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ABSTRACT
Ectopic expression and knocking-down of LINE-1 mRNA in human
mesenchymal stem cells: impact on in vitro osteogenic and adipogenic
differentiation.

Nazerke Atinbayeva
There are two classes of transposable elements: DNA transposons and retrotransposons.
DNA transposons spread in the genome by “cut and paste” mechanism. In contrast,
retrotransposons use copy and paste strategy involving RNA and retrotranscriptase
mediated mechanism; these include long interspersed nuclear elements-1 (LINE-1, L1)
and short interspersed nuclear elements (SINE). In mammals, in order to maintain
genome integrity both types of transposons are tightly repressed. However, some copies
of retrotransposons are still active in germ cells contributing to natural variation.
Surprisingly, recent reports indicate that also somatic cells support L1 reactivation in
early development, in particular in the brain leading to mosaicism. However, whether
L1 retrotransposition is a part of other cell lineage developmental programs and its
functional significance in the context of cell differentiation remain to be elucidated.
To address this question, I investigated whether L1 retrotransposition was occurring
during in vitro osteogenic and adipogenic differentiation of bone marrow derived
human mesenchymal stem cells (hMSCs).
Interestingly, clinical observations have revealed loss of bone density in HIV-infected
individuals treated with nucleoside analogs that inhibit HIV retrotranscriptase, as well
as the endogenous one encoded by L1s. This observation made us to hypothesize that
transposable elements played a positive role in post-natal bone homeostasis.
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I found that while adipogenesis is “retrotransposition free”, osteogenic differentiation
is a “retrotransposition-prone” process and its inhibition blocks its genetic program.
Indeed, L1 DNA content does not change during adipogenic differentiation and that of
retrotranscriptase does not have any effect on the acquisition of a terminally
differentiated phenotype.

In contrast, soon after MSCs commitment into pre-

osteoblasts, L1 retrotransposable elements increase their expression and actively
transpose. Inhibition of retrotransposition and knock down of L1 mRNA strongly
impairs matrix deposition. Moreover, I forced L1 expression in in vitro adipogenesis,
by directly delivering L1 mRNA to the cells. Interestingly, overexpression of L1
elements was detrimental for in vitro adipogenesis. Then, I performed loss of function
experiments in osteogenesis by directly targeting and degrading the L1 endogenous
transcript. This experiment confirmed the positive role of L1 reactivation in the
osteogenic context, suggesting also a possible role for L1 RNA, distinct from
retrotransposition.
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Chapter 1: Introduction

Around 45 percent of human genome is composed of relics of ancient mobile elements
(Lander et al., 2001). In some plant genome this can reach around 80 percent.
McClintock (195); Britten & Kohne (1968) and Britten & Davidson (2011) established
the relationship between transposable elements, phenotype variation and gene
regulation. However, after several years of lack of interest for what it has been
considered “junk DNA” recent discoveries led to a revived debate about their function,
both in health and disease (Chuong et al., 2016). There are two classes of mobile
elements classified depending on whether they transpose via DNA or RNA
intermediate: DNA transposons and retrotransposons. DNA transposons move across
the genome through “cut-and-paste” mechanism, where the original transposon DNA
is cut and ligated to another region within a genome. They comprise around 3 percent
of human genome (Lander et al., 2001) and are inactive in humans (Lander et.al. 2001;
Pace & Feschotte, 2007). Instead, retrotransposons move across the genome through
“copy-and-paste” mechanism, where a retrotransposon is transcribed into RNA, which
is used as a template for reverse transcription to produce cDNA that can be inserted
into the genome. The insertions might result in full or truncated copies of the original
transposons. Retrotransposons are subdivided into two classes dependent on presence
or absence of long terminal repeats (LTRs): LTR containing and non-LTR
retrotransposons.

LTR containing retrotransposons (also known as endogenous

retroviruses or ERV) are inactive in a human genome, whereas some non-LTR
retrotransposons such as long interspersed nuclear element-1 (LINE-1) and short
interspersed nuclear elements (SINEs) including Alu and SVA elements are still active
in humans (Lander et al., 2001; Cordaux & Batzer, 2009). However, SINEs are non-
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autonomous elements which cannot move across by themselves, instead they rely on
the proteins encoded by autonomous elements like L1s.
Full length (6.5kb) L1 elements comprise a 5’untranslated region (UTR), two open
reading frames (ORF1 and ORF2) that encode for two proteins: ORF1p and ORF2p,
respectively, and 3’UTR ended with polyA track. These regions are flanked by
sequences called target side duplications (TSD) (fig.1).
The human L1 5’UTR is around 910bp in length and contains sense and antisense RNA
polymerase II promoters (Swergold GD,1990; Speek M, 2001). The sense promoter is
used to transcribe L1 mRNA whereas antisense promoter gives rise to chimeric RNAs
that contain both L1 sequences and 5’flanking region sequences. Interestingly, these
transcripts, defined as “ORF0”, were shown to encode for small peptides, although with
no known function so far (Denli et al., 2015).
ORF1p is a protein with 40kDa mass (Holmes et al., 1992). It has coiled-coil domain
at its N-terminus which is important for trimerization of ORF1p monomers (Khazina
et al., 2011). RNA recognition motif located at the central region of the protein and Cterminal domain are important for RNA binding. ORF1p is required for L1
ribonucleoparitcle (RNP) formation which is necessary but not sufficient for
retrotransposition of L1 elements (Kulpa & Moran, 2005). Additionally, this protein
has nucleic acid chaperone activities, but how it participates in L1 retrotransposition
still needs to be elucidated.
Another protein, ORF2p, has around 150kDa mass and possesses both endonuclease
(EN) and reverse transcriptase (RT) activities (Richardson et al., 2015). Both activities
are important for L1 retrotransposition. L1 EN makes a single-strand break, a nick, at
a consensus sequence (5’-TTTT/A-3’) in genomic DNA (Feng et al., 1996). L1 RT
preferentially reverse transcribes its own template mRNA (has a cis-preference) (Kulpa
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& Moran, 2006). Additional potentially functional domains include cysteine-rich
domain at the C-terminus of the protein and a proliferating cell nuclear antigen (PCNA)
interaction protein domain located between L1 EN and L1 RT domains (Fanning &
Singer, 1987; Taylor et al., 2013). However, the functions of these domains in
retrotransposition need to be elucidated.
The length of human L1 3’UTR is around 206 bp and it contains polyadenylation signal
near the 3’ end and a conserved polypurine tract that was predicted and later shown to
form a G-quadruplex structure (Usdin & Furano, 1989; Moran et al., 1999; Sahakyan
et al., 2017). Moreover, 3’UTR has been shown to have promoter activity, often
providing alternative TSS to tissue specific gene, but the functions of transcripts
generated by this promoter are still unknown (Faulkner et al., 2009).

Figure 1. The structure of human L1 element (Erwin et al., 2014). Human full-length L1 element
has around 6kb length. It is composed of 5’UTR, ORF1, ORF2 and 3’UTR that end with polyA tail.
When L1 integrates into a new genomic region, target site duplications can happen and therefore the new
element is flanked by TSD. TSD, target-site duplication, 5’UTR, 5’-untranslated region, ORF1, open
reading frame 1, CC, coiled coil domain; CTD, carboxyl-terminal domain; RRM, RNA recognition
motif, ORF2, open reading frame 2, EN, endonuclease activity, RT, reverse transcriptase activity, C,
cysteine rich domain, 3’UTR, 3’-untranslated region, AAAA, polyA tail.

Retrotransposition cycle of L1 elements start from transcription of the element and
translocation of the bicistronic mRNA from nucleus into the cytoplasm (Fig. 2). ORF1p
and ORF2p are translated from the mRNA in the cytoplasm and preferentially bind to
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its own mRNA and form a RNP. Then the L1 RNP enters the nucleus for which the
mechanism is unknown. Once in the nucleus, L1 EN nicks genomic DNA with a
preference for 5’-TTTT/A-3’ sequence. The 3’-phosphate end nick acts as a primer for
L1 RT to synthesize cDNA. However, the exact mechanism how the second strand is
cleaved and cDNA is synthesized are still unknown. This process of L1 transposition
is called target-site primed reverse transcription (TPRT) (Richardson et al., 2015).
During TPRT process L1s can be integrated in full length or truncated at their 5’side or
undergo

some

internal

rearrangements

such

as

inversion/deletions

and

inversion/duplications (Lander et al., 2001; Ostertag & Kazazian, 2001). Moreover,
during L1 retrotransposition usually the variable length TSDs can happen.

Figure 2. The L1 retrotransposition cycle (Richardson et al., 2015). Retrotransposition cycle of L1
elements start from transcription and ORF1p and ORF2p translation from the mRNA in the cytoplasm
where they preferentially bind their own mRNA and form a specific RNP. Then the L1 RNP enters the
nucleus and L1 EN makes a nick in genomic DNA. 3’-phosphate resulted from the nick acts as a primer
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for L1 RT to synthesize cDNA. The second strand is cleaved and cDNA is synthesized that lead to L1
insertion.

L1 elements are expressed in germline cells of mammals (Garcia-Perez et al., 2007;
Georgiou et al., 2009; Freeman et al., 2011). L1 retrotransposition events could take
place in these cells, which can be sources of inheritable L1 insertions that can contribute
to germline only or to both germline and somatic cells or non-heritable L1 insertions
that contribute to somatic cells only. L1 can be present or absent in a given locus,
contributing to inter individual variations in the human populations (Dombroski et al.,
1991).
In order to prevent the deleterious effects due to L1 uncontrolled activity, host cells
have evolved different, epigenetic defense mechanisms to suppress retrotransposition
of the L1 elements including DNA methylation of CpG sequences located in the L1
5’UTR, suppression of L1 transcripts via piwi-interacting RNA (piRNA) and small
interfering RNA (siRNA) derived from antisense L1 transcript, transcription factor and
Histone deacetylase multiprotein complexes that inhibit expression of L1, and proteins
such as heterogeneous nuclear ribonucleoprotein L (hnRNPL) and poly (A) binding
protein C1 (PABPC1) that bind L1 transcript and inhibit L1 retrotransposition (Yoder
et al., 1997; Brennecke et al., 2008, Jacobs et al., 2014; Goodier et al., 2013; Dai et al.,
2012). Despite the presence of above defense mechanisms developed by the host, L1
elements still can get transcriptionally activated, retrotranspose and give rise to de novo
L1 insertions (Beck et al., 2011; Chuong et al., 2016). For instance, during normal early
mouse embryo development, during epigenome reprogramming, L1 is transcribed,
starting at 2-cell stage level and gets silenced before preimplantation (Fadloun et al.,
2013; Jachowicz et al. 2017). Although, it was thought that the L1 transcription results
from the nonspecific effect of loss of heterochromatin features in embryo, Jachowicz
et al. (2017) have shown that the L1 transcripts L1 transcript per se, neither L1
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retrotransposition nor the coding nature of the transcript, is regulating the early mouse
embryo development at chromatin level by positively controlling global chromatin
accessibility. Also, in vitro experiments using engineered retrotransposition vectors
show that both human and mouse embryonic stem cells (ESCs) support L1
retrotransposition (Garcia Perez et al., 2007; Efroni et al., 2008). Interestingly, also
induced pluripotent stem cells (iPSCs) support L1 reactivation and retrotransposition
(Wissing et al., 2012).
In addition to activation and retrotransposition events taking place in germline and early
embryo, recent reports indicated that L1 gets activated and mediate retrotransposition
events during mammalian neuronal development generating somatic mosaicism in
brain (Moutri et al., 2005; Macia et al. 2016, Baillie et al., 2011; Evrony et al., 2012).
Recent intriguing observations in mouse models indicate that drug inhibition of L1
retrotranscriptase impairs memory (Bachiller et al., 2017).
However, to date the significance of this L1 mobilization remains unclear. These
insertions can change the expression of some neuronal genes and hence affecting the
neuronal cell fate. However, current available genomic data including repeat-capture
and single cell whole genome sequencing indicate an estimate of less than 1 L1 de novo
insertions per cell (Evrony et al., 2012; Evrony et al., 2016). Data from our lab show
that L1 elements are reactivated and retrotranspose during direct reprogramming of
mouse embryonic fibroblasts (MEFs) to induced dopaminergic neurons (iDAs) (Della
Valle et al., unpublished). De novo L1 insertions appear to be non-random, with strong
preference for iDA specific genes and correlate with long non-coding RNAs (lncRNAs)
at the site of insertion and coincides with more open chromatin (Della Valle et al,
unpublished). Similar observations were made in our lab in human primary skeletal
muscle cells indicating a positive association between myogenesis and L1
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retrotransposition (Bodega et al. unpublished data). In those experiments block of RT
function or cells derived from Duchenne muscle dystrophy (DMD) patients carrying
specific deletion affecting HDAC2 activity showed block of myogenesis and L1
mobilization. Rescue of DMD phenotype by HDAC2 inhibitors (TSA) or gene therapy
treatment restore L1 dynamics (Bodega et al, unpublished).
Furthermore, indirect observations made in clinics indicate a positive association
between putative retrotransposition activity and somatic tissue homeostasis
Furthermore, treatment of HIV-infected patients with nucleoside analog antiretroviral
drugs including tenofovir and abacavir that target the reverse transcriptase encoded by
the viral genome led to the decreased bone matrix density (Hazra et al., 2005; Grigsby
et al., 2010; Esposito et al., 2015). These drugs might also target the endogenous reverse
transcriptase activity of ORF2p encoded by L1 elements, therefore putting in
relationship L1 activity with normal tissue homeostasis.
All these results posed the question about whether L1 expression and retrotransposition
would take place in other somatic tissues other than neuronal cells and the possible
global importance of L1 expression and retrotransposition in cell
differentiation.
In order to answer to this question bone marrow derived human MSCs (hMSCs) from
healthy donors were used as an experimental system. hMSCs are multipotent cells that
are able to self-renew and to differentiate into different lineages including osteogenic,
adipogenic and chondrogenic lineages (Almalki & Agrawal, 2016). Different methods
were developed to mimic the differentiation of hMSCs in vitro. In vitro osteogenesis
can be triggered by addition of differentiation media consisting of ascorbate,
dexamethasone and -glycerophosphate (Jaiswal et al., 1997; Langenbach &
Handschel, 2013). Osteogenic differentiation can be characterized by a series of events
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starting from commitment of osteoprogenitor cells followed by their differentiation into
pre-osteoblasts. Whereas, in vitro adipogenesis of hMSCs can be induced by addition
of a differentiation media composed of indomethacin, dexamethasone, insulin and
isobutylmethylxanthine (Hime & Abud, 2013).
In the present Thesis I show that L1 mRNA expression and copy number increase
significantly during osteogenic differentiation of hMSCs but not during adipogenic
differentiation from the same progenitors, suggesting that L1 transcriptional
reactivation and retrotransposition may play a positive role in osteogenic, but not
adipogenicprogram.
Further, I report that drug inhibition of L1 RT activity impaired the osteogenic
differentiation whereas the adipogenesis is not affected. Moreover, ectopic expression
of L1 mRNA in adipogenesis has detrimental effect on the differentiation program. In
opposite knock down of L1 transcript interferes with the normal osteogenic
differentiation program.

22

Chapter 2: Results

2.1. L1 are reactivated during in vitro osteogenic differentiation of hMSCs

Bone marrow derived hMSCs from healthy donors were induced to in vitro differentiate
into mature osteoblasts for three weeks (figure 3 A). Terminally differentiated
osteoblasts are specialized cells able to produce mineral matrix and collagen fibers.
This calcified matrix production is the first step for osteons formation in vivo. By using
a taqman assay, we monitored the expression of L1 retrotransposons during the
differentiation process. L1 transcript increases gradually after the osteogenic induction
and then decreases rapidly in the latest stage of osteoblasts maturation (figure 3 B). In
order to assess whether increased expression of L1 transcript leads also to an increased
level of ORF2p, the reverse transcriptase codified by L1, cells were fixed after 10 days
of osteogenic differentiation and IF using antibody against ORF-2p was performed
(figure 3 C). Interestingly, we found that ORF2p not only is more abundant in
differentiating osteoblasts respect with undifferentiated mesenchymal stem cells, but it
also undergos major changes in terms of intracellular localization. While ORF-2p is
totally excluded from the nucleus and localizes only in the cytoplasm in
undifferentiated cells, it is abundantly present into the nucleus upon differentiation
(figure 3 C.). These data suggest that in mesenchymal stem cells although a basal level
of L1 transcription and translation occurs, the reverse transcriptase codified by L1 is
kept away from the nucleus. Upon osteogenic differentiation, the boost of L1
transcription is accompanied by a major relocation of ORF2 into the nucleus, which is
the subcellular compartment where this protein exerts its function as a reverse
transcriptase of retrotransposons. Therefore, we performed a TaqMan based DNA copy
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number assay in order to check if these differentiation-induced L1 transcription and
ORF2p nuclear relocation result in new insertions of L1 elements in the genome. As
shown in figure 3 D, L1 copy number increases of almost the 30% in mature osteoblasts
respect with their early progenitors. We also used an EGFP retrotransposition cassette
assay as a parallel approach to strengthen the evidence of active retrotransposition
during in vitro osteogenesis. A plasmid, LRE3-EGFP, used in Muotri et al.,2005 was
electroporated into hMSCs. Cells were recovered for 48 h and then induced to
differentiate toward the osteogenic fate. Cells were collected at days 0, 7 11, 14 and
whole genomic DNA was extracted. PCR was performed with primers binding to EGFP
cassette, allowing to distinguishing non-spliced and spliced form of EGFP. The PCR
products were run on 1% agarose gel. Results show the smaller band appearing at day
11 and 14, suggesting that integration of EGFP cassette has occurred while cells were
differentiating. (figure 3 E). This result confirms that in vitro osteogenic differentiation
is a favorable environment for retrotransposition.
All together these results strengthen our hypothesis of a reactivation of L1 elements in
adult bone formation.
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Figure 3. L1 is reactivated and retrotransposed during in vitro osteogenesis. A. In vitro osteogenic
differentiation takes several weeks. B. RT-qPCR analysis of ORF2-L1 and 5’-UTR-L1 mRNA
expression levels relative to RPL13A and TBP in osteogenesis. C. Upon osteogenic differentiation ORF2 protein of L1 element moves from cytoplasm into nucleus. Antibody to ORF2-L1 protein and DAPI
staining for non-differentiated cells, hMSCs, at the top and osteogenic differentiating cells at day 10, at
the bottom. D. TaqMan multiplex RT-qPCR analysis of ORF2-L1 and 5’-UTR-L1 copy number
variation relative to SATA repeats in osteogenesis. E. PCR analysis results of genomic DNA of hMSCs
undergoing osteogenic differentiation pathway collected at day 0, 7, 11 and 14. and reverse transcriptase
inhibitor, lamivudine, treated cells collected at day 14 of osteogenic differentiation. “+” sign indicates a
plasmid that contains EGFP cassette with an intron, whereas “-” sign indicates GFP sequence without an
intron; L, 2-log DNA ladder (0.1-10kb) NEB. The histograms represent the average of 3, 4 or 5
independent experiments shown in the figure. Standard error is shown.

2.2. Inhibition of ORF2p RT activity strongly impairs osteoblasts maturation
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Once demonstrated that the reactivation of L1 elements does occur in in vitro
osteogenesis of hMSCs, we investigated whether such an event has a positive impact
in the differentiation process. Therefore, we challenged the transposition by inhibiting
the reverse transcription of L1 in differentiating cells. We treated cells with 150 M
lamivudine 3TC every 24 hours for the entire differentiation process. Lamivudine is a
dideoxynucleoside that in the cell becomes an active metabolite, Lamivudine
triphosphate, (Leandro et al., 2013). It competes with endogenous 2’-deoxycytidine-5’triphosphate to be incorporated into reverse transcriptase activity of ORF2p and it does
not contain hydroxyl group at 3’ of the sugar and its incorporation stops further reverse
transcription process (Akanbi et al., 2012). Importantly, systematic studies showed that
Lamivudine is specific for L1 RT, showing no detrimental effect on both cells viability
and tissues physiology, thus excluding aspecific side effects or toxicity (Bachiller et al.,
2017; Wood et al., 2016; Young, 2017). Therefore, Lamivudine is a very helpful tool
to study the effect of transposition by inhibiting the reverse transcription activity of L1
ORF2p.
Then, total RNA was extracted from treated (lamivudine) and untreated (ctr)
differentiated cells and RT-qPCR analysis of early and late differentiation markers was
performed as a quantification of the effect of L1 transposition inhibition in cells
differentiation efficiency. As shown, lamivudine treatment strongly reduces the mRNA
expression levels of late osteogenic markers (OPN - 20%, BSP - 60%, OSX - 60%)
and, coherently, the mineral matrix deposition (figure 4).
This result suggests that L1 reactivation, particularly retrotransposition, is a positive
event for differentiating mesenchymal stem cells to properly achieve a terminally
differentiated phenotype upon in vitro osteogenic induction.

26

Figure 4. Lamivudine treatment affects the mRNA expression levels of osteogenic terminal
differentiation markers, but not adipogenic markers. RT-qPCR analysis of osteogenic markers’
mRNA expression levels relative to RPL13A in day 21 of osteogenesis. B. RT-qPCR analysis of
adipogenic markers’ mRNA expression levels relative to TBP in day 21 of adipogenesis. The histogram
represents the average of 3 and 5 independent experiments for osteogenesis and
adipogenesis, respectively. Standard error is shown.

2.3. Knockdown of L1 RNA strongly impairs osteoblasts differentiation

It has been already reported that in vivo treatment with 3TC doesn’t show detrimental
effect on both cells and tissues viability (Bachiller et al 2017). In our experimental
model also, Propidium Iodide staining followed by cell cycle FACS analysis have
confirmed the absence of cell death due to lamivudine 3TC treatment (data not shown).
Nevertheless, the scientific community is still skeptical regarding the usage of 3TC as
a specific inhibitor of the endogenous reverse transcriptase, hypothesizing that
phenotypes observed upon 3TC treatment may be attributed to side effects.
For this reason, I chose an alternative approach that allows me to support the evidence
that L1 inhibition is detrimental for osteogenic differentiation. I used a mix of five 2-
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deoxy-2-fluoroarabinonucleic acids (FANA) modified antisense oligonucleotides
(ASO) specific for L1-ORF1 RNA sequence to knock-down L1 RNA, thus preventing
its reverse transcription and new integration into the genome.
By using a fluorescently labelled negative control, scramble (scr), I firstly checked the
intracellular stability of FANAs in our cell system. hMSCs undergoing osteogenic
differentiation were treated with 5 M fluorescently labelled FANAs and the
fluorescence was checked every 24 hours. As shown, the fluorescence disappeared after
3 days, suggesting that FANAs are pumped-out from the cells (figure 5 A). Therefore,
one pulse every three days was used for the subsequent knockdown experiments.
The workflow of FANAs treatment is shown in figure 5 B. After commitment (day 7),
one pulse of FANAs was done every three days and cells were collected at day 14. The
efficiency of L1 knockdown was assessed by RT-qPCR and results showed a 43%
decrease of full-length L1 in cells treated with anti-L1 FANAs compared to the cells
treated with scr (figure 5 C). To analyze the effect of L1 knockdown on osteogenic
differentiation, the expression level of osteogenic markers was quantified by RT-qPCR.
The results in figure 5 D show a significant decrease of osteogenic markers expression
in cells where L1 transcript is knocked down by anti-L1 FANAs compared to the cells
that are treated with scr. Although the knockdown doesn’t allow to distinguish between
the effect of L1 RNA degradation and that one of L1 transposition prevention, we can
observe that those markers which were not affected by inhibition of L1
retrotransposition in 3TC treatment, such as OCN and RUNX2, are now affected by L1
mRNA degradation. This observation suggests that L1 mRNA per se might have a
positive function in the accomplishment of a fully differentiated osteogenic phenotype.
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Figure 5. FANA oligo treatment works efficiently and transcripts of osteogenic markers (except
for OSX) decrease upon knock-down of L1 mRNA. A. The FANA oligoes lasts for three days in
hMSCs undergoing osteogenic differentiation. B. The scheme of FANA delivery. C. RT-qPCR
analysis of 5’UTR-L1 and ORF2-L1 mRNA expression levels relative to RPL13A. D. RT-qPCR
analysis of osteogenic marker mRNA expression levels relative to RPL13A.

2.4. In vitro adipogenesis of hMSCs is a “retrotransposition free” process.

A question that might arise is if L1 reactivation generally occurs as a consequence of
the differentiation process or if it is a lineage specific, developmentally regulated,
event. To shed light on this, we investigated whether L1 are reactivated when the same
multipotent progenitors, mesenchymal stem cells, are induced towards a mesodermal
lineage different from the osteogenic one. Therefore, the same hMSCs were induced to
in vitro differentiate into adipocytes. The differentiation process takes two-three weeks
and differentiated adipocytes show an accumulation of fatty acids in intracellular lipid
drops (figure 6 A). Even in this case, we monitored the expression (figure 6 B) and the
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copy number (figure 6 C) of L1 retrotransposons, as well as the effect of reverse
transcription inhibition on adipogenic markers expression and on the accumulation of
intracellular lipid drops (figure 6 D). As shown, neither the transcription nor the
genomic content of L1 elements undergo statistically significant variations in
differentiated adipocytes respect with undifferentiated cells. Moreover, lamivudine
treatment doesn’t show any phenotypic effect on differentiating adipoblasts. These
results suggest that in vitro adipogenesis lack the L1 dynamics we observed upon
osteogenic induction and that L1 reactivation cannot be considered as an unspecific
consequence of the stress induced by the differentiation process.

Figure 6. L1 expression and copy number do not change during adipogenesis and Lamivudine
treatment does not affect the mRNA expression levels of adipogenic markers. A. Adipogenic
differentiation in three weeks. B. RT-qPCR analysis of ORF2-L1 and 5’-UTR-L1 mRNA expression
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levels relative to TBP in adipogenesis. C. TaqMan multiplex RT-qPCR analysis of ORF2-L1 and 5’UTR-L1 copy number variation relative to SATA repeats in adipogenesis. D. RT-qPCR analysis of
adipogenic markers’ mRNA expression levels relative to TBP in day 21 of adipogenesis. The histograms
represent the average of 5 independent experiments for adipogenesis. Standard error is shown.

2.5 Ectopic expression of L1 mRNA strongly reduces the efficiency of in vitro
adipogenesis

As a “retrotransposition free” process, we hypothesized that during adipogenesis L1
elements are tightly controlled. Consequently, a forced expression of these elements
would interfere with the complex and precise chain of events that orchestrates the
acquisition of the adipogenic phenotype. To validate this hypothesis, I in vitro
transcribed and directly delivered L1 mRNA into differentiating adipoblasts.
L1-neo-tet (Addgene, catalog #51284) plasmid was used as a template to in vitro
transcribe a codon optimized L1 mRNA (see appendices for plasmid structure). NotIHF restriction enzyme (NEB) was used to linearize the plasmid. The reaction was run
on 0.9% agarose gel to check if linearization occurred efficiently. Non-digested plasmid
was used as a control. Non-digested plasmid gave 2 bands corresponding to supercoiled
and nicked types of the plasmid, whereas NotI-HF enzyme digested plasmid gave only
one band corresponding to linearized plasmid (figure 7 A) meaning that the
linearization worked efficiently. Once linearized, the plasmid was used as a template to
in vitro transcribe L1 mRNA. The plasmid contains T7 promoter upstream of L1
element and therefore, HiScribeTM T7 ARCA mRNA Kit (NEB) was used for in vitro
transcription of L1 mRNA. Modified nucleotides pseudo-UTP and 5-methyl-CTP
(TriLink Biotechnologies) were added to the transcription reaction and incorporated
into transcripts. This strategy guarantees both better intracellular stability and less cell
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toxicity once the RNA are delivered to the cells (data not shown). After transcription,
polyA tail was added. To check the quality of the in vitro transcribed and poliadenilated
mRNA, small amount was run on RNA agarose gel, where the expected size of the
mRNA was confirmed (figure 7 B).

Figure 7. In vitro transcription of L1 mRNA. A. NotI-HF enzyme digested plasmid size corresponds
to the expected size. ND, non-digested; D, digested; L, 2-log DNA ladder (0.1-10kb) NEB. B. In vitro
transcribed mRNA size corresponds to the expected size. PolyA-, without polyadenylation, PolyA+, with
plolyadenylation; L, Riboruler high-range RNA ladder (Thermo Fisher Scientific).

Bone marrow derived hMSCs were kept in 6 well in growth condition (40%
confluency) until the day of transfection and differentiation induction. Three pulses of
1 g of both ctr EGFP (TriLink Biotechnologies: L7201) and L1 mRNA were delivered
to the cells undergoing adipogenic differentiation as shown in figure 8 A. The high
efficiency of transfection was confirmed by EGFP signal (figure 8 B).
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Total RNA and whole genomic DNA were extracted to check exogenous L1 expression
and DNA copy number respectively. I found that the delivered L1 mRNA is stable and
accumulates in the cells after transfection (figure 8 C).
To assess whether the delivered L1 mRNA is efficiently translated, cells grown on a
glass, transfected and induced to adipogenic differentiation were fixed with 4%
paraformaldehyde and IF was performed for ORF2p. The enriched fluorescent signal
in L1 mRNA overexpressed cells compared to the negative control (figure 8 D)
suggests that the exogenously provided L1 mRNA is efficiently translated once inside
the cell and, as expected, reverse transcribed and integrated into the genome of
differentiating cells. (figure 8 E). Being codon optimized, the RNA sequence of
exogenous L1 differs from that of the endogenous one so that we can distinguish the
two species by using different sets of primers in PCR experiments.
Notably, the introduction of exogenous L1 mRNA doesn’t interfere with the mRNA
expression levels and DNA copy number of the endogenous one (figure 8 F-G),
excluding any positive feedback regulation of L1 expression in these cells.
Finally, the phenotypic effect of L1 forced expression in adipogenic differentiation was
evaluated by quantifying the expression of adipogenic markers in L1 mRNA
transfected cells respect with ctr cells. The strong reduction of all the adipogenic
markers examined (figure 8 H) indicates that forced expression of L1 mRNA is
detrimental for the adipogenic pathway, fitting our hypothesis of adipogenesis as a
“retrotransposition free”, and “retrotransposition intolerant”, process.

33

Figure 8. Overexpression of L1 and scramble mRNA during in vitro adipogenesis. A. The scheme
of ctr EGFP and L1 mRNA transfection to the cells undergoing adipogenic differentiation pathway. B.
EGFP mRNA transfection efficiency is shown by green fluorescence production in cells undergoing
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adipogenesis. C. RT-qPCR analysis of exogenously introduced ORF1-L1 and ORF2-L1 mRNA
expression levels relative to TBP in adipogenesis. D. Antibody to L1-ORF2 protein and DAPI staining
for cells undergoing adipogenic differentiation at day 6 treated with scramble mRNA, on the top and
treated with L1 mRNA, on the bottom. E. Cyber green RT-qPCR analysis of exogenously introduced
ORF2-L1 and ORF1-L1 copy number variation relative to SATA repeats in adipogenesis. F. RT-qPCR
analysis of endogenous ORF2-L1 and 5’UTR-L1 mRNA expression levels relative to TBP in
adipogenesis. G. TaqMan RT-qPCR analysis of endogenous ORF2-L1 and 5’UTR-L1 copy number
variation relative to SATA repeats in adipogenesis. H. RT-qPCR analysis of adipogenic markers mRNA
expression levels relative to TBP.
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Chapter 3: Discussion
In this thesis I analyzed if L1 elements get reactivated and retrotransposed during in
vitro osteogenic differentiation of bone marrow derived hMSCs in tissue specific
manner.
The results that I obtained show that L1s get reactivated during in vitro osteogenesis
and inhibition of their activity impairs osteogenic differentiation program. In contrast
L1 is not reactivated during differentiation of the same progenitor cells when triggered
towards adipogenic program.
Lamivudine or FANA induced block of L1 activity affect the terminal differentiation
of osteoblasts as shown by reduced levels of mRNA expression of osteogenic markers
and bone matrix formation. In opposite, inhibiting the L1 retrotransposition in hMSCs
undergoing adipogenic differentiation does not affect the mRNA expression levels of
any adipogenic markers tested. It has been already reported that in vivo treatment with
Lamivudine doesn’t show detrimental effect on both cells and tissues viability
(Bachiller et al 2017). As control, FACS analysis showed no difference in cell cycle
and apoptotic profile of the cells treated with Lamivudine and non-treated cells (data
not shown). Nevertheless, I thought to perform experiments that would reinforce the
results found by lamivudine treatment about the positive effect of L1 on osteogenesis.
At this stage I focused at the RNA level, by in vitro transcribing and overexpressing L1
mRNA in adipogenic conditions and by knocking down L1 transcript during in vitro
osteogenesis. The effect of these manipulations on adipogenic and osteogenic
differentiation efficiencies were checked. The results show that overexpression of L1
mRNA in cells differentiating towards adipogenic pathway decreases the efficiency of
adipogenic differentiation as all adipogenic marker mRNA expression level was
decreased compared to the cells treated with scramble mRNA. It could be speculated
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that L1 expression is tightly repressed during adipogenic differentiation and forcing the
L1 mRNA expression interferes with physiological pathways towards the adipogenic
fate. In this overexpression experiment, I cannot distinguish if the observed results are
due to the effect of L1 transcript per se or of L1 retrotransposition or both. In order
answer this question, L1 mRNA overexpressed cells can be treated with lamivudine
and the efficiency of adipogenic differentiation can be checked. Having said that, one
limitation of overexpression experiment is that it is hard to control the actual
intracellular amount of L1 mRNA. Two scenarios could have a similar outcome to cell
differentiation: one scenario might be that the exogenous L1 transcript is
retrotransposed in high amount, leading to genome instability, hence to stress that
would affect the differentiation efficiency. Another one is that being the sequence of
the exogenous L1 codon optimized, it is highly translated and give rise to high amount
of intracellular ORF2p. EN activity of ORF2p might introduce high number of nicks,
hence double strand breaks that would not be efficiently repaired and again stress that
would affect the differentiation efficiency of adipoblasts. On the other hand, when L1
mRNA is knocked down in cells differentiating towards osteogenesis, osteogenic
markers expression was decreased compared to the cells that were treated with
scramble. Interestingly, mRNA expression levels of a master gene of osteogenesis,
RUNX2, was affected the most upon L1 mRNA knock down. However, inhibiting L1
retrotranspositon by blocking the activity of reverse transcriptase with lamivudine does
not have any effect on RUNX2 mRNA expression levels. This might suggest that L1
mRNA per se, but not L1 retrotransposition, has an effect on RUNX2 expression. These
results are in line with the work of Jachowicz et al. (2017) where they showed that L1
transcript per se, neither L1 retrotransposition nor the coding nature of the transcript, is
regulating the early mouse embryo development at chromatin level by positively
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controlling global chromatin accessibility. These results are in line also with the
findings where RNAs predominantly derived from interspersed repetitive elements
including L1 transcript are associated with euchromatin at interphase chromosome and
important for maintaining the global chromatin integrity (Hall et al., 2014).
Overexpression and knocking down experiments were conducted only on one
biological samples, therefore, they should be repeated and confirmed on other
biological samples. The knock down efficiency can be increased by conducting the
experiment with a higher concentration of FANA oligoes. As a consequence, it is
expected to have even stronger decrease in mRNA expression of osteogenic markers.
By doing additional experiments, I have observed that ORF2p is almost fully
cytoplasmic in undifferentiated and proliferating hMSCs, but upon differentiation
towards osteogenic pathway, ORF2p moves from cytoplasm towards the nucleus. This
observation needs further investigation as ORF2p per se might have an important
function in osteogenic differentiation pathway. For instance, it would be interesting to
explore when exactly this translocation from cytoplasm to nucleus starts by performing
time course IF analysis during osteogenic differentiation. Moreover, in order to verify
its association with L1 retrotransposition the same analysis will have to be performed
during adipogenesis. Also, L1 elements can induce DNA damage by making DNA
breaks by its endonuclease activity (Belgnaoui et al., 2006; Farkash & Prak, 2006).
Hence, it would be interesting to see if the number of DNA double strand breaks
increases upon ORF2p translocation from cytoplasm to nucleus by doing IF against H2AX as -H2AX is a biomarker of DNA double strand break (Kuo & Yang, 2008).
Moreover, in order to correlate the increase in DNA double strand break with ORF2p
endonuclease activity, colocalization studies can be done by doing double IF for ORF2p
and -H2AX and analyzing the image via super-resolution microscopy. There is a
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possibility that nicks introduced by ORF2p during L1 retrotransposition together with
DNA damage machinery would change the local DNA supercoiling. The local change
in supercoiling has an effect on genes’ expression located adjacent to the nick sides
(Coster et al., 2010). So, above experiments would shed a light on understanding the
possible positive function of L1 retrotransposition process in terms of introducing nicks
on regulating gene expression by changing the DNA supercoiling.
Finally, functional consequences of de novo retrotrasposition at recipient gene loci will
need to be investigated. There are different possibilities how these de novo insertions
affect their nearby locations. For instance, one possibility is that these de novo inserted
L1 elements act as regulatory elements for nearby genes and affect the expression of
those genes. Another possibility is that de novo inserted L1 elements produce noncoding RNAs impacting chromatin remodeling and/or mediating short range interaction
between different genomic loci.
Future work will be needed in order to find out a mechanistic explanation on how L1
retrotransposition positively affects the osteogenic differentiation, the genomic
positions of de novo L1 insertions upon osteogenic differentiation will have to be
determined by whole genome sequencing, possibly integrated with HiC and
transcriptome analysis. In conclusion, this study provides evidence for L1
retrotransposition being a regulated and somehow required process necessary for tissue
specific developmental program.
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Chapter 4: Conclusion
My project involved the study of dynamics of L1 elements in hMSCs that are
differentiating towards ostegenic and adipogenic pathway and had two parts. First part
results showed that L1 gets reactivated transcriptionally and retrotranspose during
osteogenic differentiation of hMSCs and inhibition of retrotransposition of L1 leads to
compromised osteogenic differentiation abilities, but we did not observe this kind of
results during adipogenic differentiation of hMSCs. Hence, L1 seems to positively
regulate osteogenic differentiation pathway. Second part results showed that upon
overexpression and knockdown of L1 mRNA in adipogenic and osteogenic
differentiation of hMSCs, respectively, the efficiency of both adipogenic and
osteogenic differentiation pathways decrease. These results reinforce the results that
were obtained in the first part. It would be interesting to investigate the molecular
mechanism underlying L1 dynamics and regulation in osteogenesis and further studies
will be carried out by the host laboratory in that purpose.
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Chapter 5: Materials and Methods
5.1. Plasmids, primers, antibodies and media
Diagram of a plasmid used in this study is shown in figure 18. Buffers and media
are listed on table 12. Primers used throughout the study are listed on table 13 and
antibodies and their concentrations are listed on table 14 in appendices section.

5.2. Cell culture
5.2.1. Primary hMSCs thawing and plates preparation
All experiments were done under the tissue culture cell hood following standard
procedures. Before thawing the cells, 150mm plates were coated with 15 ml of 0.1%
gelatin (Stemcell Technologies) in MilliQ sterilized water and kept at 40C for 30 min.
The gelatin was gently aspirated completely and allowed to dry out at room temperature
for 1 hour. When the plate was dry, cells in cryogenic tubes (Nunc) were taken out from
liquid nitrogen lid of the cryotube was opened a little. The cryotube was incubated at
370C for 2 min. Growth medium was added gradually until all ice was melted.

5.2.2. Primary hMSCs culture
Human primary MSCs purchased from Lonza (PT-2501) and from PromoCell (C12974) were cultured in a humidified incubator in normoxic conditions (20% O2, 5%
CO2) at 37°C in mesenchymal growth medium (Lonza, PT-3001).

5.2.3. Primary hMSCs passaging
Media and trypsin were pre-warmed to reach 370C. Cells in 150mm plate were
washed with 15ml of PBS for few seconds. Then 2.5ml of Trypsin (0.05%) was added
to the plate and incubated at 370C for 3 min until cells detached from the plate. 5 ml of
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hMSCs growth medium was added to the cells with trypsin, washed, transferred to a
falcon tube and centrifuged at 1200 rpm in a table centrifuge for 5 min at room
temperature. The medium was removed and the pellet of cells was resuspended in 5 ml
of hMSCs growth medium. 10l was taken from suspension and put on a cell counter
chamber for count. Appropriate number of cells were plated on a matrigel matrix coated
plates with an appropriate differentiation medium (adipogenic or osteogenic) for 24
hours.

5.2.4. Plate coating with Matrigel Matrix
All materials that was used for this step was pre-chilled at 40C. Matrigel was used
in 1:50 ratio in cold PBS. The appropriate amount of the gel was added to the plate and
incubated for at least 1 hour at room temperature for polimerization.

5.2.5. Osteogenic differentiation of hMSCs.
hMSCs at around 60-70 percent confluency were sent to osteogenic differentiation
by adding the mix of hMSC osteogenic SingleQuots (Lonza) kit and osteogenic
differentiation basal medium (Lonza). The osteogenic induction medium was changed
every 3 days.

5.2.6. Adipogenic differentiation of hMSCs.
100% confluent hMSCs were sent to adipogenic differentiation by adding the mix
of hMSC adipogenic induction SingleQuots kits (Lonza) and adipogenic induction
medium (Lonza). Cells underwent three cycles of adipogenic induction medium (for 3
days) and adipogenic maintenance medium (for 2 days).
5.3. Lamivudine treatment
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10 mg of Lamivudine 3TC (Sigma) was resuspended in 290 l of DMSO to make
a 150 mM stock solution to be used 1000X directly in the cell medium.

5.4. Total RNA extraction with RLT buffer
Cells at -800C were thawed. RNA was extracted from cells by RNeasy mini kit
(Qiagen). After washing the column with RW1 buffer, the column was treated with
DNAse for 20 minutes at room temperature as shown below.
Components

Volume

RNase-free Buffer RDD

70l

RNase-free DNase I

10 l

Table 1. DNase treatment set-up for 1 sample

The rest of the procedures were done according to the RNAeasy kit protocol. RNA
concentrations were measured using a Nanodrop 2000 Spectrophotometer.

5.5. Total RNA extraction with Trizol/Chloroform
Cells at -800C were thawed. 1ml of Trizol (Sigma Aldrich) was added and kept for
2-3 minutes at room temperature. 200 l of chloroform (ThermoScientific) was added
and the solution was mixed for 15 seconds and incubated for 3 minutes at room
temperature. The tube was centrifuged for 15minutes at 12000rcf at 40C in Eppendorf
microfuge. The clear top layer of supernatant was transferred to a new tube and 750l
of cold 100% ethanol (EtOH) was added. The solution was gently mixed and 700l was
transferred to a RNeasy Mini Spin Column and recovered in total RNA extraction
buffer as above.

5.6. Reverse Transcription
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All incubations were done in block heater (Temperature is shown in table 2). The
RNA was reverse transcribed to cDNA by using SuperScript III First-Strand Synthesis
SuperMix for RT-qPCR (Invitrogen). 300ng to 1g of total RNA was reversetranscribed. Each reaction is composed of the following mixture
Components

Volume

RT Enzyme Mix

2 l

2XRT Reaction Mix

10 l

RNA+H2O

8 l

Table 2. Reverse transcription set-up for one sample

Samples were mixed and the program shown on table 3 was used to perform the
reverse transcription in the heater block.
Segment

Temperature

Time

1

250C

10 min

2

500C

30 min

3

800C

5 min

Table 3. Reverse transcription program

The samples were chilled on ice for 2 minutes. Then 1 l of E.Coli RNAse H
(ThermoScientific) was added to each sample and incubated at 370C for 20 minutes.

5.7. Quantitative real-time PCR
Quantitative real-time PCR was performed using the SYBR Select Mastermix
(Life Technologies). Primers used in qPCR are shown in table 17. qPCR mix was set
up as shown in table 4 and run on a program shown on table 5.
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Reagents

Volume per well

SYBR Mastermix

7.5 l

Primer Forw&Rev(5mM each)

1.5 l

Diluted template

6 l (5 to 10 ng)

Table 4. qPCR mixture set-up

Segment

Cycle

Temperature

Time

Initial denature

0

950C

10 min

Cycling

40

950C

15 s

600C

30 s

720C

30 s

Table 5. qPCR cycling parameters

5.8. High Molecular Weight DNA extraction
Genomic DNA of cells grown in 6 well plate was extracted according to the
MagAttract HMW DNA kit protocol (Qiagen). Cells were lysed with a lysis buffer for
which chemical compositions are given in table 6.
Component

Volume per tube

Lysis buffer for HMW DNA extraction:

200 l

20mM Tris PH 7.8
5mM EDTA PH 8
150 mM NaCl
Proteinase K

2.5 l

RNAse A

4 l

45
24 l

SDS (20%)
Table 6. Lysis buffer components.

Cells were lysed overnight at 37°C and the rest was done according to the
MagAttract HMW DNA kit protocol (Qiagen). DNA concentrations were measured
using a Nanodrop 2000 Spectrophotometer.

5.9. Taq-man multiplex Quantitative real-time PCR for copy number variation
(CNV) analysis
Taq-man multiplex Quantitative real-time PCR was performed using the iQ™
Multiplex Powermix (Bio-Rad). Primers used in qPCR are shown in table 17. Dye
FAM was used to quantify ORF2-L1 and 5’UTR-L1 whereas dye VIC was used to
quantify reference gene SATA. Genomic DNA were diluted to have 0.025ng in 6l.
qPCR mix was set up as shown in table 7 and run on a program shown on table 8.
Reagents

Volume per well

IQ Multiplex Powermix

10 l

Probe (L1-ORF2-FAM or L1-5’UTR- 0.4l
FAM or Sata-VIC ) (10 M)
L1-ORF2-FW&REV

or

L1-5’UTR- 0.4l

FW&REV, Sata-Fw&REV (5M each)
ROX

0.4l

H2O

2.8l

Table 7. Taq-man multiplex Quantitative real-time PCR set-up for one sample.

Segment

Cycle

Temperature

Time
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Initial denature

0

950C

3 min

Cycling

40

950C

45 s

580C

45 s

Table 8. Taq-man multiplex Quantitative real-time PCR program

5.10. Template preparation for in vitro transcription
5.10.1. Bacteria transformation using heat shock and competent cells
2ng of plasmid DNA and 5l of ligase reaction mix were added to 50l of
competent bacteria (E.Coli stbl3), quickly vortexed and incubated on ice for 10
minutes. Heatshock was done at 420C for 45 seconds and incubated on ice for 3 minutes.
800l of SOC media were added and incubated at 370C for 30minutes with shaking at
800rpm. Quick spin for 10 seconds was done and supernatant was removed leaving a
little bit of pellet with medium. The cells were plated on pre-warmed plates and
incubated at 370C overnight.

5.10.2. Colony PCR
PCR set-up is shown in table 9 below.
Reagents

Volume per well

dH2O

85.5l

10x CoralLoad PCR Buffer

10l

dNTPs (10M)

2l

Primer Forward (10M)

1l

Primer Reverse (10M)

1l
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Taq Polymerase

0.5l

Table 9. Colony PCR set-up

A little amount of cells was put into each tube and run on the program shown on
table 10.
Segment

Cycle

Temperature

Time

1

0

950C

10 min

2

40

950C

15 s

600C

30 s

720C

30 s

720C

7 min

3
Table 10. Colony PCR cycling program

5.10.3. Mini-prep for plasmid isolation
Positive bacterial colonies were incubated with 5 ml of LB media supplemented
with Ampicillin (150M) for 12-16 hours at 370C with on a roller platform at 200rpm.
Mini-prep was carried out according to the QIAprep spin miniprep kit (Qiagen). The
DNA was eluted in 40l of dH2O. DNA concentrations were measured
using a Nanodrop 2000 Spectrophotometer.

5.10.4. Midi-prep for plasmid isolation.
Positive bacterial colonies were incubated with 100 ml of LB media supplemented
with Ampicillin (150 M) for 12-16 hours at 370C with on a roller platform at 200rpm..
Midi-prep was carried out according to the plasmid DNA purification Nucleobond Xtra
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Midi/Maxi kit protocol (Macherey-Nagel). The DNA was eluted in 60l of dH2O.
DNA concentrations were measured using a Nanodrop 2000 Spectrophotometer.

5.10.5. Restriction enzyme digestion
Restriction enzyme digestion reaction set up is shown on table 11 below
Reagents

Volume

dH2O

Up to 40l

10x cut smart buffer

4l

DNA

3g

(volume

depends

on

DNA

concentration)
High fidelity restriction enzyme/s

Shouldn’t exceed 10% of the reaction
volume

Table 11. Restriction enzyme digestion set up

The reaction was performed at 370C for 30 minutes. The activity of the enzyme was
stopped by heating (at 650C) or deep-freezing the sample, depending on the enzyme
used.

5.10.6. Agarose gel electrophoresis for DNA
1% (w/v) agarose gel was prepared by adding 0.5g of agarose powder
(ThermoScientific) to 50ml of 1xTBE in a glass bottle, which was then heated in a
microwave. 1 μl of ethidium bromide was added before pouring the gel. 6X DNA gelloading dye was used. 2-log DNA ladder (0.1-10kb) (NEB) was used as a size marker
and gels were run at 100V in TBE buffer. DNA was visualised with UV
transilluminator (Syngene).
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5.10.7. Dephosphorylation of 5´-ends of DNA using rSAP
3 units of shrimp alkaline phosphatase (rSAP) are added to the digested DNA and
incubated at 370C for 20 minutes. The reaction was stopped by incubating the sample
at 650C for 5 minutes.

5.10.8.

Restriction

enzyme

digested

plasmid

purification

with

Phenol/Chloroform
All procedures were done at room temperature, except otherwise stated and all
centrifugation was carried out at 14000rpm (Eppendorf centrifuge 5424R). Volume of
was brought up to 200l with sterile deionized water and 200l of
phenol/chloroform/isoamyl alcohol solution (Sigma Aldrich) was added and vortexed
vigorously for 1 min. The tube 1 was spun for 5 min and the top clear layer was
transferred to a new tube, tube 2. 200l of water added to tube 1 and vortexed
vigorously for 1 min and centrifuged for 5 min. The top layer was transferred to tube
2. 400l of phenol/chloroform/isoamyl alcohol solution was added to tube 2 and
vortexed vigorously for 1 min and centrifuged for 5 min and the top layer was
transferred to a new tube, tube 3. 80 l of 3M NH4OAc pH 5.2 and 1 l of glycogen
was added to tube 3 and the solution was mixed. 800l of 100% ethanol was added and
the solution was incubated at -800C for 30min. Then the mix was centrifuged at 40C for
20min and the supernatant was decanted without disturbing the pellet. The pellet was
washed with 300l of 80% ethanol and vortexed 3 times and another spin was done at
40C for 15min. The supernatant was decanted and the residual ethanol was removed
carefully. The pellet was air-dried for 2-3 min and was re-suspended in 30l of water
and kept at -200C for further use.
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5.11. In vitro transcription
In vitro transcription and mRNA purification are carried out according to HiScribe
T7 ARCA mRNA kit protocol (NEB). Modified nucleotides such as pseudo-UTP
(Trilink biotechnologies) and 5-methyl-CTP (Trilink biotechnologies) were used for
L1 mRNA production. Purified mRNA is resuspended in 30l of nuclease-free H2O.
mRNA concentrations were measured using a nanodrop 2000 Spectrophotometer.
mRNA is stored at -800C.

5.12. Agarose gel electrophoresis for RNA
0.9% (w/v) agarose gel was prepared by adding 0.45g of agarose to 47ml of 1xTBE
and 3ml of 6% bleach to a glass bottle, which was then heated in a microwave. 1 μl of
ethidium bromide was added before pouring the gel. 2X RNA gel-loading dye was
used. Riboruler High range RNA ladder (ThermoFisher Scientific) was used as a size
marker and gels were run at 100V. RNA was visualised with UV transilluminator
(Syngene).

5.13. mRNA transfection
In vitro transcribed L1 mRNA and eGFP mRNA (5moU) (TriLink
Biotechnologies) were transfected to the cells grown on a 12 well plate according to
the

protocol

of

Lipofectamine™

MessengerMAX™

Transfection

Reagent

(ThermoFisher Scientific). 1g of mRNAs and 1.5 l of reagent was used for each well.
Transfection was done every three days starting from the differentiation induction day.

5.14. Immunofluorescence
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The cells grown on a Matrigel matrix coated glass were washed 3 times with 500μl
PBS. Then 500μl of 4% paraformaldehyde in PBS was used for 15 min at room
temperature to fix the cells. For permeabilization cells were washed 3 times with 500μl
of PBS at room temperature and incubated with 500μl of 3% Triton X-100 for 3
minutes. Cells were washed with 500 μl of 0.1% triton X-100 for 3 times for 5 minutes
each. Then blocking was done with 500μl of 4% Bovine Serum Albumine (BSA) for
30 minutes at room temperature. Cells were incubated with 300μl of 1:100 diluted
primary polyclonal antibody against L1 (H-110) in PBS, 3% BSA and 0.1% Triton X100 for overnight for 40C. One more wash with 500μl of 0.1% Triton X-100 was done
for 5 minutes at room temperature. Then the cells were incubated with 300 μl of 1:500
diluted anti-rabbit monoclonal antibody in PBS, 3% BSA and 0.1% Triton X-100 for
45 min at room temperature in the dark. Three more washes with 500 μl 0.1% Triton
x-100 for 5 minutes each were done at room temperature in the dark. The glass is
mounted on a slide covered with DAPI and analyzed by fluorescence microscopy.

5.15. FANA treatment of cells
FANA oligoes were purchased from AUM Biotech. Fluorescent scramble and five
different oligoes that target ORF1 sequence were diluted in the appropriate amount of
sterile MilliQ water. Five oligos targeting ORF1 sequence were mixed in equal amount
and used in a final concentration of 5M. FANA treatment was done every three days
by directly adding the required amount of oligos to the cells medium.

5.16. Electroporation
®
hMSCs were electroporated by using NEON
Transfection System (Life
Technologies) according to manufacturer’s specification. 150000 hMSCs and 3 g of
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LRE3-EGFP plasmid were re-suspended in 10 μl of buffer R (Life technologies) and
electroporated for 40 milliseconds at 990 V. Cells were recovered in growth medium
for 24-48 hours and then differentiated into mature osteoblasts.
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APPENDICES
Appendix 1. Media and Buffers
All buffers are filter sterilised
Buffers and solution

Chemical composition

Lysis buffer for High molecular

20 mM TRIS pH 7.8, 5 mM EDTA pH

weight DNA extraction

8.0,
150mM NaCl, proteinase K, RNAse A
and 1%SDS

LB media
DPBS
10 % BSA

Thermo fisher, Catalog
number:14190250
5g of BSA powder in 50ml dH20

10% Triton X-100

2 ml of Triton X-100 in 18ml dH20 &

Table 12. List of buffers and media used in this study and their components

Appendix 2. Plasmids used in this study
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Figure 9. A plasmid used in this study as a template for in vitro transcription of LINE-1 mRNA
(Adopted from https://www.addgene.org/51284/

Appendix 3. Oligonucleotides used in this study
Primer

Sequence (5’-3’)

Use

FASN Fwd

AAGGACCTGTCTAGGTTTG

To check fasn mRNA expression

ATGC
FASN Rev

TGGCTTCATAGGTGACTTC

To check fasn mRNA expression

CA
LPL Fwd

AGGATGTGGCCCGGTTTAT

To check lpl mRNA expression

C
LPL Rev

CCAAGGCTGTATCCCAAGA

To check lpl mRNA expression

GAT
FABP4 Fwd

FABP4 Rev

ACTGGGCCAGGAATTTGAC

To check FABP4 mRNA

G

expression

CTCGTGGAAGTGACGCCTT

To check FABP4 mRNA
expression

PPAR Fwd

PPAR Rev

RUNX2 Fwd

RUNX2 Rev

ACCAAAGTGCAATCAAAGT

To check PPAR mRNA

GGA

expression

ATGAGGGAGTTGGAAGGCT To check PPAR mRNA
CT

expression

TCAACGATCTGAGATTTGT

To check RUNX2 mRNA

GGG

expression

GGGGAGGATTTGTGAAGAC To check RUNX2 mRNA
GG

expression
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OPN Fwd

GAAGTTTCGCAGACCTGAC

To check OPN mRNA expression

AT
OPN Rev

GTATGCACCATTCAACTCC

To check OPN mRNA expression

TCG
OSX Fwd

CCTCTGCGGGACTCAACAA

To check OSX mRNA expression

C
OSX Rev

AGCCCATTAGTGCTTGTAA

To check OSX mRNA expression

AGG
OCN Fwd

GGCGCTACCTGTATCAATG

To check OCN mRNA expression

G
OCN Rev

GTGGTCAGCCAACTCGTCA

To check OCN mRNA expression

IBSP Fwd

CACTGGAGCCAATGCAGAA To check IBSP mRNA expression
GA

IBSP Rev

TGGTGGGGTTGTAGGTTCA

To check IBSP mRNA expression

AA
Endo-ORF2-L1

TGCGGAGAAATAGGAACA

To check endogenous LINE-1

Fwd

CTTTT

mRNA expression & copy number

Endo-ORF2-L1

TGAGGAATCGCCACACTGA

To check endogenous LINE-1

Rev

CT

mRNA expression & copy number

Endo-5’-UTR-

GAATGATTTTGACGAGCTG

To check endogenous LINE-1

L1 Fwd

AGAG

mRNA expression & copy number

Endo-5’-UTR-

GTCCTCCCGTAGCTCAGAG

To check endogenous LINE-1

L1 Rev

TAAT

mRNA expression & copy number

Exo-ORF1-L1

ACCAAGCTGGAGAACACCC To check exogenous LINE-1
T
mRNA expression & copy number

Fwd
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Exo-ORF1-L1

ATCTCCTGGATCTGCACGT
T

Rev
Exo-ORF2-L1

mRNA expression & copy number
AAGGACACCCAGGAGCTG
AA

Fwd
Exo-ORF1-L1

To check exogenous LINE-1
mRNA expression & copy number

TATTTGATCTCGCCCTCGCT

Rev
ORF2-L1-FAM

To check exogenous LINE-1

To check exogenous LINE-1
mRNA expression & copy number
To check LINE-1 copy number

probe

CTGTAAACTAGTTCAACCA
TT

5’-UTR-L1-

AAGGCTTCAGACGATC

To check LINE-1 copy number

GGTCAATGGCAGAAAAGG

To check SATA copy number

FAM probe
SATA Fwd

AAAT
SATA Rev

CGCAGTTTGTGGGAATGAT

To check SATA copy number

TC
SATA-VIC

TCTTCGTTTCAAAACTAG

To check SATA copy number

GAAAGCCAAGATCCACTAC

To check RPL13A mRNA

C

expression

TGGGTCTTGAGGACCTCTG

To check RPL13A mRNA

T

expression

GCTGGCCCATAGTGATCTT

To check TBP mRNA expression

probe
RPL13A Fwd

RPL13A Rev

TBP Fwd

T
TBP Rev

CTTCACACGCCAAGAAACA

To check TBP mRNA expression

GT
Table 13. List of primers used in this study and their sequence
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Appendix 4. List of the primary and secondary antibodies used in this
study.

Antibody

Concentration/dilut

Experiment where

ion used

used

Rabbit polyclonal
1:100
LINE-1 (H-110)
Antibody
Goat anti-Rabbit IgG 1:500
Alexa fluor 594
Table 14. Antibodies used in this study

Source

IP

Santa Cruz
Biotechnology

IP

Thermo fisher

