THE

EMBO

JOURNAL

LINE-1 RNA triggers matrix formation in bone cells via a
PKR-mediated inflammatory response

Arianna Mangiavacchi, Gabriele Morelli, Sjur Reppe, Alfonso Saera Vila, Peng Liu, Benjamin Eggerschwiler, Huoming Zhang,
Dalila Bensaddek, Elisa Casanova, Carolina Medina-Gomez, Vid Prijatelj, Francesco Della Valle, Nazerke Atinbayeva, Juan
Carlos Izpisua Belmonte, Fernando Rivadeneira, Paolo Cinelli, Kaare Gautvik, and Valerio Orlando

Corresponding authors: Valerio Orlando (valerio.orlando@kaust.edu.sa) , Arianna Mangiavacchi
(arianna.mangiavacchi@kaust.edu.sa)

Review Timeline: Submission Date: 8th Aug 23
Editorial Decision: 18th Sep 23
Revision Received: 25th Mar 24
Editorial Decision: 10th May 24
Revision Received: 16th May 24
Accepted: 23rd May 24

Editor: leva Gailite

Transaction Report:

(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity, letters and
reports are not edited. Depending on transfer agreements, referee reports obtained elsewhere may or may not be included in
this compilation. Referee reports are anonymous unless the Referee chooses to sign their reports.)



1st Editorial Decision 18th Sep 2023

Dear Valerio,

Thank you for submitting your manuscript for consideration by the EMBO Journal. We have now received comments from three
reviewers, which are included below for your information.

As you will see from the reports, all reviewers find the study of interest, while also pointing out a number of important aspects
that would need to be addressed in the final manuscript before they can recommend acceptance of the manuscript. Based on
the interest expressed in the reports, | would like to invite you to address the issues raised by the referees in a revised
manuscript. | think it would be useful to discuss the revision in more detail via email or phone/videoconferencing - please let me
know which option you prefer.

We generally allow three months as standard revision time, which can be extended to six months in the case of major revisions.
As a matter of policy, competing manuscripts published during this period will not negatively impact on our assessment of the
conceptual advance presented by your study. However, please contact me as soon as possible upon publication of any related
work to discuss the appropriate course of action. Should you foresee a problem in meeting this deadline, please let us know in
advance to discuss an extension.

When preparing your letter of response to the referees’' comments, please bear in mind that this will form part of the Review
Process File and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess. Please also see
the attached instructions for further guidelines on preparation of the revised manuscript.

Please feel free to contact me if you have any further questions regarding the revision. Thank you for the opportunity to consider
your work for publication. I look forward to discussing your revision.

With best regards,

leva

leva Gailite, PhD

Senior Scientific Editor
The EMBO Journal
Meyerhofstrasse 1
D-69117 Heidelberg

Tel: +4962218891309
i.gailite@embojournal.org

Instructions for preparing your revised manuscript:
Please make sure you upload a letter of response to the referees' comments together with the revised manuscript.
Please also check that the title and abstract of the manuscript are brief, yet explicit, even to non-specialists.

When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability in
print as well as on screen:

https:/bit.ly/EMBOPressFigurePreparationGuideline

See also guidelines for figure legends: https://www.embopress.org/page/journal/14602075/authorguide#figureformat

At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will contact
you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload
and organize the files.

IMPORTANT: When you send the revision we will require

- a point-by-point response to the referees' comments, with a detailed description of the changes made (as a word file).
- a word file of the manuscript text.

- individual production quality figure files (one file per figure)

- a complete author checklist, which you can download from our author guidelines
(https://www.embopress.org/page/journal/14602075/authorguide).

- Expanded View files (replacing Supplementary Information)



Please see out instructions to authors
https://www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide
We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the

work, we recommend a revision within 3 months (17th Dec 2023). Please discuss the revision progress ahead of this time with
the editor if you require more time to complete the revisions.

Referee #1:

The influence of retrotransposons, and especially LINE1s, in regulatory processes outside of harmful pathologies has become
increasingly evident in recent years. Many of these L1 mediated mechanisms rely on the inflammatory response initiated by the
accumulation of L1 cDNAs/hybrids in the cytoplasm, activating the cGAS/STING pathway. Mangiavacchi et. al highlight a new
regulatory process influenced by L1 activation in bone repair, and further demonstrate the relevance of L1 activity in a wide
variety of cellular processes and systems. The authors reference L1 dsRNAs as driving inflammation via PKR recognition and
propose that this mechanism is potentially driving bone repair post-fracture. Given the literature demonstrating cGAS/STING
activity as a driver of harmful inflammation, the authors take steps to demonstrate that neither L1 cDNA nor cGAS is implicated
in their mechanism. Overall, the results presented by Mangiavacchi et. al show an exciting new mechanism driven by L1 RNAs
that further bolster the importance of studying transposons in various cellular mechanisms across multiple tissues and cell types.
The paper will be of interest to broad readership. The inclusion of several control experiments would strengthen the conclusions
of this manuscript.

1. Using siRNA to target cGAS mRNA (and confirming this knockdown is successful) and demonstrating L1 RNA is still able to
induce mineralization would further bolster their findings.

2. The data rely heavily on RNAseq analysis. The story would be stronger if the authors demonstrated L1 increases during
fracture repair via another method. RT-qPCR targeting L1 mRNA would be a good way to quantify the increase in L1 expression
between unfractured and healthy bone.

3. Immunofluorescent staining for ORF1/2p and/or DNA/RNA hybrids (S9.6 antibody) would serve as a convincing negative
control to demonstrate the absence of L1 cDNAs and the L1-RNP complex in this process.

Vera Gorbunova

Referee #2:

Retrotransposons have been known as a major source of dsRNAs that trigger sterile immune responses, but their roles in bone
metabolism are largely unknown. In the manuscript, the authors demonstrated that LINE-1 retrotransposon RNA acts as a bone
anabolic stimulator during bone fracture healing. They found a transient upregulation of retrotransposons at inflammatory stage
of bone fracture healing process in mice while there is a strong correlation between retrotransposon expression and bone
anabolic demand and mineral density in human. L1 RNA treatment or the secretome of cells transfected with L1 RNA increased
mineralization of BMSCs. Mechanistically, cytoplasmic L1 RNA, but not control RNA, activates PKR-mediated inflammation and
bone formation in vitro. Overall, novel roles of LINE-1 RNA in extracellular matrix mineralization in osteoblasts, the soundness of
the experimental approach, and potential in bone fracture therapy are appealing for publication in the EMBO Journal. However,
the experiments were limited to in vitro cell culture and there are lack of detail mechanistic studies supporting PKR-mediated
mineral production by L1 treatment and the secretome of cells transfected with L1 RNA.

Main concerns:

1. Figures 3 and 5: In addition to mineralization, osteoblast differentiation in L1 or the sectetome-treated BSMCs should be
assessed, such as CFU, alkaline phosphatase activity, and expression of osteoblast marker genes.

2. It is not clear how L1 RNA treatment upregulates mineralization of BMSCs. Does upregulation of chemokines result in mineral
production? Authors need to clarify their contributions to mineralization.



3. In addition to regulation of protein synthesis via phosphorylation of E1F2a, PKR has been reported to regulate the WNT/beta-
catenin signaling in osteoblasts by controlling GSK3-beta. Authors need to examine whether L1 RNA treatment enhances the
WNT/beta-catenin signaling in BMSCs. Does the transcriptome analysis show upregulation of WNT signaling components in L1-
treated cells? (Figure 4)

4. Page 6: the evidence is not strong enough to support the claim, "As shown (Figure 4D), their expression is already strongly
reduced at day 10 and almost completely silenced by day 14, suggesting a transient dynamics of the earliest inflammatory
response directly triggered by L1 RNA." To prove this, authors need to examine whether loss of L1 RNA can suppress
inflammatory responses during bone fracture healing.

5. Since the PKR inhibitor C16 has off-target effects, authors need to confirm Figure 5 results using genetic deletion or
knockdown of PKR.

6. Figure 5G: What components in the secretome of cells transfected with L1 RNA increase mineralization in BSMCs?

Miner Concerns:

1. Figure 3D and G legends: what are "images (central panels)"

2. Are LINE-1 retrotransposon RNA sequences conserved in mouse and human?

3. Figure 5G: is mineralized nodule formation different from extracellular mineralization?

4. There are multiple typos and spacing errors in the text, in particular, Materials and Methods section.

Referee #3:

The authors show that forced expression of LINE-1 retrotransposon RNA in mesenchymal stem cells (MSCs) from healthy or
osteoporotic patients promotes osteogenic differentiation. The results, though very limited, suggest that these responses are
mediated by protein kinase R (PKR). Strengths of this study is the novelty of the research topic in the context of bone
pathophysiology, the high quality of the results, and their clear presentation. However, there are several concerns that need to
be addressed as outlined below.

Major concerns:

» The authors are advised to restrain from unnecessary over-interpretations and overstatements such as: 1) femur is more
anabolically active than the ilium (Figs. 1 and 2); 2) "L1 RNA delivery induces an inflammatory response characteristic of bone
repair process": this is a huge stretch because these are in vitro results, though they correlate to some extent with published in
vivo data; 3) the notion that PKR mediates anabolic response in vitro is also a stretch (simply state that it mediates osteoblast
differentiation); 4) "in human, we found a significant correlation between repeats expression, microfracture-induced anabolic
demand, and bone mineral density". Evidence of microfracture is not provided in this study.

* The abstract is incomprehensive, and the full manuscript needs to be deeply edited.

« If LINES are upregulated in conditions of "active bone anabolic processes" as claimed, why is L1 RNA not up-regulated during
osteogenic differentiation of MSCs? What is the effect L1 inactivation on osteogenesis?

* References 60 and 61 are cited to make the point that Lamivudine 3TC and G140 inhibit the ORF2-mediated reverse
transcription of L1 RNA and cGAS activation, respectively. These data need to be provided in the context of experimental
conditions used in this study. Although L1 RNA induces PKR phosphorylation, off-target effects of C16 cannot be ruled out.
Knocking down PKR would strengthen the conclusion.



1st Authors' Response to Reviewers 8th Apr 2024

Revl

1. Using siRNA to target cGAS mRNA (and confirming this knockdown is successful) and
demonstrating L1 RNA is still able to induce mineralization would further bolster their findings.
We agree this is an important control and successfully performed the loss of function
experiment.

We used a pool of cGAS targeting siRNAs at different concentrations (5nM, 25nM and 50nM) to
reduce the expression of cGAS protein, as shown by western blot (Figure S6A). siRNAs were
transfected at day 3 and WB analysis was done after 4 days (the same day L1 RNA was
transfected). Successful cGAS knockdown did not affect L1 induced mineralization (Figure S6C).

Figure S6A and C: Effect of PKR knockdown on L1 RNA-induced mineralization
A) Western Blot of PKR and ¢GAS in L1-expressing osteobalsts transfected with three
different doses of siRNA. Histone H3 is used as endogenous calibrator. C) Alizarin red
staining on L1-expressing osteoblasts transfected with a 5SnM and 25nM pool of cGAS
targeting siRNAs.
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2. The data rely heavily on RNAseq analysis. The story would be stronger if the authors
demonstrated L1 increases during fracture repair via another method. RT-qPCR targeting L1
mRNA would be a good way to quantify the increase in L1 expression between unfractured and
healthy bone.

We agree with Revl that a PCR validation regarding L1, and other repeats that we find to be
differentially expressed the RNA-Seq, would further corroborate our data. Unfortunately, we do
not have this material (RNA from fractured and unfractured mice) as we analyzed the global TEs
expression (Fig. 1A and B) from a dataset published by another group (Coates et al, 2019).
Furthermore, a comprehensive study (Everaert et al., 2017) showed a general high concordance
between RT-gPCR and RNA-Seq with R2 values at ~0.93 when testing fold change correlations



between two sets of RNA for >10 000 genes. Thus, it is very unlikely that RT-gPCR analysis
results would be different from those obtained by RNA-Seq.

3. Immunofluorescent staining for ORF1/2p and/or DNA/RNA hybrids (59.6 antibody) would
serve as a convincing negative control to demonstrate the absence of L1 cDNAs and the L1-RNP
complex in this process.

ORF1lp was undetectable by Western blot in differentiating osteoblasts, and in L1-RNA
transfected osteoblasts, indicating that the exogenous L1-RNA is not translated and does not
form RNP complexes with ORF1lp (Figure S5). By immunofluorescence (not shown in the
manuscript) we detected a nuclear signal for ORFlp, not colocalized with L1 RNA, and
estimated to be unspecific. We found a significant colocalization between L1 RNA and S9.6
antibody (Figure S4). We cannot exclude that the antibody recognizes the dsRNA present in L1
RNA (Figure 5B), as previously reported (Hartono et al., 2018; Smolka et al., 2021). However, it
is unlikely that L1 cDNA contributes to the observed phenotype as we proved that neither
Lamivudine treatment (Figure 5A), cGAS inhibition (Figure 5A) or cGAS knockdown (Figure S6 A
and C) affected L1-induced mineralization.

Figure S5: ORF1p expression in L1 transfected cells

Western Blot of ORF1 in untransfected (NT), RFP- and L1-transfected differentiating
osteoblasts (OB). Tubulin is used as endogenous calibrator. Human breast cancer cell line
(MCF7) extract is used as positive control.
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Immunofluorescence of ORF1p (Figure not shown in the manuscript)
IF of ORF1p (green) in osteoblasts 48h after the transfection of cy5-coniugated L1-RNA (red).

RFP L1

Figure S4: Colocalization between exogenous L1 RNA and DNA:RNA hybrid IF signal
Immunofluorescence of DNA:RNA hybrids (green) in osteoblasts 24h after the transfection of cyS5-
coniugated L1 RNA (red).

Hoechst DNA:RNA

Rev2
Main concerns:

1. Figures 3 and 5: In addition to mineralization, osteoblast differentiation in L1 or the



secretome-treated BSMCs should be assessed, such as CFU, alkaline phosphatase activity, and
expression of osteoblast marker genes.

We thank the reviewer for this suggestion. Therefore, we analyzed the expression of early and
late osteogenic genes (Figure 3H, Figure S1), as well as the activity of alkaline phosphatase
(ALPL) (Figure S2A) in L1 transfected cells. Osteoporotic patient-derived cells transfected with
L1 RNA showed a higher expression of early marker genes, with a peak 48h after L1 transfection
(day7) (Figure 3H). Bone sialoprotein (IBSP), a late osteogenic gene, showed a similar profile
being almost 6 times higher expressed in L1- compared to RFP-treated cells at day 7 (Figure
S1A). The expression of Osteocalcin (OCN), another late differentiation marker, increased
significantly but only at day 13 (Figure S1). Moreover, although ALPL expression slightly
increased at later time points (Figure S1A) its activity was not enhanced in L1 treated cells
(Figure S2A). Therefore, we hypothesized that a different enzyme involved in hydroxyapatite
formation might be affected by L1 RNA transfection thus contributing to the enhanced
mineralization observed in L1 RNA overexpressing osteoblasts. Interestingly, we found that
ENPP1 activity, which is known to inhibit osteoblast mineralization, was significantly reduced
upon L1 RNA transfection (Figure S2B). "We conclude that L1 RNA induces a unique mineralizing
phenotype distinct from the well-known canonical differentiation mechanisms.

Figure 3H: qRT-PCR of early osteogenic genes
qRT-PCR of early osteogenic genes in RFP and L1 transfected osteoblasts at different time points
of osteogenic differentiation. Expression level is normalized on day 5 (not transfected osteoblasts).
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Figure S1: Timeline expression of late differentiation markers in L1 treated osteoblasts
gRT-PCR of osteogenic genes in RFP and L1 transfected osteoblasts at different time points of
osteogenic differentiation. Expression level is normalized on day 5 (not transfected
osteoblasts).
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Figure S2: ALPL and ENPP1 activity in L1 treated osteoblasts
A) Colorimetric ALPL activity assay of osteoblasts 5 days post-L1 transfection. B) ENPP1
activity of osteoblasts 6h, 5 days (d10) and 10 days (d15) after RFP and L1 transfection.
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2. It is not clear how L1 RNA treatment upregulates mineralization of BMSCs. Does upregulation
of chemokines result in mineral production? Authors need to clarify their contributions to
mineralization.



We agree this is an interesting aspect. However, given the multitude of molecules involved, and
complexity of molecular interaction, this depth of investigation goes far beyond the scope of
the present work.

Moreover, the observation that inflammatory molecules induce osteoblast mineralization in
vitro and in vivo has been previously reported (Croes et al., 2015; Croes et al., 2016; Li et al.,
2016; Croes et al., 2017, Ferreira et al., 2013. Park et al., 2020), although the mechanism behind
has not been elucidated yet.

However, following reviewer’s request, we sought a suitable strategy to examine the possible
contribution of chemokines to L1 induced-mineralization. Thus, we synthesized and used the
pan chemokine inhibitor NR58-3.14.3 and its inactive derivative NR58-3.14.4 (Reckless et al.,
2001; Miklos et al., 2009; Fernando et al.,, 2016). We performed the following experiment:
differentiating osteoblasts (day 4) were incubated with increasing concentrations of the
inhibitor (0,1-100 uM) and then transfected with L1 RNA after 24h (day 5). We did not observe
any changes in L1-induced mineralization. The lack of a positive control in the experiment
makes it unfortunately impossible to conclude that chemokines do not contribute to in vitro L1-
induced mineralization.

3. In addition to regulation of protein synthesis via phosphorylation of E1F2a, PKR has been
reported to regulate the WNT/beta-catenin signaling in osteoblasts by controlling GSK3-beta.
Authors need to examine whether L1 RNA treatment enhances the WNT/beta-catenin signaling
in BMSCs. Does the transcriptome analysis show upregulation of WNT signaling components in
L1-treated cells? (Figure 4)

We thank the reviewer for this important suggestion. We verified how the expression of WNT
signaling components and final transcriptional targets changed upon L1 RNA transfection
through Gene Set Enrichment Analysis (GSEA).

We tested several gene sets linked to WNT pathway and we found 6 and 2 gene sets that were
down- and up-regulated 24h post L1 RNA transfection. However, none of the results obtained
significance at FDR<25%.
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4. Page 6: the evidence is not strong enough to support the claim, "As shown (Figure 4D), their
expression is already strongly reduced at day 10 and almost completely silenced by day 14,
suggesting a transient dynamics of the earliest inflammatory response directly triggered by L1
RNA." To prove this, authors need to examine whether loss of L1 RNA can suppress
inflammatory responses during bone fracture healing.

We re-formulated the sentence in order to make it more clear it refers to our in vitro
observations.

5. Since the PKR inhibitor C16 has off-target effects, authors need to confirm Figure 5 results
using genetic deletion or knockdown of PKR.

We agree this is an important control and the loss of function experiment has been successfully
performed. We used a pool of PKR targeting siRNAs at different concentrations (5nM, 25nM
and 50nM) to reduce the expression of PKR protein, as shown by western blot (Figure S6A).
siRNAs were transfected at day 3 and WB analysis was done after 4 days (the same day L1 RNA



was transfected). Consistently, PKR knockdown significantly reduced L1 RNA-induced
mineralization (Figure S6B).

Figure S6A and B: Effect of cGAS knockdown on L1 RNA-induced mineralization
A) Western Blot of PKR and cGAS in L1-expressing osteobalsts transfected with three
different doses of siRNA. Histone H3 is used as endogenous calibrator. B) Alizarin red
staining on L1-expressing osteoblasts transfected with a 5nM pool of PKR targeting siRNAs.
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6. Figure 5G (now Figure 6A): What components in the secretome of cells transfected with L1
RNA increase mineralization in BSMCs?

We fully agree with Rev2 that this would be a breakthrough finding, particularly for the
translational implication it may have. We have filed a patent on this regard and we are already
moving forward with the deep characterization of the secretome (proteins, RNAs, metabolites)
isolated from “L1 RNA-primed osteoblasts”. To fully dissect the components in the secretome
of cells transfected with L1 RNA leading to increased mineralization activity in osteoblasts is a
major undertaking and lies outside the purpose of the present work. In the revised manuscript
we however characterized the bulk- and exosome-derived proteomes from conditioned media
of untreated, RFP- and L1-treated differentiating osteoblasts by MS (Figure 6). As discussed,
“Differential expression analysis of MS data revealed a unique secretome profile (for both bulk
and vesicular proteomes) of L1-primed osteoblasts compared to RFP-primed and untreated
osteoblasts (Figure 6B). Gene Ontology (GO) analysis of differentially expressed proteins showed
an enrichment of pro-inflammatory factors (i.e. interleukins and chemokines) involved in
immune response and chemotactic migration of immune cells (Figure 6C and D), crucial
processes for tissue repair mechanisms in vivo. Pro-inflammatory molecules are also a major
constituent of the senescence-associated secretory phenotype (SASP), whose transient delivery
supports cellular plasticity and tissue regeneration. Notably, the most enriched protein in L1-
specific bulk secretome is interleukin 8 (IL-8), an inflammatory chemokine involved in several
regenerative processes, such as skin wound healing, therapeutic angiogenesis after stroke and
ischemia, and osteochondral bone repair. Tumor necrosis factor-inducible gene 6 (TSG6) is
among the top 10 proteins enriched in the bulk secretome of L1-primed osteoblasts compared to
RFP. TSG6 is an inflammatory factor with suggestive therapeutic effects in corneal wounds,



myocardial infarction, injured central nervous system, chronic liver damage, and intervertebral
disc degeneration. Moreover, TSG6 induces autophagy influx both in vivo and in vitro. Another
protein positively involved in autophagy and found specifically in the secretome of L1 primed
osteoblasts is ATG7 (autophagy-related 7). Osteoblast-specific ATG7 conditional knockout in
mice reduces bone mass at both developmental and adult age. Type 1 lysophosphatidic acid
receptor (LPAR1) is also specifically secreted by L1-primed osteoblasts and positively involved in
bone mineralization in vitro and in vivo.”

Future experiments will be necessary to study the detailed effects of each component in the
context of bone mineralization/repair.

Figure 6
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A) Left: Alizarin red staining on recipient OB 9 days after the delivery of conditioned media. Right: Microscope
images of recipient OB 24h from the delivery of conditioned media. Mineralized nodules in OB receiving
conditioned media from L1 treated OB are shown (orange arrows). B) Heat map of differentially expressed proteins
in bulk secretome and exosomes derived from untransfected (NT), RFP- and L1-transfected osteoblasts. C) GO
enrichment analysis of differentially expressed protein in the bulk secretome of L1 compared to RFP transfected
osteoblasts. D) GO enrichment analysis of differentially expressed protein in the exosomes of L1 compared to RFP
transfected osteoblasts.

Rev3

Major concerns:
e The authors are advised to restrain from unnecessary over-interpretations and
overstatements such as:

1) femur is more anabolically active than the ilium (Figs. 1 and 2);

We appreciate the remark and have changed the text accordingly. Our arguments in relation to
femur and ileum are based on well recognized studies indicating that mechanically loaded
bone, like the femur, has a higher bone turnover rate (higher mineral, osteocalcin and IGF-I
content, for example compared to other skeletal sites (ilium included) which experience less
mechanical loading (e.g. Aerssens et al., 1997). Moreover, we previously reported that the
ilium, subjected to low mechanical strain, shows a reduced number of bone related transcripts
and their expression levels are markedly lower than in loaded skeletal sites, eg. spinal vertebra,
certainly indicating a lower metabolic activity (Varanasi et al., 2010). Therefore, we modified
the statement accordingly:

“Mechanically loaded bones, like the femur, which are subject to recurring microfractures that
need to be repaired, are indicated to be more metabolically active than less loaded bones, like
the iliac crest, as pointed out by previous transcriptome studies (Aerssens et al., 1997, Varanasi
etal., 2010)”

2) "L1 RNA delivery induces an inflammatory response characteristic of bone repair process":
this is a huge stretch because these are in vitro results, though they correlate to some extent
with published in vivo data;

We re-formulated the statement: Indeed, our data show a significant (>50%) overlap between
pathways induced during the early stage of in vivo fracture healing compared to our in vitro L1
delivery (Figure 4C). Therefore, more precisely, we wrote: “L1 RNA delivery induces
inflammatory pathways significantly overlapping those involved in bone fracture repair”.

3) the notion that PKR mediates anabolic response in vitro is also a stretch (simply state that it
mediates osteoblast differentiation);

As we found that L1 RNA induces a unique mineralizing phenotype not related to canonical
differentiation mechanisms (Figure 3, Figure S1, Figure S2), we have throughout the text
avoided the term “differentiation” and replaced “anabolic response” with “mineralization
activity.”



4) "in human, we found a significant correlation between repeats expression, microfracture-
induced anabolic demand, and bone mineral density". Evidence of microfracture is not
provided in this study.

It is true that we do not provide data of microfracture in femur biopsies. However, it is well
established medical fact that, in osteoporotic patients, low energy clinical fractures are always
preceded by microfractures. In osteoporosis, fractures occur first in loaded bones, more
frequently in the vertebra. Thus, clinical experience recognizes that the fracture risk is highest
in mechanically loaded bones. Microfractures need to be repaired requiring higher bone
remodeling and mineralization capacity. We have replaced “microfracture-induced” with
“mechanical stress-induced” throughout the text.

5) The abstract is incomprehensive, and the full manuscript needs to be deeply edited.

The abstract has been rewritten and the manuscript thoroughly edited as suggested.
6) If LINES are upregulated in conditions of "active bone anabolic processes" as claimed, why is
L1 RNA not up-regulated during osteogenic differentiation of MSCs? What is the effect L1
inactivation on osteogenesis?

To study the expression of L1 during all bone cell differentiation stages and the effect of L1
inactivation on osteogenesis in culture and in vivo would be definitely interesting, but is
deemed outside the scope of the present work.

Our data show that L1-induced mineralization stimulates pathways distinct from those used in
canonical osteoblastogenesis (Figure 3, Figure S1, Figure S2). We also included translational
studies on stressed, compromised human bone and fractured mice where inflammatory
reactions are a part of normal repair processes (Figure 1 and 2). We provide no information
regarding a possible contribution of L1 reactivation in osteoblast differentiation. However, L1 is
indeed involved in developmental processes, including neuronal differentiation, as previously
demonstrated (Coufal et al., 2009).

7) References 60 and 61 are cited to make the point that Lamivudine 3TC and G140 inhibit the
ORF2-mediated reverse transcription of L1 RNA and cGAS activation, respectively. These data
need to be provided in the context of experimental conditions used in this study. Although L1
RNA induces PKR phosphorylation, off-target effects of C16 cannot be ruled out. Knocking down
PKR would strengthen the conclusion.

We appreciate the comment, also given by Revl. Indeed, this is an important control to further
demonstrate that cGAS does not contribute to L1-induced mineralization. We performed the
suggested experiment and included the results in the manuscript (Figure S6A and B). For details
see also response to Rev 1 point 5.
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