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Summary
Human adipose tissue depots are physiologically different, with distinct metabolic
properties and contributions to disease. The underlying mechanisms for these
differences are yet to be uncovered. Large-scale transcriptomic studies of human
adipose tissues have identified HOX genes, particularly the lncRNA HOTAIR,
as the most differentially expressed gene between upper and lower body adipose
depots. However, the role of HOTAIR and its regulation during adipogenesis
are not fully elucidated.

To gain a deeper understanding of HOTAIR regulation during adipogenic
differentiation of adipose stem cells (ASCs), we have performed a de novo
annotation of HOTAIR transcripts. Using long-read PacBio sequencing, we
uncover a tightly regulated shift in isoform composition upon induction of
adipogenesis. Our results highlight the complexity and cell type-specificity of
HOTAIR isoforms and open perspectives on the functional implications of these
variants and their balance to key cellular processes.

We further explored the function of HOTAIR during adipogenesis by
performing stable knockdown. We find that upon adipogenic commitment,
HOTAIR regulates protein synthesis and cytoskeleton remodeling pathways, later
impacting mature adipocyte lipid storage capacity. Our results support novel
and important functions of HOTAIR in the physiological context of adipogenesis.

The emerging link between translation regulation and cytoskeleton prompted
us to investigate the nucleolar dynamics during adipogenesis, a system where
cytoskeletal remodeling is crucial. Altogether, our results point to nucleolar
remodeling as an active, mechano-regulated mechanism during adipogenic
differentiation and demonstrate a key role of the actin cytoskeleton in defining
nuclear and nucleolar architecture in differentiating ASCs.

This thesis includes three research articles, two of which are dedicated to
lncRNA HOTAIR and one to nucleolar dynamics during differentiation. Although
primarily relevant in an adipose tissue context, the results presented in this
thesis will be of interest to researchers working with other cellular models where
cells transit from state to state.
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Sammendrag (Norwegian)
Menneskekroppens ulike fettvevsdepoter er fysiologisk forskjellige, med distinkte
metabolske egenskaper og ulikt potensiale for bidrag til sykdomsutvikling.
De underliggende molekylære mekanismene for disse forskjellene er ennå ikke
avdekket. Storskala transkriptomikk-studier av humant fettvev har identifisert
HOX-gener, spesielt lncRNA HOTAIR, som det mest differensielt uttrykte genet
når man sammenlikner fettdepoter fra over- og underkroppen. Hvilken rolle
HOTAIR spiller, og hvordan dette genet er regulert under adipogenesen, er
derimot ikke godt undersøkt.

For å få en dypere forståelse av hvordan HOTAIR reguleres gjennom adipogen
differensiering av fettstamceller (ASC), har vi gjennomført en ny-annotering av
HOTAIRs ulike transkripter. Ved bruk av såkalt PacBio-sekvensering som
leser av lange RNA-sekvenser, har vi avdekket en nøye regulert endring i
isoformsammensetning ved induksjon av adipogenese. Resultatene våre viser
noe av kompleksiteten og celletypespesifisiteten til ulike HOTAIR-isoformer og
åpner nye perspektiver rundt de funksjonelle implikasjonene av disse variantene
og deres balanse i sentrale cellulære prosesser.

Videre undersøkte vi funksjonen til HOTAIR under adipogenese, blant
annet ved å slå ut uttrykket fra genet gjennom såkalt stabil knockdown. Vi
ser at HOTAIR regulerer proteinsyntese og remodelering av cytoskjelettet
når cellene forplikter seg til adipogen differensiering. Dette påvirker senere
lagringskapasiteten for de modne adipocyttene. Resultatene våre peker på nye
og viktige funksjoner for HOTAIR i den fysiologiske konteksten som adipogenesen
er en del av.

Denne nye koblingen mellom translasjonsregulering og cytoskjelettet inspirerte
oss til å undersøke nukleolusdynamikk under adipogenesen, et system der
remodelering av cytoskjelettet er avgjørende. Samlet sett peker resultatene
våre på nukleolær remodelering som en aktiv, mekanoregulert mekanisme under
adipogen differensiering, og avdekker en nøkkelrolle for aktincytoskjelettet
med hensyn til å definere cellekjernearkitektur og nukleolær arkitektur under
differensiering av ASC’er.

Denne doktorgradsavhandlingen er bygd opp rundt tre forskningsartikler,
hvorav to fokuserer på lncRNA HOTAIR og en på nukleolær dynamikk under
adipogen differensiering. Selv om de primært er relevante i fettvevssammenheng,
bør resultatene som presenteres være av interesse for forskere som arbeider med
andre cellulære modeller der fokuset er differensiering.
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Chapter 1

Introduction

1.1 Overview of adipose tissue in humans

Adipose tissue is responsible for lipid storage and energy homeostasis. Adipose
tissues are broadly classified into energy-storing white adipose tissue (WAT) and
energy-dissipating brown adipose tissue (BAT). This classification is however
simplified as beige adipocytes, functionaly close to brown adipocytes, can reside
in small proportions within WAT (Giralt and Villarroya, 2013; Wang and Seale,
2016). White, brown, and beige adipocytes differ in their ability to generate
heat (Giralt and Villarroya, 2013; Wang and Seale, 2016).

Anatomically, adipose tissues are divided into subcutaneous and visceral
(Fig1.1) (Rosen and MacDougald, 2006; Tchkonia et al., 2013). Visceral adipose
tissue is located in the intra-abdominal area (Shen et al., 2003). The main
subcutaneous WAT depots are located in the abdominal, gluteal, and femoral
areas (Fig1.1). Several smaller subcutaneous white adipose depots serve a
mechanical function in providing support and cushioning to surrounding organs.
For example, in the heel pad, adipocytes surrounded by a dense network of
collagen fibers provide mechanical support (Hepler and Gupta, 2017; Zwick et al.,
2018). The subcutaneous fat functions as a layer of thermal insulation.

Here, we will focus on white adipose tissue of subcutaneous origin. Historically,
adipose tissue was considered an inert storage of fat. Currently, WAT is
recognized as a metabolically dynamic organ of the human body with a turnover
rate of 10% per year (Spalding et al., 2008). The main function of WAT is to
store lipids and regulate their release and uptake from the blood (Kershaw and
Flier, 2004; Ottaviani et al., 2011). On the hormonal level, insulin is the key
regulator of the balance between lipid release and uptake. Insulin is produced in
the pancreas upon food intake and sends an antilipolytic signal to adipocytes,
preventing lipid release into the blood, and stimulates glucose uptake and de
novo lipid synthesis. In a healthy organism, adipose tissue and liver coordinate
the level of glucose and lipids in the blood.

Histologically, adipose tissue is a loose connective tissue. It is comprised of
unilocular mature adipocytes surrounded by a thin layer of extracellular matrix
(ECM) and a stromavascular fraction. The extracellular matrix is made mainly
of collagen type I and collagen type III, and in healthy adipose tissue, a balance
is maintained between the degradation and the production of ECM (Tordjman,
2013). This balance is necessary for adipose tissue to adapt to the changing
size of adipocytes. The stromavascular fraction (SVF) includes adipose stem
cells (ASCs), endothelial cells, fibroblasts, and various immune cells including,
macrophages, T cells, mast cells, and NK cells (Coelho et al., 2013).

Another important role for adipose tissue is hormonal regulation. In fact,

1



1. Introduction

Figure 1.1: White and brown adipose depots in human body. The major
subcutaneous WAT includes the abdominal, gluteal, and femoral depots. Intra-
abdominal adipose tissue is located within the peritoneum and includes the
omental, retroperitoneal, and visceral (mesenteric) fat. White adipocytes also
accumulate in other locations, including behind the eye (retro-orbital), around
joints (periarticular), in bone marrow, surrounding the heart (pericardial), and
within the skeletal muscle (intramuscular). From (Hepler and Gupta, 2017).

adipose tissue is the largest endocrine organ in the body. Adipocytes secrete
various hormones and adipokines, including leptin, adiponectin, and resistin
(Ouchi et al., 2011; Pereira and Alvarez-Leite, 2014). Sex steroids are converted
from inactive to active forms in adipose tissue (Ackerman et al., 1981; Killinger
et al., 1987).

The importance of adipose tissue for the human body is illustrated by
pathologies such as obesity and lipodystrophies, where an excess or a lack of
adipose tissue are both detrimental for whole body metabolism (Chehab, 2008;
Garg, 2006). Obesity is associated with insulin resistance, hypertension, and
metabolic syndrome. Interestingly, lipodystrophies are also associated with
insulin resistance (Hegele et al., 2007; Mann and Savage, 2019). When adipose
tissue is insulin-resistant, lipolysis cannot be suppressed even in presence of high
insulin levels. Both obesity and lipodystrophy can lead to an increased level of
circulating lipids in blood and abnormal fat deposition in other tissues such as
skeletal muscles or liver, a phenomenon called lipid spillover (Hegele et al., 2007;
Mann and Savage, 2019)).
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Overview of adipose tissue in humans

1.1.1 Good and bad fat

Subcutaneous white adipose depots are not identical throughout the body.
Depots differ at multiple levels, such as the production of inflammatory and
anti-inflammatory cytokines, mechanical properties, and metabolic responses
(Estève et al., 2019; Karpe and Pinnick, 2015). Thus, individual depots have
even been characterized as individual endocrine organs (Tchkonia et al., 2013).

Due to these differences, the distribution of adipose depots in the human
body is highly significant for metabolic health (Festa et al., 2001; Kissebah
et al., 1982; Stranges et al., 2004; Zaadstra et al., 1993). Lower body fat,
mainly represented by gluteofemoral subcutaneous adipose tissue (GSAT), is
a metabolically protective energy storage depot (Lemieux, 2004; Snijder et al.,
2003; Yim et al., 2008). In contrast, excess upper body fat, such as abdominal
subcutaneous adipose tissue (ASAT), is associated with metabolic disorders
(Karastergiou et al., 2012). The different physiological properties of these
adipose depots may be linked to distinct embryonic origins as adipose tissues
develop simultaneously in multiple locations (Poissonnet et al., 1984). At the
gene expression level, the difference between depots is determined by distinct
expression patterns of developmental HOX genes (Karastergiou et al., 2013),
including HOTAIR, a long noncoding RNA from HOXC gene locus (see Section
1.3.3). In addition, stem cells isolated from different depots maintain these
intrinsic properties after isolation when cultured in vitro (Tchkonia et al., 2013).

One of the major functional differences between GSAT and ASAT is
the mechanism of their expansion. Lower body adipose tissue expands by
differentiating new adipocytes (hyperplasia), while the upper body adipose
tissue expands by hypertrophy, that is, increased size of individual adipocytes
(Hepler and Gupta, 2017; Tchoukalova et al., 2010). Mechanisms of tissue
expansion are important, since larger adipocytes are considered less metabolically
favorable (Lundgren et al., 2007; Salans et al., 1968; Weyer et al., 2000). In
vivo, adipocyte size and insulin sensitivity are negatively correlated. Therefore,
while smaller adipocytes are beneficial, larger adipocytes are deleterious to whole
body metabolism. In line with this, lower body fat is known to be more insulin
sensitive. Overall, due to the sum of physiological differences between upper
and lower body fat, healthy obesity is associated with a pear-shaped body type
in which lower body fat is dominant (Karpe and Pinnick, 2015; Pinnick et al.,
2012; Tchkonia et al., 2013).

1.1.2 Models to study adipogenesis

Investigating the mechanisms of adipose tissue function in vitro requires the
use of cell line models, with each model having advantages and disadvantages.
Widely known models to study adipogenesis include murine cell lines such as
3T3L-1, C3H10T1/2, OP9, and human ASCs.

3T3L-1 cells originate from a mouse embryo and have a fibroblast-like
morphology (Green and Meuth, 1974a). These cells have been extensively studied
to uncover the mechanisms of adipocyte differentiation, insulin signaling, and
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1. Introduction

glucose transport. 3T3L-1 model has certain limitations: Differentiation efficiency
decreases with passage number and cells lose the differentiation potential if
maintained at high confluence. They present the advantage to be easy to culture,
and constitute a homogeneous population with a homogeneous response to
stimuli (Poulos et al., 2010). However, the relevance of the 3T3L-1 data to
human research is questionable. First, clonal cell lines do not represent the
heterogeneity of a stromal fraction of adipose tissue. Second, adipogenesis of
mouse and human cells is fundamentally different. For example, 3T3L-1 cells
undergo mitotic clonal expansion upon induction of differentiation (Tang et al.,
2003), while human ASCs do not (Madsen-Østerbye et al., 2022).

Human ASCs are cells obtained from adipose tissue of adult donors and
are essentially mesenchymal stem cells of adipose origin (Bunnell et al., 2008;
K.-H. Cheng et al., 2011; De Francesco et al., 2015). ASCs can differentiate
into osteogenic, chondrogenic, and adipogenic mesodermal lineages. The main
advantage of human ASCs is that they are the closest model to in vivo human
adipogenic differentiation. The main disadvantages are those of a primary human
cell model - ASCs age quickly in culture (differentiation efficiency is reduced
after passage ten) and are difficult to transfect. Another feature of ASCs is
heterogeneity: ASCs are obtained by plating the SVF of adipose tissue (Prieto
González, 2019). When plated and passaged in vitro, cell population becomes
more homogenous and expresses mesenchymal markers (CD90, CD73, CD105
and, CD44), but loses hematopoietic markers expression (CD45, CD34). The
level of heterogeneity in ASCs is still much higher than in clonal cell lines due to
interindividual variation between donors, leading to heterogenous responses to
stimuli. The health status of the donors must also be considered, along with the
age, body mass index, and sex (Gruber et al., 2012; Pérez et al., 2015; Silva et al.,
2015). ASCs are widely used in pathological studies, such as studies of obesity,
diabetes, and heart disease (Jeffery et al., 2015; Tchoukalova et al., 2010).

During the adipose differentiation procedure, cells grow confluent, create
a surrounding collagen network, and accumulate lipids (Boquest et al., 2005;
Bunnell et al., 2008; Hoefner et al., 2020. ASCs must be maintained in culture
at subconfluent densities as cell contacts inhibits cell division. Differentiation
protocols differ slightly between groups; I will describe the one we use, as it is
key to understanding our results later in the thesis.

1.1.3 Adipogenesis in vitro

To differentiate ASCs, cells are seeded at high confluence, grown to full confluence
and kept confluent for up to 72 hours prior to induction (D0). Confluence is
essential for successful differentiation, as in our experience inducing subconfluent
cells lowers differentiation efficiency. Differentiation media is renewed every three
days for nine days (D9). Proliferating cells are fibroblast-like and heterogeneous
in shape and size, while at D0, a monolayer of cells aligns in wave-like structures
(Figure 1.2). D9 cells are larger, rounder in shape, and harbor multiple lipid
droplets (Figure 1.2). For some experiments, we further let the cells mature in
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Overview of adipose tissue in humans

media supplemented with insulin for six additional days (D15), promoting lipid
droplet growth.

Figure 1.2: Human ASCs cultivated in vitro. Pro - actively proliferating cells,
D0 - confluent cells prior to induction of differentiation, D9 - adipocytes nine
days after induction, scale bar, 100 µm.

In our differentiation system, four compounds are used to induce adipogenesis:
3-isobutyl-1-methylxanthine, indomethacin, dexamethasone, and insulin. These
were empirically selected and initially developed for the 3T3L-1 cell line, the
first described adipogenesis model Green and Meuth, 1974b; Hwang et al., 1997.

1.1.4 Transcriptional regulation of adipogenesis

The differentiation of ASCs into adipocytes is controlled by a complex network
of transcription factors (Figure 1.3A) that coordinate the expression of hundreds
of genes responsible for the acquisition of the fat cell phenotype. During
differentiation, waves of transcritpional activity include large groups of up-
regulated, down-regulated, and transiently expressed genes (Figure 1.3B). The
main regulators of adipogenesis are peroxisome proliferator-activated receptor
gamma (PPARγ) and CCAAT-enhancer binding protein alpha (C/EBPα). Both
are essential for adipose differentiation in culture and in vivo (Lefterova et al.,
2014; Lowell, 1999; Rosen et al., 2002; Rosen et al., 2000). C/EBPs are a group
of 6 transcription factors named from C/EBPα to C/EBPζ. Three C/EBPs are
important in adipogenesis and are expressed in different transcriptional waves.
C/EBPβ and C/EBPδ are expressed in early differentiation and are needed
to induce C/EBPα and PPARγ (Z. Cao et al., 1991; Guo et al., 2015; Yeh
et al., 1995). PPARγ and C/EBPα positively regulate each other (J.-E. Lee
et al., 2019; Rosen et al., 2002). PPARγ and C/EBPs induce the expression
of multiple target genes responsible for lipid accumulation and storage, such
as lipoprotein lipase, GLUT4 (glucose transporter) and adiponectin (Payne
et al., 2009). The loss of C/EBPs or PPARγ leads to an absence of adipose
tissue or decreased fat tissue mass in murine models and decreased adipogenesis
(Barak et al., 1999; Linhart, Ishimura-Oka, et al., 2001; Tanaka et al., 1997).
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1. Introduction

In addition, multiple transcription factors from the Kruppel-like factor family
(KLF) have pro-adipogenic or anti-adipogenic effects (Wu et al., 2013). Some
KLFs are induced early in the first hours of adipogenesis, such as KLF4 and
KLF5. These factors can transactivate C/EBPβ or interact with C/EBPβ and δ
(Birsoy et al., 2008; Oishi et al., 2005). The pro-adipogenic and anti-adipogenic
effects of KLFs are summarized in Figure 1.3A.

Figure 1.3: A - Schematic representation of main transcription factors positively
and negatively regulating adipogenesis; B - gene clusters with corresponding GO
terms in Illumina RNA-Seq differentiation timecourse (own data).

Sterol-regulatory element binding protein 1c (SREBP1c) is another essential
transcription factor that regulates the expression of multiple genes involved in
lipid metabolism (Ferré and Foufelle, 2007; J. B. Kim and Spiegelman, 1996).
SREBPs are a family of helix-loop-helix transcription factors that consists
of SREBP1a, SREBP1c, and SREBP2 (Eberlé et al., 2004). SREBP1a and
SREBP1c promote fatty acid synthesis, while SREBP2 promotes cholesterol
synthesis. SREBP1c is particularly important in adipose tissue and postitively
regulates PPARγ (Eberlé et al., 2004). SREBP1c activation requires the cleavage
of inactive SREBP1c, located in the endoplasmic reticulum, and its translocation
to the nucleus (Eberlé et al., 2004). Importantly, the mechanistic target of
rapamycin complex 1 (mTORC1) is a crucial positive regulator of SREBP1
mRNA transcription and SREBP1 processing downstream of the insulin/AKT
pathway (Crewe et al., 2019). Hence, SREBP1c is insulin sensitive and integrates
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Overview of adipose tissue in humans

information about nutritional and metabolic status in adipocytes (Payne et al.,
2009). SREBP1c regulates de novo lipogenesis and the expression the adipokines
leptin and adiponectin in adipocytes (Crewe et al., 2019).

Another transcription factor that regulates lipid biosynthesis genes is the
carbohydrate response element binding protein (ChREBP). The capacity for de
novo lipogenesis depends on the availability of glucose and fructose, intermediates
of which activate ChREBP (Iizuka et al., 2004; Yamashita et al., 2001). Mice
lacking ChREBP do not have carbohydrate-stimulated lipogenesis (Herman
et al., 2012; Iizuka et al., 2004). It should be noted that ChREBP exists in
the form of two isoforms transcribed from different promoters. ChREBPα was
discovered first and was considered canonical. The expression of ChREBPα is
not regulated by glucose flux, but is necessary for glucose-sensitive expression of
ChREBPβ (Herman et al., 2012).

1.1.5 De novo lipogenesis

In differentiated adipocytes, the transcription factors described in Section1.1.4
regulate lipid synthesis, uptake, and storage. In vivo, de novo lipogenesis is
not a major pathway, as adipocytes uptake fatty acids from blood (Björntorp
and Sjöström, 1978; Letexier et al., 2003; Strawford et al., 2004). However, de
novo lipogenesis is affected by obesity and is correlated with insulin sensitivity
(Ameer et al., 2014; Roberts et al., 2009; Strable and Ntambi, 2010). In vitro,
the main source of energy is carbohydrates, since there are few lipids in fetal
bovine serum used as a supplement. Therefore, lipids in differentiating cells in
vitro are synthesized by de novo lipogenesis (Collins et al., 2011). Adipocytes
uptake simple sugars from the medium through GLUT4, a glucose transporter
that localizes at the plasma membrane in the presence of insulin (Figure 1.4)
(Shepherd and Kahn, 1999). Glucose metabolites activate ChREBPα, which in
turn activates ChREBPβ and the downstream expression of multiple enzymes
that synthesize fatty acid (Figure 1.4) (Herman et al., 2012). The final product of
de novo lipogenesis is the triglycerides stored in the lipid droplets by adipocytes
(Ameer et al., 2014; Song et al., 2018) (Figure 1.4).
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1. Introduction

Figure 1.4: Schematic representation of de novo lipogenesis with key enzymes and
transcription factors. Cells uptake glucose, convert it to pyruvate, which then
turns into citrate as an intermediate product of the tricarboxylic acid cycle (TCA)
in the mitochondria. Citrate is transported back to the cytosol and used as a
substrate for de novo lipogenesis catalyzed be multiple enzymes, including ATP-
citrate lyase (ACLY), acetyl-CoA carboxylases 1 (ACC1), fatty acid synthase
(FASN), and stearoyl-CoA desaturase-1 (SCD1). Glucose metabolites generated
during glycolysis activate ChREBPα, which binds to the carbohydrate response
elements (ChoRE) in the promoters of target genes required for lipogenesis.
From (Song et al., 2018).
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1.2 Remodeling of the cell

During adipogenesis, ASCs undergo a drastic remodeling of the cell morphology
to harbor large lipid droplets that occupy most of the cell’s volume. In vivo,
white adipocytes are filled with one large LD, while all other organelles are
located at the periphery (W. Yang et al., 2013).

1.2.1 Extracellular matrix

In vivo, differentiated adipocytes are surrounded by a thin layer of extracellular
matrix (ECM) (Mariman and Wang, 2010). During 3T3L-1 adipogenesis,
the expression of specific collagens (Col6a1, Col4a1, Col5a1 ) and laminins is
upregulated, while fibronectin, Col1a1 and Col3a1 expression is downregulated
(Mori et al., 2014). Adipose differentiation of ASCs isolated from newborn mice
also leads to a gradual extracellular matrix accumulation (Yasuaki Kubo et al.,
2000). The fibronectin network appears first, while the type I collagen network
develops in the later stage of differentiation (Yasuaki Kubo et al., 2000). As
mentioned above, a healthy balance between ECM deposition and degradation
is important for adipose tissue homeostasis (Tordjman, 2013). In pathological
conditions of fibrosis, increased collagen deposition and increased expression of
matrix metalloproteases results in abnormal ECM accumulation. Fibrosis has
an impact on tissue expandability by limiting adipocyte hypertrophy and de
novo differentiation of adipose progenitors (Carver and Goldsmith, 2013; K. Sun
et al., 2013).

The effects of ECM modulation are perceived by the cell through mechanosens-
ing focal adhesions, multiprotein complexes that transmit the mechanical cues
from ECM to the cytoskeleton (Geiger et al., 2009; Martino et al., 2018). Cells
respond to mechanical cues by transcriptional changes or by modifying the cy-
toskeletal architecture and cell elasticity (Webster et al., 2014). In adipogenesis,
an artificially stiffer matrix leads to increased actin stress fibers in adipocytes, a
global decrease in differentiation efficiency and an increase in collagen deposi-
tion (Di Caprio and Bellas, 2020). Conversely, plating cells on a softer matrix
promotes adipogenesis (Szabo et al., 2009).

1.2.2 Cytoskeleton

The cytoskeleton is a dynamic structure made of actin fibers, microtubules,
and intermediate filaments. Together, they form a highly organized network
that is essential for organelle integrity and maintenance (Fletcher and Mullins,
2010; Toivola et al., 2005). The cytoskeleton is responsible for the mechanical
properties of the cell and controls its shape and motility (Fletcher and Mullins,
2010). These properties are largely dependent on the dynamics and polarity of
all cytoskeletal components. Cells respond to changes in the organization of the
cytoskeleton by modulating gene expression (Dupont et al., 2011; Iyer et al.,
2012; Lammerding et al., 2006).
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Reorganization of the cytoskeleton is required for the morphological transition
from fibroblast-like ASCs to a mature spherical adipocyte. A defined actin
filaments cytoskeleton in undifferentiated cells is replaced with diffuse cortical
actin at the plasma membrane of adipocytes (Kanzaki and Pessin, 2001, 2002).
Furthermore, adipocytes have a cell-type specific cytoskeleton where lipid droplets
are surrounded by vimentin and actin networks (Nobusue et al., 2014). Inhibition
of actin polymerization in ASCs, MSCs, and embryonic stem cells (ESCs)
improves adipogenesis (Chen et al., 2018; Feng et al., 2010). Treatment with
CytochalasinD (an inhibitor of actin polymerization) can also increase the
expression of PPARG even without adipogenic induction (Chen et al., 2018).
Modulation of the cytoskeleton is relevant for adipose tissue pathology, such as
fibrosis and obesity (Jones et al., 2020). For example, a high-fat diet in mice
induces a drastic increase in polymerized actin (F-actin) levels in adipocytes and
correlates with impaired insulin signaling (Hansson et al., 2019). Recent findings
link lipid storage and the cytoskeleton through the Zc3h10 protein (Audano
et al., 2021). Zc3h10 is a transcription factor that regulates adipogenesis by
controlling translation and F-actin interactions with mitochondria. Upon Zc3h10
knockdown, fewer cells engage in adipogenesis, the actin cytoskeleton has fewer
branches and is less prominent, while differentiated cells harbor larger lipid
droplets. The finding further confirms that a less-defined actin cytoskeleton
favors adipogenesis and lipid droplet growth (Audano et al., 2021).

1.2.3 Nuclear morphology

Inside the cell, the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex
connects the nucleus to the cytoskeleton via the nuclear envelope. The nucleus
integrates signals from the cytoskeleton through the LINC complex and responds
by changes in gene expression (Bouzid et al., 2019; Khilan et al., 2021). 3T3-L1
adipogenesis is accompanied by a decrease in nuclei size which is correlated
with lipid accumulation (McColloch et al., 2019). The authors of the study
suggest that as the actin cytoskeleton is disassembled during adipogenesis,
the stretching force of the actin fibers decreases, thus releasing the nucleus
and allowing it to shrink (McColloch et al., 2019). In agreement, treatment
with actin stabilizer jasplakinolide increases the nuclear size (McColloch et al.,
2019). During differentiation, the decrease in nuclear volume precedes the
deposition of lipids, suggesting that nuclear remodeling could be a prerequisite
for differentiation (McColloch et al., 2019).

The nucleus is the stiffest organelle in the cell (Caille et al., 2002; Ofek
et al., 2009) but changes in shape and size during differentiation require some
degree of plasticity. The nucleus is surrounded by a double nuclear membrane
underlined by the nuclear lamina, a network of type-V intermediate filaments
(Gruenbaum et al., 2005). The nuclear lamina consists of lamins present in
several forms - lamin A, lamin C, lamin B1, and lamin B2. Lamin A and lamin
C are splice isoforms encoded by the LMNA gene, while lamin B1 and B2 are
encoded by the LMNB1 and LMNB2 genes (Burke and Stewart, 2013). The
relative protein level of the lamins is a key factor that defines the stiffness of
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the nuclear lamina and, therefore, plasticity of the nuclear shape (Broers et al.,
2004; Dechat et al., 2010; Lammerding et al., 2006; Pajerowski et al., 2007;
Swift et al., 2013). A high lamin A/C to lamin B1 ratio is characteristic of
stiffer tissues, such as bone and cartilage (Swift et al., 2013). Accordingly, high
levels of lamin A and C are correlated with a stiffer nucleus and a stiffer cell
environment. Stiff environments favors osteogenesis, while the softer matrix
favors adipogenesis (Swift et al., 2013; Szabo et al., 2009). The expression of
lamins, in particular lamin A, is regulated during adipogenic differentiation.
According to (McColloch et al., 2019), in 3T3L-1 cells the lamin A protein level
increases during adipogenic differentiation. However, another study reports
that the lamin A protein level is significantly lower in differentiated adipocytes
obtained from human preadipocytes (Verstraeten et al., 2011).

Lamins are responsible not only for nuclear shape, but also for chromosome
positioning (Malhas et al., 2007; Mewborn et al., 2010). Condensed heterochro-
matin can attach to the nuclear lamina and form repressive lamina-associated
domains (LADs). LADs have been implicated in many nuclear functions, includ-
ing higher order genome organization, chromatin regulation, transcription, DNA
replication, and DNA repair (Briand and Collas, 2020; Dittmer and Misteli,
2011; van Steensel and Belmont, 2017). Nuclear organization depends on lamins
both via control of biophysical parameters such as nuclear lamina stiffness and
via gene expression regulation and chromosome localization through dynamic
LADs.

1.2.4 Genome organization

The human genome is highly organized in 3 dimensions, with chromosomes
occupying distinct territories (Branco and Pombo, 2006; Cremer and Cremer,
2010). High-order arrangements of the genome influence gene expression (Branco
and Pombo, 2006; Cremer and Cremer, 2010). Spatial localization of genes
is likely related to the state of gene activity (Egecioglu and Brickner, 2011;
Stachecka et al., 2018). In adipogenesis, changes in nuclear shape, volume,
and stiffness related to changes in lamin levels trigger large-scale genome
rearrangements. For example, chromosomes 12 and 16 change their localization
during adipose differentiation in a non-random manner (Kuroda et al., 2004).
LADs also undergo significant remodeling in adipogenesis with multiple genes
associating or dissociating from the nuclear lamina upon differentiation induction
(Madsen-Østerbye et al., 2022; Paulsen et al., 2019; Rønningen et al., 2015). At
the gene expression level, adipogenesis invokes massive rewiring of transcriptional
networks to activate the lineage-specific gene expression program (Figure1.3B).
The program is regulated by the spatial localization of regulatory elements,
such as promoters and enhancers, and by epigenetic regulation by histone
modifications (Rauch et al., 2019; Sarusi Portuguez et al., 2017; Siersbæk
et al., 2017). Posttranslational modifications of histones can regulate gene
expression by directly modulating the chromatin structure or providing binding
platforms for activators or repressors of gene transcription (Q. Zhang et al.,
2012). Histone acetylation is generally considered an active marker among the
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different forms of histone modifications (Kimura, 2013). In contrast, histone H3
lysine 9 dimethylation and trimethylation (H3K9me2, H3K9me3) and lysine 27
trimethylation (H3K27me3) have been defined as repressive markers. (Bártová,
Krejcıé, Harnicarová, Galiová, et al., 2008; R. Cao et al., 2002; Jacobs et al.,
2001; Kimura, 2013).

Overall, genome organization is usually studied in early adipogenesis, whereas
a stronger effect on the nuclear organization can be expected with lipid
accumulation in late differentiation.

1.2.5 The nucleolus

Inside the nucleus, the largest subcompartment is the nucleolus. The nucleolus
is a dense membraneless condensate formed by liquid-liquid phase separation
(Lafontaine et al., 2021), a process where components of similar properties form
fluid droplets (Hyman et al., 2014). Functionally, the nucleolus is the central hub
regulating global protein translation levels. Structurally, the nucleolus consists
of dense fibrillar components (DFC), fibrillar centers (FC), and of the granular
component (GC) (Boisvert et al., 2007; Schwarzacher and Wachtler, 1993). The
DNA component of the nucleolus is the nucleolar organizing regions (NORs); in
humans, these are located on five acrocentric chromosomes, namely chromosomes
13, 14, 15, 21, and 22. Ribosomal DNA genes are present in a high number of
copies - 90-300 in humans (McStay and Grummt, 2008). Active decondensed
chromatin from NORs containing rDNA genes loops into the nucleolus and
is transcribed at the border of FC and DFC by RNA PolI. The first product
of transcription, the 47S pre-rRNA, is processed to 18S, 28S, and 5.8S rRNA
molecules. These are concomitantly assembled with ribosomal proteins in the
nucleolus to form pre-40S and pre-60S subunits of the ribosome (Pelletier et al.,
2018) (Figure 1.5).

As the primary regulator of ribosome biogenesis, the nucleolus controls
protein synthesis, thus affecting fundamental cell processes such as proliferation,
survival, and differentiation. In addition to orchestrating ribosome biogenesis,
the nucleolus is a key stress hub, integrating the stress response for different types
of physiological stressors, including hypoxia, UV-damaged DNA, and redox stress
(Weeks et al., 2019). Although the size and shape of nucleoli change in cellular
senescence and in response to stress such as DNA damage, the implications are
unclear.

Importantly, nucleolus assembly depends on the biophysical properties of
the surrounding chromatin (Lafontaine et al., 2021). Interactions between
the nucleolus and rDNA can influence local chromatin organization and gene
expression. Structural changes in the nucleolus could have an impact on ribosome
biogenesis and have implications for genome organization (Bersaglieri et al., 2022;
Gupta et al., 2010).
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Figure 1.5: Nucleolar structure and function. FC - fibrillar center, DFC - dense
fibrillar component, GC - granular component, rDNA - ribosomal DNA, rRNA -
ribosomal RNA.

Nucleolar dynamics during differentiation

Although significant remodeling of multiple cell compartments is described
in differentiation systems, surprisingly little is known about the behavior
of the nucleolus in cell differentiation, and there are no data for the
adipogenic lineage. Therefore, I will summarize the findings from other
model systems.

In vivo, as keratinocytes progress through the layers of the epidermis,
the nuclei and nucleoli undergo multiple changes (Gdula et al., 2013). The
nuclear volume decreases, the number of nucleoli per cell decreases, and
they move to the center of the nucleus. Furthermore, the frequency
of contact between pericentromeric clusters and nucleoli increases.
These observations suggest a role for nucleoli as a heterochromatin
microenvironment that supports appropriate gene expression programs
(Gdula et al., 2013). In the eye of Drosophila melanogaster, nucleolar
size is reduced during specification of stem cell fate (Baker, 2013). These
changes are associated with cell cycle arrest that precedes differentiation
(Baker, 2013). In mouse ESCs, upon exit from pluripotency, 30-40%
of the rRNA genes gain heterochromatin marking by increasing CpG
methylation and H3K9me2 and H3K9me3 histone marks (Savić et al.,
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2014). Downregulation of rRNA transcription during mouse and human
ESC differentiation is a well-described functional phenomenon (Savić
et al., 2014; Watanabe-Susaki et al., 2014; Woolnough et al., 2016). In
contradiction to the study carried out in keratinocytes (Gdula et al.,
2013), active pluripotent mESCs have one prominent active nucleolus
(Meshorer and Misteli, 2006). Upon differentiation, the number of nucleoli
increases and the nuclei become smaller as cellular activity drops.

Changes in nucleolar morphology and structure are perhaps better
characterized outside of the differentiation context. A characteristic
feature of senescence is one large nucleolus (Dillinger et al., 2017).
Fibroblasts from patients with Hutchinson-Gilford progeria syndrome have
larger nucleoli, enhanced ribosome biogenesis, and increased global protein
synthesis (Buchwalter and Hetzer, 2017). Interestingly, Hutchinson-
Gilford progeria syndrome is caused by a mutation in the LMNA gene,
encoding Lamin A and C, and induction of mutant LMNA expression
is sufficient to drive nucleolar expansion (Buchwalter and Hetzer, 2017).
Another determinant of nucleolar size and number, namely matrix stiffness,
was recently described (Pundel et al., 2022). A recent study using in
vitro keratinocytes links stiffness of the ECM to nucleolar morphology
and function (Pundel et al., 2022). Essentially, a softer matrix promotes
nucleolar fusion with an overall reduction in nuclear volume and an
increase in heterochromatin formation. In contrast, plating cells on a
stiffer matrix leads to a higher number of nucleoli per cell and larger
elongated nuclei (Pundel et al., 2022).

Changes in nucleolar morphology are not random and are associated
with cells transitioning from one state to another. Overall, the morphology
of the nucleoli is highly variable and depends on cell type - nucleoli can
differ in size, shape, and number in different systems. However, there is
no consensus on whether and how nucleolar morphology and numbers are
linked to its function.

1.2.6 Translation machinery

Differentiation leads to significant changes in the cell transcriptome
(Brunmeir et al., 2016; Casado-Dıéaz et al., 2017; Jääger et al., 2012;
Menssen et al., 2011) and consequently to a different proteome (DeLany et
al., 2005; Welsh et al., 2004), but the underlying regulation of translation is
not extensively studied. However, there are indications that the correlation
between mRNA levels and protein synthesis in eukaryotes is not high
(Tebaldi et al., 2012).
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A study reports that in human ASCs, induction of adipogenesis
leads to the downregulation of de novo protein synthesis and decreased
translational activity (Marcon et al., 2017). Accordingly, the expression
of ribosomal protein genes decreases (Marcon et al., 2017). Negative
regulation of ribosomal proteins (at the translational level) has also been
reported in mouse ESCs after embryoid body formation and in the C2C12
cell line as a result of myogenesis (de Klerk et al., 2015; Ingolia et al.,
2014). Protein synthesis in differentiation appears to be regulated at
both the transcriptional and translational levels. However, more studies
are needed to characterize the regulation of global protein synthesis in
differentiation in vitro.

Main signalling pathways regulating translation

Marcon et al. describe a downregulation of protein synthesis in human
adipogenesis (Marcon et al., 2017). An important translation regulator
mentioned in this study is eIF4E - eukaryotic translation initiation factor
4E. eIF4E is required to successfully recruit a 40S ribosomal subunit to
the 5’ cap of mRNA. The activity of eIF4Fe is mainly regulated by 4E-
BP1, which binds to eIF4E and inhibits translation when phosphorylated
(Jackson et al., 2010). Two main signaling pathways, PI3K/Akt/mTOR
and Ras/MAPK/Mnk, regulate the activity of eIF4E by phosphorylating
4E-BP (Siddiqui and Sonenberg, 2015). Another important mTOR
downstream pathway is mediated by the S6 kinase (S6K), which regulates
protein translation and ribosome biogenesis. PI3K/Akt/mTOR and the
downstream pathways are the main signaling pathways that regulate
cell growth, cell proliferation, and stress response. Multiple studies have
established the importance of mTOR, eIF4E, and S6K in adipose tissue
homeostasis and adipogenesis (Carnevalli et al., 2010; Conn et al., 2021;
Lamming et al., 2013; P. L. Lee et al., 2017). Interestingly, another
member of the initiation factors, eIF2A, is important for lipid metabolism
and insulin sensitivity in mice (Anderson et al., 2021; Oyadomari et al.,
2008).

A recent study has identified a novel transcription factor that
impacts adipogenesis via a global effect on translation, cytoskeleton,
and mitochondria independently of the canonical 4E-BP1 pathway (see
Section 1.2.2) (Audano et al., 2021). The connection between cytoskeleton,
translation, and lipid synthesis is discussed in Chapter 4 in relation to
our findings.
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1.3 LncRNA in mammalian genomes

Before next-generation sequencing technologies, the human genome was
thought to consist of approximately 20,000 genes encoding proteins,
interspersed with largely repetitive and silent non-coding elements with no
function (or "junk DNA"). The only recognized non-coding elements were
then promoters and enhancers. The first non-coding RNAs (ncRNAs)
were discovered in the early 1990s in the genomes of Mus musculus
and Caenorhabditis elegans. These were the first members of the later
established microRNA (lin-4 ) and long non-coding RNA (H19, Xist)
classes. (Brannan et al., 1990; Brockdorff et al., 1992; Brown et al., 1992;
R. C. Lee et al., 1993).

In the last 20 years, high throughput sequencing revealed pervasive
transcription of mammalian genomes. In contrast to previous assumptions,
up to 80% of the human genome is transcribed (Carninci et al., 2005;
Derrien et al., 2012) (Figure 1.6). These findings have changed the general
concept of "junk DNA", yet the noncoding genome was and still is often
referred to as "the dark matter" of the genome (Lusic and Mhlanga, 2022;
Martin and Chang, 2012; Mefford, 2014).

Surprisingly, the number of non-coding genes in the human genome
turned out to be higher than that of coding genes. Currently, the
GENCODE database (version v35) counts 60,656 genes, of which
only 19,954 are protein-coding genes, and 229,580 transcripts, of
which only 84,485 are protein-coding transcripts (Frankish et al.,
2019, https://www.gencodegenes.org). In quantity, mRNAs represent
approximately 3% of cell RNA (Squillaro et al., 2020) (Figure 1.6). Of
note, ribosomal RNA (rRNA) and transfer RNA (tRNA) are non-coding
and account for 90% of all RNA expressed in the cell. rRNA and tRNA
are not included in the ncRNAs discussed here because they have separate
specific functions.

Initially, ncRNAs have been separated into categories depending on
their length: those below 200 bp, such as microRNAs (miRNAs) and
small nucleolar RNAs (snoRNAs), and those above 200 bp called long
non-coding RNAs (lncRNAs) (Figure 1.6). Among these, lncRNAs are
the most similar to protein-coding mRNAs.

Generally, lncRNAs have a spatially restricted expression pattern
throughout the body and are, on average, expressed at lower levels than
coding genes (Derrien et al., 2012; Hangauer et al., 2013). However,
and although estimations of expression levels are very relative, specific
lncRNAs can be highly expressed in brain cells (Q. Ma and Chang, 2016).
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The expression of lncRNAs is more tissue-specific than protein-coding
genes, with only 11% of lncRNA genes versus 65% of protein-coding genes
ubiquitously expressed (Derrien et al., 2012).

Figure 1.6: The proportions of coding and non-coding RNAs in the human
genome. Adapted from (Gomes et al., 2019).

1.3.1 Genomic loci, structures, isoforms

Various types of transcripts are included in the lncRNA class. One pa-
rameter distinguishing lncRNAs is their genomic location and orientation:
lncRNAs genes can be intergenic or intronic, with a sense or antisense
direction. Moreover, lncRNAs can be expressed from regulatory elements
of protein-coding genes such as enhancers, promoters or 3’-UTRs, and
even from telomeres (Qureshi and Mehler, 2012). Depending on their ori-
gin, lncRNAs can be classified into enhancer ncRNAs, promoter ncRNAs,
long intergenic ncRNAs, or intronic ncRNAs (Bonasio and Shiekhattar,
2014). Depending on the directionality of the gene, they can also be
categorized as sense and antisense. Finally, based on their mode of action,
they are defined as cis- or trans-acting (Ulitsky and Bartel, 2013). The
processing of lncRNA can also vary; many are capped at the 5’ end,
spliced at canonical sites, and polyadenylated at the 3’ end (Cabili et al.,
2011; Chew et al., 2013; Guttman et al., 2009). Essentially, lncRNAs that
have their gene transcribed by PolII and are polyadenylated and 5’capped
are not much different from mRNAs. An example of fully processed and
multiexonic long intergenic noncoding RNA is HOTAIR, the subject of my
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research. Unfortunately, no systematic classification of lncRNAs exists,
making the class of lncRNAs large and highly varied.

As mRNAs of protein-coding genes, lncRNAs can have multiple
isoforms. One of the sources of isoform variability is alternative
polyadenylation, which happens when a gene sequence harbors more
than one polyadenylation signal sequence (pAs). In the mouse genome,
approximately 70% of mRNAs and 66% of lncRNAs have more than
one pAs (Hoque et al., 2013). Interestingly, lncRNA genes show more
variability in the localization of pAs than mRNA. A larger proportion
of lncRNA genes have pAs upstream of the last 3’-end exon, suggesting
more variation in the expressed exons. Around 45% of the conserved
regions in lncRNA genes lie downstream of the first pAs, which means
that alternative polyadenylation can have a functional effect if important
conserved regions are included or excluded depending on the pAs used
(Hoque et al., 2013). In the human genome, two functionally different
isoforms of CCAT1 lncRNAs have been reported; the main difference
between the isoforms lies in the use of alternative pAs (Xiang et al.,
2014). Similarly to mRNAs, lncRNAs can undergo alternative splicing,
and seemingly all exons of lncRNAs can be spliced, thus creating the
possibility of an enormous number of isoforms (Deveson et al., 2018).

Conservation levels of lncRNAs are lower than those of protein-coding
mRNAs, and on average lncRNAs have fewer exons (Derrien et al.,
2012; Haerty and Ponting, 2013; Pang et al., 2006). The low level
of genomic conservation could result from a lower evolutionary pressure
on the sequence compared to a coding sequence. Interestingly, in the
human genome, exonic splicing enhancers for multiexonic lncRNAs (6 nt
DNA motifs that direct splicing) are conserved to the level of protein-
coding genes across mammals (Haerty and Ponting, 2015). Furthermore,
conserved splicing patterns were confirmed in another study using human
and mouse transcriptomes (Deveson et al., 2018). Such conservation of
splicing patterns suggests that correct processing and exon composition
are essential for multiexonic lncRNAs.

1.3.2 Are lncRNAs functional?

There are multiple opinions on whether lncRNAs are functional, whether
all of them are functional, and whether some of them are transcriptional
"noise" (Pang et al., 2006; Ponjavic et al., 2007). LncRNAs genes are
epigenetically regulated and can be marked with H3K4me3 and H3K6me3
histone modicifcations (Mikkelsen et al., 2007). These histone marks
are found at active promoters and gene bodies of actively transcribed
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genes. Active epigenetic marking contradicts the notion that lncRNAs
are transcriptional "noise" arising from spurious transcription by RNA
Pol II (Derrien et al., 2012; Hangauer et al., 2013).

Probably due to their variability as a class, lncRNAs have functions in
many cellular processes, including proliferation, differentiation, apoptosis,
and migration. Mechanistically, lncRNAs can act as protein decoys,
scaffolds, or guides (Rinn and Chang, 2012). LncRNAs can also
sponge miRNAs, preventing them from acting and positively regulating
downstream mRNAs (López-Urrutia et al., 2019).

While proteins regulating adipogenesis have been studied extensively,
regulation of adipogenesis by non-coding RNAs has not been investigated
to the same extent. A transcriptomic study carried out in mouse tissues
and isolated cells reports that expression levels of up to 175 lncRNAs
are tightly regulated in adipogenesis (L. Sun et al., 2013). There are no
such estimates for the human transcriptome, but a similar magnitude
of regulation can be expected. A recent report summarizes 14 lncRNAs
that have been studied in adipose biology and adipogenesis. These 14
lncRNAs include potential regulators of the white and beige adipose
lineages (Squillaro et al., 2020). It should be noted that some of the
lncRNAs related to adipose tissue homeostasis in mice have been shown
to regulate the cell cycle in 3T3-L1 cells (Rey et al., 2021). One of the 14
lncRNAs is HOTAIR, the gene of interest in this thesis.

Tight transcriptional control of lncRNAs and evolutionary conservation,
together with multiple studies proposing distinct (though very diverse)
functions for lncRNAs, strongly suggest that lncRNAs as a class are
functional and represent a complex layer of genome regulation rather than
"transcriptional noise".

1.3.3 LncRNA HOTAIR from the HOXC locus

HOX genes are an ancient group of genes involved in anterior-posterior
specialization during development. HOX genes are found in evolution
as early as in Cnidaria and are present in all animals with an anterior-
posterior axis (Lewis, 1992). HOX clusters were duplicated throughout
evolution and initially all arose from one HOX gene (Carroll, 1995; Kappen
et al., 1993). There are 4 HOX loci in the mammalian genome. In humans,
these are called HOXA, HOXB, HOXC, and HOXD and are located on
chromosomes 7p14, 17q21, 12q13, and 2q31 respectively. (Lappin et al.,
2006). All protein-coding genes in HOX loci encode transcription factor
proteins with a homeobox domain - a highly conserved motif. Mutations in
the HOX genes lead to malformations of organs and many skeletal bones
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(Quinonez and Innis, 2014). HOX genes share biologically important
features, one of which being spatial colinearity. During development,
HOX genes are expressed from the 3’ end to the 5’ end of the locus in a
gradient manner, with the gene numbers starting from 1 (for example,
HOXA1 ) at the 3’-end (McGinnis and Krumlauf, 1992). The pattern
of expression of HOX genes according to the anterior-posterior axis is
preserved in the adult organism (Ackema and Charité, 2008; Picchi et
al., 2013; Rinn et al., 2007). Although the role of HOX genes in the
development and spatial organization of the embryo is well known (Iimura
and Pourquié, 2007; Krumlauf, 1994), the functions of HOX genes in an
adult organism are less clear. One hypothesis is that the expression of
HOX genes supports developmental plasticity in tissues that continue to
undergo rapid developmental changes in the adult organism and have
high turnover (Daftary and Taylor, 2006).

LncRNAs from HOX loci

For a few decades, the research has mainly focused on protein-coding
genes of the HOX loci. However, multiple antisense transcripts embedded
in HOX loci were later discovered. Of note, noncoding HOX transcripts
are present both in human and mouse, suggesting a preserved function.
These transcripts have been attributed to various functions in the cis and
trans regulation of gene expression (De Kumar and Krumlauf, 2016). In
my research, I have focused on lncRNA HOTAIR, an antisense transcript
located directly downstream of the HOXC11 gene. HOTAIR was first
identified by Rinn et al. in a study focusing on the lncRNAs in HOX
clusters (Rinn et al., 2007). In this study, the authors identify in human
cells 231 spatially expressed HOX ncRNAs and demonstrate that their
genomic location often demarkates large epigenetic domains (Rinn et al.,
2007). Overall, early findings on HOTAIR led to an understanding that
HOX genes have a non-coding level of regulation (Mainguy et al., 2007;
Rinn et al., 2007).

HOTAIR

HOTAIR gene starts inside the HOXC11 gene, is located on the antisense
strand, and contains 11 canonical GT-AG introns and a total of 7 exons,
although these estimates and the numeration vary (Hajjari and Rahnama,
2017; Mozdarani et al., 2020). RefSeq and Ensembl report a different
number of alternative transcripts for HOTAIR with their lengths varying
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Figure 1.7: Multiple functions attributed to HOTAIR. TGFb - transforming
growth factor beta, Ub - ubiquitination, NF-kB - nuclear factor kappa B.

from 500 to 2000 bp. Two active promoters were identified in the HOTAIR
gene, one upstream of the first exon and another encompassing exons
E3 to E5. HOTAIR gene also display alternative TSSs and multiple
polyadenylation signals (Hajjari and Rahnama, 2017). HOTAIR is
transcribed by PolII, spliced, and processed like an mRNA, has a 5’-cap
and a polyA tail. In transcriptomic studies using adipose tissue biopsies
from healthy donors, HOTAIR was identified as the most differentially
expressed gene between subcutaneous fat in the upper and lower body
(Divoux et al., 2014; Pinnick et al., 2014). This is in agreement with the
anterior-posterior gradient of the overall expression pattern of HOX genes.
However, across all four HOX loci HOTAIR is the most significantly
upregulated gene in the lower body adipose tissue.

1.3.4 HOTAIR as an epigenetic scaffold

HOTAIR was shown to interact with the polycomb repressive complex
(PRC2) and to downregulate the HOXD locus in trans through trimethy-
lation of H3K27me3 (Khalil et al., 2009). HOTAIR was then shown to
interact with the LSD1/CoREST complex, an epigenetic complex with
robust demethylase activity (Tsai et al., 2010). The PRC2-binding do-
main is located closer to the 5’-end of HOTAIR, while LSD1/CoREST is
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located at the 3’-end (Tsai et al., 2010). The ability to bind two chromatin
modifiers at different ends of HOTAIR allows the construction of a large
epigenetic complex (Tsai et al., 2010). A study focused on the secondary
structure of HOTAIR found that 50% of the sequence is involved in
base pairing, making it a highly structured lncRNA (Somarowthu et al.,
2015). In vitro, HOTAIR reproducibly folds into four independent do-
mains (Somarowthu et al., 2015), all of which show sequences of high
evolutionary covariation, suggesting their functional importance. Two of
these domains include the predicted binding regions of PRC2 and LSD1
(Somarowthu et al., 2015). However, HOTAIR has also be reported to
directly silence genes independent of PRC2 (Portoso et al., 2017). This
could be conceivibly relate to its hability to form a DNA-DNA-RNA triple
helix structure (Kalwa et al., 2016). Furthermore, HOTAIR can act as a
sponge for various miRNAs (Cantile et al., 2021) and can silence specific
miRNA genes at the epigenetic level (D. Cheng et al., 2018; Y.-W. Liu
et al., 2015). Hence, HOTAIR can regulate gene expression both via
epigenetic complexes and independently of them (Figure 1.7).

1.3.5 The pathological and physiological roles of HOTAIR

HOTAIR has been extensively studied in the context of cancer. However,
reviewing the role of HOTAIR in cancer is beyond the scope of this thesis;
therefore, I will only briefly summarize the main concepts in the field.

The high expression of HOTAIR is a feature of multiple types of
cancer where it associates with metastasis and a poor prognosis (Bhan and
Mandal, 2015; Gupta et al., 2010; L. Lu et al., 2012; Sørensen et al., 2013).
In the cancer context, HOTAIR expression can be regulated by multiple
stimuli, such as estradiol, specific miRNAs, c-Myc, Collagen-1, and TGF-b
(Bhan et al., 2013; M.-Z. Ma et al., 2014; Z. Zhang et al., 2018; Zhuang
et al., 2013) (Figure 1.7). In breast cancer cell lines, overexpression of
HOTAIR promotes cancer invasiveness, while the knockdown of HOTAIR
does the opposite (Gupta et al., 2010). In summary, HOTAIR is associated
with aggressive migratory cancers and regulates genes involved in cell
migration, epithelial-to-mesenchymal transition, and tumorogenesis.

On the contrary, little is known about the physiological role of HOTAIR.
Functional studies of HOTAIR in a physiological context are scarce
and often controversial. In the first report of HOTAIR differential
expression between the upper and lower body adipose tissue, it was shown
that HOTAIR overexpression promotes adipogenesis of abdominal ASCs
(Divoux et al., 2014). However, a recent paper reports that overexpression
of HOTAIR in abdominal ASCs impairs adipogenesis (Kuo, Huang, et al.,
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Figure 1.8: Summary of HOTAIR functional studies in human non-malignant
cells. KD - knockdown, OE - overexpression. ↑ - increased, ↓ - decreased.

2022). In bone-marrow MSCs, overexpression of HOTAIR also inhibits
adipogenesis (Kalwa et al., 2016). Figure 1.8 summarizes functional
studies of HOTAIR performed in a non-cancerous context in human cell
lines. Of note, not all functional studies of HOTAIR report changes in gene
expression (Figure 1.8), and gene regulation mediated by HOTAIR-PRC2
is often not considered or not significantly affected.
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Similarly to human research, knockout studies in mice report
controversial findings. One study reports homeotic transformation and
skeletal malformations after HOTAIR knockout, as expected from distal
deletion of the HOX gene (L. Li et al., 2013). The phenotype is supported
by derepression of hundreds of genes and, more importantly, derepression
of HOXD genes (L. Li et al., 2013). However, a second knockout study
did not confirm these findings (Amândio et al., 2016). Notably, the
structure and sequence of the HOTAIR gene are poorly conserved between
mouse and human, with the LSD1 binding domain having only a general
conservation of 50%-70% and the EZH2 binding sites absent from mouse
HOTAIR (Schorderet and Duboule, 2011). Little sequence similarity and
controversial results from mouse knockout models make it challenging to
speculate on a similar role of HOTAIR in mice and in humans.

The discrepancy between functional studies of HOTAIR might stem
from the differences between models and approaches used to overexpress
or deplete HOTAIR. The reasons likely leading to inconsistent and
controversial findings of functional studies are discussed in Chapter 4.
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1.4 Long-read sequencing to decipher lncRNA structure

LncRNA genes give rise to multiple isoforms (Deveson et al., 2018),
however, identifying these and verifying their structure is technically
challenging. Initially, rapid amplification of cDNA ends (RACE)
techniques were used to study gene isoforms (Birman et al., 1994;
Pischedda et al., 1995; Sekelsky et al., 1999). RACE allows one to
"scan" the transcript either from the 3’-end or 5’-end. However, the RACE
methods are very tedious and require sequential steps of PCR and cloning.
In addition, RACE is not always capable of correctly detecting isoforms
from the 3’-end to the 5’-end, as the method requires a known sequence
anchor to place primers (Ozawa et al., 2004).

Although high-throughput short-read RNA sequencing (SR RNA-seq)
technology made it easy to quantitatively assess gene expression levels, SR
RNA-seq fails to accurately recapitulate isoform structures due to a very
short read length (up to 600 bp, but usually between 50-150 bp per read)
(De Paoli-Iseppi et al., 2021; Soneson et al., 2016; Steijger et al., 2013).
Moreover, SR RNA-Seq requires a high depth of sequencing to detect and
characterize isoforms. As previously mentioned, one of the features of
lncRNAs is a low level of expression compared to many protein-coding
genes. Therefore, discovery of lncRNA isoform pools is biased, since more
lncRNA isoforms are below the detection threshold (Derrien et al., 2012).
Another common feature of lncRNA is tissue specificity, which means
that annotations made in one tissue or cell type might not apply in other
contexts.

1.4.1 Advantages and limitations of long-read sequencing

A few years after SR RNA-seq became a standard method, long-read
sequencing technology (LR) was developed to allow isoform annotation.
With LR PacBio SMRT sequencing technologies, the read length can
reach 20 kb, and while the raw error rate is up to 15%, the post-processing
error rate is <1% (Hon et al., 2020; Tardaguila et al., 2018). The main
advantage of LR RNA-seq is that a full-length transcript is sequenced
from beginning to end in one read. Thus, LR RNA-seq alleviates the issue
of reconstructing possible isoforms from short overlapping reads. The
data obtained by LR RNA-seq led to the discovery of many novel isoforms
and revealed complex splicing patterns (Clark et al., 2019). PacBio LR
sequencing for RNA is called Iso-Seq and is used to detect and quantify
isoforms (Ambardar et al., 2016).

The limitation of LR RNA-seq lies in the depth of sequencing, as the
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Figure 1.9: Comparison of SR and LR RNA-Seq for identifying isoforms. Modified
from (https://www.ddw-online.com/full-length-isoform-sequencing-iso-seq-yields-
a-more-comprehensive-view-of-gene-activity-1586-201608/)

average number of reads is much lower than in SR RNA-seq. Sequencing
the whole transcriptome with PacBio technology is very expensive, and the
lowly expressed transcripts might not have enough sequencing coverage for
isoform detection. To overcome this challenge, the Capture-Seq method
uses oligonucleotide probes to enrich the target transcript (Clark et al.,
2015; Mercer et al., 2014). We have used the Capture-Seq method to
enrich HOTAIR transcripts from the full-length cDNA library in our
Paper I.

1.4.2 Library generation

LR RNA-seq requires the construction of a full-length cDNA library
where transcripts are amplified from both ends. An oligo-dT primer
with an adaptor sequence is annealed to the 3’-end polyA tail, while
the 5’-end anneals with a template-switching oligo (TSO). Essentially,
full-length cDNA can be generated from a polyadenylated mRNA without
prior knowledge of the transcript sequence. Sequencing can then be
performed on either unamplified or PCR-amplified cDNA, depending on
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the expression level and amount of material available. Since longer
transcripts will be underrepresented after PCR amplification, some
protocols include cDNA size fractionation to enrich the longer fraction,
a step that is considered necessary for transcripts above 4000 base pair
(bp) . For long-read sequencing of HOTAIR, we have performed PCR
amplification but we did not use size fractionation as HOTAIR transcripts
only range from 500 to 2000 bp.

Importantly, repeated rounds of PCR amplification necessary to obtain
full-length enriched libraries make quantitative comparisons between
different samples impossible. In the cDNA library, transcripts of 500
bp are amplified in the same PCR reaction together with transcripts of
5000 bp. Length variation between fragments will inevitably lead to over-
representation of shorter sequences. Capture-Seq data are thus qualitative
and isoform abundance can only be quantified inside one sample, but not
between samples.

1.4.3 Data analysis

From LR RNA-seq data, the isoform composition can be identified with
high precision. Multiple programs can be used to collapse identical
transcripts into a high-confidence set of unique isoforms. We have used
SQANTI (for Structural and Quality Annotation of Novel Transcript
Isoforms), a tool used to create a detailed and reference-corrected
characterization of transcripts and splice junctions (Tardaguila et al.,
2018). SQANTI has an internal set of quality controls preventing false
positive detection of isoforms, which could potentially arise from poly-dT
primer annealing to adenine-rich sequences, or from template switching
of the reverse transcriptase on a secondary structure pin of the RNA.
In SQANTI, transcripts that are perfectly, or partially matching splice
junctions from an annotated isoform are respectively labeled Full Splice
Match (FSM) or Incomplete Splice Match (ISM) of this annotated
transcript (Tardaguila et al., 2018). Novel isoforms resulting from a
novel combination of previously known splicing events are labeled Novel
in Catalog (NIC), while isoforms including at least one unknown splicing
junctions are labeled Novel Not in Catalog (NNC). In general, SQANTI
uses more quality controls and a larger panel of descriptors to categorize
isoforms than previous softwares.

27





Chapter 2

Aim of the study

Human adipose tissue depots are physiologically different, with distinct
metabolic properties and contributions to disease. The underlying reasons
for these differences are yet to be investigated in detail. Large-scale
transcriptomic studies of human adipose tissues have identified HOX genes
and, in particular, the lncRNA HOTAIR to be the most differentially
expressed between upper and lower body adipose depots. The role of
HOTAIR and its regulation in adipogenesis are not well studied. Previous
studies performed in human ASCs and MSCs report at times controversial
results. In this context, the aims of this study were to:

• Explore the epigenetic regulation of HOTAIR in gluteal and
abdominal adipose stem cells, characterize the expression and
regulation of HOTAIR during adipose differentiation (Paper I)

• Assess the function of HOTAIR during adipogenic differentiation of
ASCs by performing knockdown experiments to identify the affected
pathways (Paper II)

• Characterize nucleolar and cytoskeletal remodeling in adipogenic
differentiation (Paper III)

While Paper I and Paper II focus on HOTAIR, Paper III is not
related to HOTAIR but rather to the general process of adipogenesis.
Paper III is presented in the form of manuscript and does not study
lncRNA HOTAIR, but further explores processes affected by HOTAIR
knockdown in Paper II. Results and conclusions of Paper II led us to
characterize nucleolar dynamics upon cytoskeletal remodeling during in
adipose differentiation.
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Own contribution:

My contributions to this thesis work include conceptual planning,
generating and analyzing data, and writing manuscripts. For all three
papers presented here I have carried out a large part of cell culture
experiments. I have generated and analyzed all the microscopy data
in both Paper II and Paper III. Additionally, I have optimized full-
length cDNA library generation and designed capture probes for PacBio
sequencing of HOTAIR. For Paper II I have designed shRNA sequences,
cloned them, and generated stable cell lines using a lentiviral system.

Capture and PacBio sequencing for Paper I was performed by Ave
Tooming-Klingerud from the Norwegian Sequencing Centre (NSC) (CEES
node). Anita Løvstad Sørensen from our group contributed to cell culture
experiments and performed chromatin immunoprecipitation for Paper
I. Bioinformatics analysis of the short-read RNA-Seq and the long-read
sequencing data for all three papers included in this thesis was carried out
in the lab by Sarah Hazell Pickering. Thomas Germier, a former member
of Collas lab, contributed to microscopy analysis.
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Chapter 3

Summary of the papers

3.1 Paper I

De novo annotation of lncRNA HOTAIR transcripts by
long-read RNA capture-seq reveals a differentiation-driven
isoform switch
Evdokiia Potolitsyna, Sarah Hazell Pickering, Ave Tooming-Klunderud,
Philippe Collas$ § Nolwenn Briand$. 2022. BMC Genomics, under
revision.
$Corresponding author.

Background: LncRNAs are tissue-specific and emerge as important
regulators of various biological processes and as disease biomarkers.
HOTAIR is a well-established pro-oncogenic lncRNA which has been
attributed a variety of functions in cancer and native contexts. However,
a lack of an exhaustive, cell type-specific annotation questions whether
HOTAIR functions are supported by the expression of multiple isoforms.
Results: Using a capture long-read sequencing approach, we characterize
HOTAIR isoforms expressed in human primary adipose stem cells. We find
HOTAIR isoforms population displays varied splicing patterns, frequently
leading to the exclusion or truncation of canonical LSD1 and PRC2
binding domains. We identify a highly cell type-specific HOTAIR isoform
pool regulated by distinct promoter usage, and uncover a shift in the
HOTAIR TSS usage that modulates the balance of HOTAIR isoforms at
differentiation onset. Conclusion: Our results highlight the complexity
and cell type-specificity of HOTAIR isoforms and processes.
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3.2 Paper II

Long non-coding RNA HOTAIR regulates cytoskeleton
remodeling and lipid storage capacity during adipogenesis
Evdokiia Potolitsyna, Sarah Hazell Pickering, Thomas Germier, Philippe
Collas$ & Nolwenn Briand$. 2022. Scientific reports 12, 10157
$Corresponding author.

The long non-coding RNA HOTAIR is the most differentially expressed
gene between upper- and lower-body adipose tissue, yet its functional
significance in adipogenesis is unclear. We report that HOTAIR
expression is transiently induced during early adipogenic differentiation
of gluteofemoral adipose progenitors and repressed in mature adipocytes.
Upon adipogenic commitment, HOTAIR regulates protein synthesis
pathways and cytoskeleton remodeling with a later impact on mature
adipocyte lipid storage capacity. Our results support novel and important
functions of HOTAIR in the physiological context of adipogenesis.
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3.3 Paper III

Cytoskeletal remodeling defines nucleolar architecture
during adipogenesis
Evdokiia Potolitsyna, Thomas Germier, Sarah Hazell Pickering, Philippe
Collas,$ and Nolwenn Briand,$. 2022. Manuscript
$Corresponding author.

The differentiation of adipose progenitor cells into mature adipocytes
entails dramatic reorganization of the cellular architecture to accommo-
date lipid storage into cytoplasmic lipid droplets, which occupy the quasi
totality of the cell volume in vivo, compressing the nucleus beneath the
plasma membrane. Yet, how this cellular remodeling affects nucleus
substructure has not been investigated. It is notably unknown whether
the size of the nucleus and of the nucleolus are controlled by the same
mechanism. We describe a morphological remodeling of the nucleus and
its main subcompartment, the nucleolus, during adipogenesis of native
human adipose stem cells (ASCs). We find that cell cycle arrest triggers
a change in nucleoli structure which correlates with a decreased protein
synthesis. Strikingly, triggering cytoskeletal rearrangements alone mim-
ics the nucleolar remodeling observed in adipogenesis. Altogether, our
results point to nucleolar remodeling as an active, mechano-regulated
mechanism during adipogenic differentiation and demonstrate a key role
of the actin cytoskeleton in defining nuclear and nucleolar architecture in
differentiating human ASCs.
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Chapter 4

Discussion

The work presented in this thesis aims to characterize the lncRNA
HOTAIR in ASCs and dissect the cellular remodeling events affected
by a downregulation of HOTAIR expression during adipogenesis. Paper
I provides a transcriptomic characterization of HOTAIR and uncovers a
tightly regulated pool of isoforms responsive to adipogenic induction. In
Paper II we focus on the role of HOTAIR in adipogenesis by performing
a stable knockdown (KD). In HOTAIR KD ASC lines, we describe
cytoskeleton remodeling defects that lead to decreased lipid storage.
Finally, in Paper III we further explore how the nucleus and nucleolus
respond to cytoskeletal remodeling and describe how nucleolar phenotype
changes during adipogenesis. The findings of Paper II and Paper III
raise further questions about the connection between translation and the
cytoskeleton in complex cellular processes such as stem cell differentiation.

4.1 The multiple isoforms of HOTAIR

The main finding of Paper I is that a previously unstudied group of
HOTAIR isoforms is dominant in undifferentiated ASCs and is suppressed
upon induction of adipogenesis, but not osteogenesis. LncRNAs can have
many isoforms, yet little is known about their diversity (Deveson et al.,
2018). To address this issue, the first step in Paper I was a general
characterization and classification of HOTAIR isoforms from long-read
sequencing data. In the process, we encountered issues when representing
one isoform versus a group of isoforms with common characteristics. In
the graphical representation of high-confidence isoforms selected in Fig. 2i
(Paper I) ten isoforms are represented with the long E7 exon. However,
these isoforms also exist with all four possible lengths of E7, making our
representation a hidden graph. Concatenating E7 is allowed, since full-
splice match transcripts are considered one isoform even if the last 3’-end
exon length varies (Tardaguila et al., 2018). This is because alterations
in the length of the last exon (E7) do not affect the combination of splice
junctions used. Concatenating the last exon is a valid approach for protein-
coding sequences that contain 3’-UTRs. In the case of HOTAIR, the distal
3’-end of E7 contains the LSD1-binding domain. While a simplification
of the data is required due to the number of splicing options, such visual
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Figure 4.1: Supertranscript visualization approach to multiple isoforms.
Superisoform A: isoforms containing E3 with examples of isoforms from Paper
I; super-isoform B: isoforms starting with E3.1. with examples from Paper I. ↓
- pAs location; exons in red - defining superisoforms features.

representation of all isoforms can be misleading in relation to the length
of E7.

Overall, due to the degree of variability and the number of splicing
events, it could be helpful to use a graph-based approach to create a
"consensus" superisoform representing several isoforms (Davidson et al.,
2017). For lncRNAs, or HOTAIR in particular, we believe a representation
with "isoform A" switching to "isoform B" is too simplistic. However, a
graph concept of "superisoform A" versus "superisoform B" would be a
better solution, including the underlying complexity of the splicing and
making the classification more intelligible (Figure 4.1).

Detailed characterizations of the isoform pool are needed to interpret
the data across different cellular models (cell types or differentiation
systems) and might explain part of the inconsistencies between the results
of HOTAIR studies (see Chapter 1.3.5). When working with HOX genes
expressed in a gradient manner in organisms, anatomical location of the
sample is essential to understand their mode of regulation. Thus, the

36



The multiple isoforms of HOTAIR

frequent absence of a correct anatomical source of human material used
in most studies limits the use of public datasets for accurate comparative
analyses.

Importantly, the findings of Paper I bring new considerations for
functional studies of HOTAIR. Taking into account the complex isoform
pool, careful consideration is needed when selecting the specific sequence
to knockdown HOTAIR. Accordingly, commercially available siRNAs and
custom-designed shRNAs target the area common to all isoforms (Figure
4.2). Arguably, if an siRNA was designed on E3, around 40-50% of the
transcripts would not be targeted in ASCs.

Regarding overexpression, most studies use the only available vector
LZRS-HOTAIR (Kalwa et al., 2016; Kuo, Huang, et al., 2022; Portoso
et al., 2017; Zhai et al., 2016), which is truncated at both the 3’ and 5’
ends (Figure 4.2). Notably, the insert lacks part of E2 and the end E7,
containing one of the PolyA signals. Assuming that the pool of isoforms
is large and controlled, overexpression of an isoform that is a priori not
normally expressed would likely disrupt the HOTAIR isoform balance.
Ideally, functional overexpression studies should be conducted using the
sequences of highly expressed isoforms. In addition, overexpression levels
in functional studies are often 10-1000 fold (Kalwa et al., 2016; Kuo,
Huang, et al., 2022; M. Lee et al., 2016; S. Wei et al., 2017), while
fluctuations in physiological expression levels are less than 10 fold (Paper
II) (Kuo, Neville, et al., 2022; B. Wei et al., 2017). Although the
overexpression of various HOTAIR isoforms would inform on putative
isoform-specific functions, designing a well-controlled experiment taking
into account the isoform pool and its temporal dynamics would at present
be technically challenging.

Interestingly, HOTAIR expression and TSS usage is regulated in
adipogenesis but not osteogenesis (Paper I and II). The differential
regulation of isoforms between lineages and the fact that ASCs express a
pool of rare E3.1 isoforms highlight the importance of the cellular context
in lncRNA studies. The adipogenic differentiation of gluteofemoral ASCs
is a relevant dynamic system for characterizing the isoform composition
of HOTAIR and unraveling the differential regulation of isoforms due to
the relatively high expression level compared to multiple cell lines (Paper
I). Similarly, functional studies of the lncRNA Haunt, which also belongs
to a Hox cluster, could only be conducted in the context retinoic acid
driven differentiation, where Haunt expression is highly induced (Yin
et al., 2015). In that study, the authors highlight opposing roles for the
gene locus versus the RNA transcript (Yin et al., 2015), a notion that is
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Figure 4.2: IGV screenshot with insert from the commonly used overexpression
vector LZRS, location of siRNA sequences, and shRNA sequences.

reminiscent of early studies of HOX non-coding transcripts suggesting
these loci are defining borders of epigenetic domains (Rinn et al., 2007).
As we observe a switch in TSS usage, both the change in the state of
regulatory elements and the downregulation of the E3.1 starting isoforms
could be functionally significant. However, the fact that the histone
modification landscape is not changing at the HOTAIR locus (Paper I)
rather suggests the latter.

4.2 Can we predict the protein binding capacity of lncRNAs?

Several criteria contribute to defining the specificity of lncRNA-protein
interactions and multiple approaches may be used to investigate whether
HOTAIR isoforms differ in their ability to bind protein partners. Folding
of the protein-binding domains in the RNA molecule depends on sequence
composition. In Paper I, we find that the proportion of isoforms that
include the PRC2 and LSD1/CoREST domains remains stable during
adipogenic differentiation. Surprisingly, the main differences are in the
composition of short 5’-end exons of HOTAIR, which could potentially
affect the folding of the functional domains. The effect of short 5’-end
exons on RNA folding is an attractive hypothesis since the short 52-bp
novel E3.1 exon does not contain any specific RNA- or protein-binding
motifs from known databases (data not shown). Therefore, functionality
of the E3.1 exon may lie in the way it affects the folding of known
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domains. In silico methods exist to predict the RNA secondary structure
from sequence (Lorenz et al., 2011) and based on the folding of lncRNA,
interactions with proteins can be predicted with tools such as lncPro
(Q. Lu et al., 2013). We have attempted to use these tools to predict
the folding of individual isoforms (E3 containing and E3.1 starting) and
their binding affinity to published protein partners of HOTAIR (Busby
et al., 2020). However, we found that reproducibility and accuracy of
these approaches are low and thus have opted not use or present the data.

Another option would be to evaluate the folding of an artificially
synthesized molecule in vitro. This approach could shed light on the
folding of interaction domains in the presence of E3.1 instead of E3.
The canonical sequence of HOTAIR folds into four separate domains
(Somarowthu et al., 2015), where the first domain spans from E1 to the
beginning of E7, and three others are located exclusively in E7. The first
domain of the E3.1 starting isoforms should be folded differently, merely
because it includes E3.1, but lacks all the upstream exons. However, it is
currently challenging to speculate whether there would be any considerable
impact on distant domains.

Even if we could predict differential folding in an accurate manner, the
results may not give a direct link to differential functions of the isoforms.
In general, the low conservation of exon sequence, the high conservation of
splicing patterns, and the multiple identified roles of many lncRNAs (see
Chapter 1.3) raise the conceptual question of specificity for lncRNAs. One
of the roles of lncRNAs is to be a structural scaffold, and in that regard,
the exact nucleotide sequence arguably plays a minor role compared to
coding sequences.

Although looking at previously established protein-binding domains
in lncRNAs and treating them similarly to functional domains in
proteins seems an attractive avenue, careful consideration is needed when
interpreting this type of data.

4.3 Is an interaction between HOTAIR and PRC2 relevant in
a physiological context?

The interaction of HOTAIR with the PRC2 and LSD1/CoREST complexes
and its function as an epigenetic scaffold is the most widely accepted
HOTAIR function (Rinn et al., 2007; Tsai et al., 2010). This prompted
us to to relate our findings to this scaffolding function in Paper I and
Paper II.

In Paper I we did not detect a regulation of PRC2 or LSD1/CoREST
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binding domains-containing isoforms during adipogenic differentiation, at
least at the transcriptional level. Interestingly, only half of the expressed
HOTAIR transcipts harbor the LSD1/CoREST binding domain; these are
not regulated during adipogenesis, suggesting a constitutive function or a
presumed functional irrelevance of these HOTAIR domains in adipogenesis.
In Paper II, we do not see enrichment in PRC2 target genes in our
transcriptomic data after HOTAIR knockdown. This contrasts with
several functional studies (Gupta et al., 2010; K. Kim et al., 2013; Kogo
et al., 2011), but agrees with studies in primary ASCs (Erdos et al., 2022;
Kalwa et al., 2016).

These and other findings led us to critically discuss the concept of the
PRC2-HOTAIR interaction, especially in primary cells.

1. PRC2 has been shown to bind hundreds of lncRNAs as identified by
RNA immunoprecipitation sequencing (Khalil et al., 2009; Zhao et al.,
2010), confirming the low specificity of PRC2 to RNA (Davidovich
and Cech, 2015).

2. Polycomb recognition sequences identified in Drosophila (Ringrose
and Paro, 2007) are apparently lacking in vertebrates where
PRC2 targets represent a large and poorly defined group of genes
(Margueron and Reinberg, 2011). The commonly accepted PRC2
target genes are characterized by H3K27me3 marking and comprise
at least 10% of all genes, as identified in human embryonic stem
cells (Margueron and Reinberg, 2011).

3. Recent proteomic studies fail to find PRC2 components in the
protein interactome of HOTAIR (Delhaye et al., 2022; S. Li et al.,
2021). Chromatin isolation by RNA purification coupled with mass
spectrometry (ChIRP-ms) (Chu and Chang, 2018) does not detect
these proteins associated with endogenous HOTAIR (Delhaye et
al., 2022). Notably, BioID, a biotynilation-based tool for protein
interactions, performed with an overexpression system returns
components of the CoREST complex, but not of PRC2 (Delhaye
et al., 2022).

An explanation that partly addresses these points is that additional
cofactors define the specificity of the HOTAIR interaction with PRC2.
This concept is widely assumed for epigenetic complexes such as PRC2
(van Mierlo et al., 2019). However, little is known so far about which
cofactors would provide such specificity. HOTAIR is shown to bind to
the heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1, an RNA
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processing and matchmaking protein, which would provide specificity to
PRC2-HOTAIR complex in some contexts (Balas et al., 2021; Meredith
et al., 2016). Although the role of HOTAIR in ASCs was not extensively
studied previously, recent publications report changes in gene expression
either completely non-overlapping with PRC2 (Paper II) (Erdos et al.,
2022; Kuo, Huang, et al., 2022) or with a slight enrichment in PRC2
target genes (Kuo, Neville, et al., 2022). Many assumed connections
between HOTAIR and PRC2 in the literature, particularly cancer-related,
stem from an indirect evaluation of gene expression upon removal of
the RNA (Hajjari and Salavaty, 2015). Gene expression measures alone
are not sufficient to distinguish genes directly regulated by the lncRNA
binding or through various downstream effects. In Paper II we identify
the genes affected by HOTAIR knockdown, however, we cannot argue
whether HOTAIR directly regulates the expression of these genes or not.
Methodologically, ChIRP coupled with sequencing can identify genes
directly bound by RNA, allowing evaluation of direct gene expression
regulation by lncRNAs (Chu et al., 2012). Using ChIRP-Seq, Erdos
et al. find that HOTAIR is bound to highly expressed gene bodies in
gluteofemoral ASCs (Erdos et al., 2022). The authors define two gene sets,
directly and indirectly regulated by HOTAIR, where the directly regulated
genes are found both in ChIRP-Seq and transcriptionally affected by the
knockdown and overexpression of HOTAIR (Erdos et al., 2022). The
affected genes are related to EMT and the cell cycle, with EMT-related
genes mainly involved in the organization of the cytoskeleton (Erdos et al.,
2022), supporting our findings of Paper II.

Overall, while highly cited literature established a role for HOTAIR as
an epigenetic regulator acting via PRC2 or independently (Portoso et al.,
2017; Rinn et al., 2007; Tsai et al., 2010), multiple other studies do not
find a significant deregulation of PRC2-target genes when manipulating
HOTAIR RNA levels (Ishibashi et al., 2013; Kalwa et al., 2016; Yoon
et al., 2013; Zheng et al., 2015) (Paper II). Instead, these studies suggest
other roles for HOTAIR (Paper II) (Yoon et al., 2013; Zheng et al.,
2015). Although the concept of HOTAIR and the PRC2 duet should not
be ignored, it is certainly not the only and likely not the central role of
HOTAIR in the primary cell context. In ASCs, HOTAIR is both nuclear
and cytoplasmic, and as such, is likely to act on gene expression both
directly and indirectly (Tsai et al., 2010; Xu and Zhang, 2017; Yoon et al.,
2013). Thus, gene deregulation upon HOTAIR KD in ASCs likely occurs
downstream of multiple affected pathways.
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4.4 Actin cytoskeleton remodeling is involved in
adipogenesis

Remodeling of the cytoskeleton and the ECM is critical for commitment
of ASCs to the adipocyte lineage (Mor-Yossef Moldovan et al., 2019;
Rosen et al., 2000; W. Yang et al., 2014). In Paper II, cells depleted of
HOTAIR which fail to dissasemble an actin cytoskeleton display decreased
lipid storage and smaller lipid droplets. Accordingly, stabilizing the actin
cytoskeleton has been suggested to be detrimental to adipogenesis (Chen
et al., 2018; McColloch et al., 2019).

How is actin cytoskeleton disassembly favorable for adipogenesis?
First, the negative impact of the cytoskeleton could be physical. In a
cytoplasm with a rigid and well-defined F-actin cytoskeleton, accumulation
and fusion of lipid droplets could be difficult due to spatial constraints.
Second, it is logical to assume that lipid accumulation could generate a
positive feedback to the nucleus via biomechanical cues (McColloch et al.,
2019; Tharp et al., 2018; Torrino and Bertero, 2022). Indeed, adipocytes
have a small, condensed nucleus, while lipid droplets occupy most of the
cytoplasm (Paper III). Lipid droplets can not only press on the nucleus,
but also enter the nucleus and regulate gene expression by recruiting
transcriptional regulators to their surface (Barbosa and Siniossoglou,
2020; Sołtysik et al., 2019). Positive regulation of adipogenesis via
growing lipid droplets also appears plausible in light of mechanosensitive
transcription factors. For example, one of the key transcription factors for
lipid accumulation, SREBP1c, is downregulated in differentiated HOTAIR
KD cells (Paper II) and was shown to be mechanosensitive (Bertolio
et al., 2019).

A recent study identified a transcription factor, Zc3h10, that regulates
cytoskeleton organization in murine preadipocytes (MSCs of which ASCs
are a subtype) (Audano et al., 2021). Interestingly, Zc3h10 KD in these
cells mirrors the phenotype we demonstrate in Paper II after HOTAIR
KD. Transcriptomic analysis of undifferentiated mouse MSCs reveals
an increase in translation-related genes and a decrease in cytoskeletal
genes (Audano et al., 2021). Furthermore, the studies describe opposite
effects on LD size (Audano et al., 2021) (Paper II). Interestingly, in both
Paper II and (Audano et al., 2021) differentiation efficiency is decreased,
suggesting the importance of the temporal dynamics of the cytoskeleton
for adipogenesis. Together, the two studies point to the co-regulation of
lipid accumulation, cytoskeleton, and translation.
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4.5 Relationship between protein synthesis and the
cytoskeleton

In Paper II we find that genes co-expressed with HOTAIR during
adipogenesis are related to the ECM and the cytoskeleton. The
involvement of HOTAIR in the interplay between translation and the
ECM or cytoskeleton can also be confirmed in multiple public datasets.
Using the SEEK database (Zhu et al., 2015), we confirm that expression of
HOTAIR is positively correlated with that of genes with GO terms related
to ECM and development, while negatively correlated genes include some
related to translation, ribosome biogenesis and respiration (Figure 4.3).
These GO terms strikingly resemble those enriched in our RNA-seq data
for HOTAIR KD cells.

Figure 4.3: GO terms for top 500 genes correlated and anticorrelated with
HOTAIR expression patterns; SEEK database (Zhu et al., 2015) querying non-
cancerous entries.

The relationship between the cytoskeleton and the translation
machinery is intriguing. A physical connection was initially established
when polysomes were discovered to be bound to the cytoskeleton (Hesketh
and Pryme, 1991; Wolosewick and Porter, 1976). Later, multiple
components of the translation machinery were found at migrating tips of
cells and at focal adhesion points (Chicurel et al., 1998; Dermit et al., 2020;
Hafner et al., 2019; Willett et al., 2011). However, it is unclear how and
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why translation and cytoskeleton are co-regulated at the transcriptional
level, as we note in Paper II (see also (Audano et al., 2021).

Interestingly, a recent report demonstrates a link between translation
and the cytoskeleton outside a differentiation context, by describing a new
role for the eukaryotic initiation factor eIF6 in endothelial cells, where
it regulates mechanical responses (Keen et al., 2022). Keen et al. find
no differences in de novo protein synthesis, rRNA expression levels, and
polysome profiles after eIF6 KD. However, the ability to increase de novo
protein synthesis upon insulin stimulation is impaired in eIF6 KD cells
(Keen et al., 2022). Similarly, in Paper II, we report a lack of translation
activation upon stimulation, as HOTAIR KD cell lines fail to respond to
the fasting/refeeding challenge. In addition, eIF6 KD leads to a small
decrease in the number of nucleoli per cell (Keen et al., 2022), a trend we
also observe after both transient and stable KD of HOTAIR (Paper II).
Notably, deletion of another eukaryotic initiation factor, eIF4E, in mice
does not result in a phenotype under basal conditions, but in striking
resistance to high-fat diet-induced obesity (Conn et al., 2021). This
could be a common feature of translation regulators, as de novo protein
synthesis is a crucial process for cell survival, and its regulation is likely
redundant under basal conditions.

Importantly, cells lacking eIF6 display a disorganized cytoskeleton with
fewer focal adhesions, lower coherence of actin fibers, and an inability to
remodel their cytoskeleton under mechanical stress (Keen et al., 2022).
In Paper II, HOTAIR KD cells also fail to remodel the cytoskeleton
upon reaching confluence, when a change in the surrounding mechanical
environment occurs, as the density and frequency of cell contacts increase
(see Chapter 1, Figure 1.2). Hence, cells lacking eIF6 or HOTAIR display
impaired responses to both translation-related and cytoskeleton-related
challenges.

The consequence of a disorganized cytoskeleton in eIF6 depleted cells
is decreased cell tension (Keen et al., 2022), which was not measured
in our system, but likely plays a role in the phenotype we observe after
HOTAIR KD. Decreased cell tension is characterized by a larger cell area
and a lower coherence of actin fibers (Keen et al., 2022). In HOTAIR KD
at D0, actin fibers are also characterized by lower coherence (Paper II).
Cell tension is primarily defined by the cytoskeleton, and therefore failure
to remodel the cytoskeleton probably affects cell tension. Interestingly,
indirectly affecting cell stiffness upstream of the cytoskeleton through a
lower matrix stiffness leads to a decrease in the number of nucleoli per cell
and a decrease in de novo protein synthesis due to lower rRNA expression
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(Pundel et al., 2022).
The biomechanical aspect of the relationship between cytoskeleton

and translation in ASCs led us to examine, in Paper III, changes in
nucleolar phenotypes during adipogenesis, a system where cytoskeleton
remodeling is crucial (Mor-Yossef Moldovan et al., 2019; Rosen et al.,
2000; W. Yang et al., 2014).

4.6 The nucleolus is a dynamic organelle during
adipogenesis

The actin cytoskeleton is reorganized during adipogenic differentiation
(Kanzaki and Pessin, 2001; Nobusue et al., 2014; W. Yang et al., 2014).
However, whether this reorganization affects nucleoli during adipogenesis
is unknown. In general, little is known about the role and dynamics
of nucleoli in differentiation. Adipogenesis presents a relevant model
to explore nucleolar remodeling from the biomechanical angle, as cells
change shape, disassemble the actin cytoskeleton, and synthesize a layer
of ECM during differentiation (see Chapter 1.2). Paper III focuses on
how adipose differentiation affects nucleolar morphology and function.

Nucleolar structure is altered upon cell cycle arrest

Paper III describes changes in nucleolar structure occuring upon growth
arrest. One may argue that differences between GC compartment
staining patterns in different cellular models (He et al., 2018; Sen
Gupta et al., 2018; K. Yang et al., 2016) might be explained by
variations in immuno-detection protocols, such as permeabilization or
antibodies used. In our case, all samples are permeabilized identically,
yet the change in the Nucleolin staining pattern between Pro and D0 is
striking. We further confirmed our findings by staining with an antibody
against Nucleophosmin, another major GC components which differ from
Nucleolin by its size and interaction properties (Scott and Oeffinger,
2016). Both Nucleolin and Nucleophosmin display similar immunostaining
profiles, confirming a change in nucleolar structure. A recent proteomic
study suggests the existence of a novel nucleolar subcompartment, the
nucleolar rim (Stenström et al., 2020), supporting our findings of GC
proteins relocalization (Paper III). The authors spatially dissect the
nucleolar proteome and identify 157 proteins localized to the nucleolar
periphery. Although the nucleolar rim is more pronounced in the fixed
conditions, it is also detectable in living cells (Stenström et al., 2020).
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The remodeling of the nucleolus we observe upon cell cycle arrest of ASCs
and during differentiation suggests a high degree of variation in nucleolar
structure can exist under non-pathological conditions.

Why does nucleolar volume increase in adipocytes?

We find that between D0 and D15 of adipogenesis, total nucleolar volume
per cell increases; however, this does not correlate with a change in
translation rates. Our transcriptomic analysis reveals a marked increase
in the expression of ribosomal protein genes by D15, suggesting higher
nucleolar activity. An increase in ribosomal protein gene expression levels
does not directly imply a higher number of ribosomes. However, if the
expressed RNA is translated, ribosome assembly will take place and
might require a larger nucleolus to accommodate all maturing ribosomes.
Potentially, adipocytes as terminally differentiated cells possess a lineage-
specific translation machinery which can be tuned to express a narrower
set of relevant proteins (Genuth and Barna, 2018).

Another possibility is that the increase in nucleolus size in adipocytes
is related to the unfolded protein response (UPR) pathway. The UPR
occurs in both the nucleus and the cytoplasm. The cytosolic unfolded
protein response is activated upon endoplasmic reticulum stress (C. Y.
Liu and Kaufman, 2003) and plays a role in adipogenesis (J.-M. Lee
et al., 2021; Zha and Zhou, 2012). In the nucleus, the nucleolus sequesters
misfolded proteins from the nucleoplasm, acting as a protein quality
control compartment (Alberti and Carra, 2019; Frottin et al., 2019).
Sequestration in the nucleolus prevents misfolded proteins from forming
toxic aggregates in the nucleus (Frottin et al., 2019). It is not known
whether nuclear UPR is induced during adipogenesis, but storage of
unfolded proteins could be one of the reasons nucleoli grow larger in late
differentiation.

Finally, nucleoli are a platform for nucleolus-associated heterochro-
matin domains (NADs), which largely overlap with LADs, suggesting
that heterochromatin can be anchored both at the nuclear lamina and
in the vicinity of the nucleolus (Bersaglieri and Santoro, 2019; Németh
et al., 2010; Vertii et al., 2019). From the point of spatial organization
of the nucleus, the formation of a single large nucleolus could reflect the
need for a larger nucleolar surface area to anchor heterochromatin, when
the nuclear volume, and thus the surface of the nuclear lamina, decreases.
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Is the nucleolus mechanosensitive?

Our findings in Paper III suggest that changes in nucleolar morphology
are mainly driven by cytoskeletal dissassembly during differentiation.
Although the cytoskeleton regulates the shape of the nucleus, the potential
relationship between the cytoskeleton and nucleoli is not well established.

In HeLa cells, inhibition of actin polymerization does not lead to
nucleolar fusion (Caragine et al., 2019). In our experiments, treatment
with cytochalasin D leads to a sharp decrease in the number of nucleoli per
cell. Similarly, lower cell or matrix stiffness leads to nucleolar fusion(Keen
et al., 2022; Pundel et al., 2022). The discrepancy between our results
and those of (Caragine et al., 2019) probably stems from the difference in
cytoskeletal organization between ASCs and HeLa cells. HeLa cells do
not have a strongly defined actin cytoskeleton with stress fibers, unlike
elongated ASCs, and their shape is relatively round (Figure 4.4). We
propose that as the stretch force created by the cytoskeleton is released
and cellular tension decreases, allowing the nucleus to shrink. The contact
frequency of individual nucleoli should therefore increase as the nuclear
volume decreases, likely leading to nucleolar fusion.

Figure 4.4: Phalloidin staining of the actin cytoskeleton in HeLa (left) and ASCs
(right). HeLa - spirochrome gallery (https://spirochrome.com/gallery/), ASCs -
own data. Scale bar - 20 µm.

The nucleolus is a drop-like condensate that is not physically connected
to the cytoskeleton (Lafontaine et al., 2021). Therefore, the medium
that exerts physical cues on the nucleolus is chromatin. In phase
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Figure 4.5: Immunofluorescence imaging of H3K9me3 (green), and bodipy
staining of intracellular lipids (red), in D0 and D15 in vitro differentiated
adipocytes; scale bar, 10 µm. Unpublished data.

separation processes within the nucleus, heterochromatin condensation
supports the growth and fusion of droplets within softer regions of
less dense chromatin (Shin et al., 2019). In agreement, cells with
smaller nuclei and fewer nucleoli per nucleus have more H3K9me3-marked
heterochromatin foci and overall lower chromatin mobility (Pundel et
al., 2022). However, unpublished ChIP-seq data from our laboratory
suggest that there is no increase in H3K9me3 levels in D15 adipocytes,
and our immunofluorescence data does not show an apparent increase in
H3K9me3 levels (Figure 4.5). Moreover, inducing H3K9me3 deposition
in ASCs leads to a reduced nuclear volume, however, the number of
nucleoli remains unchanged (Paper III), suggesting heterochromatin
accumulation by itself does not induce nucleolar fusion. It remains unclear
whether the nucleolus actively senses mechanical forces or is passively
remodeled under the influence of the surrounding chromatin. The exact
mechanism leading to nucleolar fusion and its functional role is yet to be
determined.

Cell stiffness and heterochromatin in adipogenesis

In Paper III, we show a decrease in the ratio of lamin A/C to lamin
B1 during differentiation, and an overall decrease in lamin protein levels.
Although we do not have direct measures of nuclear lamina or cell stiffness,
both actin cytoskeleton dissassembly and downregulation of lamins at the
protein level suggest lower nuclear and cell stiffness (Swift et al., 2013).
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Immunofluorescence and ChIP-ceq data (Figure 4.5, and unpublished
data from the lab [not shown]) suggest preserved or lower levels of
H3K9me3, a key heterochromatin histone modification. The finding seems
contraintuitive, as one might expect a terminally differentiated cell to have
a less permissive chromatin environment (Bártová, Krejcıé, Harnicarová,
and Kozubek, 2008; Ugarte et al., 2015) . However, softening of the
nucleus through loss of H3K9me3 heterochromatin could be a protective
mechanism for the genome against mechanical stress (Nava et al., 2020),
such as stress imposed by lipid droplets in our system. Additional studies
on the mechanisms of chromatin homeostasis under mechanical stress
would be informative to better appreciate structural and conformational
chromatin changes taking place during adipogenesis (Paulsen et al., 2019;
Siersbæk et al., 2017).
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4.7 Perspectives

The work presented in this thesis provides new insights on the regulation
of protein synthesis in various contexts: through the lncRNA HOTAIR,
during adipogenesis, and at the physical level through the interdependence
between the cytoskeleton, the nucleus and the nucleolus. Although
primarily relevant in an adipose tissue context, the results presented
in this thesis will be of interest to researchers working with other cellular
models where cells transit from state to state and where the transition
is accompanied by a change in the external or internal mechanical
environment. For instance, cytoskeletal reorganization, extracellular
matrix remodeling and stiffness changes occur in other differentiation
lineages and in cancer progression, such as the epithelial-to-mesenchymal
transition. Furthermore, a deeper understanding of translation regulation
by various stimuli will be relevant in pathological contexts where the
nucleolus plays a role, such as progeria, ribosomopathies, and aging.
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Abstract 

Background: LncRNAs are tissue-specific and 
emerge as important regulators of various 
biological processes and as disease biomarkers. 
HOTAIR is a well-established pro-oncogenic 
lncRNA which has been attributed a variety of 
functions in cancer and native contexts. However, 
a lack of an exhaustive, cell type-specific 
annotation questions whether HOTAIR functions 
are supported by the expression of multiple 
isoforms.  

Results: Using a capture long-read sequencing 
approach, we characterize HOTAIR isoforms 
expressed in human primary adipose stem cells. 
We find HOTAIR isoforms population displays 
varied splicing patterns, frequently leading to the 
exclusion or truncation of canonical LSD1 and 
PRC2 binding domains. We identify a highly cell 
type-specific HOTAIR isoform pool regulated by 

distinct promoter usage, and uncover a shift in the 
HOTAIR TSS usage that modulates the balance 
of HOTAIR isoforms at differentiation onset.  

Conclusion: Our results highlight the complexity 
and cell type-specificity of HOTAIR isoforms and 
open perspectives on functional implications of 
these variants and their balance to key cellular 
processes.  
 

Keywords: HOTAIR; adipose differentiation; 
adipose stem cells; capture-seq; long-read 
sequencing; lncRNA isoform 

 

Background 

Long non-coding RNAs (lncRNAs) are 
increasingly recognized as major regulators 
of physiological processes and have 
emerged as biomarkers for disease 
diagnosis and prognosis [1]. HOTAIR (HOX 
Transcript Antisense RNA) is a long 
antisense transcript of ~500-2200 base pairs 
(bp) located within, and extending upstream 
of, the HOXC11 gene, in the HOXC locus on 
chromosome 12. HOTAIR is mostly studied 
in cancer models where its overexpression 
promotes cell migration and metastasis by 
altering gene expression [2–5]. HOTAIR is 
also the most differentially expressed gene 
between upper- and lower-body adipose 
tissue, and its expression is induced during 
adipose differentiation of gluteofemoral 
adipose stem cells (hereafter referred to as 
ASCs) [6, 7]. The function of HOTAIR in 
adipose tissue remains, however, unclear. In 
contrast to its effect in cancer cell lines [8–
11], HOTAIR overexpression does not affect 
adipose progenitors’ gene expression or 
proliferation rates [7, 12]. These 
observations point to different functions and 
mechanisms of action of HOTAIR in cancer 
vs. mesenchymal progenitor cells. 

LncRNAs interact with proteins, DNA and 
other RNAs to regulate gene expression at 
multiple levels. HOTAIR has been detected 
in the cytoplasm where it can promote 
ubiquitin-mediated proteolysis by associating 
with E3 ubiquitin ligases [13] or function as a 
microRNA sponge [14]. HOTAIR is also 
found in the nucleus, where it can bind 
chromatin [13, 15, 16] and act as scaffold for 
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chromatin-modifying complexes through 
binding to the Polycomb repressor complex 
PRC2 subunit EZH2 [17], a histone H3K27 
methyltransferase, and to LSD1/KDM1A, the 
H3K4/K9 demethylase of the REST/CoREST 
complex [18]. Recent evidence 
demonstrates that HOTAIR-PRC2 binding 
can be modulated by changes in HOTAIR 
structure mediated by RNA binding protein 
(RBP)-RNA-lncRNA interactions [19].  

LncRNA folding into secondary and tertiary 
structures dictates their interactome, making 
their function dependent on structural 
conservation[20]. While the full-length 
HOTAIR sequence is poorly evolutionarily 
conserved, folding prediction has identified 
two well-conserved structures in the 5’ and 3’ 
ends of HOTAIR [21]. The currently reported 
primary structure of the HOTAIR gene is 
complex, with 2 predicted promoters, 
multiple predicted transcription start sites 
(TSSs) and potential splice sites leading to 
several isoforms [22–25]. HOTAIR 
transcripts can harbor small exon length 
variations [26], or alternative splice site 
usage that eliminates the PRC2 [18] or RBP 
[19] binding domains.  Therefore, distinct 
HOTAIR splice variants likely have distinct 
functions, warranting an isoform-specific 
annotation in relevant tissues. 

Current reference annotations for lncRNAs 
are incomplete due to their overall low 
expression level, weak evolutionary 
conservation, and high tissue specificity [27]. 
Identification of lncRNA isoforms using short-
read RNA sequencing (RNA-seq) is 
challenging because almost every exon can 
be alternatively spliced [30], and short reads 
cannot resolve the connectivity between 
distant exons. Long-read sequencing 
technologies can address this challenge by 
covering the entire RNA sequence in a single 
read, enabling mapping of isoform changes 
that may impact lncRNA structure and 
function [28]. 

Here, we combine long-read Capture-seq 
and Illumina short-read RNA-seq to resolve 
changes in the composition of HOTAIR 
isoforms in a well-characterized adipogenic 
differentiation system [29]. We uncover a 

temporal shift in the composition of HOTAIR 
isoforms upon induction of differentiation, 
regulated by distinct promoter usage and 
hormonal and nutrient-sensing pathways.  

 

Results 

HOTAIR is highly expressed in ASCs and 
regulated during adipogenesis 

We first assessed HOTAIR expression level 
in ASCs versus cancer cell lines where 
HOTAIR function has been previously 
studied [30]. We find that HOTAIR 
expression level in ASCs from two unrelated 
donors is higher or comparable to that of 
cancer cell lines (Fig. 1a), confirming the 
relevance of primary ASCs as a model 
system to assess the relative abundance of 
HOTAIR isoforms. 

We examined by short-read RNA-seq the 
transcriptome of ASCs in the proliferating 
stage (Pro), after cell cycle arrest (day 0; D0), 
and after 1, 3 and 9 days of adipogenic 
induction (D1, D3, D9). Hierarchical 
clustering of differentially expressed genes 
across time (α < 0.01 between at least two 
consecutive time points) confirms the 
upregulation of genes pertaining to the 
hallmark “Adipogenesis”, including the 
master adipogenic transcription factor 
PPARG (Additional file 1, Fig. S1). 
Moreover, HOTAIR displays a diphasic 
expression profile in this time course, with 
increased levels upon cell cycle arrest on D0, 
followed by a progressive downregulation 
(Fig. 1b). HOTAIR expression is maintained 
during osteogenic differentiation (Fig. 1c), 
indicating a lineage-specific mode of 
regulation.  

 

Identification of main HOTAIR isoforms  

To identify HOTAIR isoforms, we performed 
PacBio single-molecule, long-read isoform 
sequencing of captured polyadenylated 
HOTAIR transcripts (PacBio Capture-seq) in 
proliferating ASCs and during adipose 
differentiation. Full-length reads were 
clustered into non-redundant transcripts and 
aligned to the hg38 genome assembly, 
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providing excellent coverage over the 
HOTAIR locus with sharp exon boundaries 
(Fig. 2a,b). The Isoseq3 pipeline yielded 
~6000 HOTAIR isoforms; these were further 
filtered and merged both across time points 
and based on internal junctions using 
Cupcake ToFU [31, 32] or TAMA [33] (Fig. 
2a), resulting in 34 isoforms (Fig. 2a,c; 
Additional file 2, Table S1, Additional file 
3).  

To characterize these HOTAIR isoforms, we 
first classified transcripts into four main 
categories using SQANTI [34]. Out of the 34 
aforementioned isoforms, we find (i) 8 full 
splice matches (FSM) transcripts, (ii) 6 
incomplete splice matches (ISM) of an 
annotated (known) transcript, (iii) 12 novel in 
catalog (NIC) transcripts containing new 
combinations of annotated splice sites, and 
(iv) 8 novel not in catalog (NNC) transcripts
using at least one unannotated splice site
(Fig. 2d, Additional file 1, Fig. S2). Second,
we assessed isoform variations at the 5’ and
3’ ends. Transcripts start sites supported by
Cap analysis of gene expression (CAGE)
data are distributed evenly across SQANTI
categories, with 15 transcripts starting within
15 bp of a CAGE peak summit (Fig. 2e).
Transcripts with a TSS located more than
250 bp away from a CAGE peak likely
represent lowly expressed or highly cell type-
specific isoforms of HOTAIR, explaining the
absence of a dedicated CAGE peak  [35, 36]. 
HOTAIR full length transcripts also show
variable 3’ ends (exon 7; E7) corresponding
to the alternative usage of 4 different
canonical polyA signals for transcription
termination (Fig. 2f, Additional file 2, Table
S2). Third, we find the highest number of
reads for transcripts in FSM, ISM and NIC
SQANTI categories (Fig. 2g), indicating that
most HOTAIR transcripts identified here
have a known exon and splice junction
composition.

To identify the top isoforms expressed 
across differentiation, we further filtered 
candidates based on read counts (Fig. 2h). 
Only 23 transcripts accumulate more than 
100 reads, and these are also detected in at 
least 2 samples. These 23 high-confidence 

isoforms arise from multiple TSS usage, 
alternative splicing and intron retention 
events, as well as polyA site usage (Fig. 2i). 
Altogether, our PacBio sequencing analysis 
identifies with high confidence known and 
novel uncharacterized HOTAIR transcript 
isoforms in our adipose differentiation 
system, with notable variation in their TSS 
and polyA site usage. 

HOTAIR splicing affects LSD1 and PRC2 
interacting domains  

HOTAIR has been described as a scaffold for 
LSD1 [18] and PRC2 [18], epigenetic 
modifiers involved in the regulation of 
adipogenesis [37–39]. The LSD1 binding 
domain lies in the last 500 bp of HOTAIR 
exon 7 (E7), whereas the PRC2 binding 
domain spans exons 4 and 5 [40] (Fig. 3a).  

Inclusion of the LSD1 binding domain in 
HOTAIR isoforms depends on polyA site 
usage (see Fig. 3a; Fig. 2f,i); thus we 
examined potential changes in exon E7 
length during adipogenesis. The proportion 
of PacBio reads for the long forms of E7, 
harboring the LSD1 binding domain, does 
not significantly vary during differentiation 
(Fig. 3b). In agreement, the expression 
profile of LSD1-containing HOTAIR isoforms 
(E7 long and medium) is similar to that of the 
total isoform pool (E7 short) (Fig. 3c, see 
Fig. 1bc), confirming that alternative 
polyadenylation pattern of HOTAIR is 
maintained during differentiation (Fig. 3c). 
Hence, variations in HOTAIR isoforms during 
adipogenesis do not in principle impact its 
LSD1 scaffolding function.  

We next investigated alternative splicing 
events affecting the PRC2 binding domain. 
Analysis of exon E5 alternative splicing 
reveals two major alternative splice sites 
(site 1 and site 3) (Fig. 3d). Induction of 
differentiation promotes splicing at site 3, 
leading to a slight increase in proportion of 
the shorter E5 variant (Fig. 3e). This splicing 
event can be readily detected by semi-
quantitative RT-PCR analysis of exon E3-E5 
expression in ASCs from two independent 
individuals (Fig. 3f, Additional file 1, Fig. 

77



4 

 

S3a,b,c), emphasizing the robustness of the 
PacBio approach in capturing relative 
variations in HOTAIR transcript levels during 
differentiation. Overall, PacBio Capture-seq 
analysis reveals that HOTAIR is expressed 
as a pool of isoforms with differential ability 
to bind LSD1 and PRC2. However, 
adipogenic induction does not significantly 
affect the proportion of isoforms with LSD1 or 
PRC2 binding capacity. 

 

Adipogenic induction triggers a switch in 
HOTAIR isoform start sites 

One noticeable feature of HOTAIR isoform 
pool is the presence of 9 distinct start sites 
(Fig. 4a, see Fig. 2i). To assess TSS usage, 
we first quantified the total number of reads 
for each exon start category in PacBio 
Capture-Seq dataset (Fig. 4b). Only 
transcripts starting from exons E2, E3, E3.1 
and E5 cumulated more than 500 reads 
during differentiation. We next quantified the 
proportion of each of HOTAIR 23 high-
confidence isoform at each time point (Fig. 
4c). Strikingly, while E3.1-starting isoforms 
contribute to the majority of reads prior to 
differentiation onset (Pro, D0),  adipogenic 
induction triggers a decrease in the E3.1-
starting isoform pool which is compensated 
by an increase in E3-starting isoform 
expression (Fig. 4c,d,e). Short-read RNA-
seq analysis confirms this switch in TSS 
usage, with exon E3 becoming significantly 
more expressed than E3.1 upon 
differentiation onset (D1; Fig. 4f). The sharp 
drop in E3.1 starting isoforms is readily 
observed by semi-quantitative RT-PCR 
using primers spanning exons E3.1-E4, 
while expression of E3-E5 containing 
isoforms is maintained during early 
adipogenesis (Fig. 4g, left; Additional file 1, 
Fig. S3b). Importantly, osteogenic 
differentiation of ASCs maintains E3.1 
isoforms expression (Fig. 4g, right; 
Additional file 1, Fig. S3a), indicating an 
adipose-specific regulation of HOTAIR 
isoforms. We conclude that adipogenic 
commitment triggers a switch in HOTAIR 
TSS usage, potentially impacting functional 
binding domains located in 5’ exons [19]. 

 

ASCs express a cell type-specific 
HOTAIR isoform  

To assess cell type- and tissue-specificity of 
E3.1 starting HOTAIR isoforms, we used 
Snaptron [41], a search engine for querying 
splicing patterns in publicly available RNA-
seq datasets (Additional file 2, Table S3). 
We found only 24 cell samples with more 
than 10 reads containing the E3.1-E4 
junction, while the E3-E4 junction was 
detected in 672 samples (Fig. 5a; 
Additional file 2, Table S4). We confirmed 
by semi-quantitative RT-PCR the expression 
of exon E3.1 in cultured primary myoblasts, 
BJ fibroblasts and HEK 293T cells – albeit to 
lower levels than in ASCs – and its absence 
in HeLa cells (Fig. 5b).  

To gain insight into the regulation of HOTAIR 
isoform expression, we examined the 
chromatin accessibility landscape of the 
HOTAIR locus in published Assay for 
Transposable Accessible Chromatin 
(ATAC)-seq data [42–45] (Fig. 5c). We find 
two regions of accessible (‘open’) chromatin 
in ASCs (R3, R4), which our chromatin 
immunoprecipitation (ChIP)-seq data show 
are also enriched in H3K4me3 and 
H3K27ac, histone modifications 
characterizing active regulatory sites (Fig. 
5c, d). Region R3 coincides with both 
activating and repressing regulatory element 
(REM) annotations by EpiRegio [46], 
suggesting it constitutes a bivalent regulator 
for HOTAIR or nearby genes expression. 
Region R4, located immediately upstream of 
exon E3.1 is also in an ‘open’ chromatin in 
myoblasts but not in HeLa cells, which 
respectively do and do not express E3.1-
starting transcripts (Fig. 5b,c), and likely 
represents the active promoter for E3.1-
starting isoforms. In contrast, these regions 
are in a ‘closed’ configuration in mature 
adipocytes, consistent with HOTAIR 
downregulation during adipogenesis (see 
Fig. 1b). Thus, HOTAIR displays active 
regulatory sites in ASCs, in line with the 
expression of specific isoforms. However, 
HOTAIR upregulation upon cell cycle arrest 
is not accompanied by changes of H3K4me3 
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and H3K27ac levels, and loss of H3K4me3 
at region 4 occurs only at later differentiation 
time points (D3 and D9). Thus, modulation of 
HOTAIR levels during adipogenesis is not 
mediated by epigenetic regulation (Fig. 5d).  

 

HOTAIR stability increases upon cell 
cycle arrest 

HOTAIR half-life varies according to cell 
type, from 4 h in HeLa cells [13] to more than 
7 h in primary trophoblast cells [47]. We 
therefore asked whether increased HOTAIR 
levels upon cell cycle arrest (D0; see Fig. 1b) 
could relate to a change in lncRNA stability. 
Treatment with Flavopiridol to inhibit RNA 
polymerase II (Pol II) transcription reveals an 
increase in HOTAIR half-life from 3 h in 
proliferating ASCs to > 4 h in D0 cells (Fig. 
6a), while cell cycle arrest does not impact 
the stability of control short-lived CEBPD or 
long-lived GAPDH mRNA (Fig. 6b,c). Thus, 
while ATAC-seq data indicate that the 
HOTAIR isoform balance is likely regulated 
by cell type-specific transcription factors, the 
global increase in HOTAIR levels observed 
at D0 results at least in part from an increase 
in its stability.  

 

Discussion 

LncRNAs can modulate important biological 
and pathophysiological processes through 
their interaction with multiple partners. Our 
long-read Capture-seq of HOTAIR unveils a 
complex and dynamic pool of isoforms in 
differentiating ASCs. Adipogenic induction 
triggers a switch in the expression of main 
HOTAIR isoforms which likely impacts on its 
structure and interactome. Our results 
emphasize the importance of robust lncRNA 
annotation in the tissue of interest prior to 
functional characterization.  

A single lncRNA locus can generate many 
transcript variants through alternative TSS 
usage, polyadenylation sites and splicing 
events [48]. We find that previously 
undescribed HOTAIR variants constitutes 
the major isoforms in human adipose stem 
cells, and show that not only lncRNA 
expression level, but also the isoform pool 

expressed can be highly cell type-specific, 
adding another layer of complexity to the 
regulation of biological processes by 
lncRNAs.    

The chromatin landscape of the HOTAIR 
locus in ASCs is consistent with a promoter 
upstream of HOTAIR exon E3.1, which is in 
an ‘open’ and active epigenetic configuration 
in ASCs and myoblasts, where HOTAIR E3.1 
starting isoforms are expressed, but not in 
HeLa cells. However, adipogenic induction 
results in only mild and delayed changes in 
active histone modification at this site, 
suggesting that expression of various 
HOTAIR isoforms is rather regulated by 
differentiation-stage specific transcription 
factors. In line, alternative promoter usage is 
elicited downstream of adipogenic, but not 
osteogenic, signaling pathways.  
Additionally, increased HOTAIR levels upon 
cell cycle arrest (D0 cells) also correlates 
with an increase in its stability. Interestingly, 
interaction with the RNA-binding 
protein HuR, a negative regulator of 
adipogenesis [49], reduces HOTAIR stability 
[13]. Alternatively, increased HOTAIR 
stability could result from its binding to a cell 
stage-specific protein partner. Collectively, 
our results indicate a tight, multifactorial 
regulation of isoform pool during 
adipogenesis, arguing for a functional 
importance of the isoform switch.  

In cancer cell lines, HOTAIR has been 
reported to scaffold for chromatin regulators 
with broad effects on gene expression [50–
52]. Our long-read sequencing data reveal 
multiple polyA site usage leading to the 
exclusion of the LSD1 binding domain at the 
3’ end, or alternative splicing events affecting 
the PRC2 minimal binding domain. However, 
the proportion of HOTAIR isoforms 
containing LSD1 or PRC2 domains does not 
vary during adipose differentiation, 
suggesting that HOTAIR’s role in 
adipogenesis is independent from its 
epigenetic scaffold function. Supporting this 
idea, HOTAIR depletion does not 
significantly affect PRC2-mediated gene 
regulation  in adipose progenitors [12]. 
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Recent studies have confirmed that a non-
protein-coding locus can give rise to 
functionally distinct transcript isoforms [48, 
53–55]. Of note, the switch in HOTAIR start 
site upon differentiation induction leads to 
the inclusion of HOTAIR exon 3 containing a 
protein binding domain [19], which likely 
alters HOTAIR function. Another intriguing 
possibility is that short sequence variations 
at the 5’ end impact HOTAIR’s secondary 
structure and thus the folding of functional 
domains. Observation of HOTAIR structure 
using atomic force microscopy reveals 
multiple dynamic conformations [56]. It is 
therefore conceivable that HOTAIR functions 
via conformational changes, induced by or 
resulting from interactions with protein 
partners. Hence, variations in isoform 
composition likely results in cell type specific 
structures and interactomes, which could 
account for the divergent roles of HOTAIR in 
primary cells and cancer cell lines.  

 

Conclusions 

We generate the first cell type-specific, 
comprehensive catalog of HOTAIR isoforms 
in a physiological context and describe novel 
HOTAIR isoforms, alternative splicing 
events, and multiple start site usage.  We find 
that HOTAIR splicing in ASCs often leads to 
the exclusion or truncation of canonical 
LSD1 and PRC2 binding domains. We 
uncover a shift in HOTAIR TSS usage that 
controls the balance of HOTAIR isoforms 
during early adipogenesis The variability of 
HOTAIR isoforms opens new perspectives 
for studies in (patho)physiological contexts. 

 

Methods 

All methods were performed in accordance 
with the guidelines and regulations of the 
University of Oslo. 

 

Cell culture and differentiation 

ASCs from two non-obese donors (ASC-1 
and ASC-2) were cultured in DMEM/F12 with 
10% fetal calf serum and 20 ng/ml basic 
fibroblast growth factor (Pro). Upon 

confluency, growth factor was removed, and 
cells were cultured for 72 h before induction 
of differentiation (D0). For adipose 
differentiation, ASCs were induced with 0.5 
µM 1-methyl-3 isobutyl xanthine, 1 µM 
dexamethasone, 10 µg/ ml insulin and 200 
µM indomethacin. For osteogenic 
differentiation, ASCs were induced with 0.1 
μM dexamethasone, 10 mM β-
glycerophosphate and 0.05 mM L-ascorbic 
acid-2 phosphate. Differentiation media was 
renewed every 3 days, and samples were 
harvested on D1, D3 and D9 after induction. 
Differentiation experiments were done in at 
least biological triplicates. HeLa cells 
(American Type Culture Collection; CCL-2) 
were cultured in MEM medium containing 
Glutamax (Gibco), 1% non-essential amino 
acids and 10% fetal calf serum. MDA-MB-
231 and MCF-7 cells (both from American 
Type Culture Collection) were cultured in 
DMEM containing 10% fetal calf serum. 
Human myoblasts (Lonza) were cultured as 
described [57]. BJ fibroblasts (American 
Type Culture Collection) were cultured in 
DMEM/F12 with 10% fetal calf serum and 20 
ng/ml basic fibroblast growth factor. 
HEK293T (Thermo Scientific) were cultured 
in DMEM/F12 with 10% fetal calf serum.  

 

RT-qPCR and semi-quantitative PCR 

Total RNA was isolated using the RNeasy kit 
(QIAGEN) and 1 µg was used for cDNA 
synthesis using the High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher). 
RT-PCR was done using IQ SYBR green 
(Biorad) with SF3A1 as a reference gene. 
PCR conditions were 95°C for 3 min and 40 
cycles of 95°C for 30 s, 60°C for 30 s, and 
72°C for 20 s. Semi-quantitative PCR was 
done using a PCR Master Mix 
(ThermoFisher) with the following conditions: 
95°C for 3 min and 30 cycles of 95°C for 30 
s, 60°C for 30 s, and 72°C for 30 s. Products 
were separated in a 2.5% agarose gel with 
Tris-Borate-EDTA buffer. PCR primers are 
listed in Additional file 2 Table S5. 
Uncropped gels are presented in Additional 
file 4, Fig. S4 to S7.  
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Short-read Illumina RNA-sequencing and 
data analysis 

Differentiation time courses from ASC-1 with 
5 time points were sequenced in biological 
triplicates with short (40bp), paired end reads 
on Illumina NextSeq. Reads were aligned to 
the hg38 genome (ensembl v95 annotation) 
using hisat2, and counted with 
featureCounts (--fraction –M) . To further 
analyze differentially expressed genes, 
edgeR and limma packages were used . Low 
abundance genes were filtered using 
edgeR's function "filterByExpr". Genes with 
an adjusted p-value < 0.01 (eBayes method, 
limma package) between two or more 
consecutive time points were clustered with 
DPGP software. FDR adjusted p-value for 
Adipogenesis cluster was generated by 
overrepresentation analysis using Hallmark 
gene sets from MSigDb (v7.4) with all human 
genes as background. FeatureCounts with 
strict parameters (-f -g exon_id -p -s 2 -O --
fraction -B -C) was used to quantify exon 
coverage as normalized counts per kilobase 
of exon sequence.   

PacBio Capture-Seq 

PacBio Capture-seq was performed on 
duplicate differentiation time courses from 
ASC-1. For each differentiation, RNA 
samples from 5 differentiation time points 
were used to synthesize full-length barcoded 
cDNA libraries using the Template Switching 
RT Enzyme Mix (NEB). Libraries were 
prepared using Pacific Biosciences protocol 
for cDNA Sequence Capture Using IDT 
xGen® Lockdown® probes 
(https://eu.idtdna.com/site/order/ngs). A pool 
of 100 probes against all known HOTAIR 
isoform sequences was designed using the 
IDT web tool. Full-length cDNA was cleaned 
up using Pronex beads, and 1200 ng was 
used for each hybridization reactions. Library 
was sequenced in one 8M SMRT cell on a 
Sequel II instrument using Sequel II Binding 
kit 2.1 and Sequencing chemistry v2.0. 

Transcript identification from targeted 
long-read sequencing 

CCS sequences were generated for the 
entire dataset using the Circular Consensus 
Sequence pipeline (SMRT Tools v 
8.0.0.80502) with minimum number of 
passes 3 and minimum accuracy 0.99. CCS 
reads were demultiplexed using the 
Barcoding pipeline (SMRT Tools 
v7.0.0.63823). Iso-Seq analysis was 
performed using the Iso-Seq pipeline (SMRT 
Link v7.0.0.63985) with default settings. 
Only clustered isoforms with at least 2 
subreads, 0.99 quality score and containing 
a polyA tail of at least 20 base pairs (bp) were 
used. Isoforms were aligned to the hg38 
genome with minimap2 v.2.17 [58]. Primary 
alignments to the HOTAIR locus (chr12: 
53,962,308-53,974,956) were selected as 
target HOTAIR transcripts if they had a 
mapping quality above 20 and less than 50 
clipped nucleotides (samclip; 
https://github.com/tseemann/samclip). 
Single exon and sense transcripts were also 
filtered. 

HOTAIR transcripts were collapsed with both 
Cupcake Tofu [31] 
(https://github.com/Magdoll/cDNA_Cupcake
) and TAMA [33] 
(https://github.com/GenomeRIK/tama). 
Parameters --dun-merge-5-shorter and –x 
capped were used for cupcake and TAMA 
respectively, to prevent shorter transcript 
models from being merged into longer ones.  
For TAMA, –z 100 was also set to increase 
the allowed 3’ variability. To combine 
transcript lists between timepoints, collapsed 
transcripts with at least 50 full length reads 
within one sample were merged using 
cupcake chain_samples.py or 
tama_merge.py. Initially this produced ~80 
HOTAIR transcripts, with much of the 
variation in the ends of 3' and 5' exons. To 
achieve a final transcript list, collapsed 
transcripts were merged on internal junctions 
only by increasing the allowed 5' and 3' 
variability (with TAMA options -a 300 -z 
2000) and ranking libraries by the number of 
polyadenylated HOTAIR reads. This resulted 
in 34 TAMA isoforms.  
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Final cross-validation was conducted by 
running SQANTI with unclustered ccs reads 
as the “novel long read-defined 
transcriptome” and the top 34 TAMA 
isoforms as the “reference annotation”. This 
assigned full length reads to their 
corresponding TAMA isoform and reads 
annotated as full-splice match were counted 
for each isoform.  SQANTI was used again 
to classify transcripts against existing 
reference annotations and to search for 
polyA motifs near transcript ends from a list 
of potential human motifs (Additional file 2, 
Tables S1, S2) [34] 
(https://github.com/ConesaLab/SQANTI).  
Reference isoforms were collected from four 
sources: Ensembl (v95),  RefSeq, UCSC 
browser’s "lincRNA and TUCP transcripts"  
and Fantom CAT (Hon 2015), the last of 
which included isoforms from encode, 
hubmap and miTranscriptome (Additional 
File 1 Fig. S2).   SQANTI categories are 
defined relative to the reference isoforms as 
follows (i) FSM: the number of exons and all 
internal junctions are concordant with the 
reference isoform. (ii) ISM: the isoform has 
less 5' exons than the reference, and yet the 
internal junctions are perfectly consistent. (iii) 
NIC: all donor and acceptor sites exist in the 
reference isoform list but their combination in 
a single isoform is novel. (iv) NNC: at least 
one of the donor or acceptor sites in the 
isoform is not found in the reference list. For 
all categories, the exact length of the 5' and 
3' ends of first and last exons, respectively, 
can differ by any amount. 

 

Snaptron 

We searched Snaptron's SRA V2 database 
[41] , which contains ~49000 public samples, 
for experiments with reads overlapping 
HOTAIR exon-exon junctions with the web 
query 
http://snaptron.cs.jhu.edu/srav2/snaptron?re
gions=HOTAIR&rfilter=annotated:1 
(Additional File 2, Table S3). Sample IDs for 
experiments with at least 10 exon spanning 
reads were extracted and cell type 
information accessed via a matching 
metadata query. A simplified version of the 

exon E3.1 metadata table is presented in 
Additional file 2, Table S4.  

 

Chromatin immunoprecipitation  

Cells (2x106/ChIP) were cross-linked with 
1% formaldehyde for 10 min and cross-
linking was stopped with 125 mM glycine. 
Cells were lysed for 10 min in ChIP lysis 
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl, pH 8.0, proteinase inhibitors, 1 mM 
PMSF, 20 mM Na Butyrate) and sonicated 
for 30 sec ON/OFF for 10 min in a 
Bioruptor®Pico (Diagenode) to generate 200-
500 bp DNA fragments. After sedimentation 
at 10,000 g for 10 min, the supernatant was 
collected and diluted 5 times in RIPA buffer 
(140 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 
mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 
0.1% SDS, 0.1% sodium deoxycholate, 
protease inhibitors, 1 mM PMSF, 20 mM Na 
Butyrate). After a 100 µL sample was 
removed (input), diluted chromatin was 
incubated for 2 h with antibodies (2.5 µg/100 
µL) coupled to magnetic Dynabeads Protein 
A (Invitrogen). ChIP samples were washed 4 
times in ice-cold RIPA buffer, crosslinks were 
reversed and DNA was eluted for 2h at 68oC 
in 50 mM NaCl, 20 mM Tris-HCl pH 7.5, 5 
mM EDTA, 1% SDS and 50 ng/µl Proteinase 
K. DNA was purified and dissolved in H2O. 
ChIP DNA was used as template for 
quantitative (q)PCR using SYBR® Green 
(BioRad), with 95oC denaturation for 3 min 
and 40 cycles of 95 oC for 30 sec, 60 oC for 
30 sec, and 72 oC for 30 sec. Primers used 
for ChIP are listed in Additional file 2, Table 
S5.  

 

Statistical analyses  

Statistics were performed with GraphPad 
Prism 9.2.0 (https://www.graphpad.com/). 

 

Abbreviations  

ASCs, adipose stem cells; ChIP, chromatin 
immunoprecipitation; GSAT, gluteofemoral 
subcutaneous adipose tissue; HOTAIR, 
HOX Transcript Antisense RNA; LncRN long 
non-coding RNA; PRC2, polycomb repressor 
complex 2 
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Figures 

 

 

 
Figure 1. HOTAIR expression during adipogenic differentiation. a Quantitative RT-PCR analysis of 
HOTAIR expression in HeLa, MCF7, MDA-MB-231, and ASCs from two independent donors (ASC-1 and 
ASC-2). b Differential expression of HOTAIR between differentiation time points analyzed by short-read 
RNA-seq (mean ± SD; *p < 0.05, **p<0.01, ***p<0.001, limma moderated t-statistic; n = 3). c RT-qPCR 
analysis of HOTAIR relative expression, normalized to D0 ASCs, during adipogenic and osteogenic 
differentiation (mean fold difference ± SD; ****p < 0.0001, two-way ANOVA; n = 3). 
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Figure 2. Identification of HOTAIR isoforms in differentiating ASCs. a Bioinformatic pipeline for 
identification of HOTAIR isoforms. b Representative integrative genomics viewer (IGV) tracks for short-read 
Illumina RNA-seq (upper) and PacBio capture-seq (lower) coverage tracks on HOTAIR (D0). c Venn 
diagram showing the overlap between HOTAIR isoforms identified using TAMA and Cupcake ToFU. d-h 
SQANTI characterization of 34 HOTAIR transcripts, with:  d Number of isoforms per SQANTI categories 
and presence of non-canonical splice sites. e Distance in base pairs from the isoform start to the nearest 
CAGE peak summit from Ref. [34]. f HOTAIR exon E7 diagram showing 3’ end polyA tails. g Cumulative 
read counts of the isoforms shown by SQANTI categories. h Cumulative read number per isoform vs. 
number of samples in which the isoform was detected (cutoff: 0.1x103 reads per isoform). i Exon structure 
of 23 high confidence HOTAIR isoforms colored by SQANTI categories. FSM: full splice match; ISM: 
incomplete splice match; NIC: novel in catalog; NNC: novel not in catalog. 
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Figure 3. HOTAIR splicing across functional domains during adipogenesis.  a Schematic 
representation of HOTAIR 3’ exons (exons E4 to E7) containing LSD1 and PRC2 binding domains. 
Alternative splicing events and polyA (pA) sites usage detected in 5 representative HOTAIR high confidence 
isoforms are represented. b Proportion of long-read Capture-Seq reads for each E7 length across 
differentiation time points. c Schematic representation of RT-qPCR amplicons (upper panel) and qRT-PCR 
analysis of HOTAIR E7 length variation during adipose differentiation (lower panel). d PacBio Capture-Seq 
analysis of HOTAIR exon E5 alternative splice site usage and e of the proportion of major exon E5 splice 
variants during adipogenic differentiation. f Schematic representation of PCR amplicons (upper panel) and 
semi-quantitative RT-PCR analysis of HOTAIR expression using primers located in exons E3 and E5 (E3-
E5; lower panel). SF3A1 is shown as a loading control. RT-: no reverse transcriptase control; NTC: no 
template control.  Full-length gels are presented in Additional file 4, Fig. S4.  
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Figure 4. Remodeling of the HOTAIR isoform pool during adipogenesis.  a Schematic representation 
of HOTAIR 5’ exons (exons E1 to E5) showing novel HOTAIR exons and 9 alternative TSSs detected by 
PacBio Capture-Seq. b Cumulative number of long-reads for each HOTAIR starting exon. c Heatmap of 
the proportion of isoforms expressed at each time in the adipogenesis time course.  Matching full length 
reads from PacBio long-read Capture-Seq are compared with each time point. d,e Proportion of read 
coverage for each start exon quantified from long-read data for d HOTAIR isoforms cumulating > 500 reads 
over the time course and e E3- and E3.1-starting isoforms. f Normalized short-read RNA-seq read count 
per kilobase of exon sequence for E3 and E3.1 exons during differentiation, quantified with featureCounts 
with strict parameters (-f -g exon_id -p -s 2 -O --fraction -B -C) (n = 3, ***p< 0.001 paired t-test  with 
Benjamini-Hochberg adjusted p value) g Semi-quantitative RT-PCR analysis of HOTAIR expression using 
primers located in HOTAIR exons E3.1-E4 and E3-E5. SF3A1 is shown as a loading control. A 
representative image from one of three independent experiments is shown for adipogenesis (left) and 
osteogenesis (right); see also Additional file 1, Fig. S3b,c. RT-: no reverse transcriptase control; NTC: no 
template control. Full-length gels are presented in Additional file 4, Fig. S4,5,6. 
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Figure 5. HOTAIR isoform expression is highly cell-type specific. a Number of SRA samples with 10 
or more junction spanning reads for exons E3.1-E4 and E3-E4.  b Semi-quantitative RT-PCR analysis of 
HOTAIR expression in ASCs, primary myoblasts, BJ fibroblasts, HEK293T and HeLa cells using primers 
located in HOTAIR exons E3.1-E4 and E3-E5. SF3A1 is shown as a loading control. Full-length gels are 
presented in Additional file 4, Fig.S7. c IGV tracks over HOTAIR locus showing predicted HOTAIR 
regulatory elements (REMs) from the EpiRegio database [46, 61] (red: activating, blue: repressing), 
average ATAC-Seq tracks from ASCs [42, 43], Myoblasts [44] and HeLa cells [45], and ChIP primers 
location. d ChIP-qPCR analysis of histone modifications during adipogenesis of ASCs (mean ± SEM of n ≥ 
3 independent differentiation experiments; **p < 0.01 Mixed effect analysis). 

 

 

 

Figure 6. HOTAIR stability increases upon growth arrest. RT-qPCR analysis of a HOTAIR, b CEBPD 
and c GAPDH levels after flavopiridol treatment (mean ± SD; *p < 0.05, **p < 0.01, two-way ANOVA with 
Šídák's multiple comparisons test; n = 3 independent experiments).  
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Additional file 1 (pdf) 

Figure S1. Validation of adipogenic differentiation efficiency.  

Figure S2. Genome browser view of reference HOTAIR transcripts for SQANTI characterization 

Figure S3. Semi-quantitative RT-PCR replicates.  

Additional file 2 (Excel file) 

Table S1. SQANTI characterization of HOTAIR isoforms identified with TAMA. 

Table S2. List of human polyA motifs for SQANTI analysis 

Table S3. Snaptron quantification of exon junctions for the HOTAIR locus 

Table S4. Snaptron summary of RNA sequencing data containing HOTAIR E3.1-E4 splice junction. 

Table S5. List of primers used in this study. 

Additional file 3 (bed file) 

BED format file of top 34 HOTAIR isoforms identified in the study.  High quality isoforms (black) were 

further studied while lower quality isoforms (red) were filtered out.  

Additional file 4 (pdf) 

Figure S4. Uncropped gels for Fig.3f and Additional file 2, FigS3b left panel 

Figure S5. Uncropped gels for Additional file 2, Fig. S3c 

Figure S6. Uncropped gels for Fig.4g and Additional file 2, Fig. S3b right panel 

Figure S7. Uncropped gels for Fig.5b 
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Additional file 1 

 

 

 
 
Figure S1. Validation of adipogenic differentiation efficiency. a Cluster of differentially expressed 

genes induced over the adipogenic RNA-seq time-course (n=3, adjusted p-value).  

 

 

Figure S2. Genome browser view of reference HOTAIR transcripts for SQANTI characterization 
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Figure S3. Semi-quantitative RT-PCR replicates. a Schematic representation of HOTAIR PCR 

amplicons using primer pairs located in exons E3.1 and E4 or E3 and E5. b Semi-quantitative RT-PCR 

analysis of HOTAIR isoform expression during adipogenic and osteogenic differentiation using primers 

located in HOTAIR exons E3.1-E4 and E3-E5 in ASCs from donor 1 (replicates #2 and #3; Full-length 

gels are presented in Additional file 4 Fig.S1 and S3) and c donor 2 (Full-length gels are presented in 

Additional file 4 Fig.S2)  RT-: no reverse transcriptase control; NTC: no template control. SF3A1 is 

shown as a loading control.  
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Additional file 4 (pdf) 

Figure S4. Uncropped gels for Fig.3f and Additional file 1, FigS3b left panel 
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Figure S5. Uncropped gels for Additional file 1, Fig. S3c 
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Figure S6. Uncropped gels for Fig.4g and Additional file 1, Fig. S3b right panel 
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Figure S7. Uncropped gels for Fig.5b 
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Long non‑coding RNA HOTAIR 
regulates cytoskeleton remodeling 
and lipid storage capacity 
during adipogenesis
Evdokiia Potolitsyna1, Sarah Hazell Pickering1,2, Thomas Germier1, Philippe Collas1,2* & 
Nolwenn Briand1,2*

The long non-coding RNA HOTAIR is the most differentially expressed gene between upper- and 
lower-body adipose tissue, yet its functional significance in adipogenesis is unclear. We report that 
HOTAIR expression is transiently induced during early adipogenic differentiation of gluteofemoral 
adipose progenitors and repressed in mature adipocytes. Upon adipogenic commitment, HOTAIR 
regulates protein synthesis pathways and cytoskeleton remodeling with a later impact on mature 
adipocyte lipid storage capacity. Our results support novel and important functions of HOTAIR in the 
physiological context of adipogenesis.

The distribution of adipose depots in the human body is of high significance for metabolic health1. The most dif-
ferentially expressed gene between upper- and lower-body adipose tissue encodes the gluteofemoral-specific long 
non-coding RNA (lncRNA) HOTAIR (HOX Transcript Antisense RNA)2,3, within the HOXC locus. HOTAIR can 
be found in the nucleus, where it can bind chromatin and act as a scaffold for chromatin-modifying complexes4, 
and in the cytoplasm where it can promote ubiquitin-mediated proteolysis5 or function as a microRNA sponge6. 
The function of HOTAIR in adipose tissue, however, remains elusive. HOTAIR overexpression has been shown 
to promote adipogenesis in abdominal adipose stem cells (ASCs)3 and to prevent adipose differentiation of bone 
marrow mesenchymal stem cells7. In contrast to its effect in cancer cells8, HOTAIR overexpression does not affect 
ASC proliferation3,7, suggesting distinct mechanisms of action in adipose progenitors.

Besides the well-characterized adipogenic transcriptional cascade9, adipogenesis also entails major trans-
lational regulation10 and remodeling of the cytoskeleton11. Morphological changes from a fibroblast-like to 
a round, lipid-filled cell involve the disruption of F-actin stress fibers and the formation of a cortical actin 
network beneath the plasma membrane12,13. In mature adipocytes, lipid overloading induces a drastic remod-
eling of the actin cytoskeleton14 and affects the control of ribosomal protein expression downstream of insulin 
signaling15. Although recent evidence points to a functional link between translational regulation and cytoskel-
eton remodeling16,17, the molecular determinants coordinating these processes during early adipogenesis remain 
to be elucidated.

Here, we identify HOTAIR as a regulator of translation and of cytoskeleton reorganization during early 
adipogenesis in human ASCs, and provide evidence of a novel role of HOTAIR as a determinant of adipocyte 
lipid storage capacity.

Results
HOTAIR is upregulated during early adipogenesis.  We first determined HOTAIR expression profile 
during adipogenic differentiation of gluteofemoral and abdominal ASCs (respectively G-ASCs and A-ASCs) 
from two donors, and in mature adipocytes isolated from the same tissues. ASCs from both donors show similar 
differentiation efficiency, based on induction of expression of the master adipogenic regulator PPARG2 and of 
its targets (Fig. 1a; see supplementary Fig. S1a), and we confirm that HOTAIR expression is higher in G-ASCs 
compared to A-ASCs along the 9-day differentiation time course (Fig. 1a). Remarkably, HOTAIR expression is 
strongest in confluent G-ASCs (D0) and until differentiation day 3 (D3); however in contrast to previous find-
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Figure 1.   HOTAIR is upregulated during early adipogenesis. (a) Relative expression in G-ASCs and A-ASCs of 
PPARG2, normalized tomatched mature adipocytes, and of HOTAIR, normalized to proliferative G-ASCs (mean 
fold difference ± SD; *p < 0.05, **p < 0.005, ***p < 0.001, mixed effect analysis with Šídák’s multiple comparisons 
test (G-ASC vs A-ASC) or Tukey’s multiple comparisons test (time-course); ASCs n ≥ 3; adipocytes n ≥ 2). 
(b) Relative HOTAIR expression in proliferative ASCs vs. mature adipocytes from the same tissue (mean fold 
difference ± SD; ***p < 0.001, two-tailed paired t test; n = 5 adipose tissue depots from 3 independent donors).
(c) RT-PCR analysis of HOTAIR expression in a control (SCR) and two stable HOTAIR KD G-ASC lines
(shHOTAIR1 and 2) (mean fold difference ± SD; *p < 0.05, **p < 0.005, two-way ANOVA with Dunnett’s multiple 
comparisons test; n ≥ 3). (d) Differential expression of the top 6000 highly expressed genes between SCR
and two shHOTAIR G-ASC lines (adjusted p-values < 0.05, limma, n = 3). (e) Overrepresentation analysis of
downregulated (red) and upregulated (blue) genes from (d) using GO, Wikipathways, Reactome and Hallmark
gene sets from MSigDb (adjusted p-values < 1.2 × 10−6). The Gene Ratio is the fraction of differentially expressed 
genes in each gene set.
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ings, we find that adipogenesis elicits marked HOTAIR downregulation and accordingly, expression is lower in 
mature adipocytes than in ASCs isolated from the same tissue (Fig. 1a,b; see supplementary Fig. S1b).

LncRNAs are often involved in regulating neighboring protein-coding genes18; however, we show by RNA-seq 
that in differentiating G-ASCs, HOTAIR expression does not correlate with that of neighboring HOXC genes 
(see supplementary Fig. S2a, b). To identify genes co-regulated with HOTAIR, we performed clustering of dif-
ferentially expressed genes across time in G-ASCs (α < 0.01 between at least two consecutive time points) (see 
supplementary Fig. S2c). Enriched molecular function GO terms for the gene cluster containing HOTAIR relate 
to "extracellular matrix structural constituent” (GO:0005201) and “cytoskeletal binding protein” (GO:0008092) 
(see supplementary Fig. S2d).

To get insight into HOTAIR function, we stably silenced HOTAIR in G-ASCs using two small hairpin (sh)
RNAs, both of which prevented HOTAIR upregulation at D0 and D1 (Fig. 1c, see supplementary Fig. S2e). Tran-
scriptomic analysis of HOTAIR-silenced D0 G-ASCs reveals 187 significantly downregulated and 261 upregulated 
genes (Fig. 1d, see supplementary Fig. S2e and Table S5). Functional analysis shows that HOTAIR depletion 
results in the downregulation of translation-linked pathways and upregulation of actin cytoskeleton-related 
pathways, the amplitude of the effect being consistent with the knockdown efficiency (Fig. 1e, see supplemen-
tary Fig. S2f, Tables S6 and S7). Of note, genes upregulated in shHOTAIR cell lines are not enriched for PRC2 
or HOTAIR targets (see supplementary Fig.S2g, h and Table S7), indicating a PRC2-independent function of 
HOTAIR in G-ASCs. Together, these data suggest that HOTAIR is involved in the regulation of protein synthesis 
and actin cytoskeleton processes during early adipogenesis.

HOTAIR knockdown alters translation and nucleoli morphology in proliferating 
G‑ASCs.  Because the translation machinery is strongly downregulated upon cell cycle arrest and during early 
adipogenesis10, we investigated the effect of HOTAIR KD on translation in proliferating G-ASCs. In basal culture 
conditions, shHOTAIR G-ASCs present with normal cell morphology, and proliferation rates are unchanged 
(see supplementary Fig. S3a, b, c). Using a SUnSET assay, we find that while translation levels are unaffected in 
basal culture conditions, resumption of protein synthesis after a fasting and refeeding challenge is significantly 
impaired in shHOTAIR G-ASCs (Fig. 2a, b). This coincides with a decrease in rDNA transcription in the refed 
state (Fig. 2c), a significant decrease in nucleolar volumes (see supplementary Fig. S3d–f), and a trend toward 
reduced nucleoli number (see supplementary Fig. S3g). In addition, phosphorylated P70S6K, a major regulator 
of protein synthesis in response to growth factors and nutritional cues19, is significantly decreased upon refeed-
ing (Fig. 2d, e), consistent with the inability of shHOTAIR G-ASCs to resume translation. Importantly, strong 
but transient downregulation of HOTAIR in G-ASCs using two distinct siRNAs (Fig.  2f) leads to a marked 
nucleoli remodeling, characterized by a morphological change and the redistribution of Nucleolin to the nucleo-
lar periphery and into the nucleoplasm (Fig. 2g), and by a reduction of nucleoli number (Fig. 2h), altogether 
indicating nucleolar stress. We conclude that HOTAIR functions as a regulator of protein synthesis in G-ASCs.

HOTAIR KD prevents cytoskeleton remodeling during adipogenesis.  Cytoskeleton remodeling 
is a key event in the morphological transition from ASCs to mature adipocytes11,12,17, and our transcriptomic 
analysis points to a deregulation of actin dynamics in ASCs knocked-down for HOTAIR (see Fig. 1e). In agree-
ment, HOTAIR KD results in a disorganized F-actin network at D0, measured by a reduction in the orientation 
coherence of actin filaments (Fig. 3a, b). Upon differentiation (D9), we observe the expected reorganization of 
the F-actin network in control scrambled shRNA G-ASCs, while actin stress fibers persist in ASCs knocked-
down for HOTAIR (Fig. 3c). This concurs with the overexpression of the α smooth muscle actin isoform (αSMA; 
encoded by ACTA2) in differentiating HOTAIR knocked-down ASCs, both at the mRNA and at protein lev-
els (Fig. 3d–f). Thus, downregulation of HOTAIR expression during early adipogenesis impedes cytoskeleton 
remodeling, resulting in a persistent F-actin network at differentiation endpoint.

HOTAIR KD results in impaired adipocyte lipid storage.  Actin cytoskeleton re-organization is 
required for both adipose differentiation and for the expansion of mature adipocyte lipid storage capacity12–14. In 
agreement, the defective cytoskeleton dynamics in shHOTAIR G-ASCs we observed above is associated with an 
overall decrease in lipid content at differentiation endpoint (Fig. 4a) and with significantly smaller lipid droplets 
(Fig. 4b, c). However, expression of the two master regulators of adipogenesis PPARG2 and CEBPA (Fig. 4d), 
and their target FABP4 protein (Fig.  4e) is unaffected by HOTAIR KD. Thus, lipid accumulation or storage, 
rather than the adipogenic differentiation program per se, are defective after attenuation of HOTAIR expression. 
Accordingly, expression of SREBF1 and CHREBPb, transcription factors mediating de novo lipogenesis gene 
induction, is significantly reduced by HOTAIR KD (Fig. 4d). Further, HOTAIR KD leads to reduced gene expres-
sion of key regulators of fatty acid availability (LPL), de novo fatty acid synthesis (ACLY, ACC​), and triglyceride 
storage (PLIN1) (Fig. 4f, e), and to a blunted lipolytic response to isoproterenol, reflecting the global defect in 
lipid accumulation (Fig. 4g). Altogether, these results establish that HOTAIR functions as an early regulator of 
adipogenesis with determining effects on mature adipocyte lipid storage capacity.

Discussion
We establish that HOTAIR expression is induced in the early phase of adipogenesis but strongly downregulated 
in mature adipocytes, and that this transient upregulation participates in the regulation of translation and of 
cytoskeletal remodeling during adipogenic commitment. Importantly, we find that deregulation of these pro-
cesses later results in a reduced adipocyte lipid storage capacity.

LncRNA molecular function not only depends on their expression pattern and levels but is also determined by 
their subcellular localization20. LncRNA HOTAIR can bind DNA and act as an epigenetic scaffold in the nucleus, 
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and interact with proteins and other RNAs in the cytoplasm. It is conceivable that siRNA-mediated HOTAIR 
silencing differentially affects distinct pools of HOTAIR, due to variation in their location, binding partners, or 
stability21. Surprisingly, the transcripts we find deregulated upon HOTAIR silencing are not enriched for PRC2 
target genes, a well-described HOTAIR partner in the nucleus22. Instead, we describe a defective cytoskeletal 
remodeling during early adipogenesis, in line with the recently reported deregulation of the Rho/ROCK-medi-
ated remodeling of actin cytoskeleton in abdominal ASCs upon HOTAIR overexpression23. Such modulation of 

Figure 2.   HOTAIR KD impairs refeeding-induced protein synthesis in proliferating G-ASCs. (a) SUnSET 
analysis of protein synthesis rates in basal, 24-h fasting (HBSS, 0.2% FFA-free BSA) and 24-h refeeding 
conditions in SCR, shHOTAIR1 and shHOTAIR2 G-ASCs (see Fig. S5 for original blots). (b) SUnSET 
quantification (*p < 0.05, ***p < 0.001, two-way ANOVA with Dunnett’s multiple comparisons test;; n = 3). (c) 
RT-qPCR analysis of pre-rRNA (ETS1, 36S), 18S and 5S rRNA after 24-h refeeding (*p < 0.05, ***p < 0.001, 
two-way ANOVA with Dunnett’s multiple comparisons test;; n = 3). (d) Western blot analysis of phospho-
Thr389 P70S6K, total P70S6K, RAPTOR and γ-Tubulin protein levels after 24-h refeeding (see Fig. S6for 
original blots). (e) Quantification of phospho-Thr389 P70S6K/total P70S6K and RAPTOR/γ-Tubulin (*p < 0.05, 
two-tailed paired T test, n = 3). (f) RT-qPCR validation of transient HOTAIR KD in proliferating G-ASC 
(mean ± SD; *** p < 0.001, ANOVA with Holm-Sidak’s multiple comparisons test; n = 7). (g) Immunostaining 
of Nucleolin in siSCR- and siHOTAIR1- and 2-transfected G-ASCs. Nuclei are stained with Hoechst. Scale bar: 
10 µm. (h) Number of nucleoli per cell quantified from Nucleolin immunostaining in siSCR- and siHOTAIR1- 
and 2-transfected G-ASCs (mean ± SD; *p < 0.05, ***p < 0.001, two-way ANOVA with Dunnett’s multiple 
comparisons test; n = 4 independent transfections; > 20 cells measured per experiment).
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Rho GTPases signaling, plausibly through HOTAIR cytoplasmic miRNA-sponge function24, could account for 
the downstream transcriptomic defects observed upon HOTAIR silencing.

HOTAIR knockdown in proliferating ASCs affects nucleolus morphology and results in an inability to resume 
translation upon nutrient availability, which correlates with a decrease in mTORC1 signaling. Regulation of 
mTOR signaling by HOTAIR has been reported25,26, although the mechanistic basis for this regulation remains 
unknown. Interestingly, mTORC1 activation by nutrients is supported by its association with focal adhesions 
and with the actin cytoskeleton27, suggesting that cytoskeletal alterations might underlie the mTORC1 signaling 
defect we detect after attenuation of HOTAIR expression in ASCs.

An active cytoskeleton remodeling during adipogenesis is necessary to regulate adipocyte formation and 
accommodate lipid droplet expansion12–14. We find that preventing HOTAIR transient upregulation upon 

Figure 3.   HOTAIR KD prevents cytoskeletal remodeling during adipogenesis.( a) Phalloidin staining of F-actin 
in D0 SCR and shHOTAIR G-ASCs. Nuclei are stained with Hoechst. Scale bar: 10 µm. (b) Quantification of 
coherence in F-actin fibers alignment in D0 SCR and shHOTAIR G-ASCs (***p < 0.0001, two-way ANOVA 
with Dunnett’s multiple comparisons test; n = 3 experiments, with ≥ 4 fields measured per experiment, 5 
measurements per field). (c) Phalloidin staining of F-actin (green) and immunostaining of PERILIPIN1 
(magenta) in differentiated (D9) SCR and shHOTAIR G-ASCs. Nuclei are stained with Hoechst. Scale bar: 
10 µm. (d) Relative expression of ACTA2 in differentiating scrambled control (SCR) and shHOTAIR G-ASCs, 
normalized to SCR D0 (mean fold difference ± SD; *p < 0.05, **p < 0.005, two-way ANOVA with Dunnett’s 
multiple comparisons test; n ≥ 3). (e) Western blot analysis (see Fig. S7for original blots) and (f) quantification of 
αSMA protein levels in differentiating SCR and shHOTAIR G-ASCs (mean fold difference ± SD; *p < 0.05, two-
way ANOVA with Tukey’s multiple comparisons test; n = 3). γ-Tubulin is shown as a loading control.
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adipogenic commitment results in a defective actin cytoskeleton reorganization. This phenotype persists at 
later differentiation stages and is accompanied by a drastic reduction of lipid droplet size, and altered de novo 
lipogenesis downstream of SREBP1 and ChREBPβ. While SREBF1 downregulation could result from compro-
mised mTOR signaling19,28, altered dynamics of the actin cytoskeleton and increased mechanical constraints 
could also directly account for a reduction of SREBP1 activity29.

Adipose tissue depots differ by their mechanisms of expansion, with lower-body adipose tissue having the 
capacity to rapidly increase in mass through ASC differentiation, rather than adipocyte hypertrophy30. ASCs 
commitment towards the adipogenic lineage is controlled by both the niche and intrinsic cellular mechanical 
properties31. Therefore, depot-specific remodeling mechanisms might be linked to distinct macro-architecture32 
and cellular structure33,34. In gluteofemoral ASCs, HOTAIR-mediated regulation of the cytoskeletal tensional state 
might preserve ASC differentiation capacity, thereby promoting healthy lower-body adipose tissue expansion.

HOTAIR downregulation in ASCs results in the downregulation of translation-related genes, and in the 
upregulation of cytoskeletal genes, a phenotype that strikingly mirrors that of Zc3h10 silenced preadipocytes17. 
In both models, deregulation of these coordinated cellular processes upon adipogenic commitment leads to an 
altered lipid storage capacity in differentiated adipocytes. Deregulation of the translation machinery and of the 
cytoskeleton occurs in both lipoatrophy12,35 and obesity14,15, highlighting the importance of these processes in 
the pathophysiology of adipose tissue.

Figure 4.   HOTAIR KD impairs lipid storage in mature adipocytes.( a) Oil red O staining (20X) of differentiated 
(D9) SCR and shHOTAIR G-ASCs. LipidL droplet area analysis from PERILIPIN immunostainings of 
differentiated (D9) SCR and HOTAIR KD G-ASCs presented as (b) individual data scatter plot and mean 
(***p < 0.0001, two-way ANOVA with Dunnett’s multiple comparisons test;; n = 3 experiments, with ≥ 3 fields 
measured per experiment) and  (c) distribution frequency. (d) RT-qPCR analysis of adipogenic transcription 
factor gene expression at D9 (mean fold difference ± SD; *p < 0.05, **p < 0.005, ***p < 0.001, two-way ANOVA 
with Dunnett’s multiple comparisons test; n = 4). (e) Western blot analysis of fatty acid synthase (FAS), 
PERILIPIN1, and FABP4 in differentiating SCR and shHOTAIR G-ASCs (representative blot from n = 3; see 
Fig. SS7for original blots). γ-Tubulin is shown as a loading control. (f) RT-qPCR analysis of glucose- and lipid 
uptake-related genes, de novo lipogenesis genes and mature adipocyte markers in differentiated (D9) SCR and 
shHOTAIR G-ASCs (mean fold difference ± SD; *p < 0.05, **p < 0.005, two-way ANOVA with Dunnett’s multiple 
comparisons test; n = 4). (g) Fold induction of glycerol release in response to 100 nM isoproterenol stimulation 
for 2 h in differentiated (D9) SCR and shHOTAIR G-ASCs (mean fold difference ± SD; *p < 0.05, **p < 0.005, 
two-way ANOVA with Dunnett’s multiple comparisons test; n = 3).
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Methods
Primary cells isolation.  This study was approved by and conducted in agreement with the guidelines and 
regulations of the Regional Committee for Research Ethics for Southern Norway. ASCs were isolated from lipo-
suction material from subcutaneous gluteal or abdominal adipose tissue from five healthy women (age 28–50; 
BMI 22–27 kg/m2) after informed consent was given. After washing in Hank’s balanced salt solution (HBSS), 
tissues were dissociated for 50 min at 37 °C with 1% collagenase (Worthington #LS004204). Adipocytes were 
separated from stromal vascular (SV) cells after sedimentation at 300 × g for 10 min and lysed in TRIzol (Invit-
rogen) before RNA isolation. ASCs were further selected by differential plating.

Cell culture and differentiation.  ASCs were cultured in DMEM/F12 (17.5 mM glucose) with 10% fetal 
calf serum and 20 ng/ml basic fibroblast growth factor (Pro). Upon confluency, growth factor was removed and 
cells were cultured for 72  h before induction of differentiation (D0). For adipose differentiation, ASCs were 
induced with a cocktail of 0.5 µM 1-methyl-3 isobutyl xanthine, 1 µM dexamethasone, 10 µg/ ml insulin and 
200 µM indomethacin. Differentiation media was renewed every 3 days, and samples harvested 1, 3, and 9 days 
after induction. Cells were stained with Oil Red-O on D9. All differentiation experiments were done in at least 
three biological replicates between passage 4 and 9.

HOTAIR knockdown.  For transient HOTAIR knockdown (KD), gluteofemoral ASCs were electroporated 
with 30  nM of one of the two siRNAs (siHOTAIR 1: N272221 or siHOTAIR 2: N272230; Ambion). Lonza 
Nucleofector device was used with a human MSC nucleofection kit (VVPE-1001; Lonza) according to manu-
facturer instructions. After electroporation, cells were cultured for 72 h before harvesting RNA. Stable HOTAIR 
KD was achieved by expression of two shRNAs (Table S1) cloned into a pLV-hU6-EF1a-bsd vector (Biosettia). 
Second generation lentiviral packaging system (plasmids psPAX2 #12,260 and pCMV-VSV-G #8454; Addgene) 
was used to produce virus in LentiX cells (632,180; Takara Bio). Media containing viral particles was filtered with 
a 0.45 µm filter and equal volumes of this media were used to infect ASC together with 8 µg/ml Polybrene (TR-
1003-G, Merck). Infected cells were selected for 7 days in 10 µg/ml Blasticidin (ant-bl-05, Invivogen).

Gene expression.  RNA was isolated using RNeasy kit (QIAGEN) and 1 µg was used for cDNA synthesis 
using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). RT-PCR was done using IQ SYBR green 
(Bio-Rad Laboratories) with SF3A1 as a reference gene. PCR conditions were 95 °C for 3 min and 40 cycles of 
95 °C for 30 s, 60 °C for 30 s, and 72 °C for 20 s followed by a melting curve. PCR primers are listed in Table S2.

Protein expression.  Proteins were resolved by gradient 4–20% SDS–PAGE, transferred onto Immobilon-
FL (Millipore) or nitrocellulosis 0.45 μm (Biorad) membranes and blocked with Odyssey blocking buffer (LI-
COR). Membranes were cut horizontally to allow for multiple parallel hybridizations. Membranes were incu-
bated with antibodies overnight at 4 °C (Table S3). Proteins were visualized using IRDye-800-, IRDye-680-, or 
HRP-coupled secondary antibodies. Bands were quantified by densitometry (Image Lab; BioRad).

RNA sequencing analysis.  Paired-end Illumina RNA sequencing (RNA-seq) was done in biological trip-
licates for 2 independent donors. Reads were filtered with fastp, aligned to the hg38 genome (ensembl v95 anno-
tation) with hisat2, counted using featureCounts (–fraction -M), and differential gene expression was analyzed 
using limma36 (Table S4). Genes differentially expressed between SCR and both shHOTAIR G-ASC lines with a 
FDR adjusted p-value < 0.05 are shown in Table S5. Differentially expressed genes with high average expression 
(within the top 6000 genes) were tested for overrepresentation against GO, KEGG, Wikipathways, Reactome and 
Hallmark gene sets from MSigDb and terms with a FDR adjusted p-value < 0.01 are presented in Tables S6 and 
S7. DPGP37 was used to cluster genes with differential expression (FDR adjusted p-value < 0.01) across adipo-
genesis in native G-ASCs (Fig. S2c).

Lipolysis and SUnSET assays.  To assess lipolysis, G-ASCs on D9 were serum-deprived overnight. Glyc-
erol release in response to 100 nM isoproterenol was measured in the medium (GY105; Randox) and normalized 
to well protein content. SUnSET assay was done by labeling newly synthesized proteins with 1 µM Puromycin for 
1 h followed by Western blotting using anti-Puromycin antibodies (Table S3).

Imaging.  For immunofluorescence, cells were fixed in 4% paraformaldehyde, permeabilized in PBS/0.1% 
Triton X-100/0.01% Tween 20/2% BSA, incubated with relevant antibodies and stains (Table S3) and mounted 
(DAKO S3023, Agilent). Fluorescence images were taken on a Dragonfly microscope (Oxford Instruments; 
60 × 1.4 NA objective; 4-μm stack with 0.3-μm steps).

Image analysis.  Nucleolar volumes and numbers were measured using Nemo software with the nucleolin 
channel used as a nucleolar marker. The number of nucleoli was corrected manually in the transient KD analy-
sis due to major redistribution of nucleolin to the nucleoplasm preventing correct segmentation of nucleoli in 
some cases. Morphological Segmentation plugin from MorphoLibJ collection of plugins in ImageJ was used 
to define lipid droplets from perilipin-1 immunostaining, “border object” and connectivity of 8 settings were 
used (https://​imagej.​net/​plugi​ns/​morph​olibj). Lipid droplet area was then measured with the “Analyse particles” 
function with a threshold on circularity and size. Actin cytoskeleton coherence was measured from phalloi-
din staining with the OrientationJ plugin (http://​bigwww.​epfl.​ch/​demo/​orien​tation/). Cell size and confluency 
were measured from phase-contrast images with Morphological Segmentation and PHANTAST plugins. Raw 
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unmodified images were used for all the analyses except for phase-contrast images which were adjusted for con-
trast and Gaussian blur was used to enhance the segmentation quality.

Data availability
RNA-seq data are available from Gene Expression Omnibus (GEO) accession GSE176020.

Received: 28 March 2022; Accepted: 3 June 2022
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