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Abstract

Glucose and lipid metabolism are an essential part of eukaryotic cell biogenesis
and may be regulated via multiple cellular pathways and mechanisms. Multiple studies
have shown that, along with other regulators, long non-coding RNAs play an important
role in the regulation of glucose and lipid metabolism. Human IncRNA DEANRI has
been shown to regulate a variety of biological processes such as cell proliferation,
apoptosis, glucose metabolism and tumorigenesis and even act as tumor suppressors in
several cancer types. Murine IncRNA LL35/Falcor shares similar genomic locus as
DEANRI1 and was described as a possible functional analog of DEANRI1 in lungs.

In this work we have shown that LL35 is the functional analog of DEANRI1 in the
liver and established the significance of LL35 for normal hepatocytes function in vitro
and in vivo. We demonstrated that LL35 is downregulated in hepatocellular carcinoma
and after partial hepatectomy, as well as in hepatoma cell lines in comparison to normal
cells. Application of high throughput approaches like RNA-seq, LC-MS proteomics,
lipidomics and metabolomics revealed changes caused by LL35 depletion in
transcriptome, proteome, lipidome and metabolome of hepatocytes. Our data revealed
that LL35 is involved in glycolysis and lipid biosynthesis in AML12 cells and a murine
liver. Particularly, LL35 inhibition caused downregulation of plasmanyl-
/plasmenylphosphatidylcholines (O-PC/P-PC) both in vitro and in vivo, while
phosphatidylethanolamines (PE), hexosylceramides (HexCer) were increased only in
cells, and diradylglycerols (DG), ceramides (Cer;02) and lysophosphatidylcholines (LPC)
— only in the liver. Moreover, LL35 affects Notch and NF-«kB signaling pathways in
normal hepatocytes. All observed changes result in the decrease of viability and
migration of hepatocytes. We demonstrated similar phenotype changes between murine
LL35 and human DEANRI1 depletion in vitro and in vivo that opens the opportunity to
translate the obtained results for LL35 in the murine liver to possible functions of human

IncRNA DEANRI.
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Chapter 1. Introduction

The overwhelming part of the mammalian genome consists of non-coding genes.
Their transcription results in the formation of RNAs that in most cases do not encode any
proteins or peptides. Long non-coding RNAs (IncRNAs) - RNA molecules longer than
200 nt, represent more than 50% of all non-coding transcripts and usually demonstrate
tissue specific expression [1]. Along with proteins, IncRNAs regulate different processes
within the cell, including disease development, moreover IncRNAs can serve as
prognostic markers or participate in maintaining the normal cell biogenesis. Despite their
important role in the processes of the eukaryotic cell, functions of the majority IncRNAs
and the mechanism of their action remain unexplored [2]. We want to mention that their
sequence conservation between different species is poor that significantly complicates
their studies [3]. Investigation of murine analogues of human IncRNAs can help to
uncover their roles in in vivo studies. Conditional knockout mice or tissue-specific
knockdown can help to understand the influence of IncRNA on the development [4,5] or
to study IncRNA roles in multiple disease models [6].

Human IncRNA DEANRI is downregulated in multiple cancer types, such as
hepatocellular carcinoma, endometrial carcinoma, prostate, pancreatic, breast and lung
cancer and involved in many processes crucial for cancer development [7—12]. Acting as
a tumor suppressor, DEANRI can inhibit tumor growth by cell apoptosis stimulation and
cell proliferation downregulation [13]. It also inhibits epithelial-mesenchymal transition
(EMT), thus promoting the reduction of cancer cells invasiveness [14,15]. Moreover in

pancreatic cancer DEANRI could reduce glycolysis, thus, suppressing tumor growth [10].
13



It was also described that DEANRI1 linked to the regulation of several signaling pathways,
particularly, inhibits the activation of the Wnt pathway [16], interferes with p38 MAPK
and Notch signaling pathways [12]. Despite its multiple roles in different diseases, the
functional utility of DEANRI in normal liver has never been investigated.

DEANRI1 shares similar genomic locus with murine IncRNA LL35/Falcor (NCBI
- 9030622022Rik), which was proposed to be a possible functional analog of DEANRI
in lungs [5]. The promoter region, transcriptional start site and first exon of LL35 have
strong conservation across all primates and placental mammals [5]. LL35 expression was
predominantly observed in murine lung and liver tissues [5,17]. The functional
significance of LL35 during regeneration after lung injury was already described by
Swarr et al [5]. LL35 knockout disturbed the integrity of the epithelial airway barrier and
impaired epithelial regeneration after injury in lungs in vivo [5]. However, significance,
functions and mechanisms of action of LL35 in mouse liver remained unknown. This
study is devoted to the establishing whether LL35 is a functional analog of DEANRI in

liver and to study the functional role of LL35 in normal hepatocytes in vitro and in vivo.
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Chapter 2. Literature Review

2.1 LncRNAs: function, evolutionary conservation and mechanisms of action

Human and mouse genomes have only about 20,000 protein coding genes, while
the number of total transcripts in their cells is more than 100,000. The rest of the genome
consists of genes that do not encode proteins and pseudogenes. Several groups of non-
coding transcripts, currently known as long non-coding RNAs (IncRNAs), form the
majority (more than 50%) of all non-coding transcripts [1].

LncRNAs are transcripts between 200 nt and 100 kb in length, which
predominantly do not code peptides or proteins. Nevertheless, some of them may have
short open reading frames (ORFs.). Similar to protein-coding mRNAs, IncRNAs are
transcribed by RNA polymerase II and may have cap structures and polyA tails [18].
Now several classes of IncRNAs are described: long intergenic non-coding RNAs, long
non-coding antisense transcripts, long intronic non-coding RNAs, non-overlapping
antisense IncRNAs [19]. The expression levels of IncRNAs are usually lower than
expression of protein-coding mRNAs and are tissue specific [20].

LncRNAs are much less conserved between species than protein-coding genes
[20]. The homology criteria for IncRNAs are still under consideration. Some studies
revealed that conservation should be primarily preserved on secondary structure
functional sites than on nucleotide sequences. Other publications claim that for IncRNAs
homology the conservation of only their promoters is sufficient [21]. The presence of
functional analogues of human IncRNA in other species, especially in mice, offers

significant advantages to study them and to test potential therapies. Particularly, to avoid
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creating complex xenografts models to study the influence of human IncRNA on organs
development or their role in multiple diseases, it is less challenging to generate a mice
with knockout of functional analogue of certain human IncRNA and further translate
results of such research to human [4,5,22,23]. For example, IncRNA H19 is abundantly
expressed in failing human hearts. Choong et al. generated H19 knockout mice and
showed, that during cardiac remodeling process after infarction IncRNA H19 regulates
fibrosis acting via YB-1 protein [24]. The presence of an analogue of human IncRNA
HOTAIR in mice made it possible to study HOTAIR mechanism of action and function
in cardiomyocytes after LPS-induced sepsis for better understanding of its role in cardiac
diseases [6]. Thus, the presence of IncRNA animal analogues provides more
opportunities to study their functions and to test potential therapies associated with them
in vivo.

The function of most IncRNAs remains unknown, but rapid development of
biotechnology helps this area to grow faster [3,18]. It has been shown that in mammals
IncRNAs are able to regulate genes expression at many levels and by various
mechanisms. They regulate gene transcription by mediating changes in chromatin
modifications and DNA methylation or by direct binding to proteins, such as
transcription factors, and/or DNA; post-transcriptional mRNA processing; mRNA

translation and post-translational protein modification (Figure 1) [18].
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Figure 1. Sketch of the main mechanisms of IncRNAs action. In nucleus IncRNAs (A) act as
enhancer RNA (eRNA), (B) recruit chromatin modifying complexes, (C) regulate activity of transcription
factors, (D) act on the spatial conformation of chromosomes or (E) influence pre-mRNA splicing. In
cytoplasm IncRNAs (F) regulate mRNA stability, (G) mRNA translation, (H) compete for microRNA
binding. (I) A small number of IncRNAs have short open reading frames (ORFs) and can be further
translated in biological active peptides. Adapted from [25].

2.1.1 LncRNAs regulate histone modifications on the chromatin level

Epigenetics is the key mechanism to modulate gene transcription without changes
in DNA sequences. LncRNAs are important epigenetic regulators and can influence on
the chromatin structure by different mechanisms, such as regulation of histone or DNA

modifications, primarily methylation and acetylation, and chromatin remodeling [26].
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Now we will consider the most studied examples of epigenetic regulation co-mediated by

IncRNA:s.

2.1.1.1 LncRNAs regulate histone methylation via binding to histone-modified

enzymes or complexes

Histone methylation has an opposite effect on gene transcription depending on its
localization. For example, methylation at H3K4, H3K36, H3K79 activates transcription,
while H3K9, H3K27 and H4K20 downregulate gene expression [18,27]. Most common
ways for modulation of histone modifications by IncRNAs are direct binding to histone
methyltransferases or demethylases, thus, attracting chromatin-modifying complexes
(Figure 1B) [18].

The IncRNA ST3Gal6-AS1 is transcribed in the opposite direction of ST3Gal6
gene from its promoter region. Expression of both transcripts are positively correlated
and downregulated in colorectal cancer. Hu et al. showed that ST3Gal6-AS1 interacts
with methyltransferase MLL1 and brings it to the promoter of ST3Gal6. MLL1 induces
H3K4me3 modification, which activates transcription of ST3Gal6 [28].

Another IncRNA FEZF1-AS1 is overexpressed in gastric cancer that correlates
with the poor prognosis for patients and larger size of tumors. Liu et al. found that
elevated expression of FEZF1-AS1 leads to increased proliferation of gastric cancer cells
due to cell cycle progression and downregulated apoptosis. RIP assay and RNA-
pulldown assay showed that FEZF1-AS1 binds lysine-specific demethylase 1 (LSD1).
LSD1 induces H3K4me2 demethylation at the p2l promoter, which leads to the

inhibition of p21 transcription and, thus, cell cycle progression [29].

18



Interaction of mammalian IncRNAs with histone-modifying complexes in a
greater extent exhibits itself in binding with polycomb repressive complexes, PRC2 and
PRCI [26]. PRC2 methylates lysine 27 in histone 3 (H3K27me), that is associated with
repression of transcription, and PRC1 monoubiquitinates lysine 119 in histone H2A [30].
X-inactive specific transcript (Xist) ensures the same embryonic development for men
and women due to silencing of the entire X chromosome in female embryos. Xist, which
is highly expressed from the inactive X chromosome, interacts with PRC2 and recruits it
to the X chromosome to silence genes expression [31]. P53 induced noncoding transcript
(Pint) controls cell proliferation and survival by recruiting PRC2 to the target genes
promoters, which provides genes silencing caused by promoters H3K27 trimethylation
[32,33]. LncRNA HOTAIR is transcribed from the gene cluster HoxC and have an
ability to regulate transcriptional silencing of genes located in another locus HoxD. The
type of regulation when IncRNA influence distant genes is called in trans regulation.
HOTAIR targets both PRC2 and histone H3K4mel/2 demethylase LSD1 to cause HoxD

silencing [26,34].

2.1.1.2 LncRNAs regulate histone acetylation via binding to histone-modified

enzymes or complexes

Histone methylation is a hallmark of transcription silencing, while histone
acetylation activates genes transcription, and deacetylation turns it off. Acetylation occurs
at lysine residues and is catalyzed by histone acetyltransferase (HAT), and deacetylation
is mediated by histone deacetylase (HDAC). The most common sites of histone

acetylation are H3K4Ac, H3K9Ac, H3K27Ac, H3K56Ac, and H4K16Ac. The
19



mechanism of the regulation of histone acetylation by IncRNAs is similar to the
regulation of histone methylation by IncRNAs (Figure 1B). They activate or inhibit gene
transcription by binding to histone acetyltransferases and deacetylases, such as HDAC,
HAT, CREB-binding protein (CBP/p300), K acetyltransferase 2A (KAT2A), sirtuin 6
(SIRTO) [18].

Jain et al. were looking for p53-regulated IncRNAs with high expression in
pluripotent human embryonic stem cells (hESC). They identified IncPRESS1 which
controls a set of genes than induce pluripotency of hESC. The underlying mechanism is
as follows: IncPRESS1 interacts with deacetylase SIRT6 and interferes with its binding to
chromatin, thus, maintaining high levels of H3K56 and H3K9 acetylation at the promoter

regions of genes responsible for cells pluripotency [35].

2.1.1.3 LncRNAs regulate histone methylation and acetylation remodeling

Besides binding with single protein to regulate histone methylation or acetylation,
IncRNAs may act as molecular scaffolds and bind several proteins simultaneously
(Figure 2) [18]. For example, gastric cancer-associated IncRNA 1 (GClncl) forms a
complex with KAT2A and H3K4 methyltransferase WDRS. This interaction causes an
increase in H3K4me3 and H3K9ac in promoter regions of GClncl target genes.
WDRS5/KATA2 complex targets multiple genes in human genome, including superoxide
dismutase 2 (SOD2). Most probably SOD2 transcriptional upregulation mediates GClncl
positive correlation with gastric cancer cell proliferation, invasiveness and metastasis

[36].
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Figure 2. LncRNAs act as a scaffold to regulate histone modifications Adapted from [18].

2.1.2 LncRNAs regulate DNA methylation at the DNA level by interacting with

DNA methylases

Another epigenetic mechanism to regulate gene expression besides histone
modification is methylation of DNA itself. DNA methylation predominantly occurs at
CpG islands located in the gene promoter region and is catalyzed by DNA
methyltransferases. Such DNA methylation causes silencing of gene transcription.
LncRNAs are able to recruit DNA methyltransferases to their target sites, providing an
alternative solution for transcriptional regulation (Figure 3) [18].
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Figure 3. LncRNAs regulate DNA methylation. Adapted from [18].

For example, IncRNA ATB in renal carcinoma cells binds to the maintenance
methyltransferase  DNMT1 and recruits it to p53 promoter. DNMTI-mediated
methylation of p53 promoter results in p53 silencing. Thus, cancer cells with activated
ATB have showed increased proliferation and migration, and decreased apoptosis [37].

Moreover, some IncRNAs can bind to different DNA methyltransferases at once. So,

21



LINCO00313 recruits both DNMT1 and DNMT3B to the promoter of aristaless-like
homeobox 4 (ALX4) gene. Excess methylation of ALX4 promoter leads to gene

transcription suppression and promotes thyroid cancer progression [18,38].

2.1.3 LncRNAs participate in the process of transcriptional regulation

Besides regulation of gene transcription through chromatin or DNA modification,
IncRNAs can directly regulate this process by different mechanisms. The most common
mechanisms that we would like to consider are: a) direct binding of IncRNAs to DNA
followed by inhibition of transcription, and b) interaction with proteins, such as

transcription factors, that regulate transcription (Figure 4) [18].
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Figure 4. LncRNAs activate or repress transcription via direct binding to transcription factors.

Adapted from [18].

LncRNA Malatl (metastasis-associated lung adenocarcinoma transcript 1) is a
multifunctional IncRNA. In genome MALAT-1 is located upstream to LTBP3 (latent
transforming growth factor-f (TGF-P)-binding protein) gene, which controls TGF-j3
activation and bioavailability. Both Malatl and LTBP3 expression is upregulated in
mesenchymal stem cells in patients with myeloma. One of Malatl mechanisms of action
is direct binding to the transcription factor Spl together with the formation of a stable
complex with LTBP3 promoter that facilitate the recruitment of Spl to LTBP3 promoter.

Overexpression of LTBP3 results in the increased TGF-B secretion from patients’
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mesenchymal stem cells [39]. LINCO01355 serves as a good example of how IncRNA
interaction with transcription factor may repress transcription of a target gene. The
transcription factor forkhead box O3 (FOXO3) is a transcriptional repressor for cyclin D1
(CCND1) gene, which is involved in breast cancer cells proliferation. LINC01355
stabilizes FOXO3 by direct interaction with it. LINC01355 is downregulated in breast
cancer, but its overexpression promotes FOXO3 enrichment at CCNDI1 promoter region,
thus, repressing CCND1 gene expression, which results in cell cycle arrest at the G0/G1

phase [40].

2.1.4 LncRNAs are involved in post-transcriptional regulation

LncRNAs also carry out the post-transcriptional regulation of mRNAs, primarily
by influencing the following processes in the cell: alternative splicing, binding of miRNA,

RNA editing, protein translation and transport [18].

2.1.4.1 LncRNAs regulate alternative splicing

Alternative splicing is inherent in eukaryotes and expands protein diversity
together with the regulation of gene expression [41]. Splicing consists of multiple steps
and is catalyzed by a complex machine called spliceosome. Besides spliceosome a large
number of RNA-binding proteins and splicing factors, which contain RNA-binding
domains, participate in the regulation of splicing. LncRNAs can directly bind to these

proteins, thus, regulating alternative splicing (Figure 5) [18].
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Figure 5. LncRNAs can regulate alternative splicing. Adapted from [18].

LncRNA MALATI localizes to nuclear speckles and interact with several
serine/arginine rich proteins, which are involved in alternative splicing regulation.
Binding with MALAT1 determines the distribution of SR proteins in nuclear speckles:
attraction of SR proteins to the transcriptional active region by MALATI regulates
cleavage of pre-mRNA [42]. LncRNA Morrbid (myeloid RNA repressor of Bcl2111
induced death) interacts with SFPQ (splicing factor proline and glutamine rich) and
NONO (non-POU domain-containing octamer-binding protein) splicing complex and
regulates NRAS (neuroblastoma RAS viral oncogene homolog) splicing in hepatocytes.
Morrbid expression promotes synthesis of NRAS isoform with inclusion of premature
terminal codons (PTC), which serves as a signal for NRAS degradation via NMD

(nonsense-mediated mRNA decay) pathway [43].

2.1.4.2 LncRNAs - molecular sponges for miRNAs
Some IncRNAs may act as sponges for microRNA (miRNA). Most often miRNA

repress target mRNA translation or cause its degradation via binding to its 3" UTR
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(untranslated region). This binding depends on many factors, including the abundancy of
both miRNA and target mRNA [44]. Some IncRNAs include specific sites
complementary to miRNA sequences. Due to the complementarity of sequences they
bind miRNA acting like a sponge and preventing miRNA from interaction with their
targets (Figure 6) [45]. Single IncRNA can sponge several different miRNAs, while
single miRNA can be bound by multiple IncRNAs. For example, the IncRNA IMFNCR
competitively binds two different miRNAs: miR-128-3p and miR-27b-3p. PPARG
(peroxisome proliferator-activated receptor-gamma) is a direct target for both miRNAs,
which bind to its 3’UTR and via attracting of minimal miRNA-induced silencing
complex (miRISC) cause PPARG mRNA cleavage. Thus, INFNCR activity increases
PPARG expression by sequestering miR-128-3p and miR-27b-3p, preventing them from
binding to PPARG mRNA for its silencing and promotes intramuscular adipocyte
differentiation [46]. LncRNA TRPM2-AS serves as a sponge for tumor suppressive miR-
612. TRPM2-AS is upregulated in gastric cancer and promotes cell proliferation and
tumor progression. The underlying mechanism is the following: TRPM2-AS sequesters
miR-612, which prevents its binding to IGF2BP1 and FOXM1 mRNAs for their further
degradation. Upregulated IGF2BP2 increases expression of cMyc protein, thus promoting
cell proliferation. Also, enhanced expression of FOXMI1 promotes cells radioresistance

[47].
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Figure 6. LncRNAs act as miRNAs sponge. Adopted from [18].
2.1.4.3 LncRNAs mediate RNA decay

mRNA redundancy directly influences on the protein production and is
determined by either transcription amount or mRNA decay. LncRNAs can interfere with
both transcription (described above) and decay of mRNA. The class of IncRNAs termed
half-Staufen 1 (STAU1) — binding site RNAs (1/2-sbsRNAs) participate in STAU-1-
mediated mRNA decay (SMD). These IncRNAs are involved in the formation of a
STAUI-binding site (SBS) between their Alu element and the Alu element in the 3’-UTR
of target mRNA. Functional SBS transactivates STAU1 facilitating its binding to target
mRNA and promotes binding of UPF1 protein to STAU1 followed by mRNA
degradation [48]. Another IncRNA MEG3 (maternal expression gene 3) binds to
polypyrimidine tract-binding protein 1 (PTBP1) and facilitates PTBP1 interaction with
CDS region of small heterodimer partner (SHP) mRNA. Overexpression of PTBP1 and

MEG3 leads to SHP mRNA decay that promotes liver fibrosis [49].

2.1.5 LncRNAs encode peptides

Initially, IncRNAs were described as RNAs which do not encode proteins, but
recently it was shown that functional micropeptides could be translated from some

IncRNAs (Figure 11I). For example, conserved in vertebrates IncRNA LINC00948 has a
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small ORF, which results in translation of 46 amino acids microprotein called myoregulin
(MLN). MLN is expressed predominantly in skeletal muscle and regulates Ca?" entering
the sarcoplasmic reticulum [50]. LINC00116 encodes Mtln peptide, which is detected in
mitochondria of mouse cell lines and tissues. The lack of Mtln decreases the activity of
mitochondrial respiratory chain complex I[. Mtln interacts with NADH-dependent
cytochrome b5 reductase and stimulates complex [ functioning most probably by

providing a favorable lipid composition of the membrane [51].

2.1.6 LncRNAs are involved in translational regulation

Besides transcriptional and post-transcriptional regulation of gene expression,
IncRNAs also participate in the regulation of mRNA translation (Figure 7). LincRNA-
p21 was first described as a transcriptional repressor of p53 target genes via affecting
p53-mediated apoptosis, but later its additional role as a translational modulator was
determined. Linc-p21 association with RNA-binding protein HuR facilitates the
recruitment of let-7/Ago2, which results in decrease of lincRNA-p21 stability and its
further degradation. This event promotes HuR binding to B-catenin (CTNNBI1) and
JUNB mRNAs, thus increasing their translation. Hence, downregulated HuR promotes
accumulation of lincRNA-p21 that stimulates interactions with CTNNBI1 and JUNB
mRNAs and decreases their translation [52].

LncRNA GASS can directly interact with translation initiation complex EIF4E,
thus, decreasing cMyc translation [53]. Another IncRNA RPI1-506.5 disrupts the
interaction of elF4E with elF4G via binding to eIlF4E. Thus, RP1-506.5 inhibits the

translation of negative regulator of Snail protein in breast cancer cells — p27kipl [54].
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One more IncRNA involved in the regulation of translation is treRNA, which activity
inhibits the translation of E-cadherin. TreRNA first binds to several ribonucleoproteins
(RNPs), including SF3B3, hnRNP K, PUF60, FXR1 and FXR2, and then the formed

complex interacts with e[F4G1 [55].

an::RN!!.O
00 AES  anaan

Ribosome

mRNA translation

glr
~—A

o O e

0 QEEND—AAAAA
v

mRNA translation

Figure 7. LncRNAs affect mRNA translation via binding mRNA or the translation initiation
complex elF. Adopted from [18].

2.1.7 LncRNAs regulate post-translational modifications of proteins

Post-translational modifications of proteins influence on diverse cell processes by
regulating proteins activity, stability, conformation and interaction with other molecules.
More than 20 types of proteins modifications are currently known, and IncRNAs are
involved in many of them. Predominantly they regulate proteins phosphorylation,

ubiquitination and acetylation (Figure 8) [18].
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Figure 8. LncRNAs interact with proteins and control protein phosphorylation, acetylation, and

ubiquitination at the post-translation level. Adapted from [18].

Protein phosphorylation of serine and tyrosine residues plays an important role in
cellular signal transduction. LncRNA Inc-DC mediates human dendric cells
differentiation via direct interaction with signal transducer and activator of transcription 3
(STAT?3). Lnc-DC binds to STAT3 in cytoplasm and prevents its interaction with protein
tyrosine phosphatase SHP1, which dephosphorylates STAT3. Thus, Inc-DC promotes
STATS3 phosphorylation of Tyr705 and activates downstream transcriptional activity [56].
LncRNA HULC is upregulated in hepatocellular carcinoma and promotes malignant cell
proliferation by inducing G1/S transition in the cell cycle. HULC specifically interacts
with Y-box binding protein 1 (YB-1), which as a part of translationally inactive
messenger ribonucleoprotein particles keeps mRNA in a silent state. Increase in HULC
expression leads to YB-1 phosphorylation by activating ERK pathway and its release
from complexes with oncogenic mRNAs, such as cyclin D1, cyclin E1 and MMP11.
Reinforced translation of these mRNAs results in increased cell proliferation and tumor
progression [57].

Protein ubiquitination serves as a label for protein degradation in proteasome with

the involvement of three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-binding
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enzyme (E2) and ubiquitin protein ligase (E3). Among others, one of the functions of
IncRNA HOTAIR (HOX antisense intergenic RNA) is regulation of protein
ubiquitination. HOTAIR plays a role of a scaffold molecule, which brings together E3
ubiquitin ligases Mex3b and Dzip3 with their substrates Snurportin-1 and Ataxin-1,
resulting in substrate degradation [58]. LncRNA uc.134 binds to E3 ubiquitin ligase
CULA4A, promoting its nuclear accumulation, while knockout of uc.134 causes the
increase in CUL4A protein cytoplasmic level. CUL4A activates ubiquitination of LATS
protein kinase — a member of the Hippo signaling pathway. Thus, active uc.134 binds to
CULA4A and prevents its translocation to cytoplasm, which, in turn, decrease LATS1
degradation and induce Hippo signaling [59].

Non-histone protein acetylation and deacetylation play an important role in
cellular signaling and can be regulated by IncRNAs. For instance, IncRNA MALATI
regulates the activity of SIRT1 deacetylase through interaction with DBC1 (depleted
breast cancer 1) protein, which binds to the catalytic domain of SIRT1 and inhibits its
deacetylation activity. Active SIRT1 promotes p53 deacetylation, which inhibits its

transcriptional activity [60].

2.2 LncRNAs regulate cellular metabolism

The relationship between cellular metabolism and IncRNAs was first observed
during cancer progression, where IncRNAs changes its expression, which correlates with
the induced metabolism of cancer cells. Thus, investigation of the nature of this
relationship is an important task [61,62]. Liver is a central organ in the body, which

coordinates multiple diverse metabolic processes, and glucose and lipid metabolism
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among them. Multiple studies tried to uncover the role of IncRNAs in the regulation of
these processes in the liver, as well as in different types of cancer [63]. In this review we

will focus on lipid and glucose metabolism and their regulation by IncRNAs.

2.2.1 Liver lipid metabolism

Glucose serves as a main metabolic source for liver, and when the levels of
carbohydrates in the liver are increased, glucose is converted into fatty acids. In addition,
fatty acids enter the liver from the outside from the bloodstream, where they get from the
adipose tissues or gastrointestinal tract after the food digestion. Fatty acids are precursors
for triglyceride (TAG) and cholesterol esters. Newly synthesized TAG and cholesterol
esters could be further secreted as very-low-density lipoprotein (VLDL) particles or
accumulated inside hepatocytes in the form of lipid droplets. In addition, fatty acids are
part of phospholipids, VLDL, surface layers of lipid droplets, bile particles. Under the
fasting conditions, fatty acids enter mitochondria, where undergo oxidation for energy
generation and ketone bodies formation [64].

When carbohydrates are abundant, the hepatic lipogenic program is arranged as
follows (Figure 9). Glucose is converted into pyruvate via glycolysis pathway. Pyruvate
then enters mitochondria and utilizes by pyruvate dehydrogenase complex (PDC) to form
acetyl-CoA. Citrate synthase (CS) catalyzes the reaction of citrate synthesis from acetyl-
CoA and oxaloacetate. Citrate is then secreted into the cytoplasm, where it breaks down
by ATP-citrate lyase (ACL) into acetyl-CoA and oxaloacetate, which further forms malat.
Malic enzyme converts malate into pyruvate, which is accompanied by the release of

NADPH. Newly synthesized pyruvate again enters mitochondria, where undergo
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carboxylation by pyruvate carboxylase (PC). The oxaloacetate formed in this pathway
drives continuous citrate synthesis. In the cytoplasm, acetyl-CoA carboxylase (ACC)
converts acetyl-CoA to form malonyl-CoA. Synthesized in the course of these reactions
NADPH and malonyl-CoA serves as precursors to 16-carbon palmitic acid synthesis by
fatty acid synthase (FAS). Family members of fatty acyl-CoA elongase (Elovl) elongates
palmitic acid to generate long-chain fatty acids (LCFAs) with chains longer than 16
carbons. After, stearoyl-CoA desaturases (SCDs) catalyzes desaturation of LCFAs with

formation of mono- and poly-unsaturated LCFAs [64].
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Figure 9. Lipogenic pathways. Lipogenic enzymes are marked in blue. ACL: ATP-citrate lyase; ACC:
acetyl-CoA carboxylase; FAS: fatty acid synthase; Elovis: fatty acyl-CoA elongases; SCDs: stearoyl- CoA
desaturases. Adapted from [64].
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Under normal conditions, the liver stores little TAG and exports them in VLDL
particles to deliver fatty acids to muscle and fat tissues. At the same time the increased
TAG storage and VLDL secretion play a protective role against hepatotoxicity mediated
by fatty acids. In most mammalian cells the main pathway of TAG synthesis is the
glycerol-3-phosphate (G3P) pathway. G3P pathway starts with a rate-limiting step, when
a long-chain acyl-CoA esterified to G3P by G3P acyltransferase (GPAT) enzyme.
Lysophosphatidic acid (LPA), which is formed during this step, is then acylated by the
acylglycerol-3-phosphate acyltransferases (AGPAT) to produce a phosphatidic acid (PA).
PA can further participate in the synthesis of glycerolphospholipids and cardiolipins or
convert to diacylglycerol (DG) by dephosphorylation by phosphatidate phosphohydrolase
(PAP). DG serves as a precursor for TAG, phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) (PC and PE synthesis and function will be discussed
further in this review). DG acylation to TAG is catalyzed by DG acyltransferase (DGAT).
Newly formed TAG is then from cytosolic lipid droplets or VLDL [65]. It is important to
notice that DG can promote insulin resistance in hepatocytes via activation of protein
kinase C epsilon (PKCg), which phosphorylates insulin receptor substrate (IRS) proteins
[64].

The process of lipogenesis can be controlled by various mechanisms and we will
focus on some of them, such as availability of lipogenic substrates, control by multiple
transcription factors and co-regulators and stimulation by insulin [64]. Pyruvate is a main
carbon source for lipogenesis and links this process with glycolysis. Availability of

pyruvate is regulated by multiple glycolytic enzymes, primarily by glucokinase (GCK),
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which catalyzes the first step of glycolysis and which activity is regulated by GCKR
(GCK regulator). Mutations in GCKR are associated with hepatic steatosis and
hyperglycemia in patients with obesity [66]. Deletion of liver receptor homologue 1
(LRH-1) downregulates GCK, leading to reduced glycolysis and lipogenesis on liver [67].
Another substrate, which drives lipogenesis, is NADPH that can be synthesized not from
malate, but also come from pentose phosphate pathway. Glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase participate in the lipogenesis
regulation.

Lipogenesis is also controlled by various transcription factors and their co-
regulators through the transcriptional regulation of glycolytic and lypogenic genes. We
would like to highlight the following factors: ChREPB, SREBP, LXR, FXR, PPARy and
PPARS. They will be discussed in the next chapter, since they are also involved in the
regulation of glucose metabolism. Moreover, insulin activates mTORC1 via the
PI3K/AKT pathway. Meanwhile, mTORC1 mediates insulin stimulation of the
expression of SREBP-1 and lipogenesis. Also, insulin stimulates glycolysis, thus,
providing pyruvate available for lipogenesis [64].

In the next sections of this literature review we would like to focus on the lipid

classes which turned out to be important for our research.

2.2.2  Phosphatidylcholine and phosphatidylethanolamine metabolism and
function in liver

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) belong to the class

of phospholipids, which are a key component of eukaryotic cell membranes. Moreover,
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metabolism of phospholipids plays an important role in the regulation of lipid, lipoprotein
and whole-body energy metabolism and its abnormal functioning may be associated with
the development and progression of various diseases [68].

To prevent lipotoxicity TAGs-incorporated excess intracellular fatty acids are
accumulated in cytosolic lipid droplets. Lipid droplets consist of neutral lipids surrounded
by a monolayer of phospholipids, including PC and PE. Their relative abundance on the
lipid droplets surface plays a crucial role for the dynamics of lipid droplets. For example,
a higher relative quantity of PE promotes fusion of smaller lipid droplets. On the other
hand, downregulation of PC biosynthesis leads to the increase of lipid droplets size [68].

SREBP-la and SREBP-Ic transcription factors regulate genes involved in
cholesterol, fatty acid, phospholipid and TAG biosynthesis. Despite that insulin is the
main regulator of SREBP-1 processing, there is some evidence, that phospholipids also
regulate the SREBP-1 pathway of lipogenesis. For example, in mammalian cells PC can
suppress the activation of SREBP-1. Particularly, in human hepatoma cells and murine
liver with inhibited PC synthesis due to depletion of crucial for its synthesis enzymes,
increased level of mature SREBP-1 was observed [69].

Speaking about the importance of PC and PE in proper liver function, we would
like to note that the molar ratio between PC and PE is a key determinant of liver health. It
was shown that alterations in the hepatic PC/PE molar ratio clearly correlate with the
development of non-alcoholic fatty liver disease (NAFLD) in humans, liver failure and

impaired liver regeneration [68].
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2.2.2.1 Phosphatidylcholine synthesis in the liver

In mammalian cells biosynthesis of PC occurs via CDP-choline or the Kennedy
pathway (Figure 10). Three classes of choline transporters (the high-affinity transporter,
the intermediate-affinity transporters, the low-affinity organic cation transporters) help
choline to enter the cell. Inside the cell choline is immediately phosphorylated to
phosphocholine by the choline kinase (CK) using ATP. Then CTP:phosphocholine
cytidylyltransferase (CT) (encoded in mice by Pcytla and Pcytlb genes) converts
phosphocholine to CDP-choline. This reaction is the rate-limiting for PC synthesis via the
Kennedy pathway. During the last reaction of CDP-choline pathway two enzymes: CDP-
choline:1,2-diacylglycerol cholinephosphotransferase (CPT) (encoded by Chptl gene)
and CDP-choline:1,2-diacylglycerol choline/ethanolamine phosphotransferase (CEPT)
(encoded by Ceptl gene) transfer phosphocholine from CDP-choline to diacylglycerol
(DAG), thus, producing PC [68].

In the liver one more pathway for PC synthesis exists in addition to the described
above  CDP-choline pathway. The enzyme phosphatidylethanolamine N-
methyltransferase (PEMT) uses S-adenosylmethionine (AdoMet) as a methyl group
donor and catalyzes the methylation of PE to form PC. In mouse PEMT has high
expression only in the liver. Summarizing, in murine liver approximately 70% of PC is
synthesized by the CDP-choline pathway, while the rest 30% of PC is generated by

PEMT [70].
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Figure 10. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) synthesis pathways. CK: choline
kinase; CT:  phosphocholine eytidylyltransferase; CTP: CDP-choline: 1,2-diacylglycerol
cholinephosphotransferase ~ (CPT); CEPT: CDP-choline:1,2-diacylglycerol  choline/ethanolamine
phosphotransferase; EK: ethanolamine kinase; ET: CTP:phosphoethanolamine cytidylyltransferase;
PEMT: phosphatidylethanolamine N-methyltransferase; PSD: phosphatidylserine decarboxylase. Adapted
from [68].

2.2.2.2 Phosphatidylethanolamine synthesis in the liver

There are two major pathways of PE biosynthesis occurred in ER and
mitochondria that mammalian cells utilize. The first CDP-ethanolamine pathway is
similar to CDP-choline pathway and occurs in ER. After entering the cell ethanolamine is
phosphorylated by cytosolic ethanolamine kinase (EK), encoded by Etnkl and Etnk2
genes and abundant in the liver (Figure 10). Then phosphoethanolamine is converted to
CDP-ethanolamine with the formation of pyrophosphate by the enzyme called enzyme
CTP:phosphoethanolamine cytidylyltransferase (ET). This reaction is a rate-limiting for
CDP-ethanolamine pathway. The last step of PE synthesis in CDP-ethanolamine pathway,
when CDP-ethanolamine and DAG are converted to PE, is mediated by CEPT or CDP-

ethanolamine:1,2-ethanolaminephosphotransferase [68].
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The second pathway of PE synthesis occurs on the outer aspect of mitochondrial
inner membranes and is called the PSD pathway. In the PSD pathway phosphatidylserine
(PS) serves as a substrate for PE synthesis and is converted by phosphatidylserine
decarboxylase (PSD), encoded by Pisd gene. PS translocation from ER to the

mitochondria inner membrane is a rate-limiting step of PSD pathway [68].

2.2.2.3 Lysophosphatidylcholine synthesis and function

Lysophosphatidylcholine (LPC) is another class of phospholipids, changes in the
synthesis of which occur in various diseases, including diabetes and cancer. In the liver
tissue LPC participates in the downregulation of genes involved in hepatic fatty acid
oxidation and meanwhile upregulates genes of cholesterol biosynthesis. An increase in
LPC concentration in hepatocytes disrupts mitochondrial integrity and enhances
cytochrome C release. LPC is synthesized via two pathways. First, phospholipase A2
(PLA2) enzyme cleaves PC to form LPC, that can be reversed by
lysophosphatidylcholine acyltransferase (LPCAT), which converts LPC back to PC in the
presence of Acyl-CoA. Second, LPC is formed during the transfer of fatty acids to free

cholesterol by lecithin-cholesterol acyltransferase (LCAT) [71].

2.2.3 Production and function of ceramide in the liver

Ceramide belongs to sphingolipids, which mediate many cellular functions as
bioactive signaling molecules. Ceramide, in particular, regulates cell apoptosis, cell cycle
arrest and stress response. Ceramide synthesis may be induced by multiple stimuli, such

as tumor necrosis factor-o. (TNF-a), heat stress, oxidative stress, Fas ligand and etc. [72]
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There are several pathways of ceramide synthesis inside the cell (Figure 11). The
de novo synthesis of ceramide utilizes serine and palmitoyl-CoA and can be stimulated
by oxidative stress, metabolic loading with serine, and oxidized LDL. Ceramide de novo
synthesis involves four steps, as a result of which serine and palmitoyl-CoA converts to
ceramide by the sequential action of the following enzymes: serine palmitoyl-CoA
transferase (SPT), 3-oxosphinganine reductase, sphingosine N-acyltransferase and
dihydroceramide desaturase. The reaction catalyzed by SPT is a rate-limiting step of
ceramide de novo synthesis. Redox status of the cell can regulate ceramide synthesis via
inhibition of dihydroceramide desaturase by glutathione (GSH) [73].

Another way to generate ceramide occurs by the hydrolysis of sphingomyelin in
cell membranes catalyzed by neutral sphingomyelinase (N-SMase) (encoded by Smpd1
gene). Inflammation upregulates both de novo pathway and N-SMase activity. In
contrary, GSH can inhibit N-SMase activity and reduce ceramide synthesis from
sphingomyelin. Finally, in salvage pathway the ceramide synthase (encoded by Asahl
gene) induces reacylation of sphingosine generated from catabolism of complex
sphingolipids to form ceramide [73].

Liver is a key site for ceramide production, aberrations in ceramide synthesis are
linked to liver pathological conditions, such as liver steatosis, fibrosis and NAFLD.

Moreover, ceramides promote insulin resistance by inhibiting AKT activation [73].

39



CERAMIDE PRODUCTION

De novo SMase SALVAGE
PATHWAY PATHWAY PATHWAY
Serine + Palmitoyl-CoA Complex
SDhir‘IQDlipldS
Fumonizin 81
SPT i—- Myriocin
GSH
3-Keto- Dihydro- Dihydro- "L T
sphinganine — sphingosine — - Wr&mlde o Ceramide - Sphingosine
Dinyoro- s Ceramide
—— e -
SM
synthasa
N-SMase
Sphingomyelin

-
n

5k

Figure 11. Three pathways of ceramide production. SPT: serine palmitoyl-CoA transferase; GSH:
glutathione. Adapted from [73].

2.2.4 LncRNAs participate in lipid biosynthesis

In tumor cells increased lipid synthesis results in excessive amount of membrane
phospholipids, which serve as a material for cell proliferation and division, and in a large
number of lipid signaling molecules, participating in cancer progression, like
phosphatidylinositol, sphingomyelin and others [74]. FASN serves as a main rate-limiting
enzyme in the pathway of fatty acid biosynthesis, and it has been observed that some
IncRNAs can regulate its activity. LncRNA HAGLR (or HOXD-AS1), is upregulated in
NSCLC (non-small cell lung carcinoma) and is usually associated with the poor
prognosis for patients. Knockdown of HAGLR results in the arrest of cell cycle in G1

phase, which decreases the invasion ability and proliferation of NSCLC cells. Moreover,

40



downregulation of HAGLR reduces the free fatty acids amount and downregulated FASN
expression level [75]. Another IncRNA HOTAIR is upregulated in human
nasopharyngeal carcinoma cells, which correlates with high levels of FASN in this cancer
type. Meanwhile, HOTAIR knockdown downregulates FASN expression at both
transcriptional and post-transcriptional levels, and reduces the amount of free fatty acid
[76]. In osteosarcoma cells, IncRNA Pvtl sequesters miR-195, which leads to the
upregulation of expression levels of FASN, Cyclin D1 and Bcl2 (B-cell lymphoma 2)
[77]. LINCO1138 interacts with protein arginine methyltransferase 5 and increases the
methylation of SREBPI1 at arginine, thus, LINCO01138 participates in the regulation of

lipid desaturation and renal cell carcinoma growth. (Figure 12) [78].

2.2.5 LncRNAs regulate lipolysis

The first step of lipid catabolism is fat mobilization, which is predominantly
catalyzed by adipose triglyceride lipase (ATGL). Expression levels of ATGL vary in
several types of cancer, such as NSCLC, pancreatic adenocarcinoma and hepatocellular
carcinoma (HCC) [74]. Upregulation of ATGL in HCC induced production of DG and
free fatty acids, leading to cancer cells growth. Liu et al. showed that IncRNA NEATI
(Nuclear paraspeckle assembly transcript 1) could regulate ATGL expression via
sponging miR-124-3p, thus, increasing ATGL level and HCC progression [79].

The most important pathway of fatty acid decomposition is f-oxidation of fatty
acids (FAO), thus, IncRNAs, which regulate FAO also regulate lipolysis. The rate-
limiting step of fatty acid oxidation is catalyzed by Acyl-CoA synthetase (ACS).

LncRNA HULC, which expression is significantly elevated in hepatocellular carcinoma
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can regulate lipogenesis by sequestring miR-9, which normally inhibits peroxisome
proliferator-activated receptor alpha (PPARA), which in turn activatea ACS long-chain
family members 1 (ACSL1) (Figure 12) [80].

In gastric cancer IncRNA MACCI-AS1 is significantly upregulated compared
with healthy tissue. This occurs due to the activity of transforming growth factor B1.
MACCI1-AS1 sequesters miR-145-5p, preventing its inhibitory effect on FAO, which

promotes stemness and chemoresistance of gastric cancer cells [74].
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Figure 12. LncRNAs regulate lipid metabolism in cancer cells. Adapted from [74].
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Inhibition of IncRNA MALAT1 prevents hepatic lipid accumulation via its ability
to interact with nuclear SREBP-1c protein, which regulates transcription of crucial
enzymes involved in lipid metabolism, such as SCD1, FAS, ACC1 and ACLY. Another
IncRNA IncHR1 has an opposite effect on SREBP-1c¢ expression unlike MALAT]I.
Overexpression of IncHR1 suppressed activation of SREBP-1c and FAS, leading to
decrease TAG synthesis and lipid droplet formation in hepatocytes. Similarly, another
IncRNA called Gm16551 negatively regulates SREBP-1¢ expression in murine liver.
Yang et al. found that overexpression of SREBP-1c led to upregulation of Gm16551 and
at the same time upregulation of Gm16551 inhibited elevated circulation of TAG and
lipogenic genes, such as SCD1, FAS and ACLY, induced by SREBP-1¢c. Summing up, a
negative loop between SREBP-1¢ and Gm1655 exists and is involved in the regulation of
lipolysis [81].

It was demonstrated, that one of the mechanisms of apoptosis inhibition in cancer
cells by IncRNAs is alteration of lipid metabolism and lipid toxicity. LncRNA SPRY4-
IT1 (Sprouty4-intronic transcript 1) expression level is significantly higher in melanoma
cells compared with normal melanocytes and its depletion promoted apoptosis and
inhibited tumor cell proliferation and invasion. It was suggested that SPRY4-IT inhibits
apoptosis via binding to lipid phosphatase LPIN2 leading to decrease in fatty acyl chains

and TAG [82].
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2.2.6 LncRNAs and phospholipids

Lu et al. demonstrated that IncRNA LOC100506036 can regulate expression of
N-SMase, which converts sphingomyelin to ceramide, thus, driving the inflammatory
process in Rheumatoid arthritis [83]. Phospholipase D (PLD) catalyzes the hydrolysis of
PC to form PA. In different cancer types upregulation of phospholipase D (PLD)
stimulates tumor growth by suppressing aberrant apoptotic programs. PLD inhibitor
destabilizes mTOR to promote cell autophagy and has anti-tumor properties. In lung
cancer IncRNA ANRIL (antisense non-coding RNA in the INK4 locus) is responsible for
anti-tumor effect of PLD inhibitor. Moreover, the depletion of ANRIL suppresses tumor
cell apoptosis induced by PLD inhibitor [84]. LncRNA SNHG14 (Small Nucleolar RNA
Host Gene 14) activates phospholipase PLA2G4A, which is also involved in DG
synthesis via sponging miR-145-5p. Thus, SNHG14 induces activation of microglia cells
through modulating the miR-145-5p/PLA2G4A axis [84].

Finally, IncRNAs can modulate cellular processes by direct interaction with
phospholipids. Phosphoinositide 3-kinase (PI3K) produces phosphatidylinositol-3,4,5-
trisphosphate (PIP3), which acts as a second messenger in multiple signaling pathways.
Moreover, aberrations in PI3K expression and abnormal activation of its downstream
effector AKT protein are common in multiple diseases and cancers. LncRNA LINK-A
(long intergenic noncoding RNA for kinase activation) directly binds to PIP3 and AKT,
thus, promoting interaction between AKT and PIP3. Activation of AKT by LINK-A leads

to the tumorigenesis and resistance to AKT inhibitors. Notably, depletion of PIP3-
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binding motif in LINK-A results in breast cancer cells positive response to AKT

inhibitors [85].

2.2.7 Glucose metabolism

Lipid and glucose metabolism ate tightly related to each other. Pyruvate is a
product of glycolysis and is further decarboxylized to acetyl-CoA, which participates in
tricarboxylic acid cycle (TCA). Glucose 6-phosphate after degradation in the pentose-
phosphate shunt provides NADPH, which serves as a substrate for de novo lipogenesis.
Moreover, both lipid and glucose metabolism are regulated by insulin via PI3K pathway
and the same transcription factors regulate the expression of genes involved in both of
these processes [86].

Glucose i1s the major source of carbon required for cellular biosynthesis and
energy generation. Under feeding conditions, carbohydrates from food are digested in the
gastrointestinal tract to monosaccharides, primarily glucose. Through the bloodstream,
glucose is then transported to different tissues for further ATP generation. The process of
glucose breakdown into pyruvate is named glycolysis and serves as a main pathway of
ATP production in most mammalian tissues. In tissues with the large number of
mitochondria, pyruvate dehydrogenase complex converts pyruvate into acetyl-CoA inside
mitochondrial matrix. Acetyl-coA together with oxaloacetate enter tricarboxylic acid
cycle. Tricarboxylic acid cycle, also known as citric acid cycle or the Krebs cycle, leads
to the release of stored energy via generation of GTP — energy equivalent of ATP, NADH
and FADH2. Electron transport chain-oxidative phosphorylation leads to ATP production,

while NADH and FADH2 are significant electron carries during this process (Figure 13).
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Liver is a key metabolic organ that regulates energy metabolism in the body. As a
result of glycogenesis in the liver excess of carbohydrates is converted into glycogen.
Glycogen is a branched glucose polymer that serves for energy storage in animals.
Another pathway of excessive carbohydrates processing is their conversion into fatty
acids during lipogenesis. Acetyl-CoA formed from pyruvate is incorporated into very low

density lipoproteins and then transported to white adipose tissue [87].
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In the fasted state the liver generates glucose for other tissues. Overexpression of
the pancreatic hormone glucagon after activation via cascade of kinases leads to the
release of glucose from glycogen. The process of glycogen conversion into glucose is
called glycogenolysis [88]. Stored glycogen provides normal glucose homeostasis at
night during sleep and fasting. But longer period of fasting leads to the depletion of liver
glycogen storage and glucose is then synthesized via gluconeogenesis from non-
carbohydrate precursors. Lactate from skeletal muscles and red blood cells and glycerol
from adipose tissues are the main precursors for glucose synthesis during
gluconeogenesis [89]. Liver energy metabolism is tightly controlled and regulated by
multiple signaling pathways. Dysfunction of liver metabolism leads to the development
of different diseases, such as diabetes [64].

Hepatocytes are the main functional cells of the liver - they represent about 80%
of the total liver volume and perform metabolic, endocrine and secretory functions [90].
Glucose transporter type 2 (GLUT2) mediates both hepatocytes glucose uptake from the
bloodstream and glucose release from the liver. However, in the case of GLUT2 deletion
other mechanisms compensate normal glucose release from hepatocytes by additional
transporters, such as GLUTI, or by other mechanisms. After entering the liver cell
glucose undergo phosphorylation and forms glucose 6-phosphate (G6P). This process is
mediated by glucokinase enzyme and leads to increased glucose uptake due to reduction
of intracellular glucose level. Under fasting conditions G6P serves as a source of glucose:
it is dephosphorylated by G6Pase to form a glucose inside the endoplasmic reticulum

(ER). Under feeding conditions G6P participates in several different metabolic pathways.
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First, through glycolysis pathway G6P is converted to pyruvate, which either is oxidized
in mitochondria to generate ATP during TCA and oxidative phosphorylation or
participates in lipogenesis to synthesize fatty acids. Second, G6P serves as a precursor for
glycogen synthesis. Third, G6P is utilized to generate NADH in pentose phosphate
pathway (PPP) [64].

Under feeding conditions, increased levels of blood glucose, amino acids and
fatty acids lead to insulin secretion in pancreatic p-cells. Insulin activates
serine/threonine-protein kinase AKT, which in turn phosphorylates and inactivates GSK-
3, thus leading to activation of glycogen synthase and increased glycogen synthesis. At
the same time glycogenolysis is suppressed because of the following cascade of reactions:
insulin causes acetylation of glycogen phosphorylase which promotes its
dephosphorylation and suppression by protein phosphatase 1 [91]. Insulin also increases
G6P synthesis by activation of glucokinase, which activity also stimulates glucose uptake
in hepatocytes. G6P as previously mentioned by allosteric regulation inhibits

glycogenolysis and activates glycogenesis [92].

2.2.8 Control of hepatic glycolysis

Glycolysis is the pathway of glucose catabolism, which serves as an energy
source. Among all enzymes that catalyze glycolysis, several ones are called rate-limiting
and regulate this pathway. These three enzymes are glucokinase (GCK),
phosphofructokinase-1 (PFK-1) and liver piruvate kinase (L-PK). As mentioned above,
GCK catalyzes the first step of glycolysis and converts glucose into glucose 6-phosphate.

PFK-1 converts fructose 6-bisphosphate into fructose 1,6-bisphosphate and L-PK
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converts phospoenolpyruvate into pyruvate. All these enzymes are subjected to the
allosteric regulation and their activity induces glycolysis [64,89].

Besides the regulation by rate-limiting enzymes, glycolysis is still controlled by
several transcriptional mechanisms. Sterol regulatory element binding protein Ic
(SREBP-I1c¢) and carbohydrate response element binding protein (ChREBP) are the main
transcriptional factors responsible for transcriptional activation of glycolytic genes during
feeding and genes participating in biosynthesis of fatty acids (Figure 14). SREBP-1c
activates transcription of GCK gene, and knockout of SREBP-Ic leads to impaired
glycolysis activation [93]. SREBP-Ic itself is regulated by various mechanisms. For
instance, insulin and oxysterol-sensing transcriptional factor liver X receptor (LXR)
control transcription of SREBP-1c. Another transcriptional factor ChREBP, responsible
for glycolysis regulation, is increased in the liver under feeding conditions [89]. ChREBP
activates L-PK expression via interaction with E-box motifs in its promoter region [94].
There are evidences that LXR may activate transcription of ChREBP, but this fact is
debatable, because LXR knockout does not lead to changes in ChREBP expression
[95,96]. Additionally, phosphorylation of ChREBP at different sites determine its activity

and localization [89].
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2.2.9 Control of hepatic gluconeogenesis

During a short period of fasting, glucose in the liver is produced by
glycogenolysis pathway. During prolonged starvation, glycogen stores are not enough,
therefore glucose in hepatocytes is synthesized through gluconeogenesis from lactate,
pyruvate, glycerol and amino acids, which were produced inside the liver or delivered
from other tissues. Schematically the gluconeogenesis pathway is as follows (Figure 13):
lactate dehydrogenase oxidizes lactate to pyruvate, which is then converted by pyruvate
carboxylase to oxaloacetate inside the mitochondria. Mitochondrial malate
dehydrogenase reduces oxaloacetate to malate, which is then oxidized by cytoplasmic

malate dehydrogenase back to oxaloacetate. The key step of gluconeogenesis is
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conversion of oxaloacetate to phosphoenolpyruvate in cytoplasm catalyzed by
cytoplasmic phosphoenolpyruvate carboxylase (PEPCK-C). A cascade of several
reactions leads to the formation of fructose 1,6-bisphosphate from phosphoenolpyruvate.
Dephosphorylation of fructose 1,6 bisphosphate by fructose 1,6-bisphosphatase results in
the formation of fructose-6-phosphate, which is then converted to glucose-6-phosphate
and goes to endoplasmic reticulum (ER) for glucose synthesis by glucose-6-phosphatase
(G6Pase). Dephosphorylation of glucose-6-phospate by G6Pase is a second key rate-
limiting step for gluconeogenesis and also for glycogenolysis. Other possible precursors
for triggering gluconeogenesis are glycerate-3 phosphate formed from glycerol and -
ketoacids produced from amino acids [64,89].

There are multiple ways to regulate and control gluconeogenesis and I would like
to focus on the main ones (Figure 15). First, gluconeogenesis can be regulated by
accessibility of required substrates, primarily pyruvate. Pyruvate, produced through
glycolysis and glycogenolysis under fasting conditions in skeletal muscles, may be used
for acetyl-coA synthesis in mitochondria, which participates in TCA cycle, or it can be
converted to lactate. Released lactate enters hepatocytes and is utilized in
gluconeogenesis. Availability of pyruvate for gluconeogenesis is regulated by pyruvate
dehydrogenase complex, responsible for acetyl-coA synthesis [97]. Additionally, glycerol
synthesis and release from adipose tissue and access of amino acids are regulators of
gluconeogenesis [64].

Second, gluconeogenesis is controlled by gluconeogenic enzymes, which in turn

are regulated allosterically or via posttranscriptional modifications, predominantly by
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acetylation [98]. Under fasting conditions, deacetylation of PEPCK-C by sirtuin 2
(SIRT2) stimulates gluconeogenesis, while under feeding conditions, acetylation of

PEPCK-C by p300 induced by glucose leads to PEPCK-C ubiquitination and degradation

[99].
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Third, gluconeogenesis is tightly regulated by transcription factors that control the
expression of key gluconeogenic genes. Transcription factor CREB (cAMP-response
element (CRE) binding protein) interacts with CRE on gene promoter to promote the
expression of target genes. PEPCK-C and G6Pase promoters contains CRE and are
targeted by CREB transcription factor. CREB itself can be phosphorylated by protein

kinase A (PKA), which becomes active after increased secretion of pancreatic glucagon
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during fasting. Phosphorylated CREB has higher affinity to its co-activators, such as
CBP/p300 and CRTC?2, that leads to transcriptional activation of PEPCK-C and G6Pase
[100]. Moreover, CREB regulates the activity of peroxisome proliferator y-activated
receptor coactivator 1-o (PGCla), which activates gluconeogenic genes expression under
prolonged fasting conditions [101,102]. Also, CREB activation mediates the expression
of another transcription factor FOXO1 (forkhead box protein 1), which plays an
important role in the regulation of gluconeogenesis [103].

Under fasting conditions, FOXO1 is dephosphorylated and moves to the nucleus,
where it activates the transcription of PEPCK-C and G6Pase. This induces hepatic
glucose production due to increased gluconeogenesis. Under feeding conditions,
increased secretion of pancreatic insulin leads to the activation of PI3K/AKT signaling,
which results in FOXO1 phosphorylation. Phosphorylated FOXO1 is translocated to the
cytoplasm, which prevents transcriptional activation of gluconeogenic genes [103].
Similar to CREB, activation of PEPCK-C and G6Pase by FOXO1 is mediated by PGCla
transcriptional coactivator [104].

Another class of molecules important for gluconeogenesis regulation are
transcriptional cofactors. Transcriptional cofactors form complexes with transcription
factors to either activate or inhibit transcription of target genes [102]. PGCla is one of
the crucial cofactors involved in cell energy metabolism. PGCla expression is
significantly increased in the liver during long fasting. PGCla promotes glucogenic
genes expression predominantly via interacting with FOXOI1, GR and HNF4a

transcription factors [105]. Transcriptional coactivator CRTC2 is expressed in liver and
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its activity and cellular localization are determined by its phosphorylation. During fasting
CRTC2 is dephosphorylated by a number of serine/threonine phosphatases.
Dephosphorylated CRTC?2 is translocated to the nucleus, where it promotes expression of
glucogenic genes via interaction with CREB. Additionally, CRTC2 dephosphorylation
triggers H3K9Ac, which facilitates CRTC2 localization at PGCloa, PEPCK-C and
Go6Pase promoters. During feeding phosphorylated CRTC2 is retained in cytoplasm by
14-3-3 protein [106,107]. Pancreatic hormones, such as insulin and glucagon play a
crucial role in hepatic gluconeogenesis regulation. Depending on the level of these
hormones in the blood, which changes under fasting or feeding conditions, expression of
gluconeogenetic genes is either activated or inhibited. Insulin is a peptide hormone
secreted by P cells of the pancreatic islets. Insulin participates in the regulation of glucose
transport, lipid synthesis, gluconeogenesis and glycogen synthesis via the PI3K/AKT
signaling pathway [108]. Under feeding conditions, the level of glucose in the blood
becomes higher, which stimulates insulin production by pancreatic beta cells. Secreted
insulin binds to the insulin receptor (InsR) on the cell surface of target organ. This
interaction simulates InsR kinase activation and recruitment of insulin receptor substrates
(IRS), which results in PI3K activation. PI3K starts a cascade of reactions, resulting in
AKT (protein kinase B) activation by its phosphorylation and localization at plasma
membrane. Active AKT stimulates glucose utilization through inhibitory phosphorylation
of FOXO1 and CRTC2, which leads to their retention in cytoplasm, thus, preventing

activation of genes involved in gluconeogenesis.
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Glucagon is insulin antagonist. It is also a peptide hormone, but secreted by
pancreatic alpha cells. Fasting conditions cause increased glucagon production and its
release from pancreas. Glucagon binds to G protein-coupled glucagon receptor (GCPR)
on hepatocytes membrane, which results in CREB phosphorylation and activation.
Activated CREB recognizes CRE in promoter regions of target genes, including PEPCK-

C and G6Pase, which leads to induction of gluconeogenesis [102].

2.2.10 Role of IncRNAs in glucose metabolism under physiological conditions

Pancreas plays a central role in glucose metabolism by maintaining normal
glucose level in the blood and IncRNAs are involved in important processes that occur in
pancreatic B-cells, including their normal development. LncRNAs expression in pancreas
is tissue-specific, associated with clusters of open chromatin and participate mainly in
transcriptional regulation [109]. LncRNA HI19 controls B-cells expansion via let-7
miRNA and activation of Akt signaling pathway. H19 inhibition results in decreased -
cells expansion in newborns, while its re-expression increases [-cells proliferation in
adults [110]. Recently identified B-cell long intergenic RNA 1 (Blincl) also plays an
important role in proper functioning of pancreas. Blincl regulates a number of islet-
specific transcription factors located in its genomic neighborhood, which contribute to the
correct functioning of endocrine cells. Plincl deletion causes defects in islets

development and disrupt glucose metabolism (Figure 16) [111].
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Besides the regulation of proper pancreas development, IncRNAs can participate
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in control of insulin biogenesis and secretion, which directly influence glucose
metabolism. For example, IncRNA Meg3 regulates insulin secretion via influence the
activity of several transcription factors: Rad21, Smc3 and Sin3a. Meg3 directly binds to
methyltransferase EZH2, which promotes H3K27 methylation, including in the region of
the promotors of these transcription factors, resulting in their inhibition. Downregulation

of Rad21, Smc3 and Sin3a leads to upregulation of MafA transcription factor and



increase in insulin synthesis [113]. Ultraconserved 322 (uc.322) IncRNA is highly
expressed in pancreatic tissue. Uc.322 upregulation leads to overexpression of two
insulin transcription factors PDX1 (pancreatic and duodenal homeobox1) and FoxOl,
thus, promoting insulin secretion. Whereas uc.322 knockdown has an opposite effect on
insulin synthesis [114]. LncRNA TUGI is more abundant in pancreatic tissue compared
with other organs and its expression levels depend on glucose. Downregulation of TUG1
leads to increased apoptosis and decreased insulin secretion on B-cells (Figure 16) [115].

LncRNAs are also required for normal glucose metabolism in the liver. During
fasting conditions, downregulation of hepatic glucokinase (GCK) promotes the transition
towards gluconeogenesis. Liver GCK repressor IncRNA (IncLGR) transcriptionally
regulate GCK gene via binding to heterogenous nuclear ribonucleoprotein L (hnRNPL).
IncLGR facilitates hnRNPL recruitment to GCK promoter and suppresses GCK
transcription. Thus, IncLGR activation occurs during fasting, suppresses GCK expression
and decrease glycogen storage. Meanwhile IncLGR knockdown increases GCK
expression even during fasting [116]. Additionally, IncRNAs participate in glucose

homeostasis regulation in adipose tissue and skeletal muscles (Figure 16) [112].

2.2.11 Role of IncRNAs in glucose metabolism under pathological conditions

Under pathological conditions, such as cancer or diabetes changes in glucose
metabolism occur, and IncRNAs can mediate these changes. Most frequently aberrant
activation of certain IncRNA in cancer leads to glycolysis upregulation, thus, promoting

tumor cells proliferation and migration [112].
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2.2.11.1 LncRNAs participate in glucose uptake

Glucose transporters (GLUTs) belong to a family of membrane proteins, which
transport extracellular glucose into cells, thus, playing an important role in glucose
metabolism. Among 13 members of GLUT family, 4 proteins GLUT1, GLUT2, GLUT3
and GLUT4 are mainly participate in glucose metabolism. As mentioned above, GLUT2
is a main glucose transporter in hepatocytes and GLUT1 regulates basal glucose uptake
in different tissues and organs. GLUT3 is mainly distributed in nervous tissue and
GLUT4 in adipocytes and skeletal muscles. Dysregulation of GLUTs is related to many
diseases, particularly to metabolism of malignant tumor cells. Most frequently
upregulation of GLUTs favors tumor cells requirements in higher energy metabolism rate
[74]. NRB2 is a glucose starvation induced IncRNA. NRB2 binds to AMPK and
regulates its activity during glucose starvation. A potential drug for cancer treatment
phenformin induces NBR2 expression, while NBR2 downregulation increases cancer cell
death induced by phenformin. Interestingly, knockout of NRB2 does not affect AMPK
activity induced by phenformin, but it decreases the expression of GLUT1 and glucose
uptake. These data indicate that NRB2-GLUT]1 axis can serve as an adaptive response in
cancer cells to survive in response to penformin treatment [117]. Colorectal neoplasia
differentially expressed (CRNDE) IncRNA is activated in colorectal cancer and regulates
genes expression via epigenetic changes. CRNDE contains a highly conserved intronic
sequence termed gVC-In4. Knockout of gVC-In4 results in reduction of lactic acid
production due to decrease in aerobic glycolysis or conversion of pyruvate to acetyl-CoA

and downregulation of GLUT4 expression. (Figure 17) [117,118]. LncRNA HAND?2-
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AS1 deficiency leads to GLUTI1 and GLUT3 upregulation, which promotes glucose
uptake in osteosarcoma [119]. LncRNA Inc-p23154 induces both glycolysis and glucose
uptake causing overexpression of GLUT1 transporter in oral squamous cell carcinoma.
Lnc-p23154 binds to miR-378a-3p promoter and inhibits its transcription. miR-378a, in
turn, represses GLUTI expression by interacting with 3’UTR. Thus, Inc-p23154
overexpression promotes metastasis and invasion of oral squamous cell carcinoma by
regulating GLUT1- mediated glycolysis [120]. LncRNA-NEF expression is decreased in
non-small-cell lung cancer (NSCLC) compared to healthy lung tissue. Normally
LncRNA-NEF targets GLUT1 and downregulates its expression, resulting in cell
proliferation inhibition [121]. HOTAIR IncRNA promotes glycolysis in hepatocellular
carcinoma cells by upregulation of GLUT1 glucose transporter via activating mammalian
target of rapamycin (mTOR) signaling [122]. In gastric cancer IncRNA MACCI1-AS
promotes glucose uptake and glycolysis by increasing the distribution of GLUTI1 in the

vicinity of cell membrane [123].
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Figure 17. LncRNAs regulate glycolysis in cancer. Adapted from [124].

2.2.11.2 IncRNAs regulate glycolysis and oxidative phosphorylation via metabolic

enzymes

Most frequently IncRNAs direct tumor cells towards mitochondrial oxidative
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phosphorylation and aerobic glycolysis via the regulation of metabolic enzymes
participating in these pathways (Figure 17, 18). For example, in hepatocellular
carcinoma IncRNA Ftx increase glycolysis by upregulating the expression of PFK and
LDH via PPARY pathway activation. Withal Ftx downregulates several key enzymes of
TCA — citrate synthase (CS), isocitrate dehydrogenase (IDH) and o-ketoglutarate
dehudrogenase (OGDH), which also promotes glycolysis [74]. Similarly, IncRNA

SNHG3 regulates energy metabolism in ovarian cancer cells through increasing the



expression of PFK, PKM, CS, IDH and OGDH [125]. LINC00470 promotes a
progression of glioblastoma by the following mechanism affecting the glucose
metabolism. In glioblastoma cells LINC00470 form a ternary complex with FUS and
AKT, anchoring FUS in cytoplasm to upregulate AKT activity. Increase in pAKT inhibit
ubiquitination of HKI, promoting glycolysis and glioblastoma progression [126].
LncRNA TUGI regulates cell migration, invasion and glycolysis via miRNA miR-455-
3p. MiR-455-3p targets 3’'UTR of AMPK2 (adenosine monophosphate-activated protein
kinase subunit beta 2) and TUGI knockdown leads to suppression of miR-455-3p.
Moreover, TUG1/miR-455-3p/ AMPKP2 axis regulates HK2, thus, influencing cell
growth, metastasis and glycolysis in hepatocellular carcinoma [127]. Expression of
TUGTI is also increased in osteosarcoma cells and affects the expression of HK2. TUGI
knockdown inhibits glucose consumption, lactate production and cell viability. And
silencing of HK2 weakens the effect of overexpressed TUGI on glycolysis in
osteosarcoma cells [128]. Expression of IncRNA PVTI1 is also upregulated in
osteosarcoma cells. PVT1 acts as a molecular sponge for miRNA miR-497, and HK2 is a
direct target of miR-497. Thus, PVTI1 overexpression promotes glycolysis, cell
proliferation and motility of osteosarcoma cells through miR-497/HK?2 pathway [129]. In
addition, PVT1 is upregulated in gallbladder cancer and positively influence HK2
expression via its competitive endogenous activity on miR-143 [130]. Also, IncRNA
HOTAIR interacts with miR-125 and miR-143, promoting HK2 expression in esophageal

squamous cell carcinoma cells [131].
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LncRNA YIYA promotes glycolysis and tumor growth in breast cancer. It
regulates CDK6-dependent phosphorylation of PFKFB3 in cell, which results in glucose
6-phosphate conversion to fructose-2,6-bisphosphate/fructose-1,6-bisphosphate [132].
LncRNA FEZF1-AS1 is upregulated in colorectal cancer and promotes cancer cells
proliferation and metastasis. FEZF1-AS1 binds to PKM2 and improves its stability by
reducing ubiquitination-mediated degradation, which results in increased levels of both
cytoplasmic and nuclear PKM2. Cytoplasmic PKM2 enhances glycolysis and lactate
production, and nuclear PKM2 activates STAT3 signaling [133]. In contrast to FEZF1-
AS1 IncRNA LINCO01554 promotes the ubiquitin-mediated degradation of PKM2 and
inhibits Akt/mTOR signaling pathway, which leads to reduction of aerobic glycolysis.
But in hepatocellular carcinoma LINC01554 is significantly downregulated [134].

LDHA pays an important role in cancer initiation and maintenance, its
overexpression promotes tumor cell malignant transformation and growth [74]. LncRNA
CRYBG3 directly interacts with LDHA and increases glucose uptake and lactate
production. In lung cancer cells the positive correlation between the expression levels of
GRYBG3 and LDHA is observed. And CRYBG3 knockdown inhibits tumor cells
proliferation [135]. Another IncRNA CASCS8 (cancer susceptibility candidate 8) is
downregulated in bladder cancer, while its overexpression has a suppressive effect on
bladder cancer cell proliferation. CASCS8 binds to fibroblast growth factor receptor
(FGFR1), this interaction suppresses LDHA phosphorylation, which impairs pyruvate

conversion to lactate and decrease glycolysis [136].
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In ovarian cancer upregulation of LINC00092 causes inhibition of glycolytic
enzyme PFKBF2. PFKFB2 downregulation promotes metastasis due to glycolysis
upregulation [137]. Growth arrest-specific 5 (GAS5) IncRNA downregulates the
expression of gluconeogenetic genes G6Pase and PEPCK via interaction with the DNA
binding domain of adrenocorticotropic hormone receptor [138]. Pyruvate carboxylase is
important for cancer cell proliferation and metabolism. LncRNA GCASPC is
significantly downregulated in gallbladder cancer. Ma et al. showed that GCASPC
directly binds to pyruvate carboxylase, causing its destabilization and downregulation,

which inhibits gallbladder cancer cells proliferation [139].
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Figure 18. LncRNAs regulate pathways of glucose metabolism. Adapted from [74].

2.2.11.4. LncRNA regulates glucose metabolism by affecting HIF signaling

pathway

In cancer cells the rates of glucose uptake and lactate production are dramatically
increased even in the presence of oxygen and normally functioning mitochondria. This
phenomenon is called Warburg effect [140]. Nuclear transcription factor HIF-1a serves
for cancer cells adaptation to hypoxic environments and its activation tenders to Warburg
effect by different mechanisms. HIF-1a may increase cell glucose uptake by GLUTSs
upregulation or it can activate expression of other glycolytic enzymes and to inhibit
oxidative phosphorylation [124]. PVHL (von Hippel-Lindau tumor suppressor protein) is
a component of ubiquitin ligase, which binds to HIF-la protein and leads it to
ubiquitinated degradation in proteasome. A hypoxia-responsive IncRNA lincRNA-p21
competes with HIF-1a for binding with pVHL, thus, preventing HIF-1a from degradation.
Summing up, lincRNA-p21 promotes hypoxia-induced glycolysis by rescuing HIF-1a
from decay. Moreover, there is a positive feedback loop: under hypoxic conditions HIF-
la induces lincRNA-p21 expression (Figure 19) [141]. Similarly to lincRNA-p21,
MALATI may enhance arsenite-induced glycolysis in human hepatic epithelial cells by
increasing HIF-1a dissociation from the complex with VHL [142]. LncRNA-LET in
contrary is downregulated in several cancer types, while its overexpression results in
HIF-1a destabilization and inactivation [143]. Another IncRNA LINK-A facilitates the
recruitment of breast tumor kinase (BRK) to the EGFR-GPNMB complex, which results
in BRK activation. HIF-1a phosphorylation by BRK leads to HIF-1a stabilization. Thus,
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LINK-A promotes progression of triple negative breast cancer tumor via metabolic
reprogramming by HIF-1a activation [144]. Hypoxia-responsive long intergenic non-
coding RNA ROR (linc-ROR) targets miR-145, thus, regulating HIF-10, VEGFR, TGF-f

and PDK1 (Figure 19) [145].
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glucose metabolism in tumor cells. Adapted from [124].

2.2.11.5 LncRNA regulates glucose metabolism by affecting PI3K/AKT/mTOR
signaling pathway

PI3K/AKT pathway not only participates in response to insulin stimuli, but also
can regulate glucose metabolism in insulin-free tissues. AKT plays a key role in choice
between glycolysis or oxidative phosphorylation as a main pathway for ATP production
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in the cell. AKT regulates glycolysis via several mechanisms: it increases the expression
of glycolytic enzymes, such as HK2 and PKM2 and inhibits oxidative phosphorylation in
mitochondria; it upregulates GLUTSs expression; it activates HIF-1a via mTORCI1 [146].
PTEN is a tumor suppressor that negatively regulates AKT pathway. PTEN pseudogene
(PTENpgl) regulates PTEN expression by protecting its mRNA from the interaction with
miRNA. Thus, PTENpgl activity results in tumor growth inhibition via inhibition of
AKT signaling (Figure 19) [147]. As opposite to PTENpgl, overexpression of IncRNA
HOTAIR is associated with increased PTEN methylation in human tongue squamous cell
carcinoma, leading to changes in glucose metabolism via AKT pathway [148]. LncRNA
ANRIL activates mTOR signaling and enhances AKT phosphorylation, which results in
GLUT]1 upregulation and increased glucose uptake in nasopharyngeal carcinoma [149].
The H19 IncRNA is significantly downregulated in muscles of type-2 diabetes patients
and insulin resistant rodents. H19 sponges let-7 miRNA and its downregulation leads to
increased bioavailability of let-7, causing degradation of let-7 targets and impaired
insulin/PI3K/AKT signaling. Moreover, H19 expression is regulated by PI3K/AKT-

dependent phosphorylation of miRNA processing factor KSRP (Figure 19) [150].

2.2.11.6 LncRNA regulates glucose metabolism by affecting LKBI-AMPK

signaling pathway

AMP activated protein kinase (AMPK) is an important cellular energy sensor, that
is required for glucose metabolism. During energy deficiency, upregulated AMPK
triggers activation of TSC2 complex via its phosphorylation, this protects cell from

apoptosis [151]. Serine/threonine kinase LKB1 (liver kinase B1) acts as a tumor
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suppressor and regulates cell energy metabolism and growth via mTOR pathway. LKB1
inhibition enhances cellular glucose uptake and its utilization mediated by HIF-1a, which
leads to proliferation of tumor cells [152]. LINC00473 is a most induced IncRNA in
human primary NSCLC samples with inactivated LKB1. LINCO00473 activation
promoted survival and growth in these cells. LKBI inactivation together with
CREB/CRTC (CREB-regulated transcription coactivator) activation induced LINC00473
expression. LINC00473 interacts with a component of the cAMP signaling pathway —
NONO protein, and facilitates CRTC/CREB-mediated transcription [153]. Under energy
stress, IncRNA NBR2 (neighbor of BRCAI gene 2) is induced by LKB1-AMPK
signaling pathway. At the same conditions NBR2 binds to AMPK, promoting its kinase
activity and glucose catabolism. NRB2 silencing attenuates AMPK phosphorylation and

mTORCI inactivation (Figure 19) [154].

2.2.11.7 LncRNA regulates glucose metabolism by affecting Wnt signaling

Wnt pathway activation results in the inhibition of mitochondrial respiration
because of inactivation of cytochrome c¢ oxidase and glycolysis enhancing due to
activation of pyruvate carboxylase. Moreover, epithelial-mesenchymal transition (EMT)
may contribute to glucose metabolism and mitochondrial respiration regulation by Wnt
pathway [155]. In metastatic colorectal cancer IncRNA-CTD903 acts as a tumor
suppressor. By inhibition of Wnt/B-catenin signaling IncRNA-CTD903 represses cancer
cell invasion and migration [156]. In breast cancer cells IncRNA UCA1 modulates EMT
and its inhibition increases the expression of GSK-3p and impairs cells mesenchymal

properties. While overexpression of UCA1 enhances breast cancer cells invasiveness via
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Wnt/B-catenin signaling pathway (Figure 20) [157]. These examples show, how
IncRNAs may indirectly alter glucose metabolism by affecting EMT via Wnt pathway

[124].

2.2.11.8 LncRNA regulates glucose metabolism by affecting STAT signaling

pathway

LncRNA NRCP induces glycolysis in ovarian cancer cells, thus, promoting tumor
growth and cells proliferation. NRCP facilitates STATI1 interaction with RNA
polymerase II that enhances expression of STAT1 downstream target genes, including
glycolytic enzyme glucose-6-phosphate isomerase [158]. Another IncRNA UCAI,
already described above, also promotes glycolysis in bladder cancer cells. UCAI
activates STAT3 and inhibits microRNA143 activity, which results in mTOR-mediated

activation of HK2 (Figure 20) [159].
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Figure 20. Role of IncRNA-mediated Wnt/Snail, STAT and p53 pathways in glucose metabolism

in tumor cells. Adapted from [124].

2.2.11.9 P53 signaling pathway

P53 protein participates in multiple routes of glucose metabolism regulation. P53
can inhibit GLUT1 and GLUT4 expression, as a transcriptional factor it can modulate
expression of many metabolism-related enzymes. P53 downregulation may cause
hyperactivation of glycolysis and mitochondrial respiratory damage. Meanwhile, aberrant
activation of p53 stimulates the ubiquitination of PGM (phosphoglycerate mutase),
disturbing the last step of glycolysis — the conversion of fructose-1,6-bisphosphate to
pyruvate [124]. A double mutation in p53 (N340Q/L344R) causes complex formation
between p53 and IncRNA CUDR. This complex interacts with PKM2 promoter,

increasing PKM2 phosphorylation and activity, thus, facilitating the progression of
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hepatocellular carcinoma (HCC) [160]. Different IncRNAs participate in the regulation of
pS3 expression directly or indirectly. LncRNA MEG3 overexpression, for example,
causes upregulation of p53 protein and activation of the expression of p53 target genes. A
natural antisense transcript of p53 (Wrap53) regulates the level of p53 mRNA [124].
LncRNA p21 — a downstream transcript of pS3 — can inhibit the p53 transcription and
induce apoptosis by binding to hnRNP-K [161]. MALATI1 IncRNA, which is highly
expressed in different cancer types, is also involved in p53 regulation. Depletion of
MALATTI1 in normal human fibroblasts causes activation of p53 and its downstream
target genes, which results in cell cycle defects [162]. LncRNA ROR is inhibited by p53
and at the same time can inhibit p53 (Figure 20). Thus, IncRNAs participate in regulation

of glucose metabolism via regulating p53 [124].

2.2.11.10 LncRNA regulates glucose metabolism by affecting cMyc oncogene

c-Myc is an oncogene, which aberrant activation promotes tumor growth and
cancer cell proliferation. In cooperation with HIF-1a c-Myc induces HK2 and PDK1
expression, which promotes glycolysis and downregulates mitochondrial respiration
[163]. Under normal oxygen conditions, c-Myc regulates multiple glycolytic genes and
promotes glucose metabolism. Already described above, IncRNA PCGEMI1 influences at
transcriptional level different metabolic processes, such as glucose metabolism, PPP,
nucleic acid and fatty acid biosynthesis. Mechanistically PCGEMI interacts with c-Myc
and promoters of target genes, this binding promotes chromatin recruitment of c-Myc and

increases its transcriptional activity [164]. LncRNA-MIF interacts with miR-586,
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disturbing its binding to E3 ubiquitin ligase Fbxw7, which regulates c-Myc stability.
Thus, IncRNA-MIF expression reduces c-Myc protein level [165].

Human IncRNA DEANRI (definitive endoderm-associated IncRNA1) or
1linc00261 also contributes to glycolysis regulation via c-Myc pathway. Zhai et al. found
that in pancreatic cancer cells DEANRI1 overexpression caused reduction of extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR), lower glucose
consumption and lactate production. This data indicates that DEANRI could reduce
glycolysis in pancreatic cancer cells, thus, suppressing tumor growth. There are two
described mechanisms of glycolysis regulation by DEANRI1. First, DEANRI1 sponges
miR-222-3p, which leads to HIPK2-mediated activation of ERK/c-Myc pathway. Second,
DEANRI1 sequesters IGF2BP1 (Insulin like growth factor binding protein 1), decreasing

c-Myc mRNA stability and reducing its expression [8].

2.3 LncRNA DEANR1/linc00261 and its function

Human IncRNA DEANRI1/1inc00261 is located on chromosome 20 downstream
FOXAZ2 (forkhead box protein A2) transcription factor gene. DEANRI has been reported
to be involved in many cellular processes and its dysregulation was observed in different
cancer types. For example, DEANRI1 downregulates breast cancer cells proliferation and
migration [166], inhibits epithelial-mesenchymal transition (EMT), thus, reducing the
invasiveness of tumor cells in breast cancer [15]. In non-small cell lung cancer (NSCLC)
and pancreatic cancer DEANRI1 inhibits tumor growth through the inhibition of cell
proliferation and induction of apoptosis [13,167], while for patients with endometrial

carcinoma DEANRI1 serves as a potential prognostic biomarker [168]. Literature analysis
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on DEANRI shows that in most cases DEANRI is significantly downregulated in

different cancers compared to the corresponding normal tissues and plays the role of a

tumor suppressor [12].

Summary of all known mechanisms of DEANRI action is presented in Table 1.

Table 1. Mechanisms of DEANRI action in different tissues

Mechanism Tissue Reference
Enhances NME1 mRNA Stability Breast cancer [15]
Acts as a molecular sponge for microRNA-654-5p, which | Kidney [169]
targets SOC3 and regulates the activity of NF-«xB
Recruits GATA6 to DKK3 promoter, binds to GATA6 Prostate cancer [8]
Binds to GATAG6, which upregulates its activity at the | Pancreatic cancer [170]
promoter of ITIHS
Acts as a molecular sponge for miR-550a-3p, thus | Breast [166]
regulating SDPR
Interacts with p300/CBP, which prevents the attraction of | Pancreatic cancer [171]
p300/CBP to the c-Myc promoter, resulting in the
repression of c-Myc transcription
Binds to SMAD2/3 and attracts it to the promoter of | Definite endoderm [22]
FOXAZ2, thus, activating FOXA?2 transcription
Activates FOXA2 transcription via binding to SMAD3 | Hepatocellular [7]
and recruiting it to FOXA2 promoter carcinoma
Acts as a molecular sponge for miR-552-5p and regulates | Pancreatic cancer [172]
FOXO3 and B-catenin/TCF4 pathway
Acts as a molecular sponge for miR-558, thus, regulates | Human trophoblasts | [173]
TIMP4.
Acts as a molecular sponge for miR-182, miR-183, | Endometrial [168]
miR-153, miR-27a, and miR-96, thus, regulates Foxo1 carcinoma
Acts as a molecular sponge for miR-1269a, thus, | Lung cancer [9]
regulates Foxol
Acts as a molecular sponge for miR-522-3p, regulates | NSCLC, [13],
SFRP2 Hepatocellular [174]

carcinoma
Acts as a molecular sponge for miR-522-3p, promoting | Esophageal [175]
DIRASI expression carcinoma
Acts as a molecular sponge for miR-522-3p, regulates | Myocardial [176]
TNRC6A infarction,

cardiomyocytes
Acts as a molecular sponge for miR-132-3p to regulate | Endometriosis [11]
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BCL2L11 expression

Acts as a molecular sponge for miR-23a-3p Pancreatic cancer [167]

Acts as a molecular sponge for miR-324-3p, regulates | Colon cancer [177]

Wnt pathway

Acts as a molecular sponge for miR-222-3p, regulate | Pancreatic cancer [10]

HIPK2/ERK/c-myc axis. Binds to IGF2BP1

Acts as a molecular sponge for miR-545-3p to upregulate | Esophageal [178]

MTI1M expression squamous cell
carcinoma

Acts as a molecular sponge for miR-620, regulates PTEN | Osteosarcoma [179]

axis

Acts as a molecular sponge for miR-23b-3p, regulates | Embryo-derived [180]

NRF2 cardiomyocytes

Binds to FOXP3 and upregulates SCP2 Pancreatic cancer [181]

2.3.1 DEANRI expression and function in hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and
the fourth leading cause of cancer-related death globally [182]. Multiple IncRNA are
functionally significant in the liver and are closely associated with HCC tumorgenesis
[183]. Here we would like to highlight a role of IncRNA DEANR1 in HCC. Zhang et al.
showed that DEANRI1 expression level was significantly reduced in HCC in comparison
with adjacent normal tissues. The upregulation of DEANRI in HCC cells resulted in
suppression of cell proliferation, EMT and invasiveness in vitro. Moreover, DEANR1
levels in HCC correlated with tumor size, stage and patient survival time [184]. Sun et al.
demonstrated the role of DEANRI1 as an independent prognostic marker in HCC: low
expression of DEANRI negatively correlated with patients’ survival time [185]. It was
also observed that overexpression of DEANRI led to the suppression of liver cancer cells
migration, invasiveness and formation of lung metastatic lesions [7], meanwhile

DEANRI1 downregulation resulted in significant induction of cell motility [186].
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Summing up the described data, DEANRI plays a role of tumor suppressor in HCC and
may serve as a prognostic marker for HCC patients.

Several mechanisms of DEANRI1 action in HCC have been shown. Zhao et al.
found that DEANRI and its upstream neighbor gene FOXA2 were positively correlated
in HCC. DEANRI transcriptionally upregulates FOXA2 expression by recruiting
transcription factor SMAD3 to its promoter. Additionally, a histone methyltransferase
EZH2 suppresses DEANRI transcription via modulating H3K27Me3 modification in
HCC [7]. Ma et al. showed that in HCC cell line MHCC-97H overexpressed DEANR1
upregulated SFRP2 via sponging miR-522-3p, which led to a decrease in cell
proliferation and invasion. Zhang et al. demonstrated that overexpression of DEANRI1
led to significant downregulation of Notchl and Hes-1 (crucial components of Notch
signaling pathway) expression in HCC cell lines, resulting in suppression of HCC cell

invasion and proliferation [184].

2.3.2 DEANRI activates FOXA2 expression in definite endoderm

Jiang et al. identified DEANRI as a differentially (100-fold increase) expressed
IncRNA in a definite endoderm (DE), which expression increased together with
progression of endoderm differentiation. Further investigations showed that expression of
FOXAZ2, which is physically closed to DEANRI in its genomic location, positively
correlates with DEANRI1 expression. Moreover, DEANR1 or FOXA2 knockdown
resulted in similar downstream changes and defects in endoderm differentiation. Defects
caused by knockdown of DEANRI were recovered by FOXA2 expression, suggesting

that FOXA2 is a main mediator of DEANRI1 function in definite endoderm. RNA and
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chromatin immunoprecipitation experiments results suggested that DEANRI1 interacts
with SMAD2/3 transcription factor and facilitates its recruitment to FOXA2 promoter to

activate FOXA2 transcription. (Figure 21) [187]
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Figure 21. Proposed mechanism of DEANRI action in definite endoderm. Adapted from [187].

2.3.3 DEANRI binds to GATAG6 and suppresses prostate and pancreatic cancer

tumorigenesis

DEANRI expression is significantly reduced in prostate cancer compared to
normal prostate tissue, meanwhile its overexpression resulted in decreased proliferation,
migration and invasion of tumor cells. RNA immunoprecipitation (RIP) analysis
identified GATA6 (GATA binding protein 6) transcriptional factor as a protein partner of
DEANRI in prostate cancer cells. DEANRI binding to GATAG6 promotes transcriptional
activation of DKK3 (Dickkopf WNT signaling pathway inhibitor 3) gene by GATA6

transcription factor. DKK3 expression results in pancreatic cancer cells phenotype
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observed after DEANRI1 overexpression. Thus, DEANRI1 suppresses prostate cancer
tumorigenesis via GATA6/DKK3 axis [8].

Another study by Zou et al. confirmed that DEANR1 expression is downregulated
in pancreatic cancer cells and pancreatic cancer stem cells together with ITIHS (Inter-
Alpha-Trypsin Inhibitor Heavy Chain 5) expression level. At the same time, upregulation
of DEANRI and ITIHS in these cells led to the suppression of stem cell markers
expression, cell proliferation, self-renewal ability and cell invasion. Dual-luciferase
reporter gene, ChIP and RIP assays revealed that DEANRI directly binds to GATA®G,

leading to its recruitment and increased activity at ITIHS promoter [170].

2.3.4 DEANRI regulates c-Myc via p300/CBP binding in pancreatic cancer

DEANRI expression is significantly downregulated in pancreatic cancer tissue.
Moreover, its expression positively correlates with the prognosis of patients with
pancreatic cancer. Liu et al. found that overexpression of DEANR1 decreased pancreatic
cancer cells proliferation, migration and metastasis both in vitro and in vivo. This
phenotype was mediated by epigenetic regulation of c-Myc expression by DEANRI.
DEANRI binding with bromo domain of p300/CBP prevents p300/CBP recruitment to
promoter region of c-Myc and diminishes H3K27Ac level, thus, repressing c-Myc
transcription. Additionally, the methylation level of DEANRI promoter was increased in
pancreatic cancer tissue compared to normal tissue. While targeted demethylation of

DEANRI1 promoter suppressed pancreatic cancer progression [171].
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2.3.5 DEANRI interacts with NMEI mRNA and increases its stability in breast

cancer

As in other cancer types described above, expression of IncRNA DEANRI is
significantly downregulated in breast cancer tissue compared to normal tissue. DEANRI
knockdown promoted proliferation and migration in breast cancer cells, while its
DEANRI1 overexpression inhibited both processes. Guo et al. found that DEANRI1
inhibits the EMT in breast cancer. Further studies indicated that DEANRI1 regulated
EMT via binding to metastasis suppressor NME1 (Nucleoside diphosphate kinase A)
mRNA. This interaction increases NME1 mRNA stability and half-life. NMEI1
overexpression resulted in the inhibition of breast cancer cells proliferation and EMT
caused by DEANR1 knockdown. And silencing of NME1 disturbed tumor suppression
caused by DEANRI activity. Thus, DEANRI1 prevents breast cancer tumorigenesis via

EMT inhibition by increasing NME1 mRNA stability [15].

2.3.6 DEANRI upregulates SCP2 and inhibits angiogenesis and cell cycle

progression of pancreatic cancer cells

Zou et al. described one more mechanism of DEANRI1 function in pancreatic
cancer. They performed RNA pull-down, RIP, dual-luciferase reporter gene and ChIP
assays to confirm that DEANRI directly binds to FOXP3 (forkhead box P3) protein,
which in turn can interact with SCP2 (sterol carrier protein-2). DEANRI overexpression
in pancreatic cancer cells resulted in significant increase in SCP2 expression and decrease
in FOXP3 expression. At the same time, ChIP assay revealed reduced SCP2 enrichment

in FOXP3 after DEANRI1 overexpression. Thus, DEANRI1 upregulates SCP2 by
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preventing its repression by FOXP3. This results in the inhibition of angiogenesis and

cell cycle progression of pancreatic cancer cells [181].

2.3.7 DEANRI acts as a molecular sponge for multiple miRNAs

Multiple studies revealed that DEANRI influence on various signaling pathways
and cellular processes is mediated by miRNAs. DEANRI1 acts as a molecular sponge for
different miRNAs, thus, preventing their target mRNAs from degradation.

Chen at al. showed that in pancreatic cancer cells, where DEANRI expression is
significantly decreased and associated with poor patients’ outcomes, DEANRI directly
interacts with miR-522-5p and reduces its expression. Forkhead box O3 (FOXO3) is a
target of miR-552-5p. In pancreatic cancer FOXO3 inhibits EMT via inhibition of Wnt
signaling pathway, thus, arresting the metastasis development. Overexpression of
DEANRI increases FOXO3 expression, resulting in Wnt pathway inhibition, decreased
proliferation and invasion of pancreatic cancer cells. Meanwhile, miR-552-5p
overexpression neutralizes the effect from DEANRI1 overexpression, leading to FOXO3
degradation [172]. Wang et al. found that in pancreatic cancer cells DEANRI also
sponges miR-23-3p. High expression of miR23-3p in pancreatic cancer indicated low
survival probability. And by targeting and decreasing miR23-3p DEANRI represses cell
viability, invasion and enhances apoptosis [167].

In lung cancer tissues expression of DEANRI is also significantly downregulated
and associated with more advance tumor stage. At the same time, DEANRI
overexpression in lung cancer suppressed metastasis development and tumor growth.

Guo et al. showed that DEANR1 binds to miR-1269a, thus, preventing FOXO1 mRNA
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degradation by miR-1269a and decreasing lung cancer progression [9]. In NSCLC cells
DEANRI directly interacts with miR-522-3p, which binds to 3’UTR of SFRP2 (Secreted
Frizzled related protein 2) mRNA. SFRP2 is a suppressor of Wnt signaling pathway.
Thus, DEANRI1 inhibits NSCLC cells progression by sponging miR-522-3p and
inhibiting Wnt signaling due to SFRP2 activity [13].

Downregulation of DEANRI1 in endometrial carcinoma results in increased cell
proliferation, invasion and migration. Fang et al. discovered, that the effect of DEANRI1
in endometrial carcinoma is mediated by FOXOI1 activity. DEANRI1 sponges several
miRNAs, including miR-182, miR-183, miR-153, miR-27a, and miR-96. All 5 miRNAs
can target FOXO1. Overexpression of DEANR1 in endometrial carcinoma led to increase
in FOXO1 protein level, suppressing cell proliferation, invasion and migration [168].
DEANRI1 expression is also significantly decreased in endometriosis tissue, where
DEANRI acts as a molecular sponge for miR-132-3p to regulate BCL2L11 (Bcl-2-like
protein 11) expression. BCL2L11 upregulation due to DEANRI overexpression
suppresses proliferation and invasion of endometriosis cells [11].

Li et al. observed that patients with sepsis had decreased level of DEANRI in
their serum samples compared to healthy controls. The same was found in a mouse model
of sepsis induced by treatment with lipopolysaccharide (LPS). DEANR1 overexpression
in LPS model suppressed the apoptosis, reduced inflammation and improved cell viability.
The described underlying mechanism is following: DEANRI1 sponges miR-654-5p,
preventing its binding to suppressor of cytokine signaling 3 (SOCS3), which, in turn,

inhibits NF-kB (nuclear factor-kB) activity [169].
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In breast cancer cells DEANRI interacts with miR-550a-3p, thus, increasing
SDPR (serum deprivation response) expression. SDPR activity suppresses breast cancer
cell viability, metastasis development and invasion [166].

DEANRI1 reduction in colon cancer cells also leads to increase in cell
proliferation, viability, migration, invasion and downregulation of apoptosis. Yan et al.
showed that DEANRI binds to miR-324-3p, which expression is significantly
upregulated in colon cancer. miR-324-3p sequestering by DEANRI1 results in WNT
signaling pathway inactivation [177].

DEANRI1 expression is downregulated in both esophageal squamous cell
carcinoma (ESCC) and cisplatin-resistant ESCC. Wang et al. described that DEANRI
overexpression in ESCC led to the inhibition of cell proliferation and cisplatin resistance
and to the promotion of cell apoptosis. This tumor suppressor effect of DEANRI is
explained by its sponging of miR-545-3p, which results in upregulation of MTIM
(Metallothionein 1M) gene [178]. Additionally, Yang et al. showed that in esophageal
carcinoma DEANR1 binds to miR-552-3p and sequesters it from inhibition of DIRASI
(DIRAS Family GTPase 1). Thus, overexpression of DEANRI and DIRASI promoted
cell apoptosis and resulted in tumor growth suppression and reduced radioresistance of
esophageal carcinoma [175]. Interestingly, that similar mechanism, involving DEANRI
sequestering of miR-552-3p, was observed by Jiang et al. during studying of DEANRI
function in cardiomyocytes after myocardial infarction. TNRC6A (Trinucleotide Repeat
Containing Adaptor 6A) protein participates in the induction of myocardial infarction,

and its action can be reversed by the overexpression of miR-522-3p. Jiang et al. described
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that knockout of DEANRI in cardiomyocytes increases cell viability and inhibits cell
apoptosis. Summing up, elevated expression of DEANRI1 in cardiomyocytes suppresses
miR-522-3p, leading to upregulation of TNRC6A. This study indicates that DEANRI
may serve as a potential therapeutic target for myocardial infarction treatment [176].

Han et al. described the functional significance of DEANRI in osteosarcoma (OS).
Apatinib has the ability to inhibit OS cells proliferation and migration. Han et al. found
upregulation of DEANRI1 in OS after apatinib treatment. Luciferase reporter and RIP
assays revealed that DEANRI1 acted as a competitive endogenous RNA (ceRNA) to
sponge miR-620, which in turn upregulated PTEN (phosphatase and tensin homolog)
expression, resulting in downregulation of cell proliferation and migration in vitro as well
as the tumorigenesis in vivo [179].

Zhang et al. investigated the role of DEANRI in hypoxia/reoxygenation —
induced cardiomyocyte apoptosis. Initially DEANRI1 is downregulated in myocardial
tissues, while its overexpression improves cardiac function and reduces myocardium
apoptosis. DEANRI1 acts as a sponge for miR-23b-3p and positively regulates NRF2
(nuclear factor erythroid 2-related factor) expression in cardiomyocytes [180].

Cheng et al. observed that DEANRI1 expression was upregulated in placental
tissues of pre-eclampsia women compared to healthy pregnant women. DEANRI
interacts with miR-558, preventing the degradation of its target mRNA — TIMP4 (TIMP
metallopeptidase inhibitor 4). DEANR1 overexpression causes cell apoptosis and cell
cycle arrest in GO/G1 phase, resulting in suppression of trophoblast invasion and

migration via targeting miR-558/TIMP4 axis [173].
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2.3.8 DEANRI was predicted to form DNA-RNA triplexes

Kuo et al. developed a new computational method for triplexes detection. This
method is called Triplex Domain Finder (TDF) and allows to statistically characterize
DNA targets and DNA-binding domains. They applied TDF to IncRNAs involved in
cardiac differentiation to analyze their potential to form triplexes with DNA. Their study
revealed DEANRI1 as a top-ranked IncRNA with triplex formation ability to regulate
differentially expressed genes during cardiac differentiation [188]. This prediction
indicates, that besides experimentally described mechanisms of DEANRI action, it also
has a potential to participate in transcriptional regulation of target genes via direct

binding to DNA.

2.4 LL35/Falcor — a possible functional analogue of DEANRI in mice

Human IncRNA DEANRI is located downstream FOXA2 transcription factor
gene [187]. In the mouse genome, a similar locus downstream FOXA2 shares IncRNA
LL35/Falcor (Foxa2-adjacent long noncoding RNA), NCBI official symbol -
9030622022Rik [5,17]. LL35 is raised from genomic region of 103kb in length
downstream from 3’ terminus of FOXA2 gene on chromosome 2. It was shown, that
LL35 forms a separate transcriptional locus with no intersection with FOXA2
transcriptional frame (Figure 22). The promoter region, transcriptional start site and first
exon of LL35 have strong conservation across all primates and placental mammals, the
conservation extends to Xenopus tropicalis, zebrafish and tetraodons but not lampreys [5].
The rest LL35 sequence is poor conservative between mouse and human DEANRI,

showing only 16% of similarity (calculated by DEANRI), while upstream FOXA2 gene
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shows 72% similarity between species and its ortholog was found even in Drosophila

[189].
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Figure 22. LL35 (Falcor) genomic location and conservation. Adapted from [5].

Swarr et al. showed that LL35 is predominantly expressed in the neural tube and
endoderm-derived organs, such as lung, liver, intestine and pancreas. The highest level of
both LL35 and FOXA2 expression in adult mice were observed in the airway epithelium,
where LL35 has predominantly nuclear localization. Authors showed that LL35 knockout
resulted in 25-30% loss of FOXA2 expression (Figure 23A). And LL35 promoter
analysis together with ChIP-seq data and FOXA2 overexpression experiment suggested
an existence of a feedback loop, where LL35 positively regulates FOXA2 expression and
FOXAZ2 by direct binding to LL35 promoter inhibits its expression. Further investigation
of mice with LL35 knockout revealed that LL35 depletion may cause loss of epithelial
integrity at homeostasis and poor reaction to injury in epithelial cells. Finally, Swarr et al.
suggested that LL35-FOXA2 regulatory feedback loop is required inhibit cell migration
and to maintain cell-substrate adhesion (Figure 23B). Loss of LL35-FOXA2 feedback
loop results in disrupted airway epithelial barrier integrity, peribronchial inflammation

and impaired epithelial regeneration after injury in the lung in vivo [5].
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Figure 23. (A) Expression of LL35 (Falcor) and Foxa2 in Falcor—/—, Foxa2+/—, and
Falcor+/—;Foxa2+/— mice. Loss of Falcor—/— results in 25%-30% decrease in Foxal expression,
whereas haploinsuffi ciency for Foxa2 leads to a marked increase in Falcor expression.

(B) Model for Falcor regulation of Foxa? in lungs. Adapted from [5].

Previous studies of our research group confirmed that LL35 is predominantly

expressed in murine lungs and liver (Figure 24).
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Figure 24. LL35 expression in different murine organs. Adapted from [17].

Sergeeva et al. showed that in AMLI2 (mouse hepatocytes) cell line LL35 is
mainly located in nucleus (80% versus 20% in cytoplasm). A 70% decrease in LL35
expression level was observed in mouse liver two weeks after induction of fibrosis,
followed by partial LL35 expression restoration after several weeks. LL35 knockdown
with a combination of antisense oligos in AML12 resulted in only 20% reduction of
FOXA2 mRNA expression and 30% reduction in its protein level [17]. Obtained data
suggests that FOXA2 regulation can be not the main function of LL35 in murine
hepatocytes and its role and mechanism of action is needed to be further investigated.
Moreover, it is important to investigate whether LL35 is a functional analogue of
DEANRI in the liver, because the study of murine analogue of DEANRI is advantageous

in terms of available methods for in vivo experiments.
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Chapter II1. Materials and Methods

3.1 Murine cell culture and transfection

Experiments were performed using a normal hepatocytes cell line AML12 (alpha
mouse liver 12) (ATCC®CRL-2254, VA, USA). AMLI12 cell line was derived from
normal hepatocytes from 3-month-old mouse (CD1 strain, line MT42) transgenic for
human TGF alpha. Cells were cultured in DMEM/F12 medium (Gibco, Waltham, MA,
USA), 10% FBS (Gibco), 1 % penicillin and 1 % streptomycin (10,000 U/mL, Gibco) at
37 °C and under 5 % CO2. Additionally, hepatoma hepa-1clc7 (ATCC®CRL- 2026, VA,
USA) and hepal-6 (ATCC®CRL- 1830, VA, USA) cell lines were used to estimate
LL35 expression level in liver pathology. Both cell lines were also cultured in
DMEM/F12 medium (Gibco), 10 % FBS (Gibco), 1 % penicillin and 1 % streptomycin
(10,000 U/mL, Gibco) at 37 °C and under 5 % CO2. Cells were transfected with
antisense oligonucleotides (ASOs) using Lipofectamine RNAIMAX (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s protocol. Cells were analyzed 48
hours after transfection. For insulin stimulation experiment AML12 cells were cultured
for 2 hours in reduced serum Opti-MEM media (Gibco) and then treated with 100 nM

insulin solution (Paneco, Moscow, Russia).

3.2 Analysis of exon inclusion frequencies

We performed an exon inclusion frequencies analysis based on the RNA
sequencing data for murine liver previously produced in our laboratory. SAJR [190]

software was used for the calculation of exon inclusion frequencies. The detailed protocol
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is described in Mazin et al [190]. First, SAJR splits gene into segments based on gene
annotation. Obtained segments are intervals between neighboring consecutive splicing
sites. Second, based on reads location relative to the segment, the number of inclusion
and exclusion are calculated for each read for further segment inclusion frequency

analysis.

3.3 Rapid amplification of cDNA ends (RACE)

RACE experiment was performed with Evrogen Mint RACE cDNA amplification
set (SKS03). During RACE experiment, MMLV-based reverse transcriptase synthesizes
cDNA from RNAs matrix with the help of oligo-dT adapter primer. Briefly, 3’-primer for
the reverse transcription reaction contains oligo(dT) region, which anneals to the polyA
tail of RNA during the synthesis of the first strand of cDNA. Moreover, at the end of the
first strand synthesis reverse transcriptase adds several dC at the 5'-end of cDNA,
which interacts with oligo(dG) region in PlugOligo, which is further included into
5'-end of cDNA. PCR amplification is used for further synthesis of double-stranded
cDNA.

First-strand or ds cDNA is used for Step-Out PCR with gene-specific primer
and specially designed Step-Out primer mix, consisting of 3’ part specific to
adapter and 5’ part, which can’t anneal to adapter. This diminishes background
amplification. Evrogen Mint RACE ¢cDNA amplification was used to determine both

3’ and 5’ end of the transcript.
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3.4 Antisense oligonucleotides (ASOs)

A mix of 5 ASOs for effective knockdown of LL35 was developed earlier in our
laboratory [17]. First, 14 ASOs complementary to LL35 exons were synthesized. For the
improvement of ASO binding to target RNA and its exonucleolytic stability together with
high RNase H catalytic activity, ASOs were synthesized as gapmers (phosphorothioate
2’-deoxynucleotides in central gap and 2'-OMe phosphorothioate nucleotides at the
flanking regions). Second, developed ASOs were tested alone and in different
combinations to reach the best knockdown efficacy. Finally, a mix of 5 ASOs
(Supplementary Table S1) with a concentration of 20 nM of each was used, which
made it possible to achieve more than 75% reduction in LL35 RNA level. As a control in
our experiments we used ASO targeted the Firefly Luciferase gene (Luc). For targeted
delivery to the mouse liver, we synthesized inhouse 3’-GalNAc-conjugated ASO [191]

with the same core sequences as described above (Supplementary Table S2).

3.5 Animal care and treatments

Balb/c mice for this study were purchased from “Stolbovaya” Scientific Center of
Biomedical Technologies of the Federal Medical and Biological Agency. Study protocols
were approved by the Bioethics Committee of the Institute of Developmental Biology, all
animals received human care according to the National Institute of Health guidelines.
Mice were maintained at 22 °C using a 12 h light to 12 h dark cycle and fed ad libitum
with regular rodent chow. Hepatocellular carcinoma was induced using plasmids
encoding human AN90-B-catenin, human MET, and Sleeping Beauty transposase as

described in [192]. Partial hepatectomy was performed as described in [193].
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For the depletion of LL35 in the liver a mix of ASO was diluted in sterile saline
and injected intravenously via the tail vein at the following total ASO doses: 25 mg/kg,
50 mg/kg, 100 mg/kg 150 mg/kg and 200 mg/kg (three mice per group). Mice were
sacrificed at day 2 and 5 after ASOs injection and serum and liver samples were collected
for analysis. Serum was collected by cardiac puncture, followed by centrifugation at
1700xg for 20 min. Serum biochemical analysis was performed in Paster Laboratories
(Moscow, Russia). Liver samples were snap-frozen for further RNA-seq, RT-qPCR and
LC-MS-based analysis. Mice treatment and blood collection were performed by Tatiana
Abakumova (Center for Molecular and Cellular Biology, Skolkovo Institute of Science

and Technology).

3.6 Insulin tolerance test

Mice were fasted overnight. Soluble human insulin (Paneco) at 1 U/kg was
administered by intraperitoneal injection. Glucose was monitored by tail bleeding at 0, 15,
30, 45 and 60 min using a glucometer. Mice were sacrificed after the last glucose

measurement.

3.7 Histological analysis

Freshly collected liver samples were dehydrated and embedded into paraffin in
the Tissue TEK VIP 5 Jr (Sakura, Tokyo, Japan). Eight-micrometer-thick sections were
subjected to hematoxylin and eosin (Abcam, Cambridge, UK), Oil Red O (Sigma-Aldrich,

St. Louis, MO, USA) and Ki-67 (12202, Cell Signaling, Danvers, MA, USA) staining.
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For hematoxylin and eosin staining liver sections were deparaffinized and
hydrated in distilled water and then covered with Hematoxylin, Mayer’s (Lillie’s
Modification) for 5 min. After several steps of washing with water, slides were incubated
with Bluing Reagent for 10-15 sec. After washing, slides were dipped in 96 % ethanol
and then fully covered with Eosin Y Solution (Modified Alcoholic) for 2-3 min. After
rinsing and dehydrating with 96 % ethanol, slides were mounted in synthetic resins and
analyzed with light microscope.

For Oil Red O staining we used sections fixed in formalin. First, we rinsed slides
with 60 % isopropanol, then stained with Oil Red O working solution (recipe is described
in section “3.17 Lipid staining with Oil Red O for AML12”) for 15 min at room
temperature. After one more rinse in 60 % isopropanol and distilled water, slides were
mounted in mounting medium and analyzed with light microscope.

Before Ki-67 staining sections were rinsed with distilled water three times for 5
min each and then incubated in 3% hydrogen peroxide for 10 min. Then sections were
again washed two times with water for 5 min each and then washed in wash buffer for 5
min. Sections were incubated in blocking solution for 1 h at room temperature and then at
4 °C overnight with primary antibodies for Ki-67. After 3 steps of washing, sections were
incubated with secondary antibodies for 1 h at room temperature and washed again. Then
we stained cell nuclei with DAPI (Invitrogen) and after washing off the DAPI imaging
was performed by Nikon A1+MP confocal imaging system (Nikon, Japan) by Pavel

Melnikov (Serbsky National Medical Research Center for Psychiatry and Narcology).
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3.8 RNA isolation and RT-qPCR

Total RNA was isolated from cells or liver tissue using TRIzol (Thermo Fisher
Scientific, Waltham, MA, USA), followed by precipitation with isopropanol, according
to the manufacturer's instructions. Liver tissue samples were homogenized in TRIzol
using the Precellys® homogenizer. 0.5-1 pg of total RNA was further treated with
DNase I (Thermo Fisher Scientific) and supplied with RiboLock RNase Inhibitor (40
U/uL) to the final concentration 0.4 U/uL. cDNA was generated using a Maxima First
Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific) according to manufacturer’s
protocol. RNA levels were assessed by qPCR using qPCRmix-HS LowROX Kit
(Evrogen, Moscow, Russia), containing a fluorescent dye SYBR green I, which
intercalates between DNA bases of double-stranded DNA, causing energy release, in the
Cycler CFX96 Touch Real-Time PCR detection system (Bio-Rad Laboratories, CA,
USA). The relative RNA levels of interest were calculated based on delta Ct or delta delta
Ct analysis via normalization to the level of the mouse housekeeping genes GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) or ACTB (B actin) and to the average value
of the control group where needed. RT-qPCR and primer design for accessing the
expression levels of miRNA was done as described by Kramer, 2011 [194]. RT-qPCR

was performed using specific primers listed in Supplementary Table S3.

3.9 Western Blotting

Cell protein extracts were prepared from LL35 KD and control cell samples using
RIPA Lysis and Extraction Buffer (ThermoFisher Scientific) and supplied with 1x Halt™

Protease Inhibitor Cocktail (ThermoFisher Scientific) according to manufacturer’s
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protocol. Liver samples were homogenized using the Precellys® homogenizer and
protein extracts were prepared using RIPA Lysis and Extraction Buffer (ThermoFisher
Scientific) supplied with 1x Halt™ Protease Inhibitor Cocktail (ThermoFisher Scientific),
0.05% Triton X-100 (Helicon, Moscow, Russia), 1| mM dithiothreitol (DTT) (Helicon),
0.2 mM phenylmethylsulfonylfluoride (PMSF) (Sigma-Aldrich). To measure the total
protein concentration in the prepared lysates we used Pierce™ BCA protein assay kit
(ThermoFisher Scientific) or Pierce™ Coomassie Plus (Bradford) Assay Kit
(ThermoFisher Scientific). 20—60 ug of total protein samples were run on 10 % SDS—
polyacrylamide gels (PAGE) and transferred to PVDF membranes (Bio-Rad Laboratories
Inc.). Transfer was performed by Mini Trans-Blot®Cell and Criterion™ Blotter (Bio-Rad
Laboratories Inc.) at standard protocol (80 V, 40 min). Membrane was further incubated
with primary antibody for B-actin (MA1-140, Thermo Fisher Scientific, 1:5000 dilution),
GAPDH (2118, Cell Signaling, 1:3000), IxBa (9242, Cell Signaling, 1:1000), p105/p50
(NF-«xB) (13586, Cell Signaling, 1:1000), AKT1 (2938, Cell Signaling, Danvers, 1:1500),
pAKT1(4060, Cell Signaling, 1:1500), Jaggedl (2620T, Cell Signaling, 1:1000),
Pck1/PEPCK (ab70358, Abcam, 1:1000) overnight at 4 °C or for 1 h at room temperature
after membrane blocking in TBS/Tween with 5% bovine serum albumin (Sigma-Aldrich)
at 4 °C overnight. For protein bands’ visualization we used the appropriate HRP-linked
secondary antibodies and Clarity™ Western ECL Blotting Substrates (Bio-Rad
Laboratories Inc.). Western blot images were quantified with ImageJ software according

to its standard protocol [195].
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3.10 Cell Viability Assay

To estimate cell viability, we cultured AMLI2 cells in 48 well plate, ~22 x 103
cells per well, and transfected with LL35 ASOs mix or control Luc ASO (final
concentration 20 nM of each ASO, four replicates per condition) using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s protocol. Cell viability was
measured at 24, 48, and 72 hours after initial transfection and 3 h incubation at 37 °C
with CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS) (Promega,
Madison, WI, USA) according to manufacturer’s protocol. The measurement of the
fluorescent signal at 490 nm was performed by Varioscan Microplate reader (Thermo
Fisher Scientific). The obtained data were presented on a plot of optical density (O.D.)
versus number of days, showing mean + SD. Assessment of the significance of the
difference in viability between cells with LL35 knockdown and control cells was

performed using the multiple t-test.

3.11 Wound-Healing and Migration Assay

AMLI12 cells transfected with LL35 ASOs or control Luc ASO using
Lipofectamine RNAIMAX (Invitrogen) were cultured in 6 well plates. When the cell
confluence reached 70-80 %, we did several scratches on the cell surface monolayer
using pipette tip. To measure the wound-healing we photographed scratches 2 and 3 days
after their introduction. For each condition we used 6 replicas. The calculation of total

wounding area was made by ImagelJ software [195].
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3.12 Cell Cycle Analysis with Flow Cytometry

AMLI12 cells were cultured in 6 well plates in triplicates, ~3 x 10° cells per well,
and transfected with LL35 ASO mix or control Luc ASO (final concentration 20 nM of
each ASO) using Lipofectamine RNAIMAX (Invitrogen). On the day 2 after transfection
cells were collected, washed twice with 1x PBS and fixed over-night at 4 °C with 2 mL
of 70 % ethanol. After fixation cells were washed with 1x PBS and then re-suspend in
0.5 mL of 1x PBS with 5 pg/ml RNase A and 30 pg/ml PI (propidium iodide). Cell cycle
measurement was performed by Flow Cytometer Bio-Rad ZES (Bio-Rad Laboratories
Inc.) by Dr. Olga Sergeeva (Center for Molecular and Cellular Biology, Skolkovo
Institute of Science and Technology). To analyse the flow cytometry results we used

FlowJo™ v10.8 Software (BD Life Sciences, NJ, USA).

3.13 RNA-seq Data Processing and Analysis

For AMLI12 cells transcriptome analysis, we used ~1,2 x 10° cells per sample
after 48 hours of ASO-mediated LL35 knockdown or control Luc knockdown; 4
replicates per experiment were used. For liver transcriptome analysis we collected
samples 5 days after LL35 ASOs or Luc ASO injection; 3 mice per experiment were used.
Total RNA from cells and liver samples was isolated using a TRIzol (Thermo Fisher
Scientific), followed by precipitation with isopropanol, according to the manufacturer’s
protocol. As a starting quantity for library preparation, we used four micrograms of total
RNA. First, we performed rRNA depletion using a NEBNext rRNA Depletion Kit (NEB
E6310L, New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s

protocol with the following changes. Before the depletion we fragmented the total RNA
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to ~200 nt-long RNA fragments by incubation at 95 °C for 5.5 min in 100 mM Tris (pH
8.0) and 2 mM MgCIl2. After the fragmentation RNA was purified by 96 % ethanol
precipitation with a 1/10 volume of 3 M sodium acetate. One microgram of fragmented
and purified RNA was used for rRNA depletion reaction by NEBNext rRNA Depletion
Kit (NEB E6310L, New England Biolabs). The second purification of RNA after rRNA
depletion step was again performed by 96 % ethanol precipitation with a 1/10 volume of
3 M sodium acetate (instead of purification using magnetic beads as described in
manufacturer’s instructions). Then we measured RNA concentration using a NanoDrop™
OneC Spectrophotometer (Thermo Fisher Scientific), and 300 ng of purified RNA were
used for further preparation of sequencing library. We obtained libraries using NEBNext
Ultra II Directional RNA Library Prep Kit for Illumina (NEB 7760, New England
Biolabs), according to the manufacturer’s protocol. For the purification of newly
synthesized double-stranded cDNA we used AMPure XP magnetic beads (A63881,
Beckman Coulter, Brea, CA, USA). To evaluate library quality, we wused a
Bioanalyzer2100 (Agilent Technologies, Santa Clara, CA, USA). Libraries were
sequenced by HiSeq4000 (Illumina, San Diego, USA) instrument in a single-read mode
(performed by Maria Logacheva at Skoltech Genomics Core Facility). bcl2fastq2
software (Illumina) was used for conversion to fastq format.

RNA-seq reads were aligned to mouse genome using STAR v2.5.3a with default
settings, except —quantMode GeneCounts, Genome annotations were obtained from
Ensembl. We used R package DESeq2 for gene counts processing and RLE method for

further normalization. Differential expression analysis was performed using DESeq?2
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package based on the Wald test. Genes were considered as differentially expressed if they
passed the following thresholds: FDR < 0.1 and [log2foldChange| > 0.8. For differentially
expressed genes we performed functional enrichment analysis with PANTHER [196]
using BP/MF/CC ontology and Reactome pathways as annotation set. Differential
expression analysis for AML12 cells was performed by Ilia Kurochkin (Center for
Molecular and Cellular Biology, Skolkovo Institute of Science and Technology) and for

liver tissue by Ksenia Deinichenko (Institute of Biomedical Chemistry).

3.14 LC-MS-based proteomics

Cells were cultivated in 6 well plate and collected at the second day after LL35
knockdown, washed twice with 1x PBS and processed for further LC/MS analysis.
Protocol for reduction, alkylation and digestion of the proteins in solution were optimized
from Kulak et al. [197] with several modifications. In short, sodium deoxycholate (SDC)
lysis, reduction and alkylation buffer 100 mM Tris-HCI, 1 % (w/v) SDC, 10 mM TCEP
and 20 mM 2-chloroacetamide (pH 8.5) were added to a cell sample. First, we heated
each sample for 10 min at 95 °C, second, we added in 1:100 (w/w) ratio the equal volume
of trypsin solution in 100 mM Tris-HCI (pH 8.5) and samples have been subjected to
overnight digestion at 37 °C. Then 1 % trifluoroacetic acid (TFA) was used for peptides
acidification for SDB-RPS binding, and 20 ug of sample was loaded on three 14-gauge
StageTip plugs. The StageTips were centrifuged at 400 g after adding the same volume of
ethyl acetate. Then the StageTips were washed with a 100 pl of 1 % TFA/ethyl acetate

mixture and 100 pl of 0.2 % TFA. For the elution of peptides 50 pl of elution solution
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(50 % acetonitrile, 45 % water and 5 % ammonia) were used. The collected material was
stored at -80 °C after vacuum drying.

Peptides were dissolved in 2 % acetonitrile/ 0.1 % TFA solution and sonicated for
2 min in ultrasonic water bath. Then samples were placed in a home-made trap column
20 x 0.1 mm with Inertsil ODS3 3 pum sorbent (GL Sciences, Tokyo, Japan), in the
loading buffer contained 2 % ACN, 98 % H20, 0.1 % TFA at 10 pl/min flow and
separated in a home-packed [198] fused-silica column 300 x 0.1 mm packed with
Reprosil PUR C18AQ 1.9 (Dr. Maisch, Ammerbuch-Entringen, Germany) at RT into an
emitter prepared with P2000 Laser Puller (Sutter, Atlanta, GA, USA). Ultimate 3000
Nano LC System (Thermo Fisher Scientific) coupled to the Q Exactive Plus Orbitrap
mass spectrometer (Thermo Fisher Scientific) via a nanoelectrospray source (Thermo
Fisher Scientific) was used for reverse-phase chromatography. After loading the peptides
in a loading solution contained 98 % 0.1 % (v/v) formic acid and 2 % (v/v) acetonitrile
they were eluted with a linear gradient as follows: 3—35 % solution B (0.1 % (v/v) formic
acid, 80 % (v/v) acetonitrile) for 105 min; 35-55 % B for 18 min, 55-99 % B for 0.1 min,
99 % B during 10 min, 99-2 %B for 0.1 min at a flow rate of 500 nl/min. The
preequilibration of the column with solution A (0.1 % (v/v) formic acid, 2 % (v/v)
acetonitrile) for 10 min was performed after each gradient. We used the following MS1
parameters: 70K resolution, 350-2000 scan range, 30 msec maximum injection time,
AGC target — 3 x 106. For ions isolation 1.4 m/z window, preferred peptide match and

isotope exclusion were used. MS2 fragmentation was performed in HCD mode at 17.5K
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resolution with HCD collision energy 29 % and 80msec maximum injection time, AGC
target — 1 x 105. Settings for charge exclusion: unassigned, 1, >7.

We used MaxQuant [199] and Perseus [200] for raw spectra processing, search
was conducted against Mus musculus Uniprot Tremble database (version from 03.2018).
For MaxQuant search the default parameters included Trypsin/p protease specificity with
maximum 2 missed cleavages. Met oxidation, protein N-term acetylation and Asn/Gln
deamidation were used as variable modifications, while Carbamidomethyl Cys were used
as a fixed modification with maximum 5 modifications per peptide; PSM and protein
FDR were applied as 1%. All runs were processed in Perseus. Proteins with maxLFQ
values in at least 3 out of 6 LC-MS runs were chosen for further analysis. Missing values
for selected proteins were imputed from normal distribution with 1.8 intensity
distribution center downshift and 0.3 intensity distribution sigma width. Statistically
significantly changed proteins after LL35 knockdown were selected based on two-sample
t-test with permutation-based FDR 5 %. LC-MS for proteomics was done by Rustam

Ziganshin (Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry).

3.15 Seahorse Extracellular Flux Analysis

To measure the respiration activity of AML12 cells we used a Seahorse XF96
Extracellular Flux Analyzer (Agilent, CA, USA). Cells were seeded at the density of
~12 x 103 cells per well in a XF96 plate, the next day cells were transfected with LL35 or
Luc ASOs. The Glycolysis Stress Test and Mito Stress Test were performed at the second

day after transfection according to manufacturer’s protocol. Briefly, during Mito Stress
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Test cells are sequentially treated with 1pM oligomycin, 1pM FCCP and 1uM
rotenone/antimycin A and oxygen consumption rate (OCR) is measured during 80 min.
In Glycolysis Stress Test cells are subjected to the treatment with 10 mM glucose, 1 uM
oligomycin and 50 mM 2-DG (2-Deoxyglucose) and extracellular acidification rate
(ECAR) is measured during 80 min. All Seahorse XF96 measurements were normalized
to the protein contents in each well, measured by Pierce™ BCA protein assay kit
(ThermoFisher Scientific). The relative levels of glycolysis, glycolytic capacity, and
glycolytic reserve were calculated based on ECAR data obtained in the Glycolysis Stress
Test using Seahorse Wave software for XF analyzers. Non-mitochonrial consumption,
basal respiration, maximum respiration, proton leak, ATP production and spare

respiratory capacity were calculated based on OCR data obtained during Mito Stress Test.

3.16 Mitochondria staining with TMRE and Mito Green FM

For mitochondria staining AML12 cells were cultivated on poly-L-lysine-coated
microscopy glasses. We used three glasses per condition and performed TMRE
(tetramethylrhodamine, ethyl ester) (Thermo Fisher Scientific) and MitoTracker Green
FM (Thermo Fisher Scientific) staining on live adherent cells on the day 2 after LL35
knockdown. For TMRE staining AML12 cells were incubated with 200400 nM TMRE
solution for 15-30 min and then washed twice with PBS / 0.2 % BSA. For cells staining
with MitoTracker Green we prepared a 25-500 nM working solution in serum-free
medium and covered glasses with this solution for 15—45 min. Stained cells analysis was
immediately performed by Nikon A1+MP confocal imaging system (Nikon) by Pavel

Melnikov (Serbsky National Medical Research Center for Psychiatry and Narcology).
99



3.17 Lipid staining with Oil Red O for AMLI12

AMLI12 cells were cultivated on 35 mm confocal dishes (VWR International,
Rad-nor, PA, USA) and Oil Red O (Sigma-Aldrich) staining was performed 48 hours
after ASO-mediated LL35 knockdown or control Luc knockdown. Briefly, Oil Red O
powder was dissolved in 100 % isopropanol to get a 30 % solution. Then 3 parts of 30 %
Oil Red O solution were added to 2 parts of water, mixed and filtered to get a working
solution. Cells were washed twice with 1x PBS and fixed for 30 min in 4 %
formaldehyde. After two washes with water and 5 min incubation in 60 % isopropanol
cells were stained with Oil Red O working solution for 20 min followed by staining of
cell nuclei with DAPI (Invitrogen). After washing off the DAPI cell imaging was
performed by Nikon A1+MP confocal imaging system (Nikon) by Pavel Melnikov
(Serbsky National Medical Research Center for Psychiatry and Narcology). Mean lipid
droplet diameter and signal intensity of Oil Red O were calculated using ImageJ software

[195].

3.18 Cell lines and liver tissue extraction protocol for lipids and metabolites

analysis

AMLI12 cells were plated into 150 mm cell culture dish (1 dish per biological
replica, 3 replicas per condition). At day 2 after transfection with ASOs mix (20 nM each)
for LL35 or Luc using Lipofectamine RNAIMAX (Invitrogen), cells were collected and
washed with PBS solution twice, supernatant was discarded and cell pellets were frozen
at —80 °C until extraction. On extraction day, cells were thawed on ice for several

minutes and randomized. For liver samples (3 samples per group), 10—-15 mg liver tissue
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pieces were dissected from the frozen tissue samples on dry ice, weighed, randomized
and transferred to cooled 2 mL Precellys tubes with 6 zirconium oxide beads (Bertin
Technologies, Montigny-le-Bretonneux, France). Extraction blank samples were inserted
in the end of main batch, consisting of an empty tube without cell or tissue sample. The
extraction buffer (methanol/ methyl-t-butyl ether (MTBE) (1/3, v/v)) with spiked lipid
standards (0.5 pg/ml): triacylglycerol TAG(15:0/18:1-d7/15:0) (791648C, Avanti Lipids),
diacylglycerol DAG(15:0/18:1-d7) (791647C, Avanti Lipids), ceramide Cer(d18:1-
d7/15:0) (860681, Avanti Lipids), lyso phosphocholine LPC(18:1-d7) (791643C, Avanti
Lipids), phosphoglycerol PG(15:0/18:1-d7) (791640C, Avanti Lipids), phosphocholine
PC(15:0/18:1-d7) (791637C, Avanti Lipids), phosphoethanolamine PE(15:0/18:1-d7)
(791638C, Avanti Lipids) was added. Additionally, for liver samples SM (791649,
Avanti Lipids), PS (791639, Avanti Lipids), Chol (700041, Avanti Lipids) were added to
extraction buffer. In case of cell culture samples after vigorous vortexing for 1 min,
mixture was sonicated (35-kHz frequency) in ice-cold bath (Bandelin Sonorex Super RK
100 H, BANDELIN electronic GmbH & Co. KG) for 10 minutes, vortexed for 10 min
and sonication repeated for 10 min. After addition of 0.5 mL of extraction buffer to liver
tissue samples, homogenization of the tissue pieces was performed on a Precellys
Evolution Tissue Homogenizer with dry ice-filled Cryolys cooling system (Bertin
Technologies). Then another 0.5 mL of extraction buffer was added and homogenates
were sonicated for 10 min in an ice-cooled sonication bath (Bandelin Sonorex Super RK
100 H, BANDELIN electronic GmbH & Co. KG) and incubated for 40 min at 4 °C on an

orbital shaker, sonication was repeated for 10 min.
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Phase separation was induced by adding 700 pL of water/methanol (3/1, v/v)
mixture with the following standards (6.7 pg/ml): L-Glutamic acid-13C5 (604860,
Sigma-Aldrich), methionine-methyl-13C, d3 (299154, Sigma-Aldrich), GMP-15N5
(662674, Sigma-Aldrich). Extract was vortexed for 15 min at 4 °C, then centrifuged for
10 min at 18000%g, at 4 °C. A total of 540 uL (for cells) or 300 uL (for liver) of the upper
layer, containing most of the lipids, was collected to an Eppendorf tube. 900 puL (for cells)
or 1000 pL (for liver) of polar lower phase was collected in a separate Eppendorf tube.
Solvents were evaporated under reduced pressure at 30 °C in the Speed Vac concentrator
(mode V-HV, Eppendorf Concentrator plus Complete System, Hamburg, Germany).
Dried samples were stored in -80 °C until mass spectrometry analysis. Pellets were
reconstituted in 200 pL of acetonitrile/isopropanol (7/3 (v/v)) or in 100 pL of 20 %
acetonitrile in water for lipids and polar metabolites analysis, respectively. After brief
rigorous vortexing, samples were shaken for 10 min at 4 °C, sonicated (35-kHz frequency)
in an ice-cooled sonication bath for 10 min, and centrifuged 10 min at 18000xg at 4 °C.
Extracts were diluted prior lipidome analysis as follows: 1:10 and 1:5 (1:50 and 1:3 for
liver samples) with acetonitrile:isopropanol (7:3 (v:v)) for positive and negative mode,
respectively. Extracts were diluted prior to metabolome analysis as follows: 1:10 and 1:3
(1:5 and 1:2 for liver samples) with 20 % acetonitrile in water for positive and negative
mode, respectively. For quality control of samples, equal volumes of each diluted sample
were additionally collected in a pool sample. Samples preparation from frozen cells and

liver tissue for LC-MS was performed by Elena Stekolshchikova and Nikolay Anikanov
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(Center for Neurobiology and Brain Restoration, Skolkovo Institute of Science and

Technology).

3.19 Liquid chromatography/mass spectrometry analysis of lipidome

Liquid chromatography/mass spectrometry system consisted of Waters Acquity I-
Class UPLC system (Waters, Manchester, UK) and Q Exactive orbitrap mass spec-
trometer (Thermo Fisher Scientific) equipped with a heated electro-spray ionization
(HESI) probe was used for lipids and metabolites data acquisition from AMLI12 cells and
liver tissue samples. We did a lipid separation at 60 °C on a reverse phase ACQUITY
UPLC BEH C8 Column (2.1x100 mm, 1.7 um, Waters co., Milford, MA, USA) equipped
with Vanguard pre-column at flow rate of 0.4 mL/min. The resulting mobile phases
consisted of water with 10 mM ammonium acetate, 0.1 % formic acid (Buffer A), and a
mixture of acetonitrile and isopropanol (7:3) with 10 mM ammonium acetate, 0.1 %
formic acid (Buffer B). For negative polarity of detection acetic acid was used instead of
formic acid as mobile phase additive in the same concentration. The gradient elution was
used for separation with the following profile: 1 min 55 % B, 3 min linear gradient from
55 to 80 % B, 8 min linear gradient from 80 to 85 % B, 3 min linear gradient from 85 to
100 % B. The column was repeatedly equilibrated with 55 % B for 4.5 min after washing
for 4.5 min with 100 % B. The volume for injection — 3 puL. Mass spectra were acquired
in positive mode with a mass range of m/z 120-1500 (positive mode) and 200-2300
(negative mode) at a mass resolving power of 140,000 Full Width Half Maximum
(FWHM) (m/z 200). The mass spectrometer was operated with following parameters for

full scan and data dependent acquisition (DDA) modes: ion transfer tube temperature,
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320 °C; vaporizer temperature, 350 °C; spray voltage, 4.5 kV; S-lens RF level, 60; AGC
target value, SES, sheath gas (N2) flow rate, 45 arbitrary units (a.u.); auxiliary gas (N2)
flow rate, 20 a.u.; sweep gas (N2) flow rate, 4 a.u. Data was acquired on the profile mode.
External mass axis calibration (Pierce positive and negative calibration solutions, Thermo
Fisher Scientific) without the use of the specific lock masses was employed. DDA Top-
10-acquisition mode was used for pooled samples to access fragmentation patterns of
lipids and confirm lipid classes. Operating parameters were established as follows:
resolution 17500 at m/z 200, AGC: 2e4, IT: 100 ms, mass isolation window: 1.2 Da,
retention time window width: expected time = 1 minute, stepped normalized collision
energy: 15, 20, 25 %, dynamic exclusion 12 s, inclusion: on, customize tolerances: 10
ppm. The spectra were recorded in the profile mode. The same procedure was repeated
with inclusion lists to confirm putative lipid annotations. LC-MS for lipidome analysis
was performed by Elena Stekolshchikova and Nikolay Anikanov (Center for

Neurobiology and Brain Restoration, Skolkovo Institute of Science and Technology).

3.20 Liquid chromatography/mass spectrometry analysis of metabolome

Liquid chromatography/mass spectrometry system consisted of Waters Acquity I-
Class UPLC system (Waters) and Q Exactive orbitrap mass spectrometer (Thermo Fisher
Scientific) equipped with a heated electro-spray ionization (HESI) probe was used for
lipids and metabolites data acquisition from AML12 cells and liver tissue samples. We
did a polar metabolites separation at 40 °C on a ZIC-HILIC Column (2.1%x100 mm, 3.5
um, SeQuant, Merck, Germany) equipped with pre-column at a flow rate of 0.4 mL/min.

The resulting mobile phases consisted of water/acetonitrile mixture (95/5, v/v) with 20
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mM ammonium acetate, 0.2 % acetic acid (Buffer A), and a mixture of acetonitrile/water
(95/5, v/v) with 20 mM ammonium acetate, 0.2 % acetic acid (Buffer B). The gradient
elution was used for separation with the following profile: 0-1.5 min 0 % B, 4.5 min
linear gradient from 0 to 15 % B, 7 min linear gradient from 15 to 45 % B, and 5 min
linear gradient from 45 to 100 % B. The column was repeatedly equilibrated with 0 % B
for 5 min after washing for 2 min with 100 % B. The volume for injection — 3 uL. Mass
spectra were acquired with a mass range of m/z 60—1000 at a mass resolving power of
140,000 Full Width Half Maximum (FWHM) (m/z 200) for both polarities. The mass
spectrometer was operated with following parameters: ion transfer tube temperature,
320 °C; vaporizer temperature, 350 °C; spray voltage, 4.5 kV; S-lens RF level, 60; AGC
target value, 5e5, sheath gas (N2) flow rate, 45 arbitrary units (a.u.); auxiliary gas (N2)
flow rate, 20 a.u.; sweep gas (N2) flow rate, 4 a.u. Data was acquired on the profile mode.
External mass axis calibration (Pierce positive and negative calibration solutions, Thermo
Fisher Scientific) without the use of the specific lock masses was employed. DDA-
acquisition Top-10 mode was used for pooled samples to access fragmentation patterns of
polar metabolites. Operating parameters were established as follows: resolution 17500 at
m/z 200, AGC: 2e4, IT: 100 ms, mass isolation window: 1.2 Da, retention time window
width: expected time = 1 minute, stepped normalized collision energy: 15, 35, 55 %,
dynamic exclusion 12 s, inclusion: on, customize tolerances: 10 ppm. The spectra were
recorded in the profile mode. LC-MS for metabolome analysis was performed by Elena
Stekolshchikova and Nikolay Anikanov (Center for Neurobiology and Brain Restoration,

Skolkovo Institute of Science and Technology).
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3.21 Post-acquisition processing and statistical analysis of lipidome and

metabolome data

Vendor-format files (.raw) were imported to Progenesis software (version 2.3,
Non-linear Dynamics, Newcastle, UK), then features were automatically extracted,
aligned and deconvoluted with default software settings and following adducts: M+H,
M-+NH4, M+Na, M+K, M+H-H20, M+H-2H20, M+2Na, M+H+Na, M+2H+Na for
positive polarity and M-H, M+FA-H, M+AA-H, M-H20-H for the negative one. All
quality control samples were used for alignment references. Alignment quality was more
than 92 % for all biological and technical samples and more than 85 % for extraction
blanks. Data (rt-m/z matrix) was exported to .csv format, then subsequent normalizations
and data analysis were carried out in R environment (v.4.1.2). Features having any
missing values across all samples or with retention time more than 20 min were removed
from the down-stream analysis. Features with coefficient of variation (CV) > 0.25 across
the pooled quality control (QC) samples were filtered out. Lipid features from all the
samples were normalized by the median abundances of internal standards and features
from liver samples were also normalized by sample weight. The resulting abundances
were log2-transformed. Features with mean abundance in samples < mean abundance in
blank samples + 2 (in log2-scale) were removed from the analysis.

Putative annotation of lipids and metabolites species was performed based on ex-
act mass (ppm error < 5) and isotope distribution similarity against LipidMaps [201] and
Human Metabolome Database [202] databases. Non-annotated features were excluded

from downstream analysis. Putatively annotated features were checked for presents of
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lipid-class specific adducts. After-wards, significantly enriched lipids were used to create
an inclusion list for DDA-mode analysis. LipoStar [203] software was employed for
confirmation of lipid classes based on accurate m/z values of precursors (within 5 ppm
error) and fragmentation data (within 15 ppm error). All spectra were manually cured
afterwards. To visualize variation in lipid and metabolite content across samples, we
performed principal component analysis (PCA). To assess the effect of the LL35
knockdown on the abundance of different lipid classes, we applied fast gene set
enrichment analysis (fgsea) [204] with lipid classes in place of gene sets. To rank lipid
features for this procedure, we used log2 fold changes (logFC). We subsequently
performed confirmation of features from lipid classes for which significant alteration
(fgsea FDR< 5 %) was observed. Only lipid features with MS2-confirmed annotations
were used for further fgsea recalculation. After that, fgsea was performed again and only
lipid classes with FDR< 10 % both before and after confirmation were considered to be
significantly influenced by LL35 knockdown. Lipid classes with FDR<5% in cell culture
before confirmation included 711 features. 447 of them were filtered out, being unable to
reproduce during confirmation and annotations of 174 were corrected or specified. In
mice, after the confirmation, annotation of 128 out of 232 features from significant
classes was changed or specified, while 57 features had to be removed. The alterations in
the abundance of metabolites were as well determined using fgsea. In this case it was
performed on pathways from KEGG [205] and on a subset of 99 SMPDB [206]
metabolite sets used by MetaboAnalyst [207], ranking features by their logFC. To

identify the metabolites responsible for differences between samples we also used sparse
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PCA [208] as implemented in R package mixOmics [209] and pairwise Welch t-test with
unequal variance assumption and Benjamini-Hochberg (BH) correction for multiple
testing. Data analysis and visualization was done by Daniil Bobrovskiy (Faculty of
Bioengineering and Bioinformatics, Lomonosov Moscow State University) under the
supervision of Ekaterina Khrameeva (Center for Molecular and Cellular Biology,

Skolkovo Institute of Science and Technology).

3.22 Lipid Peroxidation Imaging

To analyze changes in lipid peroxidation we used the Click-iT® Lipid
Peroxidation Imaging Kit (Thermo Fisher Scientific) according to manufacturer protocol.
AMLI12 cells were pated in 2 mm cell culture dishes suitable for confocal microscopy.
Lipid peroxidation was analyzed on the second day after transfection with ASOs for
LL35 or control. To detect protein modifications in fixed cells derived by lipid
peroxidation the kit uses copper-catalyzed click chemistry and the linoleamide alkyne
(LAA) reagent. Lipid peroxidation induces the oxidation of LAA with further formation
of hydroperoxides, which after further processing are involved in proteins modification.
Click-iT® chemistry detects alkyne-containing modified proteins. Briefly, cells were
incubated with 50 pM Click-iT® LAA solution for 2 hours, 100 pM cumene
hydroperoxide was used as a positive control. After incubation cells were washed three
times with 1x PBS and then fixed and permeabilized. Click-iT® reaction cocktail was
prepared according to manufacturer’s instruction and was added to the cells, completely
covering them, for 30 min. After washing off the Click-iT cell nuclei were stained with

DAPI (Invitrogen) and imaging was performed by Nikon A1+MP confocal microscope
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(Nikon) by Pavel Melnikov (Serbsky National Medical Research Center for Psychiatry

and Narcology).

3.23 RNA immunoprecipitation (RIP)

AMLI12 cells were cultured on 10 cm? tissue culture plates, 2 plates were used per
condition (~16 x 10° cells). Cells were trypsinized and incubate on ice for 5 min. Then
cells were harvested by centrifugation for 2 min at 100 % g at room temperature, and the
cell pellet was resuspended in 2 mL ice-cold 1 x PBS. 143 nl of 37% formaldehyde were
added to cell pellet and after 10 min of incubation at room temperature formaldehyde was
blocked by 685 pl of 2 M glycine for 5 min. Cells were harvested by centrifugation for 2
min at 100 x g at room temperature. The supernatant was decanted and the cell pellet was
transferred to ice. Cells were twice washed with 5 mL of ice-cold 1 x PBS and harvested
2 min at 100 x g at 4 °C. After the last wash we added 1 mL of IP lysis buffer (50 mM
Hepes (pH 7.5), 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, 0.5 % TritonX-100, 10 %
Glycerol), 20 pl of 0.1 M phenylmethylsulfonyl fluoride (PMSF), 20 pl of complete
protease inhibitor (50x) and 5 pl RNase inhibitor (40 U/ul) to each cell sample. Cells
were sonicated on ice 10 times (10 sec on, 10 sec off, Amplitude 15 %) until the lysate
was clear. The lysates were centrifuged for 5 min at 14,000 x g at room temperature, 50
ul of the supernatant were kept as an INPUT control (used for qPCR analysis).

30 pl of Protein G Magnetic Beads (New England Biolabs) were incubated
overnight at 4 °C (on a rotating wheel) with specific antibody (amount as described in
manufacturer’s) and 400 pl of IP lysis buffer, 1 % BSA. The following antibodies were

used for RIP: PGCla (1:100, AB3242, Merck, Rahway, NJ, USA), STAT3 (1:200,
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91398, Cell Signaling), pSTAT3 (1:100, 9145S, Cell Signaling), PKM1 (1:200, NBP2-
14833, Novus Biologicals, Centennial, CO, USA), CTNNB1 (1:100, 9562, Cell
Signaling), SIRT1 (10 pg, S5447, Sigma-Aldrich), IGF2BP2 (10 pg, PAS5-29869,
Thermo Fisher Scientific); RECQ (1:100, PA5-27100, Invitrogen) and human IgG (10 pg)
were used as controls. On the next day total cell lysates were added to the beads and
incubated overnight at 4 °C on a rotating wheel beads. On the next day samples were
washed 5 times with 900 ul of IP lysis buffer. After the last wash the supernatant was
removed and 100 pl of RIP buffer (50 mM Hepes (pH 7.5), 0.1 M NaCl, 5 mM EDTA,
10 mM DTT, 0.5% TritonX-100, 10% Glycerol, 1% SDS with 1 ul of RNase inhibitor)
was added to the beads. Samples and INPUT controls were then incubated for 1 h at
70 °C to reverse the cross-link. Beads were collected using magnetic rack and 100 pl of
supernatant was saved for RNA extraction with Trizol reagent (Thermo Fisher Scientific)
according to the manufacturer’s instruction. Further steps, including RT-qPCR for LL35,

were performed as described in the paragraph 3.8 of this Chapter.

3.24 RNA pull-down assay

LL35 sequence obtained by RACE PCR was cloned to pcDNA3.1 vector by
restriction enzyme digest cloning approach [210]. T7 transcription of LL35 from the
vector was performed using TranscriptAid T7 High Yield Transcription Kit (Thermo
Fisher Scientific) according to the manufacturer’s instruction for High Yield in vitro
Transcription. Newly synthesized transcript was purified by phenol/chloroform extraction.
For transcript desthiobiotinylation we used a Pierce™ RNA 3' End Desthiobiotinylation

Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol with further

110



phenol/chloroform extraction RNA purification. RNA pull-down was performed using
Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific). Briefly,
AMLI12 cells were cultured in T-175 flasks. Cells were trypsinized, washed twice with
1xPBS and collected by centrifugation at 200 x g, 5 min. 107 cells were used for each
replica. Total cell lysates were prepared using IP lysis buffer (Thermo Fisher Scientific)
according to the manufacturer’s protocol. For the binding of labeled RNA transcript to
streptavidin magnetic beads we used 100 pmol of desthiobiotinylatited LL35 transcript
and 50 pl of beads as described in manufacturer’s protocol. For protein binding we used
30 ul of prepared lysate with concentration higher than 2 mg/ml. At the end of the
protocol after two washes and elution of RNA-protein complexes, protein mixture was
run on the SDS-PAGE. Then we performed a silver staining as follows: gel was fixed in
20 % ethanol, 10 % acetic acid for 2 hours, washed 5 times for 15 min in H>O, incubated
with thiosulfate (0,3 g/L), washed 3 times for 1 min in H>O, stained with silver nitrate (1
g/L AgNO3, 1 mL/L formalin) for 15 min, washed 3 times with H,O for 30 sec,
incubated with developer (40 g/L NaxCOs, 20mL of 0,3g/L thiosulfate per 100 mL of
total solution, 1 mL/L formalin) until clear bands and stopped with 10 % acetic acid.
Then lanes of different weights with visible proteins enrichment compared to the negative
control were cut and proceeded to LC-MS analysis of gel pieces similar as LC-MS for

proteome (section 3.14 of this chapter).

3.25 Statistical analysis

All diagrams presented here are based on at least three independent experiments.

Statistical processing of obtained data was performed using the GraphPad Prism soft-
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ware (version 8.0.1) (Graphpad Holdings, LLC, CA, USA) with a multiple t-tests. The
data were considered statistically significant at p-value < 0.05. Venn diagram was built

using Venny 2.1 software [211].
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Chapter IV. Results

This work was performed by the author at Dr. Timofei Zatsepin’s laboratory, at
Center for Molecular and Cellular Biology, Skolkovo Institute of Science and
Technology. The author performed all molecular biology experiments, data analysis and
visualization described in this chapter, except the following. LC-MS for proteomics was
done by Dr. Rustam Ziganshin (Shemyakin-Ovchinnikov Institute of Bioorganic
Chemistry), LC-MS for lipidomics and metabolimics was performed by Elena
Stekolshchikova and Nikolay Anikanov (Center for Neurobiology and Brain Restoration,
Skolkovo Institute of Science and Technology), Dr. Tatiana Abakumova (Center for
Molecular and Cellular Biology, Skolkovo Institute of Science and Technology)
performed mice treatment and blood collection, Dr. Pavel Melnikov (Serbsky National
Medical Research Center for Psychiatry and Narcology) did confocal microscopy
analysis. RNA-seq data processing to obtain a list of differentially expressed genes was
performed by Dr. Ilia Kurochkin (Center for Molecular and Cellular Biology, Skolkovo
Institute of Science and Technology) and Ksenia Deinichenko (Institute of Biomedical
Chemistry). Lipidome and Metabolome data analysis and visualization was done by
Daniil Bobrovskiy (Faculty of Bioengineering and Bioinformatics, Lomonosov Moscow
State University) under the supervision of Dr. Ekaterina Khrameeva (Center for
Molecular and Cellular Biology, Skolkovo Institute of Science and Technology). RNA-
sequencing was performed by Dr. Maria Logacheva at Skoltech Genomics Core Facility.

Dr. Olga Sergeeva (Center for Molecular and Cellular Biology, Skolkovo Institute of
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Science and Technology) participated in the design of the experimental work and flow

cytometry analysis of the cell cycle.

4.1 LL35 expression in murine hepatocytes and liver

Previously in our laboratory we demonstrated prevalent expression of LL35
IncRNA gene (9020622022Rik) in murine liver, lungs and spleen [17]. To further assess
the role and functional significance of LL35 in the physiology of hepatocytes we
compared its RNA expression level in normal murine hepatocyte cell line (AML12) and
two hepatoma cell lines (Hepal-6 and Hepa-1clc7) by RT-qPCR. Obtained data revealed
that LL35 RNA level in both hepatoma cell lines are hardly detected and more than 200
times lower compared with LL35 amount in normal hepatocytes AML12 (Figure 25A).

Downregulation of LL35 in hepatoma cells prompted us to check LL35 RNA
levels in the murine model of hepatocellular carcinoma (HCC). We used plasmids
encoding human AN90-B-catenin, human MET, and Sleeping Beauty transposase to
induce HCC in mice. This murine HCC model is the closest one to human HCC among
others [192]. The obtained results showed that LL35 RNA expression in HCC model is
more than two times lower compared with normal liver samples (Figure 25B).

Alterations in LL35 RNA expression under proliferative conditions, such as HCC,
and evidence, that many IncRNAs change their levels during liver regeneration [212]
urged us to measure LL35 expression level in the murine liver after partial hepatectomy
[193]. RT-qPCR data revealed LL35 RNA downregulation in 2 h after surgery followed

by the increase of LL35 expression level during the liver regeneration (Figure 25C).
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Moreover, previously our research group has found that LL35 is ~70 %
downregulated in mouse liver in two weeks after induction of fibrosis with carbon tetra-
chloride [17]. Taking data above together, one can consider that LL35 IncRNA is
functionally significant in normal murine liver and may be a probable biomarker in

different liver diseases.

A %k k%
0.06+
0.04
0.02-
@ 0.0003 Il AML12
% B Hepa-1cic7
= ** E Hepal-6
2 0.0002-
14
[Te}
9
= 0.0001- ——
(]
=
kS|
£ 0.0000-

AML12 Hepa-1c1c7 Hepal-6

B C

I Normal liver
O Hce B LL35

1.5+ *k 1504

100
50+
oA

T
Normal liver HCC 2h 48h  control

*

-
o
1

o
o
L
LL35 RNA levels,

normalized to control, %

LL35 RNA levels,
normalized to normal liver

o
T

Figure 25. Evaluation of LL35 RNA expression in hepatocyte cell lines and murine liver. (A)
Hepatocyte cell lines. (B) Normal and HCC murine liver. (C) Partial hepatectomy murine model. ACTB —
reference gene in RT-qPCR. Results show mean £ SD. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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4.2 LL35 transcripts in murine liver and AMLI2 cell line

LL35 was initially annotated as RIKEN cDNA 9030622022 gene (NCBI Gene
Symbol: 9030622022, Ensembl ID: ENSMUSG00000086141.8). According to current
NCBI annotation release 109 [213] LL35 has 42 transcripts, while in Ensembl release
106 [214] there are only 3 annotated transcripts of LL35. Bioinformatic analysis of RNA
sequencing data for murine liver samples disclosed that only 10 exons of LL35 are
expressed in normal mouse liver. These 10 exons fit into two LL35 transcripts annotated
by NCBIL: XR 866812.3 and XR 866829.3 (Figure 26). For LL35 PCR analysis in
hepatocytes we further designed multiple primers specific for these 2 transcripts and
located in different exons. Using various combinations of designed PCR primers, we
successfully verified that AML12 cells contain a region from exon 4 to exon 6 of
XR 866812.3 and XR 866829.3 transcripts. We used this region as a starting point for
RACE PCR (rapid amplification of cDNA ends) experiment, in which we identified a
new LL35 transcript in AML12 cells. The found that the transcript is 1193 nt long and
does not have a 100 % identity with any of the annotated transcripts in the databases. The
closest annotated sequence for the obtained by RACE PCR LL35 transcript is
XR_866813.3 isoform from NCBI, which is 148 nt longer at 5’- end and 279 nt longer at
3’- end (Figure 26). Thus, AML12 cells contain at least one LL35 transcript 1193 nt long
and we found it using RACE method followed by additional confirmation using Sanger

sequencing (Supplementary Figure S1).
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Figure 26. Schematic representation of LL35 transcripts found by RACE experiment in AMLI2
cells and by exons expression analysis of RNA-seq data of murine liver. Upper transcript was identified by
RACE PCR in AMLI2 cells. XR_866813.3 is the closest transcript from NCBI database to one identified by
RACE, XR 866812.3 and XR_866829.3 are transcripts that contain 10 LL35 exons identified by RNA-seq
data for nurine liver. Orange box — exon present in all LL35 transcripts described here, green box — exon
present only in those LL35 transcripts that match RNA-seq data for murine liver, and absent in transcript

determined by RACE PCR.
4.3. LL35 downregulation using antisense oligonucleotides in vitro and in vivo

To study the function of LL35 IncRNA in vitro and in vivo we performed its
knockdown using antisense oligonucleotide (ASO) technology. We have chosen ASO
instead of RNA interference (siRNA) technique, because LL35 is predominantly located
in the nucleus [17], where RNA interference is not efficient while ASO can downregulate
RNA transcripts both in nucleus and cytoplasm. An effective mix of 5 different ASOs
(Supplementary Table S1) specific to various regions of LL35 IncRNA, was designed
based on predicted LL35 structure with Vienna RNA software and localization of target
exons [17]. As a control for knockdown experiments, we used ASO specific to Firefly

luciferase mRNA (Luc) in 100 nM concentration. Using a described above ASOs mix
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with 20 nM final concentration of each ASO we managed to achieve 85 % knockdown of
LL35 in AMLI12 cells on the day 2 after transfection (Figure 27A).

For LL35 downregulation in vivo we synthesized five ASOs (Figure 27B)
(Supplementary Table S2) with the same core sequences as ASOs for in vitro studies,
but 3’- GalNAc-conjugated for improved targeted delivery to the liver after intravenous
or subcutaneous injection [191]. To choose the best conditions for knockdown in vivo we
tested several concentrations of GalNAc-ASO conjugates for LL35 and two time points:
day 2 and day 5. GaNAc-ASO conjugate for Luc in appropriate concentrations was used
as a control. We injected GalNAc-ASO conjugates in murine tail vein at different
concentrations: 25 mg/kg, 50 mg/kg, 100 mg/kg, 150 mg/kg and 200 mg/kg in total for 5
oligos and analyzed the efficacy of LL35 RNA inhibition at days 2 and 5 by RT-qPCR.
At day 2 after single injection we observed only ~63 % decrease in LL35 expression
level in comparison with control Luc GalNAc-ASO (Figure 27C). Meanwhile, on the
day 5 the knockdown efficacy of LL35 in mice that received 150 mg/kg and 200 mg/kg
doses reached 81 % and 84 %, respectively (Figure 27D). After analyzing RT-qPCR data,
we decided to choose a day 5 time point and ASOs mix concentration of 150 mg/kg in

total for further experiments (Figure 27E).
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Figure 27. ASO-mediated LL35 knockdown (KD) in vitro and in vivo. (A). LL35 knockdown on
the 2nd day after AMLI2 cells treatment with 20nM mix of 5 ASOs specific to LL35 (LL35 ASO), Luc ASO
— control. (B). Schematic structure of GalNAc-ASO conjugates used for LL35 depletion in vivo. (C). LL35
knockdown on the day 2 of mice injection with different concentrations of GalINAc-ASO conjugates (LL35
ASO), Luc ASO, PBS - control. (D). LL35 knockdown on the day 5 of mice injection with different
concentrations of GalINAc-ASO conjugates (LL35 ASO), PBS - control. Normalization on ACTB gene. (E).
LL35 KD in the liver at day 5 after injection of GalNac-ASO conjugates (LL35 ASO). Luc ASO — control.
Normalization on ACTB gene. (F). Hematoxylin-eosin (H&E) staining of liver samples after LL35

depletion (LL35 ASO). Three biological replicas per condition were used in each experiment,; results show
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mean = SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using

multiple t-test in GraphPad Prism.

To assess the physiological conditions of mice and pathological changes in the
liver, which could be caused by the administration of GalNAc-ASO conjugates for LL35
depletion, we conducted a morphological study of murine liver and biochemical blood
analysis. Hematoxylin and eosin staining of liver samples did not reveal any changes
after LL35 inhibition in comparison with control samples (Figure 27F). Also we did not
observe any signs of liver damage or inflammation, such as neutrophil or lymphocyte
infiltration or focal necrosis. Moreover, the animal blood analysis demonstrated that
levels of key factors, such as ALT, AST, ALP and others, remained unchanged (Figure
28). Also, we didn’t observe significant changes in weight or differences in the behavior
of the mice between LL35 knockdown and control groups. Taking together, our data

demonstrates that administration of GaINAc-ASO was well tolerated.
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Figure 28. Biochemical markers analyzed in animal blood on the 5th day after LL35 depletion by
injection of GalNAc-ASO conjugates (LL35 ASO), Luc ASO - control. Luc ASO + Insulin and LL35 ASO +

Insulin indicates groups of animals which were treated with 1U/kg insulin 1 hour before blood sampling

for analysis.
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4.4 Analysis of gene and protein expression after LL35 knockdown in vitro and in
Vivo

To understand which biological processes and functions are affected by LL35 in
the cell, we analyzed changes in mRNA profiles of AMLI12 cells on the day 2 and in the
murine liver on the day 5 after LL35 knockdown by deep RNA sequencing. Volcano
plots for AML12 cells and murine liver of RNA-seq data were shown in Supplementary
Figure S2A and S2B, respectively. We calculated differential mRNA expression and
based on obtained data we defined a following cut-off for differentially expressed genes:
llog2foldchange| > 0.8, adjusted p-value < 0.1. Thereby we found significant changes in
expression of 796 genes in vitro and 170 genes in vivo after LL35 depletion in
comparison with Luc control. It is interesting to note that only 5 differentially expressed
genes were common between in vitro and in vivo sets (Figure 29A), which could be
explained by more complex intercellular interactions in murine liver compared with cell
lines. Among 796 differentially expressed genes in AMLI2 cells 273 genes were
downregulated and 523 were upregulated, meanwhile in liver tissue 107 genes showed
significant downregulation and 63 upregulation.

For differentially expressed genes we performed the PANTHER Reactome
pathway analysis [196] to study the processes affected by LL35 depletion. We observed,
that in AML12 cells the most enriched pathways (p-value < 0.05) are related to cell cycle,
development, rRNA processing and lipid metabolism (particularly, glycerophospholipid
biosynthesis, complex I biogenesis, metabolism of steroids) (Figure 29B). Pathway

enrichment analysis results for liver samples partially correlate with changes in vitro:
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among significant pathways (p-value < 0.05) we observed metabolism, glutathione

conjugation, biological oxidations and sulfur amino acid metabolism (Figure 29C). At

the same time, we did not find alterations in pathways related to cell cycle after LL35

knockdown in vivo, which could be explained by the slow turnover of hepatocytes [215],

and observed enrichment in stress-related
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Figure 29. Results of transcriptome analysis of AMLI2 cells and murine liver after LL35

depletion. (A). Venn diagram for differentially expressed genes after LL35 knockdown in AMLI?2 cells in

comparison with murine liver. Top representative pathways with p-value<0.05 obtained by PANTHER
Reactome analysis of differentially expressed genes after LL35 depletion in (B). AMLI?2 cells; (C). murine

liver.
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For the additional investigation of transcriptomic changes after LL35 knockdown
in AMLI12 cells and murine liver we conducted a gene ontology analysis for differentially
expressed genes by three gene attributes: molecular function (MF) (Supplementary
Figure S3A, S3B), cellular component (CC) (Supplementary Figure S3C, S3D) and
biological process (BP) (Supplementary Figure S3E, S3F). Enriched data showed
similar effects of LL35 knockdown in vitro and in vivo in the reaction to endogenous
stimulus, signaling receptor activity and signal transduction. For in vivo data we again
observed changes in multiple metabolic processes. Interesting difference was found in the
analysis of the cellular components changes: for liver tissue we saw an abundance of
changes in nuclear compartments, while for AMLI2 cells — in the compartments
associated with intracellular contacts.

Then we performed RT-qPCR analysis of the genes related to cell cycle
regulation, lipid biosynthesis and metabolism to confirm the transcriptomic data for LL35
depleted AML12 cells and murine liver (Figure 30). RT-qPCR analysis confirmed
changes in expression of genes of interest, thus, showing the correlation between RT-

qPCR and RNA-seq data and verifying the results of the PANTHER enrichment analysis.
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Figure 30. Validation of transcriptome data by RT-qPCR, normalization on ACTB gene. Three

biological replicas per condition were used in each experiment; results show mean + SD. n.s.—not

significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using multiple t-test in

GraphPad Prism.
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In addition, we took RNA-seq data for LL35 knockout in murine lungs tissue,
previously published by Swarr et al. [5], and performed PANTHER Reactome pathways
analysis using the same parameters as we did for our data. Among enriched pathways in
lung tissue (Figure 31A) we would like to highlight metabolism of amino acids and
derivatives, cell cycle, extracellular matrix organization, which correlates with observed
changes in AMLI12 cells.

For AMLI12 cells we also conducted a LC-MS-proteomic analysis at day 2 after
LL35 inhibition. Totally, expression levels of 232 proteins were changed significantly
(cutoff 2) after LL35 knockdown in comparison with Luc control. 102 proteins were
upregulated, while 130 appeared to be downregulated. PANTHER Reactome pathways
analysis showed abundance in following pathways: signaling transduction, proteins
modification, translation and phospholipid metabolism (Figure 31B). Obtained

proteomic data correlate with transcriptomic data for AMLI12 cells.
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Figure 31. (A). Top representative pathways obtained by PANTHER Reactome analysis of
differentially expressed genes (|log2FC|>0.8, adjusted p-value <0.1) in lung epithelium isolated from null
LL35 mice [5]. (B). Top representative pathways obtained by PANTHER Reactome analysis for
significantly changed proteins after LL35 depletion in AMLI2 cells.

4.5 LL35 knockdown causes changes in hepatocytes lipidome and metabolome

both in vitro and in vivo

Transcriptomic and proteomic data for LL35 depletion revealed enrichment in
pathways associated with cellular metabolism and lipid biosynthesis, so we performed a
high-throughput LC-MS-based lipidome and metabolome analysis of LL35 depleted
AMLI12 cells and murine liver on the day 2 and day 5, respectively.

We revealed abundances for 6429 polar metabolite and 3074 lipid features from
the cell culture samples and 3135 polar metabolite and 1681 lipid features from the liver
tissue samples. Among them only 294 polar metabolite and 1111 lipid features from the
AMLI12 cells and 382 polar metabolite and 661 lipid features from murine liver were
putatively annotated. We performed the principal component analysis (PCA) of the lipid
and metabolite data for visualization of samples variation. According to PCA AMLI12
cells samples showed clear separation between the LL35 knockdown and control groups
(Figure 32A).

We performed a group-based analysis to evaluate the significance of LL35
downregulation at the level of individual lipid classes and found that a number of classes
affected by LL35 knockdown both in cell culture and in liver tissue. All the features from
these lipid classes were then subject to additional MS2 confirmation and only lipid

classes with fgsea FDR < 10 % both before and after confirmation were considered to be
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significantly dependent on LL35 knockdown. This approach revealed that the abundance
of plasmanyl-/plasmenylphosphatidylcholines (O-PC/P-PC) decreased in both AMLI12
cells and liver tissue (Figure 32B, 32C). Furthermore, the abundance of
phosphatidylethanolamines (PE) and hexosylceramides (HexCer) increased only in cell
culture (Figure 32B), while diradylglycerols (DG), ceramides (Cer;02) and
lysophosphatidylcholines (LPC) showed significant increase solely in murine liver
(Figure 32C). To establish the relationship between lipidomic changes and specific genes,
we checked mRNA levels of crucial enzymes involved in lipid metabolism after LL35
knockdown in vitro and in vivo by RT-qPCR and found dysregulation of the following:
Pcytlb, Chptl, Ceptl, Pisd, Etnkl and Etnk2 (participate in PC and PE biosynthesis),
Lpcatl and Lpcat3 (LPC synthesis), Pla2gda (DG synthesis), Smpdl and Asahl

(ceramides production). (Figure 32D).
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Figure 32. Lipidome and metabolome analysis of AMLI2 cells and murine liver after LL35
depletion. (A). PCA score plots for AMLI2 cells and liver samples, LL35 ASO — LL35 KD, Luc ASO —
control. Significantly changed lipid classes after LL35 depletion in (B). AMLI2 cells; (C). murine liver.
Numbers in brackets: the number of confirmed features and the total number of features. (D). RT-qPCR
analysis of RNA expression levels of the key genes participated in synthesis and break-down of significantly
changed lipids classes after LL35 knockdown (LL35 ASO) and control (Luc ASO), normalization on ACTB
gene. NES — normalized enrichment score. Three biological replicas per condition were used in each
experiment, results show mean + SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-

value was obtained using multiple t-test in GraphPad Prism.

The effect of LL35 knockdown on polar metabolite features could not be
measured by pairwise tests, since the statistical effects were too low to define a proper
FDR threshold for metabolites associated with treatment. However, we identified
significant effects of LL35 depletion on the polar metabolites using group-based analysis.
While no pathways were enriched in case of liver tissue samples, 5 KEGG pathways
were affected by the knockdown in cell culture: purine metabolism, aminoacyl-tRNA
biosynthesis, central carbon metabolism in cancer, glutathione metabolism and
phenylalanine, tyrosine and tryptophan biosynthesis (fgsea FDR<5%) (Figure 33A).
Significant difference in purine metabolism between knockdown and Luc control cells
was supported by the enrichment analysis on a subset of 99 SMPDB metabolic sets
suggested by MetaboAnalyst (fgsea FDR<5%).

The fact that purine metabolism in cell culture seems to be affected by LL35
knockdown is also supported by sparse PCA. Using this method, we selected 30 features
for the first principal component, along which the samples were divided into knockdown
and control groups. Out of these 30 features, 10 turned out to be involved in purine

metabolism (MetaboAnalyst Over Representation Analysis, FDR=0.024). We could not
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apply sparse PCA to liver samples analysis, since the knockdown and control groups
were harder to distinguish even on normal PCA.

Afterwards we performed an Oil Red O staining to visualize and measure the lipid
droplets formation in cells, where neutral triglycerides and lipids could be accumulated
[216]. At day 2 after LL35 knockdown in AML12 cells we observed an increase in lipids
droplets size (mean diametr for LL35 ASO = 2.9 +0.7 um, mean for Luc ASO = 1.6 £0.6
um) and accumulation (mean fluorescent intensity for LL35 ASO = 0.41 +0.1 RFI, mean
for Luc ASO = 0,3 +0.08 RFI) in comparison with control cells (Figure 33B).
Meanwhile there were no significant difference in lipid droplets between liver samples
with LL35 depletion and control liver samples (Figure 33C). Obtained micrograph for in
vitro data correlates with lipidomic analysis. Probably to observe phenotype changes in
vivo we need to perform longer knockdown of LL35. On the other hand, prolonged
knockdown in vivo can lead to the multiple secondary effects.

Finally, we used a Click-iT® Lipid Peroxidation Imaging Kit to check if LL35
depletion causes changes in lipid peroxidation in AMLI12 cells. We found that depletion

of LL35 results in significant increase of lipid peroxidation in vitro (Figure 33D, 33E).
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liver. Control — Luc ASO. (D). LL35 knockdown upregulates lipid peroxidation. Data obtained from Click-
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iT® Lipid Peroxidation Imaging Kit with (E). further analysis by confocal microscopy. KD LL35 — cells
transfected with ASOs for LL35, Luc — control cells transfected with ASO to luciferase. Three biological
replicas per condition were used in each experiment; results show mean + SD. n.s.—not significant, * p <

0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using multiple t-test in GraphPad Prism.

4.6 Knockdown of LL35 IncRNA interferes with glucose metabolism in normal

hepatocytes in vitro and in vivo

Lipid metabolism is tightly associated with glucose metabolism, in particular,
through de novo synthesis of fatty acids and glycerol [217]. Moreover, several years ago
it was discovered, that DEANR1 — a functional human analog of LL35, is involved in the
regulation of pancreatic cancer glycolysis and proliferation and also induces cell cycle
arrest and apoptosis [10]. Based on this knowledge we decided to check glucose
metabolism after LL35 depletion in AMLI12 cells.

Mitochondrial oxidative phosphorylation and glycolysis are the main sources of
total ATP in the cell. To assess the possible involvement of LL35 in ATP synthesis we
first performed a Mito Stress Test, which measures key parameters of the mitochondrial
function by the direct measuring the oxygen consumption rate (OCR) of cells, at day 2
after LL35 knockdown in AMLI12 cells using a Seahorse analyzer. During Mito assay the
following components are added to the cells media that affect the activity of the electron-
transport chain, which makes it possible to assess its functionality: 1 uM oligomycin, 1
uM FCCP and 1uM rotenone/antimycin A. Measured OCR values showed no significant
difference in mitochondrial respiration for AMLI12 cells with LL35 knockdown in
comparison with Luc control, which indicates a normal electron flux through

mitochondrial electron transport chain (Figure 34A, 34B, 34C). During glycolysis
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glucose is converted to pyruvate, which, in turn, is converted to lactate with protons
release into the extracellular medium. The Seahorse XF instrument measures the
extracellular acidification rate (ECAR), which allows to assess the key parameters of
glycolytic flux: glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic
acidification. We performed a Glycolysis stress test on the day 2 after LL35 knockdown
in AMLI12 cells, and measured ECAR values indicated that LL35 knockdown causes
decrease of glycolytic flux, in particularly, the downregulation of glycolytic capacity,

glycolytic reserve and non-glycolytic acidification (Figure 34D, 24E).
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Figure 34. Analysis of OCR and ECAR values in AMLI2 cells after LL35 depletion using
Seahorse XF. (A). The average time curve for OCR after subsequent injections of luM oligomycin, 1uM
FCCP and 1uM rotenone/antimycin A. Each data point represents an OCR value used for calculations. (B).
Individual parameters for cell respiration in %, including spare respiratory capacity and coupling
efficiency for AMLI2 cells after LL35 depletion (LL35 ASO) and control (Luc ASO). (C). Individual
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Individual parameters for the cell glycolytic function, including glycolytic capacity, glycolysis, non-
glycolytic acidification and glycolytic reserve, for AMLI2 cells after LL35 depletion (LL35 ASO) and
control (Luc ASO). Six biological replicas per condition were used in each experiment, results show mean
+ 8SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using multiple
t-test in GraphPad Prism.

For additional characterization of mitochondria function after LL35 depletion, we
performed mitochondria staining with TMRE and MitoTracker green FM. TMRE allows
to quantify changes in the mitochondria membrane potential due to its accumulation in
active mitochondria because of their relative negative charge. Meanwhile inactive or
depolarized mitochondria have decreased potential and do not sequester TMRE.
MitoTracker green FM localizes to mitochondria regardless of the membrane potential,
allowing to estimate the total mitochondria number in the cell. Analysis of mitochondria
staining with TMRE and MitoTracker using confocal microscopy showed that LL35
knockdown does not cause changes in number of active mitochondria as well as in total
number of mitochondria (Figure 35A). Summing up the data received from Seahorse
analyzer and mitochondria staining, we can conclude that LL35 does not participate in
the proper functioning of mitochondria.

We found that L35 knockdown causes changes in the glucose metabolism, and to
look in more detail at the changes in the mechanisms of this process, we performed
analysis of multiple mRNAs and proteins after LL35 knockdown in AML12 cells. First,
we checked mRNA expression of enzymes involved in main pathways of glucose
metabolism, such as glycolysis, gluconeogenesis, pentose phosphate pathway,

glutaminolysis, glycogen synthesis and acetyl-CoA synthesis by RT-qPCR and observed
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significant alterations in some of them (Figure 35B). Thus, hexokinase (Hk2), lactate
dehydrogenase  (Ldha), enolase  (Eno2), phosphofructokinase-2  (Pfkfb2),
phosphofructokinase-2 (Ptkfb3), glucose transporter-1 (Glutl) showed significant
upregulation of its mRNA expression on the day 2 after LL35 depletion (scheme of
glycolysis and gluconeogenesis with differentially expressed genes is shown in
Supplementary Figure S4A). Meanwhile, mRNA of the main glucose transporter in
hepatocytes — Glut2 and phosphoinositide-dependent kinase-1 (Pdkl) were
downregulated. Also, we checked mRNA expression of the enzymes, involved in
gluconeogenesis pathway, the opposite pathway to glycolysis, which leads to glucose
synthesis inside the cell. We showed that LL35 knockdown results in significant
upregulation mRNA of two key gluconeogenic enzymes: G6pc and Pepck. Moreover, in
the case of PEPCK, we observed a significant increase in both mRNA and protein levels
(Figure 35B, 35C). Finally, we analyzed expression of main transcription factors, which
participate in the regulation of glucose and lipid metabolism, and observed increased
mRNA expression levels of Myc, Pgcla, Egrl and Sirtl, and decreased expression levels
of FoxJ1 after LL35 knockdown (Figure 35B). All these data confirmed the involvement
of LL35 IncRNA in the regulation of the glucose metabolism in vitro, but the molecular

mechanism of the regulation is still under investigation.
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Figure 35. Mitochondria staining and analysis of mRNA expression of genes related to glucose
metabolism. (A). AMLI12 cells mitochondria staining with TMRE and Mito Tracker green after LL35
depletion and in control cells. (B). Evaluation of mRNA levels for key genes and transcription factors,
which participate in glucose metabolism after LL35 knockdown (LL35 ASO) and control (Luc ASO) by RT-
qPCR with normalization on ACTB gene. (C). Western blot and its quantification of PEPCK protein levels
in AMLI2 cells after LL35 inhibition (LL35 ASO) and control (Luc ASO), quantification was performed

using ImageJ. Three biological replicas per condition were used in each experiment; results show mean +
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SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using multiple t-
test in GraphPad Prism.

To investigate the involvement of LL35 IncRNA in the glucose metabolism in
vivo, we performed insulin tolerance test. Insulin is a master regulator of glucose, lipid,
and protein metabolism, and together with glucagon maintains normal glucose
concentration [218]. We monitored glucose blood level in mice at day 5 after LL35
knockdown each 15 minutes during first hour after insulin injection (1 U/kg) and found
that glucose blood level in mice with LL35 KD was 1,5-2 times higher than in control
mice (Figure 36A). An injection of insulin activates glycolytic enzymes, leading to
glucose digestion and rapid decrease in its level in the blood. Elevated glucose suggests
that LL35 depletion results in a decreased insulin response. Analysis of the animal blood
after the insulin injection demonstrated the compensation of the effects found for the
LL35 depletion. LL35 depletion in vivo resulted in decrease of direct bilirubin, elevated
levels of cholesterol, inorganic phosphorus and AST/ALT ratio (Figure 36B). Injection
of insulin caused the absence of the differences between LL35 ASO mice and control
mice. After we evaluated the effect of insulin treatment in vivo, we decided to look at the
status of the AKTI1/PI3K signaling pathway in vitro for additional confirmation of
obtained data. Insulin leads to the activation of the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway by autophosphorylation of the B subunit of IR or IGF1 [219,220].
We measured pAKT1/AKT1 proteins ratio before and 1 hour after cells stimulation with
100 nM insulin. Level of AKT1 phosphorylation dramatically decreased (pAKT1/AKT]1
before insulin stimuli was 3,5 times lower) after LL35 depletion in comparison to control

cells, but insulin addition restored AKTI phosphorylation (Figure 36C, 36D).
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Deregulation of AKT1 signaling pathway in LL35 depleted cells, which participates in
regulation of glycolysis and gluconeogenesis, may explain the observed changes in

expression of genes related to glucose metabolism.
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Figure 36. The influence of insulin in mediating the effects of LL35 depletion in vitro and in vivo.

(A). Insulin tolerance test in vi-vo. Glucose blood level in mice was measured each 15 minutes for 1 hour
after insulin injection (1 U/kg). LL35 ASO — mice with depleted LL35, luc ASO — control mice. (B).
Biochemical parameters of mice blood at day 5 after LL35 depletion (LL35 ASO) in comparison to control
mice (Luc ASO). Insulin treatment compensates these differences. (C). Western blot of pAKTI and AKTI
proteins in AMLI2 cells after LL35 knockdown (LL35 ASO) and control (Luc ASO) with 100 nM (+Ins) or
without insulin treatment. (D). Quantification of pAKT1/AKTI ratio for AMLI?2 cells after LL35 knockdown
and insulin treatment. Three biological replicas per condition were used in each experiment; results show
mean = SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using

multiple t-test in GraphPad Prism.

Finally, to find potential protein partners of LL35, which could mediate the
effects of LL35 depletion on glucose and lipid metabolism, we performed RNA

immunoprecipitation (RIP) analysis. RIP method allows to uncover direct interactions
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between RNA and proteins. This technique is based on the usage of a specific antibody
against the protein of the interest to pull down the targeted protein-RNA complexes,
RNA molecules in which could be further analyzed by RT-qPCR. Based on our data for
glycolysis dysregulation after LL35 knockdown and literature analysis of the main
factors involved in the regulation of glucose metabolism, we picked up the following
proteins for RIP: PGCla, STAT3, pSTAT3, PKM1, CTNNBI, SIRT1, IGF2BP2. We
incubated antibodies against these proteins with lysates from AMLI2 cells as described
in Chapter II1, isolated precipitated RNA and performed RT-qPCR analysis with primers
specific to LL35 gene. Unfortunately, obtained data did not reveal abundancy of LL35
RNA for the selected proteins complexes (Supplementary Figure S5A).

Then we conducted an alternative experiment — RNA pull-down, allowing to
enrich RNA Binding Proteins (RBPs) using biotinylated RNA and streptavidin magnetic
beads. We performed a T7 transcription from pcDNA3.1 plasmid containing LL35 gene
obtained by RACE. Desthiobiotinylated LL35 transcript was used for RNA pull-down
assay, and the interacted proteins were analyzed using LC-MS. Among the enriched
proteins only hnRNPA2B1 (Heterogeneous Nuclear Ribonucleoprotein A2/B1) was
significant (Supplementary Table S4). Thus, based on RNA pull-down assay
hnRNPA2BI is a potential partner for LL35, but specificity of this interaction should be
further confirmed.

Human IncRNA DEANRI is involved in glycolysis regulation in pancreatic
cancer via sponging miR-222-3p [8]. We decided to check the expression levels of miR-

222-3p and miR-23a-3p (participates in gluconeogenesis regulation [221]) after LL35
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knockdown in AMLI12 cells to test the hypothesis of glycolysis regulation by LL35 via
sequestering miRNAs. Our RT-qPCR data did not show upregulation of studied miRNAs
after LL35 depletion (Supplementary Figure S5B), suggesting that LL35 unlikely

participates in their sponging.

4.7 LL35 is required for proper hepatocytes survival and migration

Glucose and lipid metabolism plays a central role in the cell biogenesis and its
normal functioning is essential for cell life and proliferation. To study the influence of
LL35 on the survival of hepatocytes in vitro and for the investigation of the phenotype
resulting from the changes in transcriptome and proteome analysis, we performed MTS
assay for AML12 with depleted LL35 versus control Luc cells (Figure 37A). Starting
from the day 2 after LL35 knockdown we observed decrease in cell survival in
comparison to control cells. At day 3 the difference between cells with depleted LL35
and control cells reaches two times. To assess whether LL35 interferes with the cell
migration ability we conducted a wound-healing assay (Figure 37B, 37C). On the third
day we saw that wound closing rate was significantly lower in cells with LL35
knockdown compared with control, indicating that LL35 downregulation impairs cell
migration ability.

Further, we performed a cell cycle analysis using flow cytometry and PI staining
(Figure 37D). Obtained data revealed that LL35 knockdown leads to the cell cycle
stagnation in S phase (13% of cells with LL35 knockdown versus 9% of control cells),
which may result in decreased cell viability. E-cadherin protein participates in the

formation of adherent junctions to bind cells with each other, which is directly related to
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the ability to migrate. We checked its mRNA expression level and found, that LL35
depletion results in downregulation of E-cadherin mRNA (Figure 37E). Moreover, 74
genes related to cell junction (Figure S3E) showed differential expression in
transcriptome data of AML12 cells after LL35 downregulation. Also, we performed a Ki-
67 staining of liver tissue samples to check if LL35 depletion interfere with hepatocytes
proliferation in vivo. We observed no difference in proliferation rate between samples
with LL35 knockdown and control Luc samples (Figure 37F). Obtained data may
suggest that 5 days after LL35 inhibition may be too short time period to see phenotypic

changes in the murine liver.
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compared with Luc control. (B). Wound-healing assay for AMLI12 cells after LL35 knockdown and control.

(C). Quantification of wound-healing assay with imageJ software. (D). Cell cycle analysis of the cells with

LL35 knockdown and control cells by flow cytometry. Percentage of cells in different cell cycle phases after

LL35 knockdown compared with control obtained from flow cytometry analysis after PI staining. (E). E-

cadherin mRNA expression levels after LL35 depletion in comparison with luciferase control measured by

RT-gPCR. (F). Ki-67 staining of liver tissue samples. Four biological replicas per condition were used in

MTS assay and 3 replicas in other presented here experiments; results show mean £ SD. n.s.—not

significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, p-value was obtained using multiple t-test in

GraphPad Prism.
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Finally, we analyzed the expression of multiple genes involved in important
signaling pathways connected with cells viability and migration after LL35 depletion in
AMLI12 cells and observed alteration in two pathways: Notch and NF-kB.

The Notch signaling pathway participates in the regulation of proper cellular
proliferation, apoptosis and differentiation. Indirect immobilized of Notch ligand Jagged1
significantly reduced cell proliferation, colony forming unit ability, and the number of
cells in S phase [222,223]. We demonstrated that LL35 knockdown results in significant
upregulation of Jaggedl protein — one of the main ligands, which binds to Notch
receptors and triggers Notch signaling (Figure 38A). Moreover, Notchl, Notch4 were
also upregulated at mRNA level, as well as Notch signaling target genes — Hes-1 and
Hey-1 (Figure 38B). Thus, we can conclude, that LL35 contributes in normal Notch
pathway signaling, which also affected on the changes in viability and migration of
hepatocytes with depleted LL35.

NF-kB pathway is one of the main controllers of transcription, cytokine
production and cell survival [224]. We measured p105/p50 proteins ratio after LL35
knockdown and observed its slight increase (p-value=0.06) (Figure 38C). But there is an
alternative way to activate NF-kB pathway, via stimulation of the IkB (inhibitor of kB)
kinases. We evaluated the expression levels of IkBa mRNA and protein and observed
their significant upregulation in two days after LL35 knockdown (Figure 38D, 38E),

which also contributes in the regulation of the cell viability and migration.
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Figure 38. Changes in Notch and NF-kB pathways after LL35 depletion in vitro. (A). Estimation
of Jaggedl protein level after LL35 knockdown in vitro by western blot, normalized at ActB protein level.
(B). RT-qPCR measurement the mRNA expression levels of major genes involved in Notch signaling
pathway after LL35 knockdown (LL35 ASO) in AMLI2 cells and control (Luc ASO), normalization on
ACTB gene. (C). Estimation of p105/p50 proteins ratio after LL35 knockdown in AMLI2 cells by western
blot, normalized on ActB protein level. (D). Estimation of IxBa protein level after LL35 knockdown by
western blot, normalization on GAPDH protein level. (E). RT-qPCR meas-ured expression levels of IkBa
mRNA after LL35 knockdown and control. ACTB-reference gene. Three biological replicas per condition
were used in each experiment; results show mean £+ SD. n.s.—not significant, * p < 0.05, ** p < 0.01 and

**% p < 0.001, p-value was obtained using multiple t-test in GraphPad Prism.

Taking our data together, we conclude that LL35 depletion affects multiple
cellular processes, such as lipid and glucose metabolism, Notch and NF-«B signaling

pathways, which may result in impaired viability and migration ability of hepatocytes.
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Chapter V. Discussion

LncRNAs are valuable regulators of biological processes in mammalian cells.
Their function and mechanism of action may be tissue- or condition-specific, and,
unfortunately, are still poorly understood. In this work we have focused on the study of
murine IncRNA LL35 function in normal hepatocytes in vitro and in vivo.

LL35 was proposed to be a functional analog of human IncRNA DEANRI in
lungs [5], which functionality and mechanism of action were described predominantly in
different cancer types or tissues during development [12,187]. By now, LL35 function
was studied only in the lung tissue by Swarr et al. [5]. Interestingly, that authors showed
that LL35 knockout did not lead to any aberrations during lung development, but caused
defects in the regeneration of the airway epithelium after injury [5]. Also our research
group previously reported a decreased expression of LL35 at early stages of murine liver
fibrosis [17]. However, the question whether LL35 is a functional analogue of human
DEANRI in the liver remained to be under consideration. Here we found downregulation
of LL35 RNA levels in HCC mouse model (Figure 25B), which correlates with
DEANRI1 expression in liver samples of patients with HCC [7,12], and its low expression
in the murine model of the partial hepatectomy (Figure 25C). LL35 levels in several
murine hepatocyte cell lines (AML12, Hepa-lclc7, Hepal-6) additionally proved
predominant LL35 expression in normal liver cells (Figure 25A). Based on our data we
consider that LL35 is functionally significant in normal murine liver and may be a

probable biomarker in different liver diseases. Moreover, we suggest that studying of
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LL35 in HCC mouse model will be helpful to uncover the molecular mechanisms of its
action in vivo that is crucial for studying of human IncRNA DEANRI.

For in vitro studies we selected AML12 cell line derived from normal hepatocyte
of 3-months-old mouse. The liver is one of the key metabolic organs, and it was shown
that AML12 cells most accurately phenocopied in vitro energy metabolism of primary
mouse hepatocytes [225]. To investigate LL35 functions in hepatocytes in vitro and in
vivo we conducted loss-of-function study by generating ASO-mediated knockdown of
LL35 IncRNA (Figure 27A, 27E). We previously showed that LL35 is predominantly
localized in the cell nucleus (80% versus 20% in cytoplasm) [17]; therefore, we chose the
ASO strategy that induces target cleavage by RNase H, since it leads to inhibition of the
target both in the nucleus and in the cytoplasm [226], in contrast to the siRNA strategy,
which is active only in the cytoplasm. For LL35 knockdown in liver we synthesized
conjugates of ASO with N-acetylgalactosamine (GalNAc) (Figure 27B). GaINAc-ASO
conjugates became a breakthrough approach for liver-targeted delivery in the therapeutic
oligonucleotide field [227]. Single administration of GaINAc-ASO led to more than 80 %
downregulation of LL35 in the murine liver without any damage confirmed by blood and
morphological analysis (Figure 27E, 27F, 28). This result is consistent with previously
shown data that the conditional knockout of LL35 IncRNA in mice miserably interfere
with normal development, including endoderma-derived organs such as lungs [5]. We got
highly efficient (85% in vitro, 81% in vivo), but not 100% downregulation of LL35.

Therefore, residual expression of LL35 may diminish effects of its downregulation.
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Then we compared changes in gene expression caused by LL35 depletion in vitro
and in vivo using RNA-seq and LC-MS-proteomics technologies. PANTHER Reactome
pathway analysis of transcriptome revealed that LL35 depletion both in cells and in the
liver caused changes in metabolism, glutathione conjugation, biological oxidations and
sulfur amino acid metabolism (Figure 29B, 29C). At the same time, we found changes in
the cell cycle related pathways only in AMLI12 cells (Figure 29B). This may be
explained by the slow turnover of hepatocytes in the liver [215]. Despite some similarity
in changed pathways, we found poor overlap between differentially expressed genes
(only 5 genes were common) after LL35 depletion in AMLI12 cells and murine liver
(Figure 29A). Such difference in transcriptome data between in vitro and in vivo may be
explained by more complex cellular communications in the liver than in cell culture.
Moreover, GalNAc-conjugates provide targeted delivery to hepatocytes only, while liver
contains other cell types, such as hepatic stellate cells, Kupffer cells and liver sinusoidal
endothelial cells, which were not excluded from RNA-seq analysis. Moreover, rather
often RNA-seq data for cell culture and tissue have low similarities [228,229]. Small
intersection between sets of differentially expressed genes highlights the importance of
conducting in vivo studies. Despite AML12 is considered to be highly similar to primary
hepatocytes [225], probably, usage of another murine hepatocyte cell line or more
complex cell culture studies would give more similarities with liver transcriptome than
AMLI12. Previously, Swarr et al. performed RNA-seq analysis for lung epithelium
isolated from null LL35 mice [5]. For this data we conducted the same PANTHER

Reactome pathway enrichment analysis as we did for our RNA-seq data and found
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similar changes in cell cycle, cell adhesion and metabolism of amino acids pathways as
we observed for AML12 cells after LL35 knockdown (Figure 31A).

Since transcriptome analysis revealed significant changes in the genes involved in
metabolism, in order to fully characterize the role of LL35 depletion in cell metabolic
processes, we conducted LC-MS-based lipidome and metabolome analysis. We found
that abundance of plasmanyl-/plasmenylphosphatidylcholines (O-PC/P-PC) was
decreased in both cells and murine liver while phosphatidylethanolamines (PE),
hexosylceramides (HexCer) increased only in cell culture, and diradylglycerols (DG),
ceramides (Cer;02) and lysophospha-tidylcholines (LPC) showed significant increase in
mice (Figure 32B, 32C). Metabolome analysis revealed only changes in the purine and
glutathione metabolism and amino acids biosynthesis in vitro affected by LL35 depletion
(Figure 33A). Also, we checked the expression of many enzymes genes involved in the
metabolism of altered lipid classes, and found changes in their expression (Figure 32D).
It is known that lipid metabolism can be regulated by IncRNAs at different levels. For
example, IncRNAs LOC100506036 regulates the activity of enzyme involved in
ceramide synthesis [83], ANRIL mediates PC hydrolysis, while SNHG14 participates in
DG synthesis via sponging miR-145-5p [84]. MALATI1 regulates transcription of
multiple genes associated with lipid metabolism via interaction with SREBP-1c
transcription factor [81], and IncRNA LINK-A participates in the activation of
AKTI/PI3K pathway [85]. Glucose metabolism is tightly connected with lipid
metabolism. We measured an indicator of glycolysis — extracellular acidification rate

(ECAR) and oxygen consumption rate (OCR) after LL35 depletion in cells. We found

150



that OCR level was not changed after LL35 knockdown (Figure 34A-34C), while ECAR
level was significantly reduced, particularly indicating a decrease in glycolytic capacity
and glycolytic reserve (Figure 34D, 34E). We found dysregulation of multiple genes
involved in the main pathways of glucose metabolism, such as glycolysis,
gluconeogenesis, pentose phosphate pathway, glutaminolysis, glycogen synthesis and
acetyl-CoA synthesis in vitro (Figure 35B). LL35 knockdown led to significant
upregulation of hexokinase 2 (Figure 35B), which is involved not only in glucose, but
also in dietary fructose metabolism. Excess of fructose leads to elevated TAG, LDL
cholesterol, apolipoprotein B, which are risk factors of cardiovascular disease, as well as
it is associated with high blood pressure, nonalcoholic fatty liver disease (NAFLD) and
fructose malabsorption [230]. In liver hexokinase predominantly converts glucose to
glucose-6-phospate, but can also convert fructose to fructose-6-phospate to a lower
degree [231]. Possibly, hexokinase upregulation after LL35 knockdown may also lead to
an imbalance in fructose metabolism. We performed insulin tolerance test in vivo to
prove relations between LL35 depletion and glycolysis and found that glucose blood
level in mice with LL35 KD was 1,5-2 times higher than in control mice (Figure 36A),
which confirms a poorer insulin response. Analysis of the animal blood after the insulin
injection demonstrated the compensation of the effects found for the LL35 depletion:
decrease of direct bilirubin, elevated levels of cholesterol, inorganic phosphorus and
AST/ALT ratio (Figure 36B). For human DEANRI1 Zhai et al. previously found that in
pancreatic cancer cells DEANRI1 overexpression reduces glycolysis, lowers glucose

consumption and lactate production. They linked such phenotypic changes to two
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possible mechanisms of DEANRI1 action: via sponging miR-222-3p, which leads to
HIPK2-mediated activation of ERK/c-Myc pathway and by sequestering IGF2BPI1,
which decrease c-Myc mRNA stability and reducing its expression [10]. Changes in c-
Myc expression caused by DEANRI correlates with our results: we showed that LL35
depletion leads to significant upregulation of c-Myc mRNA. Our data suggest that in
normal hepatocytes LL35 knockdown downregulates glycolysis, while in pancreatic
cancer cells DEANR1 overexpression results in the decrease of glycolysis. There are few
known examples of how IncRNAs regulate glucose metabolism in normal tissues.
Predominantly, they participate in proper development of pancreatic islets and insulin
secretion [110,111].

20% of LL35 is localized in the cytoplasm [17], and the main mechanisms of
IncRNAs action in the cytoplasm are the formation of sponges with miRNAs, the
regulation of target mRNAs decay and participation in the translation and the post-
translational modification of proteins. Proteome analysis after LL35 knockdown didn’t
reveal many changes in protein expression, especially in comparison with transcriptome
analysis, and DEANRI1 has been described to sponge various miRNAs [167-169],
therefore, we assumed that cytoplasmic LL35 is most likely also involved in the
formation of sponges (or at least in the mRNAs decay). We checked the expression levels
of several miRNAs, which may participate in the regulation of glucose metabolism, after
LL35 depletion and found no difference (Supplementary Figure S5B). Since the main
fraction of LL35 is localized in the cell nucleus [17], we didn’t continue with search for

miRNAs, but focused in the search for a LL35 protein partner. We attempted to identify
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the LL35 protein partner by RIP (RNA immunoprecipitation) analysis. RIP is a protein-
centric approach, which it is performed under physiological conditions allowing to
preserve native RNA-protein complexes. RIP gives opportunity to identify both directly
and indirectly associated proteins with RNA and is commonly used for IncRNAs along
with CHART (capture hybridization analysis of RNA targets) or pull-down assays [232].
For RIP analysis we chose proteins, involved in the glycolysis and insulin signaling, such
as PGCla, STAT3, pSTAT3, PKM1, CTNNBI, SIRT1, IGF2BP2, all selected proteins,
except SIRT1, were previously described as RNA-binding proteins (RBPs) [56,233-236],
and interaction with other IncRNAs were shown for STAT3 [56], PKM1 [234], IGFBP2
[236]. But unfortunately, none of these proteins turned out to be a LL35 partner
(Supplementary Figure S5A). Then we decided to apply a RNA-centric approach and
performed RNA pull-down assay in attempt to identify all proteins from AMLI12 cell
lysate which could interact with LL35. Pull-down results revealed that hnRNPA2B1
(Heterogeneous Nuclear Ribonucleoprotein A2/B1) might interact with LL35
(Supplementary Table S4), but additional work is needed to reaffirm such interaction.
Interestingly, that several studies describe hnRNPA2BI1 as a possible binding partner for
IncRNAs. For example, a IncRNA Inc-HC interacts with hnRNPA2BI1 in the cell nucleus
forming IncRNA-protein complex and then bind target mRNAs - Cyp7al and Abcal,
promoting their degradation. Decreased expression of Cyp7al and Abcal lead to
impaired cholesterol metabolism in hepatocytes [237]. Based on these evidences we can
not exclude the possibility of LL35 interaction with hnRNPA2B1 but specificity and the

role of this interaction should be further investigated.
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Discovered changes in transcriptome, lipidome and glycolysis raised a question
about the influence of LL35 depletion on the viability and migration of hepatocytes. We
found decreased cell viability and cell cycle stagnation in S phase after knockdown of
LL35. Cells migration test demonstrated that LL35 downregulation in AML12 murine
hepatocytes impairs cell migration ability, which was additionally proved by E-cadherin
downregulation. To assess the proliferative status of hepatocytes in vivo after LL35
depletion we performed a Ki-67 staining of liver tissue samples and found that LL35
inhibition doesn’t affect cell proliferation in vivo. Such phenotypic difference between
AMLI12 cells and murine liver can again be explained by the fact that 5 day time point
may be to short period for proper turnover of hepatocytes in vivo [215]. Studies of the
human functional analog DEANR1 were mainly conducted in the cancer cells, in which
overexpression of IncRNA inhibits cell proliferation and both cell invasion and migration
by various ways [7—12]. Summing up, LL35 is involved in the regulation of cell viability
and migration by different mechanisms both in cancer and noncancerous cells, while
most molecular mechanisms are still under investigation.

Finally, we checked the status of the main signaling pathways like Notch and NF-
kB pathway to explain the phenotype changes like viability and migration after LL35
depletion. Also several studies demonstrated participation of human DEANRI in the
regulation of the multiple signaling pathways such as Wnt/B-catenin signaling pathway,
p38 MAPK signaling pathway, and Notch signaling pathway [15,184,238]. We found
that LL35 depletion resulted in significant upregulation of Jaggedl protein — one of the

main ligands, which binds to Notch receptors and triggers Notch signaling. Also we
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evaluated the significant upregulation in the expression levels of [kBa mRNA and protein,
which indicated the involvement LL35 in the regulation of NF-kB pathway. Thus, murine
IncRNA LL35 participate in the regulation of main signaling pathways in the cells like its

human analog DEANRI.

AMLA12 cells \

<

Cell cycle Metabolic Stress-related
TRANSCRIPTOME rRNA processing pathways pathways
Phosphatidyl- Plasmanyl-/ Diradylglycerols
LIPIDOME ethanolamines plasmer!yl- Ceramlde§
Hexosylceramides phosphatidyl- Lysophosphatidyl-
cholines cholines
SIGNALING Notch pathway
PATHWAYS NF-kB pathway
PHENOTYPE Pro_lifera_ltion
Migration
~~ Antisense oligonucleotide

Figure 39. Results of the LL35 depletion on the hepatocytes genotype and phenotype in vitro and
in vivo.

Summing up, we demonstrated that LL35 is a functional analog of human
IncRNA DEANRI in liver, LL35 is predominantly expressed in normal hepatocytes and
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is involved in the regulation of the glycolysis and lipid biosynthesis in vitro and in vivo
(Figure 39). We demonstrated downstream effects from LL35 depletion in normal
hepatocytes on the Notch and NF-kB pathways. And all these changes of the
transcriptome, lipidome, signaling pathways leads to the strong phenotype in hepatocytes
— decrease of viability, migration and cell cycle stagnation (Figure 39). All obtained data
correlate with a published one for LL35 transcriptome in lungs and for human functional
analog DEANRI1. Studies of species-specific IncRNA in vivo, which are functional
analogs of human ones, may broadly highlight the involvement of IncRNAs in certain
biological processes and diseases.

Our study was focused on LL35 function in normal hepatocytes, but the role of
human DEANRU is actively studied in different pathologies, mainly in cancer. Therefore,
for greater clinical relevance of our study, one of the future directions from the one hand
is the study of LL35 in HCC, from the other hand — investigation of DEANRI in normal
hepatocytes based on the obtained for LL35 data. Overexpression of LL35 in HCC will
demonstrate its functions in cancer progression and metastasis and also possible
involvement in the response to anticancer therapy. We demonstrated that depletion of
LL35 in hepatocytes interferes with normal glucose and lipid metabolism, and impair
response to insulin treatment. Disruption of these features in the liver leads to various
diseases including diabetes, steatosis, NAFLD (non-alcoholic fatty liver disease) and
others [239]. Thus, one more future direction of the research may be the study of the

LL35 and DEANRI1 functions in metabolic liver disorders.
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Conclusions

In this study we showed that murine IncRNA LL35 is a functional analog of
human IncRNA DEANRI in the liver and described for the first time the functional
significance and role of LL35 in murine hepatocytes. We demonstrated that LL35 is
predominantly expressed in normal hepatocytes in vitro and in vivo compared to HCC
and partial hepatectomy models. To describe the function of LL35 in vivo we developed a
highly efficient and specific ASO-mediated knockdown of LL35 in the liver. We
revealed that LL35 depletion downregulates glycolysis in vifro and causes decreased
response to insulin treatment in vivo. We found that LL35 depletion causes changes in
mRNA levels of genes involved in cellular metabolism both in vitro and in vivo, and in
the pathways of cell cycle in the case of AML12 cells. Analysis of lipidomic changes
after LL35  knockdown  demonstrated the  decrease  of  plasmanyl-
/plasmenylphosphatidylcholines (O-PC/P-PC) both in AM12 cells and murine liver,
while phosphatidylethanolamines (PE), hexosylceramides (HexCer) increased only in
cells, and diradylglycerols (DG), ceramides (Cer;02) and lysophosphatidylcholines (LPC)
— only in the liver. Finally, in AML12 cells LL35 is essential for proper cell viability and
migration and participates in regulation of Notch and NF-kB signaling pathways. Our
data correlate with previously published LL35 knockout transcriptome in lungs and for
LL35 human functional analog DEANRI. Thus, our investigation opens the opportunity
to translate results from liver-specific LL35 knockdown in murine models to human
IncRNA DEANRI in normal liver physiology and expand the potential therapeutic role

of human IncRNA.
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Supplementary

Supplementary Table S1. List of ASOs for in vitro study.

Name Sequence
LL35ASO 1 ususgscscsASTsCsAsTsGsTsTsGsTsascscsusg
LL35 ASO 2 cscsescsusCsTsCsAsGsTsGsCsTsGsgsasascsc
LL35 ASO 3 ususasgsgsTsGsGsCsAsGsTsTsCsAsgsgsasgsa
LL35 ASO 4 gsuscsgsgsTsAsTsCsAsGsTsTsGsCsasgsasgsa
LL35 ASO 5 usgsususgsusAsCsCsTsGsGsCsCsAsGsTscsasgscsusgsc
Control Luc ASO tscsgsasasgsTsAsCsTsCsAsGscsgstsasasg
Capital  letters indicate  2’-deoxynucleotides, lowercase letters indicate

methylribonucleotides, s — phosphorothioate groups.

2’-0O-

Supplementary Table S2. List of ASOs for in vivo study.

Name Sequence

LL35ASO 1 0UsoUsoGsoCsoCsAsTsCsAsTsGsTsTsGsTsoAsoCsoCsoUsoG3galnac

LL35 ASO 2 0Cs0Cs0CsoCsoUsCsTsCsAsGsTsGsCsTsGsoGsoAsoAsoCsoC3galnac

LL35 ASO 3 0UsoUsoAs0GsoGsTsGsGsCsAsGsTsTsCsAsoGsoGsoAsoGsoA3galnac

LL35 ASO 4 0GsoUsoCsoGsoGsTsAsTsCsAsGsTsTsGsCsoAsoGsoAsoGsoA3galnac

LL35 ASO 5 0As0Cs0Cso0Us0GsoGsCsCsAsGsTsCsAsGsCsTsoGsoCsoUsoGsoA 3galna
Control Luc ASO gUsoCsoGsoAsoAsoGsTsAsCsTsCsAsGsoCsoGsoUsoAsoAsoG3galnac

Capital letters indicate 2’-deoxynucleotides, o — 2'-O-methoxyethyl (MOE), s — phosphorothioate
groups, 3galnac — triple N-acetylgalactosamine (GalNAc) TEG.

Supplementary Table S3. List of PCR primers used in the study.

Name Forward, 5°—3’ Reverse, 5’—3’

GAPDH TGCACCACCAACTGCTTAGC GGATGCAGGGATGATG

ACTB CGGTTCCGATGCCCTGAGGCTCTT | CGTCACACTTCATGATGGAATTGA
LL35 CTCAGTGCTGGAACCCCATCTGG CTCCAAGGCAACACAATGGGAC

HK?2 ATGATCGCCTGCTTATTCACG CGCCTAGAAATCTCCAGAAGGG
LDHA TGTCTCCAGCAAAGACTACTGT GACTGTACTTGACAATGTTGGGA
ENO2 AGGTGGATCTCTATACTGCCAAA GTCCCCATCCCTTAGTTCCAG

158




PFKFB2 ACATGCTCATGGGCTTCCTAT TGAGGTAGCGTGTTAGTTTCT
PFKFB3 CCCAGAGCCGGGTACAGAA GGGGAGTTGGTCAGCTTCG

GLUT1 CAGTTCGGCTATAACACTGGTG GCCCCCGACAGAGAAGATG
GLUT2 TCAGAAGACAAGATCACCGGA GCTGGTGTGACTGTAAGTGGG
PDK1 AGGATCAGAAACCGGCACAAT GTGCTGGTTGAGTAGCATTCTAA
Go6PC CTGTTTGGACAACGCCCGTAT AGGTGACAGGGAACTGCTTTA
PEPCK CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC
PGCla TATGGAGTGACATAGAGTGTGCT | CCACTTCAATCCACCCAGAAAG
SIRT1 CATCAGCTATCGTTCGTCCAG CCACAGCGTCATATCATCCAG
MYC ATGCCCCTCAACGTGAACTTC CGCAACATAGGATGGAGAGCA
EGR1 TCGGCTCCTTTCCTCACTCA CTCATAGGGTTGTTCGCTCGG
FOXJ1 CCCTGACGACGTGGACTATG GCCGACAGAGTGATCTTGGT
NOTCHI1 CCGTGTAAGAATGCTGGAACG AGCGACAGATGTATGAAGACTCA
NOTCH4 CTCTTGCCACTCAATTTCCCT TTGCAGAGTTGGGTATCCCTG
HEY1 CCGACGAGACCGAATCAATAAC TCAGGTGATCCACAGTCATCTG
HES1 CCAGCCAGTGTCAACACGA AATGCCGGGAGCTATCTTTCT
IKBA TGGCCAGTGTAGCAGTCTTG GACACGTGTGGCCATTGTAG
CDH1 CAGGTCTCCTCATGGCTTTGC CTTCCGAAAAGAAGGCTGTCC
ABCA9 TCGATAGATGCAGTGAGAGTCA CACAAGGAGCTGAATGGTCTTT
MYOCBP1 | GATCGCTACCGGAGGATTTACA CAATGCCGCACGTTACAGTA
AGXT AAGGCATCCAGTATGTGTTCCA TTCCGGTTAGAAAGGAGTCCC
CDC7 AACAGCGTGATGAGGGAAACT CGCTCTGAATCCTGGTGTG
CENPI AGGGTTACTAGAAACTCCCAGC GCGTGTAGAATCTTCCACTGAA
CHEK1 TTCCACCAACTCATGGCAGG GCGTTCACGATTATTATGCCGAA
GADD45G | GGGAAAGCACTGCACGAACT AGCACGCAAAAGGTCACATTG
GGT6 TCCTCAATCAACAGTTCCTTTGG CAAGGTGCAAGTCATGGCTTT
GSTM2 ACACCCGCATACAGTTGGC TGCTTGCCCAGAAACTCAGAG
GTSE1 TTTTGGGCCTGTTGGACATAAA CTCAAGGTGCAAGGGCTACC
IL33 ATTTCCCCGGCAAAGTTCAG AACGGAGTCTCATGCAGTAGA
MDM2 TAAAGTCCGTTGGAGCGCAAA CTGCTGCTTCTCGTCATATAACC
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PDE4D AACACTGCACTCCTGTAATGAAG | TGCTTGTTCCAACTGTCTGAAG
PFKM TGTGGTCCGAGTTGGTATCTT GCACTTCCAATCACTGTGCC
PINK1 GGCTTCCGTCTGGAGGATTAT AACCTGCCGAGATATTCCACA
PSMC6 CCTGTCAGAACAGATTCGGGA GCAAACAGCCTTTTGGAGGTATT
RHOH CTACAAACCCACGGTGTACGA CCGGATACTTCTGAAGGCGT
ZFP36 CCGAATCCCTCGGAGGACTT GAGCCAAAGGTGCAAAACCA
PCYTI1B AGACACTGTCGATACGTGGAT TCACGGACAATTCTGGTGATG
CHPT1 CAAACTCTTGCTCTCCCTTAGG CTGAGACGTAAGTCTGCCAATG
CEPT1 ATGAGTGGGCATCGGTCAAC GTGGTGTCGGTAACTGAAACAA
PISD CATACTGCTCCTGTCCGATCC TTCCGTTCCCTGTACTTCTCATA
ETNK1 CTGTTCACAGATGGGATCACAA CGCGGAAACTTTTCACTTCCTC
ETNK2 CGGTGGAACAGGACGACATC AGGCCAATAGCTTGTTGGTGA
LPCATI AGAGCAGAGACATCCCAATCT CCAGGTTTGAAGGTAATGAGGC
LPCAT3 CTACCCGTTGGCTCTGTTTTAC TGAAGCACGACACATAGCAAG
PLA2G4A | CAGCACATTATAGTGGAACACCA | AGTGTCCAGCATATCGCCAAA
SMPD1 TGGGACTCCTTTGGATGGG CGGCGCTATGGCACTGAAT
ASAH1 TCCGTGGCACACCATAAATCT TCCACTTGGCACAAATGTATTCA

Capital letters indicate 2’-deoxynucleotides.

Supplementary Table S4. List of proteins obtained from RNA pull-down assay.

Description Main Gene #Peptides | #Validated | #Unique | #Validated | Validation

Accession | Name Peptides Peptides | Unique

Peptides

Heterogeneous 035737 Hnrnph 1 1 1 1 | Doubtful
nuclear 1
ribonucleoprotein H
(HNRHI1 _MOUSE)
Peptidyl-prolyl cis- P17742 Ppia 1 1 1 1 | Doubtful
trans isomerase A
(PPIA_ MOUSE)
Keratin, type 11 Q3UV17 | Krt76 1 1 1 1 | Doubtful
cytoskeletal 2 oral
(K220 _MOUSE)
Actin, cytoplasmic 1 P60710 Actb 3 3 2 2 | Confident
(ACTB_MOUSE)
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Alpha-actinin-4 P57780 Actn4 Doubtful
(ACTN4 MOUSE)

Heterogeneous 088569 Hnrnpa Confident
nuclear 2bl

ribonucleoproteins

A2/B1

(ROA2 MOUSE)

Tubulin beta-4B chain | P68372 Tubb4b Doubtful
(TBB4B MOUSE)

Histone H2A.Z POCO0S6 H2azl Confident
(H2AZ MOUSE)

Histone H2B type 1- P10853 H2bc7 Confident
F/J/L

(H2B1F MOUSE)

Tubulin beta-2A chain | Q7TMMY9 | Tubb2a Doubtful
(TBB2A MOUSE)

Heterogeneous Q972X1 | Hnrnpf Doubtful
nuclear

ribonucleoprotein F

(HNRPF MOUSE)

Vimentin P20152 Vim Confident
(VIME MOUSE)

Pyruvate kinase PKM | P52480 Pkm Doubtful
(KPYM MOUSE)

Histone H2A type 1-B | COHKE1 | H2ac4 Confident
(H2A1B_MOUSE)

Histone H4 P62806 H4cl Confident
(H4 MOUSE)

Histone H2A type 2-B | Q64522 Hist2h2 Confident
(H2A2B MOUSE) ab
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PREDICTED: Mus musculus RIKEN cDNA 9030622022 gene (9030622022Rik), transcript variant X6, ncRNA
Sequence ID: XR 866813.3 Length: 1620 Mumber of Matches: 1

Range 1: 149 to 1341 GenBank Graphics

Seore Expect Identies Gaps Strand B
2204 bits{1133) 0.0 1153/1193{100%) 0/1193(0%) Plus/Plus
Quary 1 II.G'I'CCG{EGCCTEECT((EAG{GEAGGAEGCT{CGMGECCG{TTGC{EGC.&GEECA{EG 2 -

LURRLLRERLL R LR LR L TR RRE L]
Shjct 149 AETCCOLCOLCTCLCTE L GAGLECAGCACGLTCLGACCLLCGLTTOLCCOCACEELALLS 208

Query 61 CAGACTGLEAATTACACAGCAAGATGLCTTTCCCTACTCCATC GLTAGAGCCTCTGE 126

DLERLLLRELTERE LR LR LI ER LR R LRI RERIT L

Sbjct 289 CAGACTGGGEAATTACACAGCANGATGECTTTCLCTACTCCATCGTGEETAGAGLCTCTGE 268

Query 121  AAGGGCTGAAGCCCTTTGATCTTGGCTTCATTTGGATACATTTCAAGGGTACAACATGAT 188
LU L ERE LV R LR LR LR LR LRI
Shjct 268  AAGGGCTGAAGCCCTTTGATCTTGGCTTCATTTGRATACATTTCAAGGGTACAACATGAT 328

Query 181  GGCAAGCTATGAACCAACACAGATGGGTTCAGTTTCCAAGTCTGATCATGGAGATGGARS 148

LERRLLLERTLLERLL DL RELLL AR TELLLLELLLLRERLLE
Sbjct 329 CECAAGETAT CAAL AL ACAGAT CECTT LAGTTTCLARGTETCAT LATGRACATOMARS 388

Query 241 CGEGEMGMEQQGEIGC.&EGGMEGTGFEGMMEC.&{GEATGTAE&.GEAETGGTGATEE e

II|I'IIII|IIII LLLLLLLLRRLEL R TR LR L R
Shjct 385  CGGGLAMGAGGAGLTGLAGGGAAGGTGTGGAGAAGCACGCATGTACAGGACTGGTGATCC 448

Quéry 381  CCGCGGGOGTGGCACCTETAAACAAGACTAGANACAGACATTGAACATAAGTGGTGTGGA 3168
PERVELL U CLEE L EE LU R ER L L LR LR LR LRET T

|

Sbjct 449 CCGOGGRGOGTGLGOACCTGTAANCAAGAL TAGAAAEMEAFTGME&TMGTGETGTGEA S8R
T
|

Query 361 IAT.IlATGTTﬂnﬁC:C'lTCT(TIIEﬁTGGE?CCTMATGE TG\NFGAA{.ACCCCTC# d‘rdt?ff 48
[LNLLL LR LR LR LR LR LT
Sbjct 589 IAT.AATGTTAAGmTTCTCTEATGGE!CL'I'MATGETTM!G AACACCOCTCAAGAGATGGE  SEE
Query 221 aapattctaagapeea aalpuattactc 22 cascacaztpppacipatyace 4B
'fi!ll!li I'III?IT fll!. INERRRRE f FELLEELLLTIT LRI LN
Sbjct 569 MEATT{TMMGCCMEAWTGMTTACT{EA&GGE TGGGACTGATGACC 628
Query 431 nl!.::lLlfchLt:t'_ ga LRCaccagge tteaageeagaty 548
hmaatmmmEn RN
Sbjct 629 .ﬂ.Cﬂ'FGMCTCTTﬁE&GACTGT.ﬂGCﬂGﬂTGC.&CEﬁGGC 'I'I'CM'AGEE-!G.&TE GEE
Query 541 ttecagcactps .1 aattpgacatgpacgtetactecttactaagaapetete 608
T T T Ty
Sbict &8% GGETTC{ﬁECACTGAGAGEEGMTFGGAEﬁTGGACGTC ACTAAGARGCTCTC 748

Query &2l Lt de' aaglaccaciga, EGE
AT D
Sbjct 743 TTT CAATEAAGTACCM’.TEAGTAT BB
Query 661 d'_Ladt_LaLdL{Lde LdTGTGGAGCEICnﬂ.{TGTG&HACT{ACATMGAC{T!TG{M 718
11
I

Sbjct 88% AAC{ lTACTTCA.IlGGTATGTEGAGC CTGAL TETGAAAET-.J!CAT.&AEAC{ TATGCAA 868

Quéry 721  CCATGAGTAACTCCACTTCTGGATAATCCA
; f (T I T
LELLEL LR LR LR LRRTLLEd
Shjct 860  CCATGAGTAACTCCACTTCTGGATAATCCA

GTGCCTTCTTTCTGACCGCCACAGGLATGA 788
ILLELLLCELE LR LEEL L REEL

HLECTEr T AL ECCACAGGLAT S 228
Query 781 aGT.!.ETGrGCATrrICTccrmcraccncnmra'rcmc.qc.sicc-cT-:.!.r:-ccrrcmc 21

DUARLLERELLTRRR LLEE R LR L EE L ERT LR L EELLLEERIT L
shijct 928 T AT CLAT T T LT GAACT LA TARTCTECALACATEAE TEAGLCTTETRE 588

Quary 841 WCTTTTEGCCMGGGAEMAAGEFCAGAGCTTEGCTGA'ATGETGMETCC{IZAAAGTC oae

IIII'III||IIII.IIII'III|!III||III LELLERREERRRTLERL T ERRLTL
Shjct 983 AANGCTCAGAGCTTGGCTGATATGLTEGACTCCCCARAGTD 1648

T -
Sbjct 1849 TCCAGGTCTCCAGGGACGLTGOCTGTAACTTACCTCAAGAGCAACTGOTAGACAAGTCAT 1188
T
Sbjct 1189 CTGAAAACAACTGAGGAATCCTGCCCTGACCTATCAGCTATCTGCTGICTOOCAACTLTT 1168
T T,
Sbjct 1169 GLAGCCTTGLGAGAGGLACATTCACTTGGAAATGTGATGAACAGGTGTCCATTTACTTTG 1228
T T e
Sbjct 1229 GATTCAGGCCAAAGAGTCAAGCCAATGTCATTTGTAAGGCACAATCATTTTAAGTTCAGA 12EB
Query 1141 CCCATGAAGATCTTTTCTTGTACTTITTGTCTCAATTAGAGRAACAACTTAAGE 1133

DLERLLLEELLLRR VR LRI R LR R LR LRI

Sbjct 1289 CCCATGAAGATCTTTTCTTGTACTTTTGTCTGAATTAGAGRAACAACTTAAGE 1341

Supplementary Figure S1. Alignment of RACE transcript, get by Sanger sequencing,
with XR_866813.3
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Supplementary Figure S2. Volcano plots of gene expression after LL35 depletion by
ASOs mix in A. AMLI12 cells, day 2; B. mouse liver, day 5.
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