influence on the mito-
chondria, I assessed mitochondrial membrane potential by using the membrane
potential-sensitive JC-1 dye and Cytation" 3 Cell Imaging Multi-Mode Reader.
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Control cells, treated with scramble ASO or WISP1-AS1 ASOs but without
OTA, showed intense red fluorescence from JC-1 aggregates, an indication of
healthy mitochondria with a largely negative mitochondrial membrane poten-
tial. However, cells treated with OTA, independently of WISP1-AS1, displayed
stronger green fluorescence from JC-1 monomers and less red fluorescence, an

indication of less negative mitochondrial membrane potential.

The ratio of red /green fluorescence (corresponding to aggregates/monomer
ratio) show the reduction of mitochondrial membrane potential by 20 % in the
cells treated with OTA, independently of WISP1-AS1 presence (Fig. 4.13b). The
action of OTA on mitochondrial membrane potential is not mediated by WISP1-
AS1; it is solely OTA effect.

4.6 Cellular glucose consumption and lactic acid formation

4.6.1 WISP1-AS1 influence on energy metabolism

Cellular glucose demands can change in the growing cells but also in pathologi-
cal processes. Glucose metabolism can directly influence signaling pathways of
cell death, in particular apoptosis. In the studies of apoptosis in Sections 4.5.1
and 4.5.2, antiapoptotic effect of WISP1-AS1 was observed.

Accordingly, the next step was to investigate presumed influence of OTA-
induced WISP1-AS1 on the energy metabolism. Therefore, I measured glucose
consumption to seek for changes in energy demands between OTA-treated cells
containing WISP1-AS1 and cells lacking WISPI1-ASI1.

Glucose consumption of the control/scramble ASO group during 3h in
HEPES-Ringer buffer was 18.3 + 2.4 pmol/mg of protein (Fig. 4.14a). Cells
treated with OTA in the presence of WISP1-AS1 consumed an almost double
amount of glucose in comparison with the control/scramble ASO group
(33.4 + 5.1 pmol/mg of protein). When WISP1-AS1 was knocked down
by ASOs in OTA-treated cells (the OTA/WISP1-AS1 ASOs group), glucose
consumption dropped to the level of control cells.

These observations imply that WISP1-AS1 is involved in high glucose con-

sumption.

4.6.2 Lactate production and glutaminolysis

In different (patho)physiological processes, cells can switch their glucose

metabolism from oxidizing pyruvate (a product of glucose breakdown) in
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Figure 4.14: WISP1-AS1 influence on glucose consumption and lactate production.
(a) To measure glucose consumption, cells were incubated in HEPES-Ringer buffer with
11 mm glucose for 3h. OTA-treated cells in the presence of WISP1-AS1 consume signif-
icantly more glucose, but (b) they produce lower amount of lactate from it. (c) Low
lactate production results in a low lactate per glucose ratio in the OTA /scramble group.
(d) Lactate can be produced from other compounds than glucose, for example, glu-
tamine. Cells incubated with 11 mm L-glutamine in a HEPES-Ringer buffer (without
glucose) for 3h show an increase in lactate production in OTA-treated cells with WISP1-
AS1 knockdown. Data in all graphs are shown as means + SEM. Asterisk in all graphs
indicates significant difference (P < .05) from the scramble ASO/control group. n = 12
in all graphs.

the tricarboxylic acid (TCA) cycle to aerobic glycolysis. The latter produces
excessive lactate, also in the presence of oxygen, which can be measured in the

cell culture media.

OTA-treated cells in the presence of WISP1-AS1, when compared with the
control/scramble ASO group, consumed high amounts of glucose (Fig. 4.14a)
and produced remarkably low amount of lactate from glucose during 3h in
HEPES-Ringer buffer (Fig. 4.14b). Based on this, lactate per glucose ratio was
significantly lower in the OTA /scramble ASO group, in comparison with the
control/scramble ASO group (Fig. 4.14c).

In contrast to the group that contains WISP1-AS1, OTA-treated cells with
WISP1-AS1 knockdown produced a high amount of lactate (20.4 + 1.0 pmol/mg
of protein; Fig. 4.14b) from a relatively low amount of consumed glucose
(15.0 + 5.3 pmol/mg of protein; Fig. 4.14a). This amount of lactate is more than
it can possibly be synthetized from glucose.

Lactate can originate from other compounds than pyruvate synthesized from
glucose. The major compound (other than pyruvate) that contributes to the
lactate production is glutamine. Cells can consume glutamine, resulting in a
slightly higher lactate production in the cells treated with OTA, especially with-

64



REesuLts

out WISP1-AS1 (Fig. 4.14d). Glutaminolysis can partially explain why cells have
more lactate than can be produced from glucose.

In conclusion, it appears that OTA-treated cells with WISP1-AS1 expression
employ the TCA cycle to obtain energy from glucose. This conclusion is based
on an observation that pyruvate (from glucose) is not completely converted to
lactate. Therefore, pyruvate is probably oxidized into CO, via the TCA cycle.
Without WISP1-AS1, OTA-treated cells show increased aerobic glycolysis as a
form of obtaining energy. Increased aerobic glycolysis is often observed in can-

cer cells.
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5 Discussion

About 20 years ago, it was still believed that the majority of human genome be-
longs to a “junk DNA”, DNA that does not have structural or transcriptional
function. Nowadays, clearly most of this “junk” turned out to be regulatory
elements or genes for ncRNAs. Knowledge gained within last 20 years about
noncoding transcripts accomplished a separation of housekeeping and regula-
tory ncRNAs into several categories. The category of IncRNAs represents abun-
dant and diverse transcripts longer than 200 nt. LncRNAs are mainly predicted
by high throughput tools, reaching almost a number of 150000 in the human
genome. Alas, only to a small number of those predicted IncRNAs a function

was ascribed.

In this work I described a novel IncRNA, WISP1-AS1, and attributed it several

possible functions as the outcome of the experimental work.

5.1 WISP1-AS1 molecular characteristics

Some WISP1-AS1 characteristics have been previously described [ Dirtmar 2017;
HeNNeMEIER 2014 | but prior to my project, WISP1-AS1 orientation was unknown.
The reason for it is the discovery by qPCR experiment which cannot distinguish
between the orientation of the amplified DNA fragment. Generally speaking,
IncRNAs can be oriented in sense or antisense in respect to the closest protein-
coding gene. To distinguish between the orientation in sense or antisense of the
newly discovered transcript, strand-specific reverse transcription (RT) followed
by qPCR is a straightforward method. By strand-specific primers in RT reaction,
I was able to identify WISP1-AS1 orientation in the opposite direction in com-
parison with WISPI mRNA. This lists WISP1-AS1 among the natural antisense
transcripts (NATs), well-known and common functional transcripts with essen-
tial functions in human health. The examples are AIRN and NEAT1, essential
for maintaining monoallelic gene expression and nuclear paraspeckle formation,
respectively [reviewed by Latos et aL. 2012;L0 ET AL. 2016]. Other NATs are in-
creased expressed after cellular exposure to cell stressors including mycotoxins
and thus participate in etiology of human diseases through various mechanisms

[ WaNOwsKA ET AL. 2018].

Due to all included controls, I am confident that the results are reliable. First,
the results of the RT with an antisense primer specific for the sense-oriented tran-
script did not detect any signal. Second, genomic DNA control confirmed that
strand-specific primers are functional. Together, the results have demonstrated
that sense primer in RT detected the only possible transcript, and this is WISP1-
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AS1 in antisense. Control reactions without RTase and without primers con-
firmed technically good experiments. The discovery of WISP1-AS1 transcrip-
tion in antisense was the crucial finding of my doctoral dissertation; all the sub-

sequent experiments and findings depended on it.

WISP1-AS1 expression in OTA-treated cells was confirmed by Northern blot.
Likewise, Northern blot confirms its length and orientation in antisense in com-
parison with WISPI mRNA. Northern blot performed with a negative control
probe, a probe with a sequence identical to WISP1-AS1, did not show any signal.
This is due to the lack of base pair compatibility between a negative probe and
WISP1-AS1. Hybridization controls indicated orientation-specificity of probes
and confirmed well-produced probes and reliability of results.

Long noncoding RNAs are often RNA Pol II transcripts, therefore they con-
tain a poly(A) tail and thus are similar to mRNAs. LncRNAs without poly(A)
tail also exist and are usually transcribed by RNA Pol III. Nonpolyadenylated
RNAs are less identified and investigated simply because many experiments
to identify novel IncRNAs were performed on the poly(A) fraction of RNA,
mostly to avoid sequencing of abundant nonpolyadenylated rRNAs. In the case
of WISP1-AS1, analyzing two different types of RNA, total RNA and polyadeny-
lated RNA, isolated from OTA-treated cells identified polyadenylation of WISP1-
AS1. This is a confirmation that WISP1-AS1 has a poly(A) tail. To support the
reliability of oligo(dT)g primer priming in the poly(A) tail, and not inside the
molecule I analyzed the sequence of WISPI-AS1. There are no internal stretches
longer than seven adenosine bases in a row. Therefore, I conclude that qPCR re-
sults are reliable since oligo(dT)g primer should not bind to such a short stretch

of adenosines.

To investigate if it is possible to confirm that WISP1-AS1 can be expressed
in antisense in comparison with mRNA, I searched an online ENCODE Matrix
database. Evidence of WISP1-AS1 expression in antisense was found in NHEK
cells. These data were available from the RNA-seq experiments performed on
NHEK cells and uploaded into the database. Such evidence shows that antisense
transcription from the WISP1 locus exists and that it is possible in the nontreated
cells. In other words, it is naturally occurring. The reason that WISP1-AS1 is
not shown in other cell lines might be because of the specific OTA treatment.
As I explained in introduction (Section 1.7.3) and showed throughout results,
WISP1-AS1 expression is elevated only in epithelial renal cells in OTA toxicity
and tumor transformation. This such a narrow window might present an obsta-
cle for the appearance of WISPI-AS1 in RNA-seq experiments that are usually
(vastly) found in online databases. I am not aware of the RNA-seq results on
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OTA-treated human renal epithelial cells other than ours. At least, I did not find
experiments with nanomolar amounts of OTA analyzing a whole transcriptome.
There are, however, some experiments on human renal cells treated with OTA,
but they were looking for miRNA changes by RNA-seq. One experiment, per-
formed by Limonciel et al., used targeted RNA-seq called TempO-seq on RPTEC
cells treated with various amounts of OTA [2018]. By checking their online avail-
able TempO-seq data, I found that WISPI gene was not detected.

When two transcripts overlap in opposite directions, like antisense WISP1-
AS1 overlaps the 3’ end of the WISPI mRNA, then one transcript can be
functionally blocked. These two transcripts are transcribed in cis and their
sequence complementarity is 100 %, without mismatches. This kind of com-
plementarity is hard to achieve with a transcript acting on another transcript
in trans. Nontreated HEK293T cells were analyzed to observe the expression
pattern of these two transcripts. Interestingly, in control cells, both transcripts
were nonexpressed. After OTA induction, only WISPI-AS1 was increased
expressed and WISPT mRNA was not detectable. This differential expression of
WISP1-AS1 confirms that OTA is a WISP1-AS1-specific inducer. However, this
experiment cannot show potential WISPI-AS1 suppression of WISPT mRNA.
Conditions had to be created when both transcripts were induced. For that,
OTA and PMA were used and they specifically induce WISP1-AS1 and WISP1
mRNA, respectively. If, in WISP1-AS1 presence, mRNA expression suddenly
strongly decreases, that would be a confirmation that WISPI-AS1 can suppress
mRNA when both transcripts are induced. Since that was not the case, these two
transcripts, transcribed convergently from the WISPI locus, do not influence
each other's expression. This calls attention to different cellular functions of
WISP1-AS1.

Since WISP1-AS1 transcribes in antisense from the 3’ end of the WISP1 gene,
there exists a possibility that WISP1-AS1 is an extension from the upstream gene,
NDRGTI. If WISP1-AS1 would be a transcriptional extension from the NDRG1 lo-
cus, then their expression pattern would be similar. However, WISP1-AS1 tran-
scription seems to be entirely inside the WISPI locus. In conclusion, WISP1-AS1
and NDRGI have independent transcription. This confirms WISP1-AS1 exis-

tence as a separate transcript, in particular, antisense IncRNA in WISP1 locus.

To support noncoding potential of WISP1-AS1, 1 analyzed an online database
on translational events in the WISP1 locus. There was no translation outside ex-
ons, and exon translation corresponds to WISPT mRNA. Thus, the chance that
WISP1-AS1 translates is minimal. Ribosome profiling analyzes nascent protein
chain, and it does so independently of the orientation of the RNA molecule rela-

68



Discussion

tive to its gene. Therefore, since no translation events were visible in intron 4 nor
in 3’ UTR from where WISP1-AS1 transcribes, I took those results as a support
of noncoding function of WISP1-AS1. From the analyzed database, GWIPS-viz
and previous Western blot experiments performed with different antibodies by
HENNEMEIER ET AL. 2012, there is a proof of WISP1-AS1 noncoding characteristic
strong enough to believe WISP1-AS1 is noncoding,.

5.2 WISP1-AS1 expression in renal cancer cells with and with-
out OTA induction

Among the chemicals tested so far, only OTA achieved strong upregulation of
WISP1-AS1. Other stress inducers (forskolin, hydrogen peroxide, ionomycin,
SIN1 and SNAP) did not have a significant effect on WISP1-AS1 expression [un-
published data, personal communication with Dr. Gerald Schwerdt]. On the
other hand, OTA is known carcinogenic agent. For that reason, I investigated
WISP1-AS1 expression in renal cancer cells, ccRCC. High WISP1-AS1 expression
was detected in renal cancer cells without OTA induction. This finding points
out that WISP1-AS1 might play a role in carcinogenesis independently of OTA.
For some IncRNAs, mechanisms of their involvement in carcinogenesis are de-
scribed. An example is ZFPM?2-AS1!, upregulated in gastric cancer. ZFPM2-
AS1 inhibits nuclear translocation of p53, thus acts antiapoptotic and has a direct
role in carcinogenesis [KonG T aL. 2018]. Several publications revealed MAPK
pathway being constitutively active in different RCC cell lines and tumor biop-
sies [HUANG ET aL. 2008; OkaA ET AL. 1995; Rao et AL. 2019]. This could be the way
to transcriptionally activate WISP1-AS1 in cancer cells independently of OTA,
but such a suggestion remains to be investigated. In ccRCC cells, despite WISP1-
AS1 expression independent of OTA, OTA is able to further induce expression
of WISP1-AS1. It can be only speculated that OTA-induced carcinogenic trans-
formation of renal cells depends on WISPI-AS1 upregulation.

To study the clinical relevance of upregulated WISP1-AS1 in renal cancer
cells, it would be worth to analyze urine, blood and biopsies of human renal tu-
mor patients as well as patients with OTA-suspected nephropathies for WISP1-
AS1 expression. From the collected data, it could be evaluated whether WISP1-
AS1 could serve as a prognostic or diagnostic biomarker or therapeutic target in
treatment of ccRCC and OTA-induced nephropathies.

Some IncRNAs are already biomarkers or targets for therapeutic approaches

in human diseases [reviewed by BARMAN Et AL. 2019; Fatemr et L. 2014; Leuccr

! zinc finger protein, FOG family member 2-antisense transcript 1
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2018; VAN DER HAUWAERT ET AL. 2019; WaNowska ET AL. 2018].

5.3 Potential WISP1-AS1 functions

WISP1-AS1 knockdown was established with LNA™ GapmeR antisense
oligonucleotides (ASOs), a third generation of ASOs used for successful
IncRNA knockdown. This approach is suitable for analysis of changes in gene
expression after a target molecule is knocked down. It is widely used as tool
in recent years and some ASOs hold promising as therapeutics for various
human diseases [SHiMojoO ET L. 2019]. In the conditions of reduced WISP1-AS1
expression down to 10 % it was possible to observe cellular changes dependent
on WISPI-AS1. Knockdown by the ASO tool was used in all subsequent
experiments to investigate WISP1-AS1 functions.

5.3.1 WISP1-AS1 influence on transcriptome and TFs

WISP1-AS1 influence on the transcriptome is indicated by many genes differen-
tially expressed (DE) in a WISP1-AS1-dependent manner. This is in accordance
with many other NATs, whose primary function is regulation of gene expression
by various mechanisms. Because WISP1-AS1 causes changes in gene expression,
it signifies its implication in pretranscriptional, transcriptional or posttranscrip-
tional gene regulation. Since WISP1-AS1 localizes in the nucleus, where all such
gene regulation processes occur, it is possible that WISPI-AS1 acts on the avail-
ability of epigenetic modifiers, TFs and/or RNA Pol II. In the end, it is no wonder
that nuclear IncRNAs are called “key regulators of gene expression” [Q. SuN ET
AL. 2018] and it seems like WISP1-AS1 is one of them.

Genes that appeared DE in RNA-seq were analyzed for enrichment in gene
ontology (GO) terms. The purpose was to find gene clustering which would
aid in explaining WISP1-AS1 function. Unfortunately, there was no clusters en-
riched within GO categories. Such result points out that WISP1-AS1 is not affect-
ing components of a certain pathway or cellular process. More likely, it causes
changes in only one or few transcripts through which it exerts a biological func-

tion.

The aim to find common elements in DE genes was successful in case of the
analysis of promoter regions for the overrepresentation of TFBS. Certain TF can
regulate a gene if the gene promoter contains response element (i.e. TFBS) for
this TF. Two different in silico analysis, by g:profiler and pscan, recognized sig-
nificantly overrepresented TFBSs for E2F, EGR-1 and SP1 in more than 70 % of
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WISP1-AS1-dependent up- and downregulated genes. Additionally, both anal-
ysis identified ELK-1 in more than 70 % of downregulated genes. This means
that genes responsive to WISP1-AS1 are regulated by those TFs. Further, it sug-
gests that WISP1-AS1 might function as a modulator of TF activity. All iden-
tified TFBSs, overrepresented in up- and downregulated genes, were GC-rich.
This is consistent with GC-rich promoter regions around TSS [ YAMASHITA ET AL.
2005] which can get methylated on CpG sites. Additionally, this might explain
WISP1-AS1 influence on preferentially those TFs. However, more investigations
are needed to understand this process.

To confirm that WISPI-AS1 can affect differential expression of genes by
modulating the action of TFs, promoter activity assays were performed. Results
showed that the activity of E2F and EGR-1 was affected by OTA in a WISP1-
AS1-dependent manner. E2F is a family of transcription activators and repres-
sors [J. D. JounsoN anD G. 2006]. EGR-1 is a transcription activator, promot-
ing survival and suppressing apoptosis when is overexpressed, seen in cancers
[VIROLLE ET AL. 2003]. If WISP1-AS1 promotes EGR-1 and on the other hand it
suppresses E2F transcription repressors, then WISP1-AS1 promotes protection

against apoptosis and cell survival.

To confirm reliability of the promoter assays, another TF was chosen, AP-1,
that was not significantly overrepresented in WISP1-AS1-dependent DE genes.
AP-1 activity was not affected by OTA, and therefore not by OTA-induced
WISP1-AS1. Thus, AP-1 confirms that results are reliable and TFBS found in in
silico analysis are not showing by chance in WISPI-AS1-dependent DE genes.
SP1 is reported to activate genes through interactions with other DNA-bound
TFs, and one of them is E2F [reviewed by Sare anp AspELrRaHIM 2005]. So,
it seems like SP1 and E2F work together to activate gene transcription. This
might be the reason why both appeared enriched in WISP1-AS1-dependent DE
genes. Another research describes the simultaneous activation of SP1, E2F and
ETF. All three TFs are involved in proliferation and dependent on the active
MAPK pathway [ZeLLMER ET AL. 2010]. In conclusion, identified TFs must be an

important way of WISP1-AS1 action on gene expression.

The implication of IncRNAs in TF regulation is a suggestion that cells have
advantages from employing an additional regulatory process. Cells do not have
to use all the machinery to produce “expensive” proteins but instead transcribe
IncRNAs. LncRNAs can act on TFs to regulate gene expression and induce fast
cellular response. Maybe this is one of the reasons why IncRNAs are cell- and
tissue-specific and why IncRNAs are as relevant as proteins in gene expression

regulation [ MARCHESE AND RamvMonDr 2017].
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RNA-seq revealed WISP1-AS1 influence on TF activity. However, it did not
result in gene clustering. Because of that, it was unknown whether other cellu-
lar functions are affected by WISP1-AS1. Different functional assays had to be
employed to obtain an insight into WISP1-AS1 consequences on cell metabolism
and survival. Experiments were conducted in the presence of OTA, with or with-
out ASOs to knockdown WISP1-AS1 and with appropriate controls. This exper-
imental setup allows to observe changes of the cellular functions in the presence
and absence of WISP1-AS1, discussed below.

5.3.2 WISP1-AS1 influence on cell survival

When WISP1-AS1 was present in OTA-treated cells, caspase-3 activity was low.
This is an indication that cells maintain low rate of apoptosis. To confirm that
low caspase-3 activity results in reduced apoptosis, Cytation 3 Cell Imaging
Multi-Mode Reader was used that combines digital microscopy and conven-
tional microplate detection. With this system, low nuclear fragmentation was
obtained representing reduced apoptosis and supporting caspase-3 results.
In OTA-treated cells with WISP1-AS1 knockdown, apoptosis was elevated
be means of increased both caspase-3 activity and nuclear fragmentation. In
conclusion, all results indicate that WISP1I-AS1 has a protective role against
apoptosis. Low caspase-3 activity in the presence of WISP1-AS1 resulted in a
slightly elevated necrosis as a compensatory pathway.

Different initiator caspases were analyzed to reveal which one is involved
in the apoptotic pathway in the WISP1-AS1 absence. From five tested, only
caspase-2 showed the same pattern as caspase-3. Caspase-2 has a unique
property to localize to the nucleus. It belongs to the nuclear apoptotic pathway
which can be induced for example by DNA damage. Besides a role in apoptosis,
caspase-2 was reported to have various nonapoptotic functions in cells [Fava
ET AL. 2012; Kumar 2009]. It would have to be investigated in more detail what
is the connection between WISPI1-AS1 and caspase-2. Still, it is tempting to
speculate that WISPI-AS1 action in the nucleus maintains gene expression
and prevents apoptosis, which in turn keeps low levels of activated caspase-2.
Knockdown of WISP1-AS1 in the nucleus is probably triggering caspase-2
activation. How exactly is not known yet. Possibly the lack of WISPI1-AS1
protective role on nuclear processes lead to activation of caspase-2 pathway.
Caspase-2 may perform functions in cell cycle arrest and DNA damage-induced
apoptosis.

Along with an antiapoptotic act by preventing caspase-3, WISP1-AS1 showed
protective role against mitochondrial apoptotic pathway. In earlier study of
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OTA action on human renal cells [ScHWERDT, FREUDINGER, SCHUSTER, ET AL. 2003 ],
it was noticed that OTA “spares” mitochondria and does not lead to disrup-
tion of respiratory chain nor cytochrome c release. These data could be ful-
tilled with WISP1-AS1 influence on reducing caspase-9 activity and thus pre-
venting apoptosis and the accompanying mitochondrial changes. This could be
OTA-induced, WISP1-AS1-dependent protective role on mitochondria. How-
ever, cytochrome c release and influence on other components of mitochondrial
apoptotic pathway should be investigated in cells with and without WISP1-AS1
knockdown.

GASG6 gene, validated after RNA-seq, might mediate WISP1-AS1-dependent
antiapoptotic effect observed in OTA-treated cells. GAS6 can lower caspase-3 ac-
tivity and promote cell survival [Hasansasic et AL. 2004 |. GAS6 is positively reg-
ulated in WISP1-AS1-dependent manner. In the OTA-treated cells in the pres-
ence of WISP1-AS1, GAS6 mRNA is upregulated. In the absence of WISP1-AS1,
GAS6 mRNA is downregulated. This negatively correlates with the caspase-3
activity: in the absence of WISP1-AS1, when GAS6 is downregulated, caspase-3
activity is higher. Accordingly, I propose a mechanism where WISP1-AS1 down-
regulates apoptosis by inducing upregulation of GAS6.

Many IncRNAs showed to positively regulate cancer cell survival by down-
regulating apoptotic processes [reviewed by Dg Paepk et AL. 2018]. There are
examples of well-known IncRNAs that act oncogenic (MALAT1, H19 and AN-
RIL?). ZFPM2-AS1 promotes proliferation and suppresses apoptosis of gastric
cancer cells in vitro [KoNG et AL. 2018]. It remains to be investigated whether
WISP1-AS1 functions as an oncogenic NAT.

5.3.3 WISP1-AS1 influence on glucose metabolism

OTA-treated cells in the WISP1-AS1 presence consume significantly more glu-
cose than control cells. These results might indicate a WISP1-AS1 role in regu-
lating glucose metabolism in the cells. Glucose transporters (GLUTs) facilitate
transport of glucose into the cell. Contrary to the expectations, it was not pos-
sible to support the changes observed in glucose consumption with RNA-seq
results. In RNA-seq, mRNAs for GLUT were not found significantly upregu-
lated in WISP1-ASI-dependent manner. Therefore, upregulated transcription
of GLUT mRNA is not an underlying mechanism responsible for higher glucose
consumption in OTA-treated cells in the WISP1-AS1 presence. This is in contrast
to cancer cells which often upregulate GLUT mRNA [reviewed by SzABLEWsKI

2 antisense non-coding RNA in the ihibitors of cyclin-dependent kinase 4 (INK4) locus
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2013]. Additionally, some IncRNAs are shown to be able to upregulate GLUT
trascription, for example ANRIL [Zou et AL. 2016].

OTA-treated cells consume a lot of glucose and produce lower amount of lac-
tate, possibly due to proper glucose oxidation. In those cells, WISP1-AS1 might
shift cellular energy metabolism towards the active TCA cycle but this is only
a speculation. Anyhow, this would mean that cells with WISP1-AS1 maintain
the TCA cycle and OXPHOS to obtain maximum amount of energy in the form
of ATP. In conclusion, it seems like OTA-treated cells shift glucose metabolism
towards mitochondria and this is dependent on WISP1-AS1.

On the other hand, from the results it seems like in OTA-treated cells with
WISP1-AS1 knockdown, cellular energy production changes. Judging from the
excess lactate production, cells probably switch to aerobic glycolysis, also known
as the Warburg effect [reviewed by Devic 2016; VANDER HEIDEN ET AL. 2009].
This would mean that in the absence of WISP1-AS1, cells cannot shift their en-
ergy metabolism towards mitochondria and instead utilize aerobic glycolysis.
Physiologically, cells obtain aerobic glycolysis for fast growth and rapid ATP
production during proliferation.

Cells with WISP1-AS1 knockdown produce high amounts of lactate, even
more than it is possible to produce from the amount of consumed glucose. Re-
sults show that other compounds than glucose can be consumed by those cells
and contribute to lactate production. Without WISP1-AS1, cells consume sig-
nificantly higher amount of glutamine than control cells. One of the fates of
glutamine in the cells is glutaminolysis to form lactate. Higher glutamine con-
sumption is observed in cancer cells [Hosios et aL. 2016 ], indicating WISP1-AS1
might play a role in maintaining energy metabolism of a healthy cell.

Cancer cells tend to generate energy through aerobic glycolysis and they have
several benefits from it. They use a part of glucose for conversion into AT, but
the rest is used to produce precursors of macromolecules as well as coenzymes,
for example NADPH which protects from oxygen radicals [ VANDER HEIDEN ET
aL. 2009]. Additionally, maintaining glycolysis helps tumor cells in formation of
an acidic micromilleau for growth, invasion and metastasis. Avoiding OXPHOS
prevents accumulation of oxigen radicals [reviewed by Hua et aL. 2018; YU ET AL.
2015]. Metabolic reprogramming to glycolysis is therefore one of the hallmarks

of cancer [HAanAHAN AND WEINBERG 2011 ].

Some IncRNAs are shown to regulate metabolic reprogramming by decid-
ing whether glucose is directed into glycolysis or the TCA cycle. Examples of
IncRNAs exist that support cellular switch to glycolysis [reviewed by Hua ET AL.
2018; Yu T AL. 2015]. Some tumors, however, keep obtaining ATP via functional
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mitochondria capable of OXPHOS or can use in parallel OXPHOS and aerobic
glycolysis [reviewed by DE Paepk et ar. 2018]. SAMMSON? is a IncRNA that
maintains tumor cells obtaining energy via OXPHOS. It does so by directly in-
fluencing p32 responsible for maintaining mitochondrial membrane potential
and OXPHOS [Leuccr et aL. 2016]. WISP1-AS1 might have an influence on the
active TCA cycle by some similar mechanism to SAMMSON. Then WISP1-AS1

would have an oncogenic role but more research is needed to clarify this role.

5.3.4 WISP1-AS1 influence on mitochondrial membrane potential

Mitochondrial membrane potential in the OTA-treated cells was slightly
reduced, independently of WISP1-AS1. To measure it, membrane potential-
sensitive dye JC-1 was used. JC-1 is a fluorescent dye that serves to semiquan-
titatively measure relative changes of mitochondrial membrane potential in
living cells. Other dyes, for example, thodamine-based and DiOCg are less
specific [experimentally tested by MarHURr ET aAL. 2000] and depend on other
factors, like the size of the cell [reviewed by Ly et ar. 2003]. Rhodamine-123 is a
qualitative dye that distributes passively between the cytosol and mitochondria,
whereas JC-1 changes color with membrane potential. Consequently, JC-1
posses ratiometric fluorescence, offered by no other mitochondrial membrane
potential indicator [Kew et aL. 2011]. Therefore, signal-to-noise ratio with
JC-1 dye is much better than other systems to obtain relative changes in

mitochondrial membrane potential.

From the studies of OTA effects on different human epithelial kidney cells
(e.g. IHKE cells) [ScHwEeRDT, FREUDINGER, SCHUSTER, ET AL. 2003], it is known
that OTA mildly affects mitochondrial membrane potential. Mild uncoupling
of mitochondria could serve to protect excessive production of reactive oxy-
gen species [reviewed by Zorov et AL. 2014]. WISP1-AS1 is not involved in
OTA-induced change in mitochondrial membrane potential but it possibly keeps
OTA-treated cells to still utilize OXPHOS. Only without WISP1-AS1, cells have
deregulated glucose demands and switch their metabolism away from mito-

chondria.

LncRNAs are existing that directly influence mitochondria and its functions,
like membrane potential, mitochondrial apoptosis and production of reactive
oxygen species [reviewed by De Pagpe et AL. 2018], but it seems like WISP1-AS1
is not one of them. OTA influence on mitochondria is independent of WISP1-

AS1 and has no detrimental outcome on mitochondria (mitochondrial mem-

3 survival associated mitochondrial melanoma specific oncogenic noncoding RNA
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brane potential is slightly depolarized but there is no mitochondrial apoptosis

and seems like oxidative respiration are not affected).

5.4 Proposed WISP1-AS1 mechanism

OTA enters the cell through OAT and activates ERK, a part of MAPK pathway,
responsible for OTA-induced signaling pathway. Activated ERK is suspected to
induce WISP1-AS1 transcription in antisense in comparison to the WISPI gene
[HENNEMEIER ET AL. 2012]. WISP1-AS1 have several functions in the cell. One
function is influence on the TFs. OTA-induced, WISP1-AS1-dependent DE genes
contain binding sites for TFs EGR-1 and E2F.

As shown by the promoter activity assays, WISPI-AS1 upregulates the ac-
tivity of EGR-1. EGR-1 is a transcription activator known to influence genes re-
sponsible for proliferation, cell survival and prevention of apoptosis [ VIROLLE
ET AL. 2003]. By activating EGR-1, WISP1-AS1 could have a role in cell survival.
Another TF confirmed by promoter activity assay is E2F, and this is a family of
transcription activators and repressors []. D. Jounson anp G. 2006]. WISP1-AS1
downregulated the activity of E2F in the promoter activity assays. One possibil-
ity is that WISP1-AS1 represses the activity of E2F6, a transcription repressor.

Next, OTA-treated cells with WISP1-AS1 showed a reduced apoptosis. GAS6
might be a functional link of WISPI-AS1 antiapoptotic action. GAS6 is positively
regulated in WISP1-ASI-dependent manner. In the promoter region of GAS6
mRNA, a binding site for E2F6 exists. WISP1-AS1 might reduce E2F6 activity
and thus prevent it from binding to the promoter in GAS6 gene. This would
activate GAS6 transcription. Translated GAS6 protein would exert its function
on caspase-3 and reduce its activity [Hasansasic et aL. 2004]. The resulting
effect is WISP1-AS1-dependent GAS6 reduction in apoptosis.

Besides acting antiapoptotic by upregulating GAS6 mRNA through action
on TFs, WISP1-AS1 might have a direct, so far unknown, mechanism to directly
reduce activity of caspase-2 and caspase-9. By preventing caspase-9 activity,

WISP1-AS1 might prevent mitochondrial apoptosis.
In OTA-treated cells with WISP1-AS1 upregulation, higher glucose con-

sumption was recorded. However, GLUT mRNAs were not upregulated in
RNA-seq data. OTA-treated cells do not produce much lactate, so I propose that
WISP1-AS1 directs cellular energy metabolism towards mitochondria, towards
the TCA cycle and OXPHOS. This way, OTA-treated cells with WISP1-AS1

presence would maintain normal energy metabolism.
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In OTA-treated cells, with WISP1-AS1 knockdown, cells produce excessive
lactate, which is probably exported out of the cell by monocarboxylate trans-
porter 4 (MCT4) [ConTRERAS-BAEZA ET AL. 2019]. From this observation, I con-
clude that cells with WISP1-AS1 knockdown cannot shift energy metabolism to-
wards mitochondria. Instead, they utilize energy through an aerobic glycolysis,
often seen in tumors. The observation brings me to the conclusion that WISP1-
AS1 regulates cellular energy metabolism and in its presence, cells can maintain
normal energy metabolism.

The above described mechanisms are schematically presented in Fig. 5.1.
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Figure 5.1: A speculative model of WISP1-AS1 functions in OTA-treated cells. Func-
tions are described above in the text

The future relies on the understanding of WISP1-AS1 mechanisms and how
its function affects cellular changes in OTA-treated cells. The question remains

to be answered: can we prevent detrimental effect of OTA on human health by
finding WISP1-AS1 functions?
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Appendix A Sequences

Table A.1: Sequences of antisense oligonucleotides

Type

Sequence (5' to 3') Length, nt

Against WISP1-AS1 TCGTTAGCTGAGTGAG 16

CAGTGGAAGGTAGCGT 16
ACTTGCTTGGATGAAG 16
TGTGAAGCTGAAAGTA 16
TCTTAACTGAAAACGT 16

Against “sense” WISP1-AS1 CCGCAAGTGTGAAGTT 16

GAGCATTCCACCTTAC 16
ACTTGAGATTTACTGT 16
AGATCTAGGCTGTATG 16
TTGGACTTGCATTACG 16

Scramble ASO AACACGTCTATACGC 15

Table A.2: Sequences of Northern blot probes

Type

Sequence (5" to 3")

Length, nt

Probe against WISP1-AS1

Negative control probe

Probe against ACTB

AGGCAGGAGGGGCGGTTAGGGCAAAGCGTGTCCCCTGAGTGTGG
AGTCCCGATGCCAGTTCTGCCACTAGCTAGCCAGGGGAACTTGC
TTGGATGAAGGAGCTACATAGGCTCCCCATGTTGGTGAAACCAT
GATGAATGACTGGCCATAGGCAAGACAAAAATGCAGGACAAAAG
AGAAACTGCAGGCTGTGAGATACAACCCAAACAAAACATTTTTC
TCTGTGGTCCTCCATTTACCCCTGTGCGGTATGCTGGATCTCAC
TGTGTTTGCTGTTGTCCCTCCTTGCTTGAGGATGCTGTGAAGCT
GAAAGTAAGGTGGAATGCTCCCACATAGTGAGAAGGGAAAAACT
GGGGGCTCAGGG
CCCTGAGCCCCCAGTTTTTCCCTTCTCACTATGTGGGAGCATTC
CACCTTACTTTCAGCTTCACAGCATCCTCAAGCAAGGAGGGACA
ACAGCAAACACAGTGAGATCCAGCATACCGCACAGGGGTAAATG
GAGGACCACAGAGAAAAATGTTTTGTTTGGGTTGTATCTCACAG
CCTGCAGTTTCTCTTTTGTCCTGCATTTTTGTCTTGCCTATGGC
CAGTCATTCATCATGGTTTCACCAACATGGGGAGCCTATGTAGC
TCCTTCATCCAAGCAAGTTCCCCTGGCTAGCTAGTGGCAGAACT
GGCATCGGGACTCCACACTCAGGGGACACGCTTTGCCCTAACCG
CCCCTCCTGCCT

Biotin-CTCATTGTAGAAGGTGTGGTGCCA

364

364

24
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Table A.3: Sequences of primers

Purpose Gene name Sense primer (5’ to 3") Antisense primer (5’ to 3')  Product length, bp
Northern blot probe WISP1 intron 4 (I)¢ AGGCAGGAGGGGCGGTTAGG CCCTGAGCCCCCAGTTTTTCC 364
Antisense-orientation-specific RT WISP1 intron 4 (II) GTGTCCCCTGAGTGTGGAGT - -
Sense-orientation-specific RT® WISP1 3" UTR - CACACCCCTACCTGAACCTG -
Polyadenylation RT Oligo(dT),g primer - TTTTTTTTTTTTTTTTTT -
PCR after strand-specific RT WISP1T intron 4 (IIT) CCCTCCTTGCTTGAGGATGCTG CCCTGAGCCCCCAGTTTTTCC 85
WISP1 exon 54 ACTACACCCAAGCCTGATCC TGACCTTTCCCTGTCTCTGG 498
Total RNA + oligo(dT);s/RPP WISP1 intron 4 (IV) ~ AAGGTACCAGCTGCAGAGGA CTGTATGGCGGCATGAAGCTTG 177
Poly(A) RNA + oligo(dT)/RP WISP1 intron 4 (V) GTGTCCCCTGAGTGTGGAGT CCCTGAGCCCCCAGTTTTTCC 337
WISP1 mRNA WISP1 exon 1 —exon 2  AGAGGTGGTCGGATCCTCTG CCAGTGGAGCTGGGGTAAAG 176
Upstream of WISP1-AS1 NDRGI1¢ CTGCACCTGTTCATCAATGC AGAGAAGTGACGCTGGAACC 341
Reference genes 18S CTCAACACGGGAAACCTCAC CGGACATCTAAGGGCATCAC 268
GAPDH AAGGTGAAGGTCGGAGTCAA AATGAAGGGGTCATTGATGG 107
ACTB GCACAGAGCCTCGCCTT CCTTGCACATGCCGGAG 112
TagMan primers WISP1-AS1 (intron 4)f  GCTGTGAGATACAACCCAAA CAAGCAAGGAGGGACAAC 105
TagMan probe Probe (FAM-labeled) = ACACAGTGAGATCCAGCATACCGCA - -
TagMan primers WISP1 exon 1 - exon 2! GGCATGAGGTGGTTCCTG CTGGGGTAAAGTCCATGGTC 112
TagMan probe Probe (HEX-labeled) = AGCAGCAGCCGCCAGCACCG - -
RNA-Seq validated genes BMF GAGGTACAGATTGCCCGAAA CGATTTTGGTTCTGCTGGTG 86
CDKNIA ACTGTCTTGTACCCTTGTGC CTCTTGGAGAAGATCAGCCG 144
CES2 ATTTGCCAAGCCACCTCTAG TAGATGCTGAGGTACAGGCA 201
COPS6 GAGTGACTGGGAGTGTTTCC AACTCCAGCTCCTTGAACAC 262
DFFA AGTTTGTGGCATTGGCTAGT TAGGAGGATGATGCTGGACA 173
ECI1 AAAGACACCCTGGAGAACAC TGGAGATGAAGCTGACGAAG 280
EIF4EBP1 GGGAGGTACCAGGATCATCT TGTTTTGGTCACAGGTGAGT 70
FARSA CATGGAGGTGTTCAGCTACC TCCCGGATATTGTTGATGCC 180
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Primers (continued)

Purpose Gene name Sense primer (5’ to 3") Antisense primer (5’ to 3')  Product length, bp
RNA-Seq validated genes (continued) GAS6 AAAGTGAACACGAGGATGCA ACGACTTCTACTTCCCAGGT 143
GDF15 CTCCAGATTCCGAGAGTTGC CACTTCTGGCGTGAGTATCC 130
GNG4 CACCACTAGCATCTCCCAAG GGCACTGGAATGATGAGAGG 150
HOXD13 TCGACATGGTGTCCACTTTC ATGTCCGGCTGATTTAGAGC 190
IARS CTCCTTACTTCGGTGCTGAG GCAAACAGGGAGTGAGTCTT 77
LRP1 CATGGACTTCAGCTATGCCA AGTAGAAGTTGCCTGTCAGC 191
NDUFBI10 ATGATGAAAGCGTTCGACCT TTGCACTCAGTGATGTCTGG 137
NDUFS8 GAACCGGCCACCATCAACTA TGTCGATGTCATAGCGGGTG 208
PCNXL2 GACGAGTGGGTATTTGCTGA CTGCTGGGTCTTCATACTCG 121
PSMD3 ATCAAGGAGCACGTGAAACA GGAAGGGGAGCAAAAAGTCT 181
PTPN14 AAGAGCCTGTGAAGGAGAGA GGTGGCATCAACTCGATTCT 203
RPL39 AGGATTAAGCGATTCCTGGC CCAGCTTGGTTCTTCTCCAA 127
SIRT1 TGACACTGTGGCAGATTGTT ACATGAAACAGACACCCCAG 152
SLC1A5 CTGAAGGGGAGCTGCTTATC TCCTCCATCTCCACGATCTT 133
SLC7A3 TGTGCTATGCGGAGTTTGGT TGGACCCCTGCAGAGTCTTA 210
SLC7A11 GGGGTCCTGTCACTATTTGG CCCAGACTCGTACAAAAGC 128
SNAPIN GACGCGTTGTCTTGGTTAAC GAATCCAGCATTGCTCTCCT 109
THSD4 TGACTACTTAGGCTCCGACA AATTGCCCAGTTCCCATTGA 214
TP73 TTGAGGTCACTTTCCAGCAG GACACCTTGATCTGGATGGG 118
UQCcC1 GGAAGTATCACACCACACGT TTCAAAGGTCCCGTGAATCC 118

@ Reverse transcription

b Random primer (hexamer)

<T,,, =64.0°C
AT, =63.5°C

¢ F3/R1 primer pair taken from GHALAYINI ET AL. 2013.

£ Ty =59.0°C

SE[C)NE[[]C)’E[S



SEQUENCES

Table A.4: WISP1-AS1 sequence. 5 to 3’ orientation. Black part is representing 3’ UTR;
red part is representing exon 5; dark gray part is representing intron 4 part of the WISP1
gene.

AGGGAAAAATGACATTAAAAAATCAAGCCATTTATTGCAATGTTTTCCTATTCTGACACATTTGGAAGCTCTAAAAACA
GGGGGAAAATATGGGTTATAAAGACAGTCCAATTTCGATCTGAATCCTAACTTTCCCAGTCACCAACTGGGTGACTCTG
GTTGAGTTTTCTCACCTCTATGAGCTTCCGTTTCACATTTGTAAGAACAGAAATAATAATGGGAACTTCTCAACATTGT
CGTGAAGATTCAGTGAGCTAATACATGCAAAGCACTGAGAGCAATGTCTGGCACAGAAAAGGCCCTAAATAAAAGAATT
CTAACAGTAAATATTATATTTTCCTAATACAATAAATAATAGCCTGATATTCATTAACAACAACCTTTTCCTTTTAGCT
TCAACCTCTTCAGCTTTAAACCTTTATTAAGTCTATTTCTGTTTCTAAACAACCGGTAAACCTCCATCTTCCTACCAGA
AAACTGGCCATTTGGTCAGCAGAACGAAAGGCTGTGAAATGAGTCTCTGCAATAGATGTGTCCTGAACACGGGGGCCCC
TGGAGTCCCACAGCCTCCAGCTCTAGAGGTCACCCCAGGCTGCTACCAAGGGCACCCACTTCTTGGTTTGACCCACACC
CCTACCTGAACCTGTCTTGGTCATTTCAGTGGGTCTGGCATGGTCTGCAGCTGGGTCTCTCAAGGCTCTGTAAGAGTAG
AGGAGTGTTCCAGGGCACCACTCTCAGGGGCCAGACAGGCCAGTCCAGAGGCCTTACCAATTCCTATGAACCCCAAGCA
GGACAAGGGAGAAGATTCAAGGAAGAGCCTGGCCAACTGCCCAAAGCCCTGCCAGTCAGCAGCTGATTCAGTGTGAGAG
TCAATTGGTCCTTCTGAAACGGGCTGACCTTTCCCTGTCTCTGGAGTATTAACTGGGGGCTTTTCCCATCAACAGGAAT
GTTTATCAAATTTTATTTCTGACTGGGACAAACCTAATCTGTACCCTTCACAGTGTAGGGGTGAAGAGAAACTTAACCT
CAACAATGCCCAGGTTAATGGATACAACTTTCCATTAAAAATCAAAATTAAGCAACTATTCAACTCACTTGGCAAATGT
TTGATGACCTTGAGGTGCATACATATTTGGAATCAGGATAGTTTTGGTGCGCTGACGTCAGAATTACCCATTACAGTAC
CTCTTGGCAGGCTCCAAATAATAGATTATTCTATTGTTCCAAATTCCATCTATTCATCTGAATGGACCCAAAGAGTCTT
GTGGTTTGGCATCTAAAGAAGAAATTAGTGATATTAAAAGTCTACCTGATTCCATTTCTTGGGATTTAGGCAAGATCCA
GCAGGACTTCTAGTGACTTGGAAAGGCTGGATCAGGCTTGGGTGTAGTCCAGAACAGCTAGAGACAGGCATTTTTCTTT
AGAGTAGATGCTGAATGATATCAAGGAGAAAACTCATAGCATGGGCCTGAGCAGCACCATCAGGCGTCATTTGAATGGT
TAGAGACAGAAATGGAGGCCAAGGGTCCAGATCAGGGTAACTAAGGCTCATTGGTGAAAAGTTATTGGCCATAAGGGCT
GACTGCTTCACAGGCATTGGGTTAGTCCCCAAGACCCAAGATTTGTGCCTGCCTAGTTGGCAATTTCTGAGAAGTCAGG
GTAGGATTCCAAGTCAGCAAAGATGTCATTGGGATTCCTACAGCTCAGGTTACAGAAGCAGGCATTAATCCATAGGACC
TGGCGGGAGAAGCCAAGCCCATCAGGACACTGGAAGGACACGTCGATAGTCTTAGACTTGTAGGGGATGCAGCACCTAT
TGTCCATGCAAACTCCACAGTACTTGGGTTGATAGGAGCGTGTGCTGATGCAGCCCGCAAGTGTGAAGTTCATGGATGC
CTCTGGCTGGTACACAGCCAGACACTTCTTCCCTGCCTGAAGGAAAGGAAAGGAGCTTTCAGTGGGAGTGCTCAGAGAA
TGGACAACCACCTTCTTCCCCTGAGCCCCCAGTTTTTCCCTTCTCACTATGTGGGAGCATTCCACCTTACTTTCAGCTT
CACAGCATCCTCAAGCAAGGAGGGACAACAGCAAACACAGTGAGATCCAGCATACCGCACAGGGGTAAATGGAGGACCA
CAGAGAAAAATGTTTTGTTTGGGTTGTATCTCACAGCCTGCAGTTTCTCTTTTGTCCTGCATTTTTGTCTTGCCTATGG
CCAGTCATTCATCATGGTTTCACCAACATGGGGAGCCTATGTAGCTCCTTCATCCAAGCAAGTTCCCCTGGCTAGCTAG
TGGCAGAACTGGCATCGGGACTCCACACTCAGGGGACACGCTTTGCCCTAACCGCCCCTCCTGCCTTTGCCTCTCGTGG
CCTTTCACACATACCTTTAGTATTCAACGTATTCAAATGGTTGACATTAAAGGTAACGCTACCTTCCACTGGGCTATGG
GCCACTTGAGATTTACTGTTCTTTCTGTGTTTCTGTGGTATAATTCCATGCCTAGTACAGAGTAGGCACTTACTAAACC
CATTGGATTGAGGGTTCTCAGGGTCTACTGTGTAAATAGTATGCTAGATCTAGGCTGTATGGCGGCATGAAGCTTGCCC
AATTTGGGAAACCCTCTGAGGGCACATAATTCTGGAAAAAAATTGGTTGGAAATCAAAATTGGCTTGGACTTGCATTAC
GTGGTCCAGTAATGGTAGAGCCATCTCACTCAGCTAACGACCTCTGCTGTCATTCCTCTGCAGCTGGTACCTTTTCCAT
GTACGTTTTCAGTTAAGAGATGTCTATGGAATGCTTACTGTATACCAAGCGCAGAAAATACAAAAGCTAGTATTACAGG
GAAAAATAATCA
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Appendix B Acronyms

18S
2D
»AACt
3/

5/
786-0O
A-to-1
A230
A260
A280
ACTB
ADAMTSL-6

ADAR
AFC
AGO2
AIRN

Alu
ANOVA
ANRASSF1
ANRIL

AP-1

ASO

Asp
ATCC
ATP
BACE1
BACE1-AS

BCA
BEN
BHQ-1
BLAST
BMF

bp

small ribosomal unit part; S is Svedberg unit
two-dimensional

fold change in gene expression

3 prime

5 prime

clear cell renal cell carcinoma cell line 786-O
adenosine-to-inosine

absorbance at 230 nm

absorbance at 260 nm

absorbance at 280 nm

beta actin

A disintegrin and metalloproteinase with thrombospondin
motifs-like protein 6

adenosine deaminase acting on RNA
7-amino-4-trifluoromethyl coumarin

Argonaute 2

antisense to insulin-like growth factor type 2 receptor RNA
noncoding

from lat. Arthrobacter luteus

Analysis of Variance

antisense to Ras association domain family member 1
antisense non-coding RNA in the ihibitors of cyclin-
dependent kinase 4 (INK4) locus

activator protein 1

antisense oligonucleotide

aspartate

American Type Culture Collection
adenosine-5’-triphosphate

beta-site amyloid precursor protein cleaving enzyme 1
beta-site amyloid precursor protein cleaving enzyme 1-
antisense transcript

bicinchoninic acid

Balkan endemic nephropathy

Black Hole Quencher 1

basic local alignment search tool

B-cell lymphoma 2 (BCL2) modifying factor

base pair
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ACRONYMS

BSA bovine serum albumine

c-MYC cellular myelocytomatosis oncogene

Ca** calcium ion

CaCl,-,H,O calcium chloride dihydrate

caspase cysteine-dependent, aspartate-specific peptidase

CCN cellular communication network factor

ccRCC clear cell renal cell carcinoma

CDKN1A cyclin dependent kinase inhibitor 1a

cDNA complementary DNA

°C degree Celsius

CES2 carboxylesterase 2

CHAPS 3-[ (3-Cholamidopropyl)dimethylammonio|-1-
propanesulfonate

co, carbon dioxide

COPS6 constitutive photomorphogenesis 9 (COP9) signalosome
subunit 6

CpG cytosine-phosphate-guanosine

CREB cAMP-response element binding protein

Ct cycle threshold

CTP cytidine-5'-triphosphate

Cu* cuprous ion

Cu** cupric ion

DAG diacylglycerol

DAPI 4,6-diamidino-2-phenylindole

ACt delta cycle threshold

AACt delta delta cycle threshold

ddPCR droplet digital polymerase chain reaction

DE differential expression

AF change in fluorescence

DEPC diethyl pyrocarbonate

DFFA DNA fragmentation factor subunit alpha

DINO DNA-damage-induced noncoding IncRNA

DiOCq 3,3’-dihexyloxacarbocyanine iodide

DIRAS3 guanosine-5’-triphosphate-binding protein Di-Ras3

DMEM Dulbecco’s minimal essential medium

DNA deoxyribonucleic acid

DNase I deoxyribonuclease I

DNMT DNA methyltransferase

dNTP deoxyribonucleotide triphosphate
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ACRONYMS

DPPA
dsRNA
DTT
DUM

e.g.
E2F

ECI1
E.coli
EDTA
EGR-1
ELK-1
EMT
ENCODE
endo-siRNA
ERK

et al.

ETF

FAM
FARSA
FC

FCS

FDR
FENDRR

FGFR3
FGFR3-AS1
FPM
FRAM

&
GADD45A
GAPDH
GAS6

GC

GDF15
gDNA
GLUT
GNG12-AS1

developmental pluripotency-associated protein 2 gene
double-stranded RNA

dithiothreitol

developmental pluripotency-associated 2-upstream binding

muscle IncRNA
lat. exempli gratia; for example

transcription factor necessary for the transactivation of the
adenoviral E2 promoter

enoyl-coenzyme A delta isomerase 1

Escherichia coli

ethylenediaminetetraacetic acid

early growth response protein 1

ETS like-1 protein

epithelial-mesenchymal transition

encyclopedia of DNA elements

endogenous short interfering RNA

extracellular signal-regulated kinase

lat. et allii; and others

embryonic TEA domain-containing factor
6-fluorescein amidite

phenylalanyl-tRNA synthetase subunit alpha

fold change

tetal calf serum

false discovery rate

Forkhead box protein F1 adjacent non-coding developmental
regulatory RNA

fibroblast growth factor receptor 3

tibroblast growth factor receptor 3-antisense transcript 1
fragments per million

free right Alu monomer repeat element

gram

growth arrest and DNA-damage-inducible 45 alpha
glyceraldehyde 3-phosphate dehydrogenase
growth-arrest specific gene 6

guanosine-cytosine

growth differentiation factor 15

genomic DNA

glucose transporter

G protein subunit gamma 12-antisense RNA 1
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ACRONYMS

GNG4
GO
GOrilla
GTP
GWIPS-viz
h

H

H19
-sbsRNA
HEK?293T
HEPES
HEX
HindIII
HOTAIR
HOTTIP
HOX
HOXA
HOXC
HOXD
HOXD13
HTT
HTT-AS
i.e.

IARS

ICE
IGF2R
IGV
IHKE

IkB

JC-1

JNK
J/em
kb
KCl1
L
LDH
lincRNA

2

G protein subunit gamma 4

gene ontology

gene ontology enrichment analysis and visualization tool
guanosine-5’-triphosphate

genome-wide information on protein synthesis visualized
hour

proton

H19 long noncoding RNA

half Staufen 1-binding site RNA

human embryonic kidney 293T
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hexachlorofluorescein

Haemophilus influenzae Rd 111

homeobox transcript antisense RNA

homeobox A transcript at the distal tip

homeobox

homeobox A gene cluster

homeobox C gene cluster

homeobox D gene cluster

homeobox protein D13

huntingtin

huntingtin-antisense transcript

lat. id est; that is

isoleucyl-tRNA synthetase 1

imprinting control element

insulin-like growth factor type 2 receptor

Integrative Genomics Viewer

immortalized human kidney epithelial

inhibitor of nuclear factor kappa-light-chain-enhancer of ac-

tivated B cells
5, 5, 6, 6'-tetrachloro-1, 1’, 3, 3’-tetraethyl-benzimidazol-

carbocyanine iodide

c-jun N-terminal kinase

Joule per square cm

kilobase

potassium chloride

liter

lactate dehydrogenase

long intergenic noncoding RNA
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ACRONYMS

LNA
IncRNA
LRP1

M

mA
MALAT1
MAPK
MCT4
MDCK-C7
mg

Mg(l,
Mg(Cl, - H,0
MGFP

ng

ng/pl
pg/ml

pl

pm

UM

min
miR-485-5p
miRNA
ml

mm

mm

MOPS
MPN
mRNA

n

NazHPO4 . 2H20

NaCl
NAD*
NADH
NAPDH

NaH2P04 * 2H20

NaHCO,4
NAT
NAT6531
NCBI

locked nucleic acid

long noncoding RNA

low density lipoprotein receptor-related protein 1
molar

milliampere

metastasis associated lung adenocarcinoma transcript 1
mitogen activated protein kinase
monocarboxylate transporter 4

Madin-Darby canine kidney cellular subtype (clone) 7
milligram

magnesium chloride

magnesium chloride hexahydrate

monster green fluorescent protein

microgram

microgram per microliter

microgram per milliliter

microliter

micrometer

micromolar

minutes

micro RNA 485, forward strand

micro RNA

milliliter

millimeter

millimolar

morpholinoethanesulfonic acid

mycotoxic porcine nephropathy

messenger RNA

number of samples per group

disodium hydrogen phosphate dihydrate
sodium chloride

nicotinamide adenine dinucleotide, oxidized
nicotinamide adenine dinucleotide, reduced
nicotinamide adenine dinucleotide phosphate, reduced
sodium dihydrogen phosphate dihydrate
sodium bicarbonate

natural antisense transcript

natural antisense transcript 6531

The National Center for Biotechnology Information
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ACRONYMS

ncRNA
NDRG1
NDUFB10

NDUFS8
NEAT1
NEB
NF-kB
NF-YA
ng

Nhel
NHEK
NHLF
NKILA

nm
nMm

nt

OAT
oligo(dT)qg
ORF
OTA
OTA™
OTA*
OXPHOS
P

p38

p53

PAI-1
PANDAR
PBS
PCA3
PCNXL2
PCR
PDHX

%

pH

Phe
PIPES

noncoding RNA
N-Myc downstream regulated gene 1
NADH dehydrogenase (ubiquinone) 1 beta subcomplex sub-

unit 10
NADH:Ubiquinone Oxidoreductase Core Subunit S8

nuclear paraspeckle assembly transcript 1

New England Biolabs

nuclear factor kappa-light-chain-enhancer of activated B cells
nuclear transcription factor Y subunit alpha
nanogram

Neisseria mucosa heidelbergensis 1

normal human epidermal keratynocyte

normal human lung fibroblasts

nuclear factor kappa-light-chain-enhancer of activated B cells
interacting long noncoding RNA

nanometer

nanomolar

nucleotide

organic anion transporter

18-mer oligonucleotide deoxythymine

open reading frame

ochratoxin A

monoanionic ochratoxin A

dianionic ochratoxin A

oxidative phosphorylation

probability value

P38 mitogen-activated protein kinase

tumor protein 53

plasminogen activator inhibitor type 1

p21 associated ncRNA DNA damage activated RNA
phosphate-buffered saline

prostate cancer antigen 3

pecanex-like protein 2

polymerase chain reaction

pyruvate dehydrogenase complex component X
percent

lat. potentia hydrogenii; measure of acidity
phenylalanine
piperazine-1,4-bis(2-ethanesulfonic acid)
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ACRONYMS

PIWI

PKA

PKC

PLC

PMA
poly(A)
PPP1R12A
PRC2
pRNA
PRUNE2
PS
PSMD3
PTPN14
PU.1
pUC18
qPCR
R12A-AS1
RACE
RASSF1A
RCC
rDNA

RFP

RIN

RISC
RNA
RNA-seq
RNAIi
RNA Pol 11
RNA Pol III
RNase
RPL39
RPMI
RPTEC
rRNA

RT

RTase

s
SAMMSON

P-element induced wimpy testis

protein kinase A

protein kinase C

phospholipase C

phorbol 12-myristate 13-acetate
polyadenylated

phosphatase 1 regulatory subunit 12A
polycomb repressive complex 2
promoter-associated RNA

prune homolog 2 with BCH domain
phosphatidylserine

proteasome 26S subunit, non-ATPase 3
protein tyrosine phosphatase non-receptor type 14
PU.1 transcription factor

plasmid University of California 18
quantitative polymerase chain reaction
antisense to phosphatase 1 regulatory subunit 12A
rapid amplification of cDNA ends

Ras association domain family member 1
renal cell carcinoma

ribosomal DNA

red fluorescent protein

RNA integrity number

RNA-induced silencing complex
ribonucleic acid

RNA sequencing

RNA interference

RNA polymerase II

RNA polymerase III

ribonuclease

ribosomal protein L.39

Roswell Park Memorial Institute

renal proximal tubule epithelial cells
ribosomal RNA

reverse transcription

reverse transcriptase

second

survival associated mitochondrial melanoma specific onco-
genic noncoding RNA
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ACRONYMS

SAPK
SBS

SDS

SEM
SERPINE1
SIN1
Sineb2
SINEUP

siRNA
SIRT1
SLC1A5

SLC711

SLC7A3

SMD
SNAP
SNAPIN

SP1
ssRNA
STAU1
SYBR

T7
TagMan
TARID

TBE
TCA
TCF21
TF
TFBS
THSD4

stress-activated protein kinase

Staufen 1 binding site

sodium dodecyl sulfate

standard error of the mean

serpin family E member 1

3-morpholinosydnonimine hydrochloride

short interspersed elements B2

antisense RNA that require short interspersed elements B2 to
upregulate translation

short interfering RNA

sirtuin 1

solute carrier family 1 (neutral amino acid transporter),

member 5
solute carrier family 7 (anionic amino acid transporter light

chain, Xc-system), member 11

solute carrier family 7 (cationic amino acid transporter, Y+-
system), member 3

Staufen homolog 1-mediated mRNA decay
S-nitroso-N-acetylpenicillamine

soluble N-ethylmaleimide-sensitive fusion protein attach-
ment protein receptor (SNARE) associated protein
specificity protein 1

single-stranded RNA

Staufen homolog 1

N’,N’-dimethyl-N-[4-[ (E)-(3-methyl-1,3-benzothiazol-
2-ylidene)methyl |-1-phenylquinolin-1-ium-2-yl]-N-
propylpropane-1,3-diamine

bacteriophage T7

Thermus aquaticus (Taq) Polymerase + PacMan

transcription factor 21 antisense RNA-inducing demethyla-
tion

Tris-borate-EDTA

tricarboxylic acid

transcription factor 21

transcription factor

transcription factor binding site

thrombospondin type 1 domain containing 4

times
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ACRONYMS

X8

TNF

TP73

TPA

Tris
Triton-X-100
TSS

Uchli

UDG

U/pl
uQcci

UTP

UTR

uv

v/v

WISP1
WISP1-AS1

WT1

Xbal

XIC

XIST

ZEB2
ZEB2-AS1
ZF5
ZFPM2-AS1

times Earth’s gravitational force; unit of relative centrifugal

force
tumor necrosis factor

tumor protein P73

12-O-tetradecanoyl-phorbol-13-acetate; see PMA
tris(hydroxymethyl)aminomethane

2-[4-(2,4 4-trimethylpentan-2-yl) phenoxy |ethanol
transcription start site

ubiquitin carboxyl-terminal hydrolase isozyme L1
uracil-DNA glycosylase

unit per microliter

ubiquinol-cytochrome C reductase complex assembly factor
1

uridine-5'-triphosphate

untranslated region

ultraviolet

volume per volume

WNT1-inducible signaling pathway protein 1
WNT1-inducible signaling pathway protein 1-antisense tran-
script 1

Wilms tumor protein 1

Xanthomonas badrii 1

X inactivation centre

X-inactive specific transcript

zinc finger E-box binding homeobox 2

zinc finger E-box binding homeobox 2-antisense transcript 1
zinc finger protein 5

zinc finger protein, FOG family member 2-antisense tran-

script 1
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